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Abstract

Copper (Cu) is essential to the growth and the morphological developmesiteptomyces
lividans Understanding how Cu regulates the key development switches in this-Gram
positive bacterium has been an area of extensive research. In particalaiClihomeostasis

and regulation are controlled and hometalation of enzymes important for morphological
development is achieved have been previously investigated. To this end, this thesis reports
the discovery of a cytosolic copper storage proteilsitividansand offers new insight into
intracellular Cu regulation, which is not under direct control of the Cu regulator protein CsoR
(copper sensitive operon repressor). This copper storage protein belongs to a family of
recently discovered cytosolic prates krown as Csp3. These members are exclusively found
in the bacterial cytosol and comprise of a fewlix bundle that assemble into
homotetramers and can bind between -BD Cu(l) ions through mainly Cys thiolate
coordination. In Chapter 2 bioinformatanaly®s reveals the phylogenetic distribution of
Csp3 across Bacteria and Archaea and confirms the presence of Csp3liundans
Furthermore, the Csp3 iB. lividands located in a gene environment that is sensitive to
elevated Cu levels. Taxonomistiibution of these genes reveals a possible link to a novel
transmembrane Cu export system that could facilitate removal of Cu from CsE8. X
structures of the apo and Cu(l) bound forms of the Csp3 f@nlividanshave been
determined and confirm a hootetramer assembly that can bind up to 80 Cu(l) ions (Chapter
3). The binding of Cu(l) ions in Csp3 is found to be cooperative with a Hill coefficient of 1.9
and Cu(l) can be transferred to Csp3 from a @d@ZCu(l) chaperone (Chapter 3)nésp3
null-mutant in S. lividangeveals that Csp3 is operable at high Cu levels and this suggests it
acts to provide an additional level of protection against Cu toxicity once the CsoR system
becomes saturated (Chapter 3). The mechanism of €@&ding b Csp3 has ab been
investigated through Xay crystallography, sitdirected mutagenesis and stoppdibw
reaction kinetics using aqueous Cu(l) and Cu(l) chelated by a donor. A clear role for a His
residue (His107) leading to the formation of a tetramas[Cu(L-SCys)(N' YHis)] cluster is
observed, followed by the loading of Cu(l) ifhuxional and dynamic manner (Chapters 4 and

5). Finally, oveexpression studies of a putative transmembrane protein (SLI_RS17250) that
isencoded bya neighbouring gene to th8. lividas Csp3 gene and could be part of a novel

Cu export system, identified in Chapter 2, is described (Chapter 6).
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HEPES4-(2-hydroxyethyl}1-
piperazineethanesulfonic acid
HGT- Horizontal gne transfer

His¢ Histidine

IPTGL & 2 LINR1-Je f
thiogalactopyranoside

Kang Kanamycin

kcuG Copper dissociatiorate constant
kq - Dissociation constant

kobsC Observed firsbrder rate constant
LB- Luria Bertani

LCAc Last common ancestor
LCR; Lipidic cubic phase

LGT- Lateral gendransfer

LMCT- ligandto-metal charge transfer
Lys- Lysine

MALDI Matrix-assisted laser
desorption/iorisation

MALS; Multi-angle light scattering
Mbn - Methanobactin

MES- 2-(N-morpholino) ethanesulfonic
acid

Met - Methionine

MgCt ¢ Magnesium chloride
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1.1 An introduction to Copper
Copper (Cu) is allock transition metal with valuable properties to humanity that have been

exploited for thousands of year€u de®dSa FNRY (GKS 9F NIKQa ONMzad |
metals that naturally occurs in the environmg@6). The first recorded use of Cu dates back
between5th and 6thmillenniaB.C as it was found in metallic form in nature thus smelting
was not essetial (26). The antimicrobial properties of Cu were evidenced through initial uses
in treating burns, wound, headabes and for hygiene by Aztec, Greek and Roman
civilisations(26).

Qu can exist in one of twoxidation states, the cupricoxidised form(Cu(l)) or the cuprous
reduced form (Cu)). It is this redox chemistry that can cause toxicity problems in all
organisms. For example Cu can participate in Fenton type rea¢g@néEquation 11),

0606 OO0 ©° 0660 60 00 p.1

producing hydroxyl radicals that can be involved in several processes that lead to damaging
oxidation of lipidsand proteing26, 28) Cu ions can take part in a cycle (EquatibAs% 1.3)

that depletes sulfhydryls in proteifgeptides (e.g. cysteing glutathione)(26). This cycle
produces hydrogen peroxide whereby it can partake in the Fergaition (Equation 1),

thus triggering further damage to the c€l6).

¢6d CYYO ¢c66 YW O 12

66 ¢O 0 © ¢606 OO0 13

The amino acid residues that demonstrate preferential bindintheéosoft Cu(l)ion possess

thiol and thioether groupsind thusinclude cysteine and methionine residu@s). The hard

Cu(l) ion canalsocoordinate with imidazole nitrogen and oxygen grogegh as histidine

and aspartic amino acid25). Relative stabilities of metabn complexes as described in the
IrvingWilliamsseries(Mn(Il)<Fe(l< Co(II)x Ni(ll)<Cu(I1»Zn(1)) suggests that Cu is capable

of displacing certain metals from efr binding sites in metalloproteins thus disrupting
enzymatic processe@5, 29) An example of this includes iresulphur cluster proteinsn

which thiolate bonding occurs between sulphur and Cu(l) which is detrimental to these types
of proteins(29-31).

The antibacterial properties of Cu are now recognised to have a role in thephtisigen
response irhumans.The host innate immune system will employ several mechanisms to kill
the invading pathogen. These include use of bacteridiokeins and to limit availability of
nutrients to starve the pathogefnutritional immunity) (30, 32) In addition, the host will
expose the pathogen to Cu. There is growing research into how Cu toxicity is used by the

human immune system to destroy invading pathogens & K S & (38l The dedeEofi €
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increased concentrations of Cu is utilised in the host macrophage as it engulfs the pathogen.
During phagocytosis, the use of plasma memier& TR1 copper importers to transfer Cu to
cytoplasnic ATOXCu(l)chaperone is achieved. The (Qus transferred to ATP7A copper
pump which delivers Gl to the phagosome where the pathogen [i€30, 32) The Cu
undergoes Cu(l) Fenton chemistry to produce hydroagicals which derive from hydrogen
peroxide generated by superoxide produced by NADRHase (NOXB0, 32) Indeed, this
defence system against invading pathogens seems efficientipriavention of infection
However,there are existingCu resistancesystems in pathogenthat act to combatCu
toxicity. Indeed, the environment of copper surfaces or salts could be fatal to most bacteria,
but manyhave developedobust Cuolerance geneas a counteractive measei(30, 34, 35)

It is well known that this involves expression of one or mBteexporting ATPasdhat are

often under the control of a Cu(l) metalkgulator. Examples of this type of systewill be
givenlater in this chapter for the nospathogenicStreptomyces lividanbut the interesting

aspectisthat the same mechanism can be utilised in bacteripars of their pathogenicity.

1.2 Importance of Cu as a cofactor in proteins
Qu is required by many proteins drenzynes to carry outelectrontransport processes
oxygenactivation, denitrificatiorand many other function&36, 37) To achieve these various
functions,avariety of Cu active sitdzave evolved.Examples o$uchsitescan be found in
Fig. 11. An example of a denitrifying enzyme is nitrous oxide reductase which is a
multicopper protein and is involved reducing MO to produce dinitrogen and B (38). The
multicoppersitesof this protein consists of a @tentrewhich isatetranuclear centre ad a
dinuclear Cu centre that maintains either one or two sulphide bridgé9). Another
important example of protein thatequiresCu in order ¢ function iscytochromec oxidase
(CcO)which utilises Fand Cu as cofactar(40). CcQpossesses a binuclear heffial centre
andis involved in cellular respiration by reducing molecular oxygen combined with proton
pumping activity aoss either a bacterial membna or eukaryotic mitochondrial membrane
(40). There are four active sites in CcO which are metal binding that inclugen@ue a,
hemeas, and Cy, (40). Indeed, CcO has remained as one of the most studied metatjanes
and the characterisation of its dinuclear3ite and monomclear Cysiteshasgreatlyaided
the understanding oits role in the mitochondrial electron transport chaihl-44). Another
example ofa Cu metallenzymeare laccases whichelong to the class dflue multicopper
oxidases. Laccases can dés@da range of organic aromatic compounds in combination with
reducing molecular oxygen to watét5). These proteins are fmd in both eukaryotes and

prokaryotes but & most abundant in fungi46). Laccase active sites ¢aim four Cu ion
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His86

Tyr175

Figurel.1l ¢ Example®f copper active sites in protei(s) Various types of copper sites which includes
Types 13 and a Cpusite (image taka from(14)). (B) (From left to right) Copper active sites of the followin
proteins; Galactose oxidase displaying monocopper active site; Laccasebmititizar type 3 copper
centre, type 1 and 2 copper centi@sage taken fron{21)); Cytochrome c¢ oxidase showing tiiruclear
hemeCu centrdimage taken fron{22)). (C) (From left to right) Copper active sites of the followinteprs;
LPMOwhaY2y 2y dzOf SI NJ / dz A2y (kngge tHked flon(ZBNNittdGs@xide A Y RA y
reductase left hand image showsatalytic Cgsite in the Nterminal domain whereas the right hand image

displays the @erminal domain C/ysite(images taken from(24)
binding site46). These binding siginclude a mononuclear typeblue Cu site close tate
substrate binding pocket, the second site is a trinuclear Cucsmsistingof one type 2 Cu
and atype 3 coupleddinuclearcentre (47, 48) An example oh monocopper oxidase is the
fungal protein galactose oxida§#9). This enzyme catalyses the oxidation of primary alcohols
groups (RCHOH) to aldehydes Wi a coupled reaction, involving a twalectron reduction
of G to produce HO, (49). Another class of proteins that utilises Cu as a cofactor are lytic
polysaccharide monooxygenases (LPMOs). An LPMO possesses a mononuclear Cu ion in its
FOGADGS aAGS 6KAOK A& O22NRAYF GSR AtrminaNk 32y £ Y
amino group(50). The single Cu ion centre is involved in acthgdxygen which leads to the
process of oxidatively cleavitig 1-4 glycan linkages in crystalline polysaccharides, such as

chitin, cellulose and starg®0).
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1.3 Methods to determine Cu(l) affinity
The techniques required to analyse the Cu(l) content and behaviour within bacterial

cuproproteins are paraount. Such methods include these of Cu(l) binding ligands as
affinity
SO4Na SOsNa standards such
I a HXHQ
bicinchoninic
acid (BCA)(Fig.
1.2). This
compound has
BCS BCA been extensively

Figurel.2 ¢ (Image taken from paper by Bagchi et(@l3)). Compounds BCS and used in assays
BCA for determining

protein concentratios since its discovery by Smig al. in 1985(51, 52) BCAacilitatestwo

reactions in this assay; firstly, the biuret reaction at the peptide bonds and certain residues

in an alkaline milieu which involves reducing Cu(ll) ions to Cu(I{3&n$2) Secondly, two

BCA molecules chelate with one Cu(l) ion to form a chromogenic purple complex which

absorbs strongly e wavelength of 562 nni51, 52) Indeed, BCA is ammonly used ligand

to determine Cu(l) concentration and has even been used to determing Carftentrations

in biological serum samples due to its high sensitivity and specificity for(6B)IAnother

high affirity Cu(l) binding ligand is bathocuproine disulfonate hydrate (B&&).2) which

also binds Cu(l) in a bidentate manr@milar to BCA. Upon Cu(l) binding, the BQKI)

chromogenic complex is orange in colour and absorbs strongly at 48®&#mXiaoet al.

have documented théssuesof inconsistent metal binding constants being reporiedhe

literature (54). These issues are caudwmdseveral factors including minimal contrdipH and

how this affects affinities of ligand probes and disregard of metal affinities of pH b(B#xs

Following carefully laid out protocqIBCA and BCS have become the déad ligands to

determine the Cu(l) affinities of proteins under competitive conditions.

Methods in quantifying Cu(l) concentration and binding affinities of cuproproteins
are ever evolving to improve their accuradyor example atudy by Bagclet al. suggested
high-affinity ligand stability constants are more reliably attained by carrying out competitive
binding studies by using an affinity standard with a vestablished shution chemistry and
stability constan{13). In the study by Bagchét al., they characterised three new monovalent

Cubinding ligands that are water soluble; MCIMCE2 and MCH3 (13). It was reported that
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all three ligands form 1:1tgichiometry with Cu(l) and have been used to prediotding

affinity of anEscherichia cofhetalloprotein CusK13).

1.4 Bacterial copper storage proteins
An example ofa bacteria that requireCu for essential cell maintenance and biological

readionsis methanotrophic mycobacteril). Vitaet al.report that these bacteria require a
substantial amount o€uto oxidise methane. These prokaryotes can accomplish this by using
Cufor their specialised membraes that store mthane monooxygenasgl). These Gram
negative bacteria possessregular Cu efflux system and aerobically oxidising methane to
methanol involves two differing families of metalloenzymes wtldoh paticulate methane
monooxygenase (pMMQPp5, 56)and soluble methane monooxygenase (sSMM&9, 57)

Both proteins are regulated b§uand some methanotrophposses$oth metalloenzymes

(55). In particular, pMMO is located in intracytoplasmic membranes and is produced in the
presence ofCu(55, 58, 59)Itis noted that pMMO is a trimeric proia with three Cusites

(55, 56)and iswidely expressedwith around afifth of the cellular protein mass comprised

of this protein(55, 60) Indeed, methanotrophs have gwvided much information in bacterial

systems involving procurement Gfu

»4;c;cn|2 HC
- \ é{‘. uJo—s/ \(‘,H—NH
7 9) "

j / 5
: ‘\4 \: 2
x —N c=—0 - : i
/\J | HLJ) CH/ (o 1 ) N \
' o AN Vi \\C ‘ pvrrolidir -
HN—C\ / \ W

CH—NH

) HO—CH, HO
s

Figurel.3 ¢ Structure of Mbn from M. trichosporium OB3b. $Apkrepresentatim of crystallographic
structure of Mbn PDB file 2XJH§). (B) Diagram of Ghlbn (image taken fron{16))

Methanotrophs storeCuin modified peptides known as methanobactins (Mhnghichaid

in detoxifying the cytosol from higGuconcentrationg1, 55, 61) Mbns have a high affinity

for Cu which they chelate through thioamide/enethiol moieties and paired nitrogen
containing hetero cycleg55, 62) These proteins are key memiseof Cu binding
metallophore family known as chalkophor€s5, 61) It is unsurprising to find methanotrophs

in nearneutral pH, organic rich habitats such as lake sediments, peatlands and rice paddies

due to the highCuaffinity of Mbn ard their ability to removeCufrom such environments
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(55, 63, 64) The first Mbn to be structurally characterised was fravtethylosinus
trichosporiumOB3b in 200455, 62) The structure ofM. trichosporiumMbn (Fig. 1.3)
revealedthe heterocycles to be oxazolones (@end Oxa), as previous researdmad mis-
assigned these as imidazolone rir{§5, 65) Two absorption peaks are obsed at 345 nm
and 392 nm for both oxazolone rings in the dpom and this absorption range is typical for
oxazolone compound&5, 66) In addition, Mbn can bind both Cu(l) and Cu(ll) but in the
absence ofCy the oxazolone rings are susceptible to acatalysed hydrolysiéb5, 67, 68)

It has been found thaCubinding by these oxazolone ringsaiseductive processhecause
even after Cu(ll) binding, the final specie€igl}Mbn (55, 69, 70)Mbn is capable of binding
other metal ions but witHower affinity compared to Cu((}5, 71) for example Ni(ll), Co(ll),
Ag(l), Pb(ll), Fe(llind Zn(I1)55, 71) There is speculatiothat Mbn interact with pMMO
but there is lack of evidend® prove this(55). It has been reported that pMMO activity is
increasedn the presence of apMbn (55, 72) Thaugh, this may be due to agdbn binding
inhibitory metals since pMMO becomes inactivated by excess amounts of zinc or ¢6pper

73, 74)

90°

Figurel.4 ¢ X-ray crystallographic structure of
apo MCspl(1) (A) showing the tetramer
arrangement of four coloured alpha helical
bundles (B) and a 9fbtation of fig. (A)

Until recently is was a loAgeld view thatprokaryotes do not possess apioteins that store
Cu(1). Vitaet al. discoveed and isolaéd a soluble proteinpresent in the methanotroph

Methylosinus trichsporiumOB3b that is capable of binding a high number of Cu(l) ions and
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washamed copper storage protein 1 (Csfgl). The Cspl was found to contain 122 amino
acids with a molecular mass of 12,591.4(Dpand shown crystallographicaltg be a four
helixbundle which assembéen to a homotetramer (FidL.4). In the core of each four helix
bundle 13 Gs residuesre present (Figl.5A). These residues are not involvedlisulfide
bonding and were shown to primarily bind Cu(l) iéhs(Fig.1.5B). Thus, Cspl can bind

to 52 Cu(l) ions per tetramer assembly and contarsignal peptide that suggest it is a
periplasmic protein(1). Signal peptides are 180 amino acids in length that are fused to
newly synthesisegroteins and are involved in transporting that proteimthin or outside
the cell. The specific signal peptide found in Csp% aawin arginine translocation (Tat)
peptide(1)involved in transporting proteins outside the cytosditaet al. identified another
homologous protein known as Csfidm M. trichosporiumOB3bwhich also possesd a
signal peptide. Notably a third homologue was identified, called Csp3, but this homologue
differed in that it did not possess a signal peptide and therefonasinferred that Csp3 was

a cytosolic proteir(1). Bioinformatic analyses, revealed the Csp3 homoldgueidespead

in nonrmethanotrophic prokaryotes.
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Figurel.5 - X-ray crystallographic structure of i@sp1
protomer(1, 2)(A) (Image taken from paper by Vita et
al. (2)) Labelled amino acids include 13 Cys residues ir
the inner core of the helical bundle. The pore opening
also includes residues Met40, Met43, Met48 and His3¢
The hydrophobic end of the bundle includes residues
Leul9, Leu65 and Vallg®). (B) All 13 Cys residues are

involved in Cu(l) binding and the protomer unit of
MtCsp1 binds #otal of 13 Cu(l) ions.

The Xray structure oMtCsp3 reveals 18
cysteine residues in the core of the four
helixbundles (1) which, like Csplcan
coordinate Cu(l) but with ahigher
capacitydue to the additional cysteine
residues, enabling6 Cu(l) iongo bind
(2, 75, 76)In vivodata suggestd arole

of these Csp3sin preventing Cu(l)
toxicity within the bacterial cel(2, 75)
The binding affinitiefor MtCsp3 and
BLsp3 are (1.7 + 0.5) x4 IM*t and (1.5

+ 0.4) x 18 M respectively andinlike
Cspl do not display Cu(l) binding
cooperativity (2, 75) Vita et al. have
shown Cu(l) removal erriments
between the Csp3s arttie Cu(l) specific
ligand BCS which has a higher Cu(l)
affinity for Cu(l) that Csp3and shows
that Cu(l) removal islow from these
proteins it was reported by Vitat al.
that after 85 hours, ~85% Cu(l) was
removed fron BLsp3 by BCS whereas
only ~20% was removed frontCsp3 in
the same period of timé2, 75) This is a

unique finding for thes&sp3s whereas

previous studies wittMtCsp1(1) have shown rpid Cu(l) removal by this ligarfd). These

Csp3s possess three His residthesdt participate in coordination o€u(l)at one end of the

four helixbundle which has been proposetb be the entry site for Cu(lionsinto the Cys

core(2). These His residud&ig.1.6A)are highly conserved in Csp3s and are found in both

MtCs@B andB<Lsp32, 75) In contrastMtCspl has three Met residues at the opening of the

bundle(1,2) (Fig.1.5A). Another structural feature dfitCsp3 includes a coordinaf Asn58

with Cu(l) shared with Cys13, 76) AnAs residue at this positiofs unique toMtCsp3and

an Asp residue is more frequent in Csp3s antlighly conserved2, 76). The structural

aspects of Cloadingin Csp3s has been established in the study by Basle(76). Whereby
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X-ray crystallographic analyses display s&ui loading into these pteins (76). The
complete filling of the protein core with metal ions is uniquedsps and until now was not
seen in either engineered or naturally occurring four hélindles(76-81). In addition, the
presence of thiolate Cu(l) clusters is uncommon in biological systems thus the discovery of
Csps offers a new perspective on prokaryotic copper stofageIn the study by Baskt al.,
MtCsp3 seems to demonstrate

binding of partial occupancy Cu(l) ions

A 51 \’i"s at different sites(76). For instance,
ca2\_ QC‘@.,HM MtCsp3 loaded wit ~2 molar
5, WN\ci11 : -
m\' P equivalents of Cu(l) shows partial
Nssf( /,\/cm occupancies ofdur Cu(l) ions in the
e structure which are arranged in a
$eia Noais .
V. y symmetrical tetranuclear clustei76).
c94
S A Additionally, MtCsp3 was
czszvcso .
subsequently loaded with ~9
\a2s
\{ = equivalents of Cu(l) to give a struogu
”‘i\ Hm displaying 18 Cu(l) ions present with
©
partial occupancy. But the occupancy
ay of these Cu(l) ions was higher
compared to the structure loaded
- with ~2 Cu(l) equivalents giving an
< ) a\l . overall occupang value of 8.2 versus
g% 8’ > 1.3(76). Thus, it is apparent that the
Fo, 6§ oA

occupancy values of individual Cu(l)

ions rises upon Cu(l) loading and

Figure1.6 ¢ Xray crystallographic structurasf MtCsp3 (A) appears to be a key feature of
(Image taken from paper by Vita et &2)) Protomer ofapo
MtCsp3 showing 18 Cys residues and dn 8 NJY A-helx f

0 1)). The pore opening includes three His residues (His1( tetranuclear clusters (76). These
His108 and His110). The hydrophobic efithe protomer '

organothiolatecoordirated

highlights amino acids Leu21, Leu83 and Le(B)Fully formations are considered
Cu(l) loaded MtCsp3 prateer that binds a total of 18 Cu(l)
ions. uncommon in biological systems due

to their latent toxicity and complexity
but are often found in inorganic complexg&). Despite this, various proteins have emerged
to form these Cu(l) clusters due to the evolution of ILhéndling in both eukaryotes and

prokaryotes(75).
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1.5 Streptomycedevelopment
TheStreptomycegenus béonging to the phylum Actinobacteria, offers many possibilities in

the domain of biotechnology where certain enzymes/proteins and metabolites can be used
for industrial and pharmaceutical purposes. This type of work was also greatly aided by the
advent ofnew DNA sequencing technologies at the turn of th& @intury, enabling for the
complete sequeneof Streptomyces coelicol@3(2)to be determined(82). This bacterium
is the best representativéacterium of theStreptomycegenus(82). The vast amount of
proteins coded in the genome & coelicolooffers many research possibilities and allows to
perhaps better understand certain pathways and regulatory functions irerosimilar
organisms through comparison. For exam@ecoéatolorharbours cognate signal sequences
and other components to support the TAT (twin arginine transport) pathway as well as the
Sec system(82). The umlerstandingof pathways such as this may offer podiies in
manipulating other similar organisms for biotechnological/biopharmaceutical purposes.
Also, Streptomycetes produce a range of antibiotics, -antiour agents, cytostatics,
fungicides and othesecondary metabolites that haygharmaceuticalproperties that are
highly used in medicine and other industrig@s). For instance, the antibiotic streptomycin
was frst discovered irBtreptomycedy Waksmar(83). In addition, this genus is often used
for large scale production of enzymgs).

The growth and morphology of Streptomycetes is unlike other typical prokaryotes;
this genus almognimics a fungal life cycle whereby spores germinate to firstly produce two
germ tubes(14). Theseevolve into vegetative or substrate myaelivhich grow downwards

into their soil habitats to create an extdad network of hyphae (Fid..7). Once nutrients

Substrate mycelium bid genes

m expressed
Germ tube/ 1 8\hrs

10 hrs 30hrs
whi genes
Free spore expressed
\ -

M4

4 to 10 days =

Figurel.7 ¢ Life cycleof Streptomyces
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become scarcesubstrate mycelium develops into aerial mycelium (76). In this stage of
morphogeness, aerial hyphae are divided through septation and sporulate (féleed, this
growth cycle ofStreptomycshad challenged the classification system in the pasting the
1950s researchers considered this genus as mainly {8Byiwhereas others classified it as

a group between bacteriand fungi due to its Gram positive cell wall characteristics and
vulnerability to antibacterial antibiotis (85). Overall themost fascinatingstage of this life
cycle is aerial hyphae formation. In response to lack of nutrients and other signals, this stage
produces secondary metabolitezg(well as aerial hyphae) that include compounds that have
been shown to have antibiotic and antitumor praties (14, 86) Thus, it is not surprising

that this stage has been of great research interest to pharmaceutical industries. The aerial
hyphae continue to grow out of the vegetative mycelium in the aquesusronment and
develop into the air(86). The hyphae transform into extended chains of -ppere
compartments which is due to a type odégulaied cell division(86). In this growth phase
proteins from theSsgALike Protein (SALP) familggulate this complex cell divisiqid4).
These prespores eventually form thick spore walls and evolve into mature sp(86€s
Fnally, these matured spores are released from the spore chains into the environment
whereby this mycelium growth can be repeatdd) (Fig.1.7).

It is believed that the function ofnany of the secondarynetabolites produced
during the switch between substrate and aerial myceli¢ghin Streptomycess to inhibit
growth of competitivemicroorganismg(85, 87, 88) The genes that are respsible for
antibiotic productiorhas been discussed in a review by van Wetal It has been discussed
that gene clusters for antibiotic production are regulated and transduced by claiteted
(transcriptional) regulators (CSR88, 89) CSRs directly control the transcription of these
genes that encode enzymes involved in producing these antibiotics. Examples of gene
clusters regulated by CSRs include streptomycin antibiotiStiaptomyces griseuand
actinorhodin inS coelicdor (88). However, van Wezet al. mention that these two antibiotic
coding gene clusters are regulated by transcriptional reégusawhichare StrR88, 90)and
ActlIFORF488, 91), respectively Indeed, there are existing examples of multiple CSRs that
control biosynthetic genessuch as five transcriptioregulators that control expression of
tylosin cluster inStreptomyces fradia¢88). It has been found that the production of
antibiotics can be increased sevefald by cloningURAPHultimate (pathwayspecific)
regulator of antibiotic productiohin highrcopy number plasmidé8). URAPS are similar to

CSRs and categorised as the final downstream regulég8js
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1.6 Cu bioavailabilityof Streptomycedevelopment
For certainStreptomycestraing a distinct dependence on the bioavailability of Cu to initiate

the morphological development switch between substrate mycelia and aerial hyphae is
known (86, 92) Indeed, Cu is needed for production of spores and aerial hyphae thus making
it an important

R5 morphology
solid element to this

0.1 1 10 uM Cu(ll)
Sl e

genus. Inorder to

exploit the valuable

S. lividans 1326 secondary

metabolites

Figurel.8 ¢ S. lividansnorphological development at increasing centations produced n

of Cu(ll) on agar R5 medium (contains yeast extract and glucose as carbon
source). Aerial hyphae(grey) and spores develop as the Cu(ll) bioavailability

increases. understanding  of

Streptomyces an

how Cuis used must firstlype obtained. Usindstreptomyces lividanss an example, it was
found that the vegetative growth phase # lividans can occur even at low Cu availability
(14). The use of Cu is essential for the compleguration of aerial hyphae and spores which
has a distinct phenotype of a grey pigment colour (Ei§) The development of aerial
mycelium is blocked in mant strains ofStreptomycesuch asS. lividansvith defective Tat
(twin-arginine translocationyecretory pathway14, 93) There are two pathways that oacu

in StreptomycesTat andSec (secretion pathway), the Tat pathway involves secretion of
folded proteins across the cytoplasmic membrane that contaiactofs including metal ions
(14). TheSec pathway inalves simply the secretion of unfolded proteins out of the cell and
is was believed thab.lividansrelied mainly on this pathwa§B84). But the Tat pathway was
identified (84,94) and is apparently used as a general pathway for the transport of a larg
number of Tat substrates and is not specific to enzymes with cofa(tdr95) In the mutant
Tat strains, morphological development rcabe reestablished with increased copper
supplementation thus suggeshg that secreted Cu proteins amssential forStreptomyces
development(14).

The formation of aerial hyphae that transform into extedspore chains with cell
division producing septa arranged into ladd€e8-98) poses issues from a biotechnological
perspectiveStreptomycesi SY Ra (12 F2N¥ WLIStfSGaQ 2N WOt dzy LJa ¢
this mycelial growth(98). This very manner of growth is one of the main obstacles of using
Streptomycesis an expression host. There has been recent research to overcome this issue
as highlighted by van Dissall al. which discusses a gene cluster target involved in mycelial

aggregation which upon maodification could lead to better performanc8toéptomycess
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cell factorieq98). It was stated by van Diss#lal. that the famation of mycelial structures
occurs when growing Streptomycetén submersion and overall forms pellets which on an
industrial scale poses several issues including culture heterogeneity, -traaser
impediments and slow developmelf®8). van Dissekt al. aimed to address thissue of
pellet formation by identifying the genes involvéa8). This was achieved by firstly using a
chemostat to grow and select over 100 geations of S. lividando obtain a loose pellet
forming mutant (PMO01) and a ngpelleting strain (PMO02)98). Thus, with the use of various
growth limiting substrates, PM02 was analysed in continuous culture forLtliel & YA R& Q
segregational stabilityhich are plasmidplJ2(99)and selectechSG5lasmids reported in
previous researct{98, 100) Mutations were identified in both strains PM0O1 and PMQRe
non-pelleting mutation was discovered amembrane proteirgene (matAgene)that is co
transcribed with a bifuational polysacharide deacetylase/synthagene (natB gene)(98).

