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ABSTRACT OF THE DISSERTATION
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By Kenneth N. McGuinness

Dissertation Director:

Vikas Nanda PhD

This thesis will focus on predicting and characterizing the self-assembly of collagen mimetic
peptides and their interactions with natural proteins with varying secondary structure and exposed
surface hydrophobicity. Chapter 1 will provide an overview of the forces that affect peptide self-
assembly, and describe why the collagen triple-helix is a good model system for studying self-
assembly. In Chapter 1, a set of synthetic collagen peptides, that were designed using diffusion
limited aggregation (DLA) simulations, are used to probe the role of hydrophobic forces that
govern protein self-assembly. DLA simulations predicted that length and pattern of the
hydrophobic domain is an important driver of morphology. In Chapter 1, length of hydrophobic
sequence is shown to be potentially more important in directing peptide self-assembly. Sequences
with four, five and six consecutive hydrophobic residues results in the formation of discs, discs
and fibers, and all fibers, respectively. In Chapter 2, the discs formed in Chapter 1 are used to
probe the nature of protein-protein interactions. The utilization of peptide nanostructures as

scaffolds and substrates for creating new materials and understanding the surface properties of



existing proteins is explored. Mixtures of peptide nanostructures and natural proteins provide
evidence that peptide nanostructures can be used as membrane surrogates for membrane proteins,
sites of nucleation for fiber assembly, and as a probe for surface hydrophobicity. Chapter 2
highlights that hydrophobicity can potentially be used to target protein structures generally, e.g.
alpha helices and beta sheets. Appendix 1 takes a closer look into the morphology of H4 discs in
solution. Appendix 2 sheds light on the interactions between molecules with the same and opposite
chirality. This study utilizes the ‘chemically nude’ (PPG)1o triple-helix to show that self-assembly
into nanostructures is geometrically favorable only between opposite-handed triple helices. The

implications of favorable packing preference between opposite-handed helices will be discussed.
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Introduction

Molecular scaffolds display a surface with binding motifs to support substrate stability,
function, and organization. Proteins have evolved surfaces that are capable of interacting
with nucleic acids, lipids, carbohydrates and other proteins either as scaffold or substrate
agents via many noncovalent interactions between charged, polar, and hydrophobic groups.
These interactions make up the architecture of a cell and provide the basis for gene
regulation, cell signaling, tissue support, and multiple length scales of organization.
Complex scaffolding-substrate organizing schemes can be seen at the level of
chromosomes all the way to the macromolecular protein organization found in bones, skin
and muscle. Designing protein scaffolds that mimic nature or display novel surfaces
capable of targeting a specific substrate is of considerable interest to biotechnology and
biomedicine. Inspired by nature, tremendous progress has been made rationally designing
sequences that fold into alpha-helices, beta-strands, and collagen peptides that then self-
assemble via amphipathic, charge, and hydrophobic interactions into nanostructures
capable of acting as scaffolds.® Self-assembling peptide nanostructures show great promise
and have been designed for vaccines,> antimicrobial materials,® cellular support,?
therapeutic delivery vehicles® and a variety of other biotechnologies.® Choosing a peptide
that self-assembles is a challenge due to the 20N (where N is the sequence length) possible
peptide sequences from which to choose. To traverse this vast peptide space experimentally
would be too cost-prohibitive. Therefore, computational methods able to predict self-
assembling sequences are needed to help guide the experimentalists’ choice. Coarse-
grained molecular dynamics (MD) simulation methods are becoming popular tools for

simulating protein and peptide behavior. Coarse-grained MD simulations reduce the



number of atomistic degrees of freedom considered, allowing for more efficient sampling
in time and space with decreased accuracy compared to all-atom MD’. Coarse-grained
simulations have made possible predicting the self-assembly behavior of all dipeptide® and
tripeptide® sequences. However, predicting the self-assembly behavior of larger peptides
remains computationally challenging. This thesis describes a coarse-grained method for
predicting the self-assembly of 90 amino acid collagen peptides using diffusion limited
aggregation (DLA). The DLA studies consider a group of amino acids as either
hydrophobic or hydrophilic. Simulations provided a testable hypothesis such that pattern
and length of sequence hydrophobicity were considered both important factors controlling
morphology of self-assembly. In addition to the difficulties of predicting the morphology
of self-assembly, experimentally confirming the mechanism by which self-assembly
occurs is a challenge due to limited atomic level structural data. As a result, synthetic
sequences were selected based on DLA predictions and resulting self-assembled
nanostructures were subjected to numerous indirect experimental tests. Empirically, it is
shown that the length of sequence hydrophobicity is a more pronounced indicator of
assembly morphology then pattern. Nanostructure morphology and peptide stability are
impacted by solvent polarity. Solvent pH shows an impact on self-assembly morphology
and not peptide stability. Insights gained from probing the nature of the self-assembled
nanostructures can be used to design scaffolds and substrates for natural and synthetic
proteins with hydrophobic surfaces. Furthermore, the interactions between natural proteins
and nanostructures adds insight into the evolution of protein surfaces and their impact on

protein-protein interaction specificity.



Chapter 1

Morphological Diversity and Polymorphism of Self-Assembling Collagen Peptides

Controlled by Length of Hydrophobic Domains



1.1 Abstract

Synthetic collagen mimetic peptides are used to probe the role of hydrophobic forces in
mediating protein self-assembly. Higher-order association is an integral property of natural
collagens, which assemble into fibers and meshes that comprise the extracellular matrix of
connective tissues. The unique triple-helix fold fully exposes two-thirds of positions in the
protein to solvent, providing ample opportunities for engineering interaction sites.
Inclusion of just a few hydrophobic groups in a minimal peptide promotes a rich variety of
self-assembly behaviors, resulting in hundred-nanometer to micron size discs and
nanofibers. Morphology depends primarily on the length of hydrophobic domains. Peptide
discs contain lipophilic domains capable of sequestering small hydrophobic dyes.
Combining multiple peptide types result in composite structures of discs and fibers ranging
from stars to plates-on-a-string. These systems provide valuable tools to shed insight into
the fundamental principles underlying hydrophobicity-driven higher-order protein
association that will facilitate the design of self-assembling systems in biomaterials and

nano-medical applications.



1.2 Introduction

Protein complex interfaces often incorporate clusters of hydrophobic amino acids, serving
as sticky surfaces for adhesion.'®*3 Surface hydrophobicity is tightly regulated in natural
proteins,** ¥ and inappropriate presentation of residues on the surface can lead to
aggregation and pathogenesis. In sickle cell anemia, a single hydrophilic to hydrophobic
amino acid substitution on the surface of hemoglobin results in massive protein aggregates
that distort red blood cells.*® Hydrophobic stretches in protein sequences can contribute to

amyloidogenesis.1’%2

Hydrophobicity plays an important role in protein engineering - optimizing core
interactions is a critical step in de novo design.?® Adjusting surface hydrophobicity can
be used to enhance protein solubility.?® 2 The extensive use of hydrophobicity in self-
assembling block copolypeptides,®® 3! peptide amphiphiles,®2> small peptides®®-° and
foldamers,*> 41 demonstrates the tremendous utility of this force in the broader field of

nano-structural molecular engineering.

The collagen triple-helix fold is ideal for studying hydrophobic self-assembly

The triple-helix fold of collagen is an attractive molecular scaffold for studying the role of
hydrophobicity in protein-protein interactions and higher-order assembly. Unlike nearly all
other protein folds, which assemble around a hydrophobic core, the three strands of the
triple-helix associate through a network of backbone-backbone interchain hydrogen bonds.
As a result, hydrophobic groups on the surface are not expected to interfere with core
folding, as seen in off-pathway intermediates of globular proteins.*>*> The collagen triple
helix is formed by tandem repeats of X-Y-Gly triplets, where X and Y residues are solvent

exposed, and where glycine is critical for core assembly.*® In natural collagens,



hydrophobic residues at X and Y positions are significantly under-represented relative to
globular proteins (approximately 8% of residues in type I collagen (Figure 1.1), compared
to 40% for myoglobin - a typical globular fold). Those that are present occur in periodic
clusters every 231 - 237 residues, promoting assembly of triple-helices into higher-order
fibers with a characteristic 67 nm spacing.*”*® As with other proteins, hydrophobicity of
collagen appears to be tightly regulated, playing an important role in the process of self-

assembly.

GPMGPSGPRGLOGPOGAOGPQGEQGPOGEOGEOGASGPMGPRGPOGPOGKNGDDGEAGKOGROG
ERGPOGPQGARGLOGTAGLOGMKGHRGESGLDGAKGDAGPAGPKGEOGSOGENGAPGOMGPRGL
OGERGROGAOGPAGARGNDGATGAAGPOGPTGPAGPOGEOGANGAKGEAGPOQGPRGSEGPQOGVR
GEOGPOGPAGAAGPAGNOGADGQOGAKGANGAOGIAGAOGFOGARGPSGPQGPGGPOGPKGNSG
EOGAOGSKGDTGAKGEOGPMGVQGPOGPAGEEGKRGARGEOGPTGHOGPOGERGGOGSRGEOGA
DGVAGPKGPAGERGSOGPAGPKGSOGEAGROGEAGHOGAKGHTGSOGSOGPDGKTGPOGPAGQD
GROGPOGPOGARGQAGVMGEOGPKGAAGEOGKAGERGVOGPOGANGPAGKDGEAGAQGPOGPAG
PAGERGEQGPAGSOGFQGLOGPAGPOGEAGKPGEQGVOGDLHGAOGPSGARGERGEOGERGVQGP
OGPAGPRGANGAOGNDGAKGDAGAOGAOGSQGAOGLOGMOGERGAAGLOGPKGDRGDAGPKGAD
GSOGKDGVRGLTGPEGPOGPAGAPGDKGESGPSGPAGPTGARGAOGDRGEOGPOGPAGEAGPOG
ADGQOGAKGEOGDAGAKGDAGPOGPAGPAGPOGPIGNVGAOGAKGARGSAGPOGATGEFOGAAGR
VGPOGPSGNAGPOGPPGPAGKEGGKGPRGETGPAGROGENMGPOGPOGPAGEKGSOGADGPAGAO
GTOGPOQGIAGORGVVGLOGORGERGEOGLHOGPSGEOGKQGPSGASGERGPOGPMGPOGHAGPOG
ESGREGAPGAEGSOGRDGSOGAKGDRGETGPAGPOGAOGAOGAOGPNGPAGKSGDRGETGPAGP
AGPNGPNVGARGPAGPQGPRGDKGETGEQGDRGIKGHRGESGLOGPOGPOGSOGEQGPSGASGPA
GPRGPOGSAGAOGKDGENGHOGPIGPOGPRGRTGDAGPNGPOGPOGPOGPOGPO

Location of D-periodic hydrophobic triplets.

position Sequence Aposition
233 GAOGEOGAR 233
464 GSOGEQGLP 231
698 GATGEOGAA 234
935 GHRGESGLQ 237

Figure 1.1. COLIal Sequence analysis of the triple-helical region. Hydrophobic residues
in green. Repeating phenylalanine residues highlighted in yellow shows the canonical 234
amino acid spacing corresponding to 67 nm  D-periodic  banding.



