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1.1 Heme 
Heme is an essential primordial molecule and is one of the fundamental pigments 

for all aerobic living organisms. It is an iron-containing tetrapyrrole that serves as a 

cofactor for several globins and cytochromes involved in processes such as oxygen and 

electron transport, circadian clock, microRNA processing, signal transduction and gas 

sensing [1]. Several biologically relevant types of heme exist in nature but the most 

important ones are heme A, heme B and heme C [2] (figure 1). Heme B is the most 

abundant and commonly found heme molecule in nature. The structure of heme B consists 

of: a) the heterocyclic tetrapyrrole ring system known as protoporphyrin-IX (PPIX) which 

includes four methyl, two vinyl and two propionate side chains and (b) an iron atom in the 

center which is covalently attached to four nitrogen atoms part of respective four 

pyrrole rings [3].

Figure 1: Three important types of heme occurring in nature. Heme A and heme C are mostly found in 
hemoproteins as covalently bound cofactor while heme B is present in hemoproteins and involved in the 
regulation of several cellular processes.  

The iron atom has two additional free coordination sites that are available to interact 

e.g. with proteins. This heme interaction with proteins could be permanent or transient 

depending on its function in the biological processes. The covalent attachment of heme to 

polypeptides leads to the formation of a special group of proteins called hemoproteins (see 

1. Introduction 



section 1.2). The bound polypeptide, the nature of the axial ligand, the geometry of the 

complex and its environment determine the function of the hemoproteins. Also, the type of 

heme and the nature of its coordination with the polypeptide facilitate the reduction-

oxidation (redox) reactions in several cellular processes [4].

1.2 Hemoproteins 
The most commonly studied hemoproteins over the last four decades are 

hemoglobin, myoglobin and cytochromes. While the former two contain only heme B, the 

latter forms a very diverse group of hemoproteins containing all three types of heme. 

 

Figure 2: Crystal structure of hemoglobin including four heme B moieties [5]. (PDB code:1GZX) 

Hemoglobin is an oxygen-transport metalloprotein in the red blood cells of most of 

the vertebrates, which consists of four heme moieties covalently conjugated to the globin 

polypeptide with the iron atoms coordinating the imidazole ring of respective histidine 

residues in the polypeptide (Figure 2) [6]. Iron atoms are present in the Fe(II) ferrous state 

with one of their coordination site available for reversible binding of molecular oxygen and 

thus leading to the oxidation of the Fe(II) to Fe(III) ferric state. Upon exposure of human 



blood to oxidizing agents, the heme iron of hemoglobin is oxidized to form methemoglobin. 

This change is indicated by the blood color change from dark purple of veins to the bright 

red seen in the arteries. These methemoglobins are insensitive to oxygen binding and are 

usually generated in the erythrocytes. They are continuously reduced to hemoglobin and 

this reversible oxygen binding process is regulated by the NADH-methemoglobin 

reductase system [7]. 

As far as the structures of other heme molecules are concerned, the core of a 

porphyrin ring with an iron center remains the same with the only difference being the 

modifications in their side chains (Figure 1). As compared to heme B, heme A has 

modifications on two of its side chains with one of its methyl group oxidized to a formyl 

group and a hydroxyethylfarnesyl group, an isoprenoid chain attached to the vinyl group 

[2]. Two heme A moieties are present in cytochrome c oxidase (CCO), an enzyme that is  

involved in the cellular respiration. These moieties interact with the protein through 

histidines but they have a different coordination pattern and different function. Also, the 

formyl group and isoprenoid group of heme A have been found to play a critical role in 

energy conservation during oxygen reduction by the CCO [8, 9]. 

  

  
 

Figure 3: Heme C is covalently linked to the protein microperoxidase-8 (MP-8) from horse heart 
cytochrome c [10].

Heme C consists of two sulfhydryl groups instead of the two vinyl groups in heme 

B. These two sulfhydryl groups usually form covalent thioester linkages to the apoproteins 

through two cysteine residues (Figure 3) [10, 12]. In addition to these linkages, the iron 



atom interacts with one or two amino acids leading to pentacoordination or 

hexacoordination, respectively. These linkages prevent the dissociation of the heme 

molecule from the apoprotein, thus allowing it to carry out a wide range of functions [10, 

12]. This kind of covalent heme attachment is critical for the functioning of long-range 

electron transfer in multi-heme cytochromes e.g. in certain bacterial hemoproteins that 

consists of between 2-16 heme C groups. Cytochrome C is one of the prime examples of 

heme C containing mammalian apoproteins that is ubiquitously present and contains one 

molecule of heme C. It is generally involved in electron transfer reactions as well as 

apoptosis. The thioether linkages in cytochrome c provide stability to the molecule so that 

it can be “fine tuned” over a wide range of oxidation-reduction potential [11, 13].

Apart from hemoglobin, myoglobin and cytochromes, the families of enzymes like 

oxidases (involved in oxygen metabolism), peroxidases, catalases(antioxidants) and 

succinate dehydrogenase (a mitochondrial respiratory complex involved in generation of 

reactive oxygen species) all possess heme as a prosthetic group [1, 14]. Also, soluble 

guanylyl cyclase (sGC), a GMP signalling molecule which is part of the calcium negative 

feedback system in the retina, contains a covalently bound heme moiety. Binding of the 

nitric oxide to this heme moiety activates the molecule [15, 16]. Heme moiety is also 

critical for proper functioning of enzyme systems like catalases, cyclooxygenases and 

nitric oxide synthases [17, 18].

In addition to serving as a prosthetic group in metalloproteins, heme also acts as a 

signalling molecule that regulates several cellular processes [19-22]. Generally, the process 

of regulation involves transient binding of heme to the proteins, possible changes in the 

protein conformation and finally effects on the downstream signalling. In this way, heme 

directly regulates several biological processes like erythropoiesis, neurogenesis, cell 

growth and differentiation [23-26]. Considering the importance of heme as well as its 

potential cytotoxicity, it is clear that it’s biosynthesis, export through cell organelles, 

degradation and protein interactions are required to be tightly regulated. 

1.3 Heme biosynthesis and transport
The biosynthesis of heme has been one of the most extensively studied pathways 

and is composed of a series of complex biochemical reactions taking place in the 



mitochondria and the cytoplasm. The first and the last three steps of this eight steps process 

take place in the mitochondria while the remaining four reactions take place in the 

cytoplasm (Figure 4) [27-29]. The process can be subdivided into four steps, which 

involves pyrrole formation, tetrapyrrole assembly, modification of its side chains and 

formation of protoporphyrin IX along with iron insertion [30]. 

Figure 4: Schematic representation of the heme biosynthesis pathway. Adapted from Ajioka et al 2006 [31]. 

The pyrrole formation step involves the condensation reaction between succinyl 

coenzyme A, a Krebs cycle intermediate and the amino acid glycine generating a heme 

precursor called 5-aminolevulinic acid (ALA). This is the first rate-limiting reaction in the 



pathway and is catalyzed by δ-aminolevulinic acid synthase (ALAS). ALAS has two 

isoforms: ALAS1 and ALAS2, expressed in non-erythroid and erythroid cells respectively, 

and both involved in regulation of heme biosynthesis [30]. In addition to ALA, availability 

of oxygen and ferrous ion might also regulate the synthesis of heme [27, 28, 30, 31].

Once ALA is synthesized, it is transported from the mitochondria to the cytosol, the 

mechanism for which is yet unknown. This export of ALA requires it to pass through both 

the inner and outer mitochondrial membranes before being exposed to the cytosol. 

Recently, a couple of inner mitochondrial membrane transporters SLC25A38 (solute 

carrier family 25, member 38) [32-33] and ABCB10, a member of the ATP-binding 

cassette family [34-35], have been proposed to facilitate the mitochondrial ALA synthesis 

(via glycine recruitment) as well as its export from the mitochondria. Also, ABCB10 is 

known to be involved in the development of erythrocytes [36, 37]. However, the transport 

of ALA through the outer mitochondrial membrane remains a mystery [38]. Once in the 

cytosol, two molecules of ALA undergo a condensation reaction, which is catalysed by 

aminolevulinate dehydratase to form a monopyrrole called porphobilinogen (PBG) [30]. 

 The second step of the heme biosynthesis process involves the assembly of four 

PBG molecules to form an unstable tetrapyrrole called hydroxymethylbilane (HMB). This 

reaction is catalysed by porphobilinogen deaminase (PBGD). HMB is then used as a 

substrate by uroporphyrinogen III synthase to convert it into uroporphyrinogen III. This 

process involves the closing of the tetrapyrrole macrocycle [30]. 

This tetrapyrrole is now ready for the third step of the heme biosynthesis, which is 

the modification of its side chains. The uroporphyrinogen III is then converted to 

coproporphyrinogen III, which essentially involves the removal of the four carboxylic 

groups of the acetic acid side chains of four respective monopyrroles. This reaction is 

catalysed by uroporphyrinogen carboxylase. Next, the coproporphyrinogen oxidase (CPO) 

in mitochondria catalyzes the oxidative decarboxylation of the propionate side chains of 

coproporphyrinogen III (CPgenIII) to form protoporphyrinogen IX [30, 38]. 

An ATP-binding cassette, ABCB6, has been proposed to transport CpgenIII from 

the cytosol to the mitochondrial intermembrane space and is reported to be located in the 

outer mitochondrial membrane [38, 39]. Nevertheless, the role and location of ABCB6 

remains controversial, as several other studies do not mention about its presence in the 

mitochondria [40-42]. Also, some studies report completely different functions unrelated to 



heme synthesis [43, 45]. In addition to this, non-ATP-dependent CpgenIII uptake remains 

unaffected upon ABCB6 deletion in mice, while ATP-dependent CpgenIII uptake is 

completely impaired [46]. Thus, it seems that ABCB6 is dispensable for physiological 

heme synthesis and so there might be yet unknown CpgenIII exporters present in the outer 

mitochondrial membrane [46].  

Once inside, protoporphyrinogen IX is then oxidized by the enzyme 

protoporphyrinogen oxidase (PPO) to protoporphyrin IX (PPIX) [30]. Finally, the addition 

of the ferrous iron to the PPIX takes place in the inner mitochondrial membrane, a reaction 

catalysed by ferrochelatase (FECH) [30]. The transcriptional start site of FECH on 

chromosome 18q21.3 is also utilized in erythroid and non-erythroid cells and contains 

potential binding sites for Sp1, NF-E2 and GATA1 [47, 48]. FECH is expressed in the 

cytosol but manages to access the mitochondria due to the presence of a leader peptide 

sequence essential for mitochondrial localization. Subsequently, the leader peptide is 

cleaved off to produce an active FECH [49]. After ALAS, FECH is another rate-limiting 

enzyme of the heme biosynthesis pathway. The intracellular iron levels regulate the 

expression of FECH through the iron sulfur cluster present in its C-terminus [50]. Iron is 

obtained by differentiating erythroid progenitors via transferrin receptor 1 (TfR1)-mediated 

endocytosis and then transferred to mitochondria for heme synthesis. There are two 

mitochondrial iron importers on the inner mitochondrial membrane, which have been 

identified as mitoferrin1 (MFRN1) and mitoferrin2 (MFRN2) expressed in erythroid and 

non-erythroid tissues, respectively [51-55]. Once the iron is inserted to PPIX, the mature 

heme is formed and it is then ready to be incorporated into proteins involved in gas 

transport, electron transport as well as enzyme catalysis [30]. 

Considering the unstable and toxic nature of the intermediates formed during the 

synthesis, their accumulation in the cytosol needs to be avoided but the mechanism behind 

how they are transported to the enzymes is poorly understood. However, there are reports 

about the presence of transient multi-enzyme complexes that serve this purpose [30, 38]. 

There is a recent evidence about the presence of a complex between FECH, MFRN1 and 

the ABCB10 transporter. Interaction between FECH and MFRN1 has been found to be 

responsible for the iron import in the mitochondria to be embedded in the PPIX ring [56]. 

Furthermore this transient interaction is supported by the recent reports that ABCB10 

transporter stabilizes the expression of MFRN1 [57]. 



