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Summary | A

Summary

Heme is a widely known cofactor molecule in many enzymes like hemoglobin,
cytochromes and myoglobins. It is attached to these proteins covalently and classifies them
as hemoproteins. In the last decade a growing number of reports on the regulatory role of
heme in various molecular and cellular processes uncovered the signaling role of heme.
Here, heme binds transiently or with low affinity to variety of proteins and regulates their
function. Inspite of the number of reports on its regulatory role, they are poorly defined at
structural level. Heme binds to these proteins through special amino acids called heme
regulatory motifs (HRMs) such as cysteine-proline (CP), histidine and tyrosine. Studies
conducted on CBS and the IL-36 cytokine family members during this project validated the
heme-peptide knowledge at protein level.

Cystathionine B-synthase (CBS) is a key enzyme in the sulfur metabolism and
responsible for first step of the transulfuration pathway. Dysregulation of this enzyme
causes homocystinuria which leads to serious pathological conditions like neural tube
defects, osteoporosis, Alzheimer’s disease. CBS has a canonical heme binding site where
heme binds as a cofactor along with pyridoxal-5-phosphate (PLP) and S-adenosyl-L-
methionine (Adomet) and is responsible for enzyme activity. The intrinsically disordered
N-terminus, a 40 amino acids peptide segment of CBS, contains a CP motif along with
histidine in its vicinity which binds to heme transiently. This N-terminal segment was fused
with the streptococcal protein GBi to produce a stable CBS protein for studies. NMR along
with other biophysical studies conducted on this peptide segment unravels for the first time
a second heme binding site where heme binds transiently to CsPs /H., in a
hexacoordinated manner and suggests a conformational change upon heme binding.
Enzymatic assays done on this protein along with its mutants suggest heme binding to the
N-terminal peptide segment is responsible for approximately 30% of the CBS protein
activity. In addition, the data also suggests the advantages of employing the fusion protein
GB1 in heme binding studies.

During the study of this N-terminal CBS peptide, which is an intrinsically disordered
protein (IDPs), a new NMR pulse sequence was developed to map the heme-IDP
interaction. This new HCBCACON NMR experiment was as helpful as the classical [*H,N]-
HSQC experiment because it allows to detect the effect of heme on side chains of a protein
whilethe latter detects the effect of heme on the protein backbone. The HCBCACON
experiment imparts the information either detecting 3CO, called carbon detection or
detecting 'H% called proton detection. Apart from detecting a range of transient
interactions, this experiment can be done at physiological temperature (37 °C) and in
addition delivers proline residues information which is especially crucial when studying
heme interactions with a CP motif.
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IL-360 is another protein used to show the translation of heme-peptide study
knowledge to the protein level. IL-36c is a proinflammatory cytokine which control the
expression of other cytokines (IL-6, [L-8), chemokines and antibacterial peptides. Recently
it has been characterized to be involved in psoriasis, rheumatoid arthritis and with latest
intervention during pregnancy. Detailed analysis using various biophysical methods
suggested the existence of two heme-binding sites located on it while analysis on the atomic
level performed using NMR spectroscopy revealed the structural details. NMR studies
performed on full length and truncated IL-36a shows no major structural changes upon N-
terminal pro-peptide truncation and that the heme binds at two sites in a penta-
coordinated fashion. In addition, the NMR results also explains the reason for the necessity
of N-terminal processing for a full activation at structural level. Biological tests performed
on IL-36a along with other two member of this cytokine family, IL-36p and IL-36y, on
fibroblast-like synoviocyte (FLS) cells from rheumatoid arthritis (RA) patients showed the
heme binding to these proteins hindered the regulation of IL-36 mediated signaling. These
biological studies on IL-36 and IL-36y along with surface plasmon resonance (SPR) data
prompted us to further investigate the different heme-binding motifs involved in the IL-36
cytokine family. The initial solution NMR structure of IL-363 was determined to gain insight
at structural level while site-directed mutagenesis studies coupled with spectroscopic
techniques were employed to uncover the involved HRMs. The sequence similarity of IL-
360 with IL-36y and the pre-established X-ray structure of IL-36y helped us to unravel the
possible HRMs involved in IL-36y protein. Overall, all three members of the 1L-36 family
display a typical B-trefoil fold and suggest two heme-binding sites or heme-regulatory
motifs on each molecule. In vitro studies performed on IL-363 and IL-36y reveal the
involvement of new amino acids in heme-binding beside the canonical HRMs. These newly
identified amino acids add new information to the growing class of HRMs and also add
novel aspects in determination of yet unidentified transiently heme-regulated proteins.

B



Zusammenfassung

Zusammenfassung

Ham ist ein bekannter Kofaktor in vielen enzymatischen Verbindungen wie z.B.
Hamoglobin, Cytochrome und Myoglobine. Die kovalente Verkniipfung des Hams
klassifiziert die Proteine dabei als Himoproteine. In der letzten Dekade zeigten Studien,
dass Ham bedeutende regulatorische Rollen in zelluldren Funktionen und molekularen
Signalisierungsprozessen zukommt. Hierbei bindet Him an seine Zielproteine oft nur in
transienter Form oder mit geringer Affinitdat und beeinflusst damit deren Funktion. Trotz
der steigenden Anzahl von Berichten iiber die regulatorischen Eigenschaften von Ham,
liegen die strukturellen Grundlagen dieser Abldufe noch im Dunkeln. Him bindet an seine
Zielproteine mittels spezieller Aminosduren oder Aminosduresequenzen, sogenannten
Ham-regulatorischen Motiven (HRM), wie z.B. Cystein-Prolin (CP), Histidine und Tyrosin.
Im Rahmen dieses Projektes konnten dazu Erkenntnisse, die im Vorfeld an Ham-Peptid-
Komplexen gewonnen wurden, durch Studien an Cystathionine--Synthase und Proteinen
der Interleukin-36 Zytokinfamilie auf Proteinebene validiert werden.

Cystathionine-f-synthase (CBS) stellt ein Schliisselenzym im Schwefel-Metabolismus
dar und ist fiir den ersten Schritt des Transsulfurationsmechanismus verantwortlich.
Fehlregulation dieses Enzyms fithren zu Homocystinurie, die mit schweren
Krankheitsverlaufen, wie neuronalen Tubendefekten, Osteoporose, Alzheimer, verbunden
ist. CBS besitzt eine Bindungsregion in der Ham als Kofaktorzusammen mit Pyridoxal-5-
phosphat (PLP) and S-adenosyl-L-Methionin (Adomet) bindet und fiir die Enzymfunktion
verantwortlich ist. Der intrinsisch-ungeordnete N-terminale Bereich von CBS, bestehend
aus 40 Aminosduren, beinhaltet ein CP-Motiv und Histidine in dessen Umgebung. Dieses
N-terminale Segment wurde zu Studienzwecken mit dem Streptokokken-Protein GBi1
fusioniert. NMR-Spektroskopie zusammen mit anderen biophysikalischen Studien an
diesem Segment zeigte erstmals, dass Ham transient an Ci5P16 /H22 in einer
hexakoordinierten Form bindet und damit eine konformationelle Anderung hervorruft.
Mittels enzymatischer Assays an diesem Protein und seinen Mutanten konnte zudem
nachgewiesen werden, dass dieses N-terminale Segment fiir ca. 30% der Proteinaktivitat
von CBS verantwortlich ist. Zusatzlich konnte gezeigt werden, dass der GB1-Fusionsprotein-
Ansatz Vorteile bei der Untersuchung der Hiam-Bindung an intrinsisch-ungeordnete
Peptide (IDP) aufweist. Wahrend der Untersuchungen an diesem N-terminalen CBS-Peptid
konnte damit eine neue NMR-Pulssequenz zur Kartierung der Him-IDP-Wechselwirkung
etabliert werden. Dieses neue HCBCACON NMR-Experiment erweist sich dhnlich
vorteilhaft wie ein klassisches [1H,15N]-HSQC-Experiment. Jedoch erlaubt es, statt wie im
letzteren nur Proteinriickgratinformationen, die evtl. noch durch chemischen Austausch
nachteilig maskiert sind, direkt Informationen von interagierenden nicht-austauschenden
Seitenkettenatomen zu detektieren. Das HCBCACON-Experiment erlaubt dabei,
Informationen entweder tiber 3CO-Detektion oder, in einer anderen Variante, tiber ‘H*-

C



Detektion zu erlangen und fiihrt auch bei physiologischen Temperaturen (37 °C) zu
auswertbaren Spektren. Nicht zuletzt liefert das Experiment Daten iiber Prolin-Reste, was
besonders bei Studien von CP-Motiven von Vorteil ist.

IL-36a ist ein weiteres Untersuchungsobjekt, das aus Translation der Erkenntnisse von
Ham-Peptid-Studien auf die Proteinebene hervorging. I[L-36a stellt ein
proinflammatorisches Zytokin dar, das die Expression anderer Zytokine (z.B. IL-6, I1L-8),
Chemokine und antibakterieller Peptide kontrolliert. In jiingerer Zeit wurde nachgewiesen,
dass es mit Krankheitbildern wie Psoriasis und Rheumatoider Arthritis assoziiert ist und
auch in der Immunantwort bei Schwangerschaftsprozessen eine Rolle spielt. Die Analyse
mittels verschiedener biophysikalischer Methoden deutete auf die Existenz von zwei
Hambindungsstellen in IL-36a hin, deren strukturelle Details per NMR-Spektroskopie auf
atomarer Ebener definiert werden konnten. Mittels NMR-Studien konnte gezeigt werden,
dass das Volllangenprotein und seine N-terminal verkiirzte biologisch aktive Form keine
strukturellen Anderungen aufweist. Es konnte auch gezeigt werden, dass die Propeptid-
Prozessierung unumgdanglich ist, um die strukturellen Voraussetzungen fiir die Bildung
eines aktiven Komplexes zu erreichen. In Bezug auf die Himbindung wurde deutlich, dass
diese an zwei Bindungstellen in Pentakoordination erfolgt. Biologische Tests mit IL-36
und den weiteren zwei Mitgliedern dieser Zytokin-Familie, IL-36f and IL-36y, an
Fibroblast-artigen Synoviocyten-Zellen von Patienten mit rheumatoider Arthritis zeigten,
dass Himbindung die Regulierung der IL-36-bedingten Signalkaskade beeinflusst. Diese
und Oberflachen-Plasmon-Resonanz-Daten von IL-36B and IL-36y stimulierten die
Ausweitung unsere Untersuchungen auf andere Ham-Bindungsmotive in der IL-36-
Zytokinfamilie. Die Bestimmung der initialen NMR-Losungsstruktur von IL-36f erlaubte
Einblicke auf struktureller Ebene, wdhrend via Mutagenese und spektroskopischer
Untersuchungen  die  beteiligten @~ HRM  bestimmt werden  konnten.Die
Sequenzdhnlichkeiten von IL-36 mit IL-36y und die bekannte Rontgenstruktur von IL-36y
unterstiitzten dabei die Nutzung des Mutagenese/NMR-Ansatzes zur Aufdeckung der HRM
in IL-36y. Im Ergebnis weisen alle drei Mitglieder der IL-36-Familie eine typische B-Trefoil-
Faltung mit zwei Hambindungsstellen auf. Wahrend in IL-36a ein CP-Motiv an der
Hambindung beteiligt ist, bindet Him bei IL-363 und IL-36y mittels nicht-kanonischer
Wechselwirkungen. Die dabei neu identifizierten Him-bindenden Aminosauren erweitern
die Klasse der Ham-regulatorischen Motive und eroffnen neue Perspektiven fiir die
Aufdeckung weiterer transient hambindender Proteine mit bioregulatorischen Funktionen.



Introduction

1 Introduction
1.1 Heme

Heme (iron protoporphyrin IX) is a ubiquitous molecule present in aerobic and
anerobic life from primitive prokaryotes to complex eukaryotes [1]-[3]. The term heme is
derived from Greek haima, meaning blood. It is an organic molecule with complex structure
containing four pyrrole rings, connected to a central iron atom. The four modified and
connected pyrrole rings (tetrapyrrole structure) are also called porphyrin. Ultimately with
the addition of iron, the system is named iron protoporphyrin-IX or heme. Usually heme is
the generic term for both, the ferrous (Fe*) and the ferric (Fe3*) form of iron in
protoporphyrin-IX. However, strictly applied, ferrous protoporphyrin-IX refers to heme and
ferric protoporphyrin-IX is represented by the term hemin. In the following studies we have
used hemin but refer to it as heme [4]. Different types of heme exist in nature, e.g. heme A,
heme B, heme C, heme O. They all are derivatives of each other with a basic porphyrin ring
and differ by variations in the sidechains. The most abundant heme present in nature is
heme B, and it is involved in many biological activities. The protoporphyrin-IX of heme B
consist of four methyl groups, two vinyl groups, and two propionate side chains as well as
an iron atom covalently connected to four nitrogen atoms of the respective pyrrole rings
(Figure 1). This arrangement is leaving the heme iron with two free axial coordination sites
for potential ligand interactions, e.g. proteins and small gas molecules (NO, CO, O.) (Fig.

1).

HO

0,/NO/CO

OH
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‘ ,
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Figure 1: Structure of heme B and two co-ordination sites (arrow) shown for interaction (adapted from [4])
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1.2 Heme homeostasis

1.2.1 Heme biosynthesis and transport

Cellular homeostasis of heme is governed by iron and heme transport. The toxic nature
of free heme required evolution of stringent regulation in biosynthesis and degradation in
all the aerobic and anaerobic life with well-developed pathways. Liver and bone marrow are
the two major heme production factories in the human body. Liver produces 15% of heme,
while the bone marrow makes 80% of heme in a human body [4], [5]. The heme biosynthesis
pathway in mammals involves eight enzymes where three of them are present in
mitochondria, while the other five are acting in the cytoplasm. This pathway can be divided
in four process steps starting with formation of the pyrrole ring, converting to tetrapyrrole
ring, followed by modification in side chain of the tetrapyrrole ring to form protoporphyrin
IX, and ultimately the incorporation of iron ion (Figure 2).

—~Glycine

2X ALA

lALAD

Porphobilinogen

lPBGD

Hydroxymethybilane

lUROSS

¥
Succinyl-CoA + Glycine

ALAS l

5-Aminolevulinic-acid CRRRGN
(ALA) lcpo

PPgen il Uroporphyrinogen lll
lPPO lumu
/_ PPIX JAeceei)-Coproporphyrinogen I

(CPgen Iil)

MATRIX

Globin w/

Hemoglobin ‘

MITOCHONDRIA OM

CYTOPLAM

Figure 2: Biosynthesis of heme (adapted from [6]
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The first step of heme biosynthesis starts in mitochondria of erythrocytes where the
pyrrole formation begins with the substrates succinyl coenzyme A and glycine in presence
of aminolevulinic acid synthase (ALAS), the first rate-limiting enzyme in the pathway to
form 5-aminolevulinic acid as precursor for pyrrole ring formation. ALAS has two isozyme
proteins, ALAS1 and ALAS2. ALAS;1, also known as hepatic ALAS (ALAS-H), is ubiquitously
expressed in all tissues, while the ALAS2 or ALAS-E are specifically expressed in
erythrocytes cells and are located on chromosomes 3p211, Xpii.21, respectively. Both
isozymes are regulated by heme. However, only ALAS:1 expression and degradation is
regulated by feedback mechanism of heme iron, while ALAS2 expression remains
unaffected by heme. This negative feedback mechanism of heme is one of the processes for
intracellular heme homeostasis in all cells except for red blood cells (RBCs).

The transportation of synthesized ALA in to the cytosol is currently not fully
understood. In 2013, Bayeva et al. showed that knockdown of ABCBi10 (inner mitochondrial
membrane) in cardiac myoblasts resulted in reduced heme levels and suggests that ABCB1o
might be involved in export of ALA in the cytoplasm. However, other studies in yeast on
the glycine transporter Hemz25 knockdown showed a decreased level of glycine and, thus,
ALA. Sequence homology of Hem2s (approx. 30% amino acid similarity) suggests a
similarity with the SLC25A38 gene in Homo sapiens and slc25a38a, slc25a38b in Danio rerio
[7], which is further strengthened by two other studies [8], [9]. After reaching the cytosol
two molecules of ALA condense to form monopyrrole porphobilinogen, catalyzed by
aminolevulinate dehydratase (ALAD) [10].

The second step is the formation of uroporphyrinogen III. Starting with polymerization
of four PBG molecules in presence of porphobilinogen deaminase (PBGD), an initial
unstable tetrapyrrole, hydroxymethylbilane (HMB) is formed. HMB is further converted to
uroporphyrinogen III by the enzyme uroporphyrinogen III synthase (URO3S) [10].

In the third step, modification of side chains (acetate and propionate chains) occurs in
uroporphyrinogen III to form coproporphyrinogen III (CPG III) involving the
uroporphyrinogen carboxylase enzyme. This phase is followed by CPG III conversion to
protoporphyrinogen IX during localization inside the mitochondria mediated by a
peripheral- type benzodiazepine receptor [1u1], [12] using coproporphyrinogen oxidase
enzyme (CPO) located in the mitochondrial intermembrane space [10]. After import into
the mitochondria, oxidation of protoporphyrinogen IX is catalyzed by the enzyme
protoporphyrinogen oxidase (PPO) to form protoporphyrin IX (PPIX).

The final step is the incorporation of iron (Fe>*) into protoporphyrin IX inside the inner
mitochondrial membrane by an enzyme ferrochelatase (FECH) [10]. FECH is produced
inside the cytosol with a leader peptide targeted to mitochondria. Subsequently, cleaving
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the leader peptide produces mature FECH [13]. FECH is the second rate-limiting enzyme
after ALAS in the heme biosynthesis pathway. The FECH expression level is intracellularly
controlled by iron concentration through the iron-sulfur cluster located on the C-terminus
[14]. Iron localization inside the mitochondria is governed by the transport protein
transferrin, to which 95% of iron (Fe3*) in plasma is bound. Subsequently, it delivers a major
part to erythroid progenitor cells by binding to its transferrin receptor 1 (TFR 1) located on
the bone marrow to form new RBCs. An estimated 80% of TFR 1is present on the erythroid
marrow of the human [15]. Per day, our body utilizes 25 mg of iron to form 200 billion new
RBCs [16]. The iron (Fe3*)-transferrin complex is internalized through endocytosis and
acidified to separate iron from transferrin. STEAP3 (six-transmembrane epithelial antigen
of the prostate 3) reduces the Fe3* to Fe** for the transport in the cytosol through the DMT
1 transporter [17], [18].

The final step is the transport of reduced iron (Fe>*) from the cytosol in to the inner
mitochondria. First, iron crosses the outer mitochondrial membrane through unknown
mechanism. However, a recent study suggests iron could bind to low molecular weight
ligands in the cytosol and freely diffuse into semi-permeable outer mitochondrial
membrane [16]. Second, iron crosses the inner mitochondrial membrane through two
known iron transporters, mitoferrin 1 (on erythroid cells, non-erythroid cells)[19] and
mitoferrin 2 (on non-erythroid cells), located in the inner mitochondrial membrane, to
finally reach the destination enzyme FECH where iron is inserted into the PPIX [20]. To
facilitate the efficacy of iron insertion in PPIX, mitoferrin 1 forms the complex with FECH
and ABCBio proteins [21], [22] and ultimately forms iron-PPIX (heme). ABCBi1o increases
the stability of mitoferrin 1and thus increases the iron transport into the mitochondria [23].

Synthesized heme can be exported out of the cell through the recently identified heme
receptor/transporter system of Feline Leukemia virus subgroup C (FLvcr1). There are two
isoforms of FLvcr1 present in mitochondria FLvcria and FLverib, located on plasma
membrane and mitochondrial membrane, respectively [24]. In vitro and in vivo studies
supported the role of FLvcrib in heme export, where suppression of FLvcrib leads to
mitochondrial heme accumulation and termination of erythroid differentiation, while
overexpression leads to intracellular heme accumulation and erythroid differentiation [24],
[25]. Multiple studies suggest their role in heme homeostasis but further research has to be
done to uncover the role of these transporters.

1.2.2 Heme catabolism and iron recycling

Hemoglobin is the major source of heme, found in RBCs. Accumulation of heme in
senescent RBCs and other sources is cytotoxic and must be cleared from cell. The average
life of RBCs is around 120 days and after that it undergoes degradation in macrophages of
liver, spleen and bone marrow, collectively called the “reticuloendothelial system” (RES)
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[26]. This RES is tightly regulated in mammals and constitutes not only for heme
degradation but also for biosynthesis by recycling iron. Our body daily recycles 25 mg of
iron through the RES from RBCs and almost all of it returns back to the bone marrow for
erythropoiesis to make a new batch of RBCs. Only 1-2 mg of iron is absorbed each day
through enterocytes in the intestine in form of heme or non heme iron [16]. Heme
homeostasis is regulated by two systems: 1) Scavenger proteins present in plasma like e.g.
hemopexin bind excess free heme and transport it to macrophages of the RES [27], [28]. 2)
Intracellular enzymatic degradation of heme through heme oxygenases (HMOXs), the most
important enzymes responsible for the metabolism of heme, is located in the endoplasmic
reticulum of the RES (Figure 3).
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Figure 3: Schematic representation of heme degradation by HMOX enzymes

During hemolysis, free heme and hemoglobin leak into the blood circulatory system
and are immediately bound to scavenger proteins like hemopexin and haptoglobin,
respectively, with moderate affinity before being transferred to RES. In addition, as RBCs
complete their fate, they also travel ultimately to macrophages of RES. Here, RBCs are
internalized in macrophages by phagosomes, while the heme-hemopexin or hemoglobin-
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haptoglobin complex is imported via the scavenger receptors LRP (or CDg1) and CD163,
respectively [29]-[33]. The RBC phagosome fuses with the lysosome and forms the
phagolysosome, this process called as erythrophagocytosis. The phagolysosome contains
hydrolytic enzymes, which degrade the hemoglobin in RBC to globin and release the heme
[16]. This liberated heme undergoes the same fate as other internalized heme moieties. All
the heme is exported out to the cytosol through the HRG1 transporter located on the
lysosome/ endosome membrane and this HRG1 has been seen upregulated during
erythrophagocytosis on the phagolysosome/endosome membrane [34]. It has been
suggested that some portion of the heme is catabolized inside the phagolysosomes and
released iron exported in cytosol through DMT1 homologue (NRAMP1) located on the
phagolysosome membrane [35]-[37]. Heme export in the cytosol induces expression of
HMOXs enzymes located on endoplasmic reticulum [38]. Higher expression of HMOXs
enzymes makes macrophages more resistant to heme toxicity than endothelial cells [39].
This enzyme has two isoforms, HMOX1 and HMOX2, which perform the same function to
break the heme into the first-order degradation products iron (Fe?*), CO and biliverdin IX
(Fig. 3). HMOXu is an inducible enzyme present ubiquitously in almost all cells and tissues.
It is highly upregulated upon heme exposure or other oxidative stress conditions and
prevents the oxidative stress in cells [40]. Expression of HMOXa is directly linked to another
enzyme, namely ferritin (iron sequestering protein), which is upregulated in parallel with
HMOZX1 and neutralizes the pro-oxidant effect of iron by binding to it [41]. HMOX2 is a
non-inducible isoform and majorly expressed in brain and testis and has been shown to
protect against ischemic injuries [42], [43]. In 2005, Kemp [44] showed that HMOX2 serves
as a potential oxygen sensor for a calcium-sensitive potassium (BK) channels.

Enzymatic degradation of heme can be divided into a few important steps. First heme
is degraded to hydrophilic biliverdin IX via HMOXs enzymes involving NADPH, O, and
cytochrome reductase to reduce the ferric iron from heme. This degradation also produces
iron (Fe**), which is stored in ferritin (used for erythropoiesis) and CO, recently recognized
as a signaling molecule (Fig. 3) [45]. Biliverdin IX is further degraded to the second-order
products, hydrophobic bilirubin via biliverdin reductase using NADPH and H*.

For further degradation an export out of the cells into the blood takes place where
bilirubin binds albumin and forms a bilirubin-albumin complex. This complex reaches the
liver where UDP-glucuronyl transferase, using two UDP-glucuronic acid molecules,
converts it to hydrophilic bilirubin diglucuronide (BDU). Either it is excreted through the
kidney or it is further degraded in the intestine by gut bacteria to urobilinogen (UB),
stercobilin (SB), and eventually excreted through urine and faces [46], [47]. In 2017 [48] it
was shown that bilirubin, biliverdin, and bilirubin ditaurate promote the secondary
structure formation in intrinsically disordered antibacterial peptides, and bilirubin also
inhibited the heme regulated inhibitor protein (HRI) [49].
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Bilirubin oxidation products (BOXes) are the third or end degradation products of
bilirubin. As the name suggests, these are produced after the oxidation of bilirubin during
subarachnoid hemorrhage (SAH) conditions. SAH is the bleeding in the subarachnoid space
and characterized by free radical formation in cerebrospinal fluid, acting upon biliverdin,
bilirubin, and heme to form BOXes. In 2002, Clark et al. [50] found BOXes in cerebrospinal
fluid of subarachnoid hemorrhage patients with vasospasm while searching for vasoactive
compounds. Later these isomers were classified as BOX A and BOX B [s1]. Recently a new
Z-BOX C was identified in human bile samples which has potential relevance for liver
dysfunction and cerebral vasospasms [52]. These BOXes are vasoactive in nature as shown
by in vitro and in vivo models of rat brain vessels [50], [53]. They are also involved in
inhibition of human Slo1 BK channels and suggested to play a role in smooth muscle
regulation [54]. Because of their light-sensitive nature and low abundance, they are not well
explored, but a potential therapeutic potential is proposed [55].

1.3 Regulatory Role of Heme in Biological Processes

Heme as a ubiquitous molecule in all aerobic life has been extensively studied as a
prosthetic group, bound to hemoproteins. The most common roles are in oxygen binding
with hemoglobin and myoglobin, in electron transport in the respiratory chain through
cytochromes, or being a structural part of various proteins. In all those processes, heme is
tightly bound to the proteins and called a cofactor or prosthetic group. But in the last
decade heme has emerged out as a versatile signaling or regulatory molecule for many
receptors, transcription factors and proteins (Table 1), thus regulating many biological
processes ranging from cellular growth and survival to fundamental cellular processes like
protein synthesis or localization [4]. Heme binds to these proteins through combinations
of special amino acids sequences, called heme binding motifs (HBM) or heme regulatory
motifs (HRM) such as the cysteine-proline (CP) motif. The term HRM was first used by
Lathrop in 1993 [56], when they first identified a CP motif in the aminolevulinic acid
synthase (ALAS) protein and found that heme can regulate the ALAS protein (details
mentioned in section 1.3.1). CP is the most prominent motif known to date and binds
directly to the central iron atom of heme. Over the last decades some other amino acid
based motifs were identified which can directly bind to the heme iron like tyrosine and
histidine. Heme as versatile molecule can also interact with other amino acids in proteins
via its porphyrin ring or propionate side chains through electrostatic and hydrogen bonding

[57], [58].



Table 1: Publications reporting transiently heme binding proteins
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S.No. Protein Heme Binding| HBM/HRM | Predicted IDP References
Area content

1. | 5-Aminolevulinate synthase 1 | IDPRs CP [56], [59]
(ALASI)

2. | Bachl IDPRs CP 50 [60]-[62]

3. | Heme oxygenase 2 Structured CP? 25 [63]
(HMOX2)

4. | Iron regulatory protein 2 CP,H 20 [64], [65]
(IRP2)

5. | Slol (BK) IDPR CxxCH 22 [66]

6. | Potassium channel IDPR CxxHx18H 26 [67]
(Kvl.4)

7. | ATP-sensitive potassium IDPR CxxHx16H [68]
channel (Katp)

8. | Rev-ErbA IDPR H 57 [69]

9. | Circadian clock Period 2 IDPR CP? 53 [70], [71]
(PER2)

10.| Microprocessor complex IDPR C,W 48 [72]
subunit DGCRS

11.| Tumor suppressor P53 IDPR Cp 49 [73]

12.| a-Synuclein IDP ? 52 [74]

13.| Amyloid beta peptide-40 H 44 [751-77]
(AB-40)

14.| Staniocalcininl Structured CS 27 [78]

15.| Staniocalcinin2 Structured CP 37 [79]

16.| Cystathionine-B-synthase IDPR CP, H 32 [80]
(CBS)

17.| Janus Kinase 2 Structured CP? 15 [81]
(JAK2)

18.| Src kinase Structured CP ? 27 [82]

19.| Interleukin-36a. Structured CP,Y 11 our lab

20.| Interleukin-36 Structured Q,N 14 our lab

21, Interleukin-36y Structured Q,N 23 our lab

?”shows either contradictory publications or heme binds to protein but binding site not confirmed

The identified heme-regulated proteins can be classified into two categories based upon

their structural characteristics: 1) Intrinsically disordered proteins or unstructured proteins
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(IDPs) or Intrinsically disordered protein regions (IDPRs), which do not possess any
secondary or tertiary structure; 2) Globular or structured proteins. Heme may bind
moderately or interact transiently (in uM range) with both classes of proteins and thus
regulate their functions.

1.3.1 Intrinsically disordered proteins/protein regions (IDPs/IDPRs) regulated by
heme

Identification of IDPs in the last two decades challenged our understanding of the
structure-function paradigm of proteins. It was believed that function of a protein is always
linked to their structure and that an active enzyme/protein always has a secondary and
tertiary structure. This led to theories like the ‘lock and key’ model. A large and growing
number of reports on IDPs opened a new, ‘unstructural’ biology concept, where these
unstructured proteins are carrying out a large variety of biological functions. According to
bioinformatics predictions, these disorders are very common and can be found across all
species. However, their occurrence is significantly higher in eukaryotes than in prokaryotes
and there exists a strong correlation with regulatory and signaling functions [83], [84].
Approximately 10-35% of prokaryotic proteins and 15-45% of eukaryotic proteins contain a
significant number of these disordered regions with a minimum length of 30 amino acids.
IDPs have less hydrophobic residues and are enriched in polar and charged residues [85],
[86]. IDPs can form different conformations because of their considerable flexibility and
can interact with a large variety of partners, which explains why they are highly abundant
in important cellular processes like transcription or signaling [87]-[89]. As reported in
literature IDPs/ IDPRs can undergo a disorder to order transition upon binding to their
ligands (other proteins or small molecules) (Figure 4) [80], [90].

