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Abstract

Abstract

The family of mammalian -Bxoacid dehydrogenase complexes (PDC, BCOADC and OGDC)
are stable, high Masemblies composed of multiple copies3§eparate enzymes (E1, E2 and
E3) that catalyse key stages in carbohydrate and amino acid metabolism. Their respective E1 and

E2 enzymes are complespecific while E3 is the identical gene product in all 3 complexes.

Il n general terms, the oligomeric E2 O6coresbo
which their partner E1 and E3 enzymes are tethered tightly butowaiently. However, the
mode of E1 and E3 binding differs significantly from complexdmplex. In the BCOADC, its

cubic E2 core is composed of 24 identical subunits to which E1b and E3 bind stably in a
mutually-exclusive fashion via multiple subunit binding domains (SBDs). In a variation of this
theme, the icosahedral (@®@eric) E2PDC corecomprises 2 types of subunit, E2 and an
E2-related polypeptide, E3 binding protein (E3BP). In this case, E1p and E3 bind independently
to specific SBDs located on E2 and E3BP, respectiviglycontrast, OGDC differs significantly

from its counterparts as its -2deric E2 core does not contain any apparent SBDs. In addition,
there is no equalent to E3BP in this complexdence, how stable complex formation

is achieved for the OGDC is still an area of astresearch, particularly in view of increasing
evidence implicating OGDC deficiency as a major causative factor in a variety of

neurodegenerative and oxidative stress disorders.

Previous subunispecific proteolysis, enzymatic and immunologistidieson native bovine
OGDC in our laboratory have suggested that an intact Elteridinal region is vital for

maintaining the structural integrity of the complex. In particular, a single cleavage of E1lo at
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Arg77 results in complete loss of OGDC function stengrfrom dissociation of both E3 and a

large, active Elo species (Eftom the native E2 core assembly.

The principal aim of this thesis was to establish the location and precise nature of the domains
responsible for protetprotein interactions betweehe constituent E1o, E20 and E3 enzymes of

OGDC and their roles in assembly, taking into account our previous data and the unique domain
organisation of E2. It was also a goal to produce a recombinant version of the human OGDC for

future biomedical studgeincluding genetic analysis of naturatigcurring mutant forms.

Initially, the cloning, expression and purification of a series of Elterhinal constructs
(His-tag, GST or MBP fusion proteins: 60, 90 and 153 a.a.s in lengtigsisribed extending

from Serl to Phel53 of mature human Elo. Access t801&g of highlypurified Elo
N-terminal peptides was required to enable testing of the ability of this region to interact with E3
(and also E2) employing aange of biochemical and biophysical techniques. Higlel
expression of fullength E1lo was also achieved; howewtempts to produce active E10 in
soluble form proved unsuccessful. Recombinant human E20 and E3 were both produced as

soluble active enayes in high yield.

A preliminary structural characterisation of the Eleekminal region was also undertaken
employing synthetic peptides, circular dichroism and a basiknbomatics approach. These
studies demonstrated that thetédminal region hadhe potential to form 2 shofti+helical
segments linked by regions of unstructured and flexible polypeptide chain. Moreover, a
3D-structural prediction for mature, felkngth human Elo confirmed that itst®rmini were

highly accessible, extending above the enzymfasearand situated in close proximity at one end
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of the homodimer. Although there was no apparent sequence homology, our data also suggested

that this region had several of the main structural features of #&BBE3ocated on E3BP.

Direct evidence thahte Nterminal region of E1 bound to E3 pdstnslationally was obtained
using peptide array technology, alanine scanning, isothermal titration calor{if&@y affinity
chromatographynd gel filtration(GFC). Interaction of E1o Merminal peptides wit E3 was
saltsensitive and reduced over the rang&®M NaCl, i.e. similar to that required to promote E3
dissociation from intact OGDC. Only the longer E® and E1€l53 constructs complexed
with E3 and evidence suggested that steric hindrance Bygiom partner blocked E3 binding to

the short E160 GST fragment.

As expected, in the absence of any obvious SBD oo, B2 direct interaction could be
detecte between E20 and E3 using ITa€ GFC. In addition, no postranslationassociation
occurred between our purified E10 constructs and-adlsembled, oligomeric E2dn contrast,
co-expression of E180 and E1el53 constructs with E2 (but not E1e60) resulted in
the formation of an E1®0E20 GST or E1el53E20 GST subcomplex. Moreover, these
N-terminal E10E20 subcomplexes supported stable E3 binding as judged by affinity
chromatography and GFCTaken together, the data presented is thesis have established
that the E1lo Nerminal region is pivotal for mediating formation of a stable rantiyme
assembly by directing seiffitegration with the EQ core during or immediately after synthesis
and subsequently promoting higlffinity E3 binding in a manner reminiscent of E3BP

integrationwith the oligomeric EZPDC core.
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To test the functional importance of the putativeld#®ling domain on Elo, the E1o constructs
were employed as inhibitors of OGDC and PDC activity sine@ag anticipated that they should
displaceE3 from its normal binding sitm the intact complexes. Incubation of OGDC or PDC
with the E1690 and E1el53 (but not E160) constructs caused preferential inhibition of
OGDC activity. Conversely, an E3BEBD cmstruct was a more effective inhibitor of PDC

suggesting that the mode of E3 interaction differs significantly in these 2 complexes.

In summary, our data have provided (a) new insights into the structure, organisation and
mode of assembly of thenammalian OGDC; (b) suggested new approaches to producing
a recombinant model OGDC as an important biological tool for future biomedical and
genetic studies and (c) raised new questions concerning theitscdyposition, architecture,

and stoichiometry of its core assembly.
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Chapter 1 Introduction

Introduction to the 2 -oxoacid dehydrogenase
multienzyme complexes

1.1 The multienzyme complexes

Most metabolic pathways depend on adjacent enzymes to catalyze their individual
reaction steps in a defined sequence. In many cases those enzymes assbaat@raze
themselves ito active complexes in which the individual enzymes can be linked covalently
or noncovalently to increase the efficiency of the metabolic pathway. In particular, ordered
arrays of enzymes can improve catalytidicefncy and protect unstable intermediates

by direct transfer of metabolites or substrates from one enzyme to the next within the complexes

without releasing metabolites into the bulk medium of the cell, thereby reducing diffuem®n

and increasing binding probability to the nexX
channel ingo, I's a maj (kasterbyd §89; erham 1981oHuestcall | ar b
2001)

One of the primgy examples of stable multizmme complexes is the family 8foxoacid (alpha

keto acid) dehydrogenase complexes, which are large multimeric assemblies located in the
mitochondrial matrix (Smith and Neidhardt 1983)These macromolecular (Mi-10x10)
structures serve as paradigms for understanding protein striiohat®on relationships, the
biological significance of protein assemblies, molecular recognition phenomena and-protein

protein interactiongReed 1974) In addition the 2oxoacid dehydrogenase complexase
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amongsthe largest and most complicated multienzyme complexes known at present and play a

key regulatory role in carbohydrate and amino acid utilizgtf@aman 1986)

The 2oxoacid dehydrogenase multienzyme complexes are fundamental to the energy
providing mechanisms of cslin all aerobic organisms. As such they are distributed ubiquitously

in nature wherehey carry out the irreversible oxidative decarboxylation of varicogdacid
substrates in carbohydrate metabolism enthe degradation of a selegtoup of amino acids

(Yeaman 1989; Reed and Hackert 1990)

The general mechanism of@oacid oxidation in animal tissues and microorganisms is detailed

below:

RCOCO;H + CoA-SH + NAD" A RCO-S-CoA + CO, + NADH + H'

Where R = -CHj (pyruvate)

or -CH,CH,COOH (2-oxoglutarate)

or -CH(CHy), (3-methyl2-oxobutyric acid; a product of valine transamination)

or -CH,CH(CHy), (4-methyl2-oxopentanoic acid; a product of leucine transamination
or -CH(CHs)CH,CH3; (3-methyt2-oxopentanoic acid; a product &foleucine transamitian)

or -CH,CHj (2-oxobutyric acid; a product afireoninetransamination)

or -CH,CH,SCH, (4-methylthio-2-oxobutyric acid; a product ahethionine transamination)

This reaction represents generaloverview of theoxidative decarboxylation of -8xoacid
substrates linked to nicotinamide adenine dinucleotide (NARDd coenzyme AGoA), which
occurs in the mitochondrial matrix of eukaryotic celldackert et al. 1983; Randle 1983;

Yeaman 1986)
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Acetyl Coenzyme A(acetyl CoA) the main reaction product of the pyruvate dehydrogenase
complex, is &ey intermediate in the biosyntheof fatty acids, ketone bodiesd cholesterol
in addtion to its role in oxidative energy generation (Fig. 1.1). Oxidative decarboxylation
of pyruvate,2-oxoglutarate, and branchetiain 2oxoacids occurs via a sequence of reactions
involving acyl group transfer via a covalentigked lipoic acid cofactor(Schwartz and Reed

1970; Reed 2001)

Glucose-6-phosphate
l Glycolysis
Pyruvate
Cholesterol

Ketone bodies €—> ACQ‘I’_\'] (CoA <—> Fattyacids

Oxaloacetate T( - Clitrate
Cycle

N

Figure 1.1: The role of acetyl CoA in glycolysis and the citric acid cycle

Interestingly, three major structurally andechanistically analogous-@oacid dehydrogenase
multienzyme complexes have been characterized to date. These are as follows: the pyruvate
dehydrogenase complex (PD@jatis specificfor pyruvate; the Dxogluturate dehydrogenase
complex (OGDC)that is specific for 2oxoglutarate, and a third brancheldain 2oxoacid
dehydrogenase complex (BCOADC) that is involved in the oxidative decarboxylation of
2-oxoacids derived from the breakdown of leucine, isoleucine, valiwmepnineand dso

methioning(Yeaman 1986; Perham 1991; Perham 2000)
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These three mukenzyme complexes control pivotal steps linking glycolysish&citric acid
cycle, a key stepwithin the citric acid cycle itself and in théegradation of the ketacid
derivatives of the branchethain amino acids feeding into the cycle. Additionally, these
multienzyme complexes are members of the thiamine diphosphate (Fa@ming
2-oxoacid dehydrogeasecomplex family, while alsosharing a common protein component
dihydrolipoamide dehydrogenas@3) utilizing the coenzymes lipoamidd]avin adenine
dinucleotide (FAD)and NAD" (Mattevi et al. 1992a; Jorda®t al. 2000). The products of the
catalytic reactions ahe 2-oxoacid complexes are acetyl CoA in the case of PDC, succinyl CoA
in the case of OGDC, arsgverabrancheechain acyl CoAs in the case of BCOAQRatel and

Rodhe 1990; Harriet al. 1997)(Fig. 1.2).

Branched chain Glucose
Amino acid 1
l : Glycolysis
1
Branched chain ) v ]
2-oxoacid Pyruvate
l BCOADC PDC
Branched chain Acetyl CoA
acyl-CoA >
. /
I ]
N e _ 7/
I P
-
| V4
1 ¢ \-u
1 )
1 I TCA
I \ 2-oxoglutarate
| , Cycle
\
U . / 0GDC
Propionyl-CoA = = = = = » Succinyl-CoA

Figure 1.2: Flowchart representation of the role of 2oxoacid dehydrogenase complexes in

cellular metabolism
Enzymes are shown in blue and their products in red.
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All of those complexe have distinctivegeneral norphologies involving large necovalent
assembles comprising multiplepses of three separate enzymesix®aciddehydrogenase (E1),
dihydrolipoamide agtransferase (E2), and dihydrolipoamidiehydrogenase (E3). The E3
enzymeis common to PDC, OGDC and BCOADC in mammals and is involved in reoxidation of
the dihydrolipoamide group and the transfer of electieas=AD to NAD" (Joneset al. 2000;
Reed 2001) Furthermore, the complespedfic E1 and E2 enzymes are referred to as (Elp, E2p,

Elo, E20, Elb, E2b) in PDC, OGDC and BCOADC, respectively

1.2 Reaction mechanism of the 2-oxoacid dehydrogenase
complexes

It is clear that the oxidative decarboxylation of pyruvate amcd@lutarde undergo a parallel
sequence of reactions to give rise to acetyl CoA and succinyl CoA. The reactions are detailed

below(Reed 1974; Bunik 2003)

RCOCQH + ThDP-E1 A [RCH(OH) ThDF-E1 + CO,

[RCH(OH) ThDF|-E1 + LipS,-E2 A ThDP-E1 + [RCO-S-LipSH]-E2
[RCO-S-LipSH]-E2 + HS-CoAA RCO-S-CoA + [Lip(SH),]-E2
[Lip(SH),]-E2 + E3-FAD A LipS;-E2 + ReducedE3-FAD
Reduced=3-FAD + NAD* A E3-FAD + NADH + H'

Where R = -CH; (pyruvate)

or -CH,CH,COOH (2-oxoglutarate)

or -CH(CHy), (3-methyl2-oxobutyric acid; a product of valine transamination)

or -CH,CH(CHy), (4-methyt2-oxopentanoic acid; a product of leucine transamination)
or -CH(CH;)CH,CH; (3-methyt2-oxopentanoic acid; a product &oleucine transamination)
or -CH,CH; (2-oxobutyric acid; a product afireoninetransamination)

or -CH,CH,SCH; (4-methylthio-2-oxobutyric acid; a product ahethionine transamination)
ThDP (Thiamine diphgshate).
LipS, and Lip(SH) (Lipoamide andts reduced form).
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In each casehe catalyticprocessinvolves significant coupling between the various enzymes
(E1, E2 and E3).Thus, whileOGDC catalysg the conversion of zoxoglutarate, CoA, and
NAD" into siccinyl-CoA, NADH, and CQ with the aid of its FAD andthiamine diphosphate
(ThDP)cofactorg(Matteviet al. 1992a; Sheu and Blass 1999ajtochondrial BC catalyzes the

parallelconversion of pyruvate to acetloA (Reed 2001; Ciszadt al.2006)

E1l is responsible for the decarboxylation of substrate (pyruvate in the case of PDC
or 2-oxoglutarate in the case of OGDC) and the subsequent reductive acylation of the
lipoamideprosthetiogroup on E2 via its cofactor ThO®atteviet al. 1992a; Jordaet al. 2000;
Perhamet al. 202). The interactionof pyruvate or 2oxoglutaratewith ThDP on E1
promotes the formation of a nuclghilic carbanion on the coenzyme ithe presence

of Mg? facilitating the release of CO(Sheu and Blass 1999a; Perhah al. 2002)
SubsequentlyE2 transfersghe acetyl group (succinygroup in the case of OGDC) from the

lipoamide cofactor to CofTanakaet al.1974)

Finally, the dihydrolipoamide group of E2 is reoxidised by E3 by electron transfer from the
E2-linked S,S*acetyldihydrolipoamide moietipitially to FAD andthen b NAD" as the final

electron acceptdiKoike et al. 1974; Dansort al. 1978; Milneet al.2002)(Fig. 1.3).
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Cco, 2-oxo0acid

Acyl-ThDP | E1 | ThoP

\\‘ Acyl-lipoate

CoASH
Acyl-CoA

NADH +H*

Figure 1.3: Reaction sequence of the-B8xoacid dehydrogenase complexes

El, 2oxoacid dehydrogenase; E2, dihydrolipoamide acyltransferase, and E3, dihydrolipoamide dehydrogenase.
2-oxoacid (2oxoglutarate or pyruvate). ThDP (Thiamine diphosphate). Lg®l Lip(SH) (Lipoamide andits

reduced form).

1.3 OGDC and PDCcomplexes: organization and
structural information

The mammalian -®dxoglutarate dehydrogenase complex (OGDC), also referred to as

Uketoglutarate dehydrogenase, is an enzyme complex most commonly known for its key role in

the citric acid cyclgLyubarev and Kurganov 1989pGDCis located in lose proximity to the

mitochondrial inner membrane where it is involved in the conversion-@foglutarate to

succinylCoA and CQ (Mattevi et al. 1992a; McCartnet al. 1998) It consists of multiple

copies of tihee components (Elo, E20 and)H3oneset al. 2000) The first component
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2-oxoglutarate dehydrogenase (Elo) (EC 1.2,4.2atalyses theinitial ratelimiting
decarboxylation step. Dihydiipoyl succinyltransferase @) (EC 2.3.1.61}hentransfers the
succinyl group to CoA. Finally, dihydrolipoyl dehydrogenase (E3) (EC 1.8.1.4) is required for
reoxidation of the lipoamide on E2(anakaet al. 1974 Spenceret al. 1984) The E3
component is identical in mostdkoacid dehydrogenase complexes excluding a number of
prokaryotes such a$hermus thermophilusvhere various complexspecific E3s have been

detectedNakaiet al.2008)

Mitochondrial PDC from all known organisms contains three enzymes namglyyate
dehydrogenase (Elp, EC 1.2.4.1), dihydrolipoamide acetyltransferase (E2p, EC 2.3.1.1) and E3
(Graham and Perham 199@) addition to its vital role in regulation, E2p provides the structural
and mechanistic framework for the compl¢iReed 2001) Eukaryotic PDC contairs an
additional component called H8nding protein (E3BP), originally referred to as protein X

(De Marcucci and Lindsay 1985b)E3BP, an E2related polypeptide, is tightly integratedant

the E2p core aembly via itsC-terminal region and supports the overall reaction of the complex

by promoting the tight binding of E@Hiromasaetal. 2004)

OGDC and PDGirestable organizeg high moleculamassassembés (4-10 x 10 Da) with E2
forming an oligomeric coréo which components E1 and E3 boutightly, yet noncovalently

(Burnset al.1988; Ferham 200Q)

OGDC has been characterized human, plantsanimals bacteriaand fungi (Ishikawaet al.
1966; Reed and Oliver 1968; MeixAgionori et al. 1985; Marecket al. 1986; Patel and Harris
1995; Millar et al. 1999) It is thought that the basic organisation of OGDC resesnB[2C

(from Gramnegative bacteria such adgscherichia coliand Azotobactervinelandi) and
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BCOADC, with 24 E20 subunits forming a cubic corxhibiting octahedralpoint group432)
symmetry (Reed and Hackert 1990; Perham 1991; Waltisl. 1996; Sandersoat al. 1996a;
Knappet al. 1998; Franket al. 2005) Furthermoreglectron microscopic studies on mantraa

OGDC suggesthat the diameter othe complex is about 26nfrMar ki e wi c z and
1995) In contrast E2p in higher eukaryotes and Gragwositive bacteria such aBacillus
stearothermophilugs organised aa 60-meric pentagonal dodecahedron with icosahedral (532)

symmetry(Oliver and Reed 1982; Wagenkneehtl.1990; Perham 2000)

Human E20 has distinctive structure consisting a@inly two domains; an Nerminal lipoyl
domain (LD), anda C-terminal catalytic domain (CTD)hence,unlike PDC and BCOADC,

no obvious subunit binding domain (SBD) is apparent to promote E1o and/or E3 binding
(Bradfordet al. 1987; Nakancet al. 1994) However, bacterial E2qrokaryoticE2p, and E2b
exhibt a similar multtdomain organisationcomprisng three domaingLD, SBD and CTD)
(Packman and Perham 1987; Grifeeh al. 1988; Thekkumkarat al. 1988; Reed and Hackert

1990; Perham 1991; Robienal. 1992; Mattevet al. 1992a; Nakaet al.2008)

OGDC activity is controlled by feedbackhibition via its end products. Thus\ADH and

succinyl CoA inhibit Ed activity (Roche and Lawlis 1982; Panov and Scarpa 1996:tGi.

2011) In contrast mammalian PDC activity isprimarily controlled by two regulatory
components; pyruvate dehydrogenase kinase (PDK, EC 2.7.1.99) and pyruvate dehydrogenase
phosphatase (PDP, EC 3.1.3.43) via a phosphoryldephosphorylation mechanismith

phosphorylation fthe ratelimiting E1p enzyme causing total inactivati@@iszaketal. 2006)
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1.3.1 2 -oxoacid dehydrogenase (E1)

The Elo component of OGDC ®scomplexs peci f i ¢  h)owito a $ubuaitr mags U
of approx 100,000 DgLindsay 1989; Perham 1991 eukarytic PDC and BCOADC, Eis

a heterotetrameip,) composed obubunits with moleculamasse®f approx 41,000Da and
36,000 Da, respectiveliBurns et al. 1988; Hawkinset al. 1990; Perham 1991; Ciszait al
2001) In contrast, E1p in Gramegativebacteriais againpresenta s  ahomotimer with a

subunitM, of 100,000(Stephengt al. 1983; Matudaet al. 1991; Perham 1991)

Each Elosubunitcontainsa Mg®* ion and ThDP in the active site (Fig4)L. Twelve copies of
Elo are thought to bind to the edges of tharatic cubic E20 cor@Perham 1991; Mattewt al.
1992a) It has been reported that fgs requiredfor OGDC activity by increasinghe affinity
of binding between ThDP and Ef{Bavalaet al. 2000) Furthermore, a highly conserved motif
sequence (approxX30 amino acidsxonstitutes thebinding site for ThDP andhis motif is
presentin yeast,E. coli and humarcomplexes(Hawkins et al. 1989) Recently, it has been
reported that histidine righies (H260, H298, and H729) located near Thé®P binding site
interact with the xoglutarate substrate to promote the decarboxylation pr¢&ess et al.

2011)
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Figure 1.4. Crystal structure of E1o of the E. coli 2-oxoglutarate dehydrogenase complex
(OGDC)

Elo consists of two subunits as shown in green aey Bach subunit contains a Kfgand ThDP in the active site
(cyan spheres)AMP is bound in a separate binding pocket (blue spheres). The imageayasdafronfranket al.
(2007).

Pyruvatedehydrogenase (Elpmlsoa ThDRrequiring enzyme, promotes the decarboxylation of
pyruvate and theubsequetrtransfer ofanacetyl group from ThDP to the prosthetic group of the
E2p lipoyl domain(Kern et al. 1997 Berg et al. 1998) Moreover,X-ray crystallographic
studies on E1b froRseudomonas putid&lp fromE.coli, as well as mammalian E1lp indicate a
high degree of structural similarifyEvarssoret al. 1999; Ciszaket al. 2001; Arjunanet al.

