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Characterization/preparation methods and materials
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HPLC: High Pressure Liquid Chromotography
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S/N: Signal-to-Noise Ratio
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a static magnetic field
NMR Observable: The NMR peak resulting from a Fourier Transform of the FID
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Minor Signal: An NMR observable corresponding to a nucleus that is part of a minor
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CS: Chemical Shift (in ppm)
ΔCS: Secondary Chemical Shift (in ppm)
Upfield shift: A decrease in chemical shift for a given nucleus
Downfield shift: An increase in chemical shift for a given nucleus
RF pulse: Radiofrequency pulse, used to excite magnetically-susceptible nuclei in NMR

xvi

Probe: The electronic components of a spectrometer including multiple channels for
each nucleus of interest, the amplifier, receiver, and coil that delivers pulses to the
sample and transmits the FID following pulse excitation of nuclei
E-free probe: A probe specially designed to handle higher decoupling pulse powers and
minimize heating of the sample from RF pulses
On-resonance: The condition of having the probe tuned to the resonant frequency of the
nuclei of interest for the spectrometer magnetic field
Dual-resonance HX probe: Two-channel probe in which one channel is fixed for proton
detection while the other channel may be set to detect a
nucleus of the user’s choice
Triple-resonance HCN probe: E-free probe with three channels fixed to detect 1H, 13C,
and 15N
MAS: Magic Angle Spinning; high-speed sample rotation at 54.7° relative to the z-axis
Rotor: A zirconia sample chamber of small diameter (e.g. 3.2 mm) that withstand the
forces experienced under high-speed MAS conditions
Pulse Sequence: The order and cylindrical θ coordinate of each RF pulse in sequence for
a specific experiment
B0: Static magnetic field in the z-direction; intrinsic to the spectrometer itself (in Teslas)
B1: Applied magnetic field in transverse magnetization plane resulting from delivery of
an RF pulse through the coil within the probe about the sample (in Teslas)
CP: Cross-polarization
CPMAS: Cross-Polarization Magic Angle Spinning

xvii

Diagonal peak: Peaks corresponding to 1D NMR spectral signatures in 2D spectra; the
diagonal divides 2D spectra into symmetric halves
Crosspeak: Peaks resulting from correlations of nuclear spins in close proximity to one
another; ideally, only two nuclei participate in any one crosspeak
Through-bond transfer: Magnetization transfer between covalently bonded nuclei, or
between nuclei in the same amino acid
Through-space transfer/contact: Magnetization transfer between nuclei that do not
share covalent bonds or bonding partners, but are in
close proximity within ~6 Å

fpRFDR: finite pulse Radiofrequency-Driven Recoupling
DARR: Dipolar-Assisted Rotational Resonance

τm: mixing time parameter for DARR experiments
Short-mixing DARR: DARR experiment with τm = 50 ms
Long-mixing DARR: DARR experiment with τm = 500 ms
REDOR: Rotational Echo Double Resonance – 13C-15N distance measurement
fsREDOR: frequency-selective REDOR
PITHIRDS-CT: not an acronym; 13C-13C distance measurement

xviii

Designer Peptide Nomenclature

De novo: A novel peptide or peptide system developed using rational design principles
SAF (nonspecific): Stands for “Self-Assembling Fiber” despite all variants of SAF being
co-assembling binary peptide systems
hSAF (nonspecific): Denotes a hydrogel-like variant of the SAF family of designer
peptides
Assembly: The insoluble macromolecular structure formed by spontaneous aggregation
and ordering of peptides, or the action thereof
Self-Assembly: Assembly of one peptide with other peptides of identical sequence
Co-assembly: Assembly of one peptide with one or more peptides of distinct sequence(s)
tassembly : Time elapsed after mixing peptides together to start an assembly
Secondary Structure: Repeated 3D conformation adopted by a peptide or assembly
Striations: Axial stripe-like patterns of regular periodicity that are visible in TEM
micrographs of highly-ordered nanofibers
Residue: Defined here as the sidechain of an amino acid
Intraresidue contact: NMR crosspeaks between nuclei in the same amino acid
Interresidue contact: NMR crosspeaks between nuclei in different amino acids
Homodimer: Dimer formed by two identical peptides
Heterodimer: Dimer formed by two different peptides
Blunt-ended dimer: Peptide dimer that interfaces over the entire sequence
Sticky-ended dimer: Peptide dimer that interfaces over only part of the sequence,
leaving one end of each peptide sequence in solution
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Oligomer: A group of peptide monomers, dimers or n-mers that have associated into a
larger aggregate
Protofibril: A longitudinal assembly of assembling peptides that can associate with other
protofibrils to form a fibril
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by a peptide assembly
Polymorphism: Structural heterogeneity in a peptide sample resulting from secondary
structural dynamics, rather than errors in sample preparation
Molecular Switch: An assembling peptide system that can convert from one
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SUMMARY

This work presents a structural investigation of two variants of SAF (Self-Assembling
Fiber) binary peptides designed by Prof. Derek N. Woolfson and coworkers. SAF refers to
pairs of complementary peptides that assemble into coiled coils upon mixing, which then
associate with one another to form fibers. Design features hypothesized to drive coassembly were evaluated by solid-state nuclear magnetic resonance (NMR) spectroscopy.

α-helical
Fibers

Remove
Water

α→β
structural
transition

Mix

SAF peptides assemble into fibers when mixed and change structure upon rehydration.

Our results indicate that the SAF assembly mechanism proposed by Woolfson is partially
correct. However, it was also discovered that the α-helical structure formed by the initial
co-assembly can undergo conversion to a β-sheet structure, and that this conversion is
triggered by rehydration of the dried α-helical nanofibers. To our knowledge, this is the
first α-β structural transition ever observed in response to physiologically benign stimuli in
a co-assembling de novo binary peptide system.

xxi

CHAPTER 1: INTRODUCTION

1.1 Co-assembling Designer Peptide Systems and Molecular Switches
The primary objective of this work is to evaluate the rational design of α-helical
supramolecular structures formed by designer peptides, particularly in relation to de novo
binary peptide systems that form nanofibers. The structures formed by such peptides are
known as coiled-coils. The coiled-coil is a common and well-studied motif in nature as it
relates to protein folding and nucleic acids (1-6). In fact, this foundation of study in
naturally-occurring coiled-coils was the basis for developing the first design rules for αhelical designer peptides (7). In the context of rationally designed peptide systems, a coiledcoil refers to the twisting macromolecular structure formed when individual peptide
subunits first orient parallel to their long axes, and then twist in the manner described by
Pauling (8) as they associate longitudinally with other dimeric subunits. Since the inception
of the field, a great many self-assembling coiled-coil designer peptides have been
developed (2, 3, 9-17), but this work will cover coiled-coils formed by two complementary
peptide sequences upon mixing—a phenomenon known as co-assembly.

An additional discussion is necessitated by my results which concerns the phenomenon of
molecular switching. A “molecular switch” in this context is an assembling peptide system
that is capable of transitioning between two types of secondary structure in response to a
stimulus or set of stimuli (18-20). In particular, the conversion of dry α-helical coiled-coils
to β-sheets in response to rehydration and mild heating will be examined in the context of
1

SAF. The potential implications of this discovery will be discussed as they relate to the
design and fabrication of “smart” (i.e. stimulus-responsive) biomaterials for medical
devices, regenerative medicine, and drug delivery applications.

1.1.1 Rational Design of Coiled-coil Peptide Assemblies

The primary structures of the coiled-coil are characteristic of an amino acid heptad-repeat
(HPPHPPP, where H represents a hydrophobic residue and P represents a hydrophilic or
polar residue). This approach to designing self-assembling peptide nanofibers will be
described subsequently with the coiled-coil structures termed SAF. The positions abcdefg
in the context of this work correspond to the heptad positions HPPHPPP. A schematic of
the heptad helical wheel marked with the abcdefg positions is shown in Figure 1.

Figure 1: Helical wheel depiction of coiled-coil heptad marked with positions abcdefg.

This seven residue repeat of hydrophobic and polar residues served as the foundation for
the design of the SAF co-assembling peptide family. Within the coiled-coil heptad,
2

[abcdefg]n positions a, d, e, and g are responsible for directing the dimer interface, and
positions b, c, and f mediate lateral interactions between dimers (21).

For the designer peptides in this work, the a and d “core” positions signify hydrophobic
residues that form the coiled-coil interface. The e and g “overhang” positions are occupied
by charged residues which are intended to stabilize the coiled-coil and facilitate
longitudinal co-assembly by pairing as e-to-g salt bridges between complementary peptides
across the coiled-coil interface. The “surface” positions b, c, and f are mostly occupied by
weakly hydrophobic (i.e. alanine) or polar hydrogen-bonding residues (i.e. glutamine).

1.1.2 The SAF Family of α-helical Co-assembling Peptides

The seminal work of Prof. Derek Woolfson and coworkers in developing the original “SelfAssembling Fiber” peptides, dubbed SAF-p1 and SAF-p2 (22), marked a milestone in
rational peptide design. The conception of SAF-p1/p2 marked the first multicomponent de
novo peptide system capable of spontaneously forming a coiled-coil nanostructure upon
mixing. Specifically, the individually water-soluble peptide components were designed to
undergo a molecular folding event when mixed to form sticky-ended heterodimers, which
in turn assemble longitudinally into coiled-coil fibers, as depicted in Figure 2.

3

Figure 2: Schematic of the co-assembly pathway for SAF peptides as reported by Bromley et
al.(23). Upon mixing, the two component peptides associate to form heterodimers (1) which then
associate longitudinally to form protofibrils (2) which continue to grow in length while associating
laterally to form bundled fibrils (3).

The conception of the SAF system was motivated by a desire to test de novo design
principles derived from coiled-coils in nature (22), but the success of the first generation
of SAF compelled further efforts to refine the system towards applications in tissue
engineering as a biocompatible scaffold material for collagen-like cell cultures (24-26).
Subsequent design iterations by the Woolfson lab would engender a whole family of SAF
co-assembling binary peptide systems. A brief review is given here of their development
towards the study of SAF-p1/p2a and hSAFAAQ-p1/p2.