Both genes are needed for pellet formation and reverse engineering was performed to
decipher an original molecular factor required for pellet developm@s). A single point
mutation was identified that was responsible for the phenotype of mycelial aggregation and
this mutation was labelledMat (98). Based on genetic complementat of strain PM02
studied it was found that the mutations in theatA gene was the main target of this
morphogenesig98). Also, t was found that a more dispersed mycelium with incress
growth rate inS.lividanswhen deletion of themat genes was performe(b8).

Indeed, research behind this pellet formation $treptomycess essential to ever
transform members of this genus into production hosithie requirement to thergrow
Streptomycen large bioreactors on an industrial scale would regthe growthto produce
a more fragmented mycelium and inhibit pellet formation altogether. The exact biochemical
mechanism behind pellet foration has yet to be fully elucidated.okever, proposed
mechanisms i1. lividansave been offered.

This begins with the Sco operon discovere&.iividanswhich containghree genes
(SLI4212, SLI4213, SLI42hat encode cuproprteins that are esseriall to Cu dependent
development(44, 101) Specifically, the Sqotein (SLI1421%has leen shown tgarticipate
in the Cu driven development &. lividang44). Sco proteins are best known for thele in
delivering Cu to the Gusite of CcO. However it was discovered that this development can
occur in the absence of CcO and thus it was suggested that Scoigegd in a branched
Cutrafficking pathway, whereby anbranch delivered Cu to CcO anathecond branch to

a protein required for morphological developme@4).
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The paper by Petrust al.discusses the cuproenzyme GIx/sirdividanalongside the newly
discovered Dy®ype peroxidase (DtpAand how these proteins function in a Cu regulated
pathway in the hyphatips of the aerial mycelium d&.lividans(12). At these hyphal tips,
extracellular glycans are produced whiare essential to pellet formation wheh lividanss
grown in liquid alture (12, 92, 102) The ple of GIXA inS.lividansinvolves a crucial Cu
dependent morphological development in this bacterium. GIXA active site cordaimox
cofactor that isa crosslinked TyrCysalong wih a mononucleacCu ion(103) According to
Chapliret al., GIxA is similar to fungal galactose oxidase @aberms of its Cu eordination
geometry but different to Gox based on spectroscopic daa3) Complete loss of glycan
development in the hyphal tips @.lividansstrains containing GIXA nuthutants grown in
both liquid and solid culture has been report€tD3) It was dserved that the GIXA null
mutant did not respond to Cu supplementation and thus suppotty@othesis that GIXA is

essential for évelopment of an as yet unknown glycét03) Thus the GIxAnull-mutant

glycan

oxidized product reducing substrate
+2H,0 +H,0,

extracellular

intracellular

UDP-sugar

Figurel.9 - (Image taken fronpaper by Petrus et a12)) lllustrated pathway for hyphal tip formation in S.
lividans. An uncharacterised traporter SLI_4212 is involved in transporting intracellular Cu to the
extracellular space. Lipoprotein ECuC transfers Cu to Sco chaperone. DtpA is involved in changing C
Cu(ll) which is required for GIXA maturation. This is followed by Sco chapenasferring Cu to GIXA. GIXA
generates KO, during oxidation of itsubstrate which is possibly removed by DtpA. Cellulose synthase
protein CslA cooperatively functions with GIXA to produce extracellular glycan which in turn could be
treated byendoglucanase Cs(Z2)

offers pramise of creating the desired morphology of open mycelium in liquid culture; this
brings possibilities of usirg. lividanas anheterologousexpression host of valued enzymes
(103)

Toplace GIXA into the contexif the Cu trafficking pathway involving DtpA (Hi§),
the extracytoplasmic Cu chaperone (ECuC) sfiers Cu ion to the extracellular Sco
chaperone. The Sco chaperone delivers this Cu ion to GIXA which incorporates it into its active

site to initiate enyme activity(12). DtpA wouldact to removes hydrogen peroxide produced
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by GIXA thus maintaining its stabili§2). A cellulose synthase protein, deriving from family
2 of glycosyl transferases is encoded by th&AQ12, 104)and is proposed to act
cooperatively with GIXA to produce an extracellular glyceynihesizes (1,4)-glycan at
hyphal tips) which could then be processed by CslZ (endoglucafi@delt was found that
mutation of the CslA gene inhibits aerial growth and thus pellet formatiben S. lividanss
grown in a submerged environme(it2, 105, 106)

The genes fo€slA, GIxAnd CslZorm a gae cluster inS. lividansand this operon
can be found in most Streptomycetgd?2). Deletion of eithergIxA or cslA inhibits
morphological development irs. lividandeading to poor gican formation and overall
absence of pellet¢12, 103, 107)As discussed in the paper by Chagtral., in vivonull
mutants ofgixAandcslAwere created andby adding exogenou€u(ll) to these mutantghis
does not restoreS. lividansnorphological growti(103) In addtion, the lack of Cu inhibits
aerial hyphae and pellet formation in the natiutantsgIxA, dtpA, sco ancslAexcept forcslZ
(12). It was found via Western analysis tltHpA and s mutants inhibit GIXA development
but with the addition of Cuthis morphology can be salvagétR). Theresearch by Petrust
al. provides a Cu pathway whereby GlaAd CslAare essatial to the morphological

development inS. lividansvhich functions with the Tasecreted DtpA12).

1.7 Cytosolic Cu control B. lividns
As discussed above, Buneeded fosS. livilansmorphological development, but it is essential

to regulate the amount of Cu in the cytoplasm to prevent toxicity. This is achieved via various
cytosolic Cu metallochaperes as they are essentif@r transporting Cu to areas within cgll
where Cu isrequired. Worrallet al. initially identified two operons inS. coelicolothat
encoded for a Coplike Cumetallochaperone and a Cogike Pitype ATPase transporter
(14). Further work byChaplinet al. revealed a total of fourcopZand five P-type ATPase
encoding genes iB. lividang17). A CsoR operator sequence was found to precedetp’
genes(17, 108) indicating Cu regulation was under the control of a copper sensitiveooper
repressor (CsoR) metalloregulatdhe CopZu(l) bindingnotif was deduced as MEXXC

with two Cys thiols which is typical of Atx1 type prote{l¥, 109111) Chaplinet al.
discovered thekp for two of the CopZ chaperones . lividansvere 2.1x 10 M and3.7 x

108 M (17). The mechanism used by most bacteria to avoid Cu toxicity is by buffering the
cytosol but if this method is insufficient then Cu sensonsetalloregulatory proteins)
stimulate the expression of efflux system genes such as Cu exportiggePATPases that
restore the cytosoto homeostasig14) Overall, a mechanism of a Cu homeostatic pathway

in S. lividansvas deduced through RNgeq promoter probing and other methodd 4, 17)
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CsoR can regulate the Cu concentrationsSin lividanswhich inwlves transcriptional
derepression of Cu effluxeges which include Cogike Cu chaperones and Cofike Rtype
ATPase$17, 108) This is achieved by cupus ions binding to ap€soR17, 108, 112)This
mechanism overall allows the Cso#yulon to maintain a set level of Cu ions within the
bacterial cell under homeostatic and stress induced conditids 108, 112)Fig.1.10).
Research into cytosolic Cu regulationSnlividansuch as this can aid in the understanding
of similar gystems in other organisms. For instance, the work NgwvoaAponte et al.
describes Cu delivery toP. aeruginosaCueR transcriptional regulatof113-115) by
cytoplasmic Cu chaperones CopZ1 and CopB@timin vitroandin vivostudies(114) It was
highlighted that CopZ2 haa greater role of Cu storage as it was mataindantand has
higher Cu affinity due to a His residue in a Cu binding loop (MXCXHE) This is relevant
for CopZ chaperone found 8 lividanss deletion of this His residue affsaCu affinity(17,
114) It was stated byNovoaAponte et al. that these two CopZ eperones operated in
different metal pooldn vivo(114) This is supported by the finding that CopZ1 is responsible
for Cu delivery to CueR as CopZ1l has a higheoidparedto that of CopZZ114) It was
deduced that CopZ2 had a role in responding to Cu stf&$4) NovoaAponte et al.
described experiment@volvingP. aeruginosheingexposed to 0.5 mM CtwherebycopzZ2

gene was induced in response to this Cu strésb4)

4
1
1
- CopA -
19--4. ATPase
o Te e P
So (g(” - J_ CopZ apo

| (_ GCsoRCufl)
_ona [\ e

Figure1.10- Schematic diagram displaying the function of GhigZ copper chaperones in the cytosol of S.
lividans when the cell is under Cu(l) stress. These CopZatepeontain Cys residues that can bind)Cu(l
ions(17). The CsoR is also displayetiich regulates Cu concentrations in $ddirs through the
transcriptional derepression of copper efflux genes. As shown in the diagram, this is achieved by Copz
transferring Cu ions to ap6soR bound to DNA whereby it dissociates i{&€)f

1.8 bew concepts regarding Cu regulatiorBineptomyces
The existence of Csp3 proteins challenges previous ideas of cytoplasmic Cu storage in

prokaryotes and raises the question if otheganisms possess these proteifitepresence
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O NC of Csp3 in P. aeruginosa

HO 0O (PA2107) has been
NC O ” mentioned in the paper by
N NovoaAponte et al (114)
The di f h
H SF2768 e discovery of Csp3 hiasl

to suggestions that these

Figurel.11 ¢ Chemical structure of SF28@liisonitrile compound

from S. thioluteugs) proteins could act as

virulence factos in

pathogeric bacteria(75). The ability of Csp3 to store large amounts of cytosolicsGdeal
for pathogens that could possess homologues of these Csp3 proteins dise tiiemin
preventing Cu toxicity inflicted by the host immune system. But there is currently no evidence
to justify this virulence factor aspect of Csp3s and still requires furthasiigation.Csp3
proteins could also provide a better understanding of the copper regulated pathways in
Streptomyceand other norpathogenic bacteriaBefore the discovery of Csp3, the existence
of cytosolic copper storage proteins remained unknddn75) Indeed, to be able to find a
homologous protein irg. lividansvould be beneficial to the goal of utilising this organism as
an expression hostBefore this can be achieved, the understanding of cytoplasmic C
regulation inS. lividangnust be elucidatedRecent findings in how cytosolic Cu affects gene
expression, secondary metabolism, spore germination and vegetative growth in
Strepbmyces coelicoldrave been reported by Gonzal€wifidbnezt al. (116) It was found
that cytosolic Cu secretion was managed by SC0O2730/2731 copper chapetypeATPase
export system during germinatiofi16) The absence of this Cu export systensvi@nd to
delay germination and sporulation B. coelicolobut enhanced secondary metabolism by
40%(116)which increased production of industrially valuable secondary metalsli&6)

There are significant discoverie§ Cu effluxsystemsin many prokaryotes but very
few examplef Cuuptake. Cu uptake has been well studied in eukaryotic systAmsent
study in Streptomycedy Wanget al. (5) highlights the dscovery of a Cu uptake system
Chalkophore$iave been identified ibacteria thathck Mbn. An example includes diisonitrile
natural product, SF276@ig.1.11), identified in the Gam-positive bacteriunStreptomyces
thioluteus (5, 55) The research by Wangt al. (5) discusses the discovery of biosynthetic
gene clustr by genome sequencing, labelled as putative nonribosomal peptide synthetase
(NRPS) that included trefa operon that produced the compound SF27@3. The SF2768
was found to bind extracellular Cu to produce copf2768 complex and its chalkophore

activity demonstrated transporting Cu inf. thioluteug5). Through various biochemicil
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vitro and in vivoexperiments, the work by Wanegt al. had uncovered a novel Cu uptake
system(5). This included the characterisation of major facilitator superfamily (MFS) exporter
operon that is responsible for exporting SF2768&csfically Orf12 transporte(5). SF2768
binds environmental Cu(ll) in a reductive manner to produce Ca)(IyVanget al. reported
that the ABC transporter Orf121 trangorted the copr-SF2768 back within the cell
whereby the bound Cu(l) is released and utilised for various cupropratgins

The biotechnological possibilities associatedhwitilising a bacterium such &s.
lividansrequires much consideration in research applications. The need to fully understand
the inner regulatory pathways on a genetic, morphological and biochemical level are
paramount. Thus, further research into eacrea is required and investigation intather
microorganisms can aid in this task. For example, the discovery of Qgps$richosporium
(). Such proteins that can be found B. lividanscould provide the missing link in Cu
regulation as to how exagtICu is stored in this bacterium. Additionally, the work byriet
et al. in formulating a model of a Cu regulated pathway in development of extracellular
glycans in the hyphal tips & lividangould offer a solution to the issue of pellet formation
when this prokaryote is grown in liquid cultu(&@2). This also includes the research carried
out by Chapliret al.on the characterisation of LPMO AA10 foundidividangand its rolein
glycan formation(117) The overall aim to characterise each component and pathway
involved in morphological development i8. lividansis crucial as this would allow
modification of these components to explditis bacterium for industrial purposes. Indeed,
improvingS lividansas an expression host will open up new possibilities for the production
of high value enzymes and compounds, which would greatly benefit the biotechnological

industry.

1.9 Aim and scope dhesis
The aim of this thesis is to investigate cytoplasmic Cu regulati@n liwidansS. lividanss

shown to contain a Csp3 and this thesis will explore various aspects of this novel
metalloprotein. This includes an -@epth phylogenetic analysis uginbioirformatic
approaches as well as structural, biochemical and functional characterisation of the protein.
There will also be an investigation into the kinetics of Cu(l) loading into this non
methanotrophic Csp3 and initial expression studies of a traembrare protein which could

be a possible component in Cu homeostasis/regulatidd. ilividanginked to the function of

the Csp3 is explored.
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Chapter Two

Phylogenetic characterisation and
taxonomic distribution of a novel
cluster of copper genes In

Sreptomyces lividans

Some esults from this Chapter have been published in:

Straw, Megan |.Chaplin, Amanda K., Hough, Michael A., Paps, Jordi, Bavro, \Massiliy

2 Afazys aAOKIFISt ¢dx xA23Syo22Y3 9bdidvdge 2 2NNIF £ f X
protein provides a second level of copper toleranc&treptomyces lividags H 1 my

Metallomics 10, 180193
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2.1 Introduction
Streptomycetesare Grampositive bacteria that are members of the Terrabacteria group

which belongs to the greater phylum ott#nobacteria.Streptomycess the greatest genus
within this phylum andits membersare predominantly soitlwelling organismsMany
streptomycees display a strong dependence dime bioavailability of coppefCu) for their
morphological developmeniAsindicated in Chapter 1, the bioavailability of Cu governs the
morphological switch between vegetative mycelium and aerial hypha8tiaptonyces
lividans and understanding this phenomena has been a target of research due to the many
useful secondary metalhites produced during this switdli4). The Grampositive bacterium
obtains Cu through itsatural surroundings in soil and how Cu is utilised to enable the
development switch has been extensively invesiggt2, 14, 1719, 44, 101, 103, 108, 112,
118, 119) The Cu proteome @& lividanscontains an array of Cu chaperones (extracellular
and cytosolic), a Cu metalloregulator belonging to the copper sensitive repré€solR
family (120) that regulates efflux pumps and several classes of Cu enzymes, including lytic
polysaccharide monooxygenases and Cu oxid@sBsCu is sictly regulated within the cell

due to its toxicity and lividanshas developed tightly regulated efflux systems to efficiently
remove Cu out of the cytosol when under Gress(17, 18, 108, 119EXxtensive strctural,
biochemical and transcriptional characterisation has been carried out on the Cu regulatory
systems inS. lividang17, 18, 108, 119which have been essential for understanding the
salient mechanisms ofytosolic Cu handling.

Evolutionary analysesf biological systems, such as genes involved in Cu toxicity and
regulation, requiresnvestigatirg sequence datacross the three domains of life; Archaea,
Bacteria and Eukaryotél21, 122) Eukaryotes are known to hold their chromosomes in the
nucleus and possess organelles whereas prokaryotes maintain their DNA in a cleartadp
in the cytoplasm. An investigation inthe key aspects of the Tree of Lifeasreviewed by
Williams et al. (123) whereby recent advares in evolutionary biology suggeste
Eurkaryota domain originated from Archage3) The rise of eukaryotes occurred through
the possiblefusion of a bacterial cell and an archaean and lateral gene transfer events
occurred thereafer (123, 124) Horizontal gene transfdHGT)or lateral gene transfer (LGT)
involves genetic material moving across regular mating barriers between unrelated
organisms. LGT is knowm be a great contributor to iftuencing the evolution of genomes
across the Tree of Lif@25, 126)

Custorage proteins (Csp)vere first identified inthe methanotrophMethylosinus
trichosporiumOB3band have subsequently been found to stdrigh quantities of cuprous

Cu ionq1). Cspl and Csp2 haVat exportsequences and are secreted to theriplasmand
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have been considered to act as a Cu(l) storedarticulate metha@e monooxygenase
(PMMO)(1, 55, 127)A third Csp, Csp3, was identifiedMntrichosporiumand is distinct from
Cspl/2 through the absence of a Tat signal sequence and therefore Csp3 remains in the
cytosol(1). Following the discovery &fl. trichosporiumOB3bCsp3, BLAST searches revealed
Csp3homaogswere present in noamethanotrophic bacterigl).

Thischapter reports the identification of a gene encodiray i cytosolic Csp i&
lividans(referred to in this chapter as Ccsgmd the identification otwo genesin the Ccsp
genomic environment that maygerve to function alongside th€csp The taxonomic
occupancy of thes¢hree genes and their evolution acss the Tree of Life using similarity

searches and evolutionary reconstruction methods has begried out

2.2 Methods
Protein £quences were retrieved by using BLABIB)to carry out similarity searches by

using the online version in the National Center for Biotechnology Information web{i2$2

The following sequences ofhese proteins from Streptomyces lividand326 Ccsp
SLIRS1725541 (Accession number: AlJ15215), SLI_RS17245 (Accession number: AlJ15217)
and SLI_RS17250 (Accession number: AlJ1524@) utiised as queriesThese searches

were carried ot against eaclnajor group within Bacteria, Archaea, and Eukaryota as listed

in NCBI Taxonomyl130) In addition, asS. lividansbelongs to the bacterial group
Terrabacteria, a more idepth search into this group was carried otihe default evalue

threshold of 2ED2 was used in these BLAST skesc For each taxonomic group, the top 5

results (between 1 and 5 hits) were selected. Thereafi@AFFT was used for multiple
dS1jdzSyO0S It AIYYSyYyld dzi A y(B) Th&dlingverdknDEGblgek NI G S 3 &
(131)dzaAy3 G(GKS aftSaa adNAy3aSyildé 2LIiA2ya 61 & dza!
alignment. e Maximum Likelihood method was used to construct the phylogenetistr

by using the program FastTreg@d32) the WAG + Gamma evolutionary model of
substitutions(133) and a combination of parameters that overall carried out a slow and

accurate tree searchgpr 4-mlacc 2-slownni-no2nd. The Shimdodairlasegwa (134)test

was used to calculate thedal support values.

2.3 Results
2.3.1 Identification of a Csp gene in S. lividans and genes that could represent a
putative Cu transport system
TheS. lividangl326 genome was searched for genes@ding Csp members usidfCsp3

(1)as input. Ageneencoding a putative Cspas discovered betweethe geresSLI_385 and
SLI_3626that transcribes on the opposite strandand is thus not part of the

SLI_385/SL136260peron(19, 135) This gene wasot originally annotated in th&. lividans
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1326 sequence but was latgiven the locugag SLI_RS17284% in the S.lividansGenbank
annotation (CM001889(19, 136) The upstream and downstream genes were given new
locus tags;SLI_RS1725@ld tagSLI_362band SLI_RS1726@Id tag SLI_3625(19). The
SLI_RS1728% gene translatsinto aprotein sequence ofl36 amino acidshat is lacking a
recognisableexport signhal sequendg 9) and contains 18 Cys residues wherebydré in a
CXXXC or CXX@tih(19) Sequence alignment with Csp3 proteins frother bacteria(Fig.

2.1) revealed strong sequence conservation of the Cys residues, and together with the
absence of a signal peptid¢his strongly suggesteds. lividans1326 possessed a Csp3

member. Theprotein was named Ccsp (cytosolic copper storaigeein).
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Bacillus subtilis
Salmonella enterica
Methylosinus trichosporium
Streptomyces lividans
Nitrosospira multiformis
Pseudomonas aeruginosa

Bacillus subtilis
Salmonella enterica
Methylosinus trichosporium
Streptomyces lividans
Nitrosospira multiformis
Pseudomonas aeruginosa

Figure 2.1 - Multiple sequence alignment of Csp3 homologues made using MAB)TConserved amino acid residues highlighted using 8!

10 20 60
[ .l -1 ‘el
—————————————————— ES
__________________ D
-HVEAMIS KHPQAR---- ED
TTVNDLLR TYPADL---- EP
LYTE-=== ====—————m AG
ESS
ol

QPDRA-

H _____

HHHHHH

HHHHHH

stringency. Cys residues are hightedin dark red

R I
VQHHLSGC
NVEMMKHC
KVADLRHC
TVADLTKC
GKHVEADH
REQRQHA-

35



Further analysis into the Ccsp genomic environniemealedtwo upstream genes predicted
to encode a N&H* antiporter (SLI_RS172%and a protein that belongs to the domain of
unknown function DUF4396 superfamily composed of &81ino acid SLI_RS17250Fig.

2.2 inset) A precorrin8x methyl mutase is predicted to be encoded in the adjacent

10 - downstream gene§LI_RS172p(Fig.2.2
inset). Further  examination  of
;2 *1 Nt U oo 253 SLI_RS17250 (DUF4396) protein
3 6 sequence predicts alisrich Nterminal
i .l sequence(13 His in total) and at least
_f:% four transmembrane helices with the
% 24 beginning of the first helixhaving a
- . - CXXXC motif. Additionally, no close
4{9%’ 0%7 %% 7)‘%‘0 QQ% homologues of SLI_RS17250wnith a
B N %o,,, known structure were found in the BLAST

: . , search againstthe PDB and thus
Figure2.2 ¢ Genomienvironment of the Ccsp (inset).

RNAseq data represented as fold change of S. livida S| RS17P5could represent adistinct
gene expression after a Cu pu{8). The genes -

include CcsBLI_RS17248lat/H"), SLI_RS17250 family of transporter Intriguingly, some

(DUF4396), CsoR efflux and 1026LI_RS17260) remote homology can be established
with the substrate binding-Subunits of the energy coupling factor family of micronutrient
transporters, and the SLC11/NRAMP family, whach involed in transition metal ion
transport.(137)(138,139).

From a previous RNgeq study withS. lividand326grown under Cu stresdd 8), it

was reported thatSLI_RS1724nd SLI_RS17250 become upreguldddld following a 30
min Cu pulse (400M) (18, 19) At the time d the initial RNAseq report on global Cu
regulation inS. lividansthe Ccspgene had not been iddified and reanalysis of the RNA
seq data(18) revealed that theCcsptranscript is present at lovevels under horeostasis
conditions but following the Cu pulse is-tggulated some Jold (Fig. 22). Moreover, the
precorrin8x methyl mutase gen&LI_RS17268 unaffected following the Cu pulg€ig. 22)
(18). The fold changef the transcript levels for Ccsp/DUF/ME" is on a similar magnitude
as the CopZ/ATPase transtsipunder regulatory control of the copper sensitive operon
repressor protein (CsoR) (Fig2)2 Furthermore, RNAeq data with eDcsoRstrain indicate
that the Ccsp/DUF/N#H"is not under the transcriptional control of Cs@R). Thus, theCcsp

gene and theSLI_RS1724tnd SLI_RS1725fkenes are concomitantly sensitive to elevated
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Cu levelsaand ina sense decoupled from CsoR contifdiscould hint at the possibility of a
novel Cu export system wherel§csp could aas a donor taSLI_RS1725Which through
the coupled action with a N&{* antiporter (SLI_RS145), moves Cu out of theytosol.
2.3.2 Taxonomic distribution of the putative Ccsp Cu transport system
BLAST searchesvealedthat SLI_RS17248as the most abunda across the Tree dfife
with a higher number of BLAST hits compared to CcspAndRS17258L1 RS145 giving
1,174 BLAST hits versus 621 and 277 BLAST hits for Cc§blamE517250espectively)
However, Ccsp and SLI_RS17245 showed a considerahleenof BLAST hits Bacteria
groups Terrabacteria, FCB and Proteobactevtzchfor all three groupsgave overl00 hits
for both Ccsp an&LI_RS17245. Overall, less than ten BLAST hits were found in most of the
other bacterial groups. This may be disesampling bias in NCBI for certain bacterial groups
or may represent a genuinewer profusion of those protein sequences in some bacterial
groups The overall taxonomic distribution of the three proteins is displayed in Table

The evolutionary lingge of the three protein sequences wasxtinvestigated (Ccsp,
SLI_RS17245 all_RS17250From thetaxonomic distribution shown in Tabfl, it was
found that13 Bacterial groups contain at least one element of this puta@ivexportsystem.
There wee 5 groups within Bacteria that possess all three component®blytfew specie
possessed all threé\cidobacteria, FCB group, Proteobacteria, Nitrospirae and Terrabacteria
Due to our interest irStreptomyces deeper search for the three genes wasfpamed in
the Terrabacteria group. All the groups within Terrabacteria havesat one representative
of the putative Cu resistance systermith the excepton of Tenericutes. The four
terrabacterian groups showing the highest number of BLAST hitssareha ones in which
the three members of the system are present: Actinobaete@hloroflexi, Firmicutes, and
DeinococcusThermus (Tabl@.1). Regarding the three major groups of Archaea, Ccsp and
SLI_RS17258ere not found in the DPANN group but were geat (with a low number of
hits) in the TACK group and the halophilic EuryasthéTable2.1). Like the situation found
in Bacteria many hits were found for SLI_RS17245 in the three archaean groups compared to
Ccsp andSLI_RS1725Cinally, among eukaryes only the fungi (Opisthokonta) show

representatives for the three genes, wi@csp also found in land plants (Tabl#).
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Table2.1 - Taxonomic distribution of the Cc§l,|_RS1724d SLI_RS17254 the Tree of Life

Ccsp SLI_RS1725 SLI_RS1724

BACTERIA

Acidobacteria

Aquificae

Caldiserica

Chrysiogenetes
Deferribacteres

Dictyoglomi

Elusimicrobia

FCB group

Fusobacteria
Nitrospinae/Tectomicrobia group
Nitrospirae

Proteobacteria (purpl®acteria)
PVC group

Rhodothermaeota
Spirochaetes

Synergistetes

Terrabacteria group
Thermodesulfobacteria

Thermotogae

Terrabacteria group

Actinobacteria

Armatimonadetes

Chloroflexi(green nonsulfur bacteria)
Cyanobacteria/Melainabacteria group
DeinococcusThermus

Firmicutes (Granpositive bacteria)

Tenericutes

ARCHAEA

DPANN group

11
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Euryarchaeota

TACK group

EUKARYOTA

Alveolata (alveolates)
Amoebozoa

Apusozoa

Breviatea

Centroheliozoa (centrohelids)
Cryptophyta (cryptomonads)
Euglenozoa

Fornicata
Glaucocystophyceae
(glaucocystophytes)
Haptophycea (coccolithophorids)
Heterolobosea

Jakobida
Katablepharidophyta
Malawimonadidae
Opisthokonta

Oxymonadida (oxymonads)
Parabasalia (parabasalids)
Rhizaria

Rhodophyta (red algae)
Stramenopilegheterokonts)

Viridiplantae (green plants)
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Construction of phylogenetic trees from the three protein sequerfGspSLI_RS145 and
SLI_RS172%€eveal mainly bacterial branches with a low number of archaea and eukaryote
twigs interspersedFig 2.3,2.4 &2.5). Most nodes display high statisticaipports however,

the evolutionary trees do not recover the monophyly of many bacterial groups aluleet

high degree of conservation of the three sequences. Their broad taxonomic distribution
across the major Bactier groups supports a hypothesis that these three sequences
originated in the bacterial last common ancestor (LCA), followed by multiple Igeses in

independent bacterial lineages. In contrast, the scarce presence of the three sequences in
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Figure2.3 ¢ Spiral phylogenetic tree of all potential homologues of Ccsp. Maximunhbieinethod was
used to construct the phylogenetic trees by using the program FastTree2 (21). Final construction of 1
spiral trees was carried out using MEGQAY The branches highlighted in blue colour représdrspedes

that belong to Archaea and all branches highlighted in red colour are species that are pakiaojota
group

different memkers of Arclaea and Eukaryota, together with the lack of evolutionary
relationships between their sequences, points to the absence of thegeences in the LCA

of each of those domains and a most likely origin is multiple lateral gene transfer (LGT). Using
the taxonomic occupancy together with the phylogenetic trees a reconstruction of the origin
and evolutionary history of the three proteireguences can be createdri@y. 2.6). This

illustrates that the bacterial Ccsp gene jumped twice to Euryarcheoteae twithe TACK, and
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twice to eukaryotes (fungi and plants). SLI_ RS112derwentat least five independent LGT

towards Archaea, and three towards Eukaryota (Ei§). TheSLI_RS1725§ene jumps the
least, with two transfers to different Archaea, and twthers to the eukaryotic fungi (Fig.
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Figure2.4 - Spiral phylogenetic tree of all potential homglees ofSLIRS17245
2.6). It is important to note that the presence of the three genes in eukaryotes will be
analysed further in the Discussioh. is not possible tanfer from this data if there is
coincidence in the timing of the trarefs for the three genes. However, it is striking that the
genome of three species of TACK archaeans (related to the geitsssosphaera an
ammonia oxidizing archaean) hold the thrgenes, suggesting they may have been
transferred together in blockt must be noted that for all three genes, the data collected for
the Eukaryota domain has been recently questioned as to whether these targets are in fact
been mistaken for bacterial spes (75). This will be explored further in the Discussion, but
this issue has been considered for afital collected and the eukaryotic species can be

identified in all phylognetic trees (Fig 2.3-2.5 and Appendix 1.1
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Figure2.5 - Spiral phylogenetic tree of all potential homologueSbf RS17250
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Figure2.6 - Evolution of the Ccsp, SLI_RS17248486nd SLI_RS17250 (3625) in the Tree of Life
The occupancy and phylogenetic patterns point to multiple transfer events (indicated with arrov
from Bacteria to the other domains of the Tree of Life. Eukaryota tesdiecled in red due to
issues in vadating sample taxonomy (see Discussion).