The design of hydrophobic CMPs

We specifically probe the effect hydrophobicity plays in collagen assembly by designing
CMPs incorporating contiguous blocks of hydrophobic residues at non-glycine positions
(Table 1). Self-assembly of CMPs into fibers or plates is observed, where subtle changes

in the hydrophobic residue pattern lead to dramatic switches in nanoscale morphology.

Table 1. Model hydrophobic collagen peptide sequences

Sequence Morphology Plate / Fiber

(LIG) N/A

(LIG)s3 N/A
H2 (POG) ,POGPOGLIG (POG) , o)
H3 (POG) ;,POGPIGLIG (POG) , o)
H4 (POG) ;POGLIGLIG (POG) , o)
SH4 (POG) 2LIG (POG) 4LIG (POG) , o)
QH4 (POG) ;QQGLIGLIG (POG) , P
H5 (POG) ;PIGLIGLIG (POG) , F/P
YH5 YGG (POG) ,PIGLIGLIG (POG) , N/A
H6 (POG) ,LIGLIGLIG (POG) , F

Simulations of CMP self-assembly

We expected that both the pattern and extent of hydrophobicity along the triple-helix would
be important parameters in directing self-assembly. Given ten amino acid triplets (X-Y-
Gly) per thirty-residue peptide, there are nominally 2'° = 1024 possible combinations of
hydrophobic and hydrophilic triplets. To rapidly identify those sequence capable of
forming unique nanostructures, we implemented a coarse-grained model of self-assembly,

simulating the process of diffusion-limited aggregation (DLA) °* 5. More sophisticated



simulation approaches of hydrophobic peptide self-assembly have been developed that
include internal degrees of freedom within and between polypeptide chains,®* > but we
chose rigid body docking of rods as the CMPs studied here are within an order of magnitude

shorter than the persistence length of collagen.>
CMP self-assembly modeled using Diffusion Limited Aggregation (DLA)

In DLA, higher-order structures emerge through the step-wise accretion of monomers onto
a growing assembly (Figure 1.1 B, C); this model assumes that monomer concentrations
are sufficiently low that diffusion is the limiting factor in assembly kinetics. This method
was attractive as it had been shown to replicate experimentally observed morphologies for
systems of self-assembling peptides® % and structural proteins elastin® and collagen.®
Although we did not know a priori whether assembly of CMP peptides would proceed in
a diffusion-limited or activated manner, such DLA-based simulations were able to explain

experimentally observed features of assembled collagen fibers.5® 6
1.3 Results and Discussion

We adapted a DLA simulation protocol from previous collagen studies.>® The triple-helix
was treated as a rigid rod composed of ten spheres, each sphere representing a hydrophobic
(h) or polar (p) X-Y-Gly triplet positioned along the triple-helix surface. The simulations
were performed using a 3D hexagonal lattice (Figure 1.1 A). A seed rod was placed at the
center of the simulation and additional rods were released and allowed to move randomly
until either contacting the aggregate or disregarded due to moving too far away from the
aggregate (Figure 1.1 A). Simulations of each of the 1024 possible combinations were

repeated 1000 times to assess convergence of nanoscale morphs. A suitable interaction



state was defined as greater than two hydrophobic groups in contact in the surrounding
hexagonal lattice. Representative assembly structures were chosen for presentation. The
peptide H4 was modeled after the DLA rod pppphhpppp. The peptide H6 was modeled

after ppphhhpppp. The peptide SH4 was modeled after pphpppphpp.

A. @ hydrophobic O hydrophilic
i Kill Radius
top side ."'“""'"*.
- . .
»* BirthRadius "%,
o ."--.."o *e
-t. o* .”v ‘o
L] ,’ +* .
¥ * * .
» D % .
. ~Seed '. .
. . \u@.uu . .
H H Coliocc . .
PR \: :
PR b o
. ¢.. Random < § .&\\:lr
W T, Wak g0 .
0‘. i....-"“ é_) .0
B. 50 100

top

Figure 1.2. DLA simulation. (A) 3D hexagonal lattice of acceptable moves, including
moves about the long axis of the monomer (top) and an example of pppphhpppp (H4)
taking a random diffusion walk around the hexagonal lattice (side). Accretion of (B)
pppphhpppp (H4) in steps of 50, 100, 300, 600, 1000 monomers.
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From the 1024 pattern combinations, we chose to focus on pppphhpppp, where p = Pro-
Hyp-Gly (POG) and h = Leu-lle-Gly (LIG) (Figure 1.3 A). The choice of hydrophobic
residues was based on the high independent frequencies of Leu and lle at X and Y positions

respectively of natural fibrillar collagens.®*

A. @ hydrophobic O hydrophilic
olojole]l | Jeolele]e)
H4 Ac-(POG),-(LIG),-(POG),-NH,
B.
C.

top

Figure 1.3. H4 peptide design and characterization (A) Coarse-grained model of the H4
sequence. Each rod consists of ten spheres, each sphere representing a triplet of amino
acids. (B) Simulated DLA of 1000 pppphhpppp rods generated plate-like structures. Discs
pictured would represent assemblies approximately 50 nm in diameter view from the top.
(C) Electron micrographs of H4.



11

Leucine has also been shown to promote higher-order assembly in other CMP designs. %
%3 The DLA simulation predicted this pattern would form plate-like structures (Figure 1.2

B, Figure 1.3 B).
CMP H4 form discs matching DLA prediction

Transmission Electron Microscopy (TEM) images of H4 were consistent with the DLA
prediction of a disc-like morphology. Specifically, three features of the DLA models were
observed by TEM (Figure 1.3 C): (1) H4 discs were frequently observed to extend end-on
from the hydrophobic carbon coated copper EM grid, consistent with a hydrophobic disc
edge adhering to the surface; (2) thickness of these discs was estimated to be ~10 nm,
equivalent to the length of one peptide, which would be expected if the peptides were
assembling perpendicular to the plane of the disc; (3) rosette structures were observed in
multiple preparations of H4, consistent with fractal dendritic DLA-type aggregation in two
dimensions.* The lack of sharper, well-defined dendritic structures may have been due to
fluidity of the disc phase, allowing internal rearrangements to minimize the surface energy
of the aggregate. An alternate process for rosette formation would be the association of
fully assembled discs, rather than accretion of monomers through DLA. We were not able

to discriminate between these two mechanisms based on the existing observations.
Ha discs are flexible

Although rosettes were consistently found, the dominant H4 morphology was a rounded
disc. H4 disc diameters ranged from 50 nm to 1 micron. In many cases, the plates appeared

to be flexible, depositing on the grid in shapes resembling curved 'potato chips' (Figure 1.4,
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1.5), indicating these structures lacked the crystallinity and rigidity found in other designed

CMP plates.54-56

Figure 1.4. TEM of H4 highlighting flexibility. (A) This field shows numerous discs alone
or overlapping adjacent discs. (B) Close-up of two H4 discs in field A curving as shown in
the drawing. (C) Multiple curved discs and discs perpendicularly aligned to the electron
beam. (D) Another field highlighting disc flexibility.
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Figure 1.5. TEM of H4 highlighting populations of discs and fibers (A-C) discs. Bright
lines are discs on their edge, perpendicular to the grid (D-F) rosettes (G-1) contain minor
fiber populations among a field of discs. Panel | is a close-up of panel H.

H4 discs are composed of packed triple-helices

Using circular dichroism (CD) spectroscopy, we confirmed that the H4 peptide assembled
into a triple-helix with a cooperative unfolding transition at 33 °C (Figure 1.6 A, B).
Observed d-spacings from wide-angle X-ray scattering (WAXS) of supersaturated H4
solutions further supported the presence of triple-helices in the aggregate phase. Bragg
diffraction peaks at 11.7 and 12.7 A (Figure 1.6 C) were consistent with previous reports

for the lateral packing of collagen triple-helices.%* ¢
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A. B
_ 5 1 4 0.2
—% . 3 - 0.15
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Figure 1.6. H4 forms triple-helices (A) CD spectrum shows positive MRE (mean residue
ellipticity) band at 225 nm, consistent with triple-helical structure. (B) Thermal
denaturation profile shows cooperative unfolding of H4 with a Tm of 33°C (C) WAXS of
H4 shows interhelical d-spacing consistent with fiber packing observed in natural
collagens.

