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At least five different systemare responsible for the maturation eftype cytochromes.

System |, present in the mitochondria of photosynthetic organisms and mosh&gative

bacteria, is the most compleytochromec biogenesis system discoverdd the model
organismEscherichia coli, more than 10 gene products work togetbeattach heme to the

highly conserved CXXCH motiffdhe apecytochromepolypeptide This system consists of
proteins that chaperone the heme and &pecytochrome andthey ensurehe correct
assembly of thénolo-cytochrome In this thesis, CcmC and @&, two key players in the

heme deliveryartof System | prior to covalent attachment, have been investigated. Particular
emphasis has been given to CcmE, an unusual heme chaperone that binds its heme via a
covalent yet transient bond using its H130 resid

Bioinformatics techniques have beersedto identify potential key residuesn CcmC and
CcmE especially residues withigh conservation and/or covariance between the two
proteins. Sitedirected mutagenesis studesdin vivo experiments were uséo demonstrate
that three pairs of conservedlaramino acids sharing a common orientation on CcmC and
CcmE are crucial for theassembly ofthe CcmC:heme:CcmE complex, an essential
intermediate for holCcmE formationSingle and multipleariantsof thesepolaramino acid
pairs demonstrated that these residues drive the interaction between CcmC and CcmE.
Covariance analysis identifigd/o highly covarying residue®n CcmC andCcmE It was
demonstrated that these residues play an important role-tufiimey tre positioning of CcmE

in its complex with hemdound CcmCand their relative size is crucialrftheir role. Any
perturbationsdecreasinghe size of these residues led to incomplete processing of holo
CcmE, and abolishment oftochromer maturaton.

Holo-CcmE was reconstituted vitro, and this protein was studied using #b °N HSQC.

These studies providedsiduespecificlevel detailson how the heme moiety interacts with

the polypeptide in the covalently formed h@omE. Contradictorya previous predictions,

it was demonstrated that the heme moiety is not in close proximity tmtbhe=barrel fold

of the protein. Rather, it was shown thame interacts directly with thet€rminus. 2D'H-

H TOCSY stulies were used to show that yoasineor phenylalanineligands existo the

heme n holoCcmE formedin vitro, suggesting thahe protein most likely does not pack
around the hemd hese findings are consistent with the chaperone role of the protein, as the
interaction of heme with th Gterminus enables its swift sequentiednsfer to theapo
cytochromethrough CcmF.

Heme titrations probed via 2BH- >N HSQC were carried out ae H130A varianbf

CcmE which cannot bind heme covalently. Thesadies provided clear insighto the non
covalent interactions between CcmE and heme, and the putative heme pocket of the CcmE
protein. It was demonstrated that no heme pocket exisip@@cmE, and any nenovalent
interactions between CcmE and heme are located aroundtémenidus, speifically around

R148 and R149'H- H 2D TOCSY identified Y154 as a potential ligandf the non
covalenly boundheme It was demonstrated that the highly conserved Y134 residue acts
during initial noncovalent interaebns with heme, and theanayligand switchto the Y154
residue.
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1 Introduction



1.1 Energy transfer in prokaryotes and eukaryotes

All organisms require energy. For example, plants use photosynthesis to convert
radiant energy from the sun to chemical energy in the form of carbohydrates and other
organic substances.ti@r plants or animals consume these molecules, metabolising
them to power functions such as synthesis of biomolecules, maintenance of
concentration gradients and movement of muscles. Organic waste matter degrades
into humus which is eventually decompos@the action of various prokaryotic and
eukaryotic species. All these processes ultimately convert energy into heat which is

dissipated into the environment.

In eukaryotes, energy is mainly obtained from carbohydrates, fats, proteins and amino
acids.In humans, most molecules obtained from food are oxidised to carbon dioxide
and water in the mitochondria. Cellular respiration is the set of metabolic reactions
required to convert biochemical energy from nutrients into adenosine triphosphate
(ATP) (Meldrum 1934) and the final electron acceptor in this process is oxygen.
Respiratio consists of four main stages. The first stage is glycolysis, the sequence of
reactions that metabolises one molecule of glucose to two molecules of pyruvate with
the concomitant net production of two ATP molecules. This process does not require
oxygen; hus it must have been used by organisms before the accumulation of

substantial amounts of oxygen in the environn{Bamano and Conway 1996)

The fate of pyruvate then depends on the presence of oxygen. In anaerobic conditions,

pyruvate can be further processed to lactate via lactic acid fermentatiomolicae



conditions however, pyruvate can be completely oxidised by the Krebs cycle in the
mitochondria. The products of this reaction are carbon dioxide and water, producing
NADH and FADH along with substrateevel phosphorylation of GDP to GTP. The
potental of NADH and FADH is then converted into more ATP via the electron
transport chain with oxygen as the final electron acceptor. The majority of ATP
molecules produced by aerobic respiration are made during oxidative
phosphorylation, which takes place tae mitochondrial membrane cristae. The
energy released by the movement of electrons is coupled to create a proton
electrochemical gradient often known as the pratative force, by pumping protons
across the inner mitochondrial membrane. This potent&igy is then used to drive

ATP synthase to produce ATP from ADP and a phosphate group.

In contrast to eukaryotes, prokaryotic organisms have evolved a very wide range of
methods of obtaining energy from their environments. Prokaryotic cells can obtain
energy via various processes including photosynthesis, respiration, denitrification,
sulfate reduction and methanogenesis. This respiratory flexibility is due to a diverse
range of utilisable electron acceptors, such as elemental sulfur, sulfur oxyanions,
organic sulfoxides, sulfonates, nitrogen exyions, nitrogen oxides and transition
metals such as Fe(lll) and Mn (I\)ovley 1991, Berkst al. 1995, Hamilton 1998

Lie et al. 1999) and enables their survival in diverse and often challenging

environments.

One of the best examples of this respiratory flexibility is seen in the soil bacterium

Paracoccus denitrificans. This organism is a member of thigproteobacteria and is



thought to be a close relative of the original progenitor of the mitochondrion. The
genes of this soil bacterium encode biochemically distinct oxidakeah become
expressed dependimg the environment of the organigRichardson 2000)n high
oxygen environments, the cytochromes oxidase is expressed and témaies a
highly coupled electrotransfer pathway. At low oxygen environments, a high
affinity cytochrome cbbs oxidase becomes more important and cytochrame
peroxidase is cexpressed, enabling detoxification of the partially reduced toxic
oxygen specigshydrogen peroxide. Under anaerobic conditions, enzymes that are
capable of reducing nitrogen canions and nitrogen oxides are expressed and
coupled to the core electraransport chain at the level of the ubiquinol pool or the
cytochrome bc1 complex. This high level of respiratory flexibility allows the

bacterium to grow and survive in a wide variety of environments.

1.2 c-type cytochromes

c-type cytochromes are widely found in all kingdoms of(Bertini et al. 2006)They
commonly show relatively high thermaagmic stability and solubility, and have a

red colour which facilitates their purification and spectroscopic analysis. This has led
to c-typecytochromes becoming a popular subject of biophysical studies in the fields

of protein folding and redox biochertrig More recently, the biogenesis etype
cytochromes has been researched as this process presents intriguing examples of
organismdependent compartmentalised msligp posttranslational modification
pathways. Before discussing the biogenesis-tyfpe cytochromes in detail, their

structure, occurrence and function will be briefly summarised.



1.2.1 Structure ofc-type cytochromes

c-type cytochromes are structurally diverse ubiquitous hemoproteins, invariably
containing at least one protoporphryrinbé (heme b) cofactor. The defining feature

of these proteins is the stereospecific covalent attachment of heme to the apo
cytochrome (cytoalmme without any heme) polypeptide. This process occurs via two
thioether bonds: between the sulfhydryl groups of the two cysteines of a highly
conserved CXXCH motif on the polypeptide, and the vihynd vinyt4 of heme
tetrapyrrole ringMoore and Pettigrew 1990, Stevens et al. 20Béwman and Bren

2008, TravagliniAllocatelli 2013) A schematic of this bond is shown in Figure 1.1.

CApo -cytochrome >
-Cys-Xxx-Xxx-Cys-His - |
CH,
/ [
\ S
> <
cytochrome ¢
biogenesis proteins
COOH COOH
Heme COOH COOH
Holo -cytochrome ¢

Figure 1.1: Post-translational modification of c-type cytochromes. The apo-cytochrome
polypeptide is shown with the conserved CXXCH motif. The covalent attachment of heme via
the cytochrome c biogenesis proteins is schematically depicted to show the bond between the
vinyl groups of the heme and the cysteine residues of the cytochrome, to form the mature holo-
cytochrome c. Figure adapted from (Stevens et al. 2005).



The heme binding motif CXXCH is present in the majority-dype cytochromes.
Rarely, variations of this motif are seen such as the CXXXCH and CXXXXCH motifs
of the Desulfovibrio cytochromers (Herbaud et al. 2000, Arag<o et al. 20@8)d the
CXXCK motif of the periplasmic nitrite reductase Nr{Einsleet al. 1999) More
striking variations have also been found, including the siogieine F/AXXCH
heme binding site in euglenozoa cytochromé¢allen et al. 2003)and the CXsCH

heme binding motif ofVolinella succinogenes MccA (Hartshorne et al. 2007)

Once the heme is covalently attached onto the cytochrome polypeptide, its iron is
almost always axially ligated by a histidine (or lysine in NrfA) from the CXXCH
motif. The second axial ligand is partially dependent on the presence of oxygen; it is
a histdine or methionine in most anaerobic bacterial cytochremast a methionine
residue in most aerobic bacterial or mitochondrifyype cytochromegqAllen et al.

2003, Allenetal. 2005)

There are some exceptions to the histidine (K in NrfA) coordination rule. This first
example is an octaheme tetrahionate reductase Stemanella oneidensis, which

has a covalently linked heme moiety. This heme is linked to a typical CXXCH motif
of the pdypeptide, like many other cytochromes, but the Fe is coordinated by a lysine
residue(Atkinson et al. 2007)Thesecond is NrfH, a membraitund tetraheme-

type cytochrome that transfers electrons from menaquinol to the nitrite reductase
subunit NrfA. In this case, the menaquunateracting heme is coordinated by a
methionine from the CXXCHXM sequend@&odrigues et al. 2006)The final

example is from the;heme centre of cytochrondef. This cytochrome is abnormally



linked to the polypeptide via a single cysteine, lacking amino acid axial coordination

onto the hem¢Stroebel et al. 2003)

c-typecytochromes exhibit diverse thrd@mensional structures, redox properties and
functions, whit can be used to divide them into four major clagéesbler 1991)
Class lis the largest group, containing the small, soluble cytochramegh a
generally globular fold. These proteins usually contain a single heme binding motif,
and a methionine residue acting as a sixth ligand located at the carbdxtgh(@nus.
Class Il cytochromesinclude the high spinytochrome: %4th a heme biding motif
located on the @erminus and a fodnelical bundle fold. Class Il comprises the low
redox potential (E) multi-heme cytochromes: with a bis-His coordination
(Verissimo and Daldal 2014Finally, Class IV represts the cytochromes that
contain additional notheme cofactors such as flavins. Recently, other typesype
cytochromes have been identified which do not belong to any of the aforementioned
categories, for example the meiieme cytochromes found §tewanella oneidensis

(Breuer et al. 2015)

1.2.2 Functions and roles oé-type cytochromes in respiration

The main function of ald-type cytochromes is to act as electron transfer proteins in
both aerobic and anaerobic respiration. During aerobic respiration in eukaryotes,
mitochondrialkcytochromer, which is loosely associated with the inner mitochondrial
membrane,shuttles electrons fromthe ubiquinolreduced bc1 complex to the

cytochrome: oxidase, see Figure 1.2. These electrons are then used to reduce oxygen



to water, as explained in more detail in section 1.1. The electron transfer through the

electron transport chain is coupled te theneration of a proton electrochemical

gradient across the membrane, which is then used to drive ATP syriDesis

2004, Mishra and Chan 2014)

Ubiquinone
/ubiquinol
pool

Complex Il
Succinate dehydrogenase

Complex | .
NADH dehydrogenase ETf—ubrqumone
(NADH ubiquinone oxidoreductase) oxidoreductase

'SR

Complex 1l
cytochrome bc, complex
(ubiguinol-cyt c oxidoreductase)

Lem

Complex IV
Cyt aa; oxidase
(Cyt c oxidase)

|

l

0;

Figure 1.2: A brief summary of the mitochondrial respiration in eukaryotes.
Cytochrome c is present in the intermembrane space and its role is to transfer one
electron from the Cyt bc; complex to Cyt aas oxidase. All of the dehydrogenases
presented act on substrates supplied directly from the matrix side. Note that the
components are not all present at equal stoichiometry. Figure adapted from (Nicholls

and Ferguson 2013).

Bacterial respiration is much more flexible than in eukaryotes, consisting of numerous

branched chains which are eventually often interconnected. The alternative

respiratory pathways present isproteobacteriun®. denitrificans are summarised in

Figure 1.3.c-type cytochromes play a junction role, often in the quioxidising

branches of these pathwagBhsny-Meyer 1997, Richardson 20Q0ndicated by

Figure 1.3.
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Figure 1.3: Alternative respiratory pathways in Paracoccus denitrificans. c-type
cytochromes play an important role in shuttling electrons between the
ubiquinone/ubiquinol pool and various other complexes. Cyt *cytochrome. Only the
components in italics are thought to be constitutively expressed. Other components
are expressed depending on the growth conditions and are unlikely to be present
simultaneously. Boxes with continuous outlines indicate integral membrane
components and dashed lines represent periplasmic components. Figure adapted

from (Nicholls and Ferguson 2013).

1.2.3 Other biological roles ok-type cytochromes

In addition to their classical role acting as electron carriers between various protein
complexes in respiration and photosynth€éizai et al. 2010) c-type cytochromes

have other essential biological functions. The most notable of these is their role in the
initiation of mamnalian apoptosis. In response to various apoptotic stimuli,
cytochromer is released from the mitochondria and immediately associates with the
C-terminal WD40 repeats of the apoptotic mediator Apéfiu & al. 1998, Alimonti

et al. 2001) This association allows Apdfto switch from a rigid conformation to a



more flexible one, greatly facilitating the nucleotide binding activity of its Walker

motif.

When ATP binds to this motif it triggers, via interaction between tkeriinal

CARD domains of the individual Apdf species, the formation of the active seven

span symmetrical complex, the apoptosofhiel et al. 1998) The apoptosome
sub®quently recruits procaspaSeinto its central hub, triggering yet another
conformational change in the apoptosome enzyme. This change leads to an active
holoenzyme which then activates downstream executioner caspases such as caspase
3 and caspase 7, lead to programmed cell deafRodriguez et al. 1999, Jiang and

Wang 2004) Figure 1.4 summarises the mechanism of apoptosome formation and

caspase activation initiated by the esle ofcytochrome: from the mitochondria.

Apoptotic stimuli

|

Cytochrome ¢ Mitochondria

The apoptosome

Active caspase-3/7

Figure 1.4: A brief summary of the mechanisms of apoptosome formation and caspase
activation initiated by cytochrome c release. The apoptotic stimuli trigger the release of
cytochrome ¢ from the mitochondria, which then associates with Apaf-1 to form the
apoptosome and the eventual holo-enzyme with procaspase-9 in its central hub. This enzyme
then activates downstream executioner caspases which leads to programmed cell death.
Figure adapted from (Jiang and Wang 2004).

c-type cytochromes are also important in the assembly of the mitochondrial

cytochromer oxidase(Pearce and Sherman 199Bydrogen peroxide scavenging in

10



yeas and some Gramegative bacterigPelletier and Kraut 1992, Shimizu et al.
2001) and have catalytic roles in many enzymes such the nitrite reductase (NrfA) of

E. coli, which catalyses the reduction of nitrite to ammonia.

1.2.4 Why do c-type cytochromes need a covalent bond between the heme

cofactor and the protein backbone?

The reason for the heme moiety being covalently attached in cytochrames
distinguishing tem from other types of cytochromes, has eluded the scientific
community for decade¢Barker and Ferguson 1999Many studies have been
undertaken to understand the advantages of covalently attaching the heme to the

protein polypeptide.

The cysteines of the CXXCH motif dfydrogenobacter thermophilus cytochrome
cssowere replaced by alanines via sitieected mutagenesis, converting thitype
cytochrome to a-type. The only difference in thigariantwas the way the heme
moiety was attached to the polypeptide, thus providing a system for direct comparison
between the physiohemical properties of the two types of cytochroifiesnlinson

and Ferguson 20@D A direct reverse approach was also undertakenitype
cytochrome was generated frombaype cytochrome by artificially creating a
CXXCH motif in the heme binding site of cytochrobwz. (Barker et al. 1995)These
studies conelded that neither the loss nor the incorporation of the CXXCH motif
altered the conformation of the protein backbone, and the reduction potential of the

heme centre of the cytochrome was not hugely affeffedhlinson and Ferguson
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200(). However, the presence of either one of the thioether bonds significantly
increased the thermal and chemical stability of the prd#&inesano et al. 2000

Tomlinson and Ferguson 208G&lthough the mechanism remains poorly understood.

Another convincing argument arises from heme retention, which may have been the
evolutionary driving force in prokaryotic mitochondrial ancestors. There is high
competition for the iron in the heme moiety, so binding the heme covalently would

lead to a disnct advantage.

The most compelling reason for the appearance and observation of covalent heme
attachment could be the packing of multiple heme molecules into a single apo
cytochrome polypeptide to achieve miiBme cytochromefBarker and Ferguson

1999) It would be difficult to achieve this high heme density if it was-covalently
attached, as the overall fold of the mature protein is dependent on the presence of the
hemeqAllen et al. 2003) Additionally, the covalent attachment would also allow for
strict control of heme sterecemistry and orientation, which is vital to the function

of all cytochromes.

More interestingly, mitochondrial-type cytochromes of trypanosomes and related
organisms have a single thioether bafRkttigrew et al. 1975)As mentimed
previously, the absence of the thioether bond has little effect on the oxidation and
reduction potential or the stability of the cytochroifimmlinson and Ferguson
200(M), so why do mondnemec-typecytochromes require two? In many mtigme

cytochrones found in bacteria, the advantage lies in being able to maintain the precise
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packing of heme and stereochemical control during binding, which may not be
possible with a single thioether bond. Therefore, as it presumably is energetically and
evolutionally advantageous to have only one biogenesis system per cell type for
producingc-type cytochromes, one could argue thatatlype cytochromes would

have two thioether bonds in order to be processed by this one maturation system.

1.3 Heme trafficking

Iron is an essential micronutrient, and due to its inherent ability to exchange electrons
with a variety of molecules it is critical for all liftieu et al. 2001, Soares and Hamza
2016) Many organisms have developed specialised and highly efficienwagd for

iron uptake and metabolism, due to its low solubility. A heme moiety where the iron
atom is coordinated by the protoporphyrin IX molecule is one of the most common
vivo iron chelatorgVaghefi et al. 2002)see Figure 1.1 for a schematic representation.
Unfortunately, the heme moiety itsellisplays peroxidase activity and high
hydrophobicity, requiring specific chaperoning mechanisms to counteract its potential
toxicity and increase its solubilitfyan den Berg et al. 1988Bacterialcells can
synthesise their own heme or it can be imported into the cell via highly specialised
systems. The most common mechanisms for carrying and transporting heme are seen
in heme capture proteins, heme carriers, or proteins that use heme as a prostheti

group such as cytochromes.
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1.3.1 Heme biosynthesis

One of the main ways for a living organism to obtain heme is via its own heme
biosynthetic pathway. This pathway is highly conserved throughout evolution,
displaying high similarity in prokaryoseand eukaryotes, witkhaminolevulinic acid
(ALA) being the most common heme precursoEukaryotes that cannot
photosynthesise use ALA synthase in the mitochondrial matrix to synthesise ALA
from glycine and succinyCoA, before transfer to the cytoplagisiftsoglouet al.
2006) This is where the initial steps of heme biosynthesis take place. In most
organisms, ALA is generated via glutamtNA®" via NADPH-dependent reduction
followed by transaminatiofO'Brian and ThsnyMeyer 2002) However, recently it

has been shown that the mitochondrigdXCprotein directly stimulates ALA synthase

to initiate heme biosynthes{&ardon & al. 2015) The only other organism group
XVLQJ $/% VIQWKDVH IRU WKH L QdraébliacderibRstr®DIWLRQ RI $
suggesting that this chemical step has been acquired byphwdosynthetic
eukaryotes though the endosymbiotic events whichddte mitochondriorfPanek

and O'Brian 2002)

Seven sequential enzyrcatalysed reactions are used by most prokaryotels a
eukaryotes to produce heme. Eight ALA molecules are condensed into a linear
tetrapyrrole intermediate, which is then cyclised, decarboxylated and oxidised to
result in protoporphyrin IXXWarren et al. 1998}he heme precursor without the iron.

These are schematically depicted in Figure 1.5. In the final stage of heme biosynthesis,

14



the ferrochelatase inserts the iron into the porphyrin (ajley 2002) In bacteria,

the full conversation of ALA to heme is carried out in the cytoplasm.

In eukaryotes however, the first four biosynthetaps take place in the cytosol, the
next two in the intermembrane space of the mitochondrion, and the final iron chelation
stage in the mitochondrial matritHamza 2006) Understanding of how heme is
transported from its site of synthesis (bacterial cytoplasm or mitochondrial matrix) to
where it is attached to the apgtochrome duringcytochromec maturation the
periplasm in Grammegdive bacteria, the outer side of the cytoplasmic membrane in
Grampositive bacteria or the intermembrane space of mitochondria in eukaryotes) is

currently incomplete
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Figure 1.5: A schematic representation of a principal heme biosynthesis pathway. Figure reproduced from (Warren et al. 1998).
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1.3.2 Heme transport across biological membraes

Heme is a hydrophobic molecule, thus it is easy to envisage that it could diffuse
through cell membranes during its transport. However, its cytotoxicity and low intra
and extracellular concentration in free form favour a facilitated transport msichan
Several proteins are involved in heme transport across the lipid bilayer in both bacteria

and eukaryotes.

1.3.2.1 Heme import

Pathogenic bacteria have developed highly effective heme capture strategies, because
it is their primary source of iron.dwered by the TonEXbBD complex, the outer
membrane receptors in Gramegative bacteria internalise heme. During this process,
the protoAmotive force across the periplasmic membrane is coupled to active
transport across the outer membrane with the actidche TonBExbBD complex
(Postle and Kadner 20Q3hterestingly, all heme receptors in Gram negative bacteria
share much sequence similarity, and always ligate the heme via two histidine residues
(Brackenet al. 1999) Many receptors are broadly sdlee and so they are able to
transport both free heme and hebwmnd proteins. Examples of such heme
containing proteins includeemoglobin, hemoglobthaptoglobin, hemopexin, HemR

of Yersinia enterocolitica (Brackenet al. 1999)HmuR of Porphyromonas gingivalis
(Simpson, Olczak et al. 20Q@huA ofShigella dysenteriae (Mills and Payne 1997)

HpuB of Neisseria gonorrhoeae or N. meningitides (Chenet al.1996)and HmbR of

N. meningitides (PerkinsBaldinget al.2003)
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In addition to dettated membrane receptors that directly interact and import heme
from extracellular sources, many Graragative bacteria have also developed
additional acquisition systems. One such system relies on the excretion of high
affinity heme scavenging proteinalied hemophores, usually expressed under low
iron concentrations and released into the external medium. Their function is to capture
free heme or extract it from hergentaining proteins, and eventually deliver it to the

outer membrane receptors so tl heme moiety can be imported.

One of the best studied hemophores is HasA, which has been identifietdria

marcescens, Pseudomonas aeruginosa, P. fluorescens, Yersinia pestis and Y.

enterocolitica (Wandersman and Delepelaire 2004, Cestaal.2007) This protein

sequesters free heme or extracts it from hemoglobin andedglivin an energy

independent manner to the outer membrane heme receptor(ldadRPruneyreet

al. 2006) Heme is then internalised via HasR which is dependent on-ExbBD

(LZtoffZet al.2004) PXFK OLNH WKH RXWHU PHPEUDQH UHFHSWRI
HxuA found in Haemophilus influenza is another example of a hemophore. This

protein readily binds herdeaded hemopexin and then delivers it to the outer

membrane protein Hxu(opeet al.1995) However, it is not fully understood how

heme is released from the HxuA:hemopoxin:HxuC complex into the periplasm.

Permeases transport heme from the periplasm, through the inner membrane, to the
cytoplasm. These proteins consistafsoluble periplasmitieme binding protein

(HemT), a transmembrane protein (HemU), and an ATPase subunit (H&maV),
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typical organisation of ATP binding cassette (ABC) import@reng and Guo 2007)

The HemTUV complex is thought to be the only inner menmibrame permease to
exist in this bacterial group, even though Graegative bacteria have many other
heme receptors on the outer membrane. An alternative route for heme delivery to the
E. coli cytoplasm has been reported, which is assumed to be the mtgrofdheme
import in organisms that lack themTUV genes(LZtoffZ et al. 2004) This route
utilises the either MppA (lalanyt -D-glutamyltmesediaminopimelate periplasmic
binding protein) or DppA (dipeptide periplasmic binding protein) as the periplasmic
heme binding protein, and dipeptid®BC importer DppBCDF as the heme

transporer.

Exogenous heme is acquired via different mechanisms in pathogenicp@siive
bacteria (Sheldon and Heinrichs 2015such as Listeria monocytogenes,
Staphylococcus aureus andBacillus anthracis. These species import heme via the iron
regulated surface determinant (Isd) system. In this system, the heme capture is
performed by cell walanchored lipoproteins (IsdA, IsdB and IsdC), and the permease
complex consists of cytoplasmic membrane prot&EdB, IsdE and IsdfSkaar and

Schneewind 2004, Maresso and Schneewind 2006, Matyti2008)

In Staphylococcus aureus, an alternative heme uptake pathway is promoted by three
genes ktsABC) (Skaaret al.2004) Interestingly, thesequences dftsB andhtsC are

very similar to heme permease HemuU, which is found in Gragative bacteria. This
suggests that the two different groups of bacteria could possibly transfer heme uptake

genes horizontally. The presence of the homologues of HemTUV proteins in another
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Grampositive bacteriaCorynebacterium diphtheria, further supports this hypothesis

(Drazeket al.2000)

The iron in the heme moiety plays an important role in mammalian iron metabolism
(Dunn et al. 2007) so heme transporhieukaryotes has mainly been studied in
mammals. Heme from the mammalian diet is internalised into enterocytes of the
duodenum by the heme carrier protéinHCP1), a transmembrane protein that

belongs to the Major Facilitator Superfami§hayeghet al.2005)

In mammals, the heme moiety can also be obtained through hemolysis, the rupture of
red blood cells. Once hemolysis takes place, hepatocytes and macrophages take u
the resulting heme via specialised cell surface transporters that recognisie hgéeae
hemopoxin or hemoglobihaptoglobin. These heme loaded proteins are then

internalised for degradation and iron scavenglrajundeDadaet al.2006)

1.3.2.2 Heme export

The eukaryotic heme biosynthesis pathway culminates in the mitochondrial matrix
(Hamza 2006)However, the heme moiety must be translocated to the intermembrane
space for the covalent attachment to the-eygochome polypeptide to form the

maturec-type cytochrome. Similarly, some of the heme must also be translocated to
the cytosol for further processing and incorporation into other target proteins such as

cytoglobins, catalases, peroxidases or guanylate cyclases
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The proteins involved in heme export across the mitochondrial inner membranes are
less well understood. It has been speculated that the ABC mitochondrial erythroid
(ABC-me) transporter is involved in heme export across the mitochondrial inner
membranebased on its sutnitochondrial localisation and overexpression effects on
hemoglobin productiofShirihai et al. 2000) Similarly, other putative mammaitia

heme exporters have been suggested, ranging from the feline leukaemia virus
subgroupC receptor (FLVCR), a Major Facilitator Superfamily member, to the breast
cancer resistance protein ABCG2, an ABC transporter. These proteins have heme
efflux functionsin liver, kidney, intestine and pancreatic céksishnamurthyet al.

2004, Quigleyet al.2004). However, the precise contribution of these proteins and
the full molecular mechanisms of heme export are yet to be futlyuemed. Recently,
studies have even questioned the need for mammals to have dedicated heme import

and export mechanisniBonkaet al.2017)

In prokaryotes, similar to eukaryotes, no proteins have been clearly identified as heme
exporters from the cytoplasm to the periplasm. It was proposed thatnggative

ABC complexes such as CydDC which is esise for cytochrome®d biogenesis,

were heme transporters into the peripldBwooleet al.1994, Goldmaret al.1998) It

was however later argued that CydDC transports cys{€itenanet al.2002 and
glutathione(Pittmanet d. 2005)in an ATRdependent manner. Recently, CydDC
protein has been indicated to be involved in a redox balancing role, especially for the
survival of the organism during host infesti (Holyoake et al. 2016) CcmAB
(cytochromec maturation proteins A and B) has also been suggested asi@a he

exporter. However, there is much experimental evidence to rule out this possibility,
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which is discussed later in this chapter. Thus, it can be concluded that there are many
strategies for trafficking heme but there is no direct evidence for a trasygtem
that can take heme from the bacterial cytoplasm to the periplasm, where it is required

for cytochrome: maturation (see below).

1.4 Cytochrome ¢ maturation pathways

The posttranslational maturation @ftochromec takes place in apsitially different
location toits site of biosynthesis. Thus, the translocation of thepaptein and its
heme cefactor tothe site of attachment is required. At the site ttchment, the
heme moiety istereospecifically attached via two covalent bonds te @XXCH
motif of the polypeptidé Thsny-Meyer 2002) allowing the protein to fold into its
native form. Several systems of significantly different complexity and specificity have

evolved to undertake this tagBtevenset al.2004a, Mavridouet al.2013).

Although these systenare all technically differensimilarities are seen across all
cytochromec biogenesis systems. Firstlgpocytochromepolypeptides are usually
synthesised in the cytoplasm and then translocated across a lipid bilayer where their
maturation can take pla (Natale et al. 2008, Faceyand Kuhn 2010) This
compartment is always on the positive side oenargy transducing membrane, for
example the bacterial periplasmic spatte intermembrane space of mitochondria
and the thylakoid lumen of chloroplastBhe only exception for this rule is the
maturation of cytochromisf'complexcytochrome:;, which isformed on the negative

side of the thylakoid membraii8troebelet al.2003) The second common notion is
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that biosynthesis and transport of heame theapocytochromeoccur viadistinct and
independent processes. Thesemesumablyspatially and temporally coordinated to
minimise both the cytotoxic effect of heme and the spontaneous proteolytic
degradation oapocytochromer (Goldmanet al. 1996, Mooreand Helmanr2005)
Third, both the iron of the heme and the cysteine thiol groups agbeytochrome
polypeptideusuallyneed to be reduced prior to thioether béordhation(Kranzet al.

1998, Daltropet al. 20023, Sanderst al.2010) Finally, dedicated chaperones and
enzymes are required for the covalent linkage of hembkeapocytochromein a
correct stereospecific mannéfter c-type cytochromesnature they are assembled

into their respective complexes to carry out their biological functions.

1.4.1 Mitochondrial cytochrome ¢ maturation or System ll|

System lll is responsible far-type cytochrome maturation iruhgi, invertebrate
andvertebrats. This process takes place in the mitochondrial intermembrane, space
and is arguablythe simplest of all cytochrome maturation pathways. The whole
cytochromec assembly is essentially accomplished by one enzymtiee holo-
cytochromec synthase(HCCS (Babbitt et al. 2015) see Figurel. 6. The HCCS
enzyme interacts with the henaed then theapocytochromepolypeptidein the
intermembrane spacproducingmature holecytochromec via afour-step reaction

mechanisn{San Franciscet al.2013)
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Figure 1.6: Schematic demonstration of cytochrome c biogenesis system III. The
apo-cytochrome is translocated through the outer membrane. The HCCS enzyme is
located in the intermembrane space but its exact location with respect to being
attached to the inner or outer membrane or unbound floating in intermembrane space
is not clear. The mechanism for transporting heme from the matrix to the
LOWHUPHPEUDQH VSDFH LV DOVR QRW ZHOO XQGHUVWRF
from (Stevens et al. 2004a).
Although this enzymads sufficientto mature botlcytochromec andciin humans
yeast employs a different homologue of tHHECS enzymefor each cytochrome
(Bernardet al. 2003) System lllhas not been shown to process any tested native
bacterial cytochrome (Sanders and Lill 2000)n comparisonSystems | and Il show
much less specificityThe highest degree diexibility is seen irthe cytochromec
maturation system of bactefi@ystem I) a single system is able attach heme to a very

diverse group ofapocytochromepolypeptides, including mitochondrial proteins

(Sanders and Lill 2000)
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An inner membrane flavoprotein identified in yeast mitochon#nawn as Cyc2p
has beerproposed to assist HCO®ith cytochromec formation by providinga
redwtant to the system. Thassumption was based on the fact Bgt2p has an
FAD cofactor expsed to the intermembrane spadesplays NADPHferricyanide
oxido-reductase activityn vitro, and isrequired for the activity of HCC@ernard,
Quevillon-Cheruel et al. 2005)However, utike the bacterialextracytoplasmic
environment the hemebinding cysteines of the mammalian cytochroraes not

assumed to forrdisulfide bonds in the mitochondrial intermembrane space.

Interestinglyheme has been attached to the CXXCH motif of the yg@sthrome:
(Pollock, Rosell et al. 1998y to a mutated SXXCH version oytochromer; (Rosell
and Mauk 2002py System lll,in the cytoplasnof E. coli. The only requirement for
this linkage was the eexpression of HCCS with the cytochrome. Additionally,
HCCS has ben shown to mature mitochondrial cytochromes timgj of an
AXXCH variant motif, althoughtte yield ofholo-cytochrome: from this processvas
significantly lower(Tanakaet al.1990) Thus it can be deduced thtte only species
requiringreductionis the heme moietyand not the cysteines of tapocytochrome

in System lll.Recent studies have confirmed thehiowingthat he Cyc2p protein
interacts with HCCS and has a heme reductalsdefore the covalent linkage to the

apocytochromgCorvestet al.2012)

Cyc2p was also posited thave a heme electron provider rothje to the high
sequence similarity of this protein with cytochrobseeductase, a weknown heme

reducing proteirfBernardet al.2005) However Cyc2phomologus are only present
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in yeast species, sugd@ieg that this protein malyedispensablat the level ohigher

eukaryotic species.

Recently some light hadeen shed on the substrate specificity of HCI2 s protein
recognises a consensus sequeng&EEGXXL/IFXXXCXXCH) at the N-terminal
portion ofapcecytochromesubstrates before the covalent linkage to the H{&texens
et al.2011b). A bacterial cytoclome which would otherwisgot be processed by
System Il was shown to be fully procedsby the HCCSnzyme,providing the
consensus sequence wamngdinto the proteinFurthermorea single mutation of the
highly conservedohenylalanineresidue of the consensus sequencean alanine
resulted itHCCS attachingio hemeo theapocytochromen S. cerevisiae by HCCS
(Kleingardner and Bren 2011, Steverisl.2011). However, he samenutatedapo
cytochromewas fully processed by thgystem | ofE. coli (Kleingardner and Bren
2011) Thisindicates that the high specificity and low flexibility of the HCCS enzyme

may arise from its need for the aforementioned consensus sequence.

