Chapter 1: Introduction

1.1. Summary

Thiol:disulphide oxidoreductases (TDORS) are esakfar the correct insertion
and/or removal of disulphide bonds. This thesisa@ncentrate on the role that
TDORs play in the maturation of cytochrongesnd in particular the role of a
disulphide bond reducing TDOR, ResA, from the Gpasitive soil bacteria
Bacillus subtilisandStreptomyces coelicoloResA is responsible for the
reduction of disulphide bonds present in the CXXl@de¢m binding motif of apo-
cytochromec prior to haem attachment. In many organisms ¢tytwoesc are
essential but, due to the presence of alternagiveihal oxidases. subtilisis a
perfect model organism for the study gtachromec maturation (CCM) system

1.2. Thiol:disulfide oxidoreductases (TDORS)

Thein vivoformation of disulfide bonds is essential for gtability and/or
activity of many proteins. TDORs belong to a stgu@ily of proteins, many of
which are related to thioredoxin, that catalyserddiction and oxidation of
disulphide bonds and cysteine thiols, respectivélgmilies of proteins related to
thioredoxin include glutaredoxins, glutathione &asferases,

alkylhydroperoxidases and TDORs (1).

1.2.1. Thioredoxin
Thioredoxin is a small (~12 kDa) protein found &lls of all types and is

responsible for a range of functions. It protebescell from oxidative damage,



helps maintain a reducing potential in the cytodohates reducing equivalents
to ribonucleotide reductase, is a good indicatantracellular redox status and
can reduce protein disulphides (1). It is verpktand can remain folded at
temperatures up to 8€. The structural template of thioredoxin has been
adopted by many different proteins involved in thbide bond reduction and

oxidation for their function (1).
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Figure 1.1. Schematic depiction of the accepted me  chanism of disulphide

exchange .

1.2.2. Structure of thioredoxin

The structure of thioredoxin consists of fiwstrands encircled by four
helixes. The active site of Cys-Pro-Gly-Cys is leckat the C-terminus of the
second -sheet at the start of arhelix (2). Thioredoxin has a standard redox
potential of -270 mV at pH 7 versus the standamdrbdgen electrode (SHE) (1),
which indicates that the protein prefers to benroaidised state, with the
disulphide bond between the cysteines of the asiteg(3). The N-terminal
cysteine has alfy, in the range of 6.7-7.5, significantly lower thatypical value
observed for cysteine residues (8.2-9.0) and ther@inal cysteine, which has a
pK, estimated to be more than 9 (4-6). The ld%y pf the N-terminal cysteine
allows it to attack disulphide bonds within targedteins. This results in a

mixed disulphide complex between thioredoxin aredttrget protein. This



disulphide is then resolved by the C-terminal ag&te In this way thioredoxin
acts to reduce proteins. Thioredoxin is then reduxy thioredoxin reductase,
with NADPH as the reductant (1). This method aufiphide exchange appears
to be universal across the entire thioredoxin-kperfamily and is shown
schematically in Figure 1.1 and the structur& ofoli thioredoxin can be seen in

Figure 1.2.

Figure 1.2. Structure of thioredoxin from E. coli. A, crystal structure of E. coli
thioredoxin showing five -strands (in yellow) encircled by four -helixes (red), the active
site cysteines are shown as orange spheres. Image created using Pymol with PDB file
2TRX and labelled using Adobe Photoshop 7. B, Connectivity diagram of the

thioredoxin core, -helices are shown in red and -sheets in yellow.

1.2.3. Thioredoxin inB. subitilis
Although thetrxA gene (encoding thioredoxin) B subtilisis regarded as
essential, the roles of thioredoxinBn subtilisand other Gram positive bacteria

remains largely unknown. Inactivation of tineA gene inB. subtilisresults in



its inability to produce deoxyribonucleoside andteyne or methionine (7). This
mutation will also result in defects in cytochrommaturation and endospore
synthesis (7). Both processes (discussed belawjreselectrons passed from
the integral membrane TDOR CcdA (8-10) as CcdA gmstectrons to other
more specific membrane bound TDORSs, ResA for CCWStoA for endospore
synthesis (11,12), although it must be noted tirattlexchange between
thioredoxin and CcdA and between CcdA and ResAt@A Bas not yet been

observed.

1.3. TDORs ofB.subtilis.

B. subtilisis a Gram positive bacterium, meaning that (untkam negative
bacteria such ds. coli) it has no periplasmic space. Therefore, all pnste
positioned on the external side of the cytoplaseraquired to be attached to the
cytoplasmic membrane by one or more transmembegraents. Eight
membrane associated TDORs have been identifiedntie B. subtilis
proteome: ResA, StoA, BdbA, BdbB, BdbC, BdbD, Cc¥AeN. These each
assume a different role within the cell, though etmes their functions are
overlapping and often interrelated. ResA and SicAboth reducing TDORS,
similar in structure with highly specific and dealied, but different, roles. CcdA
Is not a thioredoxin-like protein, but is a redyriRDOR that is more general in
its substrate specificity. BdbD also appears telabroad range of substrates,
but it is highly oxidising. BdbA and BdbD have iglnlevel of sequence
similarity and although BdbD has several potersidistrates, no role has been

determined for BdbA. BdbB and BdbC are respondini¢he reoxidation of



BdbA and BdbD, respectively. Each of th&esubtilisTDORs is discussed in

more detail below. As yet there has been no deatified for YneN.

1.3.1. ResA

B. subtilisResA is a membrane bound reducing TDOR which islued in
cytochromec maturation. Deletion of theesAgene results in the loss of mature
cytochromeg, a phenotype that can be recovered by the addifioeductant to

the growth medium, or the inactivation of the ogidg TDOR, BdbD (12).

ResA is maintained as a reducing protein by Ccdésfrikely via a direct
interaction) before directly reducing the disulghlabnd in the CXXCH haem
binding site of apo-cytochromesalthough, as yet, no complexes between ResA

and its redox partners have been observed.

1.3.1.1. Function of ResA

ResA functions within the cell to reduce the disudie bond of apo-cytochrome
¢ molecules. After translocation across the cytaplasnembrane into the
extracytoplasmic space, the oxidising TDOR BdbDadtices a disulphide bond
at the CXXCH haem binding motif. It is essent@l the cysteines of the apo-
cytochromec to be in the reduced state for the covalent ath&ctt of haem to
occur. When theesAgene is interrupted and transcription preventethature
cytochromeg can be detected B. subtilis Site directed mutagenesis of the
CXXC active site of ResA demonstrated that botheiges are essential for

reduction of the apo-cytochroneg13).



1.3.1.2. Structure of ResA

Figure 1.3. Ribbon structure of the oxidised form of B. subtilis ResA. -helices
and -sheets are numbered in the order they appear in the amino acid sequences The
structure demonstrates a typical thioredoxin fold (blue) with an additional N-terminal -
hairpin (green) and a central insert (red). The two cysteine residues of the active site
are shown as yellow spheres. Image created using pymol with PDB file 1ST9 and

labelled using Adobe Photoshop 7.

The structure of ResA includes the typical thiopgddike fold containing a
mixed beta sheet of five strands surrounded by dtpha helices (Figure 1.3).

The active site containing a CXXC motif is locatgdhe terminus of alpha helix



1. There is a hydrophobic cavity near the actiteevghich is thought to be
involved in the recognition of apocytochrone@l4). ResA is an
extracytoplasmic protein, anchored to the outer brame by a single cross
membrane segment (12). Note that the structutieecfransmembrane segment
of ResA has not been determined; structural stiehgsoyed a form of the

protein containing only the soluble domain.

In the oxidised state the distance between thesityest is about 2.16 A, typical
for a disulphide bond. Upon reduction this distaimzreases to 4.5 A which is
the longest intercysteine for any thioredoxin-llK@OR so far measured (14).
This change is brought about by a 2&8ation of the C74 side chain from the
oxidised to reduced states, which partially expalseghiolate to the solvent,
potentially poising it for nucleophilic attack dmet disulphide of the substrate
polypeptide (14). As well as the active site ciysts, several other residues have
been found to be important for reactivity, struatlwonformation and substrate
recognition. Glu80, a residue that is buried i ¢ixidised structure, moves upon
reduction exposing one of its carboxyl oxygen gsotgpthe surface (14). This
shift causes other residues to move in order toractodate the new position of
GIlu80, which creates a hydrophobic cavity thatigosed to the solvent. This
cavity is in immediate proximity of the active séad access to the partially
exposed Cys74 is possible from the side of the ¢ldf). It is very likely that the
hydrophobic cavity and the glutamate at its bada8@ are important for
substrate recognition by ResA. The conformatiehanges of the surface of
ResA as it shuffles between the oxidised and retlataes determine which

substrate it will bind to. Thus, when ResA is reeflithe hydrophobic cavity



opens allowing specific recognition of a substrakéis allows the nucleophilic
attack on that substrate disulphide, but, aftesthestrate is released, ResA
resumes its closed, oxidised state ready to becegtloy CcdA (14). When this
glutamate was replaced by a glutamine in a solision of ResA (sResA-
E80Q) several intermolecular contacts were revealeaie of these close to the
active site, which resulted in conformational chestp the active site cysteines
(15). The protein did appear to be folded coryealihough was less stable at a
higher pH than wild type (15). The negative chasfj&lu80 also appears to be
important for regulating the reactivity of the aetisite thiols. The cysteines in
the active site of sResA-E80Q were more reactiga those of the wild type

protein (15).

Prol41 was also identified as being potentiallyongnt. This proline is
absolutely conserved amongst thioredoxin-like TDORfdopts theis
configuration and has varying roles and importdocgrotein structure and
substrate interactions depending on species. asiewajority of residues in any
polypeptide will adopt th&rans configuration, but proline is more likely to be
found in thecis configuration than other residues. An estimatedo¥rolines

in polypeptides adopt thas configuration and, when this is observed, it often
points to an important function for that residder example, in th&scherichia
coli TDOR DsbA, it was shown that the consereesproline was important for
substrate recognition and release (16). Whenithlenp was replaced with
either a threonine or a serine it was possibleajp DsbA in a complex with
substrate polypeptides (16). It was also showhwithen this residue was

replaced with an alanine it strongly destabilidesl tructure of DsbA and vivo



this variant, although oxidised, exhibited lessthalf the activity of the wild
type protein in respect to its ability to fold dike phosphatase (17). Alanine is
not prone to adopt thas configuration and this was observed in the crystal
structure of this DsbA variant; the loop betweesidaes 149-152 adopted a new

backbone configuration with Alal51 in thensconfiguration (17).

The equivalent residue in CcmG (also known as DsSBE34, is a key residue of
the region near the active site of this proteitudigs of the crystal structure of
the wild type protein and a P144A variant showeglth configuration allows
van der Waals interactions with the active sitedapgs and allows the formation
of a hydrogen bond with Thr82, which helps to disithe active site. Thas
configuration also exposes the backbone nitrogenoaggen of Alal43, which
is favourable for interacting with binding proteifis).

The residue GIu80 of ResA has previously been shovahay a key role in
controlling the acid/base properties of the active (15). Substitution of this
residue led to a significant decrease kq palues of both active site cysteine
residues, leading to the proposal that a role aBGImight be to ensure that
ResA is unreactive towards non-substrate protpmsumably because the
deprotonated form of the cysteines is requireddactivity (15). In order to
investigate the importance of the residues Protdl1EBO ofB. subtilisResAiIn
vivo, PCR mutagenesis was employed to engineer threg& Raiants, P141S,
P141T and E80Q, to be expressed and produced &sA &eficient strain dB.

subtilis



1.3.1.3 Biophysical properties of ResA

The K, values of the cysteines of the active site areaBdB8.2 for Cys74 and
Cys77 respectively (15). Th&pvalue for Cys74 is an averag of a two
proton dissociation event. It is likely that Cysg4ooperatively coupled to
another residue, possibly Glu105, which binds ahelises protons
simultaneously with Cys74 (15). Its redox potentiak originally reported to be
-340 mV at pH 7 versus SHE (12) but more recertdistuhave corrected this
value to be -256 mV (19). The low reduction potaindif ResA and highk,
values of its active site cysteines are consistétht ResA being a reducing
TDOR, as a disulphide formed between two cystem#shigh K, values will
more easily give up their electron to reduce tiseilghide of their substrate
protein. The K, value for Cys77 in sResA-E80Q was found to beldwer

than in the wild-type protein (15). Although arcarate determination of the
pKj, value of Cys74 was not possible in sResA-E80Q tduts instability at high
pH, it was estimated to be less than 8, again |dlger Cys74 in the wild type
protein (15).In vitro studies have demonstrated that the glutamatehand t
proline that lie between the two cysteines of tles/Ractive site (Glu75 and
Pro76, respectively) are important to maintainltive reduction midpoint
potential of ResA by maintaining th&pvalues of the active site cysteines, see
Table 3.1 (19). When the active site of ResA wised by mutagenesis to
resemble the active site Bf coli DsbA, an oxidising TDOR, the values of
the active site cysteines were significantly reduaed the reduction potential of
the protein increased, see Table 1.1. Althoughrtitggoint potentials were
clearly defined, in the case of the ResA CEHC aR#iC variants, fits of the

data indicated the involvement of four electror®)(1The reason for this is not
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yet known. One possibility is that two variant RasAlecules associate in a co-
operatively coupled electron-transfer processpalgin no evidence of a ResA-
ResA association has been found in either the ssalor reduced states (19).

It is also possible that DTT interacts in an unetee way with these variants
but this was not supported by structural analyk®y.(Changes in the reduction
potential of the active site cysteines upon alienabf the residues that lie
between the active cysteines have also been rejportether thioredoxin-like
proteins, includinde. colithioredoxin (20)E. coliDsbA (21,22) and

Staphylococcus auretiioredoxin (23).

Table 1.1. Changes in active site cysteine p K, and redox midpoint potential of
ResA with the active site altered to that of  E. coli DsbA.

ResA pK, value pK, value Midpoint Number of

active site Cys 74 Cys 77 Cys 74  Cys 7[7redox potential | electrons (n)
(mv)

CEPC 8.8+0.2*| 8.2+%0.1 - - -256+1 22+0.1
(wild type)

CPPC 7.02+0.05 6.6+0.1f -1.8 -1.6 232+ 1 A@2

CEHC 7.4+0.1 75+0.2 -1.4 -0.7 -229+1 4+1

CPHC 6.33+0.07 5.71+0.05 -2.5 -2.4 -221+2 U+

*This pK, is an average of two coupledjvalues. pK, values report the differences from the
properties of the wild type protein. Data takesnirLewinet al (2008) (19)

1.3.2. BdbD/BdbC

BdbD is an extracytoplasmic, membrane bound TDCGR ftinctions to
introduce disulphide bonds to several known sutespeoteins and peptides. Its
catalytic cycle is completed by its re-oxidationBgbC, an integral membrane

TDOR (24-27).
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1.3.2.1. Function of BdbD

BdbD is proposed to be a general oxidiser of cgstéhiols of proteins and
peptides transported across the cytoplasmic merabrahe BdbC/BdbD system
of B. subtilisis homologous to the well described DsbA/DsbBeysbfE. coli
and other Gram negative bacteria. DsSbA is a solpbtglasmic TDOR that
introduces disulphide bonds to the di-thiol motifa range of substrates
(16,28,29). DsbA is rapidly re-oxidised by DsbB ,@®, a membrane bound

TDOR that channels electrons in the membrane tguirel pool (30).

Evidence exists to suggest BdbD will also oxidiglestrates that do not require
disulphide bonds to be active, leading to the mesment for proteins to
specifically re-reduce them. For example, BdbD wiidise the CXXCH haem
binding motif of apo-cytochromeswhich then must be reduced by ResA
(12,15,27). This is also the case for an as ykhown sporulation factor that
requires the presence of another specific reduEP@R, StoA. It seems
unlikely that the oxidation of the apo-cytochromleaem binding site is random,
so it is likely this process serves to protectdirgteines of the apo-cytochrome

from non-specific reactions until it is ready fadm insertion.

BdbD is also required for natural competence dgraknt facilitating DNA
uptake intaB. subtilis(25). It has been shown that the introductioa of
disulphide is required for the stability of sevguabteins required to allow the
transport of DNA across the cytoplasmic membrankiaio the cell (25,31).
ComCG, a surface localised pilin-like protein reqdifor DNA binding,

contains an intermolecular disulphide bond and tatian in either thédbCor
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bdbD genes significantly reduces the presence of thiglpwhich renders
ComCG unstable (25). Also involved in DNA uptakeJdomEC, a large (776
residues) integral membrane protein containingsalghide between Cys131
and Cys172, which is required for protein stabif®}). Another competence
protein, ComGG, has also been reported to have foe@d in small amounts in
a dimeric form linked via a disulphide, also intneed by BdbD (25). Further
evidence to support the importance of the BdbC/Bdiz&dem for introducing
disulphide bonds to substrates is tBasubtilisstrains with dodbCand/or a
bdbD knockout mutation are unable to secieteoli alkaline phosphatase
(PhoA) (25,32).E. coliPhoA is a good reporter of the activity of DsbReli
proteins as it requires two intramolecular disutighbonds for stability and
activity and when fused to the signal peptide amdregion of a lipase from
Staphylococcus hyicud is efficiently secreted frorB. subtilisinto the growth
medium where it is easily detected (32,33). LeweéksecretedB. subtilisPhoA
or B. amyloliquefaciendmyQ were not affected indbCbdbD mutants as
neither of these proteins contain disulphide bd@8s32). Staphylococcus
aureusDsbA (SaDsbA) can complement a BdbC/BdbD deficgtratin ofB.
subtilisin both PhoA excretion and for competence (3)aureusontains no
homologue of BdbC or DsbB to work with SaDsbA a®aperative redox pair.

Therefore, SaDsbA must be reoxidised by an altemaiathway (34).

1.3.2.2. Structure of BdbD
Structural studies of the solvent-exposed solublealn of BdbD demonstrated
that it has a typical DsbA-like composition consigtof a thioredoxin domain

and an -helical domain (27). BdbD is most similar to SaBsbut exhibits
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different features from both SaDsbA and EcDsbAbB&nd SaDsbA both have
a loop between helices3 and -4 which is much longer than the equivalent
observed in EcDsbA, but SaDsbA lacks the hydrophglwove observed for
both BdbD and EcDsbA (Figure 1.4B) (27). The nstgking feature that
stands BdbD apart from all other known DsbA-liketpins is the presence of a
unique calcium site between the helical domaintaedentral -sheet of the
thioredoxin-like domain (Figure 1.4A). The calciusncoordinated by residues
GIn49, Glul15 and Asp180 and unfolding studies stbthat it is not required

for the stability of the protein (27).

BdbD has a typical CXXC TDOR active site, locatétha N-terminus of the
long -1 helix with the sequence Cys69-Pro70-Ser71-Cy<ther features
include the conserveds-proline loop that lies directly opposite the aetsite
cysteines and an unusual buried glutamate (Glu€8)lies in close proximity to

the C-terminal cysteine (27).

1.3.2.3. Biopysical properties of BdbD

Like DsbA, BdbD is an oxidising TDOR. It has ayéigh reduction midpoint
potential of -75 mV at pH 7 versus SHE, compareth#d of reducing TDORS,
such as thioredoxin and ResA. This high midpaadiuction potential is
decreased by 20 mV when the calcium ion is remdnad the protein

indicating that the low potential is in part maintd by the calcium (27).
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Figure 1.4. Structure of B. subtilis BdbD. A, ribbon structure showing the typical
DsbA-like composition with the thioredoxin domain (green) and -helical domain (teal),

-helices and -sheets are labelled in the order they appear in the amino sequence of
the protein. The calcium binding site and active site are also labelled. B, surface
representation of BdbD. Thioredoxin-like (Trx-like) and helical domains are labelled as
are the active site, acidic groove ans hydrophobic groove. The structure was solved
from a soluble variant of BdbD so does not show the membrane anchor. Figure adapted
from Crow et al, 2009 (27).

Although the exactlg, values of the active site cysteines are not knalam
indicate that they are both below 4.5. BdbD wilfald at pH 4.5, which makes
it impossible to obtain an accuraté elow this pH value (27). The oxidising
power of BdbD is based on the instability introddite the protein by the

disulphide bond in the oxidised form (27).

1.3.3. BdbA and BdbB
Like B. subtilisBdbC/BdbD ,B. subtilisBdbB/BdbA is thought to homologous to
theE. coliDsbB/DsbA system (24). BdbB is a paralogue of ®diAs withB.

subtilisbdbCmutants, strains lacking BdbB secreted a stabtejeE. coli
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PhoA, but only about four-fold less than the wijg¢. Mutants defective in
bdbCexhibit a 15-fold decrease in active PhoA when gared to wild type,
showing that although BdbC is more prominent, tin@ proteins are partially
redundant (32). Cells lacking BdbA were unaffedtetheir ability to maturd.
coli alkaline phosphatase (32). In fact, to date i@ mas been assigned to
BdbA. It was originally thought that BdbA workeal iedox partnership with
BdbB to mature sublancin 168 due to the proximithdbAandbdbBto the
sunTgene but is has since been demonstrated thas thig the case. This point
is discussed further below (24,26,32,34). Sequanedysis shows it to be 43%
identical to Bdb oB. brevis a TDOR which is capable of complementing a

DsbA mutation irE. coli (32,35).

BdbB is involved in the maturation of sublancin 16&lehydroalanine
containing lantibiotic produced 8. subtilis168. It has 56 residues consisting
of a 19 residue leader sequence and a 37 residueens@gment (36). The
mature segment contains four cysteine residueshwbren two disulphide
bridges (Figure 1.5). BdbC is able to partiallyg@ement a BdbB deficient
strain ofB. subtiliswith regard to sublancin 168 production but BdbBimable

to complement BdbC deficiency with regard to therect folding of proteins
involved in genetic competence (26). It appearsBabA is not essential for the
folding of sublancin 168 as a mutation in thdbAgene has no effect on its
production (26). Originally it was assumed thabBdvas not needed because it
could be replaced by BdbD, but a strairBosubtilisdeficient in both BdbA and
BdbD but with functioning BdbB and BdbC was ablgtoduce wild type levels

of sublancin (34). Itis possible that BdbB (aadtlesser extent BdbC) works
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with SunT, a protein that belongs to a large farafl ATP-binding cassette
transporters, which is also required for sublasearetion (26). SaDsbA was
able to partially complement a knockout of all faaib genes irB. subtiliswith
regard to sublancin production (34). SaDsbA hesdaction midpoint potential
of -131 mV (37), which may explain why it only paity rescues the phenotype
of BdbD deficienB. subtilisstrains, as BdbD has a reduction midpoint potentia

of -75 mV (27).
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Figure 1.5. The locations of thioether and disulfid e bonds in sublancin. The
position of the disulfide bridges (between Cys7-Cys36 and Cys14-Cys29) and the
lanthionine residue (Abal9-Ala22) were inferred by NMR. Figure from Paik et al, 1998

(36).
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1.3.4. StoA

B. subtilisis able to form endospores when growth resoureesrhe depleted.
Endospores are resilient to conditions of extreeet And pH and are capable of
remaining dormant for many years, until growth tgses become available,
where upon the spore will germinate d@dsubtiliswill return to normal
vegetative growth. Many genes and their proteadpcts have been identified
as being involved, if not essential, to this precE8). StoA, also known as
SpolVH and YkvV, has a reductive role in endosgorenation inB. subtilis

(11,39).

It is expressed both in the mother cell and inftnespore under the regulation of
Eand ©, respectively (40,41). It has recently been shawimave a very

similar structure to ResA but there are some ingmartlifferences: StoA contains

an extended loop between straddand helix 2 and whereas the third alpha

helix of ResA is negatively charged, it is posilyveharged for StoA (Figure

1.6). ResA and StoA have separate functions thaiod overlap. StoA cannot

complement ResA deficiency wvice versg11,39). Like ResA, it has a low

midpoint potential, -248 mV at pH 7 versus SHE, imiike ResA the I§, values

of the two cysteines of the active are significadifferent, 5.5 and 7.8 for

Cys65 and Cys68, respectively (39) whereas Kgevplues for ResA are very

similar, 8.8 and 8.2 for Cys74 and Cys77, respebti{15).
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Figure 1.6. Comparison of the structure of sStoAa  nd sResA from B. subtilis . A
and C show the three-dimensional structures of sStoA and sResA, respectively, in
schematic representation. B and D are surface representations of sStoA and sResA,
respectively. Regions colored red indicate areas of high negative electrostatic potential,
whereas blue areas indicate areas of high positive potential. Neutral regions are shown

in white. Figure taken from Crow et al, 2009 (39).

The Trx-like domain is likely located in the inteembrane compartment in the
forespore during endospore maturation (11). Dabedif sStoAresults in
endospores being deficient in the cortex layer,mmgpthat the spores are much

more susceptible to heat, lysozyme and chlorofeeattent than the wild-type
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spores (11). This spore cortex deficient phenotgrebe suppressed by the
deletion ofbdbD. Deletion ofbdbD also rescued thesAphenotype, indicating
a connection between the reductive and oxidatiaaedires of disulphide bond
management systems. If BdbD is not active, Stod\R@sA substrates are not
oxidised so do not need to be reduced. In contoatie ResA deficiency, a StoA
deficiency cannot be complemented by the additiddor to the growth
medium (11). Like ResA, it is very likely that $tas re-reduced by CcdA, as a
CcdA deficient strain oB. subtilisis also sporulation deficient (8,11). As with
ResA,in vivo studies showed that both cysteines of the actigeage essential
for function (39). A conserved glutamate was ideztt as important in both
ResA and StoA, Glu80 and Glu71, respectively. &3/ Glu80 is likely to be
important for substrate recognition and variatiohthis residue impair protein
function (13,15,19) (discussed in detail in chaBfer Likewise, replacement of
Glu71 in StoA with a glutamine significantly redaiche number of viable
spores (39). Itis unlikely that this residuengalved directly in substrate

specificity because it is completely buried (39).

1.3.5. CcdA

The integral membrane protein CcdA is a reducin@@RXthat is functionally
related tcE. coli DsbD, which catalyses the transport of electroosf
thioredoxin in the cytoplasm to periplasmic sulistgzroteins (42)E. coli DsbD
has eight transmembrane segments (I-VIll) andgelgeriplasmic domain,
which has a TDOR CXXC active site motif (Figure)1.B. subtilisCcdA

transmembrane segments appear to be homolog&ustd DsbD segments |-
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VI but it does not contain a CXXC motif normallysasiated with TDORS, so it

apparently has a different mode of function (9).

CcdA

DsbD

i AR (
11111
)\ -

Figure 1.7. Comparison of the predicted topology o f B. subtilis CcdA and E. coli

DsbD. CcdA, the six predicted transmembrane segments are shown in red and the
cysteine residues are shown as yellow circles, the transmembrane segments are
numbered to correspond with the homologous segments in E. coli DsbD. DshD, the
transmembrane segments homologous to to CcdA are shown in red, the non-
corresponding domains are shown in green. The positive and negative side of the
cytoplasmic memebrane are depicted by the ‘+’ and *-* symbols respectively. This
diagram shows the DsbD transmembrane in a linear fashion for comparison with CcdA

but the helices are predicted to form a circular channel through the membrane.

CcdA appears to have multiple substrate protentdyding ResA and StoA, to
maintain their more substrate specific reducindjteds and like DsbD irk. coli,

it receives electrons from thioredoxin (7). lkisown to be important for the
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efficient endospore synthesis and cytochramsgnthesis due to its function in
passing the reducing equivalent to StoA and Resgpectively (8,9,11,12).
CcdA deficient strains were shown to only have 3sfférulation efficiency
compared to 90% in the 1A1 wild type strain (8)eTfdromoter foccdAwas
found to be weak but activity increased duringtthesition from the exponential
to stationary growth phases (8). As CcdA is kndavbe important for the
production of cytochromes which are also primarily expressed in the late
exponential phase, it is likely that CcdA produntise stepped up to coincide

with this and its involvement of spore synthesi3)(4

1.4. Cytochromesc

Figure 1.8 Haem attachment to cytochrome  c. The haem (red) is covalently bound
(solid lines) to the two cysteines and axial ligands (dashed lines) from the histidine and

methionine residues position the haem.
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Cytochromes are redox active haem-containing prsteihe iron of the haem
cofactor can either be oxidised or reduced, whitdbées them to receive and

donate electrons as part of respiratory pathwags (4

Cytochromeg differ from other types of cytochrome as they biragm
covalently via thioether bonds formed between vigrgups of the haem and the
two cysteine residues in a CXXCH motif, with thetidine side-chain serving as

an axial ligand, positioning the haem iron, Figlir@ (45).

1.4.1. Haem C
Protein,
g=Cys }ys
= 1
S
\
Y 4
COOH COOH COOH COOH
Haem B (protohaem 1X) Haem C

Figure 1.9. Haem B (protohaem IX) and haem C.  Unlike haem B, haem C is
covalently bound to protein via thioether bonds between the porphyrin ring of the haem

and the cysteine thiols of the CXXCH motif present on the polypeptide.

Haem C consists of porphyrin (a cyclic tetrapyryaigth an iron ion ligated at its
centre, Figure 1.9. The haem iron is the mosttreapart of the haem molecule
and can cycle between the oxidised and reduceessgé* + €  Fe&*). Haem
has several variations, as well as haem C, whigk ttee same common
precursor, haem B (or protohaem 1X). Haem C is@sasly a haem B that has

been covalently attached via thioether bonds betlee cysteine side chains of
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the polypeptide and the vinyl groups of the porphying. In most cases the
haem is attached to the cytochrome via two cystimds in a CXXCH motif,
although in some rare cases the haem will bind@XAXCH, CXXXXCH or
CXXCK motif or be attached via only one thioethentd to a A/FXXCH motif

(46).

1.4.2. Cytochromes

Cytochromec has been documented as having various rolesukiargotes
cytochromec is involved in electron transport for aerobic regon in
mitochondria and photosynthesis in chloroplastsg.(@ytochromes can also
act as signalling molecules within these two orglaseThey are involved in
apoptosis in mitochondria and electron transpochiieroplasts (48). In
prokaryotes cytochromesare involved in respiration (both aerobic and
anaerobic electron transport), photosynthesis (emigand anoxygenic),
detoxification (via electron transport) and sigmagl(haem intermediate
biosynthesis) (48). The location of cytochromesries depending on function
and the organism in which they are found. For gdamn prokaryotes-type
cytochromes are located outside the cytoplasmic lon@ne; in mitochondria,
they are located in the intermembrane space, addlanoplasts they are found
in the lumen (48)B. subtilis has four cytochromes(CtaC, QcrC, CccA and
CccB, discussed in detail below) all of which attaehed to the membrane either

via a transmembrane anchor or as a lipoprotei9432).
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1.4.3. Cytochromeg< of B. subtilis

B. subtilishas four true cytochromes CtaC, QcrC, CccA and CccB, (Figure
1.10). A fifth protein called QcrB is a cytochroméut unusually it has a
covalently bound haem, although it is matured detsif the cytochrome
maturation system (53,54). AH. subtiliscytochromeg are membrane bound
and none of them are essential for growth in ricmmimal media due to the
presence of two quinol oxidases, cytochraag(which is likely to be the major
oxidase) and cytochront®l, neither of which rely on cytochromeg50,52).

The aerobic respiratory pathwaysBfsubtilisare illustrated in Figure 1.11.

Extracytoplasmic space

/\ﬂr%lﬁ

CccA CccB QcrC CtaC

Cytoplasm

Figure 1.10. Schematic topology of  B. subtilis cytochromes c. Details of each
cytochrome c are discussed in the text. Briefly, CccA is cytochrome csgo, CcCB is a
cytochrome css5q, QcrC is the cytochrome ¢ subunit of the bc complex and CtaC is

subunit Il of cytochrome c oxidase.
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Cytochrome
oxidase
branch

Quinol
oxidase
Branch

Menaquinone

Succinate: NADH:
Menaquinone Menaquinone Dehydrogenases
reductase reductase

Figure 1.11. Aerobic respiratory chains of  B. subtilis . Dehydrogenases reduce
menaquinone which passes electrons to the terminal oxidases, either directly to the two
quinol oxidases or via the bc complex and small cytochromes c to the cytochrome ¢

oxidase.

