UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

The Native Landscape of the Cytokine Interleukin-33 : Exploring the Link Between Folding
and Dynamics

Permalink

https://escholarship.org/uc/item/3rm119924

Author
Fisher, Kaitlin M.

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3rm119gz
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

The Native Landscape of the Cytokine Interleukin-33: Exploring the Link
Between Folding and Dynamics

A dissertation submitted in partial satisfaction of the requirements of for the degree of
Doctor of Philosophy

Chemistry

by

Kaitlin M. Fisher

Committee in charge:

Professor Patricia Jennings, Chair
Professor Timothy Bigby
Professor Elizabeth Komives
Professor Tadeuz Molinski
Professor Jose N. Onuchic
Professor Susan Taylor

2015



Copyright
Kaitlin M. Fisher, 2015

All rights reserved



The Dissertation of Kaitlin M. Fisher is approved and it is acceptable in quality and
form for publication on microfilm and electronically:

Chair

University of California, San Diego

2015



Dedication

For my Mom and Dad, the best cheerleaders in the whole world



Epigraph

“I knew that if | allowed fear to overtake me, my journey was doomed. Fear, to a
great extent, is born of a story we tell ourselves, and so | chose to tell myself a different
story from the one women are told. | decided | was safe. | was strong. | was brave.
Nothing could vanquish me.”

-Cheryl Strayed
Wild



Table of Contents

SIGNAIUIE PAE..... oot a e ii
DediCALION ... e iv
o] o =T o] o v
Table Of CONTENTS ......coiii e vi
List of ADDreviations ..........oooiiiiiiii e iX
] ] o [ =TSP SORP X
LiSt Of TAbIES ..ot a e Xiii
F o] qgTe )Y (Yo [0 =T 0 =T o | £ Xiv
VA XVi
Abstract of the Dissertation ... XVii
Chapter 1 : General INtroduCHiON...........uuiiiiiii e 1

1.1 Maintaining Balance: Inflammation ...........c.ccoiniinninnc e 2

1.2 Regulating the Immune Response: The Role of the IL-1 family of Cytokines...5

1.3 Interleukin-33: The Newest Member of An Expanding Group of Inflammation

MEAIALOTS. ...ttt b e sn et be e 7
1.4 REFEIENCES ...t 12
Chapter 2 : An Introduction to Protein Folding ............ccooiiiiiiiiiiiiiicee e, 17
2.1 The Importance of Protein FOIdING ........ccoeieiniiniiceeeeee 18
2.2 The forces and factors that lead to a folded, functional protein.......................... 18
2.3 Tools to Assess Folding Experimentally...........ccccooeoeiiinininincienencceeeee 25
2.3.1 EQUIlibrium FOIdING .......ooieieeeecee et 25
11,2 KINBLCS ..ttt 27

2.4 Protein Folding through Structure Based Models (SBM)........cccccceeevevveciennnnen. 33
2.5 REFEIEBNCES ...ttt e 37

Chapter 3 : Geometric Frustration in Interleukin-33 decouples the dynamics of the

functional element from the folding transition state ensemble.....................cccnnniiil. 40
B T o 1] 1 = Lo SRS 41
3.2 INTrOAUCHION ...t sttt st et et tesee e seeeneeneens 42
LB RESUIES ... 45

3.3.1 The Structure of Interleukin-33. ..........cccoiriiini e 45

vi



3.3.2 Experimental characterization shows evidence for the formation of an

intermediate state in folding. ......cccooveieiiiie 46

3.3.3 Characterizing the details of the Interleukin-33 folding landscape using

structure based SIMUIAtIONS. ........ccoiiiiiii e 53
3.4 DISCUSSION ...ttt ettt sttt sttt et s s bt et ebeeee 60

3.4.1 Is the observed kinetic rollover caused by a moving rate-limiting transition

SEALE? ..t 61
3.4.2 The implications of symmetry on the folding landscape..........cccceeveruenenen. 64
3.4.3 Backtracking of the functional element, Trefoil 1, highlights the geometrical
FRUSTFALION. ... 64
3.5 CONCIUSIONS. ...ttt e 65
3.6 METNOTAS ... e 66
3.6.1 Sample Preparation.........ccccceeeivineneeieecesesese e 66
3.6.2 Equilibrium MeasuUremMeEnts.........cccoeceriieeeereeeeeeeee e 66
3.6.3 Kinetic MeasuremMents. ...........ocveeirinineneceesere e 66
3.6.4 Structure Based Models (SBM)......cccoveeeienieeeeseeeee e 67
3.7 REFEIENCES ... e 68
Chapter 4 : An Introduction to Protein Dynamics .............ccovvvieiiiiieiiiiiiicii e, 74
4.1 Beyond the Structure: How Dynamics Influence the Function of Proteins. ..... 75
4.2 Long timescale motions: Hydrogen/Deuterium Exchange to probe local
UNFOIAING EVENTS. ...t 78
4.3 Assessing Fast Timescale Dynamics: The R1, R2, and {H'}-"SN NOE suite of
EXPEIIMENTS ..ttt et e et e et e et e e te e teesteesbeesaeesbeaesreesreesseeenes 81
4.4 Order parameters: The Lipari-Szabo Formalism for Extracting Comparable
Values of Conformational ENtropY ......c.coeveeieie i 83
4.5 REFEIEBNCES ...ttt e 85

Chapter 5 : Heterogeneous Dynamics and Conformational Frustration in the Binding

Regions of InterleUKin-33. .........cooumiiii i 88
S N 1] 1 = Lo TSP 89
5.2 INTOAUCHION ...ttt sttt aeste s seeeneennens 90
5.3 Materials and Methods..........ccociviiniiniic e 93

5.3.1 Protein Purification and Sample Preparation. ..........cccocvvvevviineeveceeeeene, 93
5.3.2 NMR Experiments and Data Analysis. .........cccccveevevereecieneceeeececeeeeee, 93

Vii



Dl RESUIES ...ttt e e e e e e e e ettt eeesesasa e eeeeeeseaassseeereseresesesasreaaees 98

5.4.1 The topology of Interleukin-33 and its functional binding interface............. 98
5.4.2 Hydrogen/Deuterium Exchange shows evidence for regions of differential
YNAMICS. ..ttt ettt b e bttt b e b st e bt e e e be e sae s e e eseebeenes 99
5.4.3 Backbone Dynamics of IL-33 in the fast time regime...........ccccoeoniinnns 100
5.4.4 Conformational Flexibility in Interleukin-33 corresponds to conformational
frustration in the Protein. ... 108
5.5 DISCUSSION. ...ttt ettt ettt s enes 108
5.6 REFEIENCES ...t s 113
Chapter 6 : IL-33 interacts with lipids through enriched regions of charged residues.
.............................................................................................................................. 117
8.1 ADSIIACT. ..ot 118
6.2 INFOTUCTION ....ceviiitiete e e 118
6.3 Materials and Methods..........ccooiiiiiiiirec e 122
6.3.1 Protein Expression, Cloning, and Purification:.........cc.ccccevceveivevinceneneenene 122
6.3.2 Vesicle Leakage ASSAY:........cocreieirinirienieicieeee sttt 122
6.3.3 NMR SPECIIOSCOPY:....ueciiriicieeieie sttt sttt ettt st se s e e e 122
6.4 Results and DiSCUSSION:........ccoeiiuiriiiiieeeecee e 123
6.4.1 IL-33 leads to pronounced leakage of dye from vesicles: ...........ccceeuennnne 123
6.4.2 NMR analysis shows chemical shift perturbations in charged regions of IL-
K TR 126
6.5 REFEIENCES ...t s 132
Chapter 7 : Conclusions and Future Directions............cccooeeeeeeiieiiiieeeeeeeeeeeee 135

viii



List of Abbreviations

ANS

ANTS

DPX

FPLC

Gdm-HCI

HMQC

HSQC

IL-1B

IL-33

LB

NMR

PF

SASA

Te

1-Anilinonaphthalene-8-Sulfonic Acid

8-Aminonapthalene-1,3,6-Trisulfonic Acid

p-Xylene-Bis-Pyridinium Bromide

Fast Protein Liquid Chromatography

Guanidinium Chloride

Heteronuclear Multiple Quantum Coherence

Heteronuclear Single Quantum Coherence

Interleukin-1 Beta

Interleukin-33

Luria Broth

Nuclear Magnetic Resonance

Protection Factor

Solvent Accessible Surface Area

Tumbling Correlation Time



List of Figures

Figure 1-1: Schematic representing the systemic locations of inflammatory

(o[£ o] (0 (=1 = RPN 4
Figure 1-2: Phylogeny of Cytokines defined as Interleukin.............cccooooveiiiiiiieennnn, 6
Figure 1-3: The tertiary structure of four representative members of the
Interleukin-1 family. ... 8
Figure 1-4: Extracellular signaling mechanism for the Interleukin-1 family of
CYEOKINES. .ttt 10
Figure 1-5: Structural detail of the Interleukin-33 and ST2 binding interaction.......... 11
Figure 2-1: Protein Production and the Central Dogma of Biology. ..............cccuvuuee.. 19
Figure 2-2: Heteropolymeric Peptide Chains are able to fold with Remarkable
[N =Y = | PSP PPRPSPPTPN 20
Figure 2-3: The Free Energy Reaction Coordinate for Protein Folding..................... 23
Figure 2-4: The Funneled Energy Landscape Theory of Protein Folding. ................ 24
Figure 2-5: Equilibrium Folding Curve Analysis...........cccuuueiiiiiiiiiiiiiieee e 26

Figure 2-6: Constructing a Chevron Plot for Kinetic Analysis of a Folding
REACHION. .. 28

Figure 2-7: The Chevron Plot Represents Rates of the Folding Reaction

Relative to the Stabilization of a particular Protein State. ............................. 29
Figure 2-8: Extrapolation of Folding Kinetic Parameters from a Chevron Plot. ......... 32
Figure 2-9: The Basic Ca Hamiltonian Parameters in a Structure Based Model

(SBIM). ettt s 35
Figure 3-1: The Topology of Interleukin-33. ... 43
Figure 3-2: Experimental kinetic and equilibrium folding data for Interleukin-33........ 47

Figure 3-3: Residual fits for the refolding of IL-33 under strongly native
(o7] gL 11170} o F= TSP 49

Figure 3-4: Assessing the effect of concentration, prolyl isomerase, and
reducing agents on IL-33 KiNetiCS. ........ceiiiiiiiiiiiiie e, 50

Figure 3-5: ANS binding kinetics to Interleukin-33 for the refolding reaction............. 54

Figure 3-6: Denaturant dependent formation of the intermediate state in IL-33.



Figure 3-7: Free energy profile of Interleukin-33 and its individual trefoils

determined from structure-based folding models..........ccccccvvvvviiiiiiiiiiinnnnnnn. 57
Figure 3-8: The formation of individual contacts represented for each individual

LU= (L 1 3G TR 58
Figure 3-9: The formation of contacts represented for each individual $-strand

N LLm3 . 59
Figure 3-10: Inducing Cooperative folding through tightening contacts creates

an unfavorable two-state folding behavior. .............ccciiiii 62
Figure 3-11: Position of rate-limiting transition state changes with protein

SEADIIITY. ceeeeeee e ——— 63
Figure 4-1: Dynamic Timescales for Protein Motions. ...........ccccoiiiiiiiiinie, 77
Figure 4-2: Mechanisms of Hydrogen/Deuterium Exchange in Proteins................... 80
Figure 4-3: Order Parameters (S?) are representative of dynamics as a

probability of vector orientation.............ccc.ooooiiiiii . 84
Figure 5-1: Representation of the Interleukin-33 B-trefoil fold and ST2 binding

INTEITACE. e, 92
Figure 5-2: Representative curves of signal decay in the Hydrogen /Deuterium

exchange time COUrSE. ........oooi i 95
Figure 5-3: Representative Decay curves for T1 and T2 exchange rates................. 96
Figure 5-4: Map of the protection factors on the structure of IL-33. ..................e.. 102
Figure 5-5: Bar diagram representation of protection factor distribution along

the Structure Of IL-33. .......eieeeeiii e ennenees 103
Figure 5-6: Backbone Relaxation Data. ..........cccooooiviiiiiiiiiiiie e, 105
Figure 5-7: The Rotational Correlation Time of IL-33 versus the Molecular

WBIGNT. .o 106
Figure 5-8: Backbone Order Parameters. ... 107
Figure 5-9: Correlation between order parameters and the conformational

frustration iN IL-33. .......e e 109
Figure 5-10: Order parameters mapped onto the structure of IL-33. ...................... 111
Figure 6-1: Proposed Mechanisms of IL-33 secretion from the cell........................ 121

Figure 6-2: Vesicle Stability over time versus Vesicle leakage induced by Triton
X ABLEIGENT. ..ttt 125

Xi



Figure 6-3: IL-33 incubation with vesicles containing ANTS and DPX shows
potent leakage of dye, suggesting significant interaction with lipids............ 127

Figure 6-4: Overlay of the 'H-">N HSQC spectra of IL-33 in the presence and
absence of BiCelles. ........oooovviiiiiiiiiiii 128

Figure 6-5: Chemical Shifts in IL-33 in the presence of Bicelles show significant
shifts centered around charged regions. ..........cccceoiiieiiiiiiiccee e, 129

Figure 6-6: Charged Residues with perturbations upon addition of lipids show
clustering of charged residue regions............cccccceeiiiieiiiiiiccce e, 131

Xii



List of Tables

Table 3-1: EQUIlibrium Data .........coooiiiiii e 51
Table 3-2: Kinetic Data ... 52
Table 5-1: Hydrogen/Deuterium Exchange Parameters.............cooovveviiviciiiieeeccennn, 101

Xiii



Acknowledgements

My graduate school experience has taught me the true meaning of fighting for
a dream. | would like to thank my advisor, Patricia Jennings, for having the faith and
trust in me to find my own scientific path. | am so grateful for the creative freedom |
was given over the years. It is a rare thing and has allowed me to study what | have
been most passionate about. It has made me proud of my work and all it took to
achieve it, thank you.

| would like to thank my committee for the support over the years and for
helping me grow over the course of many grueling exams. You have all lead by
example and have served as wonderful scientific role models.

Thank you to the members of the Jennings lab, past and present: Melinda
Roy, Kendra Hailey, Sulyman Barkho, Michael Jamros, Bob Wong, Andrea Conlan,
John Zuris, Dominique Capraro, Elizabeth Baxter, Nick Tiee, D.J. Burban, Colin Lipper
and Jason Stofleth. From whiskey to pipettes, you have been there for me through all
of it.

Thank you to my collaborators, Jose Onuchic and Jeffrey Noel. | have learned
so much from you. But even more, your patience and kindness and inclusion of me in
all of your scientific discussions was invaluable.

Thank you to Ellinor Haglund. You believed in me more than anyone and your
unwavering support, faith in me, and friendship got me through the hardest days. | will
always be grateful to you, always.

Thank you to my family. Every day | wake up, | know | am loved. Thank you

for all the love and support and laughs.

Xiv



Thank you to Josh. You have made every day sunnier and brighter. Your
kindness and intelligence blows me away, every day. | am so lucky to have you in my
life and without you this journey would have felt like an even steeper mountain than it
already was. Go team.

Chapter 3, in part, is a reprint of the material as it appears in “Geometrical
frustration in Interleukin-33 decouples the dynamics of the functional element from the
folding transition state ensemble” Fisher, Kaitlin M., Haglund, Ellinor, Noel, Jeffrey K.,
Hailey, Kendra L., Onuchic, Jose N., Jennings, Patricia A which has been submitted
to JMB for publication. The dissertation author was the primary author/investigator of
this paper.

Chapter 5, in part, is a reprint of the material as it appears in “Heterogeneous
Dynamics and Conformational Frustration in the Binding Regions of Interleukin-33”
Fisher, Kaitlin M., Fuglestad, Brian, Chan, Josh C., Jennings, Patricia A which is in
preparation for submission. The dissertation author was the primary

author/investigator of this paper.

XV



Vita

2009 B.S., Biochemistry, Sonoma State University
2012 M.S., Chemistry, University of California, San Diego

2015 Ph.D., Chemistry, University of California, San Diego

Publications
1. Fisher, Kaitlin M., Haglund, Ellinor, Noel, Jeffrey K., Hailey, Kendra L.,
Onuchic, Jose N., Jennings, Patricia A. “Geometrical frustration in Interleukin-33

decouples the dynamics of the functional element from the folding transition state
ensemble.” Submitted to JMB

2. Fisher, Kaitlin M., Fuglestad, Brian, Chan, Josh C., Jennings, Patricia A.

“Heterogeneous Dynamics and Conformational Frustration in the Binding Regions of
Interleukin-33.” In preparation for submission

Honors and Awards
2009- CSUPERB Howell Research Fellow

2009- Magna Cum Laude and Graduation with Distinction

XVi



Abstract of the Dissertation

The Native Landscape of the Cytokine Interleukin-33: Exploring the Link
Between Folding and Dynamics

by

Kaitlin M. Fisher

Doctor of Philosophy in Chemistry

University of California, San Diego, 2015

Professor Patricia Jennings, Chair

The newly identified cytokine Interleukin-33 (IL-33) is currently the focus of
multiple investigations into targeting pernicious inflammatory disorders. This mediator

of inflammation plays a prevalent role in chronic disorders such as asthma, rheumatoid
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arthritis, and progressive heart disease. To date, little has been done to characterize
the biophysical properties of IL-33, leaving a void in our understanding of the
mechanism of action of this important cytokine. The work presented here
characterizes the full native landscape of IL-33, from classifying the folding route to
understanding the dynamic behavior of the protein in the native basin. The folding of
IL-33 progresses through an intermediate state whose formation is necessitated by
the folding of a stable nucleus, a critical step in providing a stable scaffold for folding
the frustrated functional binding region in the final folding step. Though these regions
share similar contacts, similar structural elements, and similar geometry, the functional
region of IL-33 folds differently, allowing for it to be responsive and malleable without
unfolding the whole protein. To evaluate the malleability and responsiveness of the
functional region in the native state, NMR analysis of the native state dynamics on
multiple timescales was assessed. This set of experiments shows that the functional
region displays significant conformational entropy and dynamic heterogeneity in
comparison with the rest of the structure in the native state. Taken together,
conserved frustration and functionality along the folding route and native basin
ensemble is a prime example of the evolutionary pressure to balance the need for
efficient folding and structural stability with the preservation of functionality. IL-33 is a
protein that must engage a highly dynamic receptor, and in doing so must be highly
dynamic itself. Increased dynamics that allow for the proper function necessitates the
presence of a driving force, and in the case of IL-33, it is provided by conserved
frustration in the functional region of IL-33 along both the folding pathway and within

the native state ensemble.
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Chapter 1 : General Introduction



1.1 Maintaining Balance: Inflammation

The inflammation cycle is one of the most carefully regulated immune
processes in the human body. Inflammation is an innate immune response targeted
against infectious pathogens and is critical for the sustained health of tissues and for
overall survival [1]. In a healthy individual, the immune response is tuned to allow for
the influx of blood, lymph, and immune cells through chemotaxis to a site of infection,
subsequently facilitating the action of phagocytic cells such as neutrophils and
macrophages [2]. The elimination of harmful agents, such as microbes, by
phagocytosis is quickly followed by tissue repair. Fibroblasts are recruited to sites of
inflammation to rapidly divide and produce collagen, a critical step in facilitating the
repair of damaged tissue and for the final resolution of a healthy, temporary
inflammatory process [3]. Together, inflammation represents a carefully and internally
controlled feedback system allowing for the elimination of infection and subsequent
healing of damaged tissues.