Molecular mechanisms fbwow HCCS recgnises its substrate in order to attach heme
covalentlyhave been elucidadelt has been shown that the human HCCS recognizes
the alpha helixl of the mitochondriahpocytochromealongside the CXXCH motif
(Babbittet al.2016) Perturbations to th@phahelix-1 leadto poor processing of the
mitochondrialcytochromes. Thalphahelix-1 has been suggested to be important in
positioning the first cysteine of the CXXCH motif for covalent heme attachment
whereas the H of the CXXCH motif positions the second cyst@abbitt et al.

2014) In contrast to the highly importantfdrminal of theapocytochromethe G
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terminal region of the protein is not required fotaohromec maturation(Zhanget

al. 2014)

1.4.2 Cytochrome ¢ maturation System Il

System 1l is often termed Cceytochromec synthesis)This system is responsible
for cytochromec maturation in chdroplasts, cyanobacteria, most Grpositive E
and Hproteobacteria, algae and plant chloroplg&snon andHederstedt 2011)
Recent studies suggest thAahammoxbacteriamay also use Cag-erousi, Speth et
al. 2013) In this systemfour specific gens are essential fore-type cytochrome
biogenesigBeckett, Loughman et al. 2000)wo of these genesesB andresC, occur
frequently in the same operon aitdhas beersuggestd that they function in a
complex togethe(Kranz et al. 2002) These studies show that thedB protein is
absent fronvarians lacking RsC(Hamelet al.2003, Feissneet al.2005) that the
two proteins cammunoprecipitatgXie et al. 1998) and are fused togethen H

proteobacterigSimon, Gross et al. 20Q0)

From the sequence homology oétResC protein with the heme interantpraeins

of System I, especiallgytochrome: maturation protein CGcmQ), it was postulated
that thisproteincarries out a heme transport functidhese predictions have recently
been confirmed via experimental studissiggestinghat the ResBC compleis
responsible fotransporting heme to the positive side of the memb{ahaja et al.
2009, Frawley and Kranz 200%imilar to CcmC, ResC also hadgryptophanrich

motif flanked by conserved histidinesidues which are thought to be directly
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involved in heme ligation. Theyptopharresidues maform a hydrophobic platform
for the heme to dock its tetrapole ring andthe histidine residues on either siday
coordinate the iromentre of the heme moiety. Sid&ected mutagenesgudieson
these amino acids have confeth their absoluteequirementfor cytochromec
maturationin vivo (Hamelet al. 2003) The ResC proteinmay have two separate
topologies 6 transmembransegment (TMSs) for th&fycobacterium leprae ResC
(Goldmanet al.1998)and 4 TMSdor the Chlamydomonas reinhardtii homologue
(Hamel et al. 2003) In both modks, the tryptophanrich motif is placed n the

extracytoplasmic space wheogtochromer maturtion would take place.

Re® has fewer distinctive featuréisan ResCTopologically it is predicted to have
4 TMSs and a large extracytoplasmic dombetween TMSs 3 and 4. The best
conservedeaturesf the protein & its hydrophobic domains andhistidine in TMS
3 (Beckettet al.2000) This protein actsvith ResCin a complexand also hasoles
in heme transport and deliyeto the apecytochrome Previous studie$o restore
holo-cytochromec formation by heme supplementation of the growth mediua
Synechocystis variant lacking ResBhave howeverbeen unsuccessfilichy and

Vermaas 1999)

Interestingly, ResB and R€ have been shown fanctionally substitute for the
whole of System |, despite System | haviagdifferent protein composition dn
organisation distribution t8ystem ll(Feissneet al.2006). This grongly suggest
thatResB and Res@reessentiain heme provision and the subsequent heme ligation

to the apocytochrome Expressionof a ResBC fusion fromHelicobacter pylori
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restored the heme bindingapocytochromer in anE. coli mutant lacking all of the
System IcomponentgFeissneret al. 2006). Similarly, in anotherE. coli system
lacking its own endogenous cytochromenaturation apparatus, the expression of
ResBC was showto mature native cytochromes Bf coli which would otherwise be
matured by System I. The addition of an exogenous reductant to this system
significantly increased the amount of hagtochromec matured (Goddardet al.

20104).

Theothertwo membes of System Il, the R&A and CcdA proteinsvere not required

to rescuecytochromec maturation ink. coli. ResA is a thioredox#ike protein and
CcdA ishomologous to thé. coli DsbD proteinKimball et al.2003) Themain role

of ResA is to reduce the cysteine residues oafitecytochromebefore the formation

of the thioether bonds with the heme moi@ylendssoret al.2003) The fact that
CcdA and ResA, which are absolutely essential for Systeraytibchromec
maturation aredispensabléor rescuing of theytochromematuration in thdResBC
dependet E. coli system lacking its System | components including its native
disulfide reducton pathway (CcmG and CcmH3juggest different thiolredox

straegies between the two systems or lack of necessitlialfidereduction.

Additionally, the specificity of attaching heme to the CXXCH motif tbEé apo
cytochromas distinctly differentin the two systemsSystem requirestwo cysteines

in the CXXCH motifand cannot attach any heme to the AXXCH or the CXXAH
variant(Allen et al.2002) Systemll however,can incorporate hemalbeitat lower

levels, into single cysteine cytochrom@&monetal. 2002) This sugges different
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mechanisms of heme attachment and ‘{ogtochrome release between the two

systems.

It is important to mentiohat the DsbD protein was not removed in the ResBC
dependenkE. coli system(Feissneet al.2006), sothis proteincould compensater
thefunction of CcdA. It idifficult to predicthow electrons would pa$som the DsbD
protein to theapocytochromewithout downstream redox mediators (CcmG and H of
System land ResA of System Il). It is possilthat the ResBC complex is so efficient
at capturing newly translocategbocytochromepolypeptidesthat DsbA (the thial
oxidase in organism that usk System I) hdgtle or no opportunity to fan disulfide
bonds. his would negate the need for a thietluction pathway for heme binding in
the ResBC dependeht coli system. Theralsoremains gossibility that thenolo-
cytochromer matured in this ResBC dependéhtcoli is not correctly matured with

respect to its stereospecificity.

The foregoingconsideration suggestisat CcdA and ResA are involved in reducing
theapocytochromecysteinedeforecovalent heme attachment. The ResBC complex
(sometimes exigtig as a single proteirg responsible for the transport of heme to the
positive side of the membrane, recognising dpe-cytochromesubstrate and then
covalently attaching the heme to thygocytochromepolypeptides. Thus the ResBC
complex is responsiblior the transport and the heme attachnaetivity of System

Il (Simon and Hederstedt 201This is summarised in Figuler.
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Figure 1.7: System Il of the cytochrome ¢ maturation pathways. ResBC are the two
proteins responsible for the transport of heme to the positive side of the membrane

and also for carrying out the heme lyase function in this system. CcdA and ResA are
thioredoxin-like proteins involved in reducing the apo-cytochrome polypeptide to
prepare them for covalent attachment to the heme moiety. Figure adapted from
(Stevens, Daltrop et al. 2004a)

W. succinogenes is part of the Gproteobacteria familyand is capable of nitte
respiration. This speciasilises a homologue of the ResBC fusion protein known as
Nrfl (Pisaet al. 2002) This protein is specifically required foritether bond
formation between theeme and the unusual CXXCK heme binding motif of the
nitrite reductase suburof NrfA. In addition tothe unusual CXXCK motif, NrfA also

contains four converdnal CXXCH heme binding motifs whidre processed by the

usual set ofesBC genegKernet al.201().

In W. succinogenes, two otherResBC orthologueshave been identifiedCcsAl and
CcsA2 CcsAlis absolutely requed for the insertion of hementd the atypical
CX1sCH heme binding site of cytochrome Mc@Aartshorneet al.2007) CcsA2, has

beensuggestedo be required for the maturation of various cytochromes containing
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the conventional CXXCH moti{Kernetal. 20103). Recent studies have shown that
essential histidineesiduesare important in all of the differergoenzymesitilized by

W. succinogenes t0 maturec-type cytochromeg¢Kern et al.201M). These finding
overall suggest that multiple paraloguescgtochromec maturation proteins can be
utilised by different organisato enable the procesg of different subclasses of

type cytochromes

1.4.3 Thecytochrome ¢ maturation (Ccm) system orSystem |

The Ccm systengommonly calledSystem ] is the most complex of atlytochrome

¢ maturation pathways identfd so far. Thissystem consists of at least 10 gene
products that work together to achieve the main goattathing heme covalently to
the CXXCH motif of he apocytochrome System lis found in D and J
proteobacteria, archea and in the mitochondria of photosynthetic eukaiiaas

et al.1998, Mavridowet al.2013). Figure 1.8 shows the schematic representation of

the Ccm system.

Systeml hasan elaboratecompositionof protein complegs that perform unique
functions through several proteiprotein interactionsFor example, th&CcmAB
complexwith ATPase activity andan unwgual heme chaperoneown as CcmkE.
These dedicatedhachineries mayccount for the significantly different catalytic
featuresof the system,dr example, System | is much more flexitilan the other two
systemswith respect to its substrates, and oftealike to procesapocytochroms of

very diverse origia (Schlarbet al.1999, Sanders and Lill 2000, Allen and Ferguson
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2006) This isdistinctly different to Systeniil, which employsa dedicated HCCS
homologue for eachpocytochromec in some organismd he conserved CXXCH
motif of the apocytochrome is absolutely necessary for the processing of
cytochromes by System(Allen et al.2002) As previously mentined, System Il
and possiblySystem Il can catalyse the formation aéingle thioether bondbut

System Istrictly requiresoth cysteines.

1.4.3.1 The role of CcmAB is crucial forcytochrome ¢ maturation

The Ccm genes are often found close together in the genomes of organisms utilising
System (ThSny-Meyeret al.1994) The CcmA protein, the product of the first gene

in the operon, shows characteristic features of the ATP bindingngalof ABC
transportergChristensert al.2007) ABC transporters typically contain a duplicated
ATPase subunit and two transmembrane permease do(hagusns 2001) CcmB

and CcmC preins, encoded by the downstream genes fwamd, have six
transmembrane segmerfGoldmanet al. 1998) This is the classic topology of the
membrane domains of ABC transportarsl, thus, initially these three proteins were

togethemhypothesised to be one.
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Periplasm

System |

Cytoplasm

Figure 1.8: The schematic representation of the main components of cytochrome c maturation pathway known as System I. The
representation is based on the model organism E. coli. Proteins associated with the heme delivery pathway involved in sourcing and
providing the heme to the heme chaperone, CcmE, are shown in light blue. The histidine residues are shown in orange where a dotted
line indicates a ligation to the heme and a solid line represent a covalent bond. CcmF and the Ccml portion of CemH are shown in green
as they are thought to facilitate the heme transfer to the apo-cytochrome from CcmE. The CcmH protein is present as two separate
proteins in some organisms such as Paracoccus. Proteins involved in thioreduction and preparation of the apo-cytochrome polypeptides

for heme attachment are shown in dark blue. Figure adapted from (Mavridou et al. 2013b).
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Initially it was proposed that both CcmB and Cciedhistitutethe permease subunit
of the transporteGoldmanet al. 1997) and this claim wastrengthenedy the
proposal of thésolated CcmABC complex havir@cmAeBC stoichiomety (Feissner

et al.200&). However other tightinteractions with different members of the Ccm
proteins have also been report@ghtzen and Beckwith 2000, Ahuja and Thsny
Meyer 2003, Ahuja and ThSAyleyer 2005) so the whole system has been speculated
to exist a largesuper complexXVerissimo and Daldal 2014%imilarly, in wheat for
example, large oligomet complexes of 50000kDa have been found and isolated
(GiegZet al. 2004, Ahuja and ThdmMeyer 2005, Rayapuranet al. 2007) Thus,
these cammunoprecipitatiormnd cepurificationexperiments alone are ratfficient

to determinghe composition or the role of th®BC transporter.

There is alsstrongevidenceagainst thgproposedCcmABC stoichiometrythe most
notable beingthat CcmB isnecessaryand sufficient for the assembly of fully
functional CcmA in themembrangChristenseret al. 2007) This strongly suggest
that CcmA does not need to interact with CcmC for its function or stabigmC
and CcmB woulde expected tghare sequence similarity if both proteins were to
interact and form a comptevith CcmA, butthis is not the cas€Christenseret al.
2007) The genes responsible for CcmA and CcmB are almost always adjattent in
genanes of organisns that utilise System |(apartfrom Rickettsia, Neorickettsia,
Wolbachia and Ehrlichia species) buthe generesponsibldor CcmC is not always
located in thevicinity of these genedrinally, mutants obacteridacking CcmC have
differentphenotypeshan thosdacking the CcmAB proteingCianciottoet al.2005)

These findings show tha&cmA and CcmBmost likely form a complex with a
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stoichiometry of CcrA2B, the typical stehiometry of an ABC transportefhis
complexwould thenassociate with other Ccm proteif@;, exampleCecmC which is
proposed to interact with CcmE (see section 1.4.3.3) in a manner which is dependent

on the ATPase activity of CcmAB

The specific function of the CcmABcomplex has beersomewhatelusive Heme
transport was the obviogsediction,since the transpbof heme from its biosynthetic
locationto the periplasm is still unknow@&oldmanet al.1997) A lack of functional
CcmA in E. coli did not affectheme uptake by irerted vesiclegCook and Poole
2000) heme incorporation into CcmgSchulzet al. 1999, Feissneet al. 2006,
Christensenet al. 2007) or into the periplasmid-type cytochromeqgGoldman,
Gabbert et al. 1996, Throitéolst et al. 1997) Additionally, the ATPase activity of
the purified CcmAB comples vitro was not #ected by the presence afidecheme.
Finally, E. coli cells deficienin the CcmA proteinwere not able to be complemented
via extracellular heme, despite these cells being ableptake and growon
extracellular heméChristenseret al. 2007) These findings stronglguggest that

CcmAB is not a heme transporter

A mutation to a conservedstidineresidue inShewanella putrefaciens CcmB protein
led to nocytochromec maturation andmpaired growth (Dale et al. 2007) The
peliplasmic extracts from these tsethowed a higher thigroup contentsuggesting
a less oxdative peripasm thanthe wild type and thatan oxdising agen is the
substrate of CcmABHowever, it is difficult to envisagespedfic need for an oxidant

in cytochromec maturation. Finally, it has also been suggested @@hAB is
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involved in transporting a reductaf@tevenset al.2004, Feissneket al.2006), but

this currentlylacks convincingexperimental data.

The most convincingredictionfor the function of the CcmAB complegame from
site-directed mutagenesis studies. It is well established that CcmA has a Walker A
motif which is used foits ATPase activityfWalkeret al.1982) A K40D mutation of
this motif, which impaiedthe ATPas€cmAB activity, lel to nocytochrome: being
produced. l@wever, an accumulation of hel@cmE (CcmE loaded with heme) was
observed in the membranes of theagans (Christenseret al.2007) This strongly
suggest that the function of CcmAB is to drive heldcmE out of the
CcmC:heme:CcmEomplex (see next section), bgupling the energy releasedrfro
ATP hydrolysiswith a possibleconformational chang@-eissneet al.2006, Harvat

et al. 2009) Furthermore,as the K40D mutation did not hinder helecmE
production, it is evidencagainstCcmAB functioning as a heme transporter into the

periplasm.

1.4.3.2 CcmE the heme chaperoe of System |

The heme chaperone Ccniike the CcmABcomplex isunique to System I. No other
cytochromer biogenesis systetmas molecular playewgith the same organisation and
propertiesWhat is striking abou€cmeE isits ability to form acovalentyet transient
bond to the heme moietlgefore transferring it to th@pocytochromeUnlike c-type
cytochroms, CcmEbinds heme covalently via an amtaoid residue that is not a

cysteine(Reid et al. 1998, Schulzt al. 1998, Spielewoet al.2001). The covalent
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bond between CcmE and hemedsnposeaf an unusual linkage between thé& f
its histidine (H130 inE. coli) and the Ecarlon of the 2vinyl group of the heme

(Uchidaet al.2004, Leeet al.2005) This bond is demonstratethd compared to the

covalent bond found ia-type cytochromesn Figurel.9.

Figure 1.9: Comparison of the covalent bond between heme and CcmE protein (left)
and in c-type cytochromes (right). The N € of the histidine (H130 in E. coli) in CcmE
is covalently attached to the Ecarbon of the 2-vinyl group of the heme, compared
with the two cysteines covalently attaching to both 2- and 4- vinyl of the heme in c-
type cytochromes. Figure adapted from (Stevens et al. 201 1a).

This hemehistidine bond of CcmEs unique in natureand is significantly different
to the only other hembistidinecovalentinkage see in a recombinarttenoglobin
from the cyanobacteridhe bond in the latter involves the?Mf thehistidineresidue
and the Dcarbon of the Zinyl group of the heme moiet{vu et al.2002) CcmE

transfersts covalently bound heme to tapecytochromen vivo (Schulzet al.1998)
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so this protein has been designated a heme chap&®mertionedpreviously the
heme is attacheid a different wayto thec-type cytochromessothe mechanis for

heme transfer is not obvious.

The CcmE protein consists of antérminal membnae anchor and a periplasmic
globulardomain(Thsny-Meyer 2003) The soluble version of CcmE king its N
terminal domain, often used as a tool in biochemical studies, ialalsto bind heme
covalently andholo-CcmE formedin vitro is virtually identical to that producedn
vivo With respect to the pyridineemochromeand mass spect(Baltropet al.2002).
More strikingly, CcmE can alsdransfer heme to th@pocytochromein vitro

(Daltrop, Stevens et al. 2002

The soltion structure of ap@€cmE haseen determined from two different species
(Arnesancet al.2002, Enggiset al.2002) Both of these structes reveal a rigid six
stranded Ebarrel core for the protein which could be resolved with raghmic
precision The Gterminal isstructurallyless well defined andonsistsof a short D
helix followed by an unstructured tail of 16 amino acids. See Fifjui@ for the

structure of ap&CcmE
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Figure 1.10: Solution structure of the periplasmic domain of apo-CcmE. The E
barrel core of the protein and the heme-binding H130 residue are indicated. The C-
terminus of the protein is flexible and mobile, the orientation shown in the figure is
one of many. The apo-CcmE structure is based on the NMR structure produced by
(Enggist et al. 2002).

The Gterminal domain of CcmE, despite beingot well structuredand poorly
conserved, imdjacent tahe solvent exposed heme bindinigtidine. Thisimplies
potential rolesn heme recruitment amay/ transfer to thapocytochromdrom the G
terminus Studiesvhere the @erminus issequentially terminated and removedull
supports thigEnggist andrhsny-Meyer2003) The removal of all 29 amino acids up
to the crucial H130 does not disth heme hiding completelyn vivo, although he
non-covalent binling to the CcmE proteiwas disruptedsignificantly without the

presence of the -@rminusin vitro. For relatively efficient transfer of heme to the

apocytochromein vivo, residues until Prol137 were requirdd.these studies, the
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cytochromer levels dways correlatd with the holeCcmE levels in the membranes
suggesting the @erminus of the protein is importafdr initially interacting with
heme and ndior the sequential transfer tbe apocytochromgEnggist andrhSny-

Meyer2003)

A platform of conservetiydrophobicresidues located on the external surface of the
main -barré core of the protein were identifiedlose to the hemleinding H130.
This region was proposed to be the hdrraling region of the proteifEnggistet al.
2002) Based on this assumption, a h@omE structure was modellesthere
residued-37, V110 and L127 were supposed to interact wittptb&oporphyrin ring

of CcmE and the residues R61 and K129 would newgealhe heme propionates
(Th8ny-Meyer 2003) This region was also suggested to present a putative heme
bindingpocket where heme woulaitially dock before covalent bindin@his model
would bring the heme vinyl grougsato the vicinity of the hembinding H130 and

the heme iron close to Y13which has been suggestedimportant(Uchidaet al.
2004, Garc’eRubioet al.2007) However neither sitedirectedmutagenesianalysis

nor structural evidencget fully support thisThe bestsupport for this model came
from a series of sitelirectedmutagenesis stlies on the aforementioned residues
(Enggistet al.2003, Thsiy-Meyer 2003) With the exception of the H130A and to
some exént Y134A mutations, virtuallyio attenuatiorof the heme binding ability of
CcmE was observed. The masinclusiveresult from these studies wass observed
previously, that the H130A mutation complete@lgolishedholo-CcmE production
and nocytochromec wasmatured. The findingthat tre remaal of the Gterminus

severely affectshe noncovalentand covalenheme binding of the protein and not
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the mutations on the@roposed residug&nggistet al.2002) suggest an important

role for the Gterminus during the interaction between heme and the CcmE protein.

Thereason for the covalent linkage between Ccmé the heme moiety is currently
unknown. Most metal chaperones bind to their cofactors for their protestiomage

and delivery. CcmE dogserform these function$ut the reasofor a covalent bond
requirements unclear. It has been established thaagiecytochromads only able to

bind heme in one orientatigiBarker and Ferguson 1998hd thus CcmE may be
required for the correct sterselective transfer of the cofact@tevenset al.2005)

It could achieve this by preselecting and fixing the correct spatial arrangement of the

heme moiety by compromising one of thewigroups.

1.4.3.3 The interaction between CcmC and CcmE

Formation offunctionally activeholo-CcmE protein which can transfer its bound
heme to th@pocytochromerequires CcmE to interact wigeverattransmembrane
proteinsin vivo. CcmC(Figurel1.8) is the most importaraf these proteins involved
in the hemehandling part ofcytochrome ¢ maturation Initially, CcmC was
consideredpart of the ABC transporter along with CcmA and Ccniwever,
furtherstudiesas disassed in Section4.3.1have shown that this is not the case. The
mostnotableobservations thatin species where the CcmC protein has sesent

no holoCcmE production is observedSchulz et al. 1999) Conversely
overexpressing CcmC leads to a large accumulation of®@ohoE even in the

absence of all other Ccm proteif®&chulzet al. 1999) Along with the inding that
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CcmC, heme and Ccmierm a complex togethen vivo (Ren andThSny-Meyer
2001, RichareFogal and Kranz 2010bhis indicates that the main function of CcmC
is to source the heme for System | aaid in thecovalentattachment of heme to

CcmE.

CcmC hassix-TMS topobgy and displays its highly conservettyptophanrich
(WWD) motif on the periplasmic sidehich is flanked by twdighly conserved
histidineresiduegGaballaet al.1998, Goldmart al.1998) These characteristics are
similar to the ResC of System Bp CcmCwas predicted to be involved in heme
binding (Beckmanet al. 1992, ThSnyMeyer et al.1994) Sitedirectedmutagenesis
studies on these motifs of CcnifZlicate thathey are absolutelyecessaryor holo-
CcmE formatior(Schulzet al.2000, Ren an@hSny-Meyer2001, RichareFogal and

Kranz 2010)

It was initially posulated that the WWD motif anthe conserved histidinesidues

may berequired for proteirprotein interaction between CcmC and CgnmiStead of

heme dockingasthe altered WWD domains westill able tobind onto the heme
(Schulzet al.2000, Ren and@h3ny-Meyer2001) However, in thesexperimentsthe

CcmC constructsised to test foheme interactions carried Hitags which can at

as strongheme ligandsThis calls into question thggnificanceof these results, as

the Hig-tag aloneis sufficient to ligatethe hemeA modelwhere CcmC picks up
heme from the periplasm and then presents it to CcmE for covalent heme binding is

certainly moreplausible.This is further supported by the WWD domain now being

43



recognise@sa characteristic of heme handling proteins (HHIEet al.2007, Kranz

et al.2009)

A Pseudomonas fluorescens mutant where the genessponsibldéor the CcmC protein
have beerdeletedis shown toexhibit a ferrochelatase deficiency phenotype, which
accumulates protoporhyrin IX in the cytoplagBaysseet al. 2003) Although this
indicates that CcmC might be a heme transporter to the periplasm, etpkEmations
are also viable. CcmC may besociatedvith ferrochelatase activifyand its absence
could directly or indirectly dowregulatethis to ensure iron is insertedtnthe
protoporphyrin ringpreventingormation of toxic free heme speci€sirtherstudies

are required to substantiate these proposals.

It has been shown that CcmCriscessarand sufficientto produce hole€CcmE in

vivo. A different protein, CcmD(see Figure 1)8has been shown tenhance
interactions in the systeandits presence leads tooreapo and holeCcmE proteins
(Schulz et al. 2000) Removalof the CcmD protein leads to @mpleteloss of
cytochrome: maturation but this phenotype can be rescued by the overexpression of
CcmC and CcmESchulzet al. 1999) This indicates that the CcmD protein is

importantbut not absolutely essential foeme binding to CcmE via CcmC

CcmD is a small monotopic protein, consisting of a membrane domain flanked by
hydrophilic N- and Gtermini that protrude in the cytoplagihuja and ThsnyMeyer
2005) CcmC, CcmD and CcmE have beenrpeoified in a ternary complex and the

hydrophobic domain of CcmD significantly enhandes tormation of this complex
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by potentially aiding its assemblyhe positivdy charged residues from the- C
terminal domain of the CcmD protewere suggestedo be important in the heme
delivery to theapocytochromeby potentiallyassistingcomplex formation between
CcmC, heme and Ccmhuja and ThdnyMeyer 2005) This suggest thatCcmDis
important forthe proteinprotein interactions leading to efficient maturation of

cytochromer.

1.4.34 The interaction of CcmE with other Ccm proteins

CcmF(Figure 1.8 is oftenreferredto as the bacteri@ytochromec heme lyaséXie
et al.1998, ThSnyMeyer 2000) as itis not required for hol@CcmE production but is
absolutely crucial for the correct transfer of heme faemE to theapocytochrome
(Schulzet al.1999, Reret al.2002) CcmF interactindividually with both CcmE and
the tetratricopeptide repea’PR) domainof E. coli CcmH which is involved in
chaperoning thapocytochromepolypeptidg(at least for Class &type cytochromes)
(Verisssimoet al. 2017) This indicategshat CcmFand CcmH can act together to

transferheme from CcmE to th@pocytochrome

CcmF isalso considered part of the HHP fam#ymnilar to CcmC and Res@s it also
contains dryptophanrich WWD motif exposed to the compartment of the cell where
cytochromec maturation takes placehe periplasm{Goldmanet al. 1998, Rios
Velazquezet al. 2003) Furthermore, five additiondlistidine residueshave been
identified within its WWD domain,four of which are located irthe periplasm. fie

conservedistidine residuesnd the WWD domain are not requirkat this protein
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to interact with CcmEand CcmH(Renet al. 2002) Anotherinteresting differene
between CcmF and CcmC is tiha@me which is destined for the aprytochromehas
not been observed to interact with the former. This sugtiesthe initially proposed
role of CcmF, to tranmort heme across the periplasmic membrgGoldman and
Kranz 2001)is not fully supportedThe heméound CcmE species more likely to
be thesubstrate o€cmFand thathis protein is facilitating the transfef heme from

CcmEto theapocytochrome(see later)

CcmF was reportedh two different studies t@omprisell TMSs(Goldmanet al.
1998, RiosVelazquezet al.2003) The annotations used bothwere controversial

as theyindicated again that CcmF may be involvedaitransport function such as
translocating heme across the periplasmienbmane (Pearceet al. 1998) It was
demonstrated in Rhodobacter capsulatus andRhizobium leguminosarum mutart that

the deletion of CcmF lead® an accumulation of heme precursors, once again
suggesting a transport ro|Biel and Biel 1990, Yeomaet al.1997) This rolewas
unequivocallyruled outdue tothe observation that CcmE can bind heimehe
absence of CcmESchulzet al.2000) A moreprobablemoleculeto betransporéd

if present, would be a reductant for theocytochromematuration as this is

necessary foin vitro thioether bond formatio(Daltropet al.20023).

CcmF is a larg integral membrane proteamd more recently was showndontain
hemeb (RichardFogal et al. 2009) Out of the four conserved histidine residues
mentioned, twdiave been indicated to lorect ligands of its own hemecofactor

(San Franciscet al.2011) Theremaining two histithes on the periplasmic side of
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the membrane ardirectly involved in coordinating the heme of heBtmE in the
CcmE:heme:CcmF complegiSan Francisco and Kranz 201&cmF preferendlly
binds holeCcmE overapaCcmeE, further supporting its role in the transfer of heme
between CcmE and thepocytochrome(San Francisco and Kranz 2014) vitro,
CcmF can also be reduced by quinol awdCcmFwas proposed toeduce e heme
iron in the holeCcmE protein prior to covalent bond formation with thaec
cytochromgRichardFogalet al.2009, Verissimo and Daldal 2014) quinolbinding
site was proposedn CcmF based othe sequence similarities of this protein with
other proteins that are known tatéract withquinones. However, the sitkrected
mutagenesis of the proped quinol binding sitedid not abolishcytochromec
production(Mavridou et al.2013). It isnotclearhow CcmF wouldeceivethe initial
electronto reduce the heme in helecmE, sothis proposal would need further

investigaton.

It has been established that formation of thioether bonds betwespabgtochrome
and heme requisgeduction of the cysteines in the CXXCH maotif. It is likely that in
an oxidative environment like thgeriplasm thethiol groups of thepocytochrome
cysteinesare oxidised to form disulfide bondamediately after translocation of the
polypeptide to the periplastMissiakas and Raina 1997, Colétd Bardwell 2002)
DsbA is a weHknown protein that catalyses periplasmisutfide bond formation
with a very broad specificitgresenin many bacteriadpeciegKadokuraet al.2003,
Nakamoto and Bardwell 2004The formation of the disulfideould also aid in

protecting theapo-cytochromepolypeptides from proteolytic degradatig@ao and
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O'Brian 2007) Thus, a dsulfide reduction system must be presenSystem | to

regenerate the reactive thiols of the CXXCH motif ofdpecytochrome

The thiotreductive pathways @he Ccm system directly involhteioredoxin proteins
such asCcmGand chaperones suchtae TPR domain o€cmH (inE. coli, Ccml in
other organisms)These proteins are required to chaperonapseytochromeand
pass electrons from the cytoplasmic thioredoxin TrxA, via the membranHidk
reductase DsbD.nhctivation of eitherCcmG or DsbD will lead to cytochrome
deficiency,howe\er this phenotype came rescued by the addition of low molecular
weight thiol-containng molecules in the growth med{&ambongi and Ferguson
1994, Fabianelet al.1998, Fabianekt al.1999) ThissuggestthatDsbD and CcmG

are specifically required for trepo-cytochromereduction.

The E. coli CcmH protein is a fusion protein, where theddminal domain is the
cysteinecontaining CcmH and the-t2rminal domain is homobous to Ccmin other
bacteria, see Figure 1(Bheng, Hong et al. 2012yhis CcmHis amembrane protein

that is believed to act as a chaperonafmrcytochranec (Lang, Jenney et al. 1996)

The Gterminal domain (Ccml) contains thr&é® Rmotifs, well-known to function in
proteinprotein interactions and are composed of arrays of 34 hydrophobic residues
IRUPLQJ WZR DBhe@lideqSAndreailiRe€yan 200Fpecifically for Ccml,

they might promote interactions with tlagocytochromeand other Ccm proteins
(Sanderset al. 2007, Verissimoet al.2011) It has indeed been shawhat Ccml

directly interacts wittCcmEduring cytochrome maturation(Verissimoet al.2013)
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The Nterminal domain, CcmH, hasa C-terminal membrane anchoand a
periplasmic Nterminal domaircontaining a CXXC motihecessary focytochrome

¢ biogenesigFabianek, Hofer et al. 1998hd theconserved LRCXXCQ motif in its
active site(Ahuja et al. 2008, Zhenget al.2012) X-ray crystallgraphy studies on
CcmH have revealetthat this protein contains a thrbelix bundle(Di Matteoet al.
2007) In this threehelix bundle the Nterminal g/steine residue is buried while the

C-terminalcysteine is solvertxposedVerisssimoet al.2017)

Initial studies have suggested that CcmH is the most downstream of tlatived
pathway, based on the following findings CcmH has been shown ilteractwith
CcmF inE. coli. (Renet al.2002) ii) yeast twehybrid assays have shown that CcmH
interacts with thepocytochromeof Aradopsis thaliana (Meyer et al.2005) iii) in
vitro studies have shown that the periplasmic domain of CcmH and théoamoof
thecytochromerss10f P. aeruginosa associat€Di Matteoet al.2007) and iv)in vitro
experiments have shown that electrons are transferred from CcmG tpdhe
cytochromevia CcmH (Monika et al. 1997) Most of these findings just suggest
interaction of CcmH withapo-cytochromeand not necessarily a redox role. In
addition, one study suggestatiat oxidised CcmG accumulates in the absence of
CcmH (Reidet al.2001) andelectron flow wasnly confirmedbetween CcmG and
the Niterminal domain of DsblKatzen and Beckwith 2000, Stirnimaanal.2005)

Therefore, the exact role of CcmH remains elusive.

CcmG isanchoredto the cytoplasmic membrane via a hydropholiterminal

domainandpossesssa largeperiplasmicdomaincontaininga CXXC motif (Monika
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et al.1997) SeveralX-ray structures of Ccm@veal a typical thioredoxin foldith

an acidic active sitéEdelinget al.2002, Stirnimanretal. 2005, Ouyangt al.2006)

Two catalytic cysteines of the protein are absolutedgessaryor cytochromec
maturation(Verisssimoet al. 2017) The interaction between CcmG and the N
terminal domain of DsbD is consistent with the reduction mechastiseredfor the
former. The cytoplasmic thioredoxin delivers electrons to the membrane integral
cysteines of DsbD. The latter then passes the electrons from its periplatemiaiQal
domain to tle N-terminal domain, whiclsubsequently shuttles the electronstiver

partner proteins, such as Ccni@zhkova ad Glockshuber 2007)

Initially DsbA and DsbDwere suggested to bessential forholo-cytochromec

formationin vivo (Metheringlamet al.1996, Sambongi and Ferguson 19®&ix later
studies showthat lack of DsbA does not abolish heme attachment-tgpe

cytochromes in some organispand moreinterestinglynegateshe need for DsbD
(or CcdA in System )I(Erlendsson and Hederstedt 2002, Al 2003, Deshmukh
et al.2003, Mavridoet al.2012) These studies strictly conclutieat both System |
and Il can mature-type cytochroms in the absence of the dlilfide-reduction

pathway providedthat the complimentary thiexidising pathway is alsmactivated

Until recently the exact sequence tbfe thioredoxreaction occurring between DsbA,
CcmG and CcmHthadnotbeenfully elucidatedHowever, tis now knowrthat CcmG
and the heme ligation complkesCcmF, CcmH an@€cml all interact together t@ifm

a CcmFGHi{apocytochromecomplex. Byanalysingspecific g/steinevarians, it has

now been established that CcmG confers efficiency and CcmH ensures stero
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specifiaty during cytochromec maturation(Verisssimoet al. 2017) A complex
pathway of events ialso suggested between the actions of DsbA and the roles of
CcmG and CcmHt is important to note however that some of these conclusions may

apply only to Class | cytochromes and may not be general.