The Woolfson lab’s novel approach to triggered co-assembly originates in
bioinformatics—that is, the SAF peptide sequences were devised to form a specific
supramolecular structure based on sequence-structure relationships found in nature.
Woolfson applied several common structural features of heptad-based coiled coils in nature
towards his design of the 28-residue peptides SAF-p1 and SAF-p2. First, the majority of

4

hydrophobic core positions a and d (Figure 3) were occupied by leucine (Leu, L) and
isoleucine (Ile, I) at complementary positions to energetically favor the formation of
leucine “zippers” along the plane of co-assembly when aqueous solutions of the peptides
were mixed together. Secondly, to encourage the sticky-ended (as opposed to blunt-ended)
formation of heterodimers, all e and g “overhang” positions were occupied by either lysine
(Lys, K) and glutamate (Glu, E) such that the first two heptads of each peptide sequence
carried only positive charges and the last two heptads carried negative charges. Finally, a
single a position of each 28-residue peptide hosted an asparagine (Asn, N) residue instead
of Leu or Ile, because Asn residues are known to pair with each other in coiled-coil
interfaces through hydrogen bonding and encourage parallel alignment of the N-C termini
(9, 27, 28). These three sequence-to-structure design features of the first-generation design
of SAF were conserved amongst all subsequent generations of SAF; within the scope of
this study, a structural evaluation of the leucine zipper and charged overhang pairings will
be presented.

Table 1: SAF-p1/p2 and SAF-p2a amino acid sequences. Alterations to the SAF-p2
sequence in SAF-p2a are highlighted in yellow.

Peptide Name

Sequence

Heptad repeat

g

SAF-p1

abcdefg

abcdefg

abcdefg abcdef

K IAALKQK

IASLKQE

IDALEYE

NDALEQ

SAF-p2

K IAALKQK

NAALKQE

IAALEQE

IAALEQ

SAF-p2a

K IRRLKQK

NARLKQE

IAALEYE

IAALEQ
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The second generation of SAF includes the primary subject of study in this work, SAFp1/p2a. As implied by the name, only the second component sequence was altered from
the original design of SAF-p1/p2. Table 1 shows the sequences of the first and second
generation SAF peptide sequences for comparison. The alterations leading to the SAF-p2a
sequence were meant to enhance the observed propensity of SAF fibers to assemble
laterally into thick (~50 nm) fibril-like structures by adding several positively-charged
arginine (Arg, R) residues to the hydrophilic surface positions of the first two heptads (24).
A tyrosine (Tyr, Y) residue was also incorporated at position 21 in SAF-p2a, although the
reasoning for this design choice was not provided by the authors. The result of this redesign
was the SAF-p1/p2a system, which produced the thickest and straightest fibers of any SAF
variant to date.

Many more design iterations beyond the scope of this work were published after the second
generation of SAF, including variants with increased surface charge (29), sequences
extended by one heptad (30, 31), functional reactive group “caps” on the N- or C- termini
(32), chromophore “tag” moieties (33), and a selection of variants called hSAF, which are
capable of forming hydrogels (25, 26). An important unanswered question left over from
these studies is why the SAF coiled-coil protofibrils laterally associate at all; most SAF
variants form mature fibers that are more than an order of magnitude thicker than the fiber
width of ~2 nm predicted by Woolfson’s design (22, 24, 27-33).

The hydrogel-forming variants of SAF warrant some preliminary discussion for the
purposes of this thesis. The importance of the Woolfson group’s development of the hSAF
6

variants, from a design perspective, lies in their testing of substituent effects on the outer
surface of the coiled-coil assembly, namely at the f position of the helical-wheel heptad
model. The original hSAF literature (25) investigated the response to thermal stress by
hydrogels rich in hydrogen-bonding surface residues (Gln in hSAFQQQ) compared to
hydrogels rich in hydrophobic surface residues (Ala in hSAFAAA and Ala/Trp in hSAFAAAW).

My predecessor studied a hydrogel-like SAF variant called hSAFAAQ, which was

designed as a control against hydrogel formation in the original study (25), but was reported
to form very thin (~2 nm thick) nanofibers. The complementary sequences for this variant
are listed below in Table 2.

Table 2: hSAFAAQ-p1/p2 amino acid sequences

Peptide Name Sequence
Heptad repeat

g

abcdefg abcdefg

abcdefg abcdef

hSAFAAQ-p1

K IAALKQK IAALKQE

hSAFAAQ-p2

K IAALKQK NAALKQE IAALEQE

IAALEQE

NAALEQ
IAALEQ

1.1.3 Questions Raised by Previous Work on hSAFAAQ-p1/p2

The investigation of hSAFAAQ-p1/p2 shared similar objectives with my study of SAFp1/p2a. The co-assembling coiled coils of the SAF family were the first of their kind, but
until our lab’s work with hSAFAAQ-p1/p2, there had never been a high-resolution metric
applied towards evaluating their design efficacy. Solid state NMR was used to probe the
7

design features of the coiled-coil interface, with the intention of subsequently moving
forward to investigate the mechanism responsible for lateral assembly of SAF protofibrils
into thick nanofibers.

Figure 3: TEM of 200 µM hSAFAAQ-p1/p2 nanofibers (scale bar: 1 µm) published by Banwell,
Woolfson et al. (25)

My predecessor was interested in hSAFAAQ because it is the only SAF variant noted in the
literature (25) as having fiber widths (~2 nm, Figure 3) matching the coiled-coil thickness
predicted by Woolfson’s design. This length scale allows straightforward interpretation of
the paired interactions of core (a and d position) and overhang (e and g position) residues,
which might be otherwise complicated by surface residue interactions between protofibrils.
Similarly to my research on SAF-p1/p2a, the hSAFAAQ-p1/p2 peptides were labeled to
detect the Leu-Ile hydrophobic interaction and the Lys-Glu salt bridge at the overhang
positions. However, the results of our structural evaluation of hSAFAAQ-p1/p2 by solid state
NMR were inconclusive. In fact, our study of hSAFAAQ had raised new questions.
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Interpretation of the hSAFAAQ-p1/p2 data was complicated by polymorphism (structural
heterogeneity) in the sample; a more detailed discussion follows in Chapter 3. Preliminary
analysis of the 2D NMR spectra for hSAFAAQ-p1/p2 indicated that the Leu-Ile hydrophobic
core interaction formed as hypothesized by Woolfson, while the presence of the
hypothesized Lys-Glu salt bridge was rendered inconclusive due to spectral overlap.
However, closer investigation of the hSAFAAQ–p1/p2 data indicated that at least one minor
structural population was present in the sample. Without knowing the nature of this minor
structure, we could not conclusively determine if there was spatial proximity between the
labeled Ile-Leu pair in the coiled-coil nanofiber. The reason for this is that the spectral
signals suggesting a positive result for spatial proximity could instead be ordinary
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signals from a minor structure with a markedly different 3D conformation than the coiledcoil. Deconvolution of these two possibilities was impossible for this case, as we had no
reference for how this unknown minor structure would appear in a 2D NMR spectra.
Hence, we chose to study another variant of SAF for comparison.

1.1.4 SAF-p1/p2a Nanofibers: Testing the Design Hypothesis

I chose to study SAF-p1/p2a variant for three reasons. First, it was convenient to select a
well-characterized variant from the literature that conserved both the sequence length of
28 and residues at the core (a, d) and overhang (e, g) heptad positions for better comparison
with the hSAFAAQ-p1/p2 structure. Second, SAF-p1/p2a appeared to be the most stable
against forming kinetically-trapped minor structures, which may have complicated Dr.
Leonard’s study of hSAFAAQ. According to the original literature for the hSAF series of
peptides (25), the hSAFAAQ variant was developed as a negative control against hydrogel
9

formation, rather than as a rationally-designed peptide assembly in its own right.
Homodimer formation by hSAFAAQ-p1 and/or hSAFAAQ-p2 was considered to be the most
likely source of structural heterogeneity in our samples due to TEM evidence of selfassembly (Chapter 3). While many SAF variants could be considered stable against
homodimer formation, the highly ordered structure of SAF-p1/p2a and its reported
cooperative unfolding mechanism under thermal stress (30) made it a particularly attractive
candidate for preparing structurally-uniform samples. The third and final reason I chose
SAF-p1/p2a has to do with the regularly-spaced axial striations uniquely observed in
transmission electron microscopy (TEM) images of SAF-p1/p2a nanofibers (23, 30, 31).
Examples of these striations in my samples and those from literature (30) are shown in
Figure 4. These striations repeat every ~4.2 nm in the literature (23, 31), which corresponds
to the length of a 28-residue α-helix within a coiled-coil (34). These striations imply a
remarkable level of structural regularity that is rarely attained by rational design.
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Figure 4: TEM of mature SAF-p1/p2a fibers stained with UA and imaged at 60k magnification;
scale bar is 100 nm. Inset image from Smith, Woolfson et al. (30) shown for comparison.
For each image, a group of striations is boxed in blue.
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1.2 Molecular Switches and Their Applications
The supramolecular assembly of designer peptide systems can be broadly categorized in
terms of secondary structure by one of two motifs: α-helix or β-sheet. These two
conformations differ considerably in terms of 3-dimensional geometry and energetic
favorability, such that a peptide system that assembles according to one of these structural
topographies typically cannot form the other. However, a number of notable exceptions to
this generality have been observed in assembling peptide systems, which are called
molecular switches when a structural conversion is triggered by a change in conditions.
Triggering conditions for conversion between structural motifs are diverse even for these
exceptional cases, with conformational shifts in molecular switch assemblies of a single
peptide sequence variously observed in the literature to be a function of pH (35-37),
temperature (38-40), solvent composition (41, 42), or humidity (43, 44). Molecular
switching may also be triggered by exposure to light (45), metal cations (46, 47), or certain
enzymes (48). For a dual-responsive system, two of these triggers (most commonly
temperature and pH) are required to induce molecular switching, and as a result the
structural transition can be controlled with greater precision (20). However, The task of
rationally designing a molecular-switching peptide system becomes more complicated as
the number of peptide sequences increases and the triggering conditions become more
specific (18, 20, 49, 50). As such, the vast majority of molecular switch systems include
only one de novo peptide sequence and a single environmental trigger (20, 50, 51).
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The task of rationally engineering a multicomponent α-to-β molecular switch from distinct
co-assembling peptide sequences is such that, to date, no successful attempts have been
reported in literature (20, 50).

Remarkably, my work uncovered evidence that Woolfson’s group serendipitously achieved
this feat with SAF-p1/p2a, but remained unaware of its molecular switching property. The
importance of this discovery lies in its potential to provide a starting point for the rational
design of smart biomaterials made from co-assembled peptides that can be triggered to
undergo the α-to-β structural shift under benign physiological conditions. The following is
a topical review of biomedical engineering applications that could advance through the
implementation of co-assembled molecular switch biomaterials featuring similar structural
dynamics to SAF-p1/p2a.