Although inflammation is a crucial process for survival from infection,
inflammatory processes that become prolonged, misdirected, or overly reactive can
be extremely detrimental. The prognosis for sustained and mis-regulated
inflammation can include not only painful side effects associated with tissue damage,
but can also have broader consequences such as the development of cancerous
legions in affected tissues [4]. Autoimmune and Autoinflammatory disorders lead to
sustained, mis-regulated immune responses that often produce prolonged
inflammation and damaging side effects in afflicted patients. Autoimmune disorders
are classified by a non-tolerance of the immune system towards the body’s own

proteins, leading to the production of antibodies directed against the body’s own tissue



[5]. A few examples of autoimmune disorders include Lupus, Rheumatoid Arthritis,
Multiple Sclerosis, and Type | Diabetes Mellitus [6-9], Figure 1-1. Autoinflammatory
diseases are characterized by inflammatory processes that are chronic and non-
specific, often leading to recurrent periods of inflammation that are either organ
specific or systemic [10]. Inflammatory Bowel Disease, Pericarditis, Hereditary
Periodic Fevers, and Type 2 Diabetes Mellitus are all examples of disorders caused
by severe and chronic inflammation [11-14]. Both autoimmune and autoinflammatory
disorders are examples of the detrimental effects inherent in not having the proper
controls for the healthy regulation and resolution of inflammation.

The development of new, effective treatments is often difficult in the case of
regulating inflammation. The intricate balance of inflammation is tightly regulated by
specific mediators, creating unique challenges for tailoring treatments to specific types
of disease pathologies. The primary difficulty in finding an effective treatment for mis-
regulated inflammation is that the immune response cannot be completely knocked
down when treating the disorders associated with excessive inflammation. A balance
between too strong of an immune response and too little of a response must be
achieved in order to maintain resistance to infection and to avoid development of
cancers. In a healthy individual, the immune response is tuned to a perfect balance.
Those individuals with inflammatory disorders, however, must rely upon treatments to
restore balance in favor of only productive and healthy inflammation. In order to
develop treatments to be maximally effective while still allowing for retention of a
healthy immune response, it is critical to understand the mechanistic details of

effectors involved in both the activation and resolution of inflammation.



Multiple Sclerosis (MS)

_— Asthma
™~ Allergic Airway Inflammation

Coronary Artery Disease
- Breast Cancer

~ Pemphigus Vulgaris
™~ Psoriasis
Inflammatory Bowel Disease

Rheumatoid Arthritis (RA)

Joint Inflammation

Figure 1-1: Schematic representing the systemic locations of inflammatory
disorders.

Inflammation is present in most all tissue types in the human body and its mis-
regulation can lead to a variety of pathologies. Presented here are just a few of
the disorders associated with inflammation and tissue damage.



1.2 Regulating the Inmune Response: The Role of the IL-1 family of Cytokines

Cytokines represent a broad category of small signaling proteins responsible
for aiding in the regulation of immune responses [15]. They are secreted by multiple
immune cell types including macrophages, monocytes, and neutrophils and can act
as both local signaling mediators and as hormones through participation in long range
signaling [16]. Although the definition of cytokines is broad, multiple sub families have
been classified, including the Interleukin family. The Interleukin family of cytokines
are secreted proteins responsible for facilitating communication between leukocytes
[17]. Typically, a cytokine will receive the Interleukin designation based upon the
functionality of the protein and/or the sequence homology. Currently, there are over
37 defined members of the family whose phylogeny is shown in Figure 1-2. The
phylogenetic tree was generated using Clustal W to align the multiple protein
sequences [18-20]. The Interleukins have diverse functions that affect the immune
response and include the proliferation of T and B cells, immune cell differentiation, and
apoptosis [21].

Within the Interleukin family, a further sub class has been defined as the
Interleukin-1 family of cytokines. The Interleukin-1 family of cytokines is composed of
12 members who are grouped together based on their genetic homology, conservation
of amino acid sequences, and secondary structure propensity [22]. The majority of
the Interleukin-1 family members share homologous tertiary structure, characterized

as a B-trefoil fold. The B-trefoil fold is defined as having twelve B-strands grouped
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Figure 1-2: Phylogeny of Cytokines defined as Interleukin.

Presented is the phylogenetic tree of all members of the Interleukin class of proteins
which are defined as small signaling proteins responsible for facilitating
communication between lymphocytes. The phylogenetic tree was generated using
Clustal W analysis of the protein sequence alignments. Interleukins belonging to the
Interleukin-1 sub family are highlighted in red and IL-33 is presented, boxed.
Interleukin-33 and Interleukin-18 have the least overlapping phylogeny within the
family.



into three sets of four B-strands each, referred to as the individual trefoil units (Trefoils
1, 2, and 3, respectively). The final fold is barrel-like and is typically pseudo-
symmetrical in nature. The well characterized IL-1B, IL-1Ra, and IL-1a have all been
shown to adopt the characteristic B-trefoil fold in their final tertiary structure, as shown
in Figure 1-3.

Within the Interleukin-1 cytokine family, members bind to conjugate
extracellular receptors in order to regulate the inflammatory response. The
extracellular receptors of the IL1 family are generally composed of three
Immunoglobulin domains that present on the cell surface and connect to an
intracellular Toll Interleukin Receptor (TIR) domain [23]. Upon binding an Interleukin-
1 cytokine, the conjugate receptor will engage with a third receptor accessory protein
to form an active, heterotrimeric signaling complex [24] as show in Figure 1-4. This
complex allows for the downstream activation of cell proliferation, hematopoiesis, and
subsequent induction of inflammation [25].  Although the exact structure of the
heterotrimeric complex is still under investigation, it is understood that the signaling
cascade is mediated by the initial, critical step of Interleukin binding to the primary

conjugate cell surface receptor [26].

1.3 Interleukin-33: The Newest Member of An Expanding Group of

Inflammation Mediators.

To date, the use of an Interleukin 1 blockade in combination with a TNF-a

blockade has proven successful in the treatment of Rheumatoid Arthritis [27-29]. This



Trefoil 3 Trefoil 2 Trefoil 1

Figure 1-3: The tertiary structure of four representative members of the
Interleukin-1 family.

Below are four members of the Interleukin-1 family with fold homology. IL-33 (PDB
code 2KLL), IL-1B (PDB code 111B), IL-1a (PDB code IL1A), and IL-1Ra (PDB code
1IRP) all display the characteristic 3-trefoil fold which is composed of three groups of
four B-strands arranged in a 3-B-B-loop-p arrangement. Each group is designated as
an individual trefoil. Trefoil 1 is composed of B-strands 1-4, Trefoil 2 of B-strands 5-
8, and Trefoil 3 of strands 9-12. Trefoil 1 is colored in cyan, Trefoil 2 in blue, and
Trefoil 3 in green.



successful therapeutic strategy suggests that other Interleukin 1 blockade treatments
targeted at specific inflammatory disorders may also prove successful. One
therapeutic target of interest is the newest member of the Interleukin-1 family,
Interleukin-33. The disease states associated with IL-33 are vast and systemic. Since
its discovery in 2005, extensive biological investigations of IL-33 have linked its
presence to disorders including but not limited to Asthma, Sepsis, Inflammatory Bowel
Disease, Rheumatoid Arthritis, skin inflammation, Breast Cancer, and Coronary Artery
Disease [30-36]. Although the biological implications of this small cytokine are under
active investigation, very little has been done to characterize the biophysical properties
of this important inflammatory modulator.

Interleukin-33 (IL-33) is primarily expressed in epithelial, endothelial, and
fibroblast cells [37]. IL-33 is unique within the Interleukin-1 family of cytokines because
of its dual functionality, acting as both an extracellular signaling protein and as a
transcriptional modulator through direct DNA association [38]. In the absence of an
inflammatory stimulus, the full length, 270 residue IL-33 protein will stay localized in
the nucleus [39]. The C-terminal 160 residue “mature” domain shares the
characteristic 3-trefoil fold typical within the Interleukin-1 family of cytokines and is
responsible for binding to the cell surface expressed receptor ST2, found primarily on
the surface of T2 T Helper cells [40]. Although the exact mechanisms responsible
for processing the pro domain into its two constitutive halves has not been fully
characterized under all conditions, it is understood that the mature domain is a more
potent extracellular signaler (over 30 times more potent). IL-33 is processed into its
mature form by mast cell proteases allowing for activation of innate lymphoid cells
through binding the cell surface expressed ST2 receptor [41,42] as shown in Figure 1-

5. After IL-33 binds to ST2 it is able to engage the membrane bound Interleukin-1
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\:‘ IL-1Ra, IL-1a, IL-13

IL-37, IL-18
O IL-33

IL-TRACP IL-1R1T  IL-1RAcP IL18Ra  IL18RB 5T2  IL-1RAcP

S &L

! | !

Induction of Inflammation, Cell Proliferation, Hematopoiesis

Figure 1-4: Extracellular signaling mechanism for the Interleukin-1 family of
cytokines.

Displayed are representative diagrams for the formation of the heterotrimeric signaling
complex for three select Interluekin-1 family members. The Interleukin-1 cytokine
binds to the primary conjugate receptor and engages the receptor’s three Ilg domains.
After binding, the Interleukin-1 Receptor Accessory receptor is recruited and binds to
form the ternary signaling complex. Receptors are membrane bound and contain
intracellular TIR domains whose association leads to downstream signaling.
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Figure 1-5: Structural detail of the Interleukin-33 and ST2 binding interaction.

The crystal structure of the Interelukin-33 and ST2 binding interaction (PDB code
4KC3) is shown above as a 180° view. The trefoils in IL-33 are highlighted as Trefoll
1 in cyan, Trefoil 2 in blue, and Trefoil 3 in green. The ST2 receptor is highlighted in
grey. The space-filling model (bottom) highlights that the primary binding interface
between IL-33 and ST2 is between Trefoil 1 and the receptor.
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Receptor Accessory Protein to form the active heterotrimeric signaling complex
responsible for activating a variety of downstream effectors leading to hematopoiesis
and induction of inflammation, respectively [43,44]. Understanding the biophysical
properties of IL-33 may prove valuable in gaining a more detailed insight into the
functionality of the protein and the ways in which these specific properties can be
exploited in targeted therapeutic intervention. In the following work the entire native
landscape of IL-33 is investigated, including the folding pathway and native state
dynamics, with a view towards a more detailed understanding of the biophysical

properties critical in mediating the function of IL-33.
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2.1 The Importance of Protein Folding

The healthy function of a cell is dependent on the performance of folded,
functional proteins in their native state. The amino acid sequences of these proteins
are encoded by genes in DNA, which are subsequently transcribed into messenger
RNA (Figure 2-1). The code of messenger RNA is then translated into a
heteropolymeric amino acid chain with sequence specificity for a given protein [1,2].
The synthesis of the amino acid chain is the first critical step in creating a functional
protein, however the sequence of the amino acids in of themselves are not enough to
impart functionality.  This primary structure of the protein must fold into an often
complex three dimensional arrangement dictated by numerous energetic and
topological driving forces, as seen for a few representative examples in Figure 2-2
[3,4]. The three dimensional arrangement, or fold, of a protein is the most critical factor
in dictating the proper function of a protein [5,6]. Incorrectly folded protein leads to a
variety of complications- the simplest being a loss of functionality and the most dire
being disease states associated with the accumulation of mis-folded proteins [7,8].
Because nearly every physiologic function is carried out by the action of proteins,
understanding how they obtain a three dimensional functional structure is of the utmost

importance.

2.2 The forces and factors that lead to a folded, functional protein

Proteins can fold in a variety of ways. One of the more astounding aspects of
protein folding is that they can fold independently without the aid of biological or
molecular chaperones in the many cases, particularly when the cell is not undergoing

stress mechanisms [9]. The folding of a protein, were it to commence through random
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Figure 2-1: Protein Production and the Central Dogma of Biology.

The DNA chain is the center for storage of genetic information in the cell. The specific
sequences of three codons present in DNA are responsible for encoding all gene
products within the cell- the major of which are proteins. Upon a cell stimulus or at
basal levels, RNA polymerase transcribes DNA into messenger RNA. The resulting
single stranded RNA is used as a template for protein translation by a ribosomal
complex and transfer RNA carrying individual amino acids. Upon the completion of
protein synthesis, the nascent protein chain is released to initiate folding of the protein
to its final tertiary structure. The principles underlying the folding of the protein chain
will be explored in the following chapter in depth.
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A

STE-T-L-S-F-T-P- E. Coli OmpT
PDB code 1178
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KO-l <E-L-M- Thymidylate Synthase
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Figure 2-2: Heteropolymeric Peptide Chains are able to fold with Remarkable
Diversity.

Represented above are the C-terminal end sequences and the resulting folds of A)
E.Coli OmpT, an all B-sheet E.Coli membrane protein, B) Thymidylate Synthase, a
mixed B-sheet and a-helical dimer, and C) a SNARE complex, composed solely of a-
helices. Each of these proteins fold based on their primary amino acid sequence with
a clear diversity of tertiary structure
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sampling of native contacts and native topology, would progress on a time scale far
too long to allow for the production of physiologically viable proteins. Levinthal's
paradox outlines the extreme nature of the random sampling protein folding problem
in that were random sampling of structure to occur, a small protein with 101 residues
would have over 3'%, or 5x10%, possible conformations and would take longer than
the age of the universe to sample all conformations, even if it were able to sample at
an astounding rate of 10" conformations per second [10]. Indeed, most proteins fold
rapidly (with reactions ranging from the sub-millisecond to second timescale) to reach
their final native structure. This rapid and orderly formation of native tertiary structure
imposes that there must be energetic and topological factors responsible for driving
the folding reaction progress forward. Although folding chaperones are in place to
assist in the folding of protein or to correct instances of mis-folded proteins, the
majority of proteins are able to fold independently and rapidly to their final native
structure [11]. This process is guided by creating energetically favorable contacts
between amino acids as well as other guiding principles such as the increased entropy
involved in solvent exclusion [12], Van Der Waals forces [13], hydrogen bonding [14],
salt bridges (electrostatic interactions) [15], and topological effects involved in the
accessibility of certain folds [16]. A representative folding free energy reaction
coordinate describing the energetic principles of the folding reaction is shown in Figure
2-3. The driving factors for protein folding are collectively best described by the
funneled energy landscape theory which posits that protein folding leads to a decrease
in energy, on average, as a protein fold become more native like [17]. The native fold
of a protein represents an energy minimum for the native contacts and subsequent
native tertiary structure. This energy minimum allows for a protein to follow a biased

path to native structure through the stabilization of local conformational entropy and
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through minimal frustrated energy between native contacts [17—20]. The folding along
the funnel is not perfectly smooth, however. The ruggedness along the folding funnel
can be attributed to competition among different contacts that can be made on the way
to the stable native structure [21]. The most fundamental driving force, however, is
the native bias, which allows for the rapid, independent folding of the protein to its final
structure, as shown in Figure 2-4 [22]. Due to the fact that proteins need to pass
through ensembles of partially folded structures to reach the native structure, the
folding of proteins can be analyzed statistically through both experiment and
computation.

Protein folding in its simplest form represents a trade off between energy and
entropy within a system and can be described by Gibb’s free energy-

3.1 AG=AH-TAS

Wherein the balance between a loss in entropy as the protein becomes more ordered
and the loss in energy as native contacts form favorable interactions leads to an overall
favorable free energy for the folding reaction. Although the overall reaction is
favorable, the free energy reaction profile is initially uphill because the initial formations
of contacts are more entropically costly. However, as the folding reaction progresses
forward and reaches a state that more closely resembles the native state, the favorable
formation of contacts and overall decrease in the entropy becomes a favorable
energetically and drives the reaction progress forward [23].

Although the folding of a protein involves a highly coordinated process of
minimizing the energy associated with the native protein fold, energetics are not

always the dominant factor associated with achieving the funneled landscape to the
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Figure 2-3: The Free Energy Reaction Coordinate for Protein Folding.

The underlying principle of protein folding is that the free energy of the folding reaction
is a combination of minimizing both energy and entropy. The transition from the
denatured state to the native state has an initial barrier due to the initial entropic
penalties involved in initial contact formation. This is later compensated for in the
reaction by the favorable energy contributions from contact formation in the native
state. From the free energy reaction parameters, the rate of protein folding (k:), the
rate of unfolding (ku), the AG® for the overall stability of the protein, and the mp.n value
of the protein can all be determined. The overall folding reaction can be two-state,
wherein the protein folds from the denatured basin (D) to the native basin (N) without
significantly populating any transition states (TS) in between (dotted line). A protein
can also fold via a more complicated three-state route wherein the denatured (D) state
populates a folding intermediate state (I), necessitating two distinct transition states
(TS1 and TSz).
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Figure 2-4: The Funneled Energy Landscape Theory of Protein Folding.

Were protein folding to commence without bias, the folding reaction would take too
long to commence on a physiologically viable time scale. The funneled energy
landscape theory posits that the overall energy for protein folding decreases as the
protein fold becomes more native like. This bias leads to the overall funneled energy
landscape. The native state represents an energetic and entropic minimum on the
folding landscape. Roughness along the folding funnel is due to energetic terms
involving the competition between contact formation during folding and topological
frustration, which is representative of the difficulty in adopting certain conformations
during folding. Folding involved traveling through multiple high-energy transition state
ensembles during folding on the path to native.
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native fold. Topological considerations, or the geometrical accessibility of a final fold
is the strongest influence on the funneled folding landscape of a protein. In small,
globular proteins the folding pathway can actually be dominated more by the
topological constraints than the energetic constraints in reaching the final native fold
[4,16]. The assessment of these folding routes and the influences they have on the
folding reaction progress and associated folding rate can be readily analyzed through
both experimental and simulation based approaches. This underlying principle of
native bias and topological considerations in protein folding underlies the use of Go-
type Structure Based Models, which will be discussed more in depth later in the

chapter.

2.3 Tools to Assess Folding Experimentally

2.3.1 Equilibrium Folding

An equilibrium folding experiment is a useful tool to probe the
thermodynamics of a specific folding process. In an equilibrium experiment, a protein
is put into varying amounts of a denaturing agent to shift it to an ensemble of states
with an average resembling either a native or denatured state, Figure 2-5. For each
ensemble of states, the fluorescent signature is assessed as a probe for tertiary
structure and the subsequent signal is plotted as a titration curve versus the denaturant
concentration. One can evaluate the thermodynamics of the system by fitting the

curve according to the equation:

3.2 AG =-RTInKon where Ko = [DJ/[N]

By fitting the equilibrium curve the thermodynamic parameters and thus stability of the

protein can be evaluated. The m value, or solvent exposed surface area (SASA),
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Figure 2-5: Equilibrium Folding Curve Analysis.

