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Interleukin-36 receptor antagonist is a cytokine that recently has been implicated in 

psoriatic diseases.  Genome wide association studies observed single point mutations in the 

IL36RN gene which were associated with psoriasis patients.  Characterizing how IL-36Ra works 

at a molecular level is critical in determining how diseases states may arise.  Two observations 

regarding IL-36Ra were studied in detail in this work. Firstly, IL-36Ra was observed to be highly 
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sensitive to N-terminal cleavage, in that the removal of the initiator methionine can activate the 

cytokine to its full activity. Secondly, IL-36Ra contains a unique disulfide bond that is not found 

in any related family member.  

Chapter 3 details the NMR (Nuclear Magnetic Resonance) assignments of IL-36Ra 

necessary to solve the solution structure and probe phenomena at a residue resolution.  

Chapter 4 details our observations of the structural changes and dynamics changes in IL-

36Ra when comparing full length IL-36Ra to the N-terminal methionine cleaved IL-36Ra.  Using 

a combination of NMR and hydrogen/deuterium we observed subtle differences in the two 

isoforms.  The structural studies implicated the barrel structure in allowing allosteric transmission 

from N-terminal face to the opposite side of the molecule. Additionally, our dynamics studies 

revealed changes in the motions of the loops in the cap of the protein that are responsible for 

receptor binding. The changes were likely mediated via the residues at the cap-barrel interface 

which allowed changes in the barrel architecture to affect the loops in the cap subdomain. 

Chapter 5 details our observations of the structural changes as well as dynamics changes 

in IL-36Ra when comparing oxidized IL-36Ra to the reduced IL-36Ra.  Our data shows that the 

reduced form is highly destabilized overall, and specifically in the strands local to the disulfide 

bond.  However, H/D exchange revealed that the residue diametrically opposed to the disulfide 

increased in protection from exchange, whereas most other residues decreased after the removal 

of the disulfide bond.  These observations allowed us to construct a model in which the barrel 

expands without the presence of a disulfide 

Lastly, Chapter 6 details the changes in H/D protection when IL-36Ra interacts with its 

receptor IL-36R.  Different exchange profiles were observed for the two N-terminal isoforms when 

interacting with IL-36R.  Using the observations, we were able to build a model in which the fully 
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active IL-36Ra likely tunes the receptor off rate through the N-terminal/2nd trefoil interface that 

does not exist in the less active isoform. 
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General Introduction 
 

The inflammatory response is a critical and well-regulated pathway in the human body. 

Inflammation is the cornerstone of the innate immune system, an evolutionarily ancient 

conglomerate of cells and signaling proteins built to defend against foreign pathogens or tissue 

damage. The hallmarks of inflammation were described as early as 2000 years ago by the Roman 

civilization, citing that swelling, redness, and heat were associated with an injury or sickness. In 

modern times, inflammation has been extensively studied, with research at the cellular and sub-

cellular level of control. Tissue damage or infections attract certain cells via signaling molecules 

that can repair damage or eliminate pathogens. These recruited cells can in turn produce a 

downstream effect by production of other pro-inflammatory signaling molecules to recruit more 

specialized cells as well as alert the adaptive immune system to express more specific and targeted 

defenses1. This complex system of signal transduction is effective but requires tight regulation and 

fine tuning to work.  Aberrant inflammation is observed in a variety of diseases and disease states, 

caused from either excessive expression of inflammation promoting factors, or from the deficiency 

of such factors1.  

In particular, the IL-1 family of cytokines plays an important role in the inflammatory 

pathway.  IL-1, one of the earliest discovered interleukin, was first purified under an alternate 

name, “leukocytic pyrogen”, and was implicated in fever production2.  It was not until later, from 

a cDNA screen, that two separate protein constructs were observed to induce an IL-1 like response.  

These became known as IL-1α and IL-1β3.   These interleukins were discovered to not only be 

fever inducing, but also related to neutrophil recruitment, collagen proliferation, and B and T cell 

activation, as well as many more important immune functions4. The original IL-1 family consisted 

of IL-1α, IL-1β, and IL-1Ra, which are two pro-inflammatory proteins and one anti-inflammatory 
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protein respectively.   These pro-inflammatory proteins (also known as agonists), IL-1α or IL-1β, 

bind to IL-1R1, the IL-1 specific transmembrane receptor.   This dimeric complex subsequently 

recruits a co-receptor, IL-1 Receptor Accessory Protein (IL-1RAcP), making the active 

heterotrimeric complex. IL-1R1 and IL-1RAcP both contain intracellular TIR domains, which 

together, can recruit MyD88 and IRAK-4.  NF-κB and other inflammation inducing transcription 

factors are activated via a phosphorylation cascade pathway, ultimately upregulating important 

inflammatory response genes4. (Figure 1.1).    The antagonist, IL-1Ra (interleukin 1 receptor 

antagonist), acts as a competitive inhibitor to prevent the downstream signaling.  IL-1Ra binds 

analogously to IL-1R1 as does its respective agonists, however this dimeric complex is unable to 

recruit IL-1RAcP and thus stops any further downstream signaling (Figure 1.2).  Interestingly, IL-

1RAcP does not make significant contact with the IL-1 cytokines itself, implying that the cytokine 

(either agonist or antagonist), produces a distinct conformation in the receptor which then 

can/cannot recognize the co-receptor6.    Structurally, the IL-1 cytokines are members of the beta-

trefoil fold6, a single domain fold composed of twelve beta strands. Three “trefoils” of four strands 

each create a pseudo-symmetric “barrel” and “cap”; two strands from each trefoil form a 6-

stranded barrel, and the six remaining strands form three separate “caps” via two antiparallel 

strands each (Figure 1.3). This fold family has been observed in multiple protein families ranging 

from protease inhibitors, fibroblast growth factors, and viral recognition7. The fold itself lacks any 

pockets for a catalytic active site, but is effective as a scaffold or as a binding molecule.  

Furthermore, the fold’s pseudo-symmetry and sub-domains (trefoils, barrel, cap), create a scaffold 

in which the top (cap) and bottom (barrel) of the molecule are distinct in geometry, and the sides 

(each individual trefoil) can be “customized” to fulfill any given unique binding interaction.  

Further discussion of the roles of each trefoil will be discussed in later chapters.   
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Figure 1.1.  IL-1 family signaling mechanism. 
  
IL-1 cytokine (red square) bind to IL-1R (green) to signal downstream.  IL-1RAcP (blue) is 
recruited after the IL-1 agonist binds to the IL-1R.  The heterotrimeric complex forms and the 
intracellular TIR domains recruit both MyD88 and IRAK-4. IRAK-4 phosphorylates downstream 
targets (indicated by the encircled “P”), and is able to liberate NF-kB from its inhibitor IkB.  NF-
kB is now free to move to the nucleus (shown in tan) and bind to DNA to upregulate genes for the 
inflammatory response. 
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Figure 1.2.  IL-1 signaling is inhibited in the presence of antagonist 
  
IL-1 antagonist (shown in purple) binds to IL-1R (green).  IL-1RAcP (blue) is unable to bind 
(indicated by the red “x”), thus preventing any intracellular signaling and does not upregulate an 
inflammatory response. 
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Figure 1.3.  The beta-trefoil fold. 
 
The beta-trefoil fold shown in three different ways.  Objects correlating to the barrel are shown in 
pink, whereas those correlating to the cap are shown in blue.  The top schematic indicates the order 
of the secondary structure elements in the polypeptide chain. The bottom left is a cartoon 
representation of the final tertiary structure of the beta-trefoil fold.  The bottom right is an actual 
protein structure of IL-1β.   
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IL-36 Family 
	

The IL-1 family has slowly been expanding, as many new members have been discovered 

in the recent years.  IL-33, a IL-1 like cytokine, was recently discovered along with its primary 

receptor ST28.  IL-33 is also a beta-trefoil and binds analogously to ST2 as the IL-1 cytokines bind 

to IL1-R1. The IL-33/ST2 dimer then binds the same co-receptor IL-1RAcP to initiate the 

intracellular phosphorylation cascade and the inflammatory response9. 

The newest sub-family discovered was the IL-36 family, originally named IL-1F5 through 

F9. They were found using genomic data analyses aimed at identifying IL-1 homologs10. This 

family was believed to act very similarly to the canonical IL-1 family members and contains 4 

cytokine members: IL-36α, IL-36β, IL36γ, and IL-36Ra. 

The agonists (IL-36α, IL-36β, IL36γ) are proposed to bind to receptor IL-36R (previously 

called IL-1Rrp2), in a similar fashion as IL-1 binds IL-1R1. This IL-36/IL-36R heterodimer 

subsequently binds IL-1RAcP to start the signal cascade. IL-36Ra, is thought to be analogous in 

activity to IL-1Ra (refer to Figure 1.2 for IL-1Ra’s activity), in which it acts as a competitive 

inhibitor to prevent IL-1RAcP recruitment11; however, the exact mechanism is not well 

understood. These IL-1 cytokines are of interest both therapeutically and structurally, as they are 

fundamentally intertwined via IL-1RAcP, yet they have differential effects throughout the body.  

Moreover, as all the cytokines were hypothesized to be of the beta-trefoil fold, they all have very 

similar structures, yet they have high specificity and minimal cross reactivity12-16. The canonical 

IL-1 subfamily and the IL-36 subfamily seem to be highly related by its organizational structure 

(i.e. there are multiple agonistic ligands and one competitive antagonistic ligand), whereas IL-33 

lacks any antagonistic counterpart.  
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Biologically, the IL-36 family has been found to be important for T-cell response as well 

as affecting antigen-presenting cells.  Monocyte-derived dendritic cells express IL-36R and IL-36 

signaling was shown to induce IL-12 and IL-6 production in murine cells.  Additionally IL-36R 

was discovered to be expressed on naïve T-cells and have been linked to T-cell proliferation as 

well as tuning of both Th1 and Th17 immune responses17. 

The IL-36 family became of clinical importance through its association with many 

inflammation-related disorders, specifically psoriasis, irritable bowel syndrome (IBS), rheumatoid 

arthritis (RA), Crohn’s disease, chronic obstructive pulmonary disease (COPD), and even 

obesity18,19.  Most incriminating of IL-36 and its role in psoriatic diseases was the discovery of 

single nucleotide polymorphisms (SNPs) in the IL36RN gene that were directly causative of 

general pustular psoriasis (GPP), which is a life-threatening form of psoriasis20.   These genome-

wide association studies(GWAS) put IL-36Ra at the forefront of psoriatic research, with research 

groups looking to understand how IL-36Ra worked. The structure of the murine IL-36Ra was 

solved using x-ray crystallography and confirmed that IL-36Ra has a beta-trefoil structure 16 (PDB 

ID: 1MD6); however, the molecular mechanism of its antagonistic properties was still unclear.  

Two structural elements caused ambiguity in its function when compared to the IL-1 subfamily.  

In IL-1β, the 4-5 loop forms an extended loop whereas in IL-1Ra, the 4-5 loop forms a tight turn.  

The architecture of IL-36Ra is more similar to IL-1β than IL-1Ra.  Additionally, a point mutant of 

IL-1β, D145K, (replacing the aspartate residue of IL-1β with the lysine in the homologous position 

of IL-1Ra) removes agonistic function21.  IL-36Ra contains the aspartate, which is similar to IL-

1β and not IL-1Ra.  Moreover, IL-36Ra contains architecture that has no analog in the IL-1 sub 

family.  IL-36Ra contains a unique disulfide bond between the first and last beta strands (discussed 

further in Chapter 4), and also has an elongated 11-12 loop. These differences seemed to indicate 
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the IL-36Ra could have a novel mode of function unlike the previously studied IL-1 family 

members. 

Another complexity of the IL-1 family concerns the post-translational processing required 

to form the mature cytokines.   Previously studied IL-1 family members were expressed with 

extended pro-domains. The processing and function of the pro-cytokines creates a wealth of 

regulatory possibilities and complex cell signaling pathways. IL-1β, for example, is expressed as 

a 31 kDa polypeptide that is unable to bind IL-1R, and must be cleaved to its mature 17 kDa form 

to be pro-inflammatory22. Caspase-1 was ultimately discovered to be the protease responsible for 

activating IL-1β23.  Interestingly, Caspase-1 itself needs to be processed and activated by the 

NLRP3 inflammasome complex, demonstrating a high complexity and control required of 

inflammatory responses24. IL-1α is also expressed as a 31 kDa protein, however, it retains a basal 

pro-inflammatory activity22.  Moreover IL-1α is cleavable by a variety of proteases, including 

calcium-dependent calpain, a pro-apoptotic Granzyme B, and neutrophil elastase, all of which 

activate IL-1α to its full pro-inflammatory potential24,25.   IL-33 adds additional regulatory 

potential with reports of pro-IL-33 having a nuclear localization sequence (NLS) within its N-

terminus. It is proposed to bind to the p65 subunit of the NF-κB heterodimer to temper the 

transcription of NF-κB dependent genes26. As with IL-1α, multiple proteases are also implicated 

in the activation of IL-33.  The IL-36 family, as opposed to the previously discussed IL-1 family 

members, does not contain extended pro-sequences. Recent research reports by a group at Amgen, 

demonstrated that IL-36 cytokines require cleavage in order to attain full activity.  The longest of 

these protein pro-sequences was 17 residues in IL-36γ, all hypothetically derived via sequence 

alignment with a conserved aspartate in all the IL-36 family members.  Most curious of these pro-

sequences was contained in IL-36Ra, which was discovered inadvertently due to an inability to 
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replicate previous assays after a change in expression system (COS cells which are derived from 

monkey kidney vs E.coli)27.  The active protein had only the N-terminal starting methionine 

removed, and resulted in a near binary activation, with the full length (from herein referred to as 

1-met) showing no activity, and the processed (from herein referred to as 2-val), having complete 

antagonistic activity27.    

Taken in the context of disease-causing SNPs and the processing of short pro-sequences, 

IL-36Ra is revealed to be highly sensitive molecule whose activity can be modulated with small 

perturbations.  Because of these minor but critical differences, it became increasingly apparent that 

additional biophysical data was needed to fully understand the mechanism of IL-36Ra’s 

antagonistic properties.    

This dissertation aims to elucidate the structural and molecular mechanisms of IL-36Ra by 

utilizing spectroscopic techniques to further understand how the activity of IL-36Ra is influenced 

by small changes. Since human and murine IL-36Ra were not completely homologous, it was 

necessary to determine a structure for the human protein.  This was completed using NMR 

(Nuclear Magnetic Resonance) spectroscopy.  Furthermore, NMR was used to assess local and 

allosteric changes that occurred within IL-36Ra using chemical shift perturbation analysis.  In 

tandem with structural studies, NMR relaxation and deuterium exchange experiments were used 

to elucidate any differences in the motions of the protein that could be linked to cytokine receptor 

binding and activity.  We also used biolayer interferometry (BLI) and deuterium exchange mass 

spectrometry (DXMS) to investigate kinetic binding parameters and potential receptor binding 

sites, respectively.  We chose to study two structural elements of IL-36Ra that were of great interest 

to us.  The first was the curious result that a single residue cleavage was enough to convert an 
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inactive antagonist into an active one.  Utilizing our spectroscopic techniques, we aimed to map 

out a general molecular mechanism for how this cleavage could precipitate such a large change.  

Secondly, we aimed to determine the function of the disulfide bond. Because of the unique 

presence of the disulfide in IL-36Ra, which is not present in any other family member, we 

hypothesized a functional relevancy of the disulfide.  Again, with NMR chemical shift perturbation 

and hydrogen deuterium exchange, we determined areas of substantial change that could adversely 

affect binding.   

This work is ultimately intended to propel the understanding of a potential therapeutic.  IL-

1Ra, the antagonist of the IL-1 subfamily, has seen substantial success as an anti-inflammatory 

biomolecule prescribed for rheumatoid arthritis sold under the name Kineret (or anakinra) by 

Amgen28-30.   Amgen has already patented the IL-36Ra polypeptide sequence at time of discovery 

in 2007, indicating the interest in using IL-36 family members as potential drugs31.  Additionally, 

psoriasis-related diseases currently lack successful treatment options outside of broad scale 

immunosuppressing antibodies such as adalimumab, an anti-TNF (tumor necrosis factor) 

antibody30.  Anti-IL-36R antibodies are of great interest to the pharmaceutical industry32; however, 

as antibodies may cause undesired immune responses and additionally may be too binary (on or 

off) in their responses, cytokines that can elicit a partial agonism or antagonism may become the 

forefront of immunotherapies.  The studies performed in this dissertation are pivotal to reaching 

this goal.  
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Introduction 

This dissertation uses a variety of techniques to identify important characteristics of IL-36Ra.  Both 

the specific methodology used as well as general information regarding the technique are presented 

here for clarity and brevity, as opposed to a more redundant methodology for each chapter.      