1.2.1 Drug Delivery

Arguably the most straightforward application for a smart α-to-β molecular switching
biomaterial would be as a drug delivery vehicle. The simplest example for a system like
SAF-p1/p2a would be extended-release delivery drugs (especially for localized delivery of
poorly soluble drugs), wherein drug molecules are trapped between protofibrils during coassembly of the coiled-coil nanofibers (52) such that they are gradually released in vivo as
the structure unfolds and rearranges to form a β-sheet (53). A more complex drug-delivery
platform could involve a triggered-release drug carrier that is hermetically sealed within an
implant sporting a design feature to break the seal (52, 53) in response to a stimulus (e.g.
host-guest molecular recognition of a pathological biomarker), which would then allow
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biological fluids to contact the peptide assembly and affect the structural transition to finally
release the drug into the body. Accurate models of both time-dependent structural
rearrangement and in vivo degradation of a candidate molecular switch would be necessary
to evaluate its potential as a drug carrier.

In the context of my project, drug delivery applications are of particular interest because the
surface morphology of both structural states in SAF-p1/p2a differs drastically from those of
the liposomal and micellar peptide drug carriers that are well-studied as nanoscale drug
delivery vehicles (54-57). Also, the peptide assembly itself is insoluble up to the point of in
vivo biodegradation, so it could be advantageous for extended-release pharmaceutical
therapies that are meant to be targeted to a single location within the body. As such, a drug
delivery platform based on a molecular switch like SAF-p1/p2a could, in theory, be
subcutaneously localized on a pathological surface that would otherwise be incompatible
with nanospherical drug delivery vehicles, which would be expected to degrade more
rapidly in the body (58, 59). Targeted gene and/or pharmaceutical therapies for bone
disease, including osteoporosis (59-61) and bone cancers (58), could be made more effective
through use of such a delivery platform.

1.2.2 Biosensors and Biochips

A co-assembling binary peptide system featuring the α-to-β molecular switch properties of
SAF-p1/p2a could improve the ex vivo fabrication and in vivo deployment of biosensor
devices and biochips (19). At present, there is high demand for transducers and tissue-tosensor interface biomaterials for implanted medical devices that exhibit good
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biocompatibility—that is, the materials used must not elicit an inflammatory immune
response in the host (62, 63). Furthermore, biomimetic materials that are structurally
reproducible and amenable to functionalization with covalently-attached biomolecule
surface moieties are preferable for the safety and efficacy of interfacial molecular
recognition functionality between a biosensor and host tissue (62-65). It is challenging to
engineer biomaterials that can meet these criteria in a practical manner. However, there is a
possibility that α-to-β molecular switch peptide biomaterials could overcome these
challenges in certain cases.

The co-assembly of coiled-coil nanofibers at physiological pH is an environmentallyfriendly procedure that is simple to control and yields a finely powdered product upon
lyophilization. The α-helical nanofiber powder can fill voids down to the micron scale
within the biosensor chassis. When humidity is introduced to the interior of the sensor and
its temperature rises to that encountered in vivo (37 °C), the powder will gradually convert
to a flexible and continuous β-sheet network with greater resistance to shear deformation
than the coiled-coil architecture (66). The structural continuity of the β-sheet structure
allows for optical and electrical functionality that would not be possible for an amorphous
powder of discrete nanofibers (67). Additionally, a β-sheet network of small (<5000 Da)
peptides such as those in the SAF family (~3100-3500 Da) carry a low risk of adverse
immunogenicity following implantation (62, 63). Hence, the approach of manufacturing
biosensors using a smart molecular switch similar to SAF-p1/p2a is advantageous by virtue
of convenient, finely-controlled fabrication using the coiled-coil nanofibers to ultimately
yield a functionalized and resilient β-sheet material.
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Possible extensions of this application could involve the integration of photonic and
optically-active dopants (e.g. Eu, Tb) with photosensitizers (e.g. salicylic acid; 1,10phenanthroline) to impart photoluminescent functionality to biosensor components for
diagnostic and ophthalmic implants (67, 68).

1.2.3 Fusion Peptide Architectures

Fusion peptides—designer peptides decorated with covalently-grafted biomolecules—add
an additional dimension to the potential functionality of a molecular-switching peptide coassembly. Folded proteins could be covalently attached onto one of the component peptides
at a surface site (i.e. at a Cys-substituted b, c, or f heptad position) prior to co-assembly into
coiled-coil nanofibers. The advantage of this approach lies in the improved capacity of coassembly to precisely control formation of a structurally well-defined and reproducible
supramolecular biomaterial with high bioactivity (63, 65). Ideally, a well-established
protocol for grafting proteins to a smart biomaterial similar to SAF-p1/p2a could lead to
advances in a diverse array of fields in biotechnology, from enzymatic biocatalysis in
industry (65, 69) to molecular recognition-based diagnostics in medicine (53, 70). The
approach of fusion peptide integration into α-to-β molecular switch biomaterials is notable
in that it has the theoretical potential to improve almost any molecular switch developed for
either of the two biomedical application categories discussed previously.
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1.3 Structural Elucidation of Peptide Assemblies by Solid State NMR

1.3.1 Introduction to Solid State NMR

Solid state nuclear magnetic resonance (NMR) is a powerful technique for structural
studies of peptide assembly. Chemically-distinct populations of nuclei with magnetic
moments are identified by NMR signal frequency and intensity, and this data is overlaid in
two dimensions to create a correlation map of magnetic interactions between these nuclei.
The pattern of these correlations is unique for each structure, enabling structural evaluation
at a resolution inaccessible to other experimental methods. My work focuses on
interpretation of
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C or

15

N NMR signals to extract structural information from

isotopically-labeled peptide samples. The samples we study are produced by chemical
synthesis (71) such that they are incorporated with uniformly or selectively labeled amino
acids (Figure 5) at specific sequence positions of interest to overcome the limits of NMR
signal sensitivity to nuclei with low natural abundances (1% for 13C and 0.4% for 15N).

Figure 5: Schematic of (A) uniformly
labeled at Cβ or CO

13C-15N

labeled valine. (B) Selectively
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13C

labeled alanine,

An in-depth treatment of the quantum phenomena and hardware that enable our
experiments is beyond the scope of this thesis. However, at its most fundamental level,
NMR spectroscopy can be considered a three-step technique: 1) placement of samples into
large static magnetic fields (represented by vector B0 in this work); 2) excitation of nuclear
spins (nuclei with magnetic moments) by resonant radio frequency magnetic fields
delivered via induction by a coil around the sample; and 3) detection of current induced in
the coil by time-dependent nuclear magnetization, which is known as the free induction
decay (FID). A schematic of this experimental setup for solid state NMR is shown in Figure
6. The NMR peak (also called the “observable”) results from a Fourier Transform of the
FID generated from the precession of nuclear magnetization transverse to the plane of B0
following pulses of the applied magnetic field B1. Each nucleus that contributes to the FID
has a corresponding peak in the NMR spectrum, which contains all peaks from a 1D NMR
experiment. The peak position, known as the chemical shift (CS, units of ppm or Hz), is
our primary quantity of interest.
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Figure 6: Depiction of sample rotation (colored cylinder) at the magic angle. B0 is the static
magnetic field of the spectrometer, and B1 is the applied magnetic field generated by
radiofrequency pulses delivered through the probe coil.

Some adjustments to the traditional (solution state) setup for NMR are necessary to
effectively assess the local electronic environment and secondary structure at sites with
magnetically susceptible nuclei in solids. One obstacle to obtaining useful data is the fact
that molecular solids do not tumble in space on a sufficiently fast timescale to average out
position-dependent inhomogeneities in the magnetic field experienced at each site. The
cumulative effect of these local inhomogeneities is a broadening of peaks that results in
poor resolution compared to the narrow linewidths obtained in solution state NMR. One
technique of critical importance to solid state NMR signal resolution is magic angle
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spinning, or MAS (72). MAS is the high-frequency (>10 kHz) spinning of the sample about
the z-axis at the “magic” angle of 54.7° (Figure 6) to average away some of the peakbroadening inhomogeneities that negatively impact resolution. All NMR experiments
reported in this work use MAS to improve resolution. A fundamental practice to improve
solid state NMR strength is cross-polarization (CP), which transfers highly abundant 1H
magnetization to weakly abundant spins (13C and 15N) (73, 74). CP is used in conjunction
with MAS to enhance weakly abundant spin signals at an acceptable level of resolution
(75). To actually observe the FID for the weakly abundant spin nuclei, CP must be followed
by a decoupling pulse sequence. Decoupling is the high-power radiofrequency excitation
of 1H to eliminate dipolar couplings to 13C or 15N that are not fully removed by MAS (76,
77), thereby improving resolution even further than with MAS alone. Decoupling
parameters (e.g. power levels of 1H excitation pulses) must be optimized for each sample.
Pulse patterns and relevant parameters for CP and decoupling will be discussed further in
the Methodology section.

1.3.2 Applications to Structural Study of Peptide Assemblies

Solid state NMR is the experimental method of choice for probing the structure of soft
matter at an atomic-length scale resolution. Biological amyloid and designer peptide
assemblies are insoluble, thus precluding analysis by solution state NMR, and typically do
not possess sufficient long-range structural order for characterization by X-ray
crystallography (78). Computational methods (79-81) are often very helpful in predicting
peptide assembly structures, especially when used in conjunction with NMR-derived
structural constraints (82-86), but solid state NMR remains the only experimental means
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of testing these predictions at a sufficient level of detail to “close the design loop” for de
novo systems.