An example of an equilibrium folding titration is represented above. In this analysis,
individual titration points of protein at varying concentrations of denaturant are plotted
relative to the fluorescent signal of each sample. The variation in denaturant
concentration shifts the overall population of protein from a predominantly native
ensemble to a predominantly denatured ensemble. This shift can be fit as a function
of the overall curve and leads to information about the midpoint, where the relative
population of native and denatured protein is equal, and information about the overall
stability of the protein in terms of Gibb’s Free Energy (AG®).
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present in the transition state of a protein can be determined by fitting the slope of the
curve. Thermodynamic assessment of protein folding is useful for understanding the
overall stability of the protein and the relative compactness of the unfolded transition
state, however its limitation is that it cannot provide information on the particular folding
route of a protein. To gain a more detailed understanding of the folding route, kinetic

analysis is necessary.

1.1.2 Kinetics

Kinetic analysis of protein folding is useful in not only determining the
parameters associated with the rates of folding, it can also shed light on the route a
protein takes when it folds. For instance, the presence of a kinetic intermediate
species along a particular folding route can be determined through kinetic analysis of
a chevron plot. Chevron plots are constructed by monitoring the rate at which a
protein of interest folds and the rate at which the protein unfolds (Figure 2-6). The two
rates are extrapolated to form two halves of a chevron plot, giving it the titular chevron
shape. The rates are monitored for individual titration steps, which vary depending
upon the final concentration of denaturant present in the mixing reaction. The
subsequent “limbs” of the chevron plot are fit to extrapolate the kinetic parameters
associated with the folding reaction.

The acquisition of the individual folding rates requires following the folding
reaction of a protein over time using a specific probe sensitive to changes in structure
associated with folding and unfolding. Often, a fluorescent probe, such as a native
Tryptophan, can be used to monitor the progress of the reaction. The folding reaction
is often extremely fast, particularly when folded into native conditions and thus

presents a challenge in reliably monitoring the rate, Figure 2-7. To achieve the best
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Figure 2-6: Constructing a Chevron Plot for Kinetic Analysis of a Folding
Reaction.

A representative folding trace (A) and an unfolding trace (B) for IL-33 are shown as a
function of fluorescent intensity versus time in seconds. The fluorescent signature of
Tryptophan is sensitive to its local environment and represents a reliable probe for the
native and denatured state of the protein, respectively. The traces are fit to obtain a
rate of folding or unfolding, which are then plot relative to the denaturant concentration.
This creates the two arms of the chevron plot.
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Figure 2-7: The Chevron Plot Represents Rates of the Folding Reaction
Relative to the Stabilization of a particular Protein State.

As the concentration of denaturant varies, the different state of the final protein
varies as well. At the beginning of the folding reaction, or the top of the folding arm,
the dilution of unfolded protein into near native buffer conditions represents a shift
that strongly stabilizes the native state (N) relative to the denatured state (D). This
creates the fastest folding reaction relative to the subsequent titration points with a
higher denaturant concentration in the refolding buffer. As the reaction moves closer
to the midpoint, the native state (N) is less stabilized relative to the denatured state
(D), leading to a slower rate of refolding for each assayed point. This same principle
applies to the unfolding reaction except the initial, fastest reaction is established by
stabilizing the denatured state (D) relative to the native state (N).
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data acquisition at these faster timescales, a stopped flow instrument can be used to
minimize the dead time associated with protein mixing and allows for the majority of
the signal amplitude to be captured, allowing for accurate fitting of the folding rates.
The individual folding and unfolding traces collected on the stopped flow are fit,
typically, with a single exponential according to equation 3.3 or by higher order

exponentials (such as double) according the equation 3.4:
3.3 [N](t) = Aexpt+ C
3.4 [N](t) = Aexp™O T + Aexpt2+ C

In the above exponentials, (t) is the time of the reaction, A is the amplitude of the
signal, and C is the endpoint where the reaction has reached equilibrium. The
observed rate constant (kobs) is described by the kterm, which represents the rate of
unfolding or the rate of folding, respectively These individual fits of the observed rate
are then plotted versus denaturant concentration to construct the final chevron plot.

Proteins can fold through a variety of routes. The simplest case is folding
through a two state route where the protein folds from a denatured to a native state
without stably populating any states in between [24]. In the case of a two state folding
route, the rates of folding and refolding will have a linear dependence on denaturant
concentration and will subsequently give rise to a classic V-shaped chevron plot. The
linear arms of these proteins may be fit to extrapolate the observed rates of folding
and unfolding according to the following equations:

3.5 log ki = log ki2° + (m¢[denaturant])

3.6 log k, = log k,?° + (m,[denaturant])
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The log k.'2° and log k?° values represent the rates for unfolding and folding of the
protein in water, independent of denaturant and are extrapolated from the fits of the
folding and unfolding limbs of the chevron plot. The m: and m,terms represent the
solvent accessible surface area (SASA) of the protein in each the unfolding and
refolding reaction and are described by the associated slopes of the unfolding and
refolding reactions, respectively (Figure 2-8).

The entire folding reaction represented by the chevron plot can be fit according
to the following equation:

3.7 |ngobs = Iog(kf + ku) = Iog(1 Ologkf in H20 +mf [GdmCI] +1 Ologku in H20+mu [GdmCI] )

Equation 3.7 allows for the parameters log k "%° , log k."?°, m,, and ms to be
extrapolated as described above in equations 3.4 and 3.5. Additionally, the overall

equilibrium constant K can be calculated as per the equation:
3.8 logKpn = logk: — logky

The equilibrium rate constant can then be used to calculate the overall stability

of the protein as per the equation:
3.9 AG =-RTInkpn

The relative packing of the structural transition state ensemble can be
calculated from the kinetic parameters obtained from fitting the chevron plot with
equation 3.7. The B (B Tanford value) describes the compactness of the transition
state on a scale from 0 to 1, wherein the denatured state represents no compactness

(a value of 0) and the native state represents full compactness (a value of 1). It can
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Figure 2-8: Extrapolation of Folding Kinetic Parameters from a Chevron Plot.

The folding and unfolding arms of the chevron plot can be fit to evaluate the rate of
folding in water (denaturant independent folding rate), log k*2° and the unfolding rate,
log k,?°.  The m values, or the m; and my are the relative slopes of the two arms of
the chevron plot. The m values represent the amount of solvent exposed surface area
(SASA) a protein has as it folds or unfolds. From these basic parameters of rate and
SASA, the rest of the kinetic parameters of folding including B, mp-n, and AG can be
calculated.
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also be described as representing the relative position of the transition state ensemble

along the reaction coordinate. The §' value is calculated using the following equation:

3.10 BT =1-my / Mp-N

The mp.n value represents the solvent exposed surface area (SASA) of a given
protein under denaturing conditions and correlates with protein size and denaturant

conditions. The mp.\ value can be calculated using the following equation:

3.1 MpN = My — Mk

The chevron plot can also be fit to determine the kinetic midpoint of the protein.
The midpoint represents the denaturant concentration at which 50% of the population
is folded while the other 50% is unfolded at equilibrium. The midpoint fit is represented

by equation 3.12:

3.12 MP = (log k#?° - log k,'?%) / (my— my)

Through equilibrium and kinetic measurements we can assess the folding
route and stability of a given protein. The development of computational approaches
in assessing the folding route of a protein adds another tool to supplement
experimental folding data. Through the combined use of experimental and
computational methods, it is possible to attain a more detailed view of the factors

associated with the dominant folding route of a protein.

2.4 Protein Folding through Structure Based Models (SBM)

The physical principles that underlie protein folding can be computationally
modeled through the use of Structure Based Models (SBM). The underlying principle

of SBM is that proteins have evolved to be minimally frustrated energetically along the
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folding pathway and that the formation of native contacts drives the folding reaction
forward [25]. This idea that native contact formation is the dominant factor influencing
folding rather than frustrated energetics from non-native interactions has been backed
up by the energy landscape (folding funnel) theory and the successful use of Go-type
models [26]. Structure based models (SBM) were built upon the concept of Go
models which assumed that the folding reaction and its associated interaction
potentials followed a strong bias to the native state. Proteins have evolved to fold with
minimal energetic frustration, which means that the formation of native contacts and
the topological factors, ie the accessibility of a certain fold, drives the folding reaction
[16,21]. From this observation, the development of SBM, wherein the topology is the
dominating force for folding, has proven to be a successful model to parse out folding
routes of proteins [27].

Although the use of kinetic experimental methods is critical in understanding
the folding route of a protein, SBM can help to further clarify some of the finer details
associated with protein folding, such as the order of contacts formed by specific
structural elements and folding motifs and how these specific interactions can dictate
the dominant folding route. ~ The use of SBM utilizes a native topology bias in
determining which route the protein will fold and which high-energy intermediate
ensembles the protein will sample on the way to achieving the native fold [28].
Structure based models allow for the native state parameters to influence the

Hamiltonian. The native state parameters simplify the Hamiltonian by allowing for the
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Figure 2-9: The Basic Ca Hamiltonian Parameters in a Structure Based Model
(SBM).

SBM biases the folding Hamiltonian based on structural coordinates deposited from a
PDB file and are represented in the Hamiltonian as x and x,, respectively. The terms
of the Hamiltonian take into account the bond lengths, described as r and highlighted
in green. Bond angles are represented as @ and highlighted in blue, dihedrals are
represented as @ and highlighted in orange, contact distances are represented by the
term r; and are highlighted in red, and the excluded volume term is represented as
onc and highlighted in yellow. Collectively, these terms represent the overall tertiary
structure that a protein will achieve with a native bias and allows for the analysis of the
folding route to native.
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parameterization of allowable interactions in the native state [22]. The basic

Hamiltonian used for the Ca model in SBM is:

Vea % %0) = ) & (r—r0)*+ Y a0 — 60>+ ) enF(d — o)

bonds angles backbone
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Within the context of this Hamiltonian, each term is representative of an either
attractive or repulsive force, allowing for the preservation of the tertiary structure, an
important parameter implicit in maintaining the native state (Figure 2-9). x represents
coordinates of a protein structure obtainable from a PDB file and represent the source
of the native bias to be applied to the Hamiltonian. The r values represent the bond
lengths between neighboring atoms, the 6 values represent angles between bonds,
the ® values represent the allowable dihedrals (or torsional angles), and the r; term
represents the parameters for the distance between native contacts. The final term
maintains the proper excluded volume in the overall folded structure [28,29].

Through the use of a structure-based Ca model, the Ca coarse-grained
simulation treats each amino acid residue as a single site centered on the alpha carbon
on the amino acid chain. These interacting sites are held together along the amino
acid chain by the harmonic energy associated with the Hamiltonian used to describe
the angles, dihedrals, bond lengths, and distances between interacting pairs. The
sites centered on the alpha carbons are assigned attractive interactions based upon

their relative proximity to one another in the native state. Native contacts are



37

determined using a shadow map, which relates relative distances and possible steric

interferences to extrapolate a reasonable cutoff for native contacts.
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3.1 Abstract

Interleukin-33 (IL-33) is currently the focus of multiple investigations into
targeting pernicious inflammatory disorders. This mediator of inflammation plays a
prevalent role in chronic disorders such as asthma, rheumatoid arthritis, and
progressive heart disease. In order to better understand the possible link between the
folding free energy landscape and functional regions in IL-33, a combined
experimental and theoretical approach was applied. We identified that IL-33 folds with
a three-state mechanism, leading to a rollover and second slower phase in the
refolding arm of its chevron plots in strongly native conditions. IL-33 is a pseudo-
symmetrical protein composed of three distinct structural elements that complicate the
folding mechanism due to competition for nucleation on the dominant folding route.
Characterization of the intermediate state and the rate limiting steps required for
folding suggests that the rollover is attributable to a moving transition state, shifting
from a post- to pre-intermediate transition state in strongly native conditions. The
formation of the intermediate state and subsequent moving transition state is mediated
by the difficulty in folding the functional element of the protein. Significantly, the
functional element of the protein is geometrically frustrated, requiring the more stable
elements to fold first, acting as a scaffold for docking of the functional element to allow
productive folding to the native state. Our results suggest that the requirement for the
preservation of functionality within a large region of IL-33 complicates the folding

landscape of this inflammatory protein.
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3.2 Introduction

Chronic inflammatory disorders, to date, are very difficult to treat effectively
and lead to a variety of damaging pathologies. Diseases associated with inflammation
affect millions and yet the treatments currently available are primarily palliative
measures [1]. Interleukin-33 (IL-33) is a pro-inflammatory cytokine predominately
expressed in epithelial cells as an alarmin and is responsible for activating a variety of
cells including mast cells, CD8* T cells, and hematopoietic cells [2,3]. IL-33 acts
primarily as a mediator of inflammation and at this time is being actively pursued as a
drug target for diseases including asthma, heart disease, cancer [4—6], and
rheumatoid arthritis [7,8]. The pursuit of IL-33 as a drug target has potential to treat
the inflammatory pathways responsible for causing long lasting damage from chronic
inflammation more directly [9].

IL-33 has a B-trefoil fold that represents a shared motif with other members of
the Interleukin-1 family (IL) such as IL-1B and IL-1ra [10,11] and with other B-trefoil
proteins such as Human Fibroblast Growth Factor-1 (hFGF-1) and Hisactophilin [12].
The B-trefoil motif is characterized by a three fold pseudo-symmetrical structure. Itis
composed of three units of four 3-strands that fold to form three 3-B--loop-f elements
(Figure 3-1). The pseudo-symmetry in the final fold may help in the propagation of
allostery across the structure as seen in other beta-barrel like proteins [13,14].
Interestingly, the first pseudo-symmetrical element (Trefoil 1) constitutes the large
binding interface responsible for engaging IL-33 to its conjugate cell surface receptor
ST2, representing the first critical step in formation of the active heterotrimeric

signaling complex [15]. The binding of IL-33 to ST2 allows for binding of a secondary
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Figure 3-1: The Topology of Interleukin-33.

(Top) The 20 overlaid NMR structures of IL-33 (PDB code 2KLL) are displayed in two

orientations as indicated. Trefoil 1 is highlighted in cyan, Trefoil 2 in blue, and Trefoll
3 in green. (Bottom) A representative two-dimensional splay diagram of IL-33 from a
top view of the protein. Barrel strands are indicated by asterisks and -hairpin cap
strands are on the periphery of the diagram. Trefoil 1 is composed of strands 1-4,
Trefoil 2 strands 5-8, and Trefoil 3 strands 9-12.
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accessory receptor to form a ternary signaling complex [16]. IL-33, as a newer
member within this family, has not yet been fully biophysically characterized.
Understanding the folding free energy landscape is important in terms of the
functionality of I1L-33, specifically the influence of each trefoil on the biological activity
as it pertains to drug design and targeting [17].

The folding route of a protein can illuminate the underlying causes of disease
states by investigating the specific events that lead to a functional native protein. The
simplest folding landscape is through a two-state mechanism, in which the protein
folds directly from the denatured state (D) to the native state (N) without populating
any states in between [18]. Two-state folding behavior gives rise to a characteristic
V-shaped, linear chevron plot [18]. Proteins can also fold through more complicated
mechanisms wherein intermediate states () may be populated before reaching the
fully native state [19-21]. One example of a more complicated system is the well-
characterized RnaseH, where the rollover in the refolding arm has been determined to
be caused by the accumulation of an intermediate state along the folding pathway
(17). The occurrence of kinetic rollovers in the refolding arms of chevrons have been
attributed to a large variety of phenomena including but not limited to a) intermediate
states (18, 19), b) protein aggregation (20), c) denaturant effects (21),and d) proline
isomerization (22). The complicated folding kinetics of IL-33 involves a rollover and
additional second slower phase of folding in strongly native conditions. The folding
route of IL-33 required systematic evaluation to identify and characterize the exact
source of the more complicated folding kinetics. We used a combined experimental
and theoretical approach to investigate the folding free energy landscape in order to

fully characterize the novel folding route of this mediator of inflammation.
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Our combined results suggest that the rollover in IL-33 is a consequence of
an intermediate state along the folding route. The rate-limiting step for folding moves
from a pre-intermediate to post-intermediate transition state, causing differing
denaturant dependencies and varying slopes for the refolding rates. The pseudo-
symmetrical structure of IL-33 not only requires the formation of an intermediate state,
it also leads to backtracking in Trefoil 1 due to competition between symmetrical
folding nucleation sites. Geometrical frustration, mediated by the geometric
accessibility of native contacts, in Trefoil 1 creates bottlenecks on the free energy
landscape, constraining it to fold last. As the functional element, Trefoil 1 folding last
imparts a unique flexibility to its structure, allowing it to be malleable without affecting
the order of the rest of the protein scaffold. Our work shows that geometrical
frustration and preservation of the functional element in IL-33 is a strong mediator for
the complex experimental kinetics associated with the dominant folding route of this

protein.

3.3 Results

3.3.1 The Structure of Interleukin-33.

IL-33, as a member of the Interleukin-1 family of proteins, has the
characteristics of a B-trefoil fold. This fold is composed of twelve B-strands organized
into three groups of four B-B-B-loop-B units (Trefoil1, Trefoil 2, and Trefoil 3)
characterizing the overall fold. Trefoil 1 is composed of B-strands 1 through 4, Trefoil
2 of strands 5 through 8, and Trefoil 3 of strands 9 through 12 (PDB code 2KLL) in
Figure 3-1 [22]. The B-strands are organized in a similar manner within each trefoil.

Further highlighting the symmetry of this protein, the contact maps for IL-33 show that
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the distribution of contacts within each Trefoil is essentially equivalent (208 contacts
in Trefoil 1, 221 contacts in Trefoil 2, and 211 contacts in Trefoil 3). However, Trefoil
1 is slightly different in its topology than Trefoils 2 and 3 in that the 3-strands are longer,
making the sequence of Trefoil 1 overall longer than that of Trefoil 2 and 3.
Additionally, Trefoil 1 contains a charged lysine-rich loop between B-strands 3 and 4
and has a large flexible loop bridging B-strands 4 and 5, which constitutes the interface
between Trefoil 1 and 2. These unique features of Trefoil 1 make it less symmetrical
in nature than the other Trefoils. The more complicated topology and less symmetrical
nature of Trefoil 1 versus Trefoil 2 and 3 pairs with the functionality of IL-33: Trefoil 1
acts as the functional element within IL-33, as it has the largest binding interface with

its conjugate receptor, ST2 [23].

3.3.2 Experimental characterization shows evidence for the formation of an

intermediate state in folding.