A
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Figure 4: Schematic representation of the free-energy landscapes of ordered and disordered proteins. Structured
or ordered proteins (red) have a free-energy landscape with a well-defined global minimum
conformation, which can bind small molecules with lower affinities (modified from [91])
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It is interesting to note that most of the identified transiently heme binding proteins
either are complete IDPs or contain IDPRs in the protein sequence and that many heme
binding processes take place in these disordered regions (Table 1). Here are few examples:

ALAS, aminolevulinic acid synthase, as introduced earlier, is the first rate-limiting
enzyme in heme biosynthesis and has two forms: ALAS1 and ALAS2. Only the ALAS:
isoform displays a N-terminal disordered region (IDPR). ALAS1 is known to be negatively
feedback regulated by heme and maintains intracellular heme levels. This negative feedback
regulation is known at transcription, translation and localization of protein levels. Several
studies have been done to find how heme destabilizes the ALAS1 mRNA. It is known that
heme destabilizes the ALAS1 mRNA, which leads to repressed translation of ALAS1 protein,
but the exact mechanism is not fully understood (Figure 5) [92], [93]. The ALAS1 precursor
protein contains three cysteine-proline (CP1, CP2 and CP3) motifs heme regulatory motifs
(HRM) and two of them are located in N-terminal disordered leader peptide sequences,
which is responsible for ALAS1 protein localization in mitochondria. While the CP3 motif
is located on the N terminus of mature ALAS:1 protein and this mature protein is formed
after the proteolytic cleavage of leader sequence (removing CP1, CP2 motif). Previously only
CP1, CP2 were suggested to be involved in ALAS:1 protein mitochondrial localization but
recent studies showed the role of CP3 motif in maturation of ALAS1 protein in
mitochondrial matrix [56], [94]. Maturation of ALAS1 proteins requires the proteolytic
cleavage of leader peptide sequence in mitochondrial matrix. This proteolytic cleavage has
been done by two ATP dependent proteases, Lon peptidaser (LONP1) [95] and ClipX-like
protein (ClpXp) [96], identified in mitochondrial matrix. Recently Kubota [97] suggested
two theories for ALAS1 degradation mediating heme. The first one is that CIpXP identifies
and modifies ALAS1 in the presence of heme and directly degrades ALAS1 protein. A second
theory iss that LONP1 and CIpXP together mediate the ALAS1 protein degradation in the
presence of heme, which was supported by Tian [98]. According to this theory, during
increased intracellular heme concentration, heme binds to the CP3 motif of ALAS1 protein
and induces oxidative modification of ALAS1. Modified ALAS1 protein is recognized by
ClpXP protein and forms a complex with LONP1 protein triggering LONP1-mediated
degradation of the ALAS1 protein. Their study suggests the possible role of both the
proteases but the exact mechanism of heme-mediated degradation of ALAS1 is still not
clear. CP motifs are conserved in different species of ALAS1 and ALAS2 but heme-mediated
repression is only observed for ALAS1, suggesting a different mechanism of inhibition for
ALAS2 in erythroid precursor cells.
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Figure 5: Heme regulates ALAS1 at different levels (Negative feedback regulation)

Similarly, Bachi, a transcriptional repressor which binds to the heme transiently,
downregulates the expression of heme homeostasis regulating genes like HMOX1 and
globin genes [61], [99]. Interestingly, Bachu is the first identified mammalian transcription
factor that binds to heme in a disordered region of the protein (IDPRs) [60]. Bachi is a big
protein (739 amino acids) containing multiple domains. There are six CP motifs located on
Bachi at different regions but only 4 or 5 CP motifs might bind to heme (Figure 6) and
govern its inhibition activity upon heme binding [60], [100]. Three of these CP motifs are
located proximal to the bZip (basic leucine zipper) domain and act as a DNA-binding
domain. It has been suggested CP3, CP4, CP5and CP6 motifs bind to heme and are involved
in DNA binding to genes containing Maf recognition elements like HMOXa1 or globin genes
[101]. At low heme concentration, Bachi and small musculoaponeurotic fibrosarcoma
proteins (Maf) form a heterodimeric complex. This Bach-Maf heterodimer binds to the Maf
recognition element (MARE) present on the enhancer region of HMOXi1 and on the globin
gene and repress their expression. Upon increased heme concentration inside the cell, the
Bachi-Maf complex is detached from MARE by activators (Nrf1,2,3) and dissociates. Nrfi,2,3
activators bind small Maf proteins and form a complex which binds to the MARE region
and express the genes (Figure 7). Only CP3 and CP4 are involved in the nuclear export of
the Bachi protein via the nuclear exporter Crmi [102], [103]. In 2007 Zenke et al. showed that
heme can regulate Bachi degradation through a complex proteasome degradation
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mechanism via the HOIL-1 ubiquitination protein in different cells and suggested that CP3,
CP4, CP5 are involved in this process. (Figure 6). Interestingly, HOIL-1 also is involved in
the degradation mechanism of another heme homeostasis protein, iron regulatory protein
2 (IRP2). Heme also binds to this protein via the CP and H motif and promotes its
degradation [64].

Bachz2 also binds to heme and regulates the differentiation of B-cells and T-cells [104].
Both isoforms are members of the basic leucine zipper (bZip) family of transcription factors
and evolved to regulate sophisticated functions in higher eukaryotes [105].

Recent studies also indicate the regulation of ion channels by reversible heme binding
such as potassium channel Kvi.4 where its intracellular disordered part binds to heme and
modulates the action potential across membrane in cells [67]. Heme also induces
polyreactivity in immunoglobulins (IgG, IgM, IgE etc.) which leads to a range of new
antigen binding specificities [106]. In addition, in 2015 Gupta et al. demonstrated that heme
induced reactivity of monoclonal IgGi can neutralize the Japanese Encephalitis viruses.
There are plenty of further examples where heme binds to IDPs/ IDPRs regions mostly with
cysteine and histidine residues as shown in Table 2 across the different biological processes.

A
1 Bach1 =" ( 720
DL o )
BTB | CPCP CP CP CP bZip CP
1 2 3 4 5 6
B

9
B B e CP+*——.——> DNA binding MARE domain (See figure 7)
3 4 5 6 Heme
;
CE CB +¥ -——————3 Bach1 nuclear export
3 4 Heme
?
1 1 | +’ ————— - Bach1 degradation
3 45 Heme

Figure 6: A) Domain structure of human Bachi protein showing six CP motif, B) Different CP motifs involved in
heme mediated regulation of Bachi protein
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Figure 7: Diagrammatic representation showing Bachi regulation in presence and absence of heme at
transcriptional level

1.3.2 Structured globular proteins regulated by heme

Unlike IDPs, not many structured proteins that can transiently bind to heme and
regulate their function are identified today. There are two structured non-receptor protein
kinases known to bind heme that contain CP motifs at least. The most recent examples in
this category are the interleukin-36 cytokine family members, which were identified in our
lab (Publication 3, Publication 4, Further results).

Src kinase is the first identified oncogene and one of the extensively studied kinases
[107]-[109]. It is a member of the non-receptor tyrosine kinase family. Members of this
family phosphorylate at tyrosine amino acids and play a critical role in downstream signal
transduction pathways of many important processes like proliferation, cell division,
adhesion, survival in normal and cancer cells [110]-[121]. Usually, Src is maintained in an
inactive state and only activated transiently during normal cell events like cell division or
induced during abnormal events like mutation or human cancers. This kinase contains two
tyrosine residues (Tyr419 and Tyrs30) and maintains its activity through phosphorylation
at these sites. Phosphorylation at Tyr41i9 is responsible for full activation of Src, while
phosphorylation at Tyrs3o has an inhibitory effect, which leads to an inactive conformation
[110], [122]. It has been shown that heme can enhance the phosphorylation at Tyr530 and
eventually inactivate this enzyme, while showing no effects on Tyr419. This heme-induced
immediate phosphorylation leads to the inactive conformation of this enzyme, which has
been confirmed by a protease (trypsin) based digestion sensitivity assay [82]. Interestingly,
it has 3 CP motifs, which constitute potential heme interaction sites. Two of these HRMs
present proximal of its tyrosine phosphorylation sites (Figure 8). However, it is not fully
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understood on which site heme binds and further studies need to be performed to identify
the specific heme-binding site.
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Figure 8: Domain structure of Src kinase with CP motif location and possible heme interaction sites (adapted

froml4])

Janus kinase 2 (JAK2) is another structured kinase, which was identified together with
the Src kinase for heme mediated phosphorylation. It is also a non-receptor tyrosine kinase,
member of the Janus kinase family and plays a pivotal role in signal transduction of various
processes like cell growth, histone modification, erythropoiesis, development of a cell and
cytokine receptors signaling (innate and adaptive immunity). Its central role in numerous
biological processes makes it a crucial connecting point for many hematopoietic diseases
like myelofibrosis and myeloproliferative disorders [123]-[133]. JAK2 is a big protein of 1132
amino acids in length and contains one pseudo kinase (545-809) and one kinase (849-1124)
domain. Experiments performed on the kinase (808-132) domain reveal that heme
promotes the phosphorylation at Tyri00o7/1008. Phosphorylation at Tyri007 is responsible
for Jakz2 activation [82]. But unlike Src kinase, where heme phosphorylates immediately,
JNK2 phosphorylation takes about 12-30 hours. Like Src kinase, JAK2 also undergoes heme
induced conformational changes for phosphorylation which are required for continued
kinase activity [82]. This kinase domain contains one heme binding CP motiflocated at 1094
near to Tyrioo7 (Figure 9). The binding site for heme is not specifically understood and
further research needs to be done.
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Figure 9: Domain structure of JAK2 kinase with CP motif location and possible heme interaction site (adapted

froml4])
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1.4 Scope of work and publication summary

This work is part of the DFG-funded researcher group (FOR 1738), a collaborative effort

addressing four major subjects related to HHDPs: 1) Clinics; 2) Physiology and Cell Biology;

3) Chemistry and Biphotonics; 4) Biochemistry and Structural Biology, aiming to extend the

knowledge about the functions of heme and its degradation products in biological systems.

In the first funding period, heme-peptide interactions were structurally studied. Peptides

were selected from a combinatorial peptide library for identifying HRMs or favorable heme-

binding sequences in the lab of our collaborator and project partner Professor Diana Imhof

(University of Bonn). Subsequently, the following biophysical techniques were used to

characterize the heme interaction:

1)

3)

UV/ Visible spectroscopy was applied to monitor the characteristic Soret band
(around 398 nm) shift of heme upon peptide binding. Heme upon binding with
peptide shifts this Soret band either to 370 nm or 420 nm depending on the
formation of penta or hexa co-ordination with the peptide, respectively.

Resonance Raman spectroscopy was proposed in collaboration with the laboratory
of Dr. Ute Neugebauer (IPHT, Jena/University Hospital Jena). The resonance Raman
spectra of free heme gives characteristic five bands in the spectral region between
1300 and 1700 cm™. Those five bands are obtained upon excitation of porphyrin ring
in heme at 413 nm wavelength and named as v,, v, V., Vu, Vio. Addition of peptide or
protein to heme leads to major shifts in v; v, bands, which shows the heme iron co-
ordination pattern in the heme-peptide complex and proves their interaction.

Finally, NMR spectroscopy was employed to uncover the structure of peptides and
to map the heme-peptide interactions. Diamagnetic gallium protoporphyrin IX was
used as the substitute for paramagnetic heme (iron protoporphyrin IX), to avoid the
paramagnetic effect of iron heme. This paramagnetic effect may lead to large spectral
widths and severe line broadening, ultimately resulting in reduced or vanishing
signals in NMR spectra. 2D NMR experiments were performed to derive the structure
and dynamics of peptides and peptide-heme complexes.

Based upon above analysis, three major HRMs classes containing eight subclasses

(shown in Table 2) have been classified.
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Table 2: HRMs classes

Number Classes Sub Classes
1 Cysteine based Without Histidine or Tyrosine (Class I)
= (Cysteine only With Histidine or Tyrosine (Class IT)
= Cysteine-Proline Without Histidine or Tyrosine (Class III)
With Histidine or Tyrosine (Class 1V)
2 Histidine based Without Histidine or Tyrosine (Class V)
With Histidine or Tyrosine (Class VI)
3 Tyrosine based Without Histidine or Tyrosine (Class VII)
With Histidine or Tyrosine  (Class VIII)

In this work - encompassing the second funding period of ‘FOR 1738’ - the aim was to
extend the acquired knowledge to the protein level.

Surveying the literature on transient heme-protein interaction revealed that very little
information is available at the structural level describing how heme binds or interacts with
certain heme-interacting motifs in proteins and regulates their functions and about the
affinity of this transient or reversible interactions. To further validate the knowledge
obtained from the peptide studies during the first term of the HHDP project and to translate
that knowledge to the protein level in the second term of this project, we developed new
methods for probing protein-heme interactions, and selected new protein targets: the
uncrystallizable N-terminal region of cystathionine-B-synthase (CBS) and the interleukin-
36 cytokine family.

All of the molecules were biophysically characterized and subsequently studied by
NMR spectroscopy to obtain structural information at the atomic level. This also included
adaptation and extension of NMR experiments for the challenging tasks to characterize the
transient heme interactions and to study intrinsically disordered molecules or molecular
sections.

1.4.1 Publication 1

CBS is one of the critical enzymes involved in the transsulfuration pathway. CBS possess
a pivotal position in sulfur metabolism at the homocysteine intersection where it
determines the fate of methionine to keep or to condense it to nontoxic cysteine (Figure 9)
[134], [135]. CBS catalyzes the first reaction in the transsulfuration pathway to convert the
toxic homocysteine to cystathionine utilizing serine in the process. In the second step,
cystathionine gamma lyase (CGL) converts the cystathionine to cysteine. Both the enzymes
also produce hydrogen sulfide (H.S), a recently recognized gasotransmitter and vasodilator
in humans [136], [137]. This produced cysteine is used intracellularly for the protein
synthesis and the production of a cellular antioxidant called glutathione [138]. Abnormality
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in the CBS gene causes an inborn autosomal recessive inherited impaired sulfur metabolism
disease homocystinuria. Homocystinuria was first reported in 1963 in mentally retarded
siblings in Northern Ireland [139]. It is characterized by increased homocysteine, reduced
cysteine and cystathionine concentration in plasma [140]. Elevated levels of homocysteine
affect majorly four central organ systems, the ocular, skeletal, cardiovascular and central
nervous system. If left untreated, homocystinuria leads to pathological conditions like
neural tube defects, dislocated eye lenses, osteoporosis, connective tissue abnormalities,
atherosclerosis, and Alzheimer’s disease [141].
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Figure 10: CBS in methionine cycle and transsulfuration pathway

CBS is a complex modular enzyme of 551 amino acids belonging to the fold type II family
of the pyridoxal 5-phosphate (PLP) dependent enzymes and naturally present as
homotetrameric form [134]. CBS is a unique PLP family enzyme which binds to heme and
its activity is regulated by three cofactors: heme, pyridoxal 5-phosphate (PLP) and the
allosteric activator S-adenosyl-L-methionine (Adomet) [135], [142]. It contains the N-
terminal heme-binding domain, a central catalytic domain and a C-terminal regulatory
domain. The N-terminal heme-binding domain is 70 amino acid long and contains a
canonical heme binding site where heme-B binds to cysteine-52 and histidine-65 tightly in
a hexa-coordinated manner [142]. The central catalytic domain binds to the cofactor PLP
via a Schiff bond to the Kug residue [143]. The C-terminal regulatory domain contains two
CBS domains also called as Bateman module where the allosteric activator, Adomet binds
and activates the enzyme (Figure 11) [144], [145].
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Figure 11: Domain structure of CBS showing potential heme binding site

Heme bound at position C52/H65 is suggested to be involved in redox sensing [146] and
the folding of enzyme [147]. Kery et al. demonstrated that binding of heme to CBS increases
the specific activity of this enzyme and suggested that heme binding can induce favorable
conformational changes for PLP binding [142]. This was further confirmed by Ojha [148]
where they showed that a pathogenic mutation of H65 leads to loss of heme binding
affecting the catalytic activity of enzyme. In 2002, Oliveriusovd conducted deletion
mutagenesis studies on CBS and showed that deletion of first 1-39 residues resulted in
approximately 52% of less active compared to wild-type CBS [149]. The N-terminal region
of CBS is very diverse in all the species and, interestingly, X-ray structures are missing for
the first 42 residues. This suggests that this molecule region to be disordered. However, this
region is close to the canonical heme-binding site (C52/H65) and sequence analysis showed
this region containing a CP motif with histidines (H) in its vicinity. We speculated that it
could be a potential heme-binding motif because of its proximity to the canonical heme-
binding motif and might be involved in enzyme activity. Additionally, sequence alignment
of this protein further confirmed that the CP motif is conserved in many eukaryotic
organisms. As discussed previously, CP motifs found in IDP or IDPRs can act as potential
heme-binding motifs, which bind transiently and regulate the molecule function. In this
context we studied this molecule as described in Publication 1.

1.4.2 Publication 2

The heme-protein interactions are usually studied via techniques like surface
UV/Visible, surface plasmon resonance, resonance Raman and NMR spectroscopy [150],
[151]. The transient nature of this heme-protein interaction makes it difficult to map it at
atomic level. NMR spectroscopy has been proven a useful tool for mapping such
interactions and studying specially IDPs/IDPRs.

NMR spectroscopy, a method to obtain structural information on IDPs/ IDPRs

» Considering the nature of transient interaction of heme with proteins (in the pM
range), NMR is the only tool that can provide information at atomic resolution of
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this interaction unlike X-ray crystallography, which can be employed for tight
binding processes only.

* Homo- and hetero-nuclear multidimensional NMR experiments can deliver protein
dynamics information upon heme interaction in IDPs and structured proteins while
revealing the binding mode and surrounding scaffold.

» Solution-state NMR is a useful technique for structural characterization of
intrinsically disordered proteins (IDPs) because X-ray crystallography does not
deliver electron densities for these IDPs. The flexible nature of these IDPs or
intrinsically disordered regions in proteins (IDPRs) renders them hard to crystalize,
resulting in missing structural data for parts of such proteins.

During the above studies (publication 1) we found that the classical 2D ['H,N]-HSQC
experiment (protein finger printing spectra) has some limitations: exchange sensitivity and
unability to detect all range of transient interactions. The ['H,’5N]-HSQC experiment yields
information on NH groups in a protein backbone or in other words, the effect of heme was
observed at the protein backbone level. Generally, side chains are more exposed in solution
than the backbone of a protein and this idea leads us to develop further NMR experimental
protocols, the HCBCACON experiment for enhanced sensitivity as compared to the
conventional 2D ['H,’N]-HSQC experiment as described in publication 2. Specifically, in
IDPs, inter-residue Ni3CO;., chemical shift correlation spectra have a relatively higher
spectral resolution as compared to intra-residue correlations [152], [153] and has been used
to achieve resonance assignment. In this new experiment we were looking for the effect of
heme on side chains, involving the excitation of side chain either via a coherence transfer
pathway to directly detect 3CO, called carbon detection, or the transfer pathway to detect
'H% called proton detection (Figure 12). The HNCBCACON experiment has many
advantages over the ['H,’N]-HSQC: it can detect ultra-transient heme interaction, studies
can be done under physiological conditions in terms of temperature and pH with good
signal to noise ratio. In addition, it also yields proline residue information, which is useful
to monitor cysteine-proline (CP) motif interaction with heme, which was missing in
conventional 2D ['H,’’N]-HSQC experiments but can be readily seen with good signal to
noise ratio.

1HB 5 13cB 5 13ce 5 13CO - BN (t1) — *3CO (t2)
1300 detection

1HP — 13¢P — 3¢ — BCO (t1) — 3N (12) - 3CO — BCa — H*(t3)

14= detection

Figure 12: Transfer pathway for HCBCACON experiment
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1.4.3 Publication 3 and 4

In publication 3, we have described our second potential heme-binding protein,
interleukin-36a (IL-36¢t). This protein was identified during combinatorial peptide studies.
IL-36c belongs to the IL-36 subfamily of the IL-1 cytokine superfamily. IL-1 is a broad
cytokine family and has eleven members, IL-1a, IL-1B, IL-1Ra, IL-18, IL-33, IL-360, IL-360,
IL-36y, IL-36Ra, IL-37 and IL-38 [154]. This interleukin-36 subfamily was discovered more
than a decade ago and has five members IL-F6, IL-F8, IL-Fg, IL-F5, IL-Fi0, which now are
known as IL-36q, IL-36[, IL-36y, IL-36Ra (Receptor agonist) and IL-38, respectively [155],
[156]. IL-360, IL-36f, IL-36y have pro-inflammatory activity and control the induction of
other inflammatory mediators like chemokines, cytokines (IL-6, IL-8) and antimicrobial
peptides [157], [158]. They all bind to the same IL36R receptor and recruit IL-1RacP
(Interleukin-1 receptor associated protein), which together form a heterodimer and activate
downstream NF-Kappa-B and MAP kinase pathways during pro-inflammatory response in
target cells (Figure 13) [159]. [L-36¢, IL-36[3, IL-36y are secretory proteins and so far no leader
or signal peptide has been identified for their localization outside the cell [160]. They
require proteolytic processing of their N-terminal pro-peptides for their full activation [161].
The identified neutrophil proteases are cathepsin G and elastase for IL-36a processing,
again cathepsin G for IL-36f, and proteinase-3 and elastase for IL-36y processing [162]. IL-
360 processing requires truncation of the first five amino acids, while in IL-36 the first four
amino acids and IL-36y the first seventeen amino acids are removed for full activation
(Figure 13). This processing can lead to an increase in IL-36 enzyme activity from 1,000-
10,000 times compared to full-length proteins [161]. There is not much known about these
cytokines’ molecular mechanism. They are expressed in skin keratinocytes but increased
expression has been seen during psoriasis condition in skin lesions [163]. Psoriasis is an
autoimmune chronic disease characterized by scales and sometimes painful red patches on
the skin [164]. Recently, IL-36 cytokine family members were also suggested to be involved
in pregnancy complications [165].
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Figure 13: (A) IL-36 signaling pathway (B) Domain structure of the IL-36 family members and respective proteases
responsible for truncation of the pro-peptide. Potential heme binding amino acids also highlighted.
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IL-36a is a small protein of 151 amino acids and belongs to the HRM class III and IV
(Table 2). The presence of a CP motif with H and Y renders it a potential heme-binding
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candidate. This CP motif'is also conserved in homology of several other organisms, such as
mice. Multiple sequence alignment of IL-36 family members showed that the CP motif is
only conserved in IL-36c and absent in IL-36f and IL-36y. However, initial studies suggest
that all three members, IL-360, IL-363 and IL-36y are binding to the heme. A detailed study
of the IL-36a-heme interaction has been described in this paper, involving a series of
biophysical techniques like UV/ Vis, Raman, SPR, NMR spectroscopy. Initial functional
studies showed effects of [L-36a-heme interaction on the induction of other cytokines.

During our study we found that not only IL-36a but also IL-36 and IL-36y can bind to
heme. As mentioned above, the CP motif is only present in IL-36c, while the other two
proteins have QP residues. However, they all contain H and Y residues in the vicinity. We
hypothesized that heme might be interacting directly or with its propionate side chains via
electrostatic interaction with other amino acids. This made us to further investigate HRMs
involved in these two cytokines. We started the investigations with IL-36[ because the IL-
36y structure is already available (PDB code 4IZE). In bone marrow derived dendritic cells
(BMDCs) IL-368 is solely responsible for the phosphorylation of the p38MAPK activation
[166], while IL-36y activates MAPKs, JNK, ERK and p38 MAPK, as well as NF-kB and CREB
transcription factors in bronchial epithelial cells [165], [167]. [L-36y also promotes the
production of interferon- y (IFN-y) in CD8+ T-cells and act as anti-tumor immune therapy
in melanoma and lung cancer [168].

Aiming to determine the structure of IL-36f as a first step, we performed and published
the chemical shift assignment of IL-36f isoform 2 (publication 4). Section (further
results) shows the preliminary results of structure characterization of IL-36f using CD and
NMR spectroscopy. Additionally, heme-binding studies were also performed on wild-type
and mutant proteins of IL-36p and IL-36y using UV/visible and NMR spectroscopy
techniques.
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This publication shows the transient interaction of heme with
the intrinsically disordered N-terminal region (40 amino acids)
of CBS. Heme interacts with this region through specific
heme-binding motifs and constitutes for 30% of enzyme
activity as demonstrated through an in vitro assay. NMR
spectroscopy was employed to uncover the structural details of
this region which X-ray failed to provide and revealed the
second heme binding site with moderate heme binding
constant.
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Cystathionine-3-synthase (CBS) belongs to a large family of pyridoxal 5'-phosphate (PLP)-dependent
enzymes, responsible for the sulfur metabolism. The heme-dependent protein CBS is part of
regulatory pathways also involving the gasotransmitter hydrogen sulfide. Malfunction of CBS can

lead to pathologic conditions like cancer, cardiovascular and neurodegenerative disorders. Truncation
of residues 1-40, absent in X-ray structures of CBS, reduces but does not abolish the activity of

the enzyme. Here we report the NMR resonance assignment and heme interaction studies for the
N-terminal peptide stretch of CBS. We present NMR-spectral evidence that residues 1-40 constitute an
intrinsically disordered region in CBS and interact with heme via a cysteine-proline based motif.

Cystathionine-B-synthase (CBS) is a modular enzymatic protein of 551 amino acids. The lyase CBS acts in the
transsulfuration pathway and has a central role in the mammalian sulfur metabolism by catalysing the conden-
sation of serine and homocysteine to a cystathionine intermediate'~. Mutations in CBS are responsible for an
inborn autosomal recessive inherited deviation in the amino acid metabolism, homocystinuria. This rare disease
results in a clinical phenotype with elevated levels of homocysteine in blood plasma affecting four central organ
systems, the cardiovascular, ocular, skeletal, and central nervous system and finally manifesting e.g. in neural tube
defects, cardiovascular diseases and Alzheimer’s disease’ . Currently, more than 150 pathogenic CBS mutations
have been reported which are spread across the coding sequence®’. CBS is a heme-binding protein and represents
an example for a human hemoprotein that can be regulated by gases via their heme component®. Especially,
besides its binding CO and NO?, CBS is involved in cellular production of major amounts of the gasotransmitter
H,S'. It was shown that aberrant function of CBS may thus lead to cancer, cardiovascular and neurodegenerative
diseases making it an interesting drug target'!~%.

The homotetrameric CBS, a member of the fold type II family of the pyridoxal 5'-phosphate (PLP)-dependent
enzymes, is in large parts structurally well characterised'"'*. Members of this enzyme family are of multiple evo-
lutionary origins. CBS contains the N-terminal heme-binding domain followed by catalytic core, which is con-
served in most proteins of this class of organisms, and a C-terminal regulatory domain. The N-terminal domain
(residues 1-70) is sequentially diverse in many classes of organisms and absent in lower eukaryotes like yeast and
mycobacterium. The canonical heme in CBS is bound via an axial coordination to cysteine-52 and histidine-65
in the N-terminal region of the molecule. Interestingly, this binding site is missing in the homologous yeast
enzyme'"'®, In contrast to covalent binding of heme, recent studies have shown that transient interactions of the
heme moiety with proteins can act as functional triggers'’. Here, heme-binding motifs (HBM) or heme regulatory
motifs (HRM) with special amino acid combinations —among them the cysteine-proline (CP) motif- are sug-
gested to be responsible for heme association'”-*, However, due to moderate binding constants these motifs at the
same time allow also a fast dissociation of the heme complex. Interestingly, also in the newest X-ray structures of
the human CBS protein*** (e.g. PDB code 4COOQ) the stretch from residue 516-526 and the first 42 N-terminal

1Leibniz Institute on Aging - Fritz Lipmann Institute, Beutenbergstr. 11, D-07745, Jena, Germany. *Pharmaceutical
Biochemistry and Bicanalytics, Pharmaceutical Institute, University of Bonn, An der Immenburg 4, D-53121, Bonn,
Germany. *Friedrich Schiller University, Faculty of Chemistry and Earth Sciences, Humboldtstr. 10, D-07743, Jena,
Germany. Correspondence and requests for materials should be addressed to D.I. (email: dimhof@uni-bonn.de) or
0.0. (email: oliver.chlenschlaeger@leibniz-fli.de)
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Ophiophagus_hannah MLCDVRGTMP---SIPAETEMDTMTCTHVSVDCI
Xenopus_laevis = = ———————————ee MPAVPPTTDSAACPHIKENHV
Gallus gallus -——-MEKLMSEKPVPVSKAKPDTNSCPHASGKYF
Bos taurus = === 0Zz=m—————e MP-FETSPADTLCRSAGCPHLSGAHL
Felis catus = ———————- MP-SETP--QAETGSAGCPHLSGAHL
Macaca_fascicularis = ———————- MP-SETP--QAEVGPTGCPHLSGPHS
Homo sapiens = ———————e MP-SETP--0AEVGPTGCPHRSGPHS
Pan_troglodytes = = —-————-- MP-SETP--QAEVGPTGCPHRSGPHS
Cricetulus griseus =—------- MP-SGTS--QCEDGSARCPQPLEVHS
Heterocephalus_glaber —-—-———-- MP-SETP--QEESGASGCPH-———-—

Figure 1. Sequence alignment of the N-terminal stretches of CBS proteins from different organisms.

residues are missing. Exactly in the latter region a CP-motif is located which is followed by histidines at positions
P+ 2 and P+ 7 relative to the cysteine. This region is structurally close to the canonical heme-binding site at
Cys*[His® which allows to speculate about a scavenger-type function of the CP-motif located in this intrinsically
disordered protein region to support the localisation of the heme molecule during the binding process or to act
as a second independent heme-binding site. In addition, it might be of interest to note that a sequence homology
analysis reveals this CPH-motif to be conserved in higher eukaryotes with secondary interacting amino acid (H,
C,Y) present in vicinity (Fig. 1).

Intrinsically disordered protein regions (IDPRs) are increasingly recognised to have functional relevance for
biological regulatory processes in e.g. cellular signal transduction, molecular recognition and transcription?!-*2¢
making them an interesting target for drug intervention*"**. Bioinformatic predictions (e.g. with DISOPRED2%)
estimate that disordered regions or segments longer than 30 residues are present in approx. 2.0% of archaean,
4.2% of eubacterial and 33.0% of eukaryotic proteins® and that IDPRs are highly abundant in disease-related pro-
teins®'. Meanwhile the aim to structurally characterise IDPRs has fostered the development of various approaches
e.g. in the areas of computational prediction®**** as well as NMR spectroscopy®**. Interestingly, CP-motifs are
also found in intrinsically disordered regions of functional relevance in other proteins that are associated with
heme binding*!.

In this context, we have expressed the CBS protein using established approaches and investigated the
heme-binding domain separately from the catalytic core. Functional studies on CBS(1-413) and on mutations of
the non-canonical heme-binding site (C15S) were performed to compare and analyse the heme-binding process
in CBS. NMR spectroscopy was also employed to characterise the heme interaction exploiting the advantage of
this technique to describe also intrinsically disordered regions at atomic level.

Results

Protein expression and purification.  The recombinant CBS(1-413) and the CBS(1-413)C15S mutant
were expressed and purified as per literature', The N-terminal CBS peptide (55 CBS(1-40)), consisting of the
residues 1-40 of CBS (MPSETPQAEVGPTGCPHRSGPHSAKGSLEKGSPEDKEAKE), was expressed as fusion
to the B1 domain of streptococcal protein G (GB1)*,

UV/Vis study. UV/Vis spectroscopy was employed to monitor the interaction of the proteins with heme. UV/
Vis data shows the heme binding by a Soret band shift to ~421 nm (Fig, 2a). Previous studies on heme binding to
peptides using UV/Vis, Raman, EPR and NMR spectroscopy revealed that a UV shift to ~420 nm may be related
to a hexacoordinated complex'®~>", Thus, this bathochromic effect is characteristic of heme binding and suggests
formation of a hexacoordinated state which in CBS involves residues cysteine-15 and histidine-22. The K, value
was determined to be 2,18 + 0.64 1M, According to the best fit possible ;5 CBS(1-40) binds to heme with a 1:1
stoichiometry (Fig. 2b).