 

General Methodology 

Hydrogen Deuterium Exchange (HDX) 

Hydrogen deuterium exchange (HDX) can be used to identify regions of interest and by 

specifically observing how the H-bond or solvent accessibility as a consequence of specific 

experimental conditions.   HDX is a well-established technique for characterizing protein structural 

and energetic parameters1,2. Changes in HDX rates can be correlated to the local unfolding of a 

region or broad scale changes in structure such that the backbone amide is able to exchange its 

hydrogen with the surrounding solvent3,4.  By placing the protein in a deuterium oxide (D2O) 

buffer, the solvent-exposed protons of the amide backbone will exchange with the solvent, and the 

backbone will be enriched with deuterium as the reaction occurs.  As the reaction requires the 

amide to be solvent accessible, the loop regions and residues with amides facing the exterior of 

the protein will exchange very fast. Alternatively, the residues that are facing the core of the protein 

will be slow to exchange, especially those that are participating in H-bonds.  In a hypothetical 

structure in which there is little to no internal motion, the H-bonds will stably prevent the amide 

hydrogens from exchanging.  In the converse situation, in which the structure has a lot of internal 

motion, the H-bonds will likely break and reform allowing time for the deuterium solvent to 

exchange readily.  Thus, H-D exchange rates are affected by multiple phenomena: the structure of 

the protein, the inherent flexibility or internal motions of the protein, and lastly the intrinsic 



 17 

exchange rate of the amide itself relating to the intrinsic pKa dictated by the R group as well as 

neighboring residues5.  As such, HD exchange is a valuable technique for observing changes in a 

protein behavior upon introduction of a mutation or other perturbations of the system.   

 

HDX-NMR 

 For NMR, the 1H-15N HSQC spectrum are used to observe all the amides in the protein.  

Each peak is assigned to an individual residue allowing the changes in deuterium exchange rates 

to be correlated to a specific residue and location in the protein.  1H is an NMR active nuclei with 

a spin of ½, and therefore appears as a peak in the 1H-15N HSQC.  However, when the protein is 

exchanged into a deuterium rich buffer, the hydrogen exchanges with deuterium and the amide 

consists of a N-D bond.  Deuterium has a spin state of 1, which changes how it interacts with the 

magnetic field, and thus the corresponding hydrogen peak disappears.  By recording multiple 1H-

15N HSQCs over an extended period of time, the peak will decrease in intensity (Figure 2.1).    By 

plotting the intensity over time a decay rate can be fit to a single exponential rate equation.  The 

residues that are highly protected from exchange will show no change in peak intensity for the 

duration of the experiment.  In the converse scenario, in which the residue is solvent exposed, the 

peak intensity will rapidly decrease and disappear altogether.  In conjunction with the peak 

assignments the exchange rates can be plotted on the structure to identify locations of interest 

based on deviations from expectation of exchange rate. Additionally, protection factors can be 

calculated by the ratio of the intrinsic exchange rate and the observed exchange rate5.   HD 

exchange is also used as a way to identify H-bond partners, which are determined by a slow 

exchange rate, in which some peaks fail to decrease in intensity even after the exchange reaction 

has occurred for weeks (IL-36Ra exhibits H-bonds of this characteristic).   For beta-stranded 
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proteins, H-bonds are easily identifiable by the alternating residues of a strand exhibiting slow 

exchange.  

 

 

 

Figure 2.1  1H-15N HSQC spectra of IL-36Ra recorded during a H/D exchange reaction 
 
1H-15N HSQC spectra recorded at 3 different time points of a deuterium exchange reaction.  The 
non-deuterated spectrum shows all the amide backbone crosspeaks.  After 30 mins in deuterium, 
many signals begin to disappear.  After 24 hrs of deuterium over half of the original signals are no 
longer visible. 

 

Deuterium eXchange Mass Spectrometry (DXMS) 

The H/D exchange reaction can also be tracked via mass spectrometry6. As opposed to 

NMR, which utilizes the difference of nuclear spin number of deuterium vs hydrogen, mass 

spectrometry detects the mass difference between the two isotopes. Hydrogen contains only a 

proton giving it a mass of 1 amu, whereas deuterium contains one proton and one neutron giving 

it a mass of 2 amu.  Using this mass difference, the mass spectrometer can identify locations of 

increased deuterium by observing a mass change of an identified peptide.  DXMS relies on using 

peptide fragmentation via proteases and mass spectrometry to identify the masses of the peptides. 

By comparing the deuterium incorporated peptides to their non-deuterated counterparts, the 
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amount of deuterium incorporation can be determined.  As reaction time progresses the mass 

envelope should shift to higher and higher masses indicating the heavier deuterium is being 

incorporated (Figure 2.2). 

 

Figure 2.2.  Deuterium exchange reaction monitored via mass spectrometry.  
 
Representative DXMS data for a hypothetical protein. The isotopic envelope of the non-deuterated 
peptide in shown in blue with the lowest mass to charge ratio.  As the reaction time progresses the 
isotopic envelope moves further to the right (green/red) as the mass/charge ratio increases due to 
deuterium incorporation in the peptide  

 
Because of the inherent limitations of sample preparation as well as the time-requisite 

shimming and locking of the NMR spectrometer, the time course contains a dead time in which 

data cannot be acquired.   This limitation can be tempered by lyophilizing a given sample, but can 

lead to structural differences due to a protein’s amenability to the lyophilization and rehydration.  

DXMS is also a successful way of alleviating the large dead time of a NMR experiment.  The dead 

time of a DXMS sample is on the order of seconds requiring only the introduction of a reaction 

quench and low temperatures to stop the exchange reaction.  This allows for many time points to 

be observed that are orthogonal to the processing/running time of the instrument.  DXMS is a well-

established technique and can be used to identify structural changes and also observe binding 

interactions7. The binding interaction should change the solvent accessibility of the binding site 
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with the new interaction sterically occluding any solvent from the associated surfaces of the 

protein-protein interactions.   NMR, which is traditionally limited by the size of molecules due to 

both spectral overlap as well as peak broadening of objects with slow tumbling times, is not usually 

recommended for probing the interaction of large macromolecules.  DXMS however has no real 

size limitation (other than successful unambiguous peptide identification), and thus is a more 

robust technique for observing interactions.  DXMS does suffer versus NMR in that its resolution 

is limited to the peptide space whereas NMR is able to give residue specific information. 

 

NMR Structure Calculations 

 NMR structure calculation requires substantial spectroscopic data in order to obtain a high-

quality structure.  First, the backbone assignments of the protein need to be determined (this 

strategy will be discussed in Chapter 3). After backbone assignments are complete, the sidechain 

carbons and hydrogens also require assignment.  This can be done via pulse sequences that transfer 

magnetization from the amide to the side chain such as the HC(CO)CNH, which observes the 

aliphatic hydrogens of the (i-1) residue and correlates them the (i) residue’s amide shifts.   In 

addition to the atomic assignments, dihedral angles are also calculated by using TALOS and the 

chemical shift index9.  The chemical shift index uses a phenomenon in which secondary structure 

can be calculated with information about the Cα. Cβ, Hα or CO10.  In a random coil, each amino 

acid has an expected chemical shift; however, in a secondary structure in which the atom is in a 

distinct environment that chemical shift will move upfield or downfield depending on its secondary 

structure. This data can be used to predict secondary structure and additionally used to calculate 

dihedral angles.  This methodology can be more accurate with the inclusion of a multiple shift type 
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as well as a similar model structure.   Additionally, a J-coupling value can also be calculated for 

certain atoms and this value can be parameterized into an angle (Equation 2.1) :  

 

Equation 2.1	 𝐽# = 𝐴𝑐𝑜𝑠)(𝜃) + 𝐵𝑐𝑜𝑠(𝜃) + 𝐶 

 

This is commonly done for the HNHA, which uses the correlation between the backbone 

amide and the alpha hydrogen. The relative intensities of the HA vs HN peak can be used to 

calculate J-coupling values10,11 (Equation 2.2) : 

 

Equation 2.2  01
02
= −𝑡𝑎𝑛)(𝜋𝐽89𝑇) 

 

Lastly, interactions in three-dimensional (3D) space need to be analyzed.  This is traditionally done 

via the observation of Nuclear Overhauser Effect (NOE) peaks12. As opposed to the previously 

discussed pulse sequences, which rely on spin-spin coupling and can only act between bonded 

atoms, NOE peaks are the result of the magnetic dipole-dipole interaction through spaces resulting 

in information about the 3D structure.   Assignment of NOE peaks create a catalog of interactions 

in which two atoms must be a certain distance away to produce an NOE peak.  These data points 

are put into a distance geometry algorithm in which the program tries to find a structural solution 

using the distance constraints between certain atoms, as well as the dihedral and J coupling 

values13.  At this stage, the single chain polypeptide now has been “folded” into a possible 3D 

structure.  This structure is further refined using an optimization technique known as simulated 

annealing, which searches for the minima of the function and finds the best solution.  Often times 

the structure needs to be re-optimized in a computational solvent, which is missing in both the 
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distance geometry and simulated annealing program.  This step usually eliminates any incorrect 

bond distances (atoms are too close together) and refines possible dihedral angles to be closer to 

those expected in a canonical Ramachandran plot.   

 

NMR Relaxation Experiments 

NMR relaxation can be used to identify a variety of dynamic motions in a variety of 

timescales ranging from the ps to hours14.  Specifically, we used T1 and T2 relaxation to probe 

faster time scales than our hydrogen-deuterium exchange experiments. Relaxation is the decay of 

the NMR signal with time.   The NMR signal is caused by an excitation and the relaxation is the 

return to the equilibrium state over time.  T1 is the relaxation rate specifically known as the spin-

lattice relaxation rate and is caused by the nuclei(spin) transferring energy back into the 

surrounding environment (lattice). This occurs along the z- axis (which is in plane with the external 

magnetic field).  T2 is the relaxation rate known as spin-spin relaxation and is the decay component 

for the x and y axis.  It is correlated with the decoherance of the ensemble of nuclear spins.  The 

excited spins interact with one another due to local inhomogeneity in the magnetic environment.  

T2 on average is more sensitive to molecular motion and is correlated to longer timescales on 

average compared to T1 relaxation.   The T1 and T2 values in conjunction with heteronuclear NOE 

(hnNOE) values are often used to calculate order parameters to quantify ps-ns motion and rigidity 

on a protein structure.  We chose to not use order parameters as it requires additional modeling of 

the protein that could bias the final conclusion.  Because we were directly comparing two very 

similar samples we chose to compare the direct observables (T1 and T2 relaxation) to increase the 

reliabilty of our conclusion.   
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Biolayer Interferometry (BLI) 

BLI is a technique used for identifying the kinetics of a binding reaction.  The Octet system 

is the commonly used instrument.   Using specific tips with optical sensors, BLI is able to observe 

changes in the reflected light of a reference versus a tip that contains bound protein15.  As more 

protein is bound to the tip, the perturbation to the reflected light increases and protein binding can 

be observed in real time.  Additionally, dissociation constants can also be observed by analyzing 

the loss of protein from the tip.   Thus, BLI can give kinetic parameters of a given binding 

interaction as well as an equilibrium binding constant. 

  

Stability measurements (via Circular Dichroism spectroscopy) 

We used circular dichroism (CD) to monitor the thermal denaturation of our proteins to 

observe relative stabilities.  CD utilizes circularly polarized light to monitor the secondary 

structures of proteins which have distinct signals in the CD.  The protein is denatured (melted) via 

a controlled temperature increase of the instrument, and the change in signal correlating to the loss 

of secondary structure can be plotted against the temperature. 

 

Specific Methods 

Protein Cloning, Expression and Purification 

Recombinant human 1-val IL-36Ra was expressed in Escherichia coli BL21(DE3) cells 

(Novagen) containing the mature IL-36Ra expression vector. Cells were grown at 37 °C, induced 

with 0.5 mM IPTG and harvested after 4 hrs at 30 °C.  The cells were spun at 5000 rpm, suspended 

in lysis buffer (25 mM Tris at pH 8.0) and then frozen.  The lysed cells were spun at 13,000 rpm 
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for 20 min, and the supernatant was removed and dialyzed extensively in buffer A (25 mM Tris, 5 

mM DTT, pH 8.0).  The dialyzed protein was injected onto a HiTrap-Q anion exchange column 

(GE Healthcare) equilibrated with buffer A.  IL-36Ra eluted in a single peak using a gradient of 

0-50% buffer B (25 mM Tris, 1M NaCl, pH 8.0) over 100 mL at 5 mL/min.  The IL-36Ra fractions 

were pooled, concentrated and injected onto a HiPrep 26/60 Sephacryl S-200 HR column (GE 

Healthcare) which was equilibrated and run with SEC Buffer (25 mM Tris, 150 mM NaCl, 5 mM 

DTT pH 8.0). IL-36Ra eluted as a single peak. 

The 1-met isoform was expressed in Escherichia coli BL21(DE3) cells (Novagen) as a 

GST fusion protein containing a Factor Xa cleavage site.  Cells were grown at 37 °C, induced with 

0.5 mM IPTG and harvested after 4 hrs at 30 °C.  The cells were spun at 5000 rpm, suspended in 

lysis buffer (25 mM Tris at pH 8.0) and then frozen.  The lysed cells were spun at 13,000 rpm for 

20 min, and the supernatant was removed and dialyzed extensively in buffer A (25 mM Tris, 5 

mM DTT, pH 8.0).  The protein was then injected onto a GST Trap column and eluted with 

increasing concentrations of glutathione (reduced).  After elution, the protein was dialyzed into 20 

mM Tris-HCl (pH 8.0 @ 25°C) with 100 mM NaCl and 2 mM CaCl2.   Factor Xa was added to 

the solution in a 1:50 enzyme protein ratio and cleaved for 8 hrs and 18˚C.  Cleaved protein was 

dialyzed into buffer A and run over a HiTrap-Q anion exchange column using the identical method 

used for the 1-val isoform. MALDI was used to confirm the identity and purity of the isoforms. 

 

NMR Spectroscopy 

All NMR Spectroscopy was performed on a Varian NMR System 500 MHz and 800 MHz 

spectrometer and using standard pulse sequences provided in the Varian BioPack. All samples 

were run at 26˚C. Data were processed using NMRPipe16 and then analyzed and assigned using 
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Sparky17. NMR samples were prepared by growing cells in Minimal Media (M9) containing [15N] 

ammonium sulfate and/or [13C] glucose for uniformly labeled 15N, 13C-labeled protein.  Purified 

protein was buffer exchanged into 25 mM Phosphate Buffer, 100 mM NaCl pH 6.5 and 

concentrated to 0.5 mM.   Purity was assessed by SDS-page and concentration was determined 

using UV absorption at 280 nm using an extinction coefficient of 23950 L/(mol*cm) (Expasy-

Protparam). 

Backbone assignments were accomplished by using a standard suite of assignment methods 

(HNCA, HNCACB, CBCA(CO)NH, HNHA).  Additional side chain assignments were obtained 

using 3D HC(CO)NH-TOCSY, 3D C-(CO)NH-TOCSY, 3D HCCH-TOCSY,   3D N15 NOESY-

HSQC,  and  3D C13 NOESY-HSQC.  Chemical shift perturbations were calculated using  Dd =

;(∆𝛿𝐻)) + 0.17(∆𝛿𝑁)). Perturbations were considered significant if outside of one standard 

deviation from the mean (after omitting outliers). 

         NMR-detected hydrogen/deuterium exchange was visualized by monitoring peak 

intensities of assigned 1H-15N cross peaks. A series of 1H-15N HSQC (24 hrs total, 20 min each), 

were recorded immediately after deuteration.  0.5 mM samples (in 25 mM Phosphate Buffer, 100 

mM NaCl pH 6.5) were split into a non-deuterated (ND) control and a fully-deuterated (FD) 

sample.   ND was brought up to 600 uL with buffer and 10% (v/v) D2O.  FD was deuterated by 

adding 300 uL of sample to a pre-equilibrated (in 25 mM phosphate 100 mM NaCl pH 6.5 in 

99.9% D2O) Quick Spin Protein Column (Roche).  The column was then spun at 750xg for 3 

mins.  The collected sample was then brought to 600 uL with deuterated buffer (as was performed 

analogously to the ND sample).  Peak height was fit to a single exponential. 
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         Relaxation experiments were run using the Varian BioPack supplied pulse 

sequences for the 1H-15N HSQC-T1 and 1H-15N HSQC-T2 while changing the relaxation time 

parameter.  Peak height was fit to a single exponential.  

Structure Determination 

Structures were calculated using XPLOR-NIH18,19 and 1H-NOE cross peak 

assignments.  Hydrogen bonds were derived from hydrogen-deuterium exchange NMR; highly 

protected residues within secondary structures were assigned as hydrogen bonded 

amides.   Restrained simulating anneal protocols were run followed by iterative 

refinement.  Structural quality was analyzed using PROCHECK20 and an ensemble of ten 

structures with the lowest energies and most favorable Ramachandran angles were chosen and 

averaged. The data were deposited to the RCSB Protein Data Bank (UCSD SDSC). 