1.3.3 The Problem of Polymorphism

The success of a solid state NMR structural investigation often requires that a sample have
only one well-defined molecular structure. The presence of minor structures within a
sample creates spectral crowding that complicates data interpretation, sometimes past the
point of being able to extract conclusive results. As such, care must be taken to ensure
structural homogeneity of the sample during preparation. Because peptide assembly is a
complex phenomenon, it can be difficult to prepare a structurally-uniform sample when
multiple energetically-favorable assembly pathways exist for a system. The formation of
different supramolecular structures by assembly of the same peptide system is called
polymorphism, because peptide assemblies with different molecular structures exhibit
distinct morphologies (e.g. nanofiber width, protofilament core packing geometry) when
observed using electron/atomic force microscopy or X-ray diffraction-based techniques.
For example, the naturally-occurring amyloidogenic peptides central to the pathology of
Alzheimer’s disease are known to assemble along multiple energetically similar pathways
to distinct amyloid fibril structures (82, 87, 88). Amyloidogenic peptides are known to
also form non-fibrillar species of distinct secondary structure that have been described as
oligomers and protofibrils (84, 89-91). There have been fewer studies of assembly
pathways for designer peptides, but in the case of SAF-p1/p2a, there is at least one study
that examines the oligomeric and protofibril states as they occur on the assembly pathway
towards mature fibers (23). However, it is important to note that the “oligomeric” and
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“protofibril” states of SAF-p1/p2a (and coiled-coils in general) have a common α-helical
secondary structure, and are therefore not defined equivalently to those for pathological
amyloids (92). The Nomenclature contains more general definitions that are applicable to
SAF-p1/p2a. A molecular switch peptide system is engineered specifically to exhibit
controlled (i.e. triggered) polymorphism. Molecular switches can be readily identified by
solid state NMR, but the triggering conditions for structural transition must be controlled
to maximize structural homogeneity during any single experiment if more detailed
structural characterization by NMR is desired. The problem of polymorphism, as it relates
to solid state NMR, is that variation of structure at the molecular length scale hinders
interpretation of signals originating from the atomic length scale.
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1.4 Purpose and Scope of Study
This work started out as an effort to settle conflicting interpretations of the puzzling data
for hSAFAAQ-p1/p2. Over time, it became clear that further study would be required to do
this, and my focus turned then to SAF-p1/p2a. I was ultimately successful in settling the
debate concerning hSAFAAQ, but I must admit that I owe this success, at least in part, to a
serendipitous discovery that none of us expected or imagined to be possible. The structural
evaluation of SAF-p1/p2a detailed herein raised at least as many questions as it answered
due to an observation of structural dynamics that is, to the best of our knowledge, a first in
the scientific community for any binary peptide system of rational design under
biologically-benign conditions. The following chapters will present a technical basis for
the structural elucidation of the SAF-p1/p2a nanofiber assembly by solid state NMR, the
experimental results of this investigation, interpretations thereof, and a discussion of how
to proceed in answering the questions that remain.
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CHAPTER 2: METHODOLOGY

2.1 Description of Solid State NMR Experiments
2.1.1 1H-13C CPMAS

As previously discussed, cross-polarization (CP) is an essential experimental technique in
solid-state NMR to obtain higher sensitivity for isotopically dilute nuclear spins (i.e.
weakly abundant relative to 1H), namely 13C or 15N for peptide studies. Figure 7 illustrates
the pulse sequence for 1H-13C CP. CP may be used to generate a 1D NMR spectrum in
what is called a CPMAS experiment (75). For the measurements on rehydrated SAFp1/p2a, a 110 kHz pulse was initially applied to excite the protons and generate transverse
magnetization before more complicated pulse. During the dry sample experiments, an Efree probe (one designed to reduce heating of the sample by radiofrequency pulses) had
been installed on the spectrometer and 100 kHz decoupling power was used instead to the
same effect. A 2 ms contact time was then applied to allow for polarization transfer from
protons to nearby carbons via dipolar interactions. After the cross-polarization transfer, the
protons are dipolar decoupled at 110 kHz (or 100 kHz for the E-free probe) while the
carbon FID is observed. The CPMAS pulse sequence is used to obtain a 1D NMR
spectrum, giving an indication of structural order and insight into secondary structure. This
simple sequence was also used to optimize hydrogen and carbon pulse power levels for the
2D NMR 13C-13C experiments described subsequently.
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Figure 7: The 1H-13C CPMAS pulse sequence.

2.1.2 13C-13C fpRFDR

The finite pulse radiofrequency-driven recoupling (fpRFDR) pulse sequence shown in
Figure 8 was used to obtain 2D 13C-13C chemical shift correlation NMR data. This sequence
was developed to consider the non-negligibility of the time elapsed over an applied pulse
width at the timescale of sample rotation under fast MAS (76, 93, 94). To work around this
complication, the fpRFDR sequence instead accounts for finite pulse lengths, hence its
name. Similar to the CPMAS experiment, fpRFDR utilizes cross-polarization at the
beginning of the sequence to prepare the
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C transverse magnetization. Following the

chemical shift evolution period t1, the dipolar couplings are refocused in the transverse
plane, and a rotor-synchronized π-pulse fusillade is used to restore

13

C-13C dipolar

couplings to enhance spin exchange during the rotational period (τr) of the sample at high25

speed MAS conditions. A final refocusing pulse is applied, and the carbon FID is observed
during the acquisition period τ2 (spin-spin relaxation time). The value of t1 determines the
coupled spin resonance frequencies that contribute to the FID observed during τ2 for a
single iteration of the pulse sequence (i.e. a single scan). Many scans (e.g. 64 scans) are
performed per t1 value to improve signal-to-noise for each 1D experiment included in the
2D data set. Varying t1 will result in a different FID, effectively creating a new 1D
experiment to contribute to the data set. By consecutively scanning at many values of t1
(typically, 350 or more t1 values), as many 1D spectra contribute to the data set, which
ultimately takes the form of a
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C-13C 2D exchange spectrum. Using this 2D spectrum,

precise peak assignments can be made using statistical correlations between 13C isotropic
chemical shift and molecular conformation. This is the preferred method of assigning 13C
chemical shifts in our lab due to its high resolution and low propensity for spectral overlap
(84, 95), as fpRFDR typically only reports on single-bond transfer correlations (e.g.,
between 13C labeled Cα and Cβ sites). These properties result from the high spinning speeds
used (22 kHz for my study) and the very short mixing time for polarization transfer (τr =
1.28 ms for my study) (93, 94).
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Figure 8: The finite pulse radio frequency driven recoupling (fpRFDR) pulse sequence.

Chemical shift assignments made by fpRFDR may be used to calculate secondary
chemical shifts (Δ CS), which are reported as the difference in chemical shift values for a
nucleus in the sample and the same nucleus on the same amino acid for the corresponding
random coil peptide (96, 97). Analysis of Δ CS for 13C atoms near the peptide backbone
(carbonyl, Cα, Cβ) has been used to assess secondary structure (98, 99). In addition,
comparisons of crosspeak positions and line shapes have been used as a basis for
evaluating structural variation between different samples (100-102). Simulated (generic)
fpRFDR assignment pathways for the α-helical and β-sheet configurations of isoleucine
are given in Figure 9 for comparison.
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Figure 9: Simulated fpRFDR assignment pathways for a uniformly 13C-labeled isoleucine residue
incorporated within α-helix (light green) or β-sheet (dark green) secondary structure.
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2.1.3 13C-13C DARR

The dipolar-assisted rotational resonance (DARR) experiment (103) produces a
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C-13C

2D exchange spectrum similar to the 2D fpRFDR experiment, but without the need for
high power 1H decoupling during the mixing period. Consequently, the experiment can be
performed with a wider range of possible mixing times. At mixing times of ~20 ms or less,
2D DARR spectra exhibit crosspeaks that correspond mostly to 13C atoms within a single
amino acid. As mixing times are increased to 50-100 ms, additional crosspeaks can be
observed that correspond to amino acids that are adjacent in the primary structure. With
mixing times at 500 ms or above, crosspeaks include those that report on amino acids that
are brought together by the molecular fold within an effective range of about ~0.6 nm (95,
104). The DARR pulse sequence is shown in Figure 10.

Figure 10: The Dipolar Assisted Rotational Resonance (DARR) pulse sequence.
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At longer mixing times, crosspeak patterns in 2D DARR spectra can become crowded, as
was the case for the SAF-p1/p2a DARR spectra. Concerns about spectral overlap with
spinning sidebands are relevant to 2D DARR spectra, such that the MAS rate must be
chosen to avoid interference of observable signals by spinning sidebands. Crosspeaks
corresponding to longer distances (above ~0.5 nm) are also more difficult to detect when
MAS speeds are too fast (above ~20 kHz; MAS rates of 10 kHz and 11 kHz were used for
the DARR experiments reported here).

The DARR sequence shown in Figure 10 was used to observe long-range 13C-13C
couplings in SAF-p1/p2a, specifically to probe through-space couplings in both the dry
and rehydrated samples. For the rehydrated sample, DARR was applied at different
mixing times to help distinguish between through-bond correlations in the spin system of
each labeled residue (obtained through short-mixing DARR) and through-space
couplings (obtained through long-mixing time DARR) in the overlaid spectra. Following
the transfer of polarization from the excited protons to carbon, a period of t1 passes for
chemical shift evolution—as with fpRFDR, this t1 value is varied between scanning sets
to facilitate construction of a 2D NMR spectrum. Following t1, magnetization is flipped
about the transverse plane by a second pulse and undergoes spin exchange during the
mixing time, τm. A final refocusing pulse is applied, and the carbon FID can be observed
during τm (103). The 1H radio frequency decoupling field amplitude is set equal to the
spinning speed during both t1 and τ2.
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2.2 Experimental Design

2.2.1 Choice of Isotopic Labeling Scheme

SAF-p1 K6L12 and SAF-p2a E15I23 were selected for isotopic enrichment to test
Woolfson and coworkers’ hypothesized alignment of heptad core positions a and d upon
mixing, and also to test for the presence of the stabilizing electrostatic interaction between
heptad overhang positions e and g. Specifically, my proposed labeling scheme was
intended to allow the conclusive determination of the existence and local secondary
structure of the SAF-p1 L12/SAF-p2a I23 hydrophobic core interaction and the SAF-p1
K6/SAF-p2a E15 salt bridge at its proximal overhang position. This particular labeling
scheme also allows for a direct comparison to previous work on hSAFAAQ-p1/p2, excepting
the A4 residue in hSAFAAQ-p2, which is not conserved in the SAF-p2a sequence. It is also
worth noting that all four labeled residues are conserved in sequence amongst all stickyended heterodimer-forming variants of SAF, and are posited in the literature to interact as
described previously (22, 24-26, 29-32). Chemical shift assignments reporting on local
secondary structure at labeled residues of lyophilized and minimally rehydrated (1 µL/mg)
SAF-p1/p2a nanofibers from
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C-13C fpRFDR experiments will enable sidechain co-

proximity determination by DARR performed at short (50 ms) and long (500 ms) mixing
times. SAF-p1/p2a nanofibers with this isotopic labeling scheme will display DARR offdiagonal crosspeaks between residues SAF-p1 K6 and SAF-p2 E15 and also between SAFp1 L12 and SAF-p2 I23 if they co-assemble according to Woolfson’s design hypothesis
(23, 31).
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2.2.2 Choice of Assembly Conditions and Staining for TEM

TEM images were collected of matured (tassembly = 24 hr) and propagating (tassembly < 24
hr) SAF-p1/p2a fibers from assemblies in 10 mM MOPS (3-N-morpholinopropanesulfonic acid), 200 mM MOPS, and ultra-pure water (UPW). Fibers were stained
separately using 1% uranyl acetate (UA) and 1% phosphotungstenic acid (PTA) to
identify stain-selective observability of topological features (i.e. striation patterns in the
seminal literature for SAF-p1/p2a). During previous side-by-side assemblies using 10
mM MOPS and UPW, it was observed that the SAF/MOPS solution would always
become turbid before the SAF/UPW solution by a margin of hours. The assembly media
buffer concentration was varied for TEM to determine if the co-assembly of SAF-p1/p2a
into its signature unbranched fiber morphology depended on the presence of MOPS, and
if so, whether it was sensitive to the buffer concentration.
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2.3 Procedures