Enzyme activity assay. The relative activities of CBS(1-413) and of the CB$(1-413)C158$ mutant were
compared in an enzyme activity assay using 7-azido-4-methylcoumarin as probe as described earlier in the lit-
erature'’. To assure reproducibility six independent measurements were performed. During expression of the
two enzymes in E. coli heme is endogenously produced and incorporated in the CBS proteins. This is reflected in
vellowish colours of the protein samples with a darker colour of the CBS(1-413) with respect to the CBS(1-413)
€155 mutant (data not shown) as shown for CBS and other recombinant heme-binding molecules®"**, Hence,
exogenous addition of heme during the assay does not lead to activity differences off to the mean from the inde-
pendent measurements of both CBS(1-413) and CBS(1-413)C15S mutant. This indicates the saturation of the
compounds with endogenous heme already during expression in the E. coli cells. Figure 3 shows that CBS(1-413)
C15S was on average 32% (between 20% to 40% in the individual measurements) less active than CBS(1-413).
‘The assay indicates that beside of its canonical binding site at Cys**/His® heme is also binding to the CP-motif
at position 15 and involving H22. This result of the assay is consistent with an observation of a previous study**
where truncation of amino acids M1-K39 in CBS led to a similar decrease in enzyme activity.
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Figure 2. Heme binding to the 5, CBS(1-40) fusion protein determined by UV/Vis spectroscopy. (a) The
i CBS(1-40) fusion protein was incubated with hemin at the concentrations indicated (5pM protein, 0.32-
25.45pM hemin). (b) Titration curve observed at 421 nm.
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Figure 3. Fluorescence assay of CBS(1-413) and CBS(1-413)C15S. The average curve of six independent
measurements is displayed. Symbols used: « = CBS(1-413), & = CBS5(1-413)C15S, @ = blank, no protein,
m=blank, no probe.

NMR resonance assignment of the CBS N-terminal peptide. Sequence specific resonance assignments
for gz CBS(1-40) (Supplementary Table 1) were derived by a set of triple resonance 3D NMR spectra e.g. including
well established experiments such as HNCA, HNCOCA, HNCO, HNCACO, HNCACB and HNN, Figure 4 shows the
["H,"*N]-HSQC spectrum of the g, CBS(1-40) fusion protein including the assignments for the 40 N-terminal residues
of CBS. The INEPT-based HNN experiment employed in this study essentially leads to the filtering out of signals from
the structured part of the GBI fusion protein due to significant relaxation losses, as shown in Supplementary Figure 51
which gives the ['H,'*N]-projections from the 3D HNCA and HNN experiments. This considerably simplified the data
analysis of the ;; CBS(1-40) fusion protein, Representative strips indicating the sequential connectivities established
are given in the Supplementary Material (Supplementary Figure 52). The calculation of the chemical shift index based
on the obtained resonance assignment indicates an intrinsically disordered peptide which is supported by the predic-
tion of the web server ([UPRED™) using the primary sequence as sole input.

SCIENTIFICREPORTS| (2018) 8:2474 | DOI:10.1038/s41598-018-20841-z 3
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Figure 4. ['H,"”N]-HSQC spectrum of the 5, CBS(1-40) fusion protein. Cross peak assignments for the forty
s CBS(1-40) peptide residues are indicated.

NMR study of the heme interaction with the CBS N-terminal peptide (1-40). Employing 100uM
samples of *N, '°N and "*C-labelled GB1-fusion peptides, ['H,"*N]-HSQC ligand titration experiments were
first carried out using paramagnetic heme samples. As the ligand concentration was varied over a range of 0 to
100puM, neither chemical shift changes were observed nor new additional peaks with increasing intensities were
seen as the concentration of the heme ligand was increased (Supplementary Figure $3). Only a reduction in the
intensities of few peaks (T13, G14, C15, H17, R18, 519, H22, 523) was observed, with the reduction in the inten-
sity being maximal near C15 (Fig. 5a). This indicates the spatial proximity of these residues to the paramagnetic
center and is consistent with the observation of the Soret band near 420 nm in the UV/Vis spectra (Fig. 2a) of
the heme complex which resembles the situation found for transient heme binding by histidine-containing pep-
tides'®", A Soret band near 420 nm is typically associated with the oceurrence of a hexacoordinated heme?-*. Tt
is worth mentioning, that as with the paramagnetic Fe-PPIX, similar intensity reductions in the ['"H,'*N]-H5QC
spectrum were also seen with diamagnetic Ga-PPIX (Fig. 5b). This suggests that in addition to the paramagnetic
relaxation enhancement (PRE) effect®**® there is also an exchange contribution to the reduction in the intensities
observed with the paramagnetic Fe-PPIX. We also observed that the single mutation C15S (Fig. 5¢) essentially
leads to no effect on the relative intensities of the cross peaks in the HSQC spectra upon heme addition. This indi-
cates that mutation of this residue leads to no heme binding and is consistent with the UV/Vis data of this mutant
which shows no sharp Soret peak (Supplementary Figure S5) either at ~420 nm (hexacoordination) or at ~370 nm
(pentacoordination). It is also apparent that C15 is involved in the transient heme interaction forming a hexaco-
ordinated complex with H22 forming the other axial ligand (H17 as second coordination site can be excluded
due to steric reasons). The role of both amino acids as axial ligands is further supported by the ['H,"*C]-HSQC
spectral data recorded with and without heme (Fig. 6, Supplementary Figure S4). Spectral cross sections taken at
the C’ positions corresponding to the C15 and H17/H22 residues show a similar variation of the intensity indicat-
ing the proximity of these nuclei to the heme central ions. Consistent with this, similar intensity variations in the
aromatic HSQC spectral cross sections taken at the histidine *C* and '*C® positions (Supplementary Figure $6)
were also observed.

In addition to the C15 mutation we have also mutated the H22 site. Although the UV/Vis spectra of this H22L
mutant (Supplementary Figure §5) show a Soret peak at ~369 nm, possibly corresponding to pentacoordination
at C15, the ['H,"*N]-HSQC spectra carried out without and in presence of heme display no significant intensity
variations of the cross peaks (Fig. 5d). This implies that either the heme-peptide interaction is much weaker and/
or the rate of exchange between the heme-bound and the free peptide is not in the favorable range on the PRE
timescale™ ™.

Viewed in totality, the results reported here suggest that the wild-type N-terminal CBS peptide upon heme
binding undergoes a conformational change to a hexacoordinated complex with cysteine-15 and histidine-22 as
ligands that is sparsely populated and is in exchange with a highly populated free peptide.

Discussion

Heme binding to the N-terminal stretch of CBS was confirmed by a combined UV/Vis and NMR study. In this
study we decided for a fusion approach with the streptococcal protein GBI since it is known to improve the
solubility of the target protein without interfering with its fusion partner because of its inert nature. In addition,
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Figure 5. (a) Superimposition of the ['H,"*N]-HSQC spectra of the ¢, CBS(1-40) fusion protein (100 M)
without (blue) and with hemin (5011M; red). Interacting residues are indicated. (b) Superimposition of the
['H,'*N]-HSQC spectra of the 5, CBS(1-40) fusion protein (1001M) without (blue) and with Ga-PPIX

(100 uM; red). Interacting residues are indicated. (¢) Superimposition of the ['H,"*’N]-HSQC spectra of the
C15S mutant fusion protein (100 uM) without (blue) and with hemin (50 pM; red). (d) Superimposition of the
['H,*N]-HSQC spectra of the H22L mutant fusion protein (100 pM) without (blue) and with hemin (50 1M;
red).

GBI allows usage of easy purification protocols and is characterised with respect to structure and chemical shift
assignments*****’, This fusion approach was also selected since the amino acid sequence of GBI does not contain
further cysteine or histidine residues which constitute classical heme-binding residues. In addition, NMR exper-
iments performed solely on the GBI protein with heme revealed no interaction between the components (data
not shown). The results obtained indicate that the resonance assignments of the intrinsically disordered peptide
(IDP) can be conveniently carried out in GB1-fusion since the GB1 signals can be essentially filtered out from the
IDP signals. Thus, spectral overlap problems can be minimised without the need for unlabelling approaches®** or
*C-detected experiments®. NMR spectroscopy revealed that the forty N-terminal residues constitute an intrin-
sically disordered region of the protein cystathionine-(3-synthase. This is in accordance with the observation that
all available X-ray studies did not deliver a structural description of this molecular stretch. In addition, this study
demonstrates for the first time that the disordered N-terminal region of CBS contributes heme-binding capacities
via a second binding site, the CP-based motif at cysteine-15 and a histidine residue at position 22. The functional
assay reveals that this heme-binding site at cysteine-15 and histidine-22 as second axial heme ligand increases the
efficacy of the enzyme by approx. 30%. The intrinsically disordered N-terminal peptide of CBS is thus involved
in transient heme interactions leading to a hexacoordinated complex. Transient binding was observed in both
situations, with heme carrying the paramagnetic iron center as well as its diamagnetic substitute, Ga-PPIX. This
also stresses the utility of both the Fe**/Ga** compounds in heme binding studies. The results on 5, CBS(1-40)
also imply the caveat that a complete functional description of molecules has to carefully consider also regions
truncated to facilitate crystallisation for X-ray studies which are often intrinsically disordered, highly dynamic
protein regions potentially serving as interaction sites?!*1%,
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Figure 6. Superimposition of the spectral cross sections from ['H,"*C]-HSQC spectra of g5, CBS(1-40)
(10011M) taken at C* positions corresponding to the C15 (a) and H17/H22 (b) residues in the free (blue), Ga-
PPIX (100 1M; red), Fe-PPIX (50 uM; green) and Fe-PPIX (1001M; pink) exposed states.

Amino acid sequence comparison of the human and naked mole-rat CBS shows a deletion of the second
heme-coordinating residue (histidine-22 in the human IDPR) in the latter species which occurred during evo-
lution from a common ancestor. This might be explained by a lower need for CBS efficacy in sulfur metabo-
lism induced by lower H,S levels arising from a reduced dietary uptake of methionine in naked mole-rats®'. As
higher H,$ levels are connected e.g. to cancer', this could be one reason for the cancer resistance and longevity
of naked mole-rats. However, human diet is rich in methionine, thus, evolutionary a contribution of a second
heme-binding site might have become necessary to achieve the required efficacy for sulfur processing and to pre-
vent pathological conditions. Hence, the second heme-binding site in CBS described in this study might become
an attractive target for drug intervention to prevent pathological conditions without losing the complete bio-
logical functions of CBS, thus possibly preventing negative effects on the organism as observed for CBS gene
deactivating mutations®®?,

Methods

Protein expression and purification. CBS(1-413) protein was produced based upon the published
protocol*’, The sample of the CBS(1-413)C155 mutant was generated using site-directed primers, expressed,
purified as described below for 5, CBS(1-40) except no GBI tag was used, Superdex 75 10/300 GL column (GE
Healthcare, Freiburg, Germany) was used for size exclusion chromatography of CBS (1-413) and its mutant. To
study the CBS(1-40) region, s CBS(1-40) was expressed via a fusion protein approach with the streptococcal
protein GBI, It was cloned in pET28a vector with GB1 domain attached to N-terminal of CBS(1-40) with flexible
linker (TEV protease site - ENLYFQG) to avoid proteolytic cleavage of CBS(1-40) and additionally increasing the
vield with stability. 5, CBS(1-40) was expressed in E. coli BL21{DE3) cells which were grown up to an ODgy
of 0.7 in the LB medium. Cells were pelleted and transferred to M9 media containing '*"NH,Cl and "*C;-glucose
that will result in labelled ;, CBS(1-40). Protein expression was induced at ODyy, of 0.7 by 0.3 mM IPTG for
18h at 18°C. Cells were resuspended in lysis buffer (50 mM Tris/HCI, 300 mM NaCl, 5mM imidazole, 2mM
{3-mercaptoethanol (pH 7.5)) followed by french press to lyse the cells and centrifuged at 10000 x g to collect the
supernatant cell lysate. Ni-NTA agarose resin was used to capture the His,-tagged 5,CBS(1-40) protein followed
by wash and elution with 10 mM and 250 mM imidazole, respectively. The His-tag was cleaved from the protein
in overnight dialysis buffer (20 mM Tris/HCI, 150 mM NaCl, 2mM DTT (pH 7.5)) by the addition of 5 U/mg of
thrombin (Sigma- Aldrich, Taufkirchen, Germany) at 4 °C. The cleaved protein was concentrated to 1 mL using a
3-kDa Sartorius vivaspin filter and injected onto a 16/60 Hiload S75 size exclusion chromatography column (GE
Healthcare, Freiburg, Germany) pre-equilibrated with 20 mM Tris/HCI, pH 6.9, 150 mM NaCl, 2mM DTT to
achive the highest purity. The fractions containing the 5, CBS(1-40) were pooled together, concentrated, buffer
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exchanged into 20 mM sodium phosphate buffer, pH 6.9 and the concentration measured at OD,g, using UV/Vis
spectroscopy. Samples were lyophilised or directly used for the biophysical and NMR experiments.

UV/Vis spectroscopy. A Multiskan GO microplate spectro-photometer (Thermo Scientific, Dreieich,
Germany) was employed for UV/Vis measurements. The hemin solution was prepared by dissolving 1 mM hemin
in 30 mM NaOH followed by incubation in the dark for 30 minutes on ice. Subsequently, the hemin solution
was diluted with the respective buffer to the concentrations used. 5 CBS(1-40} (5 uM) protein was incubated
in the dark with different concentration of hemin (0.2-30 pM) for 60 minutes before measuring at 300-600 nm.
HEPES-buffer (100 mM, pH 7.0) was used for dissolving protein and hemin.

Enzyme activity assay and protein concentration. The enzyme activity assay was performed on
CBS(1-413) and the CBS(1-413)C15S mutant using established protocols'’. Fluorescence was read at 450 nm
with excitation at 365 nm using an Infinite M1000 microplate reader (Tecan, Miannedorf, Switzerland). The pro-
tein concentration was determined by UV/Vis spectroscopy.

NMR spectroscopy. Solution NMR experiments were performed on a Bruker Avance 111 spectrometers
with proton frequencies of 600 MHz at a temperature of 283 K. Data were acquired, processed and analyzed
with Topspin (Bruker, Rheinstetten, Germany). The resonance assignment was performed using a combina-
tion of experiments such as HNN, HNCO/HNCACO, HNCA/HNCOCA, HCN, HBCBCGCDHD, HNCACB,
HBHANH, ['H,"*N]-HSQC, ['H,"*C]-HSQC etc. experiments with o3, CBS(1-40) dissolved at concentrations
of 700 uM. ["H,"*C]-HSQC spectra of the 4 CBS(1-40) were recorded in the free, Ga(Ill)-protoporphyrin
IX (Ga-PPIX) and hemin (Fe-PPIX) exposed state at concentrations of 100 .M and 50 pM, respectively.
Ga(III)-protoporphyrin IX chloride and hemin were used as obtained from Frontier Scientific (Logan, USA).
Unless otherwise stated, the ;,,CBS(1-40) and CBS samples were dissolved in 20 mM phosphate buffer and 5%
D,0.

Third-party methods. IUPred. Version 1.0 with default parameters was used.

Data availability. The authors declare that all data supporting the findings of this study are available within
the article and its Supplementary Information files, or are available from the corresponding author upon request.
The chemical shift assignments of CBS(1-40) have been deposited in the Biological Magnetic Resonance Data
Bank (BMRB) under accession code 27351,
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Figure S1. Superposition of the [lH,lsN]-pmjection from the 3D HNN experiment of the gg;,CBS(1-40) fusion
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protein (red)

with the HNCA spectrum (blue). Cross peaks arising from the linker between GB1 and CBS(1-40) are annotated.
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Figure S2. Representative strips from the HNN spectrum of g5,CBS(1-40). The sequential connectivities are indicated by

arrows.
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Figure S3A. Spectral cross sections from the [*H,"*N]-HSQC spectra of the ¢3;CBS(1-40) fusion protein (100 uM) without and

with hemin taken at '*N chemical shift positions corresponding to the amino acid residues indicated (blue — no hemin; red —

Ga-PPIX, green — Fe-PPIX). The hemin and Ga-PPIX concentrations used are indicated at the bottom of the panels.
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Figure S3B. Spectral cross sections from the [*H,**N]-HSQC spectra of the ¢5;CBS(1-40) fusion protein {100 uM) without and

with hemin taken at **N chemical shift positions corresponding to the amino acid residues indicated (blue — no hemin; red —

Ga-PPIX, green — Fe-PPIX). The hemin and Ga-PPIX concentrations used are indicated at the bottom of the panels.
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Figure S4. Constant-time [1H,1!C]-HSQC spectrum (zoomed plot) of 53;CBS(1-40) without heme.
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Figure §5. UV/Vis spectra for the gzCBS(1-40)C155 (A) and &g CBS(1-40)H22L (B) mutants. The fusion protein (20 uM

protein) was incubated with hemin at concentrations of 2 (blue), 10 (red) and 15 uM hemin (green).
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Figure S6. 2D Chemical shift correlation spectra (Figure S6A and S6B) generated via a 3D HCN experiment indicating the
(*C®'H% and (C%,'H") cross-peaks of His17 and His22 of CBS40. 'H cross-sections taken at the **C” and “*C" positions (cf.
Fig. S6B 1-4) in the aromatic ['H,"*C]-HSQC spectra generated without (blue) and with (red) the addition of hemin (Fe®') are
given in S6C. Cross peaks 1 and 4 in Fig. S6B/C arise from the thrombin site at the N-terminus of GB1 and serve as indicator

for the general solvent PRE effect in Fig. S6C.
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Table S1. Chemical shift assignment of g, CBS{1-40)

H N’ H” H" C c* c! (o c’ C
-8 Glu 8.50 122.60 3.97 1.70 175.43 56.42 30.28 36.05 - -
-7 Asn 8.44 120.05 4.37 240,255 17472 52.86 38.26 - - -
£ Leu 8.01 122.10 3.94 1.05,1.20 176.79 55.32 41.86 26.50 24.53,23.40 -
-5 Tyr 7.94 119.77 4.27 260,271 175.16 57.48 38.41 - - -
-4 Phe | 7.88 122.19 4.26 279275 174.99 57.73 39.38 - - -
-3 Gin 8.10 122.95 3.99 1.80,1.64 175.65 55.74 29.23 - - -
-2 Gly 7.71 109.91 3.65 - 173.62 44.99 - - - -
-1 Val 7.82 118.42 3.90 1.83 175.52 61.68 32.62 | 20.81,19.86 - -
0 Asp 8.26 123.42 4.33 2.41,2.30 175.45 5417 40.77 - - -
1 Met 8.07 121.70 4.53 1.64 - 52.80 32.73 - - -
2 Pro - - 3.39 1.66,2.06 176.74 64.89 31.82 27.20 50.43 -
3 Ser 8.31 116.39 4.16 3.61 174.40 58.07 63.58 - - -
4 Glu 8.31 12283 4.12 1.67,1.80 176.12 56.09 30.06 36.04 - -
5 Thr 8.17 118.44 4.31 3.85 - 58.79 69.45 - - -
6 Pro - - 4.16 1.62,2.05 176.71 83.19 31.92 27.22 50.91 -
7 Gin 8.38 121.25 3.99 1.83,1.70 175.61 55.66 29.22 33.75 - -
8 Ala 8.21 125.41 4.03 1.12 177.44 52.31 19.04 - - -
9 Glu 8.24 120.22 4.05 1.78,1.67 176.22 56.03 30.07 35.97 - -
10 Val 8.06 121.07 3.91 1.81 176.13 61.78 32.63 | 19.75,20.71 - -
11 Gly 8.17 112.27 3.79 - - 44.38 - - - -
12 Pro - - 4.24 1.72,2.05 177.50 63.25 31.85 26.96 49.62 -
13 Thr 8.12 113.00 4.11 4.01 175.10 61.71 69.35 2124 - -
14 Gly 8.19 110.68 3.70 - 173.43 44.93 - - - -
15 Cys 8.02 120.25 4.53 2.61 - 56.12 27.32 - - -
16 Pro - - 4.15 1.57,1.99 176.40 63.11 31.81 27.03 50.58 -
17 His 8.30 119.68 4.37 2.87 174.90 55.91 30.05 - - -
18 Arg 8.23 123.16 4.12 1.49 175.81 55.92 30.78 26.79 43.12 -
18 Ser 8.30 117.38 4.26 3.62 174.27 58.01 63.78 - - -
20 Gly 8.17 110.42 3.88 - - 44.60 - - - -
21 Pro - - 4.15 1.56,1.97 176.92 63.35 31.70 26.81 49.48 -
22 His 8.40 118.18 4.42 2.94287 174.98 56.01 20.94 - - -
23 Ser 8.03 116.98 4.14 3.56 174.01 58.07 63.62 - - -
24 Ala 8.31 126.25 4.09 1.14 177.68 52.37 18.94 - - -
25 Lys 8.19 120.71 4.03 1.53,1.60 177.11 56.31 32.64 24.44 28.84 41.78
26 Gly 8.29 110.26 3.72 - 173.99 44.98 - - - -
27 Ser 8.04 115.48 4.17 3.61 174.59 58.16 63.52 - - -
28 Leu 8.21 123.64 4.11 1.40,1.36 177.26 55.02 41.85 26.62 24.47,23.36 -
28 Glu 8.16 12155 3.99 1.64,1.77 176.34 56.20 29.89 35.88 - -
30 Lys 8.24 122.62 4.04 1.52,1.62 176.98 56.12 32.72 24.42 2873 41.87
31 Gly 8.36 110.24 3.73 - 173.54 44.86 - - - -
32 Ser 8.10 116.93 4.55 3.64 - 56.14 63.19 - - -
33 Pro - - 4.16 2.06 177.08 83.30 31.71 27.19 50.34 -
34 Glu 8.33 119.57 3.95 1.78,1.67 176.23 56.63 29.87 36.256 - -
35 Asp 8.01 121.38 4.32 2.38,2.50 176.18 5423 40.78 - - -
36 Lys 8.06 121.63 4.03 1.63,1.51 176.52 56.15 32.60 24.34 28.71 41.73
37 Glu 8.15 121.07 3.98 1.78,1.68 176.00 56.12 29.84 36.07 - -
38 Ala 8.06 125.34 4.04 1.13 177.29 52.24 18.85 - - -
39 Lys 8.17 121.55 4.09 1.62,1.50 175.51 55.85 33.00 24.43 28.78 42.07
40 Glu 7.86 126 .91 3.85 1.78,1.64 - 57.75 30.71 - - -
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Abstract

The N-terminal segment of human cystathionine-pB-synthase (CBS(1-40)) constitutes an intrinsically
disordered protein stretch that transiently interacts with heme. We illustrate that the HCBCACON
experimental protocol provides an efficient alternative approach for probing transient interactions of
intrinsically disordered proteins with heme in situations where the applicability of the conventional
['H,"*N]-HSQC experiment may be limited. This experiment starting with the excitation of protein side
chain protons delivers information about the proline residues and thereby makes it possible to use these
residues in interaction mapping experiments. Employing this approach in conjunction with site-specific

mutation we show that transient heme binding is mediated by the Cys'’-Pro'® motif of CBS(1-40).
1. Introduction

Intrinsically disordered proteins (IDP) and protein regions (IDPR) attached to folded protein domains
have been found to be implicated in critical biological functions and in neurodegenerative and other
diseases [1-5]. In contrast to covalent binding, as in many metalloproteins, IDPs have been shown to be
involved in functionally important transient interactions. In many cases, heme-binding (HBM) or heme-
regulatory motifs (HRM) with special amino acid combinations such as CxxHx;sH, CxxHxsH and
cysteine-proline (CP) in small sequence stretches are responsible for the heme association with
moderate binding constants [6-10]. Coupled with mutagenesis, the heme-protein interaction studies are
often carried out via techniques such as resonance Raman, surface plasmon resonance, NMR and UV-
Vis spectroscopy [11, 12]. Such studies demonstrated the possibility for the IDPR to undergo
conformational changes upon heme binding, e.g. due to hexa-coordination of the iron moiety in the
iron-porphyrin complex with cysteine and histidine residues located at different positions in the protein
sequence, leading to a reduction in the flexibility of the polypeptide chain [8-10]. A variety of
techniques like chemical shift perturbation, relaxation dispersion spectroscopy and paramagnetic
relaxation enhancement have been demonstrated for studies of protein-ligand interactions [13-17] and
['H,"”N]-HSQC experiments are often employed to map the interaction interface. However, in
experimental situations leading to fast amide proton exchange with water molecules, e.g. at
physiological temperature and pH, its applicability may be limited [18]. Thus, the required protocol
strongly depends on the given experimental situation.

Many IDPs are involved in regulatory interactions with heme, with Cys-Pro (CP) motifs often
playing an important role [8-10]. The proline residue in the CP motif assists the coordination of cysteine
thiolate to the Fe(IIl) heme complex [12, 19]. We are currently investigating the N-terminal peptide
stretch (1-40) of human cystathionine-pB-synthase (CBS, 551 a.a.; UniProtKB P35520) in the context of
heme-IDP interaction [20-22]. In the enzyme CBS heme is bound as a cofactor via an axial coordination

to cysteine-52 and histidine-65. However, NMR and UV/Vis studies [23] have shown that the
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disordered N-terminal region of CBS also contributes heme-binding capacities via a second binding
site, the CP-based motif around cysteine-15 possibly extending to histidine-22. Functional assays
revealed that this second heme-binding site increases the efficacy of the enzyme by ~30%.

Taking into consideration these factors, we aimed at a further robust strategy for probing the
transient interaction of the N-terminal peptide stretch of human cystathionine-3-synthase (CBS(1-40))

with heme.
2. Materials and Methods

CBS(1-40) (0.6 mM) was expressed via a fusion protein approach with the streptococcal protein GBI.
The sample preparation followed protocols described earlier [24]. Heme was dissolved 1 mM in 20 mM
NaOH and incubated for 30 minutes. NMR measurements on CBS(1-40) were performed in sodium
phosphate buffer pH 6.9 and carried out on a Bruker 600 MHz narrow-bore Avance III NMR
spectrometer equipped with pulse field gradient accessories, pulse shaping units and triple resonance
cryo-probe with the sample temperature kept at 283 K and 310 K. The States procedure was used for
phase-sensitive detection in the indirect dimensions [25]. DSS was used for direct 'H chemical shift
referencing and "*C and ""N chemical shifts were indirectly referenced. The non-uniformly sampled
multidimensional data sets were collected and processed as in our recent studies [26, 27] employing the

Bruker Topspin version 3.5 software.
3. Results

Initial heme-binding studies were carried out via ['H,""N]J-HSQC experiments. To improve the
solubility of the target protein, make use of easy purification protocols, and minimize proteolytic
degradations, GB1 fusion peptide samples of the N-terminal (1-40) of CBS (wild type and mutants)
were employed in these investigations, and it is seen that the N-terminal peptide upon heme binding
undergoes a conformational change to a complex that is sparsely populated and in exchange with the
free peptide. Although NMR investigations could be successfully performed at 283 K, studies at the
physiologically relevant temperature of 310 K could not be carried out due to considerable signal
intensity losses arising from fast amide proton exchange with the solvent molecules. Another limitation
in using the ['H,"*"N]-HSQC experimental protocol is that information about the proline residues is lost.
In this context, using CBS(1-40) as a model system, it is demonstrated here that the HCBCACON [28-
30] experimental protocol, starting with the excitation of protein side chain protons, provides a
convenient alternative approach for investigations of proline-containing sequences (e.g. CP, poly-
proline or proline-rich sequence motifs).

Generation of chemical shift correlation spectra with good spectral resolution is one prerequisite
for undertaking any NMR based investigation of protein-ligand interactions. Typically, in the case of

IDPs, inter-residue '"Ni-">CO;.; chemical shift correlations involving the backbone nuclei lead to spectra
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with relatively better spectral dispersion compared to intra-residue correlations [31, 32], and this has
been exploited for achieving resonance assignments. The ""Ni-">COy.; correlation spectrum can be
generated via the HCBCACON experiment (Figure S1) employing either the coherence transfer
pathway 'HP — CP — *C* - *CO — "N (t1) — CO (t2) involving direct *CO detection or the
transfer pathway 'HP — “CP— BC* — CO (t1) > "N (12) » *CO - “C* - "H* (13) involving
'H* detection. The advantage with the direct *CO detection approach is that the generation of “N;-
13CO;. correlation spectrum involves only a simple 2D data acquisition, and the efficacy of this protocol

was first tested at 283 K using only a 250 uM IDP sample.
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Figure 1. Superposition of the 2D “Ni-"*COx; correlation spectra of CBS(1-40) (250 uM; pH 6.9)
collected via the (HCBCA)CON experiment at 273 K in D.O without (blue) and with heme (red).

Amino acids ('"°N;) involved in the interaction with heme are labeled.

Consistent with the conclusions reached via heme titration studies employing ['H,"’N]-HSQC
spectra, the '"N-""CO correlation spectrum (Figure 1) recorded with the addition of ~100 pM heme
(Fe**) shows significant reduction in the intensity of peaks involving the amino acid residues P12, G14,
C15,P16, H17, S19, H22, and S23, reflecting the spatial proximity of these residues to the paramagnetic

center of the heme. The fact that the cross-peaks involving P16 and P12 are affected significantly
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provides additional confirmation for the involvement of C15 in heme binding. In spite of the low protein
concentration, it is seen that a triple resonance cryo-probe tailored for 'H detection allows to collect
ISN-"*CO correlation spectra of good quality within a reasonable amount of time. An additional
advantage in carrying out IDP-heme interaction studies via '"N-">CO correlations is that in cases where
the IDP system is investigated as a fusion peptide, as in our case a GBI fusion, the HCBCACON
protocol at 283 K leads to spectra in which signals from the GB1 domain are largely eliminated, in
contrast to the situation with the conventional ['H,"”"N]-HSQC experiment (Figure S2). This leads to
spectra with less overlap and the convenient mapping of the protein-heme interaction interface.
Although these studies can also be carried out via other experimental schemes such as HCBCACO [33],
Figure S3, good spectral resolution observed in the "N-"CO correlation makes the "“CO-detected

HCBCACON experiment an attractive approach for the study of heme-protein interactions.
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Figure 2. Superposition of the 2D "*N;-">COy.; correlation spectra of CBS(1-40) (250 uM) collected via
the (HCBCA)CON experiment at 310 K in D>O without (blue) and with heme (red). Relevant residues

(**Nj) involved in interaction with heme are labeled.

While sensitivity considerations limited the applicability of ['H,'’N]-HSQCs at 310 K, 2D "°N-
CO correlation data could be conveniently collected, without and with the addition of heme.
Significant variations (Figure 2) in the intensity of many of the peaks corresponding to the amino acid

residues that were found to be involved in heme interaction at 283 K clearly reveal the presence of
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transient heme binding even at the elevated and physiologically relevant temperature. However, unlike
the situation at 283 K, cross-peaks originating from the folded GB1 domain are also seen with
considerable signal intensities (Figure 2) leading to spectral crowding in the 2D '"N-"CO correlation
spectrum. Spectral overlaps can also be expected when one deals with IDP systems of much larger size.
It is also important to mention that these studies typically employ low protein concentrations (~250
M) so as to minimize the concentration of the heme required and thereby heme aggregation and high
solvent PREs. Hence, it will be difficult to carry out the CO detection-based measurements using

conventional room-temperature NMR probes optimized for 'H detection.