2.4 Discussion
2.4.1 Origin and Evolution of the copper storage system



It has been possible to determine the evolutionary history and origins of Ccsp, SLI_RS17245
and SLI_RS1725y constructingthe phylogenetic tees and their taxonomic occupation
presented in this chapter. It has been hypothesised that all three genes derive from a
bacterial last common ancestor (LCA) due to their wide distribution among the maierdact
groups and were subjected to several gelmsses in independent bacterial lineages.
Although, it cannot be disregarded that possihi@Tevents occurred as there is a shortfall

in resolution in parts of the phylogenetic tree3n the other hand, CcsgLI_RS1724mnd
SLI_RS1725@re lackingin vaious members of Archaea and Eukaryota, along with
inadequate evolutionary relationships between their sequences. Lest a great number of
secondary gene losses occurred to explain their scarcity, this ovegalésts an absence of
these genes in the LCA eéch of those domains. The likely explanation for this is due to

multiple LGT events but with more genetic samplinig theory may change

Figure 2.6 has helped byillustrating possible transfer patterns acss all three
phylogenetic trees as high leveiconservation in these genes have yielded some surprising
phylogenetic patterns. Figur2.6 initially shows the bacterial Ccsp gene jumped twice to
Euryarcheota, twice to the TACK, and twice to eukaryotasg{f and plants). As for
SLI_RS17245, it is ilde that at least five independent LGT events occurred towards
Archaea and three towards Eukaryota. Bld_RS1725fene displayed the least amount of
movement showing only two transfer events to various Archaea and two others to eukaryotic
fungi. From his data alone, it is not possible to suggest any coincidence in the timing of the
multiple transfers of the three gees. Interestingly, it was found that three species of TACK
archaeans (related to the gendiitrososphaeraan ammonia oxidizing archaegijssess all
three genes in their genomes and suggests that, Ccsp, SLI_ RS17235 aR817259Mave
been transferred agether simultaneously. For this to be validated, more information into
these three genes structure and function withilitrososphaeranustbe obtained to support
this theory. Also, it has been observed that all three genes have jumped multiple times
towards multicellular groups such as plants, slime molds, and fungi, as well as some
unicellular algae.

Despite fascinating observations maderf these phylogenetic analyses especially
regardingtransfer events of all three genes occurring in Eukaryotagisential to note that
these eukaryotic targets could have been mistaken for bacterial species. It has been
mentioned for Ccsp in partical, that due to a high sequence similarity between eukaryotic
homologues and Ccspises thisuspicioras statecby Dennisoret al. in their review of Csps

(75). As suggested by Dennisenal. this error is not sunising as many bacterial species are

43



soil dwelling or widespread in natu@5). Thus, contamination afamples with bacterial
DNA is highly likely and gives this probable error in the phylogenetic an&ige¥he same
issue could also be applied for SLI_RS17245 SIldRS17256ukaryotic targets.The
Eukaryota branch in Figug6 has also ben highighted for this purposgsee also Appendix
1.1

It was widely considered thadlhe bacterial cytosol did ot possess the machinery to
store copper due to the absence of metabolic requirement #ratoxicity of copper This is
unlikemammals which possessariousmetallothioneinswhich are able to bind cadmium(ll),
copper(l) , zinc(ll) or two of these metadexies simultaneousl{75, 140) The unexpected
discovery and characterisation of cytosolic coppmtorage proteins known as Csp3s
overturned theprevious ideas about cytosolic copper in bacteria. hiais nowled to the
discovery of Ccsp 8. lividangnd has revealed its extensive taxonomic distribution across
the Tree of LifeKig. 2.3-2.5). Addiionally, the phylogenetic distribution of SLER245
(Na'/H* antiporter) and SLI_RS1725DUF439% could suggest the existence of @pper
cytosolic storage andegulation system that have not yet been characterised in other
bacteria.lt is well establised thatS lividansrequires copper as part of its developmédb,
118) Stemming from this, previous studies in the extensive characterisati® bt¥idans
copper efflux and trafficking system, CsoR/CopXyPe ATPasehave yielded some
interesting transcriptioal responses to coppdid7-19, 138, 139)Many gers other than
CsoR/CopZ/ATPase efflux system responded to copper strebsdmyning up or down
regulated (18). As mentioned previously in this chapter, these genes included the
upregulation ofCcspSLI_RS1724mdSLI_RS172500t under control of CsoR (F&2) (18,

19) and thusappear to be under the control of an unknown regulator. As suggested in the
study by Dwarakanatht al., it is possible that multiple copper homeostatic mechanisms are
simultaneously involved in regulating copper other ththa CsoR regulon i8. lividansuch
as that described in redox homeosta¢lis8). Overall, these results present a potentis@w

modelfor cytosoliccopperstorage and transpoiin S. lividanghat requires furthertesting.
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Chapter Three

Characterisation of a
cytosoliccopperstorage
protein from Sreptomyces
lividans

Results from this Chapter have been published in:

Straw, Megan |.Chaplin, Amanda K., Hough, Michael A., Paps, Jordi, Bavro, Vassiliy N.,

Wilson, Michael T., Vijgenboo@,N&A { 2 2 2NNJ f £ = W2yl GKIFYy ! & wod 4!
protein provides a second level of copper toleranc&treptomyces lividags H 1 my

Metallomics 10, 180193
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3.1 Introduction
Streptomyces lividanshows a distinct dependence on copper (Cu) for dtiitg a

morphological switch from vegetative to aerial growth that simultaneously produces
secondary metabolite§12, 44, 103, 141, 142From a biotechnologperspective there is
interestin usingS lividansas an industrial cell factory for the heterologous production of
high value proteins and enzymés processing biomass waste, diagnostic, therapeutic and
agricultural use¢143) Indeed, theStreptomycegenus contains some important antibiotics
and industrially useful enzymes that would prove beneficial if exploited correctly. The
bioavailability of metal ions in microbial growth cultures is known ® itmportant for
optimizing batch processes, and to ateé extent this has been shown for Cu bioavailability
in S. lividansand as such can impact on growth morphology in submerged (liguithres
(103) Thus a thorough understanding of how Cuwiidized in the tost, i.e. in? 02 NNB O f & Q
metalating secreted nascent apeenzymes or proteing37, 144, 145)in Cu resistance
mechanismg146) and in Cu riafficking pathwaysis important for creating rengineered
strains foroptimizedandimproved growth.

Linked to understanding Cu handling $n lividanss the discovery of a cytosolic
copper storage (Ccsp) protefRig. 3.1that has been described in Chapter hisIChapter
describesinitial structural and biochemical characterizatioh Ccsp and its ability to bind
Cu(l). In addition, Beespnull-mutant inS. livdiandias been constructed by collaborators at
Leiden University, The Netherlands, and its effecigoowth and morphology investigated
under increasing exogenous Cu concetitnas. Cu(l) trafficking has also been investigated,
and using sizexclusion chromatography evidence foSalividansCu(l) metallochaperone,

CopZ, being able to traffic Cu(l) tosp is presented.

SLI_RS1725541

MPTTVNDLLRTYPADLGGVDREAMIER CLRCAQACTACADACLSEPTVADLTKIRT
DMITADVWCTATAAVLSRHTGYDANVTRAVLEA VCAACGDEEARHAGMHEIRVCAEA
CRSCEQACQELLAGLG

Figure3.1¢ Amino acid sequence 8LI_RS172554Ccsp) derived from S. lividans. The 18 Cys residues |
been highlighted in yellow.

3.2 Materials and Methods
3.2.1 Cloning of SLI_RS1725540csp
TheSLI_RS172554fknewas amplified fronS. lividangienomic DNA and restricted into a

pUC19 vector provided by Dr Erik Vijgenboom (Leiden Univeidiy Netherlands The
primers shown in Fig3.2 were used to amplify the Ccsp gene from the pUCIQoveor

subsequent ligatiorinto a pET28a vector (Novagen) using the Ndel and Hindlll restriction
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sites to create a Nerminal (Higs-tagged Ccsp construct. The PCR cycle and reagents used

are reportedin Tables3.1 and3.2, respectively.

Forward primer

NdelF 28mertm~ 63°C (5mM MgSQsalt)

p DCALATATGCCACCACCGTCAAGGAC

Reverse primer

HindllIR 30mer 1~ 62°C (5mM MgSQ salt)

p AGTAAGCTECATGCCTGCAGGTCGAQTC

Figure3.2 - Forward and reverse primers used to amplify Ccsp gene via PCR. Ndel and Hindlll sites underli

Table3.1 ¢ The reagents and volumes ugecamplify SLI_RS1725541 (Ccsp) gene from the plasmid pUC19

Reagent Concentration Volume ()
SLI3625_ApTZ19Rlasmid N/A 2.5
DNA

Forward Primer - 1.0
Reverse Primer - 1.0
Rb¢t Q& 10 mM 25
10 x Buffer Pfu + MgQ0O - 5.0
DMSO 100 % 25
Sterile, deionized water - 35.0
Pfu DNA polymerase - 0.5
Total - 50.0

Table3.2 - PCR cyclesbold text indicates these steps were repeated 35 tiamesother steps only once.

Temperature ¢C) Time(minutes)

95 3.0

95 1.0

62 (Annealing temperature) 1.0

72 2.0

72 7.5 (Final Extension)
4 Finish

The amplfied product waselectrophoresed oran agarose gelextracted and gel purified.

The NdeHindlll gene insert waBgated using TADNA Ligase (Thermo Scientific)o a

pPET28a plasmjdhe vector wasused totransform Escherichia coXLiBlue competent céd

and transformants selected for DNA sequencing following a-prap (Thermo Scientific).

3.2.2 Overexpression of Ccsp
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The Ccsp_pET28a construct wagd totransform chemically competeriE coliBL21 (DE3)
cells for overexpression of the Ccsp protein. Oigdrhcultures were prepared by selecting
individual colonies from the transformation plate and inoculating 3 ml of 2xnedium
(Melford) containing 50 mg mIKan. These cultures were incubated at’87with shaking at

225 rpm for 16 h and then used to icwate 750 ml of 2xYT media in 2 L flasks. Shaking
continued at 37C and 220 rpm until an optical density at 600 (@ixog) of 0.6 was reached
followed by induction witHPTG (Melford) to a final concentration of 1 mM. At this point the
temperature was rduced to 25°C and the flasks were grown for a further 16 h. The cells
were harvested by centrifugation at 3,501 @@x1000y rotor) using a Sorvall Evolution RC
Superspeed centrifuge for 20 min af@. The resulting pellets were-seispended in Buffer

A (50 mM Tris/HCI pH 7.5, 500 mM NaCl, 20 mM imidazole) followed by addition of 1 ul of 1
M MgC} to every 1 ml of célsuspension with stirring at % for 35 min. The cell suspension
was passed through aBmulsiFlexC5 cell disrupter (Avestingquilibrated with Buffer Ato

lyse the cells. The cell lysis was then centrifuged at 38,7243¢(88or) using a Sorvall RC

5 centrifuge for 25 min at 4C. The cell pellet was discarded, and the supernatant was applied
to a5 ml Histrap FF NiNTA column (GE Hkhcare) to bind thgHis}-taggedCcsp protein

and then attached to an AKTRRurifier and washed with Buffer A. A linear imidazole gradient
generated using Buffer B (Buffer A with 500 mM Imidazole) to elute the bound Ccsp. The
fractions from the NNTA olumn were pooled and dialysed oveght at 4°C in Buffer C (50

mM Tris/HCI pH 7, 100 mM NacCl). The dialysate was clarified by centrifugation at 38,724 g
(SS34 rotor) using a Sorvall FCcentrifuge for 10 min and then concentrated at@, using
centricon (Vivaspin) with 3BDa cutoff. The Nterminal (Hige-tag was removed by incubating

the protein at room temperature overnight with 125 KU of thrombin (Sigma) and then
applieda NENTA column ithe same manner as previously described. The flomugh was
collected and concentratetb 2mlin acentricon (30 kDa cubff) and injected onto a 120 ml
Sephadex G75 column (GE Healthcare), equilibrated in Buffer C. Selected fractions from the
major elution peakmonitored at 280 nm were examined for puritgn 15 % SDBAGE
(Appendix5). Sampes deemed of good puritwere pooled, concentratedashfrozen in

liquid nitrogen and stored aB0 °Cfor further use

3.2.3 Overexpression and purification c€opz23079

Theoverexpression of CopaD79 was carried out iohemically competenkE.coliBL21 (DE3)

cells and purified using the method described by Chagilial. (17).

3.2.4 Preparation of Cu(l) and Ag(l) solutions and titratior @apo-Ccsp
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Solid CuCl (Sigma) was dissolved in 10 mM HCI and 500 mM NaCl and diluted with 10 mM
MOPS pH 7.5, 150 mM Naghn anaerobic chamber @ Whitley Scientific [Q] < 2 ppm).

The Cd(l) concentrationwas determined spectrophotometrically using a Cary 66vidible
spectrophotometer (Varian) at 28 through stepwise addition of the stock CuCl solution

into a known concentration of the Qispecific bidentate chelatobicinchoninic acid (BCA;
Sigma). Formation of the [Cu(BCAJ complex was monitored at 562 nm and the
concentration determined using axtinction coefficient€) of 7,900 M* cm* (147) Astock
solution of AgND; wasdiluted to 1 mMusing MOPS buffer and then used for titration to apo
Ccsp.An e at 280 nm of 405 M! cm?! was used to determine Ccsp concentration

spectroscopicallgspredictedby Protparam(https://web.expasy.org/protparah ApoCcsp

(4-10 uM) sampledor titration with either Cu(l) or Ag(lyere sealed in an anaerobic quartz
cuvette (Hellma) and absorbance changiedlowing addition of the monealent metal ions
monitored between350and200 nm

3.2.5 Preparation of Cu(Hjoaded Ccsp

Cu(l}bound Ccsp was prepared anaerobically by diluting@psp to a concentration of ~75
UM and incubating 25 equivalents of a stock CuCl solution. The@@aSpmix wa left to
equilibrate for > 15 min in a@naerobic chmber and then applied to a PD10 column
equilibrated in MOPS buffer to remove unbound Cu(l). €aiind Ccsp samples were taken
out of the anaerobic chamber and concentrated to the desired concentrati@centricon
(30kDa cutoff) at 4°C. Cu(KCcsmsamples prepared in this way were used for analytical gel
filtration (10/300 GL G75 Superdex column (GE Healthoagejlibrated with 10 mM MOPS
pH 7.5, 150 mM NacCl, arfdr UMCDspectroscopy carriedw on Applied Photophysics
Chirascan CD speophotometer (Leatherhead, UK). The ellipticity (mdeg) was converted to

mean residue ellipticitydeg.cntdmol.res?) using equation 3.1,
0YO —— 3.1

where MREs mean residue ellipticitygis the ellipticity in mdegRis the number of peptide
bonds (number of residued), cis the molar concentration anlds the pathlength in cm.

3.2.6 Determination of apparent Cu(l) binding constants

Samples of ap&csp4-10uM) in10mM MOPS pH 7.5, 150 mM NaCl were incubated under
anaerobic conditions with varus concentrations of BCAG1000 uM) and increasing
amounts of C(l) were added to each sampl&ach CcsBCA sample was prepared as
individual solutions in Eppendaribeswherebyeach tubecontaineda constant [Apo Ccsp]

and [L] (ligand; BCA)After the addition ofincreasingCu(l)concentrationseachBCAseries

49


https://web.expasy.org/protparam

were left to equilibrate for 2 to 16 h and spectrophotometric measurements were taken to

guantifythe [Cuk]*> BCAcomplexas function of Cu(l):Ccsp ratio.

3.2.7 Xray Crystallography
Crystals ofCcspsuitable for Xray diffractionwere grown using the hangindrop vapor

diffusion method at 18C followingdiscovery ofinitial crystal hits in commercial screens
using96 well platedispensed usingn ARI Gryphon crystallization robot. Eqtimisaion

of the initial crystal hits,apo- and Cu(Hoaded Ccsp 1 pl of protein solution at a
concentration of 15 mg/ml wre mixed with an equal volume of reservoir solutishich for
apo-Ccspcontained 1.4 M ammonium sulphate, 0.1 M HEPES pHaid for Cu(Hoaded
contained1.4 M ammonium sulphate, 0.1 M MES pH &éystalsof apo and Cu(lpaded
were transferred to a cryoprotectant solution consisting of 40 % w/v sucrose, and flash
cooled by plunging into liquid nitrogen. Af&rsp crystals were measuratthe Diamond
Light Source on beamline 10@sing an Xay wavelength of 0.974 and a Pilatus 6NF
detector. Cyl)-loaded crystals were measured at the ESRF on beamline 1D29 using a Pilatus
6M detector and an Xay wavelength of 0.976 All data were inéxed using XD@48)and
scaled and merged using Aiml€449)in the GCP4 suite with the CCP4i2 interface. The-apo
Ccsp structure was solved by molecular replacement in PHASBRising the PDBD 3Imf

as the search model. Automated model buildingswearried out usig the Buccaneer pipeline
(151)followed by cycles of model building in Cd@62)and refinement in Refmac@.53)
Riding hydrogen atoms were added when refinement of the protein atoms haderged.

The final model of ap&csp was used as the search model fo(l)@&csp molecular
replacement. The GU-Ccsp data were twinned and twin refinement against intensities was
performed in Refmac5 together with TLS refinement. An anomalous map foatiaticdbf Cu
atom positions was generated usifiHASERL50)in the CCP4i2 interface from a separate
dataset measured at a wavelength of 1.368 A. Structures were validated using the Molprobity
server (154) the JCSG Quality Control Server and tools within G@b2) Structural
supermsitions were carried out using GESAMT in COR88). Coordinates and structure
factors were deposited in the RCSB Protein Data Bankummary of data, refinement
statistics and the quality inditors for the structures are given irable3.3.

3.2.8 Cu(l) transfer experiments

The CopB079 proteinto be used in Cu(l) transfer experiments between Qeap prepared

in an anaerobic chamber in 10 mM MOPS pH 7.5, 150 mM NaCl and 2 m#dDadving
overnight incubation,DTT was removed by passing twice down a PD10 column equilibrated

in 10 mM MOPS pHY, 150 mM NaCl. Ci{QopZ3079 waghen prepared by addition of a
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stock concentration of CuCl and excess Cu removed by passing dowhOacBDmn. Apo

and Qi(lyloaded CopZ were loaded to a 10/300 GL G75 Superdex column (GE Healthcare)
equilibrated with10 mM MOPS pH 7.5, 150 mM NacCl, using a 100 pl loop and the respective
elution profilesrecorded For Cu(Rransfer experiments, stoichiometric equivalents@u(l)

were loaded to either CopZ or C¢gmder anaerobic conditiongefore mixing samples i

molar ratio followed by incubation of up to 3 h and then loading torfigture to 10/300 GL

G75 Superdex columBtock proteirconcentrations were in the rage of1-3.5mM.

329 DSYSNI GA2Yy 2F GKS poOOaL) vYdzilyd 2F { & fADBARI
The Ccsp mutanpfcsp wasconstiuctedaccording to the protocol described by Blundll

al. (44) from the parental strainS. lividansl326 (Joh Innes Institute collection)Theccsp

open reading frame (ORF) was replaced by a 62 nt scar of the lox recombination site including
two Xbal sites. The mutamvas analysed by PCR with genomic DNA as template to confirm
the loss of theccspgene. For comlementation of thenccspmutant the ccspORF with 150

bp upstream was cloned as an EcbfRidlll fragment in the moderate copy number plasmid
pHJL401156)and designated pCcsh

3.2.10 Growth morphology of S. lividans
Soyaflour mannitol (SFM) plates were used to grow fresh spores which were extracted and

diluted to the desired concentration inesile water. These spores were spotted in aD

drops containing 1¥spores and left to dry in a flow cabinet before incubatior8@fC for 6

days. Standard petri dishes (diameter 9 cm) containing the indicated agar medium or 24 well
plates with 1.8 ml gar medium per well were used for spore spotting. Cu(ll) citrate (Sigma
Aldrich) was used as the Cu source and diluted to the eiésioncentration. X 10° spores
GSNBE dzaSR (2 Ay20dZ 4GS . SyySdidQa 3t dz02asS YSRA
flasks and incubated with shaking (160 rpm) for 32 h. Cu was added as Cu(ll)citrate to the
desired final concentration along witRCDA lfathocuproinedisulfonic acid; SigrAddrich)

which was added to a final concentration of 50 mM. After 32 h, 2 ml samplesosbeeted

in duplicate in preweighed Eppendorf tubes. The mycelium was collected by centrifugation,
the pellets dried for 48 h @8°C and dry weight of all biomass collected was deduced using

an analytical balance.

3.2.11 Cytochrome c oxidase activity
Thein vivo CcO activity was carried out using TMPD (Sigideich) as substraté44, 157,

1580 5b! 2NJ . SyySidQa 3fdz02aS F3IFNI 61 a daSR T2

spores) which was incubated at 30for 24 h. The mycelium spots were fixed by using a light
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spray of 0.3% (w/v) agarose in water proceeded overlaying this with 10 ml of 25 mM sodium
phosphate pH 7.4 solution containing 20% ethanol, 0.6% agarose, 1% sodium deoxycholate
and 10 mg TMPD. Digltmages were taken every 30 seconds fdr®bminutes to record CcO
activity. The average pixel intensities of the indophenol blue stained mycelium were
calculated using IMAGEJ softw#t®9)

3.3 Results
3.3.1 Construction of an expression construct for Ccsp

Amplification of the Ccsp DNA from the pUC19 vector using the primers repiorteig.3.2

was successful based on the size of the visualised PCR product (~500 bp) on an agarose gel
(Fig.3.3). This band was excised, gel purified and subjected to restridtgest with the Ndel

and Hindlll enzymes before ligation to a pET28a vectd with the same enzymes
Transformants following ligation were checked for the correct insert by performing a
restriction digest with the enzymes Ndel and Hindlll &&).and DNA sequencing confirmed

the correct sequence.

1031bp,
500b

200bp

Figure3.3 ¢ (A) Agarose gel showing PCR prodifct
amplified Ccsp gene (41p). (B) Agarose gel
confirmingthe Ccsp insefigated into pET28a
plasmid as a Ndel/Hindlll fragment
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3.3.2 Ccsp puriftation and confirmation of a homotetramer in solution
The CcsypET28a construct was ovekpressed irkE. coliand following cell lysis and loading

to a NiNTA 8pharose columreluted as a single brogoeak starting at ~30 % buffer B (Fig.
3.4A). SDSPAGEnalyses of the fractions eluting from the-NTA column under this peak
showed a major band running a5 kDa (Fig.4C).After thrombin digestion to removéhe
(His}-tag, Ccsp ran at a lower nmesfular weight on SBBAGE (Fi3.4D) and was further
purified on a G75 sizexclusion column resulting in a major peak eluting at ~58 ml. Based on

the column calibration this volume is consistent with Ccsp existing as a higter
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Figure3.4 ¢ (A) Elution profile of Ccgplis}-tag on a5 ml Histrap FFNi-NTAcolumn, blue line represents
Buffer B gradient(B) Gel filtration elution profile of Ccsp oti20 ml Sephadex G75 colun8DSPAGE gel
analysis. (C) Coomassie stained 15 %F3SE analys of fractions fromthe NENTA columrshowing a
strongband running at-15 kDa(D)Cleavage ofHis}-tag, lane 1 before addition of thrombin, lane 2 flow
through from NiNTA column. (E}75 column fractions.

assembly, with the elion volume suggestive of a homotetramer (RBgiB). Daaturing ESI
MS (carried out by Dr. Jason Crack at the University of East Anglia) gave a mass of 14,604.6
Da as expected for a Ccsp protomer following cleavage of the-{Blis)Native ESWIS gave
a mass 068,418.16 Da(14,604 Da x 4}xhus corroboratingthe observation from the gel
filtration profile that Ccsp existed in solution akigherorderassemblymost consistent with

a homotetramer Furthermore, the native EMSstudies were consistent with the absence
of Cu bound to the purified Ccsp. Thenefpthe purification protocol usedot onlyleads to
the successfuproduction of Ccsp for furtheiin vitro studies but also delivers the agorm

of the protein.

3.3.3 Absorptionand farUV CD spectroscopy of afiecsp

The UWis spectrum of apd&csprevealed noabsorption transitions in the visible region
(350-800 nm). In the U¥egion (208350 nm) a distinct peakt 280 nmis observed (Fig.5A),
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which likely arises from the psenceof two Tyr residuegpresent in the Ccsp sequenfiég.
3.1). The far UMCD pectrum of apeCcsp is shown in Fi§.5B and has the characteristic
minima at 222 and 208 nrthat are typical signatures adi-helical secondarystructure,

confirmingthat the isolatedapo-Ccsp is folded following purification.
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Figure3.5 ¢ (A) UV spectroscopy profile of agasp (B)Far UVCD spectra of ApGcsp (~3 uM) at 22C,
pH 7 and of Cuécsp (~2 uM), at 20C, pH 7.5.

3.3.4 Xray crystal structure bapo-Ccsp
Initial crystal hits for ape€csp obtained from screening against commercial crystallisation

screens were optimised to obtain larger crystals fera)X diffraction experimentsThe
optimisedconditions for @o-Ccspproduced large colourless &tals after one week (Fig.6)
and these were selected for diffraction studias
Diamond Light Sourc&he Xray structure of Ccsp
was determinedby molecular replacement to a
resolution of 1.34 A (Table3.3) Four Ccsp

protomers (Chains A to D) were mdied in the

crystallographic asymmetric unit (Fig.7A), with

Figure3.6 ¢ Examples ofipo-Ccsp crystals  unbroken electron density observed for residues

in 1.4 MAmmonium sulphate, 0.1 M HEPE

pH 7. 17¢136 in chain A, 20135 in chain B, X435 in

chain C and 1§36 in chain D. Thus, in all four

protomers electon density corresponding toesidues &15 in the sequencewas not
observed. Each protomer is madg of foura-helices arranged to form a fotrelix bundle
motif (Fig.3.7A). Chains A, C and D together with a symmetry related molecule create the
functionalhomotetramerquaternary structure (Fig.7B). The core of each four helbundle

protomer creates a solverghielded pore or channel that is lined with the 18 Cys re=sdu
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(Fig. 3.7B), none of which participate in didide bonds or exhibit any modifications.

Figure3.7 ¢ Cartoon representation of-bay crystallographic structure of agocsp. (AArrangement of
Ccsp ptomers in the aymmetricunit. Colour coding as follows: gold chain A, grey chain B, blue €hai
and orange chain D. The N ande@nini are labelled in chain (B) Biological quaternary structure of the
homotetramer of Ccsp. Chain B is omitted and the symmetry related Ccsp protoguieed to form the
biologically relevant unit is shown in 6lgB) Thel8 Cys residues are shown as green sticks withéhe S
atom coloured yellow. (C) Electrostatic surface potential of Ccsp in the same orientatior) asdhtlie
yellow dashed cite indicates the asymmetry in charge distribution at the oppaitds of the pore
openingsimage was created in CCP4i2 using the graphics program CCP4mg.

Generation of the electrostatic surface potential of the quaternary homotetramer reveals
large stretcles of negative charge spanning essentially the length of the protomer interaction
site (Fig.3.7Q. Notably, from the surface representation it is apparent that there an
asymmetry of negative chardmetweenthe two ends of the pore opening (F&70 andmay

have consequences for Cu@ading
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Table3.3 ¢ Crystallographic data processing and refinement statistics forGgsp. Values in parenthesis refer
to the outermostesolution cell.