1.4.3.1. QcrC

The 29 kDa protein QcrC is the cytochroo®ubunit of the cytochromac
complex (menaquinone:cytochrommeeductase) that transfers electrons from
low potential quinol in the membrane to cytochromand adds to the
transmembrane proton gradient (55,56). A typalcomplex contains three
protein subunits, which contain four prostheticaredroups between them.

These are the cytochrorbavhich contains two low spin haelbgroups; a

cytochromec;, which contains one typehaem; and a Rieske type iron-sulphur

protein (55). Due to the cytochrorhef theB. subtiliscomplex being similar to

that of absf complex and the organisation of the cytochrasabunit, the
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complex encoded by thger operon is called Bc complex, with no subscript

(56).

QcrC has a structure that resemblégf@omplex subunit IV fused to a
cytochromec and is predicted to have three transmembrane bgl&). The
predicted structures of the putative protein praéslencoded by thgcr operon
suggest a distinct protein complex that is closelsted to knowrbc; andbgf
complexes (56). It is the C-terminal end of Qcr@tttontains the CXXCH motif
and sequence comparison demonstrated that th@regmore similar t@.
subtilis CccA than to the equivalent regions of otherandbsf complexes (56).
The cytochromé of thisbc complex, QcrB, is a 22 kDa protein and is novel
among cytochromds as it can covalently bind haem, most likely viss€¥ (53).
The cytochroméc; complex will liberate two electrons from quinoheis
passed along a high potential chain of the Rieskesulphur protein to a
cytochromec and then the terminal oxidase; the second is dat®&n a chain
of lower potentiab-type haems across the membrane to contributesto th
electrical and chemical work of the transmembraiogéom gradient (57). The
complex has been isolated from mitochondria andrsg¢bacterial species and
the very similatbsf complex has been isolated from plant chloroplastsfrom

cyanobacteria (57).

1.4.3.2. CccA
B. subtilisCccA, also known as cytochrorog, is a 13 kDa membrane bound
protein. It is predicted to consist of an N-teralimembrane anchor, which

spans the membrane in the form of an alpha helid the C-terminal haem

27



domain, which is exposed to the extracytoplasnde sif the membrane (50).
The deletion of theccAgene showed that CccA is not essential for thevtjro

of B. subtilis This deletion also led to the discovery tBasubtilishas another
small cytochrome, CccB (50). The expression @fcAhas been linked to the
onset of sporulation, possibly playing a role ia thitiation of sporulation
through regulation a§po0A(58). WhercccAwas over-expressed B subtilis
sporulation was significantly accelerated and at@defective mutant
sporulation was delayed (58). Several sporulagsociated factors were
detected in higher level in the CccA over-expregsiutant, including higher
levels ofspoOAtranscripts and higher levels of stage-ll-speaflaline
phosphatase and stage-lll-specific glucose dehythage activities (58).
Although CccA is not essential for sporulation, &xpression ofccAmay play
an important role in the initiation of sporulatigrgssibly by aiding the activation
of Spo0A (58). IB. anthracis the causative agent of anthrax, CccA and CccB
(discussed below) have been shown to be involvédeimegulation of toxin gene
expression by affecting the expression of the mastelence regulator AtxA
(59). The loss of CccA and CccB resulted in delatgd AtxA-mediated gene

expression and, therefore, an increase in the ssiore of the toxin genes (59).
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1.4.3.3. CccB

This second small protein, CccB or cytochramgg, is a lipoprotein that is
expressed at a low level during exponential graaitimg with the gengvjA
which encodes a 29.8 kDa polypeptide with no knéwmetion (51). The C-
terminus of CccB is very similar to that of CccAnsisting of a single haem
domain. The N-terminal domains are clearly différeWhile CccA has a 32
residue non-cleaved signal sequence membraneiorsdrat acts as a membrane
anchor for the haem domain (50), CccB containssatliterminus a bacterial
lipoprotein consensus sequence (Leu-Ala-Ala-Cya) ilimodified by the
addition of a diacylglycerol moiety at the cystemesidue. The N-terminal
peptide is then cleaved by type Il signal peptidak®ving the modified cysteine
residue at the N-terminus to become anchored ton#rebrane by the fatty acid
residues (51). Due to the size and other simiartib CccA, CccB is hard to

distinguish on SDS-PAGE gels stained for haem ¢in ®@oomassie.

1.4.3.4. CtaC

CtaC is subunit Il (SU 1) oB. subtiliscytochromec oxidase and, like CccB, is a
lipoprotein (52).B. subtilishas three different respiratory oxidases in the
cytoplasmic membrane. Cytochroma and cytochroméd are both quinol
oxidases and cytochroneaas, of which CtaC is part, is a cytochroro@xidase
(52). Of these three systems, only a deficienaytochromeaas significantly
affects cell growth (60). Due to its close simtlato Paracoccus denitrificans
cytochromeaas the following structural information has been imésl; the two
haem A groups are harboured by CtaD (SU I); Cta@aios the Cn di-copper

centre and the cytochroneglomain (both domains are exposed to the
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extracytoplasmic side of the membrane). CtaC chared in the membrane by
two transmembrane alpha-helixes towards the N-tersof the polypeptide.
Both the N-terminal and C-terminal domains are tedan the extracytoplasmic
side of the membrane (52). The cytochraraa; oxidase is part of a well
characterised family of haem-Cu oxidases. Theyra@mbrane bound enzymes
involved in electron transfer reactions, reducimaxggen to water and pumping
protons across the membrane (6&).subtiliscytochromecaa; is comprised of
four subunits encoded lyaC, ctaD, ctaE andctaF (subunits SUII, SUI, SUIII
and SUIV, respectively) (62)B. subtilis cagis similar toaag in respect to
amino acid and structure, with only SUII (the sudgt binding subunit) differing
to accommodate cytochrorsen thecaa and menaquinol iaas (60,62). The
ctagenes encodinB. subtiliscytochromecaa; is an operortaCDEFG which

is part of a gene clustetaABCDEFG ThectaA andctaB genes encode for a
haem A and heam O sythase, respectively,cten@ codes for &ag assembly
factor (62-64). SUIl is 621 residues and aboutB8 &nd is larger than its
mitochondrial ofParacoccus denitrificaneomologues due to it having two extra
transmembrane segments (62). It contains a bihoetgtochromeas/Cus centre
and the bisimidazole cytochrorméhaem and several residues thought to be
important for proton translocation (62). SUII, eded byctaC, contains the di-
copper centre and a haem C, discussed above. iBWBlIsubtilishas a shorter
N-terminus than the mitochondrial Br denitrificanssubunits, having two less
transmembrane segments, but is similar in sized&1 coli cytochromebo
subunit Il (62). It does not contain any redoxtrtes and is not an important
element of the enzyme with regard to proton pumpétg. SUIV is a unique

small, 12.6 kDa, protein that does not appear tavddeconserved among
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Bacillus spbut may be a novaacillusoxidase subunit (62). Electrons are
passed from the substrate cytochrane the SUII Cu via the SUIl haem C, then
through the haem A group of SUI to the haegaCAl centre (61)B. subtiliscaa

Is not a major oxidase and is mainly produced wdedis are grown on non-
glucose based media at the onset of the statigravyth phase and it is required

for sporulation in the absence of cytochroaag (60,66,67)

1.4.4. Cytochromec maturation

Cytochromeg are found in nearly all forms of life, usually pert of respiratory
electron transport chains. They differ from otbgiochromes in the way they
have a type C haem covalently bound via two sulghoups of two cysteine
residue side chains. Although it has been dematestithat haem can bind to an
apo-cytochrome in vitro in the absence of accessory proteins, nature has
developed several systems to ensure this occucklg@nd with the correct
stereochemistrin vivo (68). To date, five different systems for the unation
of cytochromeg have been identified. They are designated cytmobc
maturation (CCM) systems I-V and, apart from a fave exceptions, only one
of these is found in any particular cell type (4&ystem I, Il and Il have been
studied in some detail, although there is still mtalearn, but very little is
known about the recently proposed systems IV andNhough these systems
appear very different in the numbers of proteinoived, they all share a

common end result, the covalent attachment of haerytochromes.
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1.4.4.1. CCM System |

CCM system | is the best studied of the CCM systelnis commonly found in
Gram-negative bacteria and the mitochondria oftptafts. It is seemingly the
most complex of the systems with many dedicateteprs: inE. coli, CCM
system | has eight dedicated proteins. The rdlesamy of the components

involved in CCM system | are still not fully undésed.

Periplasm

:. Quinol

H

Apo-cytochrome ¢

Cytoplasm

Figure 1.12. CCM system | from E. coli. This system is typical of most Gram negative
bacteria. Variations can found in plant and red algal mitochondria as wellas , , and
proteobacteria and deinococci. Apo-cytochrome c enters the periplasm from the
cytoplasm via the Sec pathway where the cysteine thiols are oxidised by DsbA. Haem C
(red box labelled ‘Fe’) is likely to be transported to the periplasm via a complex formed
by CcmA, CcmB, CcmC, CecmD and CcmE. Electrons are passed from TrxA in the
cytoplasm through DsbD (also known as DipZ), to CcmG, to CcmH which reduces the
disulphide of the apo-cytochrome. The haem C is likely reduced by CcmFH, by e
received from quinol via a haem B (blue box labelled ‘B’). The covalent binding of the
haem to the apo-cytochrome c is also likely carried out by CcmFH. Solid arrows denote
the path of the apo-cytochrome c, dotted arrows denote the path of electrons (e’) and
dashed denote the path of the haem. The roles of each of the proteins involved are

discussed in detail in the text.

32



Ccm proteins, responsible for the covalent attactiraEhaem to the
apocytochrome in the periplasm, are all localizethe cytoplasmic membrane
(Figure 1.12) (69). Thecmgenes are commonly arranged in mesind -
proteobacteria as a single cluster and transcabdue same time and in the
same direction (69). The spaces between the gaaasually very short, except
for the region betweeccmBandccmC Some organisms vary from this general
rule, for examplé&hewanella oneidendmas two cluster&cmABCDEand
ccmFGHI which are transcribed divergently and separatetivb genes, one of

which codes for a cytochronog69).

Maturation of the cytochromesoccurs in the periplasm. The apo-cytochrame
has an N-terminal signal sequence, which allows [gass through the
cytoplasmic membrane via the Sec pathway (70)s lHader sequence was
found to be removed from apocytchromiecated in the periplasm in a
Paracoccus denitrificanmutant unable to synthesise mature cytochrofr®).
Other evidence supporting the periplasmic matunadicc-type cytochrome
includes the finding that, IB. coli, if the apocytochrome s translated without
the leader sequence, only apocytochramefound in the cytoplasm, and that
the products of many of the genes required foradytmmec biogenesis are

found on the periplasmic side of the cytoplasmienbene (70).

For simplicity, the CCM system | described herbased on the current
knowledge of thé. coli system, with details from systems from other oigas
where differences are thought to occur. Sequenalysis identified CcmA and

CcmB as an ABC transport complex with CcmB beingninene bound with the

33



associated CcmA bearing an ATP-binding cassett®®46 Little is known
about how haem is transported into the periplasm fihe cytosol where it is
synthesised but it is possible that CcmA and CcretBraconjunction with
CcmC and CcmbD to do this (46). Haem C has beeasctdat in the oxidised
form covalently attached to CcmE in a purified Cddcomplex with CecmC
providing the fifth and sixth axial ligands (71l}.is possible that, due to the
hydrophobic nature of haem, it can partition irfte tytoplasmic membrane and
reach the protein in the periplasm; however, freenhis potentially toxic to the
cell, which makes this idea unlikely (46). CcmEishored to the cytoplasmic
membrane and is a haem chaperone. It is thoughtithdaem is transferred to
CcmE from CcmC (69,72), an integral membrane pnoteih six
transmembrane helices, which is thought to bindrhftem the periplasm (69).
Haem becomes covalently attached to CcmE but ortlya presence of CcmC;
this attachment occurs in the absence of CcmFGMisigahat these three

proteins are not involved in transporting haem fitbm cytoplasm (73).

CcmF is a large integral membrane protein withrhbhdmembrane helices that
receives haem from CcmE (69). CcmF contains a Haémat is reduced by
quinols and is likely to reduce the haem C priocdwalent attachment (71). It is
thought that CcmE shuffles between CcmC and Ccarfsterring haem between
them (72) or these three proteins may be boundsaper-complex (46). CcmD
is a small monotopic membrane protein, which sizdsl the interaction between
CcmC and CcmE (69,72). The haem-lyase complextlediates the covalent
attachment of haem to the apocytochrome is thotagihé formed by the

association of CcmF with CcmH, which possibly sericekeep apo-cytochrome
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c cysteines in the reduced form (69). Rhodobacter capsulatube N-terminal,
membrane spanning segment of Ccml, which is natdonE. coli, is thought
to be involved with CcmF-CcmH dependent haem layaind the C-terminal
periplasmic domain of it is thought to be involiadhe CcdA- and CcmG-

dependent reduction of the thiol groups of apo-cytomec (74).

CcmG (also known as DsbE) is a membrane bound TD@Races the
periplasm. Deletion of thecmGgene results in the complete loss of
cytochromeg in E. coli(75). The CXXC motif of the active site is locatad

the bottom of a cleft, which is capped by tieProl144 (18). Cys80 is solvent
exposed and Cys83 is buried (18). When one or dfatie cysteine residues of
the active site (CPTC) were changed to serine |Jéwels ofB. japonicum
holocytochromessso were detected when expressedtircoli, suggesting these
residues are not essential for the maturationlayédchromes (75). The
conserved GVXGXPETF sequence has been identifi¢ideafsngerprint of the
CcmG subfamily (18). Two important residues witthe fingerprint region have
been identified, the conserved-Pro144 and Glu145, which are believed to
stabilise the structure of the active site (18hreE acidic residues around the
redox-active centre of CcmG (Glu86, Glul45 and A&f)Jare thought to be
important for maturation of cytochromes Single substitutions of these residues
to an alanine demonstrated a wild-type phenotypedbuble and triple
mutations of these residues were less able to matwochomes (76).

Electrons are channelled from thioredoxin in theoplasm via DsbD to CcmG
(77). Direct disulphide exchange has been dematestbetween the N-terminal

periplasmic domain of DsbD and CcmG. This waseddd by trapping active
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site cysteine variants of these proteins in a mkiedIphide and determining a
crystal structure for this complex (78). The dmutle exchange between wild-
type DsbD and CcmG is fagt= 3.9 x 16 M s* (78). The redox potential of
CcmG is between -203 and — 220 mV at pH 7 ver$ils §8). When th&. coli
CcmABCDEFGH proteins were over produced indsbDE. coli strain some
cytochromec maturation activity was restored, although nowtid type levels
(79). This could suggest a way of reducing Ccmd&pendently of DsbD or
simply show that reduced CcmG will occur in thedising periplasmic

environment but can only be observed when overessad.

A soluble monomeric 21.1 kDa protein called DsbAesponsible for oxidising
the two cysteine residues of the haem bindingdditee apo-cytochrome
(42,48). It contains a single catalytic dithio#difide pair within the CXXC
active site motif (42). DsbA is known to catalyke oxidation of reduced,
unfolded proteins. DsbA contains a helical insertihat forms a hydrophobic
patch on the surface of the protein as well asdadphobic groove near the
active site (80). The oxidising power of DsbAnssome way related to the
residues that lie between the cysteines of theasite. When the active site of
E. colithioredoxin was altered to resemble thaEotoli DsbA, a decrease in
pK, of the N-terminal cysteine from 7.1 to 6.1 wasoréed (21) and when the
active site of DsbA was altered to resemble thahioredoxin, the opposite was
found resulting in an increase iKpfrom 3.3 to 6.2 in the N-terminal cysteine

(22). The redox process for TDORs such as Resélveg two electrona(= 2).
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The precise mechanism of substrate introductionreleése by DsbA is not yet
known. A conservedis-proline has been shown to be involved in the raswi

of DsbA-substrate intermediates (16,29). DsbAeaxidised by DsbB (30).
DsbB has four transmembrane helices with both then@ N-termini located in
the cytoplasm. The first periplasmic loop (P1) eams the well conserved
CXXC motif, the second periplasmic loop (P2) hae tysteines separated by 25
amino acid residues (42). Despite the fact thatrdduction potential is far
below that of DsbA, it is the disulphide of P2 betm Cys104-Cys130 that is
most likely donated to DsbA (80). DsbB containg&uinone co-factor that
oxidises the CXXC motif in P1 that may promote dx@lation of DSbA,
although ubiquinone-free DsbB will still oxidise % to about 40% efficiency
(80). The crystal structure of the DsbA-DsbB coexpghowed that the
hydrophobic groove of DsbA captures the Pro100-C4<s2hel06 region of the
DsbB P2, which causes the two cysteines of theoB2 o be out of range for a
disulphide bond and allows a mixed disulphide betw€ys30 of DsbA and
Cys104 of DsbB (81). A likely model of the reoxiida of DsbA by DsbB starts
with the nucleophilic attack by the Cys30 thioltbe disulphide formed between
Cys104 and Cys130 of the DsbB P2 leading to th@dtion of a mixed
disulphide between DsbA-Cys30 and DsbB-Cys104 (82 DsbB-Cys130
thiol then attacks the disulphide between Cys41@ys#i4 of DsbB P1 forming
an interdomain mixed disulphide between DsbB-P2i39§sand DsbB-P1-Cys41
leaving DsbB-P1-Cys44 reduced (82). At this ptiettwo periplasmic domains
of DsbB and DsbA are locked in a ternary complBsbA-Cys33 attacks the
mixed disulphide between DsbA-Cys30 and DsbB-Cys#84lving the

complex leaving DsbA oxidised, driving the resaduatiof the intradomain
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disulphide of DsbB and the donation of two elecs¢rtmthe quinone pool leaving

both DsbA and DsbB in the oxidised state (82,83).

1.4.4.2. CCM System Il

Extra-cytoplasmic space

Mature Cytochrome ¢

S S
| ; | ‘
Cxxfh

Cytochrome ¢ = ‘Haem
synthesis Synthesis

Cytoplasm

Figure 1.13. CCM system Il from B. subtilis . This system is typical of many Gram
positive bacteria as well as chloroplast thylakoid membranes. The apo-cytochrome c is
transported from the cytoplasm via the sec pathway, and the cysteine thiols are oxidised
by BdbD. The newly inserted apo-cytochrome c disulphide is reduced by ResA. ResA
receives electrons (e) from CcdA, which receives e from thioredoxin (TrxA) in the
cytoplasm. Haem (Red box labelled ‘Fe’) is transported across the membrane by ResB.
It is likely that the covalent binding of the haem to apo-cytochrome c is catalysed by
ResC. Solid arrows show the path of the apo-cytochrome c, dotted arrows show the

path of e and the dashed arrows show the path of the haem.

Although CCM system Il is less complex than CCMtegs|, there are some
similarities (Figure 1.13B. subtilishas four genes that are required for the
maturation of cytochromes ccdA resA resBandresC(9,12,54). Of the
products encoded by these genes, ResA, ResB atidiexppear to be
dedicated to CCM. Neither CcdA nor ResA are alisbliessential for CCM as

the CCM negative phenotype achieved by their imatbn can be reversed by
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the introduction of reductant to the growth mediointby the inactivation of

bdbD, as discussed above (24).

TheresABCgenes are encoded by an operon, which also enedgpgal two-
component regulatory system froesDE (66) (Figure 1.14). Several genes
involved in both aerobic and anaerobic respiratioB. subtilisare regulated by
ResD and ResE, including genes encodindtmmplex, the cytochrome
oxidase and genes required for haem sythesis, latheees operon itself

(66,84).

resA resB resC resD resk

—
543 bp> 1626 bp >—{ 1056 bp >—|—{_;20 bp> 1767 bp >i

Figure 1.14. The res operon from B. subtilis . The block arrows represent open

reading frames, promoters by the thin arrows and transcription stop by stem-loop
symbol. resD and resE are transcribed from their own promoter as well as in an operon

with the other res genes.

As with CCM system |, CCM system |l starts with th@nslocation of apo-
cytochromec from the cytoplasm. Like all Gram positive ba@eB. subtilis

has no periplasm so all components are membranelamd located in the
extra-cytoplasmic space between the cytoplasmicbmame and the exterior cell
wall. Once translocated the two thiol groups i@ llaem binding site of the apo-
cytochromeg are oxidised by BdbD to a disulphide bond (24,27)s still
unclear as to why in both CCM systems | and llsalgihide is introduced to the

apo-cytochrome upon translocation. Both BdbD and DsbA are gdnera

39



catalysts of disulphide bond formation so this éxeuld be an evolutionary
artefact or it could serve to provide some sogexfondary structure important
for the stability of apo-cytochroneoutside of the cytoplasm, protecting it from

forming heterodisulphides up until the point wheim attachment occurs.

The role of the integral membrane protein CcdAipdss the reducing
equivalents to the membrane bound protein ResA d&suito StoA which is
involved in sporulation, discussed above). Respraposed to reduce the
disulphide bond in the apo-cytochroma preparation for covalent haem
attachment (12), although no ResA-substrate or Res# complexes have yet
been reported, probably due to the short livedneatfiany such complex (78).
A constructed ResA deficient strain®f subtiliswas found to lack cytochromes
¢, showing that the protein is required for matunati Cytochrome& maturation
was subsequently restored by a deficiency of BdhEh{s case the apo-
cytochromec is not oxidised and thus does not need to be sejydé2). The
addition of the reducing agent dithiothreitol (DTalyo restored cytochronte
synthesis, further supporting the role of ResAeducing the apo-cytochronee
(12). Structures of the soluble domain of ResATE® .subtilisin both its
oxidised and reduced states illustrate how thexastite causes conformational
changes in the protein surface, which pre-determimeh substrates it will bind

(14): ResA is discussed in more detail above.

The precise roles of ResB and ResC are yet to teendi@ed. ResB (542 aa) and
ResC (352 aa) are both integral membrane proteiislaare similarity to

proteins known to be involved in cytochrombiogenesis in other organisms
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(54,85). ResB has four cysteine residues. Twibedge form a thioredoxin
motif and could have a redox function (54). Bylag# toB. pertussi€csB (a
ResB homologue) and membrane topology predicti@sBrhas four predicted
transmembrane segments with the N-terminus exposte cytoplasm (85).
ResB has been shown to covalently bind haem vid &3ydocated at the N-
terminus, although Cys138 has been shown to beessential for the protein’s
function (85). CcsBA oHelicobacter pylorican be thought of as a naturally
fused homologue of ResBC. The CcsA domain (ResBohmgune) will bind

haem in a non-covalent fashion (8&). pylori CcsBA can replace the functions
of E. coliCcmA-H in CCM system | but expression of Biesubtilis reggenes in
CCM deficientE. coliwill not recover the CCM phenotype (85,87). Ivesy
likely that ResB, like CcsB, is involved in therisdocation of haem across the
membrane (85,87,88). Neither ResA nor ResC anarestifor ResB to bind
haem which supports the conclusion that ResB isidleen transporter and ResA
and ResC are involved in only haem attachment (8®sC contains a
tryptophan rich sequence motif which could be imedlin haem binding (54).
When ResC was over expresse@irsubtilisit was shown to bind haem but it is
unclear as to whether this is natural or a reduh® over-expression (85). From
sequence analysis ResC was predicted to be ~44bkibaherresCwas over-
expressed iB. subtilisthe resulting ResC was found to be only ~27 kDa,
suggesting the protein may be truncated after iwaagon. Interestingly, ResC
appears as a ~36 kDa protein when expressEdanli, which matches neither
the predicted size of the protein from sequencéysisanor the size of the
protein when expressed B subtilis(85). H. pylori CcsBA contains two

conserved hisidine residues (His77 and His858)¢clwhave been shown to be

41



required for the traffic of haem from the cytoplasnthe haem binding domain.
These residues correspondtosubtilisResB-His207 and ResC-His350,
respectively, so it is likely these residues ase anportant for haem transport in
B. subtilis(85,86). It is thought that ResBC forms a compteikransport haem

from the cytoplasm and attach it to apo-cytochran(b).

1.4.4.3. CCM System llI
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Figure 1.15. CCM biogenesis system Ill from  Saccharomyces cerevisiae . There are

two very similar systems for the maturation of cytochrome (cyt) ¢ and cytochrome cy,
cytochrome ¢ haem lyase (CCHL) and cytochrome c; haem lyase (CC;HL). Both
systems operate within the intermembrane space (IMS). It is thought that CCHL
mediates the import of apo-cytochrome c into the IMS, requiring elements of the TOM
machinery on the cytosol side. Cyc2p then reduces the CXXCH disulphide prior to haem
attachment by haem lyase. CC;HL is not involved with the import of apo-cytochrome c;
but both the TOM and TIM translocation machinery are required. CC;HL does not
require Cyc2p to reduce the apo-cytochrome c; disulphide. There are several proteolytic

steps involved in the maturation cytochrome c, (discussed in the text) that have been left
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out of this schematic for simplicity. Cyc2p is restricted to organisms where both CCHL

and CC,HL are present; in animals only one haem lyase is present.

CCM system Il appears to be incredibly simple canagd to the other two
studied systems (Figure 1.15). It is thought #itlter a single cytochronme
lyase or a pair of very similar cytochrormand cytochrome; lyases are the
major components involved in CCM system IIl (4&CM system lll is utilised
in the mitochondria of several organisms (oftemgkide a CCM system |,
described above) including yeast, animals, apicergpi parasites, diatoms and

green algae, as determined by genomic analysis (89)

The yeasBaccharomyces cerevisiases the two lyases: cytochromieaem
lyase (CCHL) and cytochront haem lyase (C{L) to mature cytochrome
and cytochrome;,, respectively, whereas in mammals it appearsaisaigle
haem lyase is sufficient for the maturation of bo#ndc; cytochromes and is
referred to as holocytochronesdyase (HCCL) (89). Several important
differences have been uncovered®ircerevisia€ CHL and CGHL systems.
Aswell as being essential for the covalent attacttroEhaem to the apo-
cytochromec, CCHL is also required for the translocation & #po-cytochrome
c from the cytosol into the intermembrane space (IBfShe mitochondrion
along with the protease resistant part of the TQ@ihglex (outer-membrane
translocation machinery). TOM directs the apo-clgtomec to the outer-
membrane and CCHL acts as the receptor in the BA% (Unlike other proteins
transported via the TOM machinery, apo-cytochromés not have an N-
terminal signal sequence for mitochondrial targgtinstead they possess

internal signals (89). Upon import to the IMS app-cytochrome with an
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oxidised haem binding motif is required to be remtliby a membrane bound
flavoprotein, Cyc2p, before CCHL can insert therha It is probable that the
majority of apo-cytochromeis reduced upon entry to the IMS as cytochreame

maturation is only partially affected in the absent Cyc2p (89,91).

Pre-apo-aytochromeg is imported into the mitochondrial IMS via the TCivid
TIM (inner membrane translocation) translocatiorchiaery by virtue of a
bipartite N-terminal signal sequence that is preedson entry into the organelle
(89). Itis unclear as to why both the TOM and TiiMchinery are required for
the import of pre-apo-cytochroneg as there is still no consensus as to the
sorting of the bipartite signal (89). Two modalghe involvement of TIM
currently exist. First, it may be that the enbipartite sequence in imported to
the matrix then “pulled-back” into the inner memima Secondly, the
hydrophobic domain of the sequence acts to stojpoecytochrome; being
translocated into the matrix and anchors the poeeypochromer; to the IMS

side of the inner membrane (89). However, theegreement on the processing
of the pre-apo-cytochrongg, starting with the pre-sequence of the peptidadei
proteolytically removed by the MPP (the mitochoatigeneral processing
peptidase) in the mitochondrial matrix (89). Thenerates an intermediate sized
apo-cytochromes, which is acted on by Imp2, an IMS-localised past to
generate the apo-cytochromg(89). Covalent attachment of haem is carried out

by CGHL before a final cleavage step by the Imp2 pra€&9).

Only CCHL was identified in genetic screens in yeasl, when it was expressed

in E. coliwith mitochondrial apo-cytochrone A good yield of mature
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cytochromec indistinguishable from the same protein maturegeiast was
produced (92). It is possible that this systesoisimple when compared to
systems | and Il because system Ill only has exhthaem to two cytochromes
that have very similar folds, whereas systems llahdve varying apo-
cytochromec substrates (46). It has not yet been possibletoodistrate that
system Il haem lyase can attach haem to bacegiaicytochrome, which
suggests a high level of specificity toward the-aptmchromeg it will reduce.
Unlike system I, system lll is able to attach haempo-cytochrome with a
mutated AXXCH motif, which suggests a lack of sfieity towards the active
site alone (46). There is no evidence for a sydteprecursor in any
prokaryotes so it seems likely that haem lyasevexbbnce and came to replace

CCM system | in many organisms (93).

1.4.4.4. Systems IV and V

Apart from the existence of cytochromegnd other cytochromes with atypical
covalently bound haem) that are matured in theradgsef CCM systems I, |l

and lll, very little is yet known about alternatisgstems for the covalent ligation
of haem to peptides. As discussed above, somelogtmesc have a non-
CXXCH motif and are able to bind haem via a CXXXGEXKXXXCH or

CXXCK motif or are attached via only one thioethend to a A/FXXCH motif.

Each of these motifs must require a system of hagachment (46).

The CCM system IV machinery (also known as CCB)leen identified in
chloroplasts as being involved in the maturatiothefbsf complex (94). Théef

complex is closely related tmy; complexes both in its structure and function
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(discussed above), the main difference beingpgheomplex has an additional
haem cofactor covalently bound to the backbonéetiytochromé (94). Four
genesCCB1-4 have been identified as being involved in theabemnt
attachment of a-type haem to cytochroni® (94). Thisc-type haem is
attached by only one thioether bond and there doeappear to be a second
axial ligand. This type of haemis called ac’ haem (94). Each of the CCB
proteins are predicted to be integral membranespreispanning the thylakoid
membrane, but as yet no specific role has beegressio the individual protein
(94). Disruption of genes involved in CCM systdpalso found in chloroplasts,
does not affect the attachment of hag@no cytochromebg (94). QcrB, of theB.
subtilis bccomplex (homologous to thef complex, discussed above) also has a
haem covalently bound via one thioether bond, bigteafrom the fact that this
occurs outside of CCM system I, very little is kmoabout its maturation (53).
A CCB3homologue has been identifiedBn subtilisbut the other three

components appear to be absent (85,94).

CCM system V has been identified as being invoivethe maturation of
cytochromec and cytochrome; in the mitochondria of protist phylum
Euglenozoa, which includesishmaniaspecies andrypanosoma brucea
parasitic protist that causes African sleepingrsgss (95). The cytochromesf
these organisms have haem covalently attacheche@ysteine thiol to a
(A/F)XXCH motif (95,96). TheE. coliCCM system | machinery was not able to
matureT. bruceicytochromec and cytochrome; unless the genes were mutated
to encode the proteins so that they had a CXXCHfrf88). The CCM system

lll of S. cerevisiagvas not able to matuiie bruceicytochromec and
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cytochromec; even if the haem binding motif was altered to aXCXl even
though the overall structure of thie bruceicytochromeg is remarkably to

similar to those found t8. cerevisia€96).