It is conceivable that heme-protein interaction studies would require experimental protocols
with good sensitivity facilitating the collection of higher dimensional data sets within a reasonable
amount of time. Thanks to the introduction of powerful non-uniform data sampling and processing
procedures and to better sensitivity provided by direct proton detection, this can be realized via the
HCBCACON protocol using 'H* detection (see above). Figure S4 shows > spectral projections from
a 3D HCBCACON experiment carried out in absence and in presence of heme at 310 K (see Figure S5
for other spectral projections). Improved spectral resolution achieved via 3D data acquisition is

demonstrated by a few representative w3 spectral cross-sections given in Figure 3.
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Figure 3. Superposition of the 2D 'H%.;-*CO5.i cross-sections from 3D HCBCACON spectra of CBS(1-
40) (250 pM) at 310 K in DO generated without using linear prediction in the indirect dimensions and
collected without (blue) and with heme (red, 100 uM). Other experimental details are as given in Figure

caption S4. The cross-sections were taken at the '°N; positions corresponding to the amino-acid residues
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of C15 (a), P16 (b), H17 (c) and R18 (d). 1D cross-sections taken from the spectrum collected without

heme and at the positions indicated by the arrow are also given to indicate spectral quality.

This data also confirms transient heme interactions at the physiological temperature and clearly
illustrate the potential of 3D HCBCACON experiments for protein-ligand interaction studies. It is worth
mentioning that: 1. While the ['H,"”N]-HSQC protocol may become difficult at 310 K due to fast amide
proton exchange with water, elevated temperatures are ideally suited for carrying out the HCBCACON
experiment as faster molecular tumbling leads to reduction in relaxation losses and thereby to improved
signal intensities. 2. In situations where the H%.;-"*N; and *CO;.;-'H%.; correlation data have sufficient
spectral resolution it is not necessary to carry out the HCBCACON experiment in the 3D mode and
simple 2D data collections realizable in a few hours could be good enough to map the protein-ligand
interface (Figure S6).

Our initial heme interaction studies via the ['H,"’N]-HSQC protocol were carried out using both
the wild-type and CBS(1-40) mutants. NMR data were consistent with UV/Vis that indicated heme
binding to wild-type CBS(1-40), possibly forming a hexa-coordinated heme-protein complex as

indicated by a shift of the Soret band to 420 nm, and no heme binding to the C15S mutant.
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Figure 4. Superposition of the 2D ""N;-"*CO;., projections from 3D HCBCACON spectra of CBS(1-40)
(250 pM) mutants C15S (a) and H22L (b) generated without using linear prediction in the indirect
dimensions at 310 K in D-O and collected without (blue) and with heme (red, 100 pM) employing 16
transients per t1 increment. Relevant amino acid residues ('°N;) involved in interaction with heme are

indicated.

Results from the 3D HCBCACON experiment at 310 K with the C15S mutant are in agreement
with these data. Unlike the case with the wild-type, the '"N-""CO spectral projections obtained without
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and with the addition of ~100 uM heme (Fe’") show no significant variations in the intensity of the

correlation peaks (Figure 4a). Thus, heme binding is abolished in the C15S mutant.

UV/Vis data of the heme-incubated H22L mutant indicated the presence of a penta-coordinated
heme-IDP complex as suggested by a maximum at 370 nm, as earlier shown for heme-coordinated CP
motifs [8, 12, 19, 23]. The ['H,"°N]-HSQC experiments carried out at 283 K on the H22L mutant of
CBS(1-40) showed no effect on the relative intensities of the cross-peaks upon heme addition, possibly
the binding was too weak to be detected by the experimental protocol or the exchange rate between the
heme bound and free IDP was not in the favorable range on the PRE timescale. However, the ’N-"*CO
spectral projections of the HCBCACON with H* detection (as well as the data employing *CO-direct
detection, Figure S7) obtained without and with the addition of ~100 uM heme (Fe'') showed
significant intensity variations of the correlation peaks, e.g. for residues P12, G14, CI15, P16, H17
(Figure 4b) consistent with the heme-IDP interaction detected by UV/Vis.

4. Discussion and Conclusions

The objective of this study was to evaluate the heme-binding of the non-crystallizable N-terminal
peptide stretch (1-40) of human cystathionine-[3-synthase, an intrinsically disordered protein region. As
the conventional approach via ['H,'"N]-HSQC interaction mapping experiments was hampered by fast
HN exchange, the HCBCACON protocol was adapted as an alternative strategy. This experiment has
the combined advantages of being HN exchange-independent and of adding proline correlations as
additional probe for the interaction mapping. Such an approach was of particular interest as CP motifs
were described as preferential heme interaction sites [8-10] and in the case of CBS(1-40) the supposed
heme binding could involve the C'*P'® motif of the intrinsically disordered N-terminal peptide stretch.
The data using site-specific mutants unambiguously showed that H22L still binds heme while heme
binding is abolished in the C15S mutant. Thus, in CBS(1-40) the heme interacts with the C'*P'® motif
resulting in a penta-coordinated heme-IDP complex as the contribution of H17 in formation of a hexa-
coordinated complex can be excluded by steric considerations. The data presented might contribute to
antagonize pathological CBS conditions via therapeutic intervention at this less-well studied molecular
region.

Considering that interactions leading to hexa- or penta-coordinated heme-protein complexes
frequently involve the side chains of His and Cys residues, this study demonstrated that the
HCBCACON protocol starting with the excitation of side-chain atoms and involving either *CO
detection [34] or H* detection can be effectively used in heme-IDP interaction studies as a powerful
complementary procedure to the conventional ['H,""N]-HSQC experiment, especially at elevated
temperatures with limited applicability of the canonical mapping approach. Thus, the presented

approach can be used for protein-ligand or drug-screening studies and allows also for heme-1DP
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investigations under cell-like crowded environment. Initial results (data not shown) indicate that
CBS(1-40) is still disordered and its transient interactions with heme at 310 K stay intact under

molecular crowding effected by 200 g/l of PEG-3500 and 150 g/l of Ficoll-70.
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Appendix A. Supplementary material

Supplementary data to this article can be found online.
FIGURE 81 2D HCBCACON pulse sequence.

FIGURE S2 Superposition of the ['H,”"N]-HSQC spectra of the GB1 fusion peptide CBS(1-40)
(100 uM) without (blue) and with heme (100 uM, red). Interacting residues are indicated.

FIGURE S3 Superposition of the 2D *C*P,-">CO; correlation spectra (zoomed plot) of CBS(1-40) (250
1M) in 90% H>O and 10% D-O collected at 283 K via the (HCBCA)CO experimental protocol without
(blue, 35 increments in the °C indirect dimension with a spectral width of 61 ppm, 112 transients per
increment, recycle time of 1.0 s and a *CO acquisition time of 125 ms) and with heme (100 uM, 35
increments in the "*C indirect dimension with a spectral width of 61 ppm, 400 transients per increment,

recycle time of 1.0 s and a *CO acquisition time of 125 ms). Interacting residues are indicated.

FIGURE S4 Superposition of the 2D “N;-"*CO;.; spectral projections from 3D HCBCACON spectra
of CBS(1-40) (250 uM) at 310 K in D20 collected without (blue) and with heme (100 pM) employing
61 increments in the "N dimension with a spectral width of 26 ppm, 42 increments in the *CO
dimension with a spectral width of 8 ppm, 32 transients per tl increment, recycle time of 1.0 s, 'H®
acquisition time of 100 ms, 20% non-uniform sampling in the indirect dimensions, and using linear
prediction in the indirect dimensions for improved spectral resolution. Relevant amino acid residues

("*Ni) involved in interaction with heme are indicated.

FIGURE S5 Superposition of the 2D *CO;.-'H%.; (a) and ""Ni-'H%.; (b) spectral projections from 3D
HCBCACON spectra of CBS(1-40) (250 uM) at 310 K in D-O collected without (blue) and with heme
(100 uM) employing 61 increments in the '°N dimension with a spectral width of 26 ppm, 42 increments
in the "CO dimension with a spectral width of 8 ppm, 32 transients per t1 increment, recycle time of

1.0 s, "H* acquisition time of 100 ms, 20% non-uniform sampling in the indirect dimensions and using
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linear prediction in the indirect dimensions for improved spectral resolution. Relevant amino acid

residues corresponding to *CO;.1-"H%.i (A) and ""N; (B) involved in interaction with heme are indicated.

FIGURE S6 Superposition of the 2D '"Ni-'H%.; spectra generated via the 3D HCBCACON sequence
using CBS(1-40) (250 uM). These spectra were collected at 310 K in D>O without (blue) and with heme
(100 uM) employing 100 increments in the "N dimension, with a spectral width of 26 ppm, 16
transients per increment, recycle time of 1.0 s, "H* acquisition time of 100 ms. Relevant amino acid

residues (‘°N;) involved in interaction with heme are indicated.

FIGURE S7 Superposition of the 2D "N;-"*CO,, correlation spectra of CBS(1-40) (250 uM) mutant
H22L collected via the (HCBCA)CON experimental protocol at 310 K in D.O without (blue, 50
increments in the "N dimension with a spectral width of 26 ppm, 160 transients per increment, recycle
time of 1.0 s and a *CO acquisition time of 125 ms) and with heme (100 uM, 50 increments in the '*N
dimension with a spectral width of 26 ppm, 160 transients per increment, recycle time of 1.0 s and a
CO acquisition time of 125 ms). Relevant amino acid residues ('°N;) involved in the interaction with

heme are indicated.
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Figure S1. 2D HCBCACON pulse sequence.

The delays are: Ao=1.7 ms, Ai=1.1 ms, A2=4 ms, As=4 ms, As=4.5 ms, As=12.5 ms, Ae=6.25 ms, A7=4.5 ms,
As=8 ms, Ag=12.5 ms.

The phase cycle is: $17Y,¥.-Y,-¥: $27X,-X5 D373, X, X, X, X, X, X, Xy =X, =X, =X, =X, X, =X, =X, =X, QIPAPIPY =X QIPAP(AP)=-Y
DR=X,=X =X, X, X=X, =X, X=X, XKy Xy X, =X, X, X, - X

Gradients with a sine-bell amplitude profile were used. Durations and strength (with respect to the maximum
strength of 50 G/ecm) are: G12=1 ms (50%), 1 ms (30%).

The shaped pulse shaded red is a broadband adiabatic 180° pulse.
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Figure S2. Superposition of the ['H,"’N]-HSQC spectra of the GB1 fusion peptide CBS(1-40) (100 uM) without

(blue) and with heme (100 uM, red). Interacting residues are indicated.
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Figure S3. Superposition of the 2D *C*P;-13COx correlation spectra (zoomed plot) of CBS(1-40) (250 uM) in 90%
H:0 and 10% D20 collected at 283 K via the (HCBCA)CO experimental protocol without (blue, 35 increments in
the '*C indirect dimension with a spectral width of 61 ppm, 112 transients per increment, recycle time of 1.0 s and
a 1¥CO acquisition time of 125 ms) and with heme (100 pM, 35 increments in the '*C indirect dimension with a
spectral width of 61 ppm, 400 transients per increment, recycle time of 1.0 s and a *CO acquisition time of 125

ms). Interacting residues are indicated.
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Figure S4. Superposition of the 2D "*N;-"*COi.1 spectral projections from 3D HCBCACON spectra of CBS(1-40)

250 uM) at 310 K in D20 collected without (blue) and with heme (100 uM) employing 61 increments in the '’N
(250 u ploying

dimension with a spectral width of 26 ppm, 42 increments in the '*CO dimension with a spectral width of 8 ppm,

32 transients per t1 increment, recycle time of 1.0 s, "H* acquisition time of 100 ms, 20% non-uniform sampling

in the indirect dimensions, and using linear prediction in the indirect dimensions for improved spectral resolution.

Relevant amino acid residues ("*N;) involved in interaction with heme are indicated.
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Figure S5. Superposition of the 2D '*COi.1-"H%.1 (a) and '°Ni-"H%.1 (b) spectral projections from 3D HCBCACON

spectra of CBS(1-40) (250 uM) at 310 K in D20 collected without (blue) and with heme (100 uM) employing 61

increments in the *N dimension with a spectral width of 26 ppm, 42 increments in the '*CO dimension with a

spectral width of 8 ppm, 32 transients per t1 increment, recycle time of 1.0 s, 'H* acquisition time of 100 ms, 20%

non-uniform sampling in the indirect dimensions and using linear prediction in the indirect dimensions for

improved spectral resolution. Relevant amino acid residues corresponding to '*COi.-'"H%.1 (A) and '“N; (B)

involved in interaction with heme are indicated.
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Figure S6. Superposition of the 2D "Ni-'H%.; spectra generated via the 3D HCBCACON sequence using CBS(1-

40) (250 uM). These spectra were collected at 310 K in DO without (blue) and with heme (100 uM) employing

100 increments in the '’N dimension, with a spectral width of 26 ppm, 16 transients per increment, recycle time

of 1.0 s, '"H* acquisition time of 100 ms. Relevant amino acid residues ('*N;) involved in interaction with heme are

indicated.
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Figure S7. Superposition of the 2D '*Ni-'*COj.1 correlation spectra of CBS(1-40) (250 uM) mutant H22L collected

via the (HCBCA)CON experimental protocol at 310 K in D-O without (blue, 50 increments in the >N dimension

with a spectral width of 26 ppm, 160 transients per increment, recycle time of 1.0 s and a '*CO acquisition time of

125 ms) and with heme (100 uM, 50 increments in the "N dimension with a spectral width of 26 ppm, 160

transients per increment, recycle time of 1.0 s and a '*CO acquisition time of 125 ms). Relevant amino acid residues

("3Nj) involved in the interaction with heme are indicated.
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SUMMARY

Cytokines of the interleukin (IL)-1 family regulate immune and inflammatory responses. The
recently discovered IL-36 group is involved in psoriasis, rheumatoid arthritis, and pulmonary
diseases. We suggest heme interaction and regulation of IL-36 proteins, with a focus on IL-
360, based on in-depth analysis using various spectroscopic methods. We describe two heme-
binding sites in IL-360, which associate with heme in a pentacoordinated fashion. Solution
NMR analysis reveals insight into structural features of the cytokine and the heme-cytokine
complex. In addition, the structural determinants for receptor binding are traced back to N-
terminal truncation of the proteins which is essential for biological activity of IL-36 members.
Finally, we find that heme negatively regulates IL-36-mediated signal transduction in primary
human patient fibroblasts. The present study substantially contributes to our understanding of
the multiple functions of heme by providing structural insight into heme-binding proteins as
well as by adding IL-1 cytokines to the group of potentially heme-regulated proteins.
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INTRODUCTION

Regulatory heme is critical for physiological and pathological processes including
neurodegenerative diseases and inflammation'®. In fact, several processes including ion
channel modulation® and transcriptional regulation’ are influenced by transient heme
interactions®. So-called heme-binding motifs (HBM) or heme-regulatory motifs (HRM) are
responsible for heme association and allow for a fast dissociation of the effector due to
moderate binding affinities®''. Although the number of heme-regulated proteins is
permanently increasing structural data is rare. Detailed functional and structural analysis of a
plethora of HRM-containing peptides and proteins was performed in earlier studies. These
investigations confirmed the specific role of cysteine residues for heme binding in the context
of Cys-Pro dipeptide motifs (CP motifs)g’m. In silico analysis and database search for CP-
motif-containing proteins’ revealed a CP-motif in interleukin (IL.)-360, a member of the IL-1
superfamily. Sequence alignment and evaluation of the IL-36 family disclosed potential
HRMs in all agonistic IL-36 cytokines with the CP motif being unique for IL-36a.

The IL-1 superfamily is a group of cytokines that act as key mediators of inflammatory
responses explaining their pivotal role in chronic inflammatory diseases including rheumatoid
arthritis (RA) and psoriasis'®. IL-36 cytokines, namely IL-36c, IL-36f, IL-36y, and the
natural antagonist IL-36Ra, are members of the IL-1 family, which signal through the
heterodimeric receptor complex IL-36R/IL-1RacP, mediating a pathway involving the
activation of NF-kB and MAP kinases. Specific N-terminal proteolytic truncation of all 1L-36
family members is required to generate the active cytokine species (trIL-36)"*"". Ultimately,
IL-36 signaling leads to the production of proinflammatory cytokines, e.g. IL-6 and IL-8'>"".
Since all three IL-36 cytokines signal through the same receptor complex, the occurrence, the
level of cytokine production, and the activation mechanisms are discussed as critical
differences between the individual family members'’. Over the past decade, a pivotal role of
[L-36 cytokines in inflammatory diseases has been described, in particular in psoriasis, a
chronic, multifactorial skin disease’ '®. An anti-IL-36R antibody (ANB019, ANAPTYSBIO)
for generalized pustular psoriasis (GPP) treatment is currently under investigation and has
reached in-human clinical trials'®. However, effectors and regulatory mechanisms of IL-36
cytokines in both physiological and pathophysiological conditions remain largely unknown
hampering the development of specific therapies'”.

We here demonstrate that IL-36-mediated signaling is significantly reduced upon heme
association in human fibroblast-like synoviocytes from RA patients as detected by decreased
p38 activation and diminished mRNA levels of [L-6 and IL-8. A substantiated structural
analysis of the IL-36a-heme complex was performed using spectroscopic methods including
SPR, UV/Vis-, resonance Raman- and 3D NMR spectroscopy. We present the binding
characteristics and the solution NMR structure of 1L.-36a in complex with heme based on our
recently published assignment of the free protein®’. The findings presented herein extend the
field of alternative heme functions by providing structural data on a potentially heme-
regulated protein in complex with heme as well as revealing and classifying the network of
hitherto unexploited heme effects.

RESULTS

Human agonistic IL-36 family members bind heme. There is raising evidence for tissue-
dependent IL-36 expression but only little information on molecular regulation mechanisms
of IL-36-mediated signaling"’. IL-36 sequence evaluation revealed potential heme-binding
sites raising the question whether heme acts as an IL-36 effector. Indeed, surface plasmon
resonance (SPR) analysis revealed heme binding to the biologically active (truncated, tr)
cytokines trlL-36a (aa 6-158), trIL-36P (aa 5-157), and trIL-36y (aa 18-169) (Figure 1A).
Bovine serum albumin (BSA) and lysozyme served as positive and negative controls,
respectively, as reported earlier® (Supplementary Figure S1A). Sensograms of BSA and IL.-36
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proteins interacting with heme showed a complex biphasic binding profile and kinetic data
were not fitted well by a 1:1 Langmuir binding model. A global heterogeneous ligand model,
assuming the presence of two independent heme-binding sites, yielded better data fits. The
data obtained did not allow for the conclusion of a distinct binding mode, such as cooperative
binding of two heme molecules. All three trIL-36 proteins showed heme binding with
comparable Kp values (Supplementary Table S1). A similar binding behavior was observed
for full-length IL-360 and trIL-360, with a slightly faster ligand association to trIL-36a
(Figure 1A, Supplementary Figure S1A). Kp values for both proteins were in the range of 3 to
4 uM for the interaction of the first heme molecule, and 9 to 13 uM for the second binding
event. In addition, the binding kinetics of the heme-1L36 interaction can be distinguished into
a faster and a slower binding event.
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Figure 1. Spectroscopic studies on heme binding to agonistic IL-36 family members and 1L-36¢. protein mutants.
(A) SPR signal (RU) of trIL-36a, B and y with five consecutive heme injections of increasing heme
concentrations (80 nM to 20 uM) using the single-cycle kinetics method (fit is displayed in red).

(B) UV/Vis differential spectra of heme-incubated IL-36c and protein mutants. Arrows denote UV/Vis maxima
whereas dashed lines at 400 and 500 nm indicate UV/Vis band width to illustrate band broadening as earlier

found for unspecific heme binding *'.
(C) Raman spectra of heme (in black), and pentacoordinated wild-type IL-36a (in red) including wavenumber

fingerprint region with assignment of prominent normal-mode frequencies v, (681 cm™), v, (1374 cm™). v, (1492
cm™), v, (1571 cm™) and v, (1628 cm™) for heme.

Next, sequence alignment was performed using Clustal Omega22 in order to evaluate potential
HRMs for a 2:1 (heme:protein) binding process (Supplementary Figure S1B, Table S2).
Potential HRMs based on His, Tyr, and Cys as the axial ligands were found in all three
cytokines, including both isoforms of IL-36@ and y. A CP motif was found in IL-36a
(SEGGC136P137LIL), whereas other amino acids were identified in IL-36p (isoform 1:
K1368137, isoform 2: Q135P136), and IL-36y (isoform 1: Q147P148, isoform 2: Q112P113)
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at the same position. The sequence of IL-36a (158 aa) contains ten potential heme-
coordination sites (m1-10, Supplementary Figure S1B, Table S2) considering His (3 motifs),
Tyr (3 motifs), and Cys (4 motifs) as axial ligand. From the ten potential HRMs, several
motifs can be excluded due to their location and/or negative net charge as was earlier defined
(Supplementary Table $2)'*'". Beside the aforementioned CP motif (C136P137), a promising
Tyr-His (YH)-based HRM (m8/m9, FLFY108H109SQSG) was selected. Further analysis
was performed employing nonapeptides (1-7) including alanine mutants as model systems
(Supplementary Table S3). Heme binding to the proposed 9mer CP-motif SEGGCPLIL
revealed a UV shift to ~366 nm with a binding affinity of 3.75 + 0.77 pM’. Alanine mutants
of Cys and Pro confirmed the essential role of Cys for binding and a reduction of binding
affinity upon Pro mutation’ (Supplementary Figure S1C, Table S4). For the YH-based HRM a
Kp of 4.48 £ 2.20 uM (~415 nm) was determined. Surprisingly, mutation of His and/or Tyr,
i.e. YA and AH mutants, indicated heme interaction via tyrosine (Supplementary Figure S1C,
Table S4), although binding to His-based motifs generally revealed higher binding affinities
compared to Tyr-based ones in earlier studies''. The same approach applied to IL-36a also
revealed potential HRMs in IL-36f3 and y (Supplementary Figure S1B, Table S2), yet IL-36a
was chosen for in-depth spectroscopic and structural studies due to the unique presence of the
heme-binding CP motif.
Protein material was obtained by overexpressing IL-360/AN5-truncated trIL-360 in
Escherichia coli (Supplementary Figure S1D). Heme binding to the expressed IL-36 wild-
type proteins (IL-360, trlL-36a) was initially confirmed by SPR analysis (see above) and a
fluorescence-based approach (Supplementary Figure S1E).
To investigate the heme-binding mode in more detail, UV/Vis measurements were performed
using the experimental set-up established earlier (Figure 1B)*’. BSA and lysozyme were
again included as controls (Supplementary Figure S1F). Upon heme application to IL-36a the
differential spectra exhibited absorbance maxima at ~369 nm and ~416 nm. A hypsochromic
UV/Vis shift to ~370 nm is characteristic for heme binding via a CP motif in a
pentacoordinated fashion *'**. The second absorbance maximum at ~416 nm is indicative of
an additional interaction site involving another coordinating residue. The Kp values of the
heme-IL-360 interactions were calculated to be 3.63 + 2.67 uM (~369 nm) and 11.50 + 3.06
uM (~416 nm), respectively. This indicated an interaction with two heme molecules per
protein as suggested by SPR. No effect was observed when protoporphyrin IX (PPIX) was
applied to IL-36a, proofing the essential role of the heme iron (Figure 1B). In order to
examine the relevance of the two proposed HRMs, seven IL-36a protein mutants were
produced as full-length and truncated forms in E. coli, i.e. Y108S, H109A, Y108SH109A,
C136SP137A, Y108SC136SP137A, H109AC136SP137A and Y108SH109AC136SP137A
(Supplementary Figure S1D). The UV/Vis differential spectra obtained for the protein
mutants suggested altered heme binding compared to wild-type IL-36a in all cases (Figure
1B, Supplementary Figure S1). Mutation of Y108 led to a significant decrease of binding
affinity from 11.50 + 3.06 pM (wild-type) to 30.69 = 7.49 pM (Y108S) and to a loss of the
UV/Vis shift to ~369 nm. The spectrum suggested a significant role of Y108 for heme
binding to wild-type IL-360. In contrast, the differential spectra of H109A was rather similar
to the wild-type protein and displayed a shift to ~369 nm (Kp 0.77 + 0.53 uM) and to ~416
nm (Kp 10.35 + 3.16 pM), indicating that H109 has only a minor impact on heme binding.
The differential spectra of the Y108SH109A mutant showed a less pronounced maximum at
~368 nm compared to wild-type IL-36a. Here determination of the binding affinity was not
possible. In addition, a maximum at ~420 nm appeared (Kp 13.64 + 4.69 uM). For the
C136SP137A mutant a loss of the ~370 nm shift was observed suggesting that the CP motif is
participating in heme binding to IL-360. (Figure 1B), which could be further confirmed by the
mutants Y108SC136SP137A, HI09AC136SP137A and Y108SH109AC136SP137A. The only
exception is mutant Y108S for which no unambiguous conclusion could be reached thus far. A
5
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UV/Vis shift to ~420 nm was found for mutant proteins Y108SC136SP137A (~419 nm, Kp
1517 + 435 pM), HI09AC136SP137A (~417 nm, Kp 13.29 + 3.12 pM), and
Y108SHI09AC136SP137A (~421 nm, Kp 14.23 + 3.82 uM). It is worth noting that a striking
broadening of the UV/Vis band at ~415-420 nm occurred in all Y108S protein mutants. This
phenomenon was earlier found to be characteristic for a less specific or unspecific heme-
protein interaction® . Therefore, it can be hypothesized that the Y108 mutation in IL-36a
results in a loss of heme-binding specificity. Taking the peptide-based measurements into
consideration, these observations indicate that the YH motif serves as heme ligand with Y108
representing the coordinating residue, and H109 supporting heme association. Thus,
involvement of the suggested HRMs (C136P137, Y108H109) was successfully verified with
different protein mutants. It was recognized. however, that additional residues might be
involved in heme binding, yet in an unspecific fashion. In order to gain further insight into the
complex geometry resonance Raman spectroscopy was applied.

Raman spectroscopy revealed a pentacoordinated IL-36a-heme complex. Resonance
Raman spectroscopy with an excitation wavelength of 413 nm was conducted to selectively
enhance characteristic vibrations of the heme moiety'®'"**2°, This provided insight into the
geometry of heme complexes with IL-36a proteins and derived peptides (Figure 1C,
Supplementary Figure S2, Table S1, S4). Spectral features obtained for the IL-36a-heme
complexes are not as pronounced as usually found for peptide-heme complexes’''. Wild-type
[L-36a predominantly forms a pentacoordinated heme-complex as the coordination marker
band v; is still found around 1492 cm™, despite a neglectable shoulder around 1508 ¢cm™ and
a slightly increased intensity of the v; band (Figure 1C). The IL-360 H109A variant shows
pentacoordination, and of all variants the highest similarity with the wild-type 1L36a-heme
complex (Supplementary Figure S2A). This is in agreement with the UV/Vis studies and
supports the assumption that loss of H109 has the least effect on heme binding. Upon Y108S
mutation, the v, and the v; bands reduce. The same spectral changes can be observed in the
Y108SHI109A variant, indicating that heme binding to this motif occurs via Y108. This is in
accordance with resonance Raman data of the corresponding peptide-heme complexes and the
aforementioned binding studies for the protein complexes (Supplementary Figure S2, Table
S1, S4).

Mutations in the second heme-binding site suggested, i.e. C136SP137A (Supplementary
Figure S2A, Table S1), led to the formation of a weak shoulder around 1504 cm™ at the long
wavelength side of the coordination-state sensitive v; band. Furthermore, a decrease in
intensities of the v; and v, bands and considerably increased intensities of the prominent
vibrational modes v; (around 681 cm™) as well as the oxidation state marker band v, (around
1374 cm™ for Fe(IIl)) might indicate the negligible formation of a hexacoordinated heme-
complex despite the major presence of a pentacoordinated complex (Supplementary Figure
S2A, Table 81)37. However, this behavior was neither present in all four mutants of the CP
motif nor occurred it to the same extent, and thus should be interpreted with caution.

Full-length IL-36a and truncated IL-360 bind heme in a similar manner. To determine
the solution structure of 1L-360. we performed heteronuclear 3D NMR spectroscopy on the
basis of previously derived NMR resonance assignments™. The conformers were calculated
based on 4107 NOE constraints (Supplementary Table S5). The structure of IL-36a
(Figure 2A, 2B) consists of 14 (-strands in three different B-sheets (XIV-I-IV-V-VI-VII-X-
XI-XII-XII1, TI-I11, VIII-IX) composed in a canonical p—trefoil fold”® as typical for cytokines
of the IL-1 family®. These are supplemented by one short a-helix (192-N97) of approximately
1.5 turns and two short 3,0- helical elements composed of three residues each. Five of the
eleven loops (P34-M39 (loop 3), K79-Q82 (loop 6), S112-N115 (loop 8), E133-G135 (loop
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10), L144-A147 (loop 11); Figure 3B) connecting the different B-strands exhibit higher
structural disorder due to increased dynamics as also supported by the heteronuclear NOE
data. This also includes loop 10 between strands VII and VIII of B-sheet 1, which directly
precedes one of the potential heme-binding residues: Cys136. Superimposition with the X-ray
structure of IL-36y (sequence homology 67% at 57% identity; PDB code 4IZE;
Supplementary Figure S6) results in a root-mean-square deviation (r.m.s.d.) of 1.63 A for the
backbone atoms of the ordered stretch P10-F158 excluding the loops.

The {"°N,'H}-heteronuclear NOE data demonstrate that IL-36a with exception of the first ten
N-terminal residues, i.e. including the residues cleaved by N-terminal processing, behaves as
a rigid molecule (Supplementary Figure S3B). CD analysis confirmed the secondary structure
elements of IL-36a obtained from the NMR studies by revealing a content of {3-sheet fold
between 20 and 35% (Supplementary Table S6, Figure S3A). Comparison of the ['H,"*N]-
HSQC spectra of IL-360 and trIL-360 (Supplementary Figure S3C) revealed - with exception
of the missing cross peaks for the cleaved five amino acids - no major changes in the NMR
fingerprint indicating that the truncation did not affect the 3D structural fold of the protein. In
addition, the suggested HRMs (Y108H109, C136P137) are located at the C-terminus, while
sequence truncation occurs at the N-terminus. Therefore, no significant change of the heme-
binding behavior was expected. As aforementioned, binding studies with both proteins
incubated with heme verified that heme binding occurred in a similar manner (Figure 1A,
Supplementary Figure S1).

The NMR spectra of the IL-36a-heme complex indicated no change in the structural scaffold
upon heme binding. In addition to the NMR experiments with Fe(lll)-heme, SPR and NMR
measurements were performed with Ga(III)-protoporphyrin as previously used'®''=**!. The
data suggested a similar interaction as observed for Fe(Ill)-heme. Variations in ['H,"N]-
HSQC NMR cross peak intensities upon addition of heme to IL-36a (100 pM) were used to
map the interaction interface. The superposition of the ['H,"’N]-HSQC spectra of trIL.-360 in
the free and heme-bound state revealed a decrease in signal intensities for residues N19, R21,
V22, 144, H51, T54, Nol, Y108, H109, G113, R114, C136, D151, F152 (Supplementary
Figure S3D). Thus, the NMR data of IL-36a-heme suggested that the CP motif functions as
coordination site (Figure 2C-E). Moreover, the spectrum showed that at the given threshold
the signal of H109 vanishes as a consequence of heme coordination to Y108, thereby
supporting the attributed function of the YH site as second binding platform for heme beside
of C136 (Supplementary Figure 2C-E).

