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1.1 General introduction to tetrapyrroles 

Tetrapyrroles are a group of macromolecules which are involved in nearly all major 

metabolic and respiratory processes throughout all domains of life. Their most prominent 

representatives, heme in blood and chlorophyll in plants, act for instance as key 

components for oxygen transport and photosynthesis which are both vital processes in 

nature. As these molecules are of such importance scientists are interested in their 

structure, function, synthesis as well as correlated diseases already for more than 150 

years (Moore 2008). 

Tetrapyrroles are structurally composed of four five-membered heterocyclic pyrrole rings 

connected via methine bridges. These pyrrole rings are denoted A to D in a clockwise 

manner (see figure 1.1). Tetrapyrroles can be divided into linear and circular molecules 

in which linear tetrapyrroles (bilins) result from cleavage of previously circular ones. 

Some bilins serve for example as photosynthetic accessory pigments but others are just 

degradation products of porphyrins (Dailey et al., 2017). The larger group of cyclic 

tetrapyrroles possess a conjugated π-electron system and the ability to chelate various 

metals. Based on this structure tetrapyrroles differ in their side chains, oxidation state 

and the type of chelated central metal ion providing each with a unique set of chemical 

properties to serve as cofactors in a large variety of biological processes (Bali et al., 

2014, Heinemann et al., 2008).  

 

Figure 1.1: Basic structure of a tetrapyrrole macrocycle. The basic tetrapyrrole structure is 

composed of four methine bridges-linked pyrrole rings denoted A to D. Carbon atoms are 

numbered from 1 to 20 starting at ring A. 

Cyclic tetrapyrroles are further subdivided into cobalamins, cofactor F430, siroheme, 

heme d1, chlorophylls, bacteriochlorophylls and hemes. Cobalt-containing cobalamins 

serve as cofactors in B12-dependent isomerases, methyltransferases, reductive 

dehalogenases and radical SAM-enzymes (Banerjee et al., 2003). The yellow coenzyme 

F430 has a chelated nickel ion and plays an essential role during methanogenesis 

(Ragsdale et al., 2014). Siroheme as well as heme d1 possess a central iron atom. 
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Siroheme serves as a prosthetic group for assimilatory sulfite and nitrite reductases. 

Heme d1 on the other hand serves as a prosthetic group during dissimilatory 

cytochrome cd1 nitrite reduction (Rinaldo et al., 2011). Chlorophylls and 

bacteriochlorophylls are light-absorbing pigments with a chelated magnesium ion and 

are essential for photosynthesis (Johnson et al., 2016). But the functionally most diverse 

group of cyclic tetrapyrroles are iron-containing hemes. Their functions range from being 

a cofactor for many enzyme classes to serving as regulatory molecules during gene 

expression (Frankenberg et al., 2003). 

As depicted in figure 1.2 all tetrapyrroles originate from 5-aminolevulinic acid and even 

share parts of their biosynthesis pathways. A major branching point is the last common 

precursor uroporphyrinogen III which provides the structural framework for all 

tetrapyrroles. A second point is protoporphyrin IX where the large groups of hemes, 

chlorophylls and bacteriochlorophylls are diverging (Bali et al., 2014, Frankenberg et al., 

2003). 

 

Figure 1.2: Schematic overview of tetrapyrrole biosynthesis branching points. The 

tetrapyrrole biosynthesis starts with 5-aminolevulinic acid which is in 3 steps converted to the first 

macrocycle uroporphyrinogen III. At this point the synthetic pathways of cobalamin, coenzyme 

F430 and siroheme branch off. Siroheme further serves as intermediate for heme d1 synthesis. 

Uroporphyrinogen III is in 3 additional reaction steps converted to protoporphyrin IX where the 

synthetic pathways of chlorophylls and bacteriochlorophylls as well as hemes separate. It is to 

mention that hemes can be formed passing 3 different pathways. The linear bilins result from 

heme cleavage. Metal atoms at the arrows indicate the later chelated ions. 

Hereditary genetic mutations or chemical inactivation of heme biosynthesis enzymes 

result in an accumulation of specific heme precursors. This metabolic malfunction named 

porphyrias is divided into hepatic porphyrias and erythropoietic porphyrias in humans 

depending on the location of porphyrin accumulation. Symptoms include light sensitivity, 



Introduction 

 

4 
 

acute neuropathy, psychiatric symptoms, gastrointestinal impairment and if undertreated 

liver failure and a high risk for hepatocellular carcinoma (Heinemann et al., 2008, Karmin 

et al., 2015). 

1.1.1 Introduction to heme 

From an evolutionary point of view the biosynthesis and utilization of heme and other 

porphyrins are important events for aerobic life. Not only did plants performing 

photosynthesis using chlorophyll enrich our atmosphere with oxygen but also heme is 

essential for energy recovering electron transport chain and oxygen transport among a 

large amount of other functions. The importance of heme is further highlighted by the 

fact that most eukarya, bacteria and archaea are capable of a de novo heme 

biosynthesis (Dailey et al., 1997, Heinemann et al., 2008). 

Heme belongs to the most versatile cofactors involved in many biological processes. Its 

functions can be categorized and include electron transfer (Kim et al., 2012), ligand-

binding of gaseous molecules for cellular transport, delivery or molecular response 

(Chan et al., 2001, Taabazuing et al., 2014), redox sensing, catalysis of various reactions 

(Poulus et al., 2014) and regulatory functions (Munro et al., 2008). Heme is able to 

accomplish this diverse set of functions due to its broad range of naturally occurring 

derivatives. These derivatives all originate from the most common prosthetic group 

heme b (e.g. in hemoglobin). Heme a for example contains a farnesyl and a formyl group 

at C2 and C8 and is found in terminal oxidases of aerobic respiratory chains (Hederstedt 

2012). Another widespread heme is the c-type heme which is covalently bound to the 

apoprotein via esterified vinyl groups and serves in cytochromes c as an electron carrier 

during photosynthesis and respiration. There are several other hemes, some with 

broader and others with unique functions. The diverse functions of hemes are possible 

as modifications of the macrocyclic side chains, binding to hemoproteins, the 

environmental conditions as well as the iron coordination influence the thermodynamic 

properties of each heme (Munro et al., 2008). 

1.1.2 Heme biosynthesis 

In the mid-20th century an increasing number of heme biosynthesis intermediates were 

identified leading to first proposals of the pathway. For several years it was assumed that 

there is just one conserved pathway among eukaryotes, bacteria and archaea until the 

early 1970s when Beale and coworkers observed that the precursor 5-aminolevulinic 

acid could not just be synthesized by the condensation of succinyl CoA and glycine in 

the so called Shemin way (Shemin et al., 1945, Shemin et al., 1952, Shemin et al., 1953) 

but also from glutamate (Beale et al., 1975). Later, in the early 2000s other variations 

along some enzymatic steps that were known to require oxygen were observed. It 
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became clear that there were oxygen-dependent and oxygen-independent enzyme 

variants catalyzing the oxidation of coproporphyrinogen III and protoporphyrinogen IX 

(Boynton et al., 2009, Layer et al., 2002). The availability of fully sequenced genomes 

and the advancement of bioinformatic analysis tools in the last two decades rapidly 

indicated the absence of heme biosynthetic genes in archaea and some bacteria 

(O´Brian et al., 2002, Panek et al., 2002). This led to the discovery of two additional heme 

biosynthesis routes. While all currently known pathways share the first 3 steps during 

which the macrocyclic intermediate uroporphyrinogen III is formed from various 

5-aminolevulinic acid molecules, the paths to heme b formation split. The longest known 

protoporphyrin-dependent pathway, often referred to as the classic path, is present in 

eukaryotes and Gram-negative bacteria. Here, two subsequent decarboxylation steps 

lead to the formation of protoporphyrinogen IX which is further oxidized, and a final iron 

insertion yields to heme b (Heinemann et al., 2008). The siroheme-dependent branch, 

also referred to as the alternative or primitive pathway, was discovered in the early 2000s 

and is present in archaea and sulfate-reducing bacteria. Along this path first the central 

iron atom is inserted leading to the formation of siroheme. Subsequent modifications of 

the side chains and a final decarboxylation results in the heme b formation (Bali et al., 

2011, Kühner et al., 2014). The most recently discovered coproporphyrin-dependent 

branch is present in Gram-positive bacteria. This pathway is also referred to as the 

transitional path as it shares some enzymatic steps with the protoporphyrinogen- and 

siroheme-dependent branches (see figure 1.3). First, coproporphyrinogen III results from 

decarboxylation of uroporphyrinogen III. This reaction is followed by an oxidation to 

coproporphyrin III. An iron insertion results in Fe-coproporphyrin III which is finally 

decarboxylated to heme b (Dailey et al., 2015, Lobo et al., 2015). A schematic overview 

of all known heme biosynthesis alternatives is given in figure 1.3. 
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Figure 1.3: Schematic overview of heme b biosynthesis. The substrates and intermediates of 

each heme b biosynthesis path are specified in colored boxes. Common steps are indicated in 

grey. The protoporphyrin-dependent path is highlighted in blue, the siroheme-dependent path in 

green and the coproporphyrin-dependent path in purple. Catalyzing enzymes of each reaction 

and its alternatives are shown along the arrows. 5-aminolevulinic acid is synthesized via the 

Shemin way (left) or the C5-path (right). Detailed information on each enzymatic catalysis is given 

in the following paragraphs.  
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1.1.2.1 The synthesis of 5-aminolevulinic acid and uroporphyrinogen III 

5-aminolevulinic acid (ALA) represents the common precursor of tetrapyrroles delivering 

all required C and N atoms for the macrocycle formation. Currently, two pathways are 

known to perform this formation. The first path, which is mainly found in 

non-photosynthetic eukaryotes and α-proteobacteria (Panek et al.,  2002), was named 

after Shemin as he and coworkers discovered in the 1950s the ALA formation via 

condensation of succinyl CoA and glycine with elimination of CO2 (Gibson et al., 1958, 

Kikuchi et al., 1958, Shemin et al., 1945). Since these early studies the enzyme ALA 

synthase (AlaS), which catalyzes this one step reaction, was purified from various 

bacterial and eukaryotic sources (Ferreira et Gong 1995). AlaS is a pyridoxal-5´-

phosphate-dependent α-oxoamine synthase encoded by hemA. Its detailed reaction 

mechanism was further determined on an atomic level using the crystal structure from 

Rhodobacter capsulatus combined with regioselective labeled substrates in a stopped-

flow approach (Astner et al., 2005, Kaufholz et al., 2013). The second pathway for ALA 

formation is the C5-pathway using the C5 glutamate skeleton as a substrate (Beale et al., 

1973). This likely more ancient pathway (Schulze et al., 2006) is present in most bacteria, 

archaea, and plants (Panek et al., 2002) and is composed of two steps. First a 

NADPH-dependent glutamyl-tRNA reductase (GtrR) catalyzes the reduction of 

glutamyl-tRNA which is provided by a glutamyl-tRNA synthase that also serves in protein 

biosynthesis (Huang et al., 1984, Schön et al., 1986, Schulze et al., 2006). Thereafter 

the resulting glutamate-1-semialdehyde (GSA) undergoes a transamination to ALA 

catalyzed by a pyridoxal-5´-phosphate-dependent GSA mutase (GsaM) (Kannangara et 

al., 1978). The structure of GtrR and GsaM allows a complex formation in order to directly 

channel the solvent-sensitive GSA intermediate (Lüer et al., 2005, Moser et al., 2001) 

and are encoded by hemA and hemL, respectively. A schematic representation of 

uroporphyrinogen III synthesis is given in figure 1.4. 
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Figure 1.4: Schematic representation of initial steps of heme b biosynthesis. The precursor 

5-aminolevulinicacid is produced via succinyl CoA and glycine composing the Shemin way or 

from glutamyl tRNA as part of the C5 path. During the following conserved 3 reaction steps the 

last common tetrapyrrole uroporphyrinogen III is synthesized. AlaS: 5-aminolevulinic acid 

synthase; GsaM: glutamate-1-semialdehyde mutase; GtrR: glutamyl-tRNA reductase; PbgS: 

porphobilinogen synthase; HmbS: 1-hydroxymethylbilane synthase; UroS: uroporphyrinogen III 

synthase. 

The ALA synthesis is followed by the formation of the monopyrrole porphobilinogen, its 

tetramerization and final macrocycle closure in order to assemble the last common 

precursor of all tetrapyrroles uroporphyrinogen III. Considering present knowledge these 

three steps are conserved in all tetrapyrrole synthesizing organisms. During the first step 

two ALA molecules are asymmetrically condensed to the pyrrole porphobilinogen 

(Granick et al., 1954). This reaction is catalyzed by the hemB encoded enzyme 

porphobilinogen synthase (PbgS). PbgS has two ALA binding sites termed A- and P-site 

referring to the ALA´s later contribution to the acetate or propionate moiety of 

porphobilinogen. An aldol addition between C3 of the A-site ALA and C4 of the P-site 

ALA results in a C-C bond between both molecules. Subsequently, the P-site ALA amino 

group targets the C4 of the A-site ALA causing a C-N bond formation and aromatization 

leaving one porphobilinogen molecule (Frere et al., 2002, Jaffe et al., 2004). A metal ion 

dependency of this reaction as well as three metal binding sites were identified but 
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number of binding sites and the types of used metal ions varied in different organisms 

(Jaffe et al., 2000, Jaffe et al., 2016, Petrovich et al., 1996).  

In the next step four porphobilinogen molecules are polymerized to the linear tetrapyrrole 

1-hydroxymethylbilane. This step of the tetrapyrrole biosynthesis is catalyzed by the 

enzyme hydroxymethylbilane synthase (HmbS) encoded by hemC and is a multi-step 

reaction. After protein biosynthesis HmbS synthesizes its cofactor dipyrrolemethane 

from two porphobilinogen molecules. The cofactor is linked to a cysteine in the active 

site and remains attached (Hart et al., 1988, Hart et al., 1990). For the polymerization 

each porphobilinogen molecule is first deaminated at the aminomethyl group which 

results in the release of ammonia. Subsequently it is polymerized in an ordered manner 

as the first porphobilinogen constitutes ring A, the second ring B, the third ring C and the 

fourth ring D (Battersby et al., 1979). Finally, hydrolysis of the bond between the cofactor 

and ring A results in the release of 1-hydroxymethylbilane (Heinemann et al., 2008, 

Jordan et al., 1988). 

For the formation of the asymmetric macrocycle uroporphyrinogen III the linear 

1-hydroxymetylbilane needs to be cyclized in a specific manner. This reaction is 

catalyzed by the hemD encoded enzyme uroporphyrinogen III synthase (UroS). Loss of 

the ring A hydroxy group leads to the formation of an azafulvene intermediate which 

reacts with ring D to form a spirocyclic pyrrolenine intermediate. This is followed by a 

disruption of the bond between ring C and D resulting in a second azafulvene 

intermediate with an inverted D ring. After the final ring closure and deprotonation, the 

asymmetric uroporphyrinogen III is released (Hawker et al., 1998, Mathewson et al., 

1961, Stark et al., 1993, Stark et al., 1985, Stark et al., 1986). 

 

 

 

 

 

 

 



Introduction 

 

10 
 

1.1.2.2 Classic protoporphyrin-dependent heme biosynthesis  

The longest known protoporphyrin-dependent heme biosynthesis pathway is composed 

of four steps during which first the side chains are decarboxylated followed by the 

abstraction of 6 electrons and a final iron insertion to yield heme b.  

 

Figure 1.5: Schematic representation of protoporphyrin-dependent heme biosynthesis. 

Two subsequent decarboxylation steps catalyzed by UroD (uroporphyrinogen III decarboxylase) 

and CgdC (coproporphyrinogen III decarboxylase) or CgdH coproporphyrinogen III 

dehydrogenase lead to the formation of protoporphyrinogen IX. Oxygen molecules along the 

arrows indicate oxygen dependency. Further oxidation catalyzed by PdgH1 (protoporphyrinogen 

IX dehydrogenase), PdgH2 (protoporphyrinogen IX dehydrogenase) or PgoX 

(protoporphyrinogen IX dehydrogenase) yield protoporphyrin IX. Final iron insertion by PpfC 

(protoporphyrin IX ferrochelatase) results in heme b formation. 

As shown in figure 1.5 this branch starts with the sequential decarboxylation of the four 

acetic acid side chains of uroporphyrinogen III to methyl groups yielding 

coproporphyrinogen III. This step is catalyzed by the hemE encoded enzyme 

uroporphyrinogen III decarboxylase (UroD) and requires no cofactor. The 

decarboxylation starts at ring D and continues in a clockwise manner at ring A, B, and C 

(Akhtar et al.,1991, Jackson et al., 1967). Currently, there are two models for the 

enzymatic mechanism. One hypothesizes the shuttling of the substrate between the two 

active sites (Phillips et al., 2003, Whitby et al., 1998) whereas the second one suspects 

a binding to one active site with 90 degrees rotations in order to reach each acetic acid 

residue (Phillips et al., 2009).  

During the following step coproporphyrinogen III is converted to protoporphyrinogen IX 

by oxidative decarboxylation of ring A and B propionate side chains to vinyl groups. This 

reaction can be catalyzed by two different enzymes which are neither mechanistically 

nor structurally related. On one hand there is the hemF encoded oxygen-dependent 
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coproporphyrinogen III decarboxylase (CgdC). This enzyme variant can be found in most 

eukaryotic organisms and some Gram-negative bacteria (Breckau et al., 2003, Cavallaro 

et al., 2008). During the enzymatic reaction ring A is decarboxylated prior to ring B with 

harderoporphyrinogen as an intermediate. The presence of oxygen is required for this 

reaction mechanism during which two carbon dioxide molecules are abstracted. Even 

though unconventional for this type of reaction characterization of CgdC from various 

organisms did not indicate the involvement of a cofactor (Cavallaro et al., 2008). On the 

other hand, there is the hemN encoded oxygen-independent coproporphyrinogen III 

dehydrogenase (CgdH). Although this reaction was already observed around 1970 by 

Tait (Tait 1969, Tait 1972) it took until the 1990s to identify and characterize CgdHs from 

various organisms as by then advanced sequence analysis was available (Troup et al., 

1995, Xu et al., 1994). As member of the radical S-adenosylmethionine (SAM) protein 

superfamily CgdHs contain a conserved CX3CX2CXC motif forming a [4Fe-4S] cluster 

(Sofia et al., 2001). The combination of this cluster with a SAM molecule allows the 

generation of catalytic radicals. Even though harderoporphyrin is an intermediate during 

both CgdC and CgdH catalyzed reactions (Rand et al., 2010) the mechanisms differ 

entirely. For CgdH the mechanism is based on the generation on a 5´-deoxyadensyl 

radical formation that causes a substrate radical formation with a final elimination of 

carbon dioxide yielding a vinyl group (Layer et al., 2004). Interestingly, the E. coli CgdH 

crystal structure contained two SAM molecules which might allow the oxidative 

decarboxylation of the A and B ring propionates in a consecutive manner without 

substrate release (Layer et al., 2003).  

The third step of the protoporphyrin-dependent heme biosynthesis involves a six-

electron oxidation of protoporphyrinogen IX to the fully conjugated protoporphyrin IX. For 

this reaction three isofunctional but yet non-homologous enzymes exist of which 

organisms usually possess only one. First, the hemY encoded protoporphyrinogen IX 

dehydrogenase (PgoX) can be found in eukaryotes and some Gram-negative bacteria 

(Kobayashi et al., 2014). The PgoX catalyzed oxidation requires the presence of oxygen 

as a terminal electron acceptor generating three H2O2 molecules per oxidation round as 

well as a flavin adenine dinucleotide (FAD) cofactor. As one FAD molecule is just able 

to transfer up to two electrons at a time it seems likely that the reaction proceeds in three 

two-electron steps. The crystal structure from Myxococcus xanthus indicates a 

membrane-associated homodimer with non-covalently bound FAD (Corradi et al., 2006, 

Dailey et al., 1996, Dailey et al., 1998). The second enzyme for the 

protoporphyrinogen IX oxidation is the hemG encoded protoporphyrinogen IX 

dehydrogenase PgdH1 (Boynton et al., 2009, Sasarman et al., 1993). This FMN-

containing enzyme is mostly present in γ-Proteobacteria (Kobayashi et al., 2014) and an 
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oxygen-independent alternative. Already in the 1970s it was observed that fumarate and 

quinones could serve as electron acceptors (Jacobs et al., 1975, Jacobs et al., 1977, 

Jacobs et al., 1978). Later on, it was shown that electrons are transferred via ubiquinone 

to the terminal oxidases cytochrome bo3 and cytochrome bd or via menaquinone to 

fumarate and nitrate reductases. In this way PgdH1 interacts with the respiratory chain 

contributing to the electromotive force and hence energy generation (Möbius et al., 

2010). Third, there is the hemJ encoded protoporphyrinogen IX dehydrogenase (PgdH2) 

that was identified from the cyanobacterium Synechocystis (Boynton et al., 2011) and 

the proteobacterium Acinetobacter (Kato et al., 2010). Genome analyses revealed that 

this variant is present in most cyanobacteria and heme-synthesizing Gram-negative 

bacteria that do not encode for PgoX or PgdH1. Even though data for a detailed PgdH2 

characterization is not available yet, a few observations evidencing toward its function 

were made. For instance, deletion of hemJ in Acinetobacter resulted in the accumulation 

of porphyrin intermediates and heme auxotrophy indicating an involvement in heme 

biosynthesis. Subsequent testing of crude cell extracts of this deletion mutant even 

lacked protoporphyrinogen IX dehydrogenase activity clearly indicating its function 

(Boynton et al., 2011). Additionally, PgdH2 purified under native conditions from 

Synechocystis revealed a bound heme b and a dimeric or higher oligomeric state 

(Skotnicová et al., 2018).  