2.3.1 Synthesis, Assembly, and Rehydration of SAF Nanofibers

Peptide Synthesis:
SAF-p1 and SAF-p2a were synthesized by CPC Scientific, Inc. (Sunnyvale, CA) using
uniformly 13C-15N labeled amino acids from our inventory that were purchased from
Cambridge Isotope Laboratories, Inc. Peptides were supplied at >90% purity as
determined by reverse-phase high performance liquid chromatography (RP-HPLC). The
molecular weights of SAF-p1 and SAF-p2a were measured to be 3188.6 g/mol and
3337.9 g/mol, respectively, by electrospray ionization-assisted mass spectrometry (ESI+).
Documentation of chemical analysis was provided by CPC Scientific and can be found in
Appendix A, Figure 25A-F.

hSAFAAQ-p1 and hSAFAAQ-p2 were synthesized in-house by Sarah Leonard at Florida
State University. Peptides were synthesized following standard fluorenylmethylcarbonyl
(Fmoc) synthesis procedures (71) using an Applied Biosystems Model 433A Peptide
Synthesizer with HBTU/HoBt activation. Fmoc-protected amino acids were purchased
from Anaspec. After recovering the product from the peptide synthesizer, Sarah purified
her peptides using RP-HPLC and verified their molecular weights using matrix-assisted
laser desorption ionization-time of flight mass spectrometry (MALDI-TOF).
For both SAF-p1/p2a and hSAFAAQ-p1/p2, samples were stored with desiccant at -40 °C
until ready for assembly.
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Assembly of SAF-p1/p2a Nanofibers:
The method described by Bromley and Woolfson et al. (23) was followed for SAFp1/p2a nanofiber assembly. Pre-made 0.2 M MOPS (Alfa Aesar) at pH 7.4 was diluted to
10 mM with pure water, and the labeled SAF-p1 (19.3 mg) and SAF-p2a (20.1 mg) were
each made into 30 mL stocks of 200 µM each such that, when mixed together, they
would form 60 mL of assembly media at a concentration of 100 µM in each peptide. The
media volume was spread out between four 15 mL centrifuge tubes and for the first 5-10
min after mixing, the tubes were left on ice to prevent the seeding of any kineticallytrapped minor structures. The tubes were then taken off ice and allowed to sit for 24
hours at room temperature to allow the fibers to mature. After 24 hours, the tubes were
centrifuged at 18,000 rpm for 15 minutes to spin down the SAF-p1/p2a nanofibers. The
sample was then frozen in liquid nitrogen, lyophilized overnight, and stored at -40°C
until being packed in a rotor for experimentation.

Although there was not a DI H2O rinse step to remove residual MOPS prior to
lyophilization, the supernatant was lyophilized to estimate an upper bound of 9.5 mg
MOPS incorporated into the sample. The SAF-p1/p2a nanofibers were then recovered at
a minimum 58.6% yield (23.1 mg SAF-p1/p2a).

Rehydration of the SAF-p1/p2a nanofibers was performed using 1 µL ultra-pure water
(UPW) per mg material. An additional 10 µL UPW was added one week after initial
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rehydration because 1H spectra collected following the 50 ms and 500 ms DARR
experiments exhibited drastically reduced water peaks (Appendix A.2, Figure 26).

Assembly of hSAFAAQ-p1/p2 Nanofibers
Co-assembled hSAFAAQ-p1/p2 samples (1649 μM in total peptide, 824 μM in each
component) were produced using equal volumes of fresh hSAFAAQ-p1 (5 mg/mL) and
hSAFAAQ-p2 (5 mg/mL) stock solutions prepared in DI H2O. The choice of DI H2O
(rather than 10 mM MOPS) for the assembly media was deemed necessary to enable
recovery of the sample after centrifugation. Samples were self-assembled for 24 hours,
frozen in liquid nitrogen, and then lyophilized overnight. To study the individual
components, hSAFAAQ-p1 and hSAFAAQ-p2 were freshly prepared at 5 mg/mL in DI H2O.
After 3 hours they were frozen in liquid nitrogen and lyophilized overnight.

2.3.2 TEM Sample Preparation and Image Processing

Transmission Electron Microscopy (TEM) imaging performed at the Robert P. Apkarian
Integrated Microscopy Core at Emory University on a Hitachi HT-7700 electron
microscope at an accelerating voltage of 80 keV. Unlabeled SAF-p1/p2a assemblies were
performed at concentrations of 100 µM (in each peptide) in either UPW (VWR, Inc.) or
low-endotoxin MOPS (supplied at pH 7.4 by Alfa Aesar) at buffer concentration of either
10 mM or 0.2 M (twenty-fold buffer excess). Duplicate 5 µL aliquots of assembly media
were taken at approximately 3 h, 6 h, 18 h, and 24 h of elapsed assembly time; these were
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placed on lacey carbon-coated 400-mesh copper specimen grids (Ted Pella, Inc.) and
allowed to sit for two minutes before moisture was wicked away with filter paper and
grids were rinsed with 5 µL of UPW for 1 minute and wicked again prior to staining. One
of each duplicate aliquot was stained with 1 wt% UA from our inventory; the other was
stained with 1 wt% PTA, kindly provided by Yeongseon Jang of the Champion lab. Both
stains were allowed to sit for 1 min and then wicked dry before storing the grids.

Striation periodicity was calculated by averaging 15 measurements made on 3 highmagnification (120k) TEM images using contrast filtering and a pixel ruler referenced to
the 100-nm scale bar in Inkscape v. 0.91 (Free Software Foundation, Inc.) .

2.3.3 Solid State NMR Experimental Timeline and Setup

All solid state NMR experiments were performed on a Bruker DRX 500 MHz narrowbore spectrometer and processed using Bruker TopSpin 3.5 at the Georgia Institute of
Technology NMR Center. Dry samples in a single-tipped zirconia rotor (Bruker) were
pulsed using an E-free 3.2 mm HCN triple-resonance probe at spinning speeds of 22 kHz
(fpRFDR), 10 kHz (DARR, lyophilized sample). The rehydrated sample was pulsed
using a 3.2mm HX dual-resonance probe at spinning speeds of 22 kHZ (fpRFDR) or 11
kHz (DARR, rehydrated sample) on the same spectrometer. Processed data sets were
analyzed using Wolfram Mathematica version 11.0 code developed in-house by Anant
Paravastu and coworkers.
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Choice of MAS speed was important for the 2D NMR experiments. Atomic sites with
large anisotropies (orientation dependences) in chemical shift (large line widths without
MAS) exhibit spinning sidebands under MAS. Spinning sidebands occur at frequencies
of the primary NMR peak plus and minus the sample rotation rates, converted on the Hzto-ppm scale. It was desirable to push spinning sidebands originating from the carbonyl
region (170-185 ppm) to ~100 ppm, where the spinning sidebands could not interfere
with any signals from labeled 13C sites. In choosing a spinning speed, it was important to
consider the fact that polarization transfer efficiencies for recoupling methods used
during mixing periods are highly dependent on MAS speed for the 2D NMR experiments
presented here. For the fpRFDR experiment, which has a very short (<2 ms) mixing
period, it is optimal to acquire data at the highest spinning speed attainable that does not
risk damage to the spectrometer (94). A MAS rate of 22 kHz was found to be optimal for
fpRFDR. For DARR experiments, which have longer mixing periods (in my case, τm of
50 ms and 500 ms), polarization transfer is optimal at a low MAS rate that still returns an
acceptable level of resolution (103). For the dry SAF-p1/p2a DARR at τm = 500 ms, a
MAS rate of 10 kHz was used, but this setting yielded poor spectral resolution, so the
MAS rate was increased to 11 kHz for DARR experiments with the rehydrated sample.

2.3.4 Molecular Modeling

Virtual Molecular Dynamics (VMD version 1.0.9) software (105) was used to render
models for SAF-p1/p2a. Importing the two component peptides into one VMD file for
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heterodimer modeling was done using in-house Mathematica code for heterodimer
fibrillogenesis simulation developed by Maxwell Zimmerman and operated by Chris
Elliott. Coordinate positioning and image rendering for the heterodimer and protofibril
models of SAF-p1/p2a in VMD was done by Cameron Black. A Nanoscale Molecular
Dynamics (NAMD) simulation (79) is currently in progress to optimize the 3D
positioning of the SAF-p1/p2a components according to distance constraints derived
from DARR results.

hSAFAAQ-p1/p2 nanofibers were modeled by Maxwell Zimmerman using VMD and
NAMD. For the NAMD simulation, the hSAFAAQ-p1 and hSAFAAQ-p2 components were
loaded into the same simulation and solvated in a waterbox at 310 K as the initial
condition. Energy minimization was performed for 10 ps simulation time; a total
simulation time of 4 ns was used to position the molecules. The NAMD output was sent
to VMD for final image rendering.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Transmission Electron Microscopy

TEM imaging confirmed successful reproduction of SAF-p1/p2a fibers, with striations
clearly visible in assemblies from 10 mM MOPS and stained by 1% uranyl acetate (UA).
These striations (Figure 11) are detectable at or below tassembly= 18 hours, and match those
published in the Woolfson lab literature for SAF-p1/p2a (23, 30).

TEM of SAF-p1/p2a assembled at 10 mM MOPS confirmed the successful reproduction
of highly ordered, unbranched nanofibers, comprised of densely-packed protofibrils,
featuring a smooth surface morphology and, for samples stained with uranyl acetate (UA),
striation patterns matching those reported in literature for SAF-p1/p2a (23, 30).This lightto-dark striation pattern repeats ~2.5 times per 10 nm fiber length, consistent with two ~4.2
nm lengths of a 28-residue coiled-coil helix [i.e., 28 * 0.148 nm = 4.144 nm, where 0.148
nm is the rise per residue in a coiled coil (34).
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B

D

C

Figure 11: TEM of SAF-p1/p2a assembled for this study from 10 mM MOPS at magnification of
(A) 5k, scale bar 2 µm, and (B) 60k, scale bar 100nm, with striations visible. Bottom
row images are TEM of SAF-p1/p2a published by Smith, Woolfson et. al., 2006 (30)
scale bars are (C) 2 µm and (D) 50 nm, with striations visible.
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Figure 12: TEM of SAF-p1/p2a assembled from pure water and stained with PTA. (A) Mature
SAF-p1/p2a conglomerate and (B) loose-bundled protofibril core. Both images are at
30k magnification; scale bars are 200 nm.