2002; Ciszalket al. 2003) The crystal structure of human BEht 1.95A resolutiorconfirmsthe
heterotetrameric arrangement dFig. 1L5N@iszaketdl a n d
2003) Its ThDP cofactoris located at the end of a Z0long hydrophobic channel close to the

active site that interacts with thipoyl-lysine of the lipoyl domairiCiszaket al.2003)

12
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Whi | e, t h dats deelrbspossible fon binding Elp to the E2p core-covently,
the catalytic domairo f  Edludesthe ThDPbinding site(Hawkinset al. 1989; Lessard and
Perham 1995; Seydet al. 2000) Despite, the fact that the two active sites are chemically
equivalent, they are dynamically nequivalent. While, one active site catalyses the
decarboxylation step, the other active site is involnetie simultaneous reductiaeetylaton of

the E2pbourd lipoamide.As a result either pyruvate or the lipoyysine moiety is allowed
access to ThDP (at any given time), giving rise to afftip enzymatic mechanisiiCiszaket al.
2003) Thecrystal structure oB. stearothermophiluE1p reveals a 28 tunnel(proton wire) of
acidic residuesonnecting the two active sites. This motwire facilitates proton shuttling
between two active sites without aolgviousconformational changes in the structure of the two

subunits(Franket al.2004)

Figure 1.5: Crystal structure of the E1p component of the human pyruvate dehydrogenase

complex (PDC)

Crystal st ghucltpuroef oPfDG.heThle U, and, U'gregubmhriltes baraends ho
shown inwhite andredrespectively ThDP cofactos are denoted ityan The image wasdapted fromFranket al

(2007).
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Proteinprotein nteraction studies by NMPRon B. stearothermophilu®DC revealed that
the interface region between the E1U and EI1
lipoyl domain of E2p(Howard et al. 2000) whilet he E1b subunits ar e

binding E1p to thd=2p core

In E. coli OGDC, the sucAgene encoding Elo is located very close to the genes enauitigry
TCA cycle enzymeqHull etal. 1983; Darlisoret al. 1984) Thekgdlgene encoding E1o ha
also been cloned fronYarrowia lipolytica (Holz et al. 2011) and Saccharomyces cerevisiae
(Repetto and Tzagoloff 1989Human liver cDNA QGDH gene) encoding E1lo has been
characterised andsitlocation assignetb chromosome arm 7at p13pl4 (Szaboet al. 1994;

Koike 1995; Koike 1998)

Specific protegysis ofbovine OGDCwith low levels oftrypsininduced cleavagat a single site
in the E1o Nterminal region (located atArg77) resultingin loss of overall complex activity
indicating the vital role of this regiofiFig. 1.6)(Franket al.2007) Loss of activitywascaused
by dissociation ofa large catalyticallyactive Elfragment(E1l") and E3 from theE20 core
assembly highlightingts pivotalrole in ensuring overall complex stabilifi{reszeet al. 1981,
Rice et al. 1992; McCartneyet al. 1998) These studies suggest that #iko N-termirus is
important for maintaining the structural integrity of the complex. It may also be invdiredy
in E3 binding (Riceet al. 1992) Interestingly,immunological analysiasalsoshown that E10
antiseruncrossreacts weakly witiE3BP of PDC while anttE3BP specific seruns also able to

recognize E1@Riceet al.1992; McCartnet al. 1998)
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Previous studies on mammalian OGDC hasportedtight bindingof Eloto the E2ocore in

comparison to EBReed and Hackert 1990)

Potential stretch of
= missing 77 residues
from the N-terminus

Elo(az) @ ®
ThOP @

AP @

Figure 1.6: Simplified model representing the general structure of E1 of -bxoglutarate

dehydrogenase complex (OGDC) fron. coli

Elo consist®f two subunits as shown in red and blue. Each subunit contains ZramMbThDP in the active site
(green spheres). AMP ound in a separate binding pocket (orange spheres). Tteeniihal residues (77 a.a.) of
Elo were removed by limited digestion withipsin beforecrystallization(Franket al.2007)

A recent X-ray crystallographicstudy of a bacterial Eil has indicated that it canndite
crystallized unlessgts N-terminal region {7a.a. in length)(Fig. 1.6) which appears to be
natively-disordered, is remove@Franket al. 2007) Thes studiesare in agreement witbarlier
reports demonstrating the highly immunogenic natureisfrégionandits extreme sensitivity to

proteolysigRiceet al. 1992)
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Amino acid sequenceomparison ofElo from different sources including yeast, gram negative
bacteria E. coli), porcine and human tissue hameicatedthat huma Elohas 37%and 40%
sequence identity with thE. coli E1o and yeastE1lo respectively(Koike et al. 1992; Koike
1998) Furthermore, this studseveals that human Elo hhgh sequence identit{©3%) with

porcineEloand produces an mRNA similar size(Koike et al. 1992)

Different isoforms ofmammalianE1lo havebeenidentified Theseisoformsmay havedifferent
modesof regulaton, andappear to b@roduced in a tissugpecific mannerThe humarOGDH
gene located osghromosome? encodingElo isknown asthe E1o heart isoform (OGDHH)
while differentalternative forms has be&svolated(Szaboet al. 1994; Koike 1995; Koike 1998)
There are two main addition&oforms human Ivain E1o isoform (OGDHKL) protein (Bunik
and Fernie 2009and a mitochondrial hypotheticptotein (DHTKD1) (Bunik and Degtyarev

2008a)

OGDH-L wasdiscovered in 2008 during the purification of OGDC from brain tigBusik and
Degtyarev 2008a; Bunilet al. 2008b) The OGDH-L genewas isolated from brain cDNA
libraries and is located on chromosome {Nagaseet al. 1999; Team 2002; Bunik and
Degtyarev 208a). Amino acidsequence alignmemwtf human heart OGDHH and human brain
OGDH-L isoforms have shown thathe OGDH-L isoform conserves athe structual features

and domainorganizationof the OGDH-H and ha a high degree of the sequensienilarity

(approx. 85% overall similarity tcdOGDH-H), although the highest similarity is observed within

their catalytic domain@Bunik and Degtyarev 2008a)

16



Chapter 1 Introduction

Mitochondrial hypothetical isoform (DHTKD1) exemplifies an additiongutative
2-oxoglutarate dehydrogenablee protein. The correspondig gene encoding DHTKD1 is
localised to thesmall arm of humacghromosomé. 0 (Nagaseet al.2001; Team 2002; Bunik and
Degtyarev 2008a)Sequencecomparisonof DHTKD1 with OGDH-H predicted approx51%
similarity. It displays lower sequence similarity OGDH-L compared tdOGDH-H. However,
the Nterminal regionof DHTKD1 appeas to be norconserved owing to a deletion such that
DHTKD1 N-terminal is about 60 amino acid shorter than the corresponding G&DH
N-terminal (Bunik and Degtyarev 2008a; Buné al. 2008b) This deletion in the Nerminal
region of DHTKD1 isoform may affect the interaction with E3 and/or HRice et al. 1992;
McCartneyet al. 1998; Bunik and Degtyarev 2008a; Burgk al. 2008b) A recent study
has established thaDHTKD1 is involved in the decarboxylation of-@&oadipate to
glutarylCoA, a key reactionin the lysine degradation pathway. Deficiees of DHTKD1
activity caused by mutationesults inelevated levels of -Bxoaminoadipate an@-oxoadipate
(Danhauseet al. 2012) 2-oxoadipic acidurias an inheriteddisturbanceof lysing tryptophan,
and hydroxytlysine catabolism. It isa neurological diseaseharacterisedy accumulatiorof
2-oxoadipic acid an@-aminoadipic acidn body fluidsleading toataxia, muscular hypotonia

and epilepsy

OGDC activity is mediated by changes in the mitochondrial concentration of ffé¢L@wlis

and Roche 1981; Rutter and Denton 1989; Panov and Scarpa T88@¥fect of C& on OGDC

is achieved via direct binding to the complex leading to the allosteric activation of E1o and
simultaneougowering of the K, for its 2oxoglutarate substra{®oche and Lawlis 1982; Rutter

and Denton 1989; Scaduto 1994)
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C&* induced activation is generaliyediated bydirectbindingto a specificCa*-binding motif
or indirectly via C&*-binding proteins e.g. calmodulin (CM) that lead to conformational
changesenablingthe regulaton of function by C&* (Zhou et al. 2006) Major C&*-binding
motifs arethe helix-loop-helix stucture, referred to asn EF-hand(Rigden and Galperin 2004,
Zhou et al. 2006) and the relate@Fhandlike domains (helidoop-strand) in bacterial proteins
such aghe galactosebinding proteinof Salmonellatyphimurium (Drakeet al. 1997; Zhouet al.
2006) In addition C&" bindingsitesfound inmanymajor protein families are widely implicated

in numerous biological processes including'Gégnaling and homeostasis.

Interestingly, sequencand structural comparisoof the OGDChas identified a number of
potentialCa*-binding siteswithin the N- and Gterminal regios of E1o (Bunik and Degtyarev
2008a) Burik and Degtyarev(2008a) have describedthree possible C&* binding motif;

ExDxDx and DxDxDxwithin the Nterminal regio andNDDxDx within the conserved catalytic

domainof Elosupportingheimportant rolethatthis divalent cation ifc10 regulation.

1.3.2 Dihydrolipoamide acyltransferase (E2) core
organisation

In general termsE2 forms the central catalytiod structural framework ddll three 2oxoacid
dehydrogenase complexes, to whiohltiple copies of E and B3 bind noricovalently.Crystal
structures ofseveralcubic OGDC coredave been solvedruncated E. coli (tE20) at low
resolution (15- 18 A) (Derosieret al. 1971) porcine untruncated E20 af.0 A resolution

(Suzukiet al. 2002)andthe truncated cubic cerof E. coli tE20 at 3.0 A resolutiofKnappet
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al. 1998) The E. coli 24-meric core assempl has a diameter of 149 + 15 Adisplaying

octahedral (432) symmet(perosieret al.1971)

PDC core assemblies comprising E2p subuf@Ratel and Roche 19909xhibit different
morphologes and symmetes depending on the organisin higher eukaryotesna Gram
positive bacteria such aB. stearothermophilusthe E2p core is organised as 60-meric
pentagonal dodecahedron with icosahedral (38&2)metry (Fig. I7). In prokaryotes, 60 copies
of E1p or 60 copies of EBanbind to the E2p coren a mutuallyexclusive fashionwhile in
mammalian PDC, the E2p/E3R®re binds20-30 copies of E1p and-B2 copies of EZOliver

and Reed 1982; Wagenkneeital. 1990; Perham 2000)

In contrast the E2p core of PDC of Gramegative bacteria such & coli and A. vinelandii
forms a 24-meric structure with octahedral (432) symmétfig. 17) (Yanget al. 1985; Mattevi

et al.1992c)

24-meric 60-meric
cubic core pentagonal dodecahedron

Figure 1.7: Simplified models representing structures of the E2 cores of the-&oacid

dehydrogenase complexes
The E2 core structurean be pictured as 2#eric culic (OGDC, BCOADC, and PDC dt. coli andA. vinelandi)
or a60-meric pentagonal dodecahedron (PD®ostearothemophilusandmammal3.
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Interestingly, two models ohammalianPDC cae formation have been proposédh e o6 addi t i c
model (60 copies of E2plus 12 copies of E3BP) based arcryo-electron microscopy study

(Stoopset al.1997)and t he O6substituti @losd2 copeda E3SBR)HB copi
means of small angle X-ray scattering (SAXS)and analytical ultracentrifugation (AUC)
(Hiromasaet al. 2004) However, a recent SAXS and small angle neutron scattering (SANS)

study on the PDC core (rE2p/E3BP), truncated PDC core (tE2p/E3BP) and native bovine heart

PDC core (bE2p/E3BP) has shown thatohlthe PDC core assenm haveopen(unoccupied)
pentagonal faces s uppo rwith I2gopieshoé E3B sepldtedtan t ut i o
equivalent number of E3pwithin the 68meric core(Vijayakrishnanet al. 2010) In addition,

owing to variation in the compositiobbetween bovineind recombinant PDC coresn which

number of E3BPscanrange from 0 to 20 depending on the availability 8BE, a dvariable

E3BP substitution modéhas been proposethcorporating40 copies of E2p plus 20 copies of

E3BPat maximal occupandyijayakrishnanet al.2010)

The organization of the bacterial E20 core has also been determined by electron microscopy and
X-ray ciystallography (Reed 1974; Oliver and Reed 1982Moreover, an electron
cryotomography study oE. coli OGDC has shown that the E1o and E3 subunitd flexibly

approximately 11 nm away from the E2o ceuveface(Murphy and Jensen 2005)

In E. coli, the OGDC core structuiis organised as a culvath the E2otrimers occupyingeach
of the 8vertices (Fig. 18). Each E2o trimers capable obinding E1o and/or EIReedet al.
1975; Najdiet al.2010) In mammalian OGDCE10 bind more tightly to the E20 corhan its

E3 counterpar{Reed and Hackert 99).
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Figure 1.8: Simplified model of the E20 core structure of the xoglutarate dehydrogenase
complex
The OGDC core structure can be pictured as a cube with a trimer of E20 occupying each vertex.

E2p (M 59,600) compses threg¢ypes of domairfFig. 1.9).Firstly, there isanN-terminal lipoyl
doman(M. 9, 000) that acts as a Oswinging ar mod
and vaying in number according to the organigReed and Hackert 1990)Vhile, only one LD
exists in yeast and gram positive bacleR®C (68meric, icosahedral), there are twothree
LDs in the icosahedral mammalian and-ridric, octahedrajram negative bacteti@®DCs,

respetively (Perham 1991; Perham 2000)
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The LD is followed by a SBIM, 4,000, to which E1p bindtightly but noncovalentlySpector
et al. 1998) Both Elp and E3 bind to EZp bacterial PDC, while specific binding occurs
between Elp:E2p and E3:E3BP mammalianPDC. Finally, the SBD is followed by 300
amino acid CTD that assembles to form the octahedram@dc) or icosahedral (6@eric)
inner core depending on the scei(lzard et al. 1999; Zhouet al. 2001; Milne et al. 2002)
Furthermore, all these domains goeed by flexible and extendetinker regions(LR) (20-30
amino acid residues) rich in alanine, proline and othergelthamino acid residu¢Reed 1974,
Hackertet al. 1983; Westphal and de Kok 1990; Grestral. 1992; Perham 2000; Milnet al.

2002)

N f}o)—IL .
“‘(X. ) *m A.. fft;r:elandii PDC

Yi( W) }.)- H*’V\m Mammalian PDC

Mammalian E3BP

% . )\ S. cerevisiae PDC
ww S. cerevisiae E3BP} .

Figure 19: Schematic representation of the domas and linker regions of the E2p and

E3BP from various sources

The domains are separated by long, flexible linker regionsylLgmmain(LD), Subunit binding domain (SBD) and
C-terminal domain (CTD) are also showhipoyl groups are indicated teyyellow star.

(A E3BP has no acgitransferase activity
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Mammalian E20 hasubunit mass of appro#8,000 Da(Lindsay 1989anddiffers significantly

from E2s of its companion-@xoacid dehydrogenase complexes (PDC and BCOADC), as it does
not containan E1o or E3SBD as judge by the cDNA sequence analysis (Figl@. Hence,
human E20 has a unique structure comprising only two domains (LD and (Bfddfordet al.

1987; Packman and Perham 1987; Wagenknesthtal. 1990; Nakanoet al. 199).

It is postulated that the exon encoding the putak16SBD or E3-SBD might havebeen lost
during gene evolutiofLawlis and Roche 1981; Spencsiral. 1984; Bradbrd et al. 1987; Reed

and Hackert 1990; Westphal and de Kok 1990; Naldrd. 1994; Koikeet al.2000)

In contrast NMR studes, sequence analysiand selective proteolysis of E20 of E. coli
and A. vinelandii OGDC have fown that a 50 amm acid domain exists betweethe LD
and CTD,which senes as abinding site for E3(Fig. 110); hence,specific proteolysis at
a single site located betwedhe bacterial LD andCTD results in dissociation of E3 from
the E20 core assemb{iackman and Perham 1986; Guest 1987; Raftieth. 1992; Matteviet

al. 1992a) Furthermore, recent -kay crystallography tadies have determined the structure
of the equivalentT. thermophilus SBD (@pprox 35 residues) in association witts E3

partner(Nakaiet al.2008)
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E% w )- \/‘*/‘77 E. coli
A. vinelandii

T. thermophilus

iy I e
LD

Figure 1.10: Schematic representation of the domains and lindr regions of the E20 chains

of 2-oxoglutarate dehydrogenase complexes (OGDC)
The domains are separated by long, flexible linker regidipoyl domain(LD), Subunit binding domain (SBD)
andC-terminal domain (CTD) are also shown. Lipoyl groups are inelichya yellow star.

Interestingly, bacterial and mammaliaiE20 exhibits greater sequenceconservationthan
their correspondindg=2b or E2pcounterpart§Russell and Guest 1991; Matuda al. 1992;
therefore,E. coli E20 and mammalian E2are likely to exhibit similar quaternary structures
(Tanakaet al. 1972; Buniket al. 2000) InE. coli, E20is encodé by the sucBgene which is
close tosud, the gere encoding E1¢Stephenset al. 1983; Spenceet al. 1984; Guest 1987;

Parket al.1997)

Human fibroblast cDNA encaadg E20 has been characterised atite DLST geneassigned to
chromosome 14q at q2424.3(Nakanoet al. 1993; Patel and Harris 1995; Bunik and Fernie
2009) Moreover, the sequence of the human gene showed 97% similarity to that of rat E20
(Nakanoet al. 1991; Nakanaet al. 1993) The basic architectural, design and structteatures

of the bacterial octahedral E20, mammalian E3bffin et al. 1988; Hakozaket al. 2002)and
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E. coli E2p are simila@as predictedfrom inspecton of their amino acid sequersg@xcept that
E20 contais only one LD (Packman and Perham 1987; Grahaimal. 1989) Interestingly,
severalstudies have establishedreduction in OGDC activity linked to Alzheimrs di sease
(AD) and in some AD caseme linked tgpolymorphism of thdLSTgene(Nakanoet al. 1997;

Sheuet al. 1999b)

Thegeneralstructural features dbacterial @GDC have been studied by electron microscopy and
electron cryotomographiMurphy and Jensen 2005; Nagtial.2010) TheEloand E3subunits
are locatedabovethe surface of the E2core and frequently separated by gap(3-5 nm),
althougha thin strand of densitis sometimes appareperhaps suggesting the presencéhef
SBD and linkersequences in this regiolloreover cryo-electron microscopgf E. coli OGDC
demonstrate thatthe linker g@ in E20-E3 sub-compkxeswasmoreeasily picturd than in the
E20Elo sub-complexes suggesting that the bridge between H2GElo sub-complexes

contains morenassthan theE20-E3 bridgeqWagenknechét al. 1990)

The primary function of E2 i2-oxoacid dehydrogenase complexe# the transfer of the acyl
group to CoA via a dihywlipoyl group covalently attached &ospecifidysine residue in the LD
(Howard et al. 2000; Milne et al. 2002) Owing to the flexibility of the LRs, the LDs ha
sufficient mobilityto interact with all three age sites within the complexhe sacalled lipoyl
0swi ngi (Ragdfordet al.61989; Perham 2000)Amino acid sequence comparisbas
confirmed that the LR3(L amino acidsdpf A. vinelandii E20 at the end of itsingle LDis similar

to that existing at the end of all three LDs0toli PDC (Westphal and de Kok 1990)
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1.3.2.1  The lipoyl domain (LD)

The LDs of human E2 play a key role in the overall reactibhey are about80 amino acid
residues in lengtiwith a molecular massf approx 8 kDa (Perham 2000; Reed 2001; Murphy
and Jensen 2005)Lipoyl domainshousethe essentiallipoic acid cofactothat islinked to a
specific lysine residue of the LD by a lipoyl liga@#allis et al. 1996) In the intact complex,
lipoamide serves as a substrate far,EE2, and B, although E1 equires itto be attached to a

folded domain for measurable activ{fgrahamet al. 1989)

Protein lipoylation in mammals is a tvabep enzymatic proceshe first step is catalysed e
lipoate activating enzyme that promstée formation of lipoyAMP, followed bythe transfer of
lipoate ontothe LD by the lipoytAMP:NC-lysine lipoyl transferasdFujiwara et al. 1996)
In contrastprotein lipoylation in bacteriégs aonestep enzymatic procesatalysedoy lipoate
protein ligase Athat promotescovalent attachment of the lipoic acid cofactorthe folded

apoproteinvia activation/ transfer of lipoat@orris et al. 1994; Zhacet al. 2003)

The structures of the LDof PDC and OGDC from various organisms have been determined by
NMR. Threedimensional structures have been solved for the E20 LD Eoooli (Ricaudet al.
1996)and A. vinelandii (Berget al.1995) and display close structural similaritoreover,3D
structures have been solved for theoEDs of E. coli, A. vinelandiiand humarwhich are also
extremelysimilar with no major variations observédallis et al. 1996) Thetypical LD formsa

fl at t-barreecdmpbs i ng t wo -sheetseagh afthanh dorgdins fbur strands with a

two-fold quastsymmetry axis (Ricaud et al. 1996) The lysine residue, to be lipoylated is
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situatedon a prominent loogmt t he t i gurndFig. 1d1)(Dardelet all1998 Wallis

and Perham 1994)

e

Figure 1.11: Atomic structure of the lipoyl domain (LD)
T h e tsheets dve shown in green and blue. The lysine residue is drawn in stick representation. The surface loops
involved in E1 binding @ shown in cyan and yellow, respectivéDardelet al. 1993)

The Nterminal and @erminal residug are neighbor s i n-sheet{Ricaubet al. 1996)
Moreover, NMR and secondasyructure assignments have indicated thatthginelandii E20
LD exhibitshigh structural similarityo theE2p LD (Berget al. 1995) Nevertheles<. coliE1lo
exhibitsa high degree of specificity for itsognate E20 LD where&s coliE1o does not interact

with the corresponding2p LD (Grahamet al. 1989)

1.3.2.2 The subunit binding domain (SBD)

In thebacterial OGDGind PDC the EL and B3 subunitsappear to bind tthe SBDand the inner
corecatalytic domain(Packman ad Perham 1986; Packman and Perham 1987; Rabiah

1992; Matteviet al. 1992a; Nakanet al. 1993; Spectoet al. 1998)
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The SBD is responsible for binding Bl and/or E3 to the bacterial E20 core is the
smallest folded, tabledomainknown to datg35 amino acid residueapprox 4 kDg (Perham
1991; Hippset al. 1994; Lessard and Perham 1995; Murphy and Jensen.Z280risingly,
no equivalentSBD involved in Eloand/or E3 bindings apparentn mammalianOGDC.
In B. stearothermophilupoth E1p and E3 compete to bind to the 58D (Franket al. 2005)
while, in mammalian PDC, Elp specifically binds to ES3D and E3 binds to thE2-related
E3BRSBD (Perham 2000)A threedimensional solutiodNMR structure ofa synthetic peptide
comprising theE. coli SBD-E20 (Robienet al. 1992)and a reent crystal structure of ESBD-
E20 sip-complex from T. thermophilus(Nakai et al. 2008) have shown similar structures
comprisingt wo p a-helices{H& &ndH2), separated by a sha@t®helix or b-turn andtwo
irregular loops (L1and L2). The irregular loops along with thg-helicesappear to form the
domain corgFig. 1.12). Moreover conservechydrophobt residues provide stability to the core
(Robienet al. 1992; Nakaiet al. 2008) It is also apparerthatthe basicSBD structue is similar

to theother known SBB of PDC and BCOAD(CKalia et al. 1993)

L2{

Figure 1.12: Atomic structure of the E2p-SBD of B. stearothermophilus
Two s hor thelipes (HA & H® showt in red are attached to*h@lix via two loops
(L1 & L2) denoted in green.

28



Chapter 1 Introduction

1.3.2.3 The C-terminal domain (CTD)

The CTD of OGDC (approx 300 a.a.s ~26 kDa) assembleso form its octahedral (24meric)
inner core byassociationof trimeric intermediatesocated at each vertefReedet al. 1975;
Robienet al. 1992; Murphy and Jensen 2005he CTD of E2p assembles to foanoctahedral
(24-meric) or icosahedral (6@erig inner core depending on the organifizard et al. 1999;
Zhou et al. 2001; Milneet al. 2002) The tE26CTD crystal structure fronk. coli has been
solved to 3.08 resolution(Knappet al. 2000) No major differencein proteinprotein contacts
and overall CTD organization haveenobserved betweeaukaryoticE20 and E2l{Knapp et
al. 1998; Katoet al. 2006) Moreover, Koike and his colleaguefoike et al. 2000) have
established thahe porcineE20 C-terminalresidues].eu383, Leu384, and Leu385 arneolved
in the trimeftrimer interactions andmportant for cubic core formatioas deleton of these

residuedeads to a failure of coe formation.

The E20 CTD contairs the transsuccinylase active sitdWestphal and de Kok 1990)
with a 30A long channel at thimterface betweemdjacentE20 subunitsforming the entrance
for lipoamide and CoAThe E2p CTD possesses the active site motif (DHRXX3D&quired
for the acetyltransferase activity of the compl@adford et al. 1987; Stoopset al. 1992)
Interestingly, b@loramphenicol acetyltransferase (CATR naturallyoccurring trimer in
bacteria has limited structural homologyto E2CTD (Leslie et al. 1988) Moreover, its
conservedC-terminal activesite histiding have a catalytic functionsimilar to the Gterminal
proton acceptor residues (His3E2o, His602E2p, and His39%E2b) located at the centes

of theE2 active sits (Spenceet al. 1984; Guest 1987; Katet al.2006)
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1.3.3 Dihydrolipoamide dehydrogenase (E3)

E3 is a FAD containing flavoprotein. It serves as a common component for all tbreadd
dehydrogenase multienzyme complexes (OGDC, PDC and BCOADC) and in most organisms
encoded by a single gene. Newetess, in prokaryotes such &sthermophilusand in plants
such as peaPisum sativurnmultiple E3s have beerdetected Conneret al. 1996; Nakaiet al.
2008) In addition,in some case$£3s are encoded for déifent complexefNakaiet al. 2008)

E3 alwaysconssts of two identical subunits formingh@modimer(M, 106,000) with one FAD
molecule noncovalently bound per subyfatel and Harris 1995; Harret al. 1997; Lindsayet

al. 2000)

The primary function of E3 istreoxidise the reduced lipoamide moiety of the E2 polypeptide
via electron transfer from the dihydrolipoamide moiety to FAD and NADarotherset al.