The thickness of H4 discs that deposited end-on ascertained by TEM matched the length
of triple-helix. This was confirmed by atomic force microscopy (AFM) (Figure 1.7 A).
Analysis of many fields revealed height dimensions that occurred in multiples of 7-8 nm
(Figure 1.7 B, C), close to the expected length of a CMP of 8.6 nm (30 residues x 0.286
nm rise/residue). Over multiple experiments, a wide range of heights from 6 - 500 nm were
observed for H4 (Figure 1.8), all maintaining an overall disc-like morphology, suggesting

that significant stacking of discs could occur.
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Figure 1.7. AFM of H4 discs (A) 3D representation of discs (B) Coloring of AFM field
based on height. (C) Histogram of H4 heights observed in (B).
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Figure 1.8. (A) AFM of H4 with multiple discs (15-20) stacked on top of each other. (B)
Height profile of (A) and (C) 3D view of (A).

Pattern of hydrophobicity effects triple-helix stability not disc morphology

Changing the pattern and keeping hydrophobicity constant for a collagen sequence by
separating hydrophobic triplets (pphpppphpp) (Figure 1.9 A) was predicted in DLA
simulations to produce banded fiber-like structures that have tapered ends (Figure 1.9 B)
similar to natural collagen.®® However, electron microscopy images revealed the synthetic

CMP version - SH4 (Table 1) - formed discs (Figure 1.9 C). SH4, for split H4, discs were
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10-500 nm in diameter and were observed to bind edge-wise to the TEM grid similarly to
H4 discs (Figure 1.9 C). SH4 folded into a slightly more stable triple-helix than H4 (Tm of

33 versus 36 °C) (Figure 1.10) suggesting that the location of destabilizing groups within

the triple-helix is an important sequence selection factor.
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Figure 1.9. SH4 design and characterization. (A) Simulated and synthetic sequence design
of collagen peptide SH4. (B) DLA predicted fiber morphology. (C) Electron micrograph

of SH4 discs. (D) Electron micrograph of SH4 discs on edge.
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Figure 1.10. Circular Dichroism measurements of SH4 (A) Wavelength scan of SH4. (B)
Thermal denaturation plots of SH4 compared to H4.

Reduced hydrophobicity results in disc formation (H3-2)

A reduction in sequence hydrophobicity was predicted to maintain a disc-like morph due
to limited registry interactions between triple-helices that would minimize surface exposed
hydrophobic residues. Replacing one leucine in H4 with proline produced H3 (Table 1),
which folded into a triple-helix, Tm of 41°C (Figure 1.11, 1.12), and self-assembled into
plates (Figure 1.13 A). Similarly, H2 formed a triple-helix with a Tm of 50°C (Figure 1.11,

1.12) and was shown by TEM to form plates similar to H4 (Figure 1.13 B).
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Figure 1.11. Circular dichroism wavelength spectra of peptides H6-2, and QH4 studied.
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Figure 1.12. Thermal denaturation plots of peptides H6-2, and QH4 studied. Melting
temperatures were determined from first derivative analysis (below).
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Figure 1.13. TEM micrographs of A) H3 and B) H2.

CMP H6 forms nanofibers

Increasing the hydrophobicity of a collagen sequence by adding an additional hydrophobic
triplet (ppphhhpppp) was also predicted in DLA simulations to produce disc-like structures
with variable thickness due to staggered interactions between adjacent monomer rods
(Figure 1.14 A, B). Surprisingly, the CMP equivalent of this pattern - H6 - formed uniform
fibers, strikingly different from the model. Fibers observed by TEM varied from ~ 50 nm
to several microns in length, and 6-11 nm in width (Figure 1.14 C1, C3). Upon heating and
re-annealing, H6 fibers formed straight, aligned clusters several microns in length (Figure

1.14 C2). Solutions of H6 after three years of incubation at 4 °C also formed long fibers
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(Figure 1.15 A, B). Occasional evidence of branching and punctate structures was

observed, possibly indicating pre-fibril intermediates or small discs (Figure 1.15 C, D).

@ hydrophobic O hydrophilic
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Figure 1.14. H6 peptide design and characterization (A) Simulated and synthetic sequence
design of collagen peptide H6. Each sphere represents a triplet of amino acids per chain.
(B) DLA simulation (C) Electron micrographs of H6 incubated at 4 °C (C1) and after
heating and annealing (C2)
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Figure 1.15. H6 equilibrium and early stage morphology (A-B) Representative electron
micrographs of H6 incubated for longer than three years at 4 °C (C-D) Representative
electron micrographs of H6 branching and punctate structures.

H6 does not bind Congo Red

One potential explanation for the unexpected fiber morphology was the misfolding or
unfolding of H6 leading to different modes of aggregation. Although H6 clearly formed
triple-helices as measured by CD, the peptides were marginally stable with a T, ~15 C °©
(Figure 1.11, 1.12). Based on its physiochemical properties, the (LIG)3; hydrophobic
domain of H6 has a high computed propensity to form amyloids,*® and previous examples
of cross-beta structures formed by amyloidogenic regions within CMPs have been

described.!® " However, H6 fibers did not bind Congo Red, a common amyloid probe’!
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(Figure 1.16), and no evidence of the twisted cross-beta structure was noticed in TEM
images. H6 fibers were morphologically similar to those formed by other CMPs where

triple-helical structure was required for higher-order assembly.”?

- CR+HB

&

8

c 06 A1

(-]

K-

-

=]

2 04 -

< K
0.2 +

0

400 420 440 460 480 500 520 540 560 580 600

Figure 1.16. Congo Red binding assay on H6.

H6 stability not morphology affected by solvent polarity

This section focuses on the effects of solvent polarity on H6 stability and assembly.
Nonpolar solvents have been observed to stabilize the triple-helix fold’®. In addition to
stabilizing the triple-helical fold, we hypothesize that changing the solvent polarity will
also effect H6 assembly. Circular dichroism of H6-methanol solutions showed that
methanol has a stabilizing effect on the triple-helix at and above 20% (v/v) (Figure 1.17 A,
B). Of note, a solution of H6 in 100% methanol resulted in a Tr, of ~48 C °, which is close
to the boiling point of methanol 64.7 C °. H6 solutions of 1-30% (v/v) of methanol were
observed by TEM to form fibers (Figure 1.17 C). Additional experiments using stronger

nonpolar solvents are predicted to dramatically change H6 assembly morphology by either
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preventing assembly or changing the morphology to a disc. Furthermore, the method of

solvent addition is also predicted to change the stability and assembly morphology.
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Figure 1.17. Effects of solvent polarity on H6. (A) Circular dichroism thermal denature
plot of H6 with 0 (red) and 30% (green) methanol, (B) Melting temperatures of H6 with 0,
1, 3, 5, 10, 20, 30 and 100% methanol, and (C) Electron micrograph of H6 in 30%
methanol.
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H6 helical packing model

If adjacent rods packed at an angle, then the resulting fiber would be a super helix, or a
helical tape, of CMPs where fiber thickness matches the length of a peptide (Figure 1.18).7#
This type angular packing was not incorporated in the DLA coarse-grained simulation, so
this fiber morph would not be predicted. AFM of H6 reveals an undulating height profile

varying from 1.5 to 6 nm, consistent with a helical tape (Figure 1.19).

Angular
H6 packing

H6 Fiber

Figure 1.18. Helical tape assembly model for H6 fiber.
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Figure 1.19. H6 height characterization. (A) H6 AFM (B) 3D AFM highlighted view of
H6 (C) Height profile of blue line in (A).

Morphology of self-assembled structure is determined by hydrophobicity

To determine whether the fiber morphology arises from the low structural stability of H6
or its increased hydrophobicity, we synthesized the peptide QH4 (Table 1) consisting of
two hydrophobic triplets and one GIn-GIn-Gly. The polar amino acid glutamine is well
tolerated at both the X and Y positions of the triple-helix, but does not confer the same
stability as proline or hydroxyproline,®' making it a suitable proxy for the low stability of

H6 while maintaining the hydrophobicity of H4. QH4 folded into a triple-helix (Figure
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1.10) and despite a 9°C lower T, than H4 (Figurel.11), the peptides formed plates (Figure
1.20), thus supporting a model where length of hydrophobic region is the primary
determinant of assembly morphology. QH4 plates resembled those of the florets seen in

H4.

Figure 1.20. TEM of QH4.

Polymorphic behavior of HS

The collective properties of existing CMPs pointed to a morphological bifurcation point
related to hydrophobicity between H4 and H6. Below this point, the disc morph dominated,
with only minor populations of fibers seen in H2, H3 and H4 TEM fields. Above this point,
fibers were predominantly formed. To further pinpoint where this transition occurred, we
examined HS (Table 1). HS folded into a triple-helix with the stability of 24°C (Figure
1.10, 11). Consistent with it sitting on a saddle point between two morphologies, HS was
observed by TEM to assemble into major populations of both fibers and plates (Figure
1.21, 1.22). Fiber widths and lengths were calculated to be 7.5 - 9.5 nm and several
microns, respectively. HS disc diameters were 50 — 200 nm. AFM confirmed the presence
of fibers and plate morphs with fiber heights between 1-3 nm and plates with heights 6 —

11 nm (Figure 1.21 B). Similarly to H6, H5 did not bind Congo Red (Figure 1.23).
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Figure 1.21. Characterization of H5. (A) TEM (B) AFM where yellow signifies 1-3 nm
height features and red signifies 6-11 nm height features.
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Figure 1.22. TEM of H5 morphologies. (A-C) TEM fields of primarily discs, (D-F) TEM
fields of discs and fibers and (G-1) TEM fields that were primarily fibers.
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Figure 1.23. Congo Red binding assay for H5.



30

Solvent polarity impacts HS self-assembly morphology and triple-helix stability

Molecular switches driven by environmental factors such as pH, temperature, and solvent
polarity are attractive for building stimuli responsive materials’>. We predict that solvent
polarity can be used as a stimuli to convert HS into either discs or fibers only. Electron
microscopy of H5 solutions of 20% (v/v) acetonitrile reveals that the primary morphology
are sheets and cylinders (Figure 1.24), which we suspect are hollow and are formed due to

sheets folding on itself.