In order to complete the heme b biosynthesis ferrous iron is inserted into 

protoporphyrin IX with the abstraction of two hydrogen molecules. This reaction is 

catalyzed by the hemH encoded protoporphyrin IX ferrochelatase (PpfC). Interestingly, 

studies in various organisms showed that many PpfCs can not just insert Fe2+ but are 

also capable to insert Co2+, Zn2+, and Ni2+. In contrast the metal insertion of ferric iron is 

not possible. Moreover, in regard of substrate flexibility deuteron-, meso-, and 

hematoporphyrin were shown to serve as substrates in many cases (Dailey et a. 2017, 

Hansson et al., 2011). For the metal insertion an open conformation of PpfC allows 

porphyrin binding triggering a rearrangement of the hydrogen bonds and the abstraction 

of the first hydrogen atom. This causes a change in the enzyme’s conformation, 

enclosing the porphyrin, and facilitates due to a distortion the metal chelation. 

Concurrently the abstraction of the second hydrogen causes the re-opening of PpfC and 

allows the release of the metallated porphyrin (Medlock et al., 2007, Sigfridsson et al., 

2003, Wang et al., 2009). Another mentionable characteristic is the presence of a 

[2Fe-2S] cluster in most eukaryotic PpfCs whereas bacterial PpfCs rarely contain one. 

Remarkably, mutation of this cluster in eukaryotes causes a loss of ferrochelatase 

activity whereas the bacterial PpfCs maintain their activity indicating towards a 

convergent evolution (Shepherd et al., 2006). Additionally, in the thermophilic 
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cyanobacterium Thermosyncococcus elongatus a complex of PgoX and PpfC was 

shown allowing the direct transfer of the sensitive protoporphyrin IX (Masoumi et al., 

2008). 

1.1.2.3 Alternative siroheme-dependent heme biosynthesis  

In the early 1990s, when the classic heme biosynthesis pathway was thought to be 

conserved, studies on Desulfovibrio vulgaris cytochrome c3 gave evidence for an 

alternative route. In detail, when fed with deuterated methionine, methyl groups at the 

C2 and C7 carbon of heme seemed to originate from methionine rather than being a 

result of the classic heme biosynthesis pathway where these methyl groups would 

originate from ALA decarboxylated acetic acid side chains (Akutsu et al., 1993). With 

advancements in bioinformatics and an increasing availability of sequenced genomes it 

became evident that archaea and sulfate-reducing bacteria lack the classic hem genes 

to carry out the conversion from uroporphyrinogen III to heme b. Instead, hem genes of 

the initial heme biosynthesis steps (hemA, L, B, C) co-localize with nir- like genes, that 

are involved in heme d1 biosynthesis, even though these organisms have no need for a 

heme d1 cofactor (Cavallaro et al., 2008, Lobo et al., 2009, Panek et al., 2002, Storbeck 

et al., 2010). After two decades detailed studies on these nir- homologues led to the 

elucidation of the alternative siroheme-dependent heme biosynthesis pathway and its 

involved genes were renamed ahb. Shortly summarized, the siroheme-dependent heme 

synthesis begins with the siroheme formation by the methylation of uroporphyrinogen III 

followed by the dehydration of precorrin-2 and a final iron insertion into sirohydrochlorin 

yielding siroheme. Subsequently, selective side chain decarboxylations and macrocyclic 

ring oxidation via the intermediates didecarboxysiroheme and Fe-coproporphyrinogen III 

result in the formation of heme b (see figure 1.6).  



Introduction 

 

14 
 

 

Figure 1.6: Schematic representation of siroheme-dependent heme biosynthesis. This path 

is present in archaea and sulfate-reducing bacteria. First, siroheme is synthesized by methylation, 

oxidation and an iron insertion. These reactions can be catalyzed by various enzymes like the 

complex CysG, combination of Met1p and Met8p or SirA, SirB and SirC. Subsequently, AhbAB 

decarboxylates siroheme at C12 and C18 leaving didecarboxysiroheme. Fe-coproporphyrin 

synthase AhbC removes acetic acid residues from C2 and C7 resulting in Fe-coproporphyrin 

formation which is in a final oxidative decarboxylation catalyzed by AhbD converted to heme b. 

This alternative route starts with the three steps of siroheme synthesis which are also 

part of the formation of other tetrapyrroles such as heme d1. First, a SAM-dependent 

methyltransferase adds methyl groups to the C2 and C7 carbon atom of 

uroporphyrinogen III resulting in the formation of precorrin-2. Secondly, in a 

NAD+-dependent manner precorrin-2 is oxidized to sirohydrochlorin by a 

dehydrogenase. In a third step iron is inserted into sirohydrochlorin yielding siroheme 

(Bali et al., 2014). Various enzymes able to catalyze these reactions have been identified 

so far. For instance, the multifunctional siroheme synthase CysG found in E. coli is able 

to carry out all 3 enzymatic steps towards the formation of siroheme (Warren et al., 1994). 

In Bacillus megaterium the three enzymes SirA, SirC and SirB were identified to carry 

out the respective reactions (Raux et al., 2003) as well as Met1p from Saccharomyces 

cerevisiae that is able to methylate uroporphyrinogen III and the bifunctional Met8p 

capable of dehydrogenation and iron insertion (Raux et al., 1999). However, the exact 
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steps of siroheme biosynthesis in archaea and sulfate-reducing bacteria remain mostly 

uncharacterized but most organisms producing heme b via the siroheme-dependent path 

encode siroheme-dependent sulfite and nitrite reductases and hence have to be capable 

of siroheme biosynthesis (Bali et al., 2014). 

After siroheme generation the following reactions are catalyzed by AhbAB, AhbC, and 

AhbD which are as mentioned above Nir-homologues and were renamed in organisms 

that perform the heme b biosynthesis via the alternative heme biosynthesis pathway. 

First, decarboxylation of acetate residues at C12 and C18 of siroheme takes place and 

results in the formation of 12,18-didecarboxysiroheme. This reaction is catalyzed by the 

heterodimeric AhbAB and does not require oxygen or any cofactor as it has been shown 

in various organisms in in vivo and in vitro studies (Bali et al., 2011, Kühner et al., 2014, 

Palmer et al., 2014). Interestingly, sequence analyses showed that in some 

methanogenic archaea AhbAB is encoded by two genes whereas in other archaea it is 

encoded by just one gene (Storbeck et al., 2010). Studies with recombinant proteins from 

Desulfovibrio desulfuricans and D. vulgaris additionally indicated a stabilizing effect 

when co-expressed. Although activity was observed in the absence of any cofactors 

purified AhbAB contained minor amounts of non-covalently bound heme. Moreover, in 

some organisms the reduction of heme b resulted in a higher decarboxylase activity 

indicating a dependency of the heme oxidation state upon enzymatic activity.  Sequence 

alignments identified a conserved motif HXYXR that, as the obtained crystal structure 

has shown, is faced towards a central cavity and hence might be involved in substrate 

binding and catalysis (Palmer et al., 2014). 

Next, the Fe-coproporphyrin III synthase AhbC converts didecarboxysiroheme into Fe-

coproporphyrin III by removal of the C2 and C7 acetic acid residues. AhbC contains two 

cysteine-rich motifs suggesting the presence of iron-sulfur clusters (Bali et al., 2014). 

Indeed, a SAM-depended activity with recombinant AhbC from Methanosarcina barkeri 

was shown in vitro (Bali et al., 2011). In addition, in vivo experiments in an E. coli strain 

overproducing CysG, AhbAB and AhbC showed formation of Fe-coproporphyrinogen III 

thus clearly confirming AhbC´s function (Kühner et al., 2014). 

For a final heme b formation AhbD catalyzes the oxidative decarboxylation at the C3 and 

C8 propionates of Fe-coproporphyrinogen III. The sequence of AhbD contains two 

cysteine-rich motifs. At the N-terminus there is the radical SAM motif CX3CX2C and at 

the C-terminus CX2CX5CX20C respectively (Kühner et al., 2014). Studies on these motifs 

revealed the presence of two [4Fe-4S] clusters which were both shown to be essential 

for the catalytic reaction. The N-terminal cluster is required for SAM cleavage whereas 

the C-terminal cluster seems to be involved in the electron transfer upon an as of yet 
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uncharacterized final electron acceptor (Kühner et al., 2016). As a member of the radical 

SAM superfamily (for further details see chapter 1.2.2) AhbD required SAM as a cofactor 

during in vitro activity studies that clearly showed a decarboxylase activity (Kühner et al., 

2014). 

1.1.2.4 The coproporphyrin III-dependent pathway 

For many years it was assumed that Gram-positive bacteria synthesize heme via the 

protoporphyrin-dependent pathway but with an increasing number of fully sequenced 

genomes available it became soon evident that most Firmicutes and Actinobacteria do 

not encode for a CgdC or CgdH and are hence unable to convert coproporphyrinogen III 

into protoporphyrinogen IX (Dailey et al., 2015). In addition, in 2010 it was shown that 

hemQ which can be found in Firmicutes and Actinobacteria is essential for heme 

biosynthesis and does generally not coexist with hemN or hemF (Dailey et al., 2010, 

Dailey et al., 2015). These findings led to a re-evaluation of biochemical, genetical and 

structural data from the past decades around enzymes involved in heme biosynthesis. 

In 2015 finally a third heme b biosynthesis pathway starting from coproporphyrinogen III 

via coproporphyrin III and Fe-coproporphyrin III was proposed for Firmicutes and 

Actinobacteria (Dailey et al., 2015, Lobo et al., 2015). A detailed schematic 

representation of this pathway is shown in figure 1.7. 

 

Figure 1.7: Schematic representation of coproporphyrin-dependent heme b biosynthesis. 

This pathway is specific for Gram-positive bacteria. First, decarboxylation catalyzed by UroD 

(uroporphyrinogen III decarboxylase) results in coproporphyrinogen III formation. Subsequent 

oxidation catalyzed by CgoX (coproporphyrinogen III oxidase) leaves the name-giving 

coproporphyrin intermediate. Next, iron is inserted by CpfC (coproporphyrin III ferrochelatase) 

and a final decarboxylation is catalyzed by ChdC (coproheme decarboxylase) leaving the product 

heme b. 
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The newly-discovered coproporphyrin-dependent heme biosynthesis branches at 

coproporphyrinogen III off the protoporphyrin-dependent path. The first enzyme which 

catalyzes the six-electron oxidation of coproporphyrinogen III to coproporphyrin III is the 

hemY encoded coproporphyrinogen III oxidase CgoX. This gene does also encode for 

PgoX from the classic branch. When first characterized from Bacillus subtilis in the 1990s 

it was already noticed that this enzyme was able to not just oxidize 

protoporphyrinogen IX but also coproporphyrinogen III and that a B. subtilis ΔhemY 

deletion mutant even accumulated coproporphyrin III (Hansson et al.,1994). But with the 

current knowledge at that time coproporphyrin III seemed to be a dead end for 

tetrapyrrole biosynthesis. Recent re-evaluation of these findings in combination with 

newly acquired data revealed that HemY from Gram-positive bacteria have CgoX 

activity. During this reaction FAD serves as a cofactor and the six abstracted electrons 

are being transferred in vitro onto three O2 molecules resulting in the formation of three 

hydrogen peroxide molecules (Lobo et al., 2015). This biochemical data correlates with 

those of PgoX (Hansson et al., 1997, Lobo et al., 2015). Only the comparison of the 

crystal structures shows slight structural alterations. CgoX´s putative active-site pocket 

is larger and more positively charged compared to PgoX. This observation colludes with 

the, due to its propionate side chains, larger and more negatively charged substrate 

coproporphyrinogen III (Corradi et al., 2006, Dailey et al., 2017, Qin et al., 2010). 

In the next step ferrous iron is inserted into coproporphyrin III yielding 

Fe-coproporphyrin III. This reaction is catalyzed by the hemH encoded coproporphyrin 

ferrochelatase (CpfC). As for hemY, hemH from different organisms does also encode 

for two enzymes: PpfC and CpfC. Differences have so far not been studied in detail, but 

it was shown that HemH from Firmicutes and Actinobacteria can insert divalent ions such 

as Fe2+, Co2+, Ni2+, and Zn2+ into coproporphyrin III and prefer coproporphyrin III as a 

substrate over protoporphyrin IX (Dailey et al., 2015, Lobo et al., 2015). Additionally, a 

Staphylococcus aureus ΔhemH deletion mutant was observed to accumulate 

coproporphyrin III rather than protoporphyrin IX, yet giving another indication that HemH 

from a Gram-positive organism serves as a CpfC (Lobo et al., 2015). A major difference 

between PpfC and CpfC was found in their crystal structure. In the human PpfC a lip 

formed by several amino acids adjacent to the active site cavity is present and encloses 

the substrate during catalysis. This lip is absent in B. subtilis CpfC. It was hypothesized 

that because of the larger size of coproporphyrin III the substrate might otherwise not fit 

into the active site (Dailey et al., 2017). Recently the influence of iron levels to S. aureus 

CpfC activity was studied and showed that increased iron amounts resulted in catalytic 

inhibition. Further studies identified Glu271 to be essential for iron binding to the 
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inhibitory site. Henceforth, S. aureus heme biosynthesis seems to be regulated by iron 

availability (Hobbs et al., 2017). 

The last step of the coproporphyrin-dependent heme biosynthesis is the conversion of 

Fe-coproporphyrin III to heme b. This decarboxylation of ring A and B propionates to 

vinyl groups is catalyzed by a hemQ encoded coproheme decarboxylase (ChdC). Even 

though ChdC catalyzes the same reaction step as the earlier described AhbD (see 

section 1.1.2.3.), a similarity of these enzymes was not found. HemQ was initially 

annotated as a member of chlorite dismutase family but most hemQ encoding bacteria 

are unable to metabolize chlorite (Dailey et al., 2015). Instead, it was soon discovered 

that hemQ mostly co-localizes with hemY and/or hemH. Subsequent studies revealed 

that HemQ is essential to heme b biosynthesis in Firmicutes and Actinobacteria (Dailey 

et al., 2010). Since then HemQ was further characterized. ChdC was shown to be 

oxygen-dependent and requires H2O2 for its reaction. Besides the substrate Fe-

coproporphyrin was also suggested to serve as a cofactor during catalysis (Streit et al., 

2017). The conserved sequence -Y-P-M/F-X-K/R- was identified as a ChdC specific motif 

(Pfanzagl et al., 2018). The first elucidated crystal structure from Listeria monocytogenes 

showed a homopentameric, donut-shaped structure with a conserved histidine residue 

coordinating a bound ferric coproheme (Hofbauer et al., 2016). The sequential 

decarboxylation starts at the ring A propionate leaving a monovinyl monopropionate 

deuteroheme IX and is followed by the second much slower decarboxylation at the ring 

B propionate. Structure based studies revealed that the ring A propionate is bound via a 

hydrogen bond to tyrosine, which appeared to be essential for both decarboxylations, 

and the B ring propionate is bound via a salt bridge to lysine, which seems to be solely 

involved I the second decarboxylation step (Celis et al., 2015, Celis et al., 2017). 

1.2 Heme transport  

As stated earlier, heme is an essential cofactor throughout all domains of life participating 

in a large number of biological processes. The reason for that is the transitional nature 

of the chelated iron atom that can switch between oxidation states. Ironically, this feature 

gives also rise to the generation of radical oxygen species damaging membrane lipids, 

proteins and nucleic acids. In addition, heme is a hydrophobic molecule which, in an 

aqueous environment, results in unspecific binding to membranes and proteins (Anzaldi 

et al., 2010, Smith et al., 2012). For these reasons the pool of free heme, its production, 

degradation, storage, availability and proper integration into target proteins must be 

highly regulated (Philpott et al., 2014, Thöny-Meyer et al., 2009). Motivated by medical 

interest and the obvious fact that de novo synthesized heme in eukaryotes needs to be 

exported from the mitochondria to target proteins in the cell or even the entire organism 
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in the case of vertebrates, most research has been focused on bacterial pathogens and 

vertebrates. For intracellular heme and iron transport in mammals, for instance, the outer 

mitochondrial membrane heme transporter ABC6 and the inner mitochondrial membrane 

iron transporter ABC10 where identified. Additionally, several cytosolic heme binding 

proteins such as GST (glutathione S-transferases) and HBP (heme binding proteins) 

were shown to bind heme with high affinity. It was also reported that GAPDH and HSP90 

mediate the insertion of heme into the inducible nitric oxide synthase (Yuan et al., 2013). 

For intercellular heme transport in mammals albumin and hemopexin serve as scavenger 

proteins in order to reduce the amount of free heme (Sachla et al., 2014). In contrast, as 

bacteria do not have the need to transport heme between compartments, it was long 

assumed that heme chaperones are not required. But considering the toxic effect of free 

heme it seems unlikely that bacteria do not have systems to transport heme. A scientific 

indicator for the need of heme chaperones in a bacterium was given by Burkhard and 

Wilks in 2008. It was observed that in the pathogen Shigella dysenteria heme was just 

released from the transporter ShuUV if the cytoplasmic heme binding protein ShuS was 

present. Subsequently, the heme binding protein PhuS from Pseudomonas aeruginosa 

was characterized as a heme chaperone involved in the unidirectional trafficking of heme 

to the heme oxygenase HemO where a specific protein-protein interaction takes place. 

Additionally, it was shown that PhuS plays a regulatory role regarding extracellular heme 

flux (Bhakta et al., 2006, Wilks et al., 2013). 

1.3 Iron-sulfur proteins and radical SAM-enzymes 

Iron-sulfur (Fe-S) clusters belong to the oldest and most versatile inorganic cofactors. 

They are composed of varying ratios of iron and sulfur atoms in which usually the iron is 

delivered by a donor and coordinated via cysteine or histidine (Beinert et al., 1997, Meyer 

et al., 2008). Their involvement in a large number of biological processes originates from 

the combination of cluster composition, reactivity of sulfur and iron, the cluster´s 

oxidation state and the Fe-S protein´s environment (Maio et al., 2015). The fact that Fe-S 

proteins and their synthesis machinery are highly conserved and can be found in hyper-

thermophilic archaea led to the theory that they have been present during anaerobic 

times over 4.2 billion years ago (Martin et al., 2008).  

Three biogenesis systems for Fe-S proteins were identified. The NIF (nitrogen fixation) 

assembly system in azototrophic bacteria is responsible for nitrogenase maturation. The 

ISC (iron-sulfur cluster) and SUF (sulfur mobilization) system generate housekeeping 

Fe-S proteins under normal and oxidative stress conditions in bacteria (Lill et al., 2009, 

Maio et al., 2015). The latter systems were transferred into eukaryotes by 

endosymbiosis. Hence, in mitochondria, nucleus and cytosol an assembly system 



Introduction 

 

20 
 

homologous to the bacterial ISC can be found with the addition of an export and cytosolic 

maturation system (Lill et al., 2008). Plastids on the other hand contain a homologue 

SUF assembly system (Balk et al., 2005). The functions of Fe-S proteins can be 

generally categorized into 4 groups. Based on the iron ability to switch between oxidation 

states, Fe-S proteins are often involved in electron transfer reactions. Secondly, due to 

the oxygen sensitivity of [Fe-S] clusters they can serve as sensors of the environment or 

intracellular conditions and accordingly regulate gene expression. A third function is the 

involvement in enzyme catalysis making use of the redox-active cluster. Lastly, in many 

cases the function of a present [Fe-S] cluster is not resolved and might just play a 

structural role (Lill et al., 2009). 

One example of an enzymatic catalysis with the involvement of a [Fe-S] cluster are 

radical SAM enzymes. This enzyme superfamily can be found in all domains of life and 

catalyze a wide range of reactions. Characteristic for this superfamily is a cubane [4Fe-

4S] cluster that is coordinated by the first three cysteine residues of the radical SAM 

superfamily specific CX3CX2CXC motif (Sofia et al., 2001, Layer et al., 2004). The 

remaining forth cysteine is involved in binding of the cofactor SAM allowing a facilitated 

electron transfer from the cluster upon the SAM molecule. This initiates a reductive, 

homolytic SAM cleavage leaving methionine and a 5´-deoxyadenosyl radical which 

causes the abstraction of a target´s hydrogen atom that allows a wide range of radical-

based chemical transformations (Booker et al., 2009, Frey et al., 2001). A subset of 

radical SAM enzymes contain additional [Fe-S] clusters in some cases required for their 

catalytic function but little is known so far (Lanz et al., 2015). 

1.4 The heme chaperone HemW 

The Gram-positive bacterium Lactococcus lactis is unable to produce heme but if 

supplied with heme or protoporphyrin IX it synthesizes a heme-dependent 

cytochrome bd oxidase allowing to respire (Duwat et al., 2001, Gaudu et al., 2002). 

Analysis of its genetic content revealed the presence of hemH encoding a protoporphyrin 

ferrochelatase that allows to convert protoporphyrin IX into heme. More interestingly, 

hemN annotated as a coproporphyrinogen dehydrogenase, was found. As L. lactis is 

devoid of heme biosynthesis, the presence of a functional CgdH seemed unlikely and 

subsequent in vivo and in vitro studies were unable to show a CgdH activity for L. lactis 

HemN. Thus, hemNL.lactis was renamed hemW. Sequence comparison of various as 

hemN annotated genes (hemW-like) and already experimentally verified hemN encoded 

CgdHs revealed three major differences. First, hemW lacks 47 N-terminal amino acids. 

Additionally, there is a poor sequence similarity of the last 150 C-terminal amino acids. 

Third and most importantly the CgdH´s characterizing radical SAM motif CX3CX2CXC 
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(Sofia et al., 2001) is missing the fourth cysteine and carries instead a phenylalanine. 

