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Abstract

Funnel and Function: The Physiological Relevance of the Energy Landscape
by
Diana Koulechova
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Susan Marqusee, Chair

A major outstanding question in protein science is how different regions of a
protein communicate with one another. Although we can identify action-at-a-distance
phenomena when they occur, a generalized mechanism and an understanding sufficiently
thorough as to allow for de novo design remain works in progress. This is particularly true
for natively disordered proteins and channel proteins, both of which have traditionally
been more technically difficult to characterize biophysically. In this work, I explore the
functional relevance of their unique energetics and dynamics.

The first project investigates the functional relevance of the hydrophobic core of
disordered transcription factor MarA. We randomized the MarA hydrophobic core and
selected for variants able to bind the consensus sequence. We find that MarA is highly
intolerant of core mutation; this is in contrast to what is seen for the well-folded
transcription factor A-repressor. Furthermore, core variants that do retain the ability to
bind consensus sequence have differentially altered affinities for different binding
partners. We propose that this can be explained by taking into account the varying
energetic impact of these mutations on different MarA conformations and posit that
residues distant from the active site can alter both binding affinity and specificity in
natively disordered proteins.

The second project aims to shed light on the mechanisms of thermosensation.
Protein channel TRPA is a heat sensor in rattlesnakes but exhibits no heat-dependent
activation in mammals. This discrepancy was mapped to select ankyrin repeats within the
protein’s cytoplasmic N-terminal domain. We hypothesized that temperature-dependent
conformational changes within these repeats propagated to the pore region may be the
thermosensing mechanism employed by TRPAL. The isolated repeats were purified and
analyzed biophysically. Rattlesnake ankyrin repeats 3-8 are unique in that they do not
appear to unfold with temperature on the timescale tested. The mechanism of this
remarkable thermotolerance and its physiological relevance are currently under
investigation.



Table of Contents

Chapter 1. Introduction 1
1.1 Introduction 2
1.2 Beyond a Single Structure 2
1.3 Probing the Energy Landscape 3
1.4 Modules of Protein Structure 5
1.5 The Hot Spot Hypothesis 5
1.6 The Role of Disorder 6
1.7 Protein Folding of Protein Channels 7
1.8 Thermosensor Meets Ankyrin Repeats 8
1.9 Summary of Work in This Thesis 9
1.10 References 10
Chapter II. When the scaffold can’t be ignored: the role of the

hydrophobic core in ligand binding and specificity 17
2.1 Abstract 18
2.2 Introduction 18
23 Results 19
2.4 Discussion 22
2.5 Materials & Methods 24
2.6 Acknowledgements 26
2.7 References 27
Chapter III. What makes a thermosensor?: the role of ankyrin

repeats in the TRPA1 heat response 38
3.1 Abstract 39
3.2 Introduction 39
3.3 Results 40
3.4 Discussion 42
3.5 Materials & Methods 43
3.6 Acknowledgements 45
3.7 References 46



List of Figures & Tables

Chapter I

Figure 1.1 15
Figure 1.2 16
Chapter I1.

Figure 2.1 30
Figure 2.2 31
Figure 2.3 32
Figure 2.4 33
Figure 2.5 34
Figure 2.6 35
Figure 2.7 36
Table 2.1 37
Table 2.2 38
Chapter III.

Figure 3.1 48
Figure 3.2 49
Figure 3.3 50
Figure 3.4 51
Figure 3.5 52
Figure 3.6 53
Table 3.1 54

il



Acknowledgements

It goes without saying that the work in this thesis has been a collaborative effort.
The study described in Chapter 2 was done in collaboration with Geoffrey Horner and
Katherine Tripp; I continue to be thankful that it did not have to be a solitary effort.
Katie, in particular, has continued to be both mentor and friend long after leaving the
Marqusee lab. None of this work would exist without my advisor Susan Marqusee. Susan,
thank you for making me into a scientist. 'm not sure it could have happened without
your help. The entire Marqusee lab has been a source of both joy and wisdom, but none
more so than Laura Rosen and Sabriya Rosemond. Learning how to go to work without
you is likely to be the biggest adjustment I have to make after leaving graduate school.

Outside the lab, my family has been a constant source of love and support in
everything except my predilection for voting Democrat. Whatever sanity I have left exists
thanks in large part to my friends, especially Beatrice Rabkin and Sarah Papp. It seems
somewhat strange to put you girls in this section, because I long ago began thinking of
you as family. The remainder of my sanity was preserved by Mal, who is undoubtedly the
cutest and weirdest dog anyone has ever had. Finally, thank you to my soon-to-be
husband, Brooks Bond-Watts. For your love alone, the past six years would have been
well worth it.



Chapter 1: INTRODUCTION



1.1 Introduction

Proteins are the major actors in the cell. They carry out a vast array of functions,
including accelerating chemical reaction rates, recognizing ligands, driving the transport
of molecules or entire cells by forming complex molecular motors, and sensing the
environment. Despite their diverse functions, many proteins make use of similar motifs,
modules, or domains. Understanding how these different modules or parts respond to
different environmental conditions and combine to create different functions is an
important goal in biochemistry and synthetic biology. Currently, we are limited both in
our understanding of and our ability to predict how a particular protein or protein part
will behave in a novel context. This becomes especially true as protein engineers and
synthetic biologists combine proteins and protein domains to create novel machines and
systems.

Particularly relevant are systems that hold great promise as engineering targets in
terms of usefulness but which have proven challenging to work with because they do not
behave like the traditional model systems that have been the focus of most biophysical
studies. Among these are the two protein types that have been the focus of my thesis
work: intrinsically disordered or marginally stable proteins and the cytoplasmic region of
ion channels. The folded structures of these proteins resemble the typical globular
proteins, thus the differences must lie in their energetics and dynamics (their energy
landscapes, see below for a more detailed exploration). The specifics of their energy
landscapes and how they impact protein function is a rapidly expanding area of research
with many outstanding questions. This introduction will summarize our current
understanding of protein energy landscapes, their significance for protein function, and
how our understanding of energy landscapes is expanding to accommodate novel model
systems.

1.2 Beyond a Single Structure

Proteins are often referred to as molecular machines, playing a variety of
functions in the cell that range from structural to enzymatic. Just as machines made from
metal or plastic have distinct three-dimensional structures that enable them to perform
their functions, so do proteins. For example, cytoskeletal proteins like keratin and
tubulin are monomers that fit together into long, twisted fibers that are able to withstand
stress and provide the cell with shape and structural integrity>. Many DNA-binding
proteins employ a helix-turn-helix motif, enabling the protein to insert a helix into the
DNA major groove and make extensive contacts that enable sequence-specific
recognition’.

A single static structure, however, is insufficient for function. Just like cranes and
motors move as they operate, proteins frozen in one conformation are unable to catalyze
reactions® or interact with their binding partners’. Even structural proteins like
microtubules are highly dynamic, continuously assembling and disassembling®. A single
protein can adopt multiple conformations with their relative probabilities determined by
their Boltzmann energies. Their energetics relative to the native conformation determine
their relative populations under any given set of equilibrium conditions, dictating the




effective concentrations of binding-competent or reaction-competent proteins in a
system. Thus, a better way to look at proteins’ conformations is to look their energy
landscapes, which can be represented as a funnel that depicts internal energy on the z-axis
and entropy in the xy-plane’ (Fig. 1.1). One begins at the top of the funnel as a high-
entropy, high-energy random coil, and then continues down the funnel, losing
conformational freedom and decreasing in internal energy. The native conformation -
what is frequently referred to as the protein’s structure - is located at the global minimum
of this funnel.

The energy landscape details another important aspect of a protein — dynamics.
As discussed above, protein binding or enzymatic catalysis require protein movement -
this is another way of saying that they require access to high energy conformations on the
landscape The height of the barriers between states dictates the rate of interconversion
and thus determines the accessibility of each state. By altering either the populations of
different conformations or the dynamics between them, one can alter protein function
without fundamentally changing the native structure. For example, biasing ubiquitin
towards one of two major conformations shifts its binding specificity and dramatically
affects the viability of S. cerevisiae®. Similarly, Levin et al. engineered an IL-2 “superkine”
by stabilizing IL-2 in its optimal receptor-binding conformation, thereby eliminating the
requirement for cofactor CD25, which increased IL-2 activity by stabilizing the high
energy binding-competent conformation’.

Of-course, conformations on the energy landscape are important for more than
just the protein’s specific function. After being synthesized, a protein must fold correctly
or risk degradation or aggregation. Misfolded and aggregated proteins decrease the
amount of the protein available for proper function, tax the cell’s proteostasis machinery,
and can even lead to disease'’. Additionally, proteolysis rates can vary dramatically
depending on conformation, so the rates of interconversion and, by extension, the
amount of time the protein spends in each conformation are a large factor in determining
the lifetime of a protein with a cell. While proteins are generally biased towards the native
conformation, some fraction will always exist in the unfolded conformation; thus,
traversing the entire height of the funnel is a path many protein molecules will need to
travel more than once in their lifetimes. Although it is a rapidly growing area of research,
a lot of work remains to be done characterizing the correlation of different aspects of
energy landscapes with phenotype.

1.3 Probing the Energy Landscape

Until the mid 1990’s, protein folding was most commonly conceptualized as a
pathway''. The energy landscape model was an expansion of this way of thinking, with
parallel pathways that vary in their flux, like water flowing down a mountain’. To
characterize the different wells, gullies, and hills of the mountain, there are a number of
experimental approaches one can take: hydrogen exchange'>'*>, NMR'*", fluorescence'**,
and molecular dynamics simulations*?* to name a few. Those that are used in the work in
this thesis are detailed below.