In order to characterize the folding free energy landscape of IL-33, we
performed thermodynamic and kinetic experiments using tryptophan fluorescence in
the presence of both Guanidine Hydrochloride (Gdm-HCI) and Urea. Equilibrium
titrations were evaluated (Figure 3-2A and 3-2B, bottom panel) to initially investigate
the thermodynamic behavior of IL-33. The equilibrium data fits well to a two-state fit
and there is no significant evidence for a thermodynamically stable intermediate state
(Table 1). The relative solvent accessible surface area (SASA) can be measured
experimentally and calculated as an mp value. The mp.n values for IL-33 are within

experimental error for both Gdm-HCI and Urea (2.72 and 1.48, respectively).
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Figure 3-2: Experimental kinetic and equilibrium folding data for Interleukin-33

(A) A plot of the observed rate of folding and unfolding as a function of final denaturant
concentration compose the chevron plot for IL-33 (upper panel) and the equilibrium
titrations for IL-33 as a function of final Gdm-HCI concentration (lower panel). (B) The
chevron plot for IL-33 (upper panel) and the equilibrium unfolding curve for IL-33 as a
function of final urea concentration (lower panel) constructed as in (A). Representative
exponential fits of folding for Gdm-HCI and Urea are shown as inset panels within the
chevron plots. Grey triangles within the chevron plots represent the second fitted
phase at strongly native conditions. The data are well fit by a single exponential over
most denaturant concentrations except under strongly native conditions (<1 M Gdm-
HCl and <2 M urea, respectively) where two exponential fits and a non-denaturant
dependent phase appears. The chevron plots are fit with a two-state fit over the linear
regime. The equilibrium data are fitted with a two-state fit.
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To obtain a detailed view of the folding free energy landscape, the kinetics of
IL-33 were evaluated. The chevron plots are representative of the rates of unfolding
and refolding (log k, and log k) plotted against the respective denaturant
concentrations.  I1L-33 displays a significant rollover, representing a denaturant
independent phase, in strongly refolding conditions in both denaturants along with a
second slower phase (Figure 3-2A and 3-2B, top panel). The refolding traces were fit
to a three-state fit in the denaturant independent phase (the rollover) and was fit based
upon evaluating the residuals of the fits (Figure 3-3). The denaturant dependent phase
was fit to a two-state fit. The mp.n values and stabilities of IL-33 (Table 2) in denaturant
are in agreement with the two-state equilibrium fits (Table 1) within experimental error.
Although the kinetic data, when fit to the linear regime at £ 2M from the midpoint, is in
agreement with the two-state equilibrium data, the chevron plots have a distinct
denaturant independent phase with an additional second phase in strongly native
conditions, which is indicative of more complicated folding kinetics.

In order to fully evaluate the source of the rollover in IL-33, a thorough
investigation of known and well-established sources that can lead to this kinetic
behavior was performed. Protein aggregation, proline isomerization, oligomerization
from disulfides were evaluated and showed no significant effects on the refolding rates
of IL-33 (Figure 3-4, 27-29). As evidenced by the similar rollover in both Gdm-HCI
and Urea, we can conclude that it is not an effect of electrostatics (Figure 3-2A and 3-
2B, top panels).

The presence of a rollover in the refolding arm of the chevron plots of IL-33 is

indicative of an intermediate state, yet there was no direct kinetic signature from
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Figure 3-3: Residual fits for the refolding of IL-33 under strongly native
conditions.

(A) The residual fit for the refolding of IL-33 from 4 M guanidine into native buffer.
Red represents the residuals for the single exponential fit and black represents the
residual fit for the double exponential fit. (B) The residual fits for refolding into urea as
represented in A.
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Figure 3-4: Assessing the effect of concentration, prolyl isomerase, and
reducing agents on IL-33 kinetics.

(A) Represents the effect of protein concentration from a range of 0.25 uyM to 10 uM
are plotted onto the chevron plot in the denaturant independent phase. There is no
significant effect of protein concentration on the rate of refolding. (B) Represents the
concentration dependence in the same range as seen in panel A but in the denaturant
dependent phase. There is no significant effect on the rate of refolding. (C)
Represents the effect of reducing agent on the refolding rate of IL-33 in the denaturant
independent phase. There is no significant effect of denaturant on the rates of
refolding. (D) Represents the effect of Cyclophilin D on the rate of refolding in both
the denaturant and denaturant independent phase. There is no effect of Cyclophilin
D from the range of 0 to 2 uM on the rate of folding.



Table 3-1: Equilibrium Data

Moy (M) MP AGpy
GdmCl 272 +0.30 1.60 + 0.02 £92
Urea 1.48 + 0.24 3.28 +0.06 6.60

* Data for Urea and GdmCI were both fit with a two state fit

**Errors are reported as standard deviation

51
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intrinsic fluorescence. To directly probe for the formation of an intermediate state, IL-
33 was refolded in the presence of ANS (1-Anilinonaphtalene-8-Sulfonic Acid), a dye
known to bind transient hydrophobic patches in the refolding of proteins [27]. [L-33
was refolded with ANS into strongly native conditions from both Gdm-HCI and Urea
(Figure 3-5). Refolding traces show the formation of an intermediate state populated
in the first milliseconds of folding (inset, Figure 3-5), as evidenced by the increase in
fluorescent signal of ANS followed by signal decay as IL-33 folds to the native state
and dye is released. The rate of intermediate species formation became slower as
the folding reaction moved closer to the midpoint (Figure 3-6). Collectively, the
experimental data shows that IL-33 folds with three-state kinetics mediated by the
presence of an intermediate state. Because this intermediate state is difficult to isolate
experimentally, coarse-grained structure-based simulations were used to provide a

more detailed view of the folding free energy landscape on a molecular level.

3.3.3 Characterizing the details of the Interleukin-33 folding landscape using

structure based simulations.

Coarse-grained C-alpha (CA) structure-based models (SBM) were used to
determine the molecular mechanisms behind the kinetics observed from experiments.
SBM are well-suited for discerning topological aspects of the folding landscape [28].
The energy landscape of the SBM was exhaustively sampled to obtain thermodynamic
information. In Figure 3-7, the free energy landscape F(Qca)/ksT is plotted as a
function of the overall folding reaction coordinate Qca, representing the fraction of
native contacts formed. At the folding midpoint where the probability of populating the
denatured and native state is equal (T=Ts), IL-33 has a broad barrier between 0.3<

Qca <0.8 that contains a low populated intermediate with a depth of < 1 keT. On either
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Figure 3-5: ANS binding kinetics to Interleukin-33 for the refolding reaction.

(A) A plot of the refolding of IL-33 in the presence of 1-Anilinonaphtalene-8-Sulfonic
Acid (ANS) in 0.36 M Gdm-HCI. (B) Refolding of IL-33 in the presence of ANS in 0.36
M urea. Fluorescence emission of ANS was monitored upon refolding of IL-33 and
shows an initial binding and release of dye (inset), indicative of the formation of an
intermediate state.
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Figure 3-6: Denaturant dependent formation of the intermediate state in IL-33.

The fits of the intermediate formation in the presence of ANS are plotted as a function
of time (s) and fluorescence A.U. of the dye. Black represents IL-33 refolded into
0.36 M Gdm-HCI (the rollover region) while red represents IL-33 folded into 1 M Gdm-
HCI (the linear regime). Both were fit to a double exponential fit. The formation of
the intermediate is slowed significantly from a dominant rate of log ks = 0.09 when
refolded into 0.36M Gdm-HCI to a rate of log ki = 0.29 when refolded into 1M Gdm-
HCI.
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side of the intermediate state are two transition states (TS), TS1and TS; at a Qca of
0.4 and 0.7, respectively. At the folding midpoint, TS is the rate-limiting transition
with a barrier of 11 ksT, whereas TS+ has a barrier of 9 kgT.

The structural pseudo-symmetry is broken in the folding mechanism, leading
to a specific folding order for the trefoils. The formation of the three trefoils are
separated in Figure 3-7B. The two dimensional free energy landscapes show that
Trefoil 1 folds later than Trefoils 2 and 3. Comparing these 2D landscapes with the
1D landscape shows that TS+ consists of an intermediate state composed of Trefoils
2 and 3 mostly formed while Trefoil 1 remains unfolded. TS: involves the final folding
of Trefoil 1 onto the fully formed nucleus of Trefoil 2 and 3. Taken together, the data
indicates that this symmetry breaking between the trefoils leads to an intermediate
state characterized by folded Trefoils 2 and 3 and an unfolded Trefoil 1. Analyzing the
structural components in more detail, Figure 3-8 shows the formation of each 3-strand
interface (g<segment>) relative to the overall foldedness (Qca) of the protein. The contacts
in Trefoil 2 and 3 grow monotonically with Qca, with pronounced increases near a Qca
of 0.4, corresponding to TS+. In contrast, native contact formation in Trefoil 1 grows
until a Qca of 0.3, but then the contacts are broken before reaching TS1. These broken
contacts in Trefoil 1 are then reformed at a Qcaof 0.6. Within Trefoil 1 there is complete
backtracking of the contacts formed between f-strands 1 and 4 and partial
backtracking between B-strands 2 and 3 (Figure 3-8). Even though these data are
ensemble averaged, the landscape indicates that if Trefoil 1 folds early it tends to
backtrack in order to follow the lowest free-energy path to the folded protein.
Interestingly, since unfolding occurs on the same landscape, this means that Trefoil 1,

the functional binding element, is the first to unfold coming from the native basin.
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Figure 3-7: Free energy profile of Interleukin-33 and its individual trefoils
determined from structure-based folding models.

(A) A plot of the energy as a function of Qca. The denatured basin is populated at a
Qca of 0.2, the native basin is populated at a Qca of 0.9 and the transition region has
two transition states (TS) at Qca of 0.4 (TS1) and at Qca of 0.8 (TS;). The shaded
region highlights the two transition states and the intermediate state between them.
Representative structures of the species present at each of the two transition regions
are shown above the free energy profile plot. (B) Two dimensional free-energy
landscapes as a function of g«efoii> and Qca for Trefoils 1, 2, and 3 unit for Trefoil 1, 2
and 3 are represented from top to bottom respectively. Qq<rreri> includes all native
contacts that a given trefoil can form and Qca includes all native contacts. The
occupancy of states is represented by a color scale where red represents lowest
occupancy and blue represents highest occupancy.
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Figure 3-8: The formation of individual contacts represented for each
individual trefoil in IL-33.

Plots of Q<segment>= versus Qca for interactions between individual strands or within
trefoil units are represented. Each plot represents the formation of contacts for the
given strands (g<segment>) Versus the formation of all native contacts within IL-33 (Qca).
The plots for contacts located in Trefoil 1 are highlighted in cyan, Trefoil 2 in blue,
and Trefoil 3 in green. The contacts formed between trefoils are highlighted in black.
The dashed lines compare the overall foldedness of the protein.
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Figure 3-9: The formation of contacts represented for each individual B-strand
in IL-33.

Plots of Q<gstrand> versus Qca for interactions between individual B-strands are
represented. Each plot represents the formation of contacts for the given strands (g<g-
strang>) Versus the formation of all native contacts within IL-33 (Qca). The plots for
contacts located in Trefoil 1 are highlighted in cyan, Trefoil 2 in blue, and Trefoil 3 in
green. The dashed lines represent constant growth of elements along the free energy
landscape. The B-strands composing Trefoil 3 (B-strands 9 through 11) are the first to
form, with pronounced growth at a Qca of 0.3. The B-strands composing Trefoil 2 (B-
strands 5 through 8) form almost concurrently with the B-strands composing Trefoil 3.
The B-strands composing Trefoil 1 (B-strands 1 through 4) form and are then
subsequently broken before a Qca of 0.4. The B-strands then pause their growth until
after a Qca of 0.6, indicating that the B-strands in Trefoil 1 will not fold until the B-
strands from Trefoils 2 and 3 are nearly folded to completion creating a scaffold for
Trefoil 1. The final step in folding is the formation of contacts in B-strand 12.
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Figure 3-9 shows the formation of each individual element in IL-33 and displays
similar trends to those shown in Figure 3-8. This architecture could provide malleability
to the binding interface, allowing it to be responsive to receptor binding without

significantly perturbing the rest of the stable protein scaffold.

3.4 Discussion

Due to IL-33’s prevalence in the pathology of multiple disease states [29-31],
our understanding of the influence of the functional region on the overall folding
landscape is useful in aiding future drug design. As a member of the B-trefoil family,
IL-33 has a unique trefoil topology represented by a pseudo-symmetrical fold. The
binding of the Trefoil 1 interface to ST2 is the critical initiating step in the formation of
an active signaling heterotrimeric complex, therefore Trefoil 1 represents the
functionally critical element of IL-33 [15]. Understanding the folding route of IL-33,
specifically the folding of Trefoil 1, can highlight possible underlying sources of disease
states by identifying folding events critical for the formation of the functional native
state.

In evaluating the folding free energy landscape of IL-33, the chevron plots
provide initial evidence for the formation of an intermediate state due to the presence
of a rollover and a second slower phase in strongly native conditions. However, the
rollover only provides indirect evidence for the presence of an intermediate state. The
intermediate state for IL-33 proved to be difficult to isolate using intrinsic fluorescence.
The refolding assay of IL-33 with ANS showed binding and release of dye in the
millisecond timescales (Figure 3-5, inset), providing direct evidence for the first time of
an intermediate state in the folding of IL-33. Hisactophilin and hFGF-1, two other [3-

trefoil proteins, exhibit rollover in their chevron plots in strongly native conditions
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[32,33] attributed to an intermediate state. Additionally, the folding of the B-trefoil
cytokine Interleukin-1f3 has also been found to fold through a three- state mechanism
[20,21]. In gaining an understanding of how the formation of an intermediate state
dictates the steps along the folding route and the interplay of functional elements, we

can better understand the functional motions inherent to the activity of native IL-33.

3.4.1Is the observed kinetic rollover caused by a moving rate-limiting

transition state?

As seen in the simulation-derived free-energy profile of IL-33 (Figure 3-7A),
there are two observable transition states, TS and TS, along the folding route. These
transition states are positioned on either side of the intermediate species. Movement
of the rate-limiting TS is a canonical case of chevron rollover, as seen in UTA [34]. As
temperature increases in the simulation (a proxy for denaturant in the experiment), a
Hammond effect causes the rate-limiting TS to move from having little structure, a Qca
of 0.35, to significant structure, a Qca of 0.65 (Figure 3-11). A transition state with low
Qca means it has little change in solvent accessible surface area relative to the
denatured ensemble (ASASA). Since denaturant lowers the free energy in a
configuration roughly proportional to ASASA, denaturant will have less effect on an
early transition state, leading to a smaller slope in the chevron plots (Figure 3-2A and
3-2B, top panel). Thus, the rollover at low denaturant is consistent with the energy
landscape calculated in the simulations (Figure 3-11). The formation of the
intermediate state is slowed as the protein is refolded closer to the midpoint, which we
hypothesize could be a result of the switch of the rate-limiting step from TSq to TS,
allowing for more accumulation of the intermediate state in the transition region as the

folding reaction progresses toward the midpoint (Figure 3-6).
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Figure 3-10: Inducing Cooperative folding through tightening contacts creates
an unfavorable two-state folding behavior.

The free energy profile is represented as Qca versus F(Qca)/ksT. The wild-type IL-33
is represented in black and IL-33 with tighter contacts introduced in Trefoil 1 (€ =
£*0.03) is represented in dark blue while ("= £€*0.06) is represented in light blue. IL-
33 with tightened contacts in Trefoil 1 induces two-state cooperative folding as
evidenced by the presence of only one transition state. Additionally, this two- state
folding is unfavorable with respect to native three-state folding as evidenced by the
larger barrier to fold to the native state, slowing the folding process.
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Figure 3-11: Position of rate-limiting transition state changes with protein
stability.

(A) Representative schematic of the folding landscape of IL-33. From left to right
represents the transition from native to denatured states of the protein as seen in the
presence of low to high simulated temperature or experimental denaturant
concentration.  The intermediate state is populated on the folding route and is
composed of folded Trefoils 2 and 3 while Trefoil 1 remains unfolded. (B) Geometric
frustration on the folding landscape of IL-33 creates two bottlenecks to folding (TS
and TS,) separated by an intermediate ensemble. Under folding conditions, TS is the
rate-limiting step, while closer to the midpoint and beyond, TS; is rate-limiting. The
different positions of these transition states along the reaction coordinate can be
differentially effected by denaturant, as the denaturant effect is strongly related to the
change in solvent accessible surface area (SASA). The denatured to TS; transition
has a larger ASASA than the denatured to TS+, meaning that denaturant should have
a larger effect (larger slope) in the regime where TS; is rate-limiting.
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3.4.2 The implications of symmetry on the folding landscape.

Symmetry in proteins often leads to complicated folding kinetics and a
geometrically-frustrated landscape [21,35]. The effects of pseudo-symmetry on the
B-trefoil fold [20,36,37] has been studied in terms of both folding and function
[28,38,39]. The balance between minimizing the frustration on the folding free energy
landscape and preserving the functional regions of a protein is often complex and
varied, especially concerning symmetric proteins [40—-43]. Satisfying functional
constraints can lead to geometric frustration that decreases the folding rate. In the
case of IL-33, geometrical constraints and the interplay of the individual folding
elements contribute to both the intermediate species and geometrical frustration in the

folding of the functional element of the protein, Trefoil 1.

3.4.3 Backtracking of the functional element, Trefoil 1, highlights the

geometrical frustration.

Backtracking is recognized as a phenomenon in protein folding wherein
native contacts are made, broken, and reformed in order to reestablish productive
folding along the folding route [44,45]. Here, we showed that backtracking in IL-33 is
observed thermodynamically, in that the symmetry of IL-33 allows all trefoils to locally
fold in the denatured state, but only Trefoils 2 and 3 are formed in TS1. Therefore, if
Trefoil 1 folds and forms native contacts early it tends to backtrack in order for IL-33
to follow the lowest free-energy route to the folded native state. The unfolding of Trefoil
1 does not have an entropic barrier (Figure 3-7B top), meaning that backtracking is

fast relative to the overall folding. Thus backtracking can be eliminated as a direct
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cause of the rollover seen in the chevron plots and the second slower phase in strongly
native conditions.

Revisiting the topology of IL-33, the trefoils constitute three individual folding
elements that combine to form the final native structure. The intermediate state is
composed of folded Trefoils 2 and 3, which act as a scaffold for the folding and docking
of Trefoil 1 in the final step to the native state. To test our hypothesis that Trefoil 1
creates geometric frustration, all contacts were strengthened in Trefoil 1 to evaluate
how artificially enhancing the early folding of Trefoil 1 influenced the folding landscape
(Figure 3-10). With a small perturbation (increasing the strength of contacts involving
Trefoil 1 by 6%), IL-33 folds through a two-state route, however, the barrier increases
dramatically. The increase of the folding barrier demonstrates that the folding of Trefoil
1 cooperatively with Trefoils 2 and 3 is unfavorable and much slower. Breaking the
symmetry in IL-33 allows it to fold non-cooperatively and introduces backtracking and
an intermediate state on the free energy landscape. Although this type of landscape
often leads to slower folding of a protein, in the case of IL-33, the modular folding
reduces the folding barrier allowing for both faster folding and preservation of the

functional contacts.