With these findings it was deducted that throughout all domains of life HemW-like 

proteins are present whereas CgdHs are an exclusively prokaryotic feature. 

Characterization of HemWL.lactis revealed the presence of an [Fe-S] cluster and a covalent 

heme binding capacity. A dimerization upon heme binding with one heme per subunit 

was observed and in vitro addition of L. lactis membrane vesicles to heme bound HemW 

resulted in a release of heme indicating an involvement of HemW in heme trafficking 

(Abicht et al., 2012). A parallel, independent study in the pathogen Moraxella catarrhalis 

further supported this hypothesis. Subjecting transposon-based mutants grown under 

iron-limiting conditions to transcriptional profiling and phenotype growth analysis showed 

that hemW homologue yggW mutants bore an attenuated phenotype with a highly altered 

transcriptional profile. For instance, levels of heme-dependent nitrate reductase genes 

were increased whereas nitrite reductase were decreased indicating an impaired aerobic 

respiration. This might be caused by an incapability to deliver and incorporate the 

cofactor heme to cytochromes of the respiratory chain (De Vries et al., 2013). Similarly, 

recent studies showed that HemW from E. coli does not carry CgdH activity. The protein 

possesses a [4Fe-4S]2+ cluster, as shown by Mössbauer spectroscopy, which was 

observed to influence dimerization. When HemWE.coli was incubated with various heme 

precursors a specific heme binding with one heme molecule per HemW in a covalent 

manner was observed (dissertation Huhn 2012, dissertation Haskamp 2016). Moreover, 

heme transfer studies using heme depleted membrane vesicles from ΔhemA E. coli 

mutants which in addition overexpress heme-dependent nitrate oxidoreductase (narGHI) 

were conducted and showed HemW´s capability to transfer heme to a target enzyme 

(dissertation Haskamp 2016). 
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1.5 Aim and objectives 

Mainly based on extensive bioinformatic analyses of microbial genomes using the SEED 

database a new coproporphyrin-dependent heme b biosynthesis pathway was proposed 

in 2015 by Harry Dailey. During these analyses the protein encoded by ytpQ was 

identified as a potential candidate for a coproporphyrinogen III oxidase. Hence, the aim 

of the first part of this study was the biochemical characterization of YtpQ as a putative 

Cgo including: 

i. Establishment of a production and purification method for recombinant 

YtpQ B.megaterium. 

ii. Experimental verification of YtpQ as a Cgo. 

iii. Characterization of the enzymatic Cgo activity including identification of potential 

cofactors and electron acceptors.  

 

The second part of this study was focused on the characterization of the heme 

chaperone HemW from E. coli. In 2012 the group around Solioz had first proposed a 

heme trafficking involvement of Lactococcus lactis HemW. Later, Simone Karrie and 

Vera Haskamp focused on the identification and characterization of HemW as a putative 

heme chaperone in E. coli. They showed in Initial experiments that HemWE. coli is able to 

bind heme specifically, forms a [4Fe-4S]2+ cluster and is able to transfer heme to a target 

protein.  Continuing their efforts, this study focused on the further elucidation of the 

[4Fe-4S]2+ cluster function of HemW by: 

i. Generation of an [Fe-S] cluster free HemW variant. 

ii. Analysis of heme binding and oligomerization capacities of the [Fe-S] cluster 

lacking HemW variant. 

iii. Characterization of the heme transfer capability of the [Fe-S] cluster lacking 

HemW variant. 

iv. Identification of potential HemW interacting partners. 

v. Growth behavior analysis of an E. coli ΔhemW strain. 
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2.1 Materials 

2.1.1 Instruments 

A list of instruments used throughout this study are listed in table 2.1. 

Table 2.1: List of instruments. 

Instrument Model Manufacturer 

Agarose gel 

electrophoresis 

Agargel Mini 

Agargel Standard G45/1 
Biometra GmbH, Germany 

Agarose gel 

documentation 
MD-20 HD-20 

WEALTEC Corporation, 

USA 

Anaerobic chamber 
Type B flexible vinyl 

chamber 

Coy Laboratory Products, 

USA 

Autoclave LVSA 50/70 
Zirbus technology GmbH, 

Germany 

Blotting equipment 
Trans-Blot® Turbo™ 

Transfer system 

Bio-Rad Laboratories, 

Germany 

CCD camera CoolSNAP HQ2 Photometrics, USA 

Cell disruption 

FastPrep24 
MP Biomedicals Germany, 

GmbH, Germany 

French pressure cell press  
Thermo Fisher Scientific, 

USA 

Centrifuges 

Centrifuge 5804 
Eppendorf AG, Germany 

Minispin 

Avanti® J-26 XP 

Beckmann Coulter GmbH, 

Germany 

Avanti® J-E 

Avanti® J-30I 

Optima L-90K 

ultracentrifuge 

Biofuge primoR Hereaus, Germany 

Qik Spin QS 7000 
Edwards Instruments, 

USA 

Savant™ Speed Vac SPD 

110B 

Thermo Fisher Scientific, 

USA 

Chromatography Äkta™ Purifier UV-900 
GE Healthcare Europe 

GmbH, Germany 

Cryo vessel DryShipper QWick 14/24 MVE BioMedical, USA 
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Electrophoresis power 

supply 

PowerPac 300 
Bio-Rad Laboratories, 

Germany 

Standard Power Pack25 Biometra GmbH, Germany 

Fluorimeter 
FP 8000 

JASCO Labor- und 

Datentechnik GmbH, 

Germany 

LS50B Perkin Elmer, USA 

Magnetic stirrer 

IKAMAG® Reo 
IKA® Werke GmbH & 

CoKG, Germany 

IKACOMBIMAG® Reo Heidolph Instruments 

GmbH & CoKG, Germany MR3001 

pH determination pH meter C 6840B Schott AG, Germany 

Photometer Ultrospec 2000 Biochrom, Germany 

Pipettes Eppendorf Research Eppendorf AG, Germany 

Protein concentration 

cells 

Amicon stirred cell model 

8010 
Merck Millipore, USA 

Scales 

scale 572 
Kern & Sohn GmbH, 

Germany 

scale BP61S Sartorious AG, Germany 

scale SBA 52 
Scaltec Instruments 

GmbH, Germany 

SDS-PAGE 

documentation 
Dark Hood DH-50 biostep GmbH, Germany 

SDS-PAGE system Mini-Protean II 2-D cell 
Bio-Rad Laboratories, 

Germany 

Shaker 
TR-125 Infors AG, Switzerland 

3020 GFL GmbH, Germany 

Spectrophotometer NanoDrop®  NA-1000 
Peqlab Biotechnologie 

GmbH, Germany 

Thermocycler 

T-personal Biometra GmbH, Germany 

96 universal peqSTAR 
Peqlab Biotechnologie 

GmbH, Germany 

C1000™ Thermal Cycler 
Bio-Rad Laboratories, 

Germany 

Thermomixer 

Thermomixer compact 

Eppendorf AG, Germany Thermomixer comfort 

ThermoStat Plus 
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UV-Vis 

spectrophotometer 

V-550 JASCO Labor- und 

Datentechnik GmbH, 

Germany V-650 

Vortex Vortex Genie 2 Scientific Industries, USA 

Water purification MiliQ®-Synthesis Merck Millipore, USA 

 

2.1.2 Materials, chemicals and kits 

A list of all materials and kits used throughout this study are listed in table 2.2. Chemicals 

were acquired mostly from Sigma Aldrich, Fluka, Merck or Roth as indicated in each 

method. 

Table 2.2: List of materials, chemicals and kits. 

Category Product Manufacturer 

Blotting material 

blotting paper 
Munktell & Filtrak GmbH, 

Germany 

Hybond ECL blotting 

membrane 
GE Healthcare Europe 

GmbH, Germany 
Amersham ECL Prime 

Western Blotting detection 

reagent 

Chromatography 

column 

Superdex® 200 HR 10/30 

column 

Pharmacia Biotech Inc., 

Sweden 

Cuvettes 

114-QS 

Hellma Analytics, 

Germany 

115-QS 

105.202-QS 

115F 

cuvettes 10 x 4 mm Sarstedt, Germany 

Enzymes 

Phusion DNA Polymerase 

New England Biolabs, 

Germany 

T4 DNA Ligase 

Taq DNA Polymerase 

Endonucleases 

PreScission™ Protease 
GE Healthcare Europe 

GmbH, Germany 

Kits 

Gel Filtration Molecular 

Weight Markers Kit 

MWGF200 

Sigma Aldrich, Germany 
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QIAquick Gel Extraction 

Kit 

Qiagen, Germany 

QIAquick PCR Purification 

Kit 

QIAprep® Spin Miniprep 

Kit 

QuikChange Site-directed 

Mutagenesis Kit 

Molecular weight 

standards 

Pierce™ Unstained 

Protein MW Marker 

#26610 

Thermo Fisher Scientific, 

USA 

PageRuler™ Prestained 

Protein Ladder 

PageRuler™ Unstained 

protein molecular weight 

marker 

PCR materials oligonucleotides 
Thermo Fisher Scientific, 

USA 

 
deoxynucleotide solution 

mix 

New England Biolabs, 

Germany 

Other materials 

Amicon® Ultra 0.5 mL, 10K Merck Milipore, USA 

Syringe filter 0.2 µm pore 

size 

Sarstedt, Germany Syringe filter 0.45 µm pore 

size 

Filtropur BT50 0.2 

illustra NAP-5 columns 
GE Healthcare Europe 

GmbH, Germany 
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2.1.3 Bacterial strains 

The following table 2.3 gives an overview of all bacterial stains used during the course 

of this study.  

Table 2.3: List of bacterial strains. 

Strain Genotype Reference 

Escherichia coli 

BL21(DE3) 

F- dcm ompT hsdS(rB
-mB

-) gal 

λ(DE3) 

Agilent Technologies, 

USA 

Escherichia coli 

BTH101 

F-, cya-99, araD139, galE15, galK16, 

rpsL1 (Strr), hsdR2, mcrA1, mcrB1 
EUROMEDEX, France 

Escherichia coli 

BW25113 

F- Δ(araD-araB)567, 

ΔlacZ4787(rrnB-3), λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

Baba et al., 2006  

(Keiko collection) 

Escherichia coli 

DH10B 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 ΔlacX74 recA1 

endA1 ara Δ139 Δ(ara, 

leu)7697galU galK λ- rpsL 

(StrR)nupG 

Invitrogen, USA 

Escherichia coli 

JW2922 

F- Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, 

ΔyggW729::kan, rph-1, Δ(rhaD-

rhaB)568, hsdR514    

Baba et al., 2006  

(Keiko collection) 

Escherichia coli 

MC4100 

F- araD139 Δ(argF-lac)U169, 

rspL150, relA1, flbB5301, fruA25, 

deoC1, pts25, rbs22 

Casadaban, 1976 

Escherichia coli 

SHSP18 

F- lacY1, glnX44(AS), hemA8, 

trpA43, rsp134(strR), malT1(λR), 

metB1, supE44, strA134 

Săsărman et al., 1968 
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2.1.4 Plasmids 

Plasmids used for protein expression and the BACTH assay are listed in Table 2.4.  

Table 2.4: List of plasmids. 

Plasmid Description 
Reference/ 

source 

pGEX-6p-1 

Expression vector carrying a N-terminal 

sequence for  GST from Schistosoma 

japonicum with a recognition site for the 

PreScission™ Protease, a lac promoter and 

ampr 

GE Healthcare 

Europe GmbH, 

Germany 

pGEX_hemWE.coli 
pGEX-6p-1 derivative encoding hemWE. coli 

with a N-terminal GST fusion 
Huhn, 2012 

pGEX_hemW_ 

C16,20,23S 

pGEX-6p-1 derivative encoding hemWE. coli 

carrying serines at position 16, 20, and 23 

instead of cysteines and a N-terminal GST 

fused sequence 

this work 

pGEX-6p-1_ 

ytpQB.megaterium 

pGEX-6p-1 derivative encoding 

ytpQB. megaterium with a N-terminal GST fused 

sequence 

this work 

pKT25 

pSU40 derivate encoding first 224 amino 

acids of CyaA (T25 fragment) with a C-

terminal MSC, Kanr, lac promotor 

EUROMEDEX 

pKNT25 

pSU40 derivate encoding first 224 amino 

acids of CyaA (T25 fragment) with a N-

terminal MSC, Kanr, lac promotor 

pUT18 

pUC19 derivate encoding amino acids 225 to 

399 of CyaA (T18 fragment) with a N-terminal 

MSC, Ampr, lac promotor 

pUT18C 

pUC19 derivate encoding amino acids 225 to 

399 of CyaA (T18 fragment) with a C-terminal 

MSC, Ampr, lac promotor 

pKT25-narI pKT25 derivate encoding narI 
Katrin Müller 

as part of 

Haskamp et 

al., 2017 

pKT25-bfrB pKT25 derivate encoding bfrB 

pKT25-hemH pKT25 derivate encoding hemH 

pKT25-katA pKT25 derivate encoding katA 

pKT25-bfrA pKT25 derivate encoding bfrA 
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pKT25- hemW pKT25 derivate encoding hemW 

pKNT25-narI pKNT25 derivate encoding narI 

pKNT25-bfrB pKNT25 derivate encoding bfrB 

pKNT25-hemH pKNT25 derivate encoding hemH 

pKNT25-katA pKNT25 derivate encoding katA 

pKNT25-bfrA pKNT25 derivate encoding bfrA 

pKNT25-hemW pKNT25 derivate encoding hemW 

pUT18C-narI pUTC18 derivate encoding narI 

pUT18C-bfrB pUTC18 derivate encoding bfrB 

pUT18C-hemH pUTC18 derivate encoding hemH 

pUT18C-katA pUTC18 derivate encoding katA 

pUT18C-bfrA pUTC18 derivate encoding bfrA 

pUT18C-hemW pUTC18 derivate encoding hemW 

pUT18-narI pUT18 derivate encoding narI 

pUT18-bfrB pUT18 derivate encoding bfrB 

pUT18-hemH pUT18 derivate encoding hemH 

pUT18-katA pUT18 derivate encoding katA 

pUT18-bfrA pUT18 derivate encoding bfrA 

pUT18-hemW pUT18 derivate encoding hemW 

 

2.1.5 Primers 

The following primers were used in the course of this study and acquired from Thermo 

Fisher Scientific (USA). 

Table 2.5: List of primers. F: forward primer, R: reverse primer. 

Designation Sequence of oligonucleotide primers (5´ to 3´) 

HemW_C16S_F CATCCCGTGGAGCGTGCAGAAAT 

HemW_C16S_R TGAATGTAGAGACTCAGCGG 

HemW_C20S_F CGTGCAGAAAAGCCCGTACTGCG 

HemW_C20S_R CACCACGGGATGTGAATGTAGAG 

HemW_C23S_F AAGCCCGTACAGCGATTTCAACTCTC 

HemW_C23S_R TTCTGCACGCACCACGGG 
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2.1.6 Growth media and additives 

The following media and additives were used throughout this study. Components were 

acquired from Sigma Aldrich, Fluka, Merck or Roth. For solid medium agar plates 1.5 % 

(w/V) agar was added to the respective medium before autoclaving. Plates were poured 

with warm, freshly autoclaved medium or are after bringing it to boil using a microwave.  

Lytic broth (LB) medium: 

 tryptone 10 g/L 

 NaCl 5 g/L 

 yeast extract 5 g/L 

    

 filled up to 1 L with H2Odest., autoclaved 

 

M9 minimal medium: 

 5 x M9 salt solution:    

  Na2HPO4 x 7 H2O 239 mM 

  KH2PO4 110 mM 

  NaCl 43 mM 

  NH4Cl 93 mM 

     

  in H2Odest., autoclaved 

     

 M9 medium:   

  10 % glycerol solution, filter sterilized 100 mL 

  25 % solution casamino acids, filter sterilized 4 mL 

  5 x M9 salt solution 200 mL 

 
 

1 M MgSO4 solution in H2Odest., filter 

sterilized 
200 µL 

  1 M CaCl2 solution in H2Odest., filter sterilized 10 µL 

     

  H2Odest., autoclaved 695.5 mL 
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M63 medium: 

 5 x M63 salt solution:    

  (NH4)2SO4 76 mM 

  KH2PO4 500 mM 

  FeSO4 x 7 H2O 9 µM 

     

  in H2Odest. (pH 7), autoclaved 

     

 M63 medium:   

  5 x M63 salt solution 200 mL 

  1 M IPTG solution in H2Odest., filter sterilized  500 µL 

 
 

40 mg/mL X-Gal solution in H2Odest., filter 

sterilized 
1 mL 

  10 mg/mL streptomycin stock solution 10 mL 

  50 mg/mL kanamycin stock solution 1 mL 

  100 mg/mL ampicillin stock solution 1 mL 

 
 

1 M MgSO4 x 7 H2O solution in H2Odest., filter 

sterilized 
1 mL 

 
 

20 % (w/V) maltose solution in H2Odest., filter 

sterilized 
10 mL 

 
 

0.05 % (w/V) vitamin B1 solution in H2Odest., 

filter sterilized 
2 mL 

  H2Odest., autoclaved 773.5 mL 

 

Medium composition for vesicle preparation: 

 tryptone 10 g/L 

 NaCl 10 g/L 

 yeast extract 5 g/L 

 glucose 0.8 g/L 

 NaCOOH 12.5 mM 

 Na2SeO4 2 µM 

 Na2MoO4 2.5 µM 

 ampicillin 100 µg/mL 

    

 in 100 mM phosphate buffer (pH 6.8), filter sterilized 
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Table 2.6: List of additives.  

Additive Preparation and storage 

ampicillin (amp) 

stock solution: 100 mg/mL in H2Odest., filter 

sterilized and stored at -20 °C  

working concentration: 100 µg/mL 

kanamycin (kan) 

stock solution: 50 mg/mL in H2Odest., filter 

sterilized and stored at -20 °C 

working concentration: 50 µg/mL  

streptomycin  

stock solution: 10 mg/mL in H2Odest., filter 

sterilized and stored at -20 °C 

working concentration: 100 µg/mL 

5-bromo-4-chloro-3-indolyl-β-

D-galactopyranoside (X-Gal) 

stock solution: 40 mg/mL in DMF, filter sterilized 

and stored at -20 °C 

working concentration: 40 µg/mL 

isopropyl-β-D-

thiogalactosidase (IPTG) 

1 M stock solution in H2Odest., filter sterilized and 

stored at -20 °C 

working concentration: 50-500 mM 

KNO3   

1 M stock solution in H2Odest., filter sterilized and 

stored at -20 °C  

working concentration: 25 mM 
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2.2 Microbial methods 

2.2.1 Sterilization 

If not stated otherwise all media and solutions were sterilized for 20 min at 121 °C and 

1 bar pressure in an autoclave. Temperature sensitive substances were filter sterilized 

with a pore diameter of 0.2 µm. 

2.2.2 Cultivation of bacteria 

Bacteria were either cultivated on agar plates or in liquid cultures. For cultivation on agar 

plates cells were streaked out from a single colony or a liquid culture using sterile glass 

beads and incubated at 37 °C.  

For liquid cultures were inoculated using a single colony, a cell suspension or a specified 

volume of a liquid pre-culture and incubated at approximately 200 rpm and 37 °C. In case 

of anaeroic cultures medium was inoculated with a specified volume of a pre-culture in 

an airtight flask. As anaerobic cultures in this study only involved the facultative anaerobe 

E. coli medium was not anaerobized prior to the start of the culture because all oxygen 

was used up within one hour of incubation. 

2.2.3 Determination of cell density 

The cell density of liquid cultures was determined measuring the optical density (OD) at 

578 nm using a photometer. Dilutions were prepared where required aiming for an OD578 

between 0.1 and 1 for correct detection. 

2.2.4 Storage of bacteria 

In order to conserve bacterial strains over long periods glycerol stocks were prepared. 

Therefore 800 µL of a fresh bacterial liquid culture were mixed with 500 µL sterile 80 % 

(v/v) glycerol and immediately stored at -80 °C. Bacterial strains on plates were stored 

for up to 4 weeks at 4 °C. Liquid cultures were stored up to 2 days at 4 °C. 

2.2.5 Analysis of bacterial growth behavior  

The growth behavior of a wildtype E. coli strain BW25113 and a hemW deletion mutant 

JW2922 (Baba et al., 2006) were analyzed under anaerobic conditions with and without 

the addition of 25 mM potassium nitrate in order to induce nitrate respiration. For this 

first, pre-pre cultures of each strain in LB inoculated with the respective glycerol 

conserved stocks were prepared and incubated aerobically for 8 h at 37 °C. All media 

for strain JW2922 were supplemented with 30 µg/mL kanamycin for selection purposes. 

Next, the pre-pre-cultures were used to inoculate pre-cultures at a 1:40 dilution with the 

same medium composition as it was used later for the main cultures. M9 minimal medium 

(see 2.1.6) supplemented with 1 % of the non-fermentable carbon source glycerol and 
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either with or without 25 mM KNO3. Pre-cultures were incubated aerobically at 37 °C 

overnight. At the following day sterile 125 mL flasks that can be closed hermetically with 

a septum were filled with the M9 minimal medium composed as in the pre-cultures. 

These were inoculated to an OD578 nm of 0.1, closed hermetically and incubated lightly 

shaking at 100 rpm to avoid sedimentation. In order to follow the bacterial growth the 

optical density at 578 nm was measured hourly until a stable plateau was reached.  
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2.3 Molecular biology methods 

2.3.1 Preparation of plasmid DNA 

The QIAprep® Spin Miniprep Kit (Qiagen, Germany) was used according to the 

manufacturer´s manual instructions for plasmid DNA isolation from E. coli cells. The final 

purified plasmid DNA was eluted and stored in H2Odest at -20 °C. 