Even though all of the steps of heme biosynthesis were well characterized, not much 

was known about how heme is exported from the mitochondria. Only recently a 

mitochondrial heme exporter called Feline Leukemia virus subgroup C Receptor 1 (Flvcr1) 

has been identified. Additionally, its two isoforms namely, FLVCR1a and FLVCR1b have 

been found to be expressed on the plasma membrane and in the mitochondria, respectively 

[58, 59]. The role of FLVCR1b as a mitochondrial heme exporter has been supported by in 

vivo studies that indicate that its overexpression promotes heme biosynthesis while it’s 

silencing leads to the accumulation of the heme within the mitochondria. Its role in the 

regulation of the erythroid differentiation has also been reported [60, 61]. The mechanism 

of heme export coordination between FLVCR1a and FLVCR1b to maintain its 

homeostasis is not well studied yet, but the dysfunction of either of these isoforms might 

be critical for the pathogenesis of heme-related disorders. 

1.4 Heme metabolism and degradation 
The majority of heme (85%) produced in mammals is part of the oxygen transport 

protein hemoglobin in the red blood cells. Senescent red blood cells and heme from other 

sources need to be degraded as it is cytotoxic and its accumulation in cell leads to the 

production of reactive oxygen species (ROS), followed by oxidative damage and 

eventually cell death. This requires the tight regulation of both the heme synthesis and 

degradation mechanism. The cells have developed efficient heme detoxification systems, 

and the main enzyme responsible for this purpose in mammals is heme oxygenase (HO) 

[62]. 

Considering that heme is hydrophobic, it needs to be solubilized in order for its 

excretion to take place. In addition, the iron atom needs to be conserved for the next batch 

of heme synthesis. Heme is required to be transported to the reticuloendothelial system of 

the liver, kidney and spleen for its degradation [63, 64]. Once the free heme enters the 

blood stream during hemolysis, it circulates in the serum by forming irreversible 

complexes with heme scavenger proteins like hemopexin. There are also other proteins 

involved in complex formation with heme like albumin, lipocalin, alpha1-micoglobulin 

(alpha-1m) and reduced glutathione, all preventing free heme presence in the blood plasma. 

Heme is then imported by the cells of the reticuloendothelial system into liver parenchyma 



through receptor-mediated endocytosis for degradation [65-68]. Free hemoglobin in the 

blood forms a complex with haptoglobin before being sequestered into the spleen and 

undergoing a similar fate as free heme [69]. 

Once inside the liver, the protoporphyrin ring system undergoes degradation by an 

endoplasmic reticulum enzyme known as heme oxygenase (HO) in conjunction with 

NADPH cytochrome P450 reductase [62]. So far, two isoforms of HO have been 

established, namely HO1 and HO2, which are both translated from Hmox1 and Hmox2, 

respectively. They catalyze an identical biochemical reaction but the difference lies in their 

structures, molecular weights, reaction rates and thermostability [70, 71]. HO-1 is a 33 kDa 

stress-inducible protein, expressed abundantly in the spleen and other tissues, that degrades 

senescent red blood cells, which includes reticuloendothelial cell-rich tissues of spleen, 

liver and bone marrow. Under zero stress conditions, it is present only in the spleen, while 

it is completely absent in the brain. HO-1 has a wide range of inducers such as transition 

metals, H2O2, β-amyloid, dopamine, cytokines, prostaglandins, endotoxins, vasoactive 

compounds, pro-oxidants and inflammatory stimuli [70, 73]. This indicates towards its role 

in several cellular processes. HO-2 is a 36 kDa constitutively expressed enzyme in the 

neurons throughout the brain. Also, it has been shown to be involved in protection against 

apoptotic cell death in cases of ischemic injuries, as well as having an involvement in 

carbon monoxide generation, which is useful for physiological functions in the neurons. Its 

high expression is also found in the testis [73, 74]. 

Heme oxygenases are proteins without a prosthetic group and they catalyze the 

conversion reaction of heme to α-billiverdin (BV). This reaction proceeds via the 

formation of three intermediate unstable complexes namely, α-meso-hydroxyheme, α-

verdoheme and ferric-α-biliverdin. The HO binds heme as well as the first two 

intermediates only in the presence of oxygen and for this purpose essentially requires 

NADPH: cytochrome reductase to reduce ferric heme iron. Basically, HO utilizes three 

molecules each of NADPH and O2 for three steps of  heme oxidation [62, 73]. 

The heme ring is attacked by this activated oxygen complex and degraded to BV in 

three steps: (i) formation of hydroxyheme. (ii) formation of verdoheme, which involves the 

elimination of the α-methene bridge carbon as carbon monoxide (CO). (iii) formation of 

the billiverdin-iron complex (BV-FeIII) where the macrocycle is opened. An additional 



NADPH based reduction of BV-FeIII occurs leading to the elimination of FeII and thus 

forming BV, which concludes the HO reaction. The water-soluble BV is further reduced 

by cytoplasmic NAD(P)H-billiverdin reductase to form hydrophobic bilirubin 

IXα (BR) [62, 73] (Figure 5). 

Figure 5: The heme oxygenase pathway: Degradation of heme to BOXes through intermediate degradation 
products like billiverdin IX, bilirubin IX and gases like CO and NO [75]. 

As reported in recent years, all the degradation products of heme play a role in 

pathophysiological processes like adaptive response to cellular stress, apoptosis as well as 

inflammation [76-79]. BV and BR are excellent anti-oxidants, which are involved in the 

scavenging of ROS and nitrogen reactive species. In addition, BR is known to inhibit 

certain interleukin production indicating its role as an endogenous tissue protector through 

anti-complement actions [80, 81]. CO is involved in the modulation of guanylate cyclase 

leading to cGMP production and thus is finally responsible for vasodilation, 

neurotransmission, as well as the anti-proliferative effects in smooth muscles [82, 83]. It 

also exhibits anti-inflammatory, anti-proliferative and anti-apoptotic effects through the 

modulation of p38b and mitogen-activated protein kinase (MAPK) pathways [84-86]. 

Finally, the released ferrous iron ion is immediately taken up by ferritin, an iron 

sequestering protein and thus limiting its pro-oxidation effects. The released iron also 

participates in the formation of a dinitrosyl iron-sulfur complex (DNIC), which protects 

cells against nitric oxide (NO)-induced toxicity [87, 88]. 

In 2005 Pyne-Geithman et al. confirmed the final step of the heme degradation 



process, which involves the oxidation of bilirubin to form bilirubin oxidation products 

(BOXes) in response to the oxidative stress induced by subarachnoid hemorrhage (SAH) 

(Figure 5) [89]. The SAH condition produces a large amount of free radicals in the 

cerebrospinal fluid, which acts on bilirubin, billiverdin and heme to form BOXes. These 

BOXes are known to cause chronic vasoconstriction and vasospasm and thus might be 

potential therapeutic targets [89, 90]. There are two isomers of bilirubin formed upon 

oxidation termed as BOX A and BOX B (Figure 5) although no difference in their 

biological activity was observed so far [91]. Also, in 2011, Hou et al., suggested the role of 

BOXes in the regulation of vascular smooth muscle tone by binding and inhibiting the 

activity of the large conductance hSlo1 BK channel [92]. It is clear that the heme and its 

degradation products are critical in several cellular processes and disorders. 

1.5 Heme regulation of cellular processes 
Heme as a prosthetic group in proteins has been studied extensively but it is only 

since the last decade that it has been recognized as a signalling molecule. In contrast to the 

permanent binding of heme in the processes and complexes mentioned earlier (section 1.2), 

signalling processes are often mediated by a transient association of heme with proteins. 

This transient interaction has been found to be a key event in diverse molecular and 

cellular processes ranging from genome stability to signal transduction as well as from 

transcription and translation regulation to protein complex assembly (Figure 6). 

Considering the fact that heme biosynthesis and degradation are tightly regulated because 

of the molecule’s toxic nature, it is not surprising that the two key proteins, δ-

aminolevulinic acid synthase and heme oxygenase have been described to bind free heme 

and thus regulate both the processes, respectively. 

Out of the two isoenzymes of ALAS in the heme biosynthetic pathway (Figure 4), 

ALAS1 is negatively regulated by heme through a feedback mechanism while ALAS2 is 

not involved in such a mechanism in erythroid cells [93]. It is already known that heme’s 

role as a part of this regulation destabilizes the mRNA of the ALAS1 enzyme and thus 

represses the synthesis of ALAS1 [94]. Also, at the same time, heme is responsible for the 

translocation of ALAS1 in the mitochondria, thus initiating the biosynthesis of heme. 

There is the leader sequence present on the N-terminus of the the ALAS precursor protein, 



which is responsible for its mitochondrial localization [95]. The leader sequence contains 

heme regulatory motifs (HRM's). They were shown to typically contain a cysteine-proline 

(CP) dipeptide sequence that binds heme and inhibits the mitochondrial localization of the 

ALAS precursors. Even though HRM's are conserved between ALAS1 and ALAS2 of 

different species, heme-mediated suppression was only observed for ALAS1 suggesting 

the presence of non-heme mediated inhibition of ALAS2 expression [95]. 

Figure 6: The regulatory role of heme in several cellular pathways as well as disorders as known from the 
literature so far. 

Similarly, a negative feedback mechanism exists for the regulation of globin 

transcription and translation as well as heme degradation by heme [96]. The HO-1-

mediated degradation of heme produces degradation products, which are responsible for 

antioxidant and anti-inflammatory activities, and thus transcription of HO-1 needs to be 

efficiently regulated. Heme is known to transcriptionally regulate the HO-1 enzyme 

through a transcriptional repressor Bach1 [97]. It was the first mammalian transcription 

factor reported to bind heme and the target gene being Hmox-1, which encodes HO-1. Also, 

Bach2 is a transcriptional repressor involved in the differentiation of B-cells and T-cells 

and is regulated by heme [96, 98]. 



Figure 7: Schematic representation showing the transcriptional regulation of Bach1 by heme. The low 
levels of heme lead to Bach1 binding to the small Maf proteins on the MARE site and thus repressing the 
HO-1 transcription. The high levels of heme inactivate Bach1 prompting it to leave the MARE site and thus 
Maf proteins are now available to bind Nrf class activators and stimulate the HO-1 transcription. The HO-1 
produced binds the excess heme and degrades it. Adapted from Ogawa et al., 2001 and Furuyama et al. 
2007 [99, 100]. 

Both Bach1 and Bach2 belong to a subfamily of the basic leucine zipper (bZip) 

family of transcription factors. They form heterodimers with the small Maf proteins called 

MafK, bind to the Maf recognition element (MARE) and thus repress the gene expression. 

Upon heme binding, the DNA-binding activity of the MafK is abrogated and increasing 

levels of heme leads to the dissociation of the MafK from the Hmox1 enhancers (Figure 7). 

Heme also is further known to induce the nuclear export of Bach1, which depends on the 

nuclear exporter Crm1 [96, 97, 99, 100]. Thus, heme can also deactivate the expression of 

Hmox-1. Both Bach1 and Bach2 possess four and five Cys-Pro motifs, respectively, which 

are involved in the heme binding. It has been reported that heme binds Bach1 with multiple 

binding modes and thus inhibiting the DNA activity and further transcriptional effects 

downwards [97]. Only recently, the heme regulation of Bach2 has been reported at the 

structural level [101]. In addition, heme has been shown to activate the transcription of 

globin by inhibiting the binding activity of Bach1 to the MafK in the globin genes [96]. 

Besides the significance of CP motifs for the above mentioned processes, there 

exists a number of evidences that CP motifs play a crucial role in heme-regulated processes 

as may be exemplified in the following paragraphs: 



A comparison between the HO-1 and HO-2 sequences indicates the presence of two 

heme regulatory CP motifs in the C-terminus of HO-2, while cysteine residues are absent 

in the HO-1 enzyme [96]. These CP motifs have been suggested to be involved as the 

heme-binding site, and recent reports indicate them to be redox-regulated. HO-2 in the 

oxidized state binds to the histidine in its catalytic site, as cysteines in the C-terminus are 

not available for binding because of the disulfide bond formation. In the disulfide-reduced 

state, heme regulation of HO-2 proceeds through multiple heme-binding sites with varying 

affinities. Thus, it can be concluded that heme binds to the catalytic site and C-terminus of 

HO-2 independently. These observations indicate that HO-2 tightly regulates the 

intracellular heme levels and might be involved in the reduction of heme-mediated 

oxidative stress. As yet, it is unknown how these multiple heme regulatory sites affect the 

function and activity of HO-2 [102-104].  