1989; Mandeet al. 1996)

As stated previous)ya novel E3BRolypeptide igesponsibldor binding E3 to thenammalian

E2p corewhile in prokaryotes such as gram positive bacteria, E3 competes with E1p for binding
to the E2p cordDe Marcucci and Lindsay 1985b; Behetl al. 1989; Sandersoat al. 1996a;
Sandersoret al. 1996b; McCartnet al. 1998) However, thestability of the bacterialE3-E2p
subcomplex isconsiderably greater than the equival&®E20 subcomplex (Poulsen and
Wedding 1970; Bunilet al.2000) In the BCOADC, E3lsoappears to bind weakly to the intact

assemblyClarkson ad Lindsay 1991)
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E3BP s tightly bound to the dihydrolipoamide acetyltransferase corecandot be removed
from the coreexcept undedenaturingconditions(Gopalakrishnaret al. 1989; Rahmatullaket

al. 1989; McCartneyet al. 1997) Previous stoichiometry studieshowedthat E3BP and E3
formed a stable 2:1 complésmolleet al. 2006) While one LD of ths complex is docked into
E3, the other is peripherally extended away from EBedimer suggesting the presence of
a possi bl e-f 4 wmamaticanechahism, as in the case of EHqgwever,a crystal
structure of the E3B-SBD/E3 subcomplexindicates a 1:1 stoichiomet{Liszaket al. 2006)
Electron microsepy studes suggest that E3 is locatedtaout 60A above the surface of the

S. cerevisiaeligomeric E2p assembl{stoopset al. 1997)

In mammalian PDC20-30 copies of Elp are specifically bound to the E2p ¢Beed 1974;
Stoopset al. 1997) while, 612 copies of E3 associate with E3BPandersoret al. 1996a)
Furthermore, the mammalian E2p:E3BP core is thought to comprise 12 copies of E3BP and 48
copies of E2fHiromasaet al.2004) As stated previouslyg dvariable E3BP substitution model

has also beeproposedvhere40 copies of E2p bind 20 copies of E3Borporated at maximal

occupancyVijayakrishnanet al.2010)

X-ray crystallography of E3from A. vinelandii P. putida Pseudomonas fluorescens
B. stearothermophilusS cerevisiage pig heartand humarhas provideddetailedinformation
regardingits overall structur€Takenakaetal. 1988; Schierbeekt al. 1989; Matteviet al. 1991;
Mattevi et al. 1992b; Matteviet al. 1993; Mandeet al. 1996; Toyodeaet al. 1998; Brautiganet
al. 2005) It is clear that the maii3 structual featuresare similar between eukarystand

prokaryoes. Alignment of human liver E3 hadsoshown 96% sequence identity with pig heart
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E3 (Sandersoret al. 1996a) E3 comprises four principal functional domains: a FAD binding
domain, NAD binding domain, interfacdomain and central domaifrig. 113) (Lindsayet al.

2000; Ciszalet al.2006)

Twofold axis

Figure 1.13: Crystal structure of the dihydrolipoamide dehydrogenase (E3)

The various domains namelyAD binding domain(green), NAD binding domain (yellow), interface domain (light
green) and central domain (orange) are dendthd.FAD cofactors are showihe image was taken frofiszak
et al (2006).

1.3.3.1 Glycine cleavage system (GCS)

Anothermitochondrialmultienzyme complexlsocontaininga similar lipoamidedehydrogenase
is the glycine cleavage systeifihe glycine decarboxylase complex, also known asG@&
is composedof four different componentsglycine decarboxylas (P-protein, M, 210,000),
a lipoic acid-containing protein (Fprotein, M, 14,000),tetrahydrofolate transferase-frotein,

45,000 Dapndlipoamide dehydrogenase {rotein,M; 100,000.

32



Chapter 1 Introduction

When these four componentgreisolated frombacterial sourceshey werereferred to as P1,
P2, P3, and P4 respectivdlyreudenberg and Andreesen 1989; Doeical. 2001; Hasset al.

2009) The GCS is located in the inner mitochondrial membrand cataly®s theirreversible
oxidation of glycine to yield carbon dioxide and ammonia, with the reduction of ‘NAD

NADH (Hasseet al.2009)

The reaction mechanismvolvesa cycle of reactions includintghe initial decarboxylation step,
transfer of an amino methyl group ttee lipoyl group of Hprotein (catalysed by the-ftotein),
methylamine transfer (catalysed by thepibtein) and electron transfer (catalysed by the
L-protein) (Douce et al. 2001) The H-protein playsa central rolein carrying reaction
intermediate and in essenceactingas a substrate for the three comporertymesduring the

enzymatic reaction.

Interestingly, GCS exhibits a significant degree of similarity to the variousx@acid
dehydrogenase complexes (OGDC, PDC, and BCOAD®@)edd-protan is analogous t@an E2
lipoyl domain Itslipoyl groupis covalently bound to a lysine residue and seasthe structural
heart of the GC$Faureet al. 2000) Moreover,the L-protein (E3) is alsoa component of the

OGDC, PDC, and BCOAD plants(Faureet al.2000; Douceet al.2001)

The GCS does not form a stable compleas an integratecassemblyhas never been isolated.

Precipitationand fractionation experimenkave shown that the components of GCS dissociate

easilyinto indepedentspeciesuggeshg that all components involved the GCS interact very
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weakly (Walker and Oliver 1986)in addtion, a largeexcessof the H proteinis found free in

cell extractyDouceet al.2001)

Stoichiometry studies usg ultracentrifugation and quantitative ELISA of the matrix of pea
mitochondria have shown that the GCS®omponents are present in the ratioP-protein

27 Hprotein 9 T-protein 2 L-protein(Oliver et al. 1990; Douceet al. 2001) Moreover X-ray
crystallography and small anglerdy scattering experiments on solutions containing a mixture
of H-protein and Eprotein have failed to detect ansignificant interaction between the two
componens (Faureet al. 2000; Neuburgeet al. 2000) Interestingly, specificecognitionby

T and Hproteirs to forma 1:1 complex has been characterizeddnyall X-ray angle scattering
(CohenAddadet al. 1997) However, he precisephysial structureand organization of the GCS

hasnotbeen completely resolved date

1.3.4 Mitochondrial targeting and assembly  of the 2-oxoacid
dehydrogenase complexes

Mitochondria are membrarenclosed organekepresentin most eukaryotic cellsThey ae
responsible forthe chemical reactions involved in oxidative phosphorylation. Mitochondrial
DNA encoas 13 essentiabubunits of the 4 majanner membrane complexes involved in the

respiratory chain and ATP productiffakenakeaet al. 1988; Wanget al. 2002)
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Most mitochondrial proteing800-1000) are encodedby nuclear genes and translated in the
cytoplasm as cytosolic precursdtsat areoften characterized by the presence dFterminal
matrix-targetingsequacesallowing the nascentinfolded polypeptide chaingo pass through
mitochondrial membranes peasanslationally (Pfanner and Truscott 2002a; Pfanner and
Wiedemann 2002b)Cytosolic precursarare generallycleavel by a specific proteaseduring

polypeptide translocation into the mitochondrial maffouglaset al. 1986)

Mitochondrial presequences amgch in hydroxylated amino acids (#onire and serine) and
positively charged amino acids such as arginine and lyaimyusually displayan absence of
acidicresidueqHurt et al. 1986; Roise and Schatz 1988; Mukhopadhstal. 2007) Although,
lacking any sequence similarity, matiargeting sequences tend to form amplhc
U-helices that are recognised by the main mitochondrial import receptor, MOM @adition,
cytosolic chaperonescognizemitochondrialprecursos during targeting of prproteins to the
mitochondria maintainng them in andnfolded translocatiorcompetent stat€Roise and

Schatz 1988; Neupert 1997)

The delivery of proteins to mitochondri@gig. 1.14) and import process are mediated by
molecular chaperosehat also assist the folding and assembly of proteins. To import proteins
through translocation pores of mitochondrial membraniesy must be unfoldedThus during
translation on cytosolicibosome chaperones Hsp70 and Hsp40 bimdnascent precursor
chainsin order to prevent premature foldiiBeddoe and Lithgow 2002Lytosolic Hsp70 and
Hsp40 are members of heat shock proteirfamily involved in protein folding while also

prevening aggregation duringr immediakly after translation(Flahertyet al. 1990) Besides
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these two major classes, several special types of heat shock proteirfslgxtis and Hsp90s)
that have imposant functionsn protein folding and assembandare named according to their

molecular weight siz&€Neupert 1997; Voos and Rottgers 2002)

Mitochondrial import stimulatig factor (MSF) generally recognizesitochondrial precursos
andfacilitatestheir import into mitochondrigNeupert 1997) The MSFaids in the transfeof
precursors tothe translocase receptor (TOM complex) situated on the mitochondrial outer
membrane(Hulett et al. 2008) The TOM complex comprises 7different integral membrane
proteins forminga generalimport pore (GIP) representing the entry gai® mitochondria

(Fig. 1.14) (Pfanner and Truscott 2002a; Pfanner and Wiedemann 208{2&) passagéhrough

the GIP, the precursor istransferred tothe translocase of inner mitochondrial membrane
(TIM complexX) which forms a bannel across thener mibchondriaimembrangSchleyeret al.

1982; Pfanner and Wiedemann 2002Bpwever, translocation across the outer and inner
membranes is driven by electrostatic interactions of positively charged presequence and by
chemicale ner gy ( ATP) , membr ane potenti abllagpgaf and

to act cooperativelyo pull the precursor protein into the mat(@akhet al.2002)

Once the presequenceimportedinto the matrix,it is no longer necessagnd cleaved bythe
mitochondral matrix processing peptidagklPP). After releaseof matureprotein it undergoes
folding and maturation assisted bymatrix-locatedHsp60 chapeone systenmanalogusto the
bacterial GroEL/ES complex (Douglaset al. 1986; Omura 1998; Pfanner and Truscott 2002a;

Pfanner and Wiedemann 2002b)
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Cytosol
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Figure 1.14: Protein translocation into mitochondrial matrix

The precursor protein is recognized by @M complexof the mitochondrial outer membraréhenprecursors are
transported across the intermembrane space to the translocase ddnid)eaf the mitochondrial inner membrane
and entethe mitochondrial matrix here theMTS is cleaved off by the mitochondrial processing peptidase.

In the case of the OGDC, PDC, and BCOADPAll their constituent polypeptidese encodg by
thenuclear genome amate individuallytransported pogtranshtionally tomitochondriaprior to
assembly(Thekkumkareet al. 1988; Maas and Bisswanger 1990; Wath@l.2002) Once inside
the mitochondria the E@recursoiis cleaved tanduceself-assembl before associatiowith E1

and E3to form astable compleXMilne et al.2006)
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Previous immungrecipitationstudies haveshown that the molecular mass of the cytoplasmic
Elo precursor is approXt5003000 kDa greater than the mitochondrial mature Elo form
(Hunter and Lindsay 986) Subsequent isolain of the gene encodinglo indicated the
presequence of 40 a.a. signal sequenopequired formitochondrial targeting which is removed
on entry into the organell¢Thekkumkaraet al. 1988; Wang et al. 2002; Pfanner and

Wiedemann 2002bYhe signalpeptides of OGDC subunitsre listed in (Table 1.1).

olesie Protein pletis | slgnel Signal sequence

subunits peptide | peptide 9 q

Elo 1-1002 | 41-1002 1-40 MFHLRTCAAKLRPLTASQTVKTFSQNRPAAARTFQQIRCY

E20 1-453 47-453 1-46 MLSRSRCVSRAFSAPLSAFQKGNCPLGRRSLPGVSLCQGPGYPNSR
E3 1-511 43511 1-42 MQSWSRVYCSLAKRGHFNRISHGLQGLSAVPLRTYADQPIDA

Table 11: OGDC subunit signal peptide precursors
Elo, E20, and E3 presequences are shi@@igenbaum and Robinson 1993; Nakahal.1993; Koike 1995)

The basic organisation of the OGDC is directed by theassiémblyof its cubic core. To this
E20 core approximately 12 Etimersbind nonrcovalently(Hunter and Lindsay 1986; Nakano
et al. 1991) Moreover,6 copies of dihydrolipoamiddehydrogenase (E3) aa¢sosuggestedo

bindto the six faces of this complex at maximal occupgR®ed1974; Robieret al. 1992)

Interestingly anin vivo assembly study of the yeast OGDC core has reportednizgpropriate
expression balandeetweenElo and E2as essentialthus, overexpression oE20 might cause

ineffective complex assembigsuting in suboptimal activity (Repetto and Tzagolbi1991)
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1.4 Regulation of the 2 -oxoacid dehydrogenase
complexes

The major 2oxoacid dehydrogenase complexes (PDC, OGDC) play a vital role in glucose

metabolism by catalyzing the oxidative decarboxylation of pyruvate -oxoglutarate to

acetytCoA or succinyCoA, respectively It has been documented that PDC and OGDC have

similar structural organizatioffPackman and Perham 1986; Yeaman 1989; Perham ,1991)

however, there are major dfifences in regulation and catalysis betwibetomplexes.

OGDC plays &ey role in the regulation of-Bxoglutarate levels. The regulation of OGDC is
subjected tdeedback inhibition by its end products, NADH and succinyl CoA that inhibit the
Elo enzyme(Lawlis and Roche 1981; Panov and Scarpa 1996DC activity isalsomediated

by changes in the mitochondrial concentration of fre& @ad is stimulated by Gamobilizing

hormones such as vasopressin and glicéganov and Scarpa 1996)

Seveal studies have demonstrated that freé*GaM range) regulates mammalian OGDC
(Rashedet al. 1988; Zavalaet al. 2000) The effect of C& on OGDC is achieved via direct
binding to the complex leading to the atkrsc activation of E1o and simultanedosvering of

the K, for its 2-oxoglutarate substra{®oche and Lawlis 1982; Scaduto 19%preover, M§*

also stimulates OGDC activity in the presence of ThDP by increasing the binding affinity of
ThDP for Elo(Zavalaet al. 2000; Qiet al. 2011) Interestingly, ThDP itself Isaa positive
allosteric effect on OGDC which increases the affinity of OGIDCits substrate by causing
conformational changes in the compléStrumito et al. 2002) In addition, NAD, CoA,
2-oxoglutarate and ADP stimulate @G activity whereas these effectors are antagonized by

ATP and NADH(Rashedet al. 1988; Zavaleet al. 2000) Previous stués have demonstrated
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that inorganic phosphate (Pi) at physiological concentratioalsas positiveeffectoractivaing

OGDC significantly(Roche and Lawlis 1982; Chinopoulesal. 1999)

Many studies have shown that the OGBGnhibited by oxidative stress andn particular by
reactive oxygen spges such ashydrogen peroxidend superoxide(Halliwell and Gutteridge
1985; Siesjcet al. 1995; Chinopoulosgt al. 1999; Tretter and Adaf¥izi 2000; Sweetlovest al.
2002) Furthermore,the cytotoxic lipid peroxiétion product 4ydroxy-2-nonenal (HNE)
reduced OGDC activity viareacting with the E20-LD (Humphries and Szweda 1998)
In addition, powerful oxidastsuch as peroxynitrite (ONO® formed by the reaction of
superoxidewith the free radical nitric oxideinactivated OGDCwhereasincubation with

glutathione(GSH) restored activity{Shiet al.2011)

Normal brain function depends on oxidatioof glucose via glycolysis andhe TCA
cycle As OGDC is the key regulatory enzyme in the cyclepxidative decarboxylatiorof
2-oxoglutaratehas an impact othe synthesisof glutamatein neuons which can be further
converted to-aminobutyric acid (GABA) neurotransmitterBhus decreasg in OGDCactivity
havebeen linked to a wideange ofneurodegenerative diseag&ibsonet al. 2000) In brain
tissue, OGDC defects can lead to accumulation of tteuels of neurotransmitters such as
glutamate that is catabolised by OGDC aiteitransamination to form-@xoglutaratgShoffner

1997)
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In mammalian PDC, two principal types of regulatory mechanism are found. The first of these
is end product inhibition by metabolites like NADH and ac@églA, while the second
involves covalent modification of é complex by a phosphorylati@@phosphorylation
mechanism. PDC is regulatég specific pyruvate dehydrogenase kinases (PDKs, EC 2.7.1.99)
that deactivate the complex apgruvate dehydrogenase phosphatases (PBE<.1.3.43), that

activate it (Fig. 1.%) (Linn et al. 1969; Behakt al. 1993; Harriset al.2002)

PDK is existsas a dimer and has four tisssjgecific isoforms namely PDK1, PDK2, PDK3

and PDK4. Moreover, these isoforms vary in their kinetic parameters, mode of regulation, and
phosphorylation site specificiffPopov 1997; Sugden and Holness 2003)Ks phosphorylate
three serine residugSer264, r271, and Ser203)f human PDC El (Yeamanet al. 1978;

Sale and Randle 1981; Kolobowt al. 2001) While, PDK1 can phosphorylate all three
serine residues, the other three isoenzymes canaghlgn sites 1 and 2 and do atodifferent

rates (Wieland 1983; Dahlet al. 1987) Interestingly, phosphorylation at any single site

leads to complete inactivation of the réitaiting E1 enzymgKolobovaet al.2001)

PDK is activated by NADH and acetylCoA, providing an alternative means of PDC
inhibition by these two major end products of the reaction. PDK activation involves
interadion with E2p via changes in the oxidation and acetylation state of the lipoamide moiety
induced by NADH and acetyToA (Patel and Korotchkina 2001; Rockeal. 2003) Moreover,

a limited numberof PDK molecules(1-3) per complexare found to be adequate to inactivate

PDC(Yeaman 1989)
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Dephosphorylation of Elp by PBPreactivate the enzyméHuang et al. 1998) Two
tissuespecific PDP heterodimeric isoforms have been identified in mdaamdissues
designated as PDPdnd PDP2(Huang et al. 1998; Majet al. 2006) PDP1 is expressed
predominantly in muscléssuewhereas PDP2 is found in adipose tissue, heart, kidney, and liver
(Huang et al. 1998) Furthermore, dephosphorylation of Elp by RDP Mg®" and C&
dependentln addition during starvation, while PDK concentrations increase PDP expression
decreases leading to PDC inhibition in various tisgua® et al. 1969; Roche and Cate 1976;

Damuni and Re1987; Huangt al. 1998; Huanget al.2003)

CoA CO2

Acetyl-CoA -----

Figure 1.15: Regulatory mechanism of PDC

The regulatory enzymes (PDK and PDP) mediating PDC conversion between its active (dephosphorylated) and
inactive (phosphorylated) form&he Mg®* andCa* ions stimulatedephosphorylationf PDC.
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1.5 The 2-oxoacid dehydrogenase multienzyme
complexes and disease

PDC and OGDC deficiencies are associated with a wide range of genetic, metabolic and

autoimmune disorders such as metablaatic acidosis, diabetes and primary biliary cirrhosis

(PBC) (Fusseyet al. 1988; Joplin and Gershwin 1997; Huagigal. 2003; Mayerset al. 2003;

Patelet al. 2011). Furthermore, PDC and OGDC deficiencies hagenbwidely implicated in

the aetiology o f the major neurodegenerative disorde]

(Sheuet al.1994; Blass 1999; Bubbet al.2005; Shiet al.2005)

1.5.1 Okxidativestress and Al zhei mer 6s di sease (

An imbalance inthe production and removabf redoxactive species gives rise to oxidative
stress. The main target$é oxidative damage are the key macromolecules of the raathely
proteins, lipids and nucleic acids that cantdbate to tissue injury following irradiation and
hyperoxia (Bellomo 1991; Nathet al. 1991) Oxidative stress arises owing to anhanced
production of reactive oxygen speciéROS) and/orthe diminished/abolished ability of the
biological system to detoxify the reactive intermediates or repair the resulting datoagaer,
disturbances in the normal redox state can result in the epimhsction of peroxides and free
oxygen radicals that damage cell components and produce toxic €factsnond and Hess

1985; Kirkinezos antloraes 2001)
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Oxidative stress is implicated as a causative factor in many diseaseshigesclerosjsheart
failure, myocardial infarctiorandneurodegenerativeisordergFloyd 1999; Finkel 2000When

the oxidation potential is not significantly increased, the cell has the ability to overcome these
small perturbations and regain its original s{&@atteridge 1994) However moderate oxidative

stress can lead to apoptosis, while severe stress can lead to reermset al. 1991)

There are three major ROS, superoxide anions)(@ydrogen peroxide (#D,) and hydroxyl
radicals (OH) (Turrens 1997; Cabisceilt al.2000) Theyaregenerated by all aerobic organisms
during normal cellular metabolisnfvValko et al. 2005) When ROS levels are significantly
high, organismsutilise a seriesof deferce systens involving several antioxidant enzymes,
such as superoxide dismuta&eOD), catalase,glutathione peroxidasand thethioredoxin

dependenperoxiredoxins (Prxg)Fridovich 1995; Caet al.2005)

Mammalian PDC and OGDC are major targets for didastress as their components (E1, E2,
and E3) contain severé#hiol groupsinvolved in catalysis. Exposure of EPDC and OGDC)

from S. cerevisia@ndE. colito hydrogen peroxide and superoxide anions have established these
complexes to be a major tatgof oxidative stresgéTamaritet al. 1998; Cabiscokt al. 2000)

In many disorders linkedot mitochondrial and cell damaga, high level of ROS has been
observed. tthas been demonstrated that intaier conditionse.g. accumulationof NADH, the
OGDC itself can be a major source ROS production inmitochondria in addition t@lectron
leakagefrom complexes | and Ill of mitochondrial electron transport clBumik and Sievers

2002; Bunik 2003; Starkost al.2004)
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Studieshaveshown that 51 5% of t he worl doés popaffe@gedibyon ove
AD (Katzman 1986) AD is a progressive neurodegenerative disorder characterized by the
development of senile plagues and neurofibrillary tangles correlated with memory loss, cognition

and communication defecf¢/aldemaret al.2007) Mitochondrial defects includindiminished

OGDC and PDCfunction are characteristic of many neurodegenerative diseases andbeould
responsible for increaseaxkidative braindamage in ADinduced by oxidative streg&ibsonet

al. 2000; Simset al.2000; Shiet al.2005)

The cause and progression of AD is not well understood. Studies have shown the activity of the
PDC to be reduced by 50% in patients with ABibsonet al. 1998) Furthermore, a link
between reduced OGDC activity and the developmentpmadression of AD has also been
demonstrate@Hoyer 2000; Gibsort al. 2005; Shiet al. 2005) As statedpreviously in brain

tissue OGDCinhibition can lead to accumulation of toxatnouns of glutamate that isormally
catabolisedy OGDCafter itstransamination to form-a8xoglutaratgShoffner 1997)Moreover,

OGDC and PDC deficiency in brain tissues can affect cell viability de@¢ogyshortages as a

result of a lack of production of acet@lbA and succinylCoA (Klivenyi et al. 2004; Tretter and

AdamVizi 2005; Szutowiczt al.2006)

The umanDLST geneencodng E20 have been characterised and assigned to chromosome 14
(Nakanoet al. 1993; Patel and Harris 1995; Bunik and Fernie 2008grestingly seeral
neurodegenerative diseases including ABve been found to be linked @ locus on
chromosomel4 (Schellenberget al. 1992; Sheuet al. 1999b) Genotyping studies have

demonstraté that AD riskis associagd with polymorphismof the DLSTgeneand possessn of
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the apolipoprotein EAAPOE4 allele (Nakanoet al. 1997; Shewet al. 1999b) APOE4is a variant
of apolipoprotein Ethatis essential for the normal catabolismlipids. In contrast conflicting
reports haveoncludedhatthethere is no associatidretweenDLSTgene and AQ(Matsushita

et al.2001; Princeet al.2001)

1.5.2 Primary Biliary Cirrhosis (PBC)

Primary biliary cirrhosis (PBC) is an autoimmune disease of the liver characterized by the
accumulation of bile within the liver (cholests) owing to destruction of the small bile ducts
leading to liver tissue damage, scarring, fibrosis and cirrli{Qsitp et al. 1982; Yeamaret al.

2000) PBCis adiseasehat is typically foundn middleaged woma between 4@0 years of

age There is increasingvidence that a number of immune disease related genes are linked to

the X chromosomé&Zinn 2001; Longet al.2002; Jones 2003)

LDs and their lipoamide cofactgrén particular, are major sedintigers in primary biliary
cirrhosis (PBC).Studies have shown thatp to 95% of PBC patierproduceautoantibodies
against E2[{Fusseyet al. 1988; Yeamaret al. 1988)andoftenproduce antibodieagainstother
lipoic acid containing protesincluding E3BP (Palmeret al. 1999; Yeamanet al. 2000)

Gershwin and colleagud&ershwinet al. 1987) havealsodemonstrated thahost patients with
PBC possess antnitochondrial anbodies (AMAS) against E2gMoreover specific serum IgM

AMA levels arecommonly elevate@Nishio et al.2001)
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Recently, it has been reported that the X chromosome monosom#iiiea blood cells is
increased in female PBC patients and increasn age(Invernizziet al. 2004; Invernizziet al.