3.5 Conclusions.

Through a combination of experimental and theory-based work we present
that the modular folding and the functionality of IL-33 are intricately related. The
intermediate state of IL-33 is characterized by the folding of a stable nucleus
composed of Trefoils 2 and 3 whose formation allow for the subsequent folding of
Trefoil 1 as the final step to reach the native state. Even though all trefoils share

similar contacts, similar structural elements, and similar geometry, Trefoil 1 folds
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differently and has differential effects on the functionality of the protein. Thus Trefoil
1, can respond, function, and be malleable without unfolding the protein. This further
implies that Trefoil 1 can respond to changes caused by engaging the binding
interface of its conjugate receptor without dramatically altering the rest of the protein

scaffold.

3.6 Methods

3.6.1 Sample Preparation.

IL-33 was expressed in a pET-24 vector and grown in BL21 cells. Initial
purification was achieved using osmotic shock cell lysis and final purity was attained
through anion exchange chromatography. All experiments were performed in 10 mM

MES, 90 mM NaCl, 1 mM EDTA at pH 6.50.

3.6.2 Equilibrium Measurements.

Equilibrium titrations were collected on a FluoroMax-4 at 25°C. Excitation was
at 280 nm and emission was monitored between 350 and 450 nm. The final protein

concentration was 5 uM.

3.6.3 Kinetic Measurements.

Refolding kinetics were performed on a PiStar-180 stopped flow fluorometer at
25°C. Excitation was at 280 nm and data was collected using a 320 nm cut off filter.
Final protein concentration was 1 uM. Unfolding kinetics were monitored on a
FluoroMax-4 using manual mixing with anti-photo bleaching due to hyper fluorescence

upon unfolding. Folding was fit to a three-state fit at low denaturant concentrations
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(below 1.3M for Gdm-HCI and below 1.8M for Urea) and all other date was fit to a two-
state fit. We evaluated the chevron plots with a linear fit at £2M from the midpoint to
minimize denaturant dependence. ANS was excited at 365 nm and data was collected
with a 420 nm cut off filter. The denatured protein was incubated with ANS at a final
concentration of 100 uM and refolded into 0.36 M denaturant and 1 M denaturant,

respectively.

3.6.4 Structure Based Models (SBM).

In this study we used a structure-based Ca model to investigate the folding of
IL-33 [46,47]. Each residue is assigned as a single bead. These beads are assigned
attractive interactions based upon their relative proximity to one another in the native
state. Native contacts are determined using a shadow map [48,49], which relates
relative distances and possible steric interferences to extrapolate a reasonable cutoff

for native contacts. The basic Hamiltonian is:

V)= D,k =r Y+ Y k(8,8 +

bonds {ij } angles {ijk }

Y K1-cos(8,, -8 [+ 1-cosG(@,, - ) |+

dihedrals {ijkl}

Z R(r;) + G, () + R(7 )Gy (7)) + Z R(r;)

native contacts nonnative contacts

R<4,>=:[§]

Gy ()= _geXp(_(’?f _’?;V)Z/ZWZ)

The webserver SMOG (http://smog-server.org/) was used to create the input

files for our simulations. All simulations were performed using GROMACS 4.5.3

software package [50]. Integration steps of t =0.005 were used in all simulations and
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all results are presented with reduced units. For sufficient sampling of the transition
state, IL-33 was simulated using umbrella sampling along the coordinate Qca [51]. In
order to analyze the correct folding mechanism, (to create F(Qca) for the free energy
profiles) we used the Weighted Histogram Analysis Method (WHAM) [52-57]. The
results are reported as units of €, representative of the energy gain in forming a native
contact. In the case of the tightened contacts in Trefoil 1, the contacts between i and
j were tightened by €/ = £1.03 and 1.06 and the rest of the contacts were

homogenously reduced to keep the total stabilizing energy constant.

Chapter 3, in part, is a reprint of the material as it appears in “Geometrical
frustration in Interleukin-33 decouples the dynamics of the functional element from the
folding transition state ensemble” Fisher, Kaitlin M., Haglund, Ellinor, Noel, Jeffrey K.,
Hailey, Kendra L., Onuchic, Jose N., Jennings, Patricia A which has been submitted
to JMB for publication. The dissertation author was the primary author/investigator of

this paper.
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4.1 Beyond the Structure: How Dynamics Influence the Function of Proteins.

A primary amino acid sequence in of itself does not impart functionality to a
protein. An amino acid sequence becomes a fully functional protein by folding into
secondary structural elements that then collectively form a specific tertiary structure.
For many years the native tertiary fold of a protein was considered the primary
determinant of functionality for a specific protein, however, the tertiary structure does
not fully represent the mediating factors associated with function. This is due to the
fact that proteins do not, in fact, remain in a static tertiary structure once folded [1,2].
At any given time proteins will unfold and refold in the native basin and the population
of these unfolded states will correlate with the global stability of the protein [3-5].
Proteins can also have diverse motions within the native basin that are often dictated
by energetics and the favorable population of different accessible conformations [6,7].
Rather than remaining static in the native basin, proteins move on various timescales
ranging from picosecond-nanosecond conformational fluctuations to millisecond and
longer motions which represent local unfolding events [8]. Indeed, the native basin is
not accurately represented by a single basin, but instead by an ensemble of basins
that together encompass the different states sampled by the protein structure [9].
These ensembles can be characterized by the variation in motional dynamics, or the
degree and range of timescales inherent to the particular native fold of a protein.

An entropic change associated with a dynamic transition in the native basin
can be an important and fundamental step in functional regulation of a protein system.
An example is the regulation of binding interfaces and sequential binding events.
Often, a dynamic transition upon ligand binding will allow for longer exposure of

binding interface residues or stabilization of dynamic domains, allowing for more
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effective docking of co-proteins or receptors [10,11]. In the past the regulation of these
types of binding events have been analyzed from more of a structural perspective,
however, it is becoming more widely accepted that allosteric regulation through
dynamic pathways can dictate protein function independent of any large structural
changes [12-15]. Much as certain aspects of protein structures are conserved
through evolution to retain functionality, protein dynamic motions are also conserved
through evolution to retain functionality [16,17].

Dynamic motions in proteins can exist on a variety of different timescales
ranging from motions that represent conformational flexibility (picosecond to
nanosecond timescales) to local regions of partial unfolding (milliseconds and up) and
many diverse timescales in between (Figure 4-1). The entropic, allosteric, and
conformational transitions inherent in processes such as catalysis, ligand binding, and
receptor binding are important in transferring information along a protein structure,
subsequently aiding in the effective modulation of final activity. While there are many
ways to analyze the dynamic motions of proteins, NMR spectroscopy is a particularly
useful tool because it allows for site-specific information on dynamics across a large
range of timescales, from fast motions on the ps-ns timescale to seconds and longer
to probe local unfolding events [18-20]. Understanding the dynamic fluctuations in a
protein is often the key to uncovering hidden functional complexity that may not be
readily apparent from the static picture of protein structure [18,21]. The ability to
access the range of motions that span not just a protein structure, but also the full
range of timescales of dynamic motion is optimal for analysis through NMR

spectroscopy.
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Figure 4-1: Dynamic Timescales for Protein Motions.

Protein motions can exist on a variety of different timescales ranging from picoseconds
to seconds. The above figure shows the timescales of protein motions (red), the
biophysical and biological phenomena associated with each timescale motion (grey),
and the NMR approaches used to assess each particular timescale (black).
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4.2 Long timescale motions: Hydrogen/Deuterium Exchange to probe local

unfolding events.

Hydrogen/Deuterium Exchange Spectroscopy by NMR allows for the site-
specific analysis of long timescale dynamics in a protein structure. This technique
utilizes the differential magnetic properties of a hydrogen and deuterium atom. The
backbone amide hydrogen within a protein sequence creates an observable signal
through its spin 'z state that the NMR is tuned to detect. As Deuterium with a spin 1
state is incorporated into the backbone amide hydrogen position, the signal coherence
is lost. Thus, the variation in the observed signal frequency enhancement allows for
a direct probe of signal “decay” as deuterium is incorporated into the protein backbone.
As a protein fluctuates within the native basin, certain regions may sample locally
unfolded states more often than other regions within the protein. This variation in local
unfolding will lead to differential incorporation of deuterium into the structure and acts
as a probe of the variation of states populated within the native basin.

Exchange of deuterium into a protein backbone can occur through two different
mechanisms and distinguishing between the two requires knowledge of the global
stability of the protein of interest. =~ An EX1 mechanism of exchange represents
exchange to deuterium when the entire protein unfolds to allow exchange. Under an
EX1 mechanism, the proton of interest does not exchange unless the protein samples
a fully unfolded conformation. This mechanism can be identified because it occurs for
residues where the protection factor is higher than the global stability of the protein.
This typically results in a probe whose signal persists over the time course of the
experiment instead of experiencing instantaneous or a steady decay. An EX2

mechanism of exchange is more common and represents the incorporation of
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deuterium due to either direct solvent exposure of particular amide proton or from local
unfolding and fluctuations of a specific region within the protein structure. If a protein
has residues that exchange via an EX2 mechanism, the protection factor associated
with that residue will be lower than the global stability of the protein (Figure 4-2).

The EX2 mechanism of exchange is reliant upon not only the local unfolding
events of a protein, but also extended mediating factors [22,23]. The rates of
exchange are related to the intrinsic rate of exchange of an amide proton in the
disordered peptide, the frequency at which a specific region of the protein samples an
open conformation, or the fraction occupancy of the open state, and the pH of the
exchange reaction [24,25]. The occupancy of an open state is specific to each
regional probe in the protein structure. The balance between the intrinsic exchange

rates and fractional occupancy of the open state can be denoted by the equation:

4.1 Ko = kex™ ([FnPe"V/[Fno°"] +[F])

Which can be simplified to:

42 Kexobs = kexintknopen when knopen <<1

The protection factor, therefore, corresponds to —log k.°"*" which takes into
account both the observed and intrinsic exchange rates of a given amino acid within a
protein sequence [26]. Protection factors allow for the normalization of rates of
exchange, taking into account the primary sequence and its effect on the intrinsic rate
of exchange, the pH of the reaction, and the observed rates of exchange. Protection

factors, therefore, represent a scalable metric to allow for the direct comparison of
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Figure 4-2: Mechanisms of Hydrogen/Deuterium Exchange in Proteins

The exchange of amide protons with Deuterium can proceed through three
generalized mechanisms of exchange. (A) Solvent exposed protons will exchange to
deuterium quickly and without the need for any perturbations of the protein structure.
(B) Local unfolding of protein structure can occur through a rate of log k°**" = PF and
refers to the rate at which the local structure unfolds and allows for exchange of
Deuterium. These probes exchange with protection factors lower than the global
stability of the protein. (C) Amide protons may also require full unfolding, or global
unfolding, of the protein to exchange. This corresponds to residues that exchange to
deuterium with protection factors higher than the global stability of the protein.
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exchange parameters between two different proteins analyzed in two different reaction

conditions.

4.3 Assessing Fast Timescale Dynamics: The R1, R2, and {H'}-'SN NOE suite

of experiments

Fast timescale dynamics refer to dynamics within the ps-ns timescale and
represent motions that are fairly ubiquitous across the proteome. Although these fast
timescale dynamics are commonly present in the final fold of a protein, the degree to
which they exist and how they localize across the protein structure can provide
valuable information about the functionality of the protein. These motions can be
probed through the application of a set of three >N backbone relaxation experiments:
R1, R2, and {H"}-">N NOE.

The T1 and T2 experiments both involve perturbing the nuclear spins of the
samples from equilibrium and then monitoring their return back to the ground state.
This return to equilibrium is then plotted as a function of time to obtain the rate at which
each nulcei regains equilibrium. For the T1 and T2 experiments, the subsequent
extracted rates are represented as R1 and R2, which represent the inverse of the
relaxation rates, respectively. The rate of repopulating equilibrium is highly dependent
on the local magnetic fields surrounding the nuclei, the external magnetic field (B,),
and the degree of motions that the nuclei samples. Fast time scale motions and
degrees of conformational flexibility within the structure of the protein will have a strong
influence on the rates of relaxation, and thus the T1 and T2 experiments allow for
quantification of dynamics for each specific amide bond within the protein backbone.

Specifically, the T1 experiment probes the spin-lattice relaxation rate, or the

rate at which energy is transferred from the spin on the amide proton to the lattice of
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neighboring molecules. The signal decay plotted as a function of time gives an
observable rate at which the spin population is restored back to the Boltzmann
distribution of the spin states at equilibrium. T1 relaxation occurs along the Z vector
plane (which is oriented in the same vector plane as the external magnetic field Bo)
and represents bulk magnetization return along the static magnetic field.

The T2 experiment probes the transverse relaxation, or the precession of the
magnetic vector along the x and y plane. The loss of coherence is faster than for the
T2 experiment and is also more sensitive to molecular motions. The sensitivity to
molecular motions has to do with the fact that T2 relaxation is highly responsive to
local magnetic fields and variations in the chemical environment, and thus will be
highly influenced by the motional fluctuation that the vector experiences as the
transverse relaxation proceeds. Collectively, the R1 and R2 relaxation rates represent
perturbation of the spin vector for each amide bond along all three magnetic
coordinates, x, y, and z and allow for analysis of how the perturbation is effected by
local motions on fast timescales.

Heteronuclear NOE experiments utilize the Nuclear Overhauser Effect to
monitor spin transfer from one spin population to another via cross-relaxation. This
spin flip transfer process is sensitive to both the dynamic motions of the protein as well
as the molecular tumbling of the protein, and therefore encompass both the dynamics
and structure of the protein being studied. The suite of T1, T2, and heteronuclear
NOE experiments allow for the identification of the effects of dipolar coupling as well
as monitoring how perturbed spin states relax back to equilibrium, all of which will be
influenced by the relative dynamics and order within a protein structure. In this way,

the parameters for conformational entropy associated with fast timescale motions can
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be extracted from incorporating the three experimental data sets into the model-free

order parameter calculations developed by Lipari and Szabo.

4.4 Order parameters: The Lipari-Szabo Formalism for Extracting Comparable

Values of Conformational Entropy

The Lipari-Szabo formalism allows for the input of NMR relaxation data to
quantify the average position of an amide bond vector in space. This formalism allows
for the assessment of conformational entropy and seeks to neutralize the specific
effects of both magnetic field strengths of data collection. The model-free calculations
allow extraction of parameters for the amide bonds that takes into account the effect
of the specific rotational correlation of a protein in space based on its size as well as
the dynamic input from the relaxation experiments. Because order parameter
assessments help to scale the effects of magnetic field contributions and specific
factors for the unique protein data set, it represents a comparable metric for different
proteins independent of variable data collection and the incorporated effect of the
rotational motion of the protein in solution. The general equation for extracting the
order parameter (S?) is:

4.3 J(w) = 2/5 (( S/ 1+(1)?) + ((1-S2) 1 1+(Tw)?)

Where J(w) represents the spectral density function of the system, S2
represents the order parameters, and 1. represents the rotational correlation function

of the given protein [27,28].
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Figure 4-3: Order Parameters (S?) are representative of dynamics as a
probability of vector orientation.

Order parameter of S? derived from the model free analysis by Lipari-Szabo is on a
scale from 0 to 1 where the value represents the probability of finding a magnetic
vector in the same starting position at any given time. (A) An S?value of 1 represents
a 100% probability of finding a vector in the same position at any given time and thus
represents the most rigid an amide bond can be because it is unlikely to travel far in
space. (B) An S? value of 0, conversely, represents a 0% probability of finding a
magnetic vector in the same position at any given time and is thus representative of a
highly dynamic amide bond because of the unlikeliness of finding the vector in the
same position at any given time.
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The order parameter of S? is on a scale from 0 to 1 wherein the value
associated represents the probability of finding a magnetic vector in the same starting
position. An S?value of 1 represents a 100% probability of finding a vector in the
same position at any given time and thus represents the most rigid an amide bond can
be because it is unlikely to travel far in space. An S? value of 0, conversely, represents
a 0% probability of finding a magnetic vector in the same position at any given time
and is thus representative of a highly dynamic amide bond because of the unlikeliness
of finding the vector in the same position at any given time. Residues will fall within
this range of order parameters and the degree to which their probability fluctuates
reflects the relative order of the amide bond for a particular residue. Typically, residues
with an S? value above 0.8 are considered rigid whereas residues with an S? value
below about 0.6 and 0.5 are considered flexible and have a significant amount of

conformational entropy.

4.5 References

[1 Tokuriki N, Tawfik DS. Protein dynamism and evolvability. Science
2009;324:203-7.

[2] Smock RG, Gierasch LM. Sending signals dynamically. Science
2009;324:198-203.

[3] Pace CN, Trevino S, Prabhakaran E, Scholtz JM. Protein structure, stability
and solubility in water and other solvents. Philos Trans R Soc Lond B Biol Sci
2004;359:1225-34; discussion 1234-5.

[4] Daggett V. Molecular dynamics simulations of the protein unfolding/folding
reaction. Acc Chem Res 2002;35:422-9.

[5] Matouschek A. Protein unfolding - An important process in vivo? Curr Opin
Struct Biol 2003;13:98—109.

[6] Robertson AD, Murphy KP. Protein Structure and the Energetics of Protein
Stability. Chem Rev 1997;97:1251-68.



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

86

Naganathan AN, Doshi U, Fung A, Sadqi M, Mufioz V. Dynamics, energetics,
and structure in protein folding. Biochemistry 2006;45:8466—75.

Henzler-Wildman K, Kern D. Dynamic personalities of proteins. Nature
2007;450:964—-72.

Shortle D, Simons KT, Baker D. Clustering of low-energy conformations near
the native structures of small proteins. Proc Natl Acad Sci U S A
1998;95:11158-62.

Tzeng S-R, Kalodimos CG. Protein activity regulation by conformational
entropy. Nature 2012;488:236—40.

Tsai CJ, del Sol A, Nussinov R. Allostery: Absence of a Change in Shape
Does Not Imply that Allostery Is Not at Play. J Mol Biol 2008;378:1-11.

Tzeng S-R, Kalodimos CG. Allosteric inhibition through suppression of
transient conformational states. Nat Chem Biol 2013;9:462-5.

Petit CM, Zhang J, Sapienza PJ, Fuentes EJ, Lee AL. Hidden dynamic
allostery in a PDZ domain. Proc Natl Acad Sci U S A 2009;106:18249-54.

Popovych N, Sun S, Ebright RH, Kalodimos CG. Dynamically driven protein
allostery. Nat Struct Mol Biol 2006;13:831-8.

Kern D, Zuiderweg ERP. The role of dynamics in allosteric regulation. Curr
Opin Struct Biol 2003;13:748-57.

Marianayagam NJ, Jackson SE. Native-state dynamics of the ubiquitin family:
implications for function and evolution. J R Soc Interface 2005;2:47-54.

Frauenfelder H, Chen G, Berendzen J, Fenimore PW, Jansson H, McMahon
BH, Stroe IR, Swenson J, Young RD. A unified model of protein dynamics.
Proc Natl Acad Sci U S A 2009;106:5129-34.

Baldwin AJ, Kay LE. NMR spectroscopy brings invisible protein states into
focus. Nat Chem Biol 2009;5:808-14.

Mittermaier AK, Kay LE. Observing biological dynamics at atomic resolution
using NMR. Trends Biochem Sci 2009;34:601-11.