HO-2 has been reported to be a part of the calcium-sensitive potassium (BK) 

channel complex that enhances the activity of the channel under normal levels of oxygen 

[105]. Heme also binds to the Slo1 BK channels, which leads to a profound inhibition of 

K+ currents and thus regulates the action potential. Therefore, heme plays an important role 

in the regulation of certain types of ion channels and controls neuronal excitability [106, 

107].

Heme is also known to regulate the activity of heme-regulated inhibitor (HRI), 

which is involved in the translation of globin protein [108]. HRI is one of the four known 

eukaryotic initiation factor 2 (eIF2α) kinases that phosphorylates eIF2α under heme-

deficient conditions, which results in the suppression of the translation machinery. So far, 

heme is reported to only regulate HRI out of the four eIF2α. The mechanism of heme 

sensing by HRI is not well understood, except for the involvement of the heme-regulatory 

CP motif and two consecutive histidines part of the catalytic site of the kinase [95, 109, 

110]. 

The presence of free iron in the cell can lead to the generation of ROS and its level 

has to be strictly regulated. Iron is known to regulate its own import, storage and utilization 

through iron regulatory protein (IRP) – iron responsive elements (IREs) system. IRE is a 

stem-loop structure found in several RNA’s, which encodes proteins required for iron 

metabolism.  Depending on the concentration of iron, IRP binds to IRE at 5'-UTR or 3'-



UTR, leading to the inhibition or increased translation of proteins involved in iron 

metabolism. The iron-mediated oxidation of IRP2 by heme is a specific recognition signal 

for the degradation of IRP2 via the ubiquitin-proteasome system. Heme manages to 

oxidize IRP2 through the CP motif present in its iron dependent degradation (IDD) domain 

[95, 111-113].

Finally, recent literature studies have implicated heme in several age-related 

neurodegenerative disorders like Alzheimer's disease [114-116], Parkinson disease [117], 

and Prion disease [118, 119]. Also, heme deficiency affects neuronal differentiation 

through altering the expression of signaling components of the nerve growth factor (NGF) 

pathway such as Ras, MEKK1, c-myc, p53 and p38 MAPK [23-26]. A recent report 

suggests a direct interaction between heme and the tumor suppressor protein p53 through 

CP motifs, which affects p53-DNA interactions and thus triggers the nuclear export as well 

as cytosolic degradation of p53. The heme interaction with p53 has been found to be 

regulated by iron metabolism and thus will provide further insight into the mechanism of 

iron-mediated organ-selective tumorigenesis [120].  

A glance through the reported HRM’s in each of these proteins indicates a variety of 

motifs with cysteine, histidine and tyrosine as the three heme-iron coordinating amino 

acids. Also, there is lot of data suggesting the specific role for the amino acids surrounding 

these iron-coordinating amino acids. In the majority of these cases, the surrounding 

residues play a role in stabilizing the heme ring through interaction with its propionate or 

vinyl side chains. In the last decade, heme regulation of different cellular processes has 

been reported and many more regulatory functions are yet to be discovered. Even though 

several aspects of heme regulation remains unclear, structural studies combined with in 

vivo studies will open up new areas in exploiting beneficially heme-protein interaction. 

1.6 Scope of work and publication summary
Only few data exists about the structural characteristics of the mechanisms of heme 

binding (association) to and release (dissociation) from the proteins regulating the function 

of the biomolecules. Heme is known to bind to small stretches on the protein surface called 

heme-regulatory motifs (HRM) [121]. Even though several heme-regulated proteins are 

known, the classification and structural characterization regarding protein features and 



amino acid composition of the HRM's is missing. Such a study would be beneficial for the 

detailed understanding of heme-binding modes as well as critical for the identification of 

yet unknown heme-binding or heme-regulated proteins.  

The main scope of this work was to investigate the structural characteristics of heme 

regulatory motifs using nuclear magnetic resonance (NMR) spectroscopy. NMR 

spectroscopy has proven to be an indispensable technique for the structure elucidation of 

biomolecules in solution as well as solid state using homo- or heteronuclear 

multidimensional approaches. In addition, the solution state NMR can provide with 

information about the dynamical features of the molecules as well as protein-ligand 

interactions. The technique will be very helpful in understanding how heme attaches to the 

protein and thus provides valuable knowledge about protein scaffolds as well as heme-

binding modes. 

Traditionally, HRM's are known to be short stretches of a minimum length of 4-5 

amino acids [121] and this led to the approach to accommodate the potential heme-binding 

amino acid stretches into nona-peptides. In the laboratory of Prof. Imhof (University of 

Bonn), Dr. Toni Kühl established a combinatorial peptide library to identify the heme- 

binding preferences of these short nonapeptides [122]. The established peptide library 

(X)4(C/H/Y)0(X)4 suggested towards the preference of histidine and tyrosine containing 

motifs over the cysteine motifs (position 0). The H- and Y-based peptides mostly had the 

presence of polar and charged amino acids at the N- and C-terminus while the large 

number of cysteine-based peptides showed a distinct preference for proline residues at the 

+1 position next to the central coordinating residue. It also became clear that apart from 

this central residue (C/H/Y), more than 50% of the sequences contained a further histidine 

or tyrosine residue or more than one of them in the vicinity. This observation also seems to 

hold true for the HBM's except for the fact that this second interacting amino acid might 

not be in the direct vicinity of the central iron coordinating amino acid. 

Once the peptide sequences were obtained from the library, a specific workflow was 

followed for the analysis of heme binding and its coordination pattern upon interaction.  

1) Firstly, UV/Vis spectroscopy was employed to investigate the changes in the Soret band 

behavior upon heme binding. Heme displays a typical maximum at 398 nm in the blue 

wavelength region of the visible spectrum. Upon addition and binding of a peptide, the 

Soret band shifts and thus indicates the heme-peptide interaction. The group of Prof. Diana 



Imhof performed these experiments. 

2) Next, resonance Raman spectroscopy was applied to investigate the coordination pattern 

of heme iron with the peptides, as well as heme-peptide complex geometries. The 

resonance Raman spectrum of free heme shows five prominent bands in the spectral region 

between 1300 and 1700 cm-1. The bands are associated with vibrations in the porphyrin 

ring and vary according to the porphyrin core size. Usually, resonance effect of heme is 

obtained by using excitation wavelength of 413 nm, in the close vicinity of the heme Soret 

band. So five vibrational bands are obtained for the free Fe+3 heme moiety namely ν4, ν3, ν2, 

ν11 and ν10. Upon peptide/protein addition to heme, a major shift in the ν3 and ν2 bands 

reflects iron coordination in heme complexes [123, 124]. Thus, these methods give us an 

idea about the heme iron coordination pattern in the heme-peptide complexes. The 

laboratory of Dr. Ute Neugebauer (IPHT Jena/University Hospital Jena) performed the 

resonance Raman experiments.

3) Finally, 2D NMR spectroscopy was employed to investigate the structure of the peptides 

as well as the heme binding to these peptides. Gallium protoporphyrin IX (GaPPIX) was 

used as a substitute for heme (iron protoporphyrin IX) since complex studies with heme in 

NMR might suffer from paramagnetic effects leading to an increased spectral width and 

line broadening beyond the signal detection limit. GaPPIX possesses similar charge and 

radius and so can be used as a substitute for heme. A series of NMR experiments was

conducted for the free peptides as well as peptide-GaPPIX complexes, which include 

[1H,1H]-TOCSY, [1H,1H]-NOESY, [1H,1H]-COSY and [1H,13C]-HSQC. The chemical shift 

assignments were obtained by e.g. analyzing the [1H,1H]-TOCSY and [1H,13C]-HSQC 

experiments. Subsequently using [1H,1H]-NOESY spectrum, the distance data were 

assigned and structure calculations with the distance-geometry program CYANA [125, 126] 

were performed. 

Our analysis started with the cysteine-based peptides obtained from the 

peptide library screening using the above-mentioned workflow. The publications 2.1 and 

2.2 describe this study. In the publication 2.1, we have concentrated specifically on the CP-

based peptides and the binding of a predicted short sequence stretch derived from 

dipeptidyl peptidase 8 (DP8) with heme. Here, we have published the first solution 

structure of a CP peptide-heme complex. In addition, the inhibitory effect of heme on the 

DP8 enzyme activity was discovered. Overall, we have laid a platform for the future in 



vivo studies of heme effects on DP8.

Figure 8: The classes of cysteine-based HRM containing peptides investigated in publication 2.1 and 2.2. 

The results from publication 2.1 prompted us to investigate a plethora of cysteine-

based peptides, which includes CP-based and C-based peptides with and without H/Y in 

their vicinity. Accordingly, the peptides were grouped into these four classes, investigated 

by UV/Vis, resonance Raman and finally a peptide each from these classes was selected 

for the NMR experiments. The results of these studies are reported in the publication 2.2 

(Figure 8). Additionally, we have described the features of the free form peptides as well 

as iron coordination patterns in these peptide-heme complexes. Also, we have discussed 

the different possibilities of Fe(III)-heme binding to amino acid sequences of cysteine-

based peptides and in possible penta- and hexacoordination states. 

 

Figure 9: The classes of histidine and tyrosine-based HRM investigated in publication 2.3. 

In publication 2.3, we have investigated a series of histidine- and tyrosine-based 

peptides with and without H/Y in their vicinity (Figure 9) and similarly to 2.2, after 



UV/Vis, resonance Raman and EPR investigations, we performed NMR on a peptide each 

from the four additional classes. Here we have again investigated and discussed the free 

form peptides and the heme-complexed forms. Our results indicate the role of polar and 

positively charged amino acids in the immediate vicinity of the central iron-coordinating 

amino acid. This binding knowledge enabled us to identify and predict chloramphenicol 

acetyltransferase from E. coli as a potential heme-regulated protein. Also, a heme 

inhibitory effect on the enzyme activity was discovered. 

 
Figure 10: Representation of an 
α-subunit of the Kv1.4 channel. 
The N-terminus contains a ball 
domain structure that is 
responsible for the fast N-type 
inactivation event thus regulating 
the action potential. (Adapted 
from Wissmann et al., 2003 [127]).   

 

In order to validate our results on heme binding derived on peptides (publication 2.2, 

2.3 and Appendix), it was essential to address the structural basis of heme regulation at the 

protein level. To serve this purpose, we have characterized the heme regulation of the 

potassium channel Kv1.4 (Figure 10) in publication 2.4. The project was initiated by Prof. 

Heinemann's laboratory at the CMB, Jena and here we have shown that heme, through a 

cysteine and a couple of histidines binds to the N-terminus of the channel, which impairs 

the inactivation process and regulates the action potential in excitable cells. The 61mer N-

terminal peptide (pep61) was recombinantly expressed and is an example of a cysteine-

based peptide with the presence of histidine and tyrosine in its vicinity (Class II, 

publication 2.2). We performed traditional 3D NMR experiments to obtain the chemical 

shifts assignments, essential for the structure prediction of the pep61 using CS-ROSETTA 

[128] as well as HADDOCK [129, 130], a docking software to obtain different heme 

binding scenario to pep61. 

 During the study of pep61, it became obvious that due to specific features of the 

molecule, extensions of the existing NMR techniques had to be created in order to be able 

to proceed further with the distance assignment. The presence of alanine rich regions and 



glycine repeats in its primary sequence led to stretches with ambiguous chemical shifts 

obtained from traditional 3D NMR experiments. Additionally, the presence of low 

intensity peaks as well as poor dispersion of crosspeaks in the [1H,15N]-HSQC spectrum 

and related triple resonance spectra indicated towards the possible presence of an 

intrinsically disordered protein region (IDPR) in pep61. IDPR and intrinsically disordered 

proteins (IDP's) are known to lack a stable secondary and tertiary structure in physiological 

conditions and have been extensively reported to play a critical role in biological/cellular 

functions [131, 132]. Considering the unstable nature of these molecules, a timesaving and 

straightforward characterization by NMR spectroscopy becomes essential.  

Therefore in sections 2.5 and 2.6, pulse programs for the sequential acquisition of 

backbone and side chain resonance assignments of uniformly labeled 13C/15N labeled IDP's 

has been developed. In publication 2.5, we have employed two sets of dual sequential 1H 

data acquisition experiments exploiting the good dispersion of peaks in the NCO 

dimension and managed to successfully assign the ambiguous stretches. In publication 2.6, 

a simple triple resonance experiment has been developed that employs a band-selective 
15N-13Cα heteronuclear cross-polarization sequence combined with non-uniform sampling 

and thus enables connection of three backbone amide resonances. This experiment has 

been combined with a side chain experiment that simplifies the analysis of both of the 

experiments. 