CIRCULAR DICHROISM

Circular dichroism (CD) spectroscopy reports on protein secondary structure and,
as such, can be used as a measure of “foldedness.” This technique relies on the differential
absorption of right and left circularly polarized light by chiral molecules. By their
intrinsic nature, polypeptides are chiral. Regular secondary structures like a-helices and
[-sheets have distinctive CD spectra, as do unfolded polypeptide chains. Unordered
peptides are characterized by a minimum near 200 nm*. 3-sheets typically have minima
near 180 and 216 nm and a maximum near 195 nm?®, although these spectra are less
constant than those of a-helices due to varying extent of twisting of 3-sheets in different
contexts”. a-helices have the strongest and most consistent spectral signal: minima at 208
and 222 nm and a maximum at 190 nm*.

Since protein conformation is sensitive to environment, we can alter the
environment and monitor conformational changes by CD. Therefore, CD is a great probe
of the energy landscape. To determine the free energy difference (AG) between two
conformations, one can monitor how the CD signal changes with perturbations of the
energy landscape. The landscape can be perturbed with denaturants such as urea,
guanidine, or temperature. The change in the relative populations of the two
conformations as a function of denaturant can then be related to their AG under native
conditions®.

The height of the barriers between the different conformations determines the
rates of interconversion and can therefore be probed by kinetic experiments. In these
experiments, protein under conditions favoring one conformation is rapidly placed under
conditions favoring a different conformation, and the change in CD signal is monitored
over time. In the case of protein folding, while diluting concentrated unfolded protein
into folding buffer would report on the folding reaction, whereas diluting folded protein
into unfolding buffer would report on unfolding.

MUTATIONAL ANALYSIS

As I alluded to in the previous section, mutations can be a powerful tool for
probing the energy landscape. Classically, people have looked at structure and used
mutational analysis to predict which residues are important for chemical interactions. For
example, one approach for the identification of functionally critical residues is alanine
scanning mutagenesis®. With this technique, the energetic or functional consequences of
alanine substitution are assessed sequentially for an amino acid sequence to identify
functional hot spots (see below). Similarly, mutations are often used to probe the nature
of the transition state of a folding reaction, termed ¢-value analysis®. Here, the energetic
impact of a mutation on the native conformation relative to the transition state is taken to
indicate whether that residue is structured in the transition state. By looking at a number
of mutations distributed throughout the protein, one can determine the subset of native
structure that is thought to exist in the transition state.

Of-course, not all mutations need to be experimentally designed; studying
homologous proteins provides an excellent approach to investigate which biophysical
characteristics are preserved for a particular structure and function and how those might
be encoded within the amino acid sequence®. This has been further extended to look



beyond extant proteins to their ancestors, observing how changes in the energy landscape
have been brought about by changes in the sequence and which of the landscape’s many
parameters are most important for function’**. Another, more highly targeted approach
is to employ directed evolution. Here, a gene is randomized and the resultant variants
undergo selection for a function of choice, with the mutations that allow evolution of a
novel function or optimization of an existing function providing insight into the
conformations and motions necessary’***.

In sum, regardless of the particular technique used, altering the amino acid
sequence enhances our understanding of the relationship between sequence, energy

landscape, and function.

1.4 Modules of Protein Structure

Are there units of structure smaller than a single domain? If so, how do they
communicate to create the overall protein fold? Protein domains are known to fold and
unfold cooperatively; typically, at equilibrium under standard physiological conditions,
no more than 5% of the population comprises partially folded intermediates®. Even in
larger, multi-domain proteins, domains or regions of the protein are typically coupled in
some manner’”*®. How does the communication between these different regions of a
protein allow information sensed on one side of a protein to be transmitted to the other?
This is a central question in the work described in this thesis. For instance, proteins of
therapeutic interest include a slew of receptors where a conformational change in one
region of the protein is triggered by a binding or phosphorylation event at another
region®**. In addition, one promising approach for the development of drugs with high
specificity and low side effects is to design drugs that allosterically regulate their targets*'.
Finally, understanding the components that make up the domain of a protein allows the
recombination of regions and domains, useful as a way of redirecting or recombining
functions****. Recent computational studies have attempted to compute the energetic and
structural coupling between regions of a protein in order to predict function®*, but
further study will be required if we are to arrive at a thorough and predictive
understanding.

1.5 The Hot Spot Hypothesis

Do specific regions of proteins determine the energetics and specificity of ligand
binding? Studies directed at this question let to the hot spot hypothesis, which arose out
of the development of alanine scanning mutagenesis by Clackson and Wells®* (mentioned
above). The hypothesis states that protein-ligand binding is driven by a select number of
residues at the binding interface. In essence, this presents the protein as a collection of
one or more functional epitopes grafted onto an overdetermined structural scaffold. This
view is entirely consistent a number of studies that have looked at the functional import
of the hydrophobic core. The most significant aspect for residues within the core seems to
be hydrophobicity, with specific packing between residues appearing to be a form of
structural fine tuning rather than structure determination*>*. One striking illustration of
this principle is a designed variant of the protein barnase with an entirely random
hydrophobic core that nevertheless maintains the wild-type level of function®.




These studies have been hugely influential, becoming the dominant school of
thought when discussing protein-ligand binding. As protein engineering has continued to
increase in popularity for industrial and therapeutic purposes, the potential of treating a
protein as a collection of separable functional epitopes that can be mixed and matched to
create novel functions and phenotypes has continued to become increasingly more
attractive. This is the basis of techniques like protein grafting, wherein the binding
epitope of one protein is grafted onto another scaffold that may be more
pharmaceutically tractable or otherwise more attractive. For instance, Sia and Kim®
grafted the non-continuous binding epitope of the HIV C-peptide, a potent inhibitor of
HIV entry into cells, onto a leucine zipper scaffold. The result was a peptide with antiviral
activity comparable to the C-peptide but with improved stability and protease resistance.
Similarly, Kritzer et al.>' developed miniature proteins that bind the oncoprotein hDM2
with nanomolar affinity, inhibiting hDM2 binding to p53. The design of enzymes with
novel functions has also benefited from an analogous approach, where one
computationally optimizes the residue identity and geometry of the catalytic site in
isolation and then identifies a protein scaffold that can accommodate such an active site>.

While the ability to dissect proteins into separable regions of structure and
function has been thought of as a general principle, it has heretofore been applied to only
a small subset of proteins, and the degree to which it can be generalized remains to be
tested. Even in systems like antibodies, once thought to be a textbook example of proteins
with distinct functional and structural regions, recent work has found a previously
underappreciated role for protein motions and interdomain coupling®. Of particular
interest for the work in this thesis, there have been few descriptions of modularity in
intrinsically disordered or marginally stable proteins.

1.6 The Role of Disorder

Intrinsically disordered proteins (IDPs) are proteins that are natively unstructured
over large portions — perhaps even the entirety — of their sequence®. They are responsible
for a diverse host of functions, either in their unstructured state or by via a disorder-to-
order transition. Their relevance has become increasingly more apparent as the number
of IDPs identified has increased in recent years, due in large part to technical and
theoretical advances in bioinformatic disorder prediction and NMR sensitivity**. Current
estimates predict that, in any given eukaryote, an average 30% of proteins contain
disordered regions longer than 30 amino acids™.

IDPs exist in a state of dynamic conformational ensembles. For many, this
translates to marginal stability of a structured conformation relative to an unstructured
ensemble. Computational folding studies have shown decreasing protein stability
increases the size of the cooperative core, where the cooperative core comprises residues
that are all either folded or unfolded in states with the highest probabilities*. This would
imply that those disordered proteins required to temporarily assume a structured
conformation for function have a greater portion of their sequence acting as determinants
of binding. The universality of the hot spot hypothesis is thus called into question: as the
cooperative core increases, does the structural scaffold begin to overlap with the binding
interface?




In the work outlined in this thesis, this question is explored using transcription
factors MarA and the N-terminal domain of A-repressor (herein called A-repressor) as
model systems. Both are small, helix-turn-helix proteins. A-repressor is a canonical
globular protein that was used in work that first posited the redundancy of hydrophobic
core residues”. It has a well defined native structure®® and binds to three highly similar
DNA sequences”. MarA, on the other hand, is thought to be largely unfolded in the
absence of its ligand™®, suggesting that its native conformation is at best marginally stable.
It binds to at least 40 different binding sites in vivo®, suggesting that under native
conditions MarA populates, instead of a single native structure, an ensemble comprising
multiple rapidly interconverting conformations. As summarized below, we find that these
proteins’ divergent landscapes impact the predictive power of the hot spot hypothesis and
suggest conditions under which it should be applied.

1.7 Protein Folding of Protein Channels

Like IDPs, protein channels also fall outside of the predictive power of theories
based on work done with archetypal globular proteins.

Phospholipid membranes serve to separate: they create the concept of self at a
cellular level, delineating where the interior of an organelle or cell ends and where the
outside world begins. This cellular self, however, continues to exist within this outside
world and thus must be able to communicate with it. This communication can occur via
protein channels embedded in the membrane that are able to detect environmental
conditions and changes. Different channels are activated by different types of stimuli;
these can be chemical, mechanical, or thermal®. Channels can serve as the first wave of a
cellular response to the stimulus detected or as conduits for molecular transfer into or out
of the cell. Many channel proteins have intra- or extracellular globular domains
responsible for ligand binding or sensing the environment. How these domains transmit
information to effect channel opening is poorly understood.

Protein channels have a unique set of factors governing their folding and
dynamics. Their native conformation exists in a environment of striated hydrophobicity;
channels in an animal cell’s plasma membrane are surrounded by solvent in the
cytoplasm and extracellularly while the regions in between are embedded within
phospholipids. Furthermore, the channel opening, or pore, is formed by the
transmembrane regions of the protein, which means the motions that open and close the
pore may be heavily influenced by the composition of the surrounding lipids®"%.