In contrast, TEM images of SAF-p1/p2a assemblies from ultrapure water (UPW) show
conglomerations of highly-branched nanofibers with loose-packed protofibril cores and a
lumpy surface morphology (Figure 12). Interestingly, a comparable degree of branching
and lumpiness was observed in TEM images of SAF-p1/p2a assemblies from a twenty-fold
excess (200 mM) of MOPS (Figure 13), although these images do not include any visible
protofibrils that could allow for a qualitative comparison of core packing densities. Of the
three assembly conditions studied, only 10 mM MOPS (the buffer and concentration used
in all of Woolfson’s reports on SAF-p1/p2a) facilitated assembly of nanofibers capable of
displaying striations, and these striations were only visible after staining with UA.
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B

A

Figure 13: TEM of SAF-p1/p2a assembled from 200 mM MOPS and stained with UA. (A) Mature
SAF-p1/p2a branched fibers, imaged at 30k magnification, 200 nm scale bar shown.
(B) A branching fiber nexus, imaged at 120k magnification, 50 nm scale bar shown.

Figure 14: TEM images of (A) freshly prepared hSAFAAQ-p1/p2 nanofibers deposited on the TEM
grid immediately after mixing the individual components and (B) freshly prepared hSAFAAQ-p1
deposited on the TEM grid immediately after solvating in H2O at 5 mg/mL. Imaged by Sarah R.
Leonard, 2014.
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TEM images of hSAFAAQ-p1/p2 and self-assembled hSAFAAQ-p1 (Figure 14) show
significantly thicker nanofibers than the ~2 nm hSAFAAQ-p1/p2 nanofibers (Figure 3)
reported by Woolfson and coworkers (25). However, the protofibrils bundled within the
fibers in Figure 14 appear to match the anticipated ~2 nm fiber width. A particularly
interesting result is pictured in Figure 14B, which shows a cluster of fibers formed by
self-assembly of hSAFAAQ-p1. Unlike other variants of SAF, at least one component of
the hSAFAAQ analogue is evidently capable of standalone self-assembly. This result gives
credence to the hypothesized presence of at least one minor structure population in the
hSAFAAQ-p1/p2 sample used for solid state NMR structural analysis.
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3.2 Solid State NMR Spectroscopy

3.2.1 1H-13C CPMAS

A 1D CPMAS spectrum was acquired following lyophilization of the SAF-p1/p2a
nanofibers. Additional CPMAS spectra were collected before and after each 2D NMR
experiment, beginning 4 days after rehydration and ending 8 days after rehydration. The
water content of the sample was monitored by collecting 1H spectra before and after each
experiment during this time; an additional aliquot of 1 mL water/mg sample was added
after the water peak of the 1H spectra fell to an unusually low intensity (Appendix A.2
Figure 26C). Figure 15 shows the 1H-13C CPMAS spectra for the dry sample, spectra
collected ~4 days after initial hydration, and ~36 hours after the supplemental water was
added (8 days after initial rehydration).
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Normalized Intensity (dimensionless)

Normalized Intensity (dimensionless)

A

Ile Cα
~64 ppm

B

Ile Cα
~64 ppm

Leu Cβ
~44 ppm

Normalized Intensity (dimensionless)

C

Leu Cβ
~44 ppm

Figure 15: CPMAS Spectra of SAF-p1/p2a nanofibers (A) freshly lyophilized (B) 4 days
after minimal rehydration and (C) 36 hours after supplementary rehydration (8
days after initial rehydration).
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Inspection of the CPMAS spectra reveals evidence of a time-dependent structural
transition. For typical solid peptide samples (i.e. those that do not undergo hydrationtriggered structural conversions), peaks will sharpen following rehydration, but “new”
peaks that appear are actually due to improved resolution afforded by the molecular
motion of water in the sample. In other words, most peptide samples analyzed by this
methodology only show signals that were already present (albeit weakly resolved) in the
dry sample following rehydration. SAF-p1/p2a does not conform to this trend. Following
rehydration of the lyophilized SAF-p1/p2a, characteristic α-helical chemical shift signals
(106) of the labeled alpha carbons and backbone carbonyl carbons gradually disappear
from the spectra altogether, shifting upfield (i.e. lower ppm value) to peak positions
characteristic of a β-sheet secondary structure. An example highlighted to illustrate this
phenomenon in the CPMAS spectra (Figure 15A-B) is the SAF-p2a I23 Cα signal, which
migrates from ~64 ppm to 54.5 ppm over the course of 8 days following rehydration. In
turn, peaks that were not present in the dry sample materialize in the region of
characteristic β-sheet Cβ chemical shifts following rehydration. The SAF-p1 L12 Cβ peak
is a clear example of this in Figure 15B-C, as it fills the gap in signal observed around
~44 ppm in the CPMAS spectrum of the dry sample.
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3.2.2 13C-13C fpRFDR

fpRFDR of Dry SAF-p1/p2a Nanofibers
For the dry sample, fpRFDR chemical shift assignments of the backbone and beta
carbons (Figure 16) confirm that the assembled nanofibers are indeed α-helical. Large
downfield (i.e. higher ppm value) Δ CS of all four alpha carbons, accompanied by
smaller (but statistically significant) upfield Δ CS of their carbonyl and beta carbons,
unambiguously identify the lyophilized SAF-p1/p2a nanofibers as helical in secondary
structure (98, 106). This finding supports the realization of a coiled-coil assembly as
intended by design.
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CO
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CO
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Figure 16: Secondary chemical shifts of labeled backbone CO (red), Cα (green), and Cβ
(blue) derived from fpRFDR of lyophilized SAF-p1/p2a nanofibers.
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Sidechain carbon Δ CS from fpRFDR assignments (Figure 17) are not typically observed
in peptide assemblies, because the sidechain atoms beyond Cβ are not systematically
compelled to experience a Δ CS by supramolecular secondary structure. However, the
orientation of sidechain carbons are anisotropic in nature for solid samples (98), meaning
that a given sidechain carbon is sensitive to local secondary structure about its sidechain.
Hence, the significant Δ CS observed in SAF-p2a for the E15 and I23 sidechain carbons
indicate that they are in an atypical local conformation relative to their random-coil
structural state (107), although neither the specific nature of this conformational
perturbation nor its relationship to the leucine zipper or salt bridge design motifs may be
conclusively determined from Δ CS data alone. However, it is notable that the K6 Cε
does not show signs of shielding effects (upfield shift) from the increased electron
density on the adjacent terminal amine that would be expected from a charge interaction
with the E15 sidechain carboxyl group.
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Figure 17: Secondary chemical shifts of labeled sidechain carbons assigned by fpRFDR
of lyophilized SAF-p1/p2a nanofibers.

The fpRFDR spectrum of the dry sample suffers from poor resolution (Appendix B.1
Figure 27A), which complicates assignment of chemical shifts for crosspeaks near the
diagonal, but this is not atypical for solid state NMR of lyophilized peptides. The αhelical structure population is large enough that the signal-averaged peak positions found
by 2D Gaussian fitting can be considered accurate for the sample as a whole. However,
the presence of minor structures in the dry sample cannot be ruled out entirely. In lowresolution spectra, minor signals can blend in with broad peaks from the major signals.
Subsequent observation of the sample undergoing a structural conversion upon
rehydration implies that the presence of an energetically-favored minor structure
population is likely to exist in the dry sample.
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fpRFDR of Rehydrated SAF-p1/p2a Nanofibers
The 2D fpRFDR spectrum of the minimally rehydrated sample (Appendix B.1 Figure
27B) shows the opposite trend in secondary structural population distribution from the
dry sample. All labeled backbone and beta carbon Δ CS switch sign from their dry
sample values (Figure 18), uniformly exhibiting the trend of strong upfield carbonyl
carbon Δ CS, moderate upfield Cα Δ CS, and strong downfield Cβ Δ CS characteristic of a
β-sheet assembly (98).
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Figure 18: Secondary chemical shifts of labeled backbone CO (red), Cα (green), and Cβ
(blue) derived from fpRFDR of rehydrated SAF-p1/p2a.

Significant sidechain carbon Δ CS in the rehydrated sample (Figure 19) are more
numerous, but on average less intense, than those observed in the dry sample. Again, this
observation identifies perturbations in the local secondary structure of these sidechains,
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but does not allow us to conclude anything specific about their nature. Absence of the
upfield Δ CS that would be expected for a Lys Cε engaged in a salt-bridge interaction is
once again noted in the rehydrated sample.
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Figure 19: Secondary chemical shifts of labeled sidechain carbons assigned by fpRFDR of
rehydrated SAF-p1/p2a.

Of the three 2D NMR experiments on the rehydrated sample, the fpRFDR spectrum has
the least number of minor signals due to it being the last experiment performed, and then
following a supplemental hydration aliquot (Appendix A.2, Table 4). Further discussion
of minor structures for the rehydrated sample is offered subsequently, and in a more
appropriate context, alongside the results of the DARR experiments.
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Figure 20: fpRFDR (red) and 500 ms DARR (black) spectral overlays for the lyophilized SAFp1/p2a nanofibers. Bicolored circles mark interresidue DARR crosspeaks between 13C
sites, with the topmost color indicating the amino acid of the vertical coordinate; solid
circles mark likely through-space contacts, dashed circles mark suspected throughspace contacts susceptible to overlap by fpRFDR and/or 50 ms DARR spectra.
Tricolored circles mark ambiguous through-space crosspeak assignments, with the
topmost color indicating the unambiguously involved amino acid of the crosspeak
pairing. The dashed diamond marks a suspected 13C natural abundance signal from
MOPS at 48.5 ppm (108).
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3.2.3 13C-13C DARR

DARR of Dry SAF-p1/p2a Nanofibers
A 13C-13C 2D DARR spectrum of lyophilized SAF-p1/p2a nanofibers was collected at a
mixing time (τm) of 500 ms (Figure 20). This spectrum reveals through-space contacts
between all labeled sidechain carbons of SAF-p1 L12 and SAF-p2a I23. While this result
confirms that these two sidechains are co-proximal within the DARR detection limit of ~6
Å (104), the notable absence of a Cα- Cα contact implies that SAF-p1 L12 and SAF-p2a
I23 are not close enough to each other to fully realize the model hypothesis put forth by
Woolfson and coworkers (30, 31).