2.3.2 Determination of DNA concentration 

For determination of the DNA concentration and purity the spectrophotometer 

NanoDrop® NA-1000 (Peqlab Biotechnologie GmbH, Germany) was used according its 

manual instructions. 

2.3.3 Production and transformation of calcium chloride competent cells 

In order to create chemically competent E. coli cells 50 mL LB medium were inoculated 

to a dilution of 1:100 with an overnight pre-culture and incubated at 37 °C and 200 rpm. 

When an OD578 of 0.6 was reached cells were harvested by centrifugation at 4500 x g 

and 4 °C for 15 min. After removal of the supernatant sedimented cells were 

resuspended in 20 mL ice-cold TFB I buffer and incubated on ice for 5 min. Cells were 

again collected by centrifugation at 4500 x g and 4 °C for 15 min. The supernatant was 

removed, the sediment was resuspended in 2 mL ice-cold TFB II buffer and the E. coli 

suspension was incubated for 15 - 60 min on ice. Aliquots of 20 µL were stored at -80 °C 

until use.   

For transformation of the competent E. coli cells aliquots were first gently thawed on ice 

for about 30 min. Subsequently, 200 ng plasmid DNA or 5 µL of a ligation mixture were 

added and incubated for another 10 min on ice. The mixture was then incubated for 45 s 

at 42 °C and afterwards for cooled down for 2 min on ice. Next, 250 µL LB medium were 

added and the cell suspension was incubated for 30 min at 37 °C. Different volumes of 

the cell suspension were plated on LB agar plated containing the particular antibiotic or 

other additives if required and incubated at 37 °C overnight. 
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TFB I buffer:   TFB II buffer:   

KOAc 30 mM Ma-MOPS 10 mM 

MnCl2 50 mM CaCl2 75 mM 

KCl 100 mM KCl 10 mM 

CaCl2 10 mM glycerol 15 % (v/v) 

glycerol 15 % (v/v)    

      

in H2Odest. pH 5.8 

sterile filtered 
  

in H2Odest. pH 6.5 

sterile filtered 
  

   

2.3.4 Agarose gel electrophoresis 

Agarose gel electrophoresis allows to separate DNA molecules according to their 

molecular mass driven by the migration of the negatively charged DNA towards the 

anode. One percent (w/v) agarose gels were used with an applied power of around 

100 V. A loading dye was added to the samples before the application to the gel to 

facilitate the loading process. In order to allow DNA size estimation, the GeneRuler™ 

DNA Ladder Mix (Thermo Fisher Scientific, USA) was added as a standard size marker 

to every gel. DNA was finally detected by incubation in an ethidium bromide solution for 

15 min and subsequent detection via UV-light at 312 nm.  

 

TAE buffer:   6 x DNA loading dye:   

Tris-acetate 40 mM bromophenol blue 0.45 mM 

EDTA 1 mM xylene cyanole 0.45 mM 

in H2Odest. pH 8   glycerol 34 % (v/v) 

   in H2Odest.    

      

Ethidium bromide solution:    

ethidium bromide 1 % (v/v)    

in H2Odest.       

 

2.3.5 Amplification of DNA fragments by polymerase chain reaction 

The polymerase chain reaction (PCR) is used to amplify DNA fragments for which 

template DNA, specific forward and reverse primers, a polymerase and a thermo cycler 

is required. During this study the Phusion® High-Fidelity DNA Polymerase (New England 



Materials and Methods 

 

38 
 

Biolabs, Germany) was used according to the manufacturer´s instructions. In the 

following the PCR composition and cycle specifications are shown.  

PCR composition (50 µL volume): 

DNA template ≤ 200 ng for genomic DNA 

 10 ng for plasmid DNA 

5 x Phusion HF reaction buffer 10 µL 

dNTP mix 200 µM 

DMSO 3 % 

forward primer 0.5 µM 

reverse primer 0.5 µM 

H2Odest. up to 50 µL 

Phusion™ DNA polymerase 1.0 units 

 

PCR program: 

Initial denaturation 98 °C  2 min 

30 x cycles:    

Denaturation 98 °C  30 s 

Primer annealing  55 - 68 °C   30 s    

DNA extension 72 °C  15 s per kb 

Final extension 72 °C  5 min 

Hold 4 °C  ∞ 

 

The annealing temperature depends on the GC content of the primer sequence as the 

number of hydrogen bonds influences the binding stability to the template. Thus, the 

suitable annealing temperature was calculated for each primer using the following 

formula:  

Tm [°C] = 69.3 + 0.41 (% G+C) -650/number of nucleotides 

In addition, the forward and reverse primers were designed in a manner that their 

annealing temperature lie as close together as possible. 

2.3.6 Purification of PCR products 

The correct size of PCR amplified fragments was controlled via an agarose gel 

electrophoresis. If the PCR resulted in one single sized fragment the PCR product was 

purified using the QIAquick PCR Purification Kit (Qiagen, Germany) according to the 

manufacturer´s instructions with the variation of a final elution in H2Odest.. In the case of 
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differently sized fragments the band with the desired PCR product was excised from the 

gel and isolated using the QIAquick Gel Extraction Kit (Qiagen, Germany) according to 

the manufacturer´s instructions with the variation of a final elution in H2Odest.. 

2.3.7 Enzymatic modification of PCR products 

2.3.7.1 DNA restriction 

DNA restriction via endonucleases permits to excise a DNA fragment from a plasmid, 

prepare a DNA fragment for ligation or to digest DNA specifically to control the success 

of a prior ligation. Endonucleases catalyze the hydrolysis of two phosphodiester bonds 

at specific recognition sequences thus cleaving the DNA. The resulting DNA ends are 

either without a single stranded overlap (blunt ends) or contain a single stranded overlap 

(sticky end). Endonucleases used in this study were purchased from New England 

Biolabs (Germany) and used according to the manufacturer´s instructions. The result 

was controlled using an agarose gel electrophoresis and checking for the correct size of 

the cleaved DNA fragments. A standard restriction digest is composed as follows: 

Standard restriction digest composition (50 µL volume): 

DNA  1 µg 

10 x CutSmart® buffer 5 µL 

Endonuclease(s) 10 units each 

Nuclease-free H2O up to 50 µL 

 

The incubation temperature is dependent on the chosen endonucleases and provided 

by the manufacturer. Incubation time is 1 hour. 

2.3.7.2 Ligation 

DNA ligases catalyze the formation of phosphodiester bonds at single-stranded breaks 

of double-stranded DNA allowing the insertion of a prior restricted DNA fragment in a 

pre-treated vector with matching overlapping single-stranded ends. In doing so, the 

3´-hydroxyl end of one nucleotide is covalently connected to the 5´phosphate end at a 

second nucleotide. In order to avoid a recirculation of the opened vector the 

5´-phosphate group is removed using an alkaline phosphatase (New England Biolabs, 

Germany) according to the manufacturer´s instructions. For the ligation procedure the 

T4 DNA ligase (New England Biolabs, Germany) was used according to the 

manufacturer´s instructions. A standard ligation mixture was composed as follows: 
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Ligation mixture composition (20 µL volume): 

Vector DNA 0.02 pmol  

Insert DNA 0.06 pmol 

10 x T4 DNA ligase buffer 2 µL 

T4 DNA ligase 1 µL 

Nuclease-free H2O up to 20 µL 

 

The ligation mixture is incubated for 2 h at room temperature or alternatively at 16 °C 

overnight. 

2.3.8 DNA sequencing and analysis 

For the verification of DNA sequences purified DNA was sent to GATC Biotech AG 

(Germany) for sequencing. Resulting sequence files were analyzed using the Applied 

Biosystems Sequence Scanner Software (Thermo Fisher, USA). 

2.3.9 Site-directed mutagenesis of DNA 

Site-directed mutagenesis of a gene sequence allows a defined exchange of single 

amino acids in the corresponding protein. As part of this study various HemWE. coli 

variants were generated using the QuikChange Site-directed Mutagenesis Kit (Qiagen, 

Germany). 

For the QuikChange Kit a plasmid carrying the dsDNA of the gene to be mutated and 

two oligonucleotide primers containing the sequence for the desired mutation were 

required. PCR reactions were carried out according to the manufacturer´s instructions. 

Subsequent the amplification the mutated plasmid was isolated (see section 2.3.1) and 

transformed into E. coli DH10B cells. For verification of the introduced mutation plasmids 

were sent to GATC Biotech AG for sequencing. Respective primers used for these 

modifications are given in table 2.5. 
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2.4 Biochemical methods 

2.4.1 Cloning, recombinant production and purification of Bacillus 

megaterium YtpQ 

The synthetic B. megaterium ytpQ gene modified to E. coli K12 codon usage 

(http://www.jcat.de/) was purchased from New England Biolabs (Germany). The gene 

was inserted via a BamHI and a NotI (New England Biolabs) restriction site into a 

pGEX-6p-1 expression vector carrying an N-terminal glutathione S-transferase-tag 

(GST -tag) with a PreScission™ protease cleavage site, an isopropyl-β-D-

thiogalactosidase (IPTG) inducible lac promotor and an ampicillin resistance cassette 

(GE Healthcare™). Cloning procedures were completed according to the protocols 

described in section 2.3. The correctness of the final vector was verified by DNA 

sequencing (GATC Biotech AG, Germany). 

For protein expression and purification, the vector pGEX-6p-1_ytpQB.megaterium was 

introduced into calcium chloride competent E. coli BL21(DE3) using of a heat-shock 

procedure as described in section 2.3.3. Cultures of 2 L LB-broth containing 100 mg/L 

ampicillin were inoculated with overnight cultures to a starting OD578 of 0.05 and grown 

aerobically at 200 rpm 37 °C. The ytpQ gene expression was induced during late 

exponential growth phase at OD578 of 0.6 by addition of 125 µM IPTG. The culture was 

continuously incubated for 20 h at 17 °C and 180 rpm. The following cell disruption and 

protein purification processes were conducted under strictly anaerobic conditions at 

20 °C. Therefore, the overnight cultures were transferred in 1 L centrifuge tubes and left 

open in an anaerobic environment for 30 min. Afterwards, cells were harvested by 

centrifugation at 3500 x g for 20 min at 4 °C. First, the harvested cells were re-suspended 

in 8 mL ice-cold buffer I and disrupted by a double passage through a French Press 

(Thermo Fisher Scientific, USA) at 19,200 p.s.i.. In order to remove cell debris, the 

sample was centrifuged for 60 min at 25,000 x g and 4 °C. Subsequently, the soluble 

protein fraction was applied onto an Econo-Pac® Chromatography column loaded with 

5 mL Protino® Glutathione Agarose 4B (Machery-Nagel, Germany) that was prior 

equilibrated with 10 cv buffer I. The cell-free extract was mixed with the column material 

and incubated for 2 h to allow binding of the YtpQ-GST recombinant protein to the matrix. 

Afterwards, the flow-through was collected and the column was washed with 6 cv of 

buffer I. The purified YtpQ was eluted from the column by cleavage of the GST-tag 

overnight using 800 U PreScission™ protease (GE Healthcare, Germany) diluted in 

6 mL buffer III. The cleaved YtpQ was additionally rinsed once using 7 mL buffer I. Next, 

the GST-tag was removed from the column material by rinsing with 15 mL buffer II. In 

order to recover the column, it was additionally washed with 12 cv buffer II, followed by 

10 cv H2Odest. and final storage in 30 % (v/v) ethanol in H2Odest.. Samples were taken 

http://www.jcat.de/
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from every fraction throughout the purification procedure for a SDS-PAGE analysis.  

Final protein concentration was determined using Bradford reagent (Sigma-Aldrich, 

Germany) in a colorimetric assay (see 2.4.4) according to manufacturer´s instructions. 

Protein purity was controlled via a SDS-PAGE as described in section 2.4.5. The recipes 

for the buffers used for YtpQ purification are given below. 

Buffer I:   Buffer II:   

HEPES 40 mM HEPES 40 mM 

glycerol 5 % (v/v) dithiothreitol (DTT) 1 mM 

dithiothreitol (DTT) 1 mM glutathione 10 mM 

      

in H2Odest. pH 7.2, 

anaerobic 
  

in H2Odest. pH 7.2, 

anaerobic 
  

      

2.4.2 Cloning, recombinant production and purification of Escherichia coli 

HemW 

In order to characterize HemW a recombinant protein needed to be generated to allow 

expression and purification. Thus, hemW from E. coli was amplified from genomic DNA 

introducing a BamHI and XhoI restriction site via which the gene was cloned into a 

pGEX-6P-1 vector. The pGEX-6p-1 expression vector contains an N-terminal GST-tag 

with a PreScission™ protease cleavage site, an IPTG-inducible lac promotor and an 

ampicillin resistance cassette (GE Healthcare™). Cloning procedures were completed 

according to the protocols described in section 2.3. HemW variants were generated 

based on the plasmid pGEX_hemWE.coli via site-directed mutagenesis (see section 

2.3.11). The correctness of the final vectors was verified by DNA sequencing (GATC 

Biotech AG, Germany). 

For protein expression the respective pGEX-6P-1 vector carrying a hemWE.coli variant 

was introduced into calcium chloride competent E. coli BL21(DE3) using of a heat-shock 

procedure as described in section 2.3.3. Cultures of 1 L LB-broth containing 100 mg/L 

ampicillin were inoculated with overnight cultures to a starting OD578 of 0.05 and grown 

aerobically at 200 rpm 37 °C. The hemW gene expression was induced during late 

exponential growth phase at OD578 of 0.6 by addition of 0.5 mM IPTG. The culture was 

continuously incubated for 20 h at 17 °C and 180 rpm. The following cell disruption and 

protein purification processes were conducted under strictly anaerobic conditions at 

20 °C. Therefore, the overnight cultures were transferred in 1 L centrifuge tubes and left 

open in an anaerobic environment for 30 min. Afterwards, cells were harvested by 

centrifugation at 3500 x g for 20 min at 4 °C. First, the harvested cells were re-suspended 
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in 8 mL ice-cold buffer III and disrupted by a passage through a French Press (Thermo 

Fisher Scientific, USA) at 19,200 p.s.i.. In order to remove cell debris, the sample was 

centrifuged for 60 min at 25,000 x g and 4 °C. Subsequently, the soluble protein fraction 

was applied onto an Econo-Pac® Chromatography column loaded with 5 mL Protino® 

Glutathione Agarose 4B (Machery-Nagel, Germany) that was prior equilibrated with 10 

cv buffer III. The cell-free extract was mixed with the column material and incubated for 

2 h to allow binding of the HemW-GST recombinant protein to the matrix. Afterwards, 

the flow-through was collected and the column was washed with 12 cv of buffer III. The 

purified HemW was eluted from the column by cleavage of the GST-tag overnight using 

800 U PreScission™ protease (GE Healthcare, Germany) diluted in 7 mL buffer III. The 

cleaved HemW was additionally rinsed twice using 7 mL buffer III and twice using 15 mL 

buffer III. Next, the GST-tag was removed from the column material by rinsing with 15 mL 

buffer IV. In order to recover the column, it was additionally washed with 12 cv buffer IV, 

followed by 10 cv H2Odest. and final storage in 30 % (v/v) ethanol in H2Odest.. Samples 

were taken from every fraction throughout the purification procedure for a SDS-PAGE 

analysis.  Final protein concentration was determined using Bradford reagent (Sigma-

Aldrich, Germany) in a colorimetric assay (see 2.4.4) according to manufacturer´s 

instructions. Protein purity was controlled via a SDS-PAGE as described in section 2.4.5. 

The recipes for the buffers used for HemW purification are given below. 

Buffer III:   Buffer IV:   

NaCl 140 mM NaCl 140 mM 

KCl 2.7 mM KCl 2.7 mM 

Na2HPO4 10 mM Na2HPO4 10 mM 

KH2PO4 1.8 mM KH2PO4 1.8 mM 

glycerol 5 % (v/v) glutathione 10 mM 

dithiothreitol (DTT) 1 mM    

      

in H2Odest. pH 7.4, 

anaerobic 
  

in H2Odest. pH 7.4, 

anaerobic 
  

 

2.4.3 Production and preparation of NarGHI enriched membrane vesicles 

from Escherichia coli 

E. coli membrane vesicle preparations with overexpressed E. coli nitrate oxidoreductase 

(NarGHI) were generated by the group around Prof. Dr. Axel Magalon (Laboratoire de 

Chimie Bacterienne, CNRS, Marseille; Alberge et al.,, 2015). Two different E. coli strains 

were used for vesicle generation. On the one hand, SHSP18 ΔhemA cells were used to 
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generate heme-depleted vesicles as the deletion of the first gene of heme biosynthesis 

hemA (see section 1.1.2.1) results in the impairment of the entire heme biosynthesis. On 

the other hand, MC4100 cells were used to generate heme-containing vesicles as a 

control. Both strains were transformed with the pVA700 plasmid allowing the 

overexpression of the NarGHI complex (Guigliarelli et al., 1996). Transformed SHSP18 

ΔhemA cells required supplementation of the LB agar plates with 150 µM δ-

aminolevulinic acid permitting heme cofactor synthesis, 0.8 % glucose and 100 µg/mL 

ampicillin for selection purposes. 

In order to overproduce NarGHI, first single colonies were used to inoculate LB medium 

supplemented with glucose, sodium formate, sodium selenite, sodium molybdate and 

phosphate buffer (see section 2.1.6) and incubated overnight at 37 °C. At the next day 

2 L of the same supplemented LB medium were inoculated to an OD600 nm of 0.05, 

supplemented with 200 µM IPTG and incubated for 24 h at 37 °C. Cell solution was 

centrifuged at 5000 x g for 10 min and the pelleted cells were stored at -20 °C if not used 

immediately. 

For membrane vesicle preparation cells were resuspended in 50 mM MOPS buffer 

containing 1 mM magnesium chloride (pH 7.2) and disrupted by two passages through 

the French press at 1100 p.s.i. (76 bar). In the next step, the extract was centrifuged at 

14000 x g to allow the removal of intact cells and debris. This was followed by a 

ultracentrifugation step at 400000 x g for 90 min to obtain the membrane vesicles, that 

were resuspended in 50 mM MOPS buffer containing 1 mM magnesium chloride (pH 

7.2) and stored until use at -80 °C. 

2.4.4 Determination of protein concentration 

Protein concentrations in aqueous solutions can be determined via the Bradford protein 

assay method (Bradford, 1976) that is based on the complex formation of proteins with 

Brilliant blue G. In this study a Bradford solution acquired from Sigma-Aldrich (Germany) 

was used according to the manufacturer´s instructions. Briefly, 30 µL protein samples 

were added to 970 µL Bradford solution, mixed and incubated protected from light for 

10 min. Afterwards, the optical density at 595 nm, that is proportional to the solution´s 

protein content, was measured. Protein samples were diluted if required to yield an OD595 

between 0.1 and 1. Measured values were applied to a formula generated via a 

calibration curve. Calibration curves were performed using various bovine serum 

albumin concentrations ranging from 0 to 1 mg. Calibration was performed separately 

for each used protein buffer and re-evaluated with each new Bradford solution batch. 

Calibration curves for buffer I and buffer III are provided in figure 2.1.  
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Figure 2.1: Bradford calibration curves.  Dilutions with different concentrations of bovine serum 

albumin were prepared in buffer I (A) and buffer III (B), incubated for 10 min at room temperature 

and the OD595 nm measured. Results were plotted against the used concentrations and a 

calibration curve was generated via a linear regression.     

2.4.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

Proteins can be separated according to their relative molecular weight in an 

polyacrylamide gel with an applied electric field (Conejero & Semancik, 1977) which 

allows to estimate the protein size as well as determine the purity of a protein solution. 

The separation depending on the relative molecular weight is solely possible as the 

proteins are denatured prior to the PAGE by addition of the detergent SDS in form of a 

2 x loading buffer and incubation for 5 min at 98 °C. The polyacrylamide gel is composed 

of a stacking gel, which due its composition and pH allows the protein concentration to 

form bands, and a running gel, that separates the loaded protein samples. In order to 

allow migration of proteins through the gel an electric field with 45 mV per gel was applied 

for approximately 35 min to a Mini-Protean II 2-D cell (Bio-Rad Laboratories, Germany) 

filled with electrophoresis buffer. For the estimation of the molecular weight of each 

protein band in the gel a marker containing proteins of known molecular weight were 

loaded in addition to the samples to each gel. In this study the Pierce™ Unstained Protein 

Molecular Weight Marker #26610, the PageRuler™ Unstained Protein Ladder (Thermo 

Fisher, USA), and the PageRuler™ Prestained Protein Ladder for gels further used for 

blotting (Thermo Fisher, USA) were used. The composition of all used buffers and gels 

are given below.  

To visualize the protein bands in the gel after electrophoresis InstantBlue® (Expedeon, 

UK) was used. This commercially available protein gel staining solution is based on the 
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traditionally used Coomassie Brilliant Blue stain with the advantage that no de-staining 

is required. During a 10 min incubation time under mild shaking exclusively protein bands 

are stained. Afterwards, the solution is removed, and the gel stored in water or dried in 

a cellophane foil. 

Polyacrylamide gel: 

 12 % (v/v) running gel 6 % (v/v) stacking gel 

acrylamide stock solution 2 mL  500 µL 

running gel buffer 1.25 mL  0 µL 

stacking gel buffer 0 mL  625 µL 

H2Odeion. 1.75 mL  1.375 mL 

APS-solution 5 µL  3 µL 

TEMED 50 µL  30 µL 

 

Acrylamide stock solution:  

 Rotiphorese ® Gel 30 (37.5 : 1) (Roth, Germany)   

    

Ammonium persulfate solution (APS): 

 Ammonium peroxodisulfate 10 % 

 in H2Odest.   