Based on the NMR solution structure of IL-360, we studied the possible binding mode of IL.-
360, and IL-360-heme to its cognate receptor. Employing the coordinates of the ternary
complex interleukin-1 receptor type-2 (IL-1RII)/interleukin-1 receptor accessory protein (IL-
1RAcP)/interleukin-1p (IL-1p; PDB 3040)”, we first superimposed the IL-36a structure
onto the IL-1p moiety in the complex (cf. Supplementary Figure S3E for sequence
alignment). The r.m.s.d. of 2.15 A (IL-360. residues 10-15, 20-28, 29-34, 42-49, 60-87, 101-
143, 149-158) indicates a good agreement of the backbone folds when neglecting loop areas
(Supplementary Figure S6). Supplementary figure S6 shows the modeled IL-36¢-IL-36R
complex structure. The sequence mismatch between IL-1f and residues around K57-D58-R59
in [L-360 leads to a shortened loop conformation and thereby to a steric decompression of the
molecular interaction area. Superposition revealed two major steric clashes (cf.
Supplementary Figures S6A, C). Although flexible, the N-terminal residues M1-L5 cannot be
accommodated in the V-shaped cleft between two B-sheet elements near residues W260 and
G280 of IL-1RII. However, binding of truncated trll.-36a is not hindered because the
remaining flexible amino acids K6-T9 are positioned in the upper and opened part of this V-
shape. This might explain why for full activation of the IL-36a function N-terminal
processing is required. In the superposition, the flexible loop K36-M39 clashes with the
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stretch H21-R24 of receptor domain-1. However, domain-I is linked to receptor domain-II by
a short bent linker element (E114-T116). A rotation centered at this linker element allows for
repositioning domain-I to avoid disruptive van der Waals interactions between the receptor
and IL-36a. The X-ray structure of the complex reveals that domain-I of the IL-1RII displays
only one stabilizing hydrogen bond to domain-II (R27Hn12/22-Y1250r)), which would be
perished by the domain reorientation. In contrast, no major domain movement is necessary to
accommodate [L-360 at domain-III. Heme binding to trlL-360 before complex formation
increases the gross shape of the molecule and leads to further steric impacts especially in the
linker region between domains II and III of IL-1RAcP which may diminish the functional
efficacy of the receptor complex.

Cl36site 7 7l

Figure 2. Structural analysis of IL-36a.

(A) NMR structure of IL-36a with numbered B-sheet elements indicated by cyan arrows, o-helical elements in
red/yellow and loop regions in grey.

(B) Stereoview of the 20 best energy minimized conformers. Flexible loops are indicated and the flexible N-
terminal residues, the C136P137 and Y108H109 sites are colored (Metl-Thr9 — red, Cys136Prol37 — gold,
Tyr108His109 — magenta).

(C, D and E) Bundle of the IL-36a-heme complex (IL-36a backbone in blue, heme in orange) (C). Detailed view
of the heme coordination at Cys136 (D) and Tyr108 (E).

Computational studies support experimental results for heme binding to IL-360. The
availability of NMR solution structures of free and heme-bound IL-360 facilitated
investigations of heme binding to the protein by employing molecular docking and molecular
dynamics (MD) simulations. The NMR structures also formed the basis for creating in silico
structure models of the seven IL-36a mutant proteins (Figure 3, Supplementary Figure S4).
Heme binding predicted by the Vina ** docking algorithm helped to determine optimal
conformations of the heme-protein interactions. Heme coordination to wild-type 1L.-360. was
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found to occur via C136 and Y108 according to the top two complexes from the docking run,
which is in agreement with the experimental data (Figure 3, Supplementary Movie S1, S2).
The docked pose for binding via C136 was established by the heme iron placed at a proximity
of 2.72 A from the sulfur atom of C136. The docked pose was further characterized by
stabilizing interactions of the surrounding residues namely 129, 131, A32, V33, P34, S132,
E133, G134, G135, P137, L138, 1139 and N148 (Figure 3A, B). The docked pose of heme
bound via Y108 had the iron ion placed 2.32 A from the oxygen atom of Y108. This pose was
supported by additional surrounding residues, namely D58, R59, H109, S110, S112, T117 and
F127 (Figure 3, Supplementary Movie S1, S2).

A

Y108 docked pose %

0 20 40 60 80 100 120 140 160
Residues

Figure 3. Heme binding to IL-36a and its effects on the protein supported by molecular docking and MD
simulation studies.

(A, B and C) The structure of wild-type IL-36a (grey) with two heme molecules (orange) docked at C136
(green) and Y108 (red), respectively (H109, blue). Wireframe surfaces drawn around both binding sites (C136,
Y 108) represent surfaces of IL-36a residues that make contact with the heme molecule as predicted by the
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docking algorithm (A). A zoom up at Y108 (B) (Y108, red; H109, blue) and C136 (C) (C136, green; P137,
blue). Residues that stabilize the heme-bound conformation (yellow) are labeled.

(D) Comparative residue wise root mean squared fluctuation (RMSF) profiles of the heme bound (red) and the
free states (black) of the protein. The RMSF profiles were generated from 200 ns equilibration MD simulations
of the free protein and the protein-heme complex. Clear reduction of fluctuations from their mean position is
noticed for several amino acids in the heme-bound state indicating the effect of heme binding to the protein.

Heme negatively regulates IL-36-mediated signal transduction in primary human
patient fibroblasts. IL-36a induces expression of proinflammatory mediators such as IL-6
and IL-8 in synovial fibroblast-like synoviocytes (FLS) from RA patients'®. Since heme binds
to IL-360, the question arises whether this interaction has an effect on IL-36a-induced
activation of FLS. Human FLS were thus treated for 24 hours with different ratios of IL-36a
in complex with heme.
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Figure 4. Heme impairs [L-36-mediated signal transduction in human patient FLS.

(A and B) FLS from RA patients were treated with heme (A) or two ratios of heme-IL-36a (B) for 24 h. Relative
mRNA expression of IL-6 and IL-8, normalized to GAPDH, was analyzed by quantitative real time PCR (top)
and concentration of cytokines in the cell culture supernatant was measured by ELISA (bottom). Values are
means + SEM. One representative experiment (n=6) of two independent experiments is shown. Statistical
analysis was performed using Mann-Whitney Test Bonferroni corrected with *p < 0.05 and **p < 0.01.

(C) Induction of IL-6 expression is impaired for IL-36a variants with altered heme-binding sites. FLS from RA
patients were treated with varying ratios of IL-36a or IL-360 mutants to heme for 24 h (light and dark grey bars).
Relative mRNA expression of IL-6, normalized to GAPDH, was analyzed by quantitative real-time PCR. Values
are means + SEM of one experiment (n=3). Statistical analysis was performed using One-Way Anova Test
Dunnet corrected, with *p < 0.05 and **p < 0.01 and ***p < 0.0001 for comparisons with recombinant trIL-36a.

Cytotoxicity was determined to exclude the components triggering a significant reduction of
cell viability (Supplementary Figure S5A). IL-360 (5.8 nM) alone induced expression in FLS
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of both, IL-6 and IL-8 mRNA, whereas heme did not have an effect on the expression levels
of IL-6 and IL-8. Stimulation with the IL-360-heme complex at two ratios (26:1 and 260:1)
corresponding to 0.15 and 1.5 uM of heme resulted in significantly decreased expression of
IL-6 and IL-8 compared to the controls (Figure 4A, 4B). The heme concentration was chosen
according to earlier studies considering the scavenging effect of unspecific heme binding to
BSA*. In addition to the aforementioned, the treatment with 1L-36a-heme led to a significant
reduction of IL-6 and IL-8 release in the supernatant (Figure 4B, lower panels). Finally, heme
impaired IL-36c-mediated signaling in FLS, showing decreased activation of p38
(Supplementary Figure S5B). Similar results were observed for IL-36 family members IL-36(3
and y (Supplementary Figure S4C). This confirms heme binding to all agonistic 1L.-36 family
members as was shown by SPR. In summary, 1L-36-heme interaction led to a reduced
expression of IL-6 and IL-8 in human patient-derived FLS.

The IL-36a protein mutants earlier introduced were investigated using the same experimental
set up to test the impact of the individual heme-binding motifs. IL-6 expression was
significantly reduced in all IL-36a-mutant-treated FLS compared to 1L-36a (Figure 5C).
Abrogation of IL-6 expression suggests that mutations in the heme-binding motifs of 1L-36a
impact the protein’s functionality. On the one hand, the mutations may have a major impact
on protein folding, structure and consequently biological activity. On the other hand, the
mutated residues might be pivotal for receptor binding. In support of this, the only protein
mutant with a non-mutated YH motif (mutant C136SP137A) showed biological activity, even
if reduced with respect to wild-type IL-36a. This suggests a crucial role of the YH motif and
surrounding amino acids for the IL-36a receptor interplay.

IL-360-heme complex does not exhibit peroxidase-like activity. A peroxidase-like activity
of heme-peptide/protein complexes has been discussed to be critical due to cytotoxic ROS
formation “*°7’. We thus tested the peroxidase-like activity of IL-360-heme-complexes in
two different ratios (1:1 and 1:2, protein:heme) as well as of both heme-binding motifs (CP,
YH) on the peptide level (Supplementary Figure S5D). No significant increase of the heme’s
peroxidase activity (100%) was observed upon complex formation with proteins and peptide,
respectively, which is in agreement with the results obtained for the CP-based HRM on
peptide level in previous studies (WilBbrock et al., 2017). The activity of the amyloid-
beta(40)-heme complex in the same TMB-based system was 550%"°’. The observation that all
complexes did not show a significant effect upon heme binding indicates that the YH motif in
IL-360 is not mediating a peroxidase-like activity as was earlier found for the YXXHH-motif

in e.g. amyloid beta® ",

DISCUSSION
We show that heme interacts with the agonistic 1L-36 family members o, {3, and y. Heme-IL-
36 complex formation impairs IL-36 signaling and leads to a decreased production of the
proinflammatory cytokines I1L-6 and IL-8 in vifro (Figure 5). Further studies are required to
clarity the in vivo situation. It is worth noting that in case of severe hemolysis concentrations
of unbound heme in the range of 20 to 350 uM have been described**™'.
Two heme molecules bind to one protein molecule in in vifro studies, one with a higher and
the second with a lower binding affinity. Based on experimental and computational studies,
there is strong evidence that the proposed C136P137 motif is responsible for the association
with one heme molecule. For the second binding event a significant role of Y108 as heme
axial ligand is proposed, while H109 acts as an assisting residue for the neighbor. A closer
look revealed that wild-type IL-360 forms a pentacoordinated complex with heme as
demonstrated by resonance Raman and 3D NMR spectroscopy. According to earlier studies,
CP motifs strongly tend to form pentacoordinated complexes, supporting heme binding to the
C136P137 motif. Predominantly pentacoordination was also found for Y-based HRMs,
11
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supporting that the second heme is bound in a pentacoordinated fashion to Y108H109 in IL-
360, too.

Structural investigation of full-length and trIL-36a revealed that there is no major structural
change upon N-terminal cleavage that is required for full biological activity. This supports the
notion that the significantly reduced activity of full-length I1L-36a is due to a very flexible
region at the N-terminus that blocks necessary association sites for IL-36a-receptor binding.
Indeed, modeling of the NMR structure of IL-36¢ into the X-ray structure of the receptor
complex (Figure 5A, Supplementary Figure S6) revealed steric clashes with the IL-1RII
domain-IlI that can be minimized by the N-terminal truncation. Heme binding to IL-36a
further increases the steric demand in areas close to the IL-1RII domain-I and the linker
between IL-1RAcP domains-II and -III (Figure 5A). Whether the IL-360-heme complex is not
able to interact with the receptor IL-36R at all, or IL-1RacP recruitment is inhibited by the
complex remains to be clarified (Figure 5B). However, it was shown that the interaction
between heme and 1L-360. leads to a decreased IL-36-mediated signal transduction in vitro
and would consequently evoke an anti-inflammatory effect in the body. Except for the
C136P137A mutant, none of the other IL-36a variants exhibited biological activity impeding
a functional investigation of the role of the two binding sites. The Y108H109 motif, however,
appears to be of great importance with regard to the protein’s functionality. In fact, point
mutations in IL-36 cytokines were shown to have a significant impact on the protein function,

including an alteration of agonistic/antagonistic properties as well as loss of function™.
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Figure 5. Potential physiological scenarios of IL-36-heme complex formation.

(A) IL-360-heme binding to the receptor IL-36R may lead to steric clashes (indicated by an arrow) as identified
by docking of the complex into the X-ray structure of the IL-1RII receptor complex (PDB: 3040,%).

(B) Different scenarios are conceivable that explain decreased IL-36-mediated signaling upon heme binding,
either ligand binding is completely diminished or recruitment of the accessory protein (1L-36RacP) is impaired.
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In the context of pathophysiological functions of heme', our findings seem to deviate at first
sight. However, heme has been shown earlier to inhibit the classical complement pathway
mediated by C-reactive protein and immune complexes via interaction with Clq* as an
endogenous negative-feedback regulator. With respect to cellular damage where heme is
released in high concentration, heme was suggested to support an anti-inflammatory event as
part of a rescue system*”. The role of IL-36 cytokines in such high heme-releasing conditions
(e.g. trauma, malaria) is yet unclear. In addition, contributions of other interleukins in such
scenarios are unknown so far. A sequence analysis of e.g. IL-1 family members and other
interleukins revealed potential HRMs, too. CP motifs as such are present, for example, in IL-
1Ra and IL-33. In addition, other motifs may also be appropriate, e.g. a sequence stretch
around H54 in IL-1( or H76 in IL.-33, while heme binding to other interleukins such as IL-18
seem less likely considering an in-house evaluation for potential HRMs.

To the best of our knowledge, this study is the first report on a direct heme-interleukin
interaction, a comprehensive structural investigation of IL-360, its complex formation with
heme as a potential physiological regulator and biological consequences resulting from it.
This adds further human proteins to the list of possible candidates regulated by heme and, in
turn, increases knowledge in the field of “hemeostasis”. Furthermore, our study provides a
deeper insight into structural reasons for the lack of biological activity of the full-length IL-36
protein due to disabled interaction with the receptor. We thus anticipate that the emerging IL-
36 research will gain momentum, in particular with regard to the biological relevance of IL-36
regulation in physiological and pathophysiological conditions.
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METHODS DETAILS

Recombinant protein expression

pET-28a (Novagen, Madison, Wisconsin, USA) was used as expression vector of the gene
encoding 158 amino acids (long version) and 153 amino acids (truncated version, tr) of IL-
360 and mutants, respectively, and was inserted into the Ndel/Xhol site. An N-terminal
protein Hiss tag and the essential thrombin cleavage site between the tag and the gene-
encoding sequence were introduced into the long versions. The procedure used leaves three
additional amino acids (Gly-Ser-His) attached at the N-terminus of full-length IL-36a (161
amino acids). In contrast, a caspase-3 (DEVD) cleavage site was cloned into the vector before
amino acid K5 of IL-36a in the truncated proteins. Following the BL21(DE3) E. coli
(Novagen, Madison, Wisconsin, USA) transformation, cells were plated onto kanamycin
including plates. Eventually a single colony was inoculated into kanamycin containing
(50 pg/mL) Luria Bertani (LB) medium. After the colonies were grown up to an ODggonm 0.7,
the bacteria cultures were enlarged to 500 mL of LB medium. For NMR studies of wild-type
full-length IL-360 and trIL-360. the primary cultures were inoculated into ""NH,4Cl and "Cg-
glucose containing M9 medium (500 mL). Protein expression was induced by 0.3 mM IPTG
for 18 h at 18 °C. Subsequently a lysis buffer (50 mM Tris/HCI, 300 mM NaCl, 5 mM
imidazole, 5 mM [-mercaptoethanol (pH 8)) was applied for cell lysis followed by French
press and centrifuged at 10.000 x g. After lysis Ni-NTA agarose resin (GE Healthcare,
Freiburg, Germany) was used for purification of the cell lysate. Upon washing with 5 mM and
10 mM imidazole-containing lysis buffer (10 column volumes each), the protein was eluted
applying 0.25 M imidazole. Cleavage of the Hise tag was performed at 4 °C overnight using
5 U/mg of thrombin (Sigma-Aldrich, Taufkirchen, Germany). In case of the truncated
proteins, 1 mg of caspase-3 (produced in-house) was used to cleave 40 mg of trIL-360
overnight in dialysis buffer (50 mM HEPES, pH 7.4, 75 mM NaCl, 2 mM DTT) at 4 °C. This
procedure leads to no additional overhang residues at the N-terminus. The overnight-cleaved
protein was applied on a pre-equilibrated Ni-NTA column with overnight dialysis buffer,
followed by elution with same dialysis buffer to collect remaining digested protein and
leaving undigested protein bound to the column. Collected flow through was concentrated to
1-1.5 mL using a 3-kDa Amicon filter before injection onto a 16/60 Hiload S75 size exclusion
chromatography column (GE Healthecare, Freiburg, Germany) that was pre-equilibrated with
20 mM Tris/HCI (full-length) or 20 mM HEPES (truncated), pH 7.4, 150 mM NaCl, 2 mM
DTT. Protein fractions were combined, concentrated and the buffer was replaced to 20 mM
sodium phosphate buffer (pH 6.9). Samples were either lyophilized or directly used for the
further experiments.

SDS-PAGE

SDS-PAGE (gel electrophoresis) of the recombinantly expressed proteins was performed on
tricine gels. 18% acrylamide/bis(acrylamide) with 5% cross-linking were used for the
resolving gel, whereas the stacking gel contained 5% acrylamide/bis(acrylamide) with 3.3%
cross-linking. Upon fixation with 5% glutaraldehyde (30 min) the gels were stained with
colloidal Coomassie**.

Peptide synthesis and purification

An EPS 221 peptide synthesizer (Intavis Bioanalytical Instruments AG, Cologne, Germany)
was used for the synthesis of all presented peptides (1-7). using a standard Fmoc (N-(9-
fluorenyl)methoxycarbonyl) protocol for automated solid-phase peptide synthesis and
employing HBTU and HOBt as coupling reagents. Rink amide MBHA resin (0.53 mmol/g)
served as polymer support. Peptide cleavage was performed adding 100 pL of reagent K (75
mg phenol, 25 pl ethandithiol, 50 pL thioanisol, 50 pl. water) in 1 mL of TFA per 100 mg
resin. Crude products were purified by semi-preparative RP-HPLC on a Shimadzu LC-8A
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system equipped with a Knauer Eurospher 100 column (C18, 250 x 32 mm, 5 um particle
size, 100 A pore size) using gradient elution with 0.1% TFA in water (eluent A) and 0.1%
TFA in 90% acetonitrile/water (eluent B) as the mobile phases. Analytical HPLC on a
Shimadzu LC-10AT system with a Vydac 218TP column (C18, 4.6 x 25 mm, 5 um particle
size, 300 A pore size) was used to analyze peptide purity. The mobile phase consisted of 0.1%
TFA in 100% water as eluent A and 0.1% TFA in acetonitrile as eluent B. Applied gradients
for the individual peptides are listed in Supplementary table S3. Detection was at 220 nm in

0911
all cases”™ .

Mass spectrometry

Molar masses of all peptides were detected with an LC-ESI micrOTOF-Q III system (Bruker
Daltonics GmbH, Bremen, Germany) coupled to a Dionex Ultimate 3000 LC (ThermoFisher
Scientific, Dreieich, Germany). An EC 100/2 Nucleoshell RP18 column (C18, 100 x 2 mm,
2.7 um particle size, 90 A pore size, Macherey-Nagel, Diiren, Germany) was used prior to
infection into the MS instrument. Mass spectra were analyzed using the Data Analysis 4.1
software (Bruker Daltonics GmbH, Bremen, Germany). Information about the molar mass of
individual peptides can be found in the Supplementary table S3.

Amino acid analysis

Peptide content was determined by amino acid analysis applying an ion exchange
chromatography system. Peptide hydrolysates (6 N HCI at 110 °C for 24 h) were analyzed
using an Eppendorf Amino Acid Analyzer LC 3000. An external standard (Laborservice
Onken GmbH, Griindau, Germany) was used for data evaluation. Expected results were
obtained for all peptides with respect to amino acid composition. Peptide content (in %) was
used to calculated concentrations of all peptides prepared and stored as lyophilized powders
prior to the experiments.

Preparation of heme solution

If not stated otherwise, Fe(Ill)heme referred to as heme (1 mM) was dissolved in 30 mM
NaOH and incubated for 30 minutes under the exclusion of light. The solution was further
diluted in the buffer system required according to the respective experiment.

Surface plasmon resonance measurements

SPR measurements were performed on a Biacore T200 instrument (GE Healthcare Europe
GmbH, Freiburg, Germany) at 25 °C. The running buffer was 10 mM HEPES (pH 7.4), 150
mM NaCl, 0.05% Tween 20. The proteins BSA (VWR Life Science AMRESCQO, Germany),
lysozyme (AppliChem GmbH, Darmstadt, Germany), IL-36a (protein expression), trIL-36a
(R&D Systems, Minneapolis, MN, USA), trIL-36p (isoform 2, R&D Systems, Minneapolis,
MN, USA) and trIL-36y (R&D Systems, Minneapolis, MN, USA) were covalently
immobilized by amine coupling on a CM5 sensor chip (GE Healthcare, Freiburg, Germany).
Briefly, lysozyme was diluted to a final concentration of 2.5 pg/mL in acetate buffer (pH 7.0),
and BSA was diluted to 2.5 pg/mL in acetate buffer (pH 5.0). trIL-36 o, trIL-3603, and trIL-
36y were diluted to 0.85 pg/mL in acetate buffer (pH 4.0). Subsequently, the proteins were
separately injected at 10 uL/min on an EDC/NHS activated flow cell until immobilization
levels of 1600 RU (lysozyme), 1050 RU (trIL-36ac), 2900 RU (BSA), 937 RU (trIL-36f3) and
320 RU (trIL-36y) were achieved. An activated/deactivated flow cell was used for reference
subtraction. For determination of Kp values and kinetic parameters, a titration series of five
consecutive injections with increasing heme concentrations (0.08 uM, 0.31 uM, 1.25 uM, 5
uM, 20 uM, diluted in running buffer) was performed at a flow rate of 30 pL/min using a
standard single-cycle kinetics method implemented in the Biacore T200 Control Software
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(GE Healthcare). Afterwards, the surface was regenerated by two injections of 25 mM
NaOH/500 mM NaCl. An injection series of running buffer for double referencing was
subtracted from each curve. Data were globally fitted using the heterogeneous ligand analysis
model.

UV/Vis spectroscopy

A Multiskan GO microplate spectrophotometer (ThermoFisher Scientific, Dreieich, Germany)
was used for UV/Vis measurements. Heme and peptide solutions were prepared in 100 mM
Hepes buffer (pH 7.0). 1L-36 cytokines (~5 puM), dissolved in 20 mM sodium phosphate
buffer (pH 6.9), were incubated with heme (0.2 to 40 uM) in the dark at room temperature for
60 minutes before UV/Vis spectra were measured at 300 to 600 nm. Protein concentrations
were corrected using the calculated molar absorption coefficient at 280 nm. Peptides 1-7 (20
M) were incubated with heme for 30 minutes in the dark at room temperature’.

Fluorescence spectroscopy

All measurements were performed on a fluorescence spectrophotometer FP-8300 (Jasco,
Tokyo, Japan). BSA (1 uM) and lysozyme (1 pM) were dissolved in PBS buffer (pH 7.4) and
IL-360 variants (1 pM) in 20 mM sodium phosphate buffer (pH 6.9), were each dissolved in
and incubated for 60 minutes with varying heme concentrations (0.1 - 16 pM) in the dark.
Parameters were set to excitation at 306 nm, emission at 352 nm, bandwidth 10 nm
(extinction) and 20 nm (emission)”’.

Resonance Raman spectroscopy

Resonance Raman spectroscopic measurements were conducted utilizing a Horiba Jobin-
Yvon LabRam HR 800 Raman spectrometer (Horiba, Kyoto, Japan) equipped with a back-
illuminated deep-depletion CCD detector (1024 x 256 pixels) cooled by liquid nitrogen. For
excitation of Raman scattering, a Coherent Innova 300C ion laser using the krypton line at
413.1 nm was applied. The Raman system was connected to an Olympus BX41 upright
microscope (Olympus, Tokyo, Japan) with a motorized XY microscope stage and a 20x
objective (Olympus UPlanFLL N, NA 0.50) which served to focus the incoming laser light
onto the sample as well as for the collection of the 180° backscattered light. Aqueous
solutions (phosphate buffered NaCl, pH 7.0) of heme (400 uM) and peptide or protein were
equimolarly mixed. The heme solution used here was prepared using a protocol established in
earlier studies’. The reaction mixture was incubated for 30 min (for peptides) or 60 min (for
proteins) in the dark at room temperature and centrifuged to remove precipitant before
measurement of the supernatant solution.

Circular dichroism (CD) spectroscopy

The secondary structure content of IL-36a was estimated using the algorithms CAPITO (CD
Analysis and Plotting tool)*’ and K2D3*. CAPITO takes advantage of the available validated
protein CD spectra in the Protein Circular Dichroism Data Bank (PCDDB) repository, while
the K2D3 analysis is based on the k-nearest neighbors algorithm for pattern recognition. The
wavelength range used for K2D3 was 190-240 nm. The data obtained from the programs
mentioned is shown in Supplementary table S6.

NMR structure analysis

Solution NMR experiments were performed at 283 K on Bruker Avance 11l spectrometers
with proton frequencies of 750 and 600 MHz. The IL-360 samples were dissolved in 20 mM
phosphate buffer with 65 mM NaCl and 5% D0 using the freeze-dried solid compound. For
NMR studies of the heme-bound form, Ga(Ill)-protoporphyrin IX chloride (data not shown)
and heme were used as obtained from Frontier Scientific (Logan, USA). Protein ['H,"’N]-
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HSQC spectra in the free and heme-bound state were recorded at concentrations of 100 uM
for trIL-360, and of 140 uM for wild type IL-36a. NMR data were acquired and processed
with Topspin (Bruker, Rheinstetten, Germany) and analyzed with XEASY?. Based on
heteronuclear 3D NMR spectroscopy, an almost complete resonance assignment could be
achieved”. Distance constraints were extracted from a NOESY spectra acquired with 120 ms
mixing time. Upper limit distance constraints were calibrated according to their intensity in
the NOESY spectrum. Cross peaks of vicinal and geminal protons were used as calibration
reference. Torsion angle constraints were obtained from local conformational analysis with
the FOUND module*®. In addition, torsion angle constraints defining the allowed ¢ p-regions
in the Ramachandran map were included. The 20% of structures with the lowest CYANA
target functions® were selected to represent the NMR solution structures. The figures were
produced using MOLMOL™.

Creation of IL-360 mutant structures

The structures of the seven IL-360 proteins mutants were created based on the NMR solution
structure of IL-36a using the Mutator plugin of the VMD®' program (version 1.9.3). Point
mutations were iteratively introduced to the starting [L-360 NMR structure replacing Cys and
Tyr residues by Ser and His and Pro residues by Ala. A single residue was mutated at each
iteration and the resultant mutated structure was energy minimized by a simulated annealing
energy minimization protocol using the Yasara (version 18.2.7)** molecular modeling and
simulation suite. In this manner, the seven mutants of IL-36a namely Y108S, HI09A,
Y108SH109A, C136SP137A, Y108SC136SP137A, H109AC136SP137A and
YI108SHI09AC136SP137A were generated. All final mutant structures were energy
minimized before being used for molecular docking and molecular dynamics (MD)
simulations.

Molecular dynamics simulations

MD simulations were run using the MD macro in Yasara® (Yasara structure version 18.2.7)*".
All simulations were run with a 2 fs time step using the AMBER99SB-ILDN force field™.
Force field parameterization of the simulated system was done by the AutoSMILES method
(http://www.yasara.org/autosmiles) implemented in Yasara. This entails parameter
assignment for the protoporphyrin system using GAFF*® and AM1-BCC’® with Fe(IIl) vdW
parameters taken from Li et al.”’ as reported previously®'. The protein (or the heme-protein
complex) was placed in the center of a cubic simulation cell with a distance of at least 15 A
from the edge of the box. The cell was filled with the 3 point model®® of water with a
physiological concentration of 0.9% NaCl. Periodic boundary conditions were used and a cut-
off for long range was set at 8 A. Long range coulomb interactions were accounted for by the
particle-mesh Ewald®® method. All simulations were run in the NPT ensemble at 298 K and
the pressure maintained at 1 atm for 200 ns. Molecular graphics were produced using VMD
and plots using Grace version 5.1.25 (http://plasma-gate.weizmann.ac.il/Grace/).

Molecular docking simulations

Molecular docking simulations were conducted using Yasara software’” and the ensemble
docking method® implemented in the program. A receptor ensemble of 20 high scoring side
chain conformations at 298 K was created by the program on which the ligand heme
(ChemSpider®', 16739951) was docked 400 times. This resulted in 8,000 runs per docking
experiment. The search space for docking H109 was narrowed to a 10 A radius around H109,
whereas the full structure of the protein was covered as the docking search space for all other
runs. Results from docking runs were scored by predicted binding energies. A clustering
method that employs a 5 A heavy atom RMSD threshold between docked conformations was
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used to sort the final set of docked complexes. The top five complexes ranked by predicted
binding energies were subject to closer investigation.

Isolation of human fibroblast-like synoviocytes

Human fibroblast-like synoviocytes (FLS) were isolated from knee joints of rheumatoid
arthritis patients obtained at the University Hospital Erlangen-Nuremberg®. All patients gave
written informed consent, and their use for research was approved by the ethics committee of
the University hospital Erlangen (ethic licenses 4013 and 4065). We confirm that all methods
were performed in accordance with the relevant guidelines and regulations. Human RA FLS
kept at 37 °C and 5% CO; in a humidified incubator upon isolation. They were cultured in
RPMI and DMEM at a ratio of 1:5, supplemented with 50 U/mL penicillin, 50 pg/mL
streptomycin, 0.2% amphotericin and 2% fetal bovine serum. Cells between passages 3 to 8
were used.

Stimulation of RA FLS with trIL-36¢, mutants and heme

For stimulation experiments, human FLS from RA patients were seeded at a concentration of
100,000 cells/mL in 500 pL culture medium in a 48-well plate one day prior to the
experiment. Before stimulation of FLS, heme was pre-incubated with trIL-360 or trIL-36a
protein mutants with substituted amino acids in the proposed heme-binding site in medium for
1 h at room temperature in the dark. Herein, the concentration of trIL-36a or trIL-360 mutants
was kept constant at 5.8 nM with varying ratios of IL.-36a to heme (1:26 and 1:260, i.e. 0.15
uM and 1.5 pM). Cells were then incubated for either 5 min (western blot analysis of
phosphorylation) or 24 h (qPCR and ELISA). Sample separation was performed by a reducing
2D gel electrophoresis (10% SDS polyacrylamide gel) and blotted to a nitrocellulose
membrane by semi-dry transfer. Blocking was performed using 5% BSA/TBST for 1 h at
room temperature, before the blots were incubated overnight at 4 °C with antibodies (rabbit
anti-P-p38, rabbit anti-p38 and rabbit anti-GAPDH) from Cell Signaling Technology (Leiden,
the Netherlands). As secondary antibody anti-rabbit HRP (Biozol, Eching, Germany) was
applied. A Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, Dreieich,
Germany) was used for detection according to the manufacturer's instruction. Western Blot
images were acquired in the chemiluminescence-imager CELVIN® S (Biostep,
Burkhardtsdorf, Germany) with the software SnapAndGo (Version 1.6.1). Protein detection
parameter are: p38 (Exposure time 10 min, dynamic range 1 to 12,080), P-p38 (Exposure time
110 min, dynamic range 1 to 12,080) and GAPDH (Exposure time 6 min, dynamic range 1 —
12,080). Cell viability was analyzed using the AlamarBlue assay according to the
manufacturer’s instruction (#741802, Invitrogen, Carlsbad, CA, USA), and absorbance was
measured at 570 nm and 600 nm.