Wand AJ. Dynamic activation of protein function: a view emerging from NMR
spectroscopy. Nat Struct Biol 2001;8:926-31.

Kempf JG, Loria JP. Protein Dynamics from Solution NMR. Cell Biochem
Biophys 2002;37:187-212.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

87

Bai Y, Milne JS, Mayne L, Englander SW. Protein stability parameters
measured by hydrogen exchange. Proteins 1994;20:4—14.

Bai YW, Milne JS, Mayne L, Englander SW. Primary Structure Effects on
Peptide Group Hydrogen-Exchange. Proteins-Structure Funct Genet
1993;17:75-86.

Best RB, Vendruscolo M. Structural interpretation of hydrogen exchange
protection factors in proteins: characterization of the native state fluctuations
of ClI2. Structure 2006;14:97-106.

Maity H, Lim WK, Rumbley JN, Englander SW. Protein hydrogen exchange
mechanism: local fluctuations. Protein Sci 2003;12:153-60.

Haglund E, Lindberg MO, Oliveberg M. Changes of protein folding pathways
by circular permutation: Overlapping nuclei promote global cooperativity. J
Biol Chem 2008;283:27904-15.

Lipari G, Szabo A. Model-free approach to the interpretation of nuclear
magnetic resonance relaxation in macromolecules. 2. Analysis of
experimental results. J Am Chem Soc 1982;104:4559-70.

Lipari G, Szabo A. Model-free approach to the interpretation of nuclear
magnetic resonance relaxation in macromolecules. 2. Analysis of
experimental results. J Am Chem Soc 1982;104:4559-70.



Chapter 5 : Heterogeneous Dynamics and Conformational
Frustration in the Binding Regions of Interleukin-33.
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5.1 Abstract

Interleukin-33 (IL-33) is currently the focus of numerous investigations into
targeting chronic inflammatory disorders. As a mediator of inflammation, IL-33 plays
a prevalent role in disorders such as asthma, rheumatoid arthritis, and breast cancer.
IL-33 targets and binds the extracellular receptor ST2 which then forms a hetero-
trimeric signaling complex by engaging a third cellular receptor. This hetero-trimeric
signaling complex allows for the activation a variety of downstream effectors
responsible for modulating inflammation. The ST2 receptor represents a highly
dynamic receptor, with three Ig domains connected by highly flexible linkers and upon
binding, IL-33 must span all three of the flexible I|g domains to bind successfully. In
this work we show that the regions of IL-33 responsible for engaging ST2 are highly
dynamic on a range of timescales and that these dynamic regions in IL-33 are
conformationally frustrated. The regions of IL-33 that do not engage the ST2 receptor
are much less dynamic and create a rigid, stable core to anchor the functional dynamic
regions of the protein. The strong correlation between residual conformational
frustration and heterogeneous dynamics on multiple timescales within the functional
region of IL-33 suggests that both the dynamics and frustration may be a conserved
feature important in modulating the functionality of the protein. Specifically, the highly
dynamic and frustrated character of the receptor binding regions in IL-33 may allow
for effective engagement of the highly dynamic and mobile binding interface along the

three Ig domains of ST2.
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5.2 Introduction

The action of small signaling cytokines such as Interleukin-33 (IL-33) and its role
in regulating the immune response is critical in maintaining inflammatory homeostasis
[1]. Inflammation is a finely tuned process responsible for establishing resistance to
infection and for facilitating the healing of damaged tissues [1,2]. Aberrant
inflammation, however, can lead to a variety of damaging pathologies and can
potentially cause chronic disorders [3,4]. One of the difficulties in treating diseases
typified by instances (both sustained and systemic) of aberrant inflammation is treating
these disorders directly and effectively without causing detrimental side effects [5,6].
It is not feasible to completely eliminate inflammation because doing so invariably
leads to the development of cancers and dangerous infections [7-9]. The effective
treatment of inflammatory disorders requires a more detailed understanding of the
mechanistic details that govern the inflammatory response. In such an approach,
specific regions of interest on IL-33 can be identified for the development of more
tailored treatments. The specific action of IL-33 is influenced by the biophysical
properties of the protein and are of particular interest due to IL-33’s emerging role in
disorders ranging from Rheumatoid Arthritis to Asthma [10,11].

IL-33 folds into a conservedp-Trefoil fold that is shared among other members
of the interleukin-1 family such as IL-1B, IL-1Ra and IL-36 [12].  This fold is
characterized by a pseudo-symmetrical structure composed of three units of four 3-
sheets that fold to form a 12 stranded “B-barrel’ like structure. Each of these three
units of four B-strands are designated as Trefoil 1, 2, and 3, respectively, in order from
the N-terminus to the C-terminus (Figure 5-1, A and B). As a member of the

Interleukin-1 family of cytokines, Interluekin-33 (IL-33) not only shares a homologous



91

B-trefoil fold, but also acts as a small signaling cytokine in a manner similar to other
members of the family [13,14]. IL-33 targets and binds its conjugate extracellular
receptor, ST2 allowing the complex to engage a third extracellular receptor, Interleukin
1 receptor accessory protein [15]. This active hetero-trimeric signaling complex
activates a variety of downstream effectors responsible for modulating inflammation in
different tissue types, including mucosal and epithelial tissues [6,16,17].

The Interleukin-33 binding interface, responsible for engaging the Ig domains
of ST2, constitutes the entirety of the first 5 B-strands in IL-33 (Trefoil 1) consisting of
residues 1 to 70 and the final terminal end of the protein, composed of 3-strands 11
and 12, residues 140 to 150 [15,18].  This extensive interface on IL-33 is able to
engage the three separate Ig domains of ST2 simultaneously (Figure 5-1, B and C).
Of the Ig domains composing ST2, Ig2 and Ig3 are connected by a flexible linker
region, allowing for a large range of dynamics motions within the receptor [15,19]. The
influence of dynamics and entropy within the fold of IL-33 on the effective,
simultaneous engagement of the three Ig domains of ST2 has not been investigated.
In this work we show that the regions of IL-33 responsible for engaging the I|g domains
of ST2 are dynamic on a range of timescales and that these dynamic regions correlate
with a high degree of conformational frustration. The region of IL-33 that does not
engage the ST2 receptor is much less dynamic, creating a rigid and stable core to
anchor the dynamic, functional regions of the protein. Our previous work showed that
folding the functional domain (Trefoil 1) was complicated due to geometric frustration
along the free energy profile. Due to the geometric frustration in the functional region

during folding, we predicted subsequent malleability and greater dynamics within this
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Figure 5-1: Representation of the Interleukin-33 B-trefoil fold and ST2 binding
interface.

(A) A two-dimensional splay diagram representing IL-33 from a top view of the
protein. Asterisks indicate strands composing the “barrel” portion of the protein while
the strands of the B-hairpin cap are on the periphery. Trefoil 1 is composed of 3-
strands 1-4, Trefoil 2 of strands 5-8, and Trefoil 3 of strands 9-12. The regions that
constitute the binding interface with ST2 are colored green while the non-interacting
regions are colored grey. (B) The 20 overlaid NMR structures of IL-33 (PDB code
2KLL) are displayed with the ST2 binding interface colored green as in A. (C) The
crystal structure of the complex between IL-33 and ST2 (PDB code 4KC3) is
displayed with the strands of IL-33 responsible for interacting with ST2 colored green
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region of IL-33. Conformational frustration and heterogeneous dynamics in the native
basin along Trefoil 1 is likely a conserved feature in the final fold of IL-33 that aids in
the engagement of the flexible Ig domains in ST2. Further, the differential dynamics
of the functional region of the protein, particularly Trefoil 1, may allow for increased
responsiveness to receptor binding without significantly perturbing the rest of the

stable protein scaffold.

5.3 Materials and Methods

5.3.1 Protein Purification and Sample Preparation.

The uniformly labeled '°N extracellular signaling domain of IL-33, residues 110-
270, was expressed in a pET-24vector and grown in "N enriched minimal media.
Initial purification was achieved using osmotic shock cell lysis. Final purity was
attained through anion exchange FPLC using a Sodium Chloride gradient. All NMR
samples were run in the same experimental buffer of 20 mM Sodium Phosphate at pH

6.50, 100 mM Sodium Chloride, and 10% Deuterium Oxide.

5.3.2 NMR Experiments and Data Analysis.

The hydrogen/deuterium exchange time course was collected on a Bruker
Avance Ill 600.112 MHz spectrometer equipped with a CryoProbe. All spectral
acquisition was run at 25°C. Final NMR samples of IL-33 were buffered in 20 mM
sodium phosphate, 100 mM sodium chloride, and 10 % deuterium at a final pH of 6.50.
The sample was split into two aliquots of equal volume and with equal concentrations
of 400 uM IL-33. Acquisition parameters were optimized using the first aliquot

containing 10 % deuterium. The second aliquot was lyophilized overnight until dry
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followed by the addition of 100 % deuterium before collecting time course data on the
spectrometer. The dead time before the first spectral acquisition was 130 seconds.
Spectra were each collected with 2048 x 124 complex points. The SO-FAST HMQC
protocol was implemented for collection of data and optimized to collect HMQC spectra
every 59 seconds. The time course was run for a total of 72,000 seconds (20 hours).
The signal intensity of backbone 'H-'°N cross peak heights were monitored as a
function of time.

HMQC spectra were analyzed by fitting the "H-'SN cross peak intensity heights
for each residue in IL-33 as a single exponential function according to the equation I(t)
= |, exp™ + Iss where |, represents the signal intensity, k represents the rate of
deuterium incorporation, t represents the time of the exchange reaction, and Iss
represents the signal intensity when it has reached steady state, or equilibrium (Figure
5-2). Spectra were analyzed with nmrPipe and Sparky software. The signal intensity
decays from each spectrum were fit with a single exponential decay to extract an
observed rate of deuterium incorporation using Kaleidagraph software. Rates of
deuterium incorporation were used to calculate both intrinsic exchange rates and

protection factors using software at http://hx2.med.upenn.edu [20,21]

R1 and R2 experiments were recorded on a Varian 500.18 MHz spectrometer
and a Varian 801.45 MHz spectrometer equipped with a CryoProbe. All experiments
were run at 25°C. Values of the longitudinal relaxation rate (R1) were collected for
the backbone amide resonances at delay times of t= 100, 300, 700, 1000, 1500, 1700,
2100, 2300, 3000, 3800, and 4600 ms. Values of the transverse relaxation rate (T2)
were collected at t= 10, 30, 50, 70, 110, 130, 150, 170, 190, 210, and 230 ms. All

relaxation delay times were chosen based on evaluation of the 1D signal decays. All
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Figure 5-2: Representative curves of signal decay in the Hydrogen
/Deuterium exchange time course.

Three representative time courses are shown for the decay of signal upon
Deuterium incorporation. (A) Shows the decay of signal intensity for the residue
138. The decay is monitored as a function of signal intensity versus time in
seconds. Residue 138 is representative of slow exchange due to the persistence
of the signal intensity over time. (B) Shows the decay of signal intensity for residue
22 asin A. Residue 22 is representative of intermediate exchange due to achieving
exchange equilibrium after a decay time of intermediate time. (C) Shows the decay
of signal intensity for residue 117 as in A. Residue 117 is representative of fast
exchange due to the total loss of signal intensity within the dead time of the
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Figure 5-3: Representative Decay curves for T1 and T2 exchange rates.

(A) Representative plots of the fits of T1 decay rates is shown where the y-axis
represents the signal intensity and the x-axis represents the delay times for each data
point collection. The three curves are three representative residues within IL-33. The
circles (dark blue) represent the decay of Glycine 66, the squares (blue) represent the
decay of Valine 37, and the triangles (cyan) represent the decay of Histidine 111. The
associated curves represent the single exponential fit of each decay curve for the
individual residues. (B) A representation of the T2 decay curves represented as in A.
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spectra were collected with 2048 x 124 complex points and 16 steady state scans.
Spectra were processed using the nmrPipe and Sparky software suites. Data for each
residue was acquired through a single exponential fit of the decay curves of each
relaxation delay time point for the 'H-"SN cross peak intensity described by I(f) = |, exp®
R+ 1ss where |, represents the signal intensity, R represents the rate of signal decay,
t represents the variable relaxation delay for each peak, and Iss represents the signal
intensity when it reaches a steady state for the reaction progress (Figure 5-3). Errors
for the decay fits were calculated through a repeated fit with gaussian randomization
of the decay curve for each residue.

{H"}-SN NOE experiments were recorded on a Varian VS 500.18 MHz
spectrometer and a Varian VS 801.45 MHz spectrometer equipped with a CryoProbe.
All experiments were run at 25°C. Both a saturated and unsaturated spectra were
recorded with a relaxation delay of 5s. Each NOE experiment was run in duplicate
to evaluate reproducibility of signal intensities. Experiments were run with 2048 x 124
complex points and 64 steady state scans for optimal signal-to-noise ratios. Spectra
were processed using the nmrPipe and Sparky software suites. NOE values were
calculated by taking the peak intensity ratio between the saturated and unsaturated
cross peak intensities =(lsaturated/lunsatruated). Errors are representative of the standard
deviation between two different acquisitions of the {H'}-">N NOE data.

Model free analysis and reduced spectral density mapping were calculated
with the Lipari-Szabo formalism [22,23] using the eMF software [24] and inputting the
R1, R2 and {H'}-">N NOE values and errors from the 500 and 800 MHz acquisition
runs. An axially symmetric diffusion tensor with a 1. of 10.7 was calculated using the
NMR structure for IL-33 (PDB code 2KLL) with selected rigid residues with order

parameter values above 0.80 corresponding to the most ordered regions of the protein,
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composed of B-strands in the middle of the protein structure. The best model for each
residue was determined by a Bayesian criterion after excluding models with S? > 1 or
Tc <0 [25-27]. Reduced spectral densities were determined assuming that J(w) is
proportional to 1/w? [28]

Frustration data was analyzed using the Frustratometer webserver using the
PDB file for Interleukin-33 (PDB code 2KLL) [29]. The associated algorithm uses the
funneled energy landscape theory of folding to quantify the energy that spans the
protein structure. It then evaluates each native pair interaction with respect to alternate
contacts and alternate compact structures that the protein may sample. Energetically
favorable contacts are denoted as minimally frustrated and less favorable contacts are

denoted as frustrated.

5.4 Results

5.4.1 The topology of Interleukin-33 and its functional binding interface.

Interleukin-33 shares a homologous fold with the Interleukin-1 family of
proteins [12]. This fold is called the B-trefoil fold and is characterized by a pseudo-
symmetrical arrangement consisting of three groups of four B-strands. The three
groups of four B-strands arrange into a “B-barrel” like fold [30-32]. The trefoils are
designated as Trefoils 1, 2, and 3 and span from the N-terminus to the C-terminus,
respectively. Trefoil 1 is composed of strands 1-4, Trefoil 2 of strands 5-8, and Trefoil
3 of strands 9-12. The primary region of IL-33 responsible for engaging the Ig domains
of the ST2 receptor consists of the entire span of IL-33 along Trefoil 1 and the C-

terminal end of the protein along B-strands 11 and 12 [13,15]. Interestingly, the
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binding interface is diffuse and composes all of Trefoil 1 whose contacts contribute in

an equal, additive fashion to the binding affinity to ST2 (Figure 5-1).

5.4.2 Hydrogen/Deuterium Exchange shows evidence for regions of differential
dynamics.

Hydrogen/Deuterium exchange of IL-33 shows that overall the protein is fast
to exchange and that there are few regions of protection in the structure. Protection
factors were calculated using the Englander lab software described in materials and
methods. 44% of the residues in the structure exchange within the dead time of the
exchange time course and are denoted as having a log k°* of -1 and typically
correspond to solvent exposed amide protons (Table 1). Exchange on intermediate
timescales typically corresponds to local unfolding events in the protein sequence, and
are classified as having an EX2 mechanism of exchange [20,33]. The rates of
exchange are related to both the intrinsic rate of exchange of an amide proton in the
disordered peptide as well as the frequency at which the protein samples a local, open
conformation and the subsequent fraction occupancy of the open state [34,35]. This

can be denoted by the equation:

kexobs - kexint([Fnopen]/[Fnopen] +[F])

Which can be simplified to:

kexobs - kexintknopen when knopen <<1

The protection factor therefore corresponds to —log k»°**" which takes into
account both the observed and intrinsic exchange rates of exchange of a given amino
acid within a protein sequence [36]. Only 12 residues have protection factors above

6, indicating that they are slow to exchange to deuterium and that their signal
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intensities persist over the exchange time course. These residues include V37, M73,
V74, L76, N112, V118, 1130, G131, L137, A138, 1140, C149. Often residues where
the proton signal persists over the exchange time course and have high protection
factors are indicative of exchange due to global unfolding of the protein rather than
local conformational fluctuations or local unfolding events. This type of exchange
mechanism is categorized as an EX1 exchange mechanism. To verify the exchange
as EX1, the protection factors were compared to the stability of the unfolding reaction,
or the AG of unfolding. The AG of unfolding (or the global unfolding stability) of IL-33
is 7.07 kcal, indicating that residues exchanging due to global unfolding have
protection factors that correspond to rates slower than the overall rate of global
unfolding. Therefore, residues that require global unfolding of the protein, and thus
correspond to an EX1 mechanism, are M73, V118, 1130, L137, A138, and C149, all of

which are located in Trefoils 2 and 3, respectively (Figures 5-4 and 5-5).