2005)

Initially, assignment of the mailkl2"a" antigen 1, ~ 68-80 kDa)in PBC patierd was @arried
out byisolatinga rat livercDNA cloneusingpatient AMA (Gershwinet al. 1987) Subsequently,
the proteinexpressedvas identified as H2 (Yeamanet al. 1988) In addition, E3BP was
classified aghe M2"c" antigen M, ~ 50-56 kDa) whenpurified bovine PDGwvas probed with

thePBC patientsera(Yeamanret al. 1988)

According to Moteki and colleaguéBloteki et al. 1996) E2p is the major autoantigen of PBC,
with sera from 80% 90% PBC patients containing E2p specific AMA, while 60% of PBC
patients are reactive to the E2b and 309%80% reactive to E20.Furthermore, autoantibodies
have also been detectadainst EIJ and ED subunits of PDQFusseyet al. 1989) However,
AMA have beemlsodetectedagainstE20, E2b and E3Bkh somepatients(Yeamaret d. 1988;
Surh et al. 1989; Fusseyet al. 1991) The exact mechanism otbreakdown ofseli-tolerance

towards these ubiquitous mitochondrial antigens remains unclear.

As it is not within the remit of this thesis, theeaderis referred to the following xéews

dealing withrecent theories to accourrfthe aetiologyof PBC (Yeamanet al. 2000; Lindoret

al. 2009; Poupon 2010)
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1.6 Project Aims

Human 2oxoacid dehydrogenase complexes (PDC, OGDC a@®ADC) are composed

of 3 distinct enzymes (E1, E2 and E3). In additiorammalian PDC has a fourth accessory
component, termed E3B®hich supports the overall reaction of the PByJporomoting the tight
binding of E3 to the E2p coreHuman OGDC differs significantly from PDC/BCOADC, as it
does not contain any SBD for E1o or E3 and there is no equivalent to E3BP in this complex.
Hence, human E20 has a unique structure comprising only two domains (LD and CTD), unlike
the E2p and E2b Since humanOGDC has unique subunit organisation &flis a common
component of the 3 complexes, the principal area of research in this project relaies to
investigation ofinteractions betweehumanOGDC subung (E1o, E20 and E3)n order to

understand aoplexorganisation, stabilitgnd assembly

Previousselective proteolysis and immunological analysisur laboratory Ave suggested that
the Niterminal region of mammalian Ei®important for maintaining the structural integrity of
the entire complexand maybe involved in interacting with both E2o0 and ERice et al. 1992;
McCartneyet al. 1998) Therefore, thebjectivesof this thesisvereto determingnitially if the
N-terminal region of humraElo hatheability to interact with E&and/or E2aand if confirmed,
to map tlkeregion of E1o involved in subunit bindirggdtherebyestablishts role in maintaining

OGDCintegrity.

Initial researcl{chapter 3was directedowards the clonig and expression & short Nterminal
human Elo construc{60 a.a., 90 a.a. and 153 a.a.)variousforms (His-tag, MBP and GST
fusion proteis) and cloning/expressioof maturehumanElo inanE. coliBL21 host system.n

addition,bothHis-taggedE2o0and E3 wer@verexpresse@nd purified.
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A crystallography study oE. coli E1o has indicated that it cannot be crystallized uniess
N-terminal region 17 a.a.), which appears to Hdeghly-flexible and nativelydisorderedis
remove (Frank et al. 2007) In chapter 4, a preliminargtructural characterization of the
N-terminal region ofhumanElo was perfomed using synthetic peptides, circular dichroism
(CD) anda basidvio-informatics approach to determine ifghiegionhas a tendency to assuine
stable 3-D conformationsimilar to the SBDs of E2p, E2b and E3BR addition, sequence

comparison and alignméeanalysis of the main E1o isoformssinvestigatel.

The main aim of chapter 4wasto investigatea potentialinteraction between ferminal E1o
and E3. To achieve tls goal,a range of biochemicand biophysicabpproachesvereapplied
including; peptide array analysisala-scanning nativePAGE, ITC, gel filtration and GST
affinity chromatographyA similar series of experiments usingt&rminalE1loconstructgo test
their ability to interact with E20 were described in chagiter This chapteralso includesa
co-expression and interaction studfy d-terminal E1o andhative E20to checkthe possibility
that the E1d\-terminusco-integrate with E20 in a similar fashion to the way in which E3BP is

integrated witiE2pduringor immediately after synthesi

As a corollary to the main aims of the thesigibition studies(chapter 6)on native bovine
OGDC/PDCwereconducted using Aerminal E10 construcigs order toestablish the functional
significance of the E1d-terminus intethering E3 to the native OGDC. A similar study was
performed using th&3BR-SBD to determine if it had an inhibitory effeon PDC and OGDC

activity by selective displacement of complex bound E3
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Materials & Methods

2.1 Chemicals, enzymes and standard materials

All routine materials, chemicalgagentscells, antibodiesand enzymeased in this study were

purchasedrom different supplieraslisted in Table 2.1Table 2.2and Table 2.3.

Chemicals/ Reagens

Supplier

Bactotryptone, bacteyeast extractandbacteagar

Formedium Ltd, UK

Sodium chloride, dsodium hydrogen phosphate anhydrogthanol,
potassium dhydrogen phosphatali-potassium hydrogen phospha
sodium acetate anhydreu imidazole magnesium chloride
trichloroacetic acid (TCA)sodium dodecyl sulfate (SDSand acetic
acid

VWR (BDH Ltd), UK

Tris basesodium hydroxide, EDTA, 40% (w/v) acrylamide
methanol,acetone andsucrose

Fisher chemicals, UK

Lipoic acid ethidium bromide, Tweerf20, chloramphenical
ampicillin, kanamycin, nicotinamide adenine dinucleotide (NAD
oxidized fornj, nicotinamide adenine dinucleotide (NADHeduced
form), pyruvic acid, 2oxoglutaric acigd PonceauS dye glycerol,
rubidium chloride, Coenzyme A trilithium salt, calcium chloride

3-(N-morpholino) propane sulfonic acid (MORS)L-glutathione Sigma, UK
reduced, Ecysteine,thiamine diphosphate chloride @DP), Ficoll,

potassium acetategCoomassie Brilliant Blue G25@henyl methane

sulphonylfluoride (PMSF) N, N, -tdt@dmethy éthylene diamin

(TEMED), maltose hydrochloric acidammonium persulphate (APS

oligonucleotide primersandbovine serum albumin (BSA)

Xylene cyanol FFandsodium azide (Nah) Fluka, UK

20 MC metal chelate resin Amersham, USA
Protease inhibitor EDTAree,completeproteaseanhibitor Mini tablets Roche UK
andagarose

Bradford reagent BioRad UK
Dithiothreitol (DTT) andisopropy-b-D-thiogalactopyranosiddRTG) MelforLdt(;_aLtJ)Iciratorles

Thrombinandlow molecularmassSDS marker

GE Healthcare, UK

Table 21: Chemicals and reagents used in this study
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Kits/ Columns

Supplier

HiPrep 16/6(ephacyl S-300 High Resolution column
Glutathione Sepharose 4B column

MBP Trap HP column

ECL western blotting detection kit

HRP Conjugate kit

GE Healthcare, UK

Amicon ultra concenttars (membrane cutoffs of 10 kDa
and 30 kDa)

Fisher chemicals, UK

1KDa cutoff (2ml) tubes
Nitrocellulose membrane (ECL Hybond)

Amersham, USA

QIAquick gel extraction kjtBlocking kit Qiagen, UK
. . New England Biolabs
Quick Ligation Kit (NEB), UK

Wizard SV DNA Minipreps Kit, restriction enzymes,
Calf intestinalalkaline phosphatas&aq polymerasegJNTP and 1kb
DNA ladder

Promega, USA

Expand high fidelity PCR system kit

Roche, UK

Dialysis cassettédialysis tubingof various cut off sizes

Pierce, USA

TOPO/ TA kits

Invitrogen UK

Table 22: Kits and columns used in this study

Antibodies/Cells Supplier
Anti- His tag antibody Qiagen, UK
Anti-rabbit IgG secondargntibody Sigma, UK

Anti-GST Antibody

GE Healthcare, UK

PolyclonalE3 and Eb antisergrabbit antibovine sera

Animal-house
University of Glasgow.

E. coliDH5a component cells

StratagengUSA

E. coli BL21 (DE3) pLysSstrain
E.coli BL21 Star(DE3) pLysSstrain
E. coli TOP10 competent cells

Invitrogen, UK

Table 23: Antibodies and cells used in this study
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2.2  Molecular Biology

2.2.1 Synthetic oligonucleotide primers

Oligonucleotidesor gene amplification byhe Polymerase Chain Reaction (PGR9re designed

in the laboratoryto be compatible with the sequent be inserted and the chosen vectaH.
PCR primersvereordered from Sigma, UK on ti# mmolscale(see bapter 3)The3 6 and
termini of the primers were typically designed to start with a CG clanp increase binding
efficiency. The CG composiion, melting temperatureand secondary structuresere checked

before ordering.

2.2.2 Plasmid vectors

pET-14b: (4671bp) bacteral (E. coli) expression vectofor the production of His-tagged
recombinant fusion proteindt contairs the gene forampicillin (Amp resistancethe T7
promoter andencods a six histidine His) sequenceat its 5' terminusfollowed by athrombin
cleavage sitethree cloning siteand T7terminator The vectorwas purchased from Novagen

(Appendix1).

PET-28b: (5368bp bacterial (E. col) expression vectofor the production of His-tagged
recombinant fusion proteingt contairs the gene forkanamycin(KanA) resistancethe T7
promoter N-terminal histidine sequencethrombin cleavagsite multiple cloning sitesand T7
terminator. The pEF28b vector housinghe E20 construct was already available in the

laboratory(Appendix2).
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pET-30a (5422bp bacteral (E. coli) expression vectofor the production of His-tagged
recombinant fusion proteink.is ampicillin resistantcarriesthe T7 promoter thrombin cleavage
site T7 terminatorandN- and Gterminal poly histidinesequence The maltose binding protein
(MBP) cloned into the pETOa vectorwas kindly gifted by Dr.Brian Smith Glasgow

University (Appendix3).

pGEX-2T: (4900bp an E. coli expression vectoampicillin resistant)for production of
glutathione S-transferase recombinant fusioproteins containing thetac promoter The

pGEX-2T vectorwas purchased frolharmacigdAppendix4).

pCR®2.1 TOPG®: (3900bp: an E.coli expression vectosupplied linearized with single
3 -Bhymidine (T) overhangs foFA Cloning with topoisomerase | covalently malito the vector

ThepCR°2.1 TOPO vector was purchasdtbm Invitrogen(Appendix5).

2.2.3 Plasmid propagation and purification

Recombinant plasmiénd \ector DNA amplified in E. coli DH5a cells were purified using
the Wizard® Plus SV Minipreps DNA Purification System (PromedaSA) according to
manuf act ur er Briefly, iarsiaglercalaytwasopitied using a sterile pipette fip
added toa 5ml LB overnight culture gee section 2.56) and grownwith the appropriate

antibioticat 37C for 16 h with shaking.The cultures were then centrifugati10,00g for 10

min. The pellets were rsuspended ifris-basedbuffer 10OmM EDTA, 10Ce g / ml RNAse
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50mM Tris-HCI, pH 7.§9. Cell lysis solution (0.2 NaOH) containing 1% (w/v) SDS was
added and mixed well to lyse the cellie mixture wasncubated for 5 min in the presence of
alkaline protease. Neutralisinguffer (2.12V1 acetic acid 4.09M GdmClI, 0.75% potassium
acetatewas thenadded and mixed well to neutralise the solutibhe mixture vascentrifuged

at 13,000xgfor 10 min ina benchtop centrifugeto pellet out the insoluble materidlne DNA
containingsupernatant was applied to a DNA binding coluamd centrifuged as before The
columnwas washed withOmM Tris-HCI, pH 7.8, 60% (v/v) ethanofOmM potassium acetate

to remove contaminants before the DNA was eluted usity | nucl ea sRurifigdr e e
plasmidwas storedat -20°C. Thequality and quantityof the pasmids wasanalysed byagarose

gel electrophoresis. Plasmids used in this study are listed in Z&ble

Plasmid Name Vector Insert Source
E3 His-14b pET-14b Human E3, aa 1-509 A. Brown (2002)
E20 His-14b pET-14b Human E20,aa 1- 407 A. Brown (2002)
E20 His-28b pET-28b Human E20,aa 1- 407 G. Singh (2008)
E2p- GST- XSBD pGEX-2T HumanE2p, aa 166-230 | A. Brown (2002)
Elo- 60- His pET-14b HumanElo, aa 11-70 A. Al-Alawy
Elo-60- GST pPGEX-2T HumanElo, aa 11- 70 A. Al-Alawy
Elo- 60- MBP pPET-30a HumanElo, aa 11-70 A. Al-Alawy
Elo-90- His pET-14b HumanElo, aal-90 A. Al-Alawy
Elo-90- GST pPGEX-2T HumanElo, aa 1-90 A. Al-Alawy
Elo-90- MBP pPET-30a HumanElo, aa 1-90 A. Al-Alawy
Elo- 153- His pET-14b HumanElo, aa 1-153 A. Al-Alawy
Elo- 153- GST PGEX-2T HumanElo, aa 1- 153 A. Al-Alawy
Elo- 153- MBP pET-30a HumanElo, aa 1-153 A. Al-Alawy
Full-lengthElo pET-14b HumanElo, aa 1- 962 A. Al-Alawy

Table 24: Plasmids used in this study
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2.2.4  Agarose gel electrophoresis

Plasmid DNA and PCR producigere analysed by agarose gelectrophoresisis described by
Maniatis andcolleagues(Maniatis et al. 1987a) Typically, (0.8% - 2%) (w/v) agarosevas
dissolved in TAEbuffer (1mM EDTA, 40mM glacial acetic acid4OmM Tris-HCI, pH 7.5) The
gel was placedin an electrophoresis tankDNA fragment size wagdletermined by use
of a DNA ladder(Promega, USAYun in parallel to the unknowrsample In general,5nm
DNA samples were dilutethy adding 21 loading buffer (15% (w/v) Ficoll, 0.25% (w/v)
bromophenol blue, 0.25% (v/v) Xylene Cyanol FEglelectroploresis vas run at 100 volts (V)
and 250nA for 50 min to 1 h. Agarose gels were stained for 8fin with ethidium bromide
(EtBr) in distilled water (frg/ml in dH,O). DNA samples were visualised undg20nmUV

light andphotogaphed with @&olaroid DS34 direct screemaging camera.

2.2.5 DNA extraction and purification from agarose

Digested plasmid DNA and PCR products were subjected to gel electrophseeEssedtion
2.2.4) thenthelinear DNA fragments were excised finathe gel using a scalpehder UV light
and purified usin@ Qi agen gel extraction kit (Ql Agen,

instructions. DNA waselutedin 50m of elution kuffer (10mM Tris-HCI, pH 8.5)and its quality

and quantity viewed by aga®e gel electrophoredigfore storing at20 C.
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2.2.6 Polymerase chain reaction (PCR)

A putative clone of humanElo cDNA (IMAGE ID 1000045160CAA-22-D1) obtained from
Source Biosciencétd, UK (100ng) was used as the PCR templdate amplify and clone
the humanfull-length E1o DNA into pET14b andsimilarly to clone the 5 end of mature
human E1lo (£153 a.@) into pET14b, pGEX2T, and pET-30a respectively(see bapter 3).
The 5' egion ofhumanElo (1-166 a.a), previously clonedri the laboratory into pETI4b by
G. Singh(2008),was used as RCRtemplateto produces' construcs of E1oencoding60 aa,
and 90 aasegmentinto pET-14b, pGEX2T andpET-30a(see bapter 3).

Amplification was carried out in a PTm0™

programmablgéhermaocycler (GenetidResearch
Instrumentation)and thereactions were set up using the Expand High Fidelity PCR System
(Roche, USA) Typically, PCRwas carried out i n a 502mMr eact. i
dNTP (mix of dTTP, dCTP, dGTP, andATP), 1.52.0mM MgCl,, 1x PCR buffer template
DNA, 2.0U Taq polymerasgRoche),sterile wateand0 . 2 ¢ M ®gecifiepairaen (forward

and reverse)PCR wascarried out under reaction conditions of activation, denaturation,
annealing (temperature defined by g of the primers),and extensiomt 72°C. The annealing
temperature was calculated a¥C5lower than the lowest T of the primers used.T,, was
calcubted by the following(Tm = 2(A + T) + 4(C +G) °C). Typical annealing reactions were
performed in the rangeD5C to 59 °C. (Details of thePCRcycle timesandreaction amounts are
describedin chapter 3. The quality and quantity of PCRroductwas assesed by agarose

gel electrophoresigsee section 2.2.4) PCR products were subjected direct cloning or

alternatively cloned via TOP®A kits (Invitrogen).
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2.2.7 TOPO TA cloning

TOPO TA cloning is an efficient orgtep cloning strategyof insertion ofTaqg polymerase
amplified PCR products into a plasmid vectofhe PCR productsvere generated witta
single, 3'A overhang to each erghdligated into alinearizedcloning vectorwith single, 3T
overhangsusing the T®O TA cloning kit from Invitrogen. The cloning was performed
according to the manufact ur -@0PDsectaer (seesdction cat i o

2.2.2)

Briefly, a cloning reaction6 € Wwas set up in raeppendorftube containing? ¢ fresh PCR
produd, 2¢ | di | ut e d(1.2vMaNaCl, 0.86M IMgQL), InpCR2.1-TOPO vector and

1le ksterileH,0 beforemixing gently andincubatng for 20 min at room temperaturk was then
placed on icefollowed by transformation into one shot chieally competent cells (TOP10)
supplied in the ki{seesection 23.4). The TOPO cloning vector system was used in the cloning
of the N-terminal E1660 truncate(Ser1tAla70), N-terminal E1e90 truncate(Seil-Val90), and

N-terminal E16153 truncatgSel-Phel53)into pGEX2T respectively{seechapter 3.

However, the N-terminal E1e60 truncate (SerltAla70), N-terminal E1e690 truncate
(SertVval90), and N-terminal E1el153 truncate(SertPhel53 were cloned direcyl into
pET-14b andpET-30arespectivelyMature humarElo cDNA (1-962 a.a)was cloned directly

into pET-14b (seechapter 3.
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2.2.8 Digestion of DNA with restriction enzymes and

ligation
Restriction digests of plasmids and PCRducts were performed using restriction enzymes
purchasedrom Promegan accordance with the manufacturenstructions The DNA was
digested with appropriate restriction enzynegther as a step prior to cloning or for diagnostic
purposes.Plasmid DNA( 4 0wakdjgested in a reaction containifige | of appropriat
( 10U/ & 8)of theappbpriate buffeflOx) as provided by the manufactur@he reaction
volumewas made up t o .8.Digdstiommasperforrmetreeppendertulobddnd

carried out at 37 for4 h.

If a singlerestriction enzyme was used to digest glasmid DNA 2U of calf intestinal
phosphataséPromega, USAjvas addedo the total voluméd. h before he end of the reaction to

promotedephosphorylation d ferminiandprevent reigation.

PCR products (30¢l) were digested in a )total
asdescribed abovéor 3 h at 37°C Both digested plasmid and digested PCR prodwetg run

on a 2% (w/v) agarose gel and purified as described in sectiob. 2.2.

2.2.9 Ligation

Ligation reactions were set up using thé QuickLigation Kit from New England Biolabs
(UK) according tothemanuf act ur er ©4sDNA ligase catalysésphosphsdiester

bond formation between the 'Sphosfhateand 3' hydroxyl termini of adjacentDNA molecules
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(Sambrook and Russell 200Yariousratios oflinear plasmidand inser(1:1, 1:3 and 1:5)vere

ligated together including aamplecontaining theplasmid onlyas anegative control.The
reaction was performed in atotallumeoft 0 el containing legl T4 DNA |
buffer (1) . The volume of the reacti eghTheraastonmade u
was incubatedvernightat room temperatureeforetransfornationinto an appropriate strain of
competent. coli, either DH3J or TOP10(Invitrogen, UK) and grown overnight ohB plates

containing the appropriate antibiotiarp) at 37C (seesection 2.34). Details of the restriction

enzymes and ligation conditions usedhis study are described amapter 3

2.2.10 Confirmation of cloning by restriction digestion and
sequencing

The correct sequence and orientation of the constwagconfirmed by restriction digestion and
sequencing.Diagnostic digestion wagerformed using restriction enzymesmployed in
plasmid construdibon (seesection 2.2.8). Digests were subsequently analysed by agarose gel
electrophoresisl|f the inserted fragment was cect, bands would be seen at #ppropriatesize

in the agaroseggel asillustratedby the DNA ladderOnce recombinantclones were identified
thesewere sent forDNA sequencing(University of Dundee)o confirm the exact coding

sequenceTlhe sequencing results were read and analgbdChromassoftware(version; 2.01)

In order toensurethe correctsequence ofthe ull-lengthE1o construct(2886bp) the following

sequencing pmners were senwith the samples
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1% Forward 5-GATGCTGATCTGGACTCCTCGC3'

1% Reverse  5- GGCTTCCCAGAGGACCAGGGES'

2""Forward 5-GGCATGTATCACCGCAGGATG3'

2""Reverse  5-CTCATACTCAGGCTGGTTGAGS'

2.3 Bacterial strains

E. coli DH5a (Stratagene, USAyasused for propagation of plasmid vectarsdalso carries

thelac | gere used when performiniglue/white screening

TOP10 Chemically competant cells: (Invitrogen, UK were used for propagation of plasmid
vectors andilso carriegthe mcrA mutation that allow methylated DNA noto be recognized as

foreign.lt is a high transformation efficiency strain.

E.coli BL21 (DE3) pLysS (Invitrogen, UK) was used forexpression of toxic andontoxic
recombinant proteingt contairst h éE3alysogernthat encodes T7 RNA polymerase to induce

high levelT7 expression andiso carrieshe pLysS plasmithatencodes T7 lysozyme

E.coli BL21 Star (DE3) pLysS: (Invitrogen, UK)wasused fornonrtoxic recombinant protein

overexpressionlt carriesthe rnel31 mutation resultingpotentially inhigher protein expression

thanBL21 (DE3) pLysSstrainsdue to the increased stability of mRNA
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2.3.1 Bacterial me dia

Luria Broth (LB) : Prepared by dissolving0g bacto tryptone, 10g NaCl and bacto yeast

extract petitre of distilled H,O, pH 70. Themedia were autoclaved before use

LB agar plates: As LB medium with15g| of Bacto Agaradded before adjustingehpH and

sterilization.

Super optimal broth with catabolite repression(SOC) medium was prepared by dissolving
20g bactetryptone 5g bacto yeast extrgd8.6mM NaCl, 2.5mM KCI, and20mM glucoseper

litre of distilled HO, pH adjusted to 7.0rhe medim wasautoclaved before use.

Modified-rich LB (Terrific broth ) was prepared by dissolving 1.2% (wM®acto tryptone,
2.4% (w/v) bacto yeast extract, 0.5% (w/v) NaCl, 4.0% (v/v) glycédai2M K,HPQO, and
0.17M KH,PQ, per litre of distilled HO, pH adjuste to 7.0. The medum was autoclaved

before use.

Selection media were prepared with addition of antibioti¢§0c g / amipicillin, 34 g / ml

chloramphenicodnd25 g / ml kanamycin) wherever necessary.
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2.3.2 Preparation of competentcel Is

Chemically competent cellsvere made using the calcium chloride protocol as described by
Maniatis andcolleaguegManiatis et al. 1987b) A single colony of the appropriate bacterial
E. colistrain was piked and cultured overnight in® LB. This was subcultured into 100ml LB
andgrown at 37 C with constantshakinguntil the optical density (O§g wasabout0.5. The
culture was then chilled on ice for Bin before spiming in an Allegrd™ 6R centrifugeat
3,000xgfor 10 min at 4°C in a 50ml sterile Falcon tulide pellet wagyently suspended in
20ml ice cold sterilized filtereduffer | (10mM CaChk, 100mM RbCI, 5&nM MnCl,, 15% (v/v)
glycerol, 30nM CH3;COOK, pH 5.8). The cells vere re-spun as beforeand the supernatant
discarded. By gentle pipettingthe pellet was finally rsuspended in 2ml ate cold sterie
buffer Il (75mM CaCh, 10mM RbCI, 15% (W) glycerol, 1onM MOPS buffer, pH 6.5).The
solution was then chilled for 15 min on icand separatednto 5 0 &llquots prior to storage

at-80 C until required.