To summarise,n the model organisnE. coli, both heme andpocytochrome
polypeptides are synthesised in the cytoplasmaaathen both translocated to the
SHULSODVP 2QFH KHPH LV LQ WKH SHULSODVP LW LV 3S
residues of CcmC, where its WWD domain is in place to support the heme moiety.
CcmE, which has an affinity for this CcmC:heme complex,@ases with it to lead

to complex formation between CcmC, heme and CcmE. During complex formation,
the H130 of CcmE is strategically placed in the vicinity of heme for covalent binding.
Theapaocytochromepolypeptides are chaperoned and prepared for héawhment

via the interplay between proteins DsbD, @mnd CcmH. The ATPase activiby
CcmA, presumably acting through CcmiB then required to release hal@mE from

the CcmC:heme:CcmE complex. H&bemE then interacts via CcmF to deliver the
heme tolheapocytochromen a correct stereospecificanneyto produce the mature
holo-cytochromer. However, several of these steps are inferred from a vast body of

studies and their exact mechanssneed to be further eluciddte

1.4.35 A variant of System [, System I*

A variant system of thevell-studiedSystem | has been identified via bioinformatics

analysis.This system is termed System &nd has a few key differenc&ystem I*
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is mostly present iaulfate reducing bacteria and in severahaedAllen et al.2006)

7KH SURWHLQV RI WKLV V\VWHP ZLOO EH LQGLFDWHG ZL\

The main differences between System | and Hrethe absence o£cmG andthe
cysteinecontaining domain of CcmHand a different CcmE protein. The overall
sequence similarity between the representatives of the proteins cotorti@two
systems is about 60%. It has been shown that the CcmE* protein uses a cysteine
residue instead of tHeghly conservedhistidineseen inE. coli. Interestingly System

I* can perform cytochrome: maturation in&. coli lackingall of the endogenous Ccm
proteins(Goddardet al. 201M). However, a H130Grariantin the E. coli CcmE
completely abolisheapocytochromeproduction despite this CcmE beiadle to

bind heme. Currently there is little understanding of how this system functions

without the specific thiotdisulfide oxidoredutase components &ystem |.

Thecomplex formation between CcmC, heme and CcmE is different between the two
systemgMavridouet d. 2013). As previously describetbr holooCcmE formation

in E. coli, complex formation between CcmC:heme:CcmE is required where CcmE
can then covalently attach to the heme. At this ptilet ATPase activity of CcmAB

is required to release the hemmEfor sequential heme transfer. However, in System
I*, the ATPase activity of CcmAB* initially dissociat¢he heme from CcmC*. This
enablesa nucleophilic attdcby the CcmE* cysteine thiol atme vinyl group of the

heme moiety tdorm holo-CcmE. Furthestudies are required to understand the exact
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molecularmechanismef both System | and I*.

1.4.4 Other, lesswell-understood cytochrome ¢ maturation pathways

There is evidencthatnature has developed more than just three systems to mature
typecytochromes. A newytochrome: biogenesis system termed System IV has been
identified in organisms that perform oxygenic photosynth{&sisaset al.2007) This
system has been shown to be requicedhe maturation of the centre of cytochrome

bs. Cytochromebe is part of thebesf complex (plastohydroquinone:ptasyanin
oxidoreductase)analogous to the mitochondrial and bactetial complex. The
function of the bef complex is to transfer electrons from Photosystem Il to
Photosystem during oxygenic photosynthesis in chloroplasts, while generating a
protein electrochemical gradient across the thylakoid memifkanesu et al.2003)
Interestingly, on the stromal side of the membrane, cytochbeehibits an atypical
c-typeheme centre, termedy] ZKLFK LV OLQNHG WR WitysteiBERO\SHS W L (

and lacks any amino acid axial coordinat{&troebelet al.2003)

Four gene products of the newly termed SystenihdVe beerdiscoveredn green
algaChlamydomonas reinhardtii that arenecessaryor the attachment of the fheme
to the cytochromebs. All four of these proteins are localised the thylakoid
membrane and two of ther@CB2 and CCBdare pedicted to have large stromal C
terminal domains and share sequence homdldgsaset al.2007) Interestingly the

proteins of System IV have highly conserved toghan and tyrosineesidueson the
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stromalsideof the membrane. Thsuggestthat similar to System | and Il proteins,
these can be involved in heme handling in this sysBstem IV may be the onty

type cytochrome maturation system that could be taking place on the negative side of
the membranegde Vitry 2011) However, h contrastto other cytochromec
maturation systemsyo thioredoxin motifs have been detected in anyhef System

IV proteins. Thisuggestthatbeforethe formation of a single thioether bond between
hemec; fland cytochromes, the reduction of intramoleculardlilfides can be ruled

out.

Mitochondrial cytochromeswith a single cysteineonsisting ofa XXXCH heme
binding motif have been uniquely identified in trypanosomatids anebglenozoans
(Allen, Ginger et al. 2004 Bioinformaticsanalysis on the genomes of these species
havefailed to detect any genesnilar to any of theytochrome: maturation system
that arecurrentlyknown, including System I\(Allen et al.2004, Kuraset al.2007)

The interesting correlation between tlecurrenceof the XXXCH heme binding
motif of thdr c-type cytochromes (emarkably similar to other mitochondrial
homologuesexcept for the XXXCH motifand the lack of any knoweytochromer
maturaton genes in theserganismssuggest thatanothercytochromec maturation

system existgpotentially termedsystem V(Allen 2011)

1.5 Aims of the work described in this thesis
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Althoughthe structures and functi@f c-type cytochromesarewell understood, the
mechanism of theibiogenesisin E. coli remains somewhat elusivdhe heme
handling by the maturation proteins before the covalent attactohinat heme to the
apo-cytochromepolypeptide remainsne of the most intriguing and complex aspects
of bacterialcytochromec maturation. There lies thguestion,why have bacteria
evolved so many components to accomplish stgimpletask compared wittsome
eukaryotes that caachieve his with just one single enzymé&me work presented in
this thesis aims to gain insight on the heme delivery aspegtathrome: maturation

in the most complekiogenesis mechanisr8ystem IThe main molecular play, the
unusuaheme chaperonécmeg, is specificallyexaminedn atomic detail by Nuclear

Magnetic Resonance (NMR) spectroscopy.

In Chapters 3 and 4, sithrectedmutagenesistudies are conducted vivo on two
key players inthe heme deliverypart of System I,CcmC and CcmE. By using
conservatiorand covariance analysis, specific residues are exahtim determine

theirimportance in

X The complex formation between CcmC, heme @othE, a key step prior to
chaperoning the heme to thpecytochrome
X The release of hol€cmE from the CcmC:heme:CcmE complex to allow the

former to deliver its heme fpocytochromen astereospecifiecnanner

Although the solution structure of apgocmE has already beedetermined no

structural information on the hel6cmE protein has so far been obtained. In Chapters
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5 and 6 heme polypeptide interactions in habxmE are probed via NMR to

examine:

X Whichresidues of the heme moiety are interacting with the polypeptide in the
covalentholo-CcmE protein at a residigpecific level

X Whether a heme pocket exists on the CcmE structot@ whichthe heme
docks prior to covalent heme binding

X Whether there arany proteirligands on the heme moiety during covalent and

nontcovalent heme polypeptide interactions

The results obtainedlentify key residueswhich are vital for CcmE to interact
productively with CcmC and subsequently be released to transfer the heme moiety to
the apocytochrome Furthermore novelinformationon holo-CcmEis obtainedat a
residuespecific level providing new insighg on how heme interacts with the

backbone of this unique herbending protein.
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2 Materials and methods
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2.1 Bacterial strains and plasmids

The E. coli bacterial strains used in this work are listed in Table 2.1. The plasmids
used in this study are shown in Table 2.2. The plasmids in Table 2.2 were obtained by
site-directed mutagenesis on plasnpEc86using primers listed in Table 2.3, apart
from pSHS04 pSHS06, pSHS07, pSHS10, pSHS40 and pSHS41 which were

obtained by mutating the pE221 plasmid. Finally, plasmids pSHS4vere obtained

by mutating the pCcmC1 plasmid.

Table 2.1: Bacterial strains used in this study.

gt.r;?r? Genotype Source/Reference
BL21 ;
(DE3) F-, ompT, hsdSs(rs-, me-), dem, gal ( Stratagene
F*endAl ginV44 thil recAl relAl gyrA96 deoR
nupG purB20 3  (acZ00  UacZYA-
DH5p argF)U169, hsdR1% ng®  * (Hanahan 1985)
JCB387 E. coli 59 #irB (Hussairet al.1994)

Table 2.2: Plasmids used in this study.

Plasmid Vector Expressed protein Source/Reference
CcmElacking a signal peptide
(residues S385163), Gterminal (Daltropet al.
PE221 | pET22b(+) Hise-tag, pelB signal sequence 2002)
AmpR (Soluble CcmE)
pEc86 | pACYC184 CcmABCDEFGH Cah (Arslanet al.1998)
pSHSO01 | pACYC184 pEc86 Q49A-CcmC, Cafi This work
PSHS02 | pACYC184| pEc86 R104A- CcmE, Caf This work
pEc86 Q49A-CcmC/R104A .
pSHSO03 | pACYC184 CemE, Caf This work
(Soluble CcmE) @erminal
pSHS04 | pET22b(+) | thrombin cleavage preceding t This work

Hise-tag
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PSHSO05 | pACYC184| pEc86 R104Q- CcmE, Caf This work
(Soluble CcmE) @erminal
pPpSHS06 | pET22b(+) | Strepll-tag after the thrombin This work
cleavage site and thdiss-tag
(Soluble CcmE with H130A) €
pSHSO07 | pET22b(+) terminal thrombin cleavage This work
preceding thédiss-tag
PSHS08 | pACYC184| pEc86 Q49E- CcmC, Cafl This work
PSHSO09 | pACYC184| pEc86 R104I- CcmE, Cafi This work
(Soluble CcmE containing
H130A) Gterminal Stregl-tag .
PSHSI10 | pET22b(+) after the thrombin cleavage sit This work
and theHiss-tag
pEc86 Q49RCcmC/R104Q :
pSHS11 | pACYC184 CcmE, CaR This work
pEc86 Q49FCcmC/R104I :
pSHS12 | pACYC184 CcmE, CaR This work
PSHS13 | pACYC184| pEc86 Q49G- CcmC, Cafi This work
pSHS14 | pACYC184| pEc86 R104G- CcmE, Caf This work
pEc86 Q49GCcmC/R104G .
pSHS15 | pACYC184 CcmE, CaR This work
pEc86 Q49A-CcmC/R104V .
pSHS16 | pACYC184 CcmE, CaR This work
PSHS17 | pACYC184| pEc88 Q49S- CcmC, CaR This work
PSHS20 | pACYC184| pEc86 Q49C- CcmC, Cafl This work
pSHS21 | pACYC184| pEc86 R104C- CcmE, Cafl This work
pEc86 Q49A-CcmC/Q50A :
pSHS22 | pACYC184 CemC, CaR This work
pEc86 Q49GCcmC/R104C .
pSHS23 | pACYC184 CemE, Carf This work
PSHS24 | pACYC184| pEc86 Q50A- CcmC, Cafi This work
pEc86 R104A- CcmE/Q107A .
pSHS25 | pACYC184 CemE, Caf This work
PSHS26 | pACYC184| pEc86 R104S- CcmE, Cafi This work
pEc86 Q49SCcmC/R104S .
pSHS27 | pACYC184 CcmE, Caf This work
pEc86 Q49K-CcmC/R104A .
pSHS28 | pACYC184 CemE, Caf This work
pPEc86 Q49K-CcmC/Q107E .
pSHS29 | pACYC184 CcmE, CaR This work
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pEc86 Q49K-

pSHS30 | pACYC184| CcmC/R104A:Q107E CcmeE, This work
Cari®
pEc86 Q49A-CcmC/R104S .
pSHS31 | pACYC184 CcmE, CaR This work
pPSHS32 | pACYC184| pEc86 D47A-CcmC, CafR This work
pPSHS33 | pACYC184| pEc86 R55A- CecmC, Caf This work
pPSHS34 | pACYC184| pEc868 D101A- CcmE, CafR This work
PSHS35 | pACYC184| pEc86 E105A- CcmE, Cafl This work
pPSHS36 | pACYC184| pEc86 R73A- CcmE, Cafl This work
pEc86 Q49V-CcmC/R104A .
pSHS37 | pACYC184 CcmE, CaR This work
pEc86 Q49V-CcmC/R104V .
pSHS38 | pACYC184 CcmE, CaR This work
CcmABCDEFGH CaRwith C- .
PSHS39 | pACYC184 terminal Stregl-tag on CcmC This work
(Soluble CcmE containing
H130A/Y134A) Gterminal .
PSHS40 | pET22b(+) Strepll-tag after the thrombin This work
cleavage site and théiss-tag
(Soluble CcmE containing
H130A/Y154A) Gterminal .
PSHSAL | pET22b(+) Strepll-tag after the thrombin Thiswork
cleavage site and théiss-tag
CcmABCDEFGH Cafwith
pSHS42 | pACYC184| two Cterminal Strefl-tag on This work
CcmC
CcmABCDEFGH CaRwith N- .
PSHSA3 | pACYC184 terminal Stregl-tag on CcmC This work
CcmABCDEFGH CaRwith
pSHS44 | pACYC184| two N-terminal Stregl-tag on This work
CcmC
pEc86 D101A/R73A/E105A .
pSHS45 | pACYC184 CcmE, Caf This work
(Soluble CcmE containing
H130A/Y134F) Gterminal .
PSHS46 | pET22b(+) Strepll-tag after the thrombin This work
cleavage site and thiss-tag
pSHS47 | pQEIM9 | Hise-tag on pCcmC1 and R554 This wak
pSHS48 | pQEIM9 | Hiss-tag on pCcmC1 and D474 This work

60




pSHS49 | pQEIM9 | Hiss-tag on pCcmC1 and Q504 This work

Full length wildtypeE. coli
CcmC fused at the-@&rminus
of N-terminally His-tagged
immunity 9 of ofE. coli.

Gift from Despoina
Mavridou (mperial
College Londoh

pCcmCl| pQEIM9

2.2 Genetic techniques

2.2.1 Sitedirected mutagenesis

All plasmids used in this work are summarised in Table 2.2. These were generated by
sitedirected mutagenesisby QuikChange (Strategene), according to the

P D Q X I D F WskudtibhsPCR reactions were carried out usk@D Hot Start

DNA Polymerase (Novogen) following the guidelines supplied with the product. The
oligonucleotides that were used are listed in Tabkl primers were purchased from

Sigma Genosys.

Table 2.3: Oligonucleotides used for site-directed mutagenesis

Plasmid

Primer Sequence (B%a3 Yoo made

CGGCTTTGCTCCGGCTGATTATGCGCAGGGAAA

CemCQ49A TAGCTACCGCATTATC

pSHSO01

CATTTTGCCGGATCTGTTCGCTGAAGGGCAGGG

CcmER104A CGTTGTGG

PSHS02

CGGCTTTGCTCCGGCTGATTATGCGCAGGGAAA

CemCQ49A TAGCTACCGCATTATC

PSHS03

CcmER104A CATTTTGCCGGATCTGTTCGCTGAAGGGCAGGG PSHS03

CGTTGTGG
CcmCQ50A

on CGGCTTTGCTCCGGCTGATTATGCGGCGGGAAA DSHS22
CemCQ49A TAGCTACCGCATTATC
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CGGCTTTGCTCCGGCTGATTATTGCCAGGGAAA

CemCQ49C TAGCTACCGCATTATC PSHS20
CGGCTTTGCTCCGGCTGATTATGAGCAGGGAAA
CemCQA49E TAGCTACCGCATTATC pSHS08
CGGCTTTGCTCCGGCTGATTATGGGCAGGGAAA
CemCQ49G TAGCTACCGCATTATC pSHS13
CGGCTTTGCTCCGGCTGATTATATCCAGGGAAA
CemCQ43l TAGCTACCGCATTATC pSHS12
CGGCTTTGCTCCGGCTGATTATCGGCAGGGAAA
CcmCQ4IR TAGCTACCGCATTATC pSHSI1T
CTTTGCTCCGGCTGATTATAGCCAGGGAAATAG
CemCQ495 CTACCGCATTATCTAC pSHS17
CGGCTTTGCTCCGGCTGATTATAAGCAGGGAAA
CemCQA49K TAGCTACCGCATTATC pPSHS28
CGGCTTTGCTCCGGCTGATTATCAGGCGGGAAA
CemCQ50A TAGCTACCGCATTATC pSHS24
%:;gfm?r:zlf GGCGGTGGTGATGACCGTTATTCCGCTGGTGGT  oticag
g TTTGGTCGTGCACTCGGTGATGCAACATCGC | P
CcmC 29C- | GCATGGAGTCATCCCCAATTTGAGAAATCGGCA
terminal | TGGAGTCATCCCCAATTTGAGAAATGACCCCTG| pSHS42
Streptag CATTTGCTTCCTGG
CcmC N | GAGTCTGGTATCGAAACTATGTCGGCATGGAGT
terminal | CATCCCCAATTTGAGAAATGGAAAACACTGCAT | pSHS43
Strep tag CAACTGGCG
CemC B2 | GGAGTCATCCCCAATTTGAGAAATCGGCATGGA
N-terminal | GTCATCCCCAATTTGAGAAATGGAAAACACTGC | pSHS44
Strep tag ATCAACTGGC
TTATCAGCAGGGAAATAGCTACGCCATTATCTA
CemCRS55A CCTGCATGTGCCTGCG PSHS33
GGGGATTCGGCTTTGCTCCGGCTGCTTATCAGA
CmCD47A AGGGAAATAGCTACCGC PSHS32
ComCOagy | COGCTTTGCTCCGGCTGATTATGTCCAGGGAAA pSHSSY,
TAGCTACCGCATTATC pSHS38
comERioaa GGCATTTTGCCGGATCTGTTCGGAGAAGGGCAG pSHSL4,
GGCGTTGTGGTGCAG DSHS15
GGCATTTTGCCGGATCTGTTCATTGAAGGGCAG
CcmER104] GGCGTTGTGGTGCAG pSHS12
comErions GGCATTTTGCCGGATCTGTTCAGTGAAGGGCAG| pSHS27
GGCGTTGTGGTGCAG DSHS31
comER1oay| GGCATTTTGCCGGATCTGTTCGTTGAAGGGCAG, pSHSLS,
GGCGTTGIGGTGCAG DSHS38
comERLoac GGCATTTTGCCGGATCTGTTCTGTGAAGGGCAG, pSHS2,
GGCGTTGTGGTGCAG DSHS23
ComEQ107A CCCGGATCTGTTCCGTGAAGGGGCGGGCGTTG] | icsc

GGTGCAGGGCGAACTGG
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CemE129°13] CTCGCGAAAGAAGTGCTGGCGAAAGCTCACGAT
0 on pSHS03 GAAAACTATACGCCGC P
CcmE130°13 GCGAAAGAAGTGCTGGCGAAACACGCTGATGA | o
1 on pSHS03 AAACTATACGCCGCCAG P
GTCTCTTACGAAGGCATTTTGCCGGCTCTGTTCC
CcmEDI01A GTGAAGGGCAGGGCG pSHS34
CGAAGGCATTTTGCCGGATCTGTTCCGTGCAGG
CcmEE105A GCAGGGCGTTGTGGTGC PSHS35
comEr73A | GGTGATGCCGGGTAGTGTGCAGGCCGATCCCAA pSHS3S,
TTCGCTGAAAGTGACC pSHS45
TGCCGGATCTGTTCCGTGAAGGGGAGGGCGTTC
CcmER107E TGGTGCAGGGCG pSHS29
ComER1040 CAAGGCATTTTGCCGGATCTGTTCCAAGAAGGG pSHSOS,
CAGGGCGTTGTGGTGC pSHS11
CemEEL05 | GAAGGCATTTTGCCGGCTCTGTTCCGTGCAGGG (e e
on D101 CAGGGCGTTGTGGTGC P
CCGGCGAGTGTTTATAAGGACCCAGCATCACTG
CcmETC | GTGCCGCGCGGCAGCGGCAGCCACCACCACCA| pSHS04
CACCAC
CcmE Strep| GGCAGCCACCACCACCACCACCACTCGGCATGE
on TCHiss- | AGTCATCCCCAATTTGAGAAATGAGATCCGGCT | pSH6
tag GCTAACAAAGCCC
comEn1aon| COCGAAAGAAGTGCTGGCGAAAGCCGATGAAA | pSHSO7,
ACTATACGCCGCCAGAAG pSHS10
CcmEY134F| GTGCTGGCGAAAGCCGATGAAAACTTTACGCCG| (o ,c
on pSHS10 CCAGAAGTTGAGAAAGC P
GCTGGCGAAAGCCGATGAAAACGCTACGCCGCC
CemEY134A AGAAGTTGAGAAAGCG pSHS40
CACCGTCGCCCGGCGAGTGTTGCTAAGGACCCH
CemEY154A GCATCACTGGTGCCGCG pSHS41

2.2.2 Purification of plasmid DNA and PCR products

Purification of plasmid DNA was carried out using the QIlAprep Spin Miniprep Kit
4LDJHQ DFFRUGLQJ WR WKH PDQXIDFWXUHUYTV LQVWUXI
was carried out using the QIAquick Gel Extraction KIT (Qiagen) according to the

manufacturefV LQVWUXFWLRQV
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2.2.3 Agarose gel electrophoresis

Agarose gel slabs (TAE buffer (40mM T-asetate (pH 8.0), 1 mM EDTA), 1 %
DIJDURVH HWKLGLXP B we® used for electtopp@esis of DNA
samples, prepared in a 6x gel loading dye (10 niM &, 50% v/v glycerol, 0.5%
bromophenol blue). Electrophoresis was performed in TAE buffer at a constant
current of 70 mA. DNA bands were revealed by fluorescence of ethidium bromide

under UV light.

2.2.4 DNA sequencing

All the plasmids used in this wiorwere sequenced to confirm that the desired
mutations have been incorporated. Plasmid DNA sequencingperisrmed by
Source Biosciencesn an Applied Biosystems 1377 sequencer using version 3 Big
Dye terminatorskFor pEc86based constructs, custom seqeieg piimers were used
(Table 2.4). pE2Z2b(t) and pQHmM9 constructs were sequenced with the T7R and

pQE30 primers, respectively (Table 2.4).
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Table 2.4: Oligonucleotides used for the sequencing of plasmids

Primer Sequence (5°-3°)
pEc864 GCTTTGCTCCGGCTGATT
pEc866 ATGGTGATGCCGGGTAGT
T7R CTAATACGACTCACTATAGGA
pQE30 CCCGAAAAGTGCCACCTGACG

2.2.5 Transformation of competent cells with plasmid DNA

DH5D homemade cells (using a standard RpQrotocol) were used for
transformatios of sitedirected mutagenesis. JCB387 or BL21 (DE3) competent cells
were used for the transformation with plasmids for protein expression purposes. In

both cases the transformations were carried out accordsigridard protocols.

2.3 Bacterial growth conditions

2.3.1 Growth media

Luria-Bertani (LB) medium was used for the expression of proteins in this study. This
medium comprises 10 ¢ tryptone, 5 g} yeast extract and 10 g odium chloride.

2Ty broth (16 gt tryptone, 10 gt yeast extact, 5 g NaCl) was used for ath vivo
experiments. Bacterial growth on solid medium was performed on plates with LB
PHGLXP FRQWDLQLQJ DIJBDUDPBQRGLOOLQ PO J

Chloramphenicol, or both (if required).
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For the production of niformly **N-labelled proteins, M9 minimal medium (see
Table 5) was used. Each component was {fditerilised, with the exception of the
Milli -Q water and the 10x M9 salts solution (see Table A6), which were autoclaved;
the components were mixed at rooemperature!°N-labelling was ensured by
substituting NHCI with ®NH4Cl (Cambridge Isotope Laboratories) in the 10x M9

salts solution.

Table 2.5: Composition of M9 minimal medium

Component ml of solution/l of medium

Deionisedwater 887
10x M9 saltTable 2.6) 100

1M MgSQy 1

0.1M CaCh 1

1M thiamine.HCI 1
20% wi/v glucose 10

Table 2.6: Composition of 10x M9 salt solution
Salt g of salt/l of water

NaHPOy 60
KHoPOy 30

NH4CI 10

NaCl 5
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2.3.2 Growth conditions for protein expression

2.3.2.1 LB medium

5 ml starting cultures were inoculated with multiple colonies from the transformed
SODWHYV ZL W &mpicillind CRIres were incubated overnight at 37 jC while
shaking at 200 rpm. The starting culture was used to inoculate 500L8lin 2.5 |
flasks (1:250) and cultures were grown untilégdof 0.8 by incubating at 37 {C while
shaking at 200 rpm. The cultures were induced withV R S U RZ1-0
thiogalactopyranosid€¢IPTG) at a final concentration of 1 mM and incubated
overnight at 3QC while shaking at 200 rpm. The transformants were selected by
supplementation of the growth media with antibiotics at the final concentration of 100

J P*©f ampicillin.

2.3.2.2 Mnimal M9 medium

2 ml of starting cultures were inoculated with multiple colonies and incubated
overnight at 30 jC while shaking at 200 rpm and then transferred into minimal M9
medium. These starting cultures were inoculated in 2.5 | flasks at a ratib06fand
cultures were grown at 37 {C until an @bof 1, while shaking at 200 rpm. The
cultures were induced with IPTG at a final concentration of 1 mM and incubated

overnight at 30 jC while shaking at 200 rpm.
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In both cases (LB and M9 media) afteetbell growth, cells were harvested by
centrifugation at 4,000 g for 15 mins aiCland the pellets were resuspended in 50

mM Tris-HCIl and 150 mM NacCl (pH 7.5).

2.3.3 Growth conditions forin vive experiments

Colonies directly from plates were inoctdd in 2.5 fflasks containing 100 ml of 2TY
(Tryptone Yeast)media. The culture was induced from the beginning (where
required) and grown at 37 jC overnight, shaking at 200 rpm. Selective environment
was provided by supplementation of the growth medi& waittibiotics at the final

FRQFHQWUDWLRRI IPSLFL ® O0Lf@ chlorampReicol or both.

2.4 Protein production and purification

2.4.1 Preparation of periplasmic extracts

For protein expression, periplasmic fractions were pezpéry spheroplasting the
cells as described {®\usubel 1989)Briefly, 3 mg of polymixin B sulfate weradded

for every ml of resuspended cells, and the mixture was incubated®’at Bfile
shaking at 200 rpm for 75 mins. The spheroplasts were removed by centrifugation at
9,500x g for 45 mins. The remaining supernatant was retained as the periplasmic
fraction. 50 mM Tris-HCI and 150 mM NacCl at pH 7.5 was used to resuspend the

cells.
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For quantification ofcytochromec, periplasmic extraction was performed as
described ifAusubel 1989exceptthat the EDTA step was omitted. Briefly, cells
grown overnight were centrifuged at 5,600 rpm for 10 mins.r&hmining pellet was

then resuspended in 3 ml of ice cold 10 mM “HSl and 150 mM NaCl buffer at pH

7.3. The sample was then centrifuged for the second time at 5,600 rpm for 10 mins.
The cell pellet was respended in 3 ml of modified SET buffét25 mM Tris-HCI

and 22% w/v sucrose at pH 8.0).

2.4.2 Preparation of membrane extracts

Jof DNAse | and 1 mg of lysozyme were added per ml of cell suspension. 1
tablet of protease inhibitor (complete protease Inhibitor Tablets, Roche) was added
per 50ml of cell suspension which was then incubated on ice for 20 min. Disruption
of the cells was dwe by passing them three times through a French pressure cell at
16,000 psi; debris was removed by centrifugation at 27,000 g for 20 min at 4 {C. The
periplasmic and cytoplasmic fractions were removed by centrifugation at 275,000 g
for 45 mins at 4 jC anthe crude membrane fraction was resuspended in 50 mM Tris
HCI, 150 mM NaCl (pH 7.5) and +eentrifuged as above. The washed membrane
fraction was resuspended in 0.5 ml of 50 mM-H{SI, 150 mM NacCl, pH 7.5 buffer.

The membrane fractions were normalisediasftotal amount of protein content.
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2.4.3 Protein purification

2.4.3.1 Protein purification of periplasmic hexahistidine Hiss-tagged) proteins

10 ml of Fast Flow Chelating Sepharose (Amersham Biosciences) was charged with
Ni2* and equilibrated with 50 mM THBICI, 300 mM NaCl pH 7.5 buffer (buffer A).

The periplasmic extract was applied onto the column and it was then washed with
buffer A until no protein was detected with the Bradford reagent-i&id) in the
collected fractios. The target Histagged protein was eluted with 50 mivis-HCI,

300 mM NacCl, 200 mMmidazole pH 7.5 buffer. The imidazole and the excess NaCl
were removed by repeated concentration and dilutight(@®es) of the eluted fraction

in a Vivaspin 20 concération device with a 3 kDa cuatff using 50 mM TrisHCI,

150 mM NacCl pH 7.5 buffer. The pure protein solutions were aliqguoted and stored at

-80;C.

2.4.3.2 Purification of periplasmic Strepll -tagged proteins

The periplasmic fractions were preparediascribed in 2.4.1 and was applied to 5 ml
of StrepTactin Speharose (IBA) which had been equilibdatéh 50 mM TrisHCI,
150 mM NacCl (pH 7.5). The column was washed with 50 mM-H, 1 M NaCl
(pH 7.5) until no protein could be detected with the Byadlreagent (BieRad) in the
fractiors collected. Subsequently, th&aep Il-tagged proteins were eluted with 50
mM Tris-HCI, 150 mM NacCl, 2.5mM desthiobiotin (IBA) (pH 7.5). The desthiobiotin

was removed by repeated concentration ditdtion of the elued fraction in a
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Vivaspin 20 concentration device (Viva8oce, Santorious) with akBa cutoff. The
buffer used during protein concentration was 50 mM-H@, 150 mM NaCl, pH

7.5. The protein solution was frozen and storeeBat;C. In the case of thieolo-
CcmE protein, the removal of the cleaudids-tag (attached to ati®p Il-tag) from

the holeCcmE proteins was achieved by collecting the flow through of the sample

after being passed througie StrepTactin Speharose (IBA) column.

2.4.3.3 Purification of holeCcmE with no Hise-tag

The Gterminusof the construct used to obtain pure h@lomE with noHise-tag is
shown in Figure 2.1. Hol€cmE was obtained as described in 2.Bitktly, the Hiss-

tag was cleaved irgy the method outied in 2.5.4 The sample was then extensively
washel usinga Vivaspin 20 concentration deviegth 3 kDa cutoff. The resulting
sample was then run though a Strep column, where the cleatarchiDal Hiss-tag
would be removed by attaching to the Streuoui (via the succeeding Strégag).
The flowthrough collected contained 100% pure RGImE, which wasvashed and
concentrated with a 8Da cutoff concentrator to the desired concentration. The

purity of the sample was confirmed using mass spectrometry

GgCGAGTGTTTATAAGGACCCAGCATCACtggtgccgcgcggcagcggcagcCACCACCACCACCACCACTCGGCATGGAGTCATCCCCAATTTGAGAAATG
3 I 3 1 3 1 3 I i 1 3 Il 1 I 4 1 4 } i I
3 } ; 4 > + + + + 5

+ } + T T t T T T T
CCgCTCACAAATATTCCTGGGTCGTAGTgaccacggcgegecgtcgecgtcgGTGGTGGTGGTGGTGGTGAGCCGTACCTCAGTAGGGGTTAAACTCTTTAC

A S V Y K D P A S L V P R G S G S H H H H H H S A W S H P Q F E K O

CemE without the N-terminal anchor [ I | 6xHis | Strep-Tag I
thrombin site

Figure 2.1: The C-terminus of the construct used to produce holo-CcmE protein
with no Hiss-tag. Image produced via SnapGene.
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2.5 Manipulation of the purified proteins

2.5.11n vitro addition of heme to CcmE

Hemin was added to 1 ml of dimethyl sulfoxide to make up a 10 mM stock solution.
From this solution, 5x excess of hemin was added to 1 mM of protein solution in 50
mM Tris-HCI, 150 mM NaCl pH 7.5. In all cases (unless otherwise stated) 2 mM
disodium dithiamite (final concentration) was added into the solution to reduce the
hemeiron. The reactions were carried out in the dark and at room temperature. The
buffer solutions were always degassed under argon for 30 mins. This reaction led to

the production of cealently formed holeCcmE.

To examine the ncenovalent interactions between heme and HIS0A CcmE
protein, during heme titrations 0.1 mM heme was sequentially added from a 10 mM
stock into 0.5 mMH130A CcmEprotein until the heme was at a 20% excessolme
of the experiments, excess heme was removed by waghftey about 5 min
incubation)the protein sample with 50 mM T+#8CIl, 150 mM NaCJ pH 7.5 using a

3 kDa cutoff concentrator.

2.5.2 Displacement reactions via various amino acids

The noncovalently bound heme on th&€l30A CcmEprotein (0.3mM) was mixed
with either 20 mM Tyrosine or Phenylalanine and fefincubatdor a few minutes

The sample solution was then washed via repeated concentration and dilution using
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50 mM TrisHCI, 150 mM NacCl, pH 7.5 in a Millipore concentration device with a 3
kDa cutoff. The remaining solution was checked to observe if it retained its heme,

evident from its colour.

2.5.3Removal of the unbound free heme from covalent hol€cmE

The unbound fre heme, at the end of the covalent heme attachment reaction, was
removed by first incubating the reaction mixtures in the dark with equal volumes of
50 mM TrisHCI, 150 mM NacCl, 2 M Imidazole pH 7.5, overnight at 4 {C. The large
excess of imidazole, whichas a high affinity for heme, binds the free heme in
solution and removes the neoovalently bound heme from the protein. Excess
imidazole and unbound heme were then removed from the reaction mixture by
repeated concentration and dilution using 50 mM-R@&, 150 mM NaCl, pH 7.5 in

a Millipore concentration device with a 3 kDa-@if.

2.5.4Cleavage ofHiss-tagged proteins with a thrombin cleavage site

The cleavage oHiss-tagged proteinshat contained a thrombin cleavage site was
performed using the Thrombin CleanCleave Kit (Sigma). The procedure was
undertaken as per the instructions of the manufacturer, ekegptvofold excess of

the thrombin cleavage resin was used for cleaving cotaléarmed holeCcmE
samples. After cleavage, any uncleaved or pretei@Hiss-tag was remoad from

the protein sample byinning the reaction mixture though a charged nickel column.