The timesaving NMR pulse programs mentioned above enabled us to obtain 100 

percent unambiguous resonance assignments for pep61. This was the basis to proceed 

towards the assignment of the NOE spectra, followed by application of distance constraints 

and finally structure refinement and calculation. In section 3.1, the NOE-based distance 

geometry structure of pep61 has been shown. Since heme coordination of pep61 was 

unsuccessfully investigated using 1H and 13C paramagnetic NMR experiments, the effect 

on the peptide backbone resonances upon GaPPIX addition was monitored via [1H,15N]-

HSQC data allowing to present a model of the pep61-heme complex.  

In section 2.8, preliminary results on the structure and heme interaction of 

interleukin-36α (IL-36α), a predicted yet unknown heme regulatory protein from our 

combinatorial peptide library approach has been shown. IL-36α belongs to the structurally 

related class of IL-1 cytokines that are considered to be major players in the pathogenesis 



of inflammation. 

Figure 11: IL-36α signals through the primary receptor IL36R 
 that forms a heterodimer with second receptor subunit IL-36RacP 
 and activates the NF-kB and MAPK signalling pathway [133]. 

IL-1 members are known to signal through the 

receptor heterodimer formation and leading to the 

activation of nuclear factor kappa B (NF-κB) and the 

mitogen activated kinase (MAPK) pathway (Figure 11) 

[128]. IL-36α has been reported to play an important 

role in causing inflammation during Psoriasis, a skin 

disease [134, 135]. Circular dichroism (CD) and NMR 

spectroscopy results on its secondary structure along 

with initial UV/visible spectroscopy results on its heme 

interaction have been shown here. 
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3.1 NMR investigation into heme regulation of pep61 
The purification protocol for pep61 mentioned in publication 2.4 was optimized to 

increase the yields and obtain higher concentrated samples for NMR spectroscopy. 

3.1.1 Optimization of pep61 purification 

The pETM41 vector containing the pep61 insert (described in publication 2.4) was 

expressed in E. coli BL21 (DE3) cells. Cells harboring the expression plasmid were grown 

at 37°C in LB media. Once the cell density reached an OD600 of 0.7/mL of culture, cells 

were spun down and resuspended in M9 medium supplemented with 1.5 g/L 15NH4Cl and 

3 g/L 13C6 glucose for isotopic labeling. The cells were allowed to grow at 37°C till the 

OD600 reached 0.8 and then protein expression was induced by addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM. This was continued for 5 

h at 37°C and then the cells were harvested by centrifugation at 4°C (5000xg, 30 min).  

The cells were resuspended in lysis buffer (50 mM Tris/HCl, 300 mM NaCl, 5 mM 

imidazole and 5 mM β-mercaptoethanol, pH 8.0) with a mixture of protease inhibitors, 

DNAses and RNAses and homogenized with a French press, followed by centrifugation 

(10000xg, 4°C, 55 min). The supernatant was loaded onto a Ni2+-nitrilotriacetic acid 

column equilibrated with the lysis buffer. After washing with lysis buffer, 10 column 

volumes of wash buffer (lysis buffer, 10 mM imidazole, pH 8.0) were applied to the 

column and the His-tagged fusion protein was eluted subsequently (lysis buffer containing 

250 mM imidazole). The His-MBP was released during dialysis against 20 mM Tris/HCl, 

5 mM NaCl and 2 mM DTT pH 8.0 by TEV protease digest at 4°C over night. The 

resulting cleavage product was loaded onto a DEAE ion-exchange column to facilitate the 

removal of His-MBP (which sticks to the column), while the pep61 (with TEV protease) 

flows out. The pep61 was separated on a Superdex 75 16/60 gel filtration column 

equilibrated with 20 mM Tris/HCl, 200 mM NaCl and 2 mM DTT, pH 8.0. The required 

pep61 fractions were concentrated with a 3.5 kDa amicon filter and exchanged into the 

NMR buffer containing 20 mM sodium phosphate buffer, pH 7.4. Finally, the concentrated 

pep61 was heated to 42°C for 30 minutes to remove the minor TEV protease 

3. Further Results 
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contamination. The pep61 was then either lyophilized or utilized for NMR experiments. 

3.1.2 NMR solution structure of pep61 

The 1H, 13C and 15N backbone and side chain chemical shift assignments derived in 

this study for the pep61 have been deposited in the BioMagResBank (accession numbers 

19426). The structure of pep61 was calculated on the basis of nuclear Overhauser 

enhancement (NOE) distances and torsion angle constraints. These NOE-derived distance 

restraints were extracted from three dimensional [1H,1H,13C]-NOESY-HSQC (mixing time: 

120 ms) and [1H,1H,15N]-NOESY-HSQC (mixing time: 120 ms) experiments at 10°C on 

Bruker 750 MHz or 600 MHz AvanceIII NMR systems, respectively, equipped with 5 mm 

triple resonance cryo-probes. DSS was used for direct 1H chemical shift referencing and 
13C as well as 15N chemical shifts were indirectly referenced. Spectra were processed using 

Bruker software TOPSPIN V2.1 and analyzed with the CCPNmr analysis tool [136]. 

Figure 12: NMR solution structure of the N-terminal region of the α-subunit of the potassium channel Kv1.4 (pep61). 
Ribbon representation of the superimposed backbone traces for the 15 structures with the lowest energy after OPAL 
refinement [134]. Also, the disordered N- and C-termini can be observed in the ensemble. 

After spectral analysis, structures were calculated using CYANA v.3.9 [125, 126]. 

15 of the 100 structures with the lowest target function were analyzed and subjected to 



Page 169 3. Further Results 

energy minimization using the program OPAL [137]. Upper limit distance constraints were 

classified according to their intensity in the NOESY spectra, corresponding to distance 

limits of 2.7, 3.3, 4.3, 5.2 and 6.5 Å, respectively. NOE intensities corresponding to fixed 

Hβ2-Hβ3 and aromatic ring distances were used for calibration. Pseudo atom corrections 

were added by CYANA. 3JHNHα coupling constants were included to calculate torsion 

angle constraints via local conformational analysis with the FOUND module [138]. 

Furthermore, standard torsion angle constraints defining the allowed ɸ,Ψ-regions in the 

Ramachandran map were included. Hydrogen bonds that were consistently formed during 

initial rounds of structural calculation were used as additional constraints in the final 

structure calculation. Figures were produced using MolMol [139]. The ensemble of the 

energy minimized 15 structures with the lowest target function is shown in Figure 12. The 

statistics of the structures are summarized in Table I. 

 
Figure 13: Example from the 15 energy minimized distance restraints-based structure with all five potential 
heme-iron coordinating amino acids (depicted with bold bonds). The C13 and H16, part of the CXXH motif 
along with Y19 and Y21 are part of the IDPR while the H35 is part of the kink present in the central α-
helix. The ribbon diagram was manually adapted to increase visibility of the residues mentioned. 

 

The NMR-derived solution structure of pep61 (Figure 13) was not identical to the 

one predicted by CS-ROSETTA in publication 2.4. However, both of them are similar in 

terms of the presence of a central α-helix. The NOE-based structure consists of a long 
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helix beginning at tyrosine Y19 and extending all of the way up to valine V51. The N-

terminal part (methionine 1 to methionine 17) and the C-terminal region (from glycine 56 

to proline 61) were highly disordered as seen from the ensemble (Figures 12, 13). These 

regions gave rise to only a few NOE's leading to a reduced degree of structural order and 

thus interpreted as intrinsically disordered protein regions (IDPR's). The observation of an 

IDPR in the mentioned region is supported by the heteronuclear NOE data (publication 2.4, 

Supplementary figure S3), which indicates high mobility in the mentioned region. 

Nevertheless, the N-terminal IDPR shows hint of a short α-helical element in the structure 

ensemble (methionine 5 to serine 7). The extended helix is characterized by the presence of 

a kink between histidine 35 and serine 36. The calculated energy minimized ensemble 

exhibits a backbone r.m.s.d. of 0.62 Å for this central helix (Y19 to V51) while the r.m.s.d. 

value including the disordered regions is 4.33 Å. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table I: NMR and refinement statistics for the pep61 

a Upper and lower distance restraints 
b CYANA classification 

NOE-based distance restraintsa 1637 
Intra-residual 349 

Sequential 688 
Medium-range 600 

Long-range 0 
Dihedral angle restraint 132 

Restrained H-bonds 56 
Constraint violations   

Distance constraints (Å) 0.0072 ± 0.002 
Max. distance constraint violation (Å)  0.22 ± 0.053 

Dihedral angle constraints (°) 0.064 ± 0.083 
Max. dihedral angle violation (°) 0.74 ± 0.92 

CYANA target function (Å2) 0.397 ± 0.11 
AMBER energies (kcal mol-1)  

Before energy minimization -1496 ± 290.6 
After energy minimization -2078 ± 47.1 

Mean r.m.s.d backbone (Å) (Y19 to V51) 0.62
Mean r.m.s.d heavy atoms (Å) (Y19 to V51) 1.086 

Ramachandran statistics (%)b  
Most favored regions 70.6 

Additionally allowed regions 26.5 
Generously allowed regions 2.4 

Disallowed regions 0.6 
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3.1.3 Heme and GaPPIX addition to pep61 

The titration of heme to pep61 and further NMR investigations of the interaction 

were performed during a visit at CERM, Florence, Italy. Heme solution was prepared in 10 

mM NaOH and then further diluted in 20 mM sodium phosphate buffer, pH 7.4. It was 

added 1:1 to 670 μM 15N,13C labeled pep61 dissolved in the same buffer. The effect on the 

pep61 upon heme addition was monitored by 1H NMR as well as [1H,15N]-HSQC. This led 

to the overall broadening of the peaks as well as a slight decrease in the intensity of C13 

and the peaks in its vicinity (N14, S15, G20 and G22). Furthermore, 1H and 13C 

paramagnetic 1D experiments as well as distance-based experiments were performed on 

the sample to acquire more information into the amino acids involved in the iron 

coordination as well as heme-iron environment. However, there was no drastic shift in the 

resonances of side chains of heme-iron coordinating amino acids, which prevented us from 

proceeding with magnetic susceptibility experiments. 

 
Figure 14: The effect of GaPPIX addition 
on pep61 was monitored by [1H,15N]-HSQC. 
Green: free form pep61 and red: GaPPIX-
bound form. The affected residues have 
been marked and were utilized in the 
CYANA structure calculation [125, 126]. 
 

 As an alternative approach 

GaPPIX was used as a substitute 

for heme and its effect on pep61 

was monitored by [1H,15N]-HSQC 

(Figure 14). The GaPPIX solution 

was prepared in DMSO-d6 and 

then added 1:1 to 400 μM 15N,13C 

labeled pep61 dissolved in 20 

mM phosphate buffer, pH 7.4. The final DMSO-d6 concentration of 3.5% in the sample 

was low enough to avoid non-heme related effects on pep61.  

A drastic decrease in the intensity of heme-iron coordinating residues C13, H35 and 

their neighboring residues was observed (Figure 14). The amino acid resonances affected 

around C13 were N14, S15, G20 and A22 while R37 was the only one affected around 
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H35. Also, a decrease in the intensity of R26, A27 and R28 was observed. This chemical 

shift information was utilized into further CYANA calculations that indicates a potential 

hexacoordination formation between C13 and H35 in binding to heme-iron with the 

possible involvement of the R26 and R28 side chains in the stabilization of the heme ring 

(see section 4.2.1.4). 

3.2 Interleukin-36α  (IL-36α) - A heme regulated protein? 

As part of our heme interaction studies at the protein level, IL-36α from Homo 

sapiens was selected. It contains a CP-based motif without the presence of neighboring 

histidine or tyrosine i.e. SEGGCPLIL which was studied in publication 2.2 as part of the 

class III peptides. Since NMR spectroscopy was one of the techniques to be employed, it 

was decided to optimize the bacterial overexpression and purification of IL-36α. 