The distinctive factors that play an important role in membrane protein folding
create technical hurdles — both for biology and for researchers — but conform to the same
theory that motivates soluble protein folding work: that the native conformation is an
equilibrium structure entirely encoded within the amino acid sequence®. In vivo, an
extensive array of machinery able to get newly synthesized membrane proteins to their
target membranes has been identified®, but a detailed understanding of folding
determinants and how these forces layer within the translocation pathways continue to be
questions under active investigation®. Our knowledge of the conformational dynamics
that are important for channel proteins and the impact had on these dynamics by various
membrane components continue to increase as researchers continue to develop and




refine techniques for studying membrane protein folding in vitro® and integrate these
studies with work mutational and phenotypic analyses®.

The recognition of an environmental change and the opening of a channel protein
present a highly refined example of conformational changes at one end of a protein
driving conformational changes at the other. The covalent modification of cysteines
within the cytoplasmic N-terminal domain of ion channel TRPA1 (see next section for
further background) somehow induces pore opening to allow the influx of cations®. Ion
channels that are involved in mechanotransduction, like those involved in hearing or
touch, are activated by deflection of an external structure - i.e. the extracellular matrix -
relative to an internal structure - ie. the cytoskeleton®. Thus in addition to any
therapeutic application of channel research (many are potential drug targets®”), they
have the potential to clarify the mechanism underlying information transfer between
regions of a protein.

1.8 Thermosensor Meets Ankyrin Repeats

The TRP channel family of proteins is found in both vertebrates and invertebrates
across a wide variety of tissues. They have been shown to be involved in nearly all aspects
of somatosensation; including thermo- and nociception and mechanotransduction.
Furthermore, these channels have been clinically linked to diabetes, chronic cough,
Familial Alzheimer Disease, cancer, and Familial Episodic Pain Syndrome, just to name a
few®. Their ubiquitous presence, impressively diverse range of agonists, and key
positioning in cellular and organismal environmental sensing and response makes them
attractive subjects of study.

The TRP superfamily has over 85 members among seven subfamilies: TRPC,
TRPA, TRPV, TRPM, TRPN, TRPP, and TRPML"". All are cation channels thought to
form tetramers, and all contain six putative transmembrane segments with intracellular
N- and C-termini®. Residues critical for chemical agonist activation have been
functionally mapped for some of the more highly studied channels®’>7, but a sensing and
gating mechanism remains unknown.

Similarly, several regions have been identified as important for thermal response,
but whether these are functionally conserved among homologues and how they behave in
concert with the rest of the protein to detect and respond to temperature remains to be
determined. In the Drosophilia TRPAL, residues in the pore region have been found to be
important for thermal activation”, while the rattlesnake TRPA1 sensitivity to thermal
stimuli has been mapped to a subset of the ankyrin repeats within the cytoplasmic N-
terminal domain”™ (Fig. 1.2A).

Ankyrin repeats are motifs of roughly 33 amino acids in a helix-turn-helix joined
to adjacent repeats by a longer loop (Fig. 1.2B). While they get their name from the
cytoskeletal protein ankyrin, which contains an impressive 24 of these repeats’, they have
been found within the proteins of organisms from viruses to humans”. Ankyrin repeat-
containing proteins carry out an incredible variety of biological functions and are the
ninth most common protein family in the human genome’.

Ankyrin repeats are found in the cytoplasmic N-terminal domains of TRPC,
TRPV, TRPA, and TRPN subfamily channels, with the number of repeats ranging from 2
- 297%_ To our knowledge, no enzymatic activity has ever been attributed to ankyrin
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repeats, and they are thought to function as structural, protein-binding, or ligand-binding
domains. In TRPV1, the ankyrin repeats form a competitive binding site for ATP and
calmodulin that regulates channel desensitization®. In TRPA1, a subset of cysteines
within and adjacent to the ankyrin repeats is required for channel activation by its
chemical agonists®”. How information about the presence of ligand is propagated remains
unknown in all cases. Regions within ankyrin repeats have similarly been shown through
functional assays to be critical for thermal sensitivity” and hypothesized to be involved in
mechanotransduction by acting as a mechanical spring®. To date, however, no sensing or
gating mechanisms have been identified and the precise function of ankyrin repeats
within TRP channels continues to be an active area of research.

1.9 Summary of Work in this Thesis

The work summarized in this thesis comprises two projects that aim to increase
our understanding of the energetics of proteins outside the globular canon. In the first, we
investigate whether the hydrophobic cores of natively disordered proteins play a
significant role in protein-ligand binding (Chapter 2). In the second, we ask whether
ankyrin repeat conformational dynamics in the cytoplasmic N-terminal domain of
TRPAL1 are involved in temperature sensing (Chapter 3).

CHAPTER 2: THE ROLE OF THE HYDROPHOBIC CORE IN LIGAND BINDING

Eight residues within the hydrophobic core of MarA were randomized in clusters
of three. When the resulting libraries were selected for binding to the MarA consensus
binding site, we found that MarA is highly intolerant to core mutation. This is in direct
contrast to what we would expect based on the A-repressor results described previously”,
which suggested that a protein’s core should be highly tolerant to mutations as long as
they are hydrophobic. We further show that the mutations identified in the selection
differentially destabilize different conformations within the MarA native state ensemble,
such that a single core mutation can actually alter MarA binding specificity.

CHAPTER 3: ANKYRIN REPEATS AND THERMOSENSATION

As mentioned previously, ankyrin repeats within the N-terminal domain of
rattlesnake TRPA1 are crucial for its ability to respond to heat”. In order to determine
whether ankyrin repeats sense and respond to heat via conformational changes, we
expressed and purified the previously identified thermal response modules, repeats 3-8
and 10-15, from both human and rattlesnake. Remarkably, the fragment comprising
rattlesnake repeats 3-8, but not the other three fragments, remains folded up to at least
95°C. The mechanism for this thermotolerance and the potential physiological
implications are still under investigation.
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FIGURE LEGENDS
Figure 1.1. Energy landscape for a hypothetical protein, with conformational
freedom on the horizontal axes and internal free energy on the vertical axis.
Generated by the Dill lab’.

Figure 1.2. A) Cartoon schematic of TRPA1, with cylinders representing the
transmembrane domains and circles representing ankyrin repeats. B) Crystal
structure of the TRPV2 channel ankyrin repeat domain, with each ankyrin repeat
individually colored. PDB ID: 2F37%
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Figure 1.1. Energy landscape for a hypothetical
protein, with conformational freedom on the hori-
zontal axes and internal free energy on the vertical
axis. Generated by the Dill lab’.
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(A)

Figure 1.2. A) Cartoon schematic of TRPA1, with
cylinders representing the transmembrane do-
mains and circles representing ankyrin repeats. B)
Crystal structure of the TRPV2 channel ankyrin re-
peat domain, with each ankyrin repeat individually
colored. PDB ID: 2F37%

16



Chapter 2: WHEN THE SCAFFOLD CAN’T BE IGNORED: THE ROLE OF
THE HYDROPHOBIC CORE IN LIGAND BINDING AND SPECIFICITY
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2.1 Abstract

The traditional view of protein-ligand binding treats a protein as comprising
regionally distinct binding epitopes on the surface of a degenerate structural scaffold,
largely ignoring the impact of a protein’s energy landscape. To determine the robustness
of this simplification, we compared two small helix-turn-helix transcription factors with
dissimilar energy landscapes. A\-repressor is stable and well folded, while MarA appears
marginally stable with multiple native conformations (molten). We find MarA drastically
less tolerant to core mutation than A-repressor. Moreover, core mutations change the
relative affinities of its binding partners, altering ligand specificity. These results can be
explained by taking into account the mutational effects on protein stability together with
their differential destabilization of MarA’s native conformations. Thus, for proteins with
multiple conformations that are close in energy, such as many intrinsically disordered
proteins, residues distant from the active site can alter both binding affinity and
specificity.

2.2 Introduction

Informational content per residue is a way of describing the degree to which a
residue contributes to a protein’s function. For instance, binding is typically thought
about locally, as regions of high informational content that are superimposed upon a
structural scaffold that is informationally poor. The majority of binding energy is
proposed to come from a minority of residues that function as binding hot spots'; these
are treated as functionally separable from an over-determined protein core with minimal
sequence requirements>’.

This assumption of separability between binding and fold has been hugely
important for protein design and related research. Techniques like protein grafting*¢
explicitly treat proteins as collections of distinct modules that can be recombined to
create new functions. Work investigating the evolution of protein folds or structure has
also frequently been based on the assumption that a protein’s general fold can be treated
as a scaffold for the active site, largely independent of the identity of active site residues”®.
Even the use of alanine scanning mutagenesis to identify sites for biochemical study or
drug design® works best for proteins that can be effectively modeled by separable
functional epitopes. Many of these techniques rely on the ability to screen a large number
of candidates, both in silico and via experimental means. The potential for engineering
enzymes with new functions or new inhibitors for medically relevant targets would be
greatly enhanced if we could better predict which residues are information rich and
which are not.

One obvious limitation to the assumption of modularity is that the native
structure does not provide the entire picture. Proteins are not static; under native
conditions they populate an ensemble of conformations, including unfolded
conformations, according to their relative stability. Any experiment to measure binding
will also be affected by this pre-existing equilibrium between binding competent and
binding incompetent conformations. Thus, it is more accurate to talk about an apparent
dissociation constant, Kaa.pp = Ka (1 + Ky ), that incorporates both folding and binding
energetics (see Discussion). This scenario is further complicated for proteins with
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multiple binding targets, as these proteins are likely to have an ensemble of native
conformations that are close in energy. The proteins’ interactions with each of their
substrates may be differentially affected by mutation. Although this limitation has been
acknowledged, its exploitation or circumvention has, with few exceptions', remained
largely elusive.