The flowthrough collected contained pure cleaved protein.
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2.6 Proteincharacterisation

2.6.1 Sodium dodecysulfate polyacrylamide gel electrophoresis (SDBAGE)

SDSPAGE analysis was performed on 10% NuPAGE (efe Sciences)using the
MES-SDSrunning bufferSUHSDUHG DFFRUGLQJ WR P@@XIDFWXUHL
mins at a constant voltage of 200 V. The-gi@ned protein marker, SeeBlue Plus 2,
was also run on the gels. Before the protein samples were loaded onto the-ggls, 10

J RI WRWDO SURWHLQ ZDV PL[HG ZLWK OwaRG10QJ EXIIHU
ml of 10% w/v SDS stock solution, 1 ml of 1 M TCI pH 7.5 stock solution and
6 mg of bromophenol blue) and incubated either gC3{for membrane samples)
boiled at 10QC for 2 mins (for soluble fractions or pure proteingd assess the
presence and purity of proteins, blue staining was performed using SimplyBlue

SafeStainl(ife Sciences DFFRUGLQJ WR WKH PDQXIDFWXUHUTTV LQ

2.6.2 Western blotting

For Western blotting, proteins were subjected to $IASE analysisas state@bove
J RI SURWHLQ ZDV-XVHG LOWWHDWBPLGH JHO EORWW
nitrocellulose membrane were equilibrated in transfer buffer (39 mM glycine, 48 mM
Tris-HCI, 0.0375% w/v SDS and 20% v/v methanol) for 5 mins. The transfer was
caried out on a Tranblot SD Semi Dry Transfer Cell (BiRad) for 1 hour at 100

mA and a constant voltage of 20 V.
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After the transfer step, the membrane was blocked for 1 hour in TBS buffer (50 mM

Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% v/v Twe&®) and suplemented with 3%

w/v bovine serum albumin (BSA) 5% wi/v or skimmed milk powder. The membrane

was then washed with TBS buffer and incubated for another 1 hour with the primary

antibody diluted in the same buffer. Since CcmE isttéigged, a Pentlis alkaine
SKRVSKDWDVH FRQMXJDWHG PRQRFORQDO DQWLERG\ 6L
10ml of TBS buffer containing 3% w/v BSA). For specific detection of CcmE in the

membrane fractions, rabbit antiserum raised against CcriEcofi O RI VHUXP

in 10 ml of TBS buffer containing 5% w/v of skimmed milk power) and -aaltibit

alkaline phosphatasE RQMXJDWHG DQWLERG\ O RI DQWLERG\ L
containing 5% wi/v of skimmed milk powder, Sigma Aldrich) were used as primary

and secondary antibali, respectively.

Finally, the membrane was washed 3 x 5 mins in TBS. Staining was carried out using
nitroblue tetrazolium (NBT) and-Bromo4-chloro-3 indolyl phosphate (BCIP)
containing tablets (SIGMA FAST (Sigma), one tablet in 10 ml of TBS buffer).

Development was stopped by washing with distilled water after 15 mins.

2.6.3 Heme staining

Heme staining was performed using the method of Goodwdhew 1986}0
determine any covalent heme binding. After SBYSGE analysis, the gel was
equilibrated on a rocking platform in 70 ml of 250 mM sodium acetate pH 5.0 for 30

mins. 30 mg of (TMBZ) were dissolved in 30 ml of methaantl added to the
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equilibrated gel. The gel was left to incubate once again for 15 mins. Hydrogen
peroxide (0.3 ml of 30% v/v solution) was added into the equilibrated gel and left to

incubate for 1615 mins, allowing bands to develop.

2.6.4 Determinatbn of protein concentration

Protein concentrations were determined using the BCA Protein Assay Kit Reducing

$IHQW &RPSDWLEOH 7KHUPR 6FLHQWLILF IROORZLQJ W

2.6.5 Massspectrometry

Periplasmic protein solutions were gedied to electrospray ionisation mass
spectrometry (EBMS), which was undertaken on a Micromass-BidI-ZS triple

guadrupole atmospheric pressure instrument equipped with an electrospray interface,

using 50% (v/v) acetonitrile in water as the mobilegehaith 0.1% (v/v) formic acid

DV WKH SURWRQ VRXUFH 6DPSOHV DW WKH FRQFHQWUD
0.2% formic acid, were introduced via a loop injector into the electrospray source at

D IORZ UDWH!RI O PLQ
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2.7 Spectroscopienethods

2.7.1 U\ Visible absorption spectroscopy

UV-Visible absorption spectra were recorded using a Varian Cary 50 Bio
spectrophotometer. Theqgiein solution was added intuartz cuvetteand spectra

were recorded from 350 ntm 750 nm. In order to obtain speatfethe species before

and after heme attachment an initial spectrum was recorded immediately after the
addition of heme into the reaction mixture and 17 others were taken at hourly intervals
after heme additionThe mth length forall spectra was 1 cm. For the speabfa
reduced protein samples, a few grains of dithionite were added into théesaret

the spectravererecorded immediately after.

2.7.2 Pyridine hemochrome spectra

The absorption spectra of prat@iomplexes containing reduced heme in the presence
of hydroxide and pyridine are characteristics of the type gid¥phyrin present, as
well of any modifications to it, such as covalent attachment of the polypeptide in
typecytochrome or CcmE. Pyridifeemochrome spectra were obtained according to
the method of Bartsch, described below. Dithionite reduced peatein solutions
were mixed at a 1:1 ratio (v/v) with a 40% pyridine (v/v), 0.3 M NaOH solution. The

solution was left to ioubate for 5 min anthe spectra wenecorded.
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2.8 NMR spectroscopy

2.8.1 NMR spectrometers

NMR experiments were performed on NMR spectrometers situated in the Department
of Biochemistry, University of Oxford. Thi¢d frequencies were ranging from 5@0

750 MHz (Bruke Avance consoles). Alspectrometer havea high-sensitivity
cryoplatform. All experiments were carried out at 2R8 Heteronuclear NOE
experiments involving wildype CcmE and H130A CcmE protein were carried out
on Bruker 750 and Bruker 500, respectivel other 2D NMR experiments were
carried out on Bruker 600. 3D TOCSHYSQC and 3D NOESHSQC experiments
were carried out on both Bruker 500 and 600. See Table 2.7 for experimental

parameters.

2.8.2 Sample preparation

6DPSOHV O >oDEHSE)\verapRAAHIGShigemi NMR midubes
(Shigemi Inc) and protein concentration varied from 02525 mM. Uniformly*°N-
labelled samples were prepared in 95%@13% D;O. For all the experiments, buffers
were kept onstant at 25 mM Tri$lCl 150 mM NaCl with a pH of 7.2, unless

otherwise stated.
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2.8.3 NMR experiments

In all NMR experiments, the samples were placed in the NMR spectrometer and left
to equilibrate to the desired temperature. Following this, the spectrometer was locked,
the room temperature shims optimised, the probe tuned anH thelsecalibrated.
Thetransmitter offset was placed at the centre of the spectrum and set to the frequency
of the water resonance. Thus, the water peak can be used as a chemical shift reference;

the chemical shift of KO at 25 |C is 4.75 ppm.

2.8.3.1 Datacollection parameters

Acquisition parameters for all of the NMR experiments used in this work are detailed
in Table 2.7. The NMR spectra were processed using the NMRPipe software
(Delaglio et al. 1995) CCPN Analysis(Vrankenet al. 2005)was used to plot and

analyse collected data.

2.8.3.2 Heme titration onH130A CcmE protein probed via 2D H-N HSQC

A 10 mM gock solutionof heme was prepared by dissolving heme in 1 ml of DMSO.

0.1 mM of the heme stock was then sequentially added into 0.5 mM of cleaved H130A

+CcmE protein until the heme concentration was at a 40% excess. At each heme

addition a 2D'H-**N HSQC was collected.
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Table 2.7: Acquisition parameters for all the NMR experiments used in this thesis.

, Number of Spectrometer| Centre of Resonance L
. Width (H . . :
Experiment | Spectrometer Sweep Width (Hz) complex points Frequency | Chemical Shift (opm) S“g't)f;?a%g;nﬁrﬁzs()s)
1H 15\ 1H 1H 15\ 1H (M Hz) 1H 15\ 1H

114 _15

:SQ'S Bruker 600 | 7575.758| 1901.141 - 1024 | 128 | - 600.133 | 4.750| 118.500| - - -

1H _lH

ToGSY Bruker 600 | 7575.758 - 7575.758| 1024 | - | 256 | 600.133 | 4.750| - 4750| - -
3D NOESY-

HSOC Bruker 500 | 6429.114| 1584.786| 6329.115| 512 | 32 | 128 | 500.012 | 4.750| 118.592| 4.750| 150 ;
3D NOESY-

HSOG Bruker 600 | 7575.758| 1901.141| 7575.758| 512 | 32 | 128 | 600.133 | 4.750| 118.500| 4.750| 150 -
3D TOCSY.

HSOG Bruker 500 | 6429.114| 1584.786| 6329.115| 512 | 32 | 128 | 500.012 | 4.750| 118.592| 4.750| 50 -
3DJSO(§CS¥ Bruker 600 | 7575.758| 1901.141| 7575.758| 512 | 32 | 128 | 600.133 | 4.750| 118.500| 4.750| 40 -
HeteN“(’)”EC'ear Bruker 750 | 9433.962| 2380.952 - 1024 | 122 | - 749914 | 479 | 118.500| - - 4
HeteNr%”E“C'ea' Bruker 500 | 6329.114| 1584.786 - 1024 | 128 | - 500.012 | 4.750| 118.593| - - 3
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3 In vivo studies of the CcmC-CemE interaction
using site-directed mutagenesis
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3.1 Introduction

A key stage in the maturation oftochromec of Gramnegative bacteria is the
chaperoning of heme to tla@ocytochrome after its translocation to the periplasm.

This is the first of the three key steoptake of heme by the heme chaperone CcmE,

the covalent attachment between heme and CcmE and its subsequent release from
CcmE to an apeytochrome)eading to the covalent attachment of heme taafhe
cytochromeaccording to a general mod@élllen et al.2003) Both heme and thepo
cytochromepolypeptides are synthesd in the cytoplasm and delivered to the

periplasmjndependentlyfor attachment.

The delivery of hemén a form ready to be attach&altheapocytochromedepends
largelyon two proteins ofttecytochrome: matuation system, known as Systern |

E. coli (Stevenset al.20118). CcmC is a membranous hefi@ding protein, which
ligates onto the heme in the periplasm aaaserved H60, H184nd the tryptophan

rich WWD motif(Ren andrhSny-Meyer2001) After heme binding to CcmC, CcmC,
heme and CcmE form a tight complex togettiRichardFogal and Kranz 2010)n

this environment, the heme chaperone CcmE is then able to bind heme covalently

using its highly conserved H130 residue.

The interaction between @xC, heme and CcmE has been well studied. It has been

demonstrated that CcmC alone is sufficient for the formation of@GolEin vivo

(Schulzet al.1999)and that this occurstbugh a complex between CcmC, heme and
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CcmE(RichardFogal and Kranz 2010}t has also been demonstrated that, although
H130 of CcmE is required for the formation of the covalent bond between CcmE and
heme, it is not involved in the formation of the CcmC:heme:CcmE con(iRleRard

Fogal and Kranz 2010%imilarly, the highly conserved H60 and H184 of @(Ren
andThsny-Meyer2001)have also been shown to be calidor CcmCto obtain heme

but not involved in the CcmC:heme:CcmE complex formation.

CcmAB is capable of ATP hydrolysis, which is not required for {@onE formation
but is critical for cytochromec maturation(Feissnelet al. 2006, Christenseret al.
2007) The energy released from the ATP hydrolysitalysedoy CcmAB isargued
to berequired to break apart the CcmC:heme:CcmE complex, so tha€Cboi& can

deliver the heme to thepocytochromevia CcmF-.

Although the CcmC:heme:CcmE complex is vital for RGlemE andcytochromec
formation, there is very little insight as to whiclemlents of the two proteins drive
the complex formation. In this chapter, conserved residues surroufaitiun the
sequenced)e highly cevarying Q49 of CcmC and R104 of CcmE are examined with
respect to hokiCcmE andcytochromec formationin vivo (covariance analysis is
further explained in Chapter 4).is demonstratethat three pairs of conservpdlar
amino acidsrehighly important for holeCcmE andytochrome: maturationn vivo.
These pairs opolaramino acids are shown to bleiving molecuér players inthe

formation of theCcmC:heme:CcmE complex.
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3.2 Results

3.2.1 Bioinformatics analysis of conservegbolar residues on CcmC and CcmE

CcmC and CcmE protein sequences from 557 organisms, were aligned to identify
conserved residues thabuld be important for the CcmC:heme:CcmE interaction
with the help of Dr Phillip StansfeldAmino acidsthatare consistently present are
likely to be important for the structure or function of the prot@ihompsonet al.

1997) Additionally, amino acids involved in proteprotein interactions ceary

during evolution. Covariance analysis on the Ce@dnE interaction predicts a
strong interaction between Q49 of CcmC and R104 of C@\ehinnikov et al.

2014) This interactions studied in detail in Chapter dut based on thisbservation,

the sequence around these residues was considered likely to be involved in the
CcmC:heme:CcmE complex formation and was examined closely for conserved
residues. Figures 3.1 and 3.2 show the conserved residues for the CcmC and CcmE

proteirs, respectively.
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Figure 3.1: Sequence conservation graph for part of the CcmC protein sequence.
The area around Q49 (black arrow) that co-varies with R104 of CcmE is enlarged.
The red arrows represent polar amino acid residues that were examined. Amino acids
are rendered green for the presence of hydroxyl, sulfhydryl and amine groups as well
as for glycines, and blue for basic and acidic residues. Figure generated via WebLogo

(Crooks et al. 2004) with the help of Dr Phillip Stansfeld.

%12:3 %Eiueﬁ_ BRE !-;e QEHEBEGGhVEEGS¥EBD“&LV

__QID,, ¥V ; LFBEGQ ﬂeqﬁ k. s8

Figure 3.2: Sequence conservation graph for part of the CcmE protein sequence.
The area around R104 (black arrow) that co-varies with Q49 of CcmC is enlarged.
The red arrows represent polar amino acid residues that were examined. Amino acids
are rendered green for the presence of hydroxyl, sulfhydryl and amine groups as well
as for glycines, and blue for acidic and basic residues. Figure generated via WebLogo
(Crooks et al. 2004) with the help of Dr Phillip Stansfeld.

The polarresidues D47, Q58ndR55 of CcmC which surround the Q48e highly
conserved (see Figure 3.1), and therefore welected for experimental analysis. In

the same wayD101 and E105 of CcmE were selected for experimental analysis, see
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Figure 3.2. If all three amino acids idéieid in CcmCwereinvolved in an interaction

with CcmE, a third CcmE residue would be expected to be involved in the formation

of three pairs of interacting residues between the two proteins. The D86 residue could
be a candidate since it is charged anghlyi conserved however it has been
previouslyshown to have no significant effect on h@omE formationr vivo or on

the stability of the ap&cmE proteinEnggistet al.2003) Therefore, D86 was not
studied in this wik. Subsequently, the affecmE structure was examined and it was
observed that R73 has the same spatial orientation as D101 and E105 (see Figure 3.3)

and thus it was selected for further study.

3.2.2 D47, Q5@&nd R55 of CcmC are important for holeCcmC formation in vive

The selected residues watgangednto alanines in pEc86 which encodes the whole
wild-type System | operon, and thevivo formation of holeCcmE andcytochrome

c was probed. Alaninezaschosen as a replacement amino acid for the sissed of
the role of these residues, because of its-lmdky and chemically inert methyl
functional group which does not affect the secondary structure of pr@téamsson

and Weiss 2001)
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Figure 3.3: Solution NMR structure of the apo-CcmE from E. coli. R104 co-varies
with Q49 of CcmC and is indicated in blue. Red residues represent the conserved
polar amino acids around RI104 that were selected for further study. Note that
although the R73 residue is not close in primary sequence to D101 and E105 it is the
only side chain with the same orientation. Figure based on the NMR structure
published by (Enggist et al. 2002). Rendered with PyMol (Alto and Palo 2002).

Membrane extracts were prepareoim cultures harbouringlasmids coding foall

three variants of GuC along with the wildtype pEc86 These extracts were then
assessed by SDPAGE and stained for covalently bound heme (Figure 3.4), see
Chapter 2for more detailsln each case a plasmid coding for cytochrame of
Bradyrhizobium japonicum was also caxpressed as an exogenaysochromgBott

et al.1995, Ronceét al.2012) The D47A, Q5@ and R55A mutationsn CcmCled

to a significant decrease in the hdemE productionrn vivo. This result indicates

that these residues are important for formation of 4@dmE in the meniane.
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Figure 3.4: SDS-PAGE analysis of membrane fractions stained for the presence of
proteins containing covalently bound heme. Lane 1 - pEc86, lane 2 +D47A4-CcmC-

pECcS86, lane 3 +*Q504-CcmC-pEc86 and lane 4 *R55A4-CcmC-pEc86. M represents

the molecular weight markers. The cells were grown under fully aerobic conditions

to ensure that no endogenous Ccm operon was expressed. Loading was normalised

for total protein content and approximately 10 ug of protein was added in each lane.
cssowas co-expressed in each case.

To ensure that the mutations did not affect CcmC expression, the total amount of
CcmC expressed feachvariantwas examined. As nantibody specific for CcmC

was availabletaggingCcmC in the presence of all System | proteingp&e86 was

attempted first

Eitherthe G or N-terminal of CcmmGvastagged with one or tw8trep Il-tags to allow
detection in the membranes. These attempts were unsuccessful, most likely due to
inaccesmility of the tag to the 8epll antibody. Subsequently, a different approach
was followed; a plasmid expressing only CcmC fused at thermNinus to hexa
histidinetagged immunity9 of colicin E9 fromE. coli was used. In thisase, CcmC

was detectablehe expression levels of thrarians could be assessed amerefound

to be identical to the wildlype protein (Figure 3.5).
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Figure 3.5: Western blot analysis of the membrane fractions containing wild-type
and variant CemC. Lane 1 *pCcemC (encoding wild-type CemC), lane 2 £D474-
CemC, lane 3 £Q50A4-CemC and lane 4 *R55A-CemC. M represents the molecular
weight markers. An anti-Hiss-tag antibody was used to detect the amount of CcmC
protein expressed in each case. The cells were grown under fully aerobic conditions
to ensure that no endogenous Ccm operon was expressed. Loading was normalised
for total protein content and approximately 10 ug of protein was added in each lane.

3.2.3 D47, Q5@nd R55 of CcmC are important forcytochrome ¢ maturation in

Vivo

After observing that the D47A, QA@&nd R55A mutations had a significant effect on
the holeCcmeE levels, the effect of these mutationscgtochromec maturationin
vivo was examined. Periplasmic extracts were prepared from cell cuiant@suring

a plasmid for the wildype System | operorpEc89 or each of the mutants along
with a second plasmid for an exogenous cytochraemsefom B. japonicum) (Figure

3.6).
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Figure 3.6: SDS-PAGE analysis of the periplasmic fractions stained for the
presence of proteins containing covalently bound heme. Lane | - pEc86, lane 2 +
D47A4-CcmC-pEc86, lane 3 *Q504-CemC-pEc86 and lane 4 *R554-CcmC-pEcS6.
cssowas co expressed in each case. M represents the molecular weight markers. The

cells were grown under fully aerobic conditions to ensure that no endogenous Ccm
operon was expressed. Loading was normalised for wet pellet mass and
approximately 10 ug of protein was loaded in each lane. The arrow shows the
expected molecular weight of csso.

The D47A, Q5@ and R55A mutations on CcmC significantly decreased the amount
of cssomaturedin vivo. As this decrease@ascomparabldo the decrease observed for
holo-CcmE levels in the membranes of theswians (Figure 3.4), and since
cytocdhrome ¢ maturationwas not completely abolished, it can be chrded that
mutation of D47, Q50r R55 leads to decreasecytochromer levels due to éower

level of holeCcmE and not due to impairment of the transfer of heme from CcmE to
the apocytochrome This is consistent with involvement of these residuethe

formation of holeCcmE through the CcmC:heme:CcmE complex, which occurs prior

to cytochromer maturation.
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3.2.4 D101, E105 and R73 of CcmE are important for hol€@cmE production in

vivo

Residues D101, E105 and R73 ©@EmE werechangedinto alanine residueby
mutagenesison pEc86 Membrane extracts were obtained from cell cultures
harbouringplasmids carryingll threemutationsand the wildtype System | operon.
These extrast were assessed by SIPAGE analysis and stained for covalently
bound heme, see Chapter 2 for more details. The D101A, E105A and R73A mutations
on CcmE led to a significant decrease in the {@&dmE productionn vivo (Figure

3.7), very similar to the efi@ of the mutations on thgolar conserved residues of
CcmC (Figure 3.4). This indicatéhat D101, E105 and R73 of CcmE are involved in
the formation of holeCcmE by interactig with D47, Q50and R55 of CcmC and

forming the CcmC:heme:CcmE complex.

28kDa e

17 kDa Holo-

14k0a N T CemE
M 1 2 3 4

Figure 3.7: SDS-PAGE analysis of membrane fractions stained for the presence of
proteins containing covalently bound heme. Lane I - pEc86, lane 2 +D101A-CcmE-
pEc86, lane 3 *E105A-CcmE- pEc86 and lane 4 *R73A4-CemE- pEc86. M represents
the molecular weight markers. The cells were grown under fully aerobic conditions
to ensure that no endogenous Ccm operon was expressed. Loading was normalised
for total protein content and approximately 10 ug of protein was added in each lane.
cssowas co-expressed in each case.
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To ensure that these mutations do not affect the overall expression level of CcmE, the
total amount of CcmE in each membrane was probed using aG@ani antibody
by Western blotting, see Figure 3.8. The expression level of CcmE in ahitibet

was identical to wiletype levels.
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Figure 3.8: Western blot analysis of the membrane fractions to assess the
expression levels of CemE. Lane 1 - pEc86, lane 2 +D101A-CemE-pEc86, lane 3 *
E1054-CemE-pEc86 and lane 4 +R734-CcmE-pEc86. M represents the molecular
weight markers. An anti-CcmE antibody was used to detect the amount of CcmE
protein expressed in each case. The cells were grown under fully aerobic conditions

to ensure that no endogenous Ccm operon was expressed. Loading was normalised
for total protein content and approximately 10 ug of protein was added in each lane.

3.2.5 D101, E105 and R73 of CcmE are important fazytochrome ¢ maturation

in vivo

To assess effects of the D101A, E105A and R73A CcmE mutatiansoproduction
in vivo, periplasmic extracts were prepared from cultures harbopfo®6 of its
CcmEvarians along with a second plasmid encodoytpchrome: exogenously, see

Figure 3.9.
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Figure 3.9: SDS-PAGE analysis of periplasmic fractions stained for the presence
of proteins containing covalently bound heme. Lane 1 - pEc86, lane 2 *DI101A4-
CcmE-pEc86, lane 3 £E1054-CecmE-pEcS86 and lane 4 *R73A4-CcmE-pEc86. csso
was co- expressed in each case. M represents molecular weight. The cells were grown
under fully aerobic conditions to ensure that no endogenous Ccm operon was
expressed. Loading was normalised for wet pellet mass and approximately 10 ug of
protein was loaded in each lane. The arrow shows the expected molecular weight of
C5350.

The D101A E105A and R73A mmations on the CcmE proteindliéo a significant
decrease ithe amount of;ssoproductionin vivo. The decrease isois analogous to
thatobserved for holdCcmE levels (Figure 3.7) but also to the effect of the mutations
on CcmC (Figures 3.4 and 3.6). This suggests that thessiomst similar to the
D47A, Q5A and R55Avarians of CcmC, are influencing the ability of CcmE to
obtain heme avalently and not its ability to release heme. This reinforces the fact
that these setsof polar residues on CcmC and CcmE interatgading to

CcmC:heme:CcmE complex formation.

3.2.6 HoleCcmE formation in vive depends on the presence of D101,185 and

R73 on CcmE and D47, Q5@nd R55 on CcmC
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Each of the D101, E105 and R73 residues of CcmE was found to be very important
for the production of hokCcmE in the membranes, and subsequeptaturation,

see Figures 3.5 and 3.7. The same wasded for DZ, Q50and R55 of CcmC. In

each case, an alanine mutation led to a significant decrease in botGdmolo and

csso production, however novariant led to abolishment oholo-CcmE or csso
production. Bearing in mind that these residues were identifigdthe premise of
facilitating the interaction between CcmC and CcmE, a tkphe&antof only CcmE
D101A/E105A/R73A was produced to assess the effect of the total absence of this

interaction for holeCcmE formationn vivo, see Figure 3.10.
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Figure 3.10: SDS-PAGE analysis of membrane fractions stained for the presence

of proteins containing covalently bound heme. Lane 1 - pEc86, lane 2 =*
DI1014A/E1054/R73A4-CcmE-pEc86. M represents the molecular weight markers. The

cells were grown under fully aerobic conditions to ensure that no endogenous Ccm

operon was expressed. The lack of holo-CcmE expressed from the chromosomal gene

in lane 2 confirms that there is no expression from the endogenous Ccm operon.

Loading was normalised for total protein content and approximately 10 ug of protein

was added in each lane. csso was co-expressed in each case.

The triple CcmBvariant unlike each of the single ones, completely abolished holo
CcmE formationin vivo. This confirms that the interaction of these two proteins,
CcmC and CcmE leading to the CcmC:heme:CcmE complex and teChol&

formation, depends on the identified three pairs of interacting residues. The total level
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of D101A/E105A/R73ACcmE in the membranwas found to be identical to wild

type CcmE (Figure 3.11).

T r
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Figure 3.11: Western blot analysis of the membrane fractions to assess the
expression levels of CcmE. Lane [ - pEc86, lane 2 £DI1014A/E1054/R734-CcmE-
PEc86. M represents the molecular weight markers. Anti-CcmE antibody was used to
detect the amount of CcmE protein expressed in each case. The cells were grown
under fully aerobic conditions to ensure that no endogenous Ccm operon was
expressed. Loading was normalised for total protein content and approximately 10
1g of protein was added in each lane.

3.2.7 Cytochromec maturation depends on D101, EO5 and R73 of CcmE and

D47, Q50and R55 of CcmC

The effect of the triple D101A/E105A/R73#ariantof CcmE oncsso maturationin
vivo was examined. Periplasmic extracts were prepared for thevaipéatand wild
typepEc86harbouring cells in the presence of the exogengteschrome:sso (Figure
3.12). Figure 3.12 details that ngtochromec was matured in the presence of the

triple CcmEvariant as expected for cells unable to form hGlomE.
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Figure 3.12: SDS-PAGE analysis of the periplasmic fractions stained for the
presence of proteins containing covalently bound heme. Lane I - pEc86, lane 2 +
DI1014A/E1054/R73A4-CcmE-pEc86. cssowas co- expressed in each case. M represents
the molecular weight markers. The cells were grown under fully aerobic conditions
to ensure that no endogenous Ccm operon was expressed. Loading was normalised
for wet pellet mass and approximately 10 ug of protein was added in each case. The
arrow shows the expected molecular weight of csso.

3.3 Discussion

In this chapterpolar conserved residues on CcmC and CcmE were examined with
respect to their ability to influence the amount of hGlmE andcytochromecsso
productionin vivo. Thesepolar residues were selected as amino acids, potentially
promoting the interaction of CcmC with CcmE, based on their conservation across
multiple species and their position on the primary sequence, neao-reying
residues Q49 of CcmC and R104 of CcmE. It was shown that these conserved amino
acids formtwo sets, each containing thnesiduesone set on CcmC artlde other on

CcmE which are crucial for the formation of the CcmC:heme:CcmE complex prior to
holo-CcmE formation.Each set has one positively changed amino acid (R) which

could form a salt bridge with one (CcmC), oearf two (CcmE), negatively chged
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residues on the partner protein. How the Q50 of CcmC might interact with one of the

residues irCcmE is not obvious.

It has been shown previously that CcmC is the only protein that is necessary and
sufficient in vivo for holo-CcmE formation (Schulz et al. 1999) and that a
CcmC:heme:CcmE complex forms vivo, where CcmE is then able to bind heme
covalently(Ren andrhsny-Meyer2001) Thus this complex is the precursoirholo-

CcmE in the membrane. The decrease or complete loss e€Choil& observed in the
varians of CcmC and CcmE mented in this chapter indicatdsat the selected

residuesareinvolved in the formation of this complex.

It was found tht mutating ach of the D47, Q58nd R55 residues of CcmC to alanine
led to a significant decrease in heGrmE production (Figure 3.4), while the total
amount of CcmC in the membrane renegiilentical (Figure 3.5). This indicates that
these residues are important farlo-CcmE production. It has been established that
the conserved H60 and H184 of CcmC are crucial in ligating heme onto CcmC
(Schulzet al. 1999) and that the tryptophan rich WWD motif contributes to this
ligation. Thus, the effects of the D47A, QA@nd R55A mutations are unlikely be

due to the ability of CcmC to obtain hemde. thevariantsof the D101A, E105A and
R73A of the CcmE protein provide the same phenotypes (a significant decrease of
holo-CcmE and a decrease @fo production), the likely cause for the phenotypes
observed is that these residues are involved indheplex formation between CcmC,

heme and CcmE, and that the formation of this complex is perturbed in their absence.
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It has been reported that CcmC, heme and CcmE form a tight complex which can be
purified, and that this interaction is neither dependentHd30 of CcmERichard
Fogalet al.2009) nor on H60, H184 othe WWD motif of CcmC(RichardFogal

and Kranz 2010)The ligation of heme onto CcmC is the only reported requirement
for the complex formation between CcmC and Ccr{BichardFogal and Kranz
2010) In this chapter, new evidence is presented regarding the requirement for the
CcmC:heme:CcmE complex formationhd results from the singheariantsof the

CcmE suggst that these residues (D47, Qotd R55 of CemC and D101, E105 and
R73 of CcmE) are directly involved in complex formation. When a single residue is
mutated into an alanine, a significant decrease th holoCcmE andcsso levels is
observed which is commensurate with decrease in complex formatidrwith the

residues driving the interaction of the two proteins.

The triplevariantD101A/E105A/R73ACcmE also supports this hypothesis. When
all of the ®lected conservegolar residues on CcmBvere mutated into alanine
residues holoCcmE andcesso productionwas completely abolished: vivo (Figure

3.10). As it has been shown that only the conserved H130 is directly required for
CcmE (Enggistet al.2003)to bind heme, this strongly suggests ttiet phenotype
observed here is dueadack of complex formation between CcmC, heme and CcmE.
The ability of the triple D101A/E105A/R73®ariantof the of the CcmE protein to
completely abolish hol@€cmE andcsso production alsestrongly argues againaty

other residues that may bbeucially involved in complex formation between CcmC,

heme and CcmE.
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Another mutation on the Ccm system that leads to complete abolishment of
cytochrome maturation is the K40D mutation on the Walker A motif of the CcmA
proten (Feissneret al.2006b, Christenseret al.2007) This mutation abolishes the
ATPase activity of the CcmA protein and completely halts cytochrome formation. In
this phenotype however, a significant excess of H@dmE is observed, suggesting
that the ability of CcmE to bind hemand therefore form the complexith CcmC

and hemeis not altered. This adds further support to the findings in this chapter that
the decrease or abolishment of RG@lomE andcsso formationis most likely due to
perturbation of complex formation between CcmC, heme and CAm&xaminaibn

of the CcmC:heme:CcmE complex containing the substitutions madlis ichapter,

in vitro, via various biochemical methods can add further confidence to this ritodel.
would benecessaryo ensure that the soluble domain of CcmE is used to make sure
that anypotential interactions observed are due to the residues outlined in this chapter

and not due to its membrane anchor.

It is also important to note that the effect of eaahant(either on CcmC or CcmE)

on the levels ofssoformed in the perilasm directly correlates with the level of holo
CcmE observed in the membranes. For example, when there is a significant decrease
in holo-CcmE levels due to the D101A, E105A or R73A mutations in CcmE, there is
also the same decreasefgpmaturation. Tts indicates that the phenotypes observed

in this chapterelateto the heme delivery to CcmE rather than the processing of heme

once it has been covalently attached to the CcmE protein.
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Using the results obtained in this chapter and those from previaliss a model for

the complex formation between CcmC, heme and CcmE is presented in Figure 3.13.
CcmC, heme and CcmE are initially not in a complex. Once the heme moiety is in the
periplasm it is ligated onto CcmC via the conserved H60 and H184. Ccméhhas
affinity for the CcmC:heme complex which is mediated through the conspolad
residues identiied for both proteins: D47, Q58nd R55 of CcmC and D101, E105

and R73 of CcmE. These residues allow for tight control of complex formation
between CcmC,dme and CcmE. In this environment, CcmE covalently binds heme
usingits H130. The ATPase activity of CcmA acting through CcmB is then required

to release hokCcmE from the CcmC:heme:CcmE complex for further processing of

heme, to be eventually be delivér® theapocytochrome
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Figure 3.13: A simplified model for the complex formation between CcmC, heme
and CemE. CcmC, heme and CcmE are shown to be not interacting without the
presence of heme (A). The ligation of heme by CcmC using its conserved H60 and
H184 triggers complex formation between CcmC, heme and CcmE. This complex
formation acts directly through the conserved polar residues shown in the black oval
(B), the possible nature of this interaction is discussed in the text. During complex
formation, CcmE is able to bind heme covalently using its conserved H130 to form

holo-CcmE (C).
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3.4 Conclusions

In this chapter, the conservpdlarresidues around them-varying residues of CcmC
(Q49) and CcmE (R104)ere examined with respect to their ability to form holo

CcmE and:ssomaturation. From this work, it can be concluded that:

x D47, Q50and R55 of tb CcmC protein are important for he@emE formation
in the membranes angso maturation in the periplasm.

x D101, E105 and R73 of the CcmE protein are important forGoloE formation
in the membrarsandcssomaturation in the periplasm.

x Although each & the residues examined above @lia significant decrease
holo-CcmE andcessolevels, only the triple D101A/E105/R73¢ariantof CcmE
leads to complete abolishment of h@omE and:sso maturation.

X This strongly suggests that these consepadrresidues areost likelydirectly
involved in complex formation between CcmC, heme and CcmE, by driving the
interaction of apeCcmE with heméound CcmC.

x Examination of the wildype CcmC:heme:CcmE complex and one containing the
substitutions from this wi in vitro, could elucidate more information about the

interaction of these two proteins.
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4 Covariance analysis and In vVivo experiments
on the CcmC-CcemE interaction interface
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4.1 Introduction

Proteins CcmC and CcmE play the important role of ensuring the correct processing
of heme and its delivery to tlag@ocytochromeduringcytochrome: maturation ink.

coli. It has been shown that only the CcmC protein is necessary and sufficient to form
holo-CcmE in vivo (Ren andThsSny-Meyer 2001) and that the H130 of the heme
chaperone CcmeE is crucial for heRGemE formation anadytochromec maturation
(Enggistet al.2003) To understand more about the mechanism of heme delivery
duringcytochrome: maturation, specific residues of these two proteins are probed in

detail in this chapter.