DXMS (Deutermium eXchange Mass Spectrometry) 

 Instrument setup and operation is as described previously21.  Fragmentation 

conditions were determined by diluting 50 uM IL36Ra into 25 mM phosphate, pH 7.4 100 mM 

NaCl and quenched with 0.5% formic acid, 16.6% glycerol, 3.2 M Gdn, 300mM TCEP at 0˚C, 

frozen immediately on dry ice and stored at -80˚C until sample analysis.  Identification of peptides 

was determined using the SEQUEST software program22.   

 The on-exchange experiments were initiated by adding IL-36Ra in 25 mM 

phosphate, 100mM NaCl into an equivalent deuterated exchange buffer.  Deuterated exchange 

buffer was prepared in 99.9% D2O at adjusted to a pD of 7.4 using DCl.  The reaction was 

quenched by aliquoting 12uL of reaction into 18uL of pre-chilled quench in sample vials suitable 

for HPLC/MS analysis, at the corresponding time points.  Additional controls for back exchange 

were run by injecting samples directly into pre-quenched deuterated exchange buffer.     
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Binding Assays 

Binding kinetics were measured on a ForteBio Octet RED96 BLI system.  Dimeric IL-

36R-Fc fusion protein (R&D Biosystems) was loaded on anti-Fc sensor tips followed by non-

specific protein blocking in PBS (25 mM phosphate pH 7.4, 100 mM NaCl) and 1% (v/v) 

BSA.  Addition of ligand in various concentrations followed by incubation in PBS and 0.5% 

Tween was used to calculate the apparent association and dissociation rates of the ligand to the 

receptor. 

 

Stability measurements 

 Thermal denaturation monitored by circular dicroism was used to monitor relative 

stabilities of the proteins.  Purified IL-36Ra in 25 mM MES pH 6.5 was monitored at 224 nm with 

1  C˚ increments and a 30 sec equilibration time.   
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Abstract 

 There are currently minimal data regarding the structure and dynamics of IL-36Ra, which 

is required for successful comprehension of IL-36Ra’s activity.  In order to solve the structure as 

well as perform extensive NMR based studies with IL-36Ra, assignments of its backbone 

resonances were required.  We present here the approach, as well as the successfully assigned 

spectra and table of shifts.   

 

General Background and Approach 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique that can 

observe structural characteristics in large macromolecules.  NMR utilizes the naturally occurring 

intrinsic magnetic field of atomic nuclei to distinguish and identify individual atoms.  The 

molecule of interest is placed in a large magnetic field to create a separation of energy between 

differing nuclear spin states, which would normally be degenerate without the presence of an 

external magnetic field.  Nuclei most commonly used for NMR have a spin equal to ½ and have 

two spin states.  Common NMR nuclei include 1H and isotopic 15N and 13C, all which have a spin 

of ½.  If a frequency with the equivalent energy as the energy difference between spin states is 

applied, the nuclei will resonate between the two spin states.   Each NMR active atom will resonate 

at a distinct frequency, known as the chemical shift (colloquially referred to as a “peak”), due to 

its unique local environment, which is dictated both by its bonding partners as well as its neighbors 

in three-dimensional space.   

 Both structural properties and information on molecular motions on a large variety of time 

scales are determinable via the wealth of NMR pulse sequences.  However, a large bottleneck of 

NMR studies is the peak assignments in these large macromolecules.  In traditional small molecule 



 32 

1D NMR, the spectra contain distinct peaks that can be assigned via knowledge of the expected 

chemical shift based on its bonding neighbors.  However, large macromolecules contain 

substantially more peaks, which creates spectral overlap, and additionally the three-dimensional 

structure of the macromolecule is non-trivial, leading to a substantial deviation from predictions 

based on the primary sequence of the macromolecule. 

Because of these complexities, there are many techniques used to assign all NMR active 

atoms in any given polypeptide chain.  3D NMR is a requirement to unambiguously assign the 

majority of atoms in the polypeptide, and requires isotopic labelling using 15N and 13C in addition 

to the NMR active 1H. With three labelled nuclei, the spectra can now be resolved, in which 

magnetization can be transferred between neighboring nuclei and give rise to a distinct shift in 

each dimension (H, C, and N). For any given protein, peak assignments are a prerequisite before 

solving its structure or identifying the dynamic motions of the protein.   

Backbone assignments are traditionally done first with the assignment of the 1H- 15N Heteronuclear 

Single Quantum Coherence (HSQC) spectrum.  The 1H-15N HSQC is colloquially known as a 

“fingerprint” of the protein in which each peak represents the presence of a hydrogen bonded to a 

nitrogen.  Specifically, each amide in the protein’s backbone corresponds to a single peak, thus 

there is a peak for each residue (excluding proline), and additional peaks for certain sidechain R 

groups.  This 2D spectrum is able to resolve individual peaks for assignment.  To correctly 

determine which peak corresponds to each residue, 3D NMR spectroscopy is used.  The canonical 

suite of 3D spectra used are the HNCA, HNCACB, and CBCA(CO)NH, in which the nomenclature 

refers to the atoms and order of the magnetization transfer.  The HNCA probes alpha carbons 

(“CA”) from the amide backbone(“HN”), the HNCACB probes alpha(“CA”) and beta  

carbons(“CB”), and the CBCA(CO)NH probes the alpha and beta carbons of only the residue  
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Figure 3.1  Magnetization patterns of the spectra used to assign protein macromolecules.  
 
Schematics demonstrating the magnetization transfer for various spectra used for the assignment 
of the atoms in the protein backbone.  Atoms indicated in red are those in which the chemical shift 
is an output of the spectra.  Blue arrows indicate the transfer pattern between atoms.   
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Figure 3.2  Backbone walk of a HNCA spectra of IL-36Ra.    
 
In each strip plot is a slice of the spectra in which the x-axis is the hydrogen axis, the y-axis is the 
carbon axis, and the z-axis is the nitrogen axis.  For residue threonine 146 represented by the 
second strip (T146), two numbers are shown representing the H and N dimension (8.261 and 112.4 
respectively). This represents the amide shifts of T146.  The strip contains two red peaks, the (i-1) 
and (i) alpha carbon peaks which have been matched to the neighboring residues.  The (i-1) has a 
matching peak in I145 and the (i) peak has a match in D147, indicated by the horizontal yellow 
lines. 
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preceding a given amide. The “(CO)” refers to the carbonyl of the amide that connects the 

preceding residue, with the parentheses indicating a magnetic transfer, but not a produced chemical 

shift for the carbonyl.  By virtue of the pulse sequence and coupling constants, the 

HNCA/HNCACB are able to observe both the residue’s (i) carbon shifts as well the preceding 

residue’s (i-1) shift. (Figure 3.1). 

 Each of the separate spectra allows us to remove ambiguities in the carbon assignments.  With the 

HNCA, we can observe the Ca of the (i) and (i-1) and use a “backbone walk” to move from the (i-

1) residue to the (i) residue.  The (i) reside can then be matched to another residue’s (i-1) peak 

continuing the backbone walk to the subsequent residue (Figure 3.2). However, with only the 

HNCA alone, similar chemical shifts may still exist and are difficult to assign unambiguously.  

With the HNCACB there are 2 signals per residue, thus the backbone walk will require the 

successful matching of 2 distinct shifts (as opposed to only 1), which leads to more accurate 

assignments. The CBCA(CO)NH, where only (i-1) peaks are present in the spectra, removes the 

ambiguity in determining the (i) vs (i-1) peak.  Once the 1H-15N HSQC is assigned, further 

structural determination (via assignment strategies through correlation of the assigned amide to 

other chemical shifts) as well as protein dynamics experiments (via observation of the newly 

assigned shifts) can now be done. 

 

Assignments of IL-36Ra 

We report a near complete assignment of the backbone residues (HN, N, Cα, Hα : 95%) of 

IL36Ra.  We were unable to assign residues methionine 1, valine 2, asparagine 23, and lysine 96.  

The 1H-15N HSQC is presented here with labels corresponding to the peak assignments (Figure 

3.3). A table of chemical shifts for the backbone residues is presented as well. (Table 3.1).  
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Additionally, assignment of corresponding 13C and 1H side chain shifts was also done, however 

side chain amides/amines were not assigned.  Resonances have been deposited to the BMRB 

(ascension number 30369) and the coordinates of full length IL-36Ra have been deposited into the 

PDB (6BH6). 

 

Materials and Methods 

NMR specific sample preparation 

Interleukin-36 receptor antagonist was cloned into a pET- 24 vector and transformed into 

E.coli.  E.coli were grown in labeled minimal media containing 15N-enriched ammonium sulfate, 

and 13C-enriched glucose to obtain uniformly 15N, 13C labeled IL-36Ra.  IL-36Ra was initially 

purified via osmotic shock in 25mM Tris pH 8.0.  IL-36Ra lysate was then purified with anion 

exchange chromatography (HiTrap Q HP, GE Healthcare), and then polished with size exclusion 

chromatography (HiPrep 26/60 Sephacryl S-200 HR, GE Healthcare).  Purified protein was 

exchanged into a final buffer system of 25mM phosphate pH 6.5, 100mM NaCl, 10% deuterium 

oxide.  Purity was assessed by SDS-PAGE and concentration was determined using UV absorption 

at 280 nm using an extinction coefficient of 23950 L/(mol*cm) (Expasy-Protparam). 

NMR Experiments and data analysis specific to peak assignments 

Samples were run on a Varian NMR System 500 MHz spectrometer at 26˚C and using 

standard pulse sequences provided in the Varian BioPack.   Spectra were processed using 

NMRPipe1 and then analyzed and assigned using Sparky2. For backbone assignments, the standard 

suite of spectra (3D HNCA, 3D HNCACB, 3D CBCA(CO)NH ) were used3 .  Additionally 3D 

HNHA, 3D H(CCO)NH, 3D CC(CO)NH and 3D HCCH-TOCSY, 2D 1H-13C HSQC pulse 

sequences were used for side chain assignments.   
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Figure 3.3 Assigned 1H-15N  HSQC of full-length IL-36Ra.   
 
1H-15N  HSQC of full-length IL-36Ra shown with labelled peaks indicating the residue and residue 
number 
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Table 3.1  Backbone assignments of IL-36Ra.  
	
 Complete table with sidechain assignments can be found on the BMRB (ID: 30369) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

2 VAL HA 4.2 52 ALA H 8.768 105 MET H 8.922 

2 VAL CA 33 52 ALA HA 4.138 105 MET HA 4.654 

2 VAL CB 62.01 52 ALA CA 55.2 105 MET CA 54.53 

3 LEU H 8.469 52 ALA CB 19.46 105 MET CB 32.57 

3 LEU HA 4.366 52 ALA N 129.16 105 MET N 126.014 

3 LEU CA 55 53 SER H 8.894 106 GLY H 8.812 

3 LEU CB 42.48 53 SER HA 4.305 106 GLY HA2 4.378 

3 LEU N 126.914 53 SER CA 61.19 106 GLY HA3 3.539 

4 SER H 8.519 53 SER CB 62.81 106 GLY CA 46.69 

4 SER HA 4.415 53 SER N 114.815 106 GLY N 113.456 

4 SER CA 58.54 54 LEU H 7.665 107 LEU H 8.779 

4 SER CB 63.74 54 LEU HA 4.417 107 LEU HA 4.441 

4 SER N 116.501 54 LEU CA 54.25 107 LEU CA 56.26 

5 GLY H 7.934 54 LEU CB 42.44 107 LEU CB 43.59 

5 GLY HA2 3.962 54 LEU N 122.507 107 LEU N 125.527 

5 GLY CA 45 55 SER H 7.837 108 THR H 7.324 

5 GLY N 110.204 55 SER CA 58.69 108 THR HA 4.797 

6 ALA H 8.1 55 SER CB 63.2 108 THR CA 59.1 

6 ALA HA 3.66 55 SER N 109.636 108 THR CB 72.32 

6 ALA CA 51.91 56 PRO HA 5.417 108 THR N 106.117 

6 ALA CB 20.49 56 PRO CA 61.67 109 SER H 9.511 

6 ALA N 121.557 56 PRO CB 32.41 109 SER HA 5.655 

7 LEU H 8.616 57 VAL H 10.237 109 SER CA 59 

7 LEU CA 55.05 57 VAL HA 5.433 109 SER CB 68.09 

7 LEU CB 44.77 57 VAL CA 59.21 109 SER N 114.382 

7 LEU N 121.369 57 VAL CB 37.09 110 SER H 8.766 

8 CYS H 8.268 57 VAL N 121.825 110 SER HA 5.434 

8 CYS HA 5.175 58 ILE H 8.964 110 SER CA 56.2 

8 CYS CA 56.11 58 ILE HA 5.349 110 SER CB 67.58 

8 CYS CB 35.11 58 ILE CA 60.99 110 SER N 117.206 

8 CYS N 122.347 58 ILE CB 40.75 111 PHE H 10.43 

9 PHE H 9.838 58 ILE N 123.877 111 PHE HA 5.095 

9 PHE HA 5.028 59 LEU H 10.147 111 PHE CA 56.88 

9 PHE CA 57.08 59 LEU HA 5.36 111 PHE CB 42 
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Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

9 PHE CB 44.1 59 LEU CA 53.82 111 PHE N 120.279 

9 PHE N 130.507 59 LEU CB 45.08 112 GLU H 8.816 

10 ARG H 9.114 59 LEU N 126.643 112 GLU HA 4.458 

10 ARG HA 4.87 60 GLY H 9.478 112 GLU CA 53.9 

10 ARG CA 55.86 60 GLY HA2 5.308 112 GLU CB 32.72 

10 ARG CB 33.43 60 GLY HA3 3.759 112 GLU N 126.625 

10 ARG N 117.574 60 GLY CA 45.44 113 SER H 9.221 

11 MET H 9.839 60 GLY N 108.508 113 SER HA 3.864 

11 MET HA 5.79 61 VAL H 9.003 113 SER CA 59.29 

11 MET CA 55.85 61 VAL HA 5.287 113 SER CB 63.3 

11 MET CB 39.93 61 VAL CA 59.05 113 SER N 121.178 

11 MET N 121.307 61 VAL CB 35.77 114 ALA H 7.927 

12 LYS H 8.544 61 VAL N 109.785 114 ALA HA 53.66 

12 LYS HA 5.505 62 GLN H 9.91 114 ALA CA 53.66 

12 LYS CA 54.4 62 GLN HA 4.103 114 ALA CB 18.4 

12 LYS CB 37.37 62 GLN CA 56.08 114 ALA N 127.696 

12 LYS N 120.258 62 GLN CB 27.19 115 ALA H 7.516 

13 ASP H 9.225 62 GLN N 120.063 115 ALA HA 3.86 

13 ASP HA 4.817 63 GLY H 9.238 115 ALA CA 53.03 

13 ASP CA 53.83 63 GLY HA 4.023 115 ALA CB 20.29 

13 ASP CB 41.26 63 GLY CA 46.5 115 ALA N 118.012 

13 ASP N 122.319 63 GLY N 110.735 116 TYR H 7.489 

14 SER H 7.332 64 GLY H 7.697 116 TYR HA 4.648 

14 SER HA 4.254 64 GLY HA2 4.288 116 TYR CA 54.53 

14 SER CA 59.95 64 GLY HA3 3.244 116 TYR CB 38 

14 SER CB 61.91 64 GLY CA 45.2 116 TYR N 117.615 

14 SER N 111.519 64 GLY N 106.58 117 PRO HA 4.599 

15 ALA H 8.003 65 SER H 7.625 117 PRO CA 63.91 

15 ALA HA 4.584 65 SER HA 4.35 117 PRO CB 31.75 

15 ALA CA 52.05 65 SER CA 60.15 118 GLY H 10.461 

15 ALA CB 19.15 65 SER CB 64.4 118 GLY HA2 4.354 

15 ALA N 125.702 65 SER N 113.339 118 GLY HA3 3.67 

16 LEU H 8.452 66 GLN H 7.573 118 GLY CA 45.32 

16 LEU HA 3.754 66 GLN HA 5.33 118 GLY N 113.047 

16 LEU CA 56.45 66 GLN CA 55.16 119 TRP H 8.277 

16 LEU CB 37.37 66 GLN CB 34.14 119 TRP HA 3.627 
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Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