Structure Apo-Ccsp
Space group P622

Unit cell (&) 93.6, 93.6, 213.4
Resolution (A) 80.%1.34
Unique reflections 123 798

Mn (I/SD) 18.0 (0.8)
CGe 0.999 (0.764)
Completeness (%) 100 (99.1)
Redundancy 18.2 (12.6)
Reryst 0.157

Riree 0.192

RMS dev. bond letigs (A) 0.015

RMS dev. bond angley ( 1.63
Ramachandran favoured (%) 99.8

PDB accession code 6EIO

3.3.5 Ccsp can bind Cu(l) and Ag(l) ions
Ccsp is able to bind both Cu(l) and Ag(l) Group 11 monovalent ions. Under anaerobic

conditions, Cu(l) ions were addiéeo Ccsp which resulted in the appearance of prominent
absorbance bands in the Wégion of the absorption spectrum (Fig§.8A). These barxd
signify (Cys)HCul) ligand to metal charge transfer (LMCT) banded increase
concomitantly with increasing Cu(l) concentrations until reaching a saturation point
indicative of a stoichiometry of ~180 Cu(l) ions bound per Ccsp protomer (BigB). This
indicates that up to 80 Cu(l) ions may be bound in a homotetramer of Catgjichiometric
loading of Ccsp with @ions to create the hol&Ccsp resulted in a far UJOD spectrunthat

was not significantly different from ap&csp, demonstrating that lbmd Cil) ions b not
grossly alter the secondasjructure (Fig3.5B). Additiorof Ag(l) ions to Ccsp also displayed
changes in the UYegion of the absorption spectrum, which most likely represent
(Cys)H1Ag() LMCT bandkify.3.9A). The saturatiopoint was less well defined compared

to that of Cu(l) but seems to reveal a stoichiometry of ~15 Ag(l) ions bound per Ccsp protomer
(Fig.3.9B).
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Figure3.8 ¢ (A)Changes in the UMsdifference spectra baselined witlpaCcsp5.6 uM ontitration with
1.5 equivalents of Cu(IB)Selected wavelengthsotted against Cu(l):Ccsp ratio derived from the-wis/
difference spectrum in (AExperiments were conducted at D, pH 7.5.
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Figure3.9 - (A) Clanges in the U¥is difference spectra baselined with afosp (5 uM) on titration with 1
equivalent of Ag(l) (B) Selected wavelengths plotted against Ag(l):Ccsp ratio derived frorvibie UV
difference spectrum in A. Experiments were conducted &€2fH 7.5.
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Figure3.10¢ (A) Changes in the UXis spectra monitoring the formation of tfigu(BCA)3> complex in
the presence of BCA (50 uM) and dpasp (3.7 uM) on titration with 1.35 Cu(l) equivalefB$.
Absorbance data at wavelength 562nm in A plotted against Cu(l): QéspE=periments were conductec
at 20°C, pH 7.5.

3.3.6 Determination of a Cu(l) affinity of Ccsp via competiti@ei(l) titrations with BCA
An estimation of C{l) binding affinities for cuproproteins is possible through competition

experiments using high affinity chromogenidFhidentate ligands such as B(&8, 160)At
low BCA concentrations (8ID0mM) Ccsp binds all Qions until > 15 Qi) equivalents have
been added and the formation of the [Cu(BgA complex occurs (Fi@.10A and B. Upon
increasing the BCA concentration (26000 M) competition for the titrated C(l) ions
between Ccsp anBCA is now observed (F&11A), with amaximum C() occupancy in a
Ccsp protomer estimated to be 15 @QequivalentsAll titration experiments at the different
BCA concentrations were carried out in triplicate approximateCy(l) binding affinitywas
determined at BCA concentrations2250uM in two ways The below equilibria are present

under the experimental conditiorsmployed
¢cb 606z 06060 0 =

“YQ o] Q-ZZ 00"Y 06() =

where I = free BCA ligand and=Ssites on Ccsp that arenaccupied with C(l), Cuf is free
Cu andKscaand Key are equilibrium dissociation constants for the affinities ofIPior BCA
(BCA formation constarit; = 10*7M2) (161)and Ccsp, respectively. Based on the above

equilibria the [Ct] is given iy
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which can be rearranged to solve &,
Vgsgd 00, Y 0660 0 00
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D, c60D. ¢ 6§ 8060,

where [] is the total concentration of sitescoupied in Ccsp, [Glis the total concentration
of Cyl) added and [{] is the total concentration of BCA in the experimenhe derivation of
equation 3.2 can be foundhiAppendix 2 The maximum Gl occupancy for Ccsp in the
presence of BCA was estimated to be 15I)XCequivalents. In addition, théc, can be

determined by calculating the [Glusing equatior8.3

where [L*] = [ ¢ 2[Cu(Ly] and b isthe affinity of BCA for GL). Plots of [Cl] against the
fractional C(l) occupancyYCu) of Ccsp at a given [BCA] were best fitted to a nonlinear form

of the Hill equation (3 to yield akcyvalue and a Hill coefficientr().

606
0 606

Usingequation3.2 apparent C(l) dissociation constantK{,) for each titration of Cu(linto

Ccsp at BCA concentrations of 250, 500 and 1Q&an be determined, with an average

Keu= 3.3 £ 1.3 x I8 M (error given is a standard error from the replicates at each BCA
concentration) Alternatively, the data in Fi@11! 4 . /! O2y OfdtanNé GA2y a x
used to calculate theQuiec] using ewlation 3.3. Plots of fractional occupancy of @sites

versus the [Cliee] at two set BCA concentrations are illustrated in Bity1B. The data clearly

show a sigmoidallependenceand given that the system is at equilibrium thdms implies

cooperative of Cyl) binding. Therefore, these data have been fitted accordingly using a
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nonlinear form of the Hill equation (e§.4) (Fig3.11B). From triplicate experiments with set
BCA concentrations ranging between 2ZBI0ONM an averagec,= 2.9+ 0.2 x10*" M and

aHill coefficientn, = 1.9 0.2 are determined. Thus, @binding toS. lividan€csp appears

to be a cooperative process with a binding affinity in line with a role in sequestering and

storing cytosolic i) ions.
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Figure3.11- Ccsp Cu(l) affinity (A) Plots[6L(BCA)?3* concentration versuthe Cu:Ccsp concentration
ratio upon titrating Cu(l) ions into Ccsp16 uM) in the presence of increasing BCA concentrations.
Compditive Cu(l) binding occurs with increasing BCA concentrations. (B) Plots of fractional occupan
Cu(l) binding sitei;m Ccsp at varying Gide concentrations determined from the data in (A) at 500 and
1000 pM BCA concentrations. The data points dredfivith nontlinear form of the Hill equation as show!
in equation3.4to give a I§,= 3.0 + 0.1 x I& M and a Hill cefficient, n = 2.0 £ 0.2 at 50éM BCA and a
Keu=3.4+0.2x 0 Mand n=1.7 £ 0.1 at 1008M BCA. All experiments weperformed in 10 mM
MOPS pH 7.5, 150 mM NaCl.
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3.3.7 The Xray crystal structure of Cudpaded Ccsp
Examples of Cu@lpaded Ccsp crystals from optimisation screens are shown i8.ER).The

structure of the Cu(l)oaded Ccsp was determined to 1.5 A resolution byay
crystallogaphy with one Ccsp protomer found in the asymmetric unit. Statistics and
refinement details are given in Tabl&4.
Unbroken electron density was observed for
residues 16136 with strong anomalous scattering
attributed to the presence of bound Cu(l) ions

observed (Fig3.13A). The anomalous electron

density, plotted from a datset measured at a
Figure3.12.c Examples o€u(l)Cesp wavelength of 1.368 A, reveals 20 Cu(l) ions can be

‘I\:Aryl\jté'ssénHlé‘_M ammonium siphate, 0.1 cqordinated in the core of the Ccsp fobelix

bundle (Fig. 3.13A), thus corroborating the

estimate from the titation data (Fig3.8A). Therefore, the Ccsp homotetramer has the

capacityto bind a total of 80 Cu(l) ions. Inspection of the G@tsp structure reveals that

Cu(l) ions 1 to 13 all have biysteinate coordination with (Cy=JgcCu(l) bond distances of

between 2.0 and 2.3 A and each Cys residue bridging two different Gig((Fig3.13B). Out

of these 13 Cu(l) ions seven (Cu2, Cu4, Cu5, Cu7, Cul0, Cul2 and Cul3) are coordinated by

CXXXC motifs, with the remainder coordinalsdCys residues that are on different helices

of the bundle. No Cu(l) ions are coordinated by CX#i#snThe biscysteinate coordination

pattern is broken at Cu(l) ion 14 which has a third coordinate bond from tHeafbm (2.2

A) of Asp61 (Fi®.13B aml C). Similarly, the Cu(l) ion 15 has a coordinate bond with ti2e O

atom of Asp61 (2.1 A) as wel thiolate coordination from Cys104, which also participates

in coordination with the Cu(l) ions 13 and 14. (Big3B and C). It is possible that the Gu(l

ion 15 is further coordinated by Cys41 and Cys57 (the latter being the only Cys residue not in

either a CXXC or CXXXC motif), to create a distorted tetrahedral coordination geometry,

however we note that the (CysJcCu(l) bond distances of 2.5 and 2.7(Fig.3.13G

indicated with blue arrows), respectively, are longer than for other thiolate Cu(l) interactions.

The remaining 5 Cu(l) ions, 16 to 20, cluster beyond Cu(l) ion 15 towards the entrance of the

pore (Fig3.13B and C) and if a coordinate bomaih Cys41 an@ys57 to Cu(l) ion 15 is absent

it may be considered as a separate cluster. None of these remaining Cu(l) ions are

coordinated in CXXXC motifs. Cu(l) ions 16 and 18 haagydi@inate coordination (Fig.

3.13C), with the Cu(l) ions 17 and H8ving biscygeinate coordination as well as ligation

from the N of His113 (1.9 A) and His107 (2.1 A), respectively. Finally, Cu(l) ion 20 is
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coordinated by Cys114 and the Nf His111 (2.2 A). Cys114 is the only other Cys residue to
participate in coorghation with three different Cu(l) ions (Fi§.13C). Finally, a total of nine

Cu(IxCu(l) interactions are identified with distances between 2.5 and 2.8 A.
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Figure3.13- Xray crystal structure o€u(l) loadedCcsp(A) Worm representation of Cuf@csp with the
anomalous electron density map (orange) contouredTatTwenty Cu(l) iortsave been modelled into the
density and labelled 1 to 20 starting at the N antk@nini (B) Ribbon representation @fCcsgrotomer
and coordination bonds (red dashed lines) to Cu(l) ions (brown spheres) labelled 1 to 2¢g(Gs@n S

Ot (Asp) and N(Hig atoms. (C) Cloagp of the His coordinating pore openirithe blue arrows indicate the
(Cys§SgCu(l) bond distances of 2.5 add A in a distorted tetrahedral coordination geometry.
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Table3.4 - Crystallogaphic data processing and refinement statistics for €u(l)
Ccsp. Values in parenthesis refer to the outermost resolution cell.

Structure Cu(l)- Ccsp
Space group 1222

Unit cell (A) 62.1, 64.1, 66.0
Resolution (A) 45.2¢1.50
Unique reflections 20701

Mn (I/SD) 9.7 (4.5)

CGn 0.992 (0.958)
Completeness (%) 96.4 (96.6)
Redundancy 3.6 (3.5)
Reryst 0.206

Rree 0231
RMSdev. bond lengths (A) 0.020

RMS dev. bond angley ( 2.05
Ramachandran favoured (%) 99.2

PDB accession code 6EK9

3.3.8 S. lividan<Lcsp is required for growth under extreme Cu conditions in vivo
To investigate theole of Ccsp in the Gdependent morphological development Rccsp

mutant strain ofS. lividansvas created by Dr Erik Vijgenboom (Leiden University)ramao
growth andmorphology studies investigated. It has been previously demonstrated that WT
S. lividanss highly tolerant to increased Cu levels, which défgrates with various growth
media(44, 141) This is illustrated in Fig.14, using defined medium with either mannitol or
glucose. The WTirain, grown on glucose, tolerated growth with Cu at concentrations past
mM, but, as shown in Fi®.14A, the presence of aerial mycelium becomes scarce at Cu
concentrations above 1 mM. This differs for the WT strain grown on mannitol3(E4B),

with Cu tolerance much reduced (-f&@d). The WT shows a higher Cu toleraogerall on
complex media suclas R5 or Bennetglucose media but is again media dependérig.
3.15). On all media tested thpccspmutant consistently shows a weaker tolerance to Cu
compared to the wildype. This can be observed for glucose suppleméntnedia (Fig.
3.14A) wherebygrowth is weakened at 50QM Cu whereby the growth on mannitol (Fig.
3.14B) is inhibited at 20@M Cu. However, when thaccspmutant is grown at low Cu
concentrations, the growth does not differentiate from the WT. This tyedemonstrates
that Ccsp isneeded for growth at higher Cu concentrations but is not required for
development at lower Cu concentrations. The pCtsppresents thecspgene inserted into

a plasmid whereby it is transcriptionally controlled by its owamoter. Thenccspmutant
becames restored in growth to the same level as the WT strain with pCcap all media

tested (Fig3.14 AB).In liquid media, a similar pattern to that observed on solid media is
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Figure3.14- The effect of Ccsp on the growth and development of S. lividans’@t &l tolerance after 6
days growth of the wild type parent strain, thecsp mutant strain and theccsp mutant strain
complemented wih the pCcsfl plasmid on defined agar media wifh) glucose and (B) mannitol as the
sole carbon source. Cu(ll) concentrations as indicated. All images are the same magnification with a <
bar of 2 mm. (C) Biomass production after 32 h in liquid Bé&sigktcose (B3) cultures for the wild type anc
the ncesp mutant strain in the presence of the Cu chelator BCDA and various concentrations of Cu(ll)
The dry weight biomass of the wild type strain in th@ Bulture was set at 100%. (D) CcO oxidase activit
24 h growth on BS agar detected byhe TMPD assay. Average pixel intensity of the indophenol blue sta
mycelium was calculated using ImageJ software38 and expressed in arbitrary units. Experiments wer:
carried out in triplicate.

found (Fig.3.14Q with a reduced tolerance for Cu in terrasthe biomass produced in the

ncespmutant as illustrated for Bennettglucosemedium (Fig3.14Q.

Under Cu homeostasis, enzymes requiring Cu for their activity such as CcO or GIxA in
lividans obtain their Cu from a Cu trafficking pathway that inxes at least two Cu
metallochaperones, ECuC and §t®, 44, 101, 103)lo investigate whether Ccsp influences

this extracellular Cu trafficking pathwathe activity of CcO under low exogenous Cu
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Figure3.15- The effect of Ccsp on the growth and development of S. lividansc@t 8 tolerance after 6
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glucose media (B). Cu(ll) concentrations as indita&ll images are the same magnification with a scale b
of 2 mm.

concentrations \as determined in th&VT& ( NI A y ctsphftani da Sarigus media. As
illustrated on Bennettgylucose agafFig.3.14D0 G KS / Oh | dsphddehtis 2 F
identical to the WT, therefore demonstrating that Ccsp is not participating in the Cu
trafficking pathway for maturgon of CcO.

3.3.9 Analytical gel filtration chromatography- Cu(l) transfer between CopzZ3079 and

Ccsp
The movement and trafficking of Cu in the cytosdbolividansinder homeostasis and stress

has been shown to involve Cofike Cu metallochaperonegl7, 18) CopZlike Cu
metallochaperones arévolved in Cu(l) homeostasis in the cytosolSoflividang17, 18)
These AtxXl homologues pasess d h 1 i-fold and a MXCXXC metal binding motif that
utilizes the two Cys residues for figsteinate Cu(l) ion coordinati¢i62) Therefore, it was
investigded in vitro whether a CopZ plays a role in Cu(l) trafficléither to andor from
Ccsp.Transient ligangexchange mechanisms occur in metal trafficking from donor to
acceptorin vitroto allow ease of metal transfer ensuring that no unbound metal isgmes

in solution(163, 164) Thus, by simply mixing the donor and acceptor in solution, transfer can
occur. To test this with Ccsp and CopZ a method usinfiltgation was devised. Cop20D79
(hereafter CopZin the apomonomeric form(M; ~ 8 kDajlisplaysan elution pealon a size
exclusion column at125 ml (Fig.3.16A) At Cu(l):Copzatios higher than 1:1 a shift in the
elution profile (~11 ml) is observed, which based on the column calibration is consistent with
the presence of a dimer species. Binding of Cu(Baoillus subtili€opZ has been shown to
be a very complex processthiinitial binding of Cu(l) resulting in dimerization to form a
Cu'(Cop2zy species which has the capacity to bind three further Cu(i} &t the monomer
interface to create a Gt(CopZ) speciesas the addition of stoichiometric Cu(l) ions increase

(165-167). In the present work witts. lividangopZ it has not been determined homany
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Cu(l) ionsn, are at the monomer interface (€(CopZ)). However, based on the size
exclusion chromatography profila protein dimer species is predominately formed at > 1
Cu(l)/CopZ. Thus, if Cu were to be transferred from the CopZ then the pélag higher

elution volume would be observed.
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Figure 3.16 - Cu trafficking from Copid Ccsp. (A) (the data in chromatogram (A) were provided by Dr
A.K. Chaplin) Size exclusion elution profiles of S. lividans CopZ prior to the addition of Cu(l) Jlasladk
postincubation with 1, 1.5 and 2 equivalents of Cu(l). In the absence ofl l&tuh), CopZ elutes as a
monomer (CopZ), with a dimer species;\"¢§CopZy, predominantly formed in the presence>aiCu(l)
equivalents. (B) A size exclusion experimdrgraby Cp*¢(Copzyis mixed with Ccsp and the resulting
products indicated in thblue elution profile. The grey elution profiles indicate where theiatar
samples would elute if no Cu(l) transfer had occur(€)i- Analytical gel filtration chromaigram for
apo-Ccsp (black line) and 1:1 ratio of GuSp(l) (loaded ~15 equivalents of Cu(l)) and@ppZ3079
(purple line). All samples and column were preparekDimM MOPS pH 7.5, 150 mM Na0D).1§ a
magnified imageof the peaks in fig.Q) showing he apeCopzZ3079 indicated with the arrow, in the 1:1
mixture at ~12.1 ml.

The profile in Fig3.16Brevealstransfer of Cu(l) fronCu(1}CopZ taapo-Ccspn a 1:1 ratioln

the blue coloured elution profile, mixing £(CpZ) and apo-Ccsp(Fig.3.16B) results in the
presence of the elution peakor the monomeric apeCopZ (~12.1 ml) and therefore
supporting the notion that Cu(l) has been transferred. The same experiment was repeated

but carried out in reverse by loadingghCcsp with Cu(l), and mixing with agopZ with
incubation periods of > 1 (Fig.3.16 C & D). Formation of the higherder CopZ peak was

66



not observed suggesting that Cu(l) transfer from Ccsp does not occur under these conditions.
But this may be due ta lack of sensitivitgf analyticalgel filtration as possible transfer ei

Cu(l) iorcould have occurredr'lis amount ofCu(l)transferred would be insufficiertb cause
dimerization of CopZ thus making detection of transfer diffidulbugh gel filtrdion alone

Taken together these results support the notion thatitro CqZ can transfer Cu(l) ions to
Ccsp, but thegossiblerelease of Cu(l) from Ccsp to Capaotinitially observedunder the

conditions employed.

3.4 Discussion
The bacteriatytosol has no known metabolic requirement fouand thereforeCustorage

proteins rad been thought not to exisiThe discovery of Ccsp frag lividansand extensive
distribution of cytosolic Csp3 members in the Tree of &ffeshown in Chapter @fers the
tantalising possibility that new layers of €@sistance or a possible cytosaleguirement for

Cu existsamongst many bacteria that are yet to be fully understodthe subsequent
analyses of Ccsp has shown many similarities in structure and stoietnjoad Cu(l) binding
compared to the first discovered members of the Csp family meggloby Vitaet al, 2015(1).

For instanceMtCsp3 contains 18 Cys residues in the core of each protomer unit and exists
as a homotetramer in solutiofl, 2, 75, 1683s isthe case here with Ccsp.

The Ko, value determined for the Ccsp lies within the rant@'’ to 108 M for
cuproproteins with biscysteinate Cu(l) coordinatiofl60) However, we note that ouKcy
values using BCA dset affinity probe are at the lower end to those determinfxt other
Csp3 members3(1 x 10" M vs6 x10'® M, average foMtCsp3 andB<Lsp3(2)). In addition,
Ccsp demonstrates cooperative binding with an averagecHéfficient () value of 1.9.
Cooperativity is alseeen inMtCsp1(1) but surprisingly this is not so fddtCsp3 andB<Lsp3
(2). Though concerning the cooperativity of Ccsp, it must be considered that thgdCu
values & very low (Fig3.11B) and calculated indirectly from binding to BCA. Regardless,
concluding that cooperativity occurs in Ccsp, then it can bgestgd that the mechanistic
basis for this phenomenological result may lie in the observations by Dennisbrca
workers that Cu(l) clusters of the type [CBICys)] are thermodynamically favoured6).

The Xray crystal structures of ap@csp and Cuflpaded Ccsp (Fi@.7 and3.13)
offer further valuable insight into the structural characteristics of Csp3 members. These
cytosolic proteins can store large amounts of Cu(l) and moshefCu is bound by Cys
residues.No evidence for disulfide bond formation is observed and a maximum of @ Cu
ions are found to be coordinated in a Ccsp protonidrerefore,Ccsp has the highest @Qu

binding capacity of any Csp3 member so far charasgei{i2). Furthermore, Ccsp is the first
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Csp3 member to reveal a igue coordination role of a highlgonserved Asp residue (Asn in
MtCsp3(2)). This residue is positioned at the end of the Cys cage that harnes@e®@ul

to 13, which are all coordinated by two Cys ligandg.313A & B). Asp61 is situated such
that it breaks this cordination trend by providing coordination to QL ions 14 and 15
through its @1 and Q2 carboxylate atoms, respectivelyhe Asp61 is homologous to Asp42

in BLsp3 whereabtCsp3 has an Asn tlite same positiorf2). The five remaining Cu(l) ions
form a distinct cluster and is coordinated by three conserved His residues and four Cys
residues.The three His residues clearfuardthe more solvent accesdidend of the four
helixbundle core and in addition to their coordination raleay also play a part in partner
recognition to assistl) loadingto Ccsp.

CopZCu chaperonesre mainly involved in €u stress response biliave been
shown to help buffertie bacterial cytosol17, 18, 119, 163)The possibility of a CopZ being
involved in Cu transfer with Ccsp was investigated throughesizkision chromatography
(Fig.3.16). Whilst transfer does occur it proceealsly in one direction from a Gig(CopZ)
species to apdéCcsp (Fig3.16B). Under homeostasis conditiorfs. lividanshas three
CopZ/ATPase couples, expressed at a basal level, that serve to buffer the Cu(l) concentration
in thecytosol(17, 18) One of these couples is not characterised but does act under&ssst
whereas the other two are under direct transcriptional control of C&83. A faurth couple
is also present ine genome and controlled by CsoR but is not constitutively present under
Cu homeostasiél7). It has been well establishead vitro that CsoR accepts Cu(l) from two
CopZ chaperones a unidirectionavay (17). This would induce transcription of three of the
couplesin vivo that are under CsoR influengd7). In addition, the fourth couple not
reguated by CsoRvould create a substantial defence against&ress(17). In vitro, two of
the CopZ proteins have been determined to transfer Cu(l) to the CsoR in a unidirectional
manner(17). Thereforein vivothis would induce transcription of the three CopZ/ATPases
couples under CsoR control, which together with the fountn-CsoR controlled couple
creates a high capacity for Cu resistance under Cu stress. Th @bdiopZ to traffic Cu(l)
to CsoR andiRype ATPases indicates a characteristic promiscuity in these small chaperone
proteins for offloading their metal cayo. This indiscriminate nature is also observed for CopZ
with Ccsp, where Cu(l) is transferredrh the Cuy'¢(CopZ) species to Ccsp as evidenced by
the reformation of the apeCopZ monomer (Fi®.16B). In contrast, under stoichiometric
conditions apo-CofZ is unable to remove Cu(l) from Cglgsp in a physiologically
meaningful time frame as hassal reported forBCsp3 with its cognatBLLopZ(2). AKcy
value of 3.9x 108 M has been determined for this partilar S.lividansCopZ used in this
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work under the same buffer conditions as employed in the transfer experiments with Ccsp
(17). This value is lower than th&, value determined for Ccsp and thus from a
thermodynamic perspective the transfer can be viewed as being unfavourable. However,
other factors such as the tuning of the reactivitiytbe ligands involved in the transfer of
Cu(l) from donor to acceptor are important considerations and have been shawfiuence
the directionality of transfer. Such an example has been reported for the transfer of Cu(l)
from CopZ to the CsoR, whereetlCys residues in the CXXXC motif of CopZ have been
optimised to favour Cu release to the acceptor (C4aR)

The in vivo data show that Ccsp is not required for Cu homeostasis at Cu
concentrations up teeveral hundredrM depending on the medium used (F&14 & 15).
This observation is further demonstrated by the CcO activity data, which precludes a
downstream role for Ccsp in supplying Cu(l) to the extracytoplasmic environment to be
utilised by the Cichaperones Scana ECuC for metalation of CcO and GIXA 44, 101)The
CopZ/APase couples appear to maintain the control of cytoplasmic Cu levels. However, as
exogenous Cu concentrations rise above 280 a clear phenotype foCcsp is observed
though with a range limit that is strongly medium dependent (Bii4). Reanalysed RNA
seq data(18) reveals transcription ofcspis upregulated 5fold in liquid defined medium
supplemented wth 400 nmM Cu and thus fits with the phenotype in F&14 showing that
Ccsp becomes essential for growtmdadevelopment in the 20600 nM Cu range.
Importantly, in contrast to three out of the four CopZ/ATPase couples, the Ccsp expression
is not under tle control of CsoR as demonstrated by the absence of a consensus CsoR binding
site in theccsppromoter regon and expression induction in tresoRmutant (18). This all
suggests that a second layer of Cu respongiaastcription is operating on top of the CsoR
regulon inS. lividangnd becomes operative at more extreme Cu concentrations to express
ccsp

In conclusion, the results confirm the discovery of CcspSirividans the
crystallography data strongly suppogdetramer of alphéhelical bundles capable of binding
up to 20 Cq) ions with cooperativity of Cu binding. The ovenatiéraction of Ccsp witla
CopZn Cu(ltransferand thein vivodataalso enforces the idea that when the CsoR efflux
systembecomessaturated during Cu stress, Ccsp accepts Cu from CopZ and stsdhe
environment returns to homeostasis. It remains unclear how the release of Cu from Ccsp
occurs and what further actions take place with this excess Cu. It is a possibility toeconsid
that non methanotrophic bacteria may possess Cu scavengingnsyski&e methanobactins

in methanotrophs. In support of this, a diisonitrile compound produced from arfimsomal
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peptide synthetase inS. thioluteushas recently been reported and shown have a
chalkophore function (i.e. Gimport into the cytosolX5). This discovery could suggest that
chalkophores are more idespread than originally considered and an interplay with Ccsps in

non-methanotrophicbacteria is a possibility and certainly requires further investigation.
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Chapter Four

Visualising Cu(l) loading BICsp3
and the effect of His and Cys

mutations

Some esults from this Chapter have been published in:

SN} g3 aS3aly [ & |1 2dz3KE aAOKISt ! &3 2Afazyz aio
residue and detranuclear cuproughiolate cluster dominate the copper loading landscape

of a copper storage protein froi8treptomyces lividags 9 Ghemistryc A European

Journal
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4.1 Introduction
Structuralstudies of noAamethanotrophic Csp3 members reveal stru@uhomology with

MtCsp3,(2, 19)but only the Gp3 from the Granpositive bacteriumS lividans SICsp3
(previausly referred to as Ccsphas been structurally characterised with Cu(l) bowasd
described in Chapter,3revealing up to 20 Cu(l) ions can bind per protomer (80 per
homotetramer)(19). In addition to the extra Cys residues lining the four Rblixdle core in
Csp3s compared ItCspl/2, a set of three Hissidues are present at one end of the four
helixbundle, which together with nearby Cys residues also participate in Cu(l) coordination
(2, 19) The His end of the four helbundle is considered from structuralsights to be the
loading and leaving point for Cu(l), as access to the Cys core from the opposite end of the
bundle is prevented by hydrophobic side ch&aias19) However, no experimental evidence

has been repoed to prove thisFurther Cu(l) coordination arises from thé*@tom of an

Asn residue8 inMtCsp3)(2) and the O and O? atoms of an Asp residu&l in SCsp3)

(19). The Asp and the Asn residues are highly conserved across Csp3 species and are
structurally positioned to create a crossing point, dividing the Cu(l) ionscjpating in
His/Cys coordination at the mouth of tligys core and those coordinated solely through bis
cysteinate coordination in the Cys core.

Insights into Cu(loading of the MtCsp3 have been obtained throughray
crystallography studie&6). Strucures determined at various stoichiometric loadings of Cu(l)
reveal the existence of initial tetranuclear-@hiolate clusters [Ci2-SCys)] in the Cys core
(Cu sites 3 to 14) of the four helundle (76). As more Cu(l) is loadgethe tetranuclear
Of dZAGSNE O2yaARSNBR a WAy(@DSsnerSRe) ThisSthed S @2t S
formation of tetranuclear clusters is considered a driving force for acquisition and safe
storage of Cu(l) by Csp3 membé€rs, 18).