Figure 1.24. H5 morphology in acetonitrile. (top) Representative electron micrographs of
sheets formed by HS5 in 20% (v/v) acetonitrile. (bottom) Representative electron
micrographs of cylinders and fibers formed by H5 in 20% acetonitrile (v/v).

H3-4 discs sequester hydrophobic dyes

Self-assembling amphiphilic peptides and peptidomimetics can produce lipophilic domains
capable of sequestering small molecules and acting as vehicles for drug delivery.>’%"” The

H4 discs are similarly able to bind solvatochromatic dyes such as Sypro Orange (SO) and
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Nile Red (NR), which has enhanced quantum yield when bound to hydrophobic surfaces.
Confocal microscope images of H4 + SO (Figure. 1.25 A) and H4 + NR (Figure 1.26) show
effective disc sequestration of the dye. H3 was also observed to bind NR (Figure 1.27). SO
intensity increases when discs are heated above the T, of H4 (Figure 1.25 B), which is
typically observed for globular proteins upon unfolding.”® This suggests that denaturation
of the H4 discs exposes greater hydrophobic surface area for SO binding.
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Figure 1.25. Sypro Orange binding assay on H4. (A) Confocal fluorescence microscopy
of SO-H4 solution. (B) Differential scanning fluorimetry of H4 with Sypro Orange (red)
and circular dichroism thermal denaturation melt of H4 (black).
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Figure 1.26. Nile Red binding assay on H4.

Figure 1.27. Nile Red binding assay on H3.

Solvent pH effects H4 assembly morphology not triple-helix stability

This section investigates the affect solvent pH has on H4 assembly. The effects of pH on
H4 assembly is of interest because we want to investigate ways of releasing the
hydrophobic molecules, such as those in the last section. Electron microscopy of H4
prepared in acidic conditions showed the formation of sheets (Figure 1.28 A, B) and

cylinders (Figure 1.28 B). Cylinders are suspected to be formed by the folding of sheets
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and are hypothesized to be hollow. As expected, H4 folded into a triple-helix (Figure 1.29
A) with the same stability in both neutral and acidic conditions 34 °C (Figure 1.29 B)
because of not having ionizable amino acids.”® & The observed pH induced morphology
shift of H4 assembly from discs to sheets maybe due to increased water release from disc

surfaces, leading to a more energetically favorable binding surface for peptides.8!

Figure 1.28. Morphology of H4 in acidic conditions. (A) Representative electron
micrograph of 0.2 mM H4, and (B) Representative electron micrograph of 6.0 mM H4.
Both solutions contain 0.2 N acetic acid at pH 3.3.
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Figure 1.29. Circular dichroism of H4 in acidic conditions. (A) Wavelength scan of H4 in
neutral and acidic conditions, and (B) Thermal denaturation of H4 in neutral and acidic
conditions.
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Multi-component peptide nanostars and plates-on-strings

Natural collagen proteins make use of hydrophobic interactions to bind other proteins such
as integrin receptors.®? Likewise, we would expect the hydrophobic CMPs to interact with
other molecules that also present exposed hydrophobic surfaces. We explore two cases of
multi-component interactions — H4/H6 nanostars and H4/amyloid peptide tandem plate

assemblies.

As postulated earlier, one possible structural model for the fiber morph is that of a helical
tape’* formed by CMP rods that pack at an angle. Assuming H4 discs have hydrophobic
edges and H6 fibers have hydrophobic ends, combining the two would be expected to
generate conjoined nanostar-like structures with fibers alighting from the edges of discs
(Figure 1.30 A). Consistent with this, EM images of H6:H4 mixtures revealed fibers
branching from discs (Figure 1.30 B, 1.31). We note similar behavior in some H5S TEM

fields where fibers are seen originating from the edges of discs.

A H6 fiber H4 disc H4 d'scs

N a-:.:es

hydrophilic ™ hydrophobic amy10|d fiber

Figure 1.30. Multi-component assembly H4-H6 and H4-NdQ. (A) Hydrophobic
interactions between H6 fiber and H4 disc models suggest formation of nanostar structures
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when mixed. (B) TEM of a 2:1 ratio of H6:H4 peptides confirms fibers matching H6
morphology attached to the disc edges. (C) The NdQ peptide forms an extended
hydrophobic amyloid fiber that should interact with the hydrophobic edges of H4 discs.
(D) TEM of a 1:1 ratio of H4 discs mixed with amyloids fibers shows tandem discs aligned
perpendicular to both the grid surface and the long axis of the amyloid fibril, consistent
with the proposed interaction model.

100 nm
=]

Figure 1.31. TEM of ratios of H6-H4 mixtures.
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The observation that H6 fibers only interact at their ends suggests the packing geometry of
the fiber shields the central hydrophobic residues. If an alternative type of fiber were to
present a hydrophobic surface, then discs might be expected to attach along the fiber length
rather than only at the ends (Figure 1.30 C). Using a short hydrophobic amyloidogenic
peptide, NdQ, we were able to generate extended beta-helical structures that would
presumably present hydrophobic side chains along the full length of the fiber (Figure 1.32).
When these were combined with H4, multiple tandem discs attached perpendicularly to the
fibers (Figure 1.30 D). In several instances, discs would bundle individual fibers together,

aligning them over micron distances.

Figure 1.32. TEM of the amyloid forming peptide NdQ. (Box) shows characteristic
amyloid fiber betal-helical twist.
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1.4 Conclusions

Collagen is on the cusp of solubility, which is functionally advantageous given its role in
higher-order assembly processes in biology. Small changes in sequence hydrophobicity
induce rapid assembly and large changes in morphology. This sequence-dependent
sensitivity of CMP assembly has been observed many times before: increasing core POG
repeat length of metal-ligated CMP assemblies results in shifts from meshes to florettes to
saddle-like structures®® and increasing the number of core bipyridines lead to the formation
of fibers,3* disks®> 8¢ and then to hollow spheres.®® Electrostatically-driven assembly of
CMPs containing acidic and basic regions show similar sequence sensitive polymorphism,
where arginine and glutamic acid formed D-periodic fibers®” whereas lysine and aspartic
acid formed hydrogels.®® This is a general property expected of self-assembling system
where the sum of small forces in local molecular interactions exerts significant influence

on the properties at the aggregate level.

Certain features of the H-series CMPs could serve as starting points for developing
functional materials. Given the observation that single amino acid changes can drive
dramatic variations in the self-assembly phenotype, it should be possible to design
switchable peptides that interconvert between two nanoscale morphologies based on
environmental perturbations, such as solvent pH and polarity, leading to potential biosensor
or controlled-release applications. Additionally, the ability to control structure at the scale
of microns and above is important for engineering materials that interact with cells.?-*° H4
and H6 CMPs form structures on this length scale and could be further developed to
provide cell-scale interactions. The ability of these peptides to interact with other proteins

suggests a modular design strategy where structure and function are separated into different
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molecules. A structural matrix scaffold that forms micron scale fibers such as the amyloids
or natural collagens could be decorated with peptides that provide chemical or biological

functionality.

In the early evolution of natural collagen, such a propensity for polymorphism might have
been advantageous, allowing smaller molecules to rapidly explore and optimize the
assembly of functionally useful nanoscale forms. In extant collagens which are generally
much larger, hydrophobicity is tightly constrained, with only two triplets in Type I collagen
out of three-hundred having a tandem pair of hydrophobic amino acids at X and Y positions
akin to the H2 peptide. Longer hydrophobic stretches such as those incorporated into H3-
H6 are extremely rare, with H4-like LIGLIG sequences in Types V and XI collagens. How
such hydrophobic sites function in the context of natural collagen versus model peptides

will be an interesting area of future study.

Higher resolution structural information will be critical in order to fully understand how
hydrophobicity drives nanoscale morphology. A change in the packing angle between
adjacent triple helices would explain the difference between the fiber and disc morphs.
However, the relative amounts of these two species going from H2 to H6 could depend

both on energetic and kinetic factors in assembly.

Even within the scope of simple #/p CMP designs, this work has only just scratched the
surface of the sequence diversity available. In addition to length of the hydrophobic core,
further designs incorporating different patterns of hydrophobic/hydrophilic residues can be
designed to potentially produce a rich library of higher order structures. Further cycles of

simulation, design and experimental characterization will likely improve the accuracy of
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predictive tools and enhance our understanding of hydrophobic forces in protein self-

assembly.
1.5 Materials and Methods
Diffusion Limited Aggregation (DLA)

The DLA simulations were conducted in a 3D hexagonal lattice. The seed for each DLA
simulation was a discretized rigid rod composed of ten spheres. Each sphere represented
an XYG triplet of amino acids and was either hydrophobic (%) or polar (p). A seed rod was
placed at the center of the simulation and additional rods were released and allowed to
move randomly until either contacting the aggregate or until they moved too far away from
the aggregate and were discarded (Figure 1.2 A). Simulations of each of the 1024 possible
sequence combinations were repeated 1000 times to assess convergence of nanoscale
morphs. A suitable interaction state was defined as greater than two hydrophobic groups
in contact. Representative assembly structures were chosen for presentation. The peptide
H4 was modeled after the DLA rod pppphhpppp. The peptide H6 was modeled after
ppphhhpppp. JAVA source code for the simulations are on the ACS Nano website

(http://pubs.acs.org/journal/ancac3).
Peptide synthesis and purification

Peptides were synthesized using solid phase FMOC chemistry, purified by reverse phase
HPLC and verified using mass spectrometry at the Tufts University Core Facility
(http://tuct.org). H6, HS5, H4, H3, QH4, and SH4 were purified to >95% purity by reverse
phase HPLC. Due to issues with synthesis, H2 purity was low, ~ 80%. N- and C- termini
were acetylated and amidated, respectively. Peptides were dialyzed in filtered deionized

water, lyophilized and kept in -20 °C. Peptides were weighed and suspended in 10 mM
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phosphate buffer (sodium phosphate monobasic monohydrate and sodium phosphate
dibasic heptahydrate) pH 7.4. H6 methanol solutions were prepared by solvating 10 mM
phosphate buffer pH 7.4. Collagen peptide concentrations were confirmed by measuring
the absorbance at 214 nm, using an extinction coefficient of 2200 M cm™ per peptide
bond, on an AVIV Model 14DS UV-VIS Spectrophotometer. Peptide NdQ, sequence
NYFYSLFdQG (dQ = D-glutamine), was purified to > 95% and solvated in 50 mM Tris

pH 8.0 buffer with 30 mM NaCl, 2.5% glycerol, and 10 mM DTT.
Circular Dichroism (CD)