1.4.4.5. CCM inS. coelicolor

Streptomyces coelicolas a Gram positive, spore forming soil bacterium,
belonging to the sporoactinomycetes group. Stieptomycefamily are
different from other bacteria as they exhibit coexpiulticellular development,
with the differentiation of cells into distinct $iges. Thé&treptomycefamily is
also responsible for producing most of the natyradicurring antibiotics used
today in human and veterinary medicirf. coelicolorhas the largest number of
predicted genes of any bacterium, to date, omnigat, eight million base pair
chromosome (97). They grow as branching hyphaddha vegetative mycelia
that disperse through spores that form on aeriphég. These are specialised

reproductive structures, that emerge from the gokurface into the air (98).

Relatively little is known about respiration $ coelicolor It is classed as an
obligate aerobe although it possesses three coptasnarGHJI operon, which
encodes nitrate reductase, an enzyme complex iadalith anaerobic
respiration.S. coelicoloiis capable of aerobic growth on a wide range db@ar
sources and, although it can survive anaerobicitiond, it is incapable of

growth (99).
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—{ sco4472 | sco4473 = sco4474
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ResA CcdA ResB ResC
homologue homologue homologue homologue

Figure 1.16 Gene organisation of the predicted  S. coelicolor res operon. The SCO
numbers refer to the order of genes on the S. coelicolor genome. The genes are
apparently arranged as an operon with a likely promoter upstream of the resA gene
(SC04472). ‘Gaps’ refers to the number of base pairs between the ‘stop’ codon of one
gene and the start codon of the next. The genes are very close together with the largest
gap of 189 bps being between resB (SC0O4474) and resC (SC0O4475); as yet no

additional promoter has been identified in this region.

TheS. coelicolorgenome sequencing project identified 7825 predignes in
the 8,667,507 bp chromosome, many of which remamnpietely
uncharacterised (100). Sequence analysis idethfifier genes, potentially
arranged in an operon, that are predicted to enpamteins homologous .
subtilisResA, CcdA, ResB and ResC (Figure 1.16). $tieptomycedata base
(StrepDB, http://strepdb.streptomyces.org.uk/) glegies allS. coelicolorgenes
by ‘SCO’ numbers. The gene predicted to encodenaotogue oB. subtilis
ResA is designated SC0O4472. The rest of the oppredicted to encode
homologues of CcdA, ResB and ResC, are design&é&i#&73, SCO4474 and
SCO04475, respectively. For clarity, in this thethiese genes will be referred to
by the product they are expected to encode, famplg SCO4472 will be

referred to asesAas it is expected to encode a homologuB.&ubtilisResA.
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Membrane bound TDORs have remained largely unsdudig. coelicolor The
bacterium does not synthesise glutathione (GSHigwik considered to be
important for protecting the cell against oxygexi¢ay. S. coelicoloralong,

with many other Actinomycetes, produces mycothiEH) which is more
resistant to heavy-metal ion-catalysed oxygenatan GSH (101). With the
existence of thioredoxin (Trx) in the cytoplasmSofcoelicolorestablished
(102,103) and with a likely homologue @fdAfound in the same operon as the
resgenes it is clear th&. coelicolompossesses system |l cytochrome
maturation pathway similar to that Bf subtiliswhere the reducing equivalents
are passed from Trx in the cytoplasm to CcdA toARasd finally to the

apocytochrome.

BsResA MKKKRRLFIRTGE B ILLVLICALGYTIYN-- 27
ScResA MSAASRAPLRSNRTAERFTERTADARARVRSRAAR AAVGAAAAALLVSACSSGGTSGGGG 60

BsResA --AVFAGKESIS---~EGSDAPNFVLEDTNGKRI ELSDLKGKGVFLNFWGTWCEPCKKE 80
ScResA QTGFITGSDGIATAKKGERADAPELSGETVDGGQV. BVADYKGKVVVLNVWGSWCPPCRAE 120

BsResA FPYMANQYKHFKSQGVEIVAVNVGE-SKIAVHNEM  KSYGVNFPVVLDTDRQVLDAYDVSP 139
ScResA AKNFEKVYQBVKDQGVQFVGINTRDTSTGPARAFE KDYGVIYPSLYDPAGRLMLRFEKGT 180

BsResA L-----PTTFLINPEGKVVKVVTGTMTESMIHDYM NLIKPGETSG 179
ScResA LNPQAVPSTLIIDREGKVAARTLQALSEEKI RKML FAPYLQPEK-- 223

Figure 1.17 Sequence alignment of BsResA and ScRes  A. Generated using
CLUSTAL 2.0.10 (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Residues
highlighted yellow represent an exact match and residues highlighted green represent a

compatible substitution. The ‘lipobox’ region is underlined in red.

B. subtilisResA (BsResA) is membrane bound by a transmemilanacteor
whereas analysis suggests tBatoelicolorResA (ScResA) is a lipoprotein as it
contains an N-terminus ‘lipobox’ consensus sequéh¢S&AC) between

residues 46-50 (104). Althoudh subtilisResA has this same consensus
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sequence previous studies have demonstrated thatat a lipoprotein. A

sequence alignment between BsResA and ScResA cehen (Figure 1.17).

TheccdAandressystem irB. subtilisrepresents a model for CCM system I,
which is found in a wide variety of organisms irdihg Gram positive bacteria.
Sequence analysis of tle coelicolorgenome predicts there to be only one
cytochromec, homologous to thB. subtiliscytochromec QcrC . The gene,
designated SC0O2150 by the Streptomyces databdeeatsd in a cluster with
other genes also encoding proteins that are horaoktp other components of a
cytochromebg; quinol oxidase complex, as well as several gerpsated to
encode homologues of protein subunits of a cytaukmoxidase (Figure 1.18).
As theS. coelicolorquinol oxidase complex bares sequence homolodyetB.t

subtiliscomplex it too will be referred to asa complex, with no subscript.

SC02148 |—<SC02149 KSCOZlSO |—<SC02158C02153 }—<SC02154'< SC02155 KSCOZlSG |>
| | | Lo | ! | |

QcrB QcrA QcrC Cytochrome Regulator Lipoprotein Membrane Cytochrome Cytochrome
Cytochrome Rieske cytochrome c oxidase protein c oxidase c oxidase
b subunit protein ¢ haem subunit 11 subunit | subunit 11

Figure 1.18. The qcr and cytochrome c oxidase gene cluster of S. coelicolor .
SC02148, SC0O2149 and SCO2150 are predicted to encode proteins that make up a
quinol oxidase bc; complex. SC02151, SC0O2155 and SC0O2156 are predicted to
encode subunits of a cytochrome ¢ oxidase complex. The cluster also includes a
regulator, a lipoprotein and a membrane protein of no predicted function, 52 (SC02152),
SCO02153 and SC0O2154, respectively.

QcrC inB. subtilisforms part of thddbc complex, which transfers electrons from
relatively low potential quinol to cytochromesnd contribute to the

transmembrane proton gradient (53,56). The cytwukbc complex also
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requires a cytochromeand a Rieske-type iron-sulphur protein; genes @ngo
homologues of these proteins are located in anoopsith the gene encoding the
QcrC homologue on th®. coelicolorchromosome (Figure 1.18). Currently it is
not known what the terminal oxidase is for the gt@tfrom theS. coelicolor bc
complex. Althougls. coelicolordoes encode homologues of a cytochreame
oxidase, there is apparently no homologue of alssyichromec to shuttle
electrons from théc complex to it. It could be that tie complex is able to
pass electrons directly to the cytochroomexidase without the need of a small
cytochromec. The role of cytochromic complexes is discussed in detail in

above.

BLAST searches of th8. coelicolorgenome also identified a homologue of the
B. subtiliscytochromebd ubiquinol oxidase, encoded by SC0O3935 and
SC03964. Searches were also made for homologubs Bf subtilis
cytochromeaas quinol oxidase against ti& coelicolorgenome but the closest
matches found had already been identified as bemrg closely related to thz
subtiliscytochromec oxidase, parts of which are missing in the M14ér

strain, discussed above. It is also possibleShabelicolothas homologues of

other terminal oxidases not identified here.

The presence of genes encoding homologues of tHA @ad Res proteins i8.

coelicolormeans that it is highly likely that the only pretéd cytochrome of S.

coelicolor, a homologue 0B. subtilisQcrC, is matured by the CCM Il pathway.
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1.5. Project Aims

This project was centred around three main aimst, fisingB. subtilisas a
model organism, this project aimed to exploreitheivo function of predicted
key residues in the ResA amino sequence by expgesariant ResA protein in
a ResA deficienB. subtilisstrain and investigating the affects of these trta
on CCM activity. In this fashion the cysteinesjtgimate and the proline of the
CEPC active site as well as the near active sitteaglate andis proline residues
were investigated. The importance of the transbrame anchor of ResA was
also explored in a similar manner by replacingttheasmembrane region of
ResA with the anchor from th& subtiliscytochromec, CcdA. The second aim
of this project was to study the importaniceyivo, of key amino acid residues
previously identified from biophysical/structuralidies in the highly oxidising
TDOR BdbD fromB. subtilis The final aim of this project was to identifycan
investigate a homologue Bf subtilisResA found in another Gram positive
bacterium in order to compare and contrast the Ggatlems from two different
organisms.S. coelicolorResA was identified and investigated, both inntsivo

function in terms of CCM irs. coelicolorand its biophysical properti@s vitro.
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Chapter 2: Materials and Methods

2.1 Introduction

Many different experimental techniques and procesitnave been employed
throughout the work presented in this thesis, iiclg protein purification,
molecular biology, genetics and spectroscopy. diheof this chapter is to
describe experimental procedures commonly usedigiwaut this work. Many
of the techniques used are specific to a latertehamd will therefore be

described there.

2.2 Bacterial strains
Various strains oE. coli, B. subtilisandS. coelicolowere used throughout this

work. These strains are listed in Table 2.1.

2.3 Growth media

E. colistrains were grown on Luria-Bertani (LB) mediunoorLB/agar plates.
B. subtilisstrains were grown in nutrient sporulation mediuith phosphate
(NSMP), minimal glucose (MG) or tryptose blood agase (TBAB) and.
coelicolorwere grown on LB or soya flour mannitol (SFM). Alkedia were
sterilised by autoclave or filtration before uséhe ingredients used to make

growth media are listed in Table 2.2.
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Table 2.1. Bacterial strains used and/or generated

throughout the course of this

study
Strain | Genotype and/or relevant propertie8 | Origin and/or reference’
B. subtilis
1A1 trpC2 BGSC
LUL7 trpC2 ccdA::ble, bdbD Tn1Q Pnf Sp° (24)
LUL9 trpC2 resA pLLE36 EnT (12)
LUN1 trpC2 resA pLLE36, amyEPs,acresA EnT | This study; pALR12
cm? LUL9
LUN2 trpC2 resA pLLE36, amyEPgp,cresA This study; pALR34
(C74A) EnT Cnf LUL9
LUNS3 trpC2 resA pLLE36, amyEPgp,cresA This study; pALR35
(C77A) EnT Cnf LUL9
LUN4 trpC2 resA pLLE36, amyEpgpasresA This study; pALR39
(C7T4AIC77A)EnT Cnft LUL9
LUNS trpC2 resA pLLE36, amyEPspaeresA This study; pALR40
(E80Q) EnT* Cn LUL9
LUNG6 trpC2 resA pLLE36, amyEPspaeresA This study; pCHN2
(P141S)EnT CnT? LUL9
LUN7 trpC2 resA pLLE36, amyEPspaeresA This study; pCHN4
(P141T) Enf* CnT LUL9
LUNS trpC2 resA pLLE36, amyEpg,acresA This study; pCHNG6
(P76H) EnT* CnT® LUL9
E. coli
JM109 recAl supE44 endAl hsdR17 gyrA96 relAl (105)
thi (lac-proAB)F’[traD36 proAB lacl’
lacZz M15]
DH5 fhuA2 (argF-lacz)U169 phoA ginVv44 Invitrogen
80 (lacZ)M15 gyrA96 recAl relAl endAl
thi-1 hsdR17
BW25113 K-12 derivative: araBAD, rhaBAD (106)
ET12567 dam, dem, hsdM, hsdS, hsdR, cat, tet (107)
BT340 DH5 /pCP20 (108)
BL21 DE3 Fomprl hsdss(rg'mg’) gal dcm(DE3) Promega
BL21 Staf" F ompT hsdSg(rs", mg) gal dem rné 31 Invitrogen
(DE3) (DE3)
BL21 Rosetta FompT hsdfrg” mg’) gal dcm(DE3) Novagen
PRARE (Carf)
BL21 F—ompT hsd%rg” mg) denmi” Tef gal endA Stratagene
CodonPlus(DE| HteargU proL Canf
3)-RP
S. coelicolor
M145 SCP1 SCP2 (100)
M145 qcr qcr::apr This work

2 Ap®, resistance to ampicillin; Cinresistance to kanamycin; Epresistance to erythromycin;
Sd', resistance to spectinomycin

® An arrow indicates transformation of the strain
°BGSC, Bacillus Genetic Stock Centre, Ohio Statesehsity, Columbus, OH, USA
4 Donatated by Matt Hutchings, School of BiologiSaiences, UEA, Earlham Road, Norwich
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Table 2.2. Growth media used in this work.

Media Ingredients

LB 10 g/L Sodium chloride; 10 g/L Tryptone; 5 g/L yeastract, in distilled HO (for
LB/agar plates 1.5 g/100ml agar was added to LB).

NSMP 8 g/L nutrient broth; 0.1 M potassium phosphategobi(added after autoclaving)

0.7 mM CacC}; 0.05 mM MnC}; 1 mM MgClh; 1 uM FeC} (for NSMP/agar
plates 1.5 g/100ml agar was added to NSMP).

2 X MG 4 g/L ammonium sulphate; 14 g/L potassium sulplditeasic); 6 g/L potassium
(diluted as | phosphate (monobasic); 1 g/L sodium citrate; OL2ngagnesium sulphate; 0.5%
needed) glucose added after autoclaving (for MG agar, 15agfar added). Additional
growth factor can be added after autoclaving; Bott Wilson (B&W) solution: 5
mg/ml of each of the following: arginine, asparagiglycine, histidine, lysine,

methionine, threonine and tryptophan (filter sieeidl before use).

TBAB 33 g/L TBAB; 5 g/L agar, made up to 1 L with g

Starch- As TBAB with the addition of 1% starch

TBAB

SFM 20 g/L agar, 20 g/L mannitol, soya flour, made ad L with tap water.

2XYT 16 g/L Difco bacto tryptone; 10 g/L Difco bacto geaxtract; 5 g/L NaCl, made

medium up to 1 L with dHO

2.4. Molecular biology techniques

A wide range of molecular biology techniques wesedithroughout this project
as the manipulation of DNA was essential for thepration of samples and the
generation of bacterial strains and vectors. Dlesdrbelow are the most
commonly used techniques; variations to these ndsthece discussed in the

results Chapters where relevant.

2.4.1 Polymerase chain reaction (PCR)

PCR was used to amplify DNA fragments from chronmoglbDNA from B.
subtilisand cosmid DNA libraries fror8. coelicolorfor ligation into and
expression from plasmids or for the confirmatiorgehe insertion and/or

interruption. The components of a typical ampéifion reaction are listed in
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Table 2.3 and the reaction conditions are desciibddble 2.4. The sequences

of the DNA oligonucleotide primers used throughthig study are listed in

Table 2.7.

Table 2.3. Typical components of a PCR amplificati  on reaction
Component Stock concentration Volume
Template DNA 1-100 ng 1ul
Forward primer 100 uM 0.5 ul
Reverse primer 100 uM 0.5 ul
dNTPs 40 mM (10 mM each) 1ul
Roche High-Fidelity Expand | 2.5 U/ul 0.5 ul
polymerase

Roche High-Fidelity Expand | As supplied 5ul

polymerase 10 x buffer
(+MgSQy)

H,O (sterile, deionised)

To make up to 50 pl

Table 2.4. Typical conditions of a DNA amplificatio

n PCR reaction

Process TemgC Time Repeat
Initial denaturation 94 2 min 1
Cycle 1

Denaturation 94 15s

Primer annealing 58 30s 10
Extension 72 45s

Cycle 2

Denaturation 94 15s

Primer annealing 62 30s 20
Extension 72 45s-2min25s

Final Extension 72 5 min 1

Reaction carried out in a Techne thermocycler. isit; time for ‘Cycle 2’ increases from 45

sec to 2 min 25 s as per enzyme manufacturershremndations depending on fragment size.
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2.4.2. Site directed PCR mutagenesis

PCR was also employed to generate genes encods#y &l BdbD variants.
The full length wild typeesAgene in pUC18 was used as template DNA.
Components of a typical PCR mutagenesis react®marable 2.5 and the
reaction conditions are outlined in Table 2.6. EBEIR reaction was carried out

in triplicate using 1, 2 or 4 pl of template DNA.

Table 2.5. Typical reaction mixture used for a PCR  mutagenesis reaction.

Component Stock concentration Volume

Template DNA 1-100 ng fH 1-4 pl

Forward primer 100 uM 2 ul

Reverse primer 100 uM 2 ul

dNTPs 40 mM (10 mM each) 1.5 uM

PWO polymerase 2.5 U/l 0.5 ul

PWO polymerase 10 x buffer| As supplied 5ul

(+MgSQy)

dH,O (sterile, deionised) - To make up to 50 pl

PWO polymerase from Roche, primers purchased S{gerosys.

Table 2.6. Typical conditions of a site directed PC R mutagenesis reaction.

Process TemgC Time Repeat
Initial denatuation 94 3 min 1
Denaturation 94 30s

Primer annealing 57 30s 20
Extension 70 10 min

Final extension 70 10 min 1

Reaction carried out within a Techne thermocycler.

The wild type template DNA was removed from the RE€&ction mixture
product by incubation with 1 {Dpnl (which specifically digests methylated
DNA) for 1 hour at 37C. Dpnl was denatured by incubation for 30 min at 72

°C. PCR products were ligated to circular plasrbigincubation with T4 DNA
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ligase at 37C for 1 hour, and were then used to transf&reoli IM109 (see

below for protocol). Successful transformants vwsmmeened by plating on to LB

agar containing 100 pg/ml ampicillin. Single cakmwere used to inoculate 5

ml LB containing 100 pg/L ampicillin, and culturegre incubated overnight at

37°C and 200 rpm. Plasmid DNA was extracted from Tutture using

QIAprep mini prep kit (QiaGen, protocol as manufi@et’s instructions).

Mutations were verified by DNA sequencing (MWG-Eioh).

Table 2.7. Primers used in this study

Variant Primer For use with
template
B. subtilis resAprimers
Wild type fwd: GATAAGCTTGAATGGATCTGCAATAGGGG B. subtilis1Al
rev: ACTCTAGACTTGCTTCATCCCGAAGTCTC genomic DNA
C74A GGGGTACATGGGCTGAACCGTGCAAAAAAG pALRY
C77A ATGGTGTGAACCGGCCAAAAAAGAGTTTCC pALRY
C74AICT7 ATGGGCTGAACCGGCCAAAAAAGAGTTTCC pALR3Z
A
P76H GGTACATGGTGTGAACACTGCAAAAAAGAG pALRY"
P141S GTATCTCCGCTTTCGACAACCTTTATG pALRY
P141T GTATCTCCGCTTACGACAACCTTTITG pALRY
EB0Q CCGTGCAAAAAACAATTTCCTTATATG pALRY
pVK1l TTTGAGGTAGCCCTTGCCTACC B. sutilispVK48
insert genomic DNA
pVK2 GTACGTACGATCTTTCAGCCG B. sutilispVK48

insert genomic DNA

B. subtilis bdbDprimers

Wild type For: AAGCTTCTTTTTTAATTTTAAAACGATGAGG B. subtilis1Al
Rev:AGCATGCAAAAATACGATTCTATTTTTC genomic DNA

D180A CAAGTGGAAAAGGCTTCTGACCTTAATC

E63Q GTAACTGTAGTACAATTCGGAGATTAC

E115A GCTCTTGCATCTGCAGAAGTATGGBAAG

P193T CATACAGGCAACAACGACGATTTACGTC

P193S CATACAGGCAACATCGACGATTTACGTC

Q49A CTATCAAAGGGGCGCCTGTGCTTGGC

S. coelicolor resArimers

ScResAl CATATGACCGGCTCCGACGGCATCGCC StD65

ScResA2 GAATTCGTCACTTCTCCGGCTGGAGGTACGGGGC StD65

ScResA3 GGATCCACCGGCTCCGACGGCATCGCC StD65

ScResA4 GAATTCGTCACTTCTCCGGCTGGAGGTACGGGGC StD65

®The reverse primers complement the forward primely the forward primer is shown.
PpALRY is a derivative of pUC18 containing the fighgth resA gene including the ribosome

binding site.

“pALR33 is a derivative of pUC18 containing full gth resA(C74A) including the ribosome

binding site.
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2.4.3. Ligations
Ligation reaction mixtures were prepared as showhable 2.8. The reaction

mixture was prepared at room temperature (appraei;a0°C) in a sterile 1.5
ml tube. The reaction mixture was placed in a wia#th and was incubated at 4
°C overnight and then at room temperature for @éursix hours. This method
ensured that the reaction mixture would be, fan@tstime, at all temperature
between 4£C and 20°C. The function of T4 ligase is dependent on tivetume

being at optimum temperature, which varies betweantions.

Table 2.8. The components of a typical ligation rea  ction mixture

Component Stock concentration Volume

Plasmid DNA 1 ug/ul 1ul

DNA fragment 1 pg/ul 4 ul

T4 DNA ligase 10 U/ul 1ul

5 x T4 ligase buffer As supplied 3ul

Water - 11 pl
Total volume 15 pl

59



Table 2.9. Plasmids and cosmids generated and/or us

these studies.

ed throughout the course of

Plasmid/ Genotype and/or relevant propertied Origin and/or

Cosmid referencé

puUC18 Cloning vector; Ab (105)

pET21a Expression vector Ap Novagene

pGEX- Expression vector Ap GE Healthcare

4T-1

pALR9 pUC18 with wild typaesAblunt end cloned &ma site; Ap® This study

pPALR12 | pVK48 withXba/Hindlll fragment containing wild typeesA This study
under Ry Ap®, Cnft

pALR32 | pUC18 withresA(C77Aplunt end cloned @ma site; Ag* This study

pALR33 | pUC18 withresA(C74Aplunt end cloned &ma site; Ag® This study

pPALR34 | pVK48 withXba/Hindlll fragment containingesA(C74Aunder | This study
Pspas ApF, CnTt

pPALR35 | pVK48 withXbd/Hindlll fragment containingesA(C77Aunder | This study
Pspas ApF, CnTt

pALR36 | pUC18 withresA(C74A/C77Ablunt end cloned at Smal site; Ag This study

pALR37 | pUC18 withresA(E80Q)plunt end cloned at Smal site; Ap This study

pPALR39 | pVK48 withXba/Hindlll fragment containingesA(C74A/C77A) | This study
under Ryas Ap®, Cnf?

pPALR40 | pVK48 withXba/Hindlll fragment containingesA(E80Q)under | This study
Pspag ApF, CnT

pCHN1 pUC18 witlresA(P141Splunt end cloned &@mad site; Ag® This study

pCHN2 pVK48 withXba/Hindlll fragment containingesA(P141Sunder | This study
Pspag ApF, CnT

pCHN3 pUC18 withresA(P141Tblunt end cloned &ma site; Ap: This study

pCHN4 pVK48 withXbd/Hindlll fragment containingesA(P141Tunder | This study
Pspag ApF, CnT

pCHN5 pUC18 witlresA(P76H)blunt end cloned &ma site; Ap* This study

pCHNG6 pVK48 withXba/Hindlll fragment containingesA(P76Alunder | This study
Pspas Ap~, Cnrft

pCHN11 | Sol ScResA in pUC18 84 site This study

PCHN12 | Sol ScResA in pET21aldtd/Ecadrl site This study

pCHN17 | Wild typebdbDpUC18 This work

pCHN18 | Wild typebdbDpDG148 This work

pCHN20 | pUC18bdbD Q49A This work

PCHN20. | pDG148bdbD Q49A This work

1

pCHN22 | pUC18&dbDE63Q This work

pPCHN22. | pDG148bdbDE63Q This work

1

pCHN23 | ScResA in pUC18 &md site This study

pCHN24 | ScResA in pGEX-4T-1 BanHI/Ecadrl This study

pCHN26 | pUC1&dbDD180A This work

pCHN26. | pDG148bdbDD180A This work

1

pVK48 pDH32 deriative; Baclacl; Ap®, CnT V. K. Chary

pDG148 | Expression vector, Afgan® (109)

pLUJES1| pHP13Es witbccA'-resAencoding cyt’-ResA on a 1.1-kb This study
EcoRI-BanH| fragment; Crfi

plJ790 -RED (gam, bet, eXpcataraC, replof (110)

plJ773 P1-FRTeriT-neo-aac(3)IVFRT-P2 (110)

Supercos| Neo, bla Stratagene

1

StD65 Supercosl wit8. coelicolorgenome bases 4872741-4911138. (112)
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2.4.4. Preparation of chemically competenEscherichia colicells

5 ml LB were inoculated witk. coliand incubated overnight at 3z, 200 rpm.
0.4 ml of overnight culture was used to inoculale LB, which was incubated
at 37°C and 200 rpm until absorbance at 650 nm was bet@e0.6. The cells
were then harvested by centrifugation at 8000 r@n8fmin at £C. The
supernatant was discarded and the cells were resdsg in 8 ml of
transformation buffer (TF) 1 [7.4 g/l potassiumaride; 0.03 M potassium
acetate pH 7.5; 1.5 g/l calcium chloride; 150 d¢ytgrol, pH adjusted to 6.4 with
0.2 M acetic acid and sterilised by autoclave kefutding 0.05 M manganese
chloride (tetrahydrate)]. Resuspended cells wkxreed on ice for 15 min before
the cells were harvested by centrifuge as descabetgie. The supernatant was
discarded and the pellet resuspended in 4 ml THZ[§/| potassium chloride; 11
g/l calcium chloride (dihydrate); 150 g/l glycersterilised by autoclave then
0.01 M MOPS buffer, pH 6.8 (adjusted with KOH) addeCompetent cells

were then used immediately or stored at®@@ 0.2 ml aliquots until needed.

2.4.5. Transformation of chemically competenE. coli cells

DNA (50 pl of PCR product or 2 pl of plasmid DNAp# added to 0.2 ml of
thawed competer. colicells. The cells were left on ice for 40 min brefo
being heat shocked at 22 for 2 min. Cells were then placed on ice fourer
5 min. 0.7 ml of warm LB (37C) was added to the cell culture and the cells
incubated at 37C for 45 min. Cell cultures were then centrifugéd 0,000 rpm
for 5 min. 0.65 ml of the supernatant was remdwefdre the cells were
resuspended in remaining supernatant. Successhsformants were screened

by plating 200 pl of resuspended cell culture ohBoagar/ampicillin (100
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ng/ml) and incubated overnight at 37. Control reactions were set up
following the protocol above but without the adaiitiof DNA to the competent

cells.

2.4.6. Preparation and natural transformation of canpetentB. subtiliscells

B. subtilisstrains were plated on to MG plates with 10 mghyptophan and
incubated overnight at 3. 10 ml MG medium containing 50 pg/ml tryptophan
was inoculated from the MG plate and incubated7d€3 200 rpm overnight.

The culture was centrifuged at 5000 rpm for 30 mihe supernatant was
discarded and the pellet resuspended in 2 ml afesteater. Absorbance of the
resupended cells was measured at 450 nm. An ajgoi@pamount of cell stock

(to give a final absorbance of 0.5-0.6) was thedus inoculate 10 ml MG
medium (containing 10 mg/ml tryptophan, 10 mg/ml\B&olution and 0.4 mM
MgSQy) and incubated at 3, 200 rpm for 3.5 hours. 10 ml MG medium and 1
UM IPTG were then added. The culture was incubat&°C, 200 rpm for 2
hours. 0.5 ml of culture was pipetted into a 1Quble and 2 ul of plasmid DNA
added and this was incubated af@0200 rpm for 30 min. 0.5 ml LB medium
was added and the culture incubated &t@tor further 30-60 minutes.
Successful transformants were screened by plaifgu® of culture on to TBAB
with appropriate antibiotic and incubated overnigh87°C. The protocol is

based on that previously described by Hock (112).

2.4.7. Transformation of E. coli cells by electroporation
10 ml cultures oE. coliwere inoculated and grown until absorbance atr600

reached approximately 0.6. The cultures were lsé@deand washed five times
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in 1 ml ice cold, sterile 10% glycerol before beneguspended in 100 pl ice
cold, sterile 10 % glycerol. 50 pl of cell were ¢@d in an ice cold 2 mm width
electroporation cuvette (Fisher Scientific) withpagximately 100 ng of DNA.
Electroporation was carried out in an Eppendori®Electropotator set to 200

, 25 uF and 2.5 kV. The measured time constantoebgeen 4.5 — 4.9 ms.

2.7.8. Blue/White screening

Blue/white screening is a useful technique to detee whether new DNA has
been successfully cloned into the pUC18 (or eqaivalvector. “Blunt end”
ligations, such as the introduction of a PCR produto pUC18 at it$Smd site
are often unsuccessful because it is highly likleat the plasmid will ligate back
to circular DNA without including any extra DNA. oTscreen foE. coli cells

that have taken up plasmids that have an inseppssed to those that do not,
after transformation the cells are plated on LBragataining 5-bromo-4-
chloro-3-indoyl- -galactopyranoside (X-gal) and 1 mM IPTG. The mpidt
cloning site (which includes tH&ma site) is positioned within thiacZ’ gene
present on the plasmid. coli strains such as JM109 do not have a functional
lacZ’ which encodes the-subunit of -galactosidase. When DNA is inserted at
this site thdacZ’ gene of the plasmid is interrupted and JM109 eahtinue to
have a non-functional-galactosidase, if JM109 takes up pUC18 with a non-
interruptedacZ’ gene then it will have a functionalgalactosidase. X-gal is a
colourless, modified galactose sugar which is gasétabolised by-
galactosidase to form an insoluble, bright blueeuole (5-bromo-4-
chloroindole). Transformed cells that appear whiteX-Gal harbour pUC18

with an interruptedacZ’ gene and are selected. The plasmid would then be
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further tested for insert by sequencing and reginaligest as it is possible to

interrupt thdacZ’ gene with DNA other than the desired fragment.

Blue/white screening is not normally necessary wtiening using “sticky end”
ligation techniques as the plasmid vector will haea-complementary sticky
ends so will be unable to re-ligate into circuld®without the inclusion of

DNA with complementary sticky ends.

2.7.9. Isolation of DNA from cell cultures

Genomic DNA was isolated from 2 Bl subtiliscultures using a Wizard
genomic purification kit (Promega) as per manufesta instructions. Plasmid
DNA was isolated front. coli cultures using the QIAGEN mini-prep kit as per

manufacturer’s instructions.

Cosmid DNA was isolated froma. coli cultures using the follow protocol: 1.5
ml of E. coli containing cosmid was harvested from an overraghtre at

13000 rpm, 30 sec. Cells were resuspended inNd0'ns, 10 mM MOPS, pH

8 by vortexing and 200 pl 200 mM NaOH, 1 % soddwmdecyl sulphate (SDS)
was added and mixed by inverting 10 times befockradl150 pl ice cold 3 M
potassium acetate, pH 5.5, and mixing further giiting five times. The
mixture was then centrifuged at 13000 rpm for fivautes. The supernatant
was carefully transferred to a tube containing gbDPhenol:chloroform:isoamyl
alcohol (25:24:1), and mixed by vortexing for twanotes before centrifuging at
13000 rpm for five minutes. The upper phase wasfally removed and added

to 400 pl phenol:chloroform:isoamyl alcohol, agaiixed by vortexing and
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centrifuged as above. This second phenol:chlon@isoamyl alcohol extraction
to ensure better separation of protein solids. dpper phase was carefully
removed and mixed with 600 pl isopropanol by invmgrsseveral times. This
was incubated on ice for 10 minutes before cergafion at 13000 rpm for five
minutes. The supernatant was discarded and thet pelshed with 70% (v/v)
ethanol and centrifuged at 13000 rpm. The supanatas discarded and the

pellet allowed to dry before resuspension in 5@@mM Tris, pH 8.