5.4.3 Backbone Dynamics of IL-33 in the fast time regime.

R1 and R2 relaxation rates and {H'}-">N NOEs were measured at 801.45 MHz
as shown in Figure 5-6 C. There is evidence for heterogeneous dynamics within IL-
33. In particular, the {H'}-"°N NOE values vary widely across the sequence of IL-33.
As shown in Figure 5-6, the regions with {H'}-">SN NOE values above 0.8 are found
primarily in B-strands 1 and 2 (residues 14-28), B-strand 3 (residues 40-45), and B-
strands 6-11 (residues 80-140), indicating regions with order and rigidity. ~These
strands compose all of Trefoils 2 and 3 and part of Trefoil 1, respectively. Low {H'}-
SN NOE values below 0.4 are found in regions spanning a large portion of the structure

and include the N-terminal residues, the loop between B-strands 2 and 3 (residues 25-



Table 5-1: Hydrogen/Deuterium Exchange Parameters

101

Aming Acid  logk,, ™ PF Amino Ackd  logk,"™™ K™ st PF AminoAcid  logk,™ K™ PF Amino Ackd logk,,™ K™ st PF
51 it Eda -L.00 0.47 245 MET 122 266 3.42 1130 -6.00 0.19 105
52 — Kds -1.00 0.58 258 NEE -1.00 552 152 G131 -4.40 0.94 6.15
i3 ! 2.8 KAB -L00 103 2.79 K89 -1.00 163 299 Visz -1.00 Q.25 218
T4 -1.00 2.43 a7 -1.02 1.47 247 E90 -1.00 D4z rM K133 -1.61 057 314
&5 -1.61 i 3.79 KAB -L.00 0.54 281 HOL 100 325 329 0134 -1.00 1.45 204
13 -1.89 0.24 3.04 g -2.47 0.23 360 592 100 1127 333 M13§  -1.00 1.83 304
57 -1.00 118 285 L50 -237 0.17 377 Va3 -1.00 0.34 231 Hi36  -1.38 9.08 4.09
PE - g L51 — — -1.07 314 281 050 408 L1537 -110 1.25 07
19 2231 Do 3.05 552 -232 113 4.19 L95 -1.00 oz 201 AL3E -5.92 0.44 14z
TLO -1.00 o444 242 ¥53 -2.33 0.92 4.07 H9E -157 1ad 378 L13% -2.43 0.23 357
ElL -1.00 110 2.82 ¥54 -158 0.0z 2867 Kay -1.59 4.34 4.00 1140 -6.00 1220 &FT
Y12 -231 035 363 S5 -1.00 152 296 co8 233 4.73 4.78 K141 -1.80 0.49 325
L13 -1.00 D28 2.19 556 -1.00 1.96 3.07 E99 -1.00 247 17 V142 -1.00 0.24 213
Al 153 055 4.05 as? -L.00 M.O MO, K100 -1.58 0.59 4.11 0143 -1.61 0.81 330
515 -1.00 202 3.08 H58 -1.00 N.D. N.D. P01 e e e 5144 -1.00 1.39 292
116 -1.00 0.46 2.44 P e — e L102 -1.00 013 1490 5145 -1.00 3.99 338
517 -241 126 439 560 = o = P03 - - EL4E -1.00 0.68 292
Ti® -246 147 4.41 NE1 -1.00 MO N.D. D104 -1.00 0.63 148 N147 -1.57 200 365
Y19 -1.25 E] 2.89 Es2 L0 145 2.04 Q108 -1.00 068 261 L148 -1.00 0.48 246
N20 -1.00 296 3.5 563 -L.00 1.52 2.96 AL06 -5.60 138 551 c144 -1z 222 934
il -1.19 231 3133 GEd -168 317 396 Fl0v 285 050 403 T150 -2.45 263 466
Q22 -2.18 D.EE 379 DBS -1.00 1.63 299 F108 -245 0.59 99 E151 -1.00 1.10 282
523 -1.00 318 3.28 GhG L0 110 282 i) -1.00 020 207 M152 -1.00 200 308
124 -1.86 032 314 Va7 -1.00 0.2% 118 L11g e e 1153 -1.31 0.34 262
125 -1.481 D44 333 DES -1.00 0.E0 168 H111 -182 268 333 L1534 292 013 383
F26 -1.32 074 300 GEa -1.63 1.08 345 M112 -3.88 14.70 B.82 F155 -3.57 031 483
A27 100 1.00 2.78 K70 -1.00 1158 184 M113 -1.00 175 102 K15EB -3.41 0.91 5.14
L2E 133 023 2.46 M71 -L.00 110 282 H114 -1.00 5.85 353 L157 -1.00 0.30 276
E29 -1.00 D43 2.41 L7z -1.0% 0.9 225 5115 - o s 5158 -1.00 1.23 287
VE] -1.00 084 270 M73 -6.22 0.09 .72 M11& 4.27 E159 -1.62 1.37 354
E31 -1.23 D47 268 w7 -5.25 0.2z 6.37 €117 1465 T160 -1.00 0.01 0.7z
532 -1.75 1.51 370 75 -3.44 0.53 4.05 W1lg 795
¥i3 -1.00 092 274 L7E -2.23 0.36 6.37 5119 328
E34 -1.00 078 267 §77 -3.15 126 4.95 F120 278
135 -1.00 0.12 186 1] b — 356 E121 1.13
RE -157 0.27 2.78 79 -1.96 0.43 5.03 c122 570
VER -5.32 0.1% 6.38 KED -L.00 1.4 e K123 429
E3% -1.05 050 252 D81 -L.00 145 3.37 TI2d e e
D39 217 083 3.87 Fa2 -2.45 0.35 287 D125
h] -1.00 0.1 147 W3 -2.90 0.39 204 P126
K41 -1.00 D48 2.48 LE4 -1.05 0.18 3.1 5127 1
Kaz -1.00 103 2719 HES -2.84 259 4.26 w128 . 4.23
D43 -1.00 1.45 204 ABE -2.24 4.76 4.08 F129 164 0.36 2498



102

-:PF>5.9|:|_5_B:-F'F> 4.0 D: 3.9>PF>3.D-:2.9>F’F

Figure 5-4: Map of the protection factors on the structure of IL-33.

The 20 overlaid NMR structures of IL-33 (PDB code 2KLL) are displayed with the
associated protection factors mapped onto the structure. Protection factors above 5.9
are displayed in blue, protection factors between 5.8 and 4 are displayed in green,
protection factors between 3.9 and 3.0 are displayed in yellow, and protection factors
below 2.9 are displayed in red. Blue represents the most protection, green and yellow
represent intermediate protection, and red represents low protection. Overall, the
region spanning B-strands 1 and 5 show the lowest overall span of protection in the
entire structure. Probes that could not be assigned rates are in grey.
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Figure 5-5: Bar diagram representation of protection factor distribution along
the structure of IL-33.

The distribution of protection factors along the sequence of IL-33 are represented as
a bar diagram where the y-axis represents the magnitude of the protection factor. The
dashed line represents the cutoff where residues must have protection factors above
the line to exchange from global unfolding. The sequence of IL-33 is shown below the
x-axis where squares represent the 3-strands within the structure. The high protection
factors are distributed mainly in the regions of B-strands 5 through 12, which are
located in Trefoils 2 and 3, respectively. The majority of the N-terminal end of the
protein, between B-strands 1 and 4 (Trefoil 1) is populated by low protection factors,
indicating a region of fast exchange.
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35), the loop between B-strands 3 and 4 (residues 40-47), the loop between B-strands
4 and 5 (residues 55-70), and the loop between B-strands 11 and 12 (residues 140-
150). These regions are flexible, and in particular the region between 3-strands 4 and
5 has {H"}-"SN NOE values that are low enough that they behave similarly to an
unstructured peptide in solution. Further, the low {H'}-"°N NOE values across the
structure strongly indicate motions on the ps-ns timescale. This is consistent with low
R2 values along the sequence that correlate with the {H'}-">N NOE values below 0.6,
further indicating the presence of ps-ns dynamics spanning IL-33 (Figure 5-6 top and
5-6 middle).

The R1, R2, and {H'}-"®*N NOE relaxation data sets at 801.45 and 500.18 MHz
were further analyzed using Lipari-Szabo model-free analysis to evaluate the
conformational entropy associated with the protein structure [37]. Using the software
of eMF [24] we estimated a rotational correlation time (1) of IL-33 through the use of
an axially symmetric model and iterative Bayesian analysis of the tensor fits. The 1,
or rotational correlation time, calculated to 10.7 was consistent with the observed
dynamic behavior and molecular weight of IL-33 (Figure 5-7) [38—41]. The resulting
order parameters (S?) showed distinct regions of conformational entropy described by
regions with order parameters much lower than 0.8, the cutoff for rigid or ordered
residues. The regions with low order parameters include the N-terminus as well as
unstructured loops that link together the B-strands of IL-33. These dynamic loops span
between (-strands 2 and 3 (residues 28-35), B-strands 3 and 4 (residues 40-48), B-
strands 4 and 5 (residues 55-70), and B-strands 11 and 12 (residues 140-150).
Although - strands typically display more order than loops, the region spanning B-
strands 2 and 3 display overall lower S? values across the sequence (S? less than 0.6)

indicative of conformational flexibility (Figure 5-8).
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Figure 5-6: Backbone Relaxation Data.

(Top) R1, (Center) R2, and (Bottom) {H'}-"°N NOE data for IL-33 collected at 801.45
MHz, 25°C as described in Methods. The structure of IL-33 is represented below the
charts where the squares represent the p-strands in the sequence and the binding
interface is colored in green.
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Figure 5-7: The Rotational Correlation Time of IL-33 versus the Molecular
Weight.

A plot of the rotational correlation times (1c) of assorted proteins (y-axis) versus the
molecular weights in terms of kDa (x-axis) is represented above. The rotational
correlation time of 1L-33 versus the molecular weight is represented as a red circle
along the trend line of the correlation between the 1. and the molecular weights. The
T of IL-33 relative to the molecular weight and observed dynamic behavior is in good
agreement with the trend expected.
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Figure 5-8: Backbone Order Parameters.

The order parameters for IL-33 (S?) are represented relative to the sequence of IL-33.
The structure is represented below the chart where the squares represent the B-
strands in the sequence and the binding interface is colored in green. Missing points
are from unassigned residues.
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5.4.4 Conformational Flexibility in Interleukin-33 corresponds to
conformational frustration in the protein.

Based upon the distinct regions of conformational entropy along the protein
sequence, frustration analysis was performed using the frustratometer software found

at (http://www.frustratometer.tk/). The frustration of a given structure is evaluated as

the distribution of energy across the protein structure with an algorithm designed
around the funneled energy landscape of protein folding [29]. The conformational
frustration is a metric of the energy specific contacts make compared to the energetics
these contacts could make in spatially proximal, alternate compact structures [44] .
Within IL-33, there are multiple regions with distinct conformational frustration (Figure
5-9). These regions show strong correlation with regions that have low order
parameters (S? less than 0.6), p < 0.001 by a paired t-test indicating a link between
conformational frustration and conformational entropy (Figure 5-9). These regions
include the loop between B-strands 2 and 3 (residues 25-35), the loop between [3-
strands 4 and 5 (residues 55-70), and the loop between B-strands 11 and 12 (residues

140-150).

5.5 Discussion

In analyzing the protection factors associated with the structure of IL-33, it is
clear that regions of protection from deuterium exchange are minimal overall. Of the
160 residues that make up the B-trefoil fold, only 12 residues exchange to deuterium
on long timescales, and of those 12 only 6 have protection factors that correspond to

global unfolding of the protein, or exchange by an EX1 mechanism. These residues
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Figure 5-9: Correlation between order parameters and the conformational
frustration in IL-33.

(Top) Represents the conformational frustration on a scale from 0 to 1 where 1
represents maximum frustration of a residue. (Bottom) Represents the order
parameters where on a scale from 0 to 1, 1 represents the most ordered or rigid and
0 represents the most entropy, or motion. The regions of conformational frustration
and configurational entropy are correlated with p < 0.001*

*using paired t-test
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include M73, V118, 1130, L137, A138, and C149. Notably, these residues are only
found within the structure in regions spanning Trefoils 2 and 3 and do not represent
any regions within Trefoil 1 (Figure 5-4 and 5-5) which shows that there are more local
unfolding events in Trefoil 1, meaning that it represents a more malleable portion of
the protein structure overall. As we suggested in previous work, along the folding route
of IL-33, Trefoil 1 is more difficult to fold due to geometric frustration. This subsequent
frustration may be a factor in allowing for more malleability and local unfolding events
within Trefoil 1.

To evaluate the fast timescale dynamics in the native state of IL-33 in addition
to the long-range time scale dynamics, we directly probed for the configurational
entropy across the structure of IL-33. Further, we sought to evaluate a possible link
between dynamics and conformational frustration patterns among functional regions
of the protein. Through the suite of R1, R2, and {H"}-">SN NOE experiments, we found
multiple regions of heterogeneous relaxation values and {H'}-*N NOE values,
suggesting the presence of dynamic motions across the structure on the ps-ns
timescale (Figure 5-6). These regions include the loops between B-strands 2 and 3,
the loop between B-strand 3 and 4, and the loop between B-strands 4 and 5. These
loops are all located in Trefoil 1 and together span a significant portion of the ST2
binding interface. Additionally, there is a second region of heterogeneous dynamics
at the C-terminal end of the protein between (3-strands 11 and 12 (residues 140 to 150)
that represents an additional region implicated in engaging to the ST2 receptor. By
evaluating this set of experiments with the Lipari-Szabo formalism we were able to
show that the large span of Trefoil 1 displays significant conformational entropy and
dynamic heterogeneity in comparison with the rest of the structure (Figure 5-8 and 5-

10). Frequently, this region sampled S? values well below 0.6, indicative of
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180°

Figure 5-10: Order parameters mapped onto the structure of IL-33.

The order parameters are mapped onto a sausage model of IL-33 (PDB code 2KLL)
where residues with S? values less than 0.6 are mapped in red and S? values above
0.6 are mapped in blue. Unobserved residues are colored grey.
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conformational entropy necessitated by ps-ns motions. This region of IL-33 with
conformational entropy is critical for engaging the Ig domains of ST2. The Ig2 and Ig3
domains of ST2 is connected by a flexible linker and in of themselves represent a
highly dynamic interface that IL-33 is responsible for engaging. IL-33 must engage all
three Ig domains of ST2 through the whole of Trefoil 1 and the terminal end of Trefoll
3. In order to engage the highly dynamic Ilg domains in ST2, IL-33 may be dynamic
on multiple timescales to facilitate malleability within the binding interface to effectively
engage the highly entropic receptor Ig domains.

The dynamic functional region of IL-33 may represent an evolutionarily
conserved region necessary for engagement of the equally dynamic ST2 receptor. In
order to probe for this link, we compared the order parameters with the configurational
frustration index to assess a possible correlation. The regions with low order
parameters (S?), and thus high configurational entropy correlate closely with regions
of configurational frustration, p < 0.001 by paired t-test (Figure 5-9). In particular,
Trefoil 1 is predicted to be highly frustrated on the configurational landscape as is the
C-terminal end between B-strands 11 and 12. Significantly the conformational entropy
of the order parameters along the structure, the configurational frustration, and the
local unfolding events all track to the functional regions of the protein, in particular the
large binding interface spanning Trefoil 1 (Figure 5-10). The combination of residual
configurational frustration and dynamics on multiple timescales within the functional
regions of IL-33 suggests that the dynamics and frustration is a conserved feature

necessary for the functionality of the protein.

Chapter 5, in part, is a reprint of the material as it appears in “Heterogeneous

Dynamics and Conformational Frustration in the Binding Regions of Interleukin-33”
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Fisher, Kaitlin M., Fuglestad, Brian, Chan, Josh C., Jennings, Patricia A which is in

preparation for submission. The dissertation author was the primary

author/investigator of this paper.
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6.1 Abstract

Interleukin-33 (IL-33), a member of the Interleukin-1 family, is secreted from
the cell through an unidentified mechanism broadly characterized as a Non-Classical
Secretory pathway. In order to initiate signaling for varied immune responses, IL-33
must move through different cellular compartments in order to bind to its extracellular
receptor. The mechanism of Non-Classical Secretion through which IL-33 is secreted
from the cell is an open question. It has been shown that IL-33 can localize to
vesicular bodies in high concentrations along the membrane upon cellular stimulation.
We sought to identify whether IL-33 can interact with vesicles as a model of membrane
localization and identify regions of the IL-33 that could potentially mediate this lipid
interaction. Vesicle perturbation was found through a dosage dependent addition of
IL-33 to vesicles. The specific regions of IL-33 interacting with the lipid interface
represent highly charged residues within localized regions of the protein structure. The
localization and interaction of IL-33 with the membrane could help facilitate the
secretion of the protein from the cell. The physiological implications of charge lability
and membrane interactions of IL-33 may lend the protein a sensitivity to factors that
influence charge in the cell such as oxidative stress and specific disease states that

influence cellular pH.

6.2 Introduction

The Interleukin-1 family of cytokines represents a unique subset of 11 proteins
ubiquitously expressed in multiple cell and tissue types, displaying wide-ranging
activities as mediators of the immune response [1]. Interleukin-33 (IL-33) is a more

recently discovered member of the Interleukin-1 family of cytokines and plays a key
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role in regulating the innate immune response across a wide variety of tissues
including lung, smooth muscle, and endothelial cells [2—4]. IL-33, like another well-
studied member of the family, IL-1(3, lacks an N-terminal leader sequence and as a
result bypasses the traditional extra-cellular secretion pathway of processing through
the ER and Golgi Apparatus [5,6]. It has also been demonstrated that the C-terminal,
B-trefoil region of IL-33 is necessary and sufficient to illicit strong, active signaling
through the ST2 receptor complex [7]. Unique to the Interleukin-1 family of proteins,
however, the N-terminal pro sequence of IL-33 has a DNA binding motif and histone
binding region which has been shown to up-regulate NFKB expression [8,9]. The
mechanism of IL-33 processing into its two constitutive halves and the pathway of
secretion of IL-33 from the cell to initiate paracrine signaling is still an open question.

IL-33 and IL1( are secreted from the cell through an unidentified mechanism
broadly characterized as a Non-Classical Secretory pathway. Proteins that are
classically secreted contain an N-terminal leader sequence, facilitating targeted
processing through the Endoplasmic Reticulum and Golgi apparatus for cellular export
[10,11]. Proteins that lack the hydrophobic, N-terminal leader sequence are secreted
from the cell through an alternate mechanism that in many cases remains
uncharacterized. IL-1B and IL-33 both lack an N-terminal leader sequence and are
able to bypass the classical secretory pathway [12,13]. The mechanism by which
these cytokines are secreted from the cell without an N-terminal leader sequence is
not currently understood.

In order to initiate signaling for varied immune responses, both IL-33 and IL-13
must move through different cellular compartments in order to bind to their respective

extra cellular receptors. It has been shown that both IL-13 and IL-33 localize to
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vesicular bodies in high concentrations along the membrane upon cellular stimulation
[10,14-16]. The mechanism of IL-33 secretion from the cell is not currently
understood, however many of the proposed mechanisms involve localization to the
cellular membrane. The proposed mechanisms of secretion include encapsulation
in multivesicular bodies, microvesicle shedding, the use of secretory lysosomes, or
through a specific transporter (Figure 6-1) [13]. In addition to localizing similarly in
vesicles, IL-33 and IL-1(3 share structural homology [17]. Taken in combination, we
sought to identify whether IL-33 can interact with model membranes and the regions
of the protein that could mediate this interaction. Given the ubiquitous presence of IL-
33 in many tissue types and its large range of effects on inflammatory responses, a
better understanding of IL-33 transport to signaling targets is of importance. In the
case of IL-33, passing across both the outer cell membrane and the nuclear membrane
is necessary due to the dual functionality of IL-33 in DNA binding and extra cellular
signaling [9]. Regulation of the Interleukin-1 family of cytokines is partly mediated by
tightly controlled cellular localization, processing, and secretion. Thus, cellular
regulation of the transport of IL-13 and IL-33 plays a key role in controlling the relative

effects of these cytokines with respect to initiating the immune response.
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Figure 6-1: Proposed Mechanisms of IL-33 secretion from the cell.

The exact mechanism of |IL-33 secretion from the cell is not currently understood,
however many of the proposed mechanism involve localizing to the cellular
membrane. These mechanisms include through encapsulation in multivesicular
bodies, microvesicle shedding, through secretory lysosomes, or through a transporter
that is yet to be identified.
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6.3 Materials and Methods

6.3.1 Protein Expression, Cloning, and Purification:

Recombinant human IL-33 was expressed and purified as described previously
(Chapter 3, materials and methods). Recombinant IL-1(3 was expressed and purified
as described previously [18-20]. All experiments were run with protein in 20 mM

HEPES, 100 mM NaCl, pH 7.2.