The degree to which aspects of a protein’s energy landscape correlate with the
distribution of informational content (how much a residue contributes to a protein’s
function) across its amino acid sequence remains unclear. Here, we begin to address this
question by characterizing how proteins with highly divergent energy landscapes differ in
their abilities to modulate binding via regions distant from the binding site.

MarA and A-repressor’s DNA-binding domain are both small helix-turn-helix
transcription factors with very different energy landscapes (Fig. 2.1A). For both, the
binding interface geometry and binding sites have been well documented. A-repressor
binds to only three different sites, all quite similar to one another'!, and has a well defined
native conformation of archetypal stability'?. Structural information about MarA is
available from both X-ray crystallography" and NMR'"*, and its sequence logo has been
experimentally determined'. In vivo, it regulates expression of over 60 genes', which
have different binding-site (marbox) permutations at their promoters. Marboxes are
fairly degenerate, but MarA is quite sensitive to their orientation and location relative to
the transcriptional start site and thus binds different promoters with varying affinity '*. It
requires 50% glycerol for MarA to remain soluble in the absence of its ligand, suggesting
that, in isolation, it is largely unfolded. Taken together, these data indicate that MarA may
be molten, i.e. marginally stable with multiple native conformations.

We show that if a protein is on the brink of stability, then mutations throughout
the entire protein will have dramatic effects on function, e.g. ligand binding; here, sites
distant from the active site play a role that goes beyond defining the fold. Moreover, we
show that for promiscuous proteins (proteins with many high affinity binding partners),
a single site substitution within the hydrophobic core, distant from the binding site, is
sufficient to alter binding specificity.

2.3 Results
LIBRARY CONSTRUCTION

To probe the functional impact of subtle changes to the energy landscape without
directly affecting the binding surface, we created three libraries of MarA variants with
diverse stabilities by changing residues within the hydrophobic core. Each library was
randomized at three clustered positions within the core, defined as comprising residues
that are 95% or more solvent inaccessible (Fig. 2.1B): 113, F48, and L56 comprise cluster
1; 168, L94, and F98, cluster 2; and L72, F98, and Y109, cluster 3. The core positions
chosen are diverse both in their location within the protein and in their conservation
among homologues (20 - 99%); none contact DNA.

To confirm unbiased library compositions, the individual libraries were evaluated
for their sequence diversity. Each library was transformed into cells and grown in the
absence of selection; 86 — 94 transformants from each library were then sequenced. The
results were compared to a simulation of the above protocol; the simulation was
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performed with the assumption that there is no bias for any codon over another and
repeated 1000 times (Fig. 2.2A). Our experimental data correspond to the results of the
simulation, consistent with the presence of a diverse and unbiased library.

GENETIC SELECTION TO IDENTIFY FUNCTIONAL CORE VARIANTS OF MARA

To identify functional variants within each library, we employed a genetic
selection system wherein growth on tetracycline reports on the presence of functional
MarA protein (Fig. 2.2B). Surprisingly, of the roughly 24,000 MarA library variants
evaluated, only 17 retain wild-type function sufficient to pass the selection; these 17
feature almost exclusively conservative substitutions (Table I). The number of molecules
subjected to selection is more than 3.4 times the size of our library, which corresponds to
a greater than 95% chance of having evaluated any random mutant at least once.
Additionally, most positive hits have been picked up repeatedly, indicating we have
effectively sampled the available sequence space.

The positive hits identified in our selection can be divided into functional classes
based on growth on solid media (Fig. 2.3A). Class 1 variants (10 members) are defined as
those that demonstrate wild type-like growth on plates following a 24-hour incubation
when transformed into E. coli. The four class 2 variants similarly result in numerous
colonies but require a 48-hour incubation. Finally, the three class 3 variants exhibit the
least robust growth, resulting in very few colonies after a 24-hour incubation and showing
no inclination to be rescued by extended incubation.

These functional differences, however, are not reflected in growth rates obtained
from growth-curve analyses. Measured in this way, even the most dramatic differences in
growth rates among variants are less than two fold, and the standard error of all measured
growth rates is smaller than that of any one variant’s replicates (Fig. 2.3B). In vitro, class 3
variants have a dramatically increased propensity for aggregation compared to class 1 or
even class 2 (Fig. 2.3C). The qualitative correlation between the penetrance of tetracycline
resistance and protein aggregation suggests the latter as a possible explanation of the
phenotypic differences between functional variants.

DESTABILIZED A-REPRESSOR RECAPITULATES MARA’S INTOLERANCE TO CORE SUBSTITUTION

Our results with MarA seem at odds with previous published studies using the
protein A-repressor. If hydrophobicity were the sole or nearly sole requirement for core
residues, as has been reported for proteins like A-repressor”, we would expect 1,022
variants to pass the selection. However, it appears that MarA is strikingly sensitive to core
mutation. To determine whether marginal stability is a cause of this intolerance, we tested
a subset of previously identified functional A-repressor variants in a destabilized
background. If our hypothesis is correct, a destabilized A-repressor should be tolerant of
only the least disruptive of substitutions.

To create a destabilized background, we selected the A-repressor variant
R17A/S77A". This variant destabilizes the protein by 2.8 + 0.3 kcal/mol with a resulting
AG, = 2.5 + 0.1 kcal/mol (Fig. 2.4). The mutations disrupt a salt bridge interaction distant
from the active site; the resulting protein is folded and active. We evaluated the effects of
three previously studied core variants V361, V36I/M40F, and V361/M401/V471 in both
the wild-type and destabilized A-repressor backgrounds. While V361 was active in both,
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V36I/M40F and V36I/M401/V471 vyielded active proteins only in the wild-type
background (Table II). Taken together, these data indicate that decreasing the global
stability of A-repressor is sufficient to alter its tolerance to core mutations — that is to say,

the distribution of informational content per residue - to more closely resemble that of
MarA.

CORE MUTATION DIFFERENTIALLY AFFECTS MARA BINDING TO DIFFERENT PROMOTERS,
ALTERING BINDING SPECIFICITY

The specificity of an interaction reflects the preference for a protein to bind one
particular ligand over another; specificity is a measure of a protein’s relative affinity for
different ligands®. Because mutations within MarA’s hydrophobic core can abolish
binding by destabilizing the native conformation relative to the unfolded conformation,
we hypothesized that core mutations could actually alter binding specificity by
destabilizing certain native conformations relative to others.

To test this, we purified wild type MarA and one of the single core variant isolated
in the functional selection, and we determined their relative affinities to three different
known binding sites: consensus, which contains the most frequently seen base at each
position, and naturally occuring micF and zwf®. Binding was detected by an
electrophoretic mobility shift assay (EMSA) (Fig. 2.5A). Both the wild type and the core
variant bind to the consensus and micF oligos with micromolar affinity (Fig. 2.5B). Wild-
type MarA binds to the zwf at an affinity of 16 uM; 168V-zwf binding is undetectable in
our assay, corresponding to a K¢ > 95mM. Thus, these single-site core variants appear to
selectively affect binding to the zwf sequence; the minimum concentration required for
either single variant is at least 54 times that required for wild type-consensus binding.

Both variants bind to the consensus sequence most strongly, as expected since
both were isolated in a selection based on consensus binding. While specificity changes
are frequently illustrated as changes in binding preference, altering the relative affinity
(Kar/Ka2) to go from a number greater than 1 to a number less than 1, we believe this
threshold is arbitrary and is actually asking much less than what we have shown. For
instance, a change from 1.2 to 0.8 actually reflects a very small change in the relative
energetics of binding (AAG ~.2 kcal/mol). On the other hand, our variants show a larger
change in the relative energetics of >1.4 kcal/mol.

To observe this change in specificity more directly, we monitored MarA’s relative
binding to each of the two naturally occurring promoters in a competition format. In this
competition assay, one oligo is labeled with a green 6-FAM dye, while the second oligo is
labeled with a red TYE 665 dye. As shown in figure 2.6, MarA has a slight preference for
the red-labeled zwf oligo (~3-fold decrease in Kui), and the preference goes up an
additional five-fold when compared to red-labeled micF oligo (for a Ka(zwf-
FAM)/Ka(micF-TYE)~15). The variant 168V, however, only shows a slight (2-fold)
preference for the green 6-FAM-labeled micF oligo and loses all detectable binding to the
zwf oligo. Hence, while the wild-type protein has an approximately five-fold preference
for micF over zwf, consistent with the affinities determined for each binding site
individually, 168V retains binding to micF with no detectable binding to zwf, even at the
micromolar concentrations of protein and DNA used for the competition. Taken
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together, these data confirm that mutations within the hydrophobic core can alter MarA
specificity by decreasing affinity for one binding site while maintaining affinity for
another. Thus, remarkably, core mutations can alter both specificity and affinity.

2.4 Discussion

We have demonstrated that for proteins with multiple conformations close in
energy, substitutions at sites distant from the active site can have dramatic ramifications
for protein function. Whereas canonical well-folded globular proteins like A-repressor®"*
and barnase’ have been shown to have hydrophobic cores with little informational
content, MarA possesses a hydrophobic core that is intensely intolerant to substitution.
Moreover, conservative substitutions within MarA’s hydrophobic core can alter its
relative ligand specificity.

MarA expresses insolubly, requires 50% glycerol to remain in solution, and is
incredibly prone to aggregation. This suggests that it does not respond to core
substitutions like a canonical well-folded globular protein because it is, in fact, better
modeled as being marginally stable and molten.