2.4.10. DNA quantification
Determination of DNA concentrations was achievedn®asuring the
absorbance of DNA solutions at 260 nm in a 1 crhlpagth cuvette and using

the conversion factor in Equation 2.1.

1 absorbance unit at 260 nnDNA concentration of 50 pg/ml (Equation 2.1)

DNA purity was determined by also measuring the@arat 280 nm to establish
an A260/A280 ratio. Pure double stranded DNA hestia of approximately
1.8. A lower value indicates contamination witletein and a higher value

indicates contamination with RNA.

2.4.11. Agarose gel electrophoresis

1% w/v agarose gels were prepared by dissolvinggoutdr biology grade
agarose in TAE buffer (40 mM Tris acetate, 1 mM BDPH 8) in a microwave
(300 W) for approximately 5 minutes. The solutwas allowed to cool to

approximately 50C before the addition of ethidium bromide at alffina
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concentration of 1 pg/ml. The gel was then poungd the casting unit and
allowed to set. DNA samples were prepared in logubuffer (0.25% wiv
bromophenol blue, 0.25% w/v xylene cyanole, 15% kiboll 400, 50 mM Tris,
5 mM EDTA, 20% w/v glycerol, pH 8) so that the fimr@ncentration of DNA
was between 0.5-1 pg/ul. Typically, 18 ul of saewwhs loaded on to the gel.
Gels were run at 80 V for approximately 45 minutesa 40 ml gel; larger gels
required more time. DNA bands were visualised @812 nm UV light source.
If necessary DNA was purified from the gel using @ AGEN Agarose Gel

Clean Up Kit, as per manufacturer’s instructions.

2.4.12. DNA sequencing
The cloned inserts of expression plasmids werdigdrby DNA sequencing by

Eurofins MWG Operon, 318 Worple Road, Raynes Raskhdon, SW20 8QU.

2.4.13. LUGOL staining for amylase activity

Plasmid pVK48 allows the introduction of a geneway of a double crossover
event, into the chromosome Bf subtilisat theamyElocus, which has the affect
of disrupting theamyEgene and therefore knocking out amylase actiigure
2.1). This has two major advantages. First it egsonly one copy of thesA
gene is introduced tB. subtilis and secondly, it means that successful
transformants can be easily detected by their lityabo utilize starch as a carbon
source. This is done simply by restreaking chlqriaemicol resistant
transformed colonies on to TBAB containing starod ataining them with

LUGOL solution.
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Figure 2.1. Insertion of pALR12 into the  amyE gene in the B. subtilis genome. The
5" and 3’ ends of the amyE gene (amyE ft and amyE bk, respectively) on the pALR12
plasmid base pair match with the front and back ends of the genomic amyE gene
causing a double cross over event in which the middle section of the genomic amyE is
substituted with the region between amyE ft and amyE bk from the plasmid, in this case
the resA gene, the Py, promoter and a chloramphenicol resistance gene (cat). The
removed section of the genomic amyE and the non-inserted fragment of pALR12 cannot
replicate and does not propagate within the cell. Note that pVK48 (and therefore
pPALR12) also contains lacZ, lacl and ampicillin resistance genes on the plasmid, which
are not involved in the insertion event and so have been left out of the figure for

simplicity.

In order to determine successful plasmid inseritibm theamyEgene ofB.

subtilis, single colonies were re-streaked onto starch TRksBes, see Table 2.1.
The plates were incubated at %7 overnight and then at room temperature for a
further 24 hours. To stain for amylase activity@®OL solution (98.98%
H,0:0.34% iodine:0.68% potassium iodine solution)chistains starch dark

blue was poured on to the starch TBAB plateshéfdrea around the colony was
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not stained by the LUGOL solution this indicatedttitarch was not present and
theamyEgene was therefore still active, showing thatedrmsertion of DNA
had not occurred. Staining around the coloniegatdd inactivation of the
amyEgene, consistent with a successful transformatr@hmutation, see Figure

2.2.

A

Figure 2.2. Confirmation of gene insertion at  amyE locus by LUGOL staining.
Transformed B. subtilis strains were grown on starch TBAB over night at 37 °C and then
left at room temperature for a further day before staining with LUGOL solution. Colonies
with a halo (A) were able to utilize starch (and removed it from the surrounding medium)
showing that the amyE gene of the strain had not been interrupted and the chromosomal
integration had not been completely successful. Those colonies without a halo (B)
contained a defective amyE gene, indicating that the resA gene had been correctly

inserted in to this region. This conclusion was further confirmed by PCR amplification.
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2.5. Sample preparation

2.5.1.B. subtiismembrane preparations

B. subtilisstrains were plated on to TBAB and incubated dgitrat 37°C.

Cells on plates were resuspended in 5 ml NSMP mediud absorbance
measured at 600 nm. 500 ml NSMP was inoculateld eguspended cells to
give a starting absorbance of 0.05 at 600 nm. @rafvcells was monitored via
absorbance at 600 nm. Cells were harvested byifogation at 7000 rpm for

15 min one hour after they reached stationary ph@be pellet was resuspended
in 50 mM potassium phosphate pH 8, 35 ml/g. Cellght was estimated using
the following equation: Cell weight (g) = final @8 x 1.4 x culture volume (L).
The following quantities are all per g of cellsellS were resuspended in 35 ml
50 mM potassium phosphate pH 8 af@7 18 mg lysozyme, 0.2 mg RNase, 0.2
mg DNase and 0.35 ml 1 M MgS@as added to the resuspended cells and
incubated at 37C for 30 min with occasional mixing. 2.1 ml 0.25BDTA pH
7.4 was added and the mixture incubated for furzhain. 1.05 ml 1 M MgS©
was added and the mixture centrifuged for 30 mir3&0 rpm to remove all
unbroken cells. The supernatant was then cengétfag 20,000 rpm for 40 min
and the pellet resuspended in 1.5 ml 0.1 M potasgliosphate pH 6.6 and
centrifuged at 30,000 rpm for 30 min in a Beckmaui@&r Optima Max
Ultracentrifuge with a MLN-80 rotor. The pellet svthen resuspended in 1.0 ml
20 mM MOPS pH 7.4. Membrane preparations weresdtat -80C until

needed. This protocol is based on that previodescribed by Hederstedt (113).
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2.5.2.S. coelicolormembrane preparations

Membranes were prepared from 40 ml LB cultureswgréor 2-3 days, 250 rpm,
30°C. Cells were harvested at 4000 rpm, 5 mitC dresuspended in 1 ml TCB
(100 mM Tris, 50 mM NacCl, pH 8) and lysed on icedoyication. Cell debris
was removed by centrifugation at 8000 rpm, 30 mit;. The soluble fraction
was collected and centrifuged at 30,000 rpm fomi®, 4°C in a Beckman
Coulter Optima Max Ultracentrifuge with a MLN-80ton. The supernatant was
discarded and the pellet resuspended in 200 pIMMOPS, pH 8, used

immediately or stored at -20 °C until required.

2.5.3. Determination of protein concentrations

For a sample of pure protein with a known extinttoefficient, absorbance
spectroscopy was used to determine the concemtratia protein sample using
the Beer-Lambert law, Equation 2.4, whéres absorbance,is the extinction

coefficient (M* cm®), ¢ is concentration (M) anidis pathlength (cm).

A= cl (Equation 2.4)

For mixed proteins samples, such as membrane atépes, the bicinchoninic
acid (BCA) assay was used (114). Membrane samy@es diluted 20 fold and
mixed with a BCA/copper solution (20 ml BCA soluti@Sigma-Aldrich), 0.4 ml
4% (wi/v) copper (Il) sulphate pentahydarate), thiistion typically gave good
absorbance at 562 nm within the range of the stdrave. Samples were
incubated at 37C for 30 minutes before absorption at 562 nm wasrded.

Each sample was repeated in triplicate so a meaicAuld be calculated. A
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standard curve was generated using known concemsatf bovine serum
albumin (BSA) from 0-1 mg/ml in increments of 0.iml; this was used to
estimate the concentrations of the membrane saoyptemparing absorption at

562 nm.

2.5.4. Gel filtration chromatography

Gel filtration chromatography allows the separatdproteins based on their
size. It utilises a column matrix that consistaaésin made up of porous beads.
The pores are of a specific size (the exclusioit)iallowing proteins below that
size to become trapped within the matrix and caugiem to flow through the
column at a lesser rate than that of larger preteifhe exclusion limit is specific
to the type of resin selected for use in the colunatrix. There are many
different resins available for use in gel filtratiohromatography. This project
required two different resins for two different poses, desalting and
purification. Desalting was done using PD-10 calsn{GE Healthcare). These
contain Sephadex G-25 (Dextran), which has a fsaation range for globular
proteins between 1-5 kDa. Since the proteins stlidere were significantly
larger than 5 kDa, the column allowed the sepamasidow molecular weight
species (e.g. buffers) from the protein, faciliigtifor example, buffer exchange.
Purification required Superdex 75 (Dextran covdjelound to highly
crosslinked agarose), which has a fractionatiogedor globular proteins

between 3-75 kDa.
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2.5.5. Anion exchange chromatography

Anion exchange chromatography allows the separatigmoteins based on
differences between their isoelectric point (pllues. A pre-packed 5 ml
HiTrap Q column (GE Healthcare) containing positneharged Sepharose
media was used. Negatively charged proteins betawmed to the column and
were then eluted with buffer containing NaCl acaogdo the strength of their
interaction with the positively charged matrix. eTimore negatively charged the
protein, the more tightly it will bind to the colummatrix and the higher the
NaCl concentration will have to be to elute it. thks of the buffers and

conditions used are discussed in the results cisaapteere relevant.

2.6. Analytical techniques
Upon the generation of variant strains, membrangsss and pure protein
samples several analytical procedures were emplmyasdsess their biophysical

and phenotypic properties.

2.6.1. SDS PAGE

Two SDS PAGE gel systems were employed during tlese of this study.

The first system, described by Laemetlial (115), was used for analysis of
whole cell protein content and for analysis dummgtein purification steps. This
system provided good resolution when multiple pra@f variable masses were
to be visualised using Coomassie staining. Thergksystem, described by
Schaggar and von Jagow (116), was used for haenmstand Western Blotting

as it allowed better resolution when visualisinggée proteins.
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2.6.1.1. SDS PAGE — Laemmli

The Laemmli gel system consisted of a resolving 8& ml acrylamide [70%
acrylamide /30% bis-acrylamide]; 2.62 ml 1 M Trid B.8; 70 ul 10% SDS;
0.84 ml HO; 4.6 ul 1,2-bis(dimethylamino)-ethane [TEMED]; 4610% w/v
ammonium persulphate [AMPS]) and a stacking gdl fil. acrylamide; 0.83 ml
1 M Tris pH 6.8; 66 ul 10% SDS; 4.64 mj®l;, 6.6 pul TEMED; 33 pul AMPS)
set in mini gel kit (Hoefer Mighty Small 1l for 8 & cm Gels). The gel kit was
filled with running buffer (made up inJ@; 3 g/L Tris; 14.4 g/L glycine; 1 g/L
SDS). 15 pul protein samples with 5 pul SDS loadigg (1 ml 1 M Tris pH 6.8;
200 mM DTT; SDS 4 %; 1 grain bromophenol blue; 2glgterol, made up to
10 ml with HO) were boiled for 10 min before loading on to tjg¢ Gels were

run at 180 V until the loading buffer had reacheel bottom of the gel.

2.6.1.2. SDS PAGE - Shéaggar and von Jagow (SVJ)

This consisted of a resolving gel (1.5 ml acrylami@ ml gel buffer [3 M Tris

pH 8.45, 0.3% SDS]; 1.6 ml 50% glycerol; 0.85 m45 ul TEMED and 30 pl
10% AMPS) and a stacking gel (0.31 ml acrylamidé8anl gel buffer; 2.5 ml
H,0; 2.5 ul TEMED and 25 ul AMPS). The upper buffensisted of 0.1 M
Tris; 0.1 M tricine; 0.1% SDS; pH 8.25. The lovberffer was 0.2 M Tris pH
8.9. Membrane samples were mixed with an equalmelof loading buffer (as
above but with 15% SDS) and incubated at@®@or 30 minutes prior to loading.

SVJ gels were run at 100 V until the sample dye@gghed the bottom of the

gel.
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2.7.2. Haem staining

100 pg of prepared membrane sample was run on ar68%-PAGE gel. The
gel was first soaked in 10% TCA for 10 minutes, eabtwice for 10 minutes in
distilled water to remove TCA and then stainedifaem by incubation in 20 ml
staining solution (1 mg/nd-dianisidine-HCI; 0.1 M tri-sodium-citrate, pH 4.4;
0.7% w/v HO,) at room temperature for 30 minutes. The reactiasa stopped
by washing the gel several times in water. Haemaining proteins were
visible as thev-dianisidine turns green when oxidised by heaf@® This

protocol is based on that previously described dy& et al (73).

2.6.3. Western blots

25 nug of membrane preparation was loaded on tovdnSBS-PAGE gel and run
as described above. The gel was then soaked éohaur in Towbin buffer (25
mM Tris, 192 mM glycine, 20% methanol) (117). Tgretein samples were
then transferred on to polyvinylidenefluoride (PVDRembrane (Hybond-P, GE
Healthcare) in a tank blotting device (MiniVE, Hegffor 1.5 hours at 25 V.
The membrane was blocked in 20 ml PBS (8 g/L Na@&;g/L KCI; 0.2 g/L
KH,PQOy; 1.15 g/L NaHPQ,) and 10 % w/v milk for 10 min. The membrane was
then placed in 5% w/v milk/PBS with the primaryibotly (anti-ResA, from
rabbit) at 1000 fold dilution from stock for oneuro The membrane was
washed three times in 20 ml PBS and placed in 28%niv/v milk/PBS with
secondary antibody (anti-rabbit, horseradish peiase linked, from donkey,
Sigma) at 5000 fold dilution from stock for one ho'’he membrane was then
washed three times with 20 ml PBS. Western bl@ewisualised by soaking

membrane in peroxidase reactive fluorescing rea@&atHealthcare) as per
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manufacturer’s instructions. Excess reagent waisied from the membrane and
the membrane was wrapped in cling film. The meméraas then exposed to
Kodak scientific imaging film for between 30 secerahd 30 minutes
(depending on the signal strength) in the darke fllm was then developed with

an X-ograph according to the manufacturer’s insions.

2.6.4. Fluorescence spectroscopy

Fluorescence spectroscopy was used in two wayasgltire project. Firstly,
tryptophan fluorescence was used to determinedlded/unfolded states of
protein; secondly, badan fluorescence was usedt&rdine the I, values of
cysteines at the active site of proteins. Theqgypie behind the techniques is the
same in both cases: UV-visible light is used tatexgrotein molecules from
their ground state into an excited electronic sftite process of absorbance).
The relaxation of these molecules back down ta ty@und state can, under
some conditions, result in the release of a phofdns phenomenon is called
luminescence. Where the excited state, from wttietphoton is released, and
the ground state share the same spin multiplitiy Juminescence is termed

fluorescence.

Mechanisms of relaxation exist that do not resuthe release of a photon, in
which case the excess energy is dissipated in aadative process as heat.
Mechanisms which prevent or reduce fluorescen@ngity are said to be
guenching. Whether radiative or non-radiativexateon mechanisms dominate
can reveal information about the environment ofgitegein or more specifically

about the environment of the fluorescent spedias.example, in proteins
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tryptophan residues are often fluorescent, but willyin a fully folded protein.
Upon unfolding, the fluorescence is efficiently gaked as the tryptophan side

chain becomes exposed to the solvent.

Properties other than the folding state can alerafhe protein tryptophan
fluorescence. In thioredoxin-like proteins, fomexple, in which at least one
tryptophan residue is located close to the CXX@/adite, the oxidation state of
the proteins significantly affect the fluorescemgensity, becoming quenched
upon oxidation to the disulphide. This has enaltheduse of fluorescence
spectroscopy for the determination of reductiorepbéls of thioredoxin-like

proteins (15).

To measure tryptophan fluorescence samples wereéxat 290 nm and
fluorescence recorded between 300-500 nm in aitErkier Life Sciences LS55
fluorescence spectrometer, excitation slit set hon3and the emission slit set to 7

nm and the scan speed was 1000 nm/min.

Fluorescence spectroscopy was also used to mahéaovalent binding of the
fluorescent probé-Bromoacetyl-2-dimethylaminonaphthalen@adan, Figure
2.3) to cysteine thiols to determine the,walues of the reactive thiol groups.
This again relied on the fact that fluorescenceerties of the probe were very
different in solvent compared to when it was atéatto the protein. Badan is a
fluorescent probe that reacts specifically witltokhiand has been used to

determine the Ig,of the active site cysteine thiols in TDORs (18Yhen badan
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reacts with a thiol a covalent bond is formed wiité sulphur and HBr is

released.

O—=

Figure 2.3. Badan (6-Bromoacetyl-2—dimethylaminonaphthalene).

Protein samples were reduced by the addition oMLDA T overnight at 4 °C.
The DTT was then removed by gel filtration usin@®-10 desalting column,
GE healthcare) equilibrated in 20 mM Tris pH 8 unaerobic conditions. Badan
was prepared in a mixed buffer and allowed to dopaile for at least one hour in
the dark at room temperature. The badan was asextess amounts compared
to ScResA (i.e. under pseudo-first order condifiam®rder to calculate a

pseudo first order rate constant for the reactiazaah pH value.

For badan experiments, samples were excited ah@0ih a PerkinElmer Life
Sciences LS55 fluorescence spectrometer and flcemes was recorded
between 400 and 600 nm, with emission and excitaiits both set to 5 nm, the
scan speed was 1000 nm/min and the samples wemneestance a minute until
the reaction appeared to be complete. In all ddeeBuorescence of the 7 uM
badan alone was observed before adding 0.25 uldl @oncentration) reduced

protein to act as a reference to show the speatfunee badan.
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2.6.5. Cytochromec oxidase assay

6.9 mg of cytochrome from horse heart was dissolved in 20 mM Tris pah8
reduced with 1 mM sodium dithionite. Excess ditfii® was removed using a
desalting column (PD-10, GE Healthcare) from whagtochromec was eluted
as a 160 pM solution in 3.5 ml of 20 mM MOPS pH. 7This was then further
diluted to 80 uM with 20 mM MOPS pH 7.4. Membraneparations were
diluted to 80 pg/ml in 20 mM MOPS pH 7.4. The @jttomec concentration
([cyt c] mM) was determined using Equation 2.3 andssonmof 19.6 mM'cm™

(118).

A 550(red) ~ A

550(0x) __ .
=[cyt clmM Equation 2.3
19¢ [cytc] (Eq )

A Perkin EImer Lambda 800 spectrophotometer wad tseneasure absorbance
at 540 and 550 nm every 15 seconds. 1 ml of redagedhromec was added to
a 3 ml quartz cuvette containing a stirrer bamlbf the membrane preparation
was added to the cuvette and the absorbance atre#850 nm was recorded
every 15 seconds for 6 minutes. Oxidation of dytomec results in a decrease
in absorbance at 550 nm. The wavelengh 540 nm iscgbestic point and does
not change as cytochrome&hanges from the reduced to the oxidised states.
Therefore, deducting the absorbance at 540 nm finenabsorbance at 550 nm
compensates for any additional absorbance at thagelength caused by the
addition of the membrane protein. The differencabisorbance (&onnrAssonm
was plotted against time and the initial rate crade in absorbance (dA/dt) was

determined by drawing tangents to the initial dateepresent the maximum and
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minimum rates. An example is shown in Figure Eduation 2.3 was used to

calculate these rates of cytochrooexidation (mM mirt).

0.65
0.60

0.55
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o
1

A550-540 nm
o
iy
(8]
1

0.40 A

0.35

0.30

Figure 2.4. A typical cytochrome ¢ oxidation assay plot.  Assgs40nm IS plotted against
time with maximum (red) and minimum (black) tangent lines drawn to determine the

initial rate of oxidation.

The rate in absorbance per minute was convertedMaytochromec oxidised
per minute (d[cyt}/dt) using Equation 2.4 below, where [cyt] is the
concentration of cytochroneused and A; is the total absorbance change in
going from fully reduced to fully oxidised cytochin@c. This protocol was

adapted from van der Oast al (119).

dleytlo =d_AXM (Equation 2.4.)
dt dt A,

2.6.6. TMPD staining for cytochromec oxidase activity
Cytochromecaa; oxidase activity is required for the rapid oxidatiof

N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPDOJMPD is an easily
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oxidised compound that serves as a reducing cdrsid$or haem-containing
enzymes, including cytochroneeoxidase, which ifB. subtilisis the principle
TMPD-oxidising enzyme. Therefore, TMPD can be usg@ probe for the
presence of active cytochrormexidase. Because the enzyme contaiasype
haem it can be used to probe for the presencenafibinal CCM. TMPD
undergoes one-electron oxidation producing a highlgured product that
absorbs at 611 nm, giving a blue colour easily nizd#e to the naked eye (120).
Colonies were stained fona; oxidase activity directly on agar plates, as
described by Le Bruat al (54). Single colony transformants were platedoon
TBAB, incubated at 37C overnight, then incubated at room temperatur@4or
hours to ensure colonies were tightly bound topllage. The plates to be stained
were then incubated at -2Q for 12 min before pouring on TMPD stain (1.6 ml
10% Triton X-100 in 0.1 M potassium phosphate pi9.4;ml 10% sodium
deoxycholate; 2.0 ml EtOH; 4.0 ml 1.5% w/v agaFhe agar was heated to 55
°C before mixing. 2.0 ml 1% w/v TMPD was addedhe mix immediately
before the stain was poured on to the plate. Geamat turned blue/purple

demonstrated cytochroneeoxidase activity.
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Chapter 3: In vivo studies of the active site residues &. subtilis

ResA

3.1. Introduction

ResA is an extracytoplasmic membrane-bound thslifide oxidoreductase
required for cytochrome maturation in the Gram positive bacteri@acillus
subtilis Previous biochemical and structural studies hdestified several
potential key residues required for the functiofiReEA, including the active site
cysteinyls. Various site directed mutations weraenia the full lengtiresA
gene to study the effects of alterations of theserksidues on ResA activity.
The mutant genes were then inserted into the gerdm&esAdeficient strain
of B. subtilis Gene expression was induced with IPTG but prqgiesauction
was regulated by the naturasAribosomal binding site located in the flanking
DNA at the 5’ end of theesAgene. In this way it was possible to show the

importance of these residues for functiorvivo.

As discussed in detail in Chapter 1, cytochrombkave many and diverse
functions within cells and differ from other cytaoimes as they have haem
covalently bound to a highly conserver CXXCH haandimg motif, (45,70).
Although many cytochromeshave been studied in detall, less is known about
how they acquire their covalently bound haem, d prasslational process
referred to as cytochronzematuration (CCM).B. subtilispossesses a CCM
system Il that has three dedicated proteins Reg&BRind ResC (54). ResAis a

thiol-disulfide oxidoreductase (TDOR) and contaanSXXC active site motif.
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The midpoint reduction potential varies greatly agn@ DORs. Thioredoxin

from E. coliis highly reducing with a midpoint potential of 2wV at pH 7
(121,122), whereas DsbA frobh coli has a much higher potential of -89 to -110
mV at pH 7 (7,8). ResA has a very low redox midppiotential (-256 mV) at

pH 7 which means it has strong reducing capalslifi®) and, consistent with
this ResA is more stable in its oxidised form (1H)j.vitro studies have
demonstrated that the glutamate and the prolindithbetween the two
cysteines of the ResA active site (Glu75 and Pro&$pectively) are important

to maintain the low reduction midpoint potentialRésA by maintaining thelp
values of the active site cysteines. Crystal stines of the active site variants,

solved from the soluble forms of the proteins, slvewn in Figure 3.1.

2%
Y

C77A

Figure 3.1. Crystal structures of wild type ResA an  d active site cysteine variants.
Panels correspond to: A, wild type ResA; B, C77A ResA; C, C74A ResA; and D,
C74A/C77A ResA. Carbon, nitrogen, oxygen and sulphur are shown in white, blue, red
and yellow respectively. The red spheres represent water molecules. Figure prepared
from PDB files 1SU9, 2H1A, 2H19 and 2H1G for wild type, C74A, C77A and C74a/C77A

respectively using pymol (www.pymol.org).

The roles of the active site cysteines and Pro7@ weestigatedh vivo by the
expression of genes coding the ResA variants CCAXA, C74A/C77A and
P76H in a ResA deficient strain. Using severalhoés of determining
cytochromec content and activity, it was shown that both of alséve site

cysteinyls are essential for function. Furtherm&m76, which lies between the
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two cysteines of the active site, has little effectn vivo function even thougim
vitro results demonstrated it has a role in maintaitiiegX, value of the active

site cysteines.

3.2. Materials and Methods
All the methods used in this work are describe@lapter 2. The bacterial
strains, oligonucleotide primers and plasmids ws®tior generated during the

course of this study are listed in Chapter 2, TaBlé4, 2.7 and 2.9, respectively.

3.3. Results

3.3.1. Construction of vectors and strains

In order to ascertain the importance of the resdaand in the active site of
ResA in the cell, site directed mutagenesis wad@&yed to introduce nucleotide
changes to theesAgene by PCR that would result in single amino aegidue
changes in the ResA protein. First tagAgene, including its natural ribosome
binding site, was amplified by PCR and blunt erahed into pUC18 at th&md
site. This plasmid, pALR9, was then used as a kat@for the PCR
mutagenesis. Primers were designed to introducatmos in the amplified

DNA and used as described in Chapter 2. Mutagémkesmid DNA was
sequenced to ensure the correct mutation had b&educed before theesA
gene was excised from the pUC18-derivative andetanto plasmid pVK48
between thélindlll and Xbal sites generating plasmids pALR12 (wild type
resA), pALR34 (C74AresA), pARLR35 (C77AresA), pALR39 (C7T4AICTTA
resA) and pCHNG6 (E75QesA. These plasmids were used to transform LUL9, a

ResA deficient derivative of the 1A1 wild type $itrél12).
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Once a successful transformation had been confilhgddJGOL staining for
starch, genomic DNA was prepared from 5 ml cultuwfethese transformed
strains as described in Chapter 2. Primers wesigded to amplify the region of
DNA between the 5’ and 3@myEregions of pVK48. These primers were used
to amplify the genomic DNA from theesAvariantB. subtilisstrains. Successful
plasmid insertion into the LUL9 chromosome resulted fragment of 948 bps,

see Figure 3.2.
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n 2 < —
° rD- N -
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ResA insert
~950 bps

pVK48
~350 bps

—
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ResA insert
~ 950 bps

Figure 3.2. PCR amplification of amyE region of the LUL9 chormosome . A, control
amplification of pVK48 plasmid DNA resulted in a ~ 350 bps fragment while a ~ 950 bps
fragment is amplified from plasmid pALR12. B, amyE region was amplified from
genomic DNA extracted from B. subtilis strains LUN1 (wild type), LUN2 (C74A), LUN3
(C77A), LUN4 (C74A/C77A) and LUN8 (P76H). PCR products were run on a 1%

agarose gel. This demonstrated that the replacement of amyE by resA was successful.
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As with the wild type gene, the gene is in singipycand the transcribed mRNA
contains the natural ribosome binding site bubistranscribed from its natural
promoter as it is under the control of the IPTGuicible Ryocpromoter. Western
blot analysis was used to confirm that variant Rps#ein was produced at

levels comparable to that of wild type, Figure 3.3.

3.3.2. Analysis of protein production by Western hitting

Western blotting was employed to determine thellef/production of the
variants of ResA in LUL9-based strains. Membramere prepared frorB.
subtilisstrains grown in NSMP as described in Chapte22ug of membrane
protein samples were run on SDS PAGE and transfeéor®VDF membrane and
the blot developed, as described in Chapter 2guResA antibodies raised in
rabbits that were available from previous studigy.( The blot (Figure 3.5)
confirmed that the variant proteins (C74A, C77A &WA/C77A) were
produced to levels comparable to that of wild tppatein in 1A1 and wild type
ResA generated from wild typesAintegrated ahmyEin LUL9. As expected,

LUL9 did not give rise to band as it is defectimeResA (12).
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Figure 3.3. Western blot analysis of ResA productio  n in LUL9-derivative strains.
25 pg of membranes sample, prepared from the resA variant expressing B. subtilis
strains, were tested for the presence of ResA by Western blotting. In the 1A1 wild type
strain and the ResA variants in LUL9 based strains LUN1 (WT ResA), LUN2 (C74A),
LUN3 (C77A), LUN4 (C74A/C77A) and LUN8 (P76H) there is good signal from the
peroxidase labelled secondary antibody, which demonstrates that the proteins are
present at similar levels as in the wild type strain. As expected, LUL9, the ResA

deficient strain, shows no expression.

3.3.3. Investigation of ResA activities by TMPD siaing

Once it had been confirmed that the ResA variast®Wweing produced in the
LUL9 based strains, preliminary tests were caraetlto see if these proteins
were functional using TMPD staining. The activie siariants were restreaked
on to NSMP/agar medium and stained with TMPD asrilgsd in Chapter 2.
1A1, LUN1 (wild type ResA) and LUN8 (P76H ResA) démonstrated good
levels of staining and therefore an active cytooteo oxidase (Figure 3.4). All
three cysteine variants show a similar phenotyddo9, which has no visible
staining and therefore no functioning cytochromexidase (Figure 3.4). TMPD

staining is an effective way of quickly showing wier or is not there is any
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cytochromec oxidase activity, but is not quantitative and iedamot offer

information about the other cytochroneegresent irB. subtilis

1A1 LUL9 LUN1 LUN2 LUN3 LUN4 LUNS

Figure 3.4. TMPD stains of B. subtilis wild type, ResA deficient and ResA active

site variant strains.  B. subtilis strains expressing variant resA genes were re-streaked
on to TBAB medium and stained with TMPD as described in Chapter 2. B. subtilis
colonies made up of cells with an active cytochrome c oxidase are stain blue as the
TMPD reacts. The active site cysteine variant strains (LUN2, LUN3 and LUN4) have a
similar phenotype to the ResA deficient strain (LUL9). The ResA P76H variant (LUNS)
appears to have a similar phenotype to the wild type ResA strains (1A1 and LUN1).

The staining data showed that LUL9 was complemebyeithe presence of wild-
type ResA, and that some activity was present 9 complimented with
P76H ResA. The other strains, in which C74A, Carml C74A/C77A ResA

proteins were present, did not contain obviousaytomec oxidase activity.

3.3.4. Cytochromec oxidase assays.

TMPD staining, shown above, demonstrated that #&HRv/ariant of ResA gave
rise to a functioning cytochronteoxidase but the active site cysteine ResA
variants did not. In order to more precisely gifgrthe level of cytochrome
oxidase activity, a spectroscopic cytochrarrexidase assay was employed. 40
g of membrane protein (final concentration) wadeatito 40 uM reduced horse
heart cytochrome in a cuvette and the absorbance was recordedairh540
nm every 15 seconds to monitor the oxidation obcgtomec. The absorbance
at 540 nm was subtracted from that at 550 nm apitiepl against time in order to

calculate the oxidation rates of cytochroo@igure 3.5; see Chapter 2, for more
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detail). Initial rates (A/dt) were obtained by drawing a tangent to th&ahi
linear part of the kinetic traces and calculating gradient. A mean value was

obtained by estimating the extremities of the ahigradient.
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Figure 3.5. Cytochrome c oxidase assays. Representative plots of  Asgsg.s40nm @S @
function of time following mixing of B. subtilis membranes with reduced horse heart
cytochrome c. Two lines were fitted to each plot to represent the maximum (red) and
minimum (black) rates of reaction. The gradients of these lines were used to calculate a

mean rate of reaction.
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Experiments were carried out in triplicate usingeast two independently
prepared membrane batches. The rate, in absorpanceinute, was converted
to nM cytochromes oxidised per minute as described in Chapter Z22fRaktre

normalised by dividing by the mass of membranegangbresent in each sample.