CD experiments were performed on an Aviv Model 400 Spectrophotometer. Optically
matched 1 mm path length quartz cuvettes (Model 110-OS, Hellman USA) were used.
Peptide solutions were prepared and kept at 4 °C for a minimum of 48 hours prior to
measurement. Time course CD measurements monitored at 225 nm show that after 48hrs
the triple-helical conformation has reached a plateau (Figure 1.30). It is interesting to note
the longer lag time of folding for H6. Before measurement, peptide concentrations were
diluted to 0.20 mM to reduce excess absorption at lower wavelengths. Wavelength scans
were taken from 260-200 nm at 4 °C. Thermal denaturation melts were monitored at 225
nm with a temperature step of 0.3 °C and a two minute equilibration period from 4 — 80
°C. Savitzky— Golay smoothing of the denaturation profiles was carried out over a span of
11 points using a third-order polynomial.”! The melting temperature (Tm) of each melt was

assigned to the extrema of the first derivative of the denaturation profiles.
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Figure 1.33. CD folding kinetics of the H-series peptides.

Congo Red binding assay

A stock 5 uM Congo Red (CR) (C6767, Sigma Aldrich) solution was prepared using
deionized water. Concentration of CR was measured using the absorption value at 505 nm
and the extinction coefficient of 59,300 M™! cm™.”! A volume of 12 uL of 3 mM peptide
solution was mixed with 280 pL of stock CR solution. Wavelength measurements of
peptide solutions with and without CR, CR alone and buffer were taken from 400 — 600

nm.
Transmission Electron Microscope (TEM)

Collagen peptide samples were prepared at concentrations ranging from 2 mM to 10 mM

and incubated at 4 °C for two weeks prior to imaging. NdQ was prepared at concentrations
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of 0.5 mM and fibers were observed within three hours. H6 and H4 samples were combined
1:1, 1:2 and 2:1 wt./wt. ratios with a total weight of 3.6 mg and dissolved in pH 7.0
phosphate buffer. NdQ and H4 samples were combined at 1:1 molar ratio. A volume of 5
puL of peptide solution was deposited on a copper grid coated with carbon (Electron
Microscopy Sciences CF-400-Cu), then a time of two minutes was passed to ensure
deposition, and excess peptide was wicked away using filter paper. The grid was then
negatively stained with 1% phosphotungstic acid (PTA) pH 7.0 for two minutes and excess
stain was wicked away. Afterward, the grids were left to dry for at least two minutes in
ambient conditions before imaging. Images were captured using a Philip 420 Electron

Microscope at 80 kV.
Atomic Force Microscopy (AFM)

For H4 and H6 solutions the method of Xu et al. was followed.** Briefly, silicon wafers
were cleaned with a series of alcohols and subjected to sonication and incubation. The
silicon wafers were then dried with nitrogen, placed on a glass slide with adhesive and
cooled before sample deposition. Excess sample was then removed using deionized water
and dried for 20 minutes at room temperature. Three scans were taken for each
measurement using an Agilent 5500 in tapping mode, with a Multi75a probe (Bruker MPP-

21120-10).

H5 solutions were visualized using a MFP-3D-Bio AFM with a Nikon microscope
(Asylum Research, Santa Barbara, CA 93117). Measurements were made using contact
mode in air with a SNL-10 probe (Bruker) on samples that were prepared on freshly

cleaved mica. Samples were rinsed with deionized water and dried with argon prior to
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imaging. Data were analyzed using a combination of Gwyddion,”> WSXM,” and

MATLAB software packages.
Wide-angle X-Ray Scattering (WAXS)

Supersaturated solutions of H4 were prepared by placing peptide powder in a glass
capillary (Special glass 1 mm O.D.; Charles Supper Company, Natick, MA) and then
solvent was added on top of the powder. The solvent was allowed to soak the powder for

at least two weeks at 4 °C to ensure sufficient hydration.

The capillary was mounted in a Rigaku Geigerflex X-ray diffractometer with a sealed Cu
target X-ray tube and Rigaku Osmic mirror focusing monochromator (CuKa; A = 1.5418
A). The nominal sample to detector distance was set at 2.2 cm. Data were collected by

scanning along 20.
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Chapter 2

Hydrophobic collagen peptide discs act as substrates and scaffolds for the noncovalent

organization and higher order assembly of natural proteins
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2.1 Abstract

Hydrophobic collagen peptide discs are used to drive supramolecular assembly of natural
proteins. Hydrophobic driven multi-component assembly is prevalent in the cellular
environment and difficult to design. Using a scaffold-substrate scheme involving synthetic
hydrophobic collagen peptide discs, we show that higher-order assembly and organization
of natural proteins is possible. A series of natural fibrous proteins with varying secondary
structure and exposed surface hydrophobicity are shown to scaffold organized binding of
discs and subsequent binding induces bundling of the fibrous proteins. The discs served as
a scaffold for organizing and encapsulating a light harvesting membrane protein. These
interactions provide insight into the surface hydrophobicity of natural proteins and a means
to design nascent interaction sites between natural and synthetic proteins to build advanced

biomaterials for nano-medical and bio-solar applications.

2.2 Objective

We have designed a set of collagen mimetic peptides (CMP) (H-Series) that self-assembled
into discs (QH4, SH4, H2-4) and fibers (H6), (where H# denotes length of hydrophobic
amino acids).® H4 discs were shown to be polydisperse in size and shape, highly flexible
and to ostensibly present hydrophobic groups that allowed for edge-wise interactions with
other hydrophobic surfaces. These interactions included perpendicular alignment with the
electron microscopy grid and the surface of a synthetic amyloid fiber (NdQ). The resulting
‘plates-on-a-string” H4-NdQ and ‘seastar’ H4-H6 composite nanostructure inspired the co-

incubation of discs with natural proteins displaying hydrophobic surfaces to test whether
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these interactions were specific to only synthetic amyloid-like and collagen peptide
nanostructures or a general phenomenon.

Interactions between the H-Series discs and the natural fibrous proteins collagen type |
(COoLl), shrimp tropomyosin (ST), and alpha-synuclein (AS) are shown here to promote
long-range organization of discs and in the case of ST and COL, binding of discs mediated
the assembly of the fibrous protein itself.

Additionally, parallel edge-wise interactions between the H4 discs and H6 fiber edges
resulted in ‘nanostar’ composite nanostructures, suggesting H4 can also serve as a
scaffolding agent for proteins with hydrophobic edges. H4 discs are shown to organize the
membrane protein Reaction Center Light Harvesting Complex 1 (RC-LHC1).

We show, using transmission electron microscopy (TEM), that H-Series discs can act as a
substrate and scaffold when interacting with natural proteins. Similar perpendicular and
parallel edge-wise interactions were seen between discs and natural proteins as those

between H4 and synthetic peptide nanostructures.

2.3 Results

COLI type I as a synthetic CMP organization scaffold

Collagen type I (COLI) is atriple-helical fibrous structural scaffold within the extra cellular
matrix. The surface of the COLI triple-helix exposes hydrophobic groups that mediate
cellular function °€ as well as in-vitro fiber assembly.®” Neutral pH and heat is required for
in-vitro assembly. Targeting COLI with structurally mimetic peptides has shown useful for
binding and monitoring the activity of collagen in-vivo. ® The structural similarity, length

(~300 nm), and scaffolding properties of the COLI triple-helix makes it an attractive
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candidate for orientating H-Series discs. Additionally, hydrophobic groups are thought to
be very important in collagen fibril self-assembly.® We expected edge-wise deposition of
the discs similarly to the AS and NdQ fibers previously studied. Additionally, association
behavior of the discs was thought to be dependent on the length of the hydrophobic region
of the discs.

CMP induced COLI assembly

Co-incubation of non-fibrillar COLI and the H-series discs (QH4, SH4, and H2-H4)
resulted in several binding modes where the COLI triple-helix acted as a scaffold for disc
organization and the discs acted as a scaffold for COLI assembly (Figure 2.1 A). The
following interactions between the COLI triple-helix (TH) and the H-series discs were
observed: (1) small discs lined along the TH (Figure 2.1 B), suggesting that the dispersed
hydrophobic regions on the TH are sufficient to accommodate a certain size discs, and the
available hydrophobic regions on the TH act as a sink for a particular sized disc, (2) large
discs were seen to order parallel and perpendicurally along the THs (Figure 2.1 C), (3) long
range ordering of discs aligned perpendicularly along the TH (Figure 2.1 D), and (4)
multiple discs aligned perpendicularly to mediate TH bundle formation (Figure 2.1E). We
note H4 bundling of NdQ fibers was seen previously. We note that discs were observed to
be the most ordered in regions where collagen triple-helices were seen to be uniformily
aligned along the TEM grid, the discs followed an angular interaction dependence similar
to those seen for the flagella samples. Interestingly H2 was seen to predominantly interact
laterally with the THSs suggesting the size of the exposed hydrophobic surface patch is an

important factor for binding preference.
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Figure 2.1. H-series discs interacting with COLI triple-helix. (A) interaction scheme
between collagen peptide discs and COLI, highlighting the different binding modes
observed (B) small H4 discs binding along COLLI, (C) large H2 discs laterally along COLI,
(D) SH4 edge-wise along COLI, (E) multiple QH4 discs edge-wise binding to multiple
COLLI, F) H3 bundling of COLI and (G) zoom in of white box in E. Scale bars are 100 nm.