A difference in global stability is alone sufficient to explain MarA’s intolerance to
core mutation. For a stable globular protein, small changes in stability do not change the
concentration of the binding-competent state to a meaningful degree. For a marginally
stable protein, the same small changes can appreciably shift the equilibrium towards
binding-incompetent states and, in so doing, have profound functional consequences. Let
us outline these comments in a quantitative manner for clarity. For a simple two-state
system:

U+L<—>N+L<">NL,
where L is the ligand, U is the unfolded polypeptide, and N is the native protein,
Wl _INIL

T T
The apparent dissociation constant of the system, Ky, can thus be described as:
(IU1+[N)IL]
Ky = =K,K,+K,.
[NL]

For ordered proteins, K is small and the above effect becomes largely invisible
experimentally. For example, for a hypothetical well-ordered globular protein with
K, =500nM and AG, =82 kcal/mol (and thus K, = 1077),

K, =5x107(1+5x107)

=5%x107 +5x10™ =5x107
If this protein is destabilized by 3 kcal/mol, the resultant variant hasa K, =1.6 x 10~ and
still,

K, =5x107+8x107"

d .app

~5x107
Conversely, proteins that are marginally stable will have K¢'s that are not insignificant. For
a protein with K, =500nM but AG, =0 kcal/mol (and thus K ;= 1),
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Ko =5%107(1+1)

=1x107°
Destabilizing this protein by 3 kcal/mol leads to a K, =160 and now,

K, =5x107(1+160)

=5x107 +8x107 =8.05%x107°

This simple two-state thermodynamic perspective outlines how the ability to
retain function changes drastically across distinct regimes of global stability. However,
many marginally stable proteins bind to multiple targets and thus could be considered
molten with the potential to populate multiple native conformations. For these proteins,
the above analysis can be extended to changes in stability between any functionally
distinct conformations; for conformations that are close in energy, mutations at a
distance can alter the population of one native conformation relative to others?** and,
expanding the discussion above from merely maintaining binding to actually altering
specificity.

We directly show this to be true for MarA. As previously mentioned, MarA binds
to a number of different targets and is thus likely to have a number of distinct native
conformations that are likely to be differentially affected by core mutations. We have
identified two MarA core variants whose relative affinities for two naturally occurring
promoter sequences differ from that of the wild type, providing a direct demonstration
that specificity can be altered by mutations located solely within the hydrophobic core.
This is consistent with previous work showing that alanine substitutions at multiple
positions within MarA differentially impact binding to different promoters®”. The
disparate impact of core or other mutations on different native states is, of-course, not
limited to marginally stable proteins*. However, the high informational content per
residue in these proteins means that even subtle changes that would be functionally
invisible in stable globular proteins can alter specificity in a protein whose energy
landscape is akin to that of MarA.

A major protein class likely to be enriched in MarA-like energy landscape is
intrinsically disordered proteins (IDPs), a significant percentage of the eukaryotic
proteome®. Although IDPs have been proposed to be more tolerant to mutation than
well-folded proteins®, their energy landscapes more closely resemble that of MarA than
of A-repressor, indicating that the converse may actually be true for those whose function
requires a disorder-to-order transition. Thus, this work provides a potential functional
role for a subset of the high percent of the human genome that encodes disorder.
Additionally, it offers some tantalizing clues as to what factors may have favored the
evolution of such proteins, as several studies have implicated functional plasticity as a
critical factor in the molecular evolution of new function®*. In this work, we’ve shown
that marginally stable proteins have a broad distribution of informational content over
their amino acid sequence, increasing the probability that a random mutation will have
an impact on binding. The increased ease of effecting appreciable change may explain the
favorability of marginal stability to the evolution of novel binding targets.

It has been proposed that the maintenance of organismal evolvability may depend
on the ability to have large-scale functional impact with a small number of mutations®.
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Multi-gene regulators like MarA present the possibility to accomplish exactly this, as even
small changes in specificity for promiscuous proteins could affect multiple pathways and
result in global changes within a cell. Biophysical and biological plasticity thus represent
two related but distinct nodes upon which evolution can act to rapidly achieve
phenotypic diversity. This may be part of the reason why transcription factors, which
frequently bind multiple targets®, are enriched for intrinsically disordered regions**.

Our experimental results demonstrate that the shape of the energy landscape and,
in particular, global stability are indicative of the distribution of informational content
over a protein’s sequence. In essence, stable proteins are overdetermined and can
accommodate mutations more easily, whereas molten proteins have less informational
overlap between residues. This relationship between energy landscape and informational
content can guide protein design in two ways. Firstly, it can increase protein design
efficiency by identifying proteins with distinct regions high in informational content that
can be treated as functionally modular. Secondly, it can suggest a path for engineering
proteins with dispersed informational content that have previously been problematic for
protein engineering, highlighting the importance of incorporating non-interface residues
into design strategies.

2.5 Materials & Methods
GENE SYNTHESIS

Libraries of MarA genes with selected codons randomized were purchased from
GeneArt, PCR-amplified, and inserted into the selection plasmid '6. These were
transformed into XL10-Gold cells for library propagation, plated on 30 pg/ml ampicillin
LB plates. ~200,000 colonies per library were resuspended in liquid media, and the
plasmids were extracted using the Qiagen Midi-prep Kit. All genes were subcloned into
pET28 plasmid for purification.

We used the A-repressor N-terminal domain from plasmid pWL104". Specific
point mutations were introduced using QuikChange mutagenesis.

FUNCTIONAL SELECTIONS

MarA libraries were transformed into E. coli strain N8453 (Amar, Asox-8::cat,
Arob::kan variant of GC4468) made by J.L. Rosner and R.G. Martin and obtained from
M.B. Eisen. MarA expression was induced with 0.1% L-arabinose after one hour of
recovery; cells were allowed to grow for an additional four hours before plating on 30
pg/ml tetracycline plates + 0.1% L-arabinose and incubated at 37°C for 48 hours.

A-repressor functional assays were performed in X90 cells. Single colonies were
streaked sequentially across lambdaphage strains KH54, KH54h80, and imm?*'c on 200
pg/ml ampicillin plates + 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG).

PROTEIN PURIFICATION

Proteins were overexpressed in Rosetta2 DE3 pLysS cells induced with 1 mM
IPTG and purified using nickel column chromatography. For MarA purification, cells
were lysed by sonication in 50 mM HEPES, pH 8, 500 mM NaCl, and 1 mM TCEP. MarA
was expressed in inclusion bodies, which were isolated by centrifugation and resuspended
in lysis buffer supplemented with 8 M urea and 10 mM imidazole. Imidazole
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concentration was increased to 350 mM to elute, and protein was dialyzed into storage
buffer (50% glycerol, 50 mM HEPES, pH 8, 500 mM NaCl, 1 mM TCEP). For A-repressor
purification, cells were lysed by sonication in 50 mM sodium phosphate, pH 8, 500 mM
NaCl, 20 mM imidazole. A-repressor was found entirely in supernatant; to elute,
imidazole concentration was increased to 250 mM.

BINDING ASSAYS

Serial dilutions of MarA variants were incubated for 30 minutes at room
temperature with 0.5 nM oligo in 50 mM Tris, pH 8.5, 50 mM NacCl, and 10% glycerol.
Experiments using dot-blot apparatus were performed as described in Chakravarthy et
al** with 5’ **P-radiolabeled double-stranded consensus oligo (5 - ATT CGA TTT AGC
AAA ACG TGC CAT CGG T - 3)'%. Electrophoretic mobility shift assays (EMSA) used
3> FAM-labeled consensus, micF (5" - ATT CGA CAG CAC TGA ATG TCA AAA CCG
GT - 3°), or zwf (5 - ATT CGA TCG CAC GGG TGG ATA AGC GCG GT - 3’) MarA-
binding sites®; after equilibration, samples were loaded onto 5% PAGE gel (29:1
acrylamide:bis-acrylamide and 10% glycerol in TAE) and run at approximately 80V at
4°C. Dissociation constants were determined from fractions folded at 0.2, 0.5, 2, and 5
uM, averaged over 2-3 experiments at each concentration. The lowest consistently
detected fraction folded was used to calculate the threshold of detectable Kgs.

Procedure for competition assays was identical to EMSA protocol for 5 uM MarA
protein equilibrated with 2.5 uM 6-FAM-labeled oligo and 2.5 uM 3’ TYE 665-labeled
oligo. Quantitation of each gel allowed the calculation of relative affinities, since

K DNA - FAM 1 x[DNA -TYE,,,,]

d(FAM) _ [

K, |DNA-FAM,,, 1x[DNA-TYE, |

All binding assays were done in triplicate and then averaged.

CIRCULAR DICHROISM

N-terminal domain of A-repressor was dialyzed into 50 mM sodium phosphate,
pH 7, 50 mM NacCl, and 0.2 mM TCEP. Circular dichroism studies were carried out at 25
°C on an Aviv 410 spectrapolarimeter with Peltier temperature control using a Microlab
titrator. ~30 ug/ml protein in ~10 M urea was titrated into 0 M urea sample of identical
protein concentration, maintaining 2.5 ml total volume. After each titration step, sample
was equilibrated for 5 minutes and CD signal was monitored at 222, averaged over a 60-
second time period. The change in Gibbs free energy upon unfolding (AG) was obtained
by plotting the CD signal as a function of urea concentration and fitting the data using a
two-state linear extrapolation model to obtain AG in the absence of urea®.