RNA, ¢cDNA preparation and quantitative RT-PCR

For performing quantitative real-time PCR (qRT-PCR), RNA was isolated from FLS with
peqGold TriFast (Peglab, Erlangen, Germany), followed by first-strand cDNA synthesis using
the MultiScribe™ MulLV reverse transcriptase (Applied Biosystems, Foster City, CA, USA),
both according to manufacturer’s instruction. Relative gene expression was assessed by qRT-
PCR using the Applied Biosystems 7500 fast-real-time-PCR System (Applied Biosystems,
Foster City, CA, USA) with SYBR® Select Master Mix (ThermoFisher Scientific, Waltham,
MA, USA) as detection method, according to the manufacturer’s manual. Samples and the
housekeeping gene GAPDH as endogenous control were analyzed in duplicates. For
evaluation, relative expression (ACt) and AACt method was utilized. Primers used were
GAPDH (fwd 5-TCCTGTTCGACAGTCAGCCGC-3", rev 5-
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CGCCCAATACGACCAAATCCGT-37), IL-6 (fwd 5-
AGAGCTGTGCAGATGAGTACAA-3", rev 5-GCGCAGAATGAGATGAGTTGTC-3%)
and IL-8 (fwd 5°-AGCACCAGCCAACTCTCACT-3’, rev 5-

CGTTAACTGCATCTGGCTGA-3").

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed with DuoSet ELISA Kits (R&D Systems, Minneapolis, MN, USA)
according to manufacturer’s instructions, for which FLS cell culture supernatants were used
undiluted. The optical density at 450 nm, with a wavelength correction set to 540 nm, was
evaluated using the SpectraMax 190 ELISA-Reader and the Software Softmax Pro Version
3.0 (both Molecular Devices, Sunnyvale, CA, USA).

Bioinformatics

Values for sequence identity and similarity/homology were calculated with the SIAS
webserver[SECRETARIA GENERAL DE CIENCIA, TECNOLOGIA E INNOVACION OF SPAINI prtein sequences for
analysis and alignment were retrieved from Uniprot **. Alignments were carried out using the
Clustal Omega webserver™.

QUANTITATION AND STATSTICAL ANALYSIS
Statistical readout was performed using Graph Pad Pism 4.00 software (La Jolla, USA).
Group differences were considered statistically significant with a p-value less than 0.05.
Statistical parameters are reported in the figure legends.

DATA AND SOFTWARE AVAILABILITY
Atomic coordinates of IL-36a have been deposited in the Protein Data Bank
(http://www.wwpdb.org/) under PDB: 6HPI.
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Figure S1. Spectroscopic studies on the formation of heme-IL-360 and derived heme-peptide
complexes. (A) Surface plasmon resonance (SPR) spectra of heme-incubated full-length IL-360 and control
proteins bovine serum albumin (BSA, Bos taurus) and lysozyme (Gallus gallus). Protein-complexes are in
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black, whereas data fits are displayed in red. A Kp of 6 to 11 uM for the first heme interaction and 30
to 41 uM for a second binding event was determined for the positive control BSA, whereas it was
not possible to determine the binding affinity of the negative control lysozyme due to weak signals.
Lysozyme was thus considered as non-binder as earlier described (Shen et al., 2014). (B) Sequence
alignment of 1L-36a., 3 and v (including all isoforms) and IL.-36Ra by Clustal Omega (Sievers et al., 2011).
Potential heme-coordinating residues (Y, H, C) are marked in blue (Y), green (H), and purple (C). IL-360.
is the only variant exhibiting a CP motif (P137 in yellow), a well-described HRM., (C) UV/Vis differential
spectra for heme-incubated IL-36a-derived peptides 1-7. Peptides 2, and 4 (Cys-mutants), as well as 6
(Y108AH) and 7 (YI08AH109A) displayed no heme binding verifying the essential role of Cys in
2 and 4 for heme coordination, and for Tyr rather than His in 6 and 7. Peptide 3 (Cys only) exhibited
a maximum shift to ~319 nm and to ~416 nm, but heme-binding affinity could not be determined.
Heme binding to peptide 1 (YH) revealed a UV/Vis band shift to ~415 nm and a Kp value of 4.48
+ 2.20 uM. Peptide 5 (YH109A) showed a UV/Vis band shift to ~418 nm and a Kp value of 2.29
+ 1.32 uM. A different binding mode of peptides 1 and 5 is visible from the diverging curve shape
of the differential spectra indicating an involvement of Tyr and partially His in wild-type peptide
1. This observation is supported by the loss of binding affinity of peptide 5 compared to peptide 1.
(D) SDS PAGE of IL-360 and protein mutants. Coomassie blue-stained 18% reducing gel of both,
full-length and truncated wild-type and mutant IL-36a proteins. The proteins (left: full-length,
right: truncated) are ordered as follows: 1) wild-type, 2) Y108S, 3) H109A, 4) C136SP137A, 5)
Y108SH109A, 6) Y108SC136SP137A, 7) H109AC136SP137A, and 8)
Y108SH109AC136SP137A. Molecular weight markers are indicated. (E) Fluorescence intensity of
heme-incubated control proteins (BSA, lysozyme) as well as full-length and truncated [L-36a (Aex 306 nm,
Aem 352 nm). Heme-protein complex formation resulted in static quenching of the protein’s intrinsic
fluorescence leading to a detectable loss of fluorescence intensity following a non-linear decrease
in contrast to dynamic quenching (Peherstorfer et al., 2018). As expected, lysozyme as the negative
control only showed dynamic quenching with increasing heme concentration. The positive control
BSA displayed a mixture of dynamic and static quenching detectable as a hyperbolic decay
function upon incubation with heme. Thus, lysozyme was confirmed as non-binder, and BSA as
heme-binding protein as reported earlier (Shen et al., 2014). For IL-36a a similar trend as found
for BSA was observed. (F) Differential absorption spectra of heme-incubated (0-40 pM) BSA and

lysozyme. A broad band as found for lysozyme hints at unspecific heme-protein interaction (Peherstorfer et
al., 2018).
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Figure S2. Resonance Raman spectrosopcey of IL-36a, mutant proteins, and IL-36a-derived peptides.
(A) Resonance Raman spectra of heme, wild-type (tr)IL-36a and 1L-36a protein mutants. Lower (left) and
higher (right) wavenumber fingerprint region with assignment of prominent normal mode frequencies vy
(681 cm™), v4(1374 cm™), v5 (1492 ecm™), v» (1571 em™) and vio (1628 cm™) for heme. Heme is displayed
in black and the respective heme-protein spectra in red. To be able to obtain a detailed insight into the spectra
of the lower wavenumbers an adapted y-axis scaling was applied. (B) Resonance Raman spectra of heme-
incubated peptides 1, 3 and 5. Data anlaysis was performed as described in (G). Peptide 3 was measured in
another experiment than the depicted spectra and the other complexes.
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Figure S3. Structural analysis of IL-36a. in free and heme-bound form. (A) The CD spectrum of IL-36a
indicates a rather disordered structure as can be interpreted from the negative band at 203 nm. CD data was
utilized to estimate the secondary structure content of IL-36a using the algorithms CAPITO (CD
Analysis and Plotting tool) (Wiedemann et al., 2013) and K2D3 (Table S6) (Louis-Jeune and
Andrade-Navarro, M A Perez-Iratxeta, 2012). Results of the prediction for wild-type IL-36a by
both programs can be summarized as only a minor content of a-helix (~ 10%), between 20 and
35% B-sheet fold and a large fraction (~ 50-70%) of irregular structural elements.
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(B) The {'H,"°N} heteronuclear NOE data of IL-36a provides information about the motion of individual

N-H bond vectors and thus the dynamics of the protein backbone. Values below 0.6 indicate an increased
mobility. (C) Comparison of the ['H,"””"N]-HSQC spectra of full-length (cyan) and truncated 1L-360. (red).
Missing or shifted signals of the N-terminal residues in trlL.-36a are indicated by black circles (sc ~ side
chain signal). (D) Structural analysis of heme binding to trIL-36a. Top: Superposition of the ['H,'"N]-HSQC
spectra of trlL-360. in the free (red) and heme-bound state (blue). A drastic decrease in signal intensities is
observed for residues N19, R21, V22, 144, H51, T54, N61, H109, G113, R114, D151, F152 (sc ~ side chain
signal). Bottom: Moderate changes compared to e.g. H109 apply to Y108 and C136 (relevant cross peaks
marked by *). For comparison of the uniform drop in signal intensities due to the solvent paramagnetic
effect the traces of the binding-independent residues F158 and G125 as well as the side chain signal of
W126 are given on the left. (E) Sequence alignment of IL-36a and IL-1 was performed using Clustal
Omega (Sievers et al., 2011).
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Figure S4. Computational studies on IL-36a wildtype and mutant proteins. Protein mutants in A-C are
presented as follows: Y108S (red), H109A (green), Y108SHI109A (blue), C136SP137A (indigo),
Y108SC136SP137A (maroon), HI0O9AC136SP137A mutant (brown) and Y108SHI109AC136SP137A
(orange). (A) Backbone RMSD (root mean square deviation) generated from the MD simulations. It is
evident that both, the wild-type IL-36 and the mutants, reach sufficient equilibration at around 150 ns of
simulation time. The average RMSD change of the wild-type IL-36a structure with reference to the NMR
starting structure was 3.34 A (Table S7). This structural deviation largely arises from the extreme
fluctuations exhibited by the residues at both, the C- and N-terminal regions of the protein, as can be seen
from the RMSF (root mean square fluctuation per residue) plots in (B). The residues at the termini fluctuate
at about 8 A from their mean positions which has its consequent impact on the overall RMSD value. The
conformational ensemble produced by the MD simulations are a suitable representation of the NMR
ensemble of the protein given that the NMR ensemble contains structures that differ from each other by
RMSD values up to 2.74 A (data not shown). The disordered regions of the N-terminal region in the NMR
ensemble are also seen in the conformations sampled in MD simulations and are quantified by the high
RMSF values associated with them. (C) SASA (solvent accessible surface area) comparison between wild-
type and mutant IL-36a structures show evolution of the SASA to lower values for the Y108SH109A mutant
and higher values for the C136SP137A mutants and no significant deviation from the wild-type in the other
mutants. This is a logical consequence of replacing residues with higher mean SASA values (46 A2 for Y
and 54 A2 for H by ones with lower values (39 A2 for S and 28 A2 for A). The increase of SASA for the
C136P137A mutants can also be explained similarily given that the mean SASA values for C (17 A2) is
much lower than that of S (39 A2). The SASA values (Y-axis) start from 8500 onwards to avoid the visual
obfuscation that arises from starting the plotting from 0. (D) Structural superimposition over Co. atoms of
the NMR starting structure of 1L-36a (black) and the final frame from the MD simulations of the 1L-36a
wild-type (cyan, A) and mutants Y 108S (red), H109A (green), Y108SH109A (blue), C136SP137A (violet),
Y108SCI36SP137A (magenta), HIO9AC136SP137A (pink) and Y108SHI109ACI136SP137A (orange,). All
structures are represented by the “new cartoon” style in VMD (Visual Molecular Dynamics) (Humphrey et
al., 1996). MD simulations of the heme-bound complexes revealed that C136-mediated heme
binding was a prerequisite for stable coordination of heme via Y108. As observed from the RMSF
profiles, heme binding to C136 supported by P137 and other surrounding residues reduced the
conformational flexibility of loops 6, 10, and some parts of loop 3 (Figures 3B, D). This binding-
induced constraint has a dampening effect on the flexibility of the rest of the protein rendering it
conformationally favorable for the binding event via Y108. Although heme coordination via Y108
is still observed upon loss of the CP motif in the docking experiment, MD simulations of the
complex resulted in heme dislocation from the Y108 binding site into solution in about 5 ns of the
simulation (Movie S1). With heme bound to C136 (e.g. wild-type IL-36a), however, the binding
of the second heme molecule to Y108 is found to persist for a much longer period of time (~150
ns in 200 ns MD simulations) (Movie $2). To investigate coordination via the H109 residue, heme
could be docked to the protein by narrowing down the docking search space to the vicinity of the
H109 residue. However, MD simulations of these complexes revealed the dislocation of heme from
the protein surface into solution almost instantaneously suggesting a lower preference of heme to
bind via the H109 over Y108. Apart from heme binding via the proposed motifs, an additional
heme interaction to the IL-36a surface was observed for all proteins investigated. This interplay
was characterized by the Fe(III) ion found at a distance 2.42 A from the oxygen atom of the S104
residue. This observation might explain heme binding to the Y108SH109AC136SP137A mutant
as found by UV/Vis spectroscopy. It is suggested that this S104-mediated attachment of heme may
have an influence on the protein by inducing a restraining effect on the protein’s conformational
flexibility. Although no coordinative interactions were observed, the electrostatic and hydrophobic
interactions between heme and the protein surface at this interface may facilitate the surface
attachment.
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Figure S5. Biological testing of the agonistic trIL-36a family members. (A) Cell viability upon treatment
of synovial fibroblast-like synoviocytes (FLS) from RA patients with trIL-36a, heme, and the trIL-36a-
heme complex for 24 h. IL-360 and the respective agent were preincubated for 1 h prior to the addition to
FLS. Cell viability was analyzed by the AlamarBlue assay according to the manufacturer’s instruction
(#741802, Invitrogen, Carlsbad, CA, USA), and absorbance was measured at 570 nm and 600 nm. Statistical
analysis, only for samples with reduced cell viability compared to the alive control, was performed using
Wilcoxon matched-pairs signed rank test with *p < 0.05. Values are means + SEM (n=6). (B) Impact of
heme on IL-360-induced intracellular signaling in FLS. FLS from RA patients were treated with varying
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trIL-36a to heme ratios for 5 min. trIL-36a was preincubated with heme for 1 h prior to addition to the FLS.
Samples were separated by a reducing 2D gel electrophoresis in a 10% SDS polyacrylamide gel and blotted
to a nitrocellulose membrane by semi-dry transfer. After blocking in 5% BSA/TBST for 1 h at room
temperature, the blots were incubated overnight at 4 °C using antibodies from Cell Signaling Technology
(Leiden, the Netherlands), such as rabbit anti-P-p38, rabbit anti-p38 and rabbit anti-GAPDH. As secondary
antibody anti-rabbit HRP (Biozol, Eching, Germany) was used. Detection was performed using Pierce™
ECL Western Blotting Substrate (Thermo Fisher Scientific, Dreieich, Germany) according to the
manufacturer's instruction. Shown is one representative (of n=4) Western blot for phosphorylated p38 (P-
p38) and p38 with respective GAPDH loading control. (C) Heme reduces trlL-360, [, and y-induced gene
expression in FLS. FLS from RA patients were treated with varying ratios of recombinant human 1L-36q,
IL-36B, and IL-36y (R&D Systems, Minneapolis, MN) to heme for 24 h. Left panel, relative mRNA
expression of IL-6, normalized to GAPDH, analyzed by quantitative real-time PCR. Right panel,
concentration of 1L-6 in the cell culture supernatant measured by ELISA. Values are means + SEM (n=5).
Statistical analysis was performed using Mann-Whitney test with *p <0.05 and **p <0.01. (D) Peroxidase-
like activity (Atamna and Boyle, 2006; Atamna and Frey, 2004; Ghosh et al., 2015; Wi3brock et al.,
2017) of heme-incubated IL-36a (1:1 and 1:2, protein:heme) and peptide 1. No significant increase of the
heme’s peroxidase activity (100%) was observed upon complex formation with proteins and peptide,
respectively, which is in agreement with the results obtained for the CP-based HRM on peptide level in
previous studies (Wilibrock et al., 2017).
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Figure S6. IL-36a structural comparison to IL-36y and IL-1B as well as IL-36a superimposition with
the IL-1P receptor. (A) Superimposition of the NMR structure of IL-36a and 1L-36y (PDB code: 41ZE).
The NMR structure of IL-36a (B-strands cyan; helices red/yellow) and the X-ray structure of 1L-36v (B-
strands navy; helices green/orange) are displayed. The trefoil pseudo-D3 symmetry axis is indicated by a
black triangle. (B) Superimposition of the NMR structure of I1L-36a and IL-13 (PDB code: 3040). The
NMR-structure of [L-36a (-strands cyan; helices red/yellow, backbone grey) and the X-ray structure of
IL-1pB (B-strands navy; helices green/orange; backbone khaki) are displayed. (C) Superimposition of the
NMR solution structure of [L.-36a with the IL-10 in the receptor complex (PDB code: 3040). (C, D) View
of the full complex model. The wild-type N-terminal residues and the loop 3 (red) show steric clashes with
IL-1RII domain-IIT and domain-I, respectively. (E, F) Truncation of the IL-36a sequence by the N-terminal
five amino acids allows to resolve the steric interactions with two [B-strands of IL-1RII (E) and to
accommodate the flexible N-terminal stretch into a V-shaped cleft of IL-1RII domain-III (F). Rotation about
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the torsion angle ¢ of Asp315 in IL-1RII leads to a repositioning of the full IL-1RII domain-I resolving van
der Waals clashes with loop 3 of IL-36a. Coloring: IL-36a — green, IL-1RIl domain-I — coral, IL-1RII
domain-II and domain-IIT — navy, IL-1RAcP — cyan, IL-36a cysteine-136 — yellow, IL-36a loop 3 and N-
terminal residues Met1-Leu5 — red, IL-1RII Asp315 C*— magenta.

Table S1. Binding data of heme to full-length and trlL-36q, trIL-36[3, trlL-36y as well as IL-36a protein
mutants. SPR, UV/Vis and resonance Raman spectroscopy were applied to the individual heme-incubated
protein variants as required.

. UV/Vis UV/Vis Raman
Protein K S];RM] K S[[’RMl nUVY Soret coordination
orif oz [1 Kp: [uM] Koz [pM] state
12.7 3.0
triL-3600% 93 44 n.d. n.d. n.d.
q 10.0 4.1
trIL-36[3* 139 37 n.d. n.d. n.d.
8.9 53
trlL-36y* 15.9 41 n.d. n.d. n.d.
6.1 10.2 269+ 1.15 11.50 £ 3.06
[L-36a 4.4 7.1 ~369 nm ~416 nm 3¢
Y1088 n.d, n.d. 30.63 +7.49 5¢
- ~418 nm
0.77 £ 0.53 1035 £ 3.16
H109A n.d. n.d. 369 am 416 nm 5c
n.p.* 13.64 + 4.69
Y108SHI109A n.d. n.d. 368 m 420 1 5S¢
C136SPI37A nd, n.d. - 12.69 = 4.43 Scks
~415 nm
Y108SC136SP137A n.d. n.d. . 15.17 £ 4.33 5¢
~419 nm
H109AC136SP137A n.d. n.d. - 13.29 £3.12 5¢
~417 nm
Y108SH109AC136SP137A nd, n.d, 14.23 £ 3.82 Scks
- ~421 nm

Kbp: dissociation constant, nUV: near UV, n.d.: not determined, n.p.: not possible, *Proteins for SPR studies were purchased from R&D systems
(see materials). **Negligible indication of hexacoordination.

Table 82. Potential HRMs in IL-360., 1L-36[3, and IL-367 based on cysteine, histidine, or tyrosine as heme-
coordination site. Probability for heme binding was evaluated based on the sequence composition, the
location within the protein structure, and the net charge of the potential sequence stretches (Brewitz et al.,
20135, 2016). Protein sequences were retrieved from Uniprot (Bateman et al., 2017).

No. Position Amino acid sequence Net charge Heme-binding
potential
IL-36a
ml H20 QDINHRVWVY 0/(+1)* -
m2 C49 ALISCRHVE O/(+1)* -
m3 H51 TSCRHVETL 0/(+1)* -
m4 Y64 GNPIYLGLN 0 -
mS3 C73 GLNLCLMCA 0** -
mb6 C76 LCLMCAKVG +FE -
m7 Y96 IMDLYNQPE -2 -
m8 Y108 SFLFYHSQS 0/+1 +
m9 H109 FLEYHSQSG 0/+1 +
ml0 Cl136 SEGGCPLIL -1 +

11
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IL-36p (isoform 1)

ml Y12 APKSYAIRD +1
m2 H44 PVTLHLIAC 0/(+1)* -
m3 C48 HLIACRDTE -1/(+0)* -
m4 Y63 GNMVYLGIK +1 -
m5 C72 GKDLCLFCA 0 -
mb6 C75 LCLFCAEIQ -1 -
m7 C100 GKDTCWKLV +1 +
m8 H107 LVGIHTCIN 0/(+1)* -
m9 C109 GIHTCINLD -1/(H0)* -
m10 Cl118 VRESCEFMGT 0 -
mll H141 SSFQHHHLR +1/(+4)* +
ml2 H142 SFOHHHLRK +2/(+3)* +
ml13 H143 FOHHHLRKK +3/(+6)* +

IL-36B (isoform 2)

ml-m6 are identical to isoform 1 of IL-36.

m7 Y95 IMDLYVEKK 0 -
m§ H108 FLEFHNKEG 0 +
m9Y Y123 QSVSYPGWE 0 -
m10 Y153 NTNFYLDSV -1 -

1L-36y (isoform 1)
ml Y1o*** GRAVYQSMC +1 +
m2 C20 YOSMCKPIT 1 \
m3 C61 AVITCKYFPE 0 -
m4 Y63 ITCKYPEAL 0 -
m5 Y76 GDPIYLGIQ -1 -
mb6 C85 NPEMCLYCE -2 -
m7 Y87 EMCLYCEKV -1 -
m8 C38 MCLYCEKVG 0 -
m9 Y108 IMDLYGQPE -2 -
ml0 Y120 PEFLEYRAKT +2 -
mll Y159 LGKSYNTAF +1

1L-36y (isoform 2)
ml Y16%%* GRAVYQSIT +1 +
m2 C26 AVITCKYPE +1 +
m3 Y28 ITCKYPEAL 0 -
m4 Y41 GDPIYLGIQ 0 -
m5 C50 NPEMCLYC -1 -
mo6 Y52 NPEMCLYCE -2 -
m7 C53 EMCLYCEKV -1 -
m8 Y73 MCLYCEKVG 0 -
m9 Y85 IMDLYGQPE -2 -
ml10 Y124 PFLEFYRAKT +2 -
m1l Y164 LGKSYNTAF +1 +

1L-36Ra

ml C8 SGALCEFRMK +2 +
m2 Y20 LEKVLYLHNN +1(+2%) +
m3 H22 VLYLHNNQL 0/(+1%) +
m4 H32 AGGLHAGKV +1 -
m5 C67 GGSQCLSCG 0 -
mé C70 QCLSCGVGQ 0 -
m7 Y89 IMELYLGAK 0 .
m§ Y101 SFTFYRRDM +1 -
m9Y Yll6 ESAAYPGWE -1 -
m10 Cl122 GWFLCTVPEA -1 -
mll Y150 ITDEYFQQC -1 -
mi2 Cl154 YFOOCD -1 -

12
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LGKSYNTAF +1 +

*Neutral charge if H involved as coordination site and is not considered as additional basic residue. **Cysteines alone were shown to be much less
or ineffective for heme binding(Brewitz et al., 2015). ***Will be removed upon proteolytic truncation to achieve biological activity.

Table S3. Synthesized peptides and respective peptide mutants of potential HRMs derived from 1L-360..
Peptides were synthesized via standard Fmoc-based solid phase peptide synthesis and subsequently
analyzed by MS, HPLC, and TLC.

M,/ Preparative Analytical TLC
No Peptide sequence (M theor.) HPLC HPLC R

|g/mol] t- [min] tr [min]| f
el
1 FLFYHSQSG 542,771 (1083.51) 7191l 20.41¢ g'g-l'r[h]
2]
2 SEGGAPLIL 855.49[°1 (854.49) 65.301 20,611 g'ggﬂﬂ
gl
3 SEGGCALIL 861.43[1(860.43) 62.914 21.511 83?[:]
0.66!
4 SEGGAALIL 829.471°1(828.47) 59.71 20.510 0.73M
el
5 FLFYASQSG 1018.49™1 (1017.49) 83.3M 21.26 g‘gg[h]
. : 0.516!
6 FLFAHSQSG 496.7511 (991.49) 66.41¢1 17.8¢ 0 69
el
7 FLFAASQSG 463.74131 (925.47) 75.51¢ 19.21¢ g-g;[hl

Peptides were measured with LC-ESI-MS and peaks were detected as “I[M+2H]** or [M+H]', Semi-preparative RP-HPLC was applied for peptide
purification using ¥10-50% eluent B (0.1% TFA in 90% acetonitrile, eluent A: 0.1% TFA in water) in 120 min and '"110-60% eluent B in 120 min
as gradients. Analytical HPLC was performed using 110-50% eluent B (0.1% TFA in acetonitrile, eluent A: 0.1% TFA in water) in 40 min and
IM10-40% eluent B in 30 min. For TLC the following systems were applied: #In-butanol/acetic acid/water (48:18:24, v/v) and Mpyridine/ethyl
acetate/acetic acid/water (5:5:1:3, v/v).

Table S4. Data of UV/Vis- and resonance Raman spectroscopy of IL-36a-derived peptides and respective
mutants (1-7) in complex with heme. (For peptide sequences see Table S3.)

Kb for UV/Vis [uM] Raman

No. (wavelength) coordination state

4.48 +£2.20

: (~415 nm) 5¢(6¢)

2 n.b. ]

n.d.

> (~319 nm, ~416 nm) 5¢

4 n.b. ]
2.29+1.32

> (~418 nm) 5¢

6 n.b. ]

7 n.b. n.p.

Kp, dissociation constant; n.b. no binding; n.p., not possible; Sc, pentacoordinated; 6¢, hexacoordinated.

13



Table S5. Structural statistics of the refined NMR solution structure of IL-360.

Total distance restraints

* intra (]i-j|=0)

« sequential / short (Ji-j|=1)

* medium (1<[i-j|<5)

* long range (]i-j|>5)

hydrogen bond

Target function [A%]
after (before) energy minimization
AMBER physical energies [kcal/mol™']
before energy minimization
after energy minimization
R.M.S.D. [A]
mean global r.m.s.d. values
all heavy atom (residues 10-158)
backbone (residues 10-158)
Ramachandran plot [%]

Residues in most favored regions
in additionally allowed regions
in generously allowed regions
in disallowed regions

Publications

4107
350
1158
767
1832
72

4.13 (4.14)

-4526 = 97
-5812 £ 101

1.52 £0.21
0.74 £0.12

69.3
28.7
1.9
0.1

Table S6. CD spectroscopy analysis of the secondary structure content of IL-36a and trlL-360 (6-158).

Protein Analysis tool a-helix B-sheet irregular
IL-360. CAPITO 10-13% 30-35% 50-60%
IL-360 K2D3 9.8% 19.7% 70.5%

trIL-360 CAPITO 10-13% 32-37% 51-59%

trIL-360 K2D3 8.5% 19.5% 72.0%

14
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Table S7. Backbone RMSD based structural assessment of wild-type IL-36a and its mutants in a 200 ns
MD simulation.

Protein RMSD against model 1 of the NMR RMSD against structure from MD
ensemble (A) equilibration (A)
IL-36a 3.34+0.52 2.516+£ 0.6
Y108S 3.06+0.32 2.32+£0.56
H109A 3.11+0.24 2.04+0.65
Y108SHI09A 2.75+0.54 3.00+£1.18
CI36SPI37A 2.83+£0.61 2.63+0.46
Y108SC136SP137A 3.17+0.53 2.54+£0.82
H109AC136SP137A 3.67+0.31 2.16+0.5
Y108SHI109ACI36SP137A 3.30+0.52 1.89+£0.67

RMSD of reference structure 1 w.r.L. NMR ensemble = 0.84 A;

Movie Information

Movie S1: Heme binding to both C136 and Y108 residues on the surface of the IL-36a wild-
type protein. The video is a screen recording of a fast-forwarded molecular dynamics trajectory.
The video shows a simulation cell containing the IL-36a protein with two heme molecules bound
to its surface as a result of molecular docking simulations. The protein is displayed in the cartoon
style, colored gray. On the protein structure, the residues Y108, H109, and C136 are shown as
sticks colored green, magenta, and yellow, respectively. Although the H109 residue does not
participate in heme coordination, its orientation is relative to the Y108 residue. The heme molecule
bound to the Y108 site is shown as red spheres, while the one bound to the C136 residue is shown
as blue spheres. It can be clearly observed that both heme molecules stay bound to the surface of
the protein.

Movie S2: Heme binding to the Y108 residue on the surface of the C136SP137A mutant of
IL-360. The video is a screen recording of a fast-forwarded molecular dynamics trajectory. The
video shows simulation cell containing the C136SP137A mutant of IL-36a protein with a heme
molecule bound to its surface as a result of molecular docking simulations. The protein is displayed
in the cartoon style, colored gray. On the protein structure, the residues Y108 and H109 are shown
as sticks colored green and magenta, respectively. Although the H109 residue does not participate
in heme coordination, its orientation is relative to the Y108 residue. The heme molecule bound to
the Y108 site is shown as red. It can be clearly observed that the heme molecule is quickly
dislodged from its binding site on the Y108 residue and moves into the solution shortly after the
simulation start. This video shows that in the absence heme binding to the C136 residue heme
binding to the Y108 residue is short-lived.
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Abstract

Interleukins are cytokines performing central tasks in the human immune system. Interleukin-36f (IL-36f) is a member of
the interleukin-1 superfamily as are its homologues IL-36a and I1L-36y. All of them interact with a common receptor com-
posed of IL-36R and IL-1R/acP. IL-36 cytokines can activate IL-36R to proliferation of CD4 + lymphocytes or stimulate M2
macrophages as potently as IL-1p. Within our efforts to study the structure—function relationship of the three interleukins
TL-360, TL-36p and TL-36y by heteronuclear multidimensional NMR, we here report the 'H, '*C, and "N resonance assign-
ments for the backbone and side chain nuclei of cytokine interleukin-36p isoform-2.