2.3.3 Bacterial cell storage

Baderial strains may be storddr long termuseat low temperature&80°C) in 30% to 40%
(v/v) glycerol Occasionallythe bacterial cells could be stored $hort term storag€-3 weeks)
on LB plates at 4°CTo recover bacterial strasrirom -80°C glyceol stoclks, a sterile toothpick
was used toscrapesome of the iceand the bacterial cells strealed outon the appropriate

medium
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2.3.4 Bacterial transformation

Frozen competeri. colicells (50 ) were removed from the€80°C freezer and thawed are at
room temperaturePlasmid DNA (1-2¢ ) was mixed with thawed cells andcirbated on ice for
15-30 minbefore being heat shocked at @Zdr 35s (TOPOLMBL21 star(DE3) pLysS or 9G

( DH5 U/ (DB3) 2L¥sS) The cells were theincubatedon ice for a further 2 min before
being mixed with45C | of warm st er i | varmls@rilers@dnedium armr 900
incubated at 3T with continuous shakinpr 1 h. Aliquots (100-20C | oj the suspension eve
spread on LB agar plates with the appropriate antibiotics and incubated overnight.atAR7°

steps were carried ouhdersterileconditions

2.4  Protein methods

2.4.1 Protein over -expression

For overnight culture§l6 h), 50ml LB medium suplemented with the appropriasatibiotic(s)
(Table 2.5) was inoculated with a single bacterial colony containing the expression plasmid

picked from a LBagar antibiotic platand incubated at 37°C, with shaking at 200

A 10ml aliquot of the overnight culture was added to500ml of LB supplemented with the
appropriate antibiotic(sand further incubated at 37°®ith constant shakingProtein over
expressiorwas induced by the addition of 1mM IPTG whtre ODeoo reached0.5-0.8 and
grownfor 3-5 h at 30C or overnight at 18C /15°C. For overexpression of E200.1mM lipoic

acid was also added to the mediumorder to maximisdipoylation. Details ofvariousprotein
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induction temperatureand time intervalsemployedin this study are described thapter3.
Bacterid cells were harvestesh a JA14 rotor in a Beckman -2A by centrifucation at 4°C,
10,000xgfor 15min.Pellets were stored a20°C until further useln order tomonitor bacterial
growth and protein expressiosamples (1ml) were taken befomeduction (b) and after the
induction periodsst t4 andtig beforeharvesing by centrifugation ina bench top microfuge at
13,000xgfor 10 min to pelletthe cells.The pellet was rsuspended in Laemmli sample buffer
(2% (w/v) SDS10% (w/v)sucrose, 8.5mM TrisHCI, pH 6.8 and a small amount of Pyronin Y
dye), adding 161 per 0.10Dgqo unit of the sampleOver-expressiorof the relevant proteiwas

checked by SD®AGE (seesection2.4.3).

Antibiotic Plasmid Stock solutin Selective conditions
Ampicillin (Amp) pET-14b, pGEX2T | 50 mg/ml in dHO 50e g/ ml
Chloramphenicol (Chl) | pLysS 34 mg/ml in ethanol 34 eg/n
Kanamycin (Kan) pET-28b, pEF30a | 25 mg/ml in dHO 25 €9/ n

Table 25: Antibiotics and selection conditions used in this study

2.4.2  Protein solubility

In order to check protein solubilitpacterial cells from small (50ml) cultures were harveste
Beckman AllegraTM 6R centrifuge at 4°C3000xg for 15 min and resuspended ir8ml

binding buffer (see chapter 3 for detailsjhe bacterial extract was pasls4 timesthrough
a French Pressure CellHermo Electron Corporation, UK at 950 psi to lyse the cells.
The disrupted cells werthen spunin a benchtop centrifugeat 4 °C, 13,00(xg for 10 min

The protein supernatar(soluble fraction) andpellet suspensior(insoluble fraction) were
re-suspended in an equal volume of Laemmli sample buffer. The solutfilitye recombinant

proteinwasviewed by S[3-PAGE (seesection 2.4.3).

65



Chapter 2 Materials & Methods

2.4.3 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis (PAGErhniquesare used to separate components of a
protein mixture based on their size and net charge. It pwdgh resolution oproteins or

proteincomplexesunder the appropriate conditions.

2.4.3.1 Sodium dodecyl sulphate PAGE (SDS-PAGE)

Sodium dodecyl sulphate PAGE (SIPAGE) was performed as described bhgemmli
(Laemmli 1970) Proteins wereseparatedinder denaturing conditions in the presence of sodium
dodecyl sulphate (SDSUsing 3% stacking and 28% resolving gels(depending on the
molecularmassof the protein of interegels (9 cm x 9 cm x 1.5 mirwere preparedsing the

solutionslisted inTable 2.6.

Gels/Buffers Ingredients
10-18% (w/v) acrylamide

0.1% (w/v) SDS

SDSresolving gel 0.1% (w/v) APS

0.1% TEMED

0.5 M TrisHCI buffer, pH 8.8
3.0% (w/v)acrylamide

0.06% (w/v) SDS

SDSstacking gel 0.1% (w/v) APS

0.1% TEMED

0.5 M TrisHCI buffer, pH 6.8
0.2M glycine

10x SDS running buffer 1%  (w/v) SDS

0.49M TrisHCI buffer, pH8.3
Trace of pyronin Y

2% (w/v) SDS

10% (w/v)sucrose

62.5mM TrisHCI buffer, pH 6.8

1x Laemmli sample buffer

Table 26: SDSPAGE gel/buffers used in this study
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Protein samplesvere resuspended in Laemrshmplebuffer, DTT (150mM) andboiled for5
min at 100C prior to separatioron a10-18% SDSPAGE gel depending on the molecularass
of the relevant proteirTypically, 51 5 ¢ | sampl e wa Brotdincamplesdvere reirr
alongside moleculamass markes to allow edimation of the proteis subunit M values
SDSPAGE was carried outtaa constant voltage (400vVand 50mA/gel in £ SDS running
buffer (Laemmli 1970) Gels were stained for protein with1% (w/v)Coomassie Brilliant Blue
G250 10% (v/v) acetic acid, 50% (v/v)methanol with shaking for 280 min at room
temperaturebefore being destained with 10% (v/vglacial acetic acid, 10% (v/v) methanol

overnight.

Alternatively, and for superior resolution when necessary, samples were run oeoagire
4-12% NUPAGE'Novex BisTris gradient gelsin an XCell SureLock Mini-Cell using the
2-(N-morpholino) ethane sulfonic acid (MES) buff.1% SDS, 1mM EDTA, 50mM MES,
50mM Tris-base,pH 7.3 suppliedby Invitrogen Proteinswere separated at 1&0D0V and
120mA for 1 h. The prepaation of protein sampleand stainingde-stainingprocedurs were

performedas described above.

2.4.3.2  Non-denaturing gel ( native PAGE)

While in SDSPAGE, proteinseparatiordepends mainlgn molecular mass, in native PAGE the

separatiordepends ondith the protein'sietcharge and its siz&lative PAGE was performed in

a similar manneto SDSPAGE without the presence of SDS in the gels, sample buffer or

runningbuffer. The samples were not boiled prior to analysis.
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Proteins were resolved under ndenaturing conditions using the method dollag and
colleaguegqBollag et al. 1996a) Each gel comprised 306 stacking gel and &10% resolving
gel depending orthe protein of interesGels and buffergrepared for making native PAGIels

are listed inTable 2.7.

Gels/Buffers Ingredients
6-10% (w/v) acrylamide

0.1% (w/v) APS

0.1% TEMED

1.5 M TrisHCI buffer, pH 8.8
5.0% (w/v)acrylamide

0.1% (w/v) APS

0.1% TEMED

0.5 M TrisHCI buffer, pH 6.8
192mM glycine

25mM  Tris-HCI buffer, pH 88
0.05% (w/v)Bromophenol blue
5x Sample buffer 50% (v/v) glycerol

312.5mM Tris-HCI buffer, pH 6.8

4x Resolving gel

4x Stacking gel

10x Running buffer

Table 2.7: Native-PAGE gels/buffers used in this study

Typically samples were fsuspended iix sample hbffer with subsequent loading of samples
onto the gel. Electrophoresis was carried out at constant voltage (100V) and 10mA/gel in 1x
running buffer for 46 h. The gels were viewed after staining with Coomassie BrillBloe dye

as described abovedesedion 2.4.3.1).
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2.4.4 Protein purification

Details ofall buffers used during protein purificatiane described inhapter3.

24.4.1 Bacterial cell disruption

The pelleted bacteria were-saspended irappropriate binding buffe(see chager 3) in the
presence otomplete EDTAfree protease inhibitors (Roche, UKJells weredisruptedby 4
passes througa French pressure cell at 950 (s@esection 2.4.2). The disrupted cells wéren
spun ina JA17 rotor ina Beckman JMC centrifugeat 4£C, 10,000xg for 15 min to remove

non-solublematerial.

2.4.4.2 Purification of His -tagged proteins

Recombinat proteins oveexpressed withHis-tag were purified bymetal chelate affinity
chromatography on a BioCABPRINT™ workstation (AppliedBiosystems, USAjsinga MC
POROS 20 psi column (Applied Biosystems,AJ)S.8ml column volume (CV)The column
was initially washed with5 CV strip solution $0mM EDTA, 1M NaC) to remove any
remaining metalons from a previous purification, followed ByCV dH,O. The flow rate was
kept constant at 1tl/min. Zinc ions (10nM ZnCl,) were loaded onto theolumn @0 CV) at
pH 4.5 to minimize precipitation of metal hydroxide complex@sremove excess zinc ions, the
column was washed with 5 CV d@ followed by 5CV 0.5M NaCl. Prior to protein loading he
column wasequilibrated with 5 CV elution buffef200mM NaCl, 50énM imidazole,50mM
KH,PQO,, pH 6.0) followed by 10 CV binding buffda00mM NaCl, 10mMimidazole, 5thM

KH,POy, pH 8.0).
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The cell lysateg20ml) (section 2.4.4.1) were then applied to the column in 5ml aliquots and
the column washed thoroughly in binding bufféfter the final injection the column was
washed with 8 CV obinding buffer. The bound protein was eluted fnothe column in a
0-100% gradientof elution buffer(8 CV). Elution fractions (2ml) were collected and analysed by
SDSPAGE. Peak fractions were then pooled and either subjected to dialysis or corecHotrat
furtheruse Thecolumn was cleaned after use WRICV strip buffer (50mM EDTA, 1M NacCl)
followed by 0.5M NaCl and ¢H20. The column was stored in 20% (v/v) ethanol at room

temperature.

2.4.4.2.1 Cleavage of His -tag

Purified Histagged proteins were dialysed agimppropriate buffer and concentrat@sege
section 2.%6). Cleavage of the Hitag was achieved by addid® U thrombin GE Healthcare,
UK; supplied as a powdeper mg of proteinand incubated with gentle shaking either at room
temperaturevernightor a 37 °C for 2-16 h.The quality of cleaved protein was determined by

SDSPAGE analysigseesection 2.4.3.1)

2.4.4.3 Purification of GSTtagged proteins

The purification of GST fusion proteins was achieved by usnglutathione Sepharose
4B column with bed volume 5mI(GE Healthcare, UK) attached toa BioCAD 700E™
workstation(Applied Biosystems, USA)he column was initially washed withCV dH,0O and

thenequilibrated with PBS (140mM NaQ,7mM KCI, 10mM NgHPO,, and 1.8mMKHPOy,
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pH 7.3) at 2.5ml/min. Protein sample$20ml) (seesection 2.4.4.1) werpassed through the
columnfollowed by 5 CV of PB&t a rate of 1.5 ml/minfo minimise norspecific binding, the
column was washed witt?2 CV PBS untia zero baselinavas achievedProtein was eluted from
the column using 5 CV elution buffd2OmM reducedglutathione, 50mM TrigdCI, pH 8.0).
Elution fractions (2ml) were collected, analysed by SEXSSE (see section 2.4.3.1)and

dialysed for further experimén

24431 Removal of GST

GSTwasremoved from GST fusion proteify thrombin cleavage. Purified protesegsection
2.4.4.3) was buffer exchanged into PBS buffer by concentrégiemsection 2.4). Thrombin
was added &t0 U per mg proteirand incubated at room temperature overnidlat.confirm the
cleavage, a number of samples were takeraabus timeintervals and viewed by SBBAGE

(seesection 2.4.3.1)

2.4.4.4  Purification of maltose binding proteins (MBP)

Maltose binding proteinMBP) affinity chromatography used to purify recombinant proteins
tagged with MBP was carried out using a BioCAD 70b®Vorkstation(Applied Biosystems,
USA). A MBP Trap HP columiiGE Healthcare, UKbed volume5ml) was equilibrated witle

CV binding bufer (200mM NaCl, 1.0mM EDTA20mM TrisHCI, pH 7.4) at 2.5ml/min.
Sample (20ml) wereloaded at a rate of 1.5ml/min. The column was then washedl@ithV

binding buffer until the baseline returnemlzero.The bound protein was eluted ashing the
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colum with 5 CV elution buffer (15mMmaltose, 200mM NaCl, nM EDTA, 20mM
Tris-HCI, pH 7.2) and fractions (2ml) were collectetihe peak fractionsvere corentrated and

visualised by SDSAGE after staining with Coomassie BrillidBlue (seesection 2.4.3.1)

Column regeneration was achieved by stripping withv 0.5M NaOH followed by an extended

wash with dHO. The column was stordéd 20% (v/v) ethanol at 2C for further use.

2.4.45  Gelfiltration chromatography (GFC)

Gel filtration chromatography (GFC) or size exclusion chromatogréphbgsed on the ability of
the gel filtration media to separataolecules according to sizeA 120ml bed volumeHiPrep
16/60 Sephacryl S00 High Resolution columnGE Healthcare, UKpttached taa BioCAD
700E™ workstation (Applied Biosystems, USAas equilibrated at room temperature with
2 CV of appropriate buffer at a flow rate of 1ml/nfgeechapter 3. Typically, 1ml concentrated
sample(seesection 2.4) wasinjectedonto the columrat a flow rate of 1ml/minPeak fractions
were collected as 1ml fractions ranning buffer at a flow rate of 1ml/mimand visualised by

SDSPAGE (seesection 2.4.3.1)

The column was cleaned after use witi CV 200mM NaH followed by 2 CV dH.0 and

stored in 20% (v/v) ethanol at room temperatordonger periods.
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2.4.4.6 Purification of PDC and OGDC from bovine heart

PDC and OGDC from bovine heantere availablein the laboratory(seechapter 6) Both
complexeswere purifiedas described by Stanley and Perh@tanley and Perham 198@jth
some modificationgDe Marcucci and Lindsay 1985&ovine PDC and OGDC westored at

concentration of 20mg/ml in 50% (v/v) glycerol-20°C.

2.4.5 Dialysis and protein concentration

In order to match/exchange buffds biophysical experimentpraeins were dialysed against
4-5L of the buffer of choice overnight at 4%@ith continual stirring on a magnetic stirrend
a minimum of 3 buffer changes at I2 time intervals Dialysis was carried out using either
dialysis tubingor dialysis cassette@Pierce, USA)with an appropriate molecular mass cut off
(10,000 MWCO)for the majority of experimentsDialysis cassettes wemmployedaccording
t o manuf act urDalydissubingmmermbranec(dize dameterl.125) was obtined
from Pierce, USA and prepared as described by Ballat) colleague¢Bollag et al. 1996b)
Alternatively, for low molecularmassproteirs e.g. truncatedN-terminal E10(60 a.a.) 1KDa
cutoff (2ml) tubes gupplied byAmersham, USA) were useqtcording tothe manufactureis

instructions.

Peak fractions following protein purificatiosgesection 2.4.4) were poolemhd concentrated
using Amicon ultra concentrators with appropriate molecular mass autléfDa, 10kDa and
30kDa) supplied by Fisher chemicals, Ukamples were centrifuged at 3,000xg in a Beckman

Allegra ™™ 6R centrifugeat £C for 36 h until the desied volume was achieved.
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2.4.5.1 Precipitation and concentration of protein by acetone

Appropriate protein concentration is essential for obtaining good results HPBBE&. Acetone
precipitationwas employed for rapid protein concentration on occasibmsee volumes of ice
cold acetone were added 200m sample proteirand keptfor 20 min on ice. The sampigas
centrifuged at 3,000xg, 4 °C for 6 min, the supernatant wakiscardedand the pellet air dried.

For SDSPAGE, the pellet was suspended2@-50nm Laemmlisamplebuffer.

2.4.6 Determination of protein concentration

Protein concentration was measured dbhsorbance of the protein at 280nm and its molar
extinction (eeadcton 2.4.62) tAlteraafijely, protein concentration was

determined by the Bradford meth{®radford 19%) (seesection 2.4.6.3).

2.4.6.1 Spectrophotometric equipment

Bacterial growth ODgyo was measured using an Ultrospec 4300 pro UVlvisible
spectrophotometein disposable plastic cuvettek addition, OGDC/PDGCactivity, inhibition
assaysdeechaper 6) andprotein concentration on occasionsre measured usirggShimadzu
UV-2101 PC scanning speciphotometerin UV quartz cuvettes (1ml, 10mm patmngth

Jencons, USA).

74



Chapter 2 Materials & Methods

246. 2 Protein absorbance

Routinely,an Ultrospec 4300 Pro UV/visiblpectrophotometervasused todetermineprotein
absorbance at 280nr&ince E3 contains FAD, its estimation was carried out using the FAD
extinction coefficient at 450nmThe molar extinction coefficien{ Uodf the majority of
protan constructswas determined bgomputingthe protein sequence irthe EXPASY suite

(http://lexpasy.org/tools/protparam.hjmi

The molar concentration of the protein was calculated by dividing the umeglagprotein
absorbance at 280nm or at 450rnimthe case of E3) by thextinction coefficient, whereas the
protein concentration in (mg/ml) was calculatgdmultiplying the molar concentrations by the
respectivemolecular massf the protein. Tocheck fa DNA or RNA contamination,the
A2ssAze ratio of the protein was monitoredlhe molecular masss and extinction coefficients

of proteins used in thgudy arelisted inTable 2.8.
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Extinction coefficient

Subunit

Protein Plasmid vector Mem?) molecular mass(Da)

E3 Histag pET-14b 11,300 (FAD) 52,885
E20 His-tag pET-14b 11,585 43,585
E20 His-tag pET-28b 11,585 43,585
E3BRSBD GST PGEX-2T 43,110 33,428
Elo-60 His-tag pET-14b 15,470 9,021

Elo60 GST pPGEX-2T 58,580 32,776
Elo60 MBP pET-30a 81,820 47,305
E1090 His-tag pET14b 15,470 11,984
E1090 GST PGEX-2T 58,580 35,944
E1090 MBP pET-30a 81,820 50,474
E10-153 His-tag pET-14b 18,450 18,858
E1o0153 GST PGEX-2T 61,560 42,856
Elo153 MBP pET-30a 84,800 57,372
Elo His-tag pET-14b 122,825 111,175
wt GST PGEX-2T 43,110 26,311
wt MBP pET-30a 66,350 40,838
Cleaved E1660 -- 15,470 6,485

Synthetic Pepl -- 8,480 2,847

Synthetic Pep.: 2 -- 6,990 2,721

Synthetic Pep3 -- 15,470 7,041

Table 28: Molecular mass and extinction coefficients of proteins used in this study

wt, wild-type
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2.4.6. 3 Bradford method

The Bradford methodBradford 1976)wasalso performed to determine protein concentration
Standard cungwereplotted by usingncreasingconcentrations of BSA (Sigma, UKYnknown
protein samples and standarwere diluted in dkD followed by adding1ml Bradford reagent
(BioRad, UK)(0.01% (w/v) Coomassie Blue G250, 5% (v/v}P0, and 5% (v/v)ethanol)that
complexes witlthe proteinof interest Samples were incubatedrabm temperature for 1®in

prior to detecton at 595 nrmusing aShimadzuJV-2101 PC scanning spectrophotometer

2.4.6.4 OGDC/ PDC assays

Assayof overallOGDC and PDC activity asperformed according to the methofiBrown and
Perham(Brown and Perham 1976QAssays were carried out 80 °C in plastic cuvettes
Typically,1 0e g compl ex (&3&ldeqtothe miue@jaining 70el sol uti o
(3mM NAD*, 2mM MgChk , 0.2mM ThDP and50mM potassium phosphate buffer, pH Yehd

14¢l s 0 130ntMicystaineBCI §nd 6.8mM CoASH)The assay wasitmated by addition

of 1 4 sdlution C (100mM zDxoglutarate for OGDC assays or 100npyruvate for PDC

assays) and mixed rapidlythe OGDC and PDC activities wemgeasured by monitoringADH

formation at 340nm using Shimalzu UV-2101 PC scanning speghttotometer. Activities were
expressed as U/ml, where one unit (U) of activity is defined as the amourayohe requiredo
convert 1legmol of s u b ander the cenditions ofthe ass@etaits ofle r  mi n
buffers usedor inhibition of OGDC and PDC activities using-t&rmiral E1o and E3BPSBD

constructsare described inhapter6.
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2.4.7 Western blotti  ng

Proteins to be immunoblotted were resoNBdSDSPAGE and transferred electrophoretically
onto nitrocellulose membrane (ECL Hybond, Amersham) in the presence of transfer buffer
(192mM glycine, 20% (v/v)methanol,25mM TrisHCI, pH 73) at 30 V, 200mA ér 2 h using

Cell IE b | osystem suppliehy Invitrogen.After transfer the nitrocellulose membrane was
stained with Ponceau S dye (Sigma, UK) to allow the visualization of the transferred proteins
The nitrocellulose membranevas then washed with dB to remove stain pr to
immunoblotting.At this stepthe immunoblottingnethodologydiffers slightly depending on the

primaryantibody aglescribed below

24.7.1 Anti -His-tag antibody

The nitrocellulose membrane whakcked overnightvith Qiagenblocking buffer(0.1g blocking
powder, Inl blocking reagent buffer1% (v/v) Tween20) at 4 € with continuous shakingn

order to prevent nespecific binding.The membranevas then washed 3 x 10 min in TBST
buffer 150nM NaCl, 01% (v/v) Tween20, 50mM TrisHCI, pH 7.4) The wash buffer
was discarded and the membrane incubated with a 1:2000 dilution o lhexpress
PentaHis HRP conjugte antibody (Qiagen, UK) for B with shaking at room temperature.
QlAexpress Pentdlis antibodywas already conjugated with horseradish peroxidase; therefore
no secondary antibody was requirgt. this point,extensive wastswith TBST were performed

to remove any unbound antibody
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Detectionwas carried outising enhanced chemiluminescenE€IL western blotting detection
kit) (GE HealthcareUK) as perthena nuf act ur e r @hsmilummnesstence wds ithemn s

visualised using-rayfilm (Kodak, UK). Exposure times were typically 1min.

2.4.7.2 Anti -GST antibody

Following protein transfermembranes were blockemvernight with Qiagen blocking buffer

at 4 T with continuous shaking.The membrane was then incubated with a 1:5000 dilution
of the anti-GST HRP conjugate antibody (GE Healthcare, JUiir 1 h with shaking at room
temperature After that the membrane was washed three timd8BST buffer for 10min each
time to remove excesantibody.As anti-GST antibody has the secondary horserapesixidas
(HRP) antibody attached to itp secondary aibody is required. Protein blots were developed
using the ECL western blotting detection KGE Healthcare UK) according to the

manuf act ur e raidexposedon-ayfitnt(Kodak, BK).

2.4.7.3 Other antibodies

After transferring pragin onto the nitrocellulose membrane, thembrane wasncubated
overnight with blocking buffer {5mM NaCl, 5% (w/v)nonfat dried milk, 0.25% (v/v)
Tween20, 20mM TrisHCI buffer, pH 7.2)at 4C with continuous shakinglhe nitiocellulose
membrane was then washed 3 x 5 min in TBST buffer. Priauatipody(polyclonalantibovine
E3 or Elo rabbit antbodies) and secondagntibody (anti-rabbit 1gG) incubation wasarried

outin TBST buffer containing% (w/v) nonfat driedmilk. Membranewasincubated with the
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primary antibodyfor 1 h on ashaker at room temperature at a 1:33000 dilution The
nitrocellulose membrane was then washed 3 x 5 min in TBST buffer in order to remove unbound
primary antibody. Thenti-rabbit IgG secomaty antibody (Sigma, UK) was applied (1,200

dilution) for 1 h at room temperature with continuous shaking. This was followed Wwgsh

cycles of TBST buffereachfor 10 min time intervals.Protein blots were developed using the

ECL western blotting dettion kit (GE HealthcareUK) accor ding to the ma

instructionsand exposed on the-pay film (Kodak, UK).