16 LEU N 112.469 66 GLN N 117.287 119 TRP CA 56.79 

17 LYS H 8.587 67 CYS H 8.819 119 TRP CB 29.52 

17 LYS HA 4.357 67 CYS HA 5.644 119 TRP N 120.704 

17 LYS CA 57.99 67 CYS CA 58.23 120 PHE H 9.839 

17 LYS CB 30.13 67 CYS CB 32.57 120 PHE HA 5.664 

17 LYS N 119.489 67 CYS N 116.671 120 PHE CA 55.91 

18 VAL H 8.605 68 LEU H 8.677 120 PHE CB 42.44 

18 VAL HA 4.27 68 LEU HA 4.767 120 PHE N 121.19 

18 VAL CA 62.47 68 LEU CA 56.78 121 LEU H 8.735 

18 VAL CB 34.06 68 LEU CB 42.84 121 LEU HA 4.668 

18 VAL N 125.555 68 LEU N 124.21 121 LEU CA 55.86 

19 LEU H 8.315 69 SER H 9.039 121 LEU CB 44.53 

19 LEU HA 5.706 69 SER HA 3.887 121 LEU N 123.106 

19 LEU CA 55.71 69 SER CA 55.44 122 CYS H 9.369 

19 LEU CB 41.07 69 SER CB 66.05 122 CYS HA 6.107 

19 LEU N 126.977 69 SER N 115.096 122 CYS CA 56.4 

20 TYR H 9.238 70 CYS H 7.946 122 CYS CB 34.53 

20 TYR HA 5.078 70 CYS HA 4.635 122 CYS N 119.269 

20 TYR CA 55.64 70 CYS CA 60.31 123 THR H 8.936 

20 TYR CB 41.42 70 CYS CB 29.54 123 THR HA 5.013 

20 TYR N 122.655 70 CYS N 119.182 123 THR CA 58.5 

21 LEU H 9.176 71 GLY H 8.192 123 THR CB 70.5 

21 LEU HA 5.05 71 GLY HA2 4.094 123 THR N 110.347 

21 LEU CA 53.86 71 GLY HA3 3.702 124 VAL H 8.567 

21 LEU CB 45.36 71 GLY CA 44.96 124 VAL CA 58.6 

21 LEU N 122.751 71 GLY N 108.345 124 VAL CB 31.3 

22 HIS H 8.968 72 VAL H 8.025 124 VAL N 110.367 

22 HIS CA 56.61 72 VAL HA 4.626 125 PRO HA 3.992 

22 HIS CB 33.63 72 VAL CA 60.6 125 PRO CA 64.54 

22 HIS N 123.531 72 VAL CB 33.12 125 PRO CB 34.24 

23 ASN H 9.838 72 VAL N 109.331 126 GLU H 7.96 

23 ASN HA 4.125 73 GLY H 8.61 126 GLU HA 4.089 

23 ASN CA 54.61 73 GLY HA2 4.268 126 GLU CA 57.83 

23 ASN CB 36.58 73 GLY HA3 3.858 126 GLU CB 29.97 

23 ASN N 121.306 73 GLY CA 44.19 126 GLU N 117.013 

24 ASN H 8.894 73 GLY N 111.413 127 ALA H 8.613 

24 ASN HA 4.07 74 GLN H 8.756 127 ALA HA 4.053 
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Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

24 ASN CA 54.6 74 GLN HA 4.09 127 ALA CA 53.62 

24 ASN CB 39.15 74 GLN CA 58.8 127 ALA CB 20.96 

24 ASN N 111.663 74 GLN CB 29.03 127 ALA N 124.364 

25 GLN H 7.614 74 GLN N 120.676 128 ASP H 8.699 

25 GLN HA 4.554 75 GLU H 7.73 128 ASP HA 3.992 

25 GLN CA 53.16 75 GLU CA 52.4 128 ASP CA 57.05 

25 GLN CB 33.36 75 GLU CB 30.6 128 ASP CB 39.3 

25 GLN N 115.097 75 GLU N 115.885 128 ASP N 114.541 

26 LEU H 8.743 76 PRO HA 0 129 GLN H 8.691 

26 LEU HA 4.709 76 PRO CA 62.01 129 GLN HA 4.83 

26 LEU CA 54.45 76 PRO CB 31.14 129 GLN CA 52.04 

26 LEU CB 43.15 77 THR H 7.627 129 GLN CB 29.45 

26 LEU N 123.878 77 THR HA 4.096 129 GLN N 115.295 

27 LEU H 9.051 77 THR CA 61.27 130 PRO HA 4.942 

27 LEU HA 4.799 77 THR CB 71.29 130 PRO CA 63.49 

27 LEU CA 53.39 77 THR N 116.458 130 PRO CB 32.36 

27 LEU CB 44.65 78 LEU H 8.754 131 VAL H 8.467 

27 LEU N 128.17 78 LEU HA 5.091 131 VAL HA 4.302 

28 ALA H 7.412 78 LEU CA 54.98 131 VAL CA 63.49 

28 ALA HA 5.83 78 LEU CB 43.08 131 VAL CB 32.36 

28 ALA CA 49.49 78 LEU N 128.637 131 VAL N 126.403 

28 ALA CB 21.94 79 THR H 9.159 132 ARG H 9.138 

28 ALA N 117.312 79 THR HA 4.6077 132 ARG HA 4.917 

29 GLY H 10.071 79 THR CA 60.35 132 ARG CA 55.59 

29 GLY HA2 4.545 79 THR CB 71.76 132 ARG CB 31.11 

29 GLY HA3 4.038 79 THR N 121.174 132 ARG N 125.384 

29 GLY CA 47.52 80 LEU H 8.243 133 LEU H 7.869 

29 GLY N 116.168 80 LEU HA 4.818 133 LEU HA 5.946 

30 GLY H 9.531 80 LEU CA 53.99 133 LEU CA 53.9 

30 GLY HA2 3.799 80 LEU CB 42.29 133 LEU CB 47.52 

30 GLY HA3 3.661 80 LEU N 121.269 133 LEU N 117.471 

30 GLY CA 46.97 81 GLU H 8.987 134 THR H 9.32 

30 GLY N 115.413 81 GLU HA 5.089 134 THR HA 4.983 

31 LEU H 8.616 81 GLU CA 52.72 134 THR CA 61.22 

31 LEU HA 4.498 81 GLU CB 32.37 134 THR CB 70.45 

31 LEU CA 55.05 81 GLU N 123.11 134 THR N 114.605 

31 LEU CB 42.17 82 PRO HA 5.012 135 GLN H 8.084 
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Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

31 LEU N 121.369 82 PRO CA 62.47 135 GLN HA 4.991 

32 HIS H 8.471 82 PRO CB 28.4 135 GLN CA 55.43 

32 HIS HA 4.695 83 VAL H 8.388 135 GLN CB 29.69 

32 HIS CA 55.97 83 VAL HA 4.177 135 GLN N 125.405 

32 HIS CB 30.6 83 VAL CA 60.12 136 LEU H 9.065 

32 HIS N 120.538 83 VAL CB 34.53 136 LEU HA 4.303 

33 ALA H 8.495 83 VAL N 127.632 136 LEU CA 53.86 

33 ALA HA 4.133 84 ASN H 8.289 136 LEU CB 40.56 

33 ALA CA 53.23 84 ASN HA 4.913 136 LEU N 124.123 

33 ALA CB 18.87 84 ASN CA 53.42 137 PRO HA 4.421 

33 ALA N 125.821 84 ASN CB 40.4 137 PRO CA 62.67 

34 GLY H 8.579 84 ASN N 122.679 137 PRO CB 32.15 

34 GLY HA2 4.079 85 ILE H 8.933 138 GLU H 8.62 

34 GLY HA3 3.737 85 ILE HA 3.884 138 GLU HA 4.141 

34 GLY CA 45.5 85 ILE CA 65.31 138 GLU CA 57.32 

34 GLY N 107.63 85 ILE CB 39.65 138 GLU CB 30.4 

35 LYS H 7.757 85 ILE N 127.637 138 GLU N 121.544 

35 LYS HA 4.508 86 MET H 8.449 139 ASN H 8.33 

35 LYS CA 55.18 86 MET HA 4.742 139 ASN HA 4.686 

35 LYS CB 34.27 86 MET CA 56.01 139 ASN CA 53.42 

35 LYS N 119.782 86 MET CB 29.89 139 ASN CB 39.41 

36 VAL H 8.268 86 MET N 118.99 139 ASN N 117.745 

36 VAL HA 4.133 87 GLU H 7.718 140 GLY H 8.388 

36 VAL CA 62.59 87 GLU HA 4.116 140 GLY HA2 3.887 

36 VAL CB 32.61 87 GLU CA 59.32 140 GLY CA 45.71 

36 VAL N 122.347 87 GLU CB 29.65 140 GLY N 109.071 

37 ILE H 8.165 87 GLU N 119.763 141 GLY H 8.176 

37 ILE HA 4.189 88 LEU H 7.115 141 GLY HA2 4.005 

37 ILE CA 60.41 88 LEU HA 4.064 141 GLY CA 44.96 

37 ILE CB 39.18 88 LEU CA 57.12 141 GLY N 108.492 

37 ILE N 126.488 88 LEU CB 41.93 142 TRP H 8.243 

38 LYS H 8.408 88 LEU N 117.944 142 TRP HA 4.329 

38 LYS HA 4.261 89 TYR H 8.663 142 TRP CA 57.42 

38 LYS CA 56.89 89 TYR HA 4.293 142 TRP CB 29.3 

38 LYS CB 33.47 89 TYR CA 60.59 142 TRP N 121.269 

39 GLY H 8.352 89 TYR N 120.69 143 ASN HA 4.372 

39 GLY HA2 4.152 90 LEU H 8.113 143 ASN CA 52.83 



 43 

Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

39 GLY HA3 3.911 90 LEU HA 4.103 143 ASN CB 37.95 

39 GLY CA 45.12 90 LEU CA 55.63 143 ASN N 120.441 

39 GLY N 107.973 90 LEU CB 42.52 144 ALA H 7.436 

40 GLU H 8.571 90 LEU N 115.334 144 ALA HA 4.377 

40 GLU HA 4.492 91 GLY H 7.592 144 ALA CA 51.42 

40 GLU CA 56.02 91 GLY HA2 3.884 144 ALA CB 18.44 

40 GLU CB 31.11 91 GLY CA 45.7 144 ALA N 123.223 

40 GLU N 123.431 91 GLY N 107.117 145 PRO HA 4.603 

41 GLU H 8.458 92 ALA H 8.01 145 PRO CA 62.9 

41 GLU HA 4.133 92 ALA HA 4.145 145 PRO CB 33.12 

41 GLU CA 58.13 92 ALA CA 53.3 146 ILE H 8.884 

41 GLU CB 29.54 92 ALA CB 19.41 146 ILE HA 3.985 

41 GLU N 125.391 92 ALA N 121.911 146 ILE CA 61.82 

42 ILE H 9.683 93 LYS H 7.339 146 ILE CB 37.33 

42 ILE HA 4.817 93 LYS HA 4.2 146 ILE N 123.983 

42 ILE CA 58.03 93 LYS CA 55.11 147 THR H 8.261 

42 ILE CB 37.88 93 LYS CB 34.81 147 THR HA 4.956 

42 ILE N 132.213 93 LYS N 116.177 147 THR CA 60.51 

43 SER H 8.964 94 GLU H 8.591 147 THR CB 69.29 

43 SER HA 5.165 94 GLU HA 4.421 147 THR N 112.374 

43 SER CA 58.13 94 GLU CA 58.58 148 ASP H 7.133 

43 SER CB 65 94 GLU CB 28.97 148 ASP HA 5.176 

43 SER N 123.895 94 GLU N 122.313 148 ASP CA 52.99 

44 VAL H 8.755 97 SER CA 62.52 148 ASP CB 43 

44 VAL HA 5.637 98 PHE H 7.468 148 ASP N 121.006 

44 VAL CA 61.22 98 PHE HA 5.177 149 PHE H 9.223 

44 VAL CB 35.6 98 PHE CA 57.28 149 PHE HA 4.996 

44 VAL N 123.567 98 PHE CB 41.51 149 PHE CA 56.81 

45 VAL H 8.497 98 PHE N 118.298 149 PHE CB 42.96 

45 VAL CA 57.59 99 THR H 7.399 149 PHE N 116.447 

45 VAL CB 34.14 99 THR HA 5.066 150 TYR H 9.633 

45 VAL N 119.719 99 THR CA 62.91 150 TYR HA 4.718 

46 PRO HA 5.217 99 THR CB 69.08 150 TYR CA 59.22 

46 PRO CA 61.84 99 THR N 113.476 150 TYR CB 39.77 

46 PRO CB 32.41 100 PHE H 9.949 150 TYR N 120.85 

47 ASN H 7.407 100 PHE HA 5.127 151 PHE H 9.033 

47 ASN HA 4.912 100 PHE CA 56.14 151 PHE HA 5.451 
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Table 3.1  Backbone assignments of IL-36Ra. (cont.) 
	

Residue # Residue 
Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift Residue # Residue 

Atom 
Name 

Chemical 
Shift 

47 ASN CA 51.54 100 PHE CB 43.86 151 PHE CA 56.62 

47 ASN CB 39.18 100 PHE N 127.48 151 PHE CB 44.61 

47 ASN N 116.923 101 TYR H 10.147 151 PHE N 128.17 

48 ARG H 8.397 101 TYR HA 5.033 152 GLN H 8.538 

48 ARG HA 4.086 101 TYR CA 56.14 152 GLN HA 4.878 

48 ARG CA 57.27 101 TYR CB 37.96 152 GLN CA 54.45 

48 ARG CB 30.09 101 TYR N 122.225 152 GLN CB 32.92 

48 ARG N 123.329 102 ARG H 8.453 152 GLN N 122.649 

49 TRP H 8.579 102 ARG HA 4.551 153 GLN H 8.967 

49 TRP HA 3.539 102 ARG CA 55.75 153 GLN HA 3.7526 

49 TRP CA 57.58 102 ARG CB 31.43 153 GLN CA 56.89 

49 TRP CB 29.89 102 ARG N 128.175 153 GLN CB 28.95 

49 TRP N 119.284 103 ARG H 8.671 153 GLN N 125.591 

50 LEU H 6.816 103 ARG HA 4.565 154 CYS H 8.273 

50 LEU HA 4.811 103 ARG CA 54.8 154 CYS HA 3.91 

50 LEU CA 53.28 103 ARG CB 31.35 154 CYS CA 56.45 

50 LEU CB 44.52 103 ARG N 129.036 154 CYS CB 38.98 

50 LEU N 119.175 104 ASP H 8.693 154 CYS N 122.188 

51 ASP H 8.252 104 ASP HA 5.008 155 ASP H 8.029 

51 ASP HA 4.338 104 ASP CA 54.33 155 ASP CA 55.77 

51 ASP CA 55.43 104 ASP CB 41.82 155 ASP CB 42.17 

51 ASP CB 41.88 104 ASP N 125.294 155 ASP N 126.617 

51 ASP N 119.779         
 

 

Chapter 3, in part, is a reprint of the material as it appears in “NMR assignments of human 

interleukin 36 receptor antagonist” Tiee, N.S., Jennings, P.A. which is currently in preparation for 

submission.   The dissertation author was the primary author/investigator of this paper. 
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Abstract 

 IL-36Ra is an important possible therapeutic target for a large range of inflammatory 

diseases.   Psoriatic disease states have been directly linked to IL-36Ra, making it an attractive 

drug target.   IL-36Ra acts as an antagonist that blocks an inflammatory response.  The IL-36 

family has been observed to be modulated via a N-terminal cleavage, in which the full-length 

product is substantially less active than the cleaved protein.  However, unlike its agonistic family 

members that have more extended pro-sequences, IL-36Ra only requires cleavage of a single 

residue, its N-terminal methionine.   This small change is able to precipitate a drastic difference in 

activity.  We present here our approach to identify the structural and dynamic changes that the N-

terminal cleavage promotes.   Using a combination of NMR structure and dynamics studies as well 

as hydrogen deuterium exchange, we identified critical regions that may be responsible for the 

change in activity created by the N-terminal cleavage. Specifically, we were able to observe 

allosteric communication across the barrel such that strands opposite the N-terminus demonstrated 

structural differences.  Additionally, via the architecture of the barrel we observed a possible 

connection between the 3-4, 4-5 and 11-12 loops in which the motions of each could be correlated 

to one another.  These loops are critical for receptor binding and the N-terminal cleavage is able 

to modulate the structure and dynamics of these loops.  These small changes in the barrel structure 

as well as the changes in the dynamics in these critical loops alter IL-36Ra such that the receptor 

binding activity is altered.  

 

Introduction 

Psoriasis is a multilayered disease involving chronic immune stimulation and impaired 

tissue remodeling responses; serious forms effect sufferers with a severely decreased quality of 
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life or even death in some cases1,2 The IL-36 family members are responsible for modulating 

inflammatory responses in certain immune cells (T-cells, dendritic cells, macrophages), and 

especially in epithelial-associated cells3,4. Indeed, aberrant regulation of IL-36 activity in epithelial 

cells is a causative factor in emergence of psoriatic symptoms, ranging from mild skin irritation, 

arthritis, and fatalities in the severe cases of general pustular psoriasis (GPP). IL-36Ra was 

identified as a causative agent for psoriasis by genetic screens of GPP-afflicted individuals; a 

single point mutation in IL36RN (the gene for IL-36Ra) is sufficient to induce the GPP 

phenotype5,6 While IL-36Ra plays a proven role in psoriatic disease progression, psoriasis is still 

a poorly-understood set of diseases. What is apparent is that the mechanisms governing its 

progression are interdependent and often multiplicative7. As with any autoimmune disease, 

aberrant control of a cytokine response in one area can often illicit further aberrant immune 

responses locally or distally from the initial breakdown of control8,9. Indeed, the IL-36 family has 

an expanding role in regulating the cycle of autoimmune diseases, including lupus and rheumatoid 

arthritis, and modulating host response to various types of infections.10-14. Indeed, the need to 

understand how the IL-36 family is regulated at the molecular level is of great importance.  