Keywords Resonance assignments - Heteronuclear NMR - Interleukin-36p - Interleukin-1 superfamily - Cytokines

Biological context

The interleukin (IL)-1 superfamily is a group of cytokines
associated with pleiotropic effects on the innate and adap-
tive immune system (Sims and Smith 2010). IL-1 cytokines
are discussed in the context of various autoimmune dis-
eases, such as multiple sclerosis, type-1 diabetes, psoriasis,
rheumatoid arthritis (RA), and inflammatory bowel disease
(Kunz and Ibrahim 2009; Moudgil and Choubey 2011;
O’Shea et al. 2002). The IL-1 family has recently been
expanded by the new interleukin-36 subfamily, which con-
sists of three agonistic members, namely IL-36a, IL-36p
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and IL-36y, and the natural antagonist IL.-36Ra (Smith et al.
2000). These cytokines signal through the same heterodi-
meric receptor complex, consisting of interleukin-1 recep-
tor-like 2 (IL-1Rrp2) and the co-receptor IL-1R accessory
protein (IL-1RacP) (Towne et al. 2004). Recruitment of
the accessory protein is essential for successful signaling.
Receptor binding triggers an intracellular signalling cas-
cade involving several proteins such as the kinases INK,
and ERK1/2, and the transcription factor NF-kB (Debets
et al. 2001; Towne et al. 2004). Truncation of the IL-36
cytokines is required to generate the active proteins (Towne
et al. 2011). Recent studies suggest that neutrophil-derived
cathepsin G and elastase can cleave IL-360, whereas only
cathepsin G can process IL-36p, and elastase and protein-
ase-3 are able to truncate 1L-36y (Henry et al. 2016). [L-36s
are primarily found in the skin and other epithelial tissues,
in the esophagus, the brain, the lung, and the gut (Gabay
and Towne 2015). Moreover, IL-36 cytokines appear to
be of particular importance in psoriasis (Towne and Sims
2012). Thus, altered IL-36 expression levels were found in
lesional psoriasis skin (Blumberg et al. 2007; Debets et al.
2001; Towne and Sims 2012). Moreover, reduced levels
of TL-36Ra and dysfunctional TL-36Ra species have been
associated with generalised pustular psoriasis, an extremely
aggressive and life-threatening form of psoriasis (Boehner
et al. 2018; Farooq et al. 2013; Kanazawa et al. 2013; Mar-
rakchi et al. 2011; Renert-Yuval et al. 2014; Sugiura et al.
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2012; Tauber et al. 2016). An antibody (ANBO19; Anapty-
sBio) is currently in clinical trials, which is tested for two
forms of psoriasis, i.e., generalised pustular psoriasis, and
palmo-plantar pustular psoriasis. A role of IL-36 cytokines
in other inflammatory diseases, among them inflammatory
arthritis and Crohn’s disease, is currently under investigation
(Hahn et al. 2017).

The protein structures of the family members IL-36a,
IL-36y, and IL-36Ra (murine) have previously been solved
(Dunn et al. 2003; Goradia et al. 2016; Gunther and Sund-
berg 2014). All proteins share the characteristic IL-1 B-trefoil
structure, consisting of 12 B-sheets connected via 11 loops
or turns (Dunn et al. 2003; Goradia et al. 2016; Gunther and
Sundberg 2014). Human IL-36p displays 45.2% sequence
identity with IL-360 and 43.6% with IL-36y (Clustal2.1)
and comes with two isoforms differing in amino acid com-
position from residues 88 onwards. Thereby, isoform-1 con-
sists of 164 amino acids while isoform-2 is shorter by seven
residues (157 a.a.). Both isoforms of IL-36f contain a pro-
peptide sequence of four amino acids (MNPQ) which was
omitted in our study. We here present the NMR assignments
of the cytokine IL-36p-2 as a basis for biomolecular and
functional studies of the interleukin-36 subfamily.

Methods and experiments
Protein expression and purification

The pET45b vector containing the gene of the IL-36p
isoform-2 protein was obtained from the Martin labora-
tory, Dublin. A caspase-3 (DEVD) site was cloned before
Arg-5 in the IL-36p-2 protein sequence. The recombinant
IL-36f-2 protein expression and purification was modified
from a protocol in the literature (Clancy et al. 2016). The
constructs were transformed in BL21 DE3 RIL (codon) E.
coli cells and plated onto ampicillin plates. A single col-
ony from the plates was inoculated into 100 mL of Luria
Bertani (LB) medium containing 50 pg/mL ampicillin and
chloramphenicol. This primary culture was inoculated
into 500 mL of M9 medium-containing labelled '>NH,ClI
(1 gL™" and '3C6-glucose (3 gL™"). Protein expression was
induced at an OD600nm of 0.7 by adding 0.5 mM IPTG
(isopropyl-1-thio-p-galactopyranoside). After 18 h growth at
18 °C the cells were homogenised in a lysis buffer contain-
ing 50 mM Tris/HCI, 300 mM NacCl, 5 mM imidazole and
5 mM f-mercaptoethanol (pH 7.2), lysed with the French
press and then centrifuged at 10,000g. The clear cell lysate
was applied to Ni-NTA agarose resin and allowed to flow
with gravity. The resin was washed with ten column volumes
each of 5 mM and 10 mM imidazole containing lysis buffer
and the purified protein was eluted with 250 mM imidazole.

The His, tag was cleaved from the protein by addition of

@ Springer

1 mg caspase-3 (produced in house) for 40 mg of IL-36f-2
protein in dialysis buffer (50 mM HEPES, 75 mM NacCl, and
2 mM DTT, pH 7.4) at 4 °C overnight, leaving no additional
residue at the N-terminus. The cleaved protein was then
loaded on the Ni-NTA column, pre-equilibrated with dialy-
sis buffer. Undigested IL-36f-2 and caspase-3 protein were
bound on the Ni-NTA column and the digested 1L-36f3-2
protein was collected in flow through. Remaining digested
protein was eluted using the same dialysis buffer. Digested
protein was concentrated to 1 mL using a 3-kDa Vivaspin
filter (Sartorius) and injected onto a 16/60 HiLoad S75 size
exclusion chromatography column (GE Healthcare). The
fractions of the IL-36p-2 were pooled together, concen-
trated, and the buffer was exchanged into 20 mM sodium
phosphate buffer, pH 7.2. The concentration was measured
using UV/Vis spectroscopy. The final concentration of the
protein samples for NMR experiments was about 1 mM.

NMR spectroscopy

NMR experiments for the 'H, '*N and '*C chemical shift
assignments were acquired at 293 K in 20 mM sodium
phosphate pH 7.2 (90% H,0/10%D,0) on Bruker 600 and
700 MHz Avance IIT spectrometers. The chemical shifts for
the backbone atoms were assigned from HNCO, HNCA
(Kay et al. 1990), HN(CO)CA (Bax and Ikura 1991),
HN(CA)CO (Clubb et al. 1992), HNCACB (Wittekind and
Mueller 1993) and HNHA experiments (Vuister and Bax
1993). Side chain assignments were obtained from HSQC,
(H)CC(CO)NH, H(CCO)NH (Grzesiek and Bax 1993),
NOESY-HSQC (Bax et al. 1990) and HCCH-TOCSY spec-
tra (Kay et al. 1993). The spectra were processed using TOP-
SPIN v.3.5 and analysed with CCPNmr Analysis (Vranken
et al. 2005).

Structure prediction

In order to obtain a prediction of the secondary structure
element composition of IL-36p-2 the chemical shift data
was analysed with the program CSI v.3.0 (Hafsa et al. 2015).

Extent of assignments and data deposition

The ['H,""N]-HSQC (Fig. 1) of IL-36p-2 displayed well dis-
persed signals allowing assignment of 98% of the backbone
'H and N resonances of the non-proline residues. 100% of
the "H*/"*C* and 97% of the '*C’ backbone chemical shifts
have been assigned employing HNCACB, HNHA, HNCO,
HNCACO and ['H,"*C]-HSQC spectra. 100% assignments
for the p-proton and p-carbon resonances could be deter-
mined. For aliphatic residues, 98% of the 'H", 82% of the
13CY, 86% of the 'HP, 71% of the '*C®, 64% of the 'H* and
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Fig.1 ['H, “N]-HSQC spectrum of '“N-labelled IL-36(-2 at pH
7.2, 293 K collected using a 600 MHz spectrometer equipped with a
cryoprobe. The peak assignments for backbone amides are annotated.
Non-degenerate protons of the side chain amino groups are connected
by a shaded line. Squares are indicating positions of amides at a lower
intensity level. The inset is the magnification of red shaded area of

46% of the >C® have been assigned.' In addition, 78%
and 44% of N® and N€ nitrogens could be assigned. Miss-
ing assignments mainly correspond to the imino groups of
the chain termini and of two residues (Gly108, Ser109) for
which N/H cross peaks in the ['H, "N]-HSQC spectrum
could not be identified. The methionine e-nuclei were ten-
tatively assigned on the basis of NOE cross peaks from the
methyl groups to neighbouring residues.

! CCPNmr derived numbers for the y/5/e-positions include aromatic
residues for which currently no assignment was attempted.

the spectrum with peaks corresponding to residues D12; E73; W18.
HM and N chemical shifts are correlated at different temperatures
(brown: 278 K royal: 283 K; red: 288 K; navy: 293 K; green: 298 K;
purple: 303 K; cyan: 308 K). Note the entirely different shifts of the
three peaks not only in rate but also in orientation

TL-36f-2 is characterised by a number of non-canonical
chemical shifts with lower ppm values than empirically
expected and also extending into the negative ppm scale.
Unusual negative chemical shifts were e.g., observed for side
chains atoms of residues Ile10, Leu60, Leu90, Vall16 and
Ile133. Most of the 21 residues strongly affected are either
charged or are located in positions +1 and — 1 to an aromatic
amino acid.

The CSI predictions obtained via the CSI web server
(CSI-3.0 webserver at http://csi3.wishartlab.com; Fig. 2)
show that IL-36f3-2 consists mainly of a 3-sheet composition.
12 B-strands of 2-6 residues in length supplemented by only
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Fig.2 Chemical shift analysis using the CSI-3.0 web server for
IL-36f3-2. Main secondary structure elements are coloured in blue for
f-strands and red for a-helices. Colours of further structure elements
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predicted for [L-36p-2 are detailed in the inset box. f-strands (A-L) respectively
are labelled above the CSI bars and amino acids displaying a slow
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H/D exchange are indicated by a ‘D’ below the CSI bars. Residues
with positive HY coefficients are marked by ‘+°. Residues showing
line broadening at low or high temperatures are marked by ‘<’ or *>’,
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Fig.3 Proline *CP and *C' chemical shift analysis for IL-36p-2.
Filled circles correspond to the chemical shifts characteristics of the
numbered amino acids. The open circle indicates the location of the
mean for a trans conformation, while the open triangle locates at the
center of the conformational area indicative for a cis proline (Schu-
bert et al. 2002) (standard deviation area shown as error bars)

one short o-helical element of two turns are predicted. The
CSI predictions for IL-36f-2 coincide with the homology-
related positions of the B-strands and a-helical substructures
observed in the NMR solution structure of IL-36a (Goradia
et al. 2016) and the X-ray structure of IL-36y. Analysis of
the chemical shifts for the cis/trans conformation distri-
bution of proline peptide bonds (Fig. 3) according to the
method of (Schubert et al. 2002) revealed that all prolines
were predicted to display a trans conformation.

The 'H, '*C and >N chemical shifts of IL-36p-2 have
been deposited in the BioMagResBank (BMRB) under the
Accession Number 27688.

Evaluation of H bonding by temperature
coefficients and D,0 exchange
measurements

Monitored via ['H, ""N]-HSQC spectra, D,O exchange of
HN is unsuccessful for several residues even after three times
of lyophilisation suggesting that there are proton donors of
strong or buried H bonds inaccessible for water exchange
(e.g., residues W18, H40, F113, Y118, F134, F147). Many
of these IL-36p-2 residues are expected to be located in
antiparallel B-strands of pleated sheets, namely the better
defined strands B/C, D/E, H/I, J/K pair of strands. Some
p-turns and small loops also have protections against water
exchange, e.g., between strands E-F, F-G and I-J or between
G-H and K-L, respectively. Although most of these residues
are hydrophobic, several are polar or even charged ones,

a fact that alone would not explain their solvent inacces-
sible behaviour. In order to identify if these residues are
exchange protected by H bonding, knowing also that most
of these are presumably residents in H bonded strands or
helices, HY temperature coefficients were determined by
collecting a series of ['H, '’N]-HSQC spectra referenced
to DSS between 5 and 35 °C in 5 degree steps (see insert in
Fig. 1). Interestingly, some residues are beyond detection by
line broadening at low temperatures (S13, N146 and 1.149)
or high temperatures (A3, S33, S50, G64, Q75, 1141 and
S151) only. All these residues are located in p-turns or loops,
except the three at the last f-strand (N146, L149 and S151),
which implies its temperature induced unfolding.

Ttis reported that residues having HY temperature coeffi-
cients larger (i.e., less negative) than —4.6 ppb/K (Cierpicki
and Otlewski 2001; Cierpicki et al. 2002) are predicted to be
involved in H bonding but this low cut-off line gives some
false positive hits. In IL-36p-2, there are several residues
where positive HN coefficients are observed such as 110,
R11, D12, R14, A27, 139, C44, D46, E48, S50, K54, G55,
K65, 174, M88, K106, V116, Y118, N144, N146 or D150.
Some of these have a significant upfield HN shift, which
might be due to the ring current effect of the nearby -FLFF-
site or the sequential aromatics. In contrast, two other resi-
dues (L39 and N144) have downfield-shifted HY with a
positive temperature coefficient indicating a structural resist-
ance against thermal disturbance. Analysis of the IL-36a
structure (PDB code 6HPI) reveals that it might be Y8 and
F147, respectively, that produce the structural stabilisa-
tion. In contrast to this, helix resident and, thus, H bonded
amide protons, although having considerable upfield shifts
do have negative coefficients. The aromatic effect (Daley
et al. 2004) has a major contribution on chemical shifts and
hence could also affect the temperature coefficients. As the
HY and N coefficients show generally positive correlation for
most residues, ring effects might also be determined by the
presence of largely anti-correlated HY and N values. Such
residues are E48 (3.59; —75.96), F49 (- 14.61; 37.60) and
D51 (- 13.26; 5.80), and F49 is presumably the one that
contributes to this aromatic effect. If such chemical shift
deviations (either up- or downfield) from random coil values
are also taken into account and correlated with the tempera-
ture coefficients, according to (Andersen et al. 1997), the
plot might highlight H bonding amide protons, i.e., values
fall under the red cut-off line (Fig. 4, red line with the equa-
tion: y=—1.8x—4.1) [taken from Andersen et al. (1997)].
As several non-exchangeable proton values (red diamonds)
are also found above the cut-off line, H bonding is not or
not the only parameter that contributes to protection against
water exchange in the cytokine IL-36p-2.
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Further results

3 Further results

In this section data will be presented in continuation of the studies described in
publication 4.

3.1 HRMs investigations of IL-36p and IL-36y

3.1.1 Protein expression and purification of recombinant IL-36p and IL-36y

The expression and purification protocol for IL-363 protein has been described in
publication 4. The synthesized IL-36y gene containing a caspase-3 site (DEVD) was
obtained from Eurofins Genomics. The IL-36y gene was further sub-cloned into the pET28a
vector between Ndel and Xhol restriction sites and its sequence was confirmed with DNA
sequencing. The pET28a_IL-36y plasmid was transformed into the BL21(DE3) competent E.
coli cells. One colony was inoculated into 250 ml Luria Bertani (LB) medium and allowed
to grow at 37 °C until optical density (O.Desoonm) reached 1.4. Cells were spun down at 5000
r.p.m. and LB supernatant was discarded. Cells were resuspended in Mg medium containing
NH,Cl and BCs-glucose for the “N and BC labeling of protein. Cells were allowed to
acclimatize in Mg medium for 15 minutes before the IPTG (isopropyl-1-thio-D-
galactopyranoside) induction. Cells were induced with 0.6 mM IPTG and transferred into
an 18 °C incubator shaker for overnight expression. Expressed cells were spun down at 5000
r.p.m. and resuspended in a lysis buffer containing 50 mM Tris/HCl, 300 mM NaCl, 5 mM
imidazole and 5 mM B-mercaptoethanol (pH 8), followed by three rounds of lysis with the
French press. Lysed cells were centrifuged at 7500 r.p.m. at 4 °C. The clear supernatant of
cell lysate was applied to a pre-equilibrated Ni-NTA agarose resin with lysis buffer and
allowed to flow with the gravity. The resin was washed with 10 column volumes each of lysis
buffer and wash buffer containing 10 mM. Ultimately, the protein was eluted with elution
buffer containing 0.25 M imidazole. The eluted protein was dialyzed overnight at 4 °C in
dialysis buffer containing Hepes 50 mM, 75 mM NaCl, 2 mM DTT (pH 7.4) to remove the
N-terminal His tag using in-house expressed caspase-3 protein (40:1). Next day, the digested
protein was passed through the pre-equilibrated (using dialysis buffer) Ni-NTA agarose
resin to bind the remaining undigested [L-36y protein and caspase-3 protein. This mixture
was allowed to flow with the gravity and the flow through containing digested protein was
collected. Remaining digested protein was collected with the same dialysis buffer. All the
digested protein was concentrated to 1 ml using a 3-kDa amicon filter and injected on a size
exclusion chromatography column (GE Healthcare) 16/60 Hiload S75. The fractions
containing pure IL-36y were pooled together and concentrated using a 3-kDa amicon filter.
Later the protein was dialyzed into 20 mM sodium phosphate buffer, pH 7.2 for the further
experiments. The final protein was either used directly for experiments or lyophilized for
later use.
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3.1.2 Circular Dichroism (CD) spectroscopy of IL-36p and IL-36y

CD spectroscopy was initially employed to obtain a preliminary idea about the
conformation or secondary structure elements in the IL-36p and IL-36y proteins. The CD
spectrum of proteins in the far ultraviolet region can usefully disclose information about
secondary structure elements. The method has many advantages such as smaller amount
of protein required, label free samples and fast result about secondary structure. Usually, a
218 nm negative band represents the 3 sheet structure while a band around 197 nm indicates
a random coil structure in a protein. A Jasco J-710 spectropolarimeter with Peltier
thermostat was used to obtain the far UV range (260 nm-190 nm) spectrum of both the
proteins. A 1-mm pathlength cuvette was used containing 15 pM of each protein sample.
The protein was kept at 20 + 0.3 °C temperature at a 20 nm/min scan speed, bandwidth of
1.0 nm with a 1.0 nm of resolution and 4 seconds of response time.
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Figure 14: The CD spectra of (A) IL-36 and (B) IL-36y in the far UV range.

Obtained CD data was further analyzed using two online secondary structure
prediction servers, CAPITO (CD Analysis and Plotting Tool) [169] and BeStSel (Beta
Structure Selection) [170]. The CAPITO algorithm utilizes the existing validated CD spectra
from the Protein Circular Dichroism Data Bank (PCDB) while BeStSel takes an advantage
of already available structures in the Protein Data Bank (PDB) and the CATH- protein
structure classification database. Analyzed data can be seen in table 3 below.

260
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Table 3: Secondary structure element analysis of IL-36p and IL-36y

Protein Server a-helix B-sheet Irregular

IL-36p CAPITO 31 54 15
BeStSel 12.4 62.2 25.4

IL-36y CAPITO 32 53 14
BeStSel 12.4 62.2 25.4
X-ray 12 45

When comparing the results with the secondary structure content of the X-ray
structure of IL-36y as comparison standard BeStSel gives a more correct estimation of the
a-helix while CAPITO more correctly describes the $-sheet content. The CD analysis shows
that the generated constructs IL-36 and IL-36y basically display the same content of o-
helix and pB-sheet content.

3.1.3 NMR solution structure of the IL-36p protein

For the calculation of the NMR solution structure of IL-363 nuclear Overhauser
enhancement distances (NOE) and torsion angle constraints were used. Three-dimensional
['H, 'H, »N]-NOESY-HSQC and ['H, 'H, BC]-NOESY-HSQC experiments were used to
extract NOE-derived distance restraints, spectra were recorded at 20 °C using 1 mM 'H, 3C,
5N labeled IL-36B protein samples prepared in 90% H.O 10% D,O and 100% D.O,
respectively. The Varian goo MHz NMR system equipped with smm triple resonance cryo-
probes. Referencing of C and N was performed via indirect chemical shift referencing.
Processing of spectra was performed using TOPSPIN V2.2 (Bruker software) and for NOE
assignment the CCPNmr analysis tool [171] was used.

The preliminary structure of IL-368 was generated using CYANA 3.98.5 [172], [173]
where a total of 9225 unambiguous distance restraints (3955 N-NOE and 5270 3C-NOE)
were employed in the calculations. From 100 structures started with random angle
distributions the best 20 solutions were selected for further energy minimization using two
programs firstly OPAL [174] and secondly SYBYL (Certara St.Louis, US). The energy
statistics of the final ensemble of 20 energy-minimized structures (Figure 28 in discussion)
are shown in table 4.
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Table 4: Energies of best IL-363 molecule

Bond Stretching Energy 26.928

Angle Bending Energy 210.642

Torsional Energy 163.445

Improper Torsional Energy 4111

1-4 van der Waals Energy 268.817

van der Waals Energy -963.745

H-Bond Energy 0.000

Total -289.803 kcals/mol

The inspection of the initial NMR solution structure of IL-36f displays the typical p-
trefoil fold similar to those found for other cytokines in the IL-1 family [175], [176]. Detailed
structural comparisons are shown in the discussion section.

3.1.4 UV/Visible spectroscopy of heme with IL-36p and IL-36y

As mentioned previously, heme shows a characteristic Soret band shift upon protein
interaction in UV/Vis spectroscopy [177]. The Cary series UV/Vis spectrophotometer of
Agilent technologies was employed for the measurement in the range of 250 nm to 8oo nm
using a 1-cm pathlength cuvette. A heme stock solution of 4 mM was prepared in 0.2 N
NaOH solution and titrated against 5 uM of IL-363 and IL-36y in 20 mM sodium phosphate
buffer (pH 7.2) in equimolar concentration.

The UV/Vis spectra of the heme-IL-36 complex shows the Soret band shift towards
420 nm while the heme-IL-36y exhibits a Soret band shift towards 370 nm which
corresponds to hexa- and penta-coordination, respectively (Figure 15).
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Figure 15: The UV/Visible spectroscopy absorbance spectra: (A) IL-363-heme and (B) IL-36y-heme
complex
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3.1.5 Resonance Raman spectroscopy of IL-363-heme complex

A Horiba Jobin-Yvon LabRam HR 800 Raman spectrometer (Horiba, Kyoto, Japan) was
used to obtain information on the heme coordination pattern in the IL-363-heme complex.
This device was equipped with a back-illuminated deep-depletion CCD detector (1024 x 256
pixels) cooled using liquid nitrogen. A Coherent Innova 300C ion laser was applied through
the krypton line at 413.1 nm for excitation of Raman scattering. An Olympus BX41 upright
microscope (Olympus, Tokyo, Japan) was connected to this Raman assembly to focus the
incoming laser light onto the sample and also to collect the 180° backscattered light using
a motorized XY microscope stage and a 20x objective (Olympus UPlanFL N, NA 0.50). The
phosphate buffered NaCl, pH 7.0 was used for the preparation of the heme sample (400 pM)
and the heme-protein sample in equimolar concentration (400 uM). The heme solution
used here was prepared as described in publication 3. The heme-protein reaction mix was
incubated at room temperature for 60 min in the dark and centrifuged before the
measurement to remove any precipitant in the solution.

The 413 nm wavelength was applied to excite the heme moiety alone or heme-protein
complex to gather the information of two spectral regions 1) Lower wavenumber region 2)
Higher wavenumber region at a spectral center of 750 and 1400 cm™. The moderately
increased band v;and decreased band v; around 1492 cm™ indicated the penta-coordination
pattern in the protein-heme complex [178]-[181]. In general, the Raman spectra showed IL-
36 to bind to heme predominately in a penta-coordinated complex (Figure 16).
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Figure 16: Superimposed resonance Raman spectra of IL-363-heme complex (red) and heme (black). (A)
Lower wavenumber region (B) High wavenumber region with frequencies indicated
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3.1.6 NMR spectroscopy of IL-36p and IL-36y protein (wild type and mutant
proteins) with heme

The ['H,5N]-HSQC experiment was used for the monitoring of IL-36f3 and IL-36y
protein interaction with heme. The 4 mM heme solution was prepared in 0.2 N NaOH and
100 pM of protein dissolved in 20 mM sodium phosphate buffer, pH 7.2, at 20 °C for these
measurements.

3.1.7 IL-36p interaction with heme

The IL-36f protein sample (100 pM) was measured alone and with the addition of 50
MM of heme. Upon addition of heme no chemical shift changes were observed, only selected
residues intensities were either attenuated or completely disappeared (G130, Q131, S126, A28
and side chain of N56) (Figure 17). These residues were mapped on the initial IL-36
structure which revealed the effect of heme at two sites. To determine the exact heme-
binding motifs we decided to produce protein mutants. Using site directed mutagenesis
with complementary primers in total six mutant IL-36f proteins (Hio4A, Q131V, Qi31E,
Q131G, P132G and N56G) were produced in same way as described for wild type for NMR
mapping experiments.

Interestingly, inspection of the NMR spectra revealed that the previously speculated
heme binding at Hio4 which corresponds to Hiog in IL-36a seemed not to be affected
compared to effects at other residues (Figure 18). This was further confirmed as the Hio4A
mutant showed heme binding similar to that observed for the wild type IL-36f protein.
Q131V mutants were created which resulted in heme binding as in the wild type protein.
This suggests that the valine in the Q131V mutant might mediate an interaction with heme.
To test this theory of an interaction via valine in Q131V we created two mutants: 1) a Q131E
mutant which shares a sterically similar side chain structure with glutamine and 2) a Q131G
mutant which lacks a sidechain. The Q131E mutant also showed heme binding which was
not as prominent as in wild type and in the Q131V mutant. An effect could be still seen at
G130 and N568 (side chain) while the Q131G mutant abolished most of signal changes
characteristic for heme binding except at N563 (side chain) (Figure 18). This suggests that
heme binding can also be mediated by side chain interactions of Gln, Val, Asp and Asn. To
check the contribution of N56 we created a N56G mutant which resulted in abolition of
heme binding even at the Qi31 residues (Figure 18). Thus, it might be possible that heme
binding at N56 favors the binding at Q131P132 site.

In order to check a supporting role of P132 we created the P132G mutant which showed
the less intensity reduction upon heme binding as compared to wild type which suggests
that heme binding effects were reduced (Figure 18). This confirms the supporting role of
P132 in heme binding at Q131 as in the CP motif as shown in IL-36« (publication 3). This
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evidence clearly supports heme binding in I1-36p at Qi131P132 as well as N56. The result is in
also accordance with the observation of SPR studies that two molecules of heme bind to

one molecule of protein.
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Figure 17: Superimposition of the ['H,5N]-HSQC spectrum of 100 uM IL-36( protein without (blue) and

with 50 uM heme (red). Affected residues are indicated.



Further results

Y = —
A B &
. . =
L] . | =
z
. ® .
¢ . el . " 10
3 . 4 * *® L]
. LGI30 @' e a0 e . . % v
. “Nes T ' s
] . I
& o «t &, ¢ ] o ..
. & 115
. ' . G4 o’ t
Gf“ - (XX . . . LA ] .
. e . .O * ¢ b »* *
* . > v e » . " o» SN o
$129 @ A R . R - ® s . |
. Q3lg 00 age 2° o e 2w ot ¢ 120
. o s . b, o . . . . * . . |
. s [} - . . . . . :.. . e »
L] 0
C e : S AL
% Sonze o 0" “125
» o ? . . L] . » - . L
LA ) . . . " 5 .
. . 3 >
.:\28 a 'A.?B ..
. . < . . . . . L
Y > —_
C D g
. . . e 2
=
L] n
. . . L ]
G130 . * . G130 . * 1110
. . . L] - o K . . .' *
! . L . ' * el .-
. . . N5
."__Ngt%___" """o‘""ue
o . L, . . & 0 ¢ o L1115
. . L] . . .
. (R 3 [ . L] .
[} . . 'o. . . ‘ ¢ . . .: .. .
' T I ’ Wl e e n * 120
" . e ", . - . ® 5 b . ..o
L] . . * . o [ ] * L] . . . .0 4 *" 9
. . ._. . :‘:.' . . . . . :. . ..ﬁ’ Y R L] .
. 3 * s, . .’-' .
X . WAds o. et .. o' +125
. L ] . . .
LI . . « o _® . »
& A28 B
« e * % . L ]
. . e . . . . . [
» Yy
E F &
. . L [
[ . [ =z
F oo
. G130 . * ®
; . . G130 . ' 'or1o
. ., L] . . . o » L] L3
. . @ L ."- . L] . n‘ » ’: »
. e  N36& L |
TR . e e b N 115
*e L] . s
. *e . \ Y Y »
. .
. -, . - ..‘ o, P LY .. [] .‘ .
: . e . t
R A JR e o » ‘120
. e’ . . * . . * 0 . b, t
. .». % : . s % .o, . v . ., (Y
. ’ : -. ¢ . o . * ve ¥ ¥ .‘ L] ' . ¢
e - SN v
LY PN re 1125
. 0 ® 5 0 » . X 1] '] 1
. o . ¢ Wt . L]
. . L
* ® .
. 2 . © . ' * * . [
10 9 8 7 'H [ppm] 10 9 8 7 'H [ppm]

Figure 18: Superimposition of the ['H,N]|-HSQC spectrum of 100 uM IL-36 mutant proteins without (blue) and
with 50 uM heme (red) (A) Hi04A, (B) Q131V, (C) Q131E, (D) P132G, (E) Q131G, (F) N56G.
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3.1.8 IL-367 interaction with heme

To obtain a complete overview of heme binding in the IL-36 family we performed also
NMR measurements with IL-36y. ['H,5N]-HSQC spectra of IL-36y (100 tM) were acquired
with and without the of heme addition. Consistent with IL-36f no chemical shift changes
were observed upon 50 pM heme addition. However, again reduction of some peak
intensities was observed (Figure 20). As mentioned previously the X-ray structure of IL-36y
is already available (PDB code 4IZE) which allowed a mapping without undergoing a
complete NMR structural analysis. A mutation strategy was used to uncover the HRMs in
IL-36y without performing an extensive NMR resonance assignment. The mutant proteins
of IL-36y were prepared after examining its X-ray structure and taking into account its close
sequence similarity with the IL-36f protein (Figure 19).

IL-36p IF2 HUMAN =-==-mmmmmmmmmmmmmmmmemee MNPQREAAPKSYAIRDSROMVWVLSGNSLIAAPL 34
IL-36y IF1 HUMAN -MRGTPGD============ ADGGGRAVYQSMCKPITGTINDLNQQVWTLQGQONLVAVPR 47

IL-36p IF2 HUMAN SRSIKPVTLHLIACRDTEFSDKEKGMMVYLGIKGKDLCLFCAEIQGKPTLQLKEKNIMDL 94
IL-36y _IF1 HUMAN SDSVTPVTVAVITCKYPEALEQGRGEPIYLGIQNPEMCLYCEKVGEQPTLQLKEQKIMDL 107

IL-36p IF2 HUMAN YVEKKAQKPFLFFHNKEGSTSVFQSVSYPGWFIATSTTSGQRIFLTKERGITNNTNFYLD 154
IL-36y IF1 HUMAN YGQPEPVKPFLFYRAKTGRTSTLESVAFPDWFIASSK-RD@BIILTSELGKSYNTAFELN 166

IL-36§ IF2 HUMAN SVE 157
IL-36y_IF1 HUMAN IND 169

Figure 19: Sequence alignment of IL-363 and IL-36y showed 43% sequence identity (Clustal 2.1). Suggested heme-
binding sites marked in color.