2.4.7.4 Stripping the nitrocellulose membrane

Following detection of proteinby ECL, nitrocellulosemembranes can be strippetl mund
antibody and rgrobed with a different antibodythe membranavas washed 3 x 10 min in
TBST buffer at room temperatureThe wash buffer was discarded and the membrane was
incubated with thestripping buffer (0.1% (w/v) SDS, 1%v/v) Tweenr20, 200mM glycine,

pH 2.2) at room temperaturevith continuous shaking At this stage the membrane was
incubated with PBS (130mM NaCl, 27mM KCI, 4.3mM N&O;, 1.4mM KH, PO, , pH 7.4)

at room temperatureith continuous shakig. The nitrocellulose membrane was then washed

3 x5 minin TBST buffer in order to prepare the membrane for the next immunoblot.
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2.4.8 Peptide Array s

Peptide libraries were produced by automatic SPOT synthesis and syntlmsisedtinuous
cellulose membrane supports on Whatman 50 cellulose membranes usingcHemistry
with the AutoSpoRobot ASS 222(University of Glasgow).Nitrocellulose membrane was
equilibratedin absoluteethanol followed by shakgfor 10 min and washing with TBSduffer
(150mM NaCl, 0.1% (v/v) TweeB0, 50mM TrisHCI, pH 7.4)at room temperature. Excess
binding sites were blocked by immersing the nitrocellulose membra@&gen blocking buffer
(0.1g blocking powde 1ml blocking reagent buffer1% (v/v) Tweer20) for 2 h at room

temperature.

Protein was added (#15mg/ml) with shaking overnight inthe cold room. The membrane
was washed three times with TB®Uffer, each for 15 nm. After these washes, the membrane
was incubatedvith a 1:2000 dilution of the QlAexpress Pehis HRP conjugate antibody
(Qiagen, UK)at room temperature forl2 (in the case of antiis tag antibody which is already
conjugated with horseradish peroas® no secondary antibody is requijed&xcess antibody
was removed bgeverakchanges of TBSbuffer after incubation for 10 min at room temperature

with shaking.

Detection of I mmune complex was <carried out

employing theECL western blotting reagents kiGE HealthcareUK).
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2.4.9 Synthetic Peptide s

Synthetic peptidesised in this studgorrespondingo segments of thél-terminal region oElo
were obtained from Genscript, UK Synthetic peptideswvere synthesized byGenScript's
FlexPeptid&" technology In addition a 65meric peptide corresponding to amino acids Ser11
to Glu75 of theElo N-terminal regionwas purchased fromLifeTein LLC., USA. Synthetic
peptide purity (>90%) was confirmed by mass spectrometry and analytie®LC. Stock
concentrations10 mg/ml) of thepeptides were prepared ihe buffer of choice byigorous
pipetting, and thevorking concentratins prepared by further dilutiofhe synthetic peptides

used in this study atested inTable 2.9.

Synthetic Number of | Molecular _
] Sequence ) ] Purity
peptides amino acids | mass(Da)
Synthetic Pepl SGTSSNYVEEMYCAWLENPKSV o5 2.847 95 %%
HKS
Synthetic Pep2 WDIFFRNTNAGAPPGTAYQSPLP o5 2721 98%
LS
SGTSSNYVEEBMYCAWLENPKSV
Synthetic Pep3 | HKSWDIFFRNTNAGAPPGTAYQ 65 7,041 1 91%
SPLPLRGSLAAVAHAQSLVE

Table 29: Synthetic peptides used in this study
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2.5 Biophysical methods

2.5.1 Circular dichroism (CD)

Circular dichroism was used tperform secondarystructural characterisationf qeptides
covering the N-terminal region ofElo. CD measures differences in trebsorption of
left-handed polarizedight versus rightanded polarized light which arise due to structural
asymmetry.Proteins were dialysed against 20mM KO, buffer, pH 7.50vernight at 4 °C and
protein concentrations adjusteds required CD experiments were performed at room
temperatee on aJasco B10 spectrgpolarimeter scanning the spectra in the far and near UV
regionsat a scan speed &Onm/min and a bandwidth ofnin. All CD experiments were

performedand analysech collaboration wittDr. S. Kelly, University of Glasgow.

2.5.2 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) isa quantitative methodor analyzing molecular
interactions(affinity, thermodynamics and stoichiometryJC measures the heat absorlmed
heat releasedlue to the imding reaction between thmoleculesunder investigationThis
straightforwardtechnique allow for direct determinatiorof a complete thermodynamic profile
comprisng change in enthalpy (qH°, entropy (q&’), and in Gibbs free energy(giG°),

stoichiometryof binding (N) and association constaiit,]. TheqiG® is calculated fronthe Gibbs

equationgGo=1RTInKa or qGo= gH’i Tqs.
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Briefly, ITC experiments are performed usiagnethod of titration werethe ITC instrument
consists otwo cells (efererce cell andsample cell) are contained within an adiabatic jacket and
a syringe containing a ligand that is injectet im sample cellA series of injectiongapprox. 28
injections),1 0 ¢ | are peddmmedt3 mintime-intervals. Proteinconcentrationn the syringe

was 1520 fold more concentrated than the cell sanietein During the injection of the
proteininto the sample cell, he&t released or absorbed depending on whether the reaction is
exothermic or endo#rmic and the heat signal will approach zero when shaguration is
achieved Titrations of proteininto buffer asa control reaction were performed and subtracted
from the integrated binding data. Tipeak of each injection isrelatedto the heat change
associated witrthe reaction Fitting of the isotherm gives theompletethermodynamigorofile

parameters.

ITC was used to determine the affinapdratio of bindingbetweenE2o0, E3andor N-terminal
Elo constructsas described by Jung and colleag(iksget al. 2002) ITC experimentsvere

carried out in a VRTC microcalorimeter (MicroCal Inc., USA)

All proteins were dialysed overnight agairtbie buffer of choice Data were analysed using ron
linear regression in the MicroCal ORIGIN software package, assuming a simple binding model.
ITC experiments and analyses wererformedin collaboration withMrs. Margaet Nutley,

University of Glasgow.
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2.5.3 Mass spectrometry

Mass spectrometry is a useful tool for biochemical researchattasalytical technique used to
measure the mass-charge ratio of proteins. It gives accurate molecolassmeasurements
thathelpto confirm the purity of the samples. Mass spectroscopy analysis was carriectiogit by

Astbury centre, University of LeeddJK. Sample were prepared by dissoing protein

(50-100 £ Mn 20mM ammonium acetate, pH 7.5

2.6 Bioinformatic methods

2.6.1 Database screens

NCBI (http://www.ncbi.nim.nih.gov/sites/entrez?db=projeidrosite(http://prosite.expasy.ojg

Pfam fttp://www.sanger.ac.Qkand SSDB tittp://www.keqg.jp/kega/ssdpdlatabases were used

for screeing human protms, isoforms andnotifs andwere sorted according to their species of

origin.

2.6.2 Blast searches

In order to searckor protein homology and sequence similarity, BLASGmitine software with
parameters(Human, database: ndRef seq. protein, exp&d®.001, filter: default compare

protein sequengef the NCBIBLAST suite fttp://blast.ncbi.nim.nih.gov/Blast.ggivas used.
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2.6.3 Sequence alignments

Sequence comparisand alignmentdbetweentwo sequences were computed using LALIGN

(http://www.ch.embnet.org/software/LALIGN form.htmiwith settings (Alignment method:

local, number of reported sullignments:3, matrix: default, opening gap penalty, extending
gap penalty4). Alignment of multiple sequences was carried out using GhestalW?2

program (http://www.ebi.ac.uk/Tools/msa/clustaly2Avith default settingsand sequences

submitted in FASTAormat.

2.6.4 Protein structure predictions

To predict the possible3D structure ofthe Elo Nterminal regionthat has no apparent
sequence similarity to the SBDs of E2@E2b and E3BPPDC, online platforns

for protein structure prediatns I-TASSER (http://zhanglab.ccmb.med.umich.edUiASSER)

and SWISSVIODEL (http://swissmodel.expasy.grggereemployed

A 3D model structurewas alsobuilt based on multipkhreading alignments by LOMETS

(http://zhanglab.ccmb.med.umich.edu/LOMEY ' SAmino acid sequences were supplied in

FASTA format. Alignment of stuctures was carried out using the T&lign program

(http://zhanglab.ccmb.med.umich.edu/d@ign/) and stuctures submitted in pdb format.
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2.7 Data analysis

Statistical analysisf the dataandgraphproductionin chapter 8yere performed ora personal
computerusingthe statgraphics computer software EXCELef. 2007for Windows Microsoft
Office) to obtain the standard deviation (SD), standard error, (8&hdard error of the mean
(SEM) and studentt-test Assayswere carried outin triplicate. Student-test valueswere

represered ashe significance of the difference between two groups of samples.
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Cloning, protein over-expression and
purification

3.1 Introduction

RecombinanDNA technologyis a powerfulapproach in the study @folecular biologylt has
proved to be an idedliological tool forthe production and investigatiai specific proteinsn
biology or biomedcal scienceand has manypractical applications in medicine, industry and
agriculture. For examplea large number ofnedically importantproteinsare now produced in
this way and havereplacedtheir animal equivalentsin the treatment ofhumandisease.g.
human folliclestimulating hormonéLoumayeet al. 1995) human growth hormongGoeddelet

al. 1979a) insulin (Goeddelet al. 1979b)andsomatostatirfitakuraet al. 1977)

To achievestabilisation ad/or facilitate purification of recombinant proteins . coli, several
affinity tags have been producedcluding his-tags (His), glutathione -Bansferase (GST),
maltose binding protein (MBP) and calmodulin bindprgtein(CBP).Use of MBP is based on
its affinity for amylose on chromatography resirBhe pGEX2T vector contais a GST tag
(26 kDa polypeptideattachedo the N- or C-termirusof the target protein and binds glutathione
on affinity columnsMBP and GST tags have been dayed routinely to increastie solubility

of small proteins or individual domains expressectircoli. His tag are sequence of 6-10
histidine residues attachéal theN- or C-terminus that can bind metal iondlit’, Zn?* or C&")
exploiting thehigh dfinity of imidazole for theseions (Lindneret al. 1992) His tags havalso
beenknown toincreasethe overall solubility of the protein anchprove proteinfolding. The

pET-14b plasmidis a powerful system delaped for expression of recombinant proteins in
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E. coli. It hasa T7 promoter and enced a six histidine (His) sequence at its 5' terminus
followed by a thrombin cleavage site, three cloning sites afid terminator.Recombinant
proteinexpression is dependent on the cell strain and several conditthnsomposition of the
medium, temperatur@and the sequence ahe protein under investigationBacterial strains
demonstrate higrer degree of recombinant protein toleratican mammalia cells. Expression
at 30-37 °C often producesmaximumyields of protein althoughthereis a greatetencencyto

forminclusion bodescause byaggregatiorandimproper protein folding.

HumanOGDC and PDC are major multienzyme assemblies that ¢ao vital committed steps

in carbohydratametabolism.The subunit organizatiorof OGDC is the least studieshd most
poorly understooccompared to PDC and BCOAD®/ost previous studiebave employed
native complex purified from various organismisowever, the separationof individual
components hagproved difficult owing to the tight association of Elwith the E20 core.
Moreover, the componentsof 2-oxoacid dehydrogenase complexes (OGDC, PDC, and
BCOADC) areall encodd by the nuclear genome and transpatt posttranshtionally to
mitochondriaprior to assemblyThekkumkareet al. 1988; Maas and Bisswanger 1990; Wang

al. 2002) To resolvedifficultiesin simulatingand studyingassemblyusingthe native complex

access toecombinanproteinsis increasinglyable to resolvenany of these challenges

For example,individual recombinant PDCenzymeshave been successfullyoverexpressed
in E. coli and subsequently purified and reconsttiteyield fully -active complexXunpublished
datg G. Singh 2008 with a similar specificactivity to nativehuman hearPDC (Palmeret al.

1993) Previously constituent componentsof PDC ha been successfully produced by
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recombinant DNA technologyn several occasiorfseunget al. 1990; Quinret al. 1993; Ciszak
et al. 2001; Ciszaket al. 2003; Hiromasaet al. 2004; Smolleet al. 2006) However, a
mammalianOGDC recombinant modédias not yet been establishedwing to difficulties in
producingactive full-length E1o, althoughrecombinant E20 from various organisms have been
successfly over-expresse@Berget al. 1995; Ricauckt al. 1996; Knapyet al. 1998; Jonest al.

2000; Koikeet al.2000; Suzuket al.2002; Nakaket al.2008)

HumanOGDC is built around a2tmer i ¢ E 2 o 06 c ahick dultigencopjesna&f EA t o
and E3 bind tightly but nenovalently It differs significantly from PDC/BCOADC, as it does
not contain any SBD for E1o or E3 and there is no equivalent to E3BP in this complex. Hence,
human E20 has a unique structure compgiginly two domains (LD and CTD), unlike E2p and
E2b(Reed and Hackert 1990; Perham 1991; Watlial. 1996; Sandersoet al. 1996a; Knappet

al. 1998; Franket al. 2005) Previous selective proteolysis and immugital analysis in our
laboratory ha suggested that the-términal region of mammalian E1o may be important for
maintaining the structural integrity of the OGDginteracting with both E20 and ERiceet al.
1992; McCartneyet al. 1998) Therefore the major objective othis thesisis to investigate the
role of E1o Nterminal region in maintaining the structural integrity of the OGDC and to
mapidentify the preciseegionthought to be involved in maintainirggitical contacs with E3

andpossibly also E20

The main purpose of this chapter tis describethe cloning, expression and purification
of 9 short E1o N-terminal constructsbased on peptide array data (chapterThree are in

His-tag form(60, 90 and 153.a.$, three producedsGST-fusion proteins (60, 90 and 153.3
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andthreeas MBRfusion proteing60, 90 and 153%.a.3 corresponding tahe putativebinding
regions for E2o/E3interaction in order to obtain a better understandiofy the subunit
organisation of this complexSubsequently,the recombinant proteins purifieth this
chapterweretested for theiability to bind to E20 and E3 both vitro andin vivo (chater 4 &

chapter 5).

Initial attemps were also made this chapteto produce a recombinant actite@manOGDC by
cloning andexpressiorof mature humart1o andby expressiorand purification of humanE2o

andE3.

3.2 Materials and Methods

3.2.1 Cloning

3.2.1.1 Cloning of N-terminal Elo constructs (E1 0-60,
Elo- 90 and E10-153) in pET-14b (His-tag form )
N-terminal E1660 truncate (170 a.a) N-terminal E1e90 truncate (290 a.a), and Nerminal
Elo153 truncate (153 a.a) were cloned directly intdhe pET-14b vector Primers
were designed to theelevant5 6 and 306 humae mitoamondrial Elo cDNA (heart
isoformt OGDH-H). All oligonucleotidesvereorderal from Sigma, UK on the 25 nwhscale
While the E1060 fragmeit was cloned into théamHI restriction sitefor insertion into
pET-14b, the E10-90 and Eldl53 fragmentswere engineered witNdel andBamHiI restriction

sitesat t he 506 tapedmitdréciorialeclomng moi clone E1660 into pEF14b, an
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extra basewas incorporatel before the start codoto confer the correct reading framé&he

forward andreverse primers and restriction sitge showrin Figure3.1.

Truncated E10-60 (11-70 a.a) with BamH/ (Blue) restriction sites

Forward: 5- CTGAGCCGGATCCCAGTGGGACTAGTTCG-3

Reverse: 5- CTTCTACGGATCCTTATGCATGGGCCACAGC -3

Truncated E10-90 (1-90 a.a) with Nde/ (Green) and BamH/ (Blue) restriction sites
Forward: 5- GAGCCGCATATGTCTGCACCTGTTGCTGCTG-3

Reverse: 5- CCTGATGGATCCCTACACTGCCAGGTGGTCCTCC -3

Truncated E10-153 (1-153 a.a) with Nde/ (Green) and BamH/ (Blue) restriction sites

Forward: 5- GAGCCGCATATGTCTGCACCTGTTGCTGCTG-3
Reverse: 5- CCTGATGGATCCCTAGAAAGTGGTGGTGGGCAAG-3

Figure 3.1: Primer sequences for the truncated Nerminal E10 constructs: E1660, E1690

and E10153 (Histag form)
Restriction endeuclease recognition sites are underlined anducetb Stop codons are indicated in red.

The 5' region of humaklo (:166 a.a)previously cloned in the laboratory into pE#ib by

G. Singh(2008),was used as a PCR template to produceoBstructs of E1o encoding the
fragments 6(a.aand 90 a.a into pETl4b. A putative E1o human cDNA clone obtained from
SourceBioscience Ltd, UKwas used as the PCR templ&teamplify and clone the 5' end of

mature human E1lo (:153 a.@) into pET-14b. To minimise errors in base incorporatidhg
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reactions were set up using the Expand High Fidelity PCR System (Roche, RSR)wa
carri ed lreattionivelumacomangag 0 0e M of dHmW MgLl IXFPCR

buffer, 80ng templateDNA, 2.0U Tagp ol ymer ase ( Roche), steril e
primer. Negative control reactions without DNA template were also setdCR was carried

outasshown in Table 3.1.

Step Temperature (°C) Time
1 Initial denaturation 94 1 min
2  Denaturation 94 18s
3  Annealing 50 30s
4  Extension 72 50s
5 Repeat steps-2 for 5 cycles
6 Extension 72 5min
7  Cooling 4 1-24 h

Table 31: PCR cycle reactions: E1660, E1690 and E16153 (Histag form)
PCR programme using Expand High Fidelity DNA Polymerase

The quality and quantity of PCproduct wasassessedn a 1.52% (w/v) agarose gellongside
a 1lkb DNA Step LaddefThe PCR product was excised from an agarose gel unddrigbly

using a sterile scalpel and purifiadingQiagen gel extraction k{seesection 2.2%5).
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The E1660 PCR product and pET4b vectorwere digested witlBamH to generate cohesive
ends To prevent pET14b selfl i g a t-phosphates5vére removed by adding 1 unitaif
intestinal alkaline phosphataséor 30 min subsequent to digestiofhe E1690 and E16l53
PCR product were dgested withNdel and BamH for direcional insertion into the vectas
described in section 2&. Both digested plasmid and digested PCR prodweie run on a

1.52% (w/v) agarose gel and purified as described in section 2.2.5.

Ligation reactions were set up using T#eQuickLigation Kit from New England BiolabgUK).
Different ratios (1:1, 1:3 and 1:9f linear plasmid and insert were ligated including a mixture
containing the plasmid only as a negative control. The reactionperisrmedusingl € | T4
DNA | igase, and 1.l Therreactiont wa®o incubatedfofeenight §t Todm

temperaturdeforetransfornationinto E. coliDH5a.

The correct sequence and orientation of the constwagconfirmed by restriction digasn and
sequencing.Diagnostic digestion wagerformed usinddamH (for the E1e60 clone)or Ndel

and BamH (for the E1690 & E10153 clmes) as described in section 282. Digestswere
subsequently analysed by agarose gel electrophorébes.recombinat plasmidswvere sent for

DNA sequencing (University of Dundee) to confirm the exact coding sequence.
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3.2.1.2 Cloning of N -terminal Elo constructs (Elo -60,
E10-90 and E10-153) in pGEX-2T (GSTFfusion
proteins)

Recombinant plasmdi(pET-14b) encoding the human -drminal E1lo (:166 a.a)(G. Singh
2008)anda putativeE1lo human cDNA clone (Source Bioscience Ltd, W8€rved as templates
to amplify the Nterminal E1e60 truncate (170 a.a) N-terminal E1e90 truncate(1-90 a.a),
andthe Nterminal E1e153 truncate (153 a.a) respectivelypubsequentlyPCR productsvere
clond into pGEX2T via the TOPO TA cloningkit (Invitrogen. Primers(Sigma, UK with

appropriateestriction sites employed in the PCR reacaoeshown in Figire 3.2.

Truncated E10-60 (11-70 a.a) with BamH/ (Blue) restriction sites

Forward: 5- GAGCCCGGATCCAGTGGGACTAGTTCG-3

Reverse: 5- CTTCTACGGATCCTTATGCATGGGCCACAGC -3

Truncated E10-90 (1-90 a.a) with BamH/ (Blue) and EcoR/ (Green) restriction sites
Forward: 5- GAGCCGGGATCCTCTGCACCTGTTGCTGCTG -3

Reverse: 5- CCTGATGAATTCCTACACTGCCAGGTGGTCCTCC-3

Truncated E10-153 (1-153 a.a) with BamH/ (Blue) restriction sites

Forward: 5- GAGCCGGGATCCTCTGCACCTGTTGCTGCTG -3
Reverse: 5- CCTGATGGATCCCTAGAAAGTGGTGGTGGGCAAG-3

Figure 3.2: Primer sequences for the truncated Nerminal E1o constructs: E1660, E1690

and E10-153 (GSTusion proteins)
Restriction endauclease recognition sites are underlined anducetb Stop codons are indted in red.
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Amplification was carried outising the Expand High Fidelity PCR System (Roche, USA)
Typically, PCR was c ar r il eeaction wlumeicontaiming. 26l dNTR 2.0mM

MgCl,, 1x PCR buffer100ngtemplate DNA, 2.0UTag polymerase (Roche), sterile water and
0.2egM of each speci fi cwhiphwerenmeheatedftmdSWfarlsdin.and r e
Negative control reactionsvere alsoperformed Details of the PCR cycle times and reaction

temperaturearelisted in Table 3.2.

Step Temperature (°C) Time
1 Initial denaturation 95 2 min
2  Denaturation 95 15s
3 Annealing 50 30s
4  Extension 72 45 s
5 Repeat steps-2 for 24 cycles
6 Extension 72 7 min
7  Cooling 4 1-24 h

Table 32: PCR cycle reactions: E1e60, E1690 and E16153 (GST-fusion proteins)
PCR programme using Expand High Fidelity DNA Polymerase

PCR samples were analysed by agarose gel electrophoresis 6% (Bv) agarose gel and
the DNA extracted from the gel as described in section 2Th&. TOPO TA cloning vector
system was used as described in section 2.2.7 to facilitate cloning gire@its of Nterminal
Elo60 truncate (11-70 a.a) E1090 (1-90 a.a)and E1e153 (1-153 a.a)into the pGEX-2T

vectorrThe <c¢cl oning was perfor med accor dvianhg to t
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pPCR2.E2TOPO vectorgeesection 2.2.2)TOPO cloning ad pGEX2T vectos were subjected to
restriction digestion according to the clone of interése E1660 and E1dl53 PCR products
from the TOPO cloning vectowere digested witlBamH to generate cohesive endsor

the single restriion digests, the digested pGEX vector was treated with calf intestinal
phosphataséor 1 h at 37°C to remove phosphate grousorder toprevent seHigation. The
E1090 PCR productrom the TOPO cloning vectawas digested withBamH and EcoRI for
cloninginto the vectoras described in sectisr2.2.7 an®.2.8. After digestion, PCR products
from the TOPO cloning vector apdGEX-2T vector wereun on al.52% (w/v) agarose gel and
purified using the gel extraction KIDNA was el ut ed n buffeBds gléscribed int |

section 2.2.5

A series of ligation reactions were set uging theT4 QuickLigation Kit with varying ratios

of insertvector (1:1, 1:3 and 1:5)plus a control reaction without insert as described in
section 3.2.1.1. The ligation mixes wereincubated overnight at room temperature and
transformed intoTOP10 chemically competent cells (Invitrogen, Ukhe following day. The
transformations wereplaced on LB-ag ar pl at es suppl emented
and incubated overnight &7°C. To confirm the presence of an insert of the correct size,
diagnostic digests were performed on the purifiecombinant plasmidgsing BamHI - EcoRI

(for the E1890 clone) orBamHI (for the E10-60 and E16l53 clones) as described in section
2.2.8.DNA wasgelpurified and analysed on 12846 (wA) agarose gels alongside a 1RbBIA
ladder. The recombinant plasmids were sent for DNA sequencing (Wsiiyeof Dundee) to

confirm the exact coding sequence.
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3.2.1.3 Cloning of N -terminal E1lo constructs (Elo -60,
E10-90 and E10-153) in pET-30a (MBP-fusion
proteins )

A putative clone of E1o human cDNA Source Bioscience Ltd, UKwas used as the PCR
temphlteto amplify and clone the 5' end of matimenanE10-60 (1170 a.a) E1690 (1-90 a.a)
and E10153 (1-153 a.a) into pET-30a. The maltose binding proteinMBP) cloned into the

pET-30a vectowas kindly gifted by DrBrian Smith GlasgowUniversity.

Oligonucleotides(Sigma, Uy wer e desi gned t o itcldedBaniHl aadn d
Hindlll sites thatwere usedor cloning all 3constructs The forward and rearse primers and

redriction sites are shown in FiguBes.