IL-36Ra belongs to the quintet of proteins that compose the IL-36R-dependent signaling 

system. There are three receptor agonist cytokines, IL-36a, b, and g, and one receptor antagonist, 

IL-36Ra, which compete to bind cell surface receptor IL-36R. The dimeric agonist-receptor 

complex also recruits a promiscuous co-receptor, interleukin-1 receptor accessory protein (IL-

1RAcP), and these heterotrimeric agonist complexes initiate downstream cell signaling 

pathways15-18. IL-36Ra competes for IL-36R binding, and when bound, IL-36Ra blocks the active 

complex formation. The IL-36 family belongs to the IL-1 superfamily of cytokines and receptors, 

which also includes the structurally homologous IL-1 and IL-33 signaling systems19,20. While the 
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IL-36 agonist and antagonist proteins are structural homologues, they only share limited 

sequence(13 – 56%) identity21,22 over the family (Figure 4.1).15,16,22,23 IL-36Ra shares the highest 

sequence identity to IL-1Ra, the other identified receptor antagonist of the IL-1 superfamily23. 

However, what attributes of the beta-trefoil structures contribute to either agonist or antagonist 

behaviors within each system remain to be identified.   

Post-translational modifications often contribute to the final function of proteins in vivo24. 

N-terminal processing is an important post-translational modification of proteins, and its study is 

a nascent field in which the full extent of the purpose of these modifications is still subject to 

speculation25-27 In the case of the IL-1 super family, processing of N-terminal residues is a well-

established regulatory mechanism for dual-functional roles, non-classical secretion, and cytokine 

activity28-30.  Removal of N-terminal residues of the IL-36 family was also observed to fully 

activate the cytokine activity of each protein; in particular IL-36Ra is observed to be inactive 

without the cleavage of a single starting methionine. Moreover, it is observed to completely alter 

its binding affinity, the cleaved IL-36Ra is an active antagonist and the uncleaved IL-36Ra fails to 

bind the receptor at all31. In order to understand how such a large change in IL-36Ra’s inhibitor 

ability arises from a single amino acid sequence extension, we turned to a combined approach of 

solution structure determination (by nuclear magnetic resonance, NMR), solution dynamics 

(T1/T2 relaxation, NOEs, hydrogen deuterium exchange NMR, and deuterium-exchange mass 

spectrometry, DXMS), and in vitro receptor binding assays (BLI).  Here we present the two 

structures of the naturally-occurring wild-type isoforms of IL-36Ra, uncleaved (1-met) and 

cleaved (1-val).  Additionally, since the structures give us only a snapshot of the protein, we used 

NMR relaxation and hydrogen-deuterium exchange experiments to reveal any differences in 

protein dynamics across a broad range of timescales. Moreover, we determined the functional 
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Figure 4.1.   Sequence alignment of IL-36 family members.   
 
Secondary structure (predicted or observed) shown below the sequence.  Boxed in red are areas of 
interest, in which there are extra residues or missing residues when comparing Ra to the agonistic 
family members.  The thick black line indicates cleavage site in accordance to Towne et al. 
(2011)31.  
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consequence of this additional N-terminal residue with its receptor via BLI. By using these 

techniques in combination, we are able to identify residues and areas of interest to determine an 

underlying allosteric pathway carefully networked throughout the entire IL-36Ra structure, which 

is necessary for productive receptor binding.   

 

Results 

Probing receptor-ligand binding interactions 

Previous literature has demonstrated that the IL-36 family signals through an extracellular 

heterotrimeric complex analogous to the rest of the IL-1 family, where the active complex contains 

an IL-36 agonist ligand (a, b, or g), IL-36R, and IL-1RAcP, a promiscuous co-receptor15-18,32.  

Previous studies performed using a preformed heterodimer of IL-36R and IL-1RacP, were unable 

to show binding of 1-met ligand directly to IL-36R via SPR21,31,33. We report that both 1-met and 

1-val IL-36Ra demonstrated competent binding to IL-36R, measured via biolayer interferometry 

(BLI, Octet, ForteBio).  We observed that both isoforms of IL-36Ra were able to bind the receptor 

to similar kinetic parameters (Figure 4.2/Table 1). Recent literature demonstrates a more nuanced 

change in activity, with the 1-met isoform being basically ineffective but not completely devoid 

of activity)34. 1-met and 1-val isoforms have similar association rates (1.17 x 104 vs. 2.03 x 104 

1/M•s) but 1-val has a slower dissociation rate by an order of magnitude (1.21 x 10-2 vs. 1.30 x 10-

3 1/s). The decreased residence time on the receptor correlates to the change in activity.      
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Figure 4.2. IL-36Ra binding curves measured by bio-layer interferometry. 
 
Bio-layer interferometry binding and dissociation curves of IL-36Ra 1-val isoform at varying 
concentrations with immobilized IL-36R - Fc.  Each trace represents one concentration of IL-
36Ra.   
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Table 4.1  Observed kinetic binding constants of IL-36Ra and IL-36R 
 
Binding constants calculated via fits of the traces using bio-layer interferometry 
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Structural perturbations in the two N-terminal isoforms observed via 1H-15N HSQCs and 

13Ca chemical shift changes  

In order to identify regions of structural or dynamic differences that could contribute to 

differences in receptor binding kinetics, we first used chemical shift perturbation analysis, 

comparing the assigned 1H-15N HSQCs of 1-met and 1-val isoforms (Figure 4.3). As 1H-15N cross 

peak shifts are especially sensitive to the chemical environment, perturbations can arise from such 

phenomena as structural rearrangement35. Many of the perturbations observed are local to the N- 

terminus, with the residues leading up to strand 1 (L3 through A6) showing substantial movement. 

Perturbations further propagate into strand 1 (F9, M11) and spread into its hydrogen-bonding 

strand partners strand 4 (V44, V45) and B12 (Y150 - Q153). (Figure 4.4). Interestingly, 

perturbations are observed in a helix from residue I85-L90 (M86, Y89) which has no substantial 

contacts with the N-terminus in the murine crystal structure (PDB 1MD6). Additionally, S108 is 

observed to be perturbed in the barrel of trefoil 2, on the opposing side of the barrel away from the 

N-terminus. By observing the locations of the perturbations, likely S108 is perturbed due to its 

proximity to strand 12, also hydrogen-bonded to strand 1 and further linked via a disulfide between 

C8 and C154.  We further analyzed the 13Ca peak perturbations by comparing the HNCA spectra 

of 1-met and 1-val. The peak perturbations in these spectra indicate the positioning of the protein 

backbone carbons.  In particular, shifts observed here indicate a change in backbone torsion angles, 

and changes in secondary structure, whereas the 1H-15N peak perturbations are sensitive to all 

changes in chemical environment. We see that these regions do map to the same areas in the 

HSQCs.  Specifically, strands 1(V2 –S4, L7, F9) and strand 4 (I42) show perturbations, and 

additionally, there are perturbations in the cap of trefoil 1 (Y20, L26), cap of trefoil 3 (F120, P130) 

and the barrel of trefoil 2 (M105, S109, F111) (Figure 4.5). Interestingly the Cα perturbations do 
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Figure 4.3.  1H-15N HSQC spectra of the two IL-36Ra isoforms.  
 
1-met is shown in black and 1-val is shown in cyan. The chemical shift dispersion and peak 
intensities in both spectra indicate 1-met and 1-val are well folded, mostly containing beta sheet 
secondary structure. 
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Figure 4.4.  The chemical shifts perturbations of the amide backbone between the two 
isoforms 
 
A) Shift differences are plotted for each residue from the 1H-15N HSQC of the two isoforms. The 
green line indicates a cutoff for shifts that are outside of one standard deviation outside of the 
mean. The secondary structure is indicated below the chart.  B, C) Residues in which chemical 
shifts perturbations were outside of the cutoff are mapped (shown as green spheres) on the NMR 
structure of IL-36Ra. The “N” indicates the location of the N-terminus . 
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Figure 4.5. Cα shift perturbations between IL-36Ra (1-met)  and (1-val).   
 
A) Shift differences are plotted for each residue. The tan line indicates a cut-off for shifts that are 
outside of the error of the shift.  Secondary structure is indicated on the x-axis.  (ΔδCA = δCA(1-
val) - δCA(1-met)) B)  Various views of the structure with residues of significant Cα shift 
difference shown as tan spheres. "N" indicates the location of the N-terminus. 

 
 
 
 
 



 58 

not show prominent shifts in strand 12, though all of strand 12 contains large perturbations, 

however they are below the cut-off. In order to further identify additional regions and residues of 

interest beyond backbone interactions, we employed two approaches: solving the solution 

structures of the two isoforms by collecting NOEs for each and comparing the solved structures 

and additionally cataloguing the NOEs that are present in one structure but absent in the other. 

 

Solution structures of IL-36Ra isoforms 

Multiple crystal structures of IL-36 family members have been solved, yet no structure of 

the full-length, wild type human IL-36Ra exists.  Besides the murine IL-36Ra structure, a IL-36γ 

loop-swapped human IL-36Ra (swapping 11-12 loop between proteins) was also recently solved21. 

Notably, both IL-36Ra crystal structures are missing the starting methionine, as the protein 

samples were purified without that residue21,22.  As was expected, the solution structures confirmed 

that both 1-met and 1-val IL-36Ra form a beta trefoil fold, which is composed of 12 beta-strands 

(Figure 4.6) and had similar Ramachandran plots for both ensembles (Figure 4.7, 4.8) . These 12 

beta strands, in which three “trefoils” are formed from 4 strands, two antiparallel strands form a 

side of a barrel, and the other strands forming a “cap” that rests upon the top of the 

barrel36.  Overall, the structures resemble IL-1β and IL-1Ra, the canonical members of the family, 

however interestingly the 4-5 loop (the loop between strands 4 and 5), which has been implicated 

in determining the ligand’s agonistic or antagonistic tendencies23, resembles IL-1β, despite, IL-

36Ra being an antagonist like IL-1Ra.  In IL-1Ra, the 4-5 loop contains a tight turn, whereas IL-

1β and IL-36Ra contain a longer loop.  In comparing to the crystal structures of the previously 

determined structures of the murine and 11-12 loop swapped IL-36Ra, the NMR structure does 

not have A/W48 flipped up towards the helix.  This is attributed to the lack of observable NOEs  
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Figure 4.6. The structure of IL-36Ra.  
  
Secondary structure is colored (beta strands are in violet, alpha helices are tan).  The N-terminus 
is indicated by the letter "N".  A)  The average structure, and B) structural ensemble of the best 
structures, containing lowest energies, no restraint violations and no disallowed backbone 
Ramachandran angles. 
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Figure 4.7. Ramachandran plot of the ensemble of structures for the 1-met isoform of IL-
36Ra  
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Figure 4.8. Ramachandran plot of the  ensemble of structures for the 1-val isoform of IL-
36Ra  
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between the 4-5 loop and the 80s helix.  As another point of interest is the higher b-factors at 

residue 48, in the W(human)-containing loop over the A(murine)-containing loop, despite the 

tryptophan making additional H-bonds with the 80s helix. In our structure, the tryptophan makes 

pi-stacking contacts instead with Y89.  These contacts do explain the HSQC shift perturbation 

observations, which indicate Y89 as a key residue that would now make contact with the 4-5 loop 

immediately subsequent to strand 4. Another area of interest is the 11-12 loop, which is 

substantially longer than any other member of the family (Figure 4.1). This loop is largely 

unstructured and dynamic, observed by lack of structural NOEs and the protein’s crystallization 

only upon replacing this loop with a shorter one21.  Moreover, the 11-12 loop shows slow 

conformational exchange in the NMR spectra, indicated by the multiple 1H-15N HSQC cross peaks 

associated with residues within the loop in both isoforms, though the magnitude of this 

conformational exchange is not the same in 1-met vs. 1-val. The overlaid 1-met and 1-val 

structures are quite similar, though there are two minor areas with structural misalignments when 

inspecting the average. At the 4-5 loop, the 1-met average forms a helical structure, whereas 1-val 

forms two turns.  In addition, there is an extra H-bond formed between N47 and P55 in the 1-val 

form (between barrel strands 4 and 5).  At the tight turn between barrel strands 8 and 9 there is a 

slight bulge present at M105 position in the 1-val isoform. Lastly between cap strands 10 and 11, 

P125 is in the cis conformer in 1-met but is trans in 1-val. In order to extract quantifiable data of 

the differences of the two structural ensembles, NOEs that were not present in the other ensemble 

were catalogued for comparison (Figure 4.9).   The areas of interest include the N-terminus as 

expected, but also the cap of trefoil 3 (residues T122, L132), which is distal from the N-terminus. 

Additionally, N142 and A143 have more peak heterogeneity in 1-val than in 1-met, despite both 

residues displaying conformational heterogeneity (ie, 1-val has 3 peaks per residue versus 2 peaks  
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Figure 4.9.  Mapping NOE differences between the two structures 
 
Different views of the IL-36Ra full length structure in which the width of the tube correlates with 
the number of NOEs that were changed for each residue when comparing the structural constraints 
for the two isoforms. Wider tubes are located in strands 1 and 12 as well as the cap of trefoil three, 
indicating a network of altered motions starting at the N-terminus and ending in trefoil 3.  
Secondary structure is shown as colored, tan indicating alpha helical and violet indicating beta 
strand structure.  The N-terminus is indicated by the letter “N”. 
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as in 1-met).  In terms of identifying the structural differences in the N-terminus, there are 

additional NOEs between the N-terminus and the 80s helix, specifically that I85 and G64 make 

more contact with the N-terminus in the 1-val structure, likely pulling the N-terminus towards the 

cap of trefoil 2, causing a barrel shear between strands 1 and 4.  

 

Dynamics observations  

           Structural changes are only a small part of how proteins may transduce signals, as dynamic 

motions are critical for forming constructive contacts or preventing any steric interference.  As 

such, NMR relaxation studies as well as hydrogen deuterium exchange can report on the varying 

degrees of dynamism in IL-36Ra. T1 and T2 measurements probe ps-ns timescale with the T2 

detecting longer motions than T1 (more sensitive to large scale motion exchange)37. As loop 

motion dominates the slower timescales, any experiment designed to observe the motions would 

be predisposed to capturing loop motion and not any changes in the core of the protein. Using the 

T1 and T2 data, we can observe the origin of the dynamic changes, and using HDX we can see 

how more minute changes propagate into physiologically-relevant timescales and thus controlling 

the binding interaction of IL-36Ra with its receptor IL-36R38.  The T1 and T2 parameters are 

obtained via observation of NMR peaks under different relaxation times and fit to a single 

exponential decay curve (Figure 4.10).  Overall the T1 and T2 data show expected dynamics in 

the loop regions.  The 3-4 and 11-12 loops are quite dynamic compared to the rest of the structure 

(Figure 4.11).  In regards to differences between 1-met and1-val, the T1 perturbations include 

residues in strands 4 and 5 as well as in the neighboring 80s- helix.  Additionally, these motions 

seem to propagate into the cap regions with the T1 differences occurring in the strands of the caps 

of trefoil 1 and 2, as well as the loop of cap of trefoil 3, which makes direct contact with the caps  
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Figure 4.10. Representative curves of a residue in IL-36Ra for measuring 1H-15N HSQC T1 
and T2 values.   
 
Multiple HSQCs are recorded with different relaxation times and then plotted and fit with a single 
exponential decay fit.   
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Figure 4.11.  R1 and R2 values of 1-met IL-36Ra.   
 
The R1(brown) and R2(green) values of IL-36Ra. Secondary structure is indicated below the x-
axis. 
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Figure 4.12. Residues with differing T1 or T2 values for 1-met vs 1-val isoform.   
 