Mutants Qi30V, Q130E, Q130G and D56G were created. These mutant proteins upon
heme addition showed a similar behavior to the mutant proteins produced for IL-36f3
(Figure 21). Qi30V and Q130E mutants display a higher intensity reduction and more
residues were affected as compared to the Q130G mutant. This suggests Q130 as the one
possible heme binding site as observed for IL-36[3. The IL-36p has N56 as second heme
binding site whereas in IL-36y at this position resides a D56 residue. To test if this aspartate
residue has the potential for heme binding, a D56G mutant was created. This mutant
showed an intensity reduction at few residues and similar to the IL-363 N56G mutant
almost abolished the heme binding of the whole molecule (Figure 21). Again, the possible
explanation for this observation could be the same as in IL-36 where binding at the D56
site favors the binding of heme at the Q130P131 motif. This evidence suggests the possible
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role of Qi130P131and D56 in heme binding which coincide with the SPR results of two heme
molecules binding to one molecule of IL-36y. The most affected residues are marked by an

arrow in figure 21 and are further discussed later in this discussion section.
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Figure 20: Superimposition of the ['H,"N]-HSQC spectrum of 100 uM IL-36y protein without (blue) and with 50

UM heme (red). Strong intensity reductions can be seen at the marked (arrow) affected residues
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Figure 21: Superimposition of the ['H,N]-HSQC spectrum of 100 uM IL-36y mutant proteins without (blue) and
with 50 uM heme (red) (A) Q130V, (B) Q130E, (C) Q130G, (D) D56G. Most affected residues are marked with
arrow.
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4 Discussion

In the last two decades the regulatory or signaling role of heme came under light in
different biological processes where heme binds transiently to HRMs in proteins. Although
a classification of HRMs has been proposed in the last years based on the case where an
iron moiety in heme directly binds to cysteine, histidine, tyrosine [80], not all HRMs have
been identified. In this study we have gained evidence that not only the central iron atom
of heme but also propionate side chains can mediate a binding to amino acid residues
through electrostatic or other weak interactions. These new identified HRMs will add
knowledge to the growing structural HRMs classification and help to understand yet
unidentified heme regulated proteins in biological processes.

4.1 N-terminus of the intrinsicall§ disordered region (IDPR) of human
cystathionine-p-synthase (CBS) (Publication 1)

The human CBS enzyme belongs to the large family of PLP dependent enzymes (EC
4.2.1.22), which is involved in the first step of the transsulfuration pathway thereby
converting toxic homocysteine to cystathione. It is the only unique PLP-containing enzyme
that has heme as a second cofactor. Deficiency or mutation of this enzyme leads to
homocystinuria, an inherited disease. Characterized by elevated levels of toxic
homocysteine in blood plasma this leads to many fatal pathological conditions in the
cardiovascular, ocular, skeletal, and central nervous system e.g. in neural tube defects,
cardiovascular diseases and Alzheimer’s disease [182]-[184].

CBS has an N-terminal canonical heme binding domain followed by a catalytic core,
which is conserved in most proteins of this class of organisms, and a C-terminal regulatory
domain (Publication 1, Figure 1). For the first time, in publication 1 we have shown that
apart from canonical (covalently) heme binding at C52 and Hé6s, heme also interacts
transiently to a CP motif consisting of C15P16 and H22 via hexa-coordination. This allows
heme to act via a second independent heme-binding site and this transient interaction of
heme constitutes for approximately 30% of the enzyme activity. This effect was shown using
a CBS protein activity assay on wild-type CBS and its mutant proteins. A series of NMR and
UV/Vis spectroscopy experiments have been performed to structurally define this transient
heme interaction.

4.1.1 Production of CBS (1-40 amino acids) protein

The N-terminal region of CBS (amino acids 1-40) responsible for the gain in enzyme
activity mentioned above is intrinsically disordered as deduced from our NMR studies and
supported by the absence of this stretch in X-ray structures. IDPs are prone to proteolytic
cleavage during expression and purification [185]-[187]. To obtain the stable CBS (1-40)
region, a fusion approach with the streptococcal protein GB1 was used. GB1 is the commonly
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used tag to improve the solubility of small peptide and proteins. This tag is inert in nature
and does not interfere with its fusion partner. Additionally, it also lacks cysteine and
histidine as binding residues for heme interactions which was further confirmed by NMR
experiments performed on GB1 alone with heme that proved no interaction. A NMR
assignment experiment (3D HNN) performed on ¢s,CBS(1-40) also revealed that the
assignment of CBS can be easily performed without being hindered by spectral overlap of
GB1 fusion protein peaks (Publication 1, Figure S1). The GB1 signals were mostly filtered
out during the 3D HNN NMR experiment because the free induction decay (FID) signals of
the rigid structured GB1 domain die fast, while the flexible nature of CBS(1-40) results in
longer lasting FID and recordable signals (Figure 22). Thus, a spectral overlap problem of
the fusion tag can be avoided without the need of complex and time-consuming segmental
unlabeling techniques [188], [189)].

‘ - -Structured protein
—IDP

Signal intensity

=
Time

Figure 22: Diagrammatic representation of FID and relaxation time in structured and intrinsically disordered
proteins (IDPs)

4.1.2 Heme-giCBS(1-40) interaction studies

After obtaining stable ¢s,.CBS(1-40) we have used the conventional 2D NMR ['H,5N]-
HSQC experiment (protein finger printing) for monitoring of the heme interaction. The
resulting spectra showed no chemical shift changes, only a reduction of peaks intensities
was observed with the maximum reduction at C15 and surrounding residues (T13, G4, C15,
Hi7, Ri8, S19, H22, S23). This indicated the spatial proximity of paramagnetic iron (heme)
to these residues and was in agreement with the Soret band shift near 420 nm in UV/Vis
spectroscopy. This 420-nm shift indicates the protein binds to heme in hexa-coordinated
geometry (Figure 23). We have also observed similar intensity reductions upon binding
experiments with diamagnetic Ga-PPIX, which is a substitute of paramagnetic Fe-PPIX
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(Publication 1, Figure sb). This explains that Fe-PPIX has not only a paramagnetic
relaxation effect (PRE) but also exerts an exchange contribution upon heme binding. The
effect of Fe-PPIX PRE can be seen up to ~ 12 Angstrom (A) [190] explaining the maximum
intensity reduction at C15 to H22 where heme binds as well as residues apart from this site
(S3, Q40) with a reduced effect (Publication 1 Figure S3). This is in accordance with Clore
et al. who have defined transient protein-DNA interactions with lifetimes spanning
nanoseconds to milliseconds using PRE effects [191], [192]. The single point mutation at Ci5
leads to abolition of heme binding in ['H,5N]-HSQC spectra. Again, this is in agreement
with UV/Vis spectroscopy, which shows no Soret band maxima at 370 nm or 420 nm. This
underlines the involvement of C15 in transient heme binding in a hexa-coordinated complex
together with H22 as other axial ligand site. The involvement of H17 can be excluded due to
insufficient residue spacing to form a hexa-coordination loop. However, the point mutation
at H22 shows no significant intensity reduction in the [*H,N]-HSQC spectra upon heme
addition, while UV/Vis spectra displays a Soret band at 370 nm. This suggest that heme
binds to Ci5 very weakly or the rate of exchange between heme-bound and free ¢g,CBS(1-
40) is not in a favorable range on the PRE time scale [80], [191], [192]. In general, heme binds
to CBS(1-40) peptide via C15 and H22. Thereby, the peptide undergoes a conformational
change to form a hexa-coordinated complex. This is reflected and further supported by an
enzymatic assay done on the CBS(1-413) and CBS(1-413)_C15S mutant proteins which shows
that the mutant protein has approx. 30% less activity than the wild type. The same type of
activity reduction was observed by Oliveriusova upon deletion of CBS(1-39) residues
(Oliveriusova, Kery, Maclean & Kraus, 2002) and several other studies also pointed out the
importance of heme in activity of CBS enzyme [142], [148].

C15

Figure 23: Cartoon illustration of CBS(1-40) forming hexa-coordination through cysteine 15 and histidine 22 with
the central iron atom of heme

This flexible N-terminus peptide either act as second independent transient heme
binding site apart from the canonical covalent heme binding site or its flexible nature make
it as a heme scavenger for canonical heme binding site as depicted in (Figure 24). This
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6B:1CBS(1-40) study also stresses that we need to consider the complete molecule for full
functional description as during X-ray studies often these flexible or disordered regions
which can serve as potential interaction sites are eliminated from molecules of interest to
facilitate the crystallization.

Intrinsically Disordered region Structured region
Canonical Heme
binding site
15 22
BTGP GPNSAKSELE Catalytic Domain - | Regulatory
Domain

Wild type CBS l CBS_Cys15Ala-mutant

1
"o b
: *

ow No heme binding

Heme Heme
Domain Domain

100% enzyme activity 30% less activity than wild type enzyme
A: Second heme binding site C: CBS_Cys15Ala-mutant does not bind to heme
(independent from canonical heme binding site)
B: Act as heme scavenger & brings heme closer to
canonical heme binding site

Figure 24: Cartoon illustration of CBS showing the possible role of the N-terminus (1-40) in context of heme

4.2 Development of a NMR pulse to studg intrinsically disordered protein
(IDP)-heme interaction (Publication 2)

The growing number of reports of functionally relevant IDP in the last two decades
made NMR spectroscopist to develop new pulse programs to study IDP systems at atomic
level. The classical two dimensional ['H,>N]-HSQC experiment is often used to map
protein-ligand interactions and we initially also employed this approach for protein-heme
interaction studies. However, it became clear that this experiment has some limitations at
physiological temperatures and pH, where signals start disappearing due to increased
amide proton exchange and limitations in sensitivity. Often protein-heme interactions
studied by ['H,5N]-HSQC experiments mirror only the effect of heme on the protein
backbone while the more solvent exposed side chains could provide better interaction data.
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For instance, we found that the H22L. mutant protein of ¢s,CBS(1-40) shows heme binding
in UV/Vis spectroscopy but failed to reflect this feature in the ['H,N]-HSQC experiments.
This instigated us to further develop a NMR experiment to probe IDP-heme interaction
more reliably as demonstrated in publication 2.

The newly modified HCBCACON is a side-chain experiment that yields the information
of involved side chains upon heme interaction. Here we have exploited the ability of IDPs
to provide better inter-residue “NiBCO;. chemical shift correlations than intra-residue
spectra to generate better spectral dispersion and achieve resonance assignment [152], [153].
These N;i3CO;., chemical shift correlation spectra were generated by excitation of side
chains and detecting either 3CO or H* (Figure 25). This 3CO detection allows a simple 2D
experiment and, therefore, can be carried out in less time. The heme binding experiment
carried out using this protocol on gs.CBS(1-40) shows similar residues affected like ['H,">N]-
HSQC experiment. In addition, measurements can be done at physiological temperature
(37 °C) and also provide information about proline residues which is missing in ['H,5N]-
HSQC experiments. This information is especially crucial when studying heme interactions
with CP motifs. An additional advantage of this 3CO experiment is that in cases where IDP-
heme interaction studies were carried out with GB1 fusion protein tag at 10 °C, it can reduce
the large portion of signals originating from the GB1 tag which leads to less spectral
crowding and unambiguous mapping of the interaction. These studies can also be
performed using the HCBCACO experiment [193] but the 3CO-detected HCBCACON
experiment displays a better resolution. The experiment conducted on ¢s,CBS(1-40)_H22L
finally shows the heme interaction and sensitivity advancement over the ['H,’N]-HSQC
experiment and confirms the UV/Vis study. However, at elevated temperature signals from
the GB1 tag start appearing because of the increased molecular tumbling rate and less
relaxation losses of signals. Nevertheless, in cases where the interaction does not lead to
chemical shift changes it still provides a useful mapping approach even under spectral

crowding.

To solve the spectral crowding problem and to obtain more sensitivity, the second H*
detection method came to view. This approach employs the same HCBCACON
experimental protocol to detect the H* because protons are the most sensitive nuclei
compared to C and N, instead of BCO. This H* detection was implemented as a 3D
experiment, which is more time consuming. However, utilizing the non-uniform sampling
technique (REF) allows to compensate for the extended 3D measurement time. Unlike the
['H,5N]-HSQC experiment, elevated temperature favors this experiment since increased
molecular motion leads to increased relaxation times and thus a better signal to noise ratio.
Improved sensitivity and spectral resolution were demonstrated using this approach not
only on ¢gCBS(1-40) but also on its mutants. The Ci5 mutants shows no heme binding,
while H22 mutants shows heme binding which was in accordance with the UV/Vis
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spectroscopy and proves the improved sensitivity of this experiment over the ['H,5N]-
HSQC experiment. The additional advantage of this experiment is that it can also be run as
2D if the system has good H%.,-*N; and 3CO;.-'Hi. dispersion and that not only the protein-
heme but other protein-ligands interaction can also be mapped in few hours.

In total, H* detection using the HCBCACON experimental protocol can be used as a
robust complimentary approach over conventional ['H,5N]-HSQC and BCO-based
experiments [194] at lower or physiological temperature. Initial measurements (data not
shown) suggest that this experiment can also be used to study protein-heme interaction
under molecular crowding (which might better mimic conditions in the cellular
environment).
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Advantages:

= Good sensitivity to detect IDP-heme interactions and applicable with GB1 fusion tag

= Can be carried out at physiological temperature (37 °C) and provides proline resonance
information

= Interaction can be map in few hours
= (Can be run as 3D for improved resolution

= (Can be used for other IDP-ligand interactions

Figure 25: Signal transfer scheme of HCBCACON experiment in protein, starting excitation of H? and detecting
at the end (A) CO (B) H% detection. Mentioned several advantages of HCBCACON over ['H,N]-HSQC
experiment.
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4.3 Interleukin-36a (IL-360) and its interaction with heme (Publication 3)

IL-36c is a second protein derived from the peptide-heme interaction studies as a
potential heme binder. As shown in publication 3, IL-36 family members (o, 3, y) bind to
heme. Surface plasmon resonance (SPR) and biological tests confirmed the binding of
heme. However, a detailed study has been performed only on IL-36« in this publication 3.

Initial UV/Vis experiments on nona-peptides resembling the CP sequence part of this
protein showed heme binding at CP and YH, which made us to further investigate it at
protein level. The UV/Vis study on IL-36a displayed Soret band shifts at 370 nm and 420
nm, which reflected the binding of two heme molecules. This was in accordance with the
SPR measurements, which also showed a biphasic heme interaction. UV/Vis experiments
done with only protoporphyrin IX (PPIX) showed no effect on the IL-36a molecule
confirming the importance of iron for this interaction. Seven mutants were created to
further confirm the involvement of CP and YH residues in heme binding: Y108S, H109A,
C136SP137A, Y108SH100A, Y1085C1365P137A, H109AC136SP137A and
Y108SH109AC136SP137A The UV/Vis of the Y108S mutant resulted in loss of the 370-nm shift
and a reduced affinity was observed for heme, while the HiogA mutant behaved like the
wild type with the presence of both 370- and 420-nm Soret shifts. However, only minor
differences in heme affinity were observed which might be explained by a supporting role
of Hiog9 in binding of heme at Y108. The C136SP137A mutant shows a loss of the 370-nm
shift confirming the involvement of CP in heme binding. This is further supported by the
results of the Y108SC1365P137A, H109AC136SP137A and Y108SH109AC136SP137A mutants.

The loss of ~ 370-nm shift in case of Y108S mutant has not been fully understood. The
UV/Vis band around 420 nm in all Y108S mutants showed unusual broadening, which might
indicate the unspecific or less specific binding of heme as shown in earlier studies [48],
[195]. Involvement of the C136P137 and Y108H109 was clear where P137 and Hiog have a
supporting role in heme binding. The heme dissociation constant determined by SPR and
UV/Vis spectroscopy reveals that one heme molecule binds at C136P137 with high affinity,
while another heme molecule binds at Yi108H1o09 with low affinity.

Raman spectroscopy provided further insight into the geometry of bound heme with
the IL-360 protein. The wild-type IL-360-heme complex and its mutant proteins exhibit a
dominant presence of penta-coordination except the mutant Ci136SP137A and
Y108SH109AC136SP137A additionally shows the negligible indication of heme complex.

4.3.1 NMR spectroscopy of IL-36a-heme interaction

NMR experiments performed on the full-length and truncated IL-36a show that there
were no spectral changes upon truncation of the pro-peptide. Binding of heme results in no
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chemical shift changes. However, for both Ga-PPIX and Fe-PPIX, an intensity reduction at
selected residues was observed. Mapping of these affected residues on the NMR derived IL-
36a solution structure reveals the presence of these residues in the vicinity of positions
C136P137 and Y108. This suggests the C136P137 motif as coordination site for one heme
molecule and attenuation of, e.g., Hiog shows the binding of another heme molecule at
Y108 which is in accordance with the UV/Vis study of the mutants. Molecular dynamics
(MD) simulations and molecular docking of heme performed on the IL-36oc NMR solution
structure showed that the stereoelectronic conditions for binding of heme at C136 and Y108
are fulfilled, additionally supporting our experimental data.

4.3.2 Docking of IL-36a structure on its cognate receptor

The NMR study performed on full-length and truncated IL-36a indicated no major
changes of the overall structure upon heme binding. Docking of the IL-360a structure on its
cognate receptor complex (IL-1 receptor, PDB code 3040) showed that the presence of the
first five N-terminal residues in full length IL-360 hindered the association with the
receptor complex. After cleavage of these five residues, the shorter N-terminal section could
be fully accommodated in a molecular cleft thus promoting association with the receptor.
This explains very well the need for N-terminal processing of the IL-36a pro-peptide for a
full activation of its molecular function as previously reported in literature [161].

4.3.3 Negative regulation of IL-360-mediated signal transduction

In vivo studies performed on synovial fibroblast-like synoviocyte (FLS) cells from
rheumatoid arthritis (RA) patients (data communicated from Hueber group at Erlangen
University Hospital) showed the impact of IL-36c-heme complex on its signaling. In normal
conditions, IL-36c binds to its receptor (IL-36R) and stimulates the expression of IL-6 and
IL-8 cytokines. Pathological conditions [4], [39], [196] where severe hemolysis leads to a
drastic increase in heme concentration (20 to 350 pM) can abrogate the IL-36a signaling.
There, binding of heme with IL-36a leads to disabled association with the receptor, which
in turn is not able to stimulate the expression of IL-6 and IL-8 proinflammatory cytokines
(Figure 26). The same study performed on all truncated IL-36c mutant proteins showed
that either the mutation leads to complete loss of activity or that the mutated residues were
critical for binding to the receptor complex except C136SP137A mutant. The Ci136SP137A
mutant showed relatively less but still activity compared to the wild type, suggesting a
potential role of the Y108 H109 motif in heme association and functional signaling.
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Figure 26: Possible scenarios of IL-36 mediated signaling in normal and pathological conditions (presence of
heme)

4.4 Interaction of heme with interleukin-36p (IL-36f) and interleukin-36y
(IL-36Y) (Publication 4 & further results)

As mentioned previously these two cytokines are also a part of the IL-36 family and
during SPR and biological studies also their heme binding capacity was revealed. Sequence
alignment of all three cytokines (IL-36a, IL-36p and IL-36y) reveals that the heme binding
CP motifis uniquely present in the IL-360 while in IL-36f and IL-36y CP is replaced by QP.
The second heme binding site in IL-36c was located at Y108H109, interestingly histidine is
present in IL-363 while tyrosine is conserved in IL-36y at same position in IL-360. We
speculated that heme might be interacting with QP, Y, H amino acids in IL-36f and IL-36y
as shown in Figure 27. Apart from these residues several other potential heme-binding
amino acids are also present in all three members.
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IL-36a_HUMAN =  ——-cmmmmmmmmmmmm e MEKALKIDTPQQGSIQDINHRVWVLQDQTLIAVPR 35
IL-36f_IF2_HUMAN —----mmmm e o MNPQREAAPKSYAIRDSRQMVWVLSGNSLIAAPL 34
IL-36y IF1_HUMAN -MRGTPGD---========- ADGGGRAVYQSMCKPITGTINDLNQQVWTLQGQONLVAVPR 47
IL-36a_HUMAN KDRMSPVTIALISCRHVETLEKDRGNPIYLGLNGLNLCLMCAKVGDQPTLQLKEKDIMDL 95

IL-36 IF2 HUMAN SRSIKPVTLHLIACRDTEFSDKEKGEMVYLGIKGKDLCLFCAEIQGKPTLQLKEKNIMDL 94
IL-36y_IF1_HUMAN SDSVTPVTVAVITCKYPEALEQGRGEPIYLGIQNPEMCLYCEKVGEQPTLQLKEQKIMDL 107

IL-36p IF2 HUMAN YVEKKAQKPFLFFHNKEGSTSVFQSVSYPGWFIATSTTSG FLTKERGITNNTNFYLD 154

IL-36a_HUMAN YNQPEPVKSFLP.SQSGRNSTFESVAFPGWFIAVSSEGG ILTQELGKANTTDFGLT 155
IL-36y_IF1_HUMAN YGQPEPVKPFLFYRAKTGRTSTLESVAFPDWFIASSK-R IILTSELGKSYNTAFELN 166

IL-360_HUMAN MLF 158
IL-36f_IF2_HUMAN SVE 157
IL-36y_IF1_HUMAN IND 169

Figure 27: Sequence alignment of all three members of IL-36 family cytokines. Suggested heme-binding sites
marked in color.

4.4.1 Secondary structure elements in 1L-36p and 1L-36y

Before performing the detailed NMR based structure determination the simple far UV
CD spectroscopy was used to get an idea about the secondary structure elements of IL-36p.
The CD spectra of IL-36p showed a high composition of B-sheet as analyzed through
CAPITO and BeStel which in accordance with the predicted secondary structure content
from NMR data by the CSI program as discussed in publication 4. The program CSI uses
the backbone chemical shift assignments of the respective protein to calculate the
secondary structure information [197], [198]. Comparison of the IL-36c NMR solution
structure and the X-ray structure of IL-36y with the predicted CSI results of the homologous
IL-36P revealed that the location of secondary structure elements in all proteins coincides.
The chemical shift of all the prolines present in IL-36p revealed an all-trans conformations.
A result which has been also observed for IL-36« [199]. In addition, the D,O exchange study
on IL-36f gives additional evidence for the presence of B-sheet arrangements as predicted
by CD and CSI since many of the residues failed to exchange after three times of D,O
lyophilization. This suggests the locations of these residues are inaccessible or buried and
reveals the position of B-strands (Publication 4 figure2). In the NMR literature [200], [201]
it was reported that a temperature coefficient study can also be used to locate secondary
structure elements. The temperature coefficients of IL-36p as described in publication 4
also suggest that some of the affected residues are located on the H-bonded strands or
helices. Finally, the CD spectroscopy results of IL-36y are matching well with the secondary
structure content derived from the analysis of the X-ray structure.

4.4.2 NMR solution structure of the IL-36p protein

An initial 3D NMR solution structure of IL36-3 was calculated employing the program
CYANA 3.98.5 and a set of distance restraints based on the initially assigned N-NOE and
BC-NOE cross peaks. The best 20 of 100 calculated structures with lowest target function
were chosen and further relaxed by energy minimization using the OPAL and SYBYL. The
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final ensemble of 20 structures has a low root mean square deviation (RMSD) value for the

SHEB

IL-368 IL-36y

backbone atoms of 0.52 A.

Figure 28: Backbone structure of all three members of IL-36 family (prepared in Mol Mol)

The preliminary NMR solution structure exhibits the typical p-trefoil fold symmetry
like observed for the IL-36a0 NMR solution structure and the IL-36y X-ray structure with
~27% of identity shares among them. For visual comparison Figure 28 shows the backbone
of all three IL-36¢, IL-368, IL-36y structures in parallel. It becomes obvious that the overall
fold for all three members are highly similar and contains almost same distribution of -
strands and a-helical elements.

4.4.3 Heme interaction study of IL-36p and IL-36y using NMR spectroscopy

The ['H,5N]-HSQC spectra were used for the monitoring of IL-363 and IL-36y
interaction with heme. The spectra displayed no chemical shift changes in residues position
only intensity reductions were noticed at special positions. The affected residues were
mapped on the preliminary IL-360 structure showing that residues around Q131P132 and
N56 residues (Figure 29) were affected. The NMR studies performed on the wild type IL-
363 and Q131V, Qi31E, N56G mutants suggest that the heme is interacting with the side
chains of this molecule. The wild type IL-36f has Q131P132 as a first heme binding site while
Ns56 acts as secondary binding site. It has been shown that amino acids containing nitrogen
atoms in the side chain like lysine, asparagine [202] with its amide group and in rare cases
an amino group of proline [203], [204] can act as a axial ligand or interact with the
propionate groups as shown in (Figure 30). This is also in accordance with Raman
spectroscopy showing penta-coordination and supports our experimental studies. One
study reported that often hydrophobic amino acids like valine, leucine, isoleucine and
alanine are frequently found close to the proximal or distal side of heme where they can
interact with non-polar propionate groups through hydrophobic interactions [4], [205]. Our
study suggests that the two methyl groups of valine in the Q131V mutant are able to interact
with propionate groups of heme through weak hydrophobic interactions. The effect of
heme in the Q131E mutant was less pronounced as compared to Q131V and wild type IL-36f3
which indicates that the negatively charged COO~ group of the glutamate in the Qi31E
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mutant might be directly interacting with the iron (Fe2*/3*) atom of heme through even
weaker electrostatic or ionic interactions. As reported earlier not only hydrophobic but also
electrostatic interactions are possible interactions between heme and a protein through
hydrogen bonds or weaker salt bridges [4]. These conditions also apply to the IL-36y and its
mutant proteins where Q130 is the first heme binding site interacting through amide side
chain. In addition, the second heme interaction site D56 might be interacting through
weaker electrostatic interactions (Figure with structure). This is further supported by SPR
data where one heme molecule binds relatively stronger than a second site in both IL-36(3
and IL-36y molecules (Publication 3, TableS1). The functional aspects of the interaction of
these proteins with heme have been illustrated previously in figure 26 with IL-360.

G113

Figure 29: Affected residues upon heme addition indicated in IL-36 family members with blue color while heme-
binding sites marked in orange and khaki
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Figure 30: Possible interaction (Red) of heme propionate group with (A) Glutamine (B) Asparagine and (C)
Aspartate directly interacting with iron atom
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In conclusion, to our knowledge for the first time through these in vitro studies we are
unraveling that glutamine and asparagine can also act as an axial ligand for transient heme
binding. This adds further potential residues beside the previously reported cysteine,
histidine, tyrosine, methionine to the interaction repertoire. While the latter are known as
canonical binding sites for the central iron atom, aspartate, valine and glutamate can
interact to propionate side chains.
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5.1 Human cystathionine-f-synthase (CBS) interaction with heme

The study performed in this thesis revealed the role of transient heme interaction for
the enzymatic activity of CBS. Deficiency in this enzyme or loss of function is responsible
for a disease called homocystinuria. Many pharmacological studies have been performed to
restore the function of this enzyme caused by pathological mutations [206]-[208]. To
consider this new transient heme binding functional aspects to further explore the activity
of this enzyme could strengthen these strategies. One study already suggested J&-
aminolevulinic acid (3-ALA), a heme precursor, with other small osmolytes were able to
restore 30% activity of 14 pathogenic CBS mutants [206]. In addition, CBS is also responsible
for the production of 95% of hydrogen sulfide (H2S) in brain which is recently recognized
as signaling molecule and to have implications in cardiovascular and nervous systems [137],

[209], [210].

5.2 Development of a NMR pulse sequence to map intrinsically disordered
protein (IDP)-heme interactions

The developed new NMR approach is more sensitive and can help in discovering yet
unknown heme-binding proteins along with the traditional NMR methods. NMR mapping
applications have been used in pharmaceutical studies since 1976 [211] and witnessed the
identification of a number of drugs and inhibitors [212]-[215]. The presented method can
similarly be used for mapping of IDP-ligand interactions in pharmacological drug
discoveries, e.g for small molecules in the fragment based drug discovery approaches where
the interaction is too weak to be detected through biochemical or biophysical assays like
ELISA and fluorescence resonance energy transfer (FRET) [216], [217].

5.3 The Interleukin-36 family cytokine interaction with heme

A detailed study of IL-36a has been presented involving the determination of its NMR
solution structure and its interaction via biophysical techniques like Raman, UV/Visible
spectroscopy. However, further investigation of this interaction in in vivo and mouse
studies could give more insight for its involvement in the diseases psoriasis and rheumatoid
arthritis.

Within this thesis a preliminary structure of IL-360 is presented. Although the final
refined NMR solution structure of IL-36f has still to be calculated it already allowed to
define the heme interaction sites and to compare the structural features with other
members of this family. The interaction of heme with these cytokine class should be
considered by the growing number of reports on IL-36 family members and their
involvement in inflammation, rheumatoid arthritis, inflammation and latest involvement
during pregnancy which could give further insight at biological level [165].
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5.4 Development of heme sensors

There has been a number of reports in the last decade on development of heme sensors
[218]-[221].During many pathological conditions like Malaria, sub arachnoid hemorrhage
labile heme is accumulated in the body and exerts toxicity for the cells. It is important to
characterize this labile heme for the therapeutic developments [218], [222]. This study
would be beneficial to create heme sensors based upon the structural information obtained
from how heme binds transiently to proteins or what is modulating the binding affinity. So
it might contribute not only to determine the heme in pathological conditions but also to
uncover the poorly understood nature of heme trafficking in organisms [219], [223].

5.5 Heme induced polyreactivity in antibodies

Immunoglobulins are a new class of molecules which has been seen interacting with
heme in the last few years [224]. Antibodies are the second most abundant molecules
circulating in plasma after the albumin. It has been seen that heme can induce
polyreactivity in immunoglobulins (IgG, IgM, IgE etc.) which resulted in new specific
binding properties and thereby diversifies the antibodies functions [106], [225]. One study
shows that heme induced polyreactivity helped in neutralization of Japanese Encephalitis
viruses [226] while other indicates its potential in cancer therapeutics [227]. At the
structural level very few information is available on how heme binds in the variable region
of antibodies and induces polyreactivity. Knowledge obtained from the present study can
be applied on designing a strategy to find the heme-binding motifs in antibodies and to
elucidate the molecular dynamics changes of antibodies upon heme interaction. This could
help in designing antibodies delivering drugs or could contribute to develop heme
scavenging antibodies to prevent the deadly effect of heme on cells.
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6 Conclusion

We have validated the knowledge obtained from previous peptide-heme interaction
studies at protein level. During this study we have shown the structural details upon heme
interaction to intrinsically disordered proteins as well as structured globular proteins.
Transient interaction of heme to the intrinsically disordered N-terminus of the CBS protein
revealed the involvement of heme in the activity of this enzyme as well as possible
conformational changes in structure upon heme interaction. It also emphasizes the
probable role of these disordered regions in signaling.

The study performed on interleukin-36 family members shows that among the family
members different kinds of heme regulatory motifs (HRMs) are involved in heme binding
with different affinity. We also shed the light at structural level on how N-terminal
processing of pro-peptides in these cytokines leads to full activation. In vitro studies on
these cytokines unravelled new types of HRMs for the first time with possible interaction
through propionate groups of heme with side chains of residues in these HRMs. Thus, this
study contributes more details to the growing classes of HRMs and adds some aspects for
the determination of yet unknown transient heme-binding proteins. This study also adds
with the IL-36 proteins three new structured proteins and with CBSi-40 an intrinsically
disordered protein to the growing number of transiently heme-interacting proteins.
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