It is well known that the structure aprotein determines its function and that proteins
must have the correct shape to be functional. Proteins often work together by binding
other protein partners or small molecules to achieve complicated tasks. The molecular
players invéved in cytochromec maturation inE. coli, aprotein system known as
System ] (Stevenset al.2011a, Ovchinnikovet al.2014)are no exception. Two or

more proteins can bind together to form these large complexes, and solving the
structure of such complexes can be challengdsgjuence basedethods to predict

which parts ofproteins interact with each other in protein complelage been

developedOvchinnikovet al.2014)

Core proteins can be found in many related bacterial species. These protein analogues
have different amino acids at certain positions when compared with the focal

reference protein. Therefore, when proteiranT different species are compared,
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many positions will varyHowever,when looking at proteins that couidteracta
strong indication for protein interaction sites identified bioinformatically, is the co
variance of amino acids at specific positioRgr example, if an alignecesidue Xin
protein Ahasa positiveside chain ands very frequentlyaccompanied by a negative
residue atlignedposition Y in protein Bthen the two residues are candidates for an
interactionpair. The occurrence on a signidint scale of a positive charge residue at
Y would obviouslyargue against thidf however,a negatively charged residue is
sometimedound in position X (in protein A)and isaccompaniedy a positively
charged residue Yprotein B) such covariance would strengthen likelihood of a
functional interaction betweethe two residues These predicted protejrotein
interaction sites may berucial for the overall role of the protein complex

(Ovchinnikovet al.2014)

Based on the premise that amino acid residues involved in ptotphotein
interactionsco-vary during evolution, predictionwere madecross thggenomes of
many organisnvdpding for CcmC and Ccm@vchinnikovet al.2014) From these
predictions, thehighest scoring matcfa scaoe of 0.95, where scores of 0.a0e
consideredignifican) was given to the cgariance between Q49 of CcmC and R104
of CcmE (E. coli numbering) In Chapter 3 the conservamblar amino acids
surrounding these two residues weneamined and they wereindeed forming
interacting pairs essential for the formation of the CcmC:heme:CcmE cgraplkx
subsequently for hol€cmE formation andytochromec maturationirn vivo. It was
shown thatthe absence of these residues resulted ha disturbance of the

CcmC:heme:CcmE complex, which led to a significant or complete abolishment of
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holo-CcmE anccytochromer levelsin vivo.

In this dhapter, the role of the egarying residues, Q49 of CcmC and R104 of CcmE

is studied usingn vivo mutagenesis techniques. The results obtained demonstrate an
important role for these residuesnsuring thathe holo-CcmE protein is released
properly from the CcmC:heme:CcmE complex to deliver its heme toapioe

cytochrome

4.2 Results

4.2.1 Covarance analysis on the Q4Z€cmC and R104CcmE pair

It has been pinpointed that Q49 of CcmC and R104 of Ccrakagoto a very high
level (Ovchinnikovet al.2014) To find the extent of the covariance and the identity
of the residues that replace themnrther covariance analysis was undertaken. Table

4.1 shows the details of this analysis.
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Table 4.1: Co-varying residues at the positions 49 of CemC and 104 of CemE. Data
obtained with the help of Dr Phillip Stansfeld. The positions of the residues in CcmC
and CcmE are based on E. coli numbering.

A
Residue in | Percentage | Residue inCcmE at | Percentage occurrene of
CcmC at | occurrenceof | position 104, when | this residue in CcmE at
position 49 | this  residue | CcmC has Q49 position 104 when CcmC
at position 49 has Q49(%)
of CcmC (%)
R 91
Q 68 K 3
B
Residue in| Percentage | Residue in CcmE at| Percentage occurrence o
CcmC at| occurrence of| position 104, when| this residue in CcmE at
position 49 | this  residue | CcmC has K49 position 104 when CcmC
at position 49 has K49 (%)
of CcmC (%)
A 69
K 14 E 13
C
Residue in| Percentage | Residue in CcmE at| Percentage occurrence o
CcmC at| occurrence of| position 104, when| this residue in CcmE at
position 49 | this residue| CcmC has A9 position 104 when CcmC
at position 49 has A49 (%)
of CcmC (%)
A 8 S 100

From Table 4.1 it can be seen that the main residue occupying position 49 of CcmC
is Q (68% of cases) whighay paiwith positively charged residues R or K at position

104 of CcmHETable 4.1A) This position of CcmC can also be occupied by K or Ain

which case 104 of CcmE is occupied by A and E or S, respecfivable 4.1B and

C). To investigate the role of this pateal amino acid residue paiseveralarians

were made in the context of the System | operon and exarmminge.
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4.2.2 Q49 of CcmC and R104 of CcmE are important for hol€cmE production

To probe the role of Q49 of CcmC and R104 of CcmE, these residues were mutated
into an alanine. As explained @hapter 3, using alanine in sii@ected mutagenesis

is a common technique to deduce the role of a residue. Alanine is often selected due
to its nortbulky and chemically inert methyl side ch@Morrison and Weiss 2001)
Figure 41 shows the effects difie single vaants of Q49A +CcmC, RL04A-CcmE

and of the double Q49&£cmC/R104ACcmE on holeCcmE productionn vivo in

the presence of the exogenously expresg&achromer;sso from B. japonicum (Bott

et al.1995, Ronceét al.2012)

28 kDa
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M 1 2 3 4

Figure 4.1: SDS-PAGE analysis of membrane fractions for the presence of proteins
containing covalently bound heme. Lane 1 - pEc86, lane 2 *Q49A4-CcmC-pEcS6,
lane 3 *RI104A-CcmE-pEc86 and lane 4 *+(Q49A4-CemC/R104A-CemE-pEc86. M
represents the molecular marker where the approximate weights are indicated on the
left. The cells were grown under fully aerobic conditions to ensure that no endogenous
Ccm operon was expressed. Loading was normalised for total protein content and
approximately 10 ug of protein was added in each lane. css0o was co-expressed as an
exogenous cytochrome in these samples.

Figure 4.1 shows that the heicmE levelsveredrasticallyincreasedy the double

mutation. To assess whether this effect was due to tteesets affecting the total
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amount of CcmE expressed, they were probed with arCamiE antibody irthe

membranes, see Figure 4.2.
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Figure 4.2: Western blot analysis of the membrane fractions to assess the
expression levels of CemE. Lane 1 - pEc86, lane 2 £Q49A4-CemC-pEc86, lane 3 *
R104A-CecmE-pEc86 and lane 4 +049A4-CemC/R104A-CemE-pEc86. M represents

the molecular marker where the approximate weights are indicated on the left. Anti-
CcemE antibody was used to detect the amount of CcmE protein expressed in each
case. The cells were grown under fully aerobic conditions to ensure that no
endogenous Ccm operon was expressed. Loading was normalised for total protein
content and approximately 10 ug of protein was added in each lane.

Figure 4.2 showby Western lotting that the total amount of CcmE in the membranes
was identical in all cases. This means that the results obtained in Figurerddue

to the mutations affecting protein function/interactidhe single Q49A mutation on
CcmC or R104A on CcmBadasmall effect on the hol€cmE production. However,
the doubleQ49A-CcmC/R104ACcmE variant ledo a great accumulation of helo
CcmE produced in the membranes. This phenotype is similar to when the ATPase

activity of CcmAB is abolished and helecmE cannotbe released from the

CcmC:heme:CcmE compldkeissneet al.2006b, Christensemt al.2007)
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4.2.3 Q49 of CcmC and R104 of CcmE are crucial farytochrome ¢ maturation

After observing the effects of the Q492cmC, R104ACcmE and Q49A
CcmC/R104ACcmE mutations on hol@€cmE produdbn in vivo, the effects of these

varians oncytochromersso production were also examined (Figure 4.3).

28 kDa

17 kDa
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14 kDa |

Figure 4.3: SDS-PAGE analysis of the periplasmic fractions for the presence of
proteins containing covalently bound heme. Lane [ and 2 - pEc86, lane 3 and 4 +
049A4-CcmC-pEc86, lane 5 and 6 *R104A-CcmE-pEc86 and lane 7 and 8§ +(Q49A4-
CemC/R104A-CecmE-pEc86. M represents molecular weight markers. The cells were
grown under fully aerobic conditions to ensure that no endogenous Ccm operon was
expressed. Loading was normalised for wet pellet mass and approximately 10 ug of
protein was loaded in each lane. The arrow shows the expected molecular weight of

Cs50. €550 was co expressed in each case.

From Figure 4.3it can be seen that neither Q4% cmC or R104A£cmE had a
significant effect ot:ssoproductionin vivo. The cytochrome levels in both were almost
identical to that of the wild type, which corroborates with the fact that these mutations
do not affectholo-CcmE formation (Figure 4.1)However, he double Q49A
CcmC/R104ACcmE variant completely abolished cytochrome maturation. This

resulttogethemwith the holeCcmE levels observed for thiariant(Figure 4.1), where

holo-CcmEgreatly accumulated, suggsinability to releaséolo-CcmEfrom CcmC
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in the Q49ACcmUR104A-CcmE variantSo far, from these experiments, it can be
concluded that Q49 of CcmC and R104 of CcmE are very importatitdaorrect
processing of hemd&.o examine the exact role of tleeesidues, further mutagenesis

studies were performed.

4.2.4 Q49R of CcmC and R104Q of CcmEariants do not hindercytochrome ¢

production

It was important to examine if swapping the residateke 49 position of CcmC and

104 of CcmE would affect protein function. With prot@irotein interaction studies

this is a classic test confirming that it is the overall nature of the interacting residues
that is important and not necessarily which resiglengs to what protein. This was
tested by seeing theffects of these mutations aytochromec production,in vivo

(Figure 4.4).

28 kDa

17 kDa
14 kDa |

Figure 4.4: SDS-PAGE analysis of the periplasmic fractions for the presence of
proteins containing covalently bound heme. Lane [ - pEc86, lane 2 - Q49R-CcmC-
pECcS86, lane 3 *R104Q-CemE-pEc86 and 4 +Q49R-CemC/R104Q-CemE-pEc86. M
represents molecular weight markers. The cells were grown under fully aerobic
conditions to ensure that no endogenous Ccm operon was expressed. Loading was
normalised for wet pellet mass and approximately 10 ug of protein was loaded in
each lane. The arrow shows the expected molecular weight of csso. css0 was co
expressed in each case.
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From Figure 4.4 it can clearly be seen that swapping tbé @mC with the R of
CcmE did not hindecytochromec maturation, which fits withihe rationale that the
presence of these residues is important and not their specific location with respect to

CcmC and CcmE.

4.2.5 The polarity of the residuest positions 49 of CcmC and 104 of CcmE dis

not affect cytochrome ¢ maturation

Q49 of CcmC and R104 of Ccndgeem to be an interacting pdio probethe role of

this interaction it was perturbed by inserting residues capable of a highly polar
interactionat these positions (Q49EcmC and R104CcmE). Similarly, a highly
hydrophobic interaction was created by substituting both Q49 of CcmC and R104 of
CcmE with isoleucineesidues Again, the effects of these mutations were tested by

assessing the levels oftochromec maturationin vivo (Figure 4.5).
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M 1 2 3

Figure 4.5: SDS-PAGE analysis of the periplasmic fractions for the presence of
proteins containing covalently bound heme. Lane 1 - pEc86, lane 2 - Q49E-
CemC/R104-CemE-pEc86, lane 3 +Q491-CcmC/R1041-CemE-pEc86. M represents
molecular weight markers. The cells were grown under fully aerobic conditions to
ensure that no endogenous Ccm operon was expressed. Loading was normalised for

wet pellet mass and approximately 10 ug of protein was loaded in each lane. The
arrow shows the expected molecular weight of csso. cssowas co expressed in each case.
The polar omon-polar natureat positions 49 of CcmC and R104 of CcmE did not
affect the level of cytochrome maturation and hence did netctatioleCcmE
formation. Overall, this indicates that any possible interaction between Q49 of CcmC
and R104 of CcmE with respect to h&emE formation andcytochromec

maturation is not dependent on the polarity of this interaction.

4.2.6 Relative aminoacid size at positions 49 of CcmC and 104 of CcmE is

important for cytochrome ¢ maturation

As amino acid polarity change did not affect the interaction of the residues in positions
49 of CcmC and 104 of CcmE, the role of amino acid size was examined. Several
variants were madés E and ] which were tested for polaritgre alsdarge smaller

amino acid sizes werexamined.Glycines were avoided as they confer additional
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flexibility. The following were tested by assessimgochromec maturationin vivo:
Q49A-CcmC/R104V¥CcmE,  Q49¥CcmC/R104ACcmE and a  Q49V

CcmC/R104VCcmE, see Figure 4.6.

28kDa g

17 kDa

14kDba v — Csso
M 1 2 3 4

Figure 4.6: SDS-PAGE analysis of the periplasmic fractions for the presence of
proteins containing covalently bound heme. Lane 1 - pEc86, lane 2 - Q49A4-
CemC/R104V-CemE-pEc86, lane 3 + Q49V-CemC/R104A-CemE-pEc86 and 4 +
Q49V-CemC/R104V-CemE-pEc86. M represents molecular weight markers. The cells
were grown under fully aerobic conditions to ensure that no endogenous Ccm operon
was expressed. Loading was normalised for wet pellet mass and approximately 10 ug
of protein was loaded in each lane. The arrow shows the expected molecular weight
of css50. cssowas co expressed in each case.

Relative amino acid size drastically affecygochromec maturation. Inserting either
one valine residue along with an alanine, or two valines in positions 49 of @sthC
104 of CcmE, abolishes cytochrome production. This is the same phenotype observed

when two alanine residues are substituted at these positions.

4.2.7 Relative amino acid size at positions 49 of CcmC and 104 of CcmE affects

holo-CcmE production

Holo-CcmE formation using the sizariants of side chains at positions 49 and 104
was assessed (Figure 4.7), to see if the same phenotype as with alanine substitutions

(Figure 4.1)wasobserved.
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Figure 4.7: SDS-PAGE analysis of membrane fractions for the presence of proteins
containing covalently bound heme. Lane | - pEcS86, lane 2 - Q494-CcmC/R104V-
CcmE-pEc86, lane 3 * Q49V-CemC/RI104A-CemE-pEc86 and 4 + Q49V-
CemC/R104V-CemE-pEc86. M represents the molecular weight markers. The cells
were grown under fully aerobic conditions to ensure that no endogenous Ccm operon
was expressed. Loading was normalised for total protein content and approximately

10 ng of protein was added in each lane. css50 was co-expressed as an exogenous
cytochrome in these samples.

Eachvariantaccumulated large amourdgholo-CcmE in the membranes, while the
total amount ofCcmE (apoe and holeCcmE)for these variants remaindde same,
see Figure 4.8. This result obtained for the Q4MC/R104VCcmE, Q49V
CcmC/R104ACcmE and Q8V-CcmC/R104\CcmE variants is identical to that
observed for the membranes of Q4@8mC/R104ACcmEvariant suggesting that
in all these cases the he@rmE most likely remains trapped in the
CcmC:heme:CcmE complex and cannot proceed to traiisfeemeto the apo
cytochrome(Figure 4.6). Figure 4.also shows that the accumulation of CcmE

potentiallyleads to two bands. This is likely due to proteolytic cleavage on the holo

CcmE protein because of its large accumulation.

115



28 kDa

17.kDa Total-

14kDa “— CcmE
M 1 2 3 4

Figure 4.8: Western blot analysis of the membrane fractions to assess the
expression levels of CcmE. Lane 1 - pEc86, lane 2 - Q49A4-CcmC/R104V-CemE-
pEc86, lane 3 +(Q49V-CcmC/R104A-CemE-pEc86 and 4 +Q49V-CemC/R104V-
CcmE-pEc86. M represents molecular weight markers. Anti-CcmE antibody was used
to detect the amount of CcmE protein expressed in each case. The cells were grown
under fully aerobic conditions to ensure that no endogenous Ccm operon was
expressed. Loading was normalised for total protein content and approximately 10
1g of protein was added in each lane.

4.2.8 Further exploration of the cevarying residues Q49 of CcmC and R104 of

CcmE

It has been established that the relative amino acid size at positions 49 of CcmC and

104 of CcmE is crucialmost likely for the rekase of holeCcmE from the
CcmC:heme:CcmE complex. Several otveiiants were examined, detailed in Table
4.2. In all these@arians, the combined size of the interacting residuaslarger than
two alanines, two valines or an alanine and a valine jadshowed wileype levels
of holo-CcmE andcytochromer production. Thissupportshe previous observation
that amino acids of small siz¢ these cevarying residuesead tothe entrapment of

CcmeE in its complex with hemrgound CcmC.

116



Table 4.2: Showing the effect of different variants on the co-varying residues Q49
of CcmC and R104 of CcmE. WT *wild type

Holo-CcmE or

Reason for examining the

Mutant )
cytochrome ¢ levels variant
To examine the effect of
CcmGQ49S Same as WT serine
CcmER104S Same as WT To examine the effect of
serine
CemGQ49S/CemER104S Same as WT To exam;r;?ir:r;e effect of
CemGQ49C Same as WT To examine t_he effect of
cysteine
CemER104C Same as WT To examine t_he effect of
cysteine
CemGQ49C/CemER104C Same as WT Toexamine the effect of
cysteine
CcmGQ49K/CcmER104A Same as WT From cwariance analysis
CcmGQ49A/CcmER104S Same as WT From cwariance analysis
CemGQA9A/CCMER104A Increase in hokCcmE and| To examlne_the effect of
no cytochrome: alanine
To examine the effect of
CcmGCQ49R Same as WT swapping the cearying
residues
To examine the effect of
CcmER104Q Same as WT swapping the cearying
residues
To examine the effect of
CcmGQ49R/CcmER104Q Same as WT swapping the cearying
residues
CcmGQA9E Sameas WT To examine 'ghe effect of
polarity
CcmGQ49I/CcmER104I Same as WT To examine 'ghe effect of
polarity
CemGQA9A/CCMER104V Increase in hokCcmE and| To examine the gffect of
no cytochrome amino acid size
CcmGQA9VICCMER104A Increase in hokCcmE and| To examine the gffect of
no cytochrome amino acid size
CemGQA9VICCmER104V Increase in holCcmE and| To examine the effect of

no cytochrome:

amino acid size
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4.3 Discussion

In this chapter, the ewarying residues Q49 @@cmC and R104 of CcmE have been
extensively studied to deduce whether they play an important role in heme delivery
during cytochromec maturation. The covariance of these residweas identified
bioinformatically(Ovchinnikov et al.2014) The score of the Q48cmC and R104
CamE covariance was the highest of pitedicted interactiongndicating a strong
interaction site between these two proteins. This was used to identify the site of
interacting pairs between tleeproteins, driving formation of the CcmC:heme:CcmE

complex whicHeads to holeCcmE formation as described@hapter 3.

The phenotype observed for the Q4@88mC/R104ACcmE variant in hollCcmE
andcytochromec maturationin vivo suggests that these idises are crucial for the

correct transfer of heme from CcmE to teocytochrome In this variant holo

&FP( EHFRPHV 3VWXFN" RQ &FP& VKRZQ E\ LWV ODUJH D
cytochromer production, see Figure 4.1. This is a very similar phendtiyplee one

observed in the K40Darianton the Walker A motif of CcmAFeissneet al.2006,

Christenseret al.2007) leading to a complete loss of the ATPase activity of CcmA.

The latter in turn has been shown to be necessary for cytochrome maturation, as

without the ATPase activity of CcmA, the CcmC:hemenEc complex cannot

resolve after the covalent bond formation in CcmE.

It has been demonstrated that once heme is translocated to the periplasm, it becomes

ligated onto by Ccm@Ren andrhsny-Meyer2001, RichareFogal and Kranz 2010)
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CcmE then has an affinity for this heraound CcmC species and this leads to
complex formation between CcmC, heme and CcmE. In the previous chapter, the
polar conserved residues surrounding Q49 of CcmC and R104 of CcmE were
examined, and it was demonstrated that these residasslikely drive the CcmE

interaction with CcmC:heme, leading to the CcmC:heme:CcmE complex.

In the CcmC:heme:CcmE complex, CcmE covalently binds heme using its H130
(Harvatet al.2009) Neither the ATPase activity of CcmA acting through CcmB nor
the presence of Q4% CcmC and R104+ CcmE are necessary for he@rmE
formation. However, both are absolutely necessary for-6olmE release and
cytochrome: formation. It has ben concluded that the ATPase activity of CcmAB is
directly required to drive hol€cmE out of the CcmC:heme:CcmE complex, and
therefore theeason for th@henotype observed in the Q4WxmC/R104ACCME is

similar.

Further analysis of these residues sufgpthis idea. It is demonstrated that holo
CcmE andcytochromec formation is independent of the position of the Q and R
residues, see Figure 4.4. Swapping these two residwesbtain a Q49R
CcmC/R104QCcmE did not affect the amount of heldcmE or cytodhrome ¢
produced, see Figure 4.4. This suggests that their presence is required for correct

cytochrome: maturation, and their specific position on CcmC or CcmE is irrelevant.

The effect of polarity on the Q49 of CcmC and R104 of CcmE was also examined

(Figure 4.5). It was interesting to examine whether the importance of the@aC
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and R104 £CcmE was due to their polarity. It could be that a weak salt bridge
interaction could form between the Q and the R, thus the effect of makipgthise
interaction very polar or nepolar was studied. The Q49 of CcmC was changed to
glutamic acid, which is known to form strong salt bridge interactions with arginine
residues. Similarly, to examine the effect of hydrophobicity, the Q49 and R104 of
CcmC and Ccmlgespectively were both mutated intolsucines. Tiese residues did

not change the amount cftochromec produced cmpared with the wild type,

indicatingthat the polarity of this interaction is not important for this interaction.

The importance of rative amino acid size was also examined. The level of
cytochromec maturation waglisrupted by introducing valine and alanine residues
into positions 49 of CcmC and 104 of CcmE, see Figure 4.6. The Q49A
CcmC/R104VCcmE, Q49V¥CcmC/R104ACcmE and Q49vCcmC/RL04V-CcmE
variants led to n@ytochromer being produced and showed a large accumulation of
holo-CcmE in the membranes. This suggested that relative amino acid size affected

this interaction.

The results obtained from the above alanine and vabmens provide distinctly
different phenotypes compared with thelar amino acids on CcmC and CcmE
examined in the previous chapter. As discussed before \thnaat led to a decrease

of holooCcmE and thus a decrease in cytochrome levels, but the alaninalare
varians lead to a complete loss of cytochrome production with large amounts of holo
CcmE. This indicates that the importance of the @€&mC and R104tCcmeE lies

after holeCcmE formation in the CcmC:heme:CcmE compléhis is further

120



supportedy the spatial orientation of the R104 residue of CcmE. From Figure 3.3 it
can be seen that this residue is orientated to a different direction compared with the

polar amino acids examined @hapter 3, indicating a different function.

By studying the raults of this chapter along with relevant literature, a significant role
of the Q49 of CcmC and R104 of CcmE carshggestedQ49 of CcmC and R104

of CcmE can be considered astoppers during CcmC:heme:CcmE complex
formation. In this model, their rolesito stop CcmE coming overly close to
CcmC:hemeomplexduring covalent bond formation. If the distance between these
residues is disrupted significantlyig alanine and valine mutations), CcmE adheres
to CcmC. At this point CcmE can covalently bound helmé the energy released
from the ATPase activity of CcmAB is no longer enough to drive-@admE out of

the CcmC:heme:CcmE complex. This causes a large accumulation-@¢mlg, and
thus no hemes transferred to thapocytochromer. This is further spported by the
fact that several other mutations for the Q€2cmC and R104€cmE, using residues
with larger amino acid sidechains (see Table, &) no effect on the levels of helo
CcmE orcytochromec production compared with the wild type. This segtg that

the Q49 and R10df CcmC and CcmE respectivedizow high residue flexibility, and

as long as a distance is maintained, the specific nature of the residue is not very

important.
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4.4 Conclusions

In this chapter, the highly egarying residues Q49 of CcmC and R104 of CcmE have
been studied by shidirected mutagenesis. The main aim of these studies was to
understandvhetherthese residues play an important role in hotmE formation
and/orcytochomec maturationin vivo. From the results obtained it can be concluded

that:

X Q49A +CcmUR104A +CcmE doublevariantleadsto alarge accumulation
of holo-CcmE whilecytochrome: maturationis completely abolished.

X Swapping the Q and R residues between CcmC and Cloaéhot abolish
the potentialinteraction of CcmC and CcmE, consistent with the amino acids
being important for the interaction.

X The polarity of the residues on position 49 of CcmC and 104 of CcmE does
not affectcssy maturation

X The amino acid size of the residues on these positiom®ss likely very
importantfor thecorrect processing of heme from h&@omkE.

X The phenotype observed fearians with small amino acids is very similar to
that observed when the ATPase activity of CcmAB is compromised. This
suggests that Q49CcmC and R104tCcmE are not necessary for hdlemE
formation, butaremost likelykey in ensuring release of hefecmE fiom the

CcmC:heme:CcmE complex.
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X Q49 of CcmC and R104 of Ccndeuld, most likely,DFW DV 3 VWRSSHUV"™ GX
complex formation between CcmC, heme and CcmE. Theld be envisaged
to allow the two proteins to approach close enoughattheotherso that a
covalent bond can form between heme and Cdra&jot so close as to hinder

the action of CcmAB in releasing hetecmE.
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5 NMR studies on CcmE containing covalently
bound heme
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5.1 Introduction

The complete maturation oftype cytochromes requires a covalent linkage between
its CXXCH motif and hemegBowman and Bren 2008, Stevees$ al. 20113,
TravaglintAllocatelli 2013, Verissimo and 20147 his attachment is catalysed via
various groups of proteins. Systenof Gramnegative bacteria and mitochondria of
some plantss the most complex of the four syste(&sny-Meyer1997, Stevenst

al. 20118). In the model organisnk. coli, heme attachment takes place in the

periplasm using eighltytochrome: maturation (Ccm) proteinStevanset al.2005)

CcmE is a unique heme chaperaad performs a crucial function in System |
Similar to most chaperones, it binds onto its cofactor heme for its transport and
protection. However, unlike other chaperones, it achieves this by coya#@atthing

to the heme via its H130 resid{lece et al. 2005, Harvatt al.2009) The highly
conserved H130 residue is absolutely necessargylmchromec maturation,asa
H130A mutation halts hold€cmE formatiorcausingcytochrome: maturationto fail

(Enggist, Schneider et al. 2003)

The nature of the H13Bemebondin E. coli has been determined using a peptide
originating from holeCcmE which was formeéh vivo (Lee et al.2005) TROSY-
HCN experimergwereused on the herA@cmE peptide to show that CcmE binds to
either the 2or 4-vinyl group of the heme using the®\f the aromatic istidine side

chain. By observing theagnetsation transfer from th&C toH in the CH and CH
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of the vinyl group, it was concluded that CcmE binds to Bwarbon in the vinyl

group(Figure 1.9)

This represents an unusual and a novel peirgte in most cases covaldmme
adducts are formed at th®carbon according to the Markovnikov rule, by an
electrophilic addition to the vinyl groyhoudon 2002)Formation of a covalettond
with the Ecarbon requires anMarkovnikov addition, suggesting radical
involvementn the reaction mechanisi8imilar to the hemdistidine bond in CcmE,
a covalent complex between heme and histidias seen in a cyanobacterial
hemoglobin(Vu et al.2002) In this case however, the?f the histidine was bound
to the Dcarbon of the heme-@nyl. The novel nature of this herméstidine bond
seen in the CcmE protein must allow for unique features to form a transistdlylet

covalent bond.

The solution structuseof apaCcmE fromE. coli and Desulfovibrio vulgaris have

been obtaine@Enggistet al.2002, Araminiet al.2012) The structure of the soluble
domain of CcmE is formed by two subdomains that are flexibly orientated relative to
each other in soliudn (Figure 1.10) The Nterminal sbbdomain consisting of residues
134-H130 displays high atomic precision, indicating a welefined core for the
protein. This main structured part of the protein consists of Bstrands,
characteristic of a structuralgtableOB-fold. The key heméinding residue H130 is
placed on the surface of this domain, probdblgllow easy interaction witheme

moieties(Figure 1.10) The Gterminal subdomain is formed of an unstructured tail
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strategically placed near the heleding H13Qbutthe role of this region is currently

unclear.

Y134 is located on the unstructuredédminal domain of the protein, ankis residue
is highly conservedn vivo studies shoedthat a single Y134Anutation significantly
decreasedholo-CcmE formation in the membranésnggistet al.2003) Similarly,

truncations at the @rminus of the CcmE protein (sequential remafadll amino
acids until the H30 residue) g to a significant decrease in, laitl not completely
abolish, the covalent heme binding ability of the prof&nggist andrhSny-Meyer
2003) In order for CcmE to transfer its covalently bound heme tagbeytochrome
only a single additioal residue D131 wasequired. For efficienttytochromec

maturation however, the DENYTPP motif of the protein was esséhtiggist and

ThSny-Meyer2003)

The structure of hok&€cmE is currently ot known. The structure of holaeme may
interact with the CcmE protein has been prop@Eedjgistet al.2002, ThSnyMeyer
2003) In the proposed structure, the hemially binds on the main body of the
CcmE proteinallowingfor a conformational changso that the heme moieyymost
likely placed in a pocket. Previous crystallisation studiebaa-CcmEhave failed,
likely due to the flexible @erminus of the protein. In this chapter, HSQ@ TOCSY
experiments are used to obtain residpecific information on the interaction between
the covalently bound heme arilde CcmE protein. Ptential ligands tdhe heme are

also examined by following changes in the aromatic side chains dibtb€CcmE
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protein. This work provides novel structural indgnto the holeCcmE structureto

help understand the role of this unusual chaperone.

5.2 Results

5.2.1 NMR studies on*®N labelled apeCcmE with a Hise-tag

5.2.1.1 2D*H- N HSQC

A H- N heteronuclear single quantum coherence (HSQC) experiment provides a
two-dimensional spectrum where one of the axes is for protehditnension) and

the other is for thé°N dimension. The signals arise from f3gx coupling causing
magnetsation transfer from the hydrogen to the attach®tinuclei. The chemical

shift is then evolved on the nitrogen and then this magnetisationnidrdresferred

back to the hydrogen for detecti@@avanagtet al.2006) Each peak in the spectrum
corresponds to a proton attached té°M labelled nitrogen. See FigurelSfor a

schematic demonstration of the magsston transfer between thel and*N nuclei.

The proline residues do nsult ina peak in a HSQC spectrum. This is becdhse
HSQC experiment provides correlations between the nitrogen and the amaig prot
where every amide yields &ak in the HSQC spectra. Sina®lme residues do not

have an amide proton attached to a nitrogen in the peptide bond, they cannot be

observed as peaks in a HSQC spectrum.
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Figure 5.1: '"H- N HSQC magnetisation transfer schematic. Magnetisation is
transferred from the N-proton to the adjacent nitrogen through J-coupling. This
magnetisation is then evolved on the nitrogen before being transferred back to the N-
proton for detection. The "H- "N HSQC spectrum contains one peak for each proton
attached to a labelled nitrogen.
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5.2.1.2 2D'H- N HSQC of apeCcmE with Hise-tag

A total of 320 mg of'®N-labelled CcmBEHis-6-tag was purified from 4itres of
bacterial culturgand the purity of the protein was checked via SDSGE analysis.
The N incorporation into the protein was calculated to be 87%, see Table 5.1. The
2D H-®™N HSQC spectrumof the apeCcmE protein with theHiss-tag was

successfully collected, see Figur2.5
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Figure 5.2: Full 2D 'H->N HSQC spectrum of >N-apo-CemE. Spectrum was
collected at a pH of 7.2 and at 298 K, in 50 mM Tris-HCI and 150 mM NaCl. Protein

concentration was 0.5 mM.

The spectrum of ap@cmE with Hise-tag looked generally well dispersed and

resolved. However, some overlap was seen in the central region of the spectrum. This

area of the spectrum is enlarged in Figure 5.3 for clarity.
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Figure 5.3: 2D 'H-">N HSQC spectra of > N-apo-CcmE expanded to show peaks in
a crowded region for clarity. Spectrum was collected at a pH of 7.2 and at 298 K, in
50 mM Tris-HCI and 150 mM NaCl. Protein concentration was 0.5 mM. Regions of
overlapping peaks are indicated by a red (*).

5.2.1.3'"H- 1N HSQC - side chain H" identification

The side chain Nkgroups on asparagine and glutamine result in peaks tiltHeN

HSQC spectrum. A pair of peaks is seen for each of theghktips. They have the
same nitrogen chemical shift value, but wdiffering proton chemical shifts. These
NH2 peaks are often easy to identify because of the additional peaks (*), shown on
Figure 5.4, arising from the small amountNID species present. The deuterium
isotope effect on th&N chemical shift results iNHD peaks that are resolved from

the NH peaks. Once these peaks are identified they can be removed from
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consideration for the backbone assignments. An example of the identification of such

side chain peak is shown in Figure 5.4.
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Figure 5.4: Expanded region of the 'H- ’N HSQC spectrum of the apo-CcmE
protein with a Hiss-tag. This region allows the NH: side chain groups to be easily
identified. Each NH> group has two peaks with the same nitrogen chemical shift but
with different proton chemical shifts. Some peaks have an addition peak due to a small
amount of NHD species present indicated by a red (*).

5.2.1.4 3D TOCSYHSQC and 3D NOES¥HSQC spectra of apeCcmE with

Hise-tag to aid backbone assignments

Previously published assiments were used as a starting point to assign th#42D

15N HSQC spectrum of the protein. Some of the assignments, mainly around the
unstructured @erminus of the protejnappeared to be incorrect as no peak was
observed at the expected position. To fully assign the spectrum correctly, further

experiments were required.
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5.2.1.4.1 3D TOCSYHSQC

A 3D total correlated spectroscopyheteronuclear single quantum coherence,
TOCSY-HSQC, spectrum was also collected and analy§¢se 3D TOCSY
experiment yields throughond correlations via spispin coupling. This is very
useful for dividing the proton signals into coupling networks, especially in crowded

regions where the peakse not fully resolved.

During a3D TOCSY-HSQC experiment aisotropic mixing time is set. This step
transfers magnetisation between'flspins. The magnetisation is then transferred to
the neighbouring®N nuclei and back tdH for detection(lkura et al. 1990) An

example of the magnetisation transfer between nuclei is shown by Figure 5.5.
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Figure 5.5: Schematic representation of the magnetisation transfer between the
hydrogen and nitrogen nuclei during a 3D TOCSY-HSQC experiment. Figure
adapted from (lkura et al. 1990).

5.2.1.4.2 3D NOESYHSQC

3D NOESY experiments yield througdpace correlations. This technique allows
signals to arise from protons that are near each other in space even if they are not
bonded. During a 3D NOESMSQC magnetisation is exchanged between all
hydrogens using the nuclear Overhauser effect (NOE). This magnetisation is then
transferred to the neighbourifitN nuclei where it is evolved and retransferred to the

'H nuclei for detection. A schematic of the matisation transfer during this

experiment is shown in Figure 5.6.
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Figure 5.6: Showing a schematic representation of the magnetisation transfer
between the hydrogen and nitrogen nuclei during a 3D NOESY-HSQC experiment.
Figure adapted from (lkura et al. 1990).

5.2.1.5 Simultaneous use of 3D TOCSMSQC and 3D NOESYHSQC to aid

sequential residue assignment

As explained above, a large amount of structural information about a protein can be
deduced from 3D TOCSHSQC and 3D NOESHSQC experiments. More
importantly, these techniques can be used simultaneously to significantly aid

assigning residues in the protein backbone
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This method is based on the premise that for all sterically allowed valugs & D Q G
X1 (where 3  %ndXidescribe the rotatioaf the polypeptidebackbone around the
bond between NC D CDC and theside chain group, respectivebf)least one of the
distances between™iHPand HFof adjacent residues is short enough to give rise to
an observable NOE effe@VYthrichet al. 1982) However, he most useful NOE
effects for sequential assignments were found to involve thef Kesiduei and H

of residue+1. These alph&OE links can be used throughantichof the protein to
sequentially assign each amino acid residue. An example of this to confirm the

assignment of the amino acids from 108Gly to 112GlIn is shown in Figure 5.7.