Truncated E10-60 (11-70 a.a) with BamH/ (Blue) and Hind/ll (Green) restriction sites
Forward: 5- GAGCCGGGATCCAGTGGGACTAGTTCGAAC -3

Reverse: 5- CTTGTACAAGCTTCTATGCATGGGCCACAGC -3

Truncated E10-90 (1-90 a.a) with BamH/ (Blue) and Hind/ll (Green) restriction sites
Forward: 5- GAGCCGGGATCCTCTGCACCTGTTGCTGCTG-3

Reverse: 5- CCTGATAAGCTTCTACACTGCCAGGTGGTCCTC-3

Truncated E10-153 (1-153 a.a) BamH/ (Blue) and Hindlll (Green) restriction sites

Forward: 5- GAGCCGGGATCCTCTGCACCTGTTGCTGCTG -3
Reverse: 5- CCTGATAAGCTTCTAGAAAGTGGTGGTGGGCAAG -3

Figure 3.3: Primer sequencesfor the truncated N-terminal Elo constructs: E1660,

E10-90 and E16153 (MBP-fusion proteins)
Restriction endauclease recognition sites are underlined anduteth Stop codons are indicated in red.
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PCR was performedusing the Expand High Fidelity PCR System (Roche, UlBAthe same
manner as théCR amplification for production ofGST-fusion proteiis asdescribe above
(section3.2.1.2)with some modificationg1 conditions of activationdenaturation andnnealing

The reaction cycles comprising 7 steps are shown in Tahle 3.

Step Temperature (°C) Time
1 Initial denaturation 94 2 min
2  Denaturation 94 45s
3  Annealing 55 45s
4  Extension 72 1 min
5 Repeat steps-2 for 26 cycles
6 Extension 72 10min
7  Cooling 4 1-24 h

Table 33: PCR cycle reactions E10-60, E1690 and E16153 (MBP-fusion proteins)
PCR programme irsg Expand High Fidelity DNA Polymerase

Following PCR, samples were subjected to agarose gel electrophoresis on a 1.8% (w/v) gel and
the DNA purified from the gel. The PCR product and (& vector were digested widamHlI

and Hindlll for directonal insertion into the vectoas described in section 2.2.Burified
digestedPCR productsor ligation into pEF30awas also performed by tlsame routine ligation
protocolusingthe T4 QuickLigation Kit with variousratios ofinsert:vector(1:1, 1:3 and 1:pas
described in section 3.2.1.Rlasmids were then digested wBamHI and Hindlll to confirm

the presence of amsert of the correct size as describedsattion2.2.8 DNA was sentfor

sequence confirmation as previoudBscribed
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3.2.1.4 Cloning of human full -length Elo in pET-14b
(His-tag form )
A putative E1o human cDNA clone(IMAGE ID 1000045180CAA-22-D1) obtained from
Source Bioscience Ltd, UK was used as the PCR temigaenplify and clone maturdeuman
Elo (2886bp)into pET-14b. Primers(Sigma, Uy wer e desi gned to ot he 50
maturehumanElo cDNA with theintrodudion of Ndel and Xhol restrictionsites Both ends
( 5a6d 3 dermini) of the primer were typically designed withC£ clamp to increase binding
efficiency. Primerswith appropriaterestriction sites employed in the PCR reactwashown

in Figure3.4.

Full-length E1o with ANde/ (Blue) and Xho/ (Green) restriction sites

Forward:  5- GTTTCTTCATATGTCTGCACCTGTTGCTGCTGAGCCC-3
Reverse: 5-GTTTCTTCICGAGCTAGTGGGTCTTCTTGTTGCCGGTGGC -3

Figure 3.4: Primer sequences for thdull -length E1o construct(His-tag form)
Restriction endmuclease recognition sites are underlined anducetb Stop codons are indicated in red.

PCR reactions were set up using the Expand High Fidelity PCR System (Roche, U$#igal
reactionmixture in a total volume ob0e | i n2nMMg@.dl ¢ | dNTP mix (0.25
of dATP, dCTP, dGTP, and dTTH) epre-heated (95C) specific forward and reverse primers

50ng of DNAtemplate5 ¢ | react x)yamd2.®UWof Exgand p¢lymeragereparedn a
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tot al v ol witmsteril®dHO.NBgative control reactions without DNA template were

also set up. PCR cycles are shown in T&tle

Step Temperature (°C) Time
1 Initial denaturation 95 2 min
2  Denaturation 95 15s
3 Annealing 50 30s
4  Extension 72 3.3 min
5 Repeat steps-2 for 26 cycles
6 Extension 72 7 min
7  Cooling 4 1-24 h

Table 34: PCR cycle reactions human full -length E1o(His-tag form)
PCR programme using Expand High Fidelity DNA Polymerase

PCR samples are analysed by gel electrophoresis on a 1% (w/v) agarose gel and the DNA
extracted as described in section 2.2/e PCR product and plasmid were digested Wide|
andXhol for directional insertion into the vectdrypicdly, digests were performeat 37°Cin a

total volume of6 0 scdntaining3 0 eDNA, Ndel (5U/ ednd Xhol (5U/ eih appropriate
reaction buffer for 3h. Both digested plasmid and PCR produatsre run on a 1% (w/v)

agarose gel and purified as described in section 2.2.5.
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PCR fragments contaimg the desiredsticky ends were ligated directly into appropriately
digested pETl4b. Ligation reactions were performed by the same routine ligation protocol
described in section 2.2.9. However, the ligation was conducted at various ratios of vector
to insert(1:1, 1:3 and 155 n a tot al v 0| u me recohbinadtDNdAlwas T h e
transformed intoE. coli DH5 U  evlich lwere grown overnightat 37C on LB plates
containing5 0 € g/ ml dsepsecton 1213.4).n Individual olonies wee then grown
overnightat 37C in 5ml aliquots of ampicillinsupplemented LBPlasmid purification was
carried outas described in section2Z3. Diagnostic digestion wagerformed usindNdel and

Xhol as described in section 2.2Recombinant plasmidwith appropriatesequencing pners

were sent for DNA sequencing (University of Dundee) to confirm the exact coding sequence

(seesection 2.2.10).

3.2.2 Protein over -expression

All His-taggedconstructsencodingElo E20 and E3 wereexpressedn E. coli BL21 (DE?J)
pLysS whereasE1060, E1690 andE1lo153 wereexpressedn the E. coli BL21 Star(DE3J)
pLysS strain GST and MBP constructs weaésotransformed intde. coli BL21 (DE3) pLysS.
Protein ovefexpression of Higag, MBP and GST fusion proteinsagvperformed usig a
standard protocol as described in section 2.4h#@luction of proteirexpression wagiitiated by
addition of 1mM IPTG In the case oE2qg the culturewas supgemented with lipoic acid
prior to induction His-tagged constructsEQo-60, E1690, E16153 and full-length E10)
overexpression s attempted at 18°C for overnigh®rotein wer-expressionand solubility
was checked by SD®¥AGE andwestern blottingas describedin sectiors 2.4.3 and 2.4.7.

Theover-expression plasmidssed in this study atested inTable 3.5.
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Protein P\:g(s:,:g'rd E.coli strain Antibiotic ® 'I'(((‘-;‘Cr?)p T(lhm)e

E3 Histag pET-14b BL21 (DES3) pLysS Amp, Chl 30 4
E20 His-tag pET-14b BL21 (DE3) pLysS Amp, Chl 30 4
Elo-60 Histag | PET-14b BL21 Star(DE3) pLysS| Amp, Chl 18 18
Elo-90 Histag | PET-14b BL21 Star(DE3) pLysS| Amp, Chl 18 18
Elo-153His-tag | PET-14b BL21 Star(DE3) pLysS| Amp, Chl 18 18
Elo-60 GST pGEX-2T | BL21 (DE3) pLysS Amp 30 4
El1l0-90 GST pGEX-2T | BL21 (DE3) pLysS Amp 30 4
E10-153GST pGEX-2T | BL21 (DE3) pLysS Amp 30 4
Elo-60 MBP pET-30a | BL21 (DE3) pLysS Kan 30 4
El0-90 MBP pET-30a | BL21 (DE3) pLysS Kan 30 4
Elo-153MBP pET-30a | BL21 (DE3)pLysS Kan 30 4
Full-lengthElo | pET-14b BL21 (DES3) pLysS Amp, Chl 18 18
Wt GST pGEX-2T | BL21 (DE3) pLysS Amp 30 4
wt MBP pET-30a | BL21 (DE3) pLysS Kan 30 4

Table 35: Over-expression plasmids and selectioconditions used in ths study
The various antibiotics used nameatyoramphenicol (Chlyampicillin (Amp) andkanamycin(Kan) aredenoted.

wt, wild-type

3.2.3

Protein purification

Metal chelate chromatograpkasused to purify Higagged proteinghile GST fusion poteins
wereisolatedby use of aglutathione Sepharose 4tlumn His-tagged proteins (E2cand E3)
and GST fusion proteins {8-60, E1690 and E1lel53) were enrichedusing two rounds of
chromatographic purification to achieve high yields and pudy. MBP Trap HP column
was usedto purify MBP-fusion proteins.Technical details of thegrotein purification are
describedn section 2.4.4.Details of the purification buffers usetliring this projectre listed

in Table 3.6.

104



Results

Chapter 3
S —
c ) 1) o . c C
-% £ Protein S Binding buffer Elution buffer g0
> O = 53
I 5 w5
o
Full-length | MC 50mM KH,PO,, pH 8.0 50mM KH,PO,, pH 6.0 0-100%
100mM NacCl, 10mMmidazole | 100mM NaCl, 500mMmidazole
Elo
MC 50mM KH,PQ,, pH 8.0 50mM KH,PQ,, pH 6.0 0-100%
E20 100mM NaCl, 100mMmidazole | 100mM NaCl, 500mMmidazole | ¥~ 0
GFC 50mM KH,PQ;, pH 7.4 None None
o 20mMNacCl, 2mM EDTA
ISt
-%’ MC 50mM KH,PO;, pH 8.0 50mM KH,PO;, pH 6.0 0-100%
100mM NacCl, 10mMmidazole | 100mM NacCl, 500mMmidazole
E3
GFC 50mM KH,PQ,, pH 7.4 None None
20mM NaCl, 2mM EDTA
Elo60
E1090 MC 50mM KH,PQ,, pH 8.0 50mM KH,PQ,, pH 6.0 0-100%
100mM NacCl, 10mMmidazole | 100mM NaCl, 500mMmidazole
Elo153
Elo60 >
c .
o Elo90 | £ 20mM TrisHCI, pH 7.4 20mM TrisHCI, pH7.2 5CV
= © 200mM NaCl, 1mM EDTA 15mM maltose
= o ’ 200mM NaCl, 1mM EDTA
Elo153 g
Elo60 >
b= 2| PBS (140mM NaCl, 2.7mM KCl, - 50 1 6 ced glutathione, 5CV
8 = 10mM NgHPQ,, and 1.8mM 50mM TrisHCI, pH 8.0
n E1090 = KH,POy, pH 7.3) ’ :
O
Elo153 | GFC 50mM KH,POy, pH 7.4 None None
20mM NacCl, 2mM EDTA

Table 36: Purification buffers used in this study
CV is column volume while MC, GFGST and MBP denote metal chelate, gel filtration chromatogsgpBST

affinity chromatograpy and MBPaffinity chromatograpy, respectively
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3.3 Results and discussion

3.3.1 Cloning

3.3.1.1 Cloning of N -termi nal Elo constructs (Elo -60,
Elo 90 and El0-153) in pET -14b (His-tag form s)

Three mature Merminal Elofragments weresuccessfullycloned encodings0 a.a. (11-70),
90 a.a. (1-90) and 153a.a. (1-153) as Higag fusion proteinsAmplification of the DNA
sequencegorresponding to residuekl-70, 190 and 1-153 was successful and yielded the

expectedl8bp, 27(p and45%p PCRproductsrespectively as shown Figure3.5.

1kb
A| 1o £10.60 (pET-14b)

C 1kb

ladder Elo-153 (pET-14b)

Figure 35: PCR amplification of N-terminal E1o segmentgpET-14b)

PCR mixtures (5¢l) were resolved on 2% agarose gels a
ethidium bromide. Band sizes are indicated in(#).PCR amplification of E1&0 (11-70). A positive result was

seen by the presence of aagle band of expectedize 480 bp (B) PCR amplification of E1®0 (1-90).

A positive result was seen by the presence of a single band of exgemed270 bp(C) PCR amplification of

Elo153 (£153).A positive resultvas seen by the presence of a single band of expseted40 bp

Lanes contain replicate samples from the PCR reactions.
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Digested PCR products were then successfully cloned into thelglEVector Ligation of

digested inserts (160, E1690 and E1€l53) into pET-14b resulted information of

recombinant plasmids E180-pET14h E10-90-pET14band E16153-pET14h

E1o-60-pET14bplasmid waghen digesteduccessfullywith BamHL Analysis of the digests on

a 2% (w/v) agarose gebnfirmed the presence ah insert of the correct size (@px. 180bp) as

shown inFigure 3.6A. Similarly, digestionof E10-90-pET14band E10-153-pET14bplasmids

with NdelandBamHIindicated successful cloning, resulting in single bands of 270bp and 459bp

respectively(Fig. 3.8 & 3.6C).The correct recombinant plasnmsdquences wem@nfirmed by

DNA sequencingseesection 2.210).

A 1kb

ladder

PET-14b

—E10-60

1kb
ladder

pET-14b

10000
8000
6000

5000
4000

3000
2500
2000

1500
1000
750

500

250

1kb
ladder

PET-14b

+— El0-153

Figure 3.6: Restriction digestion of Nterminal E1o constructs (pET14b)
DNA samples were resolved on 2% agargsis and then stained with ethidium bromi8éainedagarose gels were

viewed under UV lightU & D denote undigested and digested pEWb. Band sizes are indicated in Restriction
digestion of recombinant plasmids showing the presence of inserte ekfiected sizeg¢A) Diagnostic digesof
cloned product E160-pET14bshowing~ 180bpinsert (B) Diagnostic digest of cloned product EQ6-pET14b

showing~ 270bpinsert (C) Diagnostic digesbf cloned product EX453 pET14bshowing~ 460bp insert
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3.3.1.2 Cloning of N -terminal Elo constructs (Elo -60,
E10-90 and E10-153) in pGEX-2T (GST fusion
protein s)

Mature Nterminal Elofragmentsencoding60 a.a.(11-70), 90a.a.(1-90) and 153.a.(1-153)
were also successfullycloned into pGEX2T. Amplification of these DNA sequences was
successful and yielded the expect#lbp, 27Gp and45%p PCR productsrespectively as

shown inFigure3.7.

A 1kb B 1kb
ladder EO'GO‘_"GEX'Q ladder E1_o-90 (pG_EX-ZT) C 'aldl:,:r E10-153 (pGEX-2T)

10000
5000
2000
3000
2500
2000

1500
1000 1000
750 ]

500

250

Figure 3.7: PCR amplification of N-terminal E1o constructs (pGEX2T)

PCR mixtures (5¢l) were resolved on 2% agarose gel s a
ethidium bromide. Band sizes are indicated in bp. (A) PCR amplification 66B1@170). A positive result was

seen by the presence of a single darf expectedsize ~180 bp (B) PCR amplification of E1®0 (1-90).

A positive result was seen by the presence of a single band of exgeteeR70 bp(C) PCR amplification of

E10-153 (£153).A positive result was seen liye presence of a single band of expesied ~40 bp

The PCRproducts were sacessfully cloned into thpCR2.2TOPO vector(see section 2.2.7)
Purified insert€£10-60, E1690 and Eb-153from the TOPO ligations were theligested along

with wild-type pGEX-2T plasmidusingBamHIandEcoRI
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Following ligation of digested inserts (&60, E1690 and E1dl53)into the pGEX-2T vector
recombinant plasmids E80-pGEX-2T, E1090-pGEX-2T and E1el53pGEX-2T were

produced

E1o60-pGEX-2T and E10-153pGEX-2T plasmid were digestedsuccessfullywith BamHL
Analysis of the digests on a 2% (w/v) agarosecgefirmed the presence of insedf the correct

sizes 180bp and159bp respectively as shown Figure3.6A & 3.6C.

Similarly, digestionof E10-90-pET14brecombinant plasmigvith BamHI and EcoRlindicated
successful cloningresulting in single bandf approx. 270bp (Fig. 3.6B) The correct

recombinant plasmidequences wenfirmed byDNA sequencingseesection 2.210).

A 1kb PGEX-2T B 1kb PGEX-2T
ladder

ladder —g——p —

g g8t

2500
2000
1500

£ 3§

+~ Elo-153

250
<«—— Elo-60

Figure 3.8: Restriction digestion of Nterminal E10 constructs (pGEX2T)

DNA samples were resolved on 2% agarose gels and then stained with ethidium bromide. Stained agarose gels were

viewed under UV light. U & D denote undigested and digestde)p@T. Band sizes are indicated in bp. Restriction
digestion of recombinant plasmids showing the presence of inserts of theeexpizets. (A) Diagnostic digest
of cloned product EX60-pGEX-2T showing~ 180bpinsert (B) Diagnostic djest of cloned product EI20-
pPGEX-2T showing~270bpinsert (C) Diagnostic digesbf cloned product EXa53pGEX-2T showing~ 460bp
insert
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3.3.1.3 Cloning of N -terminal E1o constructs (E1o -60,
E10-90 and E10-153) in pET-30a (MBP fusion
protein s)

Short mature MNerminal Elo fragments encoding to the predicted binding region for
E20/E3 (60a.g 90a.a andl53a.g were successfully cloned into pEBDa.The E1660, E1690
and E1el53 sequences corresponding to-701 190 and 1-153 a.a., respectively were

successfully amplified by PCising ExpandHigh Fidelity PCR Systen(Fig. 3.9). BamHIand

Hindlll restriction sitesvere usedor cloning all 3 constructs via the classical cloning approach.

C T

1kb 1kb b
ladder  E10-60 (pET-30a) ladder E10-90 (pET-30a) ladder Elo-153 (pET-30a)

Figure 3.9: PCR amplification of N-terminal E1o constructs (pET30a)

PCR mixtures (5¢l) were resolved on 2% agarose gel s

ethidium bromide. Band sizes are indicated in bp. (A) PCR amplditatf the E1e60 (1170). A positive result
was seen by the presence of a single band of expsizied-180 bp(B) PCR amplification of the E180 (1-90).
A positive result was seen by the presence of a single band of expizetec?70 bp(C) PCRamplification of the
E1lo153 (£153).A positive result was seen by the presence of a single band of expeeted0 bp
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The PCR amplified insertéE10-60, E1690 and E1€l53) were digested wittBamHI and
Hindlll and subsequently ligated into dgged pET30aresulting in the ligated prodsE1o-60-

pPET30a, E1eD0-pET30a and EXA53-pET30a respectively

Successful cloning oE10-60, E1690 and Eb-153 was confirmedvia diagnostic digests with
BamHI and Hindlll that yielded the expectetBop, 270bp and 459bpproductk respectively

(Fig. 3.10). This was further confirmed by DNA sequenc{sgesection 2.210).

— Elo-153

+— El0-60

Figure 3.10: Restriction digestion of Nterminal E1o constructs (pET30a)

DNA samples were resolvech@% agarose gels and then stained with ethidium bromide. Stained agarose gels were
viewed under UV light. U & D denote undigested and digepteti30a Band sizes are indicated in bp. Restriction
digestion of recombinant plasmids showing the presencesefts of the expeetl sizes. (A) Diagnostic digest

cloned product E1-:60-pET30ashowing~ 180bpinsert (B) Diagnostic digest of cloned product EQ6-pET30a
showing~ 270bpinsert (C) Diagnostic digestf cloned product E2:453-pET30ashowing~ 460bp insert
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3.3.14 Cloning of human full -length Elo in pET-14b
(His-tag form)

The mature full-length human Elo constructwas successfullycloned with an Nterminal
His-tag sequenceAmplification of the DNA sequence corresponding to residde362 was
successful and yieldeimajor band oR886bpconsistent with the predicted size for E1o cDNA

as shown irFigure3.11.

1 kb EIO‘fUII Iength
ladder (PET-14b)
10000
8000
6000

5000
4000

3000
2500
2000

1500

1000
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500

250

Figure 3.11: PCR amplification of human full -length E1o (pET-14b)
PCR mi xtures (5 ¢1% aganosergels anc theoDNA gielvedounder UV light after staining with

ethidium bromideBand sizes are indicated in HPCR amplification ofull-lengthElo (1-962). A positive result
was seen by the preserfea single band of expectsize ~2900bp.
Lanes contain replicate samples from the PCR reactions.
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Using T4 DNA ligase with restriction enzymedNdel and Xhol, the PCR product was
successfullyincorporatedinto pET-14b yielding a fultlength His-tagged copy of themature

human E1o cDNA sequence

The Elo-pET14bplasmid washen digesteguccessfullywith Ndel and Xhol. Analysis of the
digests on 4% (w/v) agarose gelonfirmed the presence of an insert of the correct sizedap
288tbp) as shownn Figure3.12. The correctsequence and readifigame were confirmed by

DNA sequencingseesection 2.210).

1kb pET-14b
ladder T

—Full-length
Elo

Figure 3.12 Restriction digestion ofhuman full -length E10 construct(pET-14b)

DNA samples were resolved 486 agarose gels and then stained with ethidium bromide. Stained agarose gels were
viewed under UV light. U & D denote undigested and digested I Band sizes are indicated in bp. Restriction
digestion of recombinant plasmids showing the presence ofdrafettie epected sizes. Diagnostic digedtcloned
ElopET14bshowing~ 290(bp insert
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3.3.2 Protein over -expression

3.3.2.1 Over -expression of E10-60, E10-90 and E10-153
(His-tag form s)

To produce His-tagged Nterminal Elo polypeptices human Nterminal Elo constructs
(E1060, ED-90 and Ed-153) in pETF14b were transforned individually into E. coli BL21
(DE3) pLysScells Overexpressiorin LB mediawas inducecat 30C with ImM IPTG for 4h
as described in Material®id Methods, section 2.4.10n SDSPAGE analysisit was found that
the Nterminal fragments failed to ovexpress undethese conditions (data not shown).
Possibly aving to the small sizeof mMRNA, theE. coliBL21 (DE3)pLysScells did not provex
suitable vehicle for overexpressionunder these conditiondHowever, byadjusting various
parameters,suitable conditions for His-tagged N-terminal Elo fragment expression were
established to blw temperaturendgrowth in a modified rich LB media (Terrifibroth) after
transformng into E. coli BL21 Star (DE3) pLysSThis strain carries thernel31 mutation

resultingin potentially higher protein expressias a result oincreasednRNA stability.

However, even under optimal conditiongxpression of hunmaHis-tagged N-terminal Elo
constructs (E1®0, ED-90 and Eb-153) at low temperature (£8), ImM IPTG for 18h
still produced lowyields of protein (Fig. 3.13). Thenduced proteins were of the correct
expectedsizes aporox. 8, 10 and 18 kDa respectively The presenceof small amountsof
His-tagged N-terminal Elo fragments (B360, E1690 and E1el53) in thesecell extracts
was subsequentlyconfirmed after purification by probing with anantrHis tag antibody

(Fig. 3.20B, 3.21B & 3.22B).
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B M, kDa

Figure 313 Expression of N-terminal Elo construcs: E10-60, E1690 and E1e153
(His-tag forms)

N-terminal E1loconstructs were expressed overhl#t 18°C irE. coli BL21 Star(DE3) pLysS.Cells were grown in
Terrific broth Samplesweretaken at the timef induction (t0) and after 1B (t18). Samplesvere denatured in the
presence o150mMDTT at 100°C for 5min and resolvean an 18% SDSpolyacrylamide gel. Protein bands were
visualisedusing CoomassieBrilliant Blue. Lane 1, molecularmassmarkes. The arrow on the right of the gel
indicatesoverexpressegrotein (A) SDSPAGE analysis oE10-60 showing poor &pressionat the expected size

~ 8 kDa. (B) SDSPAGE analysis of EX80 showng poor expressiomt the expected size~ 10 kDa. (C) SDS
PAGE analysis of EX453showng poor expressioattheexpected size- 18 kDa.