GROWTH CURVES

MarA mutants were transformed into N8453 cells as described for the library
selections. 5 ml 30 pg/ml tetracycline LB + 0.1% L-arabinose were inoculated with
resulting colonies and allowed to grow at 37°C for approximately 20 hours. For each
growth curve, 200 ml 30 pg/ml tetracycline LB + 0.1% L-arabinose was inoculated with 2
ml of overnight cultures and incubated at 37°C with agitation. Cell growth was monitored
by measuring optical density (OD) at 600 nm, with samples taken every half hour during
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log phase. For ODgy between 0.12 and 2, the logi, of the OD was plotted against the time
and fit to a line; the slope of the line corresponds to the growth rate in tennings/hour.
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(A)

(B)

Figure 2.1. A) Two-dimensional representations of idealized
energy landscapes for a well-folded protein with a single na-
tive ground state (solid line), a marginally stable protein with
a defined native state (dashed line), and a marginally stable
protein with multiple minima (dotted line). B) Representation
of the crystal structure of MarA binding to DNA. Cluster 1
residues 113 (76%), F48 (96%), and L56 (59%) are indicated
in green; cluster 2 residues 168 (20%) and L94 (20%), in cyan;
cluster 3 residues L72 (99%) and Y109 (75%), in red. F98
(98%), which is included in both clusters 2 and 3, is indicated
in purple'**. Numbers in parentheses after residue number
indicate degree of conservation among homologues.
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Figure 2.2. A) Libraries do not appear biased. Dotted bars
indicate results of simulated sequencing of 86 (Cluster 1), 93
(Cluster 2), or 94 (Cluster 3) individual clones, repeated 1000
times, with error bars indicating one standard deviation. Stri-
ated bars show results of actual sequencing, with the results
of three randomized positions averaged for each cluster and
error bars indicating one standard deviation. B) The MarA
selection system contains MarA mutants under control of an
arabinose-inducible promoter and the MarA consensus bind-
ing sequence as the promoter for tetracycline resistance.
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Class 2 Class 3

Day 1 Day 1 Day 2

tennings/hour

wild type 113V Y109F L56M 168V/L94M  L72I/Y109F
(class 1) (class 1) (class 1) (class 2) (class 3)

(o)

50 20 10 5 2 1 [MarA], micromolar
L72I/Y109F
(91%)
wild type
(9%)

Figure 2.3. Characterization of functional MarA variants. A)
Class 1 variants exhibit wild type-like growth on plates fol-
lowing a 24-hour incubation when transformed into E. coli.
Class 2 variants also result in numerous colonies but require
a 48-hour incubation. Class 3 variants exhibit the least robust
growth, resulting in very few colonies regardless of incuba-
tion time. B) Mean log-phase growth rates of E. coli trans-
formed with the variant indicated. Standard errors for wild
type, Y109E and I68V/L94M replicates were 0.033, 0.051,
and 0.011, respectively. Standard error among all growth
rates was 0.025. C) Increasing concentrations of wild type or
L721/Y109F (class 3) MarA were mixed with radioactively
labeled target DNA, equilibrated for 30 minutes, and passed
through Tuffryn size exclusion membrane. Percentages indi-
cate amount of total signal present on the Tuffryn membrane.
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Figure 2.4. Urea denaturation of wild type (triangles) and
R17A/S77A (diamonds) A repressor, as measured by CD
[25°C, 0.2 uM tris(2-carboxyethyl)phosphine (TCEP), 50 mM

sodium chloride, 50 mM sodium phosphate, pH 7].
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(A) consensus oligo micF oligo zwf oligo
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(B)

wild type

168V

consensus
wild type 0.91 + .2 yM 1.5+ .3 uM 16.1 + 5 uM
168V 29+ .7 uM 3.1 +1uM >95 mM

Figure 2.5. MarA variants binding to different promoters. A) For each gel, the concentration of protein in each lane, from left to right:
20 uM, 10 uM, 5 uM, 2 uM, 1 pM, 500 nM, 200 nM, 100 nM, 50 nM, 20 nM, 10 nM, none. Top row shows wild type MarA binding to
consensus (left), micF (middle), and zwf (right). Bottom row shows I68V binding to consensus (left), micF (middle), and zwf (right).
B) Dissociation constants for binding of the MarA variant indicated in the leftmost column to the oligos indicated in the top row.
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(A)

FAM-la- TYE-labeled Koeamy/ Karyey
beled oligo oligo WT
zwf zwf 3.3+0.7 *
micF micF 1.1+ 0.4 0.5+ 0.1
zwf micF 15.5+ 5.9 *
* no detectable zwf binding

(B)
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Figure 2.6. MarA variants binding to different promoters
under competition conditions, with 2.5 uM protein and 2.5
1M each of the specified oligos. A) Relative binding affinities
of the differently labeled oligos to either wild type or 168V
MarA protein; the error reported is one standard deviation. B)
6-FAM channel, TYE 665 channel, and overlay of a represen-
tative gel. Lanes 1-3 are with wild type; lanes 4-6, with I68V.
Lanes 1 and 4 contain FAM- and TYE-labeled zwf, lanes 2 and
5 contain FAM-labeled micF and TYE-labeled zwf, and lanes
3 and 6 contain FAM- and TYE-labeled micF.
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Table 2.1. MarA core variants surviving functional

selection.

13 | 48 | 56 | class 68 | 94 | 98 | class
I F L wt I L F wt
Y F L I F F 1
A F \Y 2 L L F 1
\ F E \Y F F 1

A F F 1

72 | 98 | 109 | class C F F 1
L F Y wt F L F 1
L F F 1 M F F 1
L L F 2 V L F 1
I F F 3 L F F 2
P I I 3 \Y M F 2

Classes are described in Figure 3A. ‘wt’ denotes wild type
sequence.
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Table 2.2. A repressor variant activity monitored in
vivo by immunity to lambdaphage infection.

. background:
mutation(s): -
wild type R17A/S77A
V361 + +
V36I/M40F + -
V36I1/M401/V471 + -

+ indicates resistance to KH54 and KH54h80 lambdaphage
strains; - indicates sensitivity to both. All were sensitive to
imm?2tc; none were resistant to KH54 and not KH54h80.
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Chapter 3: WHAT MAKES A THERMOSENSOR?: THE ROLE OF ANKYRIN
REPEATS IN TRPA1 HEAT RESPONSE
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3.1 Abstract

The ability of rattlesnakes to detect infrared radiation (IR) is dependent on the
heat-activated transient receptor potential ankyrin 1 (TRPA1) channel. In contrast, the
human homologue shows no activation by heat; this difference has been linked to a subset
of ankyrin repeats within the protein’s cytoplasmic N-terminal domain. To investigate
this, we have studied the stability and folding of isolated ankyrin repeats 3-8 from the
human and rattlesnake TRPA1 proteins. Both fragments fold in isolation, and we find
that the fragment isolated from the rattlesnake but not human protein gains stability with
increasing temperature up to at least 70°C. This appears to arise from an unusual
dependence of stability on temperature; when fit to the Gibbs-Helmholtz equations, the
rattlesnake fragment appears to have a maximal stability near 75°C and a low AC,. We
propose that this remarkable response to temperature may be important for temperature
detection when the fragment is in the context of the TRPA1 protein.

3.2 Introduction

How do organisms sense and respond to temperature? Although many details of
the molecular mechanism still remain to be discovered, we know that in many cases the
first step is the direct activation of protein channels within the Transient Receptor
Potential (TRP) family by temperature”. This family has over 80 members in both
vertebrate and invertebrate animals, with distant relatives in multiple fungi’. The
channels respond not only to thermal but also mechanical and chemical signals within
the environment. They assemble as tetramers; each monomer has six transmembrane
regions, the pore located between the fifth and sixth* (Fig. 3.1A).

In this work, I will focus on TRPAI, the only mammalian member of the TRP
Ankyrin (TRPA) protein channel subfamily. In humans, this protein has been shown to
be involved in a wide variety of signaling pathways, including itch®, pain®, and
inflammation’. It has also been linked to cold sensitivity, both as a channel directly
activated by noxious cold® and as a key player in cold hyperalgesia®’. Its role in cold
sensitivity, however, is unique to mammalian TRPA1. Drosophila, for example, has three
TRPA channels, all activated by temperatures between 25-45°C'*'". Snakes similarly
possess heat-sensitive TRPA1 homologues, which ancient snakes have exploited to detect
infrared radiation'>'*. How TRPA1 homologues are able to specifically respond to such a
wide range of agonists, including a variety of distinct temperature ranges, remains an
active area of investigation.

One insight into this question came from a 2011 study that pointed to regions of
ankyrin repeats within the rattlesnake TRPA1 cytoplasmic N-terminal domain as
sufficient to confer heat sensitivity to the human homologue'®. Ankyrin repeats (ARs) are
amino acid motifs approximately 33 residues in length, formed by a helix-turn-helix with
a longer loop linking to adjacent repeats'®. TRPA1 has a large N-terminal cytoplasmic
domain comprising 16 ankyrin repeats that, based on electron microscopy, form a basket-
like structure below the pore'. Cordero-Morales et al. found that chimeras of human
TRPA1 with the rattlesnake sequence for ankyrin repeats 3-8 or 10-15 largely
recapitulated the heat response of rattlesnake TRPA1".

We hypothesized that TRPA1 may detect heat via temperature-dependent
conformational changes within the ankyrin repeats. To investigate this, we expressed and
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purified the human and rattlesnake variants of one of the thermal response modules
identified in the Cordero-Morales study'. The fragments comprising rattlesnake repeats
3-8 exhibits remarkable thermotolerance, remaining folded up to temperatures of at least
95°C. Preliminary results suggest that this arises from a right-shifted and broadened
stability curve and may have important consequences for rattlesnake TRPA1 IR detection.