The DARR spectrum of the dry nanofibers also yielded some intriguing information
concerning the SAF-p1 K6 and SAF-p2a E15 residues. Despite heavy spectral overlap,
unambiguous through-space contacts are observed from the E15 sidechain carbonyl carbon
to K6 Cβ and Cγ, indicating co-proximity of these residues (Figure 20). However, there is
also a conspicuous absence of a contact between K6 Cε and the glutamate sidechain
carbonyl carbon, which is arguably the most important through-space contact for
determining the formation of a Lys-Glu salt bridge.

It is worth noting that, in our preparation of the SAF-p1/p2a nanofibers, we evacuate water
from the sample by lyophilization, which in turn removes the driving force for spontaneous
hydrophobic interactions. However, examples from literature (109) have demonstrated that
lyophilization is an effective method of structural preservation of amphipathic α-helical
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peptide assemblies, rather than a means of degradation. Our confidence in our results is
strengthened by the fact that the lyophilized nanofibers experience no external forces that
could be reasonably expected to drive dissociation of the hydrophobic core prior to
experimentation.

DARR of Rehydrated SAF-p1/p2a Nanofibers
The majority of signals observed in the long-mixing (τm=500 ms) DARR spectrum are
duplicates of those in the short-mixing (τm=50 ms) DARR spectrum of rehydrated SAFp1/p2a (Figure 21). Long-mixing DARR reports on both through-bond and through-space
13

C-13C contacts. That is, all intraresidue (through-bond) contacts within a given labeled

residue are observed as crosspeaks on the same spectrum as interresidue (through-space)
contacts between 13C nuclei that are within ~6 Å of one another in the molecular fold (104).
The short-mixing DARR experiment reports on all 13C-13C intraresidue contacts as well,
but it is not sensitive to through-space contacts. Overlaying these two spectra allows one
to accurately categorize each crosspeak. For rehydrated SAF-p1/p2a, considerable overlap
of these spectra indicate that only one crosspeak from the long-mixing DARR experiment
is a true through-space contact. 13C-13C fpRFDR assignment pathways superimposed upon
the overlaid 50 ms/500 ms DARR spectra for the rehydrated β-motif structure (Figure 21)
show that the lone through-space correlation signal resides at a point of overlap for all four
labeled amino acid spin systems. Identifying the source of this signal is therefore
impossible with the current choice of labels.
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Figure 21: fpRFDR (purple), 50 ms DARR (dark green) and 500 ms DARR (red) spectral
overlays for rehydrated SAF-p1/p2a β-sheet structure. Black circles mark the only
certain through-space contact from the 500 ms DARR spectrum. Grey boxes highlight
α-helical minor structure signals from the DARR experiments. Dashed black diamonds
are MOPS carbon signals at 48.5 ppm and 65.1 ppm (108).
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The α-helical minor structure population present in the rehydrated SAF-p1/p2a is indicated
by relatively weak fpRFDR and DARR cross peaks matching the chemical shift
assignments for the dry sample. The select minor signals that did not vanish into the noise
are shown in Figure 21 and correspond to backbone and beta carbons, whose chemical
shifts are sensitive to changes in secondary structure as illustrated in Figure 9. For spectra
of the rehydrated sample, a decrease in both quantity and intensity of the minor signals was
observed which can be correlated to the time elapsed since the initial rehydration of the
sample (Appendix A.2, Table 4). This effect is particularly pronounced in the final
experiment of this sequence (fpRFDR). Immediately following the 500 ms DARR
experiment, a routinely collected 1H spectrum showed a vanishing water peak (Appendix
A.2, Figure 26C) which prompted delivery of an additional 10 µL UPW to the sample prior
to the fpRFDR experiment. Only three unambiguously resolved minor signals from the
helical structure are observed in the fpRFDR spectrum overlaid in Figure 21. Quantitative
comparison of minor signal populations amongst the DARR and fpRFDR spectra strongly
suggest that the α-to-β structural transition observed in rehydrated SAF-p1/p2a is timedependent, with the extent of structural conversion correlated to the extent of rehydration.
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3.3 Molecular Modeling of SAF-p1/p2a
Efforts are still ongoing to optimize our molecular models for SAF-p1/p2a heterodimers
and nanofibers using NAMD (79). Figure 22 shows a manually-positioned model for
each, based on a Cα – Cα distance of ~6 Å between SAF-p1 L12 and SAF-p2a I23.

A

B

Figure 22: (A) sticky-ended heterodimer model for SAF-p1/p2a, (B) an all-atom molecular model
representation of a SAF-p1/p2a coiled-coil protofibril positioned according to DARR
data for the dried sample.
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3.4 Comparison of hSAFAAQ-p1/p2 and SAF-p1/p2a data
The α-helical minor structure signals in 2D NMR spectra of rehydrated SAF-p1/p2a are
comparable in quantity and magnitude to those of the β-sheet minor structure in rehydrated
hSAFAAQ-p1/p2. An example of the β-sheet structural shift exhibited by a minor population
of hSAFAAQ is highlighted on the overlaid dry/rehydrated fpRFDR spectra of polymorphic
hSAFAAQ in Figure 23.

Figure 23: Overlaid 13C-13C fpRFDR spectra in the CO-Cα correlation region of dry (gray) and
minimally rehydrated (blue) hSAFAAQ-p1/p2. Green dashed boxes highlight minor
signals indicating a shift to β-sheet secondary structure following rehydration.
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However, unlike SAF-p1/p2a, the hSAFAAQ-p1/p2 sample did not shift into a majority βsheet structure following rehydration, which explains why this structural shift went
unnoticed during the first study of hSAFAAQ. According to chemical shift data obtained by
fpRFDR analysis (Table 3), the majority of the hSAFAAQ-p1/p2 sample retained α-helical
secondary structure following rehydration.

Table 3: Chemical shift assignments for 13C-15N labeled sites within rehydrated hSAFAAQ-p1/p2
nanofibers based on 2D fpRFDR NMR data. CO, Cα, and Cβ secondary shifts are shown in
parentheses.

Residue

CO

Cα

Cβ

Cγ1

Cγ2

Cδ1

Cδ2

Cϵ

A4

177.5 (1.4)

52.9 (2.1)

16.5 (-0.9)

-

-

-

-

-

K6

176.0 (1.1)

58.3 (3.8)

30.0 (-1.4)

23.0

-

27.6

-

40.3

L12

177.5 (1.6)

56.1 (2.7)

40.1 (-0.6)

25.0

-

21.5

21.3

-

E15

176.0 (1.1)

57.1 (2.2)

25.9 (-2.3)

30.6

-

175.4

-

-

I23

175.1 (0.4)

64.2 (4.7)

35.9 (-1.2)

15.1

29.1

12.4

-

-

This result contrasts with the near-totality of β-sheet structural conversion in rehydrated
SAF-p1/p2a, and leads us to an interesting point of discussion. hSAFAAQ-p1/p2 is more
resistant to structural conversion, yet its coiled-coil nanofibers do not pack tightly and are
less ordered than those formed by SAF-p1/p2a. Additionally, hSAFAAQ-p1 has been shown
to self-assemble (Figure 14), whereas neither SAF-p1 nor SAF-p2a are capable of
individual assembly. The coiled-coil structures for both peptide systems are shown to be
metastable by undergoing a time-dependent structural transition, but it appears that the
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susceptibility of each system to doing so is correlated with the level of order realized in
their α-helical supramolecular structures. Hence, the mechanism of this structural transition
may be comparable to that for thermal denaturation of a peptide assembly (30), in the sense
that highly-ordered assemblies tend to unfold cooperatively around a certain critical
temperature, while less-ordered or polymorphic assemblies tend to unfold over a broad
temperature range. If this comparison is accurate, then the more highly-ordered SAFp1/p2a may cooperatively “unfold” in response to rehydration as if it were being denatured,
but assumes a self-templating amyloidogenic structure (110) instead of a solubilized
random-coil state.

In comparing the full set of NMR data for hSAFAAQ-p1/p2 (Figure 24A) with the data for
SAF-p1/p2a, some similar themes emerge. First, there is evidence of spatial proximity
between hSAFAAQ-p1 L12 and hSAFAAQ-p2 I23. The replication of a positive result for
sidechain proximity between these two hydrophobic core residues among two variants of
SAF further supports Woolfson’s design hypothesis. However, as noted for SAF-p1/p2a,
spectral overlap again precludes any conclusive evaluation of the K6-to-E15 salt bridge for
hSAFAAQ-p1/p2.
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Figure 24: (A) fpRFDR/DARR spectral overlay showing positions of Leu-Ile DARR contacts in
lyophilized hSAFAAQ-p1/p2. Data collected by Sarah R. Leonard, 2014.
(B) Molecular model of hSAFAAQ-p1/p2 sticky-ended heterodimer. Model developed by
Maxwell Zimmerman, 2014.
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CHAPTER 4: CONCLUSIONS

Chemical shift data derived from the 2D fpRFDR spectrum of lyophilized SAF-p1/p2a
nanofibers unambiguously confirm the formation of a majority α-helical structure
population under the assembly conditions described by Woolfson and coworkers (23).
Remarkably, solid state NMR experiments in the time elapsed following minimal
rehydration of lyophilized SAF-p1/p2a nanofibers (Appendix A.2, Table 4) reveal a timedependent structural conversion of the α-helical coiled-coil assembly to a β-sheet
conformation. The clearest evidence supporting this conclusion comes from characteristic
β-sheet ΔCS values (98, 106) calculated for every labeled backbone CO, Cα, and Cβ from
peak positions in the fpRFDR spectrum of the rehydrated sample (Figure 18). This result
proves that SAF-p1/p2a exhibits polymorphism, and further suggests that this β-sheet
structure may be the most thermodynamically-stable conformation for SAF-p1/p2a.
Follow-up testing of the reversibility of the α-β structural transition (detailed in the next
chapter) will conclusively determine whether the SAF-p1/p2a is a true molecular switch
(i.e. capable of structural interconversion) or if the coiled-coil configuration is instead a
metastable structure that irreversibly transitions to a β-sheet structure over time.

There is evidence in the 500 ms DARR spectrum of lyophilized SAF-p1/p2a that the LeuIle hydrophobic core interaction predicted by Woolfson’s design hypothesis is qualitatively
realized. However, the structural transition triggered by rehydration of the nanofibers
presents an obstacle to examining this hydrophobic interaction in conditions relevant to coassembly.
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DARR crosspeaks between SAF-p1 K6 and SAF-p2a E15 in the dry nanofibers show
unambiguous through-space contacts between the sidechain carbonyl carbon of SAF-p2a
E15 and the Cβ and Cγ of SAF-p1 K6, but not the Cε of K6. This result indicates that these
two residues are in close (<6 Å) proximity near the molecular fold of the coiled-coil, but
do not pair to form a salt bridge as hypothesized by Woolfson and coworkers. A single CγCγ crosspeak between Lys and Glu is the only other unambiguous through-space contact
present for this residue pair; all other couplings that may be present between the SAF-p1
K6 and SAF-p2a E15 spin systems are either lost in spectral overlap to intraresidue signals
or possible minor signals from residues in a β-strand conformation. Hence, no further
conclusions can be made with regards to the relative spatial configuration of SAF-p1 K6
and SAF-p2a E15.