T1 values colored on the top three structures, whereas T2 are colored on the bottom three 
structures. Red shading indicates increased dynamics in 1-val compared to 1-met, and blue shading 
indicates decreased dynamics in 1-val compared to 1-met in either time regime. 
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strands of trefoil 1.   The T2 perturbations are mainly localized to the loop regions with the 3-4, 7-

8 and 11-12 loops all containing differences.  The perturbations not localized to loops, residues 

T99 and F100 at the interface of trefoil 2 and 3, indicate that there could be a route of allosteric 

communication between the two trefoils that could occur on a slower, more physiological 

timescale (Figure 4.12). The cap, as well as residues that form the cap-barrel interface (I42, F100, 

F149), are also observed to have the large majority of the perturbations, whereas the core barrel is 

largely unaffected. HDX probes much longer timescales (s – hrs, or days).  In comparing the two 

isoforms, there is only one observed difference in the rates of hydrogen-deuterium exchange by 

observation with the 1H-15N HSQCs when used for H-bond identification. V45 exchanges faster 

in the 1-val isoform, which corresponds to a H-bond at the end of the strand 1-4 interface. This 

corroborates with the structure that there are no large scales motions or conformational changes 

that are causing the differences in activity, but instead subtle changes in the fold architecture are 

responsible. However, as the NMR time course contains a dead time on the order of 20 minutes, it 

is difficult to observe any motions in faster time regimes to link back to the other dynamics 

experiments. A third of the probes exchange almost completely in the dead time, especially those 

that are highly accessible to solvent. As we are interested in identifying subtle differences in areas 

that could make contact with receptor (specifically solvent exposed loops), this means that NMR 

may be insufficient at observing the changes. Observing the backbone deuterium exchange via 

mass spectrometry alleviates the dead time problem at the expense of residue specific 

resolution.  Using DXMS, we were able to observe the dynamics of loops that exchanged in the 

dead time of the NMR experiments. When comparing the exchange rates of the two isoforms, it 

became evident that there are differential dynamics occurring in the fast exchanging regimes; loops 

that were flexible and/or solvent exposed did not behave identically between the two 
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isoforms.   Noticeably we were able to observe differences in loops that exchanged in the dead 

time of the NMR.  Loops 3-4, 6-7, and 11-12 all exchanged slower in 1-val than in 1-met (Figure 

4.13). Additionally, faster exchange occurs in the caps of trefoil 1 and 3, as well as in the 4-5 loop 

and the 80s helix.   

The T2 values correlate well with the HDX, corroborating that loop motion is different 

between the two isoforms.  The T2 values often do not correlate well with the T1 values indicating 

that T2 values are more representative of the differential loop motions, and that T1 are probing 

“short-range” motions in the core of the protein. These faster timescale motions propagate out to 

the loops and effects dynamics on longer timescales (probed by T2 and HDX) that correlate better 

with protein-protein interactions.   

 

Discussion 

Solving the structure of the two naturally-occurring isoforms and observing their dynamic 

differences can help identify: 1) specific motifs within the protein needed for binding of IL-36R 

and 2) specific dynamic relay networks responsible for antagonistic, receptor binding function of 

the protein. The 1-met and 1-val structures are nearly identical, therefore, the difference in activity 

is due to a threshold effect surmounted by this particular combination of dynamics differences 

between the two molecules. The current IL-36Ra literature describes that these accumulated, small 

molecular differences lead to significant changes in the in vivo responses15,16,21,31,34. Taken without 

this context of biological data, the cleavage of a single residue seems unlikely to cause such a 

drastic structural change, and the structures corroborate this notion.  However, this should not 

downplay any differences between the two isoforms; the summation of seemingly minor, yet 

specific, structural, dynamics, and binding differences add up constructively to yield a tipping 
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Figure 4.13.  The percent dueteration differences between the 1-met and 1-val isoform.   
 
The color shading represents the difference in percent deuteration of the peptide with red indicating 
an increase in deuteration, and blue indicating a decrease in deuteration in the 1-val isoform 
compared to 1-met. For increased clarity, any change < |3%| is shown in grey.  A) Differences 
after 15 sec deuterium exchange reaction.   B) Differences after 15 minutes in deuterium exchange 
reaction.  C) Areas with differential deuteration incorporation plotted on the structure. 
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point between “inactive” protein vs. a highly-competitive antagonist within one structure; i.e 

allostery is not constrained to large conformational changes39. 

The beta trefoil fold is composed of multiple strands, which have an extensive, highly-

intricate hydrogen-bonding network spanning the entire protein, creating a scaffold that can be 

highly sensitive to structural perturbations and/or allostery40,41. The beta trefoil structure can be 

further simplified into two simultaneous existing substructures, a trimeric structure composed of 

three trefoil units, or as a six-stranded barrel capped by a six-stranded cap on one side. The 

individual trefoil units are composed of a b-b-b-loop-b motif. The trefoils of IL-36Ra are 

pseudosymmetric, meaning there are distinctions between strand length, loop lengths, and turns 

composing each unit. Indeed, subtle differences in symmetry are important for the folding of beta-

trefoils in general42-44, and for function45-47. The barrel of IL-36Ra is under substantial strain, as 

evidenced by its barrel shear, or staggered strand H-bonding switching partners across it36. In order 

for IL-36Ra to function as a capped barrel, structural “linchpins” are necessary to bridge between 

the capping strands and the top of the barrel. The positions are occupied by a conserved suite of 

residues across the IL-1 family. For IL-36Ra, these are strand-initiating residues I42, F100, and 

F149. The barrel-cap interface is further stabilized by the adjacent residues M11, L59, and F112. 

The side chains begin to pack the core of the barrel from the cap side36. These three residues also 

reside at strand H-bonding partner swap points.  

Overall, at the H-bonding partner at the strand-swapping positions within the barrel, we 

see the changes in dynamics; however, not every possible position changes. The dynamics are 

altered adjacent to the individual trefoil cap-barrel pinning residue ring (I42, F100, F149). 

Interestingly, L59, part of the secondary upper barrel structural ring (M9, L59, F112, in the same 

plane as the pinning residues in the barrel) is altered as well (observed via chemical shift 
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perturbation), but differences are not observed for the analogous positions, indicating asymmetric 

accommodation of strain release from trefoil 1 into the adjacent strand 5 of trefoil 2 (via the barrel).  

As expected, strands neighboring strand 1 are affected by the N-terminal processing. 

Residues in strands 4 and 12 are perturbed in the 1H-15N HSQCs, and residues in strand 4 have 

differing T1 values.  Considering structural differences, strands 1 and 12 show differing NOEs, 

implying that strand 1 is propagating motion to both of its neighboring strands (4 and 12).  Strand 

4 has a peculiar architecture, as it is the only strand in which nearly its entire length is sandwiched 

between two neighboring strands.  Thus both the neighboring loops (3-4 and 4-5) could 

additionally be influenced by motions in the strand. The 4-5 loop has both structural differences 

and dynamic differences, with HDX demonstrating that V45 exchanges faster in 1-val (strand 1-4 

contact is less stable) and the structure indicates a higher propensity for a new H-bond at N47 with 

P55 (more contact between strands 4 and 5). Strand 4, additionally, has chemical shift 

perturbations as indicated in the 1H-15N HSQC spectra comparison. When the N-terminus is un-

cleaved, it is more disordered and fails to sit in the pocket of the 2nd trefoil’s cap generated by I85 

and G64. Once it is cleaved, strand 1 is more constrained and makes fewer contacts with strand 4 

(demonstrated by the HDX profile of V45). Strand 4 is thus more free to make contacts with strand 

5 and form the correct 4-5 loop structure (which has already been implicated in activity via 

antagonist/agonist loop swaps mutants)21. 

 Strand 12 is notable in that, beyond the hydrogen-bonding network it shares with strand 

1, it also shares a conserved disulfide bond between C8 and C159. Any motions originating from 

strand 1 would be propagated across the barrel, via this covalent linkage between trefoils 1 and 3, 

and could also implicate that the disulfide bond as functionally important as well as important for 

adding stability to the protein fold.  
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There are three other hot-spot regions of interest that are distal from the N-terminus. One 

is on the the opposing face of the protein at the cap of  trefoil 3, which has differences in observed 

structural NOEs as well as a cis-trans isomerization of a proline P125. Additionally, L133 has both 

T1 and T2 differences. The second region is located in the 80s helix, which has 1H-15N HSQC 

perturbations, structural NOE differences, and T1/T2 differences.  Y89 is especially important, 

likely due to its p-stacking interactions with the 4-5 loop, which is heavily perturbed overall. The 

third region is the barrel of trefoil 2 in which S108 appears in the chemical shifts analysis, the NOE 

differences and additionally has a distinct architecture when comparing the structures.  

We hypothesize an allosteric network can be further divided into two routes, in which 

perturbing the 11-12 loop should be able to change the 4-5 loop, with strand 1 acting as a 

fulcrum.  Moreover, moving the 3-4 loop should affect the 4-5 loop on the other side of strand 4 

(using strand 4 as a fulcrum), and then should affect the 11-12 loop. Additionally, because the caps 

of trefoil 1 and 3 are sandwiched between the 3-4 and 11-12 loops they must respond to 

perturbations in those loops, counterbalancing the motion in these highly dynamic loops as 

observed in our DXMS data and trefoil 3’s significant perturbations. Our Cα and to a lesser extent 

1H-15N HSQC perturbations also corroborate this notion as shifts are observed in the caps of trefoil 

1 and 3, and F120 at the cap-barrel interface propagates the motions to the barrel of trefoil 2.  

Fundamentally, trefoil 1 and trefoil 3 must be cooperatively connected, taking in account a) our 

data, b) the structural observation that the trefoil 3 cap and trefoil 1 share extensive contacts, and 

c) homology models indicate receptor should engage these two trefoils most, with little contact 

with trefoil 221(Figure 4.14) .  The receptor-binding homology models are based on the IL-1 or IL-

33 family of structures48-50, in which the receptor and co-receptor interact with trefoils 1 and 3 of 

the cytokine ligand.   The overall observations here, in combination with the large body of data 
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Figure 4.14.  Homology model of IL-36Ra bound to receptor 
 

Modeled IL-36Ra with IL1R1 (PDB ID: 1ITB).  IL36Ra(grey) is aligned to IL-1 which is bound 
to IL1R1(cyan).  The N-terminus (yellow) is distal from the ligand receptor binding interface.   
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available on the IL-1 system, imply that allosteric networks within the ligand could be mostly 

responsible for imparting antagonistic or agonistic activities. The binding of the receptor could 

cause amplification of existing motions within the ligand, which may either create constructive 

(agonist) or non-constructive (antagonist) interactions with the co-receptor18,51, either via contacts 

between the co-receptor and both the cytokine and receptor, or new contacts available in ligand-

bound receptor alone.  As IL-36Ra has a substantially longer 11-12 loop than its familial agonist 

and this loop has been linked to differential antagonism, it follows that allosteric changes in 11-12 

loop are likely non-trivial in co-receptor binding. Indeed, a full swap of 4-5 loop in IL-36Ra for 

the agonist 4-5 loop in IL-36g creates a partial agonist form of IL-36Ra, but a partial loop swap 

(missing the critical region identified in this work) remains antagonist21. The presence of 1-met 

reveals the selective energy transfer throughout the molecule, starting at the N-terminus, and 

travelling along a specific network of intramolecular interactions that culminate in the large, slow 

motion of the 11-12 loop and the stabilization of the opposing half of the barrel underneath. We 

attribute these two phenomena as being responsible for the antagonistic behavior of IL-36Ra.  

By identifying key regions that are perturbed by N-terminal cleavage, we may begin to 

understand how further perturbing these distinct areas in the protein could drastically affect 

signaling. R48W and T123R are both psoriasis causing mutations, and are in two of the hotspots 

we’ve identified.  There are also two distinct mutations that are associated with general pustular 

psoriasis (H32R and K35R)52,53, which are located in the 3-4 loop. According to T1/T2 and HDx, 

there are differential motions in this loop, demonstrating that there are allosteric associations of 

this loop and the N-terminus.  K35R, based purely on a structural difference between lysine and 

arginine, should be an innocuous mutation considering that both of these side chains are positively 

charged at physiological pH. However, changing this residue may affect the loop’s motions, thus 
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propagating information to both trefoil 3 and the N-terminus, creating interference between the 

loop motions and the accepting binding interface of IL-36R. Indeed, this location is a conserved 

region for interaction between all IL-1 family members and their respective receptors, regardless 

of agonist or antagonist activity49,50 observed both in structure and dynamics.  

The IL-1 family is a tightly-controlled class of innate and adaptive immune system 

modulators. Control of function at the cytokine level is achieved by a number of disparate 

checkpoints including non-sequential transcription/translation of the cytokine genes10,54, synthesis 

of the agonist cytokines as longer inactive precursor proteins29,30,55 dual functional roles for the 

non-cytokine N-terminal sequences of the precursor proteins56,57 and secretion via multiple non-

classical secretion methods (whole family). Indeed, every member of the IL-36 family of cytokine 

is translated as a longer, latent molecule requiring cleavage for full activity, first observed by 

Towne, et. al.(2011)31 . The naturally occurring processing enzymes have been thus far identified 

to be secreted by activated neutrophils34,58, cleaving IL-36a, b, g, and Ra. Therefore, the IL-36 

system is only truly activated in the presence of a certain type of immune response, localized to 

only the area of intense interest dictated by active neutrophils58. An IL-36-based response is most 

likely further controlled by the differential sensitivity of IL-36R expressing cells, and by the 

number of active complexes needed on a particular cell to initiate downstream signaling effects. 

Therefore, it would not be unexpected that a modest change in IL-36Ra receptor binding activity 

(~1 order of magnitude faster off rate), as observed between 1-met and 1-val isoforms,  would 

translate into the greatly altered activity readouts observed in the   

published in vitro cell studies31,34.     
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Conclusion 

Taken together, the results presented here illuminate the critical role dynamics play in 

controlling the receptor antagonist activity of IL-36Ra. Understanding how this protein functions 

at the molecular level is important for understanding how psoriasis can arise from either mutation 

or misregulation. The results also demonstrate the potential of modifying protein behavior via 

simple modifications of the N-terminus, which could be selectively activated59,60. Understanding 

the relative activities of the enzymes responsible for processing 1-met IL-36Ra in normal and 

diseased states, and how this protein works within different cellular environments, and in synergy 

with IL-17 and other immune stimulators/supressors, may yield more successful psoriasis 

treatment regimes. Indeed, as the roles of IL-36 in homeostasis are identified, how these proteins 

work on the molecular level becomes increasingly important.  

We are excited at the prospect of further identifying and exploring these allosteric pathways 

in the whole IL-36 cytokine system, and to see their effects beyond the molecular level.   

Chapter 4, in part, is a reprint of the material as it appears in “N-terminal Methioninie 

Processing Reveals An Extensive Allosteric Network Within Interleukin-36Ra, A Key Player in 

Psoriasis”  Tiee, N.S., Hailey, K.L., Jennings, P.A. which is currently in preparation for 

submission.   The dissertation author was the primary author/investigator of this paper. 
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Abstract 

IL-36Ra contains a disulfide bond that is not present in the agonist members of the 

family. Thus, we hypothesized that the disulfide was critical for proper function of the 

antagonist.  The disulfide forms a covalent connection between strands 1 and 12, which already 

contains substantial H-bond contacts.  We used a variety of biophysical techniques to determine 

the structural changes that are associated with the reduction of the disulfide.  Using NMR and 

hydrogen deuterium exchange we observed structural and dynamic perturbations in IL-36Ra that 

were both local and distal to the disulfide bond. IL-36Ra was demonstrated in this dissertation to 

be highly sensitive to subtle changes in shape and can transmit information allosterically across 

the length of the protein. Notably, the protein, on average, was destabilized with an increase in 

deuterium exchange in the first and third trefoils.  However, there was also an increase in 

protection at the region diametrically opposed to the disulfide, suggesting a hinge point.   Our 

data suggest that the disulfide is critical in maintaining the functional shape and without it, the 

strand-strand interactions of the barrel are weakened, likely leading to a less active protein.   

 

Introduction 

Disulfides have been studied extensively to understand their purpose. Originally, 

disulfides were expected to play substantial roles in directing primary sequences to their tertiary 

fold1.  However, studies demonstrated that the protein would refold to their native structure with 

fully reduced disulfides, indicating that the disulfide formation was not the driving force for 

protein folding to occur2. Ultimately it was observed that disulfides serve two broad roles, 

protein stability and proper protein function.  Disulfides have been observed to contribute 

substantial stability to chemically or thermally-induced denaturation to many types of proteins 
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and over many families of folds.  For example, early studies using ribonuclease T1 (as an in vitro 

model)3 and bovine pancreatic trypsin inhibitor (as an in silico model)4 demonstrated an increase 

in stability by 2.5 – 5.1 kcal/mol for each disulfide bond. Adding a disulfide bond can restrict the 

conformational entropy within the primary structure, contributing to a decrease in entropy in the 

unfolded state(s), leading to an increased thermodynamic stability.  However, utilization of the 

disulfides in protein engineering has shown that disulfides do not always impart stability, and 

that the placement within the structure is of critical importance for both the protein’s fold 

stability and function.  For example, an increased stability can be achieved at the expense of 

enzymatic activity.  In an attempt to engineer stability in T4 lysozyme, multiple disulfides were 

designed and though many resulted in increased stability, others were less successful and 

resulted in decreased the thermal stability5. Multiple studies in different model systems 

recapitulated these observations6-8.   Noticeably, the locations in which the disulfides observed to 

cause protein destabilization were also in areas that were already rigid.  This likely indicates that 

disulfides can introduce novel torsional strain that would increase the thermodynamic stability of 

the protein.  However, there is still substantial research regarding which disulfides would/could 

contribute to stability. Inserting disulfides into regions of flexibility have proven to be most 

successful, guided by experimental measurements of flexibility as well as computation metrics9-

12. 