3.3 Results
EXPRESSION AND PURIFICATION

In order to investigate temperature-dependent conformational changes in TRPA1
ankyrin repeats using CD spectroscopy, we analyzed the isolated thermal response
modules comprising rattlesnake or human repeats 3-8". For solubility, AR fragments
were capped with N- and C-terminal ankyrin repeats with an increased number of polar
and charged residues'; the sequence of these capping repeats was identical for all
fragments assayed (Fig. 3.1B). In addition, a 6xHis tag was added for purification. Each
construct was expressed in E. coli cells; the resulting recombinant proteins were affinity
purified from inclusion bodies using a nickel column and refolded. From hereon out,
human ankyrin repeats 3-8 with solubility caps will be referred to as h3c; the rattlesnake,
as s3c. Sequences of constructs are provided in the Materials & Methods.

FRAGMENT STRUCTURE AND STABILITY

Based on their CD spectra, both h3c and s3c are folded (Fig. 3.2). We expected the
spectra to reflect primarily a-helix, with two minima of comparable magnitudes at 208
nm and 222 nm", as has been seen for other ankyrin repeat proteins®»*'. Neither has this
classic spectrum; rather than having their major minimum at 222 nm, both fragments
have their major minima near 218 nm and another at 208 nm. In addition to differences
in spectral features, the mean residue ellipticity (MRE) for h3c is less negative than
anticipated and than has been seen for other ankyrin repeats®»*. While we assume that
these fragments fold into ankyrin-like repeats, these spectra raise the possibility that they
may be folding into alternative conformations. Fragments will undergo higher resolution
structural studies to definitely confirm whether they are adopting the expected fold.

To investigate the stability of these fragments, we carried out chemical induced
denaturation experiments. Both fragments were studied by urea denaturation and the
denaturation curves were fit with the standard two-state linear extrapolation method*.
h3c had AGuagouing = 2.7 + 0.3 kcal/mol and an m-value of 0.7 + 0.1 kcal mol* M (Fig.
3.3A). For h3c, we observed an unusual increase in signal at low denaturant
concentrations, prior to the observed denaturation transition, points with less than 0.5 M
urea were not considered in the fit. We hypothesize that this irregularity is due to the
presence of soluble aggregates in h3c solution. s3¢ showed AGunfolaing= 6.0 + 0.3 kcal/mol
and m-value of 1.31 + 0.1 kcal/mol (Fig. 3.3B).

For s3c, we also monitored stability by guanidinium chloride in order to
determine stability curves (see below). The rattlesnake construct had AGuafolding = 5.6 + 0.2
kcal/mol and m-value of 2.4 + 0.1 kcal mol* M (Fig. 3.3C). In addition, to determine
whether s3c structure formation is monomeric, CD spectra were measured at 50, 250, and
500 pg/ml (Fig. 3.3D). The spectra change slightly with concentration but do not seem to
indicate large-scale multimerization or aggregation.
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TEMPERATURE DEPENDENCE OF THERMAL RESPONSE MODULE UNFOLDING

To determine if and what conformational changes might occur at the
temperatures that the ankyrin repeats are charged with detecting, we followed thermal
denaturation by monitoring the CD signal of the capped fragments at 222 nm (Fig.
3.4A,B). h3c showed the expected cooperative temperature-dependent unfolding. After
incubation at high temperature, however, we observed visible precipitate, with a largely
irreversible loss of CD signal after cooling the sample back to 25°C. s3c, however, showed
no temperature-dependent unfolding. No change in signal was observed over the entire
range (4°C to 95°C). Spectra were taken at different temperatures to make sure that this
unusual behavior is not a reflection of an unusual isosbestic point at 222nm. The spectra
after a five-minute equilibration at 25°C, 45°C, 65°C, and 85°C are coincident; moreover,
no change in this spectrum was seen after a twelve-hour incubation at 85°C (Fig. 3.4C).
Thus, s3c appears to adopt a folded conformation that is resistant to prolonged exposure
to high temperatures, implying a melting temperature above the measured range.

In order to investigate the temperature-dependence of s3c stability, we carried out
GdnCl-denaturation studies of s3c at three temperatures: 15°C, 25°C, and 45°C. At all
three temperatures, the m-value remains constant at 2.4 + 0.1 kcal/mol. The AGunfolding =
5.0 kcal/mol at 15°C, 5.6 + 0.2 kcal/mol at 25°C, and 7.3 + 0.5 kcal/mol at 45°C (Fig. 3.3C,
3.5A). Protein stability should depend on temperature according to the Gibbs-Helmholtz
equation (see Materials & Methods). With only three data points, we modeled our data
with a range of AC, values in order to extrapolate a potential Tt for the protein (Fig. 3.5B).
AC, values were estimated from expectations based on size and m-value. While typically,
both AC, and m-values correlate with size*, our m-value is lower than expected for a 300-
residue protein; thus, we estimated a value for AC, based on size and another based solely
on the m-value. 300-residue s3c would be predicted to have AC; unfouding ~ 4 kcal mol* K, a
value consistent with others that have been seen for ankyrin repeat proteins of
comparable size** but which gives a poor fit of the Gibbs-Helmholtz to the data. Based on
its m-value, s3¢ would be predicted to have ACyunfoiging ~ 1.1 4 kcal mol* K 2. Even this
appears too high; in order to fit these data, ACyunfolaing must be close to 0.5 4 kcal mol* K.
The resulting fit suggests that s3c is maximally stable near 75°C, with an extrapolated
melting temperature (Tw) of 173°C.

The modeling suggests that the s3c fragment has a very unusual protein stability
curve. To further test this fit, we tested a hypothesis suggested by this modeling: the s3c
fragment should increase in stability from 25°C to 85°C. Consistent with this, the s3c CD
spectrum in 3.6 M guanidinium chloride appears more folded as the temperature is
increased from 25°C to 85°C (Fig. 3.5C).

KINETICS OF THERMAL RESPONSE MODULE UNFOLDING

This thermodynamic analysis assumed that samples were completely equilibrated
to reflect true equilibrium conditions. To test that the folding and unfolding of our
fragments were sufficiently fast to justify this assumption, we examined h3c and s3c
(un)folding kinetics. These were determined by monitoring CD signal at 222 nm after
rapid dilution (using either manual or stop-flow mixing) of a concentrated unfolded or
folded protein stock into buffer favoring folding or unfolding, respectively. h3c unfolding

41



is completed within the 20 second dead time of manual mixing (Fig. 3.6A). s3c folding is
completed within the 15 millisecond dead time of stop-flow mixing (Fig. 3.6B). s3c
unfolding fits to two kinetic phases, one with a relaxation time of 200 seconds and the
second with a relaxation time of 1800 s (Fig. 3.6C-E).

CHIMERAS

To determine how this unusual thermal resistance is encoded in the s3c sequence,
we are currently making chimeras of s- and h3c and evaluating their temperature-
dependent unfolding. This work is ongoing, with constructs and progress towards their
analysis detailed in Table 3.1. None of the s3c-based chimeras assayed to date unfold with
typical temperature dependence. Additionally, we are evaluating a range of N-terminal
domain fragments to determine how the temperature response of rattlesnake repeats 3-8
is altered by the presence of additional regions of the TRPA1 protein.

3.4 Discussion

The ability of rattlesnake TRPA1 to respond to heat, a function absent in
mammalian homologues, has been linked to ankyrin-repeat modules within its
cytoplasmic N-terminal domain human®. In an attempt to determine a molecular
mechanism for this response, we have studied the human and rattlesnake variants of one
of these modules, repeats 3-8, in isolation. While the conformation of human repeats 3-8
shows clear temperature dependence, the analogous rattlesnake protein fragment appears
resistant to thermal denaturation and shows an unusual gain of stability with increasing
temperature. The data presented here suggest that its maximum stability is near 75°C and
its melting temperature near 170°C, unexpected for a fragment of a protein from a cold-
blooded mesophile. It’s interesting to note that the equilibrium constant moves in the
direction favoring folding when going from ambient temperatures to activating
temperatures for rattlesnake TRPAL.

The Gibbs-Helmholtz equation suggests that protein stability has a parabolic
relationship to temperature, with a stability maximum and two Tws. To gain
thermostability (i.e. increase their Tws), proteins can up-shift, right-shift, or broaden their
stability curves®. The s3c stability curve appears both right shifted and broadened relative
to a typical mesophilic protein. Of-course, these data will need to be confirmed by
measuring a full protein stability curve. To that end, more data reporting AGungoing OVer a
range of temperatures will be collected. These data can then be reliably fit by the Gibbs-
Helmbholtz equation to determine AC,, T, and the temperature of maximum s3c stability.

The breadth of the curve is a direct consequence of the AC,. Our model indicates
that a lower-than-expected AC, is associated with s3c unfolding. Previous studies have
identified a similar phenomenon for some homologues of RNase H; these have correlated
the low AC, value to residual structure in the unfolded state’. This may be what is
occurring with the ankyrin repeats, although mutational analysis or other strategies to
confirm this interpretation remain to be done. While much of this analysis assumes the
fragment adopts a native-like, ankyrin fold, the observed AC, is lower than that expected
based on size alone and is therefore not dependent on this assumption. However, x-ray
crystallography or NMR is required to confirm the fold of this fragment.
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There are also many remaining questions about the mechanism by which s3c is
achieving thermostability. To further understand the molecular mechanism of this high
Tm, we are making chimeras of s3¢ with regions encoded by the human sequence. These
will shed light as to whether there is a particular region of s3c responsible for its unique
response to temperature or it is an emergent property diffused over the sequence as a
whole.

Our hypothesis is that this unique temperature response plays a role in TRPA1 IR
detection. We went into this looking for an unusual temperature-dependent
conformational change in the s3c fragment, expecting an order to disorder transition. In
this scenario, induced disorder would correlate with function. What we found, however,
was an unusual change in the equilibrium constant from less to more folded over the
relevant temperature range. This suggests that, contrary to our expectation, order would
correlate with function. Moreover, in the context of the whole protein, it may well go
from a predominantly unfolded to predominantly folded conformation.