Finally, TEM results show that MOPS plays a more important role than anticipated in
guiding the assembly of SAF-p1/p2a into nanofibers matching the topology reported in
literature (30, 31). Additionally, 13C NMR signals were observed around ~48.5 and 65.1
ppm in all SAF-p1/p2a spectra. These peak positions do not correspond to any labeled 13C
sites for the sample, but they do match the 13C chemical shifts for pure MOPS (108). The
fact that these signals survive rehydration, which is expected to remove unbound MOPS
from the sample by dissolution, indicates that MOPS serves as a structural component of
the nanofiber assembly.
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CHAPTER 5: RECOMMENDATIONS TOWARDS FUTURE WORK

The “big picture” question for this thesis concerns how my work contributes to the field of
rationally-designed peptide systems. We have searched the literature exhaustively, and to
our knowledge, my study of SAF-p1/p2a marks the first observation of an α-helical coiledcoil to β-sheet structural transition triggered by physiologically benign conditions in a
multicomponent designer peptide system. Therefore, I have potentially opened up two new
paths for future work in the field:

1.

As previously discussed in Chapter 1, there are numerous applications in

biotechnology (drug delivery, biosensor fabrication, and functionalized fusion peptides)
for molecular switch biomaterials that adopt a β-sheet conformation in response to a
trigger. The benefit of elucidating a process for engineering these technologies as
molecular switches lies in the fact that, at present, the “rules” for designing amyloidogenic
co-assembling peptides are more complex than those for their self-assembling counterparts
(63, 65). With further characterization by solid-state NMR, the SAF-p1/p2a system could
potentially provide an alternate route to the “bottom-up” approach commonly applied to
designing β-sheet co-assemblies. The well-established design principles of coiled-coil
assembly could be applied towards the design of an amyloidogenic binary peptide
assembly starting from the desired amyloid structure, rather than from the peptide
sequences themselves. By developing models for how the coiled-coil architecture
rearranges into a β-sheet, a coiled-coil system could be rationally engineered, then
triggered to undergo structural conversion, and finally tested against the model or desired
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structure to set up the next step in development of a product. Elucidating how the α-helical
coiled-coil accomplishes the structural transition to a β-sheet at atomic-length scale
resolution would be a key step towards realizing this approach to design. As such, I expect
that further solid state NMR study of the SAF system and novel systems inspired by SAF
would benefit the field of rational biomaterial design. Enough iterations of this type of
study could ultimately strengthen the de novo design principles of co-assembling β-sheet
peptide systems to make the process more practical and straightforward.

2.

The SAF-p1/p2a design can now be used as a starting point for rational design of

novel co-assembling binary peptide systems as hydration-triggered α-to-β molecular
switches, especially if a follow-up study is done test the ability of the other SAF variants
to undergo the same structural transition. A preliminary study of rehydration effects with
CPMAS alone could qualitatively identify other promising candidates from the SAF family
that can affect a similar structural transition.

In closing, I have proposed some steps to replicate and clarify the results discussed in this
thesis.

Analyzing the reversibility of the α-helical to β-sheet structural transition will provide some
insight about the thermodynamics of the SAF-p1/p2a system. Re-suspension by vortex
mixing of the rehydrated SAF-p1/p2a sample in 10 mM MOPS should be performed at a
solution volume that approximately matches the 100 µM peptide concentration used during
co-assembly. This re-suspended sample should be given at least 24 hours to incubate at
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room temperature before lyophilization and analysis by fpRFDR. If the Δ CS values for
the backbone and beta carbons are restored to those observed for the α-helical population,
then SAF-p1/p2a will be the first co-assembled designer peptide system ever observed to
be fully interconvertible between α-helical and β-sheet structure. Proof of concept would
suggest exciting new possibilities for de novo co-assembling “molecular switch” systems
that can be triggered by controlling water content. However, if the predominantly α-helical
structure cannot be restored by re-suspension, then the β-sheet structure would be
implicated as the most thermodynamically-stable conformation of the SAF-p1/p2a system;
as such, the “knob-in-hole” coiled-coil structure proposed by Woolfson and coworkers
would be determined to be metastable. To validate either conclusion, supporting data from
circular dichroism and TEM analysis should be collected to monitor structural population
distribution and topography of the SAF-p1/p2a sample as it undergoes structural transition.

The NMR data presented previously may be disambiguated through simple modifications
to the experiments described. First, during the replication of our results, we propose
including a 50 ms DARR experiment on the dry SAF-p1/p2a nanofibers in addition to the
fpRFDR and 500 ms DARR. This additional step will separate through-space contacts from
through-bond couplings within residues. If spectral overlap is still enough of a problem
that we cannot identify an important through-space contact, then the experiments can be
repeated with only one component of SAF-p1/p2a carrying labeled residues, i.e. one of the
peptides used in co-assembly would be unlabeled. DARR spectra for a semi-labeled SAFp1/p2a sample would then show only intramolecular crosspeaks. The data from the fullylabeled SAF-p1/p2a could then be reinterpreted with greater accuracy by overlaying DARR
spectra for both samples.
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To test the packing density of the hydrophobic core in its native state (i.e. nanofibers in
aqueous media), a swinging-bucket ultracentrifuge attachment for a sedimentation NMR
rotor (111) would be used to collect freshly assembled SAF-p1/p2a nanofibers that could
be experimented upon immediately without lyophilization. If a 500 ms DARR contact is
observed between the alpha carbons of SAF-p1 L12 and SAF-p2a I23 for this sample, then
the Leu-Ile pairings may be considered to occur as described by Woolfson’s design
hypothesis (31). A quantitative measurement of intermolecular distance between the two
residues using the

13

C-13C PITHIRDS-CT (112) experiment could provide the final

distance constraint for modeling the hydrophobic core interactions of SAF-p1/p2a.

Finally, the role of MOPS in the structural evolution of SAF-p1/p2a and the mechanistic
interactions of SAF-p1 K6 and SAF-p2a E15 could be tested concurrently by analyzing a
sample of SAF-p1/p2a assembled in pure water. The NMR experiment sequence performed
for the 10 mM MOPS assembly would be repeated, and the secondary structure of the
sample would again be evaluated from fpRFDR. If the epsilon carbon of SAF-p1 K6 shows
a DARR contact with the sidechain carbonyl carbon of SAF-p2a E15, then it is likely that
MOPS interferes with the salt-bridge pairing. However, if this contact remains unaccounted
for, then we can conclude that SAF-p1 K6 and SAF-p2a E15 are more likely to be involved
in lateral assembly interactions between coiled-coil protofibrils, rather than in stabilizing
the coiled-coil interface within their own heterodimer.
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APPENDIX A

PEPTIDE SAMPLE INFORMATION SUPPLEMENT
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A.1 SAF-p1/p2a Certificates of Analysis

Figure 25A: Certificate of Analysis cover sheet for SAF-p1, from CPC Scientific, Inc.
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Figure 25B: RP-HPLC chromatograph of SAF-p1, from CPC Scientific, Inc.
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Figure 25C: ESI+ mass spectrometry readings for SAF-p2a, from CPC Scientific, Inc.
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Figure 25D: Certificate of Analysis cover sheet for SAF-p2a, from CPC Scientific, Inc.
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Figure 25E: RP-HPLC chromatograph of SAF-p2a, from CPC Scientific, Inc.
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Figure 25F: ESI+ mass spectrometry readings for SAF-p2a, from CPC Scientific, Inc.
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A.2 Sample Rehydration Log and Selected 1H Spectra

Rehydration timeline for SAF-p1/p2a nanofibers

Table 4: Rehydration of SAF-p1/p2a nanofibers for solid state NMR experiments on β-sheet
structure. For this sample, multiple rehydration aliquots were required to maintain the
preferred level of hydration for our experiments.

Date

Sample Amount
(mg)

Amount UPW Used
(µL)

2/8/17

15.6

~16

2/10/17

10.4

4.3

2/16/17

10.4

10.0
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Notes
1 drop UPW missed
the sample, added
~6 µL UPW to
correct for this.
Some sample lost
while unpacking
rotor. Rehydration
here was to correct
for dry sample
added at 1 µL UPW
per mg dry sample
Final rehydration
performed under
direction of Dr.
Paravastu upon
seeing diminished
water peak in 1H
spectrum

Selected 1H spectra following initial rehydration of SAF-p1/p2a sample

A

B

C

Figure 26A-C: 1H spectra collected (A) 1 hr after initial hydration (B) 1 hr after second hydration
(C) 1 day after second hydration
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D

E

Figure 26D-E: 1H spectra collected (D) 3 days after second hydration (E) 1 hr after final hydration
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APPENDIX B

RAW SPECTRAL DATA
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B.1 13C-13C fpRFDR Spectra

Figure 27A: 2D 13C-13C fpRFDR spectrum of dry SAF-p1/p2a nanofibers.
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Figure 27B: 2D 13C-13C fpRFDR spectrum of rehydrated SAF-p1/p2a nanofibers.
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Figure 27C: 2D 13C-13C fpRFDR spectrum of dry hSAFAAQ-p1/p2 nanofibers. Collected
by Sarah R. Leonard.
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Figure 27D: 2D 13C-13C fpRFDR spectrum of rehydrated hSAFAAQ-p1/p2 nanofibers.
Collected by Sarah R. Leonard.
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B.2 13C-13C DARR Spectra

Figure 28A: 2D 13C-13C DARR spectrum of dry SAF-p1/p2a, collected at 500 ms mixing
time.
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Figure 28B: 2D 13C-13C DARR spectrum of rehydrated SAF-p1/p2a, collected at 50 ms
mixing time.
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Figure 28C: 2D 13C-13C DARR spectrum of rehydrated SAF-p1/p2a, collected at 500 ms
mixing time.
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Figure 28D: 2D 13C-13C DARR spectrum of dry hSAFAAQ-p1/p2, collected by Sarah R.
Leonard at 500 ms mixing time.
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Figure 28E: 2D 13C-13C DARR spectrum of rehydrated hSAFAAQ-p1/p2, collected by
Sarah R. Leonard at 500 ms mixing time.
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