    

Running gel buffer: 

 Tris-HCl 1.5 M 

 SDS 0.4 % (w/v) 

 in H2Odest., pH 8.8   

    

Stacking gel buffer: 

 Tris-HCl 0.5 M 

 SDS 0.4 % (w/v) 

 in H2Odest., pH 6.8   

    

Electrophoresis buffer: 

 Tris-HCl 14.5 mM 

 glycine 1.44 % (w/v) 

 SDS 1 % (w/v) 

 in H2Odest., pH 8.4   
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SDS loading buffer: 

 Tris-HCl 100 mM 

 glycerol (80 %) 40 % (v/v) 

 β-mercaptoethanol 10 % (v/v) 

 SDS (20 %) 3.2 % (w/v) 

 bromophenol blue 0.2 % (w/v) 

 in H2Odest., pH 6.8   

 

2.4.6 Reconstitution of the iron-sulfur cluster 

During recombinant protein overexpression of proteins in E. coli iron-sulfur (Fe-S) 

clusters are not integrated in all produced proteins likely due to a lack of resources. 

Therefore, the HemWE. coli [Fe-S] cluster was reconstituted artificially after protein 

purification. To a 100 µM HemW solution in buffer III 10 mM of a dithiothreitol (DTT) 

solution were added under exclusion of oxygen and left for 1 h at 20 °C to reduce 

cysteines and disulfide bridges. Afterwards, 500 µM ferric citrate were added to the 

protein solution and incubated for approximately 5 min until the sample gets a reddish 

coloring. In a next step, 500 µM lithium sulfide were added and incubated until a brownish 

color change was observed. The reaction was stopped by centrifugation at 12.100 x g 

for 5 min. Subsequently, residual ferric citrate and lithium sulfite was removed by an 

Illustra NAP™-5 column (GE Healthcare, Germany) according to the manufacturer´s 

instructions. In order to evaluate the success of the [Fe-S] cluster reconstitution a 10 µM 

sample was checked via UV-Vis spectrometry (see 2.4.7) where a shoulder at 420 nm 

is expected for a [Fe-S] cluster. The composition of all required solutions are given below.  

Buffer III:  

 NaCl 140 mM 

 KCl 2.7 mM 

 Na2HPO4 10 mM 

 KH2PO4 1.8 mM 

 glycerol 5 % (v/v) 

 dithiothreitol (DTT) 1 mM 

 in H2Odest., pH 7.4, anaerobic   

    

    

DTT solution: 

 DTT 1 M 

 in H2Odest., anaerobic   
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Ferric citrate solution: 

 FeNH4 citrate 100 mM 

 DTT 1 mM 

 in buffer III, anaerobic   

    

Lithium sulfite solution: 

 Li2S  100 mM 

 DTT 1 mM 

 in buffer III, anaerobic   

 

2.4.7 UV-Vis absorption spectroscopy 

UV-Vis absorption spectroscopy is in the biological field commonly used for the analysis 

of solutions containing macromolecules and other conjugated or metal containing 

molecules. It is based on the ability of these molecules to absorb specific ranges of 

wavelengths. During this study it was used to determine the purity of protein solutions, 

identify cofactors such as heme and FAD and to follow enzymatic driven conversions for 

activity measurements. Spectra were recorded under either aerobic or anaerobic 

conditions with a JASCO V-550 and JASCO V-650 (JASCO, Germany). For the 

measurement solutions were diluted to a suitable concentration and transferred in Quartz 

cuvettes with a 10 mm light path (114-QS, 115-QS, 105.202-QS, Hellma Analytics, 

Germany). Cuvettes were cleaned after each measurement with a 2 % Hellmanex® 

solution and afterwards rinsed with water. Spectra were analyzed using the JASCO 

software Spectra Manager™. 

2.4.8 Fluorescence spectroscopy 

Fluorescence spectroscopy is based on the same principle as UV-Vis spectroscopy 

(2.4.7) with the difference of a spectrum shift upon excitation at a molecule specific 

wavelength. In this study a FP8000 (JASCO, Germany) was used to analyze the 

enzymatically catalyzed conversion of coproporphyrinogen to coproporphyrin under 

anaerobic conditions. The samples were excited at 409 nm and emission data was 

mostly detected in the range of 570 nm to 630 nm in a high sensitivity mode and 

excitation and emission bandwidths of 2.4 nm. The samples were transferred in a 115F 

microcuvette (Hellma Analytics, Germany) under anaerobic conditions and closed with 

a plug (Hellma Analytics, Germany) during the measurement to avoid oxidation. Cuvettes 

were cleaned after each measurement with a 2 % Hellmanex® solution and afterwards 
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rinsed with water. Spectra were analyzed using the JASCO software Spectra 

Manager™. 

2.4.9 Gel permeation chromatography 

Gel permeation chromatography is a type of size exclusion chromatography that is based 

on a molecular weight dependent migration speed of proteins through a matrix allowing 

to determine its molecular weight and the oligomeric state. In this study an Äkta purifier 

system with a Superdex® 200 HR 10/30 column (Pharmacia Biotech Inc., Sweden) was 

used. The column was equilibrated with protein buffer III and a calibration curve (figure 

2.2) was generated using the Gel Filtration Molecular Weight Markers Kit MWGF200 

(Sigma Aldrich, Germany) composed of cytochrome c (Mr=12,400), carbonic anhydrase 

(Mr=29,000), albumin bovine serum (Mr=66,000), alcohol dehydrogenase (Mr=150,000 ), 

β-amylase (Mr=200,000), and apoferritin (Mr=400,000) according to the manufacturer´s 

instructions. Purified protein was filtered through a 0.45 µm pre sized syringe filter 

(Sarstedt, Germany) before the 2 mg/mL protein solution was chromatographed at a flow 

rate of 0.5 mL/min. The procedure was monitored via a UV detector at 280 nm, 410 nm, 

and 420 nm to detect protein, free and protein bound heme and other possible cofactors 

depending on the specific experiment. The analysis was done under anaerobic 

conditions. 

 

Figure 2.2: Superdex® 200 HR 10/30 calibration curve. Retention volume VR is plotted against 

the decadic logarithm of the used marker proteins (Gel Filtration Molecular Weight Markers Kit 

MWGF200, Sigma Aldrich, Germany).  

2.4.10 Preparation of hemin solution 

For all experiments that required heme throughout this study each time a fresh hemin 

solution was prepared according to Owens et al., 2012 with hemin acquired from Fluka 

(Switzerland). First 3 mg were dissolved in 300 µL of a 100 mM NaOH solution and 
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thoroughly mixed for 30 min. Afterwards, 300 µL of a 1 M Tris-HCl (pH 7.4) solution were 

added and the solution centrifuged in a table centrifuge at 14000 x g for 10 min to 

sediment any non-dissolved hemin. The supernatant is transferred to a new tube and 

the concentration determined using the molar extinction coefficient ϵ385 nm of 

58.44 mM-1 cm-1. In order to measure the absorption at 385 nm the hemin solution was 

diluted 1:500 with 50 mM Tris-HCl (pH 7.4).    

2.4.11 Heme stain 

A heme stain allows to analyze as an alternative to an UV-Vis spectrum if a protein 

contains bound heme (Freissner et al., 2003). This method is based on the heme 

peroxidase activity that in combination with a chemiluminescent reagent (Amersham 

ECL Prime Western Blotting detection reagent, GE Healthcare, Germany) permits the 

detection of heme. For the heme stain procedure first, 25 µM HemW were incubated 

overnight with the same amount of heme (2.4.10) to allow heme binding. On the next 

day a SDS-PAGE was performed (see section 2.4.5) with differently prepared protein 

samples. In this case a β-mercaptoethanol free loadings dye was used and the samples 

were not heated. Each sample was applied twice to a SDS-gel enabling to protein stain 

(see 2.3.5) one half of the gel to locate the protein bands and to blot the other half in 

order to subsequently detect heme. Bringing both resulting images together it permits to 

identify if the HemW band co-locates with the heme bands implying the heme-binding 

ability of HemW or a HemW variant. The PageRuler™ Prestained Protein Ladder 

(Thermo Fisher, USA) was used as a molecular size marker. 

For the Western blot of one half of the gel a nitrocellulose membrane (GE Healthcare, 

Germany) piece cut to the size of the gel was first activated with water and subsequently 

incubated for 10 min in transfer buffer together with the SDS-gel. In addition, blotting 

paper was cut to size and wetted with transfer buffer. For the semi dry blotting apparatus 

all components were assembled in the following order: anode, blotting paper, membrane, 

SDS gel, blotting paper, cathode. After insertion into the Trans-Blot® Turbo™ Transfer 

System (Bio-Rad, USA) 25 mA and 1 V were applied for 12 min in order to transfer the 

proteins band onto the membrane. In the next step, the membrane was washed three 

times for 5 min slight shaking in PBS buffer. Afterwards, the membrane was transferred 

into a clean Petri dish, 1 mL of the Amersham ECL Prime Western Blotting Detection 

Reagent were evenly dispersed on the membrane, incubated protected from light for 

5 min, and detected with a CCD camera (CoolSNAP HQ2, Photometrics, USA). 
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SDS loading dye without β-mercaptoethanol:  

 Tris-HCl, pH 6.8 100 mM 

 glycerol 40 % (v/v) 

 SDS 0.2 % (w/v) 

 bromophenol blue 0.2 % (w/v) 

 in H2Odest., pH 6.8   

    

Transfer buffer: 

 Tris-HCl, pH 6.8 21.3 mM 

 glycine 192 mM 

 methanol 10 % (v/v) 

    

PBS: 

 NaCl 140 mM 

 KCl 2.7 mM 

 Na2HPO4 10 mM 

 KH2PO4 1.8 mM 

 glycerol 5 % (v/v) 

 in H2Odest. pH 7.4   

    

TBS buffer: 

 NaCl 150 mM 

 Tris-HCl, pH 7.5 50 mM 

 in H2Odest., pH 6.8   

 

2.4.12 Reduction of HemW-hemin complex 

Twenty µM HemW and HemW variants were incubated anaerobically with a hemin 

solution (2.4.10) overnight at an equimolar ratio to ensure heme binding to the protein. 

At the next day a fresh 100 mM sodium dithionite solution in buffer III was prepared, 

added to the samples, and mixed. UV-Vis spectra were recorded after a 5 min incubation 

(see 2.4.7) and analyzed using the software Spectra Manager™ (JASCO, Germany). 

2.4.13 Bacterial adenylate cyclase two hybrid system  

The Bacterial Adenylate Cyclase-based Two-Hybrid system (BACTH; EUROMEDEX, 

France) is used to analyze protein-protein interactions in vivo (Karimova et al., 1998). It 

is based on an interaction-mediated functional reconstitution of Bordetella pertussis 

adenylate cyclase (CyaA) activity. CyaA is a heterodimer composed of the fragments 
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T18 and T25 that require dimerization in order to be enzymatically active. This feature is 

used by the BACTH system by C- or N-terminal fusion of the T18 and T25 fragment to 

two potentially interacting proteins of interest. The interaction of those proteins of interest 

results the functional CyaA complementation and hence cyclic AMP (cAMP) is generated 

from ATP. Subsequently, cAMP forms a complex with the catabolite activator protein 

(CAP) that activates the expression of lac and mal operons and allows identification of 

interacting partners. A scheme of the BACTH system principle is given in figure 2.3. 

 

 

Figure 2.3: Presentation of the BACTH system principle. Fusion proteins of potentially 

interacting protein X and Y with adenylate cyclase fragments T25 and T18 activate as a result 

from interaction the lac and mal operon by generation of cyclic AMP (cAMP) that forms a promotor 

binding complex with the catabolite activator protein (CAP). Figure was adapted from provider´s 

(EUROMEDEX, France) manual.     

In practice, plasmids carrying a protein of interest fused either N- or C-terminally to either 

T18 or T25 were generated using the cloning workflow described in chapter 2.3. In a 

next step competent E. coli BTH101 cells (see 2.3.3) were co-transformed with one 

vector containing T18 and a gene encoding a protein of interest and a second plasmid 

carrying T25 and a gene encoding a potential interaction partner. This procedure was 

performed as described in section 2.3.3 with some changes. Twenty µL cells were mixed 

with 1 µL of each plasmid. After the transformation procedure 300 µL LB were added 

and the suspension was incubated for 1 h at 37 °C. Subsequently, this mixture was 

centrifuged at 3500 x g for 8 min and the pelleted cells were resuspended in 300 µL M63 

medium. Next, 200 µL were streaked out on M63 agar plates and incubated for 5-8 days 

at 30 °C. The ultimately interaction mediated expression of the mal operon allows 

selection for interacting protein combinations by usage of maltose as a carbon source in 

the M63 medium. Additionally, expression of the lac operon activated by the interaction 

of the tested proteins allows a selection via X-gal as a second indicator. The expressed 

β-galactosidase is able to hydrolyze the lactose analog X-gal resulting in blue coloring 

of interaction positive clones.   
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2.4.14 Determination of β-galactosidase activity 

As previously mentioned, an interaction of two proteins of interest in the BACTH (see 

2.4.13) assay results in the activation of β-galactosidase expression. Hence, this protein-

protein interaction can be quantified, and different pairings compared by determination 

of the β-galactosidase activity. During this activity assay, the synthetic galactoside 

o-nitrophenol-β-galactoside (ONPG), which is hydrolyzed by the β-galactosidase to 

galactose and the yellow colored nitrophenol, is used as a quantifiable indicator 

measured photometrically.  

First, 5 mL LB medium supplemented with the respective antibiotic for selection was 

inoculated with a positive colony obtained from the BACTH assay and incubated 

overnight at 30 °C and 200 rpm. At the next day cultures were cooled down for 20 min 

on ice to slow down cell growth of all samples. Next, 100 µL of each culture were 

centrifuged at 3500 x g for 5 min at 4 °C. The supernatant was discarded, the pelleted 

cells resuspended in 900 µL Z-buffer and OD600 measured. Subsequently, cells were 

permeabilized by addition of 15 µL of 0.1 % SDS and 15 µL chloroform and incubated 

for 5 min at 30 °C. Afterwards the o-nitrophenol-β-galactoside hydrolysis catalyzed by 

β-galactosidase was initiated by addition of 200 µL freshly prepared ONPG solution. The 

samples were incubated at 30 °C until a yellow coloring became visible and the reaction 

was stopped by addition of 500 µL 1M Na2CO3 solution. The time between reaction 

initiation and halt was measured for final result evaluation. In order to remove cell debris 

and chloroform the samples were centrifuged at 14000 x g and the OD420 and OD550 of 

the supernatant was measured. Finally, the activity was calculated in Miller Units (MU) 

according to the formula 

MU = 
OD(420)– 1.75∗ OD(550)

𝑡 𝑥 𝑉 𝑥 𝑂𝐷(600)
 * 1000 

with t being the measured reaction time in minutes and V the sample volume in mL. All 

required buffers and solutions were prepared as indicated below. 

Z-buffer:  

 Na2HPO4 60 mM 

 NaH2PO4 40 mM 

 KCl 10 mM 

 MgSO4 1 mM 

 β-mercaptoethanol 50 mM 

 in H2Odest., pH 7   
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0.1 M phosphate buffer: 

 Na2HPO4  60 mM 

 NaH2PO4  40 mM 

 in H2Odest., pH 7   

    

ONPG solution: 

 ONPG 4 mg/mL 

 in 0.1 M phosphate buffer   

 

2.4.15 Quinol nitrate oxidoreductase assay 

In the quinol nitrate reductase assay the activity of overexpressed E. coli nitrate 

oxidoreductase (NarGHI) of membrane vesicle preparations is measured 

spectrophotometrically (Luciano et al., 2007) under strictly anaerobic conditions. The 

used vesicles were prepared as described in section 2.4.3 from SHSP18 ΔhemA cells 

generating heme-depleted vesicles or MC4100 cells generating heme-containing 

vesicles as a positive control. The quinol 2-methyl-1,4-naphtoquinol (menadiol) was used 

as an electron donor during nitrate reduction enabling spectrophotometric measurement 

of its oxidation product menadione at 260 nm. In this study the quinol nitrate 

oxidoreductase assay was used to analyze the ability of HemW to transfer heme to the 

heme-dependent target protein NarGHI. The general principle of this assay is depicted 

in figure 2.4. 

 

Figure 2.4: Principle of the nitrate oxidoreductase assay used for heme transfer analysis. 

HemW transfers its bound heme to the inactive nitrate reductase that with its bound cofactor heme 

is able to reduce nitrate to nitrite. Quinol serves as an electron donor and allows to follow the 

reaction as quinone increase can be measured photometrically at 260 nm. 
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In order to conduct the assay, menadione needed to be reduced with a combination of 

zinc and hydrochloric acid. First 35 mg of zinc powder were introduced in a 2 mL amber 

glass vial together with 800 µL of a 20 mM menadione (Sigma Aldrich, Germany) 

solution dissolved in ethanol and closed with a septum screw lid (Supelco, USA). After 

mixing 35 µL of a 37 % HCl solution were injected with a syringe and the mixture was 

incubated for 15 min on ice to allow a complete menadione reduction to menadiol. In 

addition, prior to the start of the assay a 2 M potassium nitrate solution and a 50 mM 

MOPS buffer (pH 7) was prepared and anaerobized. Membrane vesicles from MC4100 

cells had a total protein content of 85 to 95 mg/mL with 5.6 to 7.9 mg/mL (6.5 % - 8.3 %) 

NarGHI content. Membrane vesicles generated from SHSP18 ΔhemA strain had a total 

protein content of 60 to 106 mg/mL with 3.6 to 5.8 mg/mL (5.5 % - 6.0 %) NarGHI 

content. 

The quinol nitrate oxidoreductase assay was conducted under anaerobic conditions. Ten 

µL menadiol were added with a Hamilton syringe in 1.4 mL 30 °C pre-warmed MOPS 

buffer in a quartz cell and mixed. Next, the volume of vesicles correlating to 4 µg NarGHI 

were added together with additives (as stated in the respective results section) if required 

for a specific experimental setup. For heme transfer experiments HemW variants were 

incubated prior to the experiment over night with an equimolar ratio of a hemin solution 

(see 2.4.10). At the next day HemW-heme solution was diluted with MOPS to a 

concentration of 1.5 µM and incubated for 2 h at 30 °C before 20 µL were used for the 

assay. The background absorption at 260 nm was recorded with a V-550 

Spectrophotometer (JASCO, Germany) in the tome course measurement program of the 

supplier provided software. After 40 s 10 µL of the 2 M potassium nitrate solution was 

added to start the reaction and the absorption was recorded for another 120 s. The 

resulting spectra were analyzed using the Spectra Manager™ Kinetics Analysis Program 

(JASCO, Germany) to determine the initial basal slope (B slope in min-1) and the 

proceeding activity slope (A slope in min-1). These values were used to calculate the 

NarGHI activity with the following formula:  

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
([𝐴 𝑠𝑙𝑜𝑝𝑒 − 𝐵 𝑠𝑙𝑜𝑝𝑒] × 𝑉𝑐 × 𝐷)

𝜀 × 1 × 𝑉𝑠
 

Vc is the quartz cell volume of 1600 µl, D the dilution factor of the membrane sample, Vs 

the sample volume in µl, and ε being the menadione molar extinction coefficient at 

260 nm of 17.18 mmol-1*L*cm-1.  

2.4.16 Coproporphyrinogen III synthesis 

As the enzyme substrate coproporphyrinogen III is highly oxygen-sensitive it was 

synthesized freshly by reduction of coproporphyrin III with sodium amalgam. First, 3 mg 
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coproporphyrin III (Frontier Scientific, USA) were dissolved in 3 mL of 50 mM KOH by 

stirring for approximately 10 min under exclusion from light. The concentration of this 

solution was determined by measuring OD401nm with a 1:1000 dilution prepared with 

2.7 M HCl. The millimolar extinction coefficient of 478 L* mol-1 *cm-1 was used to 

calculate the concentration of the coproporphyrin III working solution. The reduction 

reagent sodium amalgam was prepared by adding 0.15 g of chopped sodium into 5 g of 

mercury under stirring in a nitrogen saturated atmosphere. The freshly prepared 3 % 

(w/v) amalgam was pestled and 6 g put in a light protected bulb in a nitrogen atmosphere. 

Under stirring 3 mL of the coproporphyrin III working solution were added and left stirring 

until the initially purple solution became colorless. To remove amalgam residues from 

the colorless coproporphyrinogen III solution it was filtered through glass wool. In order 

to stabilize the oxygen-sensitive coproporphyrinogen III 70 mg of DTT were added and 

the pH was adjusted to pH 8 with 20 % phosphoric acid. The volume was filled up to 

10 mL with buffer V. The final product was aliquoted under exclusion of oxygen and 

stored for up to 4 weeks at -80 °C.  

Buffer V:  

 Tris-HCl pH 8 50 mM 

 TritonX-100 0.1 % (v/v) 

 DTT 3 mM 

 in H2Odest.   