108Gly 109val 110val 111val 112GIn
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Figure 5.7: An example of the simultaneous use of 3D TOCSY-HSQC and 3D
NOESY-HSQC techniques to assign sequential residues. The identities of the amino
acid residues are indicated on the top of the diagram. The blue peaks correspond to
peaks arising from the 3D NOESY-HSQC experiments and black peaks represent the
peaks arising from the 3D TOCSY-HSQOC. One can follow the HP- H" NOE links from
adjacent residues to sequentially assign amino acids as indicated on the figure via
black arrows. Both spectra were obtained at pH 5.5, in 50 mM Tris-HCI, 150 mM
NaCl.
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It is important to note that this technique cannot be used throughautb tieprotein
sincesome residues are prolines and do not provide a signal in an HSQC experiment,
and some residues simply do not provide wedlolved and unambiguott®- HN

NOE interations.

5.2.1.6 pH titrations on'°N labelled apaCcmE with a Hise-tag

In aH- "N HSQC experiment the visibility and dispersion of some peaks are directly
related to the pH of the sample. Therefore, it is important to carry out pH titrations on
the apeCcmE protein to obserwehetherany additional peaks can be identified and
assignd. pH titrations were carried out apoCcmE by obtainingH- N HSQC
spectrum of the protein at pH 7.0, 6.5, 6.0 and 5.5. In these spectra, some peaks clearly
experienced differential shifts with the change in pH. An example of this is shown in
Figure 58. This wasdue to either their own ionisable side chain or otfisush as

His, Glu or Aspbeing in close proximityWhen the pKa of these side chaimas

closer to the pH of the sample, theslto a characteristic upfield or a downfield shift.
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Figure 5.8: 'H- "N HSQC of apo-CcmE to show peaks shifting as the pH of the

sample is changed. All spectra were collected at a temperature of 298 K in 50 mM
Tris-HCI and 150 mM NaCl. Blue represents pH 7.0, green pH 6.5, orange pH 6.0

and red pH 5.5. The black arrows in the figure represent the direction of the shift with

respect to the pH.

From the example provided in Figure 5.8, the shift experienced Hyeli2® most
likely due to the ionisable side chaintbé 12Mis residue which ign closeproximity.

Similarly, the shift experienced by 96Gkiprobably dudo its own ionisable COOH

side chain.

In addition to causing shifts in some residues, the change in pH also resulted in some
peaks in the spectradmming more pronounced, increasing ease of assignment in the
more crowded regions of the spectra. The most important example of this is the peak
responsible for H130. At around pH 7.0 this peak is not visible due to the NH group
rapidly exchanging with theolvent. When the pH is lowered to 5.5 however, this
peak becomes visible at (8.57, 120.92 ppm). This peak was previously reported to be
elsewherdEnggistet al. 2002) but the 3D experiments and pH titrations show this

new assignment is correct.
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5.2.1.7*H- 15N Heteronuclear NOE

Proteins often contain flexible regions that are disordered and do noahagk
defined regular secondary structuid- 1°N HeteronucleaNOE experiments can be
very useful in identifying such mobile and flexible residues on proi{&ay et al.
1989) A heteronuclear NOE ratio is calculated by comparing pe@nsity in two
separate spectra. One spectrum is obtained withbsaturation, thiss similar to an

1H4- "N HSQC. Another spectrum is obtained with saturation, which has lower
peak intensities as a result of the 1°N NOE. The relative reduction in peak intensity
directly correlates with residue mobility and flexibility. Higher heteronuclear NOE
ratios (> 0.7) indicate rigid backbone structured regions, whereas lower ratios (< 0.7)
indicate backbone flexibility. The dnE protein was examined vlsteronuclear
NOE to observe which regions of the protein are structured and show flexibility, see

Figure 5.9
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Figure 5.9: The 'H- >N heteronuclear NOE ratio for the wild-type CcmE protein
with error bars indicated. Data was collected at pH 5.5 in 25 mM Tris-HCI and 150
mM NaCl at 298 K. The orange data points represent overlapping residues:
42Glu/52GlIn, 45Tyr/70Ser, 61Arg/98lle and 141Lys/144Glu. Residues 66Val,
146Asn and from the Hiss-tag were removed from the figure due to very high error
bars.

The CcmE protein exhibits low levels béteronuclear NOE ratio between residues
33Asn and 37Phe, indicating a small flexibleioeg Between eésidues 37Phe and
128Ala, the prdein shows a high (> 0.7)ekeronuclear NOE ratio indicating a
structured secondary structure with no flexible or mobile regions. fieen@nus of
the protein between 128Ala and 161Glu indisasenificantly lower levels of
heteronuclear NOE ratio. Thisuggests that the -€rminus of the protein, as
previously predicte@Enggistet al.2002) is highly mobile and flexible. It is however,

interesting that the H130 residue, despite being always identified as part of the
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structured part of the protein, is shown to be on the flexible region. This suigest

the Gterminus of the protein may limportant in heme binding.

5.2.2 NMR studies on holeCcmE with a C-terminal Hise-tag

5.2.2.1 Sample preparation and evaluation of covalent heme binding

Heme was covalently attachedvitro to the CcmE proteirand the free heme was
removed followng the protocol indicated in Chapter 2. It was necessary to establish
that 100% of the CcmE protein had covalently bound heme, before examining the
holo-CcmE protein via NMR. To this end, MS studies were carried out on both the
15N labelled apeand holeCcmE protein, see Figure 5.10. The above procedures were
also repeated for unlabelled apmd holeCcmE. See Table 5.1 for a summary of the
mass differences before and after heme attachment to CcmE. The expected mass of
heme is 616 kDayhichis the exactlifference in mass between both the-agoad the

holo-forms of unlabelled ant’N labelled CcmE.
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Figure 5.10: MS data for apo- (A) and holo- (B) "’ N-labelled CemE with a Hise-

tag. The relative intensity of species is plotted as a function of mass. Both samples

DUH DW D FRQFHQWUDWLRQ RI 0 LQ ZDWHU DFHWF
Chapter 2 for more details).

Table 5.1: Summarising the mass differences between apo- and holo- unlabelled
and "’N-labelled CcmE with a Hiss-tag

Species Expectedmass Observedmass
Apo-CcmE (unlabelled) 15,516 15,516
Holo-CcmE (unlabelled) 16,132 16,132

Apo-CcmE {°N) 15,736 15,708
Holo-CcmE ¢°N) 16,352 16,324

Figure 5.10 shows thdi00% of the ap&cmE protein had bound hepas the only
species present was the h@omE protein. This hol€cmE sample was then
examined by NMR. By looking at the observed mass of the unlabelledsnd
labelled CcmE protein, thEN incorporation intathe protein was calculated to be

87%.
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5.2.2.2 2D'H- >N HSQC on holeCcmE protein with a Hiss-tag

After confirming the presence of 100% hdlemE protein, a 20H- N HSQC
experiment was carried out on this sample. An interpretable spectruofoaEcmE

was obtained, see Figure 5.11. Figure 5.12 shows an enlarged region of the holo
CcmE spectrum where significant overlap is present. During pH titrations, it was
evident that by decreasing the pH to,5rore of the peaks on the CcmE protein
becane visible.Unfortunately, experiments involving heme cannot be conducted at
such low pH valuesis heme precipitates belopH 6.6. If the heme is covalently
attached to the protein, as in the case of @dmE, thewhole sample precipitates

and cannot be exnined at this pH.

e 110

‘ o 4 i e ——115

[-]
5N (ppm)

H (ppm)

Figure 5.11: Full 2D 'H- >N HSQC spectrum of > N-holo-CcmE (red) and > N-apo-
CcemE (black). Both spectra were collected at a pH of 7.2 and at 298 K, in 50 mM
Tris-HCl and 150 mM NaCl. Protein concentration was 0.5 mM - apo-CcmE and 0.4
mM - holo-CcmE. Heme was covalently attached to apo-CcmkE protein as detailed in
Chapter 2 and the species was checked via MS.
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Figure 5.12: 2D 'H- SN HSQC spectrum of ">N-holo-CcmE (red) and apo-CcmE

(black) expanded around the central region for clarity. Both spectra were collected

at a pH of 7.2 and at 298 K, in 50 mM Tris-HCI and 150 mM NaCl. Protein
concentration of apo-CcmE was 0.5mM and holo-CcmE was 0.4mM. Heme was
covalently attached to apo-CcmE protein as detailed in Chapter 2 and the species was
checked via MS. Some of the peaks experiencing paramagnetic broadening are

indicated.

It is clear from Figures 5.11 and 5.12 that overall the253°N HSQC spectrum of

the holeCcmE protein did not show any significant shifts, but Figure 5.12 shows that
some of the residues experienced a high level of paramagnetic broaddngs
expectedasit has been suggested that the ferric iron in the heme moietyhigid

spin (Garc’aRubio et al.2007) which is predicted to enhance relaxation (i.e. cause
broadening), but not to cause any shifisis also suggests that the overall structure

of the holeCcmE protein isrery similar to that of the apmrm. Thus, itwould be
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hard to envisagany large conformational changescurringin the CcmE protein

once it has bound heme covalently.

Heme is paramagnetic when oxidisedfesidues directly interacting with the heme
moiety would be expected to experienseme level of broadening. In order to
visualise and understand the level of paramagnetic broadening, the ratio of broadening
with respect to peak height was calculated in-apa holeCcmE. This was then

plotted as dunction of protein sequence, see Figure 5.13.
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Figure 5.13: Summary of the broadening in in vitro formed holo-CcmE protein with a Hiss-tag. The ratio of broadening before and after covalent heme binding is calculated
as ratio of peak height and plotted as a function of protein sequence, with error bars indicated. The blank residues represent prolines. Residues 42Glu/52Gln, 594rg/126Val,
47Lys/79Lys and 141Lys/144GlIn show overlap and are indicated in orange. Residues 101Asp, 130His, 146Asn, 147His and 152Ser are not visible at pH 7.2 and therefore are
not present. Residues 41Gly, 61A4rg, 135Thr and 138Glu have large error bars due to weak peaks and therefore are omitted. Finally, residues between 162 and 167 compromise

the Hiss-tag and most of these residues are not present due to rapid exchange with the solvent. Both spectra were collected at 298 K with a pH of 7.2 in 50 mM Tris-HCI and
150 mM NaCl.

146



From Figure 5.13, it can clearly be seen that ther@inus of the CcmE protein
experienced the most pronounced broadening. The main strudgleudel core of
the protein did not show any signs of broadening. This suggests that in th@choto
protein the heme moiety is interacting with theégdminus and not the main body of

the protein.

This was an unexpected result since the previous predictions of th&tola
structure suggested that the heme would be hidden in a pocket on the main body of
the protein. These predictions were based on the conserved hydrophobic residues on
the external surface of thEbarrel, close to the H130 forming a heme binding region

on the protein(Enggist et al. 2002) Furthermore, a hol€cmE structure was
modelled were residues F37, V11 and L127 were supposed to interact with the
protoporphyrin ring, whereas R61 and K12®uld neutralise heme propionates
(Th8ny-Meyer 2003) Apart from K129, which is in close proximity to theme
bindingH130, naosignificant broadening was observed in the other predicted residues.
This suggested that the reason for the broadening observed atetitmeiius may not

be physiological since the protein examined contained-tarr@inal Hise-tag.

Therefore, the hol@cmEprotein was examined without itfiss-tag.

5.2.3 NMR studies on holeCcmE protein without a Hiss-tag

It is important to mention that the version of the CcmE protein examined in the
previous section contained at€'minalHises-tag. It has been previoysshown that

the heme does not bind onto théss-tag of anin vitro reconstituted hokiCcmE
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protein since a wildype CcmE protein lacking thdiss-tag will bind heme covalently

in vitro (Stevenset al.2003) TheHiss-tag however, may potentially be acting as a
nonphysiological ligand, which does not happ@nvivo. Thus, it isnecessary to
assess the broadening in the CcmE residues when heme is covalently bound and no

Hise-tag is present.

5.2.3.1 Sample peparation

In order to prepare a heldcmE sample containing covalently bound heme without a
Hiss-tag, it is necessary tone a thrombin cleavage site before lthss-tag. It has
been shown that theiss-tag significantly increases the rate of R@omE production
in vitro (Stevenset al.2003) so ideally it needs to be present during covalent bond

formation between heme and the CcmE protein.

After formation of holeCcmE, it is necessary to cleave Higes-tag via the thrombin
cleavage. The cleavddiss-tag is difficult to remove by running the sample through
anickel column, since it has good affinity towards both the heme on theCuohk
protein and the charged nickel column. Therefore, a St was cloned after the
Hiss-tag, linked by a SA linker. This secondary tag allowed for removal dfithe
tag after the cleavage reaction had taken placee-bynning the sample through a
Strep column and collecting the flethrough. The @erminal of the construct used

is shownin Figure 5.14.
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ggcgAGTGTTTATAAGGACCCAGCATCACtggtgccgcgcggcagcggcagcCACCACCACCACCACCACTCGGCATGGAGTCATCCCCAATTTGAGAAATG

CCQCTCACAAATATTCCTGGGTCGTAGTgaCcacggcgcgccgtCgcCgtcgGTGGTGGTGGTGGTGGTGAGCCGTACCTCAGTAGGGGTTAAACTCTTTAC

A S V Y K D P A S L V P R G S G S H H H H H H S A W s H P Q F E K @O
e ot e Nl ancor | 6% o StrepTag 1

thrombin site
Figure 5.14: The C-terminal of the construct used to produce holo-CcmE protein
with no Hiss-tag. Image produced via SnapGene. See Chapter 2 for more details.

5.2.3.2 Evaluation of the holeCcmE protein with no Hise-tag

Following the protocol outlined in Chapter 2 and abdvh;labelled holeCcmE
protein with noHiss-tag was successfully produced. This was sent for MS analysis
with anothert>N-labelled apeCcmE with a cleave#fiss-tag. The mass of thEeN-
labelled apeCcmE was 15,092 Da and hefecmE was 15,708 Deonsistent with the
loss of the Histag This provides a mass difference of 616 Da which is the exact

mass of the heme. This sample was then further analysed by NMR.

5.2.3.3 2D'H- >N HSQC on holeCcmE protein without a Hise-tag

After confirming the presence of 100% hd@l@mE protein with néliss-tag, a 2D'H-

15N HSQC experiment was carried out on this sample. Similar to theGurhE
protein with aHiss-tag, no shifts were observed in thelo-CcmEspectrun relative

to apeCcmE However, some paramagnetic broadening was obsanvée hole
CcmE spectrumin order to visualise this broadening, the ratio of relative broadening
was calculated with respect to peak height between theaapoholeCcmE, where
neither protein had Hiss-tag. Figure 5.15 shows this plot, wheaéio of peak height

before andafter covalent heme attachment is shown as a function of residue number.
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Figure 5.15: Summary of the broadening in in vitro formed holo-CcmE protein without a Hise-tag. The ratio of broadening before and after covalent heme
binding is calculated as ratio of peak height and plotted as a function of protein sequence, with error bars indicated. The blank residues represent prolines.
Both spectra were collected at 298 K with a pH of 7.2 in 50 mM Tris-HCI and 150 mM NaCl. The orange bars represent the overlapping residues: 42Glu/52Gln,
59Arg/126Val, 47Lys/79Lys and 145A1a/154Tyr. Residues 101Asp, 130His, 133Asn, 138Glu, 146A4sn, 147His, 148Arg and 152Ser were not visible at pH 7.2.
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Figure 5.15 shows that thet€rminus of the hokiCcmE protein without #iss-tag
experiences similar broadenirtpat is,C-terminal residues broadening and not the
main body of the proteirsimilar to the observatiowith holo-CcmEHiss-tag shown

in Figure 5.13. It is interesting to note that the broadening experienced by the holo
CcnE protein with ndHise-tag is more specific within the-@rminus of the protein.

In Figure 5.13, the hol@€cmE protein with a&liss-tagis shown to experienagon
specific broadening across the whokte@minus, suggesting that the heme moiety is
interactng with this part of the protein. In Figure 5.15 however, it is clear that once
the Hise-tag is removed, there is more specific broadening around residues 129, 131
and 132 andhlso between residues 145 to 156. This suggests that heme is indeed
interactingwith the Gterminus, but theHiss-tag may act as a ligand if it is not

removed from the final hol€cmE protein.

More importantly, it is clear from Figures 5.13 and 5.15 that the covalent addition of
heme does not cause any significant broadening on the stru&begde! core of the
protein, irrespective of whetherHiss-tag is presentr not. This suggests thate
overall structure of hok€cmeE is very similar to apGcmE, where the heme moiety
simply interacts with the @rminus, and no significant conformational change within
the main Ebarrel fold of proteinoccurs followingcovalent heme bindingn vitro.
Furthermore, the residugseviouslymodelled to be in the close vicinity of the heme
moiety in the holeCcmE structure (F37, V110, L127, R61 and K129) did not show
any broadening even after the removal ofHiee-tag. K129 was an exception but this

is expeted since it is very close to the heme binding H130. The broadening

experienced by these residues are specified in Table 5.2.
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Table 5.2: The ratio of peak height for the residues that were predicted to be in the
vicinity of the heme moiety in covalently formed holo-CcmE, compared to the
average ratio of peak height in the rest of the protein. Values were obtained from
Figure 5.15.

Residues predicted to Averageratio of peak
interact with heme in Ratio of peak height gera P
height
holo-CcmE
F37 0.68 0.69
R61 0.70 0.69
V110 0.71 0.69
L127 0.68 0.69
K129 0.33 0.69

5.2.3.4 2D TOCSY studies on the aromatic residues of ajnd holo-CcmE with

no Hise-tag

So far, the 20H- "N HSQC experiments have established that after covalent bond
formation between heme and the CcmE protein, the heme moiety does not interact
with the main Ebarrel core of the protein, but shows some interactions with the
flexible Gterminus. These findingsere based on tHel- 1°N HSQCof the backbone
region of the protein. Examining the effect of the presence of heme on the aromatic
side chain residues in the CcmE proteas expected tprovide insight into whether

any aromatic side chains act as a ljao supportthe heme in the covalent helo

CcmE complex.

In order to carry out this work, two 2D TOCSY spectra of the CcmE protein were

obtained with and without covalently attached heme (both containirdjsadag).

The aromatic side chains can be digalentified in TOCSY spectra because they are
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present as cross peaks at a specific region of the spectrum, between 6 andlt&ppm.
CcmE protein does not contain any Trp residues, but the aromatic side chains for Tyr,
Phe residues are clearly presemguFe 5.16 shows the TOCSY spectrum around the
aromatic side chain region of the CcmE before and after covalent heme attachment.
Figure 517 shows a schematic representation ofafeenatic residues examined in

Figure5.16to show where the heme is not interacting with the CcmE structure.

Figure 5.16 clearly shows that none of the aromatic side chains of the Tyr or Phe
residues in the wikdype CcmE protein experience broadening after covalent heme
attachment. This indites that in the hol€cmE protein, there is no Tyr or Phe in
place as an axial ligand to the heme moiety. The presence of the H130 residue is
necessary and most likely sufficient to hold the heme in place on the protéim.

Since the aromatic side ains of histidine residues cannot be observed at the
experimental conditions used, there a small possibility that H120 or H147 would be
acting as axial ligands. There is, however, no evidence in literature to indicate that

these residues would be importanthe holeCcmE protein.
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Figure 5.16: 'H- 'H TOCSY spectrum of wild-type CcmE without a Hise-tag. Blue
peaks represent CcmE without any heme and red peaks represents CcmE with
covalently bound heme. In the spectrum, the area where the aromatic side chains are
present is shown in detail. Spectrum was obtained at pH 7.2 with a temperature of
298 K in 50 mM Tris-HCI and 150 mM NaCl. Protein concentration was 0.5 mM =*
apo-CemE and 0.4 mM *holo-CcmE.
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TYR-134
PHE-37

g

TYR-38

Figure 5.17: Solution NMR structure of wild-type apo-CcmE from E. coli. The
aromatic residues examined via 2D TOCSY, detailed in Figure 5.16, have been
highlighted in red. The Y154 residue could not be indicated since it is not present in
any of the published structures. Image produced via PyMOL (Alto and Palo 2002).
The apo-CcmE structure shown is selected from a family of NMR structures.

5.3 Discussion

In this chapter, the wildype ape and holeCcmE protein with and without Idiss-

tag have been extensively examined by NMR. Initially, HotonE protein was
producedin vitro containing aHiss-tag. The sole presence of this protein was
confirmed via MS studies, see Figure 5.10 and Table 5.1, which is crucial as the
presence of any apBcmE protein would provide complicated results in the

broadening plots.
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After confirming that the sample wa$00% holeCcmE protein, the heme
polypeptide interactions were probed via b 1°N HSQC. An interpretable 2EH-
15N HSQC of the holeCcmE protein with aiss-tag was obtained, see Figures 5.11

and 5.12, whiclinadproved to be difficult in previous attgns by other researchers

The 2DH- N HSQC experiments on heldcmE protein indicated that the overall
structure of the heme bound form was very similar to theGgoE protein. No shifts

were observedout some paramagnetic broadening was obserweerektingly no

shifts from the delocalised porphyrin ring were observed. This could be due to any
residue that shifts also broadens so these shifts are not observed or more likely that

there is no fixed orientation of heme on the hGmE protein.

Theextent of paramagnetic broadening on the {&dmE protein with diss-tag was
examined further. In order to carry out this work, 2D N HSQC spectra of apo

CcmE and holeCcmE were obtained and the peak height of each residue was
compared, see Figurel3. These studies clearly show that the mabarrel fold of

the protein does not experience any significant paramagnetic broadening, suggesting
that the heme moiety is not interacting with the main structured part of CcmE after
covalent bond formatiofzurthermore, it can be seen from Figure 14 that the majority

of the paramagnetic broadening is observed around-tben@nus of the protein. This
suggests that after covalent heme binding, the heme moiety is only interacting with

the Gterminus.
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The broaening observed from Figure 5.13 howeweas from a holaCcmE protein

that contained Hlise-tag. It has been shown by othéBsevenset al.2003)and in our

lab that theHise-tag is not the site of covalent heme binding, as a H130A Gamaéant
cannot bind heme covalently even witliHess-tag present. The -@rminal Hise-tag

may potentially be acting as a strong ligand to ligate and pull the heme moiety towards
it and thusalter the results obtained. Thus, to confirm the results observed were
relevant, the heme polypeptide interactions were probed on -&Clal& proteinhat

contained ndiss-tag.

The preparation of the hoeldcmE protein with ndHiss-tag is outlined in section
5.2.3.1and Chapter 2. MS studies were then conducted on cléaNémlo-CcmE to
confirm that the covalent heme attachment was successful anohithespecies
remaining was the hol@cmE protein itselfThere was no evidence for the presence
of 1°N-apaCcmE which, for reasons unknowmasdetected at higher sensitivity tha

holo-CcmE in the MS studies.

The 2DH- N HSQC experiments were therrigad out on the hok€cmE protein
which did not contain anmiss-tag, see Figure 5.15. It is clear from Figure 5.15 that
similar to Figure 5.13, the main structured body of the protein did not experience any
paramagnetic broadening. Similar to the RGlonE protein with eHiss-tag, the C
terminus of the protein showed the most amount of broadening. The broadening
observed in this case was more specific than wherliketag was present. There
was clear broadening around residues 129, 131 and 132, aseelxpiece the heme

is covalently binding to the H130 residue.
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Residues in between 138 and 144 experienced a lower level of broadening. Residues
145 to 156 however, experienced higher levels of broadening similar to 129, 131 and
132. Finally, residues 15® 163 showed no significant broadening. This indicates
that when theHise-tag is present, it acts as a ligand causing the whaér@inus of

the protein to broaden significantly. When it is removed, a more specific broadening
around the @erminus of holeCcmE is observed. Significantly, in both cases the

main body of the prein does not show any significant broadening.

The CcmE protein is an unusual chaperone. It carries out key steps in the correct
maturation of the holaytochrome. It initially forms a complex with the CcmC
protein and heme, binds heme covalently vidlit80 residue, and becomes released
from this complex. It the transfers its heme to tlapocytochromewith the help of
CcmF, to mature hotoytochromer in the correct stereospecific manii8tevenset

al. 2011a).

The work from this chapter provides novel structural insights into how the CcmE

protein carries out its function. It strongly suggests thaitro, after covalent heme

attachment to the polypeptide, there is no signitichange in overall structure. The

heme moiety does not interact with the main body of the protein, nor does a
FRQILUPDWLRQ FKDQJH RFFXUV WR SODFH WKH KHPH L
suggests that in the helocmE structure the heme moiety interaditectly with the

C-terminus of the protein. This would allow CcmE to sequentially transfer its heme

to theapocytochromewith less effort than docking the heme into a heme pocket and
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then allowing its transfer. Furthermore, the heme binding H130 iselbaan the
flexible C-terminus not the main structured coretbé protein, indicated by the
heteronuclear NOE studies. This further supports the hypothesis that the main body

of the protein is not involved in heap®lypeptide interactions in heilGcmE.

Conformational changes are common in metal chaperones to aid the protection and
transport of their respective cofactgPalumaeet al.2004) CcmE however, is not a
usual chaperone; unlike other chaperones it binds its cofactor covalently and does not
have a major transpiofunction. The whole of System in E. coli, responsible for
maturing cytochromec is expressed from the same operon, and stuoje®.
Mavridou and S. J. Ferguson (personal communicatod)othergVerissimo and
Daldal 203) suggest that it exists as a one large sgperplex. This would negate

the need for CcmE to transport its heme large distances in order to transfer it to the
apocytochrome Similar to CcmE, another protein responsible for carrying heme is
the extraellular hemophore, Hasgsee sectiorl.3.2.1) This protein captures its
heme via two long exposed loops leaving the heme surface exposed and without
changing its conformatiofArnoux et al. 1999, LZtoffZet al. 1999) This further
demonstrate that a conformational change or a pocket is not required in transient
heme containing proteins as long as the heme is bound with high enough dffinity.

is important to note thahe hemanoiety, although exposed at the surface of CcmE,

is envisaged tbe largely shielded from water by the presence of other partner proteins

such as CcmC, CcmF and the agytochromer.
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The presence of other molecular players aiding CcmE in its chaperone roleatgould
negate the need for this protein to undergo a megoformational change after
covalent heme binding. The observation that the heme moiety is interacting with the
C-terminus of the protein supports this theory, it would be energetically favourable to
keep the heme on the flexiblet€minus where it is clly accessible and to allow

its swift transfer to theapocytochrome This would also explain the significant
decrease in heme binding ability of h@l@mEin vivo with a truncated @erminus
(Enggist andThsny-Meyer 2003) In the truncated CcmE protein, all of the C
terminus was sequentially removed until the heme binding H130. The heme binding
ability of CcmE decreased significantly but a complete loss was not observed. A
complete loss of heme binding is not expected truacated protein, since other

molecular players and the H130 residue are still present on the CcmE protein.

It is unexpected that the CcmE protein would bind heme covalently, since this is a
transient interaction. The reason for this could be thaoteeall energy advantage
gained by not requiring a conformational change (since the covalent bond via the
H130 and other potential ligands, see below, are sufficient to hold the heme on the
protein) and potentially compromising one of the vinyl groupseshd for perfect

stereespecific attachment on tlapocytochrome

This work clearly shows the importance of the flexiblete@ninus of CcmE
interacting with the heme moiety. One would question the role of the main body of
the protein since it does not seem to interact with heme. In Chapter 6, a potential role

for noncovalent interaction between the heme and the main body of the protein is
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discussed. Perhaps however, as detailed in Chapter 3 and 4, the role=bhtinel
fold of the protein lies in interacting with the CcmC protein to form the

CcmC:heme:CcmE complex.

So far it has been established that after covalent bond formation between CcmE and
heme, the heme moiety does not interact with the main body of the protein but instead
displays interactions with the flexible-€rminus of the protein. By probing tle
vitro-formed holeCcmE protein via 2BH-'H TOCSY experiments and looking at a
specific region where aromatic cross peaks are observed, the potential ligands for the
heme can be deduced. It would be expected that if the aromatic side chains are in close
proximity to the heme moiety, they would experience some level of broadening.
Figure 5.16 shows th2D H-'H TOCSY spectrum of each apand holeCcmE,

where the aromatic region is shown in detail. From Figure 5.16, it is clear that no
significant paramagniet broadening is observed in any of the residues. This clearly
indicates that in the covalent heGrmE protein, no Tyr or Phe ligand is necessary to

hold the heme in place on the protein.

Previousin vivo and EPR studies suggested that Y134 is cruociahbloCcmE
formation (Enggistet al. 2003, Garc’eRubio et al. 2007) a significantattenuation
was observed when this residue whanged into anlanine. From these findings, a
putative hypothesis was progexl that Y134 acts as a ligand on the covalently formed
holo-CcmE protein. In this work, it has been shown that{&@&tmE formedn vitro
does not contain any Tyr or Phe ligands. This may be différento, but is hard to

envisage as the covalent boneheen the H130 and heme should be sufficient to
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hold the heme on the CcmE protein, along with other mtde@layers present in
System | Perhaps Y134 has a role elsewhere, potentially duringcoealent

interaction with the heme as discussed in Chapter

The finding that no clear Tyr or Phe ligands are present oix thie-o formed hole

CcmE suggests some key information about the nature of the protein. The fact that no
clear ligands are required supports the theory that theQmitE protein doesat

need a packed structure, where the heme moiety is placed in a structured heme pocket.
It indicates that the covalent linkage to the H130 residue is sufficient to hold the heme
in place, where the heme is kept away from the main fold through interadtiotihe
C-terminus of the protein. As discussed before this would be energetically ideal as it

would require far less energy to transfer the heme tapbeytochrome
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5.4 Conclusions

In this work**N- labelled apeand holeCcmE protein \as examined via NMR. From

these studies, it can be concluded that:

X The 2DH- ®™N HSQC spectrum of hol€cmE suggest that no significant
shifts are observed in the protein and thus the overall structures of the apo
and hole form are very similar.

x By analysing the relative broadening in the RGlemE protein with and
without aHise-tag, it was clear that the heme moiety does not interact with the
mainstructuredoodyof the protein.

X The relative broadening in helocmE strongly suggests that themeis
interacting with the @erminus of the protein.

X The broadening observed at théegminus of the hokiCcmE protein is more
specific when the @erminalHise-tag is not present.

x Using 2D*H- H TOCSY experiments anahalysingthe aromatic region of
the protein, it was deduced that no clear Tyr or Phe ligands are presentin holo
CcmE.

X The presence of the covalent linkage via the H130 and other molecular players

in vivo negates the need for any potential ligands in the covalent complex.
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6 NMR studies on CcmE containing non-
covalently bound heme
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6.1 Introduction

The biogenesis of cytochromes is a complex post translational modification process
that is carried out by System | in the model organisrao/i. (ThSny-Meyer 1997,

Allen et al.2003, Stevenst al.2004g, de Vitry 2011) The full process of attaching
heme to theapocytochromeis complex(Stevens, Mavridou et al. 2011n this
chapter, the heme delivery aspect of this process will be examined with respect to the
heme chaperon€cmE Specifically, any potential necovalent interactions between

heme and CcmErior to covalent heme binaly will be studied.

Covalent heme attachment to @q@o-cytochromerequires Ccm(Leeet al.2007) a
hemebinding protein, which delivers heme to CcmE which subsequently binds heme
covalently(Goldmanet al. 1998, RichareFogal and Kranz 2010At this point, the
ATPase activity of CcmA acting through CcmB is required to release GuitE
from the CcmC:heme:CcmE complex, to allow subsequent transfer of heme to the

apocytochromgWalkeret al.1982, Christenseet al.2007)

CcmE is a member of the heme chaperone family. Like most chaperones, it binds the
heme cofactor to transport it to its destination, but it achieves this by covalently
attaching to the heme via its H130 residuee et al.2005, Harvaet al.2009) The

H130 residue of CcmE is highly conserved aurface exposed. This is fairly unusual
feature as most hemoprotsibind heme into a solvent protected pocket. CcmE

comprises a single transmembrane helix followed by a solabkerel core, a heme
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binding H130 residue and a flexiblet€rminus(Enggistet al. 2002, Araminiet al.

2012)

The defining feature of CcmE is the covalent linkage between the H130 residue and
heme. A single mutation to this residuatsholo-CcmE production, andytochrome

¢ maturation fail§Enggistet al.2003) The nature of the H138eme bond of CcmE

from E. coli has been determined using a peptide originating from@ofoE formed
invivo (Leeet al.2005) The structural investigations of the covalgfdrmed hole

CcmE is covered in Chapter 5. In this chapter, the potentiatowalent interactions

between heme and CcmE prior to covalent heme attachment will be discussed.

Previous studies based on mutagenesis and modelling data suggest thag prior
covalent heme attachment to CcmE, heme docks onto the Elggarel core of the
protein with the help of seven residues (134, F37, R61, V110, L127, K129 and Y134)
(Enggistet al.2002) It is suggested that these residues form a putative heme binding
domainfor the heme to initially dock onto the CcmE surface, which then allows the
H130 of CcmE to bind heme covalently. In this work, heme isausalently bound

to a variant of €mE which is unable to bind heme covalently (H130A CcmE)
(Enggistet al. 2003) This species is then examined by NMR to establish if CcmE
contains a putative heme binding pocket and examine any potentiajdodypeptide

interactions in the nenovalent hemé&cmE complex.
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6.2 Results

6.2.1 Evaluation of the H130ACcmE protein prior to NMR analysis

In order to confirm that any potential changes observed in the NMR spectra were due
to noncovalent interactions, a variant of CcmE without the ability to bind heme
covalently was studied. At the high protein concdrns required for NMR,
covalent heme binding to the witgpe CcmE protein is too fast to allow study of the
nortcovalent interactions. Therefore, a H130A variant of the protein was made and

used for all norcovalent heme experiments.

TheH130A CcmEpratein was purified with a @erminalHiss-tag. It has been shown
that theHises-tag is not involved in any covalent heme attachn(@t@venst al.2003)

but there is no existing data to rule out the possibility of it acting as a ligand to the
heme, something that would not happenvivo. Furthermore, in Chapter 5, it is
directly shown that the presence dflige-tag influences the interaction of heme with
the CcmE protein. Thus, a thrombin cleavage site was cloned befdties¢ftag. In

order to examine the protein by H5QC 300mg of*>N-labelled H130A CcmE was
produced, see Chapter 2 for more details. Thadepm was then cleaved using a

thrombin cleavage kit to obtain pufd30A CcmE see Figure 6.1.
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£——H130A-CcmE before
clegvage

14 kDa 4 H130A-CcmE after cleavage

M 1 2 3 4

Figure 6.1: SDS-PAGE analysis of the purified HI30A CcmE protein. The gel was
Coomassie Blue stained for total protein. Lanes 1 and 3 show the HI304 CcmE before

the thrombin cleavage reaction, lanes 2 and 4 show the highly pure HI1304 CcmE

after the thrombin cleavage reaction. 10 £ of protein was loaded into lanes 1 and 2

and 20 R of protein was loaded into lanes 3 and 4. The gel was overloaded to an

extent so as to provide strong evidence of the absence of impurities in the cleaved

HI1304 CcmE sample. M represents the molecular marker where the approximate

weights are indicated on the left.