3.2.1 Overexpression and purification of recombinant IL-36α  

The gene encoding 158 amino acids of the IL-36α protein was inserted into 

NdeI/XhoI sites of the pET28a expression vector, providing an N-terminal His6 tag and a 

thrombin cleavage site between the tag and the gene-encoded sequence. The constructs 

were transformed in BL21 (DE3-codon) E. coli cells and plated onto kanamycin plates. A 

single colony from the plates was inoculated into 100 mL of Luria Bertani (LB) medium 

containing 50 μg/mL kanamycin resistance and grown until an OD600nm of 0.7. These 

primary cultures were further scaled up to 500 mL of the LB medium. For NMR purpose, 

this primary culture was inoculated into 500 mL of M9 medium containing labeled 
15NH4Cl and 13C6-glucose. Bacteria were induced with 0.3 mM IPTG for 18 h at 18°C. 

After growth and induction, the cells were homogenized in a lysis buffer containing 

50 mM Tris/HCl, 300 mM NaCl, 5 mM imidazole and 5 mM β-mercaptoethanol (pH 8), 

lysed with the french press and then centrifuged at 10000xg. The clear cell lysate were 

applied to Ni-NTA agarose resin and allowed to flow with the gravity. The resin was 

washed with 10 column volumes each of 5 mM and 10 mM imidazole containing lysis 

buffers and the purified protein was eluted with 0.25 M imidazole. The His6 tag was 

cleaved from the protein by the addition of 5 U/mg of thrombin (Sigma-Aldrich) at 4°C 

overnight, leaving three additional amino acids (Gly-Ser-His) attached at the N-terminus. 
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The overnight-cleaved protein was concentrated to 1.5 mL using a 3-kDa amicon filter and 

injected onto a 16/60 Hiload S75 size exclusion chromatography column (GE Healthcare). 

The fractions of the IL-36α were pooled together, concentrated, buffer exchanged into 20 

mM sodium phosphate buffer, pH 6.9 and the concentration measured at OD280 using 

UV/Vis spectroscopy. Samples were either lyophilized or used for the biophysical and 

NMR experiments. 

3.2.2 Circular Dichroism spectroscopy of IL-36α  

 

Figure 15: The CD spectrum of IL-36α
in the far UV range of 260 to 190 nm 
acquired at 20°C. 

 

Initially, circular dichroism 

spectroscopy was employed to 

obtain a preliminary idea about 

the secondary structure of IL-36α. 

CD spectroscopy is a versatile 

and label-free tool for rapid 

determination of the secondary 

structure and folding properties of proteins. Also, the concentration of the sample required 

is low and thus is a useful technique. Ideally, a beta sheet structure shows a negative band 

at 218 nm while a random coil structure shows a negative band around 197 nm. The CD 

measurements were performed using a Jasco J-710 spectropolarimeter with the temperature 

maintained at 20 ± 0.3°C by a Peltier thermostat. The spectrum was measured in the far 

UV range of 260 to 190 nm, at a scan speed of 20 nm/min, bandwidth of 1.0 nm, resolution 

of 1 nm, and response time of 4 secs. In total 10 accumulations were obtained. The 

measurement was performed using a cuvette of 1 cm pathlength and the protein 

concentration of 15 μM was used. 

The CD spectrum of IL-36α (Figure 15) shows a negative band at 203 nm that 

might indicate towards the presence of a highly disordered structure. This CD data was 

utilized to look further into the secondary structure content of IL-36α using the algorithms 

CAPITO (CD Analysis and Plotting tool) [140] and CDNN (CD Neural Network) [141]. 
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CAPITO takes advantage of the already available validated protein CD spectra in the 

Protein Circular Dichroism Data Bank (PCDDB) repository, while the CDNN analysis is 

based on the neural network theory where a specific network is available for each 

wavelength interval (180-260 nm or 190-260 nm and so on). The data obtained from these 

analyses is shown in Table II and discussed in section 4.2.2.1. 

 

Analysis tool α-helix β-sheet irregular 

CAPITO 10-13% 30-35% 50-60% 

CDNN 6.7% 34.5% 59.7% 

Table II: CAPITO [140] and CDNN [141] analysis of the secondary structure content of IL-36α. 

3.2.3 Chemical shift index (CSI) of IL-36α  

The program CSI 3.0 analyzing the chemical shift index was employed to identify 

the secondary structure elements in the protein chains of IL-36α. This program utilizes the 

NMR backbone chemical shifts and the protein primary sequence as input data [142]. It 

employs: 

a) CSI 2.0, a secondary structure calculation algorithm that predicts α-helix, β-sheet and 

random coil elements,  

b) TALOS-N, a torsion angle prediction algorithm based on chemical shift and empirical 

structure data, 

c) RCI (Random coil index), a program estimating the disorder by random coil indexing 

based on the chemical shift data, 

d) Side chain RCI, a program for the calculation of fractional accessible surface areas 

This approach turned out to deliver more stable predictions when compared to its 

individual submodules and is able to discriminate between 11 different types of secondary 

structures [142]. The initial IL-36α chemical shifts list containing Cα, Hα, CO, Cβ, N, 

HN,along with its primary sequence was inserted into the CSI 3.0 webserver. The output 

result (Figure 16) shows that IL-36α consists of a predominantly β-sheet structure. The 

amount of α-helical content is predicted to be minimal and to consist only of one turn. 
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Figure 16: The secondary structure content of IL-36α mapped on its primary sequence is shown as 
obtained from the CSI 3.0 webserver. 
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3.2.4 Absorbance spectroscopy of IL-36α-heme interaction 

Figure 17: The UV/Vis absorbance spectra of IL-36α-heme interaction. Only the relevant region between 
250 to 550 nm has been shown here. Green: 10 μM heme only; Orange: Equimolar concentration of 
IL-36α-heme. 

 

Firstly, the effect of heme on IL-36α was investigated by following the behavior of 

the Soret band using UV/Vis absorbance spectroscopy. The UV/Vis measurements were 

performed using an Analytik Jena Specord 210 spectro-photometer in a 1 cm pathlength 

cuvette in the range of 250 to 700 nm at room temperature. A stock solution of 

8 mM heme was prepared in 0.1 N NaOH and IL-36α was titrated 1:1 against 10 μM heme 

in 20 mM sodium phosphate buffer, pH 6.9.  

The UV/Vis spectrum of free heme in the phosphate buffer shows the presence of 

the Soret band at 387 nm and an additional shoulder at 357 nm. Upon titration of 

equimolar concentration of IL-36α to heme, a shift in the Soret band to 370 nm was 

observed along with a shoulder at 413 nm (Figure 17). This shift in the Soret band 

indicates the binding of the heme to protein as shown by Goodfellow et al., 2001 [143]. 



The last two decades have seen large number of reports emerging on heme 

regulation of different cellular processes through interaction with proteins as well as their 

implications in several life-threatening diseases. Although the heme-iron interaction with 

proteins through cysteine, histidine, tyrosine and methionine has been reported, 

information on structural features and chemical environment of heme regulatory motifs 

(HRM’s) is scarce. A detailed structural classification of the HRM's would be helpful in 

understanding the molecular mechanism of transient heme interaction as well as possible 

identification of yet unknown heme regulated proteins and cellular processes. 

4.1 Study of peptide-heme interaction 
Considering that the length of HRM's is between 2-5 amino acids, Kühl et al in 2012

[122] designed a combinatorial peptide library approach that enabled us to study cysteine, 

histidine and tyrosine-based HRM's as a part of nona-peptides (9-mers) [122]. The 

available reports on heme regulation of proteins indicate the binding affinity (Kd) to be in 

the high nanomolar to low micromolar range. So, peptide sequences with affinity in this Kd

range were selected for further characterization. This nona-peptide approach allowed us to 

investigate a plethora of peptides using different techniques like UV/Vis, Raman and NMR 

spectroscopy, which would be difficult with full-length proteins. The usage of nona-

peptides also eliminates interference of secondary structure (α-helix or β-sheet) in the 

heme-binding study. Since biomolecules structure determination by NMR spectroscopy is 

time consuming, a pre-screening of peptides by UV/Vis and Raman spectroscopy was

essential to narrow down our studies to the selected functional proteins.  

4.1.1 Prediction of an unknown heme regulated protein 

The identification of the CP motifs as HRM in the enzymes essential for heme

biosynthesis and degradation as well as in the proteins involved in several other cellular 

processes like transcription, translation and cell cycle prompted us to investigate its NMR-

based structure. This objective was achieved in publication 2.1 through investigation of a 

predicted but yet unknown CP-based HRM from the combinatorial library. This HRM 

4. Discussion 



belongs to the enzyme dipeptidyl peptidase 8 (DPP8), which is part of the dipeptidyl 

peptidase IV enzyme family of serine proteases [144, 145]. The heme binding affinity of 

11 μM that we have reported here is similar to the ones reported for the heme-regulated 

proteins like yeast transcriptional activator Hap1 [96], ALAS [95] as well as HRI kinase

[110]. 

Figure 18: The multiple functions of DPP8, a serine protease has been shown here with its critical role in 
inflammation and immune responses. Adapted from Zhang et al., 2013 [144]. 

 

The structure and function of DPP8 is poorly understood and reports indicate its role 

in tumor growth, cell behavior that includes cell-extracellular matrix interactions, 

proliferation and apoptosis as well as in inflammatory and immune responses (Figure 18; 

[145]). Considering the known role of heme in inflammation and immune responses, it is 

highly possible that heme through DPP8 interaction might regulate cellular processes.

Nevertheless the information available on DPP8 is scarce and its regulation by heme needs 

to be further explored. Future in vivo mice experiments might explain the interplay of 

heme, DPP8 and their involvement in the cellular processes. 



4.1.2 Effect of heme binding on the structure of peptides 

Heme in NMR experiments suffers from paramagnetic effects introduced by the iron 

center and causes line broadening beyond recognition. Hence, diamagnetic gallium 

protoporphyrin IX (GaPPIX) was used as a substitute for heme in the NMR-based 

investigations into coordination pattern, as GaIII possesses an identical charge and a similar 

ionic radius as FeIII. This approach followed previous publications, e.g. GaPPIX has been 

employed to investigate the heme-binding behavior of hemophore HasA [146, 147]. 

Additionally, our Raman spectroscopy results with GaPPIX (not reported in the 

publications) indicate towards the similar coordination behavior as seen in iron-heme. 

Figure 19: The heme binding to the CP motif is represented here. The front view of this binding (left side) 
shows how the proline ring orients in response to the cysteine side chain coordinating with the heme-iron. 
The top view (right side) shows the parallel positioning of the proline ring to the protoporphyrin IX ring,
thus preventing steric hindrance and facilitating the interaction.   

 

The publications 2.2 and 2.3 dealt with the study of cysteine, histidine and tyrosine-

based nona-peptides. The CP-based peptides are well structured as compared to the 

histidine and tyrosine-based peptides. The CP motifs in the free unbound peptides are

ordered with the calculated backbone r.m.s.d value in the range of 0.9-1.0 Å while the 

addition of GaPPIX provides structural definition to the motif reducing the backbone 

r.m.s.d to the range of 0.2-0.3 Å as evident from publications 2.1 and 2.2. Upon GaPPIX

binding, the proline ring orients itself parallel to the protoporphyrin ring, allowing the 

preceeding cysteine side chain to point towards the protoporphyrin ring and thus form a 



pentacoordination (Figure 19). It is quite clear at this point that proline plays a critical role 

in heme interactions with CP motifs containing peptides or proteins. This result is

consistent with the observations made by Igarashi et al., 2008, where CP-based HRM's in 

heme-regulated eIF2 kinase (HRI) have been studied. The mutation of the proline-410 next 

to cysteine-409 led to the loss of heme-binding affinity of HRI, thus implying its 

significance [110].  

Figure 20: The effect of the short cysteine side 
chain and the longer histidine and tyrosine side 
chains is distinctly visible on the corresponding 
structures upon heme binding.   
 

   As compared to CP-based 

peptides, the cysteine-based peptides 

with or without the presence of an 

additional iron coordinating amino acid 

remain unstructured in the absence and 

presence of GaPPIX. This observation is 

identical to our results in the publication 

2.3 where GaPPIX addition has no 

effect on the structure of the histidine 

and tyrosine-based peptides. Recently, Marciano et al., 2015 reported that heme responsive 

gene 3 (HRG-3), a H/Y-based peptide is highly dynamic and flexible [148]. This attribute

does not change upon heme binding to the peptide, which is in accordance with our 

observation in publication 2.3. Overall, the short cysteine side chain as compared to the 

longer histidine and tyrosine side chains can explain these observations.  