 

2.4.17 Coproporphyrinogen III oxidase activity assay 

In order to analyze the ability of YtpQ as a coproporphyrinogen III oxidase (Cgo) 

catalyzing the conversion of coproporphyrinogen III into coproporphyrin III an enzyme 

activity assay was established. In contrast to the substrate coproporphyrinogen III the 

product coproporphyrin III is fluorescent allowing to follow the reaction by detection of 

the product increase with the fluorimeter FP8000 (JASCO, Germany) or the fluorimeter 

LS50B (Perkin Elmer, USA). All experiments were, if not indicated otherwise, done under 

light protected and anoxic conditions using oxygen depleted solutions and materials. All 

additives were acquired from Sigma Aldrich (Germany) and solutions were prepared at 

the required concentration according to the supplier’s instructions. In the standard setup 

buffer VI was pre-warmed to 30 °C. One µM freshly purified YtpQ and the respective 

additive were added in the concentration to be tested. The reaction was started by 

addition of a solution of the substrate coproporphyrinogen III (see 2.4.16) to a final 

concentration of 10 µM, incubated at 30 °C and 200 rpm, and measured at different 

timepoints. All measurements were done in triplicates with an excitation at 409 nm and 

emission was recorded from 580 nm to 650 nm. The experimentally obtained data was 
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evaluated using the software Spectra Manager™ (JASCO, Germany). Emission peak 

values at 614 nm were extracted and the respective non-enzyme control values 

subtracted from the enzyme probe values. Non-enzyme controls were measured in 

parallel in order to eliminate oxidative effects of additives from the enzymatically obtained 

data. Calibration curves were generated for each coproporphyrinogen III batch using the 

same conditions as during the Cgo activity measurements. For this 50 µL of a 3 % 

hydrogen peroxide solution (Sigma Aldrich, Germany) were added to 450 µL 

coproporphyrinogen III solutions with concentrations ranging from 0 µM to 10 µM. After 

mixing, the probes were incubated for 10 min at room temperature and measured with 

the same FP8000 or LS50B adjustments used for the activity assays. Obtained values 

were used to generate a conversion formula by linear regression.  

Buffer VI:  

 HEPES 40 mM 

 glycerol 5 % (v/v) 

 Tween 80 0.02 % (v/v) 

 
in H2Odest. 

sterile filtered, anaerobic 
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3.1 Characterization of Bacillus megaterium YtpQ 

Currently three distinct pathways are known for heme b biosynthesis. The 

protoporphyrin-dependent path in eukaryotes and Gram-negative bacteria, the 

siroheme-dependent pathway in archaea and sulfate-reducing bacteria and the most 

recently discovered coproporphyrin-dependent pathway found in Gram-positive bacteria. 

In order to identify the latter, substantial bioinformatic analyses of almost 1000 microbial 

genomes of archaea and bacteria were performed by the group around Harry Dailey 

using the SEED database (Dailey et al., 2015). During this analysis these scientists did 

not just develop a proposal of this new heme biosynthesis branch, which in parallel was 

enzymatically characterized by Lobo and coworkers in 2015, but did also identify a set 

of potential yet not characterized enzyme variants for the catalyzed reactions during 

coproporphyrin-dependent heme biosynthesis. By this means ytpQ was pinpointed to 

encode for a putative coproporphyrinogen III oxidase as an oxygen-independent 

alternate enzyme to the hemY encoded oxygen-dependent CgoX.  

3.1.1 Recombinant production and purification of Bacillus megaterium 

YtpQ 

In order to allow a biochemical characterization of the ytpQ gene product a protocol for 

the recombinant protein production and purification needed to be established. As a 

previous study with Bacillus subtilis ytpQ revealed a low stability for this enzyme variant 

(data not shown; Zwerschke 2014), the homologues gene from Bacillus megaterium 

(amino acid sequence homology 67 %) was used instead. The synthetic gene with an 

E. coli K12 codon usage acquired from New England BioLabs® was cloned into the 

protein production vector pGEX-6p-1 via the restriction sites BamHI and NotI. This 

expression vector carries an IPTG-inducible lac promotor for induction of protein 

expression, an ampicillin resistance cassette for selection, and an N-terminal glutathione 

S-transferase tag with a PreScission™ protease cleavage site for protein purification. 

For ytpQ expression E. coli BL21(DE3) cells were used. After approximately 20 h of 

protein expression cells were disrupted in an anoxic environment using a French Press. 

The following steps were all done in an oxygen-depleted atmosphere. Cell debris was 

removed by ultracentrifugation and the cell-free extract was loaded onto a Protino® 

Glutathione agarose column. After several washing steps the purified protein was 

removed from the column using the PreScission™ protease. In order to check the 

recombinant YtpQ production and purification, samples were taken throughout the 

procedure and analyzed by SDS-PAGE analysis. A representative result is shown in 

figure 3.1.  
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Figure 3.1: SDS-PAGE analysis of YtpQ B. megaterium recombinant production and purification 

in E. coli. Image of a 12 % InstantBlue™ stained SDS gel after electrophoresis. Pierce™ 

unstained molecular weight marker ranging from 14,000 till 116,000 (lane 1); total cellular extract 

at IPTG induction (lane 2); cellular extract 2 h (lane 3) and 20 h (lane 4) after 200 µM 

IPTG-induction; supernatant (lane 5) and pellet (lane 6) after ultracentrifugation of cell extract; 

flow-through after incubation of cell-free extract (lane 7); washing fraction 1 (lane 8); washing 

fraction 4 (lane 9); purified YtpQ fraction 1 (lane 10) and fraction 2 (lane 11); tag elution fraction 

(lane 12). 

Comparing the total cell extract at the time of IPTG induction (lane 2) with the cell extract 

2 h (lane 3) and 20 h (lane 4) after induction clearly revealed a protein with a relative 

molecular weight (Mr)  between 45,000 and 66,200 which correlates well with the 

calculated Mr of the YtpQ-GST fusion protein of 57,933. After cell disruption and 

ultracentrifugation, the soluble fraction (lane 5) and pelleted insoluble fraction (lane 6) 

contained large amounts the recombinant protein accompanied by impurifying proteins 

of all sizes. A similar pattern was observed in the flow-through after 2 h incubation of the 

cell-free extract with the exception of a less pronounced band of the recombinant 

YtpQ-GST band at a Mr of approximately 58,000 due to protein binding to the column 

matrix. Comparison of the washing fractions 1 and 4 (lanes 8 and 9) shows clearly the 

removal of impurities as washing fraction 4 does not contain any protein bands. The 

recombinant protein was removed from the matrix using a PreScission™ protease thus 

cutting off YtpQ from the GST-tag. The calculated Mr of YtpQ of 30,953 correlates with 

the Mr of the most pronounced band in fraction 1 (lane 10). The final yield was determined 

using a Bradford protein assay reagent. The mean yield throughout this study was 

7.3 +/- 1.7 mg per 1 L of E. coli culture. 

3.1.2 Bacillus megaterium YtpQ is a monomeric protein  

After the successful production and purification of B. megaterium YtpQ the oligomeric 

state of the protein was determined by a gel permeation chromatography (GPC). For this 

purpose, freshly anaerobically purified YtpQ was applied to 24 mL Superdex® 200 10/30 
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column connected to an Äkta purifier system, that was washed over night with an 

oxygen-depleted washing buffer. Protein elution was followed spectroscopically at 

280 nm. As depicted in figure 3.2 there is one major sharp peak at approximately 16 mL 

elution volume which correlates to a Mr of 48,000 +/- 5000. The discrepancy of the 

calculated amino-acid-sequence-based molecular weight of 30,953 and the GPC 

determined value which deviates approximately by a factor of 1.5 might be explained by 

one disadvantage of the method itself. During GPC proteins are separated according to 

their Stokes radius. For globular proteins this parameter correlates with the calculated 

GPC-determined Mr based on the calibration with protein standards. But if a protein has 

an elongated structure the Stokes radius is larger and does hence influence the resulting 

Mr. Therefore, the result of a 1.5 times larger molecular weight indicates that YtpQ is a 

non-globular protein. Nonetheless, this result shows that recombinant YtpQ exists in an 

aqueous solution in a monomeric state. Minor peaks present in the chromatogram are 

most likely minor impurities.  

 

Figure 3.2: Analytical gel permeation chromatography of freshly purified recombinant 

YtpQ B. megaterium. The chromatogram shows one major peak that corresponds to the size of 

monomeric YtpQ. The protein peak was detected at 280 nm with an Äkta purifier system using a 

24 mL Superdex® 200 10/30 column under oxygen excluding conditions. The column was 

equilibrated using the Gel Filtration Molecular Weight Markers Kit MWGF200 (Sigma Aldrich, 

Germany) composed of (1) cytochrome c (Mr = 12,400), (2) carbonic anhydrase (Mr = 29,000), (3) 

albumin bovine serum (Mr = 66,000), (4) alcohol dehydrogenase (Mr = 150,000 ), (5) β-amylase 

(Mr = 200,000), and (6) apoferritin (Mr = 400,000). 

3.1.3 YtpQ B.megaterium exhibits aerobic and anaerobic coproporphyrinogen III 

oxidase activity 

After a purification protocol for the recombinant B. megaterium YtpQ was established 

first activity assays were conducted.  For the conversion of coproporphyrinogen III into 
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coproporphyrin III six electrons need to be abstracted. This reaction is generally 

catalyzed by coproporphyrinogen III oxidases (Cgo). As bioinformatic analysis 

conducted by Dailey and coworkers identified YtpQ as a potential Cgo and the oxygen-

dependent CgoX was recently characterized (Lobo et al., 2015) it was hypothesized that 

YtpQ might serve as an oxygen-independent Cgo.  

As in first preliminary assays Cgo activity was detected, an activity assay was developed, 

and a standard procedure defined. This included a 40 mM HEPES buffer in which 1 µM 

freshly purified YtpQ was incubated with 10 µM of the substrate coproporphyrinogen III. 

The activity was detected by fluorescent measurement of the resulting product 

coproporphyrin III at 614 nm when excited with 409 nm. For further details on the 

enzymatic assay see section 2.4.17. Due to the fact that the substrate 

coproporphyrinogen III is highly oxygen-sensitive, measurements were always done in 

parallel with a non-enzyme containing control. This allowed to eliminate the effect of 

substrate auto-oxidation from the enzyme-catalyzed reaction rate during data evaluation. 

The results from aerobic and anaerobic measurements are shown in figure 3.3.  

 

Figure 3.3: Comparison of aerobic and anaerobic Cgo activity of B. megaterium YtpQ. 

Indicated is the fluorescence intensity at 614 nm corresponding to the fluorescence maximum of 

the product coproporphyrin III. The samples containing 1 µM purified YtpQ and 10 µM 

coproporphyrinogen III were incubated for the indicated time and formation of the product 

coproporphyrin III was followed. The samples were excited with 409 nm and values of the in 

parallel tested non-enzyme controls were subtracted during data evaluation. Aerobic (solid line) 

and anaerobic samples (dotted line) both show Cgo activity. Values were obtained in three 

independent experiments in triplicates. Fluorescence was recorded with a Perkin Elmer LS50B 

fluorimeter. 
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Under both conditions Cgo activity was detected. The amount of coproporphyrin III after 

two hours of incubation was approximately three-fold higher in the presence of oxygen 

(solid line) compared to the anaerobic sample (dotted line). As in aqueous environments 

electrons do naturally not exist in a free form but require atoms to be associated with it 

was of no surprise to see a higher conversion level in the presence of oxygen. Diatomic 

oxygen serves with its highly positive redox potential as a very efficient electron acceptor 

(Fuchs et al., 2006) for the six abstracted electrons. In the anaerobic probes the 

abstracted electrons could not be transferred to the electron acceptor oxygen and 

therefore a lower conversion rate was observed. Nevertheless, the general ability of 

YtpQ as a Cgo in an aerobic and anaerobic environment were successfully shown. So 

far only one Cgo, namely CgoX, catalyzing the coproporphyrinogen III to 

coproporphyrin III conversion was reported in literature. The kinetic properties of CgoX 

in the presence of oxygen were analyzed by Lobo and coworkers in 2015 but anaerobic 

Cgo activity assays were not conducted. Collectively, data collected during this study 

indicate that YtpQ is able to serve as an oxygen-independent coproporphyrinogen III 

oxidase and might constitute an alternate enzyme variant to CgoX during the 

coproporphyrin III- dependent heme biosynthesis.  

3.1.4 Menadione serves as an electron acceptor for YtpQ during anaerobic 

Cgo activity 

After Cgo activity under anaerobic conditions was generally shown, it was tested if by 

the addition of electron accepting molecules the in vitro activity could be further 

increased. Consequently, various quinones namely menadione, menaquinone, 

ubiquinone and phylloquinone were added at different concentrations to the anaerobic 

reaction mixtures. In order to exclude any oxidative effect caused by the redox-active 

quinones itself, controls containing the substrate coproporphyrinogen III and the 

correlating quinone in absence of the enzyme YtpQ were tested in parallel. As shown in 

figure 3.4 the addition of 5 µM ubiquinone (short-dashed line), 5 µM menaquinone 

(medium-dashed line), or 5 µM phylloquinone (dotted-dashed line) did not increase the 

YtpQ-catalyzed coproporphyrinogen III conversion rate compared to the anaerobic 

sample without a quinone (dotted line). However, when menadione was added to the 

reaction mixture an increase of enzyme activity was observed. The addition of 5 µM 

menadione (dashed line) resulted in an approximately 7-fold conversion rate increase 

compared to the anaerobic sample without menadione (dotted line) and a 2-fold increase 

compared to the aerobic sample (solid line).  
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Figure 3.4: Cgo activity of B. megaterium YtpQ with ubiquinone, menaquinone, 

phylloquinone, or menadione addition. Indicated is the fluorescence intensity at 614 nm 

corresponding to the product’s fluorescence maximum coproporphyrin III. The samples 

containing 1 µM purified YtpQ, 10 µM coproporphyrinogen III and 5 µM of either ubiquinone, 

menaquinone, phylloquinone or menadione were incubated for the indicated time and formation 

of the product coproporphyrin III was followed. The samples were excited with 409 nm and values 

of the in parallel tested non-enzyme controls were subtracted during data evaluation. Aerobic 

(solid line), anaerobic (dotted line), ubiquinone- (short-dashed line), menaquinone- (medium-

dashed line), phylloquinone- (dotted-dashed line),  and menadione-containing (dashed line)  

samples show generally Cgo activity, during which addition of menadione results in a 

2-fold / 7-fold Cgo activity increase after 120 min. compared to the aerobic or anaerobic 

measurements, respectively. Values were obtained in three independent experiments in 

triplicates. Fluorescence was recorded with a Perkin Elmer LS50B fluorimeter.  

The usage of quinones as electron acceptors during oxidations as part of the heme 

biosynthesis pathway have already been reported. Protoporphyrinogen IX 

dehydrogenase PgdH1 catalyzes the six-electron oxidation of protoporphyrinogen IX to 

protoporphyrin and is a FMN-containing enzyme mostly present in γ-proteobacteria that 

functions independent of oxygen. It was shown that its catalytic reaction requires 

quinones from the natural quinone pool to transfer the abstracted electrons to the 

terminal oxidases linking heme biosynthesis with the respiratory chain (Boynton et al., 

2009; Möbius et al., 2010). Thus, as PgdH1 and Cgo´s catalyze a similar reaction it is 

not unlikely that there might also be a linkage to the quinone pool. The seven-fold 

increase of the YtpQ catalyzed oxidation as a result of menadione addition likely 

indicates a similar mechanism. The sole use of menadione indicates the requirement of 

a certain redox potential and serves a potent control of specificity. Overall, these results 
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clearly show that YtpQ is functional as an anaerobic Cgo using menadione as an 

acceptor for the abstracted electrons.    

3.1.5 YtpQ requires FAD as a cofactor 

Since a Cgo activity with menadione as an electron acceptor was shown for recombinant 

YtpQ, the next step was to have a closer look at possible cofactors that may further 

increase the in vitro Cgo activity level. A number of prominent electron transfer cofactors 

such as flavonoids flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) 

as well as heme and various bivalent metals were chosen, and activity measurements 

conducted. Different concentrations were tested for each candidate and leveled with the 

used YtpQ concentration considering their electron transfer potential. 

In order to analyze if the Cgo activity of YtpQ is dependent on a metal cofactor, purified 

YtpQ was pre-incubated for 15 min. with a 10 µM EGTA/EDTA chelator mix to bind 

residual metals. Subsequently, 100 µM ZnCl2, MgCl2, NiCl2, or FeCl2 were added and a 

Cgo activity assay conducted. As depicted in figure 3.5 panel A the comparison in Cgo 

activity of the anaerobic control sample (1) and the EGTA/EDTA treated sample (2) 

shows a clear 8-fold Cgo activity decrease of YtpQ. Addition of ZnCl2 (3), MgCl2 (4), NiCl2 

(5), or FeCl2 (6) to EGTA/EDTA treated YtpQ resulted in similar or lower Cgo activity 

levels as the EGTA/EDTA treaded sample alone. These results demonstrate that the 

chosen bivalent metal ions are unable to restore YtpQ´s Cgo activity after chelator 

treatment and do hence not serve as a metal cofactor to YtpQ. Nonetheless, the fact that 

the treatment of YtpQ with chelators decreased its Cgo activity level indicates either the 

involvement of a metal cofactor that was not included in this study or a damaging effect 

of the chelator on the protein itself.   
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Figure 3.5: Anaerobic Cgo activity of B. megaterium YtpQ with addition of various 

cofactors. Indicated is the fluorescence intensity at 614 nm corresponding to the product’s 

fluorescence maximum coproporphyrin III. The samples were excited with 409 nm and values of 

the in parallel tested non-enzyme controls were subtracted during data evaluation. 

(A) Comparison of anaerobic Cgo activity of recombinant YtpQ with and without ZnCl2, MgCl2, 

NiCl2, or FeCl2 addition. Purified YtpQ used for the metal added samples was pre-incubated with 

a 10 µM EGTA/EDTA mixture for 15 min. The samples containing 1 µM purified YtpQ, 10 µM 

coproporphyrinogen III and either 100 µM ZnCl2, MgCl2, NiCl2, or FeCl2 were incubated for the 

indicated time and formation of the product coproporphyrin III was followed. Comparison of the 

anaerobic (1) and EGTA/EDTA pre-incubated (2) samples show a severe Cgo activity decrease 

for the chelator treated sample. Addition of ZnCl2 (3), MgCl2 (4), NiCl2 (5), or FeCl2 (6) result in 

similar or lower Cgo activity level compared to the EGTA/EDTA pre-treated sample. 

(B) Comparison of anaerobic Cgo activity of recombinant YtpQ with and without FMN, hemin, and 

FAD addition. The samples containing 1 µM purified YtpQ, 10 µM coproporphyrinogen III and 

either 3 µM FMN, 6 µM hemin, or 3 µM FAD were incubated for the indicated time and formation 

of the product coproporphyrin III was followed. Anaerobic (dotted line), FMN- (short-dashed line), 

and hemin-containing (dotted-dashed line) samples show the same level of Cgo activity. 

However, the addition of FAD (dashed line) results in a 6-fold / 2.5-fold Cgo activity increase after 

60 min/ 120 min, respectively. Values for panel A and B were obtained in three independent 

experiments in triplicates. Fluorescence was recorded with a Jasco FP8000 fluorimeter. 
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Secondly, the influence of FMN, hemin and FAD on the Cgo activity of recombinant YtpQ 

was tested. As shown in figure 3.5 panel B, the addition of 3 µM FMN (short dashed line) 

or 6 µM hemin (dotted dashed line) resulted in a similar Cgo activity level as the 

anaerobic control sample (dotted line). However, the addition of 3 µM FAD (dashed line) 

resulted in a 6-fold increase of Cgo activity after 60 minutes and a 2.5-fold increase after 

two hours compared to the anaerobic control sample. First spectroscopic analysis of the 

purified recombinant protein did actually not indicate the presence of FAD in the freshly 

purified YtpQ. The lack of flavonoid present in the purified protein might be a result of 

the purification process itself or caused by a lack of a sufficient supply during protein 

overproduction in the host cell. The same was observed by Lobo et al. in 2015 for purified 

recombinant CgoX. However, later mass spectrometry and enzyme activity analysis 

revealed the involvement of FAD in the CgoX reaction. In summary these results indicate 

that YtpQ serves as an oxygen-independent, menadione- and FAD-dependent 

coproporphyrinogen III oxidase.  

3.1.6 Kinetic analysis of YtpQ coproporphyrinogen III oxidase activity 

It has been shown that YtpQ is able to catalyze the oxidation of coproporphyrinogen III 

to coproporphyrin III independently of oxygen by using menadione as an electron 

acceptor and FAD as a cofactor. With the purpose of quantifying this enzymatic reaction 

and making it comparable to its hemY encoded, oxygen-dependent counterpart CgoX 

kinetic parameters were determined. Data were generated using a reaction mixture 

containing 1 µM purified YtpQ, 5 µM menadione, 3 µM FAD and substrate 

concentrations from 1 µM to 20 µM under anaerobic conditions in technical and 

biological triplicates. A representative example of the recorded product spectra (A) and 

a representation of the initial velocity v0 as a function of substrate concentration (B) is 

shown in figure 3.6.  
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Figure 3.6: Kinetic analysis of coproporphyrinogen III oxidase activity of recombinant 

YtpQB.megaterium. Cgo activity assays were conducted with 1 µM purified YtpQ, 1 to 20 µM 

coproporphyrinogen III, 3 µM FAD and 5 µM menadione in an anaerobic environment. (A) 

Representative spectra of kinetic analyses showing the formation of the product coproporphyrin III 

at 0 min (dotted line), 15 min. (dashed line) and 30 min (solid line). The samples were excited at 

409 nm and fluorescence was recorded with a Jasco FP8000 fluorimeter. (B) Graphic 

representation of initial velocity v0 of coproporphyrin III formation as a function of substrate 

concentration. 

The kinetic analysis of YtpQB.megaterium based on a Michaelis-Menten assumption resulted 

in a KM of 7.90 µmol/L and a kcat of 0.895 min-1 for coproporphyrinogen III. For the 

oxygen-dependent CgoX a KM value of 0.31 µmol/L and a kcat value of 1.33 min-1 for 

coproporphyrinogen III were reported (Lobo et al., 2015). The direct comparison reveals 

due to its higher KM a lower affinity of YtpQ to the substrate coproporphyrinogen III. This 

might be a result of a non-ideal in vitro assay setup but could also be caused be a less 

suitable substrate binding site in YtpQ compared to CgoX. The turnover rate of CgoX is 

1.5-fold higher compared to YtpQ. As YtpQ uses menadione as an electron acceptor in 

contrast to the very potential oxygen that is used by CgoX it is not surprising that the 

coproporphyrinogen III oxidation occurs at a slower pace. Moreover, menadione 

represents only an artificial electron acceptor compared to the most likely, highly efficient 

electron transport chains normally sustaining the reaction. In conclusion it was shown 

that YtpQ serves as a robust coproporphyrinogen III oxidase even though showing a 

slightly lower substrate affinity and turnover rate compared to its oxygen-dependent 

counterpart. 