In thischapter, Cu(l}loading toSCsp3has been investigatebly using a combination
of Xray crystallography and sHgirected mutagenesi§l70) It has beerdiscoveed that at
low Cu(l)loading a tetranuclear[Cu(-SCys)(N' ¥His)] cluster is first formed in the His
entrance ofthe four helixbundle. As more Cu(l) is loadetie Cys core of the four helix
bundle of SCsp3 together with Cu sites in the His entrance become occupied to varying
extentsbut no evidence for the for@tion of tetranuclear clusters in the Cys core is observed,
consistent with a highly fluxional process of Cu(l) bindBigsp3 protein variants have been
created in which the His residues at the hydrophilic entrance of thecGies have been
changed to Ad and two Cysariantsalso in the His entrance have been mutated to Ser, to

begin to build a picture of how these residues influence Cu(l) loading and binding.
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4.2 Methods
4.2.1 Sitedirected mutagenesis, oveexpression and purificatin
To create the HO7A, H111A, H113ACA41S and C575 SCsp3site-directed variants, the

Quikchange (Stratagene) sitirected mutagenesistrategywas carried out and forward and

reverse mutagenic primers were designed and synthesised (Sidangh) wih the

respective nucleotide change(s) (Tallé). A double Hisvariant HL07AH111A was also

constructed andhis variant wasreatedby taking theH107Aconstructand then using the

H111A primers (Tablé.1) for site-directed mutagenesis PGRables £ and 4.3) Mutant

clones were corroborated for the presence of the desired mutation by DNA sequencing

(Source Bioscience). Recombinant productionEscherichia colBL21(DE3) cells and

purification of wildtype (W1 SICsp3and the His variants was camlieut as describedh

Table4.1 - Mutagenic forward and reverse primers used for site directed mutagiene create the SICsp3
variants. The codons highlighted show where mutation was made and the nucleotides in uppercase sho
this single nucleotide change.

Variant | Forward primer Reverse primer Tm
()

H107A | p-GTGCGCCCEESCCGGCATGQ | p-QATGOEGCGQECCGGGCGCGAQ 74

H111A | p © p & 73

CACGCCGGCAEGAGCACTGALS

GGCAGTGOEGECATGCCGGCGT
co Q

H113A | p CATGCACGABTIGCCGGGIC Q| p € GACCCGGGACTCGTGCAT(E 67
0Q

C41S pQ D¢D/Ag/ DDD/ D/|pQ DD/ QdV/ /DBD¢ D/| 72

C57S p QATCTGACCAAGBATCCGCACCY p Q 63

0Q

CGGTGCGGHKICTTGGTCAGAT(
0Q

Table4.2 ¢ The reagents and volumes used for site directed mutagenesis.

Reagent Concentration Volume (ul)
Plasmid DNA 25 ng/ pl 1.0
Forward Primer 75 ng/ pl 10
Reverse Primer 75 ng/ pl 1.0

dNTPs 10 mM 0.6

PFU Buffer 10 x 3.0
PFUTurbo Polymerase - 0.6

DMSO 5% 15

Sterile ddH20 - 21.3

Total 30.0
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Chapter 3. FamtJ\icircular dichroism spectroscopy using a Chirascans@ztrometer
(Applied Photophysics) was used to assessthdr the proteins were folded. All proteins

once purifiedwere stored at20°C until required.

Table4.3 ¢ QuickChange sitdirected mutagenesis protocol

Temperature {C) Time (mintes)
95 3

95 0.5

58 (Annealing temperature) 1

68 13

68 8 (Extension)
10 Hold

4.2.2 Xray aystallography
Underanaerobic condition®VT SICsp3 2000 uM) was incubated with 5, 10 and 25 molar

equivalents of CuCl, and to ttf8Csp3 variants (1500 to 3900 &5 molar equivalents of
CuCl was added. Unbound Cu was removed by passing samples tlardRigh0 column
(Generon) and concentrated to ~-1® mg/ml.Optimisation of gystallisationconditions for

the Cyl)-loaded samples wasarried out byscreerningaround 1.4 to 1.6 ammonium sulfate,
0.1 M MES pH 6.0 by mixing equaji{Llvolumes of proteirand reservoir solution. Crystals
were transferred to a cryoprotectant solution consisting of 40 % w/v su@odeprecipitan

and flash cooled by plunging into ligunitrogen. WT Q)-loaded SICsp3 crystals were
measured at the Swiss Light Source oarhine XS10A using arrdy wavelength of 1.34

and aPilatus 6MF detector Crystals of the His variants were measured at the Diamond Light
Source on beamlin®4using an Xay wavelength 00.979 Aand a Pilatus 6MF detector All

data were indexed usg XD$148)and scaled and merged using Aimlés49)in the CCP4
suite with the CCP4i2 interface. Structures were solved by molecular replacement in MOLREP
using the apeSICsp3 structure (PDB ID 6EIQ) as the seanthein Cycles of model building in
Coot(152)and refinement in RefmacBL53)were carri@ out and riding hydrogen atoms
were added when refinement of the protein atoms had converged. For all data sets
anomalous difference maps for validation of (Quatom positions was generated using
PHASERL50)in the CCP4i2 interface. Structures for His variants and partiafly|Gaded
SCsp3 samples were validated using the Molprobity sef¢8d)the JCSG Quality Control
Server and tools within Co¢152) Coordinates andtucture factors were deposited in the
RCSB Protein Data Baksummary of data, refinement statistics and the quality indicators

for the structures argyivenin Tables4.4 &4.5.
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Table4.4 - Qrystallographic data processing andirefment statistics for thpartial Cu(l) loaded forms of SICsp3 used in this work. Values in parenthesis refer to the outermost
resolution shell.

Structure CcspsCu Ccspl0Cu
Space group P622 P622

Unit cell (&) 93.1,93.1, 212.3 93.4,93.4, 216.0
Resdution (A) 75.41.50 75.81.90
Unique reflections 85587 (3492) 44544 (2831)
Mn (1/SD) 19.5 (1.3) 12.8 (1.2)
CGr 0.99 (0.45) 0.99 (0.46)
Completeness (%) 98.0 (82.5) 99.7 (100)
Redundancy 8.0 (8.7) 9.1 (9.2)

Reryst 0.195 0.218

Riree 0.214 0.255

RMS devbond lengths (A) 0.013 0.015

RMS dev. bond angley ( 1.47 1.64
Ramachandran favoured (%) 99.8 98.2

PDB accession code 6058 6Q6B
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Table4.5 - Crystallographic data processing and refinement statistics fovahiants of SICSpused in this work. Values in parenthesis refer to the outermost resolution shell.

Structure C41S C57S H111A H113A H107A/H11A
Space group 1222 1222 P22,2 1222 1222

Unit cell (&) 62.2,64.2,65.1 63.4,64.7,66.6 65.3,62.2,65.2 62.2, 65.1, 65.3 62.2,64.0, 65.7
Resolution (A) 44.701.49 46.452.11 65.31.20 32.7-1.30 44.61.20
Unique reflections 21446 (1039) 7385 (408) 86182 (3562) 33353 (1526) 42048 (1551)
Mn (1/SD) 12.9 (1.9) 16.8 (2.1) 17.6 (1.2) 23.7 (1.4) 18.6 (1.0)
CGr 0.99 (0.58) 0.99 (0.8) 0.99 (0.61) 0.99 (0.59) 0.99 (0.50)
Completeness (%) 98.8 (97.4) 90.0 (99.0) 98.1 (81.6) 96.7 (89.2) 96.9 (73.1)
Redundancy 7.6 (7.9) 4.1 (4.4) 6.3 (3.3) 7.3(7.3) 7.1(4.1)

Reryst 0.229 0.236 0.182 0.161 0.168

Rree 0.242 0.295 0.194 0.187 0.192

RMS dev. bond lengths (A)  0.06 0.20 0.0064 0.0052 0.0079

RMS dev. bond angley ( 2.44 10.23 1.40 1.33 1.48
Ramachandran favoured (%) 98.3 79.6 100.0 96.7 100.0

PDB accession code - - 6QYB 6QVH 6R0O1

76



4.3 Results

4.3.1 Crystal formation and conditions
Qystallisdion trialswith low Cu(l) concentrationsf WTSICsp3 (510 Cu(l) equivalentand

2 ival
Apuw" - L 5 Cu(Bequivalentg to

all SCsp3 variants were
carried out. The
conditions used for
these trials were 1.2,
1.9 M ammonium
sulphate with 0.1 M
HEPES pH 7 or 0.1 M
MES pHb. The variants
that were successfully
crystallised were
H111A, H113A,
Figure4.1 ¢ Images of crystals of SICsp3 variants and partial Cu(l) loz
proteins. (A) 5 Cu(l) (B) 10 Cu(l) (C) H111A (D) H113A (E) H107A/H1 H107AH111A, C41S
C41S (G) C57S

and C57S. Crystaddso

grew of partially loadedSICsp3with 5 and 10 Cu(l) molar equivalents. The morphology of
these crystals can be seen lig. 4.1 whereby theywere often large block crystals but
occasionally some crystalvere smaller fragmented cube like structures.

4.3.2 Definition of Cu(l) sites and their grouping within SICsp3

From previous structural characterisation of Csp3 members, modes of Cu(l) binding withi
the protein have been discussed and defif@d19, 169)Prior to reporting the results from

the present study, Cu(l) sites, cores and coordinatom briefly defined ForSCCsp3 the
positions ofthe 20 Cu(l)dns of the fully Cu@paded form are shown in Fig.2A and can be
subdivided into outer and inner cores (dashed red lines &R&).that incorporate the Cu(l)
sites, 114 (inner), and 120 (outer) (Fig.4.2A) (19) Within these two cores Cu(l)
coordination can be divided into three groups based on difiess in coordination
environment(169) In group I, Cu(l) ions are coordinated by two Cys thiolatehersame
helix in a CXXXC motif, in group Il, by two Cys thiolates on different helices of the four helix
bundle and in group llI, by Cys thiolates and other residug. Nt or O atoms from His or
Asp, respectively. The Cu(l) ionsSiBsp3 assigned to each of these groups are reported in
the legend to Figd 5.

4.3.3 Polynuclear Cu(l) clusters form in the outer core at low Cu(l) loading
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The Xray structure ofSICsp3 incubatedvith 5 Cu(Bequivalents was found to contain four
protomers in the asymmetric unit in a similar manner to ®iosp3(19). Anomalous
electrondensity map features were evident in each protomer, which were used, together
with strong peaks in theFeFcmap to assign the location of bound Cughs (Fig4.2B). Of

the four protomers, one displayed anomalous electaansity peaks consistent with the
presence of three Cu(l) ions with the remaining protomers consistent with the presence of
four Cu(l) ions (Fig.2B). The Cu(l) ions are coordindtly the N atom of His113 and the
thiolates of Cys41, Cys57, Cys104 and Cys114Fiy. One of the Cu(l) ions, occupies the
same binding site as Cul7 in the fully Clo@ded SICsp3 and has an identical group Il
coordination sphere of Cys114/Cysbir113(19). In contrast, two Cu(l) ions, although
ocaupying sinlar positional locations to Cul5 and Cul8 in the fully doéjed SICsp3
structure, they are distinct in that they have an altered coordination sph&#. In this
respect, Cul5 (group lll coordination) is not positioned close enough to tfaadin of Asp61

to fulfil the requirements for a coainate bord and is now assigned as group |l coordination
and Cul8 (group Il coordination) no longer coordinates to Cys45 but instead, occupies a
position enabling coordination by Cys114, but remains group Il coordinatiord(Z&). To
recognise these difference®mpared to the fully Cu@paded structures these Cu(l) sites
have been designated Cul5* and Cul8*. A fourth Cu(l) ion is presasitet which is absent

in the fully Cu(HoadedSICsp3 and is designatel as a norcognate Cu(l) binding site with
groupll coordination (Figd.2C green circle).

Group Il and Il dominate the coordination chemistry of the Cu(l) ions in the outer
core of the four helibundle at low Cu(l) loading (F§3A), creatinga negatively charge
trinuclear [Cu(U2-SCys)(SCys)(N -His)] cluster and a neutral tetranuclear [@U-S
Cys)(N' YHis)] cluster (Figt.3A). The latter is symmetrical in that all Cys thiolates are bridging
(L>-SCys) a Cu(l) ion, whereas in the trinuclear clustes fyimmetry is broken as two Cys
thiolates display monodentate Cu(l) coordination (F4gBA). The CiN'}(His113) bond
distance is 2.1 A in both CuS clusters and th&i0Qys) bond distances range between-1.9
2.2 A. In addition, interaction®.5-3.1 A) between Cu(l) ions within the [Qu-SCys)(N' ¥
His)] cluster are observed. From the anomalous electtensity peaks, it is apparent in the

trinuclear cluster that Cul5* exhibits weaker electrdansity, whichs attributed to a lower
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FHgure 4.2 - Location of Cu(l) sites in fully and partially Cloe@jied SICsp3 determined byay
crystallography. The location of bound Cu(l) ions are inferred by the anonesdatrondensity peaks
showninorgy 38 YS&aK | yR 02y 2 debdddstrdctiire with tthe Idcalion @rirthe & /
number of Cu(l) ions found in the inner and outer cores indicated by dashed r€BDBeSEKYL9). B & C)
5 Cu(Bequivalent structures. B) Two protomers showing three and four litu(tds, respectively. C)
Coordinatbn chemistries found in the outer core of the two promoters in (B), with Cu(l) ions represente
blue spheres and coordinate bonds as dashed lines. The smaller spheres indicate partial occupancy |
the anomalous kectrondensity peaks, and the greeircle indicates a netognate site with a Cu(l) ion
bound.

Cu(l) occupancy relative to the other Cu(l) coordinatsites (Fig4.2B). Notably, in the
[Cu(p-SCys)(N' ¥His)] cluster, the anomalous electratensitypeak for Cul5* is consistent
with a higher occupancy, whereas the anomalous electtensity peak for the nowtognate
Cu(l) ion required to form the tetrarclear cluster has lower occupancy (BigB). This could
imply that the [Cu(L-SCys)(N' YHis)] cluster is formed in a sequential manner, whereby
Cul7 and Cul8* are bound first, followed by Cul5* (trinuclear) and finally binding to the
non-cognate sitdo createp,-SCys57 angl,-SCys104 coordination (Fig-3A).
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[Cus(Hz-S-Cys)2(S-Cys)a(N'-His)I [Cua(k2-S-Cys)a(N'-His)]
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Cu17

Cu17
\ pz -C57 2
p2-C41 pz-C41
- \-L
\0 Cu15* nc 0“‘ Cu15*
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[Cug(u3-S-Cys)(2-S-Cys)2(S-Cys)2(N®"-His)" [Cug(p3-S-Cys)a(k2-S-Cys)3(N®'-His)]*

Figure4.3 - Polynuclear Cu(l) clusters present in the outer core of SICsp3. The clusters present in the ¢
equivalent structure (A) artthe 10 Cu(hequivalent structure (B). The Cu(l) ions (blue spheres) bound-at
cognate sites are labelled, nc, and the dereblue spheres indicate a lower occupancy as determined for
the anomalous electredensity peaks.

4.3.4  Cu(l) ions fill the inner core in a dynamic and fluxional manner

In the X-ray structurefor SCsp3 incubated with 10 Cu@yuivalents, surprisingl the
anomalous electroensity mapse&vealed more sites occupied than Cu(l) equivalents added
(Fig.4.4), indicating that some of the sites are not fully occupied. In protomer A, fourteen
Cu(l) ions have been modelled into the anomalous eleettemsitymap, with ten of these
positioned in tlke inner core and four located in the outer core (Mg). All Cu(l) ions
observed in protomer A are occupying cognate sie$ound in the fully Cu(ljoadedSCsp3
structure, but the anomalous electredensity peaks for Cu(l) ions 11, 12, 15*%, 16 &84
(Fig.4.4), indicates reduced occupancy. Notably, no anomalous electemsity peaks are
observed for sites 1, 2 and 4 in the inner core, which is also theinake other protomers
that make up the crystallographic asymmetric unit (Big). Forprotomer B, the anomalous
electrondensity map is once more consistent with the presence of fourteen Cu(l) ions.
However, Cul2 and Culé6 are absent, and anomaloasr@fedensity peaks are present for
two non-cognate sites filled with Cu(l) ions, and thiere distribution of ten Cu(l) ions in the

inner core and four in the outer core as found in protomer A is maintained. For protomers C
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and D (the latter not shownkgighteen Cu(l) ions are observed, with Cul2, Cul3 and Cul6
present, along with additionalreomalous electrordensity peaks located between Cul5*
and 18* (green circle Figd.4). Furthermore, Cu6, Cu8, and Cul4 have anomalous electron
density peaks consigté with lower occupancy relative to Cu(l) ions in other sifBsese
observations of diffeznt distributions and occupancies of Cu(l) ions within the inner and
outer cores reflect a cledtuxionalityof site occupancies during Cu(l) load{rig.4.4).

An overview of the coordination chemistries of the Cu(l) ions in protomers A, B and
C, togeher with the fully Cu(HoadedSICsp3 are illustrated in Fig.5. In common with the
5 Cu(Bequivalent structure, only His113 out of the three His residues atnttouth to the

Protomer A Protomer B Protomer C Fully Cu-loaded
H111
A& < . H}l1 A%
\ 7 4
!o H107 H113 ? H107 H113 Q}’l Hio7 H13 f’ 20 H107
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Figure4.4 - X-ray structures of SICsp3 with 10 Gefjpivalents added. Protomers A, B and C are
represented with the fully Cu{faded structure shown for comparison. Anomalous eleetiemsity for the
Cu(l) ions is depicted iNd y3S YSaK FyR O2y(i2dz2NBR & p & DNXB
cognate sites containing a Cu(l) ion. In protomer A, elealarsity is present in the asymmetric unit that
enables for additional residues to be moddlat the Ntermini, which ow starts at residue 7, as opposed
to residue 15 in the other protomers in the crystallographic asymmetric unit.

outer core is found to participate in coordination chemistry (Bi§). Futhermore, Cul5 is
once more not coordinating to the'Catom of Asp61 (Cul5*), but the' Catom of Asp61
does maintain coordination to Cul4, albeit with a longenttaerage bond length of 2.8 A
compared to 2.2 A in the fully Cul®aded structure. Notably, when Cul3 is absent
(protomers A and B), Cul4 gue a distorted tetrahedral coordination geometry (Cul4*)
through coordination by Cys100, normally reservedGad 3 (Figd.5).
PolynuclearCu(l}thiolate clusters dominated by group Il and Ill coordination are
observed in the outer core for all protomeog the 10 Cu(hequivalent structure (Figt.3B).
In protomer B, the same neutral symmetrical tetranuclear{@xSCys)(N' YHis)] cluster as

seen in the 5 Cughquivalent structure is present (Fi¢.3A and4.5). However, a different
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tetranuclear cluster is found in protomer A, where Cys45 acts as a bridgi®) (igand to

Cul6 and Cul8*, and Cys41l asligand to Cub*, 16 and 17 and Cys57 and Cys104 as
monodentate ligands to create an asymmetric negatively chargedi&8Cys)-SCys)(S
Cys)(N' YHis)] cluster (Fig4.3B). Notably the Cul8* position is shifted in this cluster in
respect to the other clusters @ahbecomes three coordinate (Fi¢.3B). In protomer C, the

two polynuclear clusters observed in protomers A and B combine, together with a second
non-cognate Cu(lipn (green circle Fid.5) to form a positively charged hexanuclear Qe+
SCys)(H-SCysk(N' YHis)] cluster (Fig.4.3B). The second necognate Cu(l) ion in this
cluster is coordinated by Cys45 and Cys57, now making the lafteSdigand (Figt.3B).
Beyond Cul4 and into the inner core no evidence of polynuclear CusS clusters is observed and
Cu(l) ions are coordinated in their respective group 1 or group 2 coordination. Therefore,
these polynucleaCu(ljthiolate clusters confined to the outer cerserve to illustrate the
coordinative flexibility inherent within the group Il and group lll siend how these can
adapt to increase cluster size whilst retaining either four or five Cys thiolates as ligands (Fig.
423).
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Figure4.5 - Coordination chemistry of SICsp3 with 10 Cu(l)

equivalents added. ProtomersB.and C are represented with th

fully Cu(Bloaded structure shown for comparison. Coordinate
bonds to the Cu(l) ions (blue spheres) from®EydisN' *and
AspO atoms indicated by dashed lines. The smaller spheres
indicate partial occupancy based on the anomalous eleetron
density peaksGreen circles indicate the location of romgnate
sites filled with a Cu(l) ion. The following Cu(l) leieng to

group | coordination, Cu2, Cu4, Cu5, Cu7, Cul0, Cul3 and Ct
group Il coordination, Cul, Cu3, Cu6, Cu8, Cu9, Cull, Cul2 ¢

Culs; groupll 14, 15, 17, 19 and 20.

435 Structural effects
of the entrance His residues on
Cu(l) ion coordination

The three His residues

positioned at the solvent
exposed entrance to the Cys
lined core inSCsp3 were tested
for their contribution to Cu(l)
binding and loading. Each His
was individually replaced with
Ala to create the H107A, H111A
and H113A variants.
Furthermore, from inspection of
the Xray structures of the
partially  Culoaded SICsp3,
His113was consistently found to
coordinate a Cu ion (Figs2 and
45). It was therefore
hypothesized that His107 and
His111 could be involved in
initial Cu capture and facilitate
transfer to His113. Therefer
the double

H107A/H111A, was construss.

Hisvariant,

All variants were purified in the
apo-state and CD spectroscopy
indicated the mutations caused
no significant effect to the
protein fold in solution.

To visualise the effect on
the Cu(l) coordinatin chemistry
on removing the His residues; X

ray crysallography studies were

carried out. Xray structures of the H111A, H113A and the H107A/H111A variants after

loading with 25Cul)-equivalents were determined to the resolutions reportedTiable4.5,
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and the positioning of GU) ions inferred throughcreation of anomalous electredensity
maps Fig. 4.6). For the H111A variant, twoSCsp3 protomers were identified in the
crystallographic asymmetric, whereas only @teésp3 protomer was found in the H3A and
H107A/H111A variant structures. Suitablefidi€tion quality crystals for the H107A variant
were not obtained. From the anomalous electrdansity mapgFig.4.6), it is apparent that

for all variants the inner core housing Cu(l) iorBlretains dentical coordination chemistry

to the WTSECsp3, bwever, some variation is observed in the outer cdfey(4.6). For all
variants, an additional Cu(l) ion is present that is absent in the fully-lBa¢d WTSCsp3
structure, and is located adjacerd €ul15 and coordinated by thé ®@f Asp61 and f Cys

57 (Fig.4.6 green circle)In the H111A and H107A/H11A structures both Cul9 and 20 are
notable by their absence, implying that H111 and H107 are important for initial Cu loading.
Removal of His113 results in the absence of CEfj74(.6), but would appear to release steric
constraints enabling for the side chain of His111 to adopt an alternative conformation to that
observed in the WBICsp3 structure resulting in facile coordination to Cu20. It is noted that
in one of the H1l1lArotomers a further additional Cu(l) ion is present that shares the
coordination of the Nt atom of His113 with Cul7, with further coordination by theo®
Cys41. This brings the total number of Cu ions bound to 20 in one H111A protomer (19 in the
other), éghteen regular sites and two additional sites, and underscores the adaptability and

flexibility of Cu(l) coordination sites within these proteins.
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bonds indicated by dashed lines. The smaller spheres indicate partial occupancy, based on the anom
eledron-densty and the green circles indicate the location of {woignate sites not present in the fully Cu(l
loaded structure.
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4.3.6 Cu(l) arrangement in SICsp3 Cys variants
To further understand Cu(l) loading in®Csp3,the C41S and C57S varianigre also

created to assess whether these Cys variamsuld impact Cu(l) arrangemesfurther into
theinnercore ofSCsp3. Asbserved witlthe His variants, anomalous electraiensity maps
were produced for the two Cys variant structurésg.4.7). Similar Cu(l) ioarrangements
were observed in the Cys varianwhereby the inner core of Cu(l) ionsl4d maintaired
similar coordination chemistrysaT SICsp3. The outer core showed differences in Cu(l) ion
arrangement Fig4.7A). For both Cysariants, one Cu(l) was absent compared to the fully
loaded Cu(l) WT Gép3 structure thus giving a total of 19 Cu(l) i¢hg.4.7). Theouter core
Cu(l) arrangement in C41S variant sh@uel7to be absent [fig.4.7A, green circle)Cul6
seems to tak the place of Cul7 by coordinating with tNet of His113 giving a bond length
of 2.3A(Fig-4.7B). In additionCul5is observed to coordinate wit&ys) of C5ih the C41S
variant structure giving a bond length of 283and also newly coordinates WitS{(Cys)of
C104, giving a bond length of 0A. Whereas in the WT CW$Csp3 structure, this Cul5 is
coordinated toS{(Cys) of &1.

All Cu(lyonssurrounding the C41S site maintain full occupancy and adjust to the loss
of Cys4by positioning themselveslightlycloser to the adjacent G binding residuesKig.
4.7B). However, the positioning of these outer core Cu(l) ions does not differ greatly
compared to the WT Cu{8Csp3 structureThe structure of C57S variant demonstrates

similar characteristics. Agaitihe absence of one Cu{$) hicghlighted in the C57Smsicture as
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shown inFig.4.7A and B (red

A c41s C57S
and green circles) thus giving
Hi /- a total of 19 Cu(l) ions. The
H113 - o4 H107 H113 A, (H107 ' _
{5 ®:_ PO/ bl g inner core (Cu(l) ions-14)
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15 =
1495,03) LR as WTSICSp3. The outer core
12 /@811 L2, e . .. .
10, S, displays similar patterns in
10 '4 &8 9 -
8.8, ) N 2 - Cu(l) positioningas C41S
§ Qs '.5 o5 . . . .
R:3: '3 2O T o variant. The Cu(l) ion missing
3
9 By C e from this stucture isCul8
2 1 » 2 1
ig. 4. and sli re
Fig. 4.7B d slight
positioning of outer core
. ) TN Cu(l) ions is observed to
N
N compensate for the loss of
C57 binding siteBut again,
B ra this repositioning of Cu(l)
H111 ” . . .
A -/ ions is only slight andoes
cas c114 HU3Y " 45 H107
H113 .
Kybo /107 ol i [ 2 o - 4 not differ greatly to the WT
J °b/18 > gl § 77," -
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& \. . . . .
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c117 U\ €104 C 14| W . . . .
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corresponding ligands

Figure4.7 - Xray structures of the Cyariants of SICsp3 fully Cu(l)
loaded. A) Worm representations with the His side chains of each
variant shown in baland-stick representation and the N and C
terminus labelled. The anomalous electron density for the Cu(l) ion:
shown inorange meshaf@2 y i 2 dzZNB R | (i pand g@énii
sphere showing the absence of one Cu(l) ion. B)-Gjfos&the
coordination chemistry of the Cu(l) ions (blue spheres) in the outer
with coordinate bonds indicated by dashed lines. Based on the
anomalous Eectrondensity and the green circles indicate the locatio
of Cu(llionsnot present in the fully Cu{lpaded structure
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4.4 Discussion
At low Cu(l) to protein ratios, Qiisites 15*, 17 and 18* are loaded with variable occupancy

and a trinwclear [Cu(2-SCys) (SCys)(N' ¥His)] and aetranuclear [Cu(p2-SCys)(N' YHis)]
cluster, with the fourth C(1) occupying a noftognate site (a binding site that is not occupied
in the fully Cu(HoadedSICsp3) is visualised in the outer core (BigA). Cyl) sites 19 and 20
remain empty but tley must participate in Cuflpading. It is notable from the structural
studies of partially loade&ICsp3 that Cu(l) occupancy at sites 19 and 20 is only observed in
the fully Cu(BHoaded structure, and inhte case of the His variants, sites 19 and 20anly
occupied when His107 and His111 are together present 4F6@. Thus, Cil) sites 19 and
20 may be considered as transient loading sites or entrance sites to the outeDeameison
and coeworkers uéng Xcrystallographyalso visualisedan initial [Cu(p-SCys)] cluster
forming, butin the inner core oMtCsp3 undetow Cu(l)lloading conditiong76). However,

in SICsp3, the formation of [G(L.-SCys)] clusteris observedot in the inner core but in the
outer core.

At low Cu(Dloadings (five Cu(l) equivalentd)inding sites 414 remain emjpy,
implying an energetic barrier to the distribution of Qubeyond the initial tetranuclear
cluster fomed in the His entrance must exist. Thus, fk(U2-SCys)] cluster must be
thermodynamically more favoured than occupancy of the sites availaltheiinner core, at
least under low Cli) to protein ratios. On addition of 1Gyl)-equivalents, sites ithin the
inner core become occupied, with it noted that variability in site occupancy between
different chains of the homotetramer exist, implying flexibility and fluxionality ¢f)@Guthe
protein during loading. Furthermore, sites 1, 2 and 4 dispiieyiar traits  sites 19 and 20
in that occupancy is only observed when Ccsp becomes fully Cu(l) loaded.@Fagd4.5).

The Cys variant structures upon full GdgBding maintain an undisturbed inner core
which was identical to the WT CuBILsp3 Fig.4.7). Theouter core however did show slight
differences in Cu(l) ion arrangement. In particular, Cul5 seemed to adjust in the absence of
either A1 or §s57 by coordinating with either one of these Cys ligands that was still
present. In each struate, there wasan absence of one Cu(l) idn,the C41S structurghe
absent Cu(l) ion was Cul7 whereby in the C57S strychegabsentCu(l) ion was Cul8. The
overall impact that changing Cys41 and Cys57 had on the Cu(l) ion arrangement of the outer
core was minimal.The remaining outer core Cu(l) ions showed only small variances in
positioning but maintained analogous coordination symmetry as the WT -SIGdp3
structure.