The location of the iron-coordinating cysteine sulfur at the γ position reduces the 

conformational flexibility of the protein backbone upon GaPPIX binding and thus induces 

structural order to the HRM. This effect is diminished in the iron coordinating ε-nitrogen in 

histidine or η-oxygen in tyrosine, which have minor effects on the peptide backbone due to 

increased distances. This results in increased conformational flexibility of the peptide 

backbone upon GaPPIX binding. Thus, the latter amino acids without support of other 



structural determinants are unable to induce higher structural order to the HRM (Figure 

20). 

 

4.1.3 Effect of heme binding on the peptide chemical shifts 

Chemical shift is one of the most important parameter of NMR spectroscopy,

which is extremely sensitive to protein conformation and structural reorientations. Also, the 

association of heme to the peptides is reported in chemical shift changes of the heme-iron 

coordinating amino acids and neighboring residues. 

  
Figure 21: [1H,13C]-HSQC showing the change in 
the chemical shifts of cysteine upon GaPPIX 
addition to peptide 21 (publication 2.2). Red: free 
form peptide; Green: GaPPIX-bound form. For 
peptide sequence refer to Table of investigated 
peptides in the Appendix. 
 

 Therefore, the binding of heme can 

be monitored by chemical shift changes of 

the resonances e.g. in a [1H,13C]-HSQC 

spectrum, rendering it a valuable tool for 

interaction studies. The binding of the 

GaPPIX to the cysteine and histidine-based 

peptides is reflected in drastic chemical 

shift changes of the β−cross peaks of 

cysteine and histidine residues, respectively, 

as compared to the chemical shift changes 

 of the neighboring residues in tyrosine-

based peptides (Figure 21 and Supplementary Figure A.8. in publication 2.3). This again 

can be explained by the differences in the side chain distances discussed in 3.1.2. The CP-

based peptides are the exception here where strong chemical shift changes are observed for 

the both cysteine and proline residues. This might be attributed to the conformational 

change of the proline in pushing the cysteine side chain towards the heme iron (Figure 19). 



4.1.4 Spacer length and its amino acid content 

The current knowledge of HRM’s indicate towards the presence of an additional 

iron-heme coordinating amino acid in the vicinity of central heme-iron coordinating amino 

acid. The distance between them (Spacer length, Figure 22) might be one of the factors that 

determine the formation of pentacoordination or hexacoordination of heme with a protein. 

The spacer length studies from publications 2.2 and 2.3 indicate that the presence of three 

or more amino acids between two heme-iron coordinating amino acids in a peptide 

sequence is essential for the formation of a hexa-coordination. The amino acid content of 

this spacer was not taken into account considering the small size of the peptides in

investigation but in the scheme of proteins, the spacer length might be longer and thus its 

amino acid content and their charge might be critical in the stabilization of the heme ring.  

 

Figure 22: The presence of a second heme-iron coordinating amino acid residue in addition to the central 
heme-iron coordinating amino acid residue has been found to be critical in HRM’s. Spacer length is the 
distance between these two amino acid residues that may decide the formation of the penta- or hexa-
coordination with the heme-iron. 
 

Additionally, for an optimal heme binding not only the separation of the iron 

coordinating residues are important but also the location of residues, capable of mediating 

propionate interactions, on the primary sequence. The presence of the polar residues like 

histidine, tyrosine, asparagine and the charged residues like arginine or lysine in the 

vicinity of the iron coordinating amino acids have been found to play a critical role in 

stabilizing these interactions of heme with proteins [149, 150]. Recently, Ruterdottir et al.

through site-directed mutagenesis, have reported an important role of three lysines, a 

cysteine and a histidine in the binding of heme to α-microglobulin, a scavenger protein 

involved in physiological protection against oxidative damage [151]. There is no structural 

data available for the above finding but it is in accordance with our investigation of the 



peptide 20-GaPPIX complex (publication 2.3 and Appendix) where an intermolecular NOE 

cross peak connecting heme propionate to the arginine side chain has been observed.  

4.2 Study of transient heme interaction at the protein level 
In a second step, the results obtained in our peptide-heme interaction studies were 

investigated at the protein level. As a means towards achieving this objective, the heme 

regulation of the subunit of the potassium channel Kv1.4 and the cytokine IL-36α were

studied. 

4.2.1 N-terminus (pep61) of potassium channel Kv1.4 

The Kv1.4 channel belongs to the family of voltage-gated potassium channels and 

plays a critical role in the control of neuronal excitability, neurotransmitter release and 

adjustment of action potential in excitable cells. These channels open and close in response 

to the changes in the membrane potential, thus regulating the flow of K+ ions, a

phenomenon called 'Inactivation' [152, 153]. The hyper excitable cells are associated with 

this fast inactivation process leading to the increased action potential firing and thus 

causing inflammation involved in the pain pathway [154]. This inactivation process is 

mediated by the N-terminus of the α-subunit of the potassium channel Kv1.4 [155]. 

We have shown in publication 2.4 that heme binds to this N-terminus and reversibly 

inhibits the inactivation process using electrophysiological experiments. Also the heme 

interaction of recombinantly purified pep61 was characterized using biophysical techniques 

like UV/Vis, CD, fluorescence, EPR and NMR spectroscopy. Here, we have implicated the 

role of a CXXH motif (C13 and H16) and a distant histidine (H35) in the heme binding of 

pep61. Additionally, the presence of Y19 and Y21 in the vicinity of the CXXH motif 

makes it an ideal molecule for the study of heme interaction at the protein level. According 

to our cysteine-based peptide classification in publication 2.2, the pep61 belongs to the 

class II with the further presence of histidine/tyrosine and a longer spacer length between

the iron coordinating amino acids. 



4.2.1.1 Structure prediction and modeling 

Initially, the traditional 2D and 3D NMR experiments were used to obtain the 

chemical shift assignments for the pep61 resonances. The 3D NMR experiments are 

usually based on the heteronuclear 2D experiments [1H,15N]-HSQC and [1H,13C]-HSQC. 

The presence of several weak intensity resonances and poor dispersion of cross peaks in 

both of these 2D experiments made it difficult to obtain unambiguous resonance 

assignments in a couple of pep61 stretches. The mentioned poor dispersion of cross peaks 

was due to the presence of a poly-alanine stretches and glycine repeats in the primary 

sequence of pep61.  

However, the limited chemical shift assignment (without ambiguous stretches)

achieved in the first step was sufficient to be used for the structure prediction by CS-

ROSETTA [128]. This program generates chemical shift based structural models using a 

computational algorithm that utilizes known protein chemical shifts deposited in BMRB in 

conjunction with the known 3D structures deposited in the PDB database. It has been 

successfully employed in the past for prediction of proteins up to 20 kDa [128]. Recently, it 

has also been extended to larger proteins as well as paramagnetic proteins [156-158]. That 

CS-ROSETTA-based structure predictions can fit to the one calculated by distance-based 

experiments for globular proteins was recently also shown by Wiedemann et al., 2014, 

2015 [159, 160]. The structure prediction of CS-ROSETTA for our Kv1.4 fragment

indicated to the presence of a central helix and highly disordered N- and C-termini. The 

presence of an α-helical structure is in accordance with the CD studies in publication 2.4, 

while the presence of highly disordered regions is in accordance with the differential peak 

intensities observed in the [1H,15N]-HSQC. 

4.2.1.2 NMR pulse development for Intrinsically Disordered Proteins (IDP's) 

NMR spectroscopy makes it possible to determine the tertiary structure of proteins 

at the atomic level. Over the period of last five decades, there have been major 

developments in the field of NMR but still the determination of distance (nuclear 

Overhauser effect) or orientational (residual dipolar coupling) restraints remains time-

consuming. The situation is often worsened by protein instability or presence of different 

relaxation properties as in the case of IDP's. The issue of limited protein stability can be 

dealt with the concept of sequential data acquisition through acquisition of two spectra 



within one experiment and thus reducing the measurement times on unstable samples. The

specific properties of IDP's can be dealt with by taking advantage of their favorable

physical relaxation behavior as reported in 2.5 and 2.6. This has prompted development of 

wide range of NMR radio frequency (RF) pulse schemes for IDP's over the last couple of 

years [161-164].    
It was essential to obtain an unambiguous resonance assignment to proceed with the 

distance-based structure determination of pep61. The potential presence of intrinsically 

disordered regions at the N- and C-termini prompted us to develop RF pulse schemes that 

could facilitate the accurate resonance assignment of such proteins. The pulse scheme 

reported in publication 2.5 facilitates the simultaneous dual acquisition of multidimensional 

chemical shift correlation spectra using the sequential data acquisition procedure. The 

presented approach allowed us to acquire two 3D NMR spectra at the same time with a 

single receiver. Thus, we have been able to significantly reduce the overall experimental 

time as compared to traditional NMR spectra. This was critical considering the unstable 

nature of pep61.  

Additionally, in publication 2.6, another sequential data acquisition pulse 

scheme that connects amide backbone resonances of three amino acid residues combined 

with a side chain 3D spectrum has been reported. The ability to sequentially connect three 

amino acids is a significant development in the field of NMR pulse development. The band 

selective 15N-13Cα heteronuclear cross polarization sequence that was applied here was 

designed keeping in mind the fast relaxation properties associated with an IDP. Also, the 

utilization of non-uniform sampling has made it possible to collect more data points in a 

less amount of time and thus improved the resolution of the spectra. 

4.2.1.3 NMR-based structure of pep61 

With the progress in NMR spectroscopic techniques and also sample purification it 

finally was possible to acquire 13C and 15N-filtered NOESY experiments, to perform the 

distance-geometry calculations and thus, to determine the NMR solution structure of 

pep61. The final refined energy-minimized structure indicates the presence of an extended

α-helix and disordered N- and C-terminal regions. The α-helix contains a kink around 

histidine H35 dividing it into two regular sections with 5 (tyrosine Y19 to alanine A34) and 

4 turns (serine S36 to valine V51). Considering the fact that for globular proteins, the CS-



ROSETTA-based structure and the NOE-based structure fit each other, the difference 

between them was striking for pep61, although, recently an attempt has been made at 

modeling IDPR’s in ROSETTA [165]. This outcome indicates towards the still existing

shortcomings of CS-ROSETTA when applied to IDP’s or protein containing IDPR’s.  

The low r.m.s.d and the low target function values are the two indicators of a 

structurally convergent ensemble. The r.m.s.d value of 0.62 Å for the central α-helix and a 

target function of 0.39 Å2 for the pep61 bundle (Table I) indicated the structure 

convergence. The r.m.s.d value for the whole pep61 was 4.33 Å as compared to the 8.91 Å

reported by Wissmann et al in 2003 [127]. The different values reflect the better-defined a-

helical section in our refined NMR structure. The high overall r.m.s.d. must be attributed to 

the presence of IDPR’s in both the structures. These differences might be due to different 

expression, buffer and pH conditions utilized. The presence of a single kinked helix in 

pep61 is in contrast to the presence of two helices each belonging to Inactivation domain 1 

(ID1) and Inactivation domain 2 (ID2) as reported by Wissmann et al.. In addition to the 

helices, ID1 and ID2 also contain the N- and C-terminal IDPR [127]. Our NOE-based 

structure was acquired at near physiological pH 7.4 in comparison to pH 4.4 used by 

Wissmann et al.. The high acidic conditions would be expected to have an effect on the 

peptide structure and its dynamics. In addition, we have taken advantage of the double-

labeled (15N,13C) sample as compared to the only 15N-labeled sample utilized in the earlier 

study. Acquisition and proper assignment of 15N and 13C-based NOE spectra is essential for 

the accurate distance-based protein structure determination. The presence of the kink in the

helix might be critical for driving the disordered N-terminus to the channel pore (Figure 

24). 

4.2.1.4 NMR studies on heme interaction of pep61 

It is well known that one third of the eukaryotic proteins are partially or completely 

disordered and are proven to be physiologically relevant [131]. The N-terminal region of 

pep61, an IDPR, consists of a CXXH motif and our observation that heme binds to this 

IDPR and inhibits the inactivation process through cysteine-based binding proves the 

physiological relevance of N-terminal IDPR. Hence, after determination of the NMR 

structure of pep61 free in solution, we proceeded to study the heme-bound pep61 structure. 