H4 discs bind natural amyloid fibers

Inspired by H4 interactions previous interactions with NdQ, we asked whether H4 binding
to amyloids was a general phenomenon. Alpha-synuclein (AS), an amyloid forming protein
indicated in Parkinson’s disease was expected to provide a sufficient hydrophobic surface
along its fibers for H4 discs to bind. The formation of AS fibers is dependent on 12
hydrophobic residues forming the core of the AS fiber. * H4 discs were observed by TEM
to align perpendicularly and parallel along AS fibers (Figure 2.2) Discs were also seen

binding multiple AS fibers together. However compared to H4-NdQ, NdQ fiber surface
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was more hydrophobic then AS surface, or the folding and assembly of mode of fibers
(cross or straight) for NdQ versus AS lead to differing presentations of hydrophobic groups

to interact with H4.

Figure 2.2. TEM of H4 discs interactions with alpha-synuclein.

H4 as scaffold for Reaction Center Light Harvesting Complex 1

Membrane proteins are important for mammalian cellular activity including ion, water and
protein transport. They make up ~25% of the human proteome and account for over 50%
of drug targets.'® Methods using liposomes and protein discs have allowed for structural
information to be obtained about membrane proteins. Membrane proteins called Light
Harvesting Complexes (LHC) allow plants and certain bacteria to perform photosynthesis.

Harnessing the power of the LHC would be beneficial to biotechnology (e.g. biocells). We
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aim to increase the tool belt for studying LHC membrane proteins. Membrane proteins
have hydrophobic edges that are expected to bind to the hydrophobic sided CMP discs. We
provide a proof of concept that collagen mimetic nanostructures can be used to organize
and encapsulate membrane proteins. We choose to study the Reaction Center —Light
Harvesting Complex 1 (RC-LHC1) isolated from the purple bacteria Rhodobacter
sphaeroides because, when negatively stained, presented an easily distinguishable
hexagonal pattern that provided a stringent test for interactions. RC-LHC1 was seen to
predominantly bind to the edge of H4 discs when incubated with H4 discs preformed
(Figure 2.3 A). The internal hexagonal core that is the RC was confirmed in the presence
of H4 discs (Figure 2.3 A). The diameter of the RC-LHC1 was measured to be 11.07 +/-
0.7 nm, which reasonably agrees with previous results.’®® Two forms of the membrane
proteins were seen, with and without the hexagonal core visible. Those without the
hexagonal core visible suggest the core was either not present or the stain did not bind well
leading to lack of constrast. (Figure 2.3 A 1 and 2). Additional interactions observed
suggest H4 discs are capable of enveloping the RC-LHC1 (Figure 2.3 B, C). The
hydrophobic region of the RC-LHC1 being thicker than that of the H4 discs is hypothesized
to be the cause for the predominant surface orientation of the RC-LHC1 along the H4 discs
(Figure 2.3 D). Hydrophobic mismatch between membrane spanning proteins and lipid

membranes is known to drive proteins to orient along the surface of the membrane.1%2
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Figure 2.3. H4 and RC-LHC-I interactions. A) Electron micrograph of RC-LHC1 binding
predominantly on the surface of an H4 discs. 1) Hexagonal shape of reaction-center 2) RC-
LHC1 presumably without RC. B) H4 discs enveloping RC-LHC1 and C) RC-LHC1
presumable at the center of a disc. D) Model of H4 discs binding to the RC-LHC1
membrane protein. Blue to orange represents increasing hydrophobicity.We thank Dr.
Klaus Schulten for providing the RC-LHC1 structure in panel D.

H4 discs organized by and staple bacilli flagella together

Serendipitously, several H4 samples were contaminated with rod-shaped uniflagella
bacilli. Bacteria flagella filament are composed of the protein flagellin that assemble
vertically exposing the helical regions to solvent. The flagellin protein is sought to be used

as an adjuvant with vaccines. 1% H4 discs were observed to align perpendicularly along the
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entire flagella (> 8 microns), following the curvature (Figure 2.4 A-B). Discs bound
perpendicularly to bundle multiple flagella together as ‘staples’ microns in distance (Figure
2.4A, C-D). Additionally, discs are seen binding side-ways to bundled flagella (Figure 2.4

E).

Flagella

~H4

100nm =

Figure 2.4. H4 discs and bacteria flagella interactions. A) electron micrograph highlighting
long range ordering of H4 discs along flagella, B) trace the flagella H4 interactions and
white box in A, C-D) H4 discs bundling flagella, E) H4 discs aligned along bundled flagella
H4 promotes tropomyosin fibrillogenesis

Considering we observed that H4 discs bound to the hydrophobic edges of an alpha-helical
membrane protein and by chance the alpha-helix rich proteins of bacteria flagella, flagellin,

we decided to test the classic alpha-helix coiled-coil Tropomyosin (TM) for binding

capabilities. TM is a two-chained alpha-helical coiled-coil protein that is known to
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polimerize, via head-to-tail interactions, to form a chain that stabilizes actin filaments
within muscle.’®* Tropomyosin presents hydrophobic groups to bind partners (e.g
troponin). The conformational flexibility of TM was expected to provide a surface able to
scaffold H4 disc interactions.

The addition of H4 to TM resulted in banded fibers. The following interactions suggests
that the H4-TM composite fiber formation occurs step-wise (Figure 2.5 A) - 1) varying
thickness of fibers with small discs aligned latterally (Figure 2.5 B), 2) chains were
observed to append to an existing fiber, (Figure 2.5 C,E,F) 3) fibers were seen to be
‘zipping’ up (Figure 2.5 C,E), 4) frayed edges of the fiber, (Figure 2.5 C,E) 5) mature fibers
have two type of banding patterns of 15 and 50 nm spacing (Figure 2.5 D). Fiber formation
is suspected to be a result of polimerized tromopomyosin chains interacting with a
combination of free H4 triple-helices and discs. As the fiber maturation occurs, discs are
suspected to combine to form larger discs and/or rearrange to allow for banding to occur.
Discs also bound perpendicullarly to a bundle, laterally to an existing fiber and fiber was
observed to twist (Figure 2.5 F). The observed 50 nm spacing is longer then an actual
tropomyosin (~40 nm), suggesting the fiber is paracrystalline, with ordered arrangments of
either tropomyosin monomers or chains. The 15 nm spacing between discs is suspected to
be the minimum distance discs can stack given water is in between the surfaces. The fibers
resemble Segment-long spacing crystallites!® hypothesized to be the precursor
morphology for collagen fibrillogenesis. The banding of the fibers are reminiscent of the
stacking of other CMP nanostructures.’®® The stability of tropomyosin makes it an
attractive protein for incorporation into biomaterials, similar to metal rods strengthen

cement.
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Figure 2.5. H4 discs and tropomyosin interactions. A) Schema of interactions, B) Discs
aligning edge-wise to tropomyosin fibers, C) TEM field of H4 discs interacting
tropomyosin, D) zoom in of C, highlighting the 15 and 50 nm banding patterns, E)
Additional field of H4 discs interacting with TM, F) zoom in of E, highlighting zippering,
twisting and addition of tropomyosin/H4 coated strands to an existing fiber. Tropomyosin
is ~ 40 nm in length.
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2.4 Discussion and Conclusion

Protein interaction promiscuity is an evolutionarily favorable trait that allows a single
protein to perform multiple biologically relevant tasks.'®” The H-series discs were shown
to bind multiple partners that were structurally different and displayed hydrophobic
surfaces to differing extents. Our findings agree with the idea that once a protein has
evolved a good binding site it will be utilized in many ways, %19 decreasing its specificity.
The chosen natural proteins studied here interact through hydrophobic interactions with
cognate binding partners. By keeping the H-Series discs as the common denominator we
have ostensibly shown that hydrophobic interactions serve as the major driving force for
protein-disc interactions. It has been shown that nearby charged groups strengthen
hydrophobic interactions.!'® Each of the chosen proteins have an abundance of charged
groups that are surface accessible and therefore may play an important role in the extent of
protein-disc interactions. For example, tropomyosin is known to have a highly charged
surface and is seen to have the highest order of interactions with H-series discs.

The H-series discs have been shown to interact with the collagen type | triple-helix, the
tropomyosin alpha-helix, the alpha-synuclein beta-sheet, protein complex of bacterium
flagella, and the alpha-helical membrane protein Reaction Center Light Harvesting
Complex I. Fibrous proteins served as scaffolds for disc organization on micron length
scales and discs served as scaffolds for the higher order assembly of the fibrous proteins.
The discs acted as scaffold for the RC-LHC1 organization.

The H-series is one of many sets of self-assembling nanostructures that can be used to
assist multicomponent supramolecular assembly. There exists a rich library of other self-

assembling collagen triple-helices that form a variety of nanostructures, e.qg. fibers, sheets,
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hydrogels, and discs, based on metal coordination,348 11 chirality,5 electrostatics,® %6 72
87. 88 aromatic interactions,*® hydrophobicity®? that possibly could be used to drive
supramolecular assembly of proteins in a context dependent manner. Combining collagen
triple-helices that orthogonally self-assemble into nanostructures has provided new
nanostructures, multi-layer sheets!!? with the combined properties of the individual
nanostructure components that could also be used to enhance functionality and provide
additional modes for guiding supramolecular assemblies.