The combination of the Cu{ldaded variant structures and partial loaded stnuiets

of SCsp3will aid in understanding the kinetics of Cd@iading toSICsp3. Chapter 5 describes
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stopped flow kinetic studies, which together with the structures presented indépter,
help define the mechanism of Cu(l) loading, with particulaufoof the thre His variants
(H111A, H113A and H107A/H111A).
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Chapter Five

Studying the kinetics of Cu(l)
loading and Histidine coordination

In SCsp3

Some results from this Chapter have been published in:

Straw, Megan L., Hough, ®IK I St ! @3 2 Afaz2zys aAOKFISt ¢d3 2 2NN
residue and a tetranuclear cuprodisiolate cluster dominate the copper loading landscape

of a copper storage protein froi&treptomyces lividags H Gherjistryc A European

Journal
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5.1 Introduction
To circumvent the potentially toxic effects of aqueous Cu(l) ions in the bacterial cytoplasm,

Cu(l) is moved between sites in a defirmald safemanner. The accepted view of cellular
Cu(hytraffickingi.e. transfer of Cufl from a donor to an accegr, is that it comprises of a
ligandsubstitution process at the inorgantentre a fundamental process of inorganic
reaction mechanismgl71) In this mannera Cu(Bbound donor (protein or low molecular
weight ligand) assodies with an acceptor, enabling intrusion into the donor coordination
sphere of a ligand from the acceptor, ensuring that Cu(l) remains at all time coordinated
between donor and acceptoma facilitating rapid Cu(l) exchanffel1, 172176) Therefore,

for Csp3 members to act as a cytosolic Cu(l) store, cuprous ions will unquestionably need to
be delivered by a donor. The nature of the donor that acts to deltugit) to Csp3 members

in vivois unknown, butas shown n Chapter 3 a Cu(Bchaperone protein, CopZ, that
coordinates a solvent exposed Cu(l) ion through thiolate coordination in a CXXC motif can
readily transfer Cu(ih vitroto SICsp3(19).

Recent insights into Cu{bhading of MtCsp3 have been obtaidethrough Xray
crystallography studie€/6). Structures determined at various Cu(l) to protein ratios reveal
the existence of initial tetranuclear Cuthiolate clusters, [Cif-SCys)], located inthe Cys
core (Cu sites 3 to 14) of the four hetimndle (76). As more Cu(l) is loaded the tetranuclear
Of dzZaGSNBE O2Y&AARSNBR a4 WAYUGSNNYSRALFUGEGEQ Sg2t @S
Thus, theformation of tetranuclear clusters is considered a driving force for acquisition and
safe initial storage of Cu(l) by Csp3 meml{&g; 169)

ThisChapterinvestigates stoppedlow kineticsof Cu(l)loadingto WTSCsp3and His
variants(170) This work complements the structural studies described in Chapter 4, where
the formation of various intermediate clusters includingetranuclear[Cu(l2-SCys)(N -

His)] cluster in the outer cora@s discussed. Thes#ata reveal thatat low Cu(l) loadings,
polynuclear Cu(l) clusters form exclusively in the His entrance of the fourthelide. As

more Cu(l) ions are loaded, Cu(l) sites become occupied to varying extents in the Cys core.
Kinetic studies using the Cublicinchoninic aid complex([Cu(BCA)*) as a donorreveals

rapid uptake bySICsp3 of two Cu(l) ions within the fifgw seconds of the reaction time
course, followed by additional slower phasé&se role of the His residues lining one end of

the four helixbundle in @(l) loading have been determined, offering the first experimental
kinetic evidence that Cu(l) loadsthe His end. From these data, a model of Cu(l) binding to
SCsp3 is proposed and discusséd.addition, data obtained from splithamber tandem
cuvette studies is also presented to further demonstrate the Cu(l) acceptor/donor

interactions between CopZ cparone, CopZ3079 and VBICsp3.
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5.2 Methods

5.2.1 Preparation of proteins, Cu(l) solutions and complexes
Apo-SCsp3 proteins were exchanged into 10 mM MOPS pH 7.5, 150 mM NacCl. For Cu(l)

titrations and stoppeeflow kinetics samples were prepared together with Cugllitions in

an anaerobic chamber (DW Scientifig][© 2 ppm). Solid CuCl (Sigilarich) was dissobd

in 10 mM HCI and 500 mM NaCl and diluted with 10 mM MOPS pH 7.5, 150 mM NaCl. The
Cu(l) concentration was determined spectrophotometrically using a 6&ryJ\visible
spectrophotometer (Varian) thermostatted at 2C through stepwise addition of the sick

CuCl solution into a known concentration of the Cu(l) specific bidentate chelator
bicinchoninic acid (BCA; Sigkirich). Formation of the [Cu(BGK) complex was
monitored using absorption spectroscopy by following the increase in absorbance athb62

on addition of Cu(l) and the concentration determined using &+ 7,900 M cm?* (147)

5.2.2 Stoppedflow absomption spectroscopy

An Applied Photophysidd.eatherhead, UK) stoppdtbw spectrophotometer operating in
absorbance mode using either a photomultiplier capture system or diode array and
thermostatted to 20°C was employed to monitor the kinetics of Ciggding toSCsp3 and

the His variantsAnaerobic buffers were prepared by repeated exposure to vacuum followed
by equilibration with oxygen free argon. Buffers were taken into glass syringes equipped with
coupling tubes allowing dilution of the anaerobig({} solutions without exposure to oxygen.
Protein solutions were prepared by similar cycles of gentle degassing and equilibration with
oxygen free argon. The stoppdéldw apparatus was washed through with anaerobic buffer
prior to introduction of the reatants (protein and Cu(l)) under study. $procedure permits
reactions to be studied at oxygen concentrations ofi or below. The appropriate
extinction coefficient (accounting for the slitidth used in the stoppedlow experiments

and wavelength dirimination in the diode array) for bleaitty the [Cu(BCAJf complex on

Cu(l) removal was determined by mixing a known concentraifdhe [Cu(BCA)* complex
(200uM) with an excess of protein and monitoring full bleaching of the absorption band at
562 nm using the diode array. The value detied forzsenm= 7,200 Mt cnl. This value
constitutes ~ 90 % of the literature val(@47)

5.2.3 UVvisible spectroscopy Cu(l) transfer studies

Apo-CopzZ3079 protein (3 mM) was prepared inaaraerobic chamber (DW Scientifi@;] <

2 ppm) in 10 mM MOPS pH 7.5, 150 mM NaCl and 2 mM DTT in a total volume of 2 ml and
incubated ovemight at room temperature. This CopZ3079 was apptiede to a 25 ml
desalting PD10 column equilibrated in the expeental buffer to remove DTT. iéquired,

the CopzZ3079 was loaded with an excess of Cu@)n®lar equivalents) then applied to a
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PD10 column to remove any unbound Cu(l). Sfisp3 protein was exchanged into the
experimental buffer in the anaerobic cimdber. The proteins were then addl in equal
volume to each compartment ofglasssplitchamber tandencuvette (0.5¢ 1 ml). A baseline
scan measurement scamas takenusing aCary 60 UWisible spectrophotometer (Varian)
thermostatted at 20°C before nixing of the two proteins. Then ltilo proteins weremanually
mixedtogether and ameasurement scamwas taken in the first ~ 10 seconds after mixing.

Subsequent scan measurements were taken at set time intervals to observe for possible Cu(l)

transfer.

5.3 Resuls
Addition of Cu(l) to the apsetate of the Cys variantssingle and double Higariants under

anaerobic conditions, led to the appearance of absorbance bands in thepedfrum that
have previously been attributed in the WT protein to arise from (Gys)®u(l) ligand to
metal charge trangr (LMCT) bandd, 19) For all variants the absorbance bands in the UV
region of the spectrum increase concomitantly with the C8{sp3 atio (Fig.5.1A and
Appendix3). A saturation point coinciding with aaschiometry of ~1820 Cu(l) ions bound
per protomer (Fig5.1B) was observeds also noted for W3ICsp3 and thus, th€ys variants,

single and double Higariants do not prevent Cu(l) loading.
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Figureb5.1 - Cu(l) titration to the SICsp3 H107A/H111A variant. Ayid\differace spectrum
upon titration of a stock solution of CuCl té M of the protein revealing the appearance of
(Cys)8- Cu(l) LMCT bands. B) Plots of absorbance versus the Cu(l):SICsp3 concentratiol
at selected wavelengths taken from (A). A break point in the absorbance is reachee24t ~1:
Cu(l) equivalents. pgriments were performed at 2C in 10 mM MOPS pH 71%0 mM NacCl.

5.3.1 Aqueous Cu(l) can rapidly fill SICsp3 binding sites
On rapidly mixing Cu(l) witlsICsp3 at subto superstoichiometries with respect to the Cu(l)

binding sites withirSICsp3 under anaerobic conditions, optical transitions in the UV region

of the absorption spectrum were observed, consistawith previously repaed static
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titrations (19). The reaction time coursdsr the transition at 28(hm are shown in Fid.2A.

A rapid increase in absorbance is observed within the first 2 seconds followed by slower
processes (F&5.2A and B). The amplitudes of the fast processes at 280 and 310-8m (0
seconds of the reactignshow distinct dependenseon the Cu(l) concentration (Fig2C),
consistent with the titration of SCsp3 with Cu(l),i.e. below stoichiometric Cu(l)
concentrations the amplitudecreases linearly, indicating high affinity binding. Thereafter,
(at superstoichiometries) the amplitude plateaus, as expected for saturation of all available
sites and the intersection of these two titration phases indicates a stoichiometry of Cu(l)
binding of ~90uM Cu(l) (Fig5.2C), consistent with 20 Cu(l) sites per proem{19).
Therefore, from the stoppeflow data, SICs8 becomes fully Gl) loaded within 2 seconds.
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Figureb.2 - Kinetics of aqueous Cu(l) loading to SICsp3. A) and B) Stibppedaction timecourses
monitored at 280 nm on mixing increasing concentrations of CuCl under anaerobidorsnditfast phase
between 02 seconds is observed (B), followed by slower ghager timescales up to 200 s (A). C) The
amplitudes of the fast phase (betweer2@econds) observed at 280 nm and 310 nm plotted against
increasing concentrations of Cu(lheTintersection of the two dashed lines is indicated revealing a
saturating Cu(l) concentration of ~ M. Experiments were performed at 20 in 10 mM MOPS pH 7.5
150 mM NaCl with 4.AM of SICsp3 after mixingolutions of Cu(l) at known concentrativare obtained
from dilution of a ImM stock CuCl solution under anaerobic conditions

The rates of the loading processes seen intthree courses in Fidh.2A and B, display some
Cu(l) concentration dependence, but do not conform, when analysed as sums of one or two
exponentials, to secondrder rate processesThis is to be expected given the complex
physical chemistry of Cu(l) loading at a single site and then transferring through the
protomer. For full loading to occur within 2 seconds, the individual binding sites within the
protomer althoudn having a high tninsic affinity for Cu(l), are able to pass the Cu(l) between
sites suggesting an internal ligapdchange mechanism is operating through the protomer.
Thusthesedataimplythat the haltlife for Cu(l) dissociation from any site withire binding

tube is << 2 seconds. The slower phases seen irbR#y.could not be assignedut were
variable in rate and amplitude, and may result from either sspecific binding or metal
induced proteinprotein interactions and are not further discwesk In addition, he rate

constants associated wittverytime course reported in this chapter have not been included.
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These values were often varying and inconsisteating plotting and fittingfor further
analysis. This coulak due to the complex mechmsms potentially occurring in Cu(l) transfer
and binding withSICsp3 thusre not further mentioned.

5.3.2 Cu(l) is loaded to SICsp3 from a donor in multiple phases

Loading of aqueous Cu(l) 8iCsp3 is unlikely to occim viva Trafficking of Cu(l) within &
bacterial cytosol involves ligarekchange between the metalontaining donor and an
acceptor(171) ensuring that the Q) ion remainscoordinatedat all times. To investigate

such a process, the Cuflifrogen donorBCAhas leen usedo monitor the kinetics of Cu(l)
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Figureb.3 - Kinetics of Cu(l) loading to SICsp3 from the [CugBGamplex. A) and B) stoppdidw
reaction timecourses monitored at 562 nm on mixi8Fsp3 (uM) with increasing concentrations of
Cu(l) chelated in the [Cu(BgA)xomplex revealing an initial $aphase (B) followed by slower phases (¢
Dashed lines indicate the expected absorbart@nges for removal of Cu(l) equivalents from the
[Cu(BCA)*. Up to 50uM [Cu(BCA)* complex the kinetics could be monitored satisfactorily for the firs
200 secads, thereafter, at longer times and at higher [Cu(BEEApncentrations, interactionsdiween
[Cu(BCA)?* complexes themselves perturbed the spectra and made it impossible to analyse confide
the data in terms of Cu(l) transfer to SICsp3. Experisn@ate performed at 28C in 10 mM MOPS pH
7.5, 150 mM NacCl.

loading to SCsp3.In Chapter 3 it was showthat SC93 can remove Cu(l) from the
[Cu(BCA)* complex(19). On rapid mixing oSCsp3 with [Cu(BCAJ in the stoppedflow
spectrophotometer, bleaching of the complex absorbance band centred at 562 nm was
observed. Th kinetics of this process are shown Fi§s8A & B. A rapid decrease in
absorbance at 562 nm in Fig3B, illustrates Cu(l) transfer occurs within the first 2 seconds
of the time monitored. Given, the high affinity of BCA for Cu(l) (implying a vanigisimgill
dissociation rate constant), the trafes cannot proceed with aqueous Cu(l) as an
intermediate and thus must proceed via complex formation betw8&sp3 and [Cu(BGR)

. The amplitude of the absorbance change is seen to be [CujBECé)centraton dependent
(Fig.5.3A). Using amssz nm= 7,200 M* cm* for the [Cu(BCA)* complex as determined for
monitoring in the stoppedlow spectrophotometer gee 52.2 Methods), it is indicated on

Fig.5.3A the expected absorbance changes for filling ufotar sites inSCsp3 (5.M) with
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Cu(l).Within the first 2 seconds, between 1 and 2 Cu(l) ions are delivered depending on the
concentration of the [Cu(BCAY complex (Fig5.3B). Over a longer timperiod (Fig5.3A),
80-85 % of the () is removed fron the BCA complex, e.g. i Cu(l) of the 12.5M Cu(l)
available. The discrepancy of the total Cu(l) available and thelGadgd may arise either
from a much slower delivery over a longer tirperiod that is not observed or in the
expelimental error d solution concentrations. Analysis of the kinetic processes showed them
to comprise of at least threexponential phases. This may be expected given that Cu(l) ions
must be delivered from the [Cu(BGK)complex one at a time and thus irlve i) complex
formation, ii) Cu(l) transfer and iii) dissociation of the free BCA. Furthermore, sequential
loading of Cu(l) implies Cu passing from-gitsite within theSICsp3 protomer as inferred
from agueous Cu(pading. Neverthelesst is observal that the mostrapid phase is most
easily interpreted as transfer of a Cu(l) ion to a first coordination sigdsp3.

5.3.3 His107 is important for initial Cu(l) entry

To probe further the mechanism of the initial Cel@ixding toSICsp3, stoppediow kinetics

of the Hs-variants with the [Cu(BCAY complex as the donor was carried out. Figbd
compares the loading of Cu(l) to the \BICsp3 and the His variants with the expected optical
density change for filling one site with Cu(l) indicated. Over the first 2 slscoapid transfer

is observedKig.5.4A) and it is apparent that the H111A and H113A variants are essentially
indistinguishable from the WBCsp3, whereas the H107A and the H107A/H111A double
variant clearly show that entry of Cu(l) is perturbed (5igA). This implies that HL07A$a
major role in initial Cu(l) transfer. Over a longer tiperiod, during which ~ 80% of the

available Cu(l) can be delivered to the BTsp3, further effects of the Hisariants may be
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Figureb5.4 - Kinetics of Cu(lpading to the SICsp3 His variants from the [Cu(BE€&)mplex. A) and B)
stoppedflow reaction timecourses monitored at 562 nm on mixing SICsp3M)and the His variants
(5.55.8uM) with 50uM [Cu(BCA)* complex revealing an initial fast phasgfallowed by slower phases
B). Shaded area in (A) indicates the expected absorbance changes for removal of one Cu(l) equivale
the [Cu(BCAJF complex based on the vation of protein concentrations used. Experiments were
performed at 20°C in 10nM MOPS pH 7.5, 150 mM NacCl.
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discerned (Fig5.4B). The H107A viant identified as important ininitial entry, slows
subsequent loading (Fi%.4B), whereas the H111A variant, while not effecting the initial
entry, does further slow Cu(l) entry (F|§4B). Of note, the double variant which is similar to
H107A in affeting the initial entry, has agnificant effect on subsequent loading (F3giB).
Examination of the structure ifig.4.5and these data, indicate H107 and H111 are important
ligands to the first two Cu(l) sites (19 and 20). The H113A variant affeithemnthe initial
entry nor sulsequent loading of up to at least four Cu(l) ions per protomer, suggesting that
the removal of this coordinating His does not impair binding to the site or impair transfer
from the initial entry sites to other available sste

5.3.4 Cu(l) transfer between WT Y3 and CopzZ3079

The studies of Cu(l) transfer between cytosolic Cu(l) chaperone, CopZ3079 aBigdapd
have been previously described in Chaptgil9). Thesein vitro experiments involving gel
filtration revealed a clear distinction between the elution profiles of GD@pZimer species
(Cuc(Copzy) and the apo Copionomer species. This allowed visual clarification of Cu(l)
transfer between these two mteins; Cu¢(CopZ) donating Cu(l) to apd&LCsp3 thus
reforming the monomer CopZ speci€®). This outcome indicated the possibility of these
two cytosolic proteins interaatigin vivothrough transient Cu(l) exchangeechanismg163)

To further investigate these interactions and support the previous work;vigV
spectrophotometry was carried out to observe Cu(l) transfer usiagliachamber tandem
cuvette The results of thesexperiments are shown in Fi§.5. Upon mixag Cu¢(CopZ)

with apo WTSECsp3, LMCT bands can be observed at wavelengths 3103@0 nm (Fig.
55A). Though these LMCT bands are not shown in their entirety, as absorbance at
wavelengths lower than 300 nmere not possible due to using glass cuvettén these
studies. Regardless, this outcome clearly shows Cu(l) transfer from donor CopZ to acceptor
protein SCsp3. The time recorded in FsgbB showing a plateau in Cu(l) transfer was reached
after 10-15 mnutes Fig.5.5C displays the same experiment but invalveixing of WT Cuf)
SCsp3 with a ~2&ld excess of apo CopZ. It is seen in thevid\spectrum (Fig.5C) that a
drastic increasén the LMCT bands demonstrates the CopZ removing Cu(l) ionsClu¢bn
SCsp3. The plots shown in FagbD further demonstrate this instant and rapid Cu(l) transfer
as a plateau was reached after mixing both proteins (~10 secondsputb@neis a diret
result of the presence of excess CopZ chaperone that outcors@Tsp3 for Cu(l) du®

this protein concentration difference (Cu@Csp3 (6.28 a) and apo CopZ (176 d).
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Figureb5.5 ¢ Cu(l) transfebetween Copz3079 and SICsp3. (Ayidépectrunof split cuvette

YSI adz2NBYSyid 2F /dzoL0 t2FRSR /2LMonTtd 6yyd
the baseline was taken which is before mixing these two proteins. After mixing, measuremen
weretaken every 1 minute for 70 minutes (B) Plotslid@bance versus time (minutes) at selecte
wavelengths taken from (A). A plateau in Cu(l) transfer between the two proteins was reache
after 10-15 minutes. (C) UVis spectrum of split cuvette measuremefniCu(l) loaded SICsp3 (6.2
>al0 YR FLEMT7EL¥on® ¢ YSI| &dzwNa vakey whick? iFbefor& S ¢
mixing these two proteins. After mixing, measurements were taken every 1 minute for 33 min
(D) Plots of absorbance versus time (misjizt selected wavelengths taken from (C). An aimo
instant plateauwvasreached in Cu(l) transfer after mixing (~10 seconds). Experiments were
performed at 20C in 10 mM MOPS pH 7.5, 150 mM NacCl.

5.4 Discussion

The capacity to bindnultiple Cu(l) ions through predominately thiolate coordination
chemistries to protect bacteriagainst potential toxicity is an inherent feature of the recently
discovered Csp3 membef$69) Understanding the kinetic and thermodynamic intricacies
associated with Cu(l) loading to these proteins is particularly challenging considering the
number of potentialbinding sites (cognate and narognate) that Cu(l) thiolate chemistry
can imposeTheresultsfrom these kinetic studies arationalisel below and anodel of Cu(l)
binding in terms of the relative energy of binding to the distinct Cu(l) sit8sp3as been

constructed.
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An initial binding complex is not directly observed when using either aggi€u(l)
or the [Cu(BCA)* complex as a donor to loa#8ICsp3 as implied by the lack of secenrder
binding kineticsi(e. no linear dependence ds on Cu(l) concentration). Such a complex
must be present in the initial binding step and is a situati@miniscent of Cu(l) loading to
other proteins whichhave beenstudied using stoppeelow spectroscopywhereby rapid
metal ion binding may be inferred but not directly observétil2, 118, 177)It seems
reasonabé to suggest that this complex involves initial His binding to Cu(l), which is expected
to be optically silent as proposed earli@rl2)

A model to describe Cu(l) binding in termstloé relative energy of binding to the

distinct Cu(l) sites is depicted in F5¢b and illustrates the relative stability of the complexes

N N
| |
*+ cu*
A 0N H107A 2 N7 N 3-
¢ = [Cu(BCA
J 5 + H107A/H111A J [Cu(BCA)]
SICsp3 :
JH111A
v 7 H113A
E S35 '/‘\ | /\\19&20 Asp sites
" 15%,17,18* 14,15
/ His-ligand Cu AL y —
Cyce CusSs™ 15%17,18* .~
v +Cu
H|s107 SICsp3 CuyS —_—
P 454 14101
Entrance Otiter core Inner core
site

Figureb5.6 - Scheme to illustrate Cu{hadingfrom the [Cu(BCAJf- complex to the Cu(l) sites in SICsp3. Tt
relative stabilities of the sites are depicted relative to an arbitrary energy scale. The exterdiod loBCu(l)

is in accordance with the thermodynamic stabilities of the sites, whiskitietics of loading are controlled

by ligandexchange mechanisms between adjacent sites. See main text for details.

of Cu(l) in the sites described. When Cu(l) transfer is from the [Cu{BCd&)plex, this must
occur via a ligandubstitution mechanism to account for the relatively fast transfer (big).

As the tetrahedral [Cu(BGH) complex is coordinatively saturated we suggest that on mixing
with SICsp3 a heteroleptic complex forms,misting of [Cu(BCAHNd a nitrogen fom a His
residue with the net loss of a BCA ligdRt}).5.6). This His residuean be identifiecas His107
based onthe initial phase of the kinetic time course (F&4A). Following this step, an
energetically fagurable transfer to sites 19 and 20 wdtcur, which structurally would
involve both His and Cys coordination (group Ill). Sites 19 and 20 are transiently filled and
Cu(l) is transferred to sites 15* 17 and 18* causing release of His107 from coordismadion
enabling for further Cu(l) capturfieom the donor (Hidigand cycle, Figh.6). The trinuclear
cluster thatis visualisel in one of the protomers at 5 Cu{gguivalents may therefore be
considered as a higher energy cluster on the way to forming tbeerthermodynamically

stable tetranucleacluster (Figs5.6 and4.3A).
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Figure5.4B shows that over a longer reaction time course, both His107 and His111
slow Cu(l) loading beyond sites 19 and 20 and their effects are addrthis. may be
accounedfor by reference to the crystal structuf€ig 4.6) that indicates both His residues
are involved in binding and stabilising Cu(l) in sites 19 and 20. The removal of these residues
may lead to a decrease in the Cu(l) loading to these sites and hercsloaving of loading
to the interior of the praein as this must occur from Cu(l) populated at sites 19 and 20.
Furthermore,as His107is important for the ligandexchange mechanism of passing Cu(l)
from BCAjt maybe expeced thatthis residuehas amarked effect, because in order for up
to four Cu() ions to load as illustrated in Fig4B, the [Cu(BCA4)-HisSCsp3 complex must
form, transfer Cu(l) and dissociate after each Cu(l) is donated. Thus, for four Cu(l) ions loaded,
the Hisligand cycle musbccur four times and as each loading requiresla7 for efficient
transfer its absence would have a significant effect on the loading and could account for the
observed kinetics (Fi§.4B).

At low Cu(l) stoichiometry, Cu(l) transfer beyond site 15* isabserved. Thus, the
formation of the[Cu(u-SCys)(N' YHis)]cluster creates an unfavourable barrier to loading
into the inner core (Figh.6). A reason for this may be that to move Cu(l) into the inner core
via the binding sites 15 and 14, interaction with Asp61 must occur (Asp sitéfidhard
ligand/soft metal interaction is less favoured and of lower affinity than the Cu(l) thiolate
coordination dominating the tetranuclear cluster. However, as more Cu(l) is loaded into the
outer core this barrier can be overcome, leading to transfer thi® inner core becoming
favourable. This accounts fahe observation that at 10 Cu(BquivalentsCu(l) ions are
present in both coresHig. 44).

The model depicted in Fi§.6, also gives insight into ho®{Csp3 achieves very high
affinity for Cu(l) whe retaining rapid kinetic transfer. A mathematical analysis of a rsit#i
protein (up to 20 ges) is complex and requires solutions of at least quartic equations.
However, without resorting to such complexity it is possible to see that the dissatiatio
constant Kq) for SCsp3, defined as the free Cu(l) concentration in solution at equilibrium
with the protein at half saturation, arises from tigof the initial Cu(l) capture site, which is
likely to be of the order 1® M (typical for Cu(l) His intaction (112, 118) divided by a
function of the multiple of the equilibrium constants for transfer from the capture complex
to sites 19 and 20, sites 15* 17 and 18* and so on. Overall this multiple will be ladge a
positive, resulting in the extremely smadi value (10" M) measured folSCsp3(19).

Thein vitro Cu(l) transfer studies between C@W9 and WTSICsp3 presented in
this chapter further support work presented in Chapter(3). The analytical gel filtration
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studies shown irChapter 3demonstrated Citg(CopZ) is able to transfer Cu to apdlCsp3
(19). Theseinteractionsare not uncommon formetalloproteinsand normally involves a
transientligandexchangenechanisn(163) Indeed the split cuvette method/ielded resuls
that Cu(l) transfer is unidirectional thus Cu(l) is only transferred fromq(CapZ) to apo
SCsp3 (Fig. .5A & B. This exchange does not occuices versa using equal protein
concentrations in the splituvette method as equilibrium does not favour this but further
experiments were carried out using an ~&28d excess of apo CopZ in the presence of Cu(l)
SCsp3 (Figh.5C & D). This demonstrated atmost instant removal of Cu(l) ions frd&iCsp3

by apoCopZ after mixing (~10 seconds). The split cuvette experiments suppdatto that
Cu(l) transfer does occur between these two proteins and under the experimental conditions
in Fig5.5A & B, tranker reaches a plateau after 116 minutes.

Future work cald involve testing the Cys and FEsp3 variants for Cu(l) transfer
with CopZ and further examining rates of Cu(l) transfer. For instance, Dennison and co
workers presented similar studies betwearCsp3 fronBacillus subtisand a CopZ from the
same a@ganism(2, 75) It was determied that Cu(l) removal froB<Lsp3 byBLCopZ was a
slow process whereby ~40% of Cu(l) was removed B&Dsp3 byBLopZ in 64ours(2, 75)

This was also observed for Cu(l) removal fidethylosinus tichosporiumOB3bMtCsp3 by

its physiological partner, Mbtin, which has a high affinity for Ga(Ip, 13) It was found in a
study by Viteet al. that Mbtin removes all Cu(l) froMtCsp3 in ~15 day®). This highlights

the thermodynamically unfavourable direction of Cu(l) transfer for these Csp3s by their
physiological partners.