The kinetics observed for s3c support this model. The unusually long unfolding
kinetics after rapid unfolding would allow the ankyrin repeats to remain in the folded
conformation long enough for large-scale conformational changes that lead to pore
opening. In this scenario, once folding of the ankyrin repeats is induced, the channel
would be activated even if the activating signal were discontinued.

To begin to address how robust our results are within the context of the entire
protein, we have begun making constructs that include additional ankyrin repeats from
the rattlesnake N-terminal domain. If s3c is destabilized or made more sensitive to
temperature when in the presence of additional regions of the N-terminal domain, that
would support the model outlined above. Conversely, if s3c thermotolerance is
propagated to adjacent repeats, a different hypothesis would be required to explain
rattlesnake TRPA1 IR detection. While the original study" identified two thermal
response modules - repeats 3-8 and 10-15 - repeats 3-8 were chosen for detailed analysis
because they are the predicted to be more ordered” and, empirically, appear more
amenable to conditions required for biophysical analysis. Evaluating constructs that
comprise both modules will help us dissect whether both use the same mechanism to
induce temperature-dependent TRPA1 activation.

3.5 Materials & Methods
CLONING

DNA encoding the capping ankyrin repeats, separated by Nhel and SacI sites, was
synthesized by IDT and subcloned into the pET28 vector. Desired ankyrin repeats were
PCR-amplified from full length TRPA1 and inserted between the capping repeats using
either standard sub- or Gibson* cloning techniques. The XL10-gold cell line was used for
all cloning.

s3c DNA sequence:
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGT
GCCGCGCGGCAGCCATATGAGCAAAGATGGTAATACCCCGCTGC
ATAATGCAGCAAAAAATGGTCATGCAGAAGAAGTTAAAAAACTG
CTGAGCAAAGGTGCAGATGTTAATGCACGTGAGCTCAATATGAT
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h3c DNA sequence:

TGCTCCACTTCACTGGGCTCTGCATTATCTTCTTGACGATTTAG
TTACGATTTTCCTTGAATGCAGCAATACGAATATAAATCTGGAA
GGAGAAGGTGGGAATACACCCATACTATTAGCATGTTATAAAGA
TAATCCTACCGCACTGAAAATTCTGATTGAAAAAGGCGGTGACA
TTTGTAAAGTGAACAATATGGGCTGTATGCCAGTCCATGCAGCT
GCCTTTTCTGGTTCGAAATTATGTTTGGAGATGATTATAAAGCG
AGGTGAACAACTTGGGTATTCACCTAAAAATCATATTAATTTTA
TTAATAATGAGAAAAGTAGTCCTCTTCATCTAGCTGTCCAAAGC
AGAGATGTGGAAATGATTAAAATGTGCATTGAATATGGAGCACA
GATTGACCTGAAACAGAGTGACAACTGCACAGCTCTTCATATTG
CTGCTATCCAAGGAGCTACTGAGATTATCGAGTTACTGATGTCA
GCTTATTCAGGGGAGGAGTGTCTCATTAATGCATCAGATGAAAA
TAAGGAAACATTGCTCCATAGGGCTGCATTGTTTGATCACGATG
AAATGACAGATTATCTCATTTCAAAGGGAGCAAATATTGATAGT
GTTGACATTGCTAGCAAAGATGGTAATACCCCGGAACATCTGGC
AAAAAAAAATGGTCATCATGAAATTGTTAAACTGCTGGATGCAA
AAGGTGCAGATGTTAATGCACGTTAATAA

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGT
GCCGCGCGGCAGCCATATGAGCAAAGATGGTAATACCCCGCTGC
ATAATGCAGCAAAAAATGGTCATGCAGAAGAAGTTAAAAAACTG
CTGAGCAAAGGTGCAGATGTTAATGCACGTGCTAGCAACATGAT
GGCTCCTCTCCACATAGCTGTGCAGGGCATGAATAATGAGGTGA
TGAAGGTCTTGCTTGAGCATAGAACTATTGATGTTAATTTGGAA
GGAGAAAATGGAAACACAGCTGTGATCATTGCGTGCACCACAAA
TAATAGCGAAGCATTGCAGATTTTGCTTAAAAAAGGAGCTAAGC
CATGTAAATCAAATAAATGGGGATGTTTCCCTATTCACCAAGCT
GCATTTTCAGGTTCCAAAGAATGCATGGAAATAATACTAAGGTT
TGGTGAAGAGCATGGGTACAGTAGACAGTTGCACATTAACTTTA
TGAATAATGGGAAAGCCACCCCTCTCCACCTGGCTGTGCAAAAT
GGTGACTTGGAAATGATCAAAATGTGCCTGGACAATGGTGCACA
AATAGACCCAGTGGAGAAGGGAAGGTGCACAGCCATTCATTTTG
CTGCCACCCAGGGAGCCACTGAGATTGTTAAACTGATGATATCG
TCCTATTCTGGTAGCGTGGATATTGTTAACACAACCGATGGATG
TCATGAGACCATGCTTCACAGAGCTTCATTGTTTGATCACCATG
AGCTAGCAGACTATTTAATTTCAGTGGGAGCAGATATTAATAAG
ATCGATTCTGCTAGCAAAGATGGTAATACCCCGGAACATCTGGC
AAAAAAAAATGGTCATCATGAAATTGTTAAACTGCTGGATGCAA
AAGGTGCAGATGTTAATGCACGTTAATAA

PROTEIN PURIFICATION

Proteins were overexpressed in BL21 (DE3) pLysS cells induced with 1 mM IPTG.
Cells were lysed by sonication in 50 mM potassium phosphate buffer pH 7, 50 mM NacCl,
0.5 mM TCEP. Fragments were expressed in inclusion bodies; these were isolated by
centrifugation and resuspended in lysis buffer supplemented with 6 M urea and 20 mM
imidazole. The protein was purified from the solubilized pellet using nickel column
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chromatography and eluted from the column by increasing the imidazole concentration
to 350 mM. The proteins were then refolded by dialysis into the lysis buffer specified
above.

CIRCULAR DICHROISM
Stop-flow circular dichroism studies were carried out on an Aviv 222
spectrapolarimeter. All other circular dichroism studies were carried out on an Aviv 410
spectrapolarimeter with Peltier temperature control. Unless otherwise specified,
denaturant and temperature melts were performed with 50 pg/ml protein in a 1 cm
quartz cuvette, while CD spectra were collected for 250 pug/ml protein in a 0.2 cm quartz
cuvette. Protein stability curves are described by the Gibbs-Helmholtz equation®:
AGuns= AH® - TAS® + AC,[T - T" - T In(T/T")],
where T* is some reference temperature and AH" and AS® are, respectively, the enthalpy
and entropy at that temperature. AC, is the difference in heat capacity of unfolded and
folded protein and is assumed to be constant over the relevant temperature range. By
using the melting temperature T. as the reference temperature, the above can be
modified to
AGuns= AH® - TAH® /T + ACy[T = T = T In(T/Tw)]*.
Data were qualitatively evaluated for fit to this modified Gibbs-Helmholtz with one of
four fixed AC, values.
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(A)

(B)
N-TERMINAL CAP SEQUENCE $
SKDGNTPLHNAAKNGHAEEVKKLLSKGADVNAR
C—TERMINAL CAP SEQUENCE :
SKDGNTPEHLAKKNGHHEIVKLLDAKGADVNAR

Figure 3.1. A) Schematic of TRPA1 channel. Cylinders repre-
sent transmembrane domains; ovals, ankyrin repeats. B) Ami-
no acid sequences of the terminal capping ankyrin repeats.
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Figure 3.3. A) Fraction folded of h3c determined from urea melts fit to a two-state approximation. B) Fraction folded of s3c
determined from urea melts fit to a two-state approximation. C) Fraction folded of s3c determined from guanidine melts fit to a
two-state approximation. D) s3c CD spectra at 50 pg/ml (open circles), 250 pg/ml (filled circles), and 500 pug/ml (filled triangles).
50 mM potassium phosphate buffer pH 7, 50 mM NaCl, 0.2 mM TCEP. All experiments performed at 25°C.
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Figure 3.4. Two temperature melts (blue and black) of h3c
(A) and s3c (B) CD signal at 222 nm in response to tempera-
ture. C) CD spectra of s3c following a 5-minute incubation at
25°C (purple), 45°C (black), 65°C (blue), or 85°C (green), or a
twelve-hour incubation at 85°C (magenta). 50 mM potassium
phosphate buffer pH 7, 50 mM NaCl, 0.2 mM TCEP. Spectra
were taken at 25°C.
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state approximation. B) s3c AG . . ing 35 @ function of temper-
ature, fit to Gibbs-Helmholtz equation by assuming AC =4
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s3c in 3.6M guanidine at 25°C (diamonds), 45°C (squares),
65°C (stars), and 85°C (triangles). 50 mM potassium phos-
phate buffer pH 7, 50 mM NaCl, 0.2 mM TCEP.
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Table 3.1. Progress summary of s3c chimera evaluation

Construct Cloning Temperature-dependent
unfolding

s3c3* completed Not observed

s3c4* completed Not observed

s3c5* in progress TBD

s3c6* in progress TBD

s3c7* in progress TBD

s3c8* in progress TBD

s3-15c in progress TBD

s2-9c in progress TBD

s3cN* connotes s3c construct with human sequence of Nth an-
kyrin repeat. sY-Zc connotes capped rattlesnake ankyrin repeats

Y-Z.
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