Figure 6.1 clearly shows ththe final HL30A CcmE protein obtained was highly pure,
and ready for NMR analysis. It is important to note that the initially purified H130A
CcmE protein consisted of two bands, as this construct contains a thrombin cleavage
site, Hise-tag followed by aStrepll-tag linked with aSA linker. The cause of the
double band is most likely a spontaneous cleavage at the SA linker. However, as the
Hiss-tag precedes the Strdptag, after the sample was cleaved by the thrombin

cleavage reaction and-ran on thenickel column after being cleaved, only a single

band was seen in the final product.
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6.2.21H- >N HSQC spectrum ofH130A CcmE

In order to examine any potential roavalent interactions between the heme and the
polypeptide at a residue specific level by NMR, the >N HSQC spectrum of

H130A CcmEprotein was collected and &gsed, see Figures 6.2 and 6.3.
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Figure 6.2: Full 2D 'H- "N HSQC spectrum of >’N-H130A CcmE protein. The
spectrum was collected at a pH of 7.0 and at 298 K, in 25 mM Tris-HCI and 150 mM
NaCl. Protein concentration was 0.5 mM.
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Figure 6.3: '"H- SN HSQC spectrum of >’N-H130A CcmE protein expanded to show
the central region in more detail. The spectrum was collected at a pH of 7.0 and at
298 K, in 25 mM Tris-HCI and 150 mM NaCl. Protein concentration was 0.5 mM.

In order to asgn the HSQCpeaks, 3D TOCS¥HSQC and 3D NOESYHSQC
spectra were also collected and analysed. Chapter 5 contains further infoahation

residue assignment. Since the wiygpe CcmE protein was previously assigned in

Chapter 5, théH- >N HSQC of the H130A CcmE prein was compared to thel-

15N HSQC spectrum of the wiltype protein. Almost all of the residues showed a
good level of overlap allowing their swdssignmentAdditionally, there was an extra

peak located in the H130A CcmE protein in the central regidhe spectrum, see

Figure 6.4.
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Figure 6.4: '"H- N HSQC spectrum of > N- labelled wild-type and H1304 CcmE
protein. The red spectrum represents the wild type protein and the blue represents the
H1304 CemE variant. The red box around the peak indicates the extra peak in the
H130 CcmE spectrum which is a good candidate to be A130. Spectra were collected

at a pH of 7.0 and at 298 K, in 25 mM Tris-HCI and 150 mM NaCl. Protein
concentration was 0.5 mM.

The extra peak indicated on Figure &ds a good candidate to be A130 siitagas

not present in the wiltlype CcmE spectrum. In order to confirm the identity of the
peak 3D TOCSY- HSQCand 3D NOESYHSQC spectra were examined in more
detail. From the 3D TOCSY a correlation peak is obsernetaden 8.41 and 1.36.
The latter is characteristic of an alanine methyl group. Furthermore, there were NOE

links between residues 129, the proposed 130 residue and 131. These findings

confirmed that the peak indicated in Figure 6.4 was indeed the Al80e&esi

To understand how this protein interacts with hemecuavalently it is important to
assign as many peaks as possible. Initially, at pH 7.0 this was a challenge since some
of the peaks overlapped or were not clearly resolved or displayed weak{szesity.

Therefore, a pH titration was carried out. Some peaks may display poor peak height
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due to rapid exchange with the solvent, thus by decreasing the pH, the solvent
exchange rate might be decreased to see such peaks more cleai:. FReHSQC
spectra of HLI30A CcmE were obtained at pH 7.0, 6.5, 6.0 and 5.5. The use of pH

titrations to aid residue assignment is discussed in more detail in Chapter 5.

6.2.31H- ™N-Heteronuclear NOE

Proteins often contain flexible regions that are disced and do not have well defined
regular secondary structure. As explained in Chapt&d5°N heteronuclear NOE
experiments can be very useful in identifying such mobile and flexible residues on
proteins(Kay et al.1989) It has been established that wijghe CcmE has a flexible
C-terminus that is connected to a stable-foBl of the main protein bod{Enggistet

al. 2002)and in Chapter 5. Since the roovalent heme interactions observed in this
work have been specifically affecting the&@minus, this region in the H130A CcmE
proteinmust be examined to make sure that this mutation doedtaothe flexibility

of the region and thus the backbone dynamics remains the same. Therefore, H130A
CcmE protein was examined viaeteronutear NOE. Figure 6.5 shows the
heteronuclear NOE ratios plotted as a function of residue numberiti8@A CcmE
protein. Since théH- 1N heteronuclear NOE studies were conducted at pH 5.5, most
of the peaks were clearly resolved and assigned. Any blank peaks are indicated on the

Figure 6.5.
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Figure 6.5: The 'H-°N heteronuclear NOE ratio for the HI30A CcmE protein with
error bars indicated. Data was collected at pH 5.5 in 25 mM Tris-HCI and 150 mM
NaCl at 298 K. The orange data points represent overlapping residues: 61Arg/98lle,
42Glu/52Glin, 47Lys/79Lys, 134Thr/37Phe and 140Glu/156Asp. Residues 66Val and
144Glu were removed from the plots due to very high error bars.

From Figure 6.5 it is cledhatthe keteronuclear NOE ratio for the protein does change
significantly at different parts of the protein. Between nesgd33Asn and 38Thr,
H130A CcmEprotein exhibits low levels ofdteronuclear NOE ratio indicating a
small flexible region. Between the residues 38Thr and 128Adaptbtein shows a
high (> 0.7) leteronuclear NOE ratio indicating a structured secondargtste with
no flexible or mobile regions. As expected, thaée@ninus of the H130A protein

shows very small and negativetaronuclear NOE ratio between residues 128Ala and

163Arg, clearly indicating that the-términus is still very flexible and mobil@he
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flexibly of the Gterminus starts from 128Ala and contains the A130 residue, similar

to the H130 residue in the wilgpe CcmE protein.

6.2.4 DMSO titrations on the'>N labelled H130A CcmE protein probed via *H-

15N HSQC

The high hydrophobicity of the heme does not allow it to dissolve in water. Therefore,
in order to carry out the heme titration experiments it was necessary to dissolve this
species in dimethykulfoxidg DMSO. Therefore, in each addition of heme, a
significant amount of DMSO was also present. Interestingly, after the addition of
heme and DMSO into the H130A CcmE protein, some shifts were obs@&ihisds

most likely due to DMSO, since this specissknown to interact with proteins to
cause shifts in theiNMR spectrum(Abrahamet al.2006) To make sure that any
potential changes observed in the spectrum of H130A CcmE during the heme
titrations are due to heme itself only, initially, a DMSO titration was aawig (no
heme). For this work, seven successivelbaglditions of DMSO were added into a
0.5mM (600 R) H130A CcmE sample and the changes were probedH#a°N

HSQC.

It was clear from the DMSO additions that some of the peaks in the spectrum
experienced different shifts, see Figure 6.6 for an example of some of the shifts in the
spectrum. Table 6.1 details all the shifts caused by DMSO addition. By looking at the
apoCcmE structure, it was deduced that the residues that experienced shifts were

located on the surface of the protein.
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Figure 6.6: 'H- >N HSQC of H1304 CcmE enlarged to observe the shifts in some
of the peaks in the spectrum. Both spectra were collected at pH 7.2 with a
temperature of 298 K in 25 mM Tris-HCI and 150 mM NaCl. The peaks in blue
represent the H1304 CcmE without any DMSO and the peaks in red represent H130A4
CemE with 44.1 Pof DMSO. The black arrows indicate the direction of the shifts. The
peaks that experienced a significant level of shift have been indicated. Protein
concentration used was 0.5mM at a volume of 600 PP

Table 6.1: List of the residues that experienced shifts due to DMSO addition

Residues
41Gly, 46Gly, 48GIu,50Thr,72GIn,73Arg, 74Asp,76Asn,87Ala, 89Gly,
101Asp,104Arg,123Ala,132Glu,138Glu,143Met,145Ala,148Arg, 154 Tyr,
158Ala,159Ser160Leu,163Arg

After deducing that DMSO addition causes differential shifts in the H130A CcmE

protein, each spectrum of heme addition in the H130A CcmE protein was compared
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to the appropriate DMSO only spectrum. This method negated the shifts caused by

the DMSO and theffects of heme can be specifically examined.

6.2.5 Heme titrations on the'>N labelled H130A CcmE protein probed via H-

15N HSQC

After observing the effects of DMSO on the H130A CcmE spectrum, the influence of
heme on the H130A CcmE protein were staldi100 M heme was sequentially
added in aliquots to 0.5 mM H130A CcmE protein, until the heme was in excess. At
each addition, the heme polypeptide interactions were probed by collec?Bg a
HSQC spectra. Figure 6.7 shows the effect of heme on the HI80¥ polypeptide

when the heme is equimolar to the H130A CcmE protein concentedteof:1 ratio

Figure 6.7 clearly shows that the heme additions did not cause any specific shifts in
the H130A CcmE protein. However, due to the paramagnetism of the, lsome
residues did experience broadening. In order to further study these paramagnetic
broadening in the H130A CcmE protein, heme titration experiments were carried out.
Figure 6.8 represents the relative broadening in the polypeptide presentedi@s a rat
of each peak height, with and without heme, plotted as a function of protein sequence.
The 600 and 700M heme additions were conducted to observe the changes in the

spectra when the heme was in excess.
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Figure 6.7: "H- "N HSQC of H1304 CcmE when equimolar heme is added to the protein. Red spectrum represents the H1304 CemE protein after
the addition of 500 R heme in 31.5 P DMSO. Black spectrum represents the HI304 CemE protein with 31.5 P of DMSO addition. Both spectra
were collected at a pH of 7.2 and at 298 K, in 25 mM Tris-HCI and 150 mM NaCl. Protein concentration was 0.5 mM. The overlay of both spectra
shows that no peak shifis were due to the influence of the heme.
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Figure 6.8: The effect of heme on peak height on the H130A CcmE protein. The ratio of
peak height in the protein is shown as a function of residue number, with error bars indicated.
34" represents the equimolar addition of heme to protein (1:1 ratio) D Q B~ Pepresents a
40% excess heme addition (1:1.4 ratio, protein concentration against heme). The blank
residues represent Prolines. Residues 33A4sn, 66Val, 90Ser, 101A4sp, 135Thr and 152Ser are
omitted due to peaks having poor peak height leading to large error bars. The peaks labelled
in orange represent the overlapping residues: 42Glu/52Gln, 61A4rg/981le, 47Lys/79Lys,
140Glu/156Asp and 145Ala/154Tyr. Both spectra were collected at a pH of 7.2 and at 298 K,
in 25 mM Tris-HCl and 150 mM NaCl. Protein concentration used was 0.5mM.
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From the heme titrations it can be seen that once the heme conaemtrgie sample

is around 300V (see Figure 6.9), some of the peaks in tHer@inus of the protein

begin to experience broadening, clearly showing that the increase in heme
concentration causes paramagnetic broadening in-ten@nus of the H130A GuE

protein. The paramagnetic broadening starts around A130 and is most pronounced
between the Glu138 and Leul60, suggesting that heme is directly interacting with the
C-terminus of the H130A CcmE protein. This is an interesting finding since it clearly
suwggests that there is no broadening on the main core of the protein and thus a
structured heme pocket, as previously suggdgiedgistet al.2002)most likely does

not exist.

In order to visualise the effect of heme on thee@ninus of the H130A CcmE protein

in more detail, the decrease in peak height in some of theiessid this region was
compared to the average peak height in the rest of the H130A CcmE protein. To
accomplsh this, four resides around the @®rminus (149Arg, 154Tyr, 155Lys and
156Asp) where the most paramagnetic broadening is seen where chosen. The
broadening of each residue was then calculated as a ratio compared to the average
broadening in the rest ofdlprotein. This ratio was then plotted as a function of heme

concentration, see Figure 6.9.
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Figure 6.9: Ratio of broadening in residues 149Arg, 154Tyr, 155Lys and 156Asp
compared to the rest of the protein. Four residues were chosen around the C-
terminus where the paramagnetic broadening due to heme was most pronounced.
Their broadening was compared to average broadening in the rest of the protein and
this was plotted as a function of heme concentration. Black Arg149, grey 154Tyr, red
155Lys and blue 156Asp. Protein concentration used was 0.5 mM. The residues from
the main core of the protein do not broaden significantly and thus would display a
straight line throughout the graph (not shown). Ratio of protein to heme concentration
at each heme addition was approximately 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1, 1:1.2 and
1:1.4 respectively.

Figure 6.9 clearly demonstrates the overall effect of increase in heme concentration
on the H130A CcmE protein. When only 180 heme is added into éprotein, only

a very small amount of broadening was observedter@inal residues of the H130A
CcmE protein. At 300 heme additior{1:0.6, protein to heme concentration ratio)

a significant amount of broadening was observed, as the ratio of brojdecieases

from 1 to around 0.6. The ratio of broadening at tHer@inus continued to decrease

until equimolar heme (508M) was added into the protein. Further additions of heme
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into the H130A protein cause an overall broadening in the protein detaifegure

6.8, but the ratio of broadening at théegfminal residues of the protein compared to

the rest does not change significantly, see Figure 6.9. This clearly shows that heme
interacts with the @erminus of the HL30A CcmE protein in a 1:1 stoichétric ratio.
Overall these studies sugg#sat during norcovalent interactions between the heme

and polypeptide only the-@rminus is engaged.

6.2.6 Heme polypeptide interactions ift°N labelled H130A CcmE protein after

removal of free heme and apH 6.6 probed via2D 'H- >N HSQC

Figures 6.8 and 6.9 suggest that heme is interacting with-teerinus of the H130A
CcmE protein via nogovalent interactions. To examine how strong this interaction
is, a 20% excess of heme was added to the prat@itics. The sample was left to
incubate for5 minutes and any potential free or weakly bounemewas washed
away using a concentrator see Chapter 2 for more details. If theonatent heme
H130A CcmEcomplex displayed high affinity, it would be expetthat this complex
would survive the washing with the concentrator. Interestingly, the final sample still
had norcovalent heme attached, apparent from its colour which was only marginally
lighter after the wash. This was surprising since the resultseoheme titrations
clearly suggesidthat there is no heme pocket on the protein and thus the remaining

non-covalent heme must be bound onto thefninus.

Therefore, in the final H130A sample used in the experiments of this section, no free

heme wagreseniand the protein to heme concentration ratio wasThg heme in
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this sample was however, able to be washed away after incubating the sample with
1M imidazole overnight, to show that any interaction observed was due to non
covalent interactions. Ehlarge excess of imidazole, which has a high affinity for

heme, removes the naovalently bound heme from the protein.

Additionally, it has been established that more of the peaks in the H130A &tmE

15N HSQC spectrum become visible and resolvati@gH of the sample is decreased,

see Chapter 5. Therefore, the pH of the H130A CcmE sample was decreased to pH
5.5, where most of the peaks were clearly visible and the effect of heme addition was
examined on the polypeptide. This study was not sucdehksfito heme precipitating

out of solution when the pH of the sample was lowered below 6.5. Therefore, an
optimum point was established at pH 6.6 where the heme would remain soluble and
more of the @erminal residuesvould be visible Figure 6.10 showsnaexample of

the effect of heme on tHél- >N HSQC of H130A CcmE.

Figure 6.10 shows that as observed for the heme titrations, the addition of heme did
not cause any specific shifts in the H130A protein, but did cause paramagnetic
broadening in some of ¢hresidues. In order to quantify the broadening in the

polypeptide more clearly and thus understand how heme interacts with H130A CcmE
protein, the ratio of each peak height with and without heme was calculated and
plotted as a function of protein sequensee Figure 6.11. Since this experiment was

carried out at pH 6.6, more peaks were resolved and visible compared to the heme

titrations. Unfortunately, some residues still showed a level of overlap.
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Figure 6.10: An expanded region of the HI30A CcmE before and after heme
addition focusing on some of the broadened residues. The blue peaks in the above
spectrum present HI304 CcmE protein without any heme. The red peaks in the
spectrum below represent the HI30A CcmE protein with heme. The black boxes
represent the residues that have experienced some paramagnetic broadening due to
heme addition. The peaks in the green boxes represent residues that were not affected
significantly by the addition of heme. 600 RA heme was added into 0.5 mM HI130A
CcemkE protein and the excess heme was removed via several washes. Both spectra
were collected at a pH of 6.6 and at 298 K, in 25 mM Tris-HCI and 150 mM NaCl.

183



0.5

oa{] Tt || T 17+ AUl . ; | T |

~|

—

02 -

I"H$Y6&6'& ()" * 8+ ) B

01 -

35 40 45 50 S5 60 65 70 75 80 8 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160
Residue Number

Figure 6.11: A summary of the broadening experienced by the HI130A CcmE protein by the addition of heme. The ratio of broadening with and

without heme is calculated as ratio of peak height and plotted as a function of protein sequence, with error bars indicated. The blank residues

represent prolines. Both spectra were collected at 298 K with a pH of 6.6 in 25 mM Tris-HCI and 150 mM NaCl. The orange bars represent the

overlapping residues: 42Glu/52Gln, 47Lys/79Lys, 134Thr/37Phe and 140Glu/156Asp. Residues 41Gly, 66Val, 138Glu and 141Lys have been
omitted due to having weak peak heights and thus large error bars. Protein to heme concentration ratio was approximately 1:1.
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Figure 6.11 shows that the addition of heme to H130A CcmE leads to paramagnetic
broadening at the -@rminus of the protein. This broadening is most pronounced
between 138Glu and 161Val. Residues 148Arg, 149Arg, 151Ala, 152Ser and 154Tyr
show the most pronounced broadening. This indicates that the heme interacts with the
C-terminus of CcmE, specificallyith the residues in between 138GIlu and 161Val,
during noncovalent interactions with the polypeptide. This result is very similar to

that observed during the heme titrations.

6.2.71H- 'H TOCSY studies on H130A CcmE aromatic side chains

In this chager, it has been established that during the-cwralent interactions
between the heme and the polypeptide, titer@inus of the proteil130A CcmE

is very important. Fromthe HSQC experiments with and without heme, it is clear
that the Gterminus of tle protein experiences broadening. It is however interesting to
examine the effect of the presence of heme on side chains of the aromatic residues in

H130A CcmE.

In order to carry out this work, two TOCSY spectra of HL30A CcmE were obtained
with and withow heme. These experiments were carried out at pH 7.2. The aromatic
side chains can be clearly identified in TOCSY spectra because they are present as
cross peaks at a specific region of the spectrum; between 6 and Slppid130A

CcmeE protein does not ctain any Trp residues, but the aromatic side chains for Tyr
and Phe residues are clearly present. Figure 6.12 shows the TOCSY spectrum of the

aromatic side chain region of the HL30A CcmE before and after heme addition.
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Figure 6.12: '"H- "H TOCSY spectrum of HI30A CcmE after the addition of heme. In the
spectrum, the area where the aromatic side chains are present is shown in detail. The
spectrum was obtained at pH 7.2 with a temperature of 298 K in 25 mM Tris-HCI and 150
mM NaCl. Protein concentration was 0.5 mM. 0.6 mM heme was added, sample was
incubated for 5 minutes and the excess was removed prior to obtaining the spectrum. The
blue peaks represent the HI304 CcmE spectrum without heme and the red peaks represent
the HI304 CcmE with heme. The assignment of Y134 and Y154 were confirmed using
mutagenesis.
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From Figure 6.12, it is clear that the addition of heme did not result in much
broadening of the aromatic residues. Tyr 154 residue experienced the highest level of
broadening, suggestj that the aromatic side chaof this residue is in close
proximity to the heme in the nerovalent complex between the heme and the
polypeptide. The F37 residue, which was predicted previously to be involved-in non
covalent interactins with the heme, did not experience any significant broadening.
Unfortunatelynone of thesolution NMRapoCcmE structuresbtained so far show

any residues pad143, so the position of Y154 cannot be indicated.

6.2.81H- 1H TOCSY studies on H130A/Y13A CcmE aromatic side chains

By probing the aromatic region of the H130A CcmE & *H TOCSY with and
without heme, it has been shown that the Y154 residue experiences significant
broadening. This is a surprising result since previously the importdreceifferent
tyrosine, Y134 has been reportedvivo (Enggistet al. 2003) Thus, to examine the
affinity of the H130A/Y134A CcmE towards heme, the H130A/Y134A CcmE protein
was produced. ThiH- *H TOCSY of the H130A/Y134A CcmE protein was used to

confirm the assignation of both Y134 and Y154 (not shown).

After confirming that the H130A/Y134A protein folded correctly by NMR, a 20%
excess heme was added into the H130A/Y134A CcmE and H130A CcmE protein.
This sample was then washed via a concentrator, see Chapidof more details.

Figure 6.13 shows the resoltthe washing experiments.

187



Figure 6.13: Heme affinity experiments to observe if different CcmE variants can
retain heme after washes with a concentrator. 34 represents the H130A4/Y134A4
CcmE protein and 3B represents the HI30A4 CcmE protein. In both cases the protein
concentration was 0.3 mM in 25 mM Tris-HCI and 150 mM NaCl. 0.4 mM Heme was
added into each and then washed with buffer via a concentrator.

FromFigure 6.13, it can clearly be seen that after wastamgmove weakly bound
heme fromboth protein samples, the H13@cmE protein was able to retain its heme
but all of the heme had been washed ainaiie H130A/Y134A CcmBrariant This

does suggest &b despitethe Y134 residie not broadeningt plays a critical role

during the norcovalent interactions with the heme.

It would also be interesting to see whether H130A/Y154A CcmE protein would be

able to retain its heme during the washing experiméimrtunately, this version of
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the protein showea very poor level of stability and rapidly precipitated out of

solution.This variantis discussed further in Chapter 7.

6.3 Discussion

In order to understand the noovalent interactions between tieme and proteinpa
H130A variantof CcmE was made. As previously mentioneds thhas necessary
since the wildtype CcmE protein will start to bind heme covalently very quiekly
the concentrations used in this wotkwas clear that the H130A mutatiolid not
affect the fold of the protein since this protein produced a didaPN HSQC
representing a fully folded form with a feveak shifts compared to the witgpe

CcmE protein, see Figuré2 and6.3.

It was also important to show that the H13@#tation did not affect the flexibility of

the Gterminus that is present in the wild type. The BN heteronuclear NOE
experiments were used to probe this, the differences between spectra with and without
14 saturation are used to produce a heteraaund\OE ratio. This ratio is then plotted

as a function of residue number to observe which parts ofrtteip are flexible,

where low leteronuclear NOE ratios (<0.7) suggest a flexildgion. Studying
H130A CcmE via bteronuclear NOE clearly demonstdatkat the @erminus of this

protein remained flexible, see Figle.

In the time since the solution structure of CcmE was obtained, a potential heme

binding pocket has been widely suggested. The most convincing argument for this
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putative heme bindindomain has been based on conserved residues on the CcmE
protein, somen vivo mutagenesis woriEnggistet al.2002, Enggiset al.2003)and

some apparent NMR dafgnggistet al.2002) These studies speculate that residues
134, F37, R61, V110, L127, K129 and Y134 directly interact with heme, and form a
heme binthg pocket, see Figure 6.14 for a schematic represemtttihese residues

on the wildtype CcmE structure.

\{
) LYS-129

LEU-127/ =~

TYR-134

Figure 6.14: Solution NMR structure of wild-type apo-CcmE from E. coli. The
residues responsible for the previously suggested heme binding pocket have been
highlighted in red. Figure generated using PyMol (Alto and Palo 2002). Based on the
publication (Enggist et al. 2002). The apo-CcmE structure shown is selected from a
family of NMR structures.

Some of thevarians examined in these studiésnggistet al.2002)did show ssmall

reduction of holeCcmE levels in the membranes, suggesting that these residues are

potentially important in CcmE a&@ining hemein vivo. It is however, important to
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note that thesé vivo mutagenesis studies were carried out viexpressing CcmC

with CcmE to see if any hol@cmE was produced in the membrane. As mentioned
previously, it has been shown that CcmC aloae load heme onto CcmE, but these
studies do not take into account the whole Ccm system. Therefore, the reduction in
holo-CcmE seen in some of tharians of the putative heme binding domaitikely

not representative of a physiological system.

In this work, heme was added to HLI30A CcmE and any potential changes were probed
via 2D H-1"N HSQC experimentdrom Fgures 6.8, 6.10 and 6.11 is can be seen
that the addition of heme did not have any effect on the aforementioned residues. This
is demongated clearly by Table 6.2, where each of pleak height ratiofor the
putative heme pocket residues are compared to the ayezagdeightatio for the

H130A CcmE protein.

Table 6.2: Ratio of peak height for the putative heme pocket residues compared to
the average ratio of peak height in the rest of the HI30A CcmE protein. Values were
obtained from Figure 6.11, where equimolar heme and protein concertation are
present.

Putative heme pocket Ratio of peak height Average ratio of peak

residues height

134 0.38 0.37

F37 0.38 0.37

R61 0.36 0.37

V110 0.37 0.37

L127 0.35 0.37

K129 0.36 0.37

Y134 0.31 0.37

From Table 6.2 it can clearly be seen that at the residue specific level, the heme is not

interacting with these residues during the -gomalent interactions with the
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polypeptide. Furthermore, from thE- *H TOCSY experiments where the aromatic
region of the H130A CcmE protein with and without heme was examined, it can be
clearly seen that the side chains of F37 or Y134 do not show any significant
broadening, see Figure 6.12. This further supports the ntitairthere is no such

defined heme pocket for CcmE to interact with the hemecowalently.

On the contrary, from the results of this chapter it can be seen that heme causes
significant broadening at the-®€rminus of the H130A CcmE protein. By lookiag
changes in relative intensity of specific residues in thRer@inus of the H130A
CcmE protein during heme titrations, it can clearly be seen thattéerhus of the
protein broadens significantly compared to the rest of the protein. These titi@ton
directly show the stoichiometry of the nonvalent interactions between heme and

the CcmE protein to be 1:1.

The overall finding that the heme interacts with thetefninus, has been
demonstrated via two lines of investigation. Initially durihg heme titrations and
subsequentlypy adding excess heme to the protein and then removing any unbound
heme from the H130A CcmE protein. Furthermore, the alofitthe noncovalent
hemeH130A CcmE species to survive washing via a concentrator indicategha
affinity interactionbetween the heme and the H130AmE protein. This remarkable
stability has previously been suggest@dltropet al.2002). Figure 6.15 summaries

the dfect of heme on the @rminal of the H130A CcmE protein. It can clearly be
seen that the nature of broadening at thHer@inus of the HL30A CcmE protein is

the same in both samples.
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Figure 6.15: Summary of the effect of heme on the HI304A CcmE protein. The ratio of
broadening with and without heme is calculated as ratio of peak height and plotted as a
function of protein sequence, with error bars indicated. The blank residues represent prolines.
Both spectra were collected at 298 K with a in 25 mM Tris-HCI and 150 mM NaCl. The
orange bars represent the overlapping residues: 42Glu/52Gln, 47Lys/79Lys, 134Thr/37Phe
and 140Glu/156Asp. Residues 41Gly, 66 Val, 138Glu and 141Lys have been omitted due to
having weak peak heights and thus large error bars. 34 " represents the effect of heme when
there are equimolar additions of heme to protein from the heme titrations at pH 7.2 and 3B~
represents the effect of heme after excess heme is washed away at pH 6.6. In both plots the
ratio of protein to heme concentration is approximately 1:1.
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The paramagnetic broadening at thee@ninus is most pronouncedtiveen residues
Glul38 and Leul60. It has been established that, arginine residues can be used by
hemoproteins for anchoring naovalently bound hem&chneideet al.2007) This
anchoring assistance is based on the arginine residues of the polypeptide engaging in
interactions with the propionate groups of the heme moiety. The point where the most
broadening is observed is around Arg149. This region of tegr@inus may serve as

a specific anchor point for the heme to interact with the polypeptide, where Arg148

andor 149 are directly interacting with the propionate groups of the heme moiety.

The most important question to assess is whether CcmE needs a heme binding pocket
to carry out its physiological function. CcmE is a unique heme chaperone. Most metal
chaperoes bind to their respective -€actors for their delivery and protection
(O'Halloran and Culotta 2000CcmE achieves both of these functions but its bond
with hemein vivo is covalent yet transient. The main physiological function of CcmE

is to present the heme to thpocytochromein a correct stereospecific manner to
mature thenolo-cytochromec. It is somewhat unclear as to why CcmE has to bind
heme covalently if it then has to release it soon afterwards. It has been spe&ulated (

J. Ferguson personal communicajidhat the function of CcmE is to specifically
select a specific vinyl group of the heme to achieve perfect stereospgtiftbrome

¢ maturation.

Physiologically, CcmE is part of a protein complex that has at least eight members.

One of these proteins the heme binding protein, CcmC. It has been shown that
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CcmC is crucial to load heme onto Ccriavivo (Schulzet al. 1999) Thereforejn

vivo CcmE alone cannot bind heme. It has also been shown that CcmC:heme:CcmE
forms a tight complexn vivo that can be detected and purifi@ichardFogal and

Kranz 2010) In Chapter 3, the interaction between CcmC and CcmE is discussed
further and it is clear that prior to any halemE being formed, the complex and
interaction between these proteins is necessary. Thus, it can be easy to envisage that
physiologically, CcmE has molecular machineries and players in place to assist in
binding heme covalently. This would negate the need for any form of heme binding
pocket, since CcmC will ligate onto the heme using its conserved residues and deliver

it to CcmE for the covant heme attachme(®Ren andrhSny-Meyer2001)

The propoal that heme interacts with thet€minus of CcmE during necovalent
interactions supports this model. Since the role of CcmE is to transfer thedérae
apocytochromesoon after it binds to it covalently, it makes sense to place the heme
on a flexide region that is easily accessible to allow easy subsequent transfer.
Therefore, it can be speculated that the heme becomes associated witbrthenGs

with possible anchoring assistance from Argl148, Argl49, Yd5@cmE and the
conserved histidineesiduesand WWD motif of the CcmC protein before covalent

heme attachment.

Studies on the @erminus of CcmE add more confidence to this model. It has been
shown that truncating the-@rminus of CcmE sequentially until the H130 residue
significantly decreased the covalent heme binding ability of this pr@imggist and

Thsny-Meyer 2003) Most drastic effets of the truncations were seen after Phel37.
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Likewise, the ability of CcmE to transfer heme to #ymocytochromewas also
significantly reduced by these truncations. These truncations up to the conserved
H130 residue of CcmE did not abolish the wholenbebinding ability of CcmE,
probably due to CcmC still being able to interact with CcmE and deliver heme to this
protein. Therefore, it can be deduced that CcmE probably does not require a heme
binding pocket. Other molecular players and theeghinus ofthe protein, assist in

heme attachmerit vivo. This enables CcmE to achieve its function of bindieme

and delivering to thapo-cytochrome

A previousstudy showedha NMR experiments could not detenbn-covalent
interactiors between heme and Ccnf&rnesano et al. 2002pnly residuedrom the
main body of the protejrand not the @erminuswere detected by NMBvenbefore
the addition of hemé& hese earlier observations also indidagt non-covalentheme
does not interact with the main bodfythe CcmE protein. The failure of Arnesafo
al to detect resonanceim the Gterminal region even in apcmE did not allow

them to probe for any heme binding in this region.

Another important aspect to consider is the nature of thecowalent interactions
between heme and CcmE. From Fig6r8, where the broadening experienced by
specific residues at the-€€rminus of the protein are examined, it can be clearly seen
that this broadening gets larger as the heme concentration is increased. It is important
to note however that when excess henalded to CcmE (20% and 40%), the whole
protein experiences severe broadening due to general broadening from the presence

of free heme, see Figure 6.8. Even at these heme concentrations however, the ratio of
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broadening of the residues of thet&minus andhe rest of the protein remains the
same (within an experimental error). This clearly indicates that excess heme additions
do not lead to any further broadening in other residues suggesting that heme is non
covalently interacting with the protein in a Btbichiometric ratio. Adding more than

40% excess heme to the protein would not be ideal since even at a 40% excess, almost
all peaks are completely broadened with each showing very large error bars. This is
due to excess heme causing the whole solutidretome paramagnetic and leading

to severe broadening.

After establishing that the henmeoietyis interacting with the @erminus of CcmE

via noncovalent interactions, it is important to know if any residues are acting as
ligands onto the heme. It hagdn demonstrated that the highly conserved Y134
residuein vivo is crucial for holeCcmE formation(Enggistet al.2003) When the

side chains of CcmE were examined via 2D TOCSY to observe which residues
broadened in the necovalentH130A CcmEcomplex, it was clear that the Y154
residue showed a high level of broadenand not Y134. The assignment for both of

these residues were confirmed using the H130A/Y134A CcmE protein.

It has been suggested via resonance Raman studies that the H130 of CcmE may be
acting as an initial ligand in the naovalent complex betweehd heme and the

CcmeE proteir(Stevenst al.2006) However, it has been demonstrated in this chapter
that CcmE can still neoovalently bind heme with the absence of this residue, since
the protein usedbr the NMR studies was the H130A variant (the wilde CcmE

showed heme binding properties on a fast timescale at the concentrations used). In
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this noncovalent CcmE and heme complex, the aromatic side chain of the Y154
residue experiences a high levélbboadening, suggesting that it might be directly
interacting with the heme. This indicates that at least in tIB®ANTcmE protein the
Y154 residue is potentially acting as a ligand to the heme in theow@ient heme
polypeptide complext has to beecognisechowever that Y154 is not a conserved
residue and that some CcmE proteins have a truncatexdn@us compared to the

coli protein studied in this present work. Possibly Y154 is fortuitously playing a role
providedin vivo by a protein partneof CcmE. On the othdnand,when there is a

residue at 154, it is almost invariatkjyosine ortryptophan.

Several displacement experiments were conducted to try to understand how Y154
may be acting aaligand. The heme on the H130A CcmE was ablbedalisplaced

via 20mM tyrosine and phenylalanine solutignst shown) This does suggest that

the aromatic ring and not the hydroxyl group the tyrosine would be interacting with

heme. This is expected since heme is known to be a hydrophobic moiety.

Y134 may be important in the mature helwmE protein where the heme is
covalently attached, or during the initial noavalent complex formation where it
positions the @erminus of the protein for necovalent heme interaction. The heme
displacement reactiesnwith the H130A/Y134A CcmE protein shed more light into
the role of the Y134 resi@u It can be seen from Figure 6that the H130A/Y134A
CcmEvariantis not able to retain its heme when washed using a concentrator while
the H130A CcmBrariantcan. Thisdoes suggest that even though Y134 is not in close

proximity with the hemaron in the norcovalent complex (since its side chain does
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not show any broadening), it does have an important role in initialcoealent

complex formation between the heme amel CcmE protein.