The H-series discs are promiscuous binders. Improved designs targeting a more specific
surface would potentially benefit purification techniques. Further design of either
membrane proteins or the H-series discs is predicted to increase specificity and decrease
the potential occurrence of hydrophobic mismatch. Recently, it has been shown that the
beta barrel protein OMP A can withstand robust hydrophobic mutations and remain
functional.!® This method may potentially be used to redesign membrane proteins to
specifically interact with the H-Series discs. Targeting proteins with hydrophobic
nanostructures has major potential implications in enhancing hydrophobicity of
biomaterials by allowing the storage of hydrophobic drugs compounds in hydrogels. Also,
nanostructures can be used to probe the surface features of proteins. The improper
presentation of hydrophobic groups is known to be pathogenic and this work further
highlights the need for natural protein systems to control the presentation of hydrophobic

groups.
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2.5 Materials and Methods
Peptide synthesis and purification

Peptides were synthesized using solid phase FMOC chemistry, purified by reverse phase

HPLC and verified using mass spectrometry by either LifeTein, LLC (www.lifetein.com)

or Tufts University Core Facility. H4, H3 were purified to >95% purity by reverse phase
HPLC. Due to issues with synthesis, H2 purity was low, ~ 80%. N- and C- termini were
acetylated and amidated, respectively. Peptides were dialyzed in filtered deionized water,
lyophilized and kept at -20 °C. Peptides were weighed and resuspended in 10 mM
phosphate buffer, sodium phosphate monobasic monohydrate and sodium phosphate

dibasic heptahydrate, pH 7.4.

Shrimp Tropomyosin (ST) extraction and purification

Tropomyosin was extracted and purified in multiple steps by Doug Pike under the
supervision of Sarah Hitchcock-Degregori from shrimp purchased from Stop and Shop®.
All steps were performed at 4 °C except where noted. 400 g of fresh, shelled, and deveined
shrimp were minced in a food processor. Care was taken to ensure not to over mince shrimp
so that shrimp did not fall through a cheesecloth. Minced shrimp were then washed by
stirred for five minutes in a 800 ml dilute salt solution of 20 mM KCL, 1 mM KHCO3, 0.1
mM CaCLi2, 0.1 M DTT to remove sarcoplasmic proteins. The suspension was then
filtered either through a double layer of cheese cloth lightly over a funnel or centrifuged a
few minutes at 5,000 rpm. This wash was repeated four times. 800 ml of 95% ethanol was
then added to the residue and filtered after 10 minutes. Ethanol extraction was repeated
two more times. Residue was then transferred to ice and washed three times in the chemical

hood with 800 ml of chilled diethyl ether. Residue was then dried at room temperature for
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2 to 3 hours or overnight. Protein powder was then stored at -20 °C. Powder was then
dissolved in an 800 ml solution of 1 M KCL, 25 mM Tris (pH 8.0), 0.1 mM CaCl, and 1
mM DTT, filtered through a cheese cloth and placed in 400 ml of 1 M KCL. The solution
was then dialyzed against six liters of 5 mM Tris (pH 7.5) containing 0.1 M CaClz, and 0.1
DTT for six hours and overnight with fresh dialysis buffer. The solution was retrieved from
dialysis, brought up to 133 ml by the addition of 1 M of KCL, and pH 4.6 by dropwise
addition of 7.5% acetic acid. The solution was then divided into three equal aliquots to
which enzyme grade powdered ammonium sulfate was gradually to two aliquots (leaving
the third alone), where one aliquot was taken to 40% and the second to 53% saturation and
let to sit for 30 minutes. Solutions were then centrifuged at 30,000 rpm. Ammonium sulfate
was then gradually added to all three aliquots - 0 to 40%, 40 to 53%, and 53 to 70%. Each
of the three precipitates were then dissolved in 66 ml of 5 mM Tris (pH 7.5) containing 0.1
M CaClzand 0.1 M DTT. The tropomyosin precipitate was then removed by centrifugation
at 30,000 rpm and a stock solution of 6.8 mg/ml of ST in 10 mM phosphate buffer 50 mM
NaCl was stored at -20 °C.

Reaction-Center Light Harvesting Complex 1 extraction and purification

Colonies of Rhodobacter sphaeroides M2192 and M21 were grown semiaerobically for 4
days at light intensity of 100 Wm into mid-logarithmic phase in CB medium (Potassium
Phosphate, Ammonium DL-malate, Concentrated Base!) in separate Erlenmeyer flasks
filled to 80% capacity on a gyratory shaker at 200 rpm at 30 °C to promote semi-aerobic
growth. After reaching an ODesgo nm 0Of ~0.8, cells were pelleted at 11000 g and 4 °C,

washed, and resuspended in 1 mM Tris (pH 7.5); a few crystals of DNasel and protease

1 Concentrated Base: Nitrilotriacetic acid, MgS0a, CaCl>-2H20, (NHa) sM07024-4H20, FeSOa-7H-0, Nicotinic
acid, Thiamine-HCl, Biotin, Metals “44,” Distilled Water to 1000mL
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inhibitor cocktail (Roche) were added, and the cells were passed twice through a French
press. Debris and unbroken cells were removed by centrifugation at 12000 g and the
supernatant was layered onto a 5 to 35% (w/w) sucrose gradient prepared in 1 mM Tris
(pH 7.5) over a 60% sucrose cushion and subjected to rate-zone ultracentrifugation for 3 h
at 28000 rpm in Beckman SW-28 rotor. The broad red pigmented band was collected and
stored at 4 °C.

Removal of sucrose was modified from 4,000 rpm in a swinging bucket rotor to a 2-hour
55,000 rpm centrifugation on a Beckman 70 Ti rotor. The concentrated pellet was kept and
stored while the supernatant was discarded (containing sucrose). The pellet contained the
broad red-pigmented band, which is composed of membrane fragments from the broken
chromatophores that were collected in the previous (28k) centrifugation.

RC-LH1 complexes were extracted from intracytoplasmic membranes with 15 mM n-
octyl-B-D-glucopyranoside (B-OG) and 15 mM deoxycholate in 10 mM Tris-HC1, pH 7.4,
plus 5 mM EDTA for 30 min at 0 °C. The mixture was vortexed every 5 min during
solubilization. Non-solubilized material was removed by centrifugation (2 min in an
Eppendorf centrifuge); 0.3 mL of the supernatant was layered on a 9-mL sucrose gradient
with 10-40% sucrose (w/v) in 20 mM Tris-HC1, pH 7.4, and 15 mM (B-OG plus 15 mM
deoxycholate. Gradients were centrifuged in a Beckman SW 41 Ti rotor (4 h, 35 000 rpm,
4°C). Pigmented band were recovered from the gradient, analyzed spectrophotometrically,
and stored at -80 °C.

Extracted complexes from the pigmented band exist as detergent-protein micelles of the
isolated RC-LH1 and LH1 cores surrounded by B-OG detergent (n-octyl-p-D-

glucopyranoside). Prior to incubation with H4 discs, 80 uL of RC-LH1 and LH1 solutions
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were incubated with 10 uL RNase A (10 ug/uL) for 1hr at 60 °C and at 4 °C for two months
to remove residual ribosomal content.

Transmission Electron Microscopy

H-series collagen peptide samples were prepared in 10mM phosphate buffer with s pH 7.3
and incubated at 4°C for 2 weeks prior to incubation with proteins. Collagen Type I (COLI)
(Lot # 879114) solutions were prepared in 0.02 N acetic acid at 3mg/ml pH 3.3. H4 acetic
acid studies were performed by directly solvating H4 powder into 0.02 N acetic acid pH
3.3. Alpha-synuclein solutions in PBS pH 7.0 were prepared at 1 mg/ml and amyloid fibrils
were formed via shaking. H-series and COLI were solutions were combined at 1:1 volume
ratios. H4-RC-LHC1 were prepared by either solvating the H4 powder directly into a stock
solution of RC-LHC1 or H4 and RC-LHCI1 solutions were combined at 1:1 volume ratio.
H4 and ST solutions were combined 2:1 volume ratios and incubated at 4 °C for four days
prior to imaging. For imaging, a volume of 5 uL of peptide solution was deposited on a
copper grid coated with carbon (Electron Microscopy Sciences CF-400-Cu), then a time of
two minutes was passed to ensure deposition, and excess peptide was wicked away using
filter paper. The grid was then negatively stained with 1% phosphotungstic acid (PTA) pH
7.0 for two minutes and excess stain was wicked away. Afterward, the grids were left to
dry for at least two minutes in ambient conditions before imaging. Images were captured

using a Philip 420 Electron Microscope at 80 kV.
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Appendix 1
Characterizing the packing of H4 discs

A.1 Introduction

This appendix takes a closer look at the nanostructures formed by the peptide H4 in Chapter
2. H4 is an ABA triblock copolymer where domain A is polar and B is nonpolar. H4 folds
into a triple-helix, which further self-assembles into discs plus a small population of fibers.
TEM, AFM, and fluorescence imaging suggest that the discs are highly flexible, variable
in height and are capable of binding hydrophobic molecules, respectively. Disk flexibility
and height variation are hypothesized to be due to registry shifts between triple-helices,
which were observed in DLA simulations of H4 disk formation. Multiple packing registries
have been seen in crystal structures of collagen peptides with hydrophobic domains.!!* We
aim to probe the registry shift hypothesis by investigating the packing of the nonpolar
domains within the H4 discs using small-angle neutron scattering (SANS) with contrast
variation using D>0O and selective deuteration of the nonpolar domain. The large diameter
of the discs (> 100 nm) allows for the neutron scattering profile to be directly related to the
thickness and density of the deuterated components. From the scattering profile we can
infer how well packed (ordered) the hydrophobic domains are and also the extent of solvent
penetration. We expect our scattering densities of the deuterated components to be broad
due to the disperse packing of the nonpolar domains, leading to greater intercalation of
solvent. Conversely, we would expect a narrow distribution if the nonpolar domains are

orderly packed (Figure A.1).
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Figure A.1 Schematic of the expected results of scattering experiments. Top and bottom
show the scattering profiles (right) for ordered versus non-ordered packing of nonpolar
domains (left), respectively. Scatter profiles show DO penetration (Red) and Packing of
deuterated nonpolar region (Orange).