The presence of specially equipped NMR spectrometers with a high power paramagnetic 



probe and a direct 13C detection probe influenced our decision to perform heme-binding

experiment at the CERM in Florence.  
1H and 13C paramagnetic 1D experiments were employed to obtain pseudocontact 

shifts (PCS), which are essentially other form of distance constraints. It can be defined as 

the paramagnetic metal-induced protein chemical shift changes that can give distance 

information in the range of 12-14 Å as compared to 6 Å by the NOESY approach [166].

Ideally, the heme iron upon binding exerts paramagnetic effects on the interacting protein 

residues and its immediate vicinity. This leads to the change in the heme-iron environment 

and might be reflected in the chemical shift change of the interacting amino acid side 

chain. Thus, PCS could be a useful tool for further NMR characterization of the heme 

coordinating residues. In 2006, Caillet-Saguy et al. have successfully employed PCS to 

investigate the heme moiety coordination and the iron(III) environment in the hemophore 

HasA, a hemoprotein using direct 13C detection experiments [167]. 

Surprisingly, there was no information obtained from the PCS experiments. This 

could be due to observations made by Asher et al., 2009 and DeVilliers et al. 2007 that 

heme at high concentrations in aqueous solutions tends to form dimer species and thus 

might prevent the interaction [168, 169]. It is highly possible that the fast kinetics of the 

pep61-heme interaction prevents the detection of PCS by paramagnetic NMR. The

electrophysiology experiments reported in publication 2.4 were conducted with the whole 

potassium channel while pep61 was utilized for the biophysical studies. This might lead to 

a different binding regime making it difficult to be detected by NMR. Finally, this was the 

first attempt ever at the investigation of transient heme interaction at the protein level using 

NMR. The contemplation regarding the efficacy of this approach is essential without ruling 

out its application in the future. 

The use of GaPPIX as a diamagnetic substitute for heme has been reported in the 

past. Since data acquisition on the iron heme sample did not deliver structural data, we 

decided to perform a modeling of the pep61-heme complex by CYANA employing 

restraints derived from chemical shift deviations of the GaPPIX complexation. This 

CYANA calculation suggests the scenario as shown in Figure 23. The role of residues C13 

and H35 in the GaPPIX binding is vindicated from the drastic reduction of their cross peak 

intensity (Figure 14). This observation is in accordance with the EPR data reported in 

publication 2.4 which points towards mixture of penta- and hexacoordination. While C13 



remains the primary candidate for the GaPPIX binding, the involvement of H35 in 

formation of hexacoordination can be assumed as evident from EPR data in Figure S1 

(publication 2.4). Therefore, constraints defining hexacoordination involving both residues 

were introduced. 

The disappearance of N14 and S15 as well as R37 resonance peaks nicely correlates 

with their proximity to the protoporphyrin IX plane upon GaPPIX binding to C13 and H35, 

respectively. The hexacoordination scenario between C13 and H35 brings the side chains 

of R26 and R28 closer to the propionate side chains of the heme ring (Figure 23). This 

  

Figure 23: Result of the CYANA structure calculation of the pep61-heme interaction based on chemical 
shift deviations. The inset shows the coordination pattern of heme to pep61 as well as helix disruption 
ranging from Y19 to H35 present near the kink. The figure was produced using MolMol [139]. 

conformation is further supported by the reduced intensity of R26, A27 and R28 resonance 

peaks (Figure 14). Also, the positive side chain of arginines stabilizing the heme 

propionates, in addition with the contribution of the long spacer length between C13 and 

H35 which clearly allows hexacoordination is in accordance with our peptide studies 

(publication 2.2 and 2.3). 

The kink in the central helix indicated towards the presence of a potential break 

point in the α-helix. The presence of heme here disrupts the helix up to the kink, leading to 

the elimination of steric hindrance, bringing the N-terminal IDPR containing C13 in the 



close proximity of H35 and thus facilitating the formation of hexacoordination (Figure 23). 

This helix disruption is supported by the decrease in the resonance peak intensities of G20 

and A22 that are loosing their α-helical environment. 

 

 

 

 

 

 

 

 

 

Figure 24: The possible scenario upon heme binding leading to the helix disruption and thus inhibition of 
the N-terminal inactivation of potassium channel Kv1.4. 

 

On the functional level, the hexacoordination leads to a change from a small 

elongated cone structure to a structure with strongly increased diameter (8 Å to approx. 30 

Å) (Figures 23, 24). This, transiently, might confer structural order to the N-terminal IDPR, 

preventing it from reaching the pore site of the channel and thus leading to the regulation 

of action potential (Figure 24). 

4.2.2 Secondary structure of Interleukin-36α  and its heme interaction 

The IL-36α was successfully overexpressed in E. coli and purified according to the 

standard laboratory protein purification techniques. The protein concentration obtained was 

sufficient enough to be able to perform NMR experiments and elucidate its NMR structure. 

4.2.2.1 CD spectrum and its analysis 

Detailed functional and structural studies of proteins are time-consuming and 

require lot of resources. Hence, before initiating NMR spectroscopical studies of IL-36α



the proper fold of proteins as well as information on its secondary structure content was 

examined using far ultraviolet CD spectroscopy. The observation of a single negative band

at around 203 nm for IL-36α indicates towards the presence of an intermediate secondary 

structure between β-sheet and random coil.  

This prediction was further supported by the CAPITO analysis of the CD spectrum

that predicts the β-sheet content at 30-35% and the random coil content at 50-60%. 

Additionally, CAPITO [140] utilized the Uversky plot [170, 171] to classify IL-36α as a 

pre molten globule, a condition between molten globule and an unfolded state. 

 

4.2.2.2 Chemical Shift Index (CSI) of IL-36α   

The backbone chemical shifts obtained from subsequent NMR experiments are a 

versatile source for extracting further information about the secondary and tertiary structure 

of a protein as already discussed in 4.2.1.1. In 1992, Wishart et al. successfully introduced

the chemical shift index for the first time to investigate the secondary structure content of 

proteins [172] and since then it has undergone large scale improvement. CSI 3.0 is a 

comprehensive web server as mentioned in 3.2.3 and delivers accurate secondary structure 

predictions [142]. The CSI result of IL-36α suggests the presence of predominantly β-sheet 

structure, which is partially in contrast to the predictions made by CAPITO and CDNN.

This could be attributed to the limitations of the CD spectroscopy as well as the improved

accuracy of the CSI 3.0. Nevertheless, a pre molten globule structure as suggested by 

CAPITO cannot until now be ruled out. Hence, the distance-restraints based structure

determination will shed further light on the IL-36α structure. 

4.2.2.3 IL-36α-heme interaction monitored by Soret band 

The shift in the Soret band upon addition of the protein to the free heme indicates

the change in the coordination behavior of heme iron, usually associated with the heme 

binding of the protein. The heme Soret band shift to 370 nm upon IL-36α addition 

indicates towards the binding of heme through a CP-motif as reported with the peptide 

studies in publications 2.1 and 2.2. The shoulder at 413 nm might indicate towards 

presence of another heme binding site in the protein. IL-36α consists of further six



potential heme-iron coordinating amino acids i.e. three cysteines and three histidines, 

which could be part of a second heme binding site. 

4.3 Future prospects 
4.3.1. Further investigation into heme binding of CP-based peptides 

Although we have extensively studied CP-based peptides in publications 2.1 and 

2.2, our knowledge into the effect of different spacer length on heme binding in these 

peptides remains incomplete and requires further attention. These peptides with the second 

heme-iron coordinating residue in the vicinity were investigated as a part of class IV in 

publication 2.2 but the spacer length distance between them was not systematically 

investigated due to the poor output of such sequences from the combinatorial peptide 

library. Nevertheless, the nona-peptide 30 (TPILCPFHL) (publication 2.2 and Appendix)

has been extended to a 12 amino acid peptide TPILCPFHLQPV. Also, a series of peptides 

consisting of differing positions of histidine 8 with respect to the CP motif have been 

synthesized in order to investigate the effect of  the spacer length on heme binding. 

 

4.3.2 Structural investigation of the transient heme binding at the protein level 

Further investigations on the heme binding at the protein level are essential to be 

able to validate our peptide-heme interaction studies. In a step towards that direction, NMR 

spectroscopy combined with other biophysical techniques will be utilized to investigate the 

heme interaction of the following protein systems. 

4.3.2.1 Heme interaction of pep61 

An initial unsuccessful attempt was made to study the heme binding of pep61 using 

paramagnetic NMR experiments. The conditions of the pep61-heme interaction require

further optimization. The use of room temperature instead of 10°C might be beneficial for 

the NMR binding studies. However, it is possible that use of higher temperature might be 

counter-productive in NMR due to the presence of IDPR in pep61. Nevertheless, a balance 

needs to be maintained between both the above-mentioned issues. 

Also, a strategy needs to be designed to keep the pep61 in the reduced state and at 

the same time avoid exposure of heme to the reducing agent. The use of TCEP reducing 



beads might not be a long-term solution. It would be advantageous to first incubate the 

protein with excess TCEP reducing agent under anaerobic conditions, followed by 

removing TCEP and obtaining a fully reduced protein as was performed by Fleischhacker 

et al., 2015 on heme oxygenase 2 [103]. 

Different pep61 mutants studied in publication 2.4 require to be investigated for 

heme binding by NMR spectroscopy. This will be useful in understanding the role of H16

in the heme interaction. The binding of heme to the N-terminal IDPR leads to 

conformational restraints and might slow down its fast relaxation dynamics. This effect on 

the dynamics of pep61 could be investigated by NMR relaxation experiments, which gives

us information about the behavior of the proteins in solution. Recently, Moschen et al., 

2015 have utilized the NMR relaxation dispersion experiments to successfully investigate 

the binding kinetics of a small ligand to the RNA including the on-off rate of binding as 

well as population of the complex [173]. Such experiments could prove useful for the 

transient protein-heme interaction studies and could be used as an alternative or in addition

to the paramagnetic NMR studies. 

4.3.2.2. Heme interaction of IL-36α  

Α  complete chemical shift assignments including side chain resonances is essential 

to proceed for the distance restraints-based NMR solution structure. Simultaneously, 

binding of heme to the IL-36α needs to be established through several other biophysical 

techniques like Raman and EPR spectroscopy. Depending on the observed binding regime, 

an another attempt at utilizing paramagnetic NMR experiments to investigate the heme 

coordination behavior can be performed. Considering the reports that IL-36α plays an 

important role in inflammation and Psoriasis, further in vivo and mice studies will be 

critical to investigate this interaction. 

4.3.2.3. Heme interaction study of histidine/tyrosine-based protein system 

Alongside the heme regulation of cysteine-based proteins (pep61, IL-36α), 

histidine/tyrosine-based proteins also need to be investigated. The involvement of heme in 

the pathogenesis of Alzheimer’s disease (AD) is known and its interaction with amyloid β

has already been reported. A glance at the primary structure of Aβ indicates the presence of 



histidines and tyrosines and thus it fits towards the intended protein system study. The lab 

of Prof. Imhof lab has already performed initial UV/Vis spectroscopy studies and NMR 

studies will be performed on the interaction. 

Recently, Marciano et al., 2015 have performed structural investigation on the heme 

binding of a heme responsive gene-3 (HRG-3) [147], an intracellular heme trafficking 

protein in Caenorhabditis elegans that delivers heme from the intestine to extra-intestinal 

tissues and embryos. Two histidines have been implicated in the heme binding but the 

authors have refrained from investigating the role of two tyrosines. HRG-3 could be an 

interesting protein system to validate our peptide results from publication 2.3. 

4.3.3 NMR investigation into interaction of heme degradation products (HDP’s) with
peptides and proteins 

HDP’s are known to play a crucial role in several cellular processes as discussed in 

section 1.4 which does raise questions about how they interact with proteins. Additionally, 

the report on the regulation of the Slo1 BK channel by BOXes further points towards the 

critical role of protein-HDP’s interactions. There is no structural data available on how 

HDP’s interact with the proteins. 

The strategy applied for the peptide/protein-heme interactions in this thesis can also 

be utilized here. Initially, the BOXes binding of N-terminus of Slo1 BK channel could be 

used as a reference interaction study that could pave way for designing and investigating of 

other peptides. Similarly, an interaction study of proteins with other degradation products 

like billiverdin, bilirubin, CO and NO could be designed. These structural investigations of 

peptide-HDP’s interaction are a further aim of the FOR 1738 while the heme-protein NMR 

studies will be continued simultaneously. 