Disulfides can also be categorized as allosteric modulators in which their reduction or 

oxidation can drastically change the conformation of the protein, resulting in a change in 

function13,14.  These types of disulfides have been implicated in a variety of cell functions, many 

of which occur at the cell surface.  The entry of HIV-1 into host cells, for example, has been 

linked to disulfide cleavage.  In order for viral entry to occur, gp120 must bind to both CD4 and 
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CXCR4. The binding of gp120 to CD4 is accompanied by a cleavage of disulfides in gp120 by 

PD-1, which renders gp120 competent for binding of CXCR415.   This seems to imply that the 

disulfides may prevent a necessary topology that is required for viral entry.  Integrins have also 

been observed to be sensitive to redox environment.  The highly studied αIIbβ3 integrin has been 

observed to undergo a conformational change following addition of dithiotheritol (DTT), a 

known reducing agent16,17.  Allosteric disulfides have also been observed in enzymes.  C-

terminal Src Kinase (CSK) contains a disulfide in its SH2 domain, which is separate and distal 

from its active site.  Yet the removal of reducing agent allows for formation of a disulfide 

between residues C122-C164, effectively tethering the CD beta hairpin and BG loop. This again 

seems to induce a conformational change in which the SH2 domain differentially “swings” up or 

down, in relation to the active site, which was previously implicated in kinase activity18  

IL-36Ra contains a unique disulfide bond that connects the beginning of strand 1 to the 

end of strand 12, which are close to the N- and C- termini, respectively.   Across the more 

closely, functionally-related IL-36 family and also including many members of the IL-1 family, 

no other protein contains this disulfide19,20. However, why this bond appears in IL-36Ra is 

unknown. Strands 1 and 12 have the signature inter-strand, hydrogen-bonding network of the b-

trefoil fold, as expected from IL-36Ra’s shared structural homology with the other IL-1 family 

members. However, the presence of the disulfide can still impart a significant increase in 

thermodynamic stability, or could additionally be a regulator of IL-36Ra’s receptor-inhibiting 

function, possibly as a switch dependent on local oxidation state.  To determine the effects of this 

bond upon the function and structural characteristics of IL-36Ra, we used biophysical techniques 

to probe novel characteristics of IL-36Ra without a disulfide.    
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Results 

NMR shift perturbation 

Previously, we were able to successfully assign the 1H-15N HSQC of wild type(wt) 

IL36Ra.  In order to determine if cleavage of the disulfide resulted in any changes within the 

structure, we purified IL-36Ra in the presence of.  The 1H-15N HSQC was then run and the 

cross peaks were compared to wt protein (Figure 5.1).    The perturbations were localized 

predominantly to the N and C-termini. Strand 1 and strand 12, the disulfide containing strands, 

were heavily perturbed.  Additionally, neighboring strand 4 was perturbed with residues 37-45 

showing substantial peak movements (Figure 5.2).    More distal to the disulfide, Y20 in cap 

strand 2 of the trefoil was also perturbed.   Most distal is T108, which is in the turn between 

barrel strands 8 and 9 in the 3rd trefoil, completely across the barrel from the disulfide.   

 

Hydrogen-Deuterium Exchange - NMR  

To identify regions of conformation flexibility, we used hydrogen deuterium exchange to 

observe the hydrogen bond or solvent accessibility of the reduced form, and compared 

differences between the oxidized form.   Changes in HDX rates could correlate to the local 

unfolding of a region or broad scale changes in structure such that the backbone amide is able to 

exchange its hydrogen with the surrounding solvent.  HDX rates were determined for oxidized 

and reduced forms of IL-36Ra and compared (Figure 5.3). The residues that were affected were 

plotted on the lowest energy structure of IL-36Ra. (Figure 5.4).  As expected, there were changes 

in changes in strands 1 and 12.  However, there are other regions in the protein that show 

changes in multiple residues.  Trefoil 1 has an increase in deuterium uptake in the 1-2 loop, its 

cap (strands 2 and 3), and also multiple residues in strand 4.   In Trefoil 2, residues G60, V61,  
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Figure 5.1.  1H-15N HSQC spectra of the reduced vs oxidized IL-36Ra.   
 
Oxidized Il-36Ra is shown in black and reduced is shown in red. 
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Figure 5.2. Chemical shifts perturbations of 1H-15N HSQC of oxidized vs reduced IL-36Ra.  
 
A) The chemical shift perturbation plotted against the residue number.  The brown line indicates 
a cutoff for shifts that are outside of one standard deviation outside of the mean. The secondary 
structure elements are indicated below the chart.  B, C) Residues in which chemical shifts 
perturbations were outside of the cutoff are mapped (shown as brown spheres) on the NMR 
structure of IL-36Ra. The yellow spheres indicate the location of the disulfide. 



	

	 90	

 

Figure 5.3 HD exchange decay curves for select residues.   
 
Relative 15N-1H HSQC peak intensities for oxidized (black) and reduced (red) IL-36Ra are 
plotted against time after initiation of exchange reaction. Data is fit to a single exponential to 
obtain the apparent rate of exchange. 
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Figure 5.4 Sequence of  IL-36Ra with the HDX-NMR rates.   
 
The color indicates the exchange rate of the residue.  The secondary structure is indicated below 
the sequence with the trefoil grouping indicated by the color of the beta strands.  The asterisks 
below indicate residues that had different exchange rates for oxidized vs. reduced IL-36Ra. Red 
asterisks indicate an increase in exchange for the reduced states whereas blue indicates a 
decrease in exchange. 
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Figure 5.5 Changes in HD exchange plotted on the structure of IL-36Ra.  
 
Four views are shown of the protein. The red spheres indicate residues in which exchange occurs 
faster in the reduced protein vs. oxidized. Blue spheres indicate residues in which the exchange 
is slower in the reduced protein vs oxidized.  The disulfide is highlighted in yellow. 
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Q66, M85, T98, and F99 all show an increase of HDX rates. However, R103 actually shows a 

slight protection from the exchange.   Lastly, Trefoil 3 contains substantial changes in both the 

barrel strands as well as residues in the cap.   When compared to the three-fold symmetry axis of 

the protein, the location of the differences in which trefoil 1 and 3 have very similar regions with 

differences, creating an asymmetric imbalance of changes over the whole fold.  Both strands in 

the barrel and the cap have multiple residues that are affected by the reduction of the disulfide, 

whereas trefoil 2 has few changes in the cap residues, and most residues affected are located in 

the barrel-cap interface and do not affect the bottom residues of the barrel.   Of interest particular 

in trefoil 2 is R103, which is the only residue that shows an increase in protection from the 

exchange reaction.  R103 is in strand 8 and forms a hydrogen bond with S110 in strand 9. Hence, 

the geometry of this H-bond is likely perturbed since S110 also has changes in its HDX rates.  

Moreover, R103 is on the exact opposite side of the barrel from the disulfide, indicating that the 

breaking of the disulfide alters the topology enough to affect the other side of the protein.   

 

Hydrogen Deuterium Exchange -  DXMS 

We also wanted to observe if any of the regions that exhibited fast exchange rates were 

affected by the disulfide.  Because parts of the protein exchanged in the dead time of our NMR 

time course, we used DXMS to probe faster time scales.   Observing the overall changes in 

deuteron incorporation, the entire protein seems to be affected and the reduced protein exchanges 

faster than the oxidized protein(Figure 5.6).   Unlike the HDX –NMR studies that show that most 

of the changes are more localized to the disulfide, the DXMS results imply a more global effect.   

Specifically, the peptide for residues L88 – F100 show a minor change in deuterium 

incorporation whereas the reduced form has a faster deuteraton incorporation rate.  As this is an  
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Figure 5.6 DXMS ribbon plots for oxidized vs. reduced IL-36Ra.  
 
Each block represents a peptide in the time course in which the percent deuteration 
incorportation is plotted as a color.  The secondary structure and residue number are indicated 
above the ribbons 
 
 
 
 
 
 
 
 
\ 
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area with few active probes in the NMR time course, this demonstrates that there is a change in 

the 2nd trefoil caused by the reduction of the disulfide.   This region is not observed to be affected 

in both the HD-NMR or the NMR peak perturbations. 

 

Thermal Melts 

In addition to observing the specific areas that were affected by the breaking of the 

disulfide, we also wanted to observe if the overall stability of the protein was affected by the 

disulfide. Using circular dichroism (CD) spectroscopy to detect changes in secondary structure, 

we performed thermal melts to observe the melting temperature of the protein.  Additionally, we 

used a double mutant in which the oxidized cysteine residues were replaced with the isosteric 

residue of serine.  This was to ensure that the change in melting temperature was not solely due 

to an issue with the use of a reducing agent but instead correlated to the presence or lack of the 

disulfide bond.  The disulfide-less mutant and the reduced IL-36Ra had a denaturation midpoint 

of ~ 52˚C whereas the oxidized mutant had a midpoint of 68˚C (Figure 5.7).  Moreover, the 

cooperativity of the melting was much higher in the reduced and disulfide-less mutant in which 

the slope of the curve is close to vertical in the unfolding transition.  In the oxidized protein, the 

slope was much more gradual indicating a difference in the cooperativity of thermal unfolding.   

However, because the unfolding of IL-36Ra is non-reversible, no additional thermodynamic 

parameters were calculated. 

 

Discussion 

The disulfide bond break releases extensive changes throughout the molecule.  As 

expected, the N and C-termini are drastically altered, since the disulfide effectively links the two  
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Figure 5.7  Thermal melts of reduced and oxidized IL-36Ra using CD 
 
Normalized CD signal and temperature of three conditions of IL-36Ra, “Reduced” (with DTT), 
“Oxidized” and “w/o Disulfide” (the C8S, C154S mutant, having no disulfide present).  The 
melting temperature for the oxidized protein is much higher than the others. 
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terminal strands.  However, utilizing HDX and NMR to observe other areas affected 

demonstrates that the entire protein is affected though the majority of the perturbations are in the 

1st and 3rd trefoil.   Functionally, this is highly relevant as the receptor binding interface most 

likely spans across the 1st and 3rd trefoils, based on homology modeling14.   Previous work on 

other IL-1 family members has also identified these two trefoils as those most relevant to 

binding21-24,26. When detecting NMR perturbations upon binding in IL-3325 as well as observing 

the crystal structure contacts of IL-1 family members with their respective receptors (PDB: 

1ITB, 1IRA, 4KC3),  the conclusion is clear that trefoils 1 and 3 are functional.   This does not 

imply that the 2nd trefoil lacks function.   IL-1RAcP has been proposed to bind to strands 8 and 

9, with mutations in M105 and R103 affecting the binding of the IL-36Ra to a pre-formed, 

dimeric IL-36R plus IL-1RAcP21.  However, no literature to date has reported if the IL-36R 

interface is disrupted or if it affects the IL-1RAcP interface. Our observation of R103’s change in 

HD exchange rates depending on the oxidation state of the protein implies that the H-bond 

network has been disrupted.  From our studies of the N-terminal cleavage effects, we determined 

that the interface of strand 8 and 9 is subtly changed when the N-terminus is altered.  This 

observation is also recapitulated by the structural differences in the previously solved loop swaps 

of IL-36Ra (PDB ID: 4P0J, 4P0K),21 in which a swap at the 4-5 loop results in a slight 

restructuring of the strand 8-9 interface and turn between 8 and 9.   R103’s amide in the center of 

strand 8 could indicate that there is a minor stabilization in that region.   The beginning of the 

strand is unaffected, observed by the complete protection of the Y100-E111 H-bond which 

shows no difference. The 8-9 turn could be highly affected, but due to the fast exchange rates of 

this area, the changes are lost in the dead time of the NMR instrument for these specific residues, 

and the DXMS peptide encompasses the whole region is observed to be overall destabilized.  
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This stabilization is at the opposite end from the disulfide and likely acts a countering hinge 

point for motion across the entire barrel.  If the disulfide is broken, the N- and C-terminal strands 

1 and 12 start to destabilize and fray apart, and the whole protein begins to open, affecting the 

topology on both sides of the disulfide.  As the protein opens on one side, the exact opposite side 

would begin to pinch, causing R103 to be more protected (Figure 5.8).  Since there is a steric 

limitation to the extent of this pinching mechanism, likely there is a slight rearrangement to the 

8-9 strand interface.  This results in poorer H-bond contacts near the 8-9 turn as the structure 

compensates for the pinching and causes the strand to move away from its partner to prevent 

excessive steric clash.    

This study of the disulfide is exceptionally interesting in the context of the N-terminal 

cleavage data.  Chapter 4 reported very similar regions, as both the disulfide and the N-terminal 

cleavage have the largest perturbations in the same locations. It was proposed the disulfide 

helped constrain the topology of the strand 1-12 interface such that it recapitulated the strand 1-4 

interface (1-4 has more extensive contacts but the 1-12 interface is covalently linked).   The 

disulfide indeed released a similar allosteric propagation as the N-terminal cleavage, giving 

credence to this hypothesis, but it is difficult to interrogate definitively without designing a 

hypothetical topology. Moreover, the disulfide may simply be the evolutionary methodology for 

eliminating excessive entropic forces.  In the N-terminal study, it was observed the N-terminus 

created a less dynamic conformation in which the N-terminus (1-Met) sat in a small hydrophobic  

pocket of the cap of trefoil 2.  When the N-terminus was just one residue longer, it no longer 

remained in the pocket and instead was free.  In these two conformers, the barrel shear was 

altered such that the interface of strand 1 and 4 was perturbed (and with it the strand 1-12 

interface).  By eliminating the covalent bond between strands 1 and 12, the natural entropy of 
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Figure 5.8.  A schematic diagram demonstrating how the breakage of the disulfide may 
affect the other side of the barrel.  
 
The barrel is represented in black with the disulfide in yellow.  When the bond breaks, the barrel 
is allowed to open up, which results in the other side of the barrel coming together. 
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strand 1 would increase as it has additional degrees of freedom and can move more 

independently of strand 12.  As the entropic difference in the N-terminal cleavage was enough to 

alter the activity of the protein, it is highly probable that the entropic difference between the 

oxidized and reduced forms of strand 1 would drastically effect activity and show a more 

pronounced effect.  This is supported by the HDX data as well as the stability data that show far 

greater differences in the disulfide studies than in the N-terminal cleavage studies.  When 

observing HD exchange rate differences in the N-terminal cleavage studies, we were surprised to 

see very few differences, given the activity difference between the two.  However, the structures 

recapitulated that there were no drastic structural rearrangements and that the H-bonding 

landscape was largely intact.  However, with the reduction of the disulfide, pronounced 

differences in HD exchange were observed and these locations matched well with those found in 

the N-terminal cleavage studies via the other methods (NMR shift and relaxation experiments).    

This demonstrates that the disulfide reduction is likely an exacerbation of same topological 

issues found in the full-length protein that led to decreased activity. 

 Despite the similarities between the N-terminal cleavage and disulfide studies, it should 

be noted that the two scenarios are distinct.  Observing the interface of the 1-4 strand vs the 4-5 

strand in the 1-met vs 1-val comparison, we saw the 1- met isoform had a fraying of the 4-5 

strands and a more stable interface with the 1-4 strand.  However, observing the HD exchange 

parameters for the oxidized vs reduced, all of strand 4 has a destabilization with HD exchange 

rates increasing for residues forming H-bonds with both strand 1 and 5.   Contrary to the N- 

terminal cleavage isoforms where strand 4 acts as a fulcrum between its neighboring strands, 

instead it can be assumed that the 3 strands simply migrate away from each other allowing the 

increase in deuterium exchange (Figure 5.9).  This mechanism correlates with the results from  
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Figure 5.9. A schematic diagram demonstrating a likely mechanism of action of the strands 
neighboring the disulfide.   
 
When oxidized the barrel shape allows the topology of the strands to be well packed against one 
another.  Once the disulfide is broken, strands 1 and 12 are able to fray apart.  With less rigidity, 
strand 4 is also able fray away from strands 1 and 5 and thus the H-bonds between each of the 
strands are weaker and more exposed to solvent. 
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the thermal melts that demonstrate a substantial reduction of thermal stability when the disulfide 

is missing.  Since the disulfide helps maintain the barrel shape and prevent strand shearing, the 

protein is highly stable.  However, once the disulfide is lost, the strands begin to move apart and 

any increase in temperature will allow the tertiary structure to destabilize as the strands fray.  

Returning back to the idea of allosteric disulfides, it is evident that the disulfide in IL-36Ra does 

have a specific structural role (i.e. keeping the tertiary fold stable). However, as its function is to 

bind and transmit signals, its inherent structural shape is important for its function.  Moreover, 

because of IL-36Ra topology, the disulfide can act to transfer allosteric signals to the other side 

of the barrel, as observed by the changes that occur to the protein on the other side of the 

disulfide.  Additionally, there is an asymmetry to the allosteric signal transfer.  When observing 

the HD NMR perturbation from the top of the barrel, it is evident that one quadrant of the protein 

remains mostly unaffected whereas the functional side (areas that may bind IL-36R or IL-

1RAcP) is affected significantly (Figure 5.10).  Only the DXMS shows any changes in this 

unaffected quadrant in the fast time regime.  Residues 95-97 have very faint peaks in the NMR 

spectrum with residue 96 being completely unassigned, thus they were omitted from the NMR 

analyses.   This implies that this region exists in the immediate exchange regime of the NMR 

spectra and thus the peaks become broad and faint.  This area could become even more 

destabilized with the removal of the disulfide; the slight amount of protection that exists in this 

area may be lost.   However, it is likely that because this area is generally dynamic, it is less 

sensitive	 to	modulations	 in	 the	 barrel	 shape	 (i.e.	 it	 is	 able	 to	 compensate	 for	 changes	 in			

barrel shape due to its overall flexibility).	
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Figure 5.10 HD exchange rate changes and NMR perturbations mapped on the structure 
and shown from the top view.   
 