Table 3.1. Cytochrome c¢ oxidation activities of ResA and ResA active site variants

Strain ResA variant Oxidation activity ("M min ™
mg protein™)?

1A1 Wild type 83+4

LUL9 5+4

LUN1 Wild type 82+6

LUN2 C74A 13+1

LUN3 C77A 4+£2

LUN4 C74AICT7A 4+1

LUNS P76H 35+4

4The data are the means +* standard errors of sewesdurements( 3) obtained using at least
two different membrane preparations.

Analysed results from cytochronsexidase assays are shown in Table 3.1. The
cytochromec oxidase assay demonstrated that the complemeantzaitioJL9

with wild-typeresAat theamyElocus gives a wild-type phenotype. The
background rate of cytochrongexidation (in the absence of ResA) was
calculated to be about 6% of that of the wild-ty@@milar rates were also
measured for LUN3 (C77A) and LUN4 (C74A/C77A). LBINC74A) gave a
rate somewhat higher, indicating that some actiwig present even in the
absence of the N-terminal cysteine. LUNS8, whichibied clears levels of
TMPD staining, exhibited about 40% cytochromexidase activity compared to
wild type strains, suggesting that although P7toisessential, the decreasdhp
values and increased reduction potential assocvaitedhe active site cysteines

in P76H ResAnN vitro has an effect on the activity of RegAvivo.
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3.3.5. Haem staining of the active site variants.

Neither TMPD staining nor the cytochrormexidase assay report any
information about the presence of cytochromesher than CtaC of cytochrome
c oxidase. In order to obtain a broader view obckitomec content of
membranes a haem staining method was employedud @@ membrane
samples were run on an SDS-PAGE gel and staindiafm as described in
Chapter 2, see Figure 3.6. All three of the cystefariant strains appeared to be
unable to synthesise any cytochromed he only band visibly stained in these
samples was QcrB, which is a cytochrom&ith an unusual covalently bound
haem, which is attached to the protein via a payhimdich is currently

unknown) distinct from that of CCM system II. Tliemonstrates that the active
site cysteines of ResA are required for the comattiuration of all CCM system
II-dependent cytochromes The P76H variant (LUN8) was found to be capable
of maturing all the cytochromesbut to seemingly lesser levels than the wild
type strains. This is in agreement with the cytootec oxidase assays above,
where it was shown that P76H ResA only has about 4&tivity compared to

that of the wild type protein. This further demtvates the importance of P76 in
maintaining the high kg, values of the active site cysteines and the laoxe

potential of the active site.
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Figure 3.6. Haem stain of cytochromes ¢ present in the membranes of active site
cysteine variant ResA strains. 100 ug of membrane protein from B. subtilis strains
1A1 (wild type), LUL9 (ResA"), LUN1 (wild type insertion), LUN2 (C74A), LUN3 (C77A),
LUN4 (C74A/C77A) and LUN8 (P76H) were run on SDS-PAGE and stained for haem.
Bands due to cytochromes c are as indicated on the right. QcrB is a cytochrome b that
unusually has a covalently bound haem that is attached by an unknown means outside
of the Res system. The staining of QcrB is variable from sample to sample, it is not

known why this is.

3.3.6. The wild type CCM phenotype is restored witladdition of
dithiothreitol (DTT) to the growth medium.

It was previously demonstrated that the wild tyg&Cphenotype can be
restored in the ResA deficient strain LUL9 by tldeliion of 15 mM DTT to the

growth medium when the strain was grown on NSMR/agd stained for
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TMPD oxidase activity (12). As discussed above PDstaining only provides
information about CtaC. To determine whether theiteon of DTT facilitates
the maturation of all the cytochromesf B. subtilis membranes were prepared
from cultures of LUL9, LUN2, LUN3 and LUN4 that h&@en grown in the
presence of 1 mM DTT from halfway through the exgraral growth phase.
Adding DTT before the culture had reached this ppioved to be toxic, as did
adding any more than 1 mM DTT in liquid cultured0lug of membrane protein
samples were run on SDS-PAGE and stained for hagmneaiously described,
see Figure 3.7. The maturation of@tlype cytochromes, to wild-type levels,
was observed for LUN2-4. Lower but detectable lewé cytochromes were

observed for LUL9 grown with DTT.
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Figure 3.7. Haem stain of cytochromes ¢ found in membranes of cysteine variant
ResA strains and LUL9 grown in the presence of 1 mM DTT. 100 pg of membrane
protein samples from B. subtilis strains 1A1 (wild type), LUL9 (ResA"), LUN1 (wild type
insertion), LUN2 (C74A), LUN3 (C77A) and LUN4 (C74A/C77A) run on SDS-PAGE and

stained for haem. Bands due to QcrB and cytochromes c are indicated as on the right.
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3.4. Discussion.

Variations in the active site &. subtilisResA have revealed information about
the mechanism of disulfide exchange in this prot&ubstitution of the active
site cysteines resulted in a complete loss of égtvith respect to cytochrome
maturation in LUN3 (C77A ResA) and LUN4 (C74A/C7ResA) and close to
no activity in LUN2 (C74A ResA). This is consistenth the accepted
mechanism of disulphide exchange discussed in €haptvhich would be

interrupted if either cysteine were removed.

Similarly to theresAinactivation inB. subtilis a deletion otcmGin E. colialso
resulted in a complete loss of CCM (123). Completaton of the ccmGE.

coli strain with genes encoding active site cysteim@auts of CcmG resulted in
low but detectable level of heterologously exprd€mdyrhizobium japonicum
cytochromecssg, suggesting that, in addition to the TDOR actiafyCcmG, it
may also have a chaperone function in CCM (75)e flitdings with the ResA
active site variants suggest that its principle teds with disulfide exchange and
it plays no other essential part in CCM. Thisasgistent with the observation
that CCM can be restored to a ResA deficient stogithe introduction of the
reducing agent DTT to the growth medium or thetivation of BdbD (12).

This showed that ResA is not essential to CCM w@riles substrate proteins are
in the oxidised state or there is an alternatives® of electrons available. DTT
can clearly access the outer side of the cytoplasmeimbrane to fulfil this role.
Interestingly, LUL9 not complemented with a varieegAgene did not
demonstrate as much CCM activity as LUL9 with a pamentingesAgene.

This suggests that ResA may have another role i @Caddition to the

93



reduction of the proposed apo-cytochrarrsibstrate proteins, possibly as a

chaperone, directing the apo-cytochroroés the other Res proteins.

Thein vivo effect of the P76H variant can be explained byirthatro findings.
The crystal structure of the soluble version of tariant demonstrated that the
overall structure of ResA was largely unaffectedhsy substitution of Pro76,
although changes were observed in the vicinityhefdctive site. The P76H
variant exhibited significant flexibility compared that of the wild type protein
or the P76H/E75P (DsbA-type) variant. A prolineseher position 75 or 76 is
likely to be important for imparting structural gty on to the active site and
subsequent loss of this rigidity found in the P#&EA variant could have a
detrimental effect on the function of the proteifhe lowered K, values of the
active site cysteines of the P76H variant and ¢fheged increase in reduction
potential is likely to make it less energeticallydurable for ResA to pass
reducing equivalents to its substrate protein,prexi to be apo-cytochronse
The decrease inKy values of the active site cyteines could also teadesA
being more active toward non-natural substrategpmst introducing a
competition between ResA substrates and otheripsotieat would not exist for
the wild type protein. Finally, the side chaintloé histidine in position 76 has
the ability to fold back into the hydrophobic cgvand interact with Glu80.
Glu80 is believed to play an important part in dtdis recognition (discussed in
Chapter 4); therefore this interaction may inhibé& recognition of ResA with its

natural substrates.
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Chapter 4: In vivo studies of the functional importance of the

hydrophobic cavity and the membrane anchor oB. subtilisResA

4.1 Inroduction.

Previous studies have identified several functigriaslportant amino acid
residues in th&. subtilisResA polypeptide. These include the two active sit
cysteine residues, discussed in Chapter 3, andtangate, Glu80, within the
near-active site hydrophobic cavity. Also identifiwas Pro141 which is located
in the hydrophobic cavity region of the protein atbpts ais configuration.
Thecisroline is a highly conserved residue amongst TD@Rd appears to
play a key role in, for example, TDOR-substrateiattions and stability
(16,18). In vitro studies have shown Glu80 of ResA to be important in
controlling the acid/base properties of the active. It is also thought to be
involved in substrate recognition. In order toastigate the importance of these
residues in the living cell the following variantere constructed and expressed
in a ResA deficient strain, LUL9: P141S, P141T &80Q. Glu80 and Pro141
are both located within this hydrophobic cavity.stick representation of the

high resolution structure of this region of ResAl®wn in Figure 4.1.
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Figure 4.1. Crystal structure of the active site an  d hydrophobic cavity region of

wild type B. subtilis ResA obtained at pH 9.25. Carbon, nitrogen, oxygen and sulphur
molecules shown in white, blue, red and yellow, respectively. A water molecule,
depicted in red, fills the space between N68, C77 and E80. Figure adapted from Lewin
et al, 2006 (15)

ResA is attached to the membrane by an N-termieahlonane anchorn vitro
studies of the ResA protein were performed usifara of the protein lacking
the hydrophobic anchor region. Therefore, litié&kmown about the importance
or role (if any) of the membrane anchor outsid@soprimary function of
keeping the protein attached to the membrane.tticyshe role of this region a
fusion protein was constructed containing the Maieal anchor region of thg.
subtiliscytochromec CccA and the C-terminal, solvent exposed domain of

ResA. CccA is a small cytochrorgavith, as yet, no known function.

ResA MKKKRRLFIRTGILLVLICALGYTIYNAVEAGKES ISEGS 40
CccA MKWNP--LIR--FLEIAVLGIGLTFRELSVKGLDDS REIAS 36

Figure 4.2. Comparison of the N-terminal amino acid sequences from B. subtilis
ResA and B. subtilis CccA. Residues highlighted in yellow are conserved, residues
highlighted in green represent a conservative substitution and the numbers represent
the position the final residue shown here is found in the full length amino sequence of

the protein.
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A comparison of the N-terminal regions of CccA &ekA revealed several
conserved residues (Figure 4.2.), but they arecserfitly different to test the
importance of the specific sequence of the N-teatmmembrane anchor for
ResA function. The importance of the transmembduomain of ResA was also
investigated by the generation of a CccA:ResA fugmtein, containing the
transmembrane domain of CccA and the solvent exh@stive domain of

ResA.

4.2. Materials and Methods.
All the methods used in this work are describe@lapter 2. The bacterial
strains, oligonucleotide primers and plasmids ws®tior generated during the

course of this study are listed in Chapter 2, TaBléd, 2.7 and 2.9, respectively.

4.3. Results.

4.3.1.In vivo studies of the key residues found in the hydrophab cavity.

Site directed PCR mutagenesis was employed in ¢odgenerate genes
encoding P141S, P141T and E80Q ResA as descril@dapter 2, Materials
and methods. Plasmid pALR9, which contains a R¥BNA fragment
containingresAand its natural promoter, was used as a tempat@dtagenesis,
and successful PCR mutagenesis was confirmed meseong (MWG Biotech).
The variantresAgenes were cut from the pUC18 vector and ligatea plasmid
pVK48 between th&Xba andHindlll restriction sites. Plasmid pVK48 allows
insertion at themyElocus (described in Chapter 2). Correct generiitgsewas
further confirmed by PCR amplification, see Figdr8. Primers were designed

to amplify the region between thdal andHindlll restriction sites of the
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pVK48 plasmid, which is now inserted at ds@yElocus and contains thhesA
gene. These primers were used to amplify thisoreffom genomic DNA.

Correct gene insertion gave rise to a ~950 bp feagraf DNA.

SNM
9NN

5 ResA insert
~950 bps

;
1

Figure 4.3. PCR amplification of resA insertion in the genome of B. subtilis LUL9
at the amyE locus . Genomic DNA was prepared from the B. subtilis strains LUN5
(E80Q), LUNG6 (P141S) and LUN7 (P141T) and the amyE region was amplified by PCR.
The amyE gene is 1980 bps in length but if it has been interrupted with resA from a
pVK48 vector the region between the amyE 5’ and 3’ ends will only be ~950 bps. Each
of the variants demonstrated a band at ~950 bps. Although LUN5 appears to have a
weaker band than LUN6 and LUN7, the presence of the band demonstrates correct

gene insertion.

4.3.2. Confirmation of expression of variant ResA mteins by Western
Blotting.

Once the correct insertion of the variaesAgenes in theamyEposition had

been confirmed for each strain it was importartdofirm the gene was being
expressed and that the protein was being produa#idough the variantesA
genes are expressed from an IPTG induciklg.promoter, the transcribed RNA
contains the natural ribosome binding site, whiobusd encourage the protein to
be expressed at levels similar to that of the wifte strain 1A1, although this
will also depend on the rate of transcription. iBatlies raised in rabbits against
ResA (12) were employed to develop a Western bldetect levels of ResA

production in the variant strains. Western blgftshowed that, like the cysteine
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variants described in Chapter 3, the E80Q varia® produced to similar levels
to that of the wild type protein in 1Al (Figure %.4nitial attempts to detect the
P141 variants in this manner failed, with no Regfedted. Attempts by Dr
Allison Lewin to purify the soluble versions of geeproline variants had also
failed, despite good levels of expressiofkircoli. It was hypothesised that
variations in thecis-proline could lead to a rapid degradation of Resi& to an
instability of the protein fold. To try to countdris, fresh membranes from
LUN5 and LUNG6 were prepared and immediately rurs@s PAGE and
transferred to PVDF membrane. On developing tbelbW levels of ResA were
detected at approximately 25% of wild type levayjufe 4.5. When these
substitutions were introduced to the equivat@siproline in DsbA, P151, it was
possible to trap the protein in a complex with $tdte proteins as the kinetics of
the resolution reaction were slowed (16). Attenvpdse made to perform
similar experiments with the proline variant RegAtpins but it was not possible

to detect ResA-substrate complexes.

1A1  LULS LUNS

ResA

Figure 4.4. Western blot of ResA E80Q variant . 25 pg of membrane sample was run
on SDS-PAGE. This was then transferred to PVDF before being exposed to the ResA
antibody and visualised using a peroxidase tagged anti-rabbit antibody. LUN5, which
produces E80Q ResA, appears to have similar levels of ResA production to the wild
type, 1A1. As expected, LUL9, the ResA deficient strain, produce no ResA.

The experiment described by Kadoketaal had several steps to trap protein

complexes that could not be recreated here. litiaddo this, we now know
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that P141 is important for the stability of ResA,isP141 is also important for
substrate release, and it was possible to trap Resdmplexes with substrates,
then it is likely that the P141 variants would haesayed before it was possible

to detect them by Western blotting.

1A1 LUL9 LUN6 LUN7

‘ ‘ MR ResA

Figure 4.5. Western blot of proline 141 variants. 25 pg of membrane sample was run
on SDS-PAGE then transferred to PVDF before being exposed to the ResA antibody
and visualised using a peroxidase tagged anti-rabbit antibody. LUN6 and LUN7, which
produce P141S and P141T ResA respectively, have significantly less detectable ResA
present in the membrane than the wild type, 1A1l. As expected, LUL9, the ResA

deficient strain, produce no ResA.

4.3.3. TMPD staining of ResA variant strains P1413141T and E80Q.
To assess activities of the P141S, P141T and E&d@nts of ResA they were
examined by restreaking colonies on to NSMP agdrsséaining for cytochrome

c oxidase activity using TMPD, as described in Caagt(Figure 4.6).

1A1 LUL9 LUN1 LUN5 LUN6 LUNY

Figure 4.6. TMPD staining of the hydrophobic cavity variants . ResA variant strains
were restreaked onto NSMP-agar and stained with TMPD. 1A1 and LUN1 both produce

wild type ResA and demonstrate intense staining; LUL9, a ResA deficient strain, has no
visible staining; LUN5 (E80Q), LUNG6 (P141S) and LUN7 (P141T) each exhibit staining,
although not at wild type levels suggesting that B. subtilis expressing these ResA

variants are less affective at producing CtaC than the wild-type protein.

100



The TMPD staining demonstrated that all three efttiddrophobic cavity
variants have some level of cytochromexidase activity. However, they do not
appear to be stained to the wild type levels of bALUN1 (Figure 4.6). As
shown above in the Western blots, both of the peoliariants are unstable so
activity would be expected to be less than thahefwild type strains. TMPD
staining is not a quantitative measureaé; activity so a cytochrome oxidase
activity assay was employed to ascertain a moreiggéevel ofcaa activity of

theB. subtilisstrains expressing variant ResA proteins.

4.3.4. Cytochromec oxidase assays of strains producing ResA hydrophib
cavity variants.

To quantitatively assess the activity of the varRasA homologues in relation
to the maturation of CtaC a cytochromexidase assay was employed as
described in Chapter 2.550-540 nm was plotted against time and straiglesli
were fitted to calculate the initial rates of cytoemec oxidation (Figure 4.7).

The calculated rates are shown in Table 4.1.
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Figure 4.7. Cytochrome c oxidase assays of ResA hydrophobic cavity variants
Representative plots of Assg.s40 nm @S @ function of time following the mixing of B.
subtilis membranes with reduced horse heart cytochrome c. Two lines were fitted to
represent the maximum (red) and minimum (black) rate of reaction. The gradients of
these lines were used to calculate a mean rate of reaction. The LUN strains are LUL9
complimented with resA, LUN1 (wild type), LUN5 (E80Q), LUNG6 (P141S) and LUN7
(P141T). All of the resA variant expressing strains have visibly less caas activity than

the wild-type resA expressing strains. The calculated rates are shown in Table 4.1.
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Table 4.1. Cytochrome c oxidase activity of hydrophobic variants

Strain ResA variant Oxidation activity (nM min ™
mg protein™)?

1A1 Wild type 83+4

LUL9 5+4

LUN1 Wild type 82+6

LUNS E80Q 12+3

LUNG P141S 15+2

LUN7 P141T 284

8The data are the means + standard errors of sewesdurements( 3) obtained using at least
two different membrane preparations.

Each of the three hydrophobic cavity variants destraed significantly reduced
cytochromec oxidase activity compared to the wild type strathe P141S
variant had less than 20% activity, the P141T vaiead approximately 35%

activity and E80Q had only about 15% of wild typesR activity.

4.3.5. Haem staining of strains producing hydrophoie cavity variants.

As neither the TMPD stain nor the cytochrooaxidase assay offer any
information about the cytochromesn B. subtilisother than CtaC, a haem stain
system was employed. 100 ug of membrane sampleunasn SDS-PAGE and
stained for haem, as described in Chapter 2. As@rd from the data provided
by the TMPD staining ancaa; assays, CtaC is present in all hydrophobic cavity
variants but to lower levels to that of the wilgh¢yResA-producing strains, 1A1
and LUNL. It appears that no other cytochromase present at detectable
levels. The hydrophobic cavity has been preditbdae important for substrate
recognition. The data demonstrate thatdisgroline, as well as being important
for structural stability, is also important for stitate recognition. Glu80 appears
to be important for substrate recognition as wetitmlling the acid/base

properties of the active site (15).
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Figure 4.8. Haem stain of cytochromes ¢ present in the membranes of B. subtilis
strains containing hydrophobic cavity variants of R esA. 100 ug of membrane
sample was run on SDS-PAGE and stained for haem. Only CtaC is detectable in the
hydrophobic cavity variant strains LUN6 (P141S), LUN7 (P141T) and LUN5 (E80Q) and
at seemingly lesser levels to that of the wild type ResA strains 1A1 and LUN1. As

expected the ResA deficient strain, LUL9, has no cytochromes c present.

4.3.6. Generation, expression and production of CAcResA fusion protein

in LULO.

B. subtilisResA is located on the outside of the cytoplasmeembrane, where it
is tethered by an N-terminal transmembrane segm®isbluble form of ResA
has been structurally characterised (in both ozatisnd reduced states) and the
pKa and redox properties of the protein have beenrmated (14,15,124).
While it is unlikely that the membrane anchor sigaintly affects the
physiochemical properties of the soluble domairs ritot clear whether the
transmembrane domain serves only to localize RethAd correct cellular
compartment. To investigate the importance ofsiieific sequence of the
transmembrane segment of ResA, a fusion proteincveaged featuring the
transmembrane segment of CccA and the solvent egpid@main of ResA.

Analysis of the transmembrane segments of thesgteteins showed a high
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degree of similarity (Figure 4.2). Plasmid pLUJEshich is a derivative of
pHP13Es containing theccA’-resA’EcoRI-BanHI gene fragment, was provided
by Professor Lars Hederstedt (Lund University, Ssvgd The gene is expressed
from the IPTG inducible 8acpromoter and the transcribed mRNA contains the
natural ribosome binding site found upstrearsafA The ResA deficient

strain LUL9 was transformed with pLUJES1 as desdiim Chapter 2.

4.3.7. Western blot of . subtilis strain producing the CccA:ResA fusion.
The CccA:ResA fusion protein is transcribed froma thulti-copy plasmid
pHP13Es with the mMRNA being translated from theiratribosomal binding
site of CccA. This means that it is unlikely tleapression of this fusion protein
will be the same as that from a single genomic aufpyild type ResA with its

own natural ribsome binding site.

!

81N

Ls3rnd
6IN7

Figure 4.9. Western blot analysis of CccA:ResA pro  duction in the ResA deficient
strain, LUL9 . 25 pg of membrane sample from the cccA:resA expressing LUL9 strain
were examined by Western blotting. There is significantly more CccA:ResA present in
LUL9 expressing the pLUJEs1 plasmid than wild type ResA produced in 1A1. As
expected no ResA is produced in LUL9.

In order to ascertain how much CccA:ResA was preduy@Vestern blots using
anti-ResA antibodies were carried out. 25 pg ofmimeane sample prepared
from LUL9 producing the CccA:ResA fusion proteinsvain on an SDS-PAGE

gel and transferred on to PVDF membrane and degdlap described in
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Chapter 2. The Western blot shows that the fugrotein was produced at a

significantly higher level than that of the wildoty protein, see Figure 4.9.

4.3.8. Investigation of CccA:ResA fusion activity  haem staining.

To investigate the activity of the CccA:ResA fusfotein in cytochrome
maturation, 100 pg of membrane sample from LUL9/PEBL was run on SDS-
PAGE and stained for covalently bound haem (Figui®). The CccA:ResA
fusion protein is capable of maturing all of Besubtiliscytochromes but to

lower levels compared to that of the wild type.

Lsarnd
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CccB

Figure 4.10. Haem stain of B. subtilis cytochromes c in LUL9/CccA:ResA
membranes . 100 pg of membrane sample run on SDS PAGE and stained for haem.
LUL9 harbouring the pLUJES1 plasmid and producing the CccA:ResA fusion protein is
capable of maturing all of the B. subtilis cytochromes ¢ but at noticeably lower levels
than the wild type 1A1. As expected, no significant level of cytochrome ¢ can be
detected in the ResA deficient strain, LUL9.

The Western blot (Figure 4.9) demonstrated thattieabout four times more
CccA:ResA present in membranes from LUL9 harboupbgJEs1 than wild
type ResA in 1A1. If it is estimated that ther@my 50% CCM activity

provided by the CccA:ResA fusion, then because present at higher levels,
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this suggests that it has only 10-15% activitynaf wild type ResA protein. It is
also possible that the excess amounts of CccA:Reshd be affecting the
function of the protein, as with the case of thergproduction of BdbD in a

bdbD deletion strain oB. subtilis discussed in Chapter 5.

4.3.9. Cytochromec oxidase assays of membranes from a strain produ@n

the CccA:ResA fusion protein.
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Figure 4.11. Cytochrome c oxidase assays of CccA:ResA fusion. Representative
plots of Asso.540 nm @S a function of time following the mixing of B. subtilis membranes
with reduced horse heart cytochrome ¢. Two lines were fitted to represent the maximum
(red) and minimum (black) rates of reaction. The gradients of these lines were used to

calculate mean rates of reaction which are shown in Table 4.2.

Although the haem stain (above) suggests thatlihi¢yaof the CccA:ResA

fusion protein to mature cytochromess less than that of wild type ResA it is
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important to quantify levels of activity more acately. For this cytochrome
oxidase activity assays were employed. Membraregsaped from
LUL9/pRAN1ESs (wild typeresAexpressed from the pHP13Es) and
LUL9/pLUJES1 were mixed in a cuvette with reducedsle heart cytochronte
and the absorbance at 550 nm and 540 nm was relcasdgescribed in Chapter
2. A550-540 nm was plotted as a function against tifnguyre 4.11. Straight
lines were fitted to these plots to represent thgimum and minimum rates in

order to calculate a mean initial rate, see Tal#le 4

Table 4.2. Cytochrome c oxidase assays of CccA:ResA fusion protein . Horse heart
cytochrome c oxidation was plotted against time and used to calculate the initial rate of

(nM min™* mg protein'l)

Strain ResA Variant Oxidation activity ("M min *
mg protein™®)?

1A1 Wild type 83+4

LUL9 5+4

LUL9/pRAN1ES Wild type 50+ 2

LUL9/pLUJES1 CccA:ResA 20+ 6

8The data are the means + standard errors of sewesdurements( 3) obtained using at least
two different membrane preparations.

It is clear from the cytochrome=oxidase assays that the CccA:ResA fusion is
capable of maturing CtaC to only about 25% to tiidhe wild type 1A1. Thisis
consistent with the fainter cytochrora®ands for the CccA:ResA fusion
observed on the haem stain, above. What is less id that why the
LUL9/pLRAN1ES (wild type ResA expressed from theRIBBEs plasmid) has
less activity than the 1A1. Wild type ResA wasduroed to similar high levels
as the CccA:ResA protein from the pHP13Es plasntidmcompared to the wild
type 1A1 (12). A possible reason for this couldis the excess of ResA is

interfering with its function, possibly becauserthes not enough CcdA present
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to keep the ResA in the reduced form. This wasapparent from previous

analysis of the entire cytochromeontents of 1A1 and LUL9/pRAN1Es (12).

4.4. Discussion

The replacement of the N-terminal transmembranb@megion of ResA with
the equivalent membrane anchor of CccA resulteddecrease of cytochroroe
maturation activity. As both ResA and CccA haveisinN-terminal sequences
to direct them to and through the cytoplasmic memeéiit is expected that the
protein is positioned on the outer side of the plgemic membrane. This
conclusion is supported by the presence of cytonkmmaturation activity and
the fact the protein was detected in membrane paipas. However the
activity is significantly lower than that of the iditype (1A1) or the wild type
resAbeing expressed from the pHP13Es plasmid in LULLALO/pRANL1ES),
expressed from the same promoter as the fusioriproThis could be explained
by an imbalance between the levels of ResA comparélels of ResB and
ResC and/or CcdA. The membrane anchor of therysiotein originates from
a cytochromee, and a possible complication in the interpretatbthe data is
that the membrane anchor of CccA may be involvatiéninteraction of apo-
CccA with the Res proteins during haem attachmedtsa it cannot be ruled out
that the CccA anchor blocks the interactions of-eygochromeg with the Res
system, leading to the reduced level of cytochrommaturation observed.
However, it is unlikely that the membrane anchdrapm-cytochromes are
important for Res interactions because they hagelywvariable sequences and
the N-termini of CccB and CtaC are processed t@gda lipoproteins (51,52).
In the case of CtaC it is known that the lipid nfm@ition and cleavage are not

required for haem attachment (52). Only the regiamund the haem binding
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motif has significant sequence similarity amondjsthe B. subtiliscytochromes

with CtaC having a short sequence after the haenry site that is not present

in the other cytochromes see Figure 4.12. It is possible that this regitbows
the interaction of apo-CtaC with the P141 and E&@ant ResA proteins and
reduction of the haem binding site to occur. Tfaee CccA, CccB and QcrC

are more sensitive to recognition by the hydropbahvity region as they lack

this motif.

(Casn 5 sem=o= MKWNPLIPF—LLIAVLGIGLTFFLSVKE ——————————————— LDBSREIASG-—==—=—==—====————~ :
CceB : ——--—- MKSK---—-— LSILMIGFALSVLLAACE----—-————————— SNIJAKEEK——=—=====———=—————— g
QcrC : DRGTERRPWKRPVAVGMMLLAISAAVFLTWQSVA-—————————=———- THRWAKAEEQ-——————————————— g
CtaC : IITSQELIVPTDORVYFNLKASDVKHSFWIPSVEGKLDTNTDNENKFFLTFBSKRSKEAGDMFFGKCAELCGPSH :

CCCA &t ——m—mm o GESKSAEKKEANHSP—HEIYKAN RC YEE-vsERs@kcVEDPKK :
EEeE) § —rormmrrmermeyer e TDTGSKTEATASEGHETY00SEVCIEMEKD -~ ——— LEE-VSEENWOEVEGKY -
QCrC 1 ——————m——mmm GKITKEADIETNEEGYKVFKEQG IS@EleDN - ———— LodcAnCEslVDSELK-
CtaC : ALMDFKVKTMSAKEFQGWTKEMKNYKSTAESBLAKOGEMLFKEKNELSEEMAVE PNDKRAEAARTAISNMATFE@ERT

CccA : DVAEIMTKIE-———-———————— KGGNGMPSGLVPAD*7KLDDMmEWVSKII~~77 : 120
CccB : DEHKIESIIK--——————————— NERGNIIIKEL VD DN -~ EAAVTAKHLEE K-~~~ : 112
Qcrc : —pDEIﬁKIAv ————————————— EEKGKEABVFKGNDKOLER LAKFTETTAK—~ : 255
CtaC : KVAGVIMEANKENVKAWLKDPDSIKPGNKMTGTYPKLSDSETNALYEYLKGLIMAESK : 356

Figure 4.12. Alignment of haem binding domain of B. subtilis cytochromes c.
Residues highlighted black are conserved, residues highlighted grey with white lettering
represent a conservative substitution and residues highlighted grey with black lettering

represent residues that are conserved across three out of the four proteins.

It is therefore likely that this region determiriee specificity of the interactions

of the Res proteins with the apo-cytochroroedNevertheless, the specific
sequence of the membrane anchor of ResA does hasféegt on cytochrome
maturation inB. subtilis The precise extent of the effect is difficultae sure
about: an approximately 50% reduction in CCM atyiwas detected but the
concentration of the protein was about four-folghar than in the wild type

strain. However, as discussed above, CCM actigilikely to be limited by
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ResB and ResC and these proteins were not overeddn these experiments.
Therefore, CCM activity is not linearly relatedtte levels of ResA present.
Nevertheless, CCM activity was significantly lovtean in wild type cell, and it
is concluded that although the principle functidihe transmembrane segment
IS to tether the protein to the membrane, it alaga role in modulating CCM
activity. One possibility is that this occurs thgh interactions with the integral
membrane proteins ResB and ResC. This conclusisugported by studies of
the membrane anchor of CcmG, a homologue of Regdlviad in cytochrome
maturation irE. coli. CcmG also has an influence on function as when t
membrane anchor of CcmG was replaced with the areftfocmE the levels of

cytochromec maturation were reduced by approximately 50% (125)

Prol141 lies close to the active site of ResA fogrpart of the hydrophobic
cavity (See Fig 4.1). Replacement of this reswmitk a serine or threonine was
found to destabilize the structure of the protsignificant amounts of P141S or
P141T ResA could be detected only in freshly pregBr subtilismembranes,
and levels depleted quickly following a freeze/thaygle. These observations
are consistent with the instability of the solufdems of these variants, which
proved too unstable to purify. This suggests Eratl41 is important for the
stability of the protein fold. This contrasts wilreport forE. coliCcmG, in
which replacement of thas-pro144 by an alanine resulted in a stable protein
with a structure very similar to that of the wilgbe protein but with altered
redox properties (18). The presence of small atsoointhe Prol141 variants in
B. subtilismembrane samples correlated well with low Cta@/égt Therefore,

for CtaC, the normalized activity would be simitarthat of wild type protein,
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indicating that Pro141 does not appear to be inapbfor CtaC maturation. It
should be noted that the levels of the Pro141 Resrants might be different in
the living cell and the degradation of the protiight only occur after the cells
have been harvested and lysed. None of the oybhectocomes (CccA, CccB
and QcrC) were matured to detectable levels irRi®A Prol41 variants. This
demonstrates that in addition to the structuralartgmce of Pro141, this residue
also plays a crucial role in the recognition of studite apo-cytochromesother
than CtaC, as previously suggested by structundies (14). Selective
maturation of CtaC was also observed in the Res®&(E&riantB. subtilis
membranes. CtaC contains a short sequence (resid@u@l) that is not present
in the other cytochromes which could be responsible for this selective

maturation.