3.1.7 YtpQ is a coproporphyrinogen III oxidase 

Experiments conducted throughout this study suggest that YtpQ from B. megaterium is 

a monomeric protein which is capable to catalyze the six-electron oxidation of 

coproporphyrinogen III to coproporphyrin III under anaerobic conditions as an alternative 

to CgoX that was reported to catalyze this reaction aerobically (Lobo et al., 2015). For 
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several steps in heme biosynthesis aerobic and anaerobic enzyme variants are 

documented. For instance, the oxidative decarboxylation of coproporphyrinogen III into 

protoporphyrinogen IX is catalyzed by the oxygen-independent CgdH under anaerobic 

conditions or by CgdC in the presence of oxygen (Breckau et al., 2003, Layer et al. 2004, 

Troup et al., 1995). Another example are the isofunctional but yet non-homologues 

enzymes PgoX, PgdH1 and PgdH2. Here, similar to the YtpQ-catalyzed 

coproporphyrinogen III conversion, protoporphyrinogen III is oxidized to 

protoporphyrin IX by a six-electron oxidation (Heinemann et al., 2008). In this case 

PgdH1 serves as the oxygen-independent variant utilizing ubiquinone or menaquinone 

as an electron acceptor. Subsequently, these quinones transfer the abstracted electrons 

to terminal oxidases by which the heme biosynthesis is connected to the natural quinone 

pool and thus the respiratory chain (Boynton et al., 2009, Möbius et al., 2010). 

Interestingly, during Cgo activity assays with YtpQ it was shown that under anaerobic 

conditions menadione serves as an electron acceptor allowing the interpretation of a 

similar connecting mechanism to the respiratory chain. A proposed model for the YtpQ 

mechanism is depicted in figure 3.7. Cytosolic YtpQ catalyzes the oxidation of 

coproporphyrinogen III to coproporphyrin III using the flavin cofactor FAD to transfer the 

6 abstracted electrons to quinones. Subsequently, the quinone pool feeds electrons into 

the redox systems of the respiratory chain resulting in a proton gradient across the 

membrane that finally allows ATP generation via ATPase. This connection of a heme 

biosynthesis pathway and energy generation might allow to compensate ATP required 

for initial 5-aminolevulinic acid synthesis during the C5-pathway. 
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Figure 3.7.: Model of YtpQ mechanism. YtpQ catalyzes the oxidation of coproporphyrinogen III 

to coproporphyrin III transferring 6 electrons via the cofactor FAD to the quinone pool which feeds 

those electrons to the redox systems of the respiratory chain (simplified depiction as blue block). 

These redox reactions cause a proton gradient across the membrane that fuels ATP synthesis 

via ATPase.    

The only by now characterized Cgo CgoX and YtpQ show similar properties in their 

oligomerization state and cofactor requirements. Comparison of their kinetic 

characteristics indicate a lower substrate affinity and turnover rate of YtpQ over CgoX 

but are still in an acceptable range. Hence, the initial hypothesis that the YtpQ from 

B. megaterium serves as an oxygen-independent Cgo was successfully confirmed. 
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3.2 Characterization of Escherichia coli HemW 

Heme is an essential cofactor in a large variety of biological processes and can be found 

in all domains of life. Nonetheless, free heme is cytotoxic for which reason heme binding 

proteins, transport systems and chaperones are required to protect cells from damaging 

effects (Phaniendra et al., 2015). In 2012 the group around Solioz and our group had 

first proposed a heme trafficking involvement of the Lactococcus lactis HemW protein. 

Later, Dr. Simone Karrie and Dr. Vera Haskamp focused on the identification and 

characterization of HemW in E. coli. Initial experiments clearly demonstrated that 

HemWE. coli, originally annotated as coproporphyrinogen III oxidase, was unable to carry 

out CgdH activity in vivo and in vitro. Instead it was shown that HemWE. coli is able to bind 

heme specifically, forms a [4Fe-4S]2+ cluster and is able to transfer heme to a target 

protein (Haskamp 2016, Karrie 2012). Further studies were required to understand more 

closely the involvement of the [4Fe-4S]2+ cluster for the function of HemW as a putative 

heme chaperone and were thus addressed in this study. 

3.2.1 ΔhemW E. coli strain shows reduced growth behavior 

In order to analyze if HemW has an essential and unique function an E. coli hemW 

deletion mutant was grown under oxygen-depleted conditions in M9 minimal medium 

containing 1 % of glycerol as a non-fermentable carbon source and compared to the 

growth of a wildtype strain. Additionally, 25 mM KNO3 were supplemented in one 

condition to allow nitrate respiration by the heme-dependent nitrate reductase NarGHI 

as previous studies already indicated a correlation of HemW and NarGHI function (De 

Vries et al., 2013). Figure 3.8 shows the growth behavior of the E. coli wildtype strain 

BW25113 (solid lines) compared to the ΔhemW E. coli deletion mutant JW2922 (dashed 

lines). Black curves indicate growth with KNO3 supplementation whereas grey curves 

are devoid nitrate addition.  
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Figure 3.8: Growth phenotype of a E. coli hemW mutant. Wildtype E. coli BW25113 (solid 

lines) and the corresponding hemW deletion mutant JW2922 (dashed lines) were grown 

anaerobically in M9 minimal medium supplemented with 1 % glycerol as a non-fermentable 

carbon source and with (black lines) or without (grey lines) 25 mM KNO3. Without the addition of 

KNO3 none of the strains were able to grow after oxygen depletion. If nitrate was supplied both 

E. coli wildtype and ΔhemW mutant were able to grow but the ΔhemW mutant showed a slightly 

reduced growth phenotype. Changes in the optical density at 578 nm were followed 

spectroscopically. Values are the average of three independent experiments with three parallel 

cultures. 

Without the addition of nitrate neither the wildtype nor the ΔhemW mutant strain were 

able to grow. Obviously, the sole addition of glycerol as a carbon source made 

fermentation inaccessible for E. coli. On the other hand, if nitrate was provided, both 

strains started growing exponentially after 2 hours and reached their lag phase within 12 

hours. The supplementation with 25 mM KNO3 allows E. coli under oxygen-devoid 

conditions to generate energy via nitrate respiration using the heme cofactor dependent 

nitrate reductase NarGHI (Bertero et al., 2005). When comparing the performance of the 

wildtype and the ΔhemW mutant strain it became obvious that the hemW depleted strain 

shows a slightly reduced, but highly reproducible growth behavior. The reduced effect 

indicates that HemW as a putative heme chaperone has a function such as heme 

delivery to NarGHI in E. coli for energy generation but is not essential for its survival. 

Considering the importance of the enzymatic integration of the cofactor heme into 

multiple biological systems it does not come as a surprise that there might exist more as 

of yet not identified heme chaperone systems that supplement for the inactivated HemW 

thus serving as a backup system.    
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3.2.2 Recombinant production and purification of E. coli HemW 

In order to allow a biochemical characterization of HemW the protein was recombinantly 

produced and purified according to a protocol established in a previous study (Haskamp 

2016). The PCR amplified gene with an E. coli K12 codon usage had been cloned into 

the production vector pGEX-6p-1 via the restriction sites BamHI and XhoI. This 

expression vector carries an IPTG-inducible lac promotor for induction of protein 

expression, an ampicillin resistance cassette for selection, and an N-terminal glutathione 

S-transferase tag with a PreScission™ protease cleavage site for protein affinity 

chromatographic purification. For hemW expression E. coli BL21(DE3) cells were used. 

After approximately 20 h of protein production cells were disrupted in an anoxic 

environment using a French Press. The following steps were done in an oxygen-depleted 

atmosphere. Cell debris was removed by ultracentrifugation and the cell-free extract was 

loaded onto a Protino® glutathione agarose column. After several washing steps the 

purified protein was removed from the column using the PreScission™ protease. In order 

to check the recombinant HemW production and purification, samples were taken 

throughout the procedure and analyzed by SDS-PAGE analysis. A representative result 

is shown in figure 3.9.  

 

Figure 3.9: SDS-PAGE analysis of HemW E. coli recombinant production and purification in 

E. coli. Image of a 12 % InstantBlue™ stained SDS-PAGE gel after electrophoresis. Pierce™ 

unstained molecular weight markers ranging from 25,000 till 116,000 (lane 1); supernatant  (lane 

2) and pellet (lane 3) after ultracentrifugation of cell extract 20 h after 500 µM IPTG-induction; 

flow-through after incubation of cell-free extract (lane 4); washing fraction 1 (lane 5); washing 

fraction 4 (lane 6); purified HemW fraction 1 - 4 (lane 7 - 10), eluted GST-tag (lane 11). 

The soluble fraction (lane 2) and insoluble fraction (lane 3) after cell disruption and 

subsequent ultracentrifugation showed a dominant protein during SDS-PAGE analysis 

with a Mr of 65,000 +/- 5000. This protein correlates with the calculated molecular weight 

of 69,564 for the recombinant HemW-GST-fusion protein and is accompanied by 
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impurifying proteins of all sizes. A similar pattern was observed in the flow-through after 

a 2 h incubation of the cell-free extract with the column material with the exception of a 

less pronounced band of the recombinant HemW-GST band due to specific binding to 

the column matrix. Comparison of the washing fractions 1 and 4 (lanes 5 and 6) shows 

the removal of contaminating proteins as washing fraction 4 does only contain one 

protein. The recombinant HemW was removed from the matrix using a PreScission™ 

protease thus cutting off HemW from the matrix bound GST-tag. The calculated 

molecular weight of HemW of 42,584 correlated well with the Mr of the most pronounced 

protein in fraction 1 and 2 (lanes 7 and 8). After elution with a glutathione containing 

buffer the remaining GST-tag was eluted from the column matrix and appeared in lane 

11 between a Mr of 25,000 and 35,000 of size.  The final yield was determined using a 

Bradford protein assay reagent. The mean yield throughout this study was 7.5 +/- 2 mg 

per 1 L of E. coli culture. The purified protein was stable for weeks if stored anaerobically 

at 4 °C. 

 

3.2.3 Reconstitution of the iron-sulfur cluster of HemW 

The HemW amino acid sequence indicates the presence of an [Fe-S] cluster as it 

contains the motif CX3CX2CX typically forming a [4Fe-4S] cluster (Sofia et al., 2001). 

Consequently, a spectrum ranging from 250 nm to 600 nm of freshly purified 

recombinant HemW extract was recorded to analyze if the predicted [Fe-S] cluster was 

actually present. The spectrum of freshly purified HemW (solid line) in figure 3.10 shows 

one major peak at 280 nm corresponding to the absorption maximum of proteins but no 

additional peak at 420 nm that would indicate the presence of an [Fe-S] cluster is 

present. 
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Figure 3.10: UV-Vis spectrum of freshly purified HemW and a Fe-S cluster reconstituted 

variant. UV-Vis spectra recorded in an oxygen-depleted environment with a JASCO V-650 

spectrophotometer of freshly purified recombinant E. coli HemW (solid line) compared to Fe-S 

reconstituted recombinant HemW (solid grey line) are shown. Twenty-five µM of each sample 

were recorded from 250 nm to 600 nm. These spectra are representative for all recorded spectra 

obtained during this study. 

The absence of the cluster is most likely caused by an insufficient supply of iron and a 

lack of [Fe-S] forming enzymatic systems for the efficient [Fe-S] cluster assembly during 

HemW overproduction. In order to reconstitute the [Fe-S] cluster a treatment of the 

purified HemW with ferric citrate and lithium sulfide under anaerobic conditions was 

performed. The reconstituted HemW probe (solid grey line) showed a shoulder at 420 nm 

characteristic for an [Fe-S] cluster compared to the non-reconstituted sample. In addition, 

the A420:A280 ratio increased from 0.05 to 0.2. These results showed that HemW does 

contain an [Fe-S] cluster that can be reconstituted post protein purification but does not 

give insight on the exact cluster constitution. In another study a Mössbauer spectroscopy 

of reconstituted HemW completed by Vera Haskamp was done and revealed the 

presence of a [4Fe-4S]2+ cluster (Haskamp et al., 2018). 

 

3.2.4 HemW binds heme independent of the presence of the [Fe-S] cluster 

Previous studies have shown that E. coli HemW has the ability to bind heme in an 

equimolar ratio and possesses a [4Fe-4S]2+ cluster (Haskamp et al., 2018). As described 

earlier, HemW-like proteins were first wrongly annotated as CgdHs predominantly due 

to the presence of the [4Fe-4S] cluster motif CX3CX2CX that in conjunction with a SAM 

molecule allows the generation of catalytic radicals. In order to analyze the function of 

the [Fe-S] cluster in HemW it was first investigated if the cluster is required for heme 
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binding. For this purpose, a HemW mutant protein was generated in which the three 

[Fe-S] cluster coordinating cysteine residues at position 16, 20 and 23 were exchanged 

for serines (HemW-C16,20,23S). The heme binding capability of the recombinantly 

produced and purified HemW variant proteins was compared to the performance of 

wildtype HemW. 

Prior to the analysis of the heme binding ability of the mutant protein the absence of the 

[Fe-S] cluster due to the cysteine exchange needed to be verified. Hence, UV-Vis spectra 

were recorded of the freshly purified HemW variants as well as for the [Fe-S] 

reconstituted variants (figure 3.11). The freshly purified wildtype HemW (solid black line) 

showed one peak at 280 nm similar to the reconstituted HemW (solid grey line) 

corresponding to the absorbance of proteins. As expected, the reconstituted wildtype 

HemW showed additionally a peak at approximately 420 nm indicating the presence of 

an [Fe-S] cluster. The spectra of the HemW-C16,20,23S triple mutant protein, on the 

other hand, revealed in the freshly purified (dashed black line) and the reconstituted 

(dashed grey line) probes only a peak at 280 nm verifying the absence of an [Fe-S] 

cluster under all tested conditions. 

 

Figure 3.11: UV-Vis spectra of recombinant, purified E. coli HemW and a Fe-S deficient 

HemW variant in their natural and in Fe-S cluster reconstituted form. Comparison of the 

absorption spectra of freshly purified recombinant E. coli HemW (black solid line), of the freshly 

purified HemW-C16,20,23S triple mutant variant (black dashed line), and reconstituted 

HemW-C16,20,23S (dashed grey line) and the [Fe-S] reconstituted HemW (solid grey line) clearly 

shows an absorbance increase at approximately 420 nm indicating the presence of a [Fe-S] 

cluster solely in the CX3CX2CX carrying HemW wildtype. After [Fe-S] cluster reconstitution 25 µM 

of each sample were recorded from 250 nm to 600 nm with a JASCO V-650 spectrophotometer 

in an oxygen-depleted environment.  
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Having proven the absence of an [Fe-S] cluster in the HemW-C16,20,23S mutant, variant 

the next step was to characterize the heme binding capability. Therefore, 25 µM of 

reconstituted HemW and the HemW-C16,20,23S mutant were incubated overnight with 

25 µM hemin and analyzed via UV-Vis spectroscopy (see figure 3.12 A) and a heme 

staining (see figure 3.12 B). Heme binding becomes measurable by UV-Vis spectroscopy 

due to an absorption maximum shift of the heme upon binding. Hence, UV-Vis spectra 

ranging from 250 nm to 650 nm of free hemin, hemin incubated reconstituted HemW and 

hemin incubated [Fe-S] free HemW variant were recorded. The hemin incubated [Fe-S] 

reconstituted HemW (solid grey line) and HemW-C16,20,23S (dashed black line) spectra 

showed an absorption maximum at approximately 410 nm. As the control a pure hemin 

spectrum was recorded (dotted black line) and revealed an absorption maximum at 

390 nm. This shift of absorbance of free hemin at 390 nm to HemW bound hemin at 

410 nm was an indicator for the formation of a protein-heme complex. Moreover, a broad 

peak between 550 nm and 580 nm was present in all recorded probes and serves as an 

additional indicator for the formation of a HemW-heme complex. Slight shoulders toward 

390 nm are a result of remaining free hemin in the samples. In summary, the presence 

of the absorption maxima at 410 nm and between 550 nm and 580 nm in the [Fe-S] 

containing HemW and the [Fe-S] cluster lacking HemW variant clearly indicated that both 

proteins have the ability to bind hemin independently of the presence of the [Fe-S] 

cluster. These observations are in agreement with published data of previous heme 

binding studies with alpha-1-microglobulin (Karnaukhova et al., 2014) and 

Methanosarcina acetivorans heme-based redox sensor protein MA4561 (Molitor et al., 

2013). To further proof the [Fe-S] independent heme binding ability of HemW a heme 

stain was used as a second analyzing method. A heme stain makes use of the natural 

peroxidase activity of heme (Hrycay & O´Brien 1971) that can be detected using a 

chemiluminescent reagent (Freissner et al., 2003) in combination with a charge-coupled 

device camera (CoolSNAP HQ2, Photometrics) for detection. First, 10 µM HemW and 

HemW-C16,20,23S were incubated overnight in an equimolar ratio with hemin to allow 

complex formation. At the next day samples were applied to an SDS-PAGE. Afterwards, 

separated proteins were blotted onto a nitrocellulose membrane. Figure 3.12 B shows 

the result of a heme stain with these two samples on the nitrocellulose membrane. In 

contrast to the hemin incubated samples in lanes 2 and 3 that were recorded by the 

charge-coupled device camera the molecular size marker (lane 1) is not detectable by 

the chemiluminescent procedure for which reason a photographic image had to be taken. 

In the [Fe-S] containing HemW (lane 2) and the HemW-C16,20,23S variant (lane 3) 

hemin was detected with a similar intensity at a Mr between 40,000 and 50,000. This Mr 

correlates well with the calculated molecular weight of HemW and is a clear indicator 
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that hemin-bound complexes were formed with HemW and HemW-C16,20,23S. Clearly 

heme binding by HemW is independent of the presence of an intact [Fe-S] cluster. 

 

Figure 3.12: UV-Vis spectra and a heme stain of HemW and an [Fe-S] cluster free HemW 

variant incubated with hemin. (A) Absorption spectra of recombinant, Fe-S reconstituted E. coli 

HemW (grey solid line) and the HemW-C16,20,23S variant (black dashed line) both incubated 

overnight with hemin in an equimolar ratio in comparison to free hemin (black short-dashed line) 

were recorded. Observed spectra show a peak shift from 390 nm (free heme) toward 410 nm 

indicating the formation of a protein-heme complex. During the experiments 25 µM of each 

sample were recorded from 250 nm to 650 nm with a JASCO V-650 spectrophotometer in an 

oxygen-depleted environment. (B) Overnight hemin incubated HemW (lane 2) and HemW-

C16,20,23S (lane 3) were applied to a SDS-PAGE and subsequently transferred onto a 

nitrocellulose membrane where heme-containing bands were detected using an ECL reagent (GE 

Healthcare) and a charge-coupled device camera. A marker (lane 1, PageRuler Prestained 

protein Ladder, Thermo Fisher Scientific) containing proteins of known relative molecular masses 

was used to determine the correlated protein band size.  

In order to further characterize the nature of the HemW-hemin complex an overnight pre-

incubated equimolar HemW-hemin mixture was reduced under anaerobic conditions by 

addition of sodium dithionite, analyzed via UV-Vis spectroscopy and compared to the 

non-reduced HemW-hemin probe. The reducing agent itself as well as HemW with added 

sodium dithionite were measured as controls. The results are shown in figure 3.13. 

Comparison of the HemW-hemin sample (solid grey line) with the reduced HemW-hemin 

sample (short-dashed grey line) clearly indicated peak shifts from 375 nm to 390 nm, 

417 nm to 424 nm, and an additional peak at 560 nm. As described earlier, a shoulder 

at 375 nm of the HemW-hemin complex was caused by the presence of free heme which 

in its reduced form shifts to 390 nm. The reduction of the HemW-hemin complex caused 

the HemW bound hemin peak at 417 nm to shift towards 424 nm generating a Soret 

band indicating an electron transition. In addition, further electron transitions 
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demonstrated by q-bands formation between 500 nm and 600 nm further indicated a 

general electron transfer ability of the HemW-hemin complex (Karnaukhova et al., 2014). 

The sodium dithionite control (short-dashed black line) revealed one peak at 315 nm that 

is present in all sodium dithionite containing samples. The sodium dithionite containing 

HemW control (dashed black line) with just an absorbance maximum at 280 nm 

corresponding to the protein absorption and 315 nm indicating the added sodium 

dithionite appears not to be affected by the reducing agent.  

 

Figure 3.13: UV-Vis spectra of the reduced HemW-hemin complex. Comparison of HemW 

incubated with hemin (grey solid line) and HemW with hemin reduced by 300 µM sodium dithionite 

(grey short-dashed line) show peak shifts from 375 nm to 390 nm and from 417 nm to 424 nm as 

well as an additional peak at 560 nm indicating an electron transfer. HemW with 300 µM added 

sodium dithionite (black dashed line) and 300 µM of sodium dithionite alone (black short-dashed 

line) served as controls. Ten µM of each protein sample were recorded from 250 nm to 700 nm 

with a JASCO V-650 spectrophotometer in an oxygen-depleted environment. 