A.2 Materials and Methods
Small Angle Neutron Scattering

Initial SANS experiments were performed on the EQ-SANS instrument, at Oak Ridge
National Laboratory in Oak Ridge, TN. A 1% solution (w/v) of H4 (~3.65 mM) was
prepared in 10 mM phosphate buffer two weeks prior to lyophilization, resuspension in
100% D0, making a 80% D-0O solution, and placement in a 2 mM banjo cuvette for
measurement. It was assumed the lyophilization and resuspension process did not disrupt
the underlying structures. A solution of 10 mM phosphate buffer was also lyophilized and
resuspended in 100% D.O and used as a buffer subtraction. The experiments were
performed at 10°C, measuring a Q-range from 0.004 to 0.4 A, using a sample-to-detector

distance of 4 m and a starting wavelength bands of 2.5 and 10 A, for 1 hr per measurement.
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Spectra were set to absolute intensity using a porasil standard with a 0.0245 scale factor
for the 2.5 A wavelength band, and corrected using the transmission of an empty beam,
and the transmission of an empty banjo cell. A Porod fit was performed to remove the
solvent background by subtracting the slope of the 1(q)*qg* vs g* plot from the intensity
data. The radius of gyration (Rg), the overall size, was calculated by fitting the linear region

of the Guinier plot (In(l)vs g?) using the Guinier approximation 11°

q2R2

(@) =1(0)e™ 5

Ry = V=34, where qmoRg < 1.3
where 1(q) is the measured scattering intensity, q is related to the wavelength A and
scattering angle 20 by q = 4= sin 0/, and A is the slope of the linear fit. It is suggested that
for a good fit, the range of g should be approximately a decade in length. For particles that
are sheet-like, i.e. with one dimension longer than other two, the average thickness T can
be measured by fitting the linear region of a modified Guinier (plot In(g**1) vs g?)

approximation 116

q2T2

1(q) = e

T = V=124, where quaT < V12

where A is the slope of the linear fit, and 1:(0) is the extrapolated intensity at g = 0. For rod-
like particles the Rc of gyration was determined by fitting the linear region of a modified

guinier for rod-like forms (plot In(g*1) vs g?) 16

a*RE

I(qg)=1le =

R, = V=24, where qmexRc =1
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R = 4/ 2 % RC
where R is the radius of the rod, A is the slope of the linear region, and Ic(0) is the

extrapolated intensity at g = 0. A series of programs were used to analyze the results

including Primus!” and Microsoft Excel.**®

A.3 Results

SANS experiments on H4 discs, in 80% D20 indicated a Porod exponent of ~2.7, which
may indicate the presence of flexible lamellar objects in solution (Figure A.2 A). Although
the Guinier plot contained a linear region suggesting a radius of gyration (Rg) of 22 nm,
the Rg*gmax was 2.9, which is above the acceptable limit of 1.3. Consistent with AFM
and EM studies, modified Guinier fits revealed linear regions for rods (Figure A.2 B) and
discs (Figure A.2 C), supporting the existence of a mixture of disc and fiber species in
solution. The R? values were 0.84 and 0.98 for the disc and rod fit, respectively. The radius
for the rod species was calculated to be 21.8 nm and the average thickness for the discs
was calculated to be 25 nm, which is longer than the expected 8.6 nm (30 residues x 0.286

nm rise/ residue) of a CMP however, within the range of heights observed by AFM.
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Figure A.2 Small Angle Neutron Scattering of H4 in 80% D.O. A. Porod Plot, B.
modified guinier plot — rod mode, C. modified guinier plot — disc model. g is in A
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A.4 Discussion and Future Work

Preliminary SANS measurements on H4 solutions in 80% D.O are promising for
understanding the fluid properties of the H4 discs. Both types of fit give fairly straight
lines, however a rod model was favored with the fitting. Due to the sample preparation at
the SANS facility, we believe that the samples were not examined under equilibrium
conditions, i.e. discs were not fully formed. Therefore, additional SANS experiments are
required in order to be cost effective due to the high price of deuterated amino acids. Prior
to performing additional SANS experiments, a series of Small-Angle X-Ray experiments
are expected to help understand the conditions under which mature discs are formed and
enhance the success of future SANS experiments. Due to the heterogeneity of the H4
solutions, not only in size, but potentially in morphology more experiments such as SAXS
are needed to be performed so that we correctly can assign thickness and length values.

Preliminary SAXS, experiments look promising (not shown).
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B. Appendix: Self-Assembly of Left and Right-Handed Molecular Screws
B.1 Introduction

This appendix investigates the rules of stereoselectivity relating to the self-assembly of
homochiral and heterochiral peptides. Although natural proteins tend to prefer self or
homochiral molecular recognition, this is not an absolute rule. Synthetic polypeptides
exhibit no consistency in stereoselectively.5* Despite this, general rules that relate shape
complementarity to association would be useful in guiding molecular design. One such rule
describes interactions between like-versus opposite-handed helical objects. A geometric
analysis of the packing of coiled coils predicted that columnar associations between
opposite-handed supercoils would allow for an overall tighter packing density and a greater
number of intermolecular contacts than like-handed associations.*® Optimal packing of
like-handed threaded rods requires rotation of principle axes of adjacent rods, preventing
tight columnar packing;*?° this same phenomenon determines helix packing in proteins.*?*
Molecular simulations of opposite- and like-handed poly alanine a-helices demonstrate a
preference for left-right helical dimers.*?? All of these studies support a general rule that
supramolecular interactions of opposite-handed helices will be favored over like-handed
assemblies. However, it is challenging to develop an appropriate experimental system that
evaluates shape complementarity without being strongly influenced by the details of
intermolecular interactions. Ridges-in-grooves interactions have been demonstrated on a
macroscopic scale between left- and right-handed bolts.'?®> At the molecular scale, a
‘chemically nude’ system is needed where the shape is a primary factor promoting close

pack
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The collagen mimetic peptide (PPG)10 (P = proline, G = glycine) is a promising minimal
system for evaluating the role of helix handedness on intermolecular association. Collagen
is composed of three chains that are supercoiled to form a triple-helix. Except for glycine,
all naturally occurring amino acids are levorotatory (L-Proline) stereoisomers (Figure B.1
A). Using dextrorotatory (D) stereoisomers (D-Proline), (Figure B.1 A) results in a mirror-
image, opposite-handed triple-helix (Figure B.1 A). In the collagen mimetic peptide,
(PPG)10, proline side chains form the ridges and grooves of the triple-helix. Due to the
cyclic aliphatic side chain, one might expect reduced contributions from side chain
flexibility, charge-pair interactions, or hydrogen bonding that could influence molecular
packing specificity. Unlike the H-Series peptides in the previous chapters, PPGio is a
“chemically nude” system where the complementary shape of the binding interface is the
primary determinant for effective packing. Molecular simulations of collagen peptides
predicted that optimal packing would occur between enantiomers similar to the packing of
opposite handed screws (Figure B.1 B).%* This prediction is shown to be true. Mixing left-
and right-handed helices drastically lowered solubility, resulting in micrometer-scale
sheet-like assemblies that were one peptide-length thick as characterized with atomic force

microscopy.
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Figure B.1 Mirror-image triple helices. Structural models of [(LPLPG)10]z and [(oPpPG)10]3
triple helices. The [(LPLPG)10]s model was obtained from a high-resolution (1.30 A) X-ray
crystal structure (PDB: 1K6F) 24, B. Predicted packing of L-and D- collagen peptides
along with the packing of opposite handed screws.

B.2 Materials and methods

Electron microscopy (EM)

Aggregated samples were gently re-suspended and placed onto copper grids, then
negatively stained with 1% phosphotungstic acid and imaged with a Philip 420 Electron

Microscope.

Atomic Force Microscopy (AFM)

Silicon chips were cleaned with several solutions prior to peptide deposition: The chips
were first sonicated in 100% acetone for 5 min, then soaked in 100% isopropanol for 5
minutes, followed by a final wash in 100% ethanol. The silicon chips were dried with
nitrogen, then placed onto a glass slide with adhesive and chilled on ice for ten minutes
prior to the deposition of 3 pl of the sample solution. Fifteen minutes after depositing the

peptide, the wafer was dipped in deionized water then placed back onto the glass slide for
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at least 20 minutes of drying at room temperature. Multiple scans for each measurement
were taken using an Agilent Atomic Force Microscope model 5500 in tapping mode, with
a Multi75a probe (Bruker MPP-21120-10) and analyzed using the Gwyddion software

package version 2.32.9
B.3 Results

The objective of this appendix was to confirm the presence of well-ordered micrometer-
scale sheets formed by mixtures of L-and D- collagen peptides that were observed in TEM
(Figure B.2 A). AFM measurements confirmed the presence of sheets as well showed that
these sheets had an average single layer of ~10 nm (Figure B.2 B) which is consistent with
the length of a 30-residue triple helix. These heterochiral triple helices may align to form
the sheet like-structure (Figure B.2 C), although higher-resolution data would be needed to

confirm this model.
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Figure B.2 Sheet morphology. () TEM and (b) AFM of a 1:1 | to d mixture. Contour
heights varied by integer multiples of 10 nm. (c) A proposed model of assembly where
triple helices align into a 10 nm thick layer, which further stack. Samples were incubated

at 4 °C for ~4 weeks prior to imaging.

B.4 Discussion

In conclusion, the presence of self-assembled (PPG)10 sheets was confirmed using AFM.
Overall, using (PPG)10 sequence enantiomers as minimal helical exemplars, the

geometric prediction of preferred left-/right-handed helical pairings appears to hold true.
However, even this system is complicated by chemical detail. In a series of experiments

pairing (oPpoPG)10 with other right-handed triple-helical peptides such as (POG)10, where
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O is hydroxyproline, no interactions were observed. Hydroxylation of the proline side
chain may sterically prevent close association of left- and right-handed species, increase
the desolvation barrier required to allow tight ridges-in-grooves packing, or even modify
the degree of supercoiling of the triple-helix such that different pitch of left- and right-
handed species could preclude a coherent, columnar interaction. Ironically, this general
rule of helix—helix association may best apply in special cases where complete mirror

symmetry exists.
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