Structural data previously indicated that residi8G, which lies at the base of
the hydrophobic cavity juxtaposed to the active sitsteine motif, may be
potentially important for substrate recognition)14he E80Q variant was
present at wild type levels in terms of abundamzkesability, but only small
amounts of CtaC were observed. This demonstriagé<iu80 is important for

the maturation of all cytochromesit exhibits some activity toward CtaC but
essentially none towards CccA, CccB and QcrC. @lgh it has been

previously demonstrated that the active site cyst@, values are different in a
soluble EB0Q ResA variant (15), it seems unlikbbt this alone would account
for the loss in mature cytochromesther than CtaC, particularly as this is not an

issue for the P76H variant, see Chapter 3.
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While it is clear that ResA is essential for théuetion of apo-cytochromes
prior to covalent haem attachment and a modeldbstsate activation of ResA

reductase has been proposed (15), a direct int@namttween ResA and its

substrates has yet to be observed.
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Chapter 5: In vivo studies of the TDOR BdbD fromB. subtilis.

5.1.Introduction

BdbD is a membrane associated, oxidising thiolligisde oxidoreductase
(TDOR) found inBacillus subtilis It functions to oxidise cysteine thiols of
proteins and peptides to disulphide bonds on th&ideriof the cytoplasmic
membrane, playing a key role in disulphide bond agament. The vivo
regulation of disulphide bond formation is essdritamany cell processes.
They are formed upon the oxidation of two cysteiae chain thiols and are
essential for function, stability and assembly @y membrane bound and
secreted proteins and peptides (26,126-128).catgisystems have evolved to
regulate the redox state of cysteines on the autsidhe cytoplasmic membrane
involving enzymatic proteins known as thiol-disuljgh oxidoreductases
(TDORS) (129). Proteins of the thioredoxin-like @B family contain several
conserved features; a cysteine containing acttee ssually arranged in a CXXC
motif; the thioredoxin fold; and a near active siteconfiguration proline

(42,129).

TDORSs can be characterised by their redox proerdbD is an example of an
oxidising TDOR: it will oxidise two cysteine thi¢iSH) groups in a substrate
protein to form a disulphide bond (S-S). Previousivostudies has shown it to
be capable of introducing disulphide bonds to agtoehromec and is essential
for the natural uptake of DNA, due to the fact tbareral competence (Com)

proteins contain disulphide bonds, see Chapter finfwe details (9,25,26).
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BdbD is homologous t&. coli DsbA, a soluble periplasmic protein, which
contains the thioredoxin fold with an additionalited domain (130). The
DsbA/DsbB system dE. coli has been characterised in great detail with DsbA
being capable of oxidising several known redoxmead and DsbB re-oxidising
DsbA (16,29,42).B. subtilisalso contains two DsbB homologues, BdbB and
BdbC, with BdbC being the most likely natural regm¢tner of BdbD, as both
BdbC and BdbD are required for competence develop@®). The crystal
structure of BdbD showed that it is clearly relatedsbA, having both the

thioredoxin domain and thehelical domain, shown in Chapter 1 (27).

Recentin vitro studies have confirmed the oxidising power of BdbD
demonstrating it has a reduction mid point potéwtia75 mV versus SHE (27),
making it one of the most highly oxidising TDORkm. Surprisingly, the
crystal structure of BdbD revealed a metal bindiitg, fully occupied by
calcium, which was suggested to boost the oxidipmger of the protein. This
site is located 14 A from its closest active siteteine and is coordinated by
three residues, GIn49, Glul15 and Aspl180, Figut€ZZ). The oxidising power
of BdbD is thought to be derived from the instdpilntroduced by the addition
of a disulphide bond in the oxidised form and, @liph calcium depleted BdbD
exhibited no major structural changes, it was $icgmtly less stable in the
reduced form than the calcium containing protéihe calcium depleted BdbD
also demonstrated a shift in the midpoint reductiotential of about -20 mV,
leading to the proposal that the calcium ion fumtdito enhance the oxidising

power of the protein (27).

115



Figure 5.1. Calcium binding site of BdbD
Monodendate ligands of GIn49, Glu115 and
bidendate ligands of Asp180 position the ca”
ion, large orange sphere. The smaller red
spheres are water molecules. Figure adapted

from Crow et al, 2009 (27).

Because BdbD was expressed heterologoudfy moli, it is not certain that Ga

is the natural metal ion. However, it is reasonablpropose this because the
concentration of Cd ions is very low in the cytoplasm of bacteria &mel

protein was not exposed to Cat any stage during the purification or
crystallization. Howevelin vivo data on the importance of this novel metal site

is required.

To investigate the importance of the calcium witBaotbD in vivo, PCR
mutagenesis was employed to substitute the keguesiinvolved in calcium
binding. These variant genes were cloned into kicopy plasmid which was
then used to transform a BdbD/CcdA deficient stodiB. subtilisin order to
complement the BdbD deficiency and cause the stoaiagain a CcdA-only
deficient phenotype in terms of cytochrommaturation (CCM) ability. Also
explored here was the role of a near active sittaglate, Glu63. A near active
site glutamate residue is a feature of many TDORSs residue can have
varying functions throughout the TDOR family, inding substrate recognition

and maintaining thely, of the active site cysteines in ResA (13,15).
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5.2. Experimental Procedures

The majority of the procedures used in this stugyaatlined in Chapter 2 and
only methods that are exclusive to the work in ttapter are outlined here.
Bacterial strains, plasmids and oligonucleotideners are described in Chapter
2. The first step in introducing varidodbD genes in to the CcdA/BdbD
deficient strain oB. subtiliswas to amplify théddbD gene along with its
predicted ribosome binding in the 5’ flanking ragioThis could then be ligated

into pUC18 and used as a template for the PCR ran&sis.

5.2.1. PCR amplification ofbodbD gene and upstream ribosome binding site.
1A1 genomic DNA was used as template for the PGRti@n. The
amplification reaction mix was as described in Gaa@. The reaction was
performed in a Techne thermocycler using the Exgéirididelity PCR system
(Roche) under the following reaction conditionsatéxd in Table 5.1. The
reaction was analysed by agarose gel electroplspieigure 5.2. The band of
amplifiedbdbDwas excised from the gel and cleaned from theosgausing a

QIAGEN DNA agarose clean up kit.
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Table 5.1. PCR reaction condition used to amplifylte bdbD gene including

the upstream ribosome binding site.

Process TemgC Time Repeat
Initial denaturation 94 2 min 1
Cycle 1

Denaturation 94 30s

Primer annealing 55 30s 10
Extension 62 45s

Cycle 2

Denaturation 94 15s

Primer annealing 55 30s 20
Extension 62 45 s -2 min

Final Extension 62 10 min 1

bdbD
~700
bps

Figure 5.2. PCR amplification of the bdbD gene from B. subtilis 1Al genomic
DNA. 15 pl sample of the bdbD PCR reaction was run on a 1% w/v agarose gel as
described in Chapter 2. A band can be observed at 700 bps, the expected size of the

bdbD gene with the additional 5’ ribosome binding sequence.

5.2.2. CloningbdbDinto pUC18
The cleaneddbD fragment was ligated into pUC18 at tBmd site as described

in Chapter 2. The ligation reaction was useddagformg. coliJM109;
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successful transformants were screened by platirtg €BA containing 100
png/L ampicillin. Successful ligation dfdbD gene into pUC18 was determined
using X-gal blue/white screening, as describedhagier 2. Six white colonies
were picked and used to inoculate 5 ml LB, 100 nagfipicillin, incubated
overnight at 37C, 200 rpm. Plasmids were purified from theseurek using
QIAGEN miniprep kit, as per manufacturer’s instrans. Restriction digestion
with Hindlll and SpH and subsequent analysis by agarose gel electregiso
was used to confirm correlstibD insertion into the pUC18 plasmid, Figure 5.3.
Correct insertion of the wild typedbD gene was further confirmed by DNA
sequencing (MWG Biotech). pUC18 plasmid contairtimghdbD insert was

designated pCHN17.
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Figure 5.3. Restriction digest confirmation of bdbD insertion into pUC18 . Six
transformed colonies were picked, cultured and plasmid purified from them. These were
cut with Hindlll and Sphl and run on a 1% agarose gel, lanes 1-6. Of these plasmids

retrieved only 5 and 6 contained the correct sized insert.
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5.2.3. CloningbdbDinto pDG148

OncebdbD had been successfully cloned into pUC18 it ne¢ddxd transferred
into a plasmid compatible for replication and gerpression iB. subtilis The
bdbDinsert was cut from pCHN17 usiigndlll and SpH and separated by
agarose gel electrophoresis, andlitlbD fragment was cleaned from the agarose
using the QIAGEN DNA agarose clean up kit, as panuafacturer’s

instructions. This fragment was then cloned iMd§5148 at theSpH/Hindlll

site and used to transfor coliJM109 as described in Chapter 2.

O

O

n
1000 bdbD
500

Figure 5.4. Confirmation of successful ligation of bdbD into pDG148 . Plasmids
were digested using Hindlll/Sphl and separated by agarose gel electrophoresis. Of the

six plasmids tested, all six had the correctly sized bdbD insert.

Successful transformants were screened on LBA tonga100 mg/L ampicillin.
Successful transformants were picked and usedtwlate 5 ml LB culture
containing 100 mg/L ampicillin. The plasmid DNA svaurified from cultures
using a QIAGEN miniprep kit. Successful gene itisarinto pDG148 was

confirmed by restriction digest witBpH andHindlll, Figure 7.4.
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5.2.4. Targeted PCR mutagenesis didbD

Site directed mutagenesis was used to explorerthertance of the predicted
key amino acid residues within BdbD. Using pCHN&Aemplate DNA, PCR
was used to generate mutadbD genes encoding D180A, Q49A and E63Q
BdbD variants. The PCR mutagenesis procedure etdsrmed as described in
Chapter 2, using the primers described in Table&u2cessful transformants
were screened by plating on to LBA containing 1@0np ampicillin. Single
colonies were picked and used to inoculate 5 mtuBures, 100 pg/ml
ampicillin, 37°C, 200 rpm overnight. Plasmid DNA was purifiednfraell
culture (as described above) and sequenced (MW@&dhipto confirm the
correct mutation and that no other mutations hauh betroducedbdbD variant
plasmids are listed in Table 5.1. The variaaibD genes were cut from the
pUC18 vector and ligated into pDG148 as descrilimd@ This and the ligation
steps was performed by the Lars Hederstedt labgrdd@partment of Cell and

Organism Biology, Lund University, Lund, Sweden, &3 62.

5.2.5. Transformation of B. subtilisLUL7 protoplasts with variant bdbD

genes

As discussed abovB, subtiliswithout a functionabdbD gene is not capable of
natural DNA uptake as described in Chapter 2. al¢ therefore necessary to
transform the cells by other means. After sevanaliccessful attempts to
transform cells by electroporation using protodmsed on techniques described
for severaBacillusspecies (131-133), Lars Hederstedt's laboratoryatme to

introduce the variant BdbD encoding plasmid to LUft@toplasts.
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5.3. Results

The premise on which this experimental system veaset was that wild type
bdbD expressed from a plasmid should be able to retiiee CCM negative
phenotype of a CcdA/BdbD deficient mutant straiosubtilis Once this was
achieved, variant BdbD proteins could then be thiced in a similar fashion
and their functionality compared to that of thedmype protein. B. subtilis
LUL7 is deficient in both CcdA and BdbD and so ldeato mature cytochromes
c. BdbD oxidises the thiols of apo-cytochromehich mean they are unable to
covalently bind haem. CcdA is thought to mainthi@ reducing nature of ResA,
which, in turn, reduces the disulphide bond betwtbercysteines of apo-
cytochromec, allowing the covalent binding of haem. A CcdAident B.
subtilisis unable to produce mature cytochroorigecause the apo-cytochrome
remains in the oxidised form. If the strain iscateficient in BdbD, as with
LUL7, mature cytochromeswill be present as there will be no need to re-
reduce the apo-cytochromas it has not been oxidised in the first place. O
complementing a BdbD/CcdA deficient strain with iédviype bdbD gene it
would be expected that the CCM positive phenotypaldvbe replaced with a
CCM negative one. By introducing genes expressarg@nt BdbD proteins it
should be possible to judge the impact of the Wianeon the function of BdbD
by assessing the ability of the protein to reca/&CM deficient phenotype in
LUL7. A fully functional BdbD protein will be CCNhegative; a non-functional

BdbD will be CCM positive.
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5.3.1. TMPD staining of variant BdbD producing LUL7 strains.

Initially the LUL7 strains harbouring plasmids egpsing variant BdbD proteins
were restreaked on to NSMP containing appropriatiiatics and 1 mM IPTG,
to induce expression of tielbD genes from the Hacpromoter and stained with
TMPD as described in Chapter 2. All strains, idahg LUL7 expressing wild
typebdbD, had high levels of staining, indicating CCM atittiv To ensure that
BdbD was being produced, Western blotting was eygauddiscussed below).
This showed that BdbD was being produced to mughdrilevels when the gene
was expressed from the plasmid than under wild egpelitions in 1A1, in

which there is only one copy of the gene, Figufe 3t seemed possible that the
excessive level of BdbD present in the cell membnraas disrupting the redox
balance. To try to counter this, the strains werstreaked on to NSMP agar
containing appropriate antibiotics but with onlyd050 uM IPTG. The
Western blot, shown below (Figure 5.6), demonstr#tat BdbD production was
similar to that of wild type levels in 1Al in ligdiimedia at these concentrations
of the inducer. Plates were stained with TMPD efetie and again all strains
demonstrated a high level of staining, see Figuse 8§ is possible that the
concentrations of inducer suitable for liquid da n@atch those of cells grown on
plates. Unfortunately, due to time constraintsyas not possible to ‘fine tune’
IPTG concentration in NSMP agar to a degree whes@uld be possible to

obtain any useable data from TMPD staining.
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1A1 pDG148 WT Q49A E63Q D180A

No
IPTG

10 uM
IPTG

50 uM
IPTG

Figure 5.5. TMPD staining of LUL7 expressing varia  nt bdbD induced by different
concentrations of IPTG.  All concentrations of IPTG appear to give similar high levels
of staining (CCM positive phenotype) for all BdbD variant and the wild type. 1Al is

shown to demonstrate a true wild type CCM positive phenotype.

5.3.2. Western Blotting

To confirm production levels of BdbD and BdbD vatsWestern blotting was
employed. Although protein production is drivearir the natural ribosome
binding ofbdbD, gene expression is driven from an IPTG induciajg.
promoter. As well as this, pDG148, although a tmpy number plasmid, is still
present in multiple copies B. subtilis It is very important to have consistent
levels of protein production across the variantsroter to make reasonable

conclusions as to what effect each variation has.
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Figure 5.6. Western blot showing wild type BdbD pro  duction from pCHN18 in B.
subtilis LUL7. Gene expression was induced with varying levels of IPTG, indicated
above the lanes. 1Al is the wild type strain and ‘-ve control’ is LUL7 harbouring the
pPCHN18 plasmid but grown in the absence of IPTG. BdbD production in LUL7 from
pCHN18 clearly remains significantly greater than wild type expression from 1A1 until
IPTG concentration is as low as 10 uM. It is not known why these blots contain two
bands for BdbD, it was not a feature of previous blots using these antibodies published
previously (27).

An initial Western blot was developed with anti-Bdbntiserum on membranes
prepared from each LUL7 based BdbD variant expngssirain, as well as 1A1
(wild type), LUL7 (CcdA and BdbD deficient) LUL7/@¢dN18 (LUL7
expressing wild typédbD from pDG148) as controls. This blot demonstrated
that in the presence of 1 mM IPTG significantly em&dbD was produced when
the gene was expressed from the pDG148 plasmid tRgiecontrol than under
natural, wild type regulation of the single chromwsl copy obdbDin the

strain 1A1l.

To determine whether protein production could betrmdled by tighter
regulation of gene expression by lowering the catreéion of IPTG in the
growth medium, 0.5 L cultures were grown in thesprece of 10 uM to 1 mM
IPTG with the relevant antibiotics and membranegevpeepared. 0.25 pg of

each membrane sample was run on a 12% SDS-PAGtefyek transferring to
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PVDF membrane. BdbD was visualised by first intradg the anti-BdbD
antibody (1/1000 dilution, from rabbit (27)) therthvperoxidase labelled anti-
rabbit (1/5000 dilution, GE Healthcare); this waveloped using the Xograph.
This demonstrated that the amount of protein predwould be controlled by
altering the concentration of IPTG in the growthdmien and to accomplish a
level of BdbD production comparable to 1A1, only i IPTG was needed in

liquid medium (Figure 5.6).

5.3.3 Haem staining of membranes from BdbD variant strairs

As experiments relating to transcriptional contsbbdbD with varying IPTG
concentrations were only conducted in liquid metieas not realistic to relate
these to agar based solid media, so TMPD stainagymwot pursued further.
Haem staining of membranes prepared from liquitLices was employed to
analyse the effectiveness of BdbD production cdityaltering IPTG
concentration to contrdddbD transcription. Initially, a haem stain using the
same membrane samples that were analysed by Wé&dtdting (Figure 5.6,
above) demonstrated that all IPTG concentratiobhsdrEn 1 mM — 10 pM
appeared to have the CCM positive phenotype. saudsed above, one
possibility was that production of too much BdbDtliese cell membranes had a
negative impact on BdbD activity. To investigates turther, fresh membranes
were prepared from LUL7/pCHN18 (the CcdA/BdbD diefit strain expressing
bdbDfrom pDG148) cultures grown in the presence of-01D uM IPTG. 100
png of membrane samples were run on a 12% SDS-PAGang stained for
haem as described in Chapter 2, see Figure 5.i& sligested that it was

possible to generate a CcdA-deficient CCM negagiivenotype when the

126



LUL7/pCHN18 was grown in the presence of betweamd. 5 uM IPTG.
Unfortunately it was not possible to obtain a ggodlity conclusive Western
blot from these samples to demonstrate the le¥ddslbD in the membrane
samples. Itis presumed that, as with previoustévedblots, that higher than
normal levels of BdbD were present in the membranen the culture was
grown with 10 uM IPTG and it is likely that whenTi8® concentration was less
than 1 uM then there was not enough IPTG presantitece transcription of
bdbD at levels sufficient to generate enough BdbD fluénce the phenotype.
Unfortunately, it proved to be extremely diffictit reproducibly achieve the

levels of CCM, seen in Figure 5.7, by BdbD produetcontrol.
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Figure 5.7. Haem stain of membrane samples prepare d from LUL7/pCHN18 grown
in the presence of 10-0.1 uM IPTG . Both 1A1, LUL7 and LUL7/pCHN18 (grown with
10uM IPTG) all demonstrated a CCM positive phenotype. When IPTG concentration
was reduced to 5 and 1 uM the CCM negative phenotype of a CcdA-only deficient strain
of B. subtilis was apparent. When IPTG concentration was reduced to 0.5 or 0.1 uM,

the CCM positive phenotype returned, presumably because there is not enough IPTG

present to induce the Py, promoter and bdbD transcription.
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5.4. Discussion
Here, an experimental system was constructed tohem vivo functional
importance of residues identified as being impdrieom sequence alignment

and/or structural data.

Wild type bdbD expressed from a multicopy plasmid (pDG148) waslus
complement the BdbD deficiency of a strain (LUL&gKing both CcdA and
BdbD. LUL7 lacks both the oxidatative and reduetbranches of disulphide
bond management that operate in CCM resulting@C# positive phenotype.
Complementation withhdbD was expected to rescue the oxidative pathway,

resulting in the inability of the cell to producgtachromex.

In practice, the system was more complicated tkpeaed. The production of
large quantities of BdbD in LUL7 failed to rescire BdbD deficient phenotype.
It was proposed that this could have been a coes®guof there being too much
BdbD present. BdbD is an oxidising TDOR, but iderto function as such,
must be maintained in its oxidised state inBhsubtilismembrane. This is
believed to occur via the activity of BdbC, an gr& membrane protein. Since
BdbC was not overproduced in thebD-complemented strain, it is likely that
the proportion of oxidised BdbD relative to redu®atbD was abnormally low,
leading to an effect on the net activity of BdbPn excess of reduced BdbD
may well have rendered the cell unable to effebttiegidise apo-cytochromes
resulting in thebdbD-complemented strain retaining its CCM positive

phenotype.
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To test this, lower levels of BdbD were producedducing the concentration
of IPTG, the inducer of thesRcpromoter from whiclbdbD expression was
controlled. Western blot analysis revealed thistwas successful and a
concentration of ~ 10 uM IPTG in liquid culture geated levels of BdbD
similar to that in 1A1 wild type cultures. As pags might have been
anticipated, this concentration of IPTG was notrappate for cells grown on

solid media.

In Chapter 3, it was shown that to complement t8&/Gegative phenotype of a
ResA deficient strain dB. subtilis only 1 mM of the reductant DTT was needed
in liquid medium. However, previous studies hatedained that 100 mM DTT
was required to achieve the same result for cetle/g on agar based, solid
medium. This concentration proved to be toxicdaltures grown in liquid
medium. It should be possible to use Westernibtpto determine levels of
BdbD present in strains grown on solid media byarig membranes from

cells grown as lawns on NSMP agar, but time resigsgrevented this.

Haem staining of membranes prepared from liquitlcellwas used to
investigate CCM activity in the LUL7 complementachs. Initial experiments
showed that 10 uM IPTG did not generate a CCM-dafigphenotype and so a
series of dilutions in the range 0.1 — 10 uM IPT&@avinvestigated. These data
generated were consistent with the proposal tleaathount of BdbD produced
was key to obtaining complementation. At 10 uM @& Too much BdbD was
presumably present and so the oxidative branchnatiinctioning sufficiently

well and CCM was observed at wild type levels.0At and 0.5 uM IPTG
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significantly reduced CCM activity was detectedhisIsuggests that at these
concentrations of inducer, the level of BdbD waf§isent to restore the
oxidative branch, but insufficient to disrupt tleglox balance, resulting in
oxidised apo-cytochromeand reduced CCM activity. Clearly, Western blot
analysis of these membrane samples would be retuareerify these

conclusions about BdbD levels.

At this point, the system appeared to be promisirthat if the appropriate
concentration of inducer was used, complementatidddbD was observed.
However, attempts to reproduce the data were matyal successful, indicating
that it was difficult to reproducibly obtain theaessary levels of BdbD
production. It is not clear why this was the casd this would require further
investigation. As a means to test the activitBdbD variants, this system
proved to be too unreliable. However, the dateegeed here provide new
insight into redox processes outside of the men#rdihe data suggest that the
balance between oxidised and reduced forms of Bdlwucial for the activity

of the oxidative branch and that this can be rgatidrupted by the
overproduction of BdbD. Further experiments tafyd8dbD levels and also to
probe the redox state of BdbD are now necessatgnwnstrate this. Given the
above, it is likely that a different experimentgstem will be needed to
investigate thén vivo properties of key residues within BdbD. An apptoa
similar to that employed to investigate thevivo properties of ResA in Chapters
3 and 4 may be more appropriate, where a singlg abfheresAgene was

inserted at thamyElocus. This should avoid overproduction of BdbD.
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Chapter 6: Studies of the Res system i&treptomyces coelicolor

6.1. Intoduction

Genetic analysis identified a clear homologue efBhsubtilisres operon inS.
coelicolor. As well as genes encoding for the three Reep®tequired to
produce a CCM system Il, the operon also contageng encoding a
homologue of another TDOR, CcdA. Using the recoratdxim genetic
engineering method, two knock out mutations wet@duced to remove either
theresoperon or the singleesAgene fronS. coelicoloM145 to examine the
importance of the products encoded by these gemeytochromec maturation
in S. coelicolor The cytochrome, QcrC, was found to be absent from
membranes prepared fro® coelicolorstrains which were lacking either the
entireresoperon or the singlesAgene. In addition to the study of phenotypes
of theS. coelicolor resAandresoperon knock-out strains, tise coelicolorResA
protein (ScResA) was over-expressed and purifiech £. coli. This allowed the

study of the biophysical properties of the protein.

6.2. Experimental Procedures
The majority of the general experimental procedusesd in the work presented
in this chapter can be found in Chapter 2 and pghaes exclusive to the work

presented here are described below.

6.2.1. Generation of theesAand resoperonS. coelicolormutants
Mutational analysis has proved a very powerful toatharacterise the function

of genes. In-frame deletions of geneSircoelicolorcan be generated using a
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specific PCR-targeting approach, developed forim&accharomyces cerevisiae
by Baudinet alin 1993 (134) and adapted for usesincoelicoloras described by
Gustet al, 2003 (110). This powerful technique, commonfgned to as
recombineering (recombination-mediated geneticrezgging), allows the
disruption of a specific gene by generating a nolapin-frame deletion, thus
avoiding effects on downstream genes. Knock-ouatrans in thes. coelicolor
chromosome are commonly engineered by first inttoduthe desired mutation
to a copy of the gene carried on a cosmid, frorordiered cosmid library (111).
This is done by interrupting or replacing the genid an antibiotic marker. The
mutated cosmid is then conjugated iBtacoelicolorand a cross over event is
selected for, whereby the interrupted gene fronctsnid replaces the
chromosomal wild type copy. TI& coelicolor reoperon can be found on
cosmid StD65. The cosmids, plasmids and straied umsthis study are all
described in Chapter 2. Antibiotics were usedhatfollowing final
concentrations, unless otherwise stated: Apramifrnug/ml), kanamycin (40
png/ml), chloramphenicol (25 pg/ml), carbenicilli00 pg/ml) and nalidixic acid
(25 pg/ml). Experimental procedures specific ®work presented in this
chapter are described below and are based ondbmbeneering protocol

described by Gusgt al (110).

6.2.1.1. Verification of cosmid StD65 by restrictin digestion

The 8.6 Mb genome @. coelicolorhas been fragmented and cloned into
Supercosl to create an accessible and ordered geliorary of 319 cosmids
(111). The cosmid which contains the part of$heoelicolorgenome that

encodes theesoperon is designated StD65. As cosmids are largelar DNA
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molecules, they are prone to mutation when theyepkcated irk. colicells,

and the cosmid can be re-ordered, by random rec@tibn events. To ensure
that the cosmid StD65 was correctly ordered it argysed by cutting it with
restriction enzymes. Using the cosmid restrictiahtool on the redirect website
(http://streptomyces.org.uk/redirect/res_cosmidflhit was possible to predict
the band sizes that would be observed when StD6%utawithHindlll and

Xbal, see Table 6.1. StD65 was incubated Withdlll and BanH| for one hour
at 37°C before separating the fragments by agarose eetrephoresis (Figure

6.1), as described in Chapter 2.

Table 6.1. Expected bands generated by the restrict  ion digest of StD65 with EcoRl
and Hindlll. Prediction generated using the restriction cut tool found at

http://streptomyces.org.uk/redirect/res_cosmid2.html

EcoRl, Hindlll digestion of StD65 (bp)

25837 12062 4565 2227 539 20

All of the predicted bands were present and fudliedtable on the agarose gel,
with the exception of the 20 bp fragment, whichyosgppeared as a faint blur,
which could be expected due to the very small aitnoliDNA present.
Verification of the cosmid in this way was repeatiesbughout the gene

disruption procedure.
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Uncut StD65 Figure 6.1. Verification of StD65 by restriction
digest. StD65 was incubated with Hindlll and EcoRl
for one hour at 37 °C before separating the generated

u 25837 fragments by agarose gel electrophoresis. The cut

12062 pattern matches prediction made in Table 6.1, which

B 4565 demonstrates the cosmid is highly unlikely to have
become mutated during replication. It was not possible

] 2227 to clearly visualise the predicted 20 bp fragment. This
is likely to be because there was not enough DNA was
present and the poor resolving ability of a 1% agarose

gel for small size DNA fragment.
539

6.2.1.2. PCR amplification of theesAand resoperon disruption cassettes
Primers were designed to amplify the apramycirstaste cassette (ApjaoriT
and the FRT sites found on plasmid plJ773. Befigeeas template DNA this
region was excised from the plasmid usigpR| andHindlIll. The 20 and 19 nt
priming sequences (at the 5" and 3’ ends, respag)iof this cassette are always
the same. The primers also have a 39 nt sequexasgeat the start codon (plus
the 36 upstream bases) or the stop codon (plUdaidewnstream bases of the
complementary strand) for the upstream and dowanstigimers, respectively,
see Table 6.2 for primer details. A schematicdefprimer design process is
shown in Figure 6.2. The PCR reaction requireanplify this DNA fragment

in unique to work presented in this chapter anis stescribed below, not in

Chapter 2.
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Nx39 ATG >
39 bp from sense strand

including ATG start codon ~ suuuuss .+ resA 00 e
39 bp from anti-sense C

strand including Stop codon Nx39 ACT

Primers designed to include
39 nt resA complimentary

strands with 20 and 19 nt
apraR+oriT complimentary -<
strands to prime PCR m

PCR product is apra® +
oriT with complimentary |
resA flanking regions

apraR + oriT ‘

apraR + oriT | ‘

Figure 6.2. Schematic of primer design processtod  esign primers to PCR amplify
apraR+0riT cassette with ScresA flanking regions . Primers with 39 nt flanking
regions of resA and 20 nt and 19 nt complementary regions from the apraR+0riT
cassette are used to generate a version of the apraR+oriT cassette with resA flanking
regions using PCR. This can be used to transform E. coli BW25113 harbouring StD65
and plJ790 for -Red mediated double crossover to knockout the StD65 ScresA gene,

replacing it with apra™+oriT. For clarity, the FRT sites are not shown in this figure.

These primers allow the amplification of a DNA fragnt that contains Apfa

oriT, the FRT sites and the flanking regions of theegemngenes to be knocked
out, in this caseesAor theresoperon. The 50 pl PCR reaction mix contained 50
pmol of each primer, 50 ng template DNA (the Aptassette), DNA

polymerase (Roche, Expand High Fidelity PCR Syst&a M dNTP mix, 5%
DMSO, 5 ul 10 x reaction buffer and was made upaq! with sterile d=O.

The reaction was carried out in a Techne thermecyoider the conditions

shown in Table 6.3. 5 pl of the PCR reaction maswsed to confirm that the
reaction had been successful (see Figure 6.3)renkmaining 45 pl was

cleaned using the QIAGEN PCR purification kit acting to the manufacturer’s

instruction.
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Table 6.2. Primers used to generate resA and the res operon knock-out cassettes

by PCR. The resA forward primer was used in conjunction with the resA reverse or the

resA-C reverse to generate and amplify the disruption cassettes for resA or the res

operon, respectively. The PCR reaction conditions are described in Table 6.3 and the

reaction mixture is described in the text. The FRT sites are highlighted yellow. The test

primers were designed to amplify the region between the flanking regions of resA or the

res operon to confirm that the gene or the operon had been replaced by the disruption

cassette. Again resA test forward was used in conjunction with resA reverse test or

resA-C reverse test for disruption of the resA gene or the res operon, respectively.