The combination of these results clearly demonstrates HemW´s heme-binding ability as 

well as the reducibility of the HemW-hemin complex. Thus, the HemW-hemin complex 

is able to transfer electrons whereas HemW alone is unable of an electron transfer.  

3.2.5 [Fe-S] cluster integrity influences the dimerization of HemW 

After it was shown that HemW possess an [4Fe-4S]2+ cluster that does not influence 

HemW´s heme binding capability, it was further studied if the [Fe-S] cluster presence 

influences the oligomerization state of HemW via gel permeation chromatography 

(GPC). Therefore, anaerobically purified and [Fe-S] cluster reconstituted HemW and the 

its HemW-C16,20,23S [Fe-S] lacking variant were applied to a 24 mL Superdex® 200 

10/30 column connected to an Äkta purifier system. Recorded chromatograms of 40 µM 
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protein at 0.5 mL/min are depicted in figure 3.14 in which protein absorption was 

recorded at 280 nm (solid line) and [Fe-S] cluster absorption at 420 nm (dashed line). 

The gel filtration chromatogram of the [Fe-S] cluster carrying HemW variant (figure 

3.14 A) showed two maxima in fractions 14 and 16, respectively. Calibration of the 

column with a number of proteins with Mr ranging between 12,400 and 150,000 indicated 

that protein absorbance detected in fraction 14 corresponded to a Mr of 45,000 +/-5,000 

and the protein absorbance in fraction 16 to a protein with a Mr of 87,000 +/- 5,000. The 

theoretical molecular mass of a HemW monomer was calculated to 42,584. Hence, the 

detected peaks correlated with a dimeric HemW in fraction 14 and a monomeric HemW 

in fraction 16. The spectroscopic analyses on the [Fe-S] cluster at 420 nm revealed an 

accumulation of the [Fe-S] cluster in fraction 14. Interestingly, a decreased level was 

found present in fraction 16. A chromatogram of the [Fe-S] cluster-lacking 

HemW-C16,20,23S variant (figure 3.14 B) solely showed a single protein absorbance 

maximum in the monomer containing fraction 16. As expected, no peak at 420 nm was 

detected demonstrating the absence of the [Fe-S] cluster. These findings evidently imply 

that in the absence of the [Fe-S] cluster HemW is unable to oligomerize into a dimeric 

state. But at the same time the presence of the [Fe-S] does not necessarily enforce the 

dimerization. In order to obtain further insight into this dynamic process HemW 

containing fractions 14 and 16 were re-chromatographed. The resulting chromatogram 

of the prior HemW dimer fraction 14 (figure 3.14 C) showed again two protein maxima in 

fraction 14 and 16, that have the same absorption intensity, with an elevated protein 

absorption in fraction 10 to 13 that are likely a result of protein aggregation caused by a 

concentrating step prior to the re-run. Iron-sulfur clusters are predominantly detected in 

the dimer containing fraction 14. The second chromatogram of the prior monomeric 

HemW fraction 16 (figure 3.14 D) does also reveal two protein absorption maxima in 

fraction 14 and 16, but with a much higher absorption level of fraction 16. Detection at 

420 nm reveal the presence of [Fe-S] clusters in both fractions but at a much lower level 

compared to the initial results in panel A or those of the re-chromatographed dimeric 

fraction 14 in panel C. 
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Figure 3.14: Analytical gel permeation chromatography analysis of HemW and the 

HemW-C16,20,23S variant. Anaerobically purified and [Fe-S] cluster reconstituted HemW (panel 

A, C, D) and the corresponding [Fe-S] cluster deficient HemW-C16,20,23S variant (panel B) were 

applied with a flow rate of 0.5 mL/min to a Superdex® 200 10/30 column connected to an Äkta 

purifier system. The protein absorption was detected at 280 nm (solid line) and the [Fe-S} cluster 

absorption was followed at 420 nm (dashed line). For molecular weight calibration marker 

proteins with a Mr ranging from 12,400 to 150,000 were used and are indicated on top. The 

separated HemW protein eluting as a dimer (fractions 14) and a monomer (fraction 16) from panel 

A were re-applied individually. The re-run of fraction 14 is shown in panel C and of fraction 16 in 

panel D. Both fractions display again monomeric (fraction 16) and dimeric (fraction 14) HemW 

forms. In contrast the [Fe-S] deficient HemW-C16,20,23S variant revealed just a monomer peak 

(panel B).    
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In summary, these results suggest strongly that the [Fe-S] cluster is required for HemW 

dimerization. Nevertheless, [Fe-S] containing HemW does not exclusively exist in a 

dimeric state but instead appears to switch between a monomeric and dimeric state. As 

both re-chromatographed fractions, that originally after their first GPC run were solely 

monomeric or solely dimeric, contained again monomeric and dimeric HemW the protein 

is most likely able to switch its oligomeric states with a tendency toward an equilibrium.  

3.2.6 HemW interacts with bacterioferritins BfrA, BfrB, and nitrate 

reductase subunit NarI  

A previous study hypothesized an involvement of HemW L.  lactis in heme trafficking (Abicht 

et al., 2012). In order for a protein to serve as a heme chaperone it needs to be able to 

bind heme, to interact with a second heme requiring protein, and to transfer heme onto 

that protein. To this point HemW E. coli ´s ability to bind heme has been shown. Hence, the 

next step aimed to identify potential interaction partners. Therefore, a number of 

hemoproteins were chosen and tested for their interaction with HemW using a bacterial 

adenylate cyclase-based two-hybrid system (BACTH). Namely these potential 

interaction partners are bacterioferritins BfrA and BfrB, that are involved in iron storage 

and homeostasis, and bind heme non-covalently (Gupta et a. 2009), catalase KatA which 

decomposes hydrogen peroxide using heme as a cofactor (Su et al., 2014), the heme-

containing subunit NarI of the nitrate oxidoreductase NarGHI (Bertero et al., 2003), and 

the last enzyme of the E. coli heme biosynthesis protoporphyrin IX ferrochelatase PpfC. 

As the BACTH system is based on an interaction mediated reconstitution of the 

adenylate cyclase activity a β-galactosidase assay was used to analyze interaction with 

HemW. The results indicated in Miller units (MU) are shown in figure 3.15. The negative 

control (7) shows a median value of approximately 500 MU whereas the positive control 

(8) lies around 8000 MU indicating the range in which true interaction partners need to 

be located. Highest activities where measured for HemW-NarI interaction (5) at around 

7500 MU, HemW-BfrA interaction (1) at approximately 3000 MU, and HemW-BfrB 

interaction (4) at 2500 MU demonstrating a strong interaction of each protein with HemW. 

Interestingly, the bait-prey pairings HemW-PpfC (2) and HemW-KatA (3) with median 

values close to 200 MU indicated no interaction of these proteins with HemW. 
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Figure 3.15: Box plot of β-galactosidase activities for HemW paired with different 

hemoproteins. Shown are the β-galactosidase activities in Miller units for the pairings HemW-

BfrA with pUT18C-hemW/pKT25-bfrA (1), HemW-PpfC with pUT18C-hemW/pKT25-hemH (2), 

HemW-KatA with pUT18C-hemW/pKT25-katA (3), HemW-BfrB with pUT18C-hemW/pKT25-bfrB 

(4), HemW-NarI with pUT18C-hemW/pKT25-narI (5), and PpfC-BfrB with pUT18C-hemH/pKT25- 

bfrB (6). pKNT25/pUT18 (7) served as a negative control and pKT25-zip/pUT18C-zip as a positive 

control. Experiments were performed by former Master student Katrin Müller. 

In 1999 Mat and coworkers proposed that BfrA stores the prosthetic heme group of KatA 

as P. aeruginosa KatA requires BfrA in order to be active (Mat et al., 1999). Hence, an 

interaction of HemW with BfrA might be sufficient to provide KatA with a heme cofactor 

molecule. Surprisingly, an interaction of the last enzyme of classic heme biosynthesis 

PpfC with the putative heme chaperone HemW was not detected. Obviously, additional 

distribution proteins might be involved. In addition, inspired by the apparent interaction 

of BfrA and KatA the bait-prey pairing of PpfC and BfrB was tested (6). This pairing 

yielded 800 MU in the β-galactosidase assay, which is compared to BfrA, BfrB, and NarI 

low, but still in the range to qualify for an interaction. Thus, it can be hypothesized that 

heme after final iron insertion by PpfC is bound and stored by BfrB. When a heme 

molecule is required HemW and BfrB are able to interact and load heme onto the heme 

chaperone HemW which then transports and finally transfers heme to a target protein.    
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3.2.7 HemW serves as a heme chaperone for NarGHI in an iron-sulfur 

cluster-dependent manner 

After the BACTH assay had revealed a strong interaction of HemW with the nitrate 

oxidoreductase subunit NarI a functional heme transfer from HemW to NarI needed to 

be demonstrated in order to identify HemW as a true heme chaperone. NarI is the 

membrane-anchoring subunit of the nitrate oxidoreductase NarGHI, which is assembled 

in E. coli under anaerobic conditions in the presence of nitrate allowing energy 

generation with nitrate as an alternative terminal electron acceptor to oxygen (Bertero et 

al., 2003). The catalytic subunit NarG carries a molybdenum cofactor and a [Fe-S] cluster 

whereas the electron transfer subunit NarH contains a series of four [Fe-S] clusters. For 

NarI it was previously demonstrated that two b-type hemes and either ubiquinol, 

demethylmenaquinol or menaquinol as an electron donor are essential for the enzymatic 

activity of NarGHI nitrate reductase activity (Bertero et al., 2005, Magalon et al., 1997, 

Rendon et al., 2015). In order to determine if HemW functions as a true heme chaperone 

a heme-transfer analysis to heme-free NarGHI with the functional complementation of 

the enzyme was performed. For this purpose, the group of Prof. Dr. Axel Magalon 

(Laboratoire de Chimie Bacterienne, CNRS, Marseille) provided preparations of E. coli 

wildtype MC4100 and heme-depleted E. coli ΔhemA Nar-enriched membrane vesicles 

(Alberge et al., 2015). The lack of heme in the ΔhemA vesicles was verified by UV-Vis 

spectroscopy. During the assay the enzymatic activity was tested spectrophotometrically 

using the menaquinol analog 2-methyl-1,4-naphtoquinol (menadiol) as an electron 

donor. The reaction was followed via the oxidation of menadiol to menadione during 

nitrate reduction as menadione is detectable at 260 nm (Luciano et al., 2007). As only 

heme containing NarGHI can be enzymatically active, heme-depleted ΔhemA vesicles 

required a functional heme transfer in order to allow nitrate reduction to measurable 

menadiol oxidation.   
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Figure 3.16: Box plot of nitrate oxidoreductase activity as a result of HemW mediated heme 

transfer to NarGHI. Transfer assays were performed using prepared membrane vesicles from 

E. coli MC4100/pVA700 overexpressing NarGHJI (labelled E. coli MC4100) or from E. coli 

ΔhemA/pVA700 (labelled ΔhemASHSP18) resulting in heme depleted and NarGHI enriched 

vesicles. Membrane vesicles from MC4100 served as a positive control (1). The heme-depleted 

nitrate oxidoreductase enriched vesicles (2) were tested with addition of heme-loaded HemW (3), 

heme-loaded HemW and NADH (4), hemin alone (5), apo HemW (6), and heme-loaded 

HemW-C16,20,23S. 20 mM  2-methyl-1,4-naphtoquinol (menadiol) served as an electron donor, 

2 mM nitrate as an electron acceptor, 5 mM NADH and 1.5 mM free heme were used in the 

indicated samples. Data was generated using three biological and technical samples. Activity is 

given in µmol*min-1*mL-1. These experiments were performed in cooperation with Dr. Vera 

Haskamp and Prof. Dr. Axel Magalon. 

Figure 3.16 shows box plots of NarGHI activities resulting from efficient heme-transfer. 

The E. coli wildtype MC4100 vesicles (1) served as a positive control yielding a median 

value of 15 µmol*min-1*mL-1. In contrast transfer assays with the heme-depleted NarGHI 

membrane vesicles (2) showed just a residual activity of 2 µmol*min-1*mL-1. If HemW 

was pre-loaded with hemin and in an assay added to the heme depleted NarGHI 

membrane vesicles (3) a nitrate oxidoreductase activity increase was observed that was 

even further increased by NADH addition (4) to approximately 8 µmol*min-1*mL-1. The 

influence of NADH on Nar activity was tested as Abicht and coworkers proposed in 2012, 

based on their L. lactis HemW characterization data, a NADH-dependent mode of the 

heme release. They suggested that NADH was required for HemW-heme bond 

breakage. The fact that the addition of hemin loaded HemW and NADH just restored Nar 

activity compared to the positive control to a level of approximately 50 % might relate to 
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a possible instability of the heme-free nitrate oxidoreductase apo enzyme compared to 

the holo enzyme. However, additional controls with heme-depleted NarGHI membrane 

vesicles and the addition of hemin (5) or the apo HemW alone (6) exhibited Nar activity 

values at the negative control (2) level. Especially these controls demonstrate that a 

functional heme transfer by the HemW was essential. Moreover, the [4Fe-4S]2+ cluster 

deficient HemW-C16,20,23S protein variant was tested for heme transfer in order to 

elucidate if the cluster influences the heme transfer to the target NarI. Previously, in 

section 3.2.4 it was already demonstrated that HemW´s ability to bind hemin is not 

dependent on the presence of its [4Fe-4S]2+ cluster. Interestingly, when 

HemW-C16,20,23S pre-loaded with hemin was tested with the heme depleted NarGHI 

membrane vesicles (7) a Nar activity on the same residual activity level as in the negative 

control (2) was observed.  

This clearly demonstrates that even though the [Fe-S] cluster does not influence heme 

binding it does influence the heme release and transfer to a target protein such as NarI. 

Taken together, these data acquired using the heme-transfer assay based on heme-

dependent NarGHI activity restoration clearly indicates a successful and [4Fe-4S]2+ 

cluster dependent heme transfer from HemW to the heme-dependent subunit NarI and 

hence support HemW´s function as a heme chaperone.   

3.2.8 HemW is a heme chaperone containing an [4Fe-4S] cluster influencing 

its mode of action 

Initial experiments analyzing the growth phenotype of a ΔhemW E. coli strain showed a 

minor growth reduction. In recent years, an increasing number of putative bacterial heme 

chaperones were reported but still a lot of research is required in this field for a detailed 

overview. Therefore, it appears likely that the analyzed ΔhemW E. coli strain has a 

number of other not yet identified heme chaperones filling in for the missing HemW. For 

instance, PhuS from Pseudomonas aeruginosa was reported to serve as heme 

chaperones transferring heme specifically to the heme oxygenase HemO (Bhakta et al., 

2006). A similar mechanism was observed with ChuS and ChuW in the enteric 

pathogenic E. coli strain O157:H07 (Mathew et al., 2019).  

For HemWE.coli heme binding was clearly demonstrated to be independent of the 

presence of the [4Fe-4S] cluster whereas HemW dimerization depended on the cluster’s 

presence. In contrast, the Vibrio cholerae protein CyaA dimerizes upon heme binding. 

This protein functions as an iron chaperone during [Fe-S] cluster biosynthesis and 

additionally delivers iron to the protoporphyrin IX ferrochelatase involved in heme b 

biosynthesis. The heme-induced dimerization causes a conformational change that 

decreases the iron affinity thus regulating the [Fe-S] cluster and heme biosynthesis 
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(Uchida et al., 2017). The cobaltochelatase CbiLP from Desulfovibrio vulgaris on the 

other hand does similar to HemW bind heme without a change in its oligomerization state 

(Lobo et al., 2016). For HemW the [Fe-S] cluster was shown to be required for 

dimerization and heme transfer to its target protein NarI. As for HemW, the iron 

dependent transcriptional activator Aft2 from Saccharomyces cerevisiae was reported to 

dimerize upon [2Fe-2S] cluster binding. In the case of Aft2 the dimerization causes 

deactivation of the regulated genes (Poor et al., 2014). Even though a common function 

of [Fe-S] clusters in proteins are the involvement in electron transfer and enzymatic 

reactions, it was already hypothesized that in some cases [Fe-S] clusters might just play 

a structural role.  

Based on the collective findings from previous studies (dissertation Haskamp 2016, 

dissertation Huhn 2012) and this study the following model in figure 3.17 was deducted. 

Newly synthesized heme is transferred via bacterioferritin (Bfr) to HemW. HemW which 

dimerizes in presence of its [4Fe-4S] cluster (indicated as yellow cube) can transfer the 

bound heme to the NarI subunit of the E. coli nitrate reductase NarGHI complex which 

in term enables the reduction of nitrate. A [Fe-S] cluster free HemW variant is not able 

to transfer heme to the NarI subunit. 

 

Figure 3.17: Model of HemW mechanism in E. coli. Newly synthesized heme b resulting from 

the protoporphyrin-dependent path including the last two conversion steps being 

protoporphyrin oxidation catalyzed by PgdH1 and iron insertion catalyzed by the ferrochelatase 

PpfC gets transferred via the carrier bacterioferritin (Bfr) to the heme chaperone HemW. HemW 

containing an intact [4Fe-4S] cluster (yellow cube) dimerizes and is able to transfer the two bound 

heme molecules to its target nitrate reductase complex (NarGHI). A [Fe-S] cluster-free HemW 

variant is unable to transfer heme to NarI. At the NarGHI complex, HemW interacts with the heme-

dependent subunit NarI for heme transfer that finally allows nitrate reduction catalyzed by the 

holo-NarGHI complex (Haskamp et. al., 2018).  
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 4. Summary 

The thesis focused on a novel enzyme of heme biosynthesis (YtpQ) and the first 

cytoplasmic heme chaperone HemW.  

1. The putative coproporphyrinogen III oxidase YtpQ from Bacillus megaterium was 

successfully recombinantly produced. Subsequent, analysis of its enzymatic activity 

revealed that YtpQ is a true coproporphyrinogen III oxidase converting 

coproporphyrinogen III to coproporphyrin III. YtpQ is able to catalyzes this reaction in the 

absence of oxygen using menadione as an alternative electron acceptor potentially 

linking this step of heme biosynthesis to the respiratory chain. Additionally, it was shown 

that 3 FAD molecules serve as an cofactor for one YtpQ molecule in order to conduct 

this six-electron oxidation. Kinetic analysis of YtpQ resulted in a KM of 7.9 µmol/L and a 

kcat of 0.895 min-1. It was demonstrated via a gel permeation chromatography that YtpQ 

is a monomeric protein. In summary, it was shown that YtpQ from the Gram-positive 

bacterium Bacillus megaterium is an oxygen-independent coproporphyrinogen III 

oxidase representing an anaerobe alternative to CgoX during the recently described 

coproporphyrin-dependent heme b biosynthesis. 

2. The heme chaperone HemW from Escherichia coli was functionally characterized. 

Growth behavior analysis showed a slight phenotype of a ΔhemW deletion mutant strain 

during anaerobic growth. In order to get further insight into the influence of HemW´s 

previously identified [4Fe-4S] cluster a HemW iron-sulfur cluster deficient variant was 

generated by exchanging the three cluster coordinating cysteine residues to serine 

residues. The complete absence of the cluster was shown by UV-Vis spectroscopic 

analysis. A gel permeation chromatography of HemW and the iron-sulfur cluster deficient 

HemW variant clearly demonstrated that the iron-sulfur cluster is required for 

dimerization. However, the iron-sulfur cluster was not essential for heme binding as 

demonstrated via UV-Vis spectroscopy and heme staining. Using the bacterial adenylate 

cyclase-based two-hybrid system bacterioferritins BfrA and BfrB as well as E. coli nitrate 

reductase (NarGHI) subunit NarI were identified as HemW interaction partners. A 

subsequent heme transfer assay using heme deficient NarGHI containing membrane 

vesicles clearly showed the ability of HemW to transfer bound heme to its target NarI 

and to restore NarGHI activity. This was not true for the iron-sulfur cluster deficient 

variant. In conclusion it was demonstrated that HemW serves as a heme chaperone 

navigating heme from the heme-binding protein bacterioferritin to the heme enzyme 

nitrate reductase. The presence of the iron sulfur cluster influences HemW dimerization 

and heme transfer to target proteins but does not influence HemW´s heme binding ability. 

The potential involvement of a radical SAM mechanism remains to be determined. 
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5. Outlook 

In this work YtpQ from Bacillus megaterium was characterized as an oxygen-

independent coproporphyrinogen III oxidase catalyzing the six-electron oxidation of 

coproporphyrinogen III to coproporphyrin III. Yet further questions remain to be clarified. 

• Analysis if YtpQ enzymatic activity is connected to the respiratory chain via a 

natural quinone. 

• Characterization of YtpQ from other organisms. 

• Identification of a phenotype for deletion mutants. 

• Elucidation of the crystal structure in order to identify substrate and cofactor 

binding sites and to allow for the comparison to its aerobe counterpart CgoX. 

• In vitro reconstitution of the coproporphyrin III-dependent heme biosynthesis 

pathway by combining recombinant YtpQ, CpfC, and ChdC with the first 

substrate coproporphyrinogen III and subsequent mass spectroscopic 

identification of intermediates and the final product heme b. 

 

Secondly, in this work the heme chaperone HemW and the influence of its iron-sulfur 

cluster was characterized. Additionally, interacting proteins were identified and a 

functional heme transfer to a target protein demonstrated. However, further question on 

the exact heme transfer mechanism have to be investigated. 

• The HemW crystal structure with bound heme will give insight into heme and 

dimer coordination potentially allowing to model a heme transfer mechanism. 

• Identification of amino acid residues involved in heme binding and heme 

transfer eventually permitting to identify heme chaperone specific motifs. 

• Characterization of the nature of BfrA and BfrB interaction. 

• Elucidation of a potential involvement of a radical SAM mechanism in heme 

transfer. 
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