6.3.2 Vesicle Leakage Assay:

Large unilamillar vesicles comprised of a 70:30 ratio of L-o-
phosphatidylcholine (PC) and L-a-phosphatidyl-DL-glycerol (PG) at a 30mM
concentration were doped with an equimolar concentration (50mM) of the fluorescent
dye 8-aminonapthalene-1,3,6 trisulfonic acid (ANTS) and the quencher p-xylene-bis-
pyridinium bromide (DPX). Vesicles were incubated with protein at varying
concentrations in the uM range in 20mM HEPES, 100mM NacCl, pH 7.2 for 1 hour to
24 hours. Perturbation was assessed using the fluorescence emission in the range of
450nm to 580nm after excitation at 360nm on a Horiba Jobin Yvon fluoromax-4
fluorimeter. Change in fluorescence from ANTS was normalized to vesicles in the
presence of trypsin and leptin, non-lipid interacting proteins of similar molecular weight

to IL-33 and IL-1.

6.3.3 NMR Spectroscopy:

"H-N HSQCs of IL-33 in the presence and absence of bicelles was assessed

on a Varian 500 MHz spectrometer. Bicelles were prepared with a Q ratio of 0.25



123

using 6-OPC (1,2-di-O-hexyl-sn-glycero-3-phosphocholine) and 14-OPC (1,2-di-O-
tetradecyl-sn-glycero-3-phosphocholine) lipids. Several freeze thaw cycles of the lipid
mixture was undertaken to allow for self-assembly under the correct phase conditions.
An SN sample of IL-33 was prepared and split equally into a sample with 50 % added
buffer or 50 % added bicelles. NMR samples were reassessed upon addition of all
samples to ensure pH consistency. Data was processed using the nmrPipe and

Sparky software suites.

6.4 Results and Discussion:

6.4.1 IL-33 leads to pronounced leakage of dye from vesicles:

Both IL-1B and IL-33 are shown to localize along the outer cell membrane in
vesicular like bodies upon cell stimulation. To assess the possibility of a direct
interaction between the IL-33 and the lipid membrane, we utilized a vesicle leakage
assay to assess the degree of lipid interaction between IL-33 and IL-1p3 using the
fluorescent dye ANTS as a reporter combined with DPX quencher. When
encapsulated together within the core of large unilamillar vesicles, the DPX quencher
is in close enough proximity to the ANTS fluorescent dye to quench the fluorescent
signal. Upon a significant enough perturbation of the vesicle, the ANTS dye may leak,
resulting in dilution to the surrounding buffer [21]. The loss in close proximity to the
DPX results in the loss of the quenching effect and leads to an increased signature
fluorescent emission profile of the dye ANTS.

The relative stability of the doped vesicles was assessed and found to be
stable over a 36-hour period. Doped vesicles were then incubated in addition to

detergent to assess the relative increase in ANTS fluorescence. As seen in Figure 6-
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2, the addition of Triton-X resulted in an increase in fluorescent signature above the
base line of vesicles alone. This was indicative that the DPX/ANTS pair was
encapsulated in vesicles and that perturbation of the lipid membrane did in fact result
in an increase in fluorescence.

Upon establishing the encapsulation within vesicles and effective quenching of
ANTS/DPX, IL-33 and IL-1(3 was incubated with vesicles and subsequently assessed
for their relative perturbation of the vesicle wall with respect to Triton-X. Three
negative controls for membrane interaction were assessed: Interleukin-1 Receptor
antagonist, Leptin, and Trypsin. Interleukin-1 Receptor antagonist is an Interleukin-1
family member that has a homologous B-trefoil structure to IL-33 and IL-13 [22]. IL-
1Ra contains an N-terminal leader sequence and is processed by the ER and Golgi
apparatus and does not utilize a non-classical secretion mechanism [23—-25]. Leptin
is a lipid-associated protein that does not have the B-trefoil fold shared by IL-33 and
IL-18 and is a classically secreted protein [26,27]. Finally, Trypsin is a non- lipid
associated protein, does not have a B-trefoil fold, and is classically secreted [28,29].

As shown in Figure 6-3A, both IL-33 and IL-1B are both able to induce the
leakage of ANTS dye from vesicles. [L-33 shows the most potency, indicating the
highest degree of perturbation to the vesicular membrane. Although to a lesser degree
than IL-33, IL-1[3 is also able to induce the leakage of ANTS from vesicles, indicating
that it too interacts with vesicles. Notably, IL-1Ra, an interleukin-1 family member with

a homologous B-trefoil fold to both IL-33 and IL-13 was unable to produce increased
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Figure 6-2: Vesicle Stability over time versus Vesicle leakage induced by Triton
X detergent.

In order to verify the successful formation of vesicles encapsulating ANTS and DPX
dye and quencher, the relative fluorescent signatures were monitored in the presence
of Triton X (black trace) and no addition of detergent (grey trace). The vesicles do
not experience an increased fluorescent signature until the addition of Triton X,
indicative of successful dye encapsulation.
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fluorescence in the sample, indicating a limited to non-existent interaction with
vesicles.

As seen in Figure 6-3B, the trend for leakage potency remains consistent over
a 24-hour time course for IL-33 and IL-1(. IL-33 is able to induce the most fluorescent
signature and IL-13 maintains its efficacy. IL-1ra shows potency in line with all other
negative protein controls used. Slight perturbations from surfactant effects may result
in small amounts of vesicle leakage seen in controls. Taken together, the vesicle
leakage data shows that both IL-33 and IL-13 are able to interact with vesicles and
that this interaction is significant enough to cause the structural integrity of the

membrane to be compromised.

6.4.2 NMR analysis shows chemical shift perturbations in charged regions of
IL-33.

Based on the leakage of dye caused by the dosage dependent addition of IL-
33 to vesicles, we wanted to evaluate the specific regions of IL-33 mediating the
interaction with the lipid interface. To achieve this we evaluated the differences in "°N
backbone resonances through the use of 'H-'"* N HSQCs in the presence of bicelles
(Figure 6-4). Analysis of chemical shift perturbations show that regions with the most
significant shifts upon the addition of bicelles are centered on two specific regions
encompassing residues 45-48 and residues 85-96, respectively (Figure 6-5). With a
cutoff for chemical shift significance set above a Ad of 0.4, the select residues that
experience a significant chemical shift perturbation are Thr 4, Gly 5, Lys 45, Lys 46,
Asp 47, Lys 48, His 85, Glu 90, Ser 92, and His 96. With the exception of the residues
found on the C-terminal end of the sequence and Ser 92, these residues are all highly

charged. That charge is a potential mediating factor for interaction with a lipid interface
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Figure 6-3: IL-33 incubation with vesicles containing ANTS and DPX shows
potent leakage of dye, suggesting significant interaction with lipids.

(A) Incubation of IL-33 at concentrations ranging from 10 to 60 uM shows a
concentration dependent increase in fluorescent signature (green) versus IL-1[3 (blue)
and IL-1Ra (purple). Values of fluorescent signature are represented as a percent
increase over the addition of the negative control, Trypsin. (B) Incubation of IL-33 with
vesicles at time points of 1 hour, 6 hours, and 24 hours shows persistence of an
increased fluorescent signature (green) versus IL-1f3 (blue) and IL-1Ra (purple). The
induction of vesicle leakage is much higher over time than that induced by both IL-13
and IL-1Ra. Values of fluorescent signature are again represented as a percent
increase over the addition of the negative control, Trypsin.
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Figure 6-4: Overlay of the 'H-'*N HSQC spectra of IL-33 in the presence and
absence of Bicelles.

The 'H-"®N HSQC spectra of IL-33 is shown in black overlayed with the "H-°*N HSQC
spectra of IL-33 with bicelles shown in green. Only a fraction of the assignments are
displayed for clarity. A close up section of the spectra is shown to highlight regions of
peak differences between the spectra with and without bicelles.
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Figure 6-5: Chemical Shifts in IL-33 in the presence of Bicelles show
significant shifts centered around charged regions.

Chemical shift differences are plotted for IL-33 in the presence of bicelles. Residues
with a Ad above 0.4 indicate residues with significant perturbation upon the addition of
bicelles. These residues include Thr 4, Gly 5, Lys 45, Lys 46, Asp 47, Lys 48, His 85,
Glu 90, Ser 92, and His 96 and represent mostly charged residues.
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is likely in the case of IL-33 as it is a highly charged protein, with an enrichment of both
Lysines and Histidines. IL-33 has more histidines than most other B-trefoil proteins
and is second only to Hisactophilin, a protein largely composed of Histidines known to
interact with membranes through pockets of charged residue enrichment similar to
those seen in IL-33 (Lys, His, and Asp) [22,30,31]. It may be that the enrichment of
charged residues in IL-33 allow for electrostatic partitioning of IL-33, aiding in its ability
to localize to the membrane interface.

The current data collected suggests that the inherent structure of IL-33 allows
for direct interaction with lipid bi-layers through an electrostatic interaction. This
interaction may be part of the inherent ability of IL-33 to localize to the membrane
interface. Both the dosage dependent perturbation of the model membranes in
combination with the chemical shift perturbations upon bicelle addition shows that IL-
33 is interacting with the model membrane surfaces. Chemical shift perturbations
monitored with NMR in the presence of bicelles shows that the shifts occur in areas
that are highly charged, composed of lysines, histidines, and aspartic acid in particular
(Figure 6-6). The membrane leakage caused by IL-33 appears to be an effect of
electrostatics and partitioning of the protein to the charge potential at the surface of
lipid membranes. The ability of IL-33 to localize to the membrane and interact through
charge could facilitate the secretion of the protein through a still uncharacterized non-
classical secretory mechanism. The physiological implications of charge lability and
membrane interactions for IL-33 may be numerous beyond the ability of IL-33 to be
secreted. The charge states of the residues that interact with lipids will be dependent
on pH. The pH of a cell is very dependent on factors such as oxidative stress and

certain disease states that influence the environment of different cellular
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Figure 6-6: Charged Residues with perturbations upon addition of lipids show
clustering of charged residue regions.

Residues with a Ad above 0.4 are shown on the structure of IL-33 (Protein Data Bank
code 2KLL) in cyan. All other residues are shown in grey.
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compartments, which could subsequently affect the charge state of IL-33 and its ability

to localize to the cellular membrane.
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To understand the tie between the biophysical properties of a protein and the
function of a protein, it is imperative to understand the native landscape. The native
landscape encompasses the entire trajectory of a protein from the denatured state to
the final, functional state. The folding route that a protein takes from a denatured
amino acid chain to a native tertiary structure and the subsequent final functional
ensemble of states that fluctuate between multiple, small native basins are integral in
dictating the correct function of a given protein. Our full investigation of the native
landscape of the cytokine IL-33 has shown, for the first time, that the folding route is
intimately connected to the function of the protein and that the disparate dynamics
within the native basin correlate not only to the functional regions of IL-33, but also
back to the folding route.

IL-33 is a highly dynamic protein whose folding pathway is dictated by the
geometrical frustration present in the functional region of the protein, Trefoil 1. The
geometric frustration along the folding route lends malleability to Trefoil 1, a useful
feature we hypothesize could allow for engagement of the highly flexible 1g2 and Ig3
domains in ST2. As we predicted from the folding route, Trefoil 1 has a high degree
of conformational frustration in the native state. This frustration in the native state of
IL-33 corresponds to the large amount of conformational entropy within the dynamic,
ST2 binding regions. Together, the malleability imparted by increased local unfolding
events, the conformational entropy, and the conformational frustration in Trefoil 1 may
allow for the effective engagement, or pinning, of the separate and dynamic Ig2 and
Ig3 domains in ST2. A dynamic transition between free and bound IL-33 may account
for the need to preserve the geometric frustration and subsequent disparate dynamics
inherent in Trefoil 1, despite the secondary effect of complicating the folding pathway

and imparting conformational frustration within the native fold. The balance between
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efficient folding and stable structure in IL-33 must be balanced with the preservation
of dynamic motions within the functional region of Trefoil 1. Trefoil 1 must facilitate
both effective binding of the separate 1g2 and Ig3 domains in ST2 and establish the
basis of the dynamic transition upon binding that may be critical in modulating the
functionality of the receptor complex.

The presence of conformational, or geometric, frustration in Trefoil 1 appears
to be an evolutionarily retained feature along the folding route and functional, native
basin ensemble. The implications of geometric frustration in Trefoil 1 is key in the
selection of the three-state folding route, which we identified is necessary to counter
balance the difficulty in folding the frustrated element of the protein. In order to further
analyze the significance of the relationship between route selection and folding
frustration, analyzing the folding kinetics of a group of permutations of IL-33 would be
advantageous. The first useful variant of IL-33 would be a deletion in which the entire
geometrically frustrated span of Trefoil 1 is eliminated in order to evaluate whether or
not the stable core composed of Trefoil 2 and 3 is able to fold and maintain structure
independently of Trefoil 1. The stable scaffold region of 1L-33 would most likely fold
quickly and through a two-state mechanism and would prove to be a useful test to
verify that eliminating the entire geometrically frustrated region can lead to two-state
folding behavior. Conversely, expressing Trefoil 1 alone to assess the folding kinetics
may also prove useful. If the region spanning Trefoil 1 is as frustrated as we predict,
then it would suggest that this region of the protein would be unable to fold
independently of the stable scaffold composed of Trefoils 2 and 3. Without the stable
scaffold that Trefoil 1 typically uses to dock during the modular folding mechanism, it
is unlikely that Trefoil 1 would be able to overcome the geometric frustration to obtain

a final fold or to maintain the final native fold in the native basin.
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Although isolating entire trefoils would be useful in experimentally identifying
the main arbiter of the three-state folding mechanism, changing the order of the trefoils
within the sequence would be particularly useful in assessing the potential wide-
ranging effects of the conserved geometric frustration in Trefoil 1. A permutation
wherein Trefoil 1 is flanked by Trefoils 2 and 3 and resides in the middle of the
sequence rather than being present on the N-terminus would be particularly useful to
assess differential effects of frustration on the folding route. Because Trefoil 1 is so
geometrically frustrated, its native position on the N-terminus allows for it to behave in
an independent manner from the stable folding nucleus. This native position is
advantageous because it allows for the rest of the protein to fold independently while
the geometrically frustrated Trefoil 1 can “wait” until the stable scaffold created by
Trefoils 2 and 3 is formed. However, if the geometrically frustrated Trefoil 1 is
positioned in the middle of Trefoils 2 and 3, this could have a variety of consequences
for the folding route of the protein. If positioned in the center of the protein, Trefoil 1
can no longer fold independently of the rest of the protein scaffold. Further, if Trefoll
1 is in the center of the protein sequence, the formation of the stable scaffold will
inherently be disrupted. Likely, this permutation will manifest in a far slower folding
rate for the protein overall and may lead to a two-state folding mechanism. In our
previous work we showed that IL-33 can be forced into a cooperative folding
mechanism by strengthening the contacts in Trefoil 1, although with a much higher
folding barrier. Although switching the order of the Trefoils is not directly analogous
to strengthening the contacts, it would eliminate many of the same folding
considerations that we eliminated through contact strengthening. This includes
limiting the ability of Trefoil 1 to backtrack and increasing the need for cooperative

folding by the eliminating the ability of Trefoil 2 and 3 to form a continuous stable
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scaffold. If this circular permutant can be successfully folded, it would be interesting
to assess the subsequent signaling activity of the permutant wherein the dynamics of
Trefoil 1 would be dampened and its position re-oriented. This could aid in verifying
whether the disparate dynamics in Trefoil 1 are playing a role in successful
engagement of the dynamic Ig2 and Ig3 domains in ST2.

Our previous work showed that the contacts formed between -strands 1 and
4 experience the most extreme degree of backtracking if Trefoil 1 happens to fold first.
Further, we showed that Trefoils 2 and 3 act as the stable manifold for the subsequent
folding of Trefoil 1. In order to understand the most fundamental contacts that facilitate
the folding of IL-33, phi value analysis would be a good strategy. In this thesis, we
discovered and verified experimentally that IL-33 folds through an intermediate state.
We were able to directly show the formation and resolution of the intermediate state
within an extremely short time frame and we verified the structure of the intermediate
state through the use of Structure Based Models (SBM). To probe the structure of the
intermediate state experimentally, the use of phi value analysis would allow for direct
observation of the individual contact formation in Trefoil 2 and 3. Phi value analysis
directed at analyzing the formation of the transition state would be useful with respect
to understanding the most stabilizing contacts necessary to counter-balance the
geometric frustration in Trefoil 1 and the subsequent dynamics within the native basin.
Unfortunately, the backtracking in Trefoil 1 occurs as a fluctuation in the denatured
basin and therefore would be difficult to capture with the experimental methods
currently available.

The final, native fold of IL-33 is strongly influenced by the geometric and
conformational frustration in Trefoil 1, leading to disparate and multi-time scale native

state dynamics within the functional regions of the protein. These increased regions
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of dynamics track to Trefoil 1, the critical region that allows for IL-33 to bind the ST2
receptor-binding interface. = The role of these dynamics can be linked to the
importance in allowing for efficient engagement of the flexible 1g2 and Ig3 domains in
ST2. The dynamic transition of the IL-33/ST2 complex may be further probed through
the use of NMR. Thanks to the work of the Fairbrother lab, the full assignments of IL-
33 bound to ST2 receptor are available for use. These assignments can be used to
evaluate the order parameters of bound IL-33 to ST2 and can be used to probe not
only the differences in conformational entropy in IL-33 upon binding, but also to
evaluate any pockets of allosteric effects upon the binding and subsequent dynamic
transition. IL-33 and ST2 have only been able to be crystalized when bound to each
other, suggesting that the complex is overall far more ordered than the individual
components. As a framework, this suggests a strong dynamic transition that can be
probed at a residue specific level on IL-33 through the use of NMR.

The analysis of the native state dynamics through NMR done in this thesis
focused on °N backbone dynamic measurements. Although we have identified that
there is a large degree of conformational entropy and long time scale malleability in
Trefoil 1, the exact origins of these dynamics can still be elucidated further. In
particular, the dynamics in the native basin may be strongly influenced by side chain
interactions and motions within the frustrated and functional regions. The availability
of the side chain NMR assignments and the well resolved spectra of IL-33 would make
the analysis of side chain dynamics extremely amenable, particularly for tracking the
side chain dynamics within the regions of conformational entropy seen in Trefoil 1.

In addition to being a fascinating small signaling molecule with wide-ranging
inflammatory consequences, IL-33 is a protein with a fascinating native landscape.

The interplay between conserved frustration and functionality in both the folding route
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and native basin is a prime example of the evolutionary pressure to balance the need
for efficient folding and structural stability with the preservation of functionality. [L-33
is a protein that must engage a highly dynamic receptor, and in doing so must be highly
dynamic itself. The high degree of dynamics necessitates the presence of a driving
force, and in the case of IL-33, the driving force is provided by frustration along the
folding pathway and frustration within the native state. The fine-tuning and adjustment
of both the folding pathway and the ensemble of native basins is an astounding
example of balancing evolutionary pressure in a protein with the critical preservation

of functionality.