Primer Sequence

resA gcaagatcctcggaacggacatgcgaaacttttcacatgattccggggatc cgtcgacc
forward

resA agccctcggecgegagggtggtcactgcggacacgtcatgtaggetggage tgcttc
reverse

resA-C tgggtcacgggaaccggcctttggccgtgcecttgatcatgtaggctggage tgcttc
reverse

resA Gcaagatcctcggaacggac

forward test

resA Agccctcggecgcgagggatg
reverse test
resA-C Tgggtcacgggaaccggcct

reverse test

Table 6.3. PCR reaction conditions required to amplify the AprR cassette with the 5’

and 3’ flanking regions of the gene of interest.

Process TemgC Time Repeat
Initial denaturation 90 2 min 1
Cycle 1

Denaturation 94 45 s

Primer annealing 50 45s 10
Extension 72 90s

Cycle 2

Denaturation 94 15s

Primer annealing 55 45s 15
Extension 72 90 s

Final Extension 72 5 min 1
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Figure 6.3. PCR amplification of the resA and resA-C disruption cassettes. The
apraR was used as the template DNA to amplify the cassettes. This 1382 bp fragment,
which was cut from plasmid plJ773 using EcoRI and Hindlll, contains the apramycin
resistance gene as well as FLP recognition target sites. The amplified resA and resA-C
disruption cassettes are 78 bp larger than the apra® cassette due to the two 39 bp
flanking regions which are specific for the resA or the resA-C regions on StD65.
Although the band showing for resA KO appears to be very weak, enough DNA was
present to enable the transformation of BW25113/plJ790/StD65, see below.

6.2.1.3. Transformation of BW25113/plJ790 with StDb

Upon confirmation that StD65 was correct it wasassary to introduce it, by
electroporation té&. coliBW25113 harbouring the Red recombination plasmid
(pIJ790). plJ790 contains a chloramphenicol raaist marker and has a
temperature sensitive origin of replication thajuiees it to be grown at 3T in
the presence of chloramphenicol to maintain therpld. 10 ml cultures d&.

coli BW25113/plJ790 were grown overnight at°80) 200 rpm in LB containing
chloramphenicol. 100 pl of this overnight cultuvas used to inoculate 10 ml
cultures in LB containing chloramphenicol, whichresgrown at 36C, 200

rpm. These cells were harvested and prepareddotreporation, then
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transformed with ~ 100 ng of StD65 DNA as descrile@hapter 2. One ml of
ice cold LB was immediately added to the shockéld emd they were incubated
at 30°C, 200 rpm for one hour. This transformation riesictvas plated on to
LBA containing carbenicillin and kanamycin to selésr StD65 and

chloramphenicol to select for plJ790, and incubaite80°C overnight.

6.2.1.4. Disruption of theresAgene and theesoperon on StD65 by
recombineering

In order to introduce the required mutations to$ti265 cosmid the PCR
product disruption cassette must be introducedw28113/plJ790/StD65. The
induction of the Red genes (located on the plJ790 plasmid) canlibenduced
by the addition of 10 mM L-arabinose (final concatibn) to the growth
medium, to initiate the disruption of thesAgene or theesoperon by the

disruption cassette viaRed mediated double crossover, Figure 6.4.

PCR product is apra® +

oriT with complimentary ‘ resA 5’ | apraR + oriT | resA 3’ ‘

resA flanking regions is

used to transform N . . 7 N . . 7

BW25113/StD65/plJ790 \ 7/ \ /
7\ 7\

-red mediated double : N : ’
crossover replaces reSA ' -{ --------- + resA / -------- }-‘- -
with apraR+oriT

StD65 now contain apraR
+oriT to be transferred 4
into wildtype M145 and """
mediate chromosomal

double crossover

apraR + oriT

Figure 6.4. Schematic of -Red mediated double crossover . PCR generated
knockout cassette is used to transform E. coli BW25113 harbouring plJ790 and wild type
StD65. The -Red (located on plJ790) are induced at 37 °C, initiating the double

crossover event.
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A single colony of BW25113/pl1J790 successfully sfammed with the StD65
cosmid was used to inoculate 5 ml of LB contairgagbenicillin, kanamycin
and chloramphenicol in the quantities describedrabdhis culture was grown
overnight at 36C, 200 rpm. 250 pl of the overnight culture wasdi®
inoculate 10 ml of SOB (without MgSPcontaining carbenicillin, kanamycin
and chloramphenicol in the quantities describedrabd 00 pl of 1 M L-
arabinose was added to the culture (final conceotrd 0 mM) to induce the
Red genes, and the cells grown afG0200 rpm until Olgy, reached about 0.5.
This culture was harvested and prepared for elpotation as described in
Chapter 2. Cells were transformed with 1 pul ofriegistance cassette by
electroporation as described in Chapter 2, platetbd.BA containing
apramycin and kanamycin to select for the mutat€bS cosmid and incubated
overnight at 37C. Incubation at 37C and the lack of chloramphenicol in the
growth medium discourages the procreation of pldggh1790. Transformed
colonies were picked and used to inoculate 5 muoes in LB containing

apramycin and kanamycin, grown at°g€7, 200 rpm.

Table 6.4. Predicted Sacl restriction digest pattern of wild type StD65 and the
StD65 resA and resA-C knock out mutants . Digest pattern generated using

webcutter2 (http://rna.lundberg.gu.se/cutter2/)

Wild Type resAKO resA-CKO
21693 16925 13125
12550 12550 12550
2927 4690 4690
1228 2927 2927
1228 1228
751 751
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The mutated StD65 cosmid was purified from the cellure as described in
Chapter 2, and compared to wild type StD65 by amadyrestriction cut patterns
and PCR, see Figures 6.5 and 6.6, respectivelyerMgbsmid StD65 is cut with
Sad it is predicted to have a specific pattern whem on an agarose gel; when
certain areas have been interrupted, removed taaegh that restriction digest
pattern will change. A comparison of the prediatestriction digest pattern of
wild type StD65 and theesAandresoperon deletion strain is shown in Table

6.4.
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Figure 6.5. Sacl restriction digest of wild type StD65 and the resA and resA-C

Javdew gy T

O vsad
OX D-vSed

=
(=

e

LN b W Blhoo

'_I.

knock out (KO) mutants . The StD65 cosmids containing the resA and res operon
knock-out mutations demonstrate a different pattern to the wild-type StD65 cosmid when
cut with Sacl and the resulting fragments separated by agarose gel electrophoresis.

The expected fragment sizes were predicted using Webcutter2 (shown in Table 6.4). It
was not possible to fully resolve the larger fragments (over 10 kb) on this gel so they
appear as one large band, labelled ‘multiple bands’. Importantly, the extra bands
generated by the apra® insertion into the resA and resA-C knockouts at 4690 and 751

bp are clearly visible.
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Figure 6.6. PCR confirmation of resA and resA-C disruption with apra R resistance
cassette. After transformation with the disruption cassette, disrupted StD65 cosmids
were purified from the transformed cells as described in Chapter 2. The resA or resA-C
regions of these cosmids were amplified using the test primers (Table 5.3). The resA
gene is only ~450 bps in length, whereas the disruption cassette is closer to 1500 bps.
The resA control shows the resA gene amplified from wild type StD65 cosmid template
using the same primers as used to amplify the region in the resA KO. Although it was
not possible to amplify the wild type resA-C region (~5500 bps) from wild type StD65, it
was possible to amplify the disruption cassette using primers specific for the resA-C
region, demonstrating that the disruption of the resA and resA-C regions were

successful.

On confirmation that the appropriate mutations been introduced to StD65 to
create StD65resAand StD65 resA-C(for theresAandresoperon knockout
mutations, respectively) these were used to tramstbe methylation-deficient
E. colistrain, ET12567/pUZ8002 by electroporation as deedrin Chapter 2.
The resulting transformants were selected on LBitaioing kanamycin and
apramycin for selection of mutated StD65 cosmid Déi chloramphenicol for

selection of the pUZ8002 plasmid.
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6.2.1.5. Conjugative transfer of StD65resAand StD65 resA-Cto S.
coelicolorfrom E. coli.

The mutated cosmids were transferred fiencoli ET12567/pUZ8002 t&.
coelicolorM145 by conjugation. ET12567 is a methylationideht strain ofE.
coli, and this was employed here becaBseoelicolowill digest methylated
DNA. The pUZ8002 plasmid contains the genes nacggsr conjugative
transfer. Single colonies of ET12567/pUZ8002 harbmueither StD65resAor
StD65 resA-Cwere cultured overnight in LB containing kanamy@pramycin
and chloramphenicol at 3, 200 rpm. These cells were harvested and
resuspended twice in LB to wash and remove anyirenggantibiotic that may
inhibit the growth ofS. coelicolor 10 pl (~18 per ml) ofS. coelicoloM145
spores was added to 500 pl 2 x YT broth and this iweubated at 58C for 10
minutes to heat shock the spores. These werectiwad to room temperature
and 0.5 ml was mixed with 0.5 ml of the resusperttlecbli preparation. This
mixture was briefly centrifuged and the majoritytbé supernatant removed.
The pellet was resuspended in the residual sumsm@ts0 pl). The
resuspended cell/spore mixture was diluted in séfié" to 10 in 100 ul
sterile dBO. 100 pl of the diluted suspensions was platetbdiS agar with 10
mM MgCl,, without antibiotics and incubated at®@0for 20 hours. The plates
were overlaid with 1 ml FD containing 0.5 mg nalidixic acid (which selectwe
kills E. coli) and 1.25 mg apramycin (to select for the rescg#arassette in the
disrupted gene). The plates were then incubat8@&tfor a further two days,
when singleS. coelicolorcolonies were easily visible. Any plates withgden
colonies were replica-plated on to DNA (a growthdmen that gives fast, non-

sporulating growth o8. coelicoloy containing nalidixic acid and apramycin and
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either with or without kanamycin. The replica pivere compared to identify
apramycin resistant, kanamycin sensitive colonl@suble crossover ex-
conjugants are apramymycin resistant (due to th@Aip the disruption
cassette) and kanamycin sensitive because the kamaresistance gene is
located on the Supercosl1 backbone, which is ncelopigesent. Kanamycin
sensitive colonies were picked and re-streaked Bf8aontaining apramycin
and nalidixic acid and incubated at®Dfor 2-3 days. The plates were replica
plated again on to DNA with and without kanamyarconfirm that all colonies
were sensitive. Kanamycin sensitve strains werigie for disruption to the
resAgene oresoperon by PCR, using the test primers (Table &8)S.
coelicolorM145 resAand M145 resA-Cgenomic DNA as template. Upon
confirmation that theesAand theresoperon had been disrupted, spores were
collected and used to inoculate cultures for memdaeparations, as described

in Chapter 2.

6.2.2. Purification of a soluble form ofS. coelicolorResA
In order to study reactivity and structural prop=iof ScResAn vitro a purified

soluble form of the protein was required.

6.2.2.1. Purification of a soluble native form of 8ResA

Initially primers were designed to amplify the paftheScresAgene predicted
to encode the soluble domain of ScResA from thenw$tD65. The PCR
amplification reaction was carried out as descrilpe@hapter 2 using primers
ScResAl and ScResA2 as the forward and reverserwimspectively. These

primers introduced aNdd site and an ATG ‘start codon’ at the 5’ end o th
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gene and &lindlll restriction site at the 3’ end. This amplifif@gment of DNA
was blunt end cloned into pUC18 at 4 site, generating plasmid pCHN11.
After confirmation of successful PCR amplificatiand ligation by sequence
analysis, the gene was excised from pUC18 anceliiaito pET21a at the
Ndd/Hindlll site (generating plasmid pCHN12) for expressioE. coliBL21

strains. pCHN12 was used to transform BL21 DE@exxribed in Chapter 2.
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Figure 6.7. Test expressions of the pCHN12 plasmid  in BL21 DE3. Whole cell
samples were taken from cultures grown in LB containing 100 pg/ml ampicillin. The cell
were suspended in loading buffer and analysed by SDS-PAGE stained with Coomassie.
All cultures were grown at 37 T until induction with 1 mM IPTG. The lanes labelled
‘Before’ corresponds to a cell sample taken before induction. Samples in lanes are as
follows: 1, 2 and 3 were induced with 1 mM IPTG when ODgg, reached 0.8, they were
then grown for a further 3 hours, 5 hours or overnight, respectively, at 30 C; 4, 5 and 6
were induced when ODgqo reached 0.6 they were then grown for a further 3 hours, 5
hours or overnight, respectively, at 30 C; 7, 8 and 9 were induced when ODgy, reached
0.6 they were then grown for a further 3 hours, 5 hours or overnight, respectively, at 37
C; 10, 11 and 12 were induced when OD 4o reached 0.8 they were then grown for a
further 3 hours, 5 hours or overnight, respectively, at 37<C. Over-produced ScResA

protein can been observed at ~17 kDa.

The ability ofE. colito express ScResA from plasmid pCHN12 was tesiéd.
ml cultures (LB containing 100 pg/ml ampicillin) veeinoculated and grown at

37 °C, 200 rpm until the optical density at 600 (@Dso0) reached 0.6 or 0.8,
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where gene expressed was induced by the additibma¥ IPTG and the
cultures were then grown for a further 3 hoursptrh or overnight at either 30
°C or 37 °C 200 rpm. These tests demonstrated that ScResAmduced by
inducing gene expression with 1 mM IPTG when thHéuce reached 0.8 at
ODeoo Allowing the culture to continue growing overhigt 37 °C before
harvesting yielded the most amount of ScResA ipeaeisto other proteins, see
Figure 6.7. But when this was scaled up proteadpction appeared to be very

inconsistent, with several attempts yielding neditble ScResA at all.

One early attempt demonstrated that it was posslgpartially purify ScResA
by ammonium sulphate precipitation, in accordanitke the BsResA purification
protocol developed by Erlendssenal (12). The prepared cytoplasm was
treated by the addition of 50% w/v ammonium sulph@his caused many
proteins, not including ScResA, to precipitate. rAamium sulphate
concentration was then increased to 80% w/v causimgining protein,
including ScResA, to precipitate. The ammoniunpkate was removed by
dialysis, and a sample of this was analysed by BB&E. A large amount of
ScResA was detected but the sample was not coryppetee (Figure 6.8). In an
attempt to remove any remaining impurities the damjas loaded on to an
anion exchange column (Hi-Trap Q, GE Healthcare)waas eluted with a
gradient of 0-1 M NaCl over 60 ml, but very litdeResA was found in any of
the elution fractions (Figure 6.8). Furthermoreyds not possible to
reproducibly obtain a high level of purification Byjnmonium sulphate
precipitation. Using the small amount of ScRes#t thas retrieved from the
anion exchange column it was possible to demomstinait the protein was stable

up to 60 °C for 30 minutes. 50 pl samples of ingpBcResA were incubated at
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30, 40, 50, 60, 70 and 80 °C for 15 minutes. Tlsaseples were centrifuged at
14000 rpm for 15 minutes to separate any denatursdluble protein from the
soluble protein that remained in the supernatahichwvas carefully removed.

The supernatant and the pellet were analysed byFSAISE (Figure 6.9).

50
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Figure 6.8. Ammonium sulphate precipitation and ani on exchange of ScResA .
Samples of protein were taken form various stages during the purification and analysed
by SDS-PAGE stained with Coomassie. Lane 1 shows a sample of the E. coli
cytoplasm containing ScResA (after 80% w/v ammonium sulphate has been removed by
dialysis) which was loaded on to the anion exchange column. Lanes 2-9 represent
various fractions eluted from the anion exchange column as the concentration of NaCl
increases. Approximate maximum NaCl concentrations in the fractions are as follows:
lane 2 (0 M, column flow though); lane 3 (0.2 M); lane 4 (0.25 M); lane 5 (0.3 M); lane 6
(0.45 M); lane 7 (0.5 M); lane 8 (0.7 M); lane 9 (0.95 M). ScResA can be be observed at
~17 kDa. This gel demonstrates that it was not possible to further purify ScResA from

the E. coli cytoplasm using anion exchange chromatography.
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Figure 6.9. Heat stability of ScResA.  Impure ScResA samples were heated to
temperatures between 30-80 < for 15 minutes and th en separated in to soluble and
insoluble fractions before analysing the samples by SDS PAGE stained with Coomassie.
Lanes: 1, 30 T, soluble; 2, 30 C, insoluble; 3, 4 0 C, soluble; 4, 40 T insoluble; 5, 50
€, soluble; 6, 50 C, insoluble; 7, 60 € soluble; 8, 60 T insoluble; 9, 70 C, soluble;

10, 70 C, insoluble; 11, 80 T, soluble; 12, 80 T , insoluble. ScResA can be observed
at ~ 17 kDa. ScResA is visible in the soluble fractions up to and including 60 T but was

denatured and insoluble from 70 <.

Unfortunately, despite repeated efforts, expressiddcResA from this construct
proved very inconsistent and attempts to purifygraein in this way were

abandoned in favour of creating a GST fusion costising the pGEX system

(GE Life Sciences).

A second set of primers were designed to ampliéysime part of the gene as
described above but to introducBanH]| restriction site at the 5’ end and a
EcadRl restriction site a the 3’ end of the gene towlligation in the pGEX-4T-1
plasmid (GE Healthcare) to create a ScResA:GSbifysiotein.

The part of the gene predicted to encode the sslddinain of ScResA was
amplified by PCR using the Roche Expand High FigdliCR system. The
reaction was carried out as described in Chaptesir®y primers ScResA3 and

ScResA4 as the forward and reverse primers, raspBgtin a Techne
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thermocycler. Correct amplification of the geneswanfirmed by agarose gel
electrophoresis (Figure 6.10). The amplified geas then excised from the gel
and cleaned from the agarose using a QIAGEN DNAasgaclean up kit. The
gene was then ligated into the pUC18 plasmid whath been cut witsmad to
allow “blunt end” ligation of the&scresAgene into the vector. The pUCE$8fesA
ligation reaction mix was used to transfoemcoli JIM109 cells, which were
plated on to LBA (containing 1% X-GAL, 1 uM IPTGOQ pg/ml ampicillin) in
order that successfully transformed cells contgmpbC18 with theScresAgene
insert could be identified by “blue/white” screeginSuccessfully transformed
colonies were used to inoculate 5 ml LB overniglitures from which the
plasmid could be extracted using the QIAGEN plasexitlaction kit. Extracted
plasmids were further checked for correct generfiwgeby cutting the gene out
with BanHIl andEcoRI. On confirmation of a correctly sized gene m$&s gel
electrophoresis (Figure 6.11) the plasmids wereeeced to confirm the
insertion of theScresAgene (MWG biotech) and the plasmid was designated
pPCHN23. The gene could then be ligated into pGEXt4ising theBanmH| and
EcaRlI restriction sites. Successful pGEX:ScResA laya were confirmed by
restriction cutting and gel electrophoresis (Figbe2). The pGEX-4T-BcresA

plasmid was designated pCHN24.
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Figure 6.10. PCR amplification of part of  ScresA gene predicted to encode soluble
domain. The resA gene was amplified from cosmid StD65 by PCR using primers
ScResA3 and ScResA4 as described in Chapter 2. A 15 pul sample of PCR reaction was
run on a 1% agarose gel containing ethidium bromide and visualised under UV light.
The amplified ScresA gene can be seen at ~500 bps, no other non-specific bands can

be observed, demonstrating the PCR reaction was successful.

pUC18

ScresA

Figure 6.11. Confirmation of correct insertion of the gene encoding ScresA into
pUC18. The ScresA fragment generated by PCR was cleaned from the agarose gel
(Figure 6.10) and was blunt end cloned into pUC18 at the Smal site. The amplified
ScresA fragment was amplified to include a BamHI and an EcoRl site, these were used
to liberate the insert from pUC18. 15 ul sample of restriction reaction was run on a 1%
agarose gel containing ethidium bromide and visualised under UV light to demonstrate

the ligation was successful. This was further confirmed by DNA sequencing.
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PGEX-4T-1

ScresA

Figure 6.12. Confirmation of correct ScResA encodi  ng gene insertion into pGEX-
4T-1. ScresA was cloned into pGEX-4T-1 at the EcoRI/BamHI site and these enzymes
were used to liberate the fragment to confirm the successful ligation. 15 pl sample of
restriction reaction was run on a 1% agarose gel containing ethidium bromide and
visualised under UV light to demonstrate the correct ligation of the ScresA gene into
pDG148.

6.2.2.2. Expression of GST:ScResA ia. coli BL21 CodonPlus(DE3)-RP
Plasmid pCHN24 was used to transform chemicallymstentE. coliBL21
CodonPlus(DE3)-RP as described in Chapter 2, naddeand methods. The

coli BL21 CodonPlus(DE3)-RP strain offered the bedtyi¢ protein production
compared td. coliBL21 (star), BL21 (pLysS) and BL21 (Rossetta RE)gure
6.13). Both thée. coliBL21 CodonPlus(DE3)-RP and Rosetta strains haga be
specifically engineered to allow the expressiogeries with codons which
would be rarely found in normal strainstfcoli. 0.5 L cultures were inoculated
with 5 ml of an overnight culture and the 0.5 Ltav¢ would be grown at 37 °C,
200 rpm until the Oy reached approximately 0.8. Expression of théef t

GST:ResA fusion was induced with the addition ofl¥ IPTG. 100 pg/ml
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ampicillin was present during all growth stagese Témperature was reduced to
30 °C and the cells were grown for a further threars before harvesting by
centrifugation, 7000 rpm, 15 minutes, 4 °C. Celése resuspended in 50 mM
Tris, 100 mM NaCl, 1 mM phenylmethanesulphonylfider(PMSF), pH 8. 35

ml of buffer was used to resuspend cells harvested one litre of cell culture.

kDa M 1 2 3
|

100w

75 -
50 =

37 g—

 GST:ScResA

GST:ScResA

Figure 6.13. Test expression/test purification of GST:ScResA from different E. coli
strains : Plasmid pCHN24 was introduced to four different strains of E. coli, BL21 (star),
BL21 (pLysS), BL21 (Rossetta R2) and BL21 CodonPlus (DE3)-RP. The ability of these
transformed to strains to produce soluble ScResA from plasmid pCHN24 was explored,
by analysing whole-cell sample by SDS-PAGE, the growth and gene induction
conditions are discussed in the text. BL21 (Star), lanes 1-3; BL21 (pLysS) lanes 4-6;
BL21 (Rossetta R2) lanes 7-9; BL21 CodonPlus (DE3)-RP 10-12. Lanes 1, 4, 7 and 10
are the soluble fraction of the cell lysate; lanes 2, 5, 8 and 11 are the flow through from

the GST column; lanes 3, 6, 9 and 12 are the reduced glutathione elution.
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6.2.2.3. Purification of GST:ScResA

Resuspended cells were lysed by sonication onTibe. soluble cell lysate was
separated from the insoluble cell debris by camgation at 20,000 rpm for 45
minutes. The soluble cell lysate was applied 2onal glutathione sepharose
column (GE Healthcare) equilibrated with buffer (&M Tris, 200 mM NacCl,

pH 8), note that this buffer was used throughoetgtrification unless otherwise
stated. The GST:ResA protein was bound to theixnatrich was washed with
5 volumes of buffer to remove non- and loosely labprotein. 40 units of
thrombin (GE Healthcare) in 5 ml buffer was theplagul and the column sealed
and mixed well by inverting several times and &ftoom temperature overnight
to cleave the ResA from the GST tag. The flow tigtowas then collected and
the column washed with a further 2 ml of buffeetote any remaining cleaved
ResA protein (Figure 6.14). The flow through arabkires were then
concentrated by adding 80% w/v ammonium sulphateiwtaused the protein
to precipitate. The precipitated protein was caéddy centrifugation at 12000 x
g for 15 minutes at 4 °C. The protein pellet wassalved in a minimal amount
of buffer, and subsequently applied to a gel fiitna column with a bed volume
of 300 ml (Superdex S75, GE Healthcare) equililstaebuffer. A gel filtration
step was required to remove the thrombin from ttReSA so that biochemical
analysis could be performed. Protein began to étate the column after about
100 ml and 5 ml fractions were collected while pmoteluted (Figure 6.15).
Eluted fractions were then analysed by SDS PAGHédntify those that
contained pure ResA (Figure 6.16). After cleauimg GST:ScResA fusion
protein with thrombin, to remove the GST tag, S&Ress left with an

additional glycine and a serine at the N-terminal.
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Figure 6.14. Coomassie stained SDS PAGE showing di  fferent stages of ScResA
purification from E. coli. Lane 1, whole cell sample taken from before ScresA gene
expression was induced with IPTG; Lane 2, whole cell sample taken 3 hours after
induction with IPTG; Lane 3, Insoluble fraction after sonication of cells; Lane 4, soluble
fraction after sonication of cells; Lane 5, sample of column flow through containing
proteins that did not bind to the glutathione sepharose column; Lane 6, Cleaved
ScResA eluted from glutathione sepharose column after thrombin treatment; Lane 7,
wash to elute any remaining cleaved ScResA; Lane 8, reduced glutathione elution to
clean cleaved GST tag and any remaining uncleaved GST:ScResA. ScResA cleaved

from the GST tag can be seen at ~17 kDa.

There appears to be a lot of GST:ScResA in thdubsofraction after
sonication (Figure 6.10). This could be becaud®eSa production in the cell
was so effective that the cell put protein intdusmn bodies to avoid the
possibility of the protein becoming toxic to thdlcélhere is a large peak in the
trace from the gel filtration column between 10@ 480 ml (Figure 6.11). This
is caused by the large unidentified proteins comating ScResA which can be

seen in fractions B2, B3 and B4 (Figure 6.12).
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Figure 6.15. Absorbance at 280 nm from elution fro ~ m gel filtration column. The
column eluent was monitored at 280 nm before it was divided into fractions. The red
lines denote the 5 ml fractions collected. The blue line shows absorbance of eluent at
280 nm. Samples of these fractions were examined by SDS PAGE (Figure 6.16). Pure

ScResA was present in fractions C3 — C6.
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Figure 6.16. Coomassie stained SDS PAGE showing fra  ctions eluted from S75 gel
filtration column. 15 ul samples of gel filtration column eluent from fractions that
showed good absorbance at 280 nm (see Figure 6.15) were analysed using SDS-PAGE.
Varying amounts of ScResA appears to present in all the fractions examined but only in
C3, C4 and C5 does the ScResA appear to be free of impurities. The lane labelled
“Before” corresponds to a sample of what was loaded on to the gel filtration column and
B2, B3, B4, C2, C3, C4, C5 and C6 refer to the fractions eluted from the gel filtration

column.

6.3. Results and preliminary characterisation of tle function and physiology

of S. coelicolorResA.

6.3.1. TheS. coelicolorM145 resAand M145 resA-Cphenotypes.

The observations made here, concerning the phematyp based on the ability
of S. coelicolorM145 resAand M145 resA-Cto mature cytochromes. Neither
strain appeared to have any noticeable non-wild tfparacteristics when grown
vegetatively, and both strains were able to prodimiele spores. However, the
spores were not subjected to any testing with cegmatheir ability to remain
viable under extreme conditions of temperatureHrgo it cannot be concluded

that these mutations do not affect growth or sgtiah in any way. It should be
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noted that the M145qcr strain was slower to grow than wild type; reaskams

this are discussed below.

6.3.1.1.S. coelicolomproduces one detectable membrane associated
cytochromec

A strain ofS. coelicoloM145 with theqcr and cytochrome oxidase gene
clusters knocked out was donated by Dr Matthew Kogs. This strain is
referred to here as M14§cr. S. coelicolorQcrC is predicted to be 27.5 kDa,

with two transmembrane helices.

Figure 6.17. Haem stain of membranes prepared from  S. coelicolor M145 and
M145 gcr. Membrane samples from the S. coelicolor M145 and M145 qcr strains were
prepared from 10 ml liquid culture. 100 pg of membrane sample was run by SDS-PAGE
and stained for haem as described in Chapter 2. S. coelicolor QcrC is predicted to be
27.5 kDa. The membrane associated protein, with covalently bound haem present in
the M145 wild type strain, is highly likely to be QcrC. This protein is consistent with the
predicted size and location of QcrC and cannot be detected in the gcr deletion strain.

The small mark at 50 kDa is likely to be an artefact caused by a bubble in the gel.
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Membranes were prepared from cultures of wild ty{del5 and the M145qcr
strains. These membrane preparations were andys8®S-PAGE stained for
haem, as described in Chapter 2. This confirmatittte cytochrome, QcrC,
was detectable in the membrane of M145 but ndtenM145 qcr strain (Figure

6.17).

6.3.1.2. TheresAandresoperon deletion strains are deficient in QcrC
maturation

Once it was established tHat coelicolothad a membrane associated cytochrome
c that could be detected by haem staining it wasiptesto investigate whether

S. coelicolorrelies on the Res system to mature it.

Figure 6.18. Haem stain of M145, M145 resA and M145 resA-C membranes . 100

pg of membrane samples prepared from S. coelicolor M145, M145 resA and

M145 resA-C were analysed by SDS-PAGE gel stained for haem. Both the M145 resA

and M145 resA-C strains are deficient in mature QcrC. M145 is the wild type strain,
resA and resA-C are M145 with resA or the res operon replaced with the ApraR

disruption cassette, respectively.
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Membranes were prepared from the M1&gEsAand M145 resA-Cstrains and
run on an SDS-PAGE gel and stained for haem, agilded in Chapter 2. Both
theresAand theesoperon knock out strains demonstrated a QcrCidetic

phenotype, Figure 6.18.

6.3.2. Characterisation of ScCResA

With a protocol for the purification of a solublergion of ScResA in place it
was possible to carry out a number of experimentharacterise the
biochemical properties of the protein includingettetining the [, of its active
site cysteine thiol groups, the midpoint reduciatential and some preliminary

observations with regard to the stability of thetpm.

6.3.2.1. Determination of the extinction coefficienof ScResA at 280 nm.

In order to be able to calculate the concentrativBcResA the extinction
coefficient at 280 nm was determined. An extinctoefficient at 280 nm was
calculated using Protparam (http://ca.expasy.orgdtgprotparam) for unfolded
ScResA based on sequence analysis (and assum@gsaiésidues were reduced
half cysteines) as 20065 Meni at 280 nm. This was then used to calculate the
extinction coefficient of the folded protein by spr@scopy. 0.5 uM ScResA
was incubated for one hour at room temperatureNhgianidine hydrochloride,
50 mM potassium phosphate, pH 7 to fully unfold phetein (ScResA is very
sensitive to guanidine hydrochloride unfolding, betow). The absorbance
spectrum between 250 and 500 nm was recorded anpaced to the spectrum
of a native sample of identical concentration (Fég6.19). The absorbance at

280 nm was used in conjunction with the extinctoefficient calculated for the
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unfolded protein to calculate the extinction caaént for the folded protein, see

Equation 6.1, wherA, 4 is the absorbance of the folded proteig,fqciis the
absorbance of the unfolded protein argdn 1ciis the predicted extinction

coefficient for the unfolded peptide. The measwetihction coefficient was

calculated to be 22390 Mcmt at 280 nm.

e:M (Equation 6.1)
AbdnHCL

0.030 UF

0.025

0.020 —

0.015 H

0.010 H

Absorbance

0.005

0.000

-0.005 ; ,
250 275 300

Wavelength (nm)

Figure 6.19. Absorbance spectra of unfolded (UF) and folded (F) ScResA used to
calculate the extinction coefficient. The red and black lines represent the folded and
unfolded protein, respectively. 0.5 uM protein in 50 mM potassium phosphate, pH 7 (3 M

guanidine hydrochloride was present in the unfolded sample). The spectra were
recorded using a Perkin Elmetambda 800 spectrometer which is designed to be able

to accurately record low absorbances from low concentrations of protein such as this.
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6.3.2.2. Reduced ScResA has only one reactive thgobup at neutral pH.