4.3.4 Development of a sensor to detect or quantify levels of heme and HDP’s for
         medical applications 

The increasing number of reports on transient protein-heme interaction in the 

healthy as well as diseased conditions raises questions regarding the intracellular free heme 

concentration in the cell. It is a well known fact that free heme at higher concentrations is 

cytotoxic and thus a sensor to measure the unusual concentrations of heme in diseased 

conditions would be critical for therapeutic purposes. The structural information obtained 



from interaction of heme and HDPs with peptides/proteins might prove useful in designing

a peptide-based sensor. The peptide-sensor should contain a suitable HRM in accordance 

with our results from publications 2.1, 2.2 and 2.3 as well as from future protein-heme 

interaction studies. A multipurpose sensor for extra- and intracellular heme or HDP would 

be a helpful tool for diagnosis and treatment of diseased conditions. 

4.4 Concluding Remarks 
Here, the peptide-heme interaction has been investigated at the structural level using NMR 

spectroscopy and other biophysical techniques to gain insight into the heme regulatory 

motifs (HRM’s). Initial systematic studies on peptides provided the basis to investigate and 

to compare transient heme interaction at the protein level using structural techniques. In

this direction, the heme interaction of potassium channel Kv1.4 was studied, which gave us 

idea about how heme regulates the functioning of the channel at the structural level. The 

study of protein-heme transient interaction in NMR requires further work and the initial 

results for interleukin-36α, a potential heme-regulated protein, provide the basis for future 

extended studies.   

     



   Heme has always been traditionally viewed as a stable protein cofactor such as in

hemoglobin, myoglobin and cytochromes. It is only since last decade that it is being 

viewed as an acute signaling and regulatory molecule that binds temporarily to a wide 

range of proteins and in the process regulates their activation or inhibition. There is plenty 

of information available on the structural features of covalent heme coordination in the 

hemoproteins while the information regarding the structural characteristics of heme 

regulatory motifs (HRMs) is scarce. 

   Based on known HRMs and their short length of usually 2-5 amino acids, nona-

peptides (9-mers) were employed for structural characterization. Accordingly, the lab of 

Prof. Imhof established a combinatorial peptide library approach to synthesize these 

peptides. A literature survey indicated cysteine, histidine and tyrosine as the three most 

reported heme-iron coordinating amino acids and hence heme binding of these three amino 

acids-based peptides was investigated using solution NMR spectroscopy. Diamagnetic 

gallium protoporphyrin IX (GaPPIX) was used as a substitute for paramagnetic heme in 

NMR spectroscopy since interaction studies with heme in NMR might suffer from line 

broadening beyond the signal detection limit. 

   Among the known cysteine-based HRMs, the Cys-Pro (CP) motif is the most 

commonly known motif that interacts with heme. The structural investigation on the 

GaPPIX binding of the peptides indicate that CP-based peptides are well structured as 

compared to the histidine and tyrosine-based peptides due to the shorter cysteine side chain 

compared to the histidine and tyrosine. Furthermore, the distance between two heme-iron 

coordinating amino acids in a protein plays a critical role in the formation of penta- or 

hexacoordination. The presence of a polar or charged amino acids in the vicinity of heme-

iron coordinating amino acids plays a role in binding the heme propionates and thus 

stabilizing the heme ring.  

   The observations of the peptide studies were further investigated at the protein level. 

As one example, the heme regulation of the voltage-gated potassium channel Kv1.4 has 

been studied at the structural level. These channels are involved in the control of neuronal 

excitability and regulation of neurotransmitter release. The N-terminal stretch of this 

channel opens and closes (inactivation) in response to the current flow and thus shapes the 

5. Summary 



action potential. Heme binds to this N-terminus, reversibly inhibits the inactivation and 

thus might play an important role of counteracting the effects associated with 

neuropathological conditions. The heme binding of the N-terminal peptide pep61 through a 

CXXH motif and a distant histidine was proven by electrophysiology and biophysical 

techniques in the lab of Prof. Heinemann. NMR spectroscopy suggested the presence of an 

α-helical structure and disordered regions while the heme docking suggested several 

possibilities of heme binding to pep61. 

   During the course of pep61 structure investigation, it became clear that this 

molecule contains intrinsically disordered protein regions near the N- and the C-terminus. 

This led to the development of NMR pulse sequences that take advantage of the fast 

relaxation properties of such regions. The application of these pulse sequences led to the 

time-saving acquisition of three-dimensional heteronuclear data sets, which contributed to 

the unambiguous resonance assignment and finally the determination of the refined NMR 

solution structure. 

   The combinatorial peptide library approach was instrumental in identifying the 

potential heme-regulated protein Interleukin-36α (IL-36α). Serving here as a second 

example for transmitting peptide-derived knowledge to proteins, IL-36α belongs to the 

family of IL-1 cytokines and is found to play a role in skin inflammation. The initial 

structural results indicate a predominantly globular protein composed of β-sheets with a 

potential for heme binding. 

   Finally, our peptide-based structure investigation has paved way for the 

identification of several yet unknown heme-regulated proteins. 
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Häm, wie in Hämoglobin, Myoglobin oder Cytochrom wird allgemein als stabiler Kofaktor von 

Proteinen betrachtet. Erst seit der letzten Dekade hat sich die Betrachtung von Häm auf den 

Aspekt erweitert, dass Häm temporär an eine Vielzahl von weiteren Proteinen binden und dabei 

deren Aktivierung oder Inhibierung regulieren kann. Insofern exisitieren zwar umfangreiche 

Informationen zu den strukturellen Eigenschaften von kovalent gebundenem Häm in 

Hämoproteinen, während jedoch Kenntnisse über die Struktur-Funktions-Beziehungen bei Häm-

regulatorischen Motiven noch selten sind. 

Cystein, Histidin und Tyrosin sind die drei Aminosäuren, die am häufigsten als Häm-

koordinierende Reste in der Literatur beschrieben wurden. Basierend auf bekannten kurzen Häm-

Bindungssequenzen von zwei bis fünf Aminosäuren, wurde ein Nonapeptid-Ansatz gewählt, um 

eine strukturelle Charakterisierung transienter Häm-Wechselwirkungen vorzunehmen. Dazu 

wurden im Labor Prof. Imhof unter Verwendung eines kombinatorischen Peptidbibliothek-

Ansatzes entsprechende Nonapeptide synthetisiert und in dieser Arbeit NMR-spektroskopisch auf 

ihre Konformation als freies Peptid und ihre Häm-Komplexstruktur untersucht. Als Ersatz für das 

paramagnetische Häm-B (Eisen-Protoporphyrin-IX), das in NMR-Untersuchungen zu 

Linienverbreiterungen und Signalverlust führen kann, wurde dabei das diamagnetische Gallium-

Protoporphyrin-IX verwendet. 

Von den Cystein-basierten Häm-regulatorischen Motiven ist das Cystein-Prolin-Motiv (CP-Motiv) 

das bekannteste. Unsere Strukturuntersuchungen der Gallium-Häm-Komplexe zeigen, dass CP-

Motive strukturierter als Histidin- und Tyrosin-basierte Peptide sind, was mit auf die kürzere 

Seitenkettenlänge des Cysteins zurückgeführt werden kann. Neben der Verfügbarkeit einer 

metallkoordinierungsfähigen Aminosäure beeinflusst auch der Abstand zwischen zwei, zur 

Metallkoordinierung befähigten, Aminosäuren in einem Peptid den Hämkoordinationszustand und 

kann zwischen Penta- und Hexakoordination entscheiden. Nicht zuletzt können polare oder 

geladene Aminosäuren in der Nachbarschaft der metallkoordinierungsfähigen Aminosäure durch 

Wechselwirkungen mit den Propionatseitengruppen des Häms die Bindung unterstützen und deren 

Stärke modulieren. 

Diese Ergebnisse der Peptid-Häm-Wechselwirkungsstudien wurden um Betrachtungen auf 

Proteinebene erweitert. Als ein Modellsystem für eine Häm-Regulierung wurde der 

spannungsabhängige Kaliumkanal Kv1.4 strukturell untersucht. Dieser Kanaltyp ist in die 

Kontrolle der neuronalen Anregungsfähigkeit und Regulierung der Neurotransmitter-Freisetzung 

involviert. Der N-terminale Sequenzabschnitt öffnet und schliesst bzw. inaktiviert den Ionenkanal 

6. Zusammenfassung 
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und verändert damit den Ionenfluss sowie das Aktionspotential der Membran. In der 

Forschungsgruppe Prof. Heinemann konnte gezeigt werden, dass Häm-Bindung an diesen N-

terminalen Sequenzabschnitt die Inaktivierung reversibel zu hemmen vermag und über ein CxxH-

Motiv sowie ein weiter entfernt gelegenes Histidin erfolgt. 

Unsere NMR-spektroskopischen Untersuchungen an einem Peptid aus 61 Aminosäuren dieses N-

terminalen Sequenzabschnitts (pep61) zeigten, dass dieser Proteinabschnitt über eine α-helikale 

Struktur mit ungeordneten Regionen an den Molekülenden verfügt. Während der 

Strukturaufklärung an pep61 wurde deutlich, dass zur Aufklärung der intrinsisch ungeordneten 

Bereiche die Entwicklung angepasster NMR-Pulssequenzen nötig war. Diese neuen Sequenzen 

basieren auf der Nutzung der vorteilhaften Relaxationseigenschaften ungeordneter 

Molekülregionen und erlauben eine zeitsparende Akquisition von heteronuklearen 3D-NMR-

Spektren. Mit Hilfe dieser Spektren gelang die vollständige Resonanzzuordnung und 

anschliessende Berechnung der hochaufgelösten NMR-Struktur von pep61 sowie eine 

Eingrenzung der durch Docking-Experimente vorhergesagten verschiedenen Häm-

Bindungsszenarien. 

Der oben genannte kombinatorische Peptidbibliotheks-Ansatz war auch grundlegend für die 

Vorhersage eines potentiellen Häm-regulierten Proteins, Interleukin-36α (IL-36α), ein zweites 

Beispiel für die Übertragung der an Peptiden gewonnen Kenntnis zur Häm-Wechselwirkung auf 

Proteine. IL-36α gehört zur Familie der IL-1-Zytokine und spielt eine Rolle bei entzündlichen 

Veränderungen der Haut. Unsere initialen Strukturuntersuchungen zeigen bisher, dass es ein 

vornehmlich globuläres Protein mit hohem β-Faltblattanteil ist, das Häm-Bindungsfähigkeit 

besitzt. 

Zusammenfassend stellen die hier vorgelegten peptidbasierten Strukturuntersuchungen somit eine 

Grundlage zur Identifizierung weiterer, bisher unbekannter Häm-regulierter Proteine dar. 
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• Complete list of the peptides investigated for heme binding by NMR spectroscopy forming 
the basis for publications 2.1, 2.2 and 2.3: 

Peptide 
(publications) 

Sequence Protein 

20 (2.1) SGGLPAPSDFKCPIKEEIAITSG DPP8 
27 (2.2) DESACPYVM HRI 
29 (2.2) DESACPVYM Mutant of peptide 13 
30 (2.2) TPILCPFHL IRP2 
21 (2.2) SEGGCPLIL IL-36α 
31 (2.2) SSIPCLHYK DGCR8 
19 (2.2) ARLGCPVIP FeoB (E.coli) 
11 (2.2) HELVCAAST Dps (P. gingivalis) 
8 (2.2) QKGVCQNTG HTS 
Control QKGVAQNTG Mutant of peptide 8 
Control GELVCAAST Mutant of peptide 11 
Control AAAACAAAA Control peptide 
Control AAAACPAAA Control peptide 
Control AAAAAAAAA Control peptide 
7 (2.3) VFKEHPAFR KCNH1 from homo sapiens 
20 (2.3) HHQYHARVA HTS 
34 (2.3) ITSIYNGAQ ChaN from C. jejuni 
41 (2.3) KPFKYDHHY IsdC from S. aureus
16 (2.3) AAHYHTYER HTS 
40 (2.3) GFGTYSWHE HTS 

1) The amino acids marked in red: potential heme-iron coordinating amino acids 

2) HTS: high throughput screening (from combinatorial peptide library) 

3) Control: peptides synthesized to compare spectral and functional features not submerged to 
structural investigation 

4) Peptide numbers as assigned in publications 2.1, 2.2, 2.3. Publication number is in the bracket. 

Appendix 