In conclusion, this study offers the first insight into the kinetics of Cu(l) loading to a
non-methanotrophic Csp3 member and in particular highlights that the His residues at the
hydrophilic mouth of the outer core are the entransiges of Cu(l) loadindzurthermore, it
illustrates that efficient kinetic transfarccursfrom an organicCu(lnitrogendonor toSICsp3
In vivo potential Cu(l) donos to SICsp3could involve Cu chaperone proteins that utilise
digonal biscystientate cordination(111, 176, 178and thus the kinetics of Cu(l) transfer to
a Csp3 may differ from a thiol Cu(l) donor compared to a nitrogen donor. However,
chalkophores, natural products produced by bacteria that deedend transport coppe(16,

62, 179, 180predominately utilise nitrogen as a Cu(l) donor, as is the case here with the
[Cu(BCA)*> complex. Until recently chalkophoreshave been associated with
methanotrophic bateria (62). Interestingly, diisonitrile derivatives with nitrogen and/or
oxygen as Cu(l) donor, with 1:2 (Cu(l):ligand) stoichiometry, have been discovered in

Streptomyces thioluteusnd identified to play a rolan Cu uptake mechanisnis). This poses
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the question of whether similar compounds serve as donors to Cgs3epposed to thiol
donors such as CopZ Cu chaperorigaus,the kinetic studies of Cu(l) transfer 8C$3
utilizing a nitrogen Cu(l) donor in the guise of the [Cu(BEApmplex and the discovery of
role for a His residue in facilitating the Cu(l) transfer bear significance on potential biological
events. Structural studies further indicate that the dmg force to sequester Cu(l) and
prevent toxicity by Csp3 members tisrough the initial formation of tetranuclear Cwl)
thiolate clusters(76, 169) Contrary to cluster formation in the inner core as revealed in
MtCsp3, a tetranuclear cluster forms in the outer cor&Bisp3 and its presence affects the

loading of the inner core at low Culdading.
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Chapter Six

Developing an oveexpression
system for the integral membrane
protein SLI. RS172%DUF4396)

from Streptomyces lividans
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6.1 Introduction
The expression and characterisation of membrane proteins continues to be one of the most

challenging areas protein structuralbiology (181, 182) This is de to their hydrophobic
nature as they are found in the mosaic lipid bilayer of the cell with occasionally extra domains
outside the bilayer(183) This makes it difficult to express these proteinish an added
difficulty being thatthey are oftenunstable in solution without a suitable detergeptesent
(183-185). Indeed, the structural biology of this claggooteins is highly sought after as they
representmore than 60% of drug target(186, 187) In addition, most membrane proteins

are present in low amounts in membranes and the need to @xgress them efficiently is
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Figure6.1 ¢ Chemical structures of detergents used in membrane protein solubilis&talium dodecyl
sulfate (SDS); polyoxyethylene sorbitan monolaurate (Tween2@cydl -+-maltoside (DM); roctyH -
r-glucoside (OG);-6yclohexyll-pentyH -+-maltoside (Cymab); nonanoyiN-methylglucamide (Mega
9); lauryldimethylaminéN-oxide (LDAO}ecylphosphocholine (Fasoline10). Image taken fron(8).

paramount. Furthermore the issues that arise fronexpressing cloned constructs of
membrane proteins in any system is proteaggregation in the cytoplasm therefore
obtaining high amounts of protein extremely challengingl85) The use of detergenis
membraneprotein purificationis a prerequisite as they comprise of a hydrophobic chain
and a polar had group and are amphipathic overgll85) thus mimcking the natural
membrane lipid environmentSome examples of commonly used detergesuts shown in
Fig.6.1.

The detergenmoleculesin Fig.6.1 have physicochemical properties thate similar to tke

phospholipids in the mosaic lipid bilayer of cell nanes. They form micelles in aqueous
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solution and thus form around the membrane protein which maintains their stability and
solubilises these proteing185) However, despite the wide use of detergents, their
effectiveness in maintaining membrane pe structure and activity has often proven to be
inadequate. The structure of some cell membranes contains various other lipids and
membrane proteins have adapted to exist in such environments whereby the membrane
provides this lipidic complexity that eares proper protein folding which leads to enhanced
membrane protein activity(188) Due to this, detergents alorare insufficient in replicating

this environment. The use of detergents also poses the fundamental question of which
detergent to use? The lack of a singtdution to solubilise any membrane protein leads to
endless experiments of testing a great numbé&detergents which is time consumi$88)

Thus, a new technology had been developed to replicate the physdiayse membrane
bilayer(188-190)known as styrene maleic acid lipid particles (SMA(RS, 191, 192)This
method involves directly removing proteins from the membram@ SMALPE188) SMALPs
maintains a structure of an outer layer of styrene maleic acigagmers (SMAJ188, 193)
supporting a central lipid bilaye(188) This assembly is maintained by intercalating
hydrophobic styrene groups between the acyl chains in the bilayer with solvent exposed
maleic groupg$188) This novel bilayer capsule@dls to extract proteins by maintaining the
lipid formation and physical characteristics of thaN.2 (i Safiv¢’ @embane environment
(188,194) This method is an improvement of tlietergentbasedmethod but doeshave
limitations. The SMALP nominal maximal diameter is ~15(188) which requires that

protein molecular mass cannot be more than ~400 KI&8, 193)
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Indeed,the use of SMALPs limits the types of membrane proteins that can be isolated. To
overcome issues in heterologous membrane protein expression, it is also paramount to
understand their behaviouin viva The functions of membrane proteins range fraeting

as ion channels, ATPases, transporters, electron caraeds more (20). Integral inner
YSYOo NI yS LINE ( SalyNINBfaliBg bE8hagB0O3INJ ¢ikelicalhmembrane
proteins can exist monomerically or as oligomers and possess membrane spanning helices
that are either reentrant, curved, straight or kinkg@0). In prokaryotesinembrane proéin
expression consists of targeting the protein to the correct membrane location, topogenesis
to properly integrate the membrane protein which could involve structural folding of loops

or multiple subunits brought together to form an oligonemembrane potein complex

SecYEG

Ribosome

Figure6.2 - Membrane protein insertion diagram and the function of translocases. (a) Transmembrar
(TM) fragments are partitioned into the lipid phase by SecYEG (b) The insertion and integration of T
subunits is radiated by SecYEG and YidC. TM satmare inserted into the Sec channel and before
entering the lipid phase, these segments are transfetoedidC. TM segments are regulated by YidC
whereby multiple fragments can dock onto YidC for assembly wherebgréhegleased as a fully

F I 6 N @elixibdriglle. {(c) YidC functions independently as an insertase. (d) SecYEG and YidC fu
unison br membrane protein insertion. In this diagram, YidC insertase mediates the insertion ef the
terminal region othe protein whereas the insertion of the@minus is controlled by SecYEG. Diagram
taken from(20).

(20). This process is referretd as membrane protein biogenesighich has been widely
studied inE. col(195)and involves a series of complebeps(Fig.6.2). The first step involves
targeting the membrane protein which takes place before or during protein syntf&@jsA

signal recognition particle (SRP) plays a role by interacting tvéhnewly synthesid
membrane protein as it appears from the ribosome and forming anrBRBomenascent

chain complexX20). This complex is transported to a receptor, FtsY which is stationed on the
membrane (20). The complex becomes disassembledprocessthat is energetically
supported by GTP hydrolysis by binding to FtsY and SRP and overall releases the membrane
protein (20). The FtsY breaks away from GFP and SRP and interacts with the SecYEG

translocation channel to transport the membrane protegf20). The next step involves
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insertion of he membrane proteiiinto the membrane which is aided by Sec translo¢aég

This translocase protein consists of SecA which a peripheral membrane component and two
membrane embedded complexes known &scDFyajC and S&€¥(20). The role of each
subunit is essential to the membrane protein integration process. SecA is a motor ATPase
which translocate membrane proteins by moving their polypeptide h#irough SecYEG

which is a protein channg€20).

The topology and insertion ahembraneproteins into the membraneilayer is
influenced by their amino acid composition. The possession of positikialged residues in
the cytoplasmic loops of bacterial membrane proteins is a positigigle characteristi¢20).
This configuration is found in systems such as the endoplasmic retic(20m 196)
OKf 2 NP LJ | & (2@ @97)and énftochpridaRmembrane$20, 198) Overall, the
positioning of the transmembrane region is d@itdd by the contiguous positively charged
residues that are found in the cytoplasnthis is the positiveénside law(20).

6.1.1 A putative transmembrangrotein from S. lividans

In conjunction with theup-regulation ofthe slcsp3geneunder Cu strese S. lividanghe
neighbouring genegSLI_RS1725Was alsofound to be upregulated to a similar level and
expresses putativetransmembrane protein, SLI_RS1728tich belongs to the functionally
uncharactersedDUF438 family. The amino acid sequence &irl RS17258 shown in Fig.
6.3.

MDHSTHHSAP EDDGPGHPHG HGHLHGPGHP HGHVHVHGTT WATAMQ
CLTGCAIGEI LGMVIGTALM WGNVPTMM |IALAFVFGYS LTLFAVVRAG

VSMKAAIKVA LAADTVSIAV MELVDNGIIA LVPGAMEAHL SDGLFWYALL
GGFAVAFVIT TPVNKWMIGR GKGHAVVHAY H

Figure6.3 ¢ Full amino acid sequence of SLI_RS17250 derived from S. lividans.

Thischapteris ained at firstly creatindescherichiaoliover-expression constructs to produce
SLI_RS17250est overexpression and assess whettiltl RS1725an be chaacterisedin

vitro. Thefunction of SLI_RS1725@istirely unknown but this protein is part of a deloping
theory of a new Cu resistance system that also involves a translationally coNgiéd
antiporter (SLI_RS17248nhd a cytosolic copper storagegpein (SCsp3J (see Chapters-3).
Initially it was believed that the only Cu homeostatic mechanism prese8t lividansvas
CsoR/CopZ/ATPase systéfv, 18, 108, 112)But the structural and biochemical data
cadlected forSICsp3as well asn vivostudies have suggested a second layer of Cu resistance

when excess levels of Cu seem too overwhelming foCheRsystem to cope.
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6.2 Methods and Materials

6.2.1 Cloning procedure for SLI_RS17250
TheSLI_RS1725fene (56&p) was amplified fron®. lividand326 and ligated into plasmid

pTZ19R with NdeéBamHI restriction sites. Three constructs were made to test

overexpression it coli. The first construct was prepared by ligating Biel_ RS1725fkne

Table6.1 - Forward and reverse primers used to amplify SLI_RS17250 gene via PCR to insert into ple
pET21a and pET26b. Restriction sites underlined.

Plasmid | Forward primers Tm | Reverse primers T
and @) @)
restriction

sites

pET21a | p-GAATTCATATG 61 | p RATAACTCGAG 62
(Ndel, GACCACAGCACGCACGACI( GTGGTAGGCGTGGACGA(
Xhol) 0Q

pET26b | p-GAATIGGATCG 64 | p RATATCTCGAG 62
(BamHI, | ATGGACCACAGCACGCACE GTGGTAGGCGTGGACGA(
Xhol) o0 Q 0 Q

into a pET21a plasmitNovagen) with the original restriction sites (Nd&AmHI) to ensure

the absence of an purification tag. Primers for PCR were designed for the next two
constructs (Tablé.1). The second pET21a construct was desigvitdNdelXholrestriction
sites, so tlat on insertiona Gterminal (His}-tag was present The pET26b (Novagen
construct was designeavith BamHiXhol restriction sites, so that the construct would
possess a &rminal (His}-tag. The PCR conditions and reagents used to make both
constructs ag shown in Table8.2 and6.3. The amplified productseveligated usingr4 DNA
Ligase (Thermo Scientifidhe plasmids were used ttransform Escherichiaoli XLiBlue
competent cells and transformants selected for DNA sequencing following aprami

(Thermo Scientific). Sequencing datge reported inAppendix4.

Table6.2 - PCR cyclesbold text indicates these steps were repeated 35 times and other steps only onc

Temperature ¢C) Time (minutes)

95 3.0

95 1.0

60 (Annealing temperature) 1.0

72 2.0

72 7.5 (Fhal Extension)
4 Finish
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Table6.3 ¢ The reagents and volumes used to amplify SLI_RS17250 gene

Reagent Concentration Volume (ul)
Plasmid DNA N/A 2.5
Forward Primer - 1.0
Reverse Primer - 1.0

dNTR) a 10 mM 25

10 x Buffer Pfu + MgQ0O - 5.0

Sterile, deionized water - 39.0

Pfu DNA polymerase - 0.5

Total - 50.0

6.2.2 Protein expression and purification
TheSLI_RS1725pET?21a construct with at€rminal (His}-tagwasused totransform BL2%

C43E. colicells for overexpressiostudies Overnight culturesvere made by selecting
individual colonies from the transformation plate and inoculating 3 ml of LB (Luria Broth)
medium (Melford) containing 100 mg "Amp. These cultures were inculed at 37°C with
shaking at 225 rpm for 16 h. Then 100 mg Auinp wa added to 1 bf LB media in 2 L flasks
and these were inoculated with 3 ml of the pealture, followed by further incubation at 37

°C with shaking (220 rpm) until an optical densitys@0 nm (Olgyo) of 0.6 was reached. At
this point IPTG (Melford) waadded a to final concentration of 0.5 mM and temperature
reduced to 25°C and shaking continued for 16 h. Cells were harvested by centrifugation at
3,501 g (F$x1000y rotor) using a Sall Evolution RC Superspeed centrifuge for 20 min at
4°C. The resuilhg pellets were resuspended in lysis buffer (50 mM Tris/HCI pH 7.5, 300 mM
NaCl, 10% glycerolJo the resuspensior, pl of 1 M MgGlwas added to every 1 ml and
stirred at 4°C for & min. The cell suspension was passed through an Emuisibleell
disrupter (Avestin), equilibrated with lysis buffer, to lyse the cells. The lysate was centrifuged
at 38,724 g (S$4 rotor) using a Sorvall RCcentrifuge for 20 min at 4C. The resultig
supernatant was subjected to ultracentrifugation at 108, 864 (8QAO Ti rotor), for 2 h at

4 °Cin Beckman Coulter Avanti J>88 centrifuge. For the solubilisation of the membrane
protein, the resulting pellet was resuspended in 25ml 50 mM Tris/HCI pH 7.5, 1 mM DTT, 10
mM PMSFand nDodecyl -D-Maltoside (DDM) deterg® was added to a final conceiatiion

of 1%(v/v). The solubilisation step was carried out at room temperature with endo rotation
for 2h. The resuspension was then centrifuged at 108, 864 g (JA 30.50 Ti rot@&gcdknaan
Coulter Avanti JXd80 centrifuge for 15 min at 4C. The solublé&action was collected and
applied to two 1 ml HiFIliQ MNTA columns (Generon) attached together equilibrated in
Buffer A (50 mM Tris/HCI pH 7.5, 500 mM NacCl, 10imidazole, 0.0599DM) to bind the
(His}-taggedSLI_RS17250 proteifine NENTA column waattached to anAKTAPrimeand
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washed extensively witBuffer Afollowed byelution with 100% Buffer B (Buffer A with 500

mM imidazole).

6.2.3 Western Blot

For Western Blot analysis, saraplwere prepared usingracking buffefAppendix5) and

were separated by SBBAGHEAppendix5). The samples in the SIPAGE were transferred

onto a nitrocellulose membrane by electrophoresis at 66 Volts for 66 min. A blocking agent
was applied to the meftwrane, 3% BSA (Thermo Fischer) and incubated at room temperatu

for 1 h. Then, the primary antibody was added, Anti @tesJ antibody (100 pg at 0.1 mg/ml)

- alkaline phosphatase (Abcam), to 3% BSA buffer in a 1:5000 dilution which was applied to
the membrane. The antibody was incubated with the membrane for 1 thraom
temperature. Finally, the membrane was developed chromogenically by adding one
BCIP/NBT tablet (Sigma Fast) dissolved in 10 ml sterile water and incubated for 15 min at
room temperature.

6.2.4 Mass Spectrometry MALDI

Matrix-assisted laser desorption/ionisation (MALDI) mass spectrometry was carried out. This
involved excising a gel fragment from an SB&E gel which were of the correct predicted

molecular mass (18.92 kDa, predicted by Expasyw.expasy.cor)). The gel slice was

subsequently treated and reduced, followed by digestion into peptides using protease
trypsin.AnOrbitrap Elite MS/MSpectrometerequipped with liquid chromatography device
(nanoflow LC system with revergdase column) was used to separate peptides, determine
their size and amino acid sequence. These sequences are compared against those in a protein
database to confirm identity of the protein. All MALDI analyses and sample prepavedre

carried out at Uiversity of Birmingham, Advanced Mass Spectrometry Facility Se(¢Res

6.3 Results
The phylogenetic distribution of SLI__RS17250 was discussed previously in Chapter 2 whereby

various species possessed potentiamologues of this memlane protein across the Tree

of Life. It was deduced that SLI_RS17250 originated from a last common ancestor (LCA) in
bacteria as many homologous proteins were found in prokaryotes. It is worth noting there
were fewer species found Hat possessed homologuesf SLI RS17250 compared to
phylogenetic analyses of Ccsp and SLI_RS1{Rd4INa/H* antiporter). Also, the lack of

known homologous structures suggests SLI_RS17250 to be a unique transporter type protein.

6.3.1 Cloning of expression ostructs of SLI_RS17250
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The first expression construct involved ligationttod S.I_RS17250ene insert into pET21a
A 5 plasmid (Fig. 6.4). Restriction digest (Ndel
BamH) of both components was carried out
pET21a beforehand to ensure successful ligation (Fig.
6.4). The production of two remaining
expression constructs involved amplification of

the SLI_RS17230DNA from the pTZ19R vector
SLI_RS17250

using the primers reported in Tab&l was
Figure6.4 ¢ (A) Agarose gel image of restrictior successful based on the size of the visualised

digested SLI_RS17250 insert (568l - ;
pET21a plasmid. (B) Agarose gel confirming th PCR products (=568 bp) on an agarod¢fge.

gene insert ligated into pET21aplasmidasa  §5A). These bands were excised, gel purified
Ndel/BamHI fragment.
and subjected to restriction digest depending

on the plasmid. For ligation into a pET21a vector, restriction digastcarried out with Ndel
and Xhol enzymes before ligation into this plasmid. Fottitigainto a pET26b vector,
restriction digest was carried out with BamHI and Xhol enzymes before ligation into this
plasmid. Transformants following ligation were chettker the correct insert by performing
a restriction digest with the corresponding restion enzymes (Figs.5B & C) and DNA

sequencing confirmed the correct sequen(@®pendixd).
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6.3.2 Overexpression of
the Gterminal Histagged
SLI_RS17250

The  expression and

purification of
SLI_RS17250 involved a
crucial step of membrane
protein solublisation using

the detergent DDM (Fig.

Figure6.5 ¢ (A) Agarose gel image of PCR products of amplified 6.6). DDM is a commonly

SLI_RS17250 pNAne Q) correspopds to gene insert for Iigati_on int_o used nonionic detergent
PET26b plasmid whereas lane (2) is gene insert targeted for insertion
pET21a vector. (B) and)(displays agarose gels confirming the gene that is considered more
insert ligated into both pET26b (BamHI/Xhol) and pETiRdel(Xhol).

gentle than other

detergents and effective at preserving protein actii2p0) The concentration of detergent
added was 1 %v/v) and observations would be made by 15 % -BBSE arlgsis if this
concentration was effective ni solubilising SLI_RS17250The success in detergent
solubilisation of membrane proteins would be apparent if the protein has not precipitated
out of solution. The purpose of utilising the detergent would be tewvent this and to
hopefully visualise grotein band of correct moleculaweight on the SD¥AGE, in the
detergent solubilised fractions. The SBSGE image in Fig.7 revealed a distinct band
between 1520 kDaand thus in the area of thpredicted mas$18.92 kDa) of the-@rminal
(His}-taggedSLI_RS17250 protein. The solubilisation of the membrane protein appeared to
be successful as a clear band can be seen in post solubilisation super(farg.7).
However, the expression band is also seenhim post solubilisation pellet suggestitizat

not the entirety of the protein has been solubilis@€ig.6.7). The IMAC purification whereby
100 % elution buffer was applied yielded a distinct peak after ~15 ml had passed through the

column with an absorhace

HO.
HO o] of ~100 mAU (Fig.8A). The
"o on| 7O 1 ml fractions were collected
o o)
HO o~ O™  within this peak and were

used for further analysis by

) ) SDSPAGE whereby the
Figure6.6 ¢ Chemical structure of DDM

expression band can be seen

in all fractions collected (Fi§.8B). All SDBAGE samples were prepared by gentle imeat
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in a 42 C waterbath for ~30 min. tlis noteworthy that in all SBBAGEdistinct high
molecular weightbands were visible at the top of the g€lsig.6.7 & 6.8 (orange arrows))

This likely indicates the SLI_RS17250 prademot fully enter thegels which i common

issue for analysing membrane proteins using this method. This is often due to aggregation
because of hydrophobicity of membrane protei(®01) but also their behaviour in the

presence of SDS detergg202)

Pre- Post Post
- Induced  Crude Waste  Pre- o B N
il:;uced Ladder (IPTG) supernat pellet  solubilisation solubilisation SO|.ubI|IS S?|ubl[|sat
ant supernatant Pellet -ation  -jon
(membrane  superna pellet
fraction) -tant

Figure6.7 - Coomassie stained 15 % SPYSGE analysis of fractions frahe protein purificéion
including solubilisation step with 1% DDM detergent. Yellow dasheHbidpolights a strong over
expressiorband running betwee5-20 kDa consistent with that of tHeterminal (His}-tagged
SLI_RS17250 proteifhe orange arrow indicates high molemulveight bands at the top of SBS

PAGE.
0.15 5 [—Absorb: r 120
0.12 [10s
90
0.09
8 (7%=
S m
g 0.06 L 60 5
2 45 =
9 0.03 [
g o
30
0.00
F15
0.03 | Lo

8 10 12 14 16 18 20 22 24 26 28

Volume (ml) Ladder  Nickel  Nickel Nickel Nickel Nickel Nickel
column  column. column. column. column. column.
FT Fraction  Fraction Fraction Fraction Fraction
8 10 11 12 15

Figure6.8 ¢ (A) Elution profile ofHis}-tagged SLI_RS17250 protedn a 1 ml Hidgrap FFNi-NTAcolumn,
blue line represents Buffer B gradient (B) Coomasaieest 15 % SBAGE analysis of fractions frahe
Ni-NTA column. Yellow dashed baghlights visible bands running betwe#s20 kDa The orange
arrow indicates high molecular weight bands at the top of-BBGE.

113



6.3.3 Western blot analysis is consistent with the presence of atdigged species
A Western blot analysis was carried out to verify wiestthe clear oveexpression band and

the fractions eluted and collected from the-NiT A column were frorSLI_RS17250. To check
this, the simplest way was to detect the presence of theninal (His}-tagged that is fused
to the SLI_RS17250 protein (F&g). As shown in Fi¢.9A, each lane of the immunoblot

shows the detection of a band using the afis)e-tag antibodies that migrates at ~ 20 kDa.

Negative ~ Concentrated  Nickel Nickel Nickel Nickel Nickel Post Post Ladder
control (no protein 2 ul column. column. column. column. column  solubilisation solubilisation
Histag) Fraction Fraction Fraction Fraction T pellet supernatant

LPMO 0440 12 10 9 8
2ul

Figure6.9 ¢ (A) Western blot which shows positive (K& signal and (B) corresponding SBXSGE gel
used for blot of SLI_RS17250 protein fractions.

Based on a molecular weight of 18.92 kDa, predidtg Expasywfww.expasy.comthe band

is consistent with where the solubilised (Hit§gged SLI_RS17250 should migr&t@ining

the immunoblot with Coomassie blue clearly indicates the presence of a protein band (Fi
6.9B), with the negativeprotein control, an LPMO frons. lividansof similar molecular
weight, but without a (His}-tag nowalsovisible (Fig6.9B). Indeed, these bands show a
positive presence of (Hislagged protein in the post solubilisation seimatant and IMAC
purification fractions Despite this, there was also protein detected in the post solubilisation
pellet which suggests significant proteirepipitation after the detergent solubilisation step.
6.3.4 Proteomic analysis is natonclusive

The results of the trypsin digest MALDI experiment carried out at the University of
Birmingham did not yield convincing results (Tad4g. Analysis of the sampleqvided gave

a mixture of peptides belonging to two species Bfreptomycetes: S. lividansnd
Streptomyces griseochromogen@able6.4). However, the results from mass spectrometry
did not detect any matching peptides to the SLI_RS17250 protein sequenoethe amine
acid sequence of SLI_RS17250 shown in6Rgit is apparent that the seaencelacks a
sufficient numberof Lys and Arg residueln total there arefour Lys and two Argesidues.
Trypsin has specific protease activity at the carboxy sidthese two positively charged

amino acids which involves hydrolysing at théefnini of these two amino acids during
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proteolysis. MALDI involves separation of tryptic cleaved peptides by liquid chromatography
which is combined with a mass spectrometdrereby the peptide masses are predicted. The
identification of these peptides is carriedioby MS/MS which is compared against a protein
databaseFor the mass spectrometrynethod, a peptide fragment size ofB) amino acids is
preferable for detectionPeptides that are larger or smaller than this range could be too
difficult to detect by MSMS(203, 204) The protein sequence of SLI_RS17250 was analysed
via online webserver PeptideCutt€tl) for specific trypsin cleavage sites (FogL0O). This

highlighted the issue of the size of resulting peptide fragments that were not in the ideal

mass range.

MDHSTHHSAPEDDGPGHPHGHGHLHGPGHPHGHVHVHGTTWATAMQATLHCLTGCAIGEI

1 - Fo—— o o - o + 60
Tryps

61 ————————- Fomm e e ittt Fomm Fom + 120

181 - 181

Figure6.10 ¢ Amino acid sequence of SRE17250 analysis using PeptideCu(td). The
corresponding sites that are cleaved by Trypsin are highlighted (red coloured amino acids). Th
a total of six cleavage sites that include four ta@dues and two Arg residues. These amino acid
position numbers are the following; 98, 104, 108, 165, 170 and 172. Cleavage by trypsin occul
theright side(Gterminal direction) of the marked amino acid.

115



Table6.4 ¢ Peptides detected f@LI_RS17250 in MALDI with trypsin digest

Accession | Description Sequence

AOAO076LW | Betalactamase OS=Streptomyces lividg AVLTAGMASALVGFtR

T5 TK24 GN=SLIV_00225 PE=4 SV=1 tAASAPASR
[AOAO76LWT5_STRLI]

D6EHV2 Transciptional regulatory protein GVHDLLDDEPDItVVGE
OS=Streptomyces lividans TK24 ATVEQALVR
GN=SLIV_36875 PE=4 SV=1
[D6EHV2_STRLI]

AOA076MO | Hydrolase OS=Streptomyces lividans T| AVNGLAFALPMLGAAF

13 GN=SLIV_12985 PE=4 SV=1 AAAVWTSWTAGKLAG
[AOA076M013_STRLI] GgnAVSSqDR

D6ECNO Uncharacterized protein VRTVAPGTPLFDATAC
OS=Streptomyces lividans TK24 MGLIGVLtATLRLQPVE]
GN=SLIV_14160 PE=4 SV=1 ALMSVDTER
[D6ECNO_STRLI]

M1GT27 Uncharacterized protein yStSRSYSENHAFRLSS
OS=Streptomyces griseochromogenes | SIR
GN=exbls:5 PE=4 SV=1
[M1GT27_9ACTN]

AOAQ076LZX Uncharacterized protein TQAYFERRIQEGK

1 OS=Streptomyces lividans TK24
GN=SLIV_06460 PE=4 SV=1
[AOAO76LZX1 TRLI]

AOA076MG| Uncharacterized protein AAVAVSATSAIVIGTGS

H7 OS=Streptomyces lividans TK24
GN=SLIV_28780 PE=4 SV=1
[AGAOBMGH7_STRLI]

6.3.5 Bioinformatictopology prediction of SLI_RS17250
To gain some insight into the topology @&LI_RE250 a web server TOPCONS

(http://topcons.net/) (3, 4) was used. TOPCON8Ilises a consensus approach whereby

topology predictions are taken from various different predictoogmrams (Figs.11A) to form

a topology profile that is inputted into TOPCONS Hidden Markov M@Bdd)to produce a
final topology result (Figh.11B)(3, 4) The FASTA ano acid sequence of SLI_RS17250 (Fig.
6.3) was used as input for the web server topolqgedictor. TOPCONS was able to identify
four transmembrane (TM) halesin SLI_RS17250time followingamino acidpositions 49-

69 (TM1), 7595 (TM2), 114131 (TM3)and 143163 (TM4) (Fig6.11). TM1 and TM3 are
predicted to span in the membrane from ehcell cytoplasm towards the extracellular

environment (IN> OUT) whereabM2 and TMselicesare presumedo be positioned OUF
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> IN) in the membranéhus spanningrom the extracellular environment teardsthe cell

cytoplasm (Fig6.11B). This result,isn majority,supported by the other predictor programs

(3, 4)showing the same outcomand particularly showing’ S 3 | i kai& T2and TM4

suggests &igh probability that this is the true topology foréberegiors (Fig.6.11A). This is

reflected in the final TOPCONS prediction in &LB whereby the reliability score foreh

positions of most of thes&M telicesis close to kexcept for TM3, lackig a reliability score

Despite this, the topology of other regions of SLI_RS17250 remain uncdutito positive

n D @ (Eige31A) and lacking reliability scores (F6gl1B) TOPCONS analysis shows

majority of regions in SLI_RS17250 are predidfddA yf & (G2 fAS WAYAARSQ (KS
to the cytoplasmic space (F@j11Band@ ® ¢ ht / hb{ LINBRAOG& aYl ff SN N
the membrane which include amino acid positions-70 and 132142 (Fig.6.11B). This

prediction is also supported by the following prograRtslius,PolyPhobius andCGAMP(Fig.