Most TDORSs only have one available, reactive cystdiut BsResA is different
as both cysteines are solvent exposed (15). Tligpate whether ScResA has
similar properties 5,5'-Dithio-bis(2-nitrobenzoicid) (DTNB) was used. DTNB
reacts with thiols resulting in the release of gakow coloured TNBion per SH
group, meaning that thiol reactivity can be meagsggectroscopically. 100 pM
DTNB was added to 5 uM ScResA in 20 uM Tris, pH8 &he absorbance at
412 nm was measured. The reaction was too fdstitov by standard
spectrophotometry and so the fingh#(0.091) was used to calculate that
ScResA has 1.3 reactive thiols, based on an eximcoefficient of TNB at 412
nm of 14150 M' cm* (135). MALDI-TOF was employed to determine the
ability of ScResA to react with badan, followinggtreaction at pH 7.5 described
below. An identically treated sample without baeaas also measured as a
control. This experiment showed that only one ke of badan reacted with
ScResA. Unreacted protein gave a molecular weijh?336 Da while that of
the badan-reacted sample was 17555 Da, an inaoé@4® Da. This was very
close to the expected weight of sulphur reactecb#a12 Da). Both the DTNB
and the badan experiments show that only one asitieeysteine of SCResA is
reactive towards modifying agents, unlike BsResAere both cysteines are able

to react (19).
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6.3.2.3. pH stability of ScResA.

The pH stability of ScCResA was measured to estaltitat the protein remains
folded across the pH range used for tKg geetermination, as the unfolding of a
protein will change the properties of the residamg deprotonated. 0.25 pM
ScResA was added to mixed buffer (containing ammg@otassium acetate,
MES, MOPS, and Tris (10 mM each) and 200 mM KClamlisted with either
HCI or NaOH) pH ranging from 2-12 and allowed ta#igrate for one hour.
The degree of unfolding was measured by recorduaydéscence spectra
between 300 and 500 nm. A scan between these evayths was completed

three times on each sample to provide an averageré6.20).
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Figure 6.20. Fluorescence spectra of ScResA from pH 2topH 12. 0.25 uM ScResA,
final concentration, was incubated for one hour in mixed buffer of stated pH. Samples
were excited at 290 nm and fluorescence spectra between 300-500 nm were measured
and the mean spectra for each sample are plotted. A, The fluorescence intensity
increases and the wavelength of the maximum intensity decreases (black arrows) as the
protein begins to fold as the pH increases from pH 2 to pH 4. B, pH 4.5-12,
fluorescence intensity decreases and the wavelength of maximum increases as the

protein unfolds (black arrows).
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Figure 6.21. Fluorescence at 349 nm plotted as function against pH. Folded
ScResA demonstrates a maximum fluorescence at 349 nm when excited at 280 nm.
The intensity of fluorescence increases steeply between pH 2 and pH 4, then begins to
decrease by pH 6. The wavelength where maximum fluorescence intensity occurs also

changes with pH, shown in Figure 6.22.

The protein appears to have a maximum intensityrad 349 nm, so the

intensities at this wavelength were plotted agaahs{Figure 6.21). This plot
shows definite conformational changes as the proteves from a low to high

pH that may be linked to thép of the exposed cysteine but makes the unfolding
difficult to judge. The wavelength position of tamission maximum intensity
appears to move from around 346 nm to 348 nm ifidlded protein but up to

356 nm as the protein unfolds. To get a diffeparspective as to where the
protein unfolds the position of the maximum intép8duorescence was plotted

as a function against pH (Figure 6.22). These ihaliaate that the protein is

stable between pH 3.5 and pH 9.
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Figure 6.22. pH unfolding of ScResA . The wavelength of the maximum fluorescence
intensity alters between the folded and unfolded forms of ScResA. This change was
plotted as a function against pH. As ScResA unfolds the fluorescence changes the
wavelength of peak maximum from between 346-348 nm in the folded protein to above

349 nm as it begins to unfold.

6.3.2.4. The reactive active site cysteine of ScRdsas a [K; of 6.9 (+ 0.1).
The K, of the exposed thiol of ScResA was determined byitaring the rate

of reaction between ScResA and the environmenitsenBuorescent probe
badan as a function of pH. The reaction betweelatand ScResA was
extremely fast at room temperature, so all badaorélscence experiments were
conducted at 10 °C and samples were allowed tdilexaie at this temperature
before the experiment began. Experiments wereechauit between the pH
range of pH 4 and pH 9. Representative data ahgerof pH values are shown

in Figure 6.23.
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The greatest increase of fluorescence was at 54gonthatas at this wavelength
were plotted against time for each pH and thesasdaere fitted to a single
exponential function (Equation 6.2, wheres fluorescencey, is initial
fluorescencex is time,A; is the maximum increase of fluorescence duringabad
binding andkl is the pseudo first order rate constant) in otdealculate the

observed pseudo first order rate constag)t(fkigure 6.24).

Y=Y, +A@L- e (Equation 6.2)

At pH 8 and above, the initial fluorescence incesass followed by a decrease
and so an additional exponential function had tade#ed to Equation 6.2 to
create Equation 6.3, wheyas fluorescencey, is initial fluorescencex is time,

A; is the maximum increase of fluorescence duringabduinding A2 is the
maximum decrease in fluorescence from competinggaskl is the pseudo
first order rate constant aka is the pseudo first order rate constant for gece
2. This phenomenon was observed for BsResA anchepp®be the result of
localised unfolding caused by the badan group (I%Hk k values were plotted
against pH and the data fitted to Equation 6.4 tvisdbased on the Henderson
Hasselbalch equation, whetg, andks are the rate constants of the protonated

and the deprotonated forms respectively. See Fig@® for the curve fit.

Y=Y, +A@- € +A2(1- ) (Equation 6.3)
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Figure 6.23. Example of Badan fluorescence between 400 and 600 nm of badan
incubated with ScResA.  The ratio of the exposed cysteine thiol group found in the
thiolate form increases with pH allowing reaction with badan. 7 uM badan was incubated
in mixed buffer at stated pH for one hour at room temperature in the dark. It was cooled
to 10 C, excited at 391 nm and fluorescence betwee n 400 and 600 nm was recorded
once before 0.25 uM ScResA was added (red). Fluorescence was then recorded once
every minute, shown as coloured curves, until increases in fluorescence were no-longer

detected. The maximum increase of fluorescence was observed at 544 nm.

Ky +k_ 107K
° 14100t

(Equation 6.4)
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Figure 6.24. Changes in badan fluorescence intensi  ty at 544 nm as the probe
reacts with ScResA . Badan fluorescence at 544 nm was plotted as a function of time
at pH 4 (magenta), pH 5 (dark yellow), pH 6 (green), pH 6.5 (violet), pH7 (cyan), pH 7.5
(blue), pH 8 (red) and pH 8.5 (black). The length of the experiment depended on the
speed of the reaction. The points were fitted to a single exponential function (Equation
6.2) or, where the initial increase was followed by a decrease, a double exponential
function (Equation 6.3) in order to calculate the pseudo first order rate constant. The
reaction at pH 4 could not be fitted as the increase in fluorescence was minimal so the

pseudo first order rate constant was set to zero.
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Figure 6.25. The observed pseudo first order rate  constant (k ,) values plotted
against pH . A curve was fitted using the Henderson Hasselbalch equation (Equation

6.4), allowing the calculation of a pK, for the exposed cysteine as being 6.9 (+ 0.1)

No reaction was observed at pH 4 and swé&s fixed at zero. Similarly, the
reaction a pH 9 was so fast and the contributiomfthe fluorescence decrease
so large that kcould not be determined. These data were thexefocluded.

The K, was calculated to be 6.9 £ 0.1

6.3.2.5. Reduction potential determination for SCR&A.

ScResA exhibits a small but clear difference iptophan fluorescence between
the oxidised and reduced forms at 344 nm (Figuz6)6. The reduction potential
of ScResA was measured by monitoring the differend¢eyptophan

fluorescence between the oxidised and reduced fofrfBsResA at 344 nm.
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Figure 6.26. Fluorescence emission spectra of oxid  ised and reduced ScResA.
ScResA was oxidised fully with oxidised DTT and desalted using a PD-10 gel filtration
column (GE Healthcare) equilibrated with 20 mM Tris, pH 8. The sample was excited at
290 nm and the fluorescence between 300 and 500 nm was recorded (black). The
sample was then reduced with 1 mM DTT and the fluorescence spectrum was recorded
again (red). The largest difference in fluorescence between the oxidised and reduced
samples occurs at 344 nm. This illustrates a detectable conformational change between

the reduced and oxidised forms of ScResA.

0.1 uM of ScResA was incubated at room temperatuee an electrochemical
potential range from -330 mV to — 210 mV versusdtandard hydrogen
electrode (SHE) in 50 mM potassium phosphate bubidr7. The fluorescence
emission was recorded between 300 and 500 nm @&ai7). As with BsResA,
oxidised ScResA cannot be reduced with reduceaiiioine (GSH) so the cell
potential was generated using oxidised and redDdé&d(dithiothreitol). As

oxidised DTT absorbs light in the fluorescence &timin range and can therefore
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affect intensity it was kept at a constant con@in of 1 mM throughout the

titration and only the concentration of reduced D¥8s changed to generate the

potential.
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Figure 6.27. Fluorescence spectra of ScResA betwee n-330 mV and —210 mV .
The electrochemical potential gradient was generated using oxidised and reduced DTT
in 50 mM potassium phosphate buffer, pH 7. The samples were excited at 290 nm and
fluorescence emission was recorded between 300 and 500 nm. The fluorescence at

344 nm increases as the electropotential decreases.
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Figure 6.28. Determination of the ScResA reduction potential . Fluorescence at 344
nm was converted to fraction reduced and plotted as a function of electro potential
between -330 mV and -210 mV. The fluorescence intensities at 344 nm decrease as the
protein changes from the reduced to the oxidised forms. The solid line represents a fit of
the data to Equation 6.5. This curve calculates that half of the protein is in the reduced
form at -261 mV (z1).

The fluorescence at 344 nm was converted intoifraceduced and plotted as a
function of cell electrochemical potential. Thiaswfitted to Equation 6.5, a form
of the Nernst equation, to give the reduction midppotential, where fis the
fraction of the protein in the reduced for,is the potential of the DTT couple,
Em is the midpoint is the midpoint potential of ScResThe number of electrons
involved in the reactiom{ was set to 2, the expected value for a TDOR.nFro
the fit (Figure 6.28) the reduction potential oR®&sA was calculated to be -261

mV (x 1) versus SHE at pH 7. This value is venselto that of BsResA, which
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is -256 mV at pH 7 (19). This demonstrates th&®&3A has a very low redox
potential and is therefore likely to be a reduclizOR that delivers electrons to

its substrate target(s), for example, QcrC.

exp(E,, - E,)nF/RT)
" 1+exp(E, - E,)nF/RT)

(Equation 6.5)

6.3.2.6. Stability studies of ScCResA

To further investigate the stability of ScCResA, gidine hydrochloride was
employed to unfold the protein in both oxidised aaduced forms. Unfolding
of the protein in between 0 and 1 M guanidine wasitored through tryptophan
fluorescence. ScResA was reduced with 1 mM DTTaadised with diamide
which was removed by gel filtration before addihg protein to guanidine
containing buffer. 0.1 uM of ResA was incubateddoe hour in 50 mM
potassium phosphate pH 7 containing between 0-Li&higine hydrochloride.
Fluorescence spectra were measured between théewgtres of 300 and 500
nm. As with the pH unfolding data, each measurémas repeated in triplicate.
Fluorescence at 349 nm was converted to fractitmedhy assuming the initial
and final fluorescence intensities representeddlued and denatured forms of
the protein, respectively, and plotted against gliae hydrochloride
concentration. Preliminary analysis suggested3$lc&esA is very sensitive to
guanidine hydrochloride. In the reduced form igdre to unfold as soon as the
guanidine hydrochloride was added and did not begrefold (in the reverse
experiment) until guanidine hydrochloride fallstd M (Figure 6.29A). It
appears that the protein is somewhat more staltteeioxidised form, where it

does not begin to unfold until 0.25 M guanidine.
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Figure 6.29. Unfolding and refolding of ScResAing  uanidine hydrochloride . 0.1 uM
ScResA was incubated at room temperature for one hour in 0-1 M guanidine
hydrochloride (GND). The fluorescence spectra between 300-500 nm was recorded,
fluorescence was most intense at 349 nm. The intensity of fluorescence at 349 nm was
plotted as a function against guanidine hydrochloride concentration. Unfolding (UF) and
refolding (RF) fluorescence of ScResA at 349 nm in the reduced (A) and oxidised (B)

forms.
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Due to a lack of protein it was not possible tosi@phe unfolding or obtain data
for the refolding of the oxidised protein (Figur®B), This increase in stability
in the oxidised form shows similarity with BsResAigh is more stable in the

oxidised form (14). In the case of oxidised BsRe$® increased stability of the

oxidised protein contributes to the reducing poafethe protein.

6.4. Discussion

It is quite clear from this work that tlmes operon is essential for the maturation
of S. coelicolorQcrC. InB. subtilis the entiraesoperon is involved in the
production of cytochromesbut only ResB and ResC are essential; if the genes
encoding these proteins are disrupted then thetwyplel phenotype cannot be
recovered by other means (54). However, if aBlgAis inactive then the
parental phenotype can be recovered by the addifioeductant to the growth
medium or the inactivation dfdbD (12). As withB. subtilis deletion of thes.
coelicolorresgenes did not affect growth or sporulation, whitkurn
demonstrates that QcrC is not required for growtbporulation under
laboratory conditions. HowevercdAwas knocked out as part of thes operon
in M145 resA-Cand CcdA does play a role in spore synthesi. isubtilis(8).

This could suggest that CcdA $ coelicoloris dedicated to CCM.

Although the M145 gcr did not grow as well or appear as healthy as tyge
M145, this would appear to be due to the factdhigin is missing several genes,
in addition togcrC, that could be required for respiration, includgeyeral genes

encoding proteins homologous to a cytochranoidase (see Chapter 1).
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A functioning cytochroméd terminal oxidase would explain why the M145 was
able to grow, if unhealthily, without a functionitsg complex or cytochrome
oxidase. The observed poor growth of M146r suggests th&. coelicolor

relies on cytochrome oxidase more thaB. subtilisfor aerobic respiration, but

further investigation of this is required.

Due to time constraints it was not possible to clement theaesAor resoperon
deletions. Therefore, it cannot be absolutely toded tharesAdeficiency

alone is enough to block the maturation of QcrG.tide genes are arranged in an
operon, it is not known whether thesAdeletion had a polar affect on the down
streamccdA resBandresCgenes, blocking their transcription. Due to time
restraints it was also not possible to ‘flip’ ohetdisruption cassette, leaving the
81 bps scar sequence. This would have confirmezthehn deletion ofesA

alone is enough to stop maturation of QcrC, a®ther genes of the operon
would still be transcribed. There are many expents remaining in order to
further understand the role of Res CCM system 8.igoelicolor When the
disruption cassette that has replasegsiAhas been flipped out, it will be possible
to complement the M145esAwith a wild typeresAgene on a plasmid,
knowing theccdA resBandresCgenes are being transcribed to wild type level

from the chromosome.

Attempts to over-produce and purify the soluble paScResA in the absence of
a tag were unsuccessful. The protein was not pextiat sufficiently high levels
in BL21 DE3 and when enough protein was detectelarsoluble, cytoplasmic

fraction to warrant further purification, the prist@ppeared to deteriorate before

176



a pure sample could be obtained. The GST:ScResstruwt did allow

consistent overproduction and purification, butill involved several stages and
was not completely efficient. When compared witl2B DE3, protein

production was a lot greater in the specialist BeEghins, Rosetta (Novagen)

and CodonPlus(DE3)-RP (Stratagene), which can oope easily with codons

not commonly used b. colistrains. Even so, there was GST:ResA to be found
in the insoluble fraction after cell lysis. Thisutd suggest that the protein was

in inclusion bodies and, although protocols do tetxidiberate soluble protein

from inclusion bodies, there was enough ScResAahlaiin the cytoplasm to

purify and work with.

ScResA appears to have several features that amgacable to BsResA but also
several surprising differences. At 6.9, th& pf the N-terminal cysteine of
ScResA is a lot lower than that of BsResA, in whioh K, of the N-terminal
cysteine is between 8.5 and 9. In fact it is nsdnalar to that of thioredoxin,
which is in the range of 6.7-7.5 (4,6,15). ScRes#y has one solvent exposed
cysteine. BsResA, unlike many other TDORS, hak bgsteines exposed to a
degree that they can both simultaneously undergtifroation with badan,
although the N-terminal cysteine (C74) is more eqabthan the C-terminal
cysteine (C77) (15). ScResA will react with ondydradan molecule, which
resulted in fluorescence at about 544 nm, veryectoghe fluorescence of
unbound badan at about 540 nm. This shows thattwive cysteine thiol of
ScResA is very well exposed. In the case of oti@DRs, such as CcmG and
BsResA, the N-terminal cysteine is the more expoddds is an expected

feature of ScResA as it appears to have a similaivo function. Although no
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information has been revealed about the C-ternuystieine from this study, it is

likely that it has a much higheKgpvalue, similar to that of thioredoxin (4).

As with BsResA, ScResA can not be reduced withagihibne, but does
demonstrate a significant spectral change betwseneduced and oxidised
forms over an electrochemical potential gradieaat#d with oxidised and
reduced DTT. This spectral change allowed therdetaation of the reduction
midpoint potential of ScCResA as -261 mV. This vieny reduction potential
shows that it is likely to be a reducing proteimir to CycY fromB. japonicum
(-217 mV) and BsResA (-256 mV), which are both msgd to play similar roles
in CCM, and in contrast to oxidising proteins sasik. coli DsbA (-89 mV) and

B. subtilisBdbD (-75 mV) (19,27,136,137).

Guanidine-HCI unfolding studies suggested that SéRe less stable in the
reduced state, which is consistent with the findiftg BsResA. But unlike
BsResA, ScResA is extremely sensitive to guaniti@¢-and begins to unfold in
concentrations as low 0.1 M whereas BsResA renfalded in1 Mto 1.5 M
guanidine-HCI in the reduced and oxidised form eesipely (19). ScResA does
appear to be more stable with respect to pH, niiding until around pH 9, a
value similar to that determined for BsResA (15he instability of ScCResA may
have contributed to the failure of the early attesrip purify the protein in its
native form. Several possible reasons exist fernistability of ScCResA. The
protein studied was engineered so as to purifythout its hydrophobic lipo-
anchor; although BsResA is stable in its solubtenfd is possible that the lipo-

anchor domain may have a role in structural stgbilit is also possible that
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ResABC inS. coelicolorforms a tight CCM complex and ScResA needs tabe i
complex with ResB, ResC and possibly CcdA (whictraascribed from the

same operon) for optimal stability.

Many of the unusual features that exist with BsRasiich separate it from
other TDORSs, are presumed to have evolved to atenprotein greater
specificity toward its substrates. Many of thesatfires do not exist with
ScResA, making it in many ways more similar tornegority of known TDORS,
which are often less substrate specific than BsRdsmight be that ScResA has
substrates other than apo-cytochrome QcrC, andftirermust exhibit a wider
substrate specificity. Alternatively, QcrC mayitseonly substrate and so the
mechanisms by which it achieves its specificity Imige distinct from those of
BsResA, which must recognise four different sulbssra Finally, it should also
be noted that the Res proteinsSincoelicolomight form a super-complex that

significantly affects the biophysical propertiesSfResA.
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Chapter 7: General discussion

This thesis describes tirevitro andin vivo properties of the TDOR ResA from
bothB. subtilisandS. coelicoloy which is involved in CCM in both organisms.
ForB. subtilisResA, it has been shown that several key actieeasid near
active-site residues, identified through previousitro studies, are important for

activity in vivo.

Chapter 3 describes how substitution of eitherfh lof the active site cysteines
results in a complete loss of TDOR function andd¢fee CCM activity.
Experiments using DTT in the growth medium to redtiee haem binding motif
of the apo-cytochromesto recover aesAdeficient CCM negative phenotype in
B. subtilissuggest that ResA may have a relatively minor irolehaperoning
apo-cytochromes to ResB and and ResC, the likely haem lyase apardt

may be that ResA, ResB and ResC form a complexhatdResA is important
for the stability of this complex, therefore in thiesence of ResA it could be
expected that CCM would be less efficient. Howeitanust be concluded that

the principle role of ResA in CCM is as a TDOR.

The active site amino acid residues of ResA are@HPreviousn vitro studies
of the effect of substitutions of the active s#sidues on structure and function
suggest that the proline (Pro76) is important fioparting structural rigidity
within the active site, as well as having a rolenaintaining the highk, values
of the active site cysteines themselves (19). Idvered X, values of the active

site cysteines combined with the lessened struatigidity around the active site
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in a ResA P76H mutant observiadvitro is likely to be the cause of a decrease Iin
CCM observedn vivo. Structural observations showed that the histididle
chain of the ResA P76H variant was able to foldkbato the hydrophobic
cavity and interact with Glu80. GIlu80 was showibéovery important for
substrate recognition by ResA. Replacement ofghitamate with a glutamine
(E80Q) resulted in defective CCM activity. Prodaotof EB0Q ResA in LUL9
resulted in the complete loss of detectable cytmuiasc, QcrC, CccA and
CccB, but partial maturation of CtaC was maintain@tthoughin vitro studies
showed that the active site cysteines of solub@ERBesA had decreaselp
values (15), this can only account for the decr@as#taC activity and not the
loss of the other three cytochrontess the loweredi, values of the active site
cysteines in P76H ResA did not appear to effecstsate specificity. CcdA and
apo-cytochromes are the only likely peptides that ResA will engagth via
disulphide exchange. This specificity must be ingnat for ResA function to

avoid unnecessary reduction of disulphides in ndrssate proteins.

A near active siteis-configuration proline (Pro141) was also shownéo b
important for substrate recognition. LUL9 produrthe Prol41 ResA variants
P141S and P141T were partially defective in theunagion of CtaC and
completely deficient in detectable QcrC, CccA a2l Prol41, like Glu80,
falls within the hydrophobic cavity region, whichpredicted to be important for
substrate recognition from structural studies (IBhe impaired substrate
recognition of the ResA hydrophobic cavity variaistsh agreement with this.
Prol41 was shown to have an essential role int#imlitsy of ResA due to the

fact that the P141S and P141T variants degradedigafter cell lysis. This is
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in contrast tcE. coliCcmG, in which a stabl@s-proline variant was shown to

have a similar structure but altered redox propsitio the wild-type (18).

To further the understanding of the reactivitylté ResA active site it would be
interesting to explore thie vivo activity of two other ResA active site variants,
E75P and E75P/P76H. An E75P/P76H ResA variantdvsidire the active site
of E. coliDsbA, a highly oxidising TDORIn vitro studies of the soluble form

of this ResA variant demonstrated that the midpa@dtiction potential was
higher and K, values of the active cysteines were further desg@ahan either

of the single residue variants (19), so it woulcekpected that E75P/P76H ResA
would be less efficient than wild type ResA or thve single residue variants

with regard to CCM.

ResA is attached to the external side of the cgpic membrane by an N-
terminal transmembrane anchor (12). Previaustro studies of ResA have
been carried out on a soluble form of ResA thasdu# include the
transmembrane anchor so very little about the inaooe of this region, outside
of membrane attachment, is known (12,14,15,19)ap@r 4 presents data that
demonstrates that the ResA N-terminal transmembaaadeor is important for
efficient CCM inB. subtilis A constructed protein featuring the transmeméran
anchor ofB. subtilisCccA fused to the soluble, catalytic domain of Res
demonstrated reduced CCM activity when producddJih9 when compared to
wild type. This lowered activity occurred desphe protein being present B
subtilismembranes at approximately four times the levev@sld be expected

for ResA produced in the 1A1 wild type strain. Thest likely cause for this is
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that, in addition to tethering ResA to the membrahe transmembrane anchor
interacts with the integral membrane proteins Ras@ ResC, which are highly
likely to form a haem transport and lyase complBesA fromS. coelicolorwas
extremely unstable under denaturing conditionsitgathb the conclusion that for
good stability it is required to be in complex witte ResB and ResC of tBe
coelicolorsystem. AlthouglB. subtilisResA is stable when purified it seems
likely that precise interactions with ResB and Ras€important for efficient
function, even if it is not necessary for theseéhproteins to form a complex.
Another possible reason for the lower activitylod fusion protein compared to
the wild type is the large amount produced. It sfaswn in Chapter 5 that over
production of BdbD, an oxidising TDOR B subtilis caused an imbalance
between it and the protein responsible for maimtgiits oxidised state, BdbC.
In this scenario there was insufficient BdbC présethe membrane likely
leading to an abnormally large amount of reduceddompared to oxidised
BdbD, which affected the net activity of BdbD. Tita¢io between ResA and
CcdA would be abnormal where ResA is being producddur times the level
normally present in the wild type system, possibiding to the proportion of
oxidised ResA relative to reduced ResA having armdental effect on protein
function. This seems plausible as wild typsAexpressed from the same
promoter as the CccA:ResA fusion protein in LULS te a similar four-fold
production level (12) and was demonstrated in Girapto only have about 60%
activity compared to the wild type system in 1Afthis was the case for the

CccA:ResA fusion it can only account for some & tibserved loss in activity.
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The research presented in Chapter 5 aimed to provavo insight into some of
the key residues d@. subtilisBdbD. Due to the experimental system employed
this was not possible but insight into the rolddbD and the delicate balance of
disulphide bond formation and reductionvivo was unexpectedly gained. Over-
production of BdbD irB. subtilisled to a phenotype similar to that of a BdbD
deficient one. Experiments to test whether the -@veduction of BdbD would
also lead to lack of competence development woelddeful to further explore
the over-produced BdbD phenotype as exists witkdlzlBdeficient phenotype
(32). A different experimental system that canvpde levels of BdbD

production similar to that of the wild-type proteiereds to be employed to

investigate thén vivorole of BdbD.

Chapter 6 explores a homologueBofsubtilisResA identified from genomic
analysis inS. coelicolor S. coelicolotas only one cytochrone a homologue

of B. subtilisQcrC, which is produced in cells growing as mycaliaquid
medium. ASS. coelicolothas a complex life cycle, with cells able to
differentiate into different cell types, it woul@ lvery interesting to determine
whether this cytochromeis present at all stages of cell growth.Blnsubtilis
cytochromes are present at their highest levelatdsvthe end of the exponential
growth phase (43). QcrC is part of thecomplex, similar to thec; complex,
which requires a second cytochrom® channel electrons from it to the terminal
oxidase. The mystery i@. coelicoloris that although it contains homologues of
possible terminal oxidases, it contains no smatdyromec other than QcrC.
This could mean that QcrC is able to channel edestdirectly to the terminal

oxidase or possibly that QcrC $ coelicoloris a redundant protein, an
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evolutionary leftover from a no longer requifeccomplex. TheS. coelicolor
gcr knock-out used in this work did have slower grotitan the wild type but
this may have been due to other genes having le@eoved in addition tgcrC,
including genes homologous Bo subtiliscytochromec oxidase. This might
suggest that th8. coelicolorcytochromec oxidase is important (but not
essential) and is fed electrons from a source dhi@r thebc complex. Another
possibility is that thédc complex can operate without the need for covatentl
bound haem. For these reasons it would be impcidagenerate gcrC-only

knock-out inS. coelicolorto examine growth and respiration phenotypes.

Further experiments need to be carried out orsthmelicoloresAandresA-C
knock-out mutants. Th®. coelicolor re®peron also contains tleedAgene
suggesting that it is required for CCM only, wher@aB. subtilis ccdAs located
elsewhere on the genome. BnsubtilisCcdA is required for several other
functions outside of CCM, including the correctrf@tion of the spore cortex
(8). TheS. coelicoloresA-Cknock-out strain was able to produce viable
spores, though these were not tested for vialafigr treatments that may
destroy an unhealthy spore, such as heat and jpid.fofmation ofS. coelicolor
spores (sporophores) is distinct from the formatibtheB. subtilisendospore
but the reduction of disulphide bonds in the preaesay still be required to

generate a fully viable sporophore.

As neither thes. coelicolor resAnor theS. coelicolor resA-Cmutants were
able to mature QcrC, further experiments are requio ensure this is a genuine

phenotype. First, theesAandresA-Cknock-out strains need to be
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complemented with wild typeesAor theresoperon, respectively. Secondly, in
B. subtilisa ResA (or CcdA) deficient phenotype can be rea/éry the
addition of DTT to the growth medium or deletionbolbD but deficiency in
either/or ResB or ResC cannot (12,24). Due to tes&aints it was not possible
to complement the knock-out strains or determinetiwr the CCM negative
phenotype could be recovered by the addition of DT disruption tddbD,

even though a likely homologue loflbD has been identified by sequence
analysis. It would also be very interesting to & coelicolorResA could
compliment LUL9. To minimise problems previoushceuntered expressing
BdbD and CccA:ResA iB. subtilis a hybrid proteins containing tige subtilis
transmembrane anchor with the solvent exposed radibxe domain o8.
coelicolor ResA should be used, expressed from pVK48 witmd#taralB.

subtilisresAribosome binding site.

Although it was demonstrated tHat coelicolorResA plays a similar role 8.
subtilisResA in their respective organisntsyitro studies of a purified soluble
form of S. coelicolorResA revealed some interesting differences. Both
coelicolorResA and. subtilisResA have similar low reduction potentials, -256
and -261 mV at pH 7, respectively (19). BnsubtilisResA both cysteines of the
active site are exposed and can simultaneouslyrgadeodification by badan
and both havelg, values higher than 8 (15%. coelicolorResA, however, only
possesses one cysteine that can undergo modificattb badan and this has a
pK, of 6.9, making it more similar t&. colithioredoxin, which has only the N-

terminal cysteine exposed with K4value between 6.7 and 7.5 (4,6).

186



Structural information is now required to furthengpareS. coelicolorResA to

B. subtilisResA ancE. colithioredoxin. Many of the adaptations seeBin
subtilisResA, such as the higlkpvalues of the active site cysteines and the
hydrophobic cavity, have been attributed to itsunexment for substrate
specificity, a specificity that has been demonsttdtere by analysis of key
residue variants of ResiA vivo. This specificity is required to ensure the
efficient reduction of the haem binding motif oétfour cytochromes present

in B. subtilis S. coelicolorResA only has one exposed cysteines, which has a
lower K, than either of th8. subtilisResA cysteines makirtg. coelicolor

ResA more similar to the less-specific disulphigéucing proteins dt. coliand
B. subtilis It may be tha®. coelicolorResA does not share the specificity
derterminants oB. subtilisResA because it only needs to recognise one
substrate. Structural studies would be able totifieother features of.
coelicolor ResA that would provide further insight into whetlit might retain a
similar level of specificity to it8. subtilishomologue, e.g. the identification of a

hydrophobic cavity.

The work described here has verified il@ivo importance of key residues
within B. subtilisResA, a protein which has previously been iderdifas being
essential to CCM in the bacterium. The identifimatand characterisation of the
B. subtilisResA homologue found i&. coelicolomwill open a new avenue of
research in CCM i1%. coelicoloy an organism that has been well studied for its
antibiotic production abilities and unusual ceffelientiation but for which very
little is known about its methods of respiratiofhe work presented here has
also provided insight to CCM and the regulationlistilphide bond formation in

B. subtilis
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