HD exchange rate changes are shown in red and NMR perturbations are shown in brown. The 
dotted lines dividing the barrel into quadrants demonstrate an asymmetry to the perturbations. 
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Conclusion 

The disulfide bond is critical for IL-36Ra to maintain its stability.  The disulfide keeps 

the whole protein in a correct functional shape distributing the fold’s overall strain into the “right 

places”.  This functional shape is critical for allowing allosteric communication through mass of 

the protein. Our data allow us to hypothesize on the general motions of the protein with and 

without its disulfide. We can compare it to a wooden barrel in which the planks are bound 

together to form a cylinder.  However, once the disulfide is cut between two strands, analogous 

to cutting a hoop that binds the barrel together, the planks will start to migrate away from one 

another.  Since the barrel is now able to expand, the side opposite to the new openings will begin 

to pinch closer together.   A pertinent question remains relating to the disulfide, in regards to the 

significance of the location of the disulfide.  The disulfide cross-links two neighboring strands, 

but in a general symmetric barrel each strand-strand interaction should be more or less identical.  

Thus, because there is a disulfide between strands 1 and 12, there is likely a significant 

difference, geometrically, that exists in this spot.   Creating a plethora of circular permutants and 

mutations could help us understand this question though is beyond the scope of our current 

study.   We do hypothesize as discussed in Chapter 4, that strand 1 is unique in the protein as it 

makes extensive contact with two other strands spanning almost the whole length of strand 12 

and strand 4. We hypothesize that this introduces strain in the protein that would otherwise be 

relieved if this disulfide did not exist.  This strain is critical for the protein to function as is likely 

responsible for the allostery observed throughout the protein. 

Chapter 5, in part, contains unpublished data which may be eventually submitted for 

publication. Tiee, N.S., Hailey, K.L, Jennings, P.A. would be the eventual authors of this 

publication. The dissertation author will be the primary author/investigator of this possible paper. 
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Abstract 
	

IL-36Ra demonstrated substantial modulation of structure and dynamics due to change in 

the oxidation as well as the cleavage of a single N-terminal residue.  However little structural data 

exists on the ligand receptor binding interface.   Using DXMS, we probed the differences in 

protection to identify a possible binding interface for IL-36Ra.  Using the 1-met and 1-val isoforms 

of IL-36Ra, we observed a difference in which residues were perturbed by receptor interaction, 

which aligns with our observed binding kinetic parameters.  Due to IL-36Ra’s highly sensitive 

architecture, areas that did not correlate with the proposed binding site (via homology modeling 

using IL-1) demonstrated changes in protection, especially in the 90s loop which is not expected 

to be near sites of interaction.  Using these data, we hypothesize a general mechanism for how the 

agonist or antagonist might use barrel architecture to effectively alter on-off rates and their 

respective activities.   Ligands likely need to relieve strain introduced by the binding interaction, 

with antagonistic ligands likely release strain by increasing motion in loops that are in contact with 

the receptor. Agonistic ligands, however, would release strain in loops distal to the interaction 

surface.  Further studies on mutations and other proteins in this family will be needed to confirm 

this hypothesis. 

 
Introduction 
 

 The IL-36 family of proteins has been associated with a variety of inflammatory 

disorders1-5.   The IL-36 family signals through a heterotrimeric complex of IL-36, IL-36R and IL-

1RAcP6,7.   Despite extensive biological data on the activity of IL-36, there is little structural data 

concerning the interaction of IL-36 ligands with its receptor (IL-36R) and co-receptor (IL-1RaCP).   

Previously work in this thesis mostly observed the structure and dynamics of the IL-36Ra ligand.  

Because of the homology of the IL-36 family and the rest of the IL-1 family, most literature utilizes 
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a homology model to understand the possible interface between IL-36 ligands and IL-36R (the 

previous thesis chapters included)8. Because of the plethora of point mutations prevalent in IL-

36Ra that cause psoriasis, there has been extensive speculation on the molecular rationale for these 

functionally aberrant mutants9,10.  However, it is uncertain if the IL-36/IL36R interface is identical 

or even similar to its family members.   Our structural data indicate that there is a high structural 

homology to IL-1b, which indicates that the IL-36/IL-36R interface should be similar to the IL-

1b/IL-1R, given that IL-1RAcP is the co-receptor for both these systems.   This is however still a 

simplification of the system.  When observing the surfaces of the IL-1b/IL-1R vs IL-33/ST211, 

there is little similarity, implying that the IL-1RAcP interaction is likely unique.  Thus, despite the 

homology between the family members, it is still necessary to determine the binding interfaces of 

IL-36 and IL-36R to better understand how the IL-36 family functions.  We used DXMS to 

evaluate the binding interface of IL-36Ra and IL-36R.  In addition, because IL-36Ra has two 

isoforms with slightly different binding kinetics, we assayed both 1-met IL-36Ra and 1-val IL36Ra 

to observe a binding mechanism that was unique to each isoform that could explain the difference 

in binding kinetics. 

 

Results  
Our DXMS profiles of the 1-met IL36Ra/IL-36R and 1-val IL-36Ra/IL-36R were distinct 

from one another corroborating our kinetics data.  Because of the time scales of the binding 

interaction we chose to observe the exchange reaction at early time regimes of 15 secs and 15 

minutes after the initiation of the exchange reaction.  For the 1-val isoform, there were little 

significant changes in the exchange profile when comparing the V2 ligand to the V2 ligand with 

IL-36R.  However, at 15 minutes there were noticeable changes in protection from the profile for 

IL-36Ra alone (Figure 6.1).  The N and C termini were affected as well as the cap of trefoil 2.   
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When observing the homology model built from the IL-1B/ IL-1R structure, the expected binding 

regions are in the cap of trefoil 1 and 3 as well as interactions with the 4-5 loop.  However, our 

data does not show differences in these regions.   When observing 1-met IL36Ra, there is a 

distinctly different profile from 1-val.   At 15 secs, comparing 1-met IL36Ra with 1-met IL-36Ra 

+ IL-36R, three distinct regions are perturbed (Figure 6.2). The cap of trefoil 1/3-4 loop, the 90s 

loop, and the 11-12 loop all show an increase of protection following the addition of the receptor.  

At 15 mins, the protection in these regions has largely disappeared, though now the cap strands of 

trefoil one still show protection (Figure 6.3).  In addition, there is a deprotection of the beta strands 

in the cap of trefoil 3.    

 

Discussion 
	
The DXMS profiles of the IL-36Ra+ IL-36R are relatively hard to interpret when discerning a 

binding site for the ligand.  This is not unexpected and is correlated to our previous observations 

of this system. As discussed before, IL-36Ra as a ligand is extraordinarily sensitive to point 

mutations and its activity can be modulated via a single residue cleavage.  The IL-1 family of 

proteins, by their nature must allow for some allosteric transfer because of the construction of their 

signaling pathway. The IL-1R (and its analogous counterpart for the other sub families), is not 

alone able to recruit IL-1RAcP and initiate a downstream signaling event.  This implies that the 

ligand bound IL-1R has a  

distinct conformation that is recognized by IL-1RAcP can subsequently form the functional 

heterotrimer.  Moreover, the IL-36 family may have additional complexities in its molecular 

conformations.  There is literature that now indicates that IL-36R and IL-1RAcP can associate 

with one another without the presence of ligand (albeit in a possibly transient interaction)12,13.   



	

	 112 

 

 

 

 

 

 

Figure 6.1. The deuteration incorporation differences of the 1-val IL36Ra isoform with and 
with IL36R at a 15 minute time point.  
 
Each rectangle represents one peptide with the length of each corresponding to the sequence space 
indicated on the x axis.  The color represents the percent change of deuteration with the addition 
of IL36R, with blue indicating that less deuterium was incorporated in the peptide in the IL36Ra 
in the presence of the receptor than compared to the IL36Ra alone. For clarity, any change less 
than 3% is colored grey.  Two views of the structure are shown with the corresponding peptides 
colored.  The N-terminus is denoted in yellow on the structures   
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Figure 6.2.  The deuteration incorporation differences of the 1-met IL36Ra isoform with and 
with IL36R at a 15 second time point. 
 
Each rectangle represents one peptide with the length of each corresponding to the sequence space 
indicated on the x axis.  The color represents the percent change of deuteration with the addition 
of IL36R, with blue indicating that less deuterium was incorporated in the peptide in the IL36Ra 
in the presence of the receptor than compared to the IL36Ra alone. For clarity, any change less 
than 3% is colored grey.  Two views of the structure are shown with the corresponding peptides 
colored.  The N-terminus is denoted in yellow on the structures   
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Figure 6.3.  The deuteration incorporation differences of the 1-met IL36Ra isoform with and 
with IL36R at a 15 minute time point.   
 
Each rectangle represents one peptide with the length of each corresponding to the sequence space 
indicated on the x axis.  The color represents the percent change of deuteration with the addition 
of IL36R, with blue indicating that less deuterium was incorporated in the peptide in the IL36Ra 
in the presence of the receptor than compared to the IL36Ra alone. For clarity, any change less 
than 3% is colored grey.  A view of the structure is shown with the corresponding peptides colored.  
The N-terminus is denoted in yellow on the structures   
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However transient this interaction may be, the presence of a dimer that could allow for downstream 

signaling should be troubling, due to the desire for tightly controlled regulation of these 

inflammatory pathways.   

Traditionally, the protection of backbone probes would indicate the interacting molecule is 

protecting the backbone amides from exchange by reducing the solvent accessibility.  However, 

with a highly sensitive system with allosteric implications, this protection may not map properly 

to the binding site as the binding interaction could cause deprotection or protection to occur distal 

from the interaction. IL-36Ra has demonstrated that it is easily perturbed by small changes (shown 

in chapter IV and V).     

Of interest, the protection that occurs when observing 1-met IL36-Ra and 1-val IL-36Ra is 

unique from one another.  This is not unexpected due to a couple of distinct but correlated reasons.  

Firstly, the dynamics of the ligand are different especially in the proposed binding site.   In chapter 

IV, we observed using both DXMS and T2 dynamics (which are in a time regime relevant for 

binding), that 3-4 loop and 11-12 loop had more dynamism in the M1 isoform. Additionally, the 

beta strands in the caps of trefoil 1 and 3 were less protected in the 1-val vs the 1-met.   In the 1-

met vs 1-met+IL-36R, we observe that the 3-4 and 11-12 loops are protected upon receptor binding 

which is not observed in the 1-val profiles.   Likely both 1-met and 1-val have an receptor 

interaction with these regions but because 1-met is inherently more dynamic the larger difference 

is observed in the 1-met and the smaller difference in 1-val is less visible.  Because of the length 

of the peptides, there may be some increase deprotection accompanying the protection in a single 

peptide which may lessen the overall effect.  In the 1-met+IL-36R profile at 15 mins, the lingering 

effects of the binding interaction and the cap strands are now perturbed which are less dynamic on 

the fast timescale and thus the effect has a more pronounced effect at a slower time scale.    For 
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the 1-val, we observe that the N and C termini are also affected, but are not affected in 1-met.  This 

is due to the interaction that the N-terminus makes with the 80s helix and the cap of trefoil 2.  This 

interaction is absent in the 1-met isoform.  This also can explain how the loop in the cap of trefoil 

2 is also perturbed since N-terminus is in contact with the cap of trefoil 2.    With this data, (as 

well as data from chap IV) we can propose a mechanical and energetic model of the binding of 1-

met vs 1-val, as well as speculate on how the other members of the IL-1 family might behave.    

Firstly, we observed the 1-met and 1-val have similar association rates to IL-36R but 

different dissociation rates; 1-met is an order of magnitude faster at dissociation.   This is indication 

that the 1-met vs 1-val binding is not sterically driven such the extended N-terminus is simply 

blocking the interaction.  The kinetics for such a model would likely alter the association and not 

dissociation.   Instead these kinetics imply that after 1-met binds to IL-36Ra, it is less compatible 

and ultimately dissociates quicker due to the formation of unfavorable energetics.   Thus 

thermodynamically, the 1-met+IL-36Ra complex is higher in energy than the 1-val +IL-36Ra, thus 

the dissociation reaction is faster (smaller activation energy).  The binding interaction can be 

compared to the clamping of cylinder in which the receptor is the clamp.   The receptor on its own 

likely has a general opening and closing motion in which the Ig1 domain and the Ig3 domain act 

as the two ends of the clamp, which was observed in simulations of IL-3315.  When the barrel binds 

to the receptor, it fits between these two arms of the clamp.  The barrel will begin to deform slightly 

with the new interaction and will have to release excess energy created.  If we align the force of 

the receptor as coming along the z axis (axis parallel to the height of the cylinder), the released 

energetics should be able to be alleviated along the x and y axis (any vector parallel to a radius of 

circular face).  The exact vector in which the energy is release should correspond to the inherent 

dynamics of the loops of the cylinder.  In the 1-met vs 1-val case, the loops effected are likely the 
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90 loops (observed to be protected upon IL-36R binding), and other highly dynamic loops.  The 

two most dynamic loops in IL-36Ra are the 3-4 loop and 11-12 loop.  Likely the clamping of the 

barrel creates a slight strain that is then released through these three regions.  The 90s loop pinches 

closer (showing protection), and then the 11-12 and 3-4 loop begin to increase in dynamics.  This 

increase is energetically unfavorable for binding and then cylinder pushes away from the clamp.   

In the 1-met isoform,  these loops are naturally more dynamic so they are faster at pushing away, 

leading to the faster dissociation.  So the faster dissociation is associated with increase dynamics 

at the binding interface.    

This hypothesis has support from observations of other family members and could explain 

agonistic and antagonistic trends.   The kinetics of IL-36Ra show the general trend that the 

association rates of the agonist and antagonist are similar but the antagonist on average has a faster 

dissociation rate (there is a Goldilocks principle in that if the dissociation rate is too fast, the protein 

is not an antagonistic because effectively it is not bound to the receptor).  Using this idea, we would 

hypothesize that agonists will release excess energy along a vector away from the receptor-ligand 

binding interface, and that an antagonist would release energy along a vector towards the receptor-

ligand interface thus disrupting the binding and leading to a faster dissociation rate.  

The 11-12 loop in IL-36Ra is longer than any other family but the rest of the protein has 

agonistic properties (longer 4-5 loop and an agonistic aspartate, both properties of IL-1b).  With 

this hypothesis, the clamping of the barrel increases the motion of the 11-12 loop which is close 

the IL-1RAcP’s binding site, thus preventing the IL-1RAcp from binding and forming the active 

signaling heterotrimeric complex.   The necessity of the energetic release occurs in IL-36Ra 

because the barrel is thought to be stiff.  The denaturation temperature is high and the backbone 

amides in the barrel are very slow to exchange (with little or no exchange visible after weeks in 
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deuterium).  IL-33, on the other hand, has an extraordinarily fast hydrogen deuterium exchange 

profile and only 12 residues persist over the course of a 16 hour time course16.   This can be 

interpreted as the barrel being much less stiff and amenable to outside forces.  When the ST2 

receptor “clamps” onto IL-33, instead of needing to alleviate excess energy, the barrel instead is 

amenable to the deformation and is simply compacted.  IL-33 is unique in the family in that there 

are no antagonists; we can hypothesize that the lack of stiffness in the barrel prevents antagonistic 

behavior from existing.  To code for an antagonist in IL-33, we should try to stiffen the barrel 

prevent it from simply deforming in the presence of receptor.   

Future studies to can be used to corroborate this hypothesis, though there are likely more 

forces at play.   Studies of the IL-36 agonist and their interaction with the receptor are critical for 

understanding if these hypotheses are true.  Additionally, mutants that affect the 3-4 loop dynamics 

should be studied (though this is inherently a difficult proposition due to the fact that the loop itself 

is associated with binding).   The K35R mutant could be promising as the mutant does not 

drastically affect the steric shape or the charge of the side chain, yet is responsible for a disease 

state.   

DXMS was ultimately unsuccessful in mapping the binding interface of IL-36Ra and IL-

36R, but X-ray crystallography and NMR peak perturbations may be more successful at 

determining the actual binding site.  Additional DXMS studies on the agonists may also be 

informative.   

Chapter 6, in part, contains unpublished data which may be eventually submitted for 

publication.  Tiee, N.S., Hailey, K.L, Jennings, P.A. would be the eventual authors of this 

publication.  The dissertation author will be the primary author/investigator of this possible paper. 
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