6.11A)(3, 4) But other predictor program®OCTOPUSPOCTOPYS, 4) reveal different

resultsto this, differences in TM helices topology as well as a lack of TM3 in their consensus
(Fig.6.11A). This is insightful as the reliability score for TM3 in &:dLB reflects this

uncertainty. Moreoverthe overall LJ2 & A GAséhfes for ta nonTM helical regionsn

SLI_RS17250 reveal the unlikelihoodabfpredictedtopologes (Fig.6.11A). Overall the

topology and amino acid position predictions 11, TM2 and TM4h the final TOPCONS

consensus result @i6.11B)showhigh reliability scores thusuggests a potential topology

whereas existence and topology of T8nains unresolvedFig. 6.11C)
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== Inside === Outside TM-helix (IN->OUT)

"I TM-helix (OUT->IN) Il Signal peptide

A
TOPCONS 1 I — I
OCTOPUS - |
Philius 1 — — I
PolyPhobius T I —
SCAMPI | | —
SPOCTOPUS - —
PDB-homology ***No homologous TM proteins detected***
16
14 =
12 £
10 Tg
8 =
6 9
s 1
2
0
1 L 1 1 L _2
B 20 40 60 80 100 120 140 160 180
TOPCONS ™1 TM2 ™3 TM4
Z
o 1]
8
°©
- /\
20 40 60 80 100 120 140 160 180
Position
m Extracellular
c /\
1 /")L_"*\ R /"Lﬁ'
Cell membrane
T™M2 TM4
?

Cytosol

Figure6.11- The amino acid sequence is analysed using webserver TOPL @M@ certain regions that
may be situated earer the cell cytoplasm (inside) or towards the extracellular space (outaid&he figure
also predicts amino acids that may form transmembrane (TM) helices and their orientation in the merr

oFasrR 2y

G0KS WoR0A E KB& SAYRNBRIDINAIRY &

I NB F dzNI K

(kcal/mol). TOPCONS predictiewealed four TM helices for SLI_RS17250, in the following amino acid
positions 4969 (TM1), 7895 (TM2), 114131 (TM3) and 14363 (TM4). These TM helickave been
labelled in(B) and are applicable for the same helice¢Ah The figure inB) reveals he final consensus
result for topology based on the datafigure (&) showing reliability score on the y axis for topologies of
certain amino acidsrigure (C) is a topology model 8E1_RS17253fased on the results shown in figure (B).
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6.4 Discussion
The pression of membrane proteins remains an ongoing challeng8020 of all genes in

pro- and eularyotes encode membrane proteij$95)but there is a low abundance of these
proteins naturally to extract foin vitro studies (195) The expression of helical bundle
membraneproteins in prokaryotic systems has proven to be more difficult versus expression
2 F-bairel membrane proteinsE colih @ GKS Y2adG dziAfAaSR o0F OGSNAL €
barrel membrane proteins can be synthesised as inclusion bodiewlivhich can be easily
extracted and refolded structural195, 205)In contast,helical bundle membrane proteins
are rarely extracted from inclusion bodies successf(ll95) Helical bundle membrane
proteins require to be properly inserted into the membrane followed by detergent extraction
(195) Indeed, this has limited the amount of published structures available of heliodldu
membrane proteins. There is a vast amount of methods avail@olanproving expression
yields of membrane proteins. This includes the engineering of various straifs aaflito
improve its capabilities in expressing membrane proteins. In additiengxistence oE.coli
based celHree protein production systemgrevent the possibletoxicity of membrane
protein expression195) The development of nev. colistrains includes C41(DE3) and
C43(DE3) strainalsoknown as the Walker strairnd95, 206, 207)The Walker strainfC43
used in the present studyerive from the commonly use. colistrain BL21 (DE®) which

its protein expression mechanism has been well egthbd. Protein expression in BL21 (DE3)
involves a mutant lacUV5 promoter which regulates expression of bacteriophage T7 RNA
polymerase (T7 RNAP) and is superior to the wiftk tlac promoter(195, 208) T7 RNAP
transcribes the gene of interest and is more rapid tli&arcoliRNAR195) This expression
system overall produces more protein due to more mRNA being n{iB@&) The issug in
membrane protein expression E colderive from this fact as ovegxpression of membrane
encoding genes can cause the @@anslocon to become saturated during biogene@igy.

6.2) (195) The Walker stram can cope with toxic membrane protein expression due to
mutations in the lacUV5 promot€i95, 207put these strains do not demonstrate improved
expression yields for every membrane protéi®5, 206, 207)The mutations in the lacUV5
promoter lead to a lower expression of RNAP compared to BL21(DE3) thus leading to
lower amounts of MRNA being produced thus does not limit the activity of thér&esiocon

of embedding poteins into the membrang€195, 207, 209, 210)

The method describ# for the expression of SLI_RS17250 still requires some
improvements. Indeed, a crucial component is the concentration of detergent used, in this

case DDM. DDM is neonic and considered one of most utilised detergents due its
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preservation of protein actity and low UWis absorptivity(200) An excess of detergent is

used in the primary solubilisation step of-ferming the membrane protein during protein

expression and purificatiof185) Many studies investigate the interaction of degents with

membrane proteins and are essential in protein crystallisation. The key in resolubilising the
membrane protein is using a suitable concentration of detergent ashigh amounsg could

denature the protein orwhiletoo little will cause aggregain/precipitation (200, 211, 212)

This can be observead Fig.6.7 as a distinct band of the protein of interest can be seen in

Wt 280 az2fdzooAtAalrdAazy LISt { &6 @tehdughfetgeritWasa Aa |y
used to fully resolubilise SLI_RS17250 and has aggregated in the waste pellet.

The SD®AGE results initially confirmed the expression of SLI_RS17250 which
displayed a band of the correct size of around ~18.92 kDa. @fg& 6.8). This was fuher
confirmed by Western blot (Fi§.9) using an Ant{His} tag antibody. However, this positive
confirmation by these two methods does reveal some issues in membrane protein
expression The hydrophobicity of membrane proteins cassggregation thus &ling to no
separation on SDBAGE and minimal transfer from gel to blotting membrane for Western
blots (201) This can be obseed in Fig. 6.7 & 6.8 whereby much aggregation of protein is
seen at the top of the SDFAGEThis also makes it difficult to quantify the amount of protein
present. This aggregation may also be due to the behaviour of membrane proteins in the
presence ® SDS as it has beenparted that SDS may not fully denature some membrane
proteins (202) However, success in this area have been seen in other studies with using
smaller transmembrane proteins that have fewer alpha heli¢261, 213) Further
confirmation about the identity of the ~18 kDa protein bandswsught out through MALDI
with trypsin digest. But the results from this analysis were not informative and the peptides
(Table6.4) did not match with the SLI_RS17250 protein sequence Y. This again
highlights the difficulties associated with tremembrane protein expressiomd the need
for further research into this area. Further consideration into using MALDI again for
proteomic analysis of SLI_RS17250 could involve utilising a diffpretéase An ideal
proteolytic compound for future use 08LI_RS17250 could be cyagodpromide (CNBr) as
this compound can cleave thet€minus of methionine. It is observable in the amino acid
sequence of SLI_RS17250 (&8). there are an ideal number of Met residues that CNBr could
act upon and produce idé peptides for MALDI maspectrometry. As highlighted in Fig.
6.10, trypsin cleaves SLI_RS17250 peptides that arsuitatblefor MALDI.

It would be interesting to determine the topology of SLI__RS17R56 well known

that transmembrane (TM) protes embed themselves in the lipid bilayer anspecific
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orientation. For instance, predictions can be made on whether theand N termini are

positioned outside of the cytosol (out) or pointing within the cell (@34) This is the case

for alpha helical TMs whereby thehelices are specifically orientated within the membrane

(214) The attempt to predict the topology of SLI_RS17250 was carried out as shown in Fig.

6.11 Indeed, the use of TOPCO8S4)revealed an interestig outcome whereby fouT M

helices were identified ithis novel protein. These were appropriately labelled TM1, TM2,

tao YR ¢and ¢am FyR ¢ao pNNB QINIRPRAI2A 253 (02K S.8254
and TM4 were forecasttohavedah LH¢ L b Q L2 aA G A 2y 61YB). Alk&ghy SY 06 NI y' S
the topology prediction of TM3 remains questionable due to low reliability scoreGELB)

which this final consensus could be influenced by topology predictions of OCTOPUS and
SPOCTOPUS (FdL1A). The topology of the nemelical regims of SLI_RS17250 remain

Gl 3dz2S Rdz§ 2 O2yFtAOGAYy3d (2LRt238 LINBRAOGAZYE:
results (Fig6.11). It isnoteworthy that no matching homology structures were found in PDB

(Fig.6.11A). To determine topology, thereeafew techniques that can achieve this which are

mainly computational simulations and very few biochemical analyses exist (25). There are

protein tags that have been proven to determinetéEminal orientation sich as green

fluorescent protein (GFRR14217 DCt |t f2¢a Y2yAlG2NAy3I 2F GKS
moiety will only fluoresce if the TM is folded properly and inserted into the memd{201)

This allows visualisation of the GIFRI complex in intact cells and usinggal fluorescence

in SDPAGE gels as well as sixelusion chomatography combined witla fluorescence

detector (201, 212)But fewer methods exist to determine the orientation of thed¥minus

(214) This is due to theerminus becoming first inserted into the plasma membrane during

TM protein biogenesis iB. col(214) Moreover, computer simulations rely on glasited TM

protein structures which there areery few in the Protein Database. In addition, the

predictive algorithms still rely on experimental evidence which without it, could result in

incorrect predictions about the orientation and/or alignment of these heli@is})

The work presenta in this chapter provides a method of expsexy and purifying
SLI_RS17250 and appears to be soluble as seen-AABBESand Western blot despite lacking
firm confirmation by MALDI. This provides a foundation for further work to be carried out
with SLI_RE/250 in order to decipher its structural alaateristics and possibly its function
in vivowhich remains unknown. Additional purification of SLI_RS17250 is still required such
as size exclusion chromatography. Indeed, this would offer more informatiocecoimg its
molecular mass but can prove pielmatic due to presence of detergent. In the study by

Gimplet al, it is discussed that the addition of detergent to the membrane protein would
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form protein/detergent complexes (PDQ®12) If high amounts of detergent are added,
then these PDCs would be present with detergent monomers and other micelles which could
affect the composition of these PDCX12) The method of size exclusion chromatography
(SEC) is useful in determining oligomeric state and homogeneity of soluble proteins but
predicting these aspects of PDCs proves challeng#i®) This is since the presence of
RSGSNBSY (G It GSNER I LINRPGSAY QA ePdndmit an2agd cadS NJF 2 NI | y
only provide an estimaten molecular mass, homogeneity and stabi({iyl2, 218) Thus, in

order to improve understanding of PDCs conformation, an additional technique can be
applied to SEC knawas dynamic light scatterg (DLS) which identifies aggregation in PDCs
and offers information about their hydrodynamic radiggl2, 219, 220)DLS has the
drawback of being unable to distinguibktweenthe effeds of either protein or detergent

to the oveall hydrodynamic behaviouf212) However, other techniques exist that
combined with SEC can better @emine the overall conformation of PDCs. kustance,
SEEMALS (multangle light scattering) can differentiate and calculate molar masses of
desired protein and the detergent micelles. SEMELS can achieve this through three main
detectors which includeltraviolet (UV), MALS and refractive indé{). The combination of
these three components provides an effective method for separation and detection of
different oligomeric species. SEC is crucial for the separation of these species though elution
in SE@oes not correspond to the molar massestud species of interest. It is only important

that these oligomers are separated from one another before passing through the MALS

detector.

Further work with SLI_RS17250 would include deciphering-tlag ¥rystabktructure
of this novel TM protein. The chaenges associated with crystallisation of TM proteins have
consequently led to very few solved structures being published. Since the first published
structure in 1985221)there has been a gradual increaim this area but less than 1% of all
entries in Protein Data Bank (PDB) consist of membrane protein strudtu®8s It is well
established that the reasons for this include TM proteins are hydropholicaam instable
without presence of detergest Additionally, the presence of the detergent affects the
process of protein crystallisatiofi83) Thus, methods have been developed to overcome
these issues wbh includes the use of lipidic cubic phadeCP) crystallisation. LCP
crystallisation (ofin mesacrystallisation) involves crystallising proteins in lipidic mesophases
(222) The methodf LCP involves two main steps. Firstly, lipid is mixed with the protein of
interest followed by a lipidic cubic phase forming which creates a highly viscous gel like

substancg223) Moreover, crystallisation can be improved by the addition of precipitants or
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other enhancers(223) LCP provies an environment similar to the lipid bilayer which
membrane proteins are naturally founduh facilitating their nucleation and crystal growth.
The LCP method was fingsed to obtain a highesolution structure of bacteriorhodopsin
(bR) by Landau and Benbusch in 1997224) Thereafter, some of the nsb important
membrane proteins used as drug targets include human G prateipled receptors (GPCRS)
family (222, 225229) which members have been successfully crystallised through LCP.
However, as instrumental PEChas been in membrane protein crystallisation there were initial
difficulties that included mixing and handling of the highly viscous cubic phase mg233l

This set drawbacks in crystallisation especially when testing a high number of screening
conditions. Thus, recent improvements in LCP include the development of automated
instruments that facilitagd mixing of protein and lipid to produce the cubic mesoph22a)
Indeed, continuous research into mdrane protein crystallisation will undoubtedly produce

more solved structures in the future.

Copper Cu is essential for the morphological developmen&ofvidans Despite the
detailed characterisation of the transcriptional response of the CsoR/®opfle ATPase
trafficking and efflux systemit is possible that this is not the only Cu homeostatic
mechanism. What has been reported in transcriptional s#ssdiRNASeq) during Cu stress
were other genes that become upnd downregulated(18)® ¢ KA & R G csa® NNA SR
and thus not regulated transcriptionally by Cs@B) showed a 6fold upregulation of
SLI_RS17250 (DUF43@@y. 2.2) Thus, revealing a possible new I€sistance system but
the exact function of DUF4396 remains unknown. The amino acid sequence of this novel
protein was searched in BLAST against the PDB but did not yield any close homologues to
SLI_RS17250 sequence thetve been structurally characteed. It is possible that this
transmembrane protein could be a member of a different protein family. There are however,
some small similarities in the substrate bindingu®units of the energy coupling factor (ECF)
family which are micronutrient transportes (137) There are also connections to the
SLC11/NRAMP family which have a role in the transport of transition meta(lidBs 139)

Indeed, further investigation is required to establish if SLL7RS0 is involved in metal ion

transport andif it interacts withSICsp3
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Chapter Seven

7.1 Caclusion
The intention of utilisingdreptomycedividansas an expression host on an industrial

scale would involve growing large quantities of cell culturedioreactors. The overall
importance of this is to be able to characterise each component vweebin the overall
development ofS. lividans By deciphering the biochemical pathways and proteins that
catalyse them, steps can be taken to modify these pattsataylimit the production of aerial
hyphae whersS. lividansgs cultivated in liquid cultur¢12, 101, 103)This would inhibit the
formation of pellets which otherwise would severely reduce the production of useful
secondary metabolites (e.g. antibioti¢dR, 14) The importance of copper (Cu)$o lividans
development has been extensively discussed in this thesis, including the role of certain
metalloproteins that handl€u.

The newly discovere®Csp3 has been a main focus of this thesis. Indeed, the
discovery of cytosolic storage proteins that store between-800 Cu(l) ions was
unprecedented due to the belief that prokaryotes did not have a metabolic requirement for
Cuin their cytosol and thus safeguard against the risk of Cu toxXitjt, 19, 75)The first
discovered Cu storageotein was Cspl, which is located in the bacterial periplasm and found
in methanotrophMethylosirus trichosporiunOB3b(1). Subsequently, other Csps have been
characterised and cytosolic Csps have been associated with the family of Csp3 type protein
(2, 75, 76)SCsp3s the first noAamethanotrophic member of the Csp3 family to have been
structurally characterised loaded with Cu(1®). SICsp3 shares structural similarities with
other Csp3 members including a ~50% sintylavith MtCsp3169) TheCu(l) binding affinity
of SICsp3reported in Chapter 8 in line with thoseeported for other Csp3s such BECsp3
and MtCsp3(2, 19)but is the only member to demonstrate cooperative binding with the
exception ofMtCsp1(19, 75) The mechanistic basis for thigsmost likely due to thCus(pl2-
SCys)] clusters being thermodynamically more faved (19, 76) This was confirmed under
low Cu(l) loadings @ICsp3 whereby sites in the inner core remained empty (Chaptén 4).
addition, the formation of a tetranucledCu(U2-SCys)(N !-His)]cluster was fomed in the
outer core of SICsp3 which contradicts findings of cluster formation in the inner core of
MtCsp3(75, 169)

Indeed, structural studies of Cu(l) laag in SICsp3 builds an elaborate picture of
various @Q(I) cluster formations. Nonetheless, there is an importance of understanding the
mechanism of Cu(l) capture and loading. This was investigated in Chapter 5 whereby kinetic

studies of Cu(l) loading dfi¢ hydrophilic entry site (outer core) 8Csp3 werecarried out.
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The data revealed the importance of His107 in the formation of transient ligauctiange
complex with Cu(BCAJ* and the role othis residue in transferring Cu(l) to other sites within
SCsp3. The formation of a binding complexSBsp3 wa not observed with free Cu(l) or
[Cu(BCA)* due to no linear dependence &f,son Cu(l) concentration. The rapid metal ion
binding and formation of transient ligand complexes is not uncommon in metalloproteins
involved in metal transfef163, 230)such as Cu(l) transfer studiearged out between
CopzZ3079 an&Csp3 (Chapters 3 and 5). The ovevalicome of thecrystallographic and
kinetic studies described in Chapted &5 was formulating a thermodynamic meldto
illustrate Cu(l) binding in terms of relative energy and thatreé stabilities of Cu(l) binding
sites inSCsp3(Fig. 5.6)

Future investigations may include continuing Kkinetic studies w#fisp3 to
determinethe mechanism of Cu(l) loading to timmer core. Indeed, this process of Cu(l) ions
shuttling into the man core of theSICsp3 helix remains uncertain and further enquiry is
required to decipher this. This can prove challenging due to the numibgotential binding
sites (cognate and neoognate)but is possible this could involeainternal ligandexchange
mechanism as Cu(l) ions pass from site to within the Cys coreFurther studiedor this
could involve sitadirected mutagenesis of multiple Cyssidues in the inner core of the
protomer simultaneously and observing the kinetics of Cu(l) binding of these variants
compared to wildtype SCsp3.

As discussed in Chapter 6, the expression of SLI_ RS{DRBRI396)s deemed
possible. Further work wodl include structural characterisatiorof this putative
transmembrane protein. Indeed, traditional methods of crystallising proteins wiay X
crystallography have been insufficient in crystallising membrane prot{é®3) Thus, other
methods fa this would includelipidic cubic phase (LCP) crystallisatems described in
Chapter 6. The overall function of SLI_RS17250 remains unknown thus to obtain a structure
would aid to infer its purpose. In addition, SRE17250 requires Ha/H" antiporter to
regulate the ion gradient across the cell membrane which is SLI_RS17245. This antiporter has
not been studied in this thesis but future projects could include attempts to express this
protein separately or in a eexpression system with SLI_RS17250 ttawba soluble amount
for structure determination, biochemical analyses andivotests would be desirable.

Previous transcriptional RNgeq studies illustrated a-fbld up-regulation of
SLI_RS1725%@hen under Cu strss(18, 19)(Fig. 2.2) It seems to not be purely coincidental
that under Cu stress, a clear growth phenotypeSoflividansvas observed from iin vivo

studies (Chapter 3). This was demonstrated with a knockout mute®ICep3 in the presence
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of ahigh concentration of Cu>(200uM and with media dependence) and it could also be
inferred thatSICsp3 appears not to participate in the Cu trafficking pathfor CcO and GIXA
metalation (Chapter 3). MoreoverSCsp3 expression is not under the contrél@soR as
demonstrated by the absence of a consensus CsoR binding sitesic$p&romoter region
and expression induction in thesoRmutant (18). Indeed, these findings strongly suggest a
second layer of Cu regance inS. lividanghat becomes active once the CsoR/CopZ/ATPase
system becomes saturated (Chapter(B9).

Whilst the upregulation ofslcsp3may well be an act of last resort to survive, there
remains seval lines of future enquiry. One of these concerns whe®Esp3ds simply acting
in a storage cagcity, taking delivery of Cu(l) from CopZ when the CsoR regulon becomes
saturated. If this is the case then on returning to homeostasis there will be ad&rge of
Cu in the cytosol for which its requirement is presently unclear. Future studies irtektdey
if SICsp3 could act as a donor to SLI_RS17250 (DUF4396), which through the coupled action
with a Nd/H* antiporter (SLI_RS17245), moves(ICaut of the cytosol. The taxonomic
distribution discussedin Chapter 2reveakd that all three genes are psent in
representatives of five Bacteria groups. It is noted that one of these Bacterial groups is the
proteobacteria, which possess numerous pateong. It may therefore be that a role in the
pathogen forSICsp3and the export system is to harness the hderived bactericidal Cu
during infection(32, 75, 231, 232)The overall function of Csps to actvisllence factors in
pathogens remains unverified and requires further study. Clearly there is a need forrfurthe
structural and functional investigation of the DUF4396 domain to be able to establish
whether a role in transporting metal ions, such agldn the present case, is possible and if
there is an interplay wittSICsp3 Finally, it will be paramount to disver the identity of the
Cu sensitive regulator that acts to suppress the expressio8l@gp3under homeostasis
conditions and to determine wdther it is the same regulator that governs the Cu responsive

control of SLI_RS17245 and SLI_RS17250.
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Appendix 1.1- Phylogenetic trees of maximum likeliho@d) SCsp3(B)SLI_RS17245
and(C)SLI_RS17250. The Bootstrap values are indicated at each nall&eés and
the phyla of the three main kingdoms have been colour coded (gedgacteria; red;
Eukaryotes; blue Archaealg the branches of Eukaryotes have been highlighted also
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Appendix 2

Appendix 2.1: Derivation of Equation 3.2
L= total concentrationof BCA added

L:=free BCA ligand

Cu(L).= BCACu(l) complex

Cu* = total concentrationof Cy(l) added

Cu* = free(unbound)Cu(l)

CuP= Ccsp Cu(bound protein

S =total concentrationof copperbindingsitesin Cce
S = siteson Ccspthat are unoccupied with Cu(l)
Cu'S=binding sitesn Ccspccupied by Cu(l)

P, = total concentration of Ccsp protein

P = apo Ccsp protein

[Ld = [Le] + 2[Cu(L)2]
[Cut’] = [CuP] + [CyL)]
[S] = [S] + [Cu'S]

[P = [P] + [CuP]

Cc-

2L + Cu* +— Cu(L),

S+ Cut ¥ > Cu's )]
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[Li]%=([L] T 2 [CuL)2])?
[S1] = [S] T [Cu'S] + [Cu(L)]
[Cu'S] = [Cw™] T [Cu(L)2]
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Appendix3
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Appendix 3.1 - Cu(l) titration to theSICsp3 His variants H107A and H111A. Ayig\
difference spectra upon titration of a stock solution of CuCl-® |8M of the proteins
revealing the RJLJS | NJ y O S- Gu) LMQT dands{ B} Plots of absorbance ve
the Cu()SCsp3(Ccsp)concentration ratio at selected wavelengths taken from (A)
break point in the absorbance is reached at -2IBCu(l) equivalents. Experiments we
performed at D °C in 10 mM MOPS pH 7.5, 150 mM NacCl.
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Appendix3.2 - Cu(]) titration to theSICsp3 variants H113A and C41S. Ayid\ifference
spectra upon titration of a stock solution of CuCl t8 M of the proteins revealing the
I LILIS I NI y OS CHIEMGY bands.(B] Riots of absorbance versus the SID$D3
(Gcsproncentration ratio at selected wavelengths taken from (A). A break point in
absorbance is reached at ~28 Cu(l) equivalents. Experiments were performed &fC(
in 10 mM MOPS pH 7.55@ mM NacCl.
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Appendix3.3 - Cu(l) titration to theSICsp3 variant C57S. A) Mg difference spectrum
upon titration of a stock solution of CuCl te85uM of the protein revealing the
I LILIS I NJ y OS CHIFLMGT bands) B) Blots of absorbance versus theSOsgR
(Ccspxonceriration ratio at selectedvavelengths taken from (A). A break point in tt
absorbance is reached at ~28 Cu(l) equivalents. Experiments were performed &fC(

in 10 mM MOPS pH 7.5, 150 mM NacCl.
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Appendix4

SLI_RS1725@pET21a (@erminal (Hisk-tag)

CATATGGACCACAGCACGCACCACTCCGCRAIIEATIEGGCCCGGACACCCCCACGGGC
CACCTCCACGGGCCCGGACACCCTCACGGGCACGTGCACGTGCACGGCACCACCTGC
AGGCGACGCTGCACTGCCTCACCGGGTGCGCCATCGGCGAGATCCTCGGCATGGTCE
GATGTGGGGCAACGTGCCGACCATGGTGCTGGCTRGCGTICGTCTTCGGCTACTCCCT
TCTTCGCGGTMBEGCGCCGGGGTGTCCATGAAGGCCGCGATCAAAGTGGCGCTGGCC
TCTCCATCGCGGTGATGGAGCTGGTCGACAACGGAATCATCGCCCTGGTCCCCGGCG
CCTGTCGGACGGGCTGTTCTGGTACGCCCTGCTCGGCGGCTTCGCCGTGGCGTTCGT
GTCAACAAGTGGATGBGTCGCGGCAAGGGCCACGCCGTCGTCCACG CEABCBACATC
ACCACCACIREA

SLI_RS1725@pET21a

CATATGGACCACAGCACGCACCACTCCGCCCCCGAAGACGACGGGLLCCGGALCACecc
CACCTCCACGGGCCCGGACACCCTCACGGGCACGTGCACGTGCACGGCACCACCTG(
AGGCGACGCTGCACTGCCTCACCGGGTGCGCCATCGGCGAGATCCTCGGCATGGTCE
GATGTGGGGCAACGTGCCGACCATGGTGCTGGCCATCAUTBIT3IGCGGCTACTCCCTC.
TCTTCGCGGTCGTGCGCGCCGGGGTGTCCATGAAGGCCGCGATCAAAGTGGCGCTGC
TCTCCATCGCGGTGATGGAGCTGGTCGACAACGGAATCATCGCCCTGGTCCCCGGLCG
CCTGTCGGACGGGCTGTTCTGGTACGCCCTGCTCGGCEGGTBIGCGTBGATCACCACG
GTCAACAAGTGGATGATCGEIGGAAGGGCCACGCCGTCGTCCACG (-)ACCAC

SLI_RS1725@ET26b (@erminal (Hisk-tag)

CATATBAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCC
GGATATCGGAATTAATTCGGATCGBBIBCAGCACGCACCACTCCGBAGACGACGGGC(
GGACACCCCCACGGGCACGGGCACCBUTATBACACCCTCACGGGCACGTGCACGTC
ACCACCTGGGCGACCGCCATGCAGGCGACGCTGCACTGCCTCACCGGGTGCGCCATC
GCATGGTCATCGGAACCGCGCTGATGTGGGGCAACGTGCCGACCATGGTGCTGGCCA
CGTCTTCGGCTACTCCCTCACCCTCTCGEBGGGIGCCGGGGTGTCCATGAAGGCCGCG,
TGGCGCTECGCCGACACCGTCTCCATCGCGGTGATGGAGCTGGTCGACAACGGAAT(
CCCCGGCGCCATGGAGGCGCACCTGTCGGACGGGCTGTTCTGGTACGCCCTGCTCGC
GCGTTCGTGATCACCACGCCGGTCAACAAGTGGATGATCGGTCGCGGCAAGGGCCAC
CCTACCACCTGEACCACCACCACCATEIAC

Appendix4.1 - DNAsequencing of thre&LI_RS17250UF4396plasmid constructs.
Nucleotide bases highlighted in yellow represent @¢+islg sequences and nucleotide
bases highlighted in red show stop codons. Nucleotide bases that are underlined st
the pelB leadesequerte.
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Appendix5
Appendix5.1 - SDEPAGHrotocol

Themini-protean tetra celBioRad system was used to prepare shdium dodecyl

sulphate polyacrylamide gels (SBPAGE) (15 % w/\3ee gel compositions in Table 4.1. The
samples wre prepaed in cracking/loading buffer (1 % SDS, 25 % glycerol, 50 mM Tris/HCI
pH 6.8, 0.05 % bromophenol blue and deionised water with a few crystals of DTT
(dithiothreitol) added fresh) and heated at 96 for 10 minutes for cells and 3 minutes for
pure protein. The size of protein bands was checked by loading a-pdgeprotein marker
(Fischer scientific) into the gel. The running conditions of the gel were 140 Volts for ~1 hour
and afterwards stained with Coomassie brilliant blue (455 ml ethanahlQ:eticacid, 455

ml water, 2.5 g Coomassie brilliant blue) for 30 min then destained (450 ml ethanol, 450 ml

water, 100 ml acetic acid) for4 h until bands were clearly visible.

Table5.1¢ Composition of 15 % w/v SIPRAGE gels

Material 15 % SDS gel (Resolving) Stacking gel
0.5 M Tris (Fisher scientific) p - 1000puL

6.8

1.5 M Tris pH 8.8 2500pL -

dd HO 2300pL 2250pL
Acrylamide (Sigma Aldrich) ~ 5000pL 666 uL

10 % (viv) SDS 100pL 40 uL

10 % (w/v) APS (Fisher 100puL 40 L
scientific)

TEMED (Sigma Aldrich) 10puL 5uL
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