Overall, this may indicate that the Y134 residnigally ligands onto the heme and
positions the @erminal tail for norcovalent heme interaction on a fast timescale.
Y154 would then ligangwitch with the Y134 residue, after the roovalent heme
CcmE complex is formed. These types of ligamdtches have been previously
proposed due to the high flexibility of CcmE with regards to heme binding and

ligation (Stevenset al.2006)

6.4 Conclusions

In this chapter, the necovalent interactions between heme and the H130A CcmE
protein have been extensively studied and probetH¢i&N HSQC. From this work,

it can be concluded that:

x The noncovalent interactions between the H13G&mE and heme are
only present at the-@rminus of the protein.

X At a residie-specific level, most broadening is observed between residues
Glu138 and Leul60. Around Arg149, the broadening is most pronounced
suggesting a potential anchoring to the hembembncovalent complex.

x Further additions of 20% and 40% excess heme into the H130A CcmE

does lead to more broadening in the spectrum but the ratio of broadening
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at the Gterminus compared to the main body of the protein remains the
same.

From the resultef this chapter, there is no evidence that the speculated
heme binding pocket exists.

In the final norcovalent CcmE heme complex, Y154 is most likely a
ligand onto the heme, whereas the Y134 residue most likely acts before

nortcovalent complex formation
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7 Concluding remarks and future perspectives
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7.1 Concludingremarks

An elaborate heme handling pathway has evolvechany baterial species that
employ thecytochromec maturation (Ccm)system,also termed System | for
producingcytochromec. This process comprises at least eight proteins that catalyse
the stereospecific attachment of heme to the reduced thiol groups of the CXXCH motif
of c-type cytochromes.How System |, and in particular CcmEarries out the
chaperoningf hemebefore covalent attachment to @iygocytochromehas been the

subjectof this thesis.

In Chapter 3, specific conservpdlarresidues in CcmC and CcmE were identified.
In addtion to their high conservatigrihese residues were selected based on their
positioning relative to the highlgo-varying Q49 of CcmC and R104 of Ccnihich
helped to identify a potential interaction site between the two protaik their
overall orientatioron CcmE D47, Q50 and R56f CcmCwere examined, alongside
D101, E105 and R73 of CcmElaninemutagenesisvas used, a common technique
for determiningthe role of a specific amino acidr proteinstructure or function
(Morrison and Weiss 2001Yhis technique relies on the premise thag #pecific
amino acid is thought to be responsible #orfunction, its substitution by the
chemically inert, notbulky side chain of alanine wdh in most cases dsenot

influence protein folding, should disrupt this function.

By mutating each of the aforementioned residues of the CcmC and CcmE gprotein

into alanine residuegheir specific contribution to hol@cmE andcytochromec
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maturationwas examined. In each experiment, a fijistem | was expressed
alongside an exogenous cytochromep from B. japonicum. Membrane extracts
were used to probe the levels of h@omE by staining for covalently boumgme

Periplasmic extracts weralsostained for covalently bounidemeto determine the
cssolevels in eaclvariant Each of the alanine mutatiolesl to significant decrease in
holo-CcmE levels. Furthermore, the decrease in4@dmE levels directly correlated
with equivalentdecrease imytochromec levels in the periplasm. This suggettat

these residues were important in heattachmento CcmEbut notin its subsequent

transfer to thepocytochrome

A triple variantin CcmE led to complete abolishment of h@domE andcytochrome

¢ mauration. This phenotype was similar to the H13@hiantof CcmE, which leads

to no holeCcmE productionr vivo (Enggistet al.2003) andwherecytochromec
maturation fails. However, as the heme bindegjdueH130 was present in the triple
variantstudied in this work and single alanine mutations on CcmC and CcmE showed
analogouphenotypegdecrease in both heldcmE andholo-cytochromg, it is likely

that the CcmE protein simply could not attach heme dua tess productive

interaction with CcmC

It is well documented that after the translocation of heme into the peripglasnC
becomes associated with the heme moiety via its conserved hisfildiniing its
WWD motif (Ren andThsny-Meyer 2001) CcmE then has an affinity for this
CcmC:hemecomplex and binds onto it, forming CcmC:heme:CcmE complex

(RichardFogal and Kranz 2010)it was initially suggested that the conserved
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histidines and the WWD domain of CcmC are used for its interactiorGeithig but

recent studies have shown that this is not the case and these motifs are required for
CcmC to ligate the heme moidfgichardFogalet al.2009) Thus, the exact residues

that drive the compleformation between CcmC and CcmE when CemC is ligated

onto the heme are currently unknown.

In this work, a model is presented in which the D47, Q50 and R55 of CcmC and D101,
E105 and R73 of CcmE are directly involved in this process. It is proposed that at the
point of heme ligation by CcmC, the conserpadarresidues previously mentioned
arethe direct driving force at the interaction interface between CcmC and CcmE for
successful complex formation. The disruption of a single residue leads to poor
complex formation, and thus inefficient covalent bond formation, between CcmE and
heme. It has BN proposed that the distance between the heme binding H130 of CcmE
and the vinyl groups of heme is very important for successful bond formation
(Mavridou et al. 2013), which is supported by studies on another protein CcmbD.
CcmbD is important for protetproten interactions in the Ccm system. Mutations to
the charged domain of Ccmdlisturbs he delivery of heme to the ajpgtochrome
(Ahuja and ThSnyMeyer 2005) This could be due to the loss of charge in this protein
directly influencing the interaction between thém) Q50, R55 of CcmC and D101,
E105 and R73 of CcmE. Finally, tifect that theriple alaninevariantin the conserved

polar residues of Ccmied tono holoCcmE and cytochrome production suggests

that these residuésve a key role in thateraction between CcmC, heme and CcmE.
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A covariance analysis conducted by Ovchinnik@wchinnikovet al.2014) located

two highly cevarying residues: Q49 of CcmC and R104 of CcmE. This analysis was
based on the premise that if amino acid residues are involved in ppobé&n
interactiors, they will covary togethethroughout evolutionThe score for theo-
varying residues Q4€cmE and R10£cmE was the highest observed across the
wholeE. coli genome. Thus, in Chapter 4, the importance ofahresidues for holo

CcmE anccytochromer maturation was examined.

A Q49A-CcmC/R104ACcmE doublevariantled to a large accumulation of helo
CcmE and nocytochromec maturation. This phenotype is very similar to that
observed when the ATPase activity of CcmisBbolished Christenseret al.2007)

by introducinga K40D mutation into th&Valker A motif of CcmA. Thisalsoled to

no cytochrome: maturationand toa large accumulation of heldcmE. The ATPase
activity is thought to berequired for therelease of hokCcmE from the
CcmC:heme:CcmE compleafter covalent heme attachment of H180the heme
Thus, the phenotype observed in the Q43¢ C/R104ACcmEvariantis likely due

to a similar reason; the release of hGlomE from the CcmC:heme:CcmE complex

is impaired

To shed more light onto the role of the twovarying residues, further mutagenesis
was undertakenInitially, the Q and R residues were swapped to obtain a Q49R
CcmC/R104QCcmE variant This did not have any effect on haBtmE or
cytochromer maturationin vivo, strongly implying that the positions dfd Q and R

residues with respect to the CcmC and CcmE proteingnégechangeableTo
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determinewhetherthe polarity of theesidues has a rqlevo differentvariantswere
obtained. Firdy, Q49ECcmC/R104CcmE was examined to determine the effect of
making these residues very paldéne glutamic acid and arginine residues are known
to be involved in strong salt bridge interactions due to high polarity. Skcdnd
isoleucine residues were inserted to obtained a double-QAC/R104{CcmE,

with a verynonpolar interaction between these residues. In both cases, neither the
holo-CcmE levels nor theytochromec levels were disrupted, suggesting that the

polarity of positiors 49 of CcmC and 104 of CcmE is not important.

The importance of relativen@no acid size was then investigated. Al$ previous
mutagenesis studies were performed using amino acids that were larger than alanine,
and only the Q49ACcmC/R104ACcmE led to complete loss afytochromec
maturationtwo valines, or one valine and one atenwere inserted. These mutations,
similar to the double alanine substitution, led to a complete loss of cytockrome
productionand to darge accumulation of hol€cmE.Therefore, the amino acid size

of positions49 of CcmC and 104 of CcmE is crucial therelease of hokCcmE.
Severalothervarians with a larger overall size were examined, but none perturbed
cytochrome formation, suggesting that relative amino acid size between 49 of CcmC
and 104 of CcmE ismdeedimportant. This implies thaduring complex formation,

driven by the residues discussed in Chapter 3, Q49 of CcmC and R104 of CcmE act
DV 3VWRSSHUV™ WR ILQHO\ WXQH WKH LQWHUDFWLRQ RI &
that CcmC and CcmE can come close enough to each other socth& €an
covalently bind heme, but ntto closethat wouldhinder the ability of CcmAB to

perturbthis complexandrelease holdCcmE.
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The solution structure of agbcmE has been determinpceviouslyby two groups
(Arnesancet al.2002, Enggiset al.2002) Although there have been predictions for
the structure of holcmE (ThSny-Meyer 2003) this structure and how the heme
interacts with the CcmE protein in he@cmEremainselusive. In Chapter 5, holo
CcmE was reconstituted vitro and this species was studied by NMR to determine

the heme polypeptide interactions in h@omE.

The initial 2D*H- >N HSQC of holeCcmE protein with adiss-tag, showed that the
overall structure of the holproteinis very similar to the apform, asno shifts were
observed in the peaks of heBcmE. However, significant broadening was observed

in the Gterminus of the protein. This suggested that after covalent bond formation,
the heme moiety only interacted with theadgminus and not the main body of the
protein. Furthermore, as no shifts were observed from the delocalised porphyrin ring,

the orientation of heme isnost likelynot fixed in the holeCcmE structure.

The holeCcmE protein examinethitially had a Gterminal Hise-tag, thus it was

likely that thiscould influence the broadening observed by ligating the hémes, a
holo-CcmE proteirwithoutaHiss-tag was produced. The broadenatserved in this
samplewas very similar to tht of the His-tagged holeCcmE In both casegnly the
C-terminal of the protein interacted with the heme moiety. The broadening at the C
terminus however, was ore dstinguished in the untagged proteimportantly,

neither species showed broadening on the core of the protein, suggesting that the heme

moiety is not in proximity witht in holo-CcmE.
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Previously it was predicted that specific residues interdhttive heme in hokCcmE
(Th8ny-Meyer 2003) These residues were predicted to form a hbimeing pocket

on the main body of CcmBEowever, results from Chapter 5 suggest that no heme
pocket exists as no broadening is observed on the main fold of the protein.
Furthermore, the resulshowthat the heménteractsdirectly with the Gterminus
before itstransfer to theapocytochrome Previous results support this model; when
the poorly conserved-@rminus of the CcmE protein was truncated stepwise until
the heme binding H130 residue, significant reduction of @mE was observed
(Enggist and’hdny-Meyer2003) Therefore, the @erminus of CcmE is important in

heme recruitment.

2D H- 1H TOCSY experimentsvere conducted on heldcmE and its aromatic
region was examined for aromatic side chains in close proximity to the heme, which
could act adigands for it Despite Y134 being suggestxbe importanfor holo-
CcmE(Garc’aRubioet al.2007) this was nobbservedy NMR as none of the side
chains of the Phe or Tyr residues showed any lemad. This suggestbat the heme
moiety in holeCcmE does not require a ligand, at leastizro. In Chapter 6, where

the noncovalent hemeolypeptide interactions are examined, a potential role for

Y134 is suggested.

Overall, the work from Chapter 5 indicates that the {&tmE proteinn vitro does
nothavea heme pocket. The heme moiety diemteracts with the @erminus ready
for sequential transfer. The function of CcnsiEcommensurate witthis proteinnot

needng a heme binding pocketrn vivo. After being released from the
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CcmC:heme:CcmE complex, the purpose of CcmE is to deliveente o theapo
cytochrome It already binds hemeovalently so there is no clear advantage to
burying the heme in a pocket befdransferring itto theapocytochrome It would
be significantly easier and energetically more favourable to transfer the fn@m

theflexible, mobile and extenddd-terminus.

In Chapter 6, the neoovalent heme polypeptide interactiongre examined to
investigatevhether a heme pocket exists prior to covalent bond formatdahe high
concentrations required for NMR, the rate of covalent heme binding onteaypid
CcmE was too fast to allow for the study of its famvalent interactions by NMR.
Thus, the nortovalent studies were conducted on a H13@#Aantof the protein

which is not able to bind heme covalenfiynggistet al.2003)

Since the ap&cmE structure was determined, many hypotheses have been put
forward to suggest that the heme interacts with CcmEcowealently prior to covalent

heme binding. Furthermore, it was suggested that the heme moiety docks onto the
main body of tle protein with specific residues modelled to hold the protein in
position (Enggistet al. 2002) In Chapter 6, the necovalent interactions between
heme and CcmE were probed usiiy*H- 1°N HSQC viatwo lines of investigation.
Initially, heme titrations were carried outith H130A CcmE to observe which
residues were broadened by being in close proximity with the heme. 8eg&osiight
excess of heme was added intoHi80A Ccnk protein and this solution was washed
using a concentratofFheH130A CcmEBprotein was able to retain its heme throughout

these washegonfirming thevery strong nofcovalent interaction between the two
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species amdicatedby (Daltrop et al. 2002b). Importantly, in both cases, the heme
caused broadening at thet€minus of thdH130A CcmEproteinseen by NMRThis
suggested that interactsdirectly with the Gterminus ofH130A CcmEand that
similar toholo-CcmE,a putative heme binding pockdbes not existThe proposed
specific amino acidghat should form a pock€Enggistet al.2002)were examined

in detailand none of therahowedany significant broadening.

Thenecessity of a heme pocket for CcmE to carry out its functiorcarasideredin

vivo, it has been shown that CcmE absolutely requires CcmC to covalently bind heme
and that CcmC, heme and CcmE form a complex together where the two highly
conserved H60 and H184 residues of CcmC ligate the b&hoga and ThSnyMeyer

2003, RichareFogal and Kranz 2010Yhus, the heme moiety is hefdan optimum
position via assistance from other molecular play€&@smC) so that CcmE can
covalently attach onto it. Therefore, it is not necessary for the heme to dock onto the
core of CcmE. This is further suppedtby results in Chapter 3, where it was shown
that the interaction of CcmE with herbeund CcmC is driven by the three pairs of

polarresidues, which are essential and sufficient for {@dmE formation.

The results from Chapter 6 suggest that the henwgety interacts with the C
terminus, where the most significant broadening is observed around Argl148 and
Argl149. Arginine residues are important for anchoring the hemiety, in many
hemoproteinsthat comain nonrcovalently bound hemdy interacting with the
propionate groups of hen{8chneideset al.2007) Thus, it could be envisaged that

during complex formation between CcmC, heme and CcmE, #teen@nus of the
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CcmE protein is involved in interacting with heme moiety. This is further supported

by the studies on the CcmE protein with a truncatédr@inus as mentioned above.

During the heme titrations, the nature of the-gomalent interactions between heme

arnd CcmE was also examined. The excess addition of heme into the protein led to
severe broadening of the CcmE protein due to free heme, but the ratio of broadening
at the Gterminus comparetb that observed fahe main body of the protein remained

the same This confirmed that the heme and CcmE protein interact in a 1:1

stoichiometricratio duringtheir norcovalent interaction.

In Chapter 6, potential ligands on the heme of theaqovalent holeCcmE were also
examined. In Chapter 5, it was demonstrdted the holeCcmE protein containing
covalently bound heme denot require any Phe or Tyr ligands. By performing the
same experiments on the nRoovalent holeCcmE, it was shown that the Y154
residue experiences a high level of paramagnetic broadenmmgaced with the other
aromatic side chains, atidiswas confirmed using mutagenesis. This was surprising,
as Y134 was previously suggested to be important. By examining the ability of a
H130A/Y134A variantto retain norcovalently bound heme, it was denstnated that
without Y134, theH130A CcmEprotein cannot bind heme naovalently. This
shows that Y134 ipossiblyimportant during the initial interaction between CcmE
and heme, in positioning the-t€rminus for optimum interaction. The broadening of
Y154 and not the Y134 residusuggests that ligand swapping could tadtace

between these tyrosine residuafier the noncovalent holeCcmE species has
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formed. This kind of ligand switching mechanism between tyrosine residues has

previously been suggestéstevenst al.2006)

7.2 Future perspectives

In Chapter 3, the importance of the cemnve&dpolarresidues (D47, Q58nd R55) of
CcmC and (D101, E105 and R73) of CcieEformation of the CcmC:heme:CcmE
complexwas shownin the varianBystem I*, the heme handling by CcmC and CcmE
has been shown to be differéMavridouet al.2013). Thus, it would be interesting
to examine whether these residues play an importantr@gstem I* by making the
substitutionsn the respective CcmfCand CcmE orthologuesSimilarly, in Chapter

4 the importance of the Q49 of CcmC and R104 of Camfthe-tuning the release
of holoCcmE from the CcmC:heme:CcmE complexas demonstratedBy
examining the effect of mutating these residues in Ctra@ CcmE of System [I*

orthologuesmore informatiorcould be gained about System I* and System I.

In Chapter 5 it was shown v&D *H-1°N HSQC that in covalently formed heldcmE,

the heme moiety directly interacts with tha&minus of the protein. Furthermore, it

was demonstrated in Chapter 6 that during-ocovalent interactions with heme, only

the Gterminus ofthe protein is engagedn neither case did the main body of the
protein show any kind of interaction. Chapters 3 and 4 demonstrate key residues on
the main body of the protein for interactions with CcmC so that the CcmE protein can
obtain its hemen vivo. Therefore, it coulddinvestigated whether thet€rminus of

the CcmE protein, containing the H130 would be able to bind to heme covalently or
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noncovalentlyin vitro. A peptidestarting atA128 and ending at S163 cowdtsobe
synthesised and tested for interactions withédfrobserved, then these interactions
could be further probed via 2Bi- "N HSQC. Finally, the @erminus of CcmE could
also be fused with another &BId protein and this fused protetouldbe examined

in whetherit can bind heme covalentlgr noncovalently. These studies would

provide further insights into the role of thet&minus of CcmE.

In Chapter 6, by using@D H- 'H TOCSY experiments to examine the aromatic
regions of the nowwovalent holeCcmE protein, it was deduced that the Y154 nesid
experiences a high level of broadening. This suggested that the aromatic side chain of
this residue was in close proximity to the heme moikttyvould be interesting to
examine a Y154Avariantin vivo to see whether any reduction is observed in-holo
CcmE formation. Similarly, Arg148 and Arg149 residues were shown to experience
high levels of broadening during naovalent inteactions with heme. Therefore,
R148A and R149A single and doublarians canbe made and examined for their
ability to influence holeCcmE productiorin vivo. These studiewould provide more

insight into tlke heme delivery mechanism $ystem |.

Ultimately, it will be necessary to obtain a 3D structure for the Ccm proteinsr eith
as an entire multipolypeptide complex, or as subsets of prateatsasCcmC and
CcmE. Structures in themselvdwowever rarely fully explain function. The
observationsmade in this thesis should contribute to ttedationship between

structure and fuetion for the Ccm system.
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Al Chemical shifts of wild-type CcmE-Hise-tag at pH 5.5

Residue H N
33 Asn 8.55 120.71
34 lle 7.94 120.15
35 Asp 8.33 123.61
36 Leu 8.21 122.73
37 Phe 7.99 121.58
38 Tyr 8.73 126.82
39 Ala 9.02 123.93
41 Gly 9.94 103.93
42 Glu 7.56 117.8
43 lle 7.41 119.33
44 Leu 6.7 114.35
45 Tyr 7.88 112.78
46 Gly 7.77 111.54
47 Lys 8.26 120.06
48 Arg 9.77 126.9
49 Glu 9.15 115.44
50 Thr 7.23 105.74
51 GIn 8.53 116.88
52 GIn 7.56 117.8
53 Met 8.92 127.26
55 Glu 8.19 119.25
56 Val 8.56 123.61
57 Gly 9.15 116.83
58 GIn 8.1 120.58
59 Arg 8.45 123.76
60 Leu 9.06 121.95
61 Arg 8.49 119.29
62 Val 8.84 120.88
63 Gly 7.49 113.05
64 Gly 8.24 107.88
65 Met 8 119
66 Val 8.23 121.77
67 Met 9.21 131.53
69 Gly 9.27 113.62
70 Ser 7.88 112.75
71 Val 8.34 124.55
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72 GIn 9.4 129.86
73 Arg 8.83 125.23
74 Asp 8.46 126.63
76 Asn 8.29 114.37
77 Ser 7.87 115.34
78 Leu 8.55 118.47
79 Lys 8.23 120.02
80 Val 9.42 125.49
81 Thr 8.61 118.25
82 Phe 8.58 114.8
83 Thr 8.46 115.81
84 lle 9.24 124.49
85 Tyr 9.71 123.73
86 Asp 8.97 121.78
87 Ala 8.15 117.15
88 Glu 8.82 116.31
89 Gly 8.53 107.61
90 Ser 7.65 111.5
91 val 8.89 113.62
92 Asp 8.29 124.45
93 val 8.9 120.45
94 Ser 8.47 119.88
95 Tyr 9.08 125.16
96 Glu 7.77 128.81
97 Gly 7.39 112.39
98 lle 8.49 119.28
99 Leu 9.14 133.15
101 Asp 8.76 122.97
102 Leu 7.98 115.2
103 Phe 7.52 120.28
104 Arg 7.75 127.84
105 Glu 8.7 120.99
106 Gly 9.09 110.46
107 GIn 7.36 116.4
108 Gly 8.72 109
109 Val 8.93 119.34
110 Val 8.89 122.83
111 Vval 9.31 122.16
112 GIn 8.4 123.45
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113 Gly 8.99 113.79
114 Glu 8.33 120.88
115 Leu 8.13 124.61
116 Glu 9.28 129.01
117 Lys 8.42 119.24
118 Gly 8.76 110.78
119 Asn 8.59 114.62
120 His 6.85 116.1
121 lle 8.75 124.84
122 Leu 8.69 129.89
123 Ala 9.23 129.19
124 Lys 9.56 121.23
125 Glu 7.93 117.63
126 Val 8.49 123.71
127 Leu 9.11 126.65
128 Ala 8.74 125.1
129 Lys 7.82 121.39
130 His 8.56 120.95
131 Asp 8.4 122.56
132 Glu 8.63 121.61
133 Asn 8.48 118.4
134 Tyr 7.95 121.44
135 Thr 7.81 121.61
138 Glu 8.61 120.2
139 Val 7.95 120.8
140 Glu 8.27 123.44
141 Lys 8.22 121.44
142 Ala 8.12 124.15
143 Met 8.18 118.58
144 Glu 8.21 121.48
145 Ala 8.2 124.02
146 Asn 8.2 116.45
147 His 8.24 118.54
148 Arg 8.21 121.56
149 Arg 8.36 123.57
151 Ala 8.41 124.17
152 Ser 8.21 114.64
153 Val 7.97 121.1
154 Tyr 8.18 123.97
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155 Lys 7.94 124.38
156 Asp 8.27 123.25
158 Ala 8.37 121.97
159 Ser 7.96 113.89
160 Leu 7.91 123.26
161 Glu 8.05 120.15
167 His 8.27 125.4

A2 Chemical shifts of wild-type CcmE at pH 7.2

Residue H N
34 lle 7.94 120.13
35 Asp 8.32 123.67
36 Leu 8.22 122.75
37 Phe 8 121.62
38 Tyr 8.72 126.79
39 Ala 9.02 123.78
41 Gly 9.92 103.87
42 Glu 7.55 117.68
43 lle 7.41 119.32
44 Leu 6.69 114.3
45 Tyr 7.89 112.75
46 Gly 7.76 111.54
47 Lys 8.22 120.06
48 Arg 9.82 127.13
49 Glu 9.16 115.24
50 Thr 7.19 105.51
51 GIn 8.55 116.81
52 GIn 7.55 117.68
53 Met 8.95 127.56
55 Glu 8.16 119.22
56 Val 8.55 123.56
57 Gly 9.17 116.87
58 GIn 8.09 120.54
59 Arg 8.46 123.7
60 Leu 9.04 122.02
61 Arg 8.47 119.25
62 Val 8.83 120.88
63 Gly 7.49 113.02

241




64 Gly 8.23 107.89
65 Met 7.96 118.85
66 Val 8.21 121.75
67 Met 9.24 131.56
69 Gly 9.26 113.6
70 Ser 7.86 112.67
71 Val 8.32 124.43
72 GIn 9.43 129.83
73 Arg 8.81 125
74 Asp 8.47 126.71
76 Asn 8.29 114.3
77 Ser 7.87 115.41
78 Leu 8.55 118.41
79 Lys 8.22 120.05
80 Val 9.43 125.83
81 Thr 8.61 118.3
82 Phe 8.68 115.16
83 Thr 8.44 115.66
84 lle 9.27 124.22
85 Tyr 9.67 123.33
86 Asp 8.96 121.78
87 Ala 8.14 117.05
88Glu 8.81 116.44
89 Gly 8.53 107.59
90 Ser 7.63 111.47
91 Val 8.9 113.94
92 Asp 8.21 124.64
93 Val 8.84 119.66
94 Ser 8.43 120.29
95 Tyr 9.09 124.86
96 Glu 7.85 128.68
97 Gly 7.29 112.12
98 lle 8.49 119.24
99 Leu 9.14 133.16
102 Leu 7.98 115.11
103 Phe 7.51 120.17
104 Arg 7.76 127.91
105 Glu 8.7 120.94
106 Gly 9.09 110.5
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107 Gin 7.34 116.33
108 Gly 8.74 108.99
109 Val 8.91 119.12
110 Val 8.89 122.63
111 Val 9.3 122.21
112 Gin 8.37 123.19
113 Gly 8.94 113.57
114 Glu 8.2 120.77
115 Leu 8.12 124.47
116 Glu 9.36 130.39
117 Lys 8.49 118.84
118 Gly 8.69 109.62
119 Asn 8.49 114.84
120 His 6.86 117.42
121 lle 8.76 126.21
122 Leu 8.57 128.72
123 Ala 9.18 129.43
124 Lys 9.54 121.05
125 Glu 7.9 117.71
126 Val 8.46 123.69
127 Leu 9.08 126.54
128 Ala 8.72 124.99
129 Lys 7.82 121.72
131 Asp 8.29 122.46
132 Glu 8.57 121.65
133 Asn 8.47 118.31
134 Tyr 7.93 121.41
135 Thr 7.82 121.51
138 Glu 8.6 120.22
139 Val 7.97 120.77
140 Glu 8.27 123.43
141 Lys 8.24 121.66
142 Ala 8.14 124.24
143 Met 8.2 118.74
144 Glu 8.22 121.55
145 Ala 8.2 124.08
149 Arg 8.33 123.42
151 Ala 8.41 124.13
153 Val 7.98 121.11
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154 Tyr 8.2 124.08
155 Lys 7.92 124.53
156 Asp 8.29 123.49
158 Ala 8.37 121.96
159 Ser 7.96 113.68
160 Leu 7.95 123.56
161 Val 7.84 121.97
163 Arg 7.96 126.78

A3 Chemical shifts of HL30A CcmE at pH 7.2

Residue H N
33 Asn 8.57 120.66
34 lle 7.98 120.22
35 Asp 8.35 123.63
36 Leu 8.27 122.74
37 Phe 8.02 121.5
38 Tyr 8.73 126.91
39 Thr 9.04 123.8
41 Gly 9.94 103.83
42 Glu 7.57 117.7
43 lle 7.41 119.31
44 Leu 6.7 114.2
45 Tyr 7.91 112.73
46 Gly 7.76 111.6
47 Lys 8.26 119.98
48 Arg 9.84 126.95
49 Glu 9.17 115.23
50 Thr 7.22 105.58
51 GIn 8.56 116.78
52 GIn 7.56 117.72
53 Met 8.99 127.49
55 Glu 8.22 119.12
56 Val 8.61 123.69
57 Gly 9.15 116.92
58 GIn 8.12 120.61
59 Arg 8.49 123.82
60 Leu 9.06 121.92
61 Arg 8.51 119.16
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62 Val 8.83 120.67
63 Gly 7.47 113.05
64 Gly 8.24 108.04
65 Met 7.99 118.97
66 Val 8.24 121.58
67 Met 9.22 131.51
68 Pro - -
69 Gly 9.27 113.66
70 Ser 7.87 112.65
71 Val 8.38 124 .55
72 GIn 9.41 129.79
73 Arg 8.86 125.16
74 Asp 8.47 126.62
76 Asn 8.29 114.23
77 Ser 7.87 115.31
78 Leu 8.61 118.08
79 Lys 8.26 119.97
80 Val 9.45 125.43
81 Thr 8.6 118.11
82 Phe 8.57 114.63
83 Thr 8.47 115.7
84 lle 9.26 124.4
85 Tyr 9.72 123.64
86 Asp 8.99 121.77
87 Ala 8.17 117.03
88 Glu 8.83 116.33
89 Gly 8.53 107.64
90 Ser 7.7 111.52
91 Val 8.89 113.37
92 Asp 8.33 124.29
93 Val 8.88 120.35
94 Ser 8.46 120.01
95 Tyr 9.06 124.94
96 Glu 7.79 128.82
97 Gly 7.41 112.54
98 lle 8.54 119.21
99 Leu 9.21 133.38
100 Pro - -
101 Asp 8.81 123.12

245




102 Leu 8.04 114.98
103 Phe | 7.51 120.12
104 Arg 7.76 127.88
105 Glu 8.71 120.77
106 Gly 9.12 110.44
107 GIn 7.36 116.36
108 Gly 8.75 109.07
109 Val 8.94 119.5
110 Val 8.91 122.9
111 Val 9.32 122.08
112 Gln 8.4 123.31
113 Gly 8.99 113.7
114 Glu 8.33 120.85
115 Leu 8.13 124.45
116 Glu 9.32 129.11
117 Lys 8.47 119.12
118 Gly 8.79 110.72
119 Asn 8.62 114.61
120 His 6.84 116.01
121 lle 8.74 124.75
122 Leu 8.69 129.82
123 Ala 9.24 129.25
124 Lys 9.58 121.14
125 Glu 7.94 117.64
126 Val 8.53 123.68
127 Leu 9.1 126.67
128 Ala 8.77 125.07
129 Lys 7.89 121.81
130 Ala 8.42 125.63
131 Asp 8.28 119.65
132 Glu 8.47 121.52
133 Asn 8.48 118.62
134 Tyr 8.02 121.52
138 Glu 8.63 120.28
139 Val 7.87 121.69
140 Glu 8.31 123.46
141 Lys 8.24 121.66
142 Ala 8.17 124.2
143 Met 8.22 118.61
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144 Glu 8.25 121.85
145 Ala 8.24 124.08
146 Asn 8.24 116.5
147 His 8.25 118.61
148 Arg* 8.18 121.58
149 Arg 8.4 123.62
150 Pro - -
151 Ala 8.45 124.22
152 Ser 8.26 114.79
153 Vval 8.04 121.26
154 Tyr 8.26 124.37
155 Lys 7.95 124.73
156 Asp 8.31 123.51
158 Ala 8.4 122
159 Ser 7.99 113.72
160 Leu 7.99 123.62
161 Val 7.89 122.13
162 Pro - -
163 Arg 8.02 126.84

*Only visible at pH 6.6

A4 Chemical shifts of HL30A CcmE at pH 5.5

Residue H N
33 Asn 8.51 120.66
34 lle 7.92 120.07
35 Asp 8.29 123.63
36 Leu 8.22 122.74
37 Phe 7.99 121.59
38 Tyr 8.71 126.86
41 Gly 9.91 103.85
42 Glu 7.5 117.74
43 lle 7.39 119.31
44 |Leu 6.67 114.24
45 Tyr 7.91 112.71
46 Gly 7.75 111.47
47 Lys - -

48 Arg 9.81 127.15
49 Glu 9.17 115.17
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50 Thr 7.16 105.44
51 GIn 8.52 116.76
53 Met 8.94 127.59
55 Glu 8.15 119.15
56 Val 8.55 123.58
57 Gly 9.15 116.84
58 GIn 8.07 120.59
60 Leu 9.01 121.97
61 Arg 8.48 119.23
62 Val 8.82 120.76
64 Gly 8.2 107.97
65 Met 7.97 118.95
66 Val 8.2 121.73
67 Met 9.23 131.53
69 Gly 9.26 113.59
70 Ser 7.86 112.64
71 Val 8.32 124.47
72 GIn 9.42 129.79
73 Arg 8.8 124.99
74 Asp 8.43 126.63
76 Asn 8.24 114.21
77 Ser 7.87 115.41
78 Leu 8.54 118.29
79 Lys 8.21 -

80 Val 9.4 125.6
81 Thr 8.61 -

82 Phe 8.67 115.04
83 Thr 8.42 115.68
84 lle 9.25 124.24
85 Tyr 9.66 123.39
86 Asp 8.94 121.81
87 Ala 8.12 117
88 Glu 8.78 116.41
89 Gly 8.54 107.57
91 Val 8.86 113.79
92 Asp 8.21 124.53
93 Val 8.83 119.74
94 Ser 8.41 120.17
95 Tyr 9.07 124.86
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96 Glu 7.83 128.72
97 Gly 7.29 112.34
98 lle 8.49 118.84
99 Leu 9.13 133.22
101 Asp 9 123.76
102 Leu 7.97 114.99
103 Phe |  7.49 120.14
104 Arg 7.7 127.77
105 Glu 8.66 120.75
106 Gly 9.07 110.45
107 GIn 7.31 116.38
108 Gly 8.71 109.1
109 Val 8.9 119.36
110 Val 8.87 122.78
111 Val 9.3 122.2
112 GIn 8.36 123.26
113 Gly 8.93 113.62
114 Glu 8.21 120.76
115 Leu 8.11 124.45
116 Glu 9.32 130.26
117 Lys 8.39 119.2
118 Gly 8.69 109.94
119 Asn 8.49 114.74
120 His 6.86 117.31
121 lle 8.76 126.17
122 Leu 8.58 128.85
123 Ala 9.16 129.33
124 Lys 9.52 121.06
125 Glu 7.88 117.68
126Val 8.49 123.68
127 Leu 9.06 126.63
128 Ala 8.71 125.03
129 Lys 7.89 121.93
130 Ala 8.37 125.69
131 Asp 8.68 124.7
132 Glu 8.43 121.49
133 Asn 8.42 118.61
134 Tyr 7.82 121.57
138 Glu 8.6 120.13
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139 Val 7.99 121.13
140 Glu 8.26 123.44
141 Lys 8.19 121.97
142 Ala 8.11 124.19
143 Met 8.16 118.61
144 Glu 8.25 123.17
145 Ala 8.19 124.11
146 Asn 8.19 116.51
147 His 8.11 125.89
149 Arg 7.93 123.57
151 Ala 8.4 124.16
153 Val 7.95 120.64
154 Tyr 8.26 124.34
155 Lys 7.9 124.32
156 Asp 8.34 123.68
158 Ala 8.35 121.94
159 Ser 7.94 113.65
161 Val 7.83 121.99
163 Arg - 126.77
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