3.3.2.2 Over -expression of E10-60, E10-90 and E10-153
(GST fusion proteins)

HumanN-terminal E1o fragments (E180, E1690 and E1€l53) wereclonedindividually into
pPGEX-2T to form the plasmisl EL0-60-pGEX-2T, E1690-pGEX-2T and Elel53 pGEX-2T.
The plasmid were then transforrad into theE. coli expression strairBL21 (DE3) pLysS.
Recombinant proteinver-expression s successfully carried out at 3096r 4 h andinduced

by the addition obmM IPTG as described in Materials and Methods, section 2.4.1.
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SDSPAGE analysis ofsamples takemt the time of inductiomnd after 4h demonstrated the
presence obverexpressecE1060, E1690 and Elel53. Bands at32, 36 and43kDa were
observed corresponding to the predicsethunitM, values of theE1o0-60, E1690 and E1el53
GST fuson proteins(Fig. 3.14). SDSPAGE analysigevealedthat the majority of the protein

was soluble and reactive with af8ST antibody as assessed by Western blotfdada not

shown).
M, kDa M. kDa M, kDa
A B " 1 to ta
12 totstotatota to ta 0. S
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Figure 3.14: Over-expression of Nterminal E1o constructs E10-60, E1690 and E16153

(GST fusion proteing
N-terminal E1o constructs were expresfad4 h at30°C in E. coli BL21 (DE3) pLysS.Cells were grown in LB

media.Samplesweretaken at the time of induction (t0) and affeh (t4). Samples were denaturedthe presence
of 150mM DTT at 100°C for Bnin and resolvedn a 10% SDSpolyacrylamide gel.Protein bandsvere visualised
using CoomassieBrilliant Blue. Lane 1 molecularmassmarkes; lane 2 purified GST as control(~ 26 kDa)

The arrow on the right of the gel indicateserexpressedprotein (A) SDSPAGE analysisof E10-60 over

expressionshowng large yields of E1060 at the expected siz¢~ 32 kDa). (B) SDSPAGE analysis 0E10-90

over-expressiorshowng largeyieldsof E1090 attheexpected sizé~-36 kDa). (C) SDSPAGE analysis of E1453

over-expressiorshowng good yieldof E1o-153attheexpected sizé~ 43 kDa).
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3.3.2.3 Over -expression of Elo -60, E10-90 and E10-153
(MBPfusion proteins)

Each of theN-terminal Eloconstructs E10-60, E1690 and E1dl53 (ET-30avector) were
transformedindividually into competen€&. coli BL21 (DE3) pLysS cells for overexpression.
The overexpression of all constructs was oadr out successfully at 30°C for ahdinduction

period. Figure 3.15 shows the level of exprassf E1660, EEX90 and E1€l53,respectively.

The solubility of the oveexpressed proteins was analysed by the standard proseesk€tion
24.2) and reslved by SDSPAGE. All of the overexpressed protein was found in the soluble

fraction (data not shown).

c M, kDa
ta

97-  —
66- C—
45—
30-  —

20-

14-

| |
)

Figure 3.15. Over-expression of Nterminal E1o constructs: E10-60, E1690 and E16153

(MBP fusion proteins)

N-termiral E1o constructs were expresged4 h at30°C in E. coli BL21 (DE3) pLysS.Cells were grown in LB
media.Samplesweretaken at the time of inductiorOftand afted h (t4). Samples were denatured in the presence of
150mM DTT at 100°C for 3nin and reslved on a 10% SDSpolyacrylamide gel. Protein bands were visualised
usingCoomassierilliant Blue. Lane 1 molecularmassmarkes. The arrow on the right of the gel indicat@ger
expressedprotein (A) SDSPAGE analysis of E1X60 overexpressionshowng large yields (~ 48 kDa).

(B) SDSPAGE analysis of EI80 overexpressiorshowng large yields(~ 50 kDa). (C) SDSPAGE analysis of
E1lo-153 overexpressiorshowing good yieldg~58 kDa).
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3.3.24 O ver-expression of human full -length Elo
(His-tag form)
Human full-length E1o construct was cloned into pA#ib and transformed into competent
E. coli BL21 (DE3) pLysS cells for overexpressionOverexpression was attempted 3 °C
(data not shownpnd 18 °C with inM IPTG. Conclusively for the first time humanElo
(subunit M ~ 110 kDa)was successfully oveexpressed iran E. coli cell system.Moreover
overexpression of humafull-lengthElo at a low temperature (38) for 18 h provided good
yields of protein (Fig. 3dA). The proteinvasof the orrectsize(~ 110kDa). Theidentity of

full-lengthElo wasalso confirmed by Western blotting with ahtis tag antibody (Fig. 3.16B).

B M, kDa

Figure 3.16: Over-expression of human Elo (Higag form)

Elo wasexpressed over 118 at 18°C inE. coli BL21 (DE3) pLysS. Cells were grown in LB media. Samplesre
taken at the time of induction (t0) and afterlL@18). Samples were denatured in the presendd@imM DTT at
100°C for 5min and resolve@n a1l0% SDSpolyacrylamide gel. Protein bands were visualised u§logmassie
Brilliant Blue. Lane 1 molecularmassmarkes. The arrow on the right ohe gel indicatesverexpressegrotein
(A) SDSPAGE analgis offull-lengthElo overexpressiorshowing good yieldsat the expected sizé~ 110 kD3.
(B) Western blot analysis déll-lengthElo.The presencef His-taggedfull -lengthElo wasconfirmed by Western
blotting with antiHis tag antibody.
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Solubility analysis of the oveexpressed humdnll-lengthEloat a low temperature (18) was

performed as described in tMaterials and Methodgseesection 2.4.2) The vastmajority of

the proteinvas found to be insolubl&ig. 3.17).
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Figure 3.17: Solubility analysis of human Elo (Histag form)

Elo was expressed over h&t 18°C inthe E. coli BL21 (DE3) pLysS. Cellswere grown in LB media. Sample
were taken after 18 (t18). Samples were denatdrén the presence of 150mM DTT at 100°C fommn and

resolvedon a 10% SD$olyacrylamide gel. Protein bands were visualised uSiagmassidrilliant Blue. Lane 1

molecularmassmarkes. The arrow on the right ohé gel indicates fusion proteiRollowing overexpression of
full-length Elo, the bacterial cells were centrifuged at 4°G0@xg for 15min and resuspended in 3ml binding
buffer. The bacterial extract was passed 4 times through a French Pressure Ceppsat@%0s r upt e d

weret hen centri fuged

at

4AcC,

13,000xg for

10 min

cell s

and t h

Laemmli sample buffer while the pellet wasswspended and washed 3 times with PBS buffer. Finally, the washed

pellet was resuspended in an equal wome
protein supernatant (S) and pellet suspension (P) was loaded oRABIS to view the solubility. SDRAGE

of

Laemml i

sampl e

analysis shows fullength E1o was largely insoluble and present in the pedietiém (P).

buffer

(100¢l)

Elo is a homodimer of two 110 kDa subsr(ii). Typically, E. colihas not proved an effective

host forexpresmg or promoing the correct folding ofarge proteins (> 70 kDa)n suchcases

the expressed proteinusuallyinsoluble ancaccumulates asclusion bodies.
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Failure to produce solubleecombinantproteinis often the result ofimproper protein folding
during the protein expression.Misfolding of expressed recombinaptoteinsin prokaryotic
hosts oftenoccursas a result of rapid protein expression, high expression temperatuise of
a stronger promotesuch as T7and bhck of suitable chaperones However, a number of
approaches are availableitoprove expressed protein solubiliipcluding co-transfomation of
plasmids encoding the mali coli chaperone$GroEL and GroES)ZeilstraRyallset al. 1991)
decreamg the rate of protein synthesis by loweyithegrowth temperaturéZhanget al. 2003)

choiceof a suitableE. coli strainand ug of a weakeipromoter €.g T5).

Previously, overexpression ofsoluble recombinantElp proved difficult in our laboratory;
however, cloning intothe pQE9 vector and transfornmg into E. coli M15 cells allowed
successfulow-level prodiction of active soluble E1p(Korotchkinaet al. 1995; Singh 2008)
The pQE9 vector contais the T5 promoter, while, E. coli M15 cells contairs the pREP4

plasmidthatencodes th&ac repressofKorotchkinaet al. 1995)

No successfulloning, expression and purification of activecombinantmammalianElo has
been reported in the literatute date. Unfortunatelyfurther attempts t@btain active, soluble

Elo in this study were limited by time constraints
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3.3.2. 5 Over-expre ssion of human E 20 (His-tag form)

An E20 construct in pETL4b was already available in the laboratorfhe E20 construct
was transformed intoE. coli BL21 (DE3) pLysS.Overexpression was successfully carried
out at 30°C for 4h after indudion with ImM IPTG and supplemerdtion with lipoic acid
(see section 2.4.15DSPAGE analysis revealed large yields of ce&pressed proteiof the
expected sizé~ 48 kDa) (Fig. 3.18). The soluility of the expresse&2o was analysed by the
standard protoco(seesection 2.4.2)and found by SDSPAGE to be present in the soluble

fraction (data not shown

M, kDa
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Figure 3.18 Over-expression of humarE2o His-tag form)

E20 wasexpressedor 4 h at30°C in E. coli BL21 (DEJ3) pLysS. Cells were grown in LB mediggampleswere
taken at the time of induction (t0) and afteh (t4). Samples were denatured in the presence of 150mM DTT at
100°C for 5min and resolvean a 10% SDS/polyacrylamide gel. Protein bands were visualised uSingmassie
Brilliant Blue. Lane 1 molecularmassmarkes. The arrow on the right ohe gel indicatesverexpressegrotein
SDSPAGE analysis of Bo overexpressiorshowing largeyieldsattheexpected siz¢~ 48 kDa).
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3.3.2. 6 Over -expression of human E3 (His-tag form)

His-tagged E3 cloned into pET4b @lready available in the laboratomypsexpressed at 3G,
1mM IPTG for 4h. Levels of overexpression weranalysed by SD®AGE, indicaing high
yields of protein athe expected siz¢~ 52 kD3 (Fig. 3.19).The solubility of the E3 was also

confirmed(data not shown
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Figure 3.19: Over-expression of humarE3 (His-tag form)

E3 wasexpressed ovet h at30°C in E. coli BL21 (DE3) pLysS.Cells were grown in LB medigBampleswere
taken at the time of induction (t0) and afteh (t4). Samples were denatured in the presence of 150mM DTT at
100°C for 5min and resolve@n a 0% SDSpolyacrylamide gel. Proteibands were visualised usif@pomassie
Brilliant Blue. Lane 1 molecularmassmarkes. The arrow on the right ohe gel indicatesverexpressegrotein
SDSPAGE analysis of Boverexpressiorshowng largeyieldsat the expected sizé~ 52 kDa).
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3.3.3 Protein purification

3.3.3.1 Purification of Elo -60, E10-90 and El0-153
(His-tag form)

Overexpression of humaHis-tagged Nterminal E1o constructs (E460, E1-90 and Ed-153)

at low temperature (£8), 1 mM IPTG or 18 h indicated poor yields of protein. However,

Elo60, E1690 and E1dl53 were purified bymetal chelate affinity chromatography

(Fig. 3.20A, 3.21A & 3.22A)Since the levels oproteinwere low, the identities ofurified

His-tagged Nterminal Elofragmentswere confirmed by Western blottingsing antikHis tag

antibody(Fig. 3.20B, 3.21B & 3.22B).
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Figure 3.20: Purification of E10-60 (His-tag form)

(A) Metal chelate affinit chromatographyf E10-60 (pET14b). Cell lysates(20ml) were applied to the column in
5ml aliquots(seesection 2.4.4)Bound protein was eluted from the column in-a0@% gradient of elution buffer
(8 CV) over the vol. 16230 ml. The imidazole gadient (0-500 mM) used for elution is shown in green.
Absorbance of eluted protein was measured at 280 redh I(n@ and possible DNA/RNA contaminationwas
monitoredat 260 nm Iflue ling. Peak fractions were collected and analysed byt&#vedloting. (B) Western blot
analysis of purified E1:60 Histag form. Thepresencef purified His-tagged E1660 was confirmedlénesl, 2 &

3) by antiHis tag antibody(1 in 2000 dilution) ¢eesection 2.4.7.1).Molecular massmarkes in kDa are shown.
The arrow on th right of theblot indicatespurified protein.
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Figure 3.21: Purification of E10-90 His-tag form)

(A) Metal chelate affinity chromatograply E10-90 (pET-14b). Cell lysates(20ml) were applied to the column in
5ml aliquots(seesection 2.4.4)Bound protein was eluted from the column in-d0®% gradient of elution buffer (8
CV) over the vol. 16250 ml. The imidazole gradie0-500mM)used for elution is shown in greeibsorbance of
eluted protein was measured at 280 (ned line and possibleDNA/RNA contaminationwas monitoredat 260 nm
(blue line. Peak fractions were collected and analysed by WestertinglotB) Western blot analysis of purified
E1090 Histag form. Thepresenceof purified Histagged E1€90 was corfirmed (anesl & 2) by antiHis tag
antibody (1 in 2000 dilution)sgesection 2.4.7.1). Moleculanassmarkes in kDa are shown. The arrow on the
right of the blot indicates purifieprotein
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Figure 3.22: Purification of E10-153 His-tag form)

(A) Metal chelate affinity chromatograpby E10153 (pET-14b). Cell lysateg20ml) were applied to the column in
5ml aliquots §eesection 2.4.4)Bound protein was eluted from the column in-20@% gradient of elution buffer
(8 CV) over the vol. 40-250 ml. The imidazole gradier{fD-500mM)used for elution is shown in greefbsorbance
of eluted protein was measured at 280 ned (ine and possibleDNA/RNA contaminationvas monitorecat 260
nm (lue lingd. Peak fractios were collected and analysed by Westerrtibtpt(B) Western blot analysis of purified
Elo153 His-tag form. Thepresenceof purified Histagged Elel53 wasconfirmed (anesl & 2) by antiHis tag
antibody (1 in 2000 dilution)sgesection 2.4.7.1). Mollar massmarkes in kDa are shown. The arrow on the
right of the blot indicates purifiegrotein
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A number ofexpressiorstrategies and conditions weatemptedncluding alterations ingrowth
media, expressiontemperature(Zhang et al. 2003) and bacterial strainwhich all failed to
produce high yields ofecombinantprotein. Owing to insufficient protein overexpression and

unsatisfactoryroteinpurification theseonstructs were nongployedfurtherin this project

3.3.3.2 P urification of Elo -60, E10-90 and Elo0-153
(GST fusion proteins)

Purification of GSFtagged E1660, E1690 and E1lel53required onlya single purification step
usinga glutathione Sephase 4B columnbed volume5ml). However, h order to obtain high
purity samples for ITC experimentgel filtration chromatography wadso employedFigures
3.23 & 3.24 clearly showuccessful purificatiomf E1060 and E1eD0 GST fusion protemin

highyield.

GST-tagged E10-153 was purified in the same manner as the -BQoand E1eD0 GST.
On SDSPAGE analysis, this recombinant protein was found taexteemely susceptibléo
degradation (Fig. 3.25).The initial purification was successfyl however, rapid proteolysis
occurredat £C over 2448 hduringwhich time significant amount$>50%) of theintact fusion
protein degradedndmultiple bandswereobserved inclding free GST+26 kDa).A variety of
different approaches wertried in attempts talecreaseprotein degradation.These includd
various types of inhibitor cocktajlreaing sampls with bovineserum albumin (BSAprior to

French presdreatmentindgrowing the cells at low temperatuyrall without success.
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Figure 3.23: Purification of E10-60 (GST fusion protein)
(A) Glutathione affinity chromatographyf E10-60 (pGEX-2T). Cell lysates(20ml) were applied to the column in

5ml aliquots §eesection 2.4.4)Bound proteinwas eluéd from the column using 5 CV elution buffer (20mM

reduced glutathione, 50mM T#4CI, pH 8.0) Thereduced glutathione buffestepused for elution is shown in
green. Absorbance of eluted protein was measured at 280 nm (red line). Peak fractions eatesl eold analysed
by SDSPAGE. (B)SDSPAGE analysis oélutedproteinpeak Lane 1 molecularmassmarkes; lanes 25, purified
wt GST-protein as controllanes 611, purified E1660 stained withCoomassie Brilliant BlueThe arrow on the
right of the bbt indicates purified proteifC+D) Gel filtration profile of E1e60 with elutedpeakat ~ 69 ml. The
purity of the finalE10-60 preparation was assessedIDSPAGE analysisndshowed largeyieldsof pureE10-60
corresponding to the main GFC peb&nel, molecularmassmarkes.
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Figure 3.24: Purification of E10-90 (GST fusion protein)

(A) Glutathione affinity chromatographyf E10-90 (pGEX-2T). Cell lysates(20ml) were applied to the column in
5ml aliquots ¢eesection2.4.4). Bound proteinwas eluted from the column using 5 CV elution buffer (20mM
reduced glutathione, 50mM T#4CI, pH 8.0). The reduced glutathione bufiepused for elution is shown in
green. Absorbance of eluted protein was measured at 280 niim@edPeak fractions were collected and analysed

by SDSPAGE. (B) SDSPAGE analysis oélutedproteinpeak Lane 1 molecularmassmarkersjanes 26, purified
E1090 stained withCoomassie Brilliant BlueThe arrow on the right of the blot indicates fiad protein.

(C+D) Gel filtration profile of E1e00 with elutedpeakat ~ 63 ml. The purity of the finaE10-90 preparation was

assessed by SDBAGE analysisand showed large yields of pure E10-90 corresponding to the main GHi2ak

Lane 1,molecularmassmarkes.
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Figure 3.25: Purification of E10-153 GST fusion protein)

(A) Glutathione affinity chromatographof E10153 (pGEX-2T). Cell lysateg20ml) were appkd to the column in
5ml aliquots ¢eesection 2.4.4)Bound proteinwas eluted from the column using 5 CV elution buffer (20mM
reduced glutathione, 50mM T#4CI, pH 8.0). The reduced glutathione bufigepused for elution is shown in
green. Absorbancef eluted protein was measured at 280 (red line). Peak fractiongere collected and analysed
by SDSPAGE.(B) SDSPAGE analysis oélutedproteinpeak Lane 1 molecularmassmarkers; &nes 26, purified
E10-153 stained withCoomassie Brilliant BlueThe arrow on the right of the blot indicates purified protein.
(C+D) Gel filtration profile of E1el53with elutedpeakat~ 60 ml. The purity of the finaE1o-153preparation was
assessed by SDIBAGE analysisand shows limited degradatin of E10-153 corresponding to the main GFC peak
Lane 1,molecularmassmarkes.
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3.3.3.3 P urification of Elo -60, E10-90 and Elo0-153
(MBP fusion proteins)

MBP fusion proteins (E1X60, E1690 and E1€l53) were purified usinggn MBP Trap HP
column Figures 3.26 & 3.27 showpurification stepsfor E1060 and E1eD0 indicating
significant degradationof both proteins.lt is possibé that extensive proteolytic degradation
occuss during protein expressionr duringthe purification pro@ssitself. Many attempts were
made todecreasehe extenif proteindegradatiorwithout successAddition of BSA andmore
protease inhibitors prior tBrench presgeatmentgrowth of cells at low temperatures ande of
arapid purification process dinotimprove proteinstability. Owing tothis problemneither of
theseconstructavasemployed for subsequent experiments in this st®IySPAGE analysis of
purified E10153 was also found to be sensitive to degradation although this was less

problematt than the E1-®0 and E1eB0 MBP fusion proteins (Fig. 3.28).
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Figure 3.26: Purification of E10-60 (MBP fusion protein)

(A) Maltose binding protein (MBPaffinity chromatographyof E1060. Cell lysates(20ml) were appliedd the
columnin 5ml aliquots $eesection 2.4.4)Bound protein was eluted from the column using 5 CV elution buffer
step (15mM maltose,200mM NaCl, InM EDTA, 20mM TrisHCI, pH 7.2). The maltosebuffer stepused for
elution is shown in green. Absorbandeetuted protein was measured at 280 mrey line). Peak fractions were
collected and analysed by SIPAGE. (B) SDSPAGE analysis okluted protein peak Lane 1 molecularmass
markers;lanes 25, purified E1660 stained withCoomassie Brilliant Blueshowing significant degradation. The
arrow on the right of the blot indicates purifitedl -lengthprotein.
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Figure 3.27: Purification of E10-90 (MBP fusion protein)

(A) Maltose binding protein (MBPaffinity chromatographyof E10-90. Cell lysates(20ml) were applied to the
columnin 5ml aliquots ¢eesection 2.4.4)Bound protein was eluted from the column using 5 CV elution buffer
(15mM maltose,200mM NaCl, nM EDTA, 20mM TrisHCI, pH 7.2). The maltose buffestepused forelution is
shown in green. Absorbance of eluted protein was measured at 28freynlir(e). Peak fractions were collected
and analysed by SBBAGE. (B) SDSPAGE analysis otluted protein peak Lane 1 molecularmassmarkers;
lanes 25, purified E1690 stained withCoomassie Brilliant Blushowng significantdegradation. The arrow on the
right of the blot indicates purifiefiill -lengthprotein.
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Figure 3.28: Purification of E10-153 (MBP fusion prdein)

(A) Maltose binding protein (MBPaffinity chromatographyf E10153 Cell lysates(20ml) were applied to the
columnin 5ml aliquots ¢eesection 2.4.4)Bound protein was eluted from the column using 5 CV elution buffer
(15mM maltose,200mM NaCl, InM EDTA, 20mM TrisHCI, pH 7.2). The maltose buffestepused for elution is
shown in green. Absorbance of eluted protein was measured at 28freyntir(e). Peak fractions were collected
and analysed by SBDBAGE. (B) SDSPAGE analysis okluted protein peak Lane 1,molecularmassmarkers;

lanes 26, purified E16153 stained withCoomassie Brilliant BlueThe arrow on the right of the blot indicates
purified full-lengthprotein.
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3.3.34 Purification of human E20 (His-tag form )

His-tagged E20 wagpurified by metal chelate chromatograpiyig. 3.29A) Purified fractions
were then gel filtered using GFC buff@omM NaCl, 2mM EDTA50 mM KH,PO,, pH 7.4)in
order to removall residual proteirtcontaminantgFig. 3.29C) SDSPAGE revealed a high yield

of pure proteinig. 3.29B & 3.29D).
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Figure 3.29: Purification of human E20 (Histag form)

(A) Metal chelate affinity chromatograploy E20. Cell lysates(20ml) were applied to the column in 5ml aliquots
(seesection 2.4). Bound protein was eluted from the column in -400% gradient of elution buffer (8 CV)
over the vol. 45200 ml. The imidazole gradienf0-500mM) used for elution is shown in greeAbsorbance of
eluted protein was measured 802hm (ed ling andpossibleDNA/RNA contamination was monitoreat 260 nm
(blue lind. Peak fractions were collected and analysed by-BBSE. (B) SDSPAGE analysis o€lutedprotein
peak Lane 1 molecularmassmarkers;lanes 210, purified E20 stainedwith Coomassie Brilliant BlueThe arrow
on the right of the blot indicates purified protg(@+D) Gel filtration profile of 2o being eluted abr nearthe void
volume ¢ 40ml). The purity of the finaEE20 preparation was assessed S PAGE analysisand showedlarge
yields ofpureE2o corresponding to the main GFC pehkne 1 molecularmassmarkes.
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3.3.3.5 Purification of human E3 (His -tag form)

Purification of E3 was very similar to thé€2o purification being achievedby a two step
processinvolving an initial metal chelate cbmatography step (Fig. 3.304dllowed by gel
filtration (Fig. 3.30C).The purifiedE3 was yellow in colour indicating the incorporation of the

FAD cofactor. SDSPAGE confimed the high purity of the Epreparation(Fig. 3.30B &

3.30D).
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Figure 3.30: Purification of human E3 (His-tag form)

(A) Metal chelate affinity chromatograplof E3. Cell lysates(20ml) were applied to the column in 5raliquots
(seesection 2.4.4)Bound protein was eluted from the column in-&0D% gradient of elution buffer (8 CV) over
the vol. 45200 ml. The imidazole gradienD-500mM) used for elution is shown in greefbsorbance of eluted
protein was measured 280 nm (ed lingd andpossibleDNA/RNA contamination was monitoreat 260 nm Iflue
line). Peak fractions were collected and analysed by-BBSE. (B) SDSPAGE analysis otlutedprotein peaks
Lane 1 molecularmassmarkers;lanes 211, purified E3 stainal with Coomassie Brilliant BlueThe arrow on the
right of the blot indicates purified proteifC+D) Gel filtration profile of B being eluted at 60 ml. The purity of
the final E3 preparation was assessed by SEEGE analysisand showedlargeyields of pure E3 corresponding to
the main GFC peakane 1 molecularmassmarkes.
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3.4 Summary

Results

The main purpose of this chaptegasto clone, expresand purify a seres ofshorthumanElo

N-terminal constructsaand the constituentmatue E1o E20 and E3 enzymes of the human

OGDC. The solubility andyields achievedor all purified proteins are summarised in TaBlé.

The successfuy purified proteinsand Nterminal fragmentsvere then used foa variety of

experimentasdescribed irsubsequenthapters.

. lonin .
Protein FlEETIE © gnd ° Solubility WiEles Degradation
vector Expression (mg/l)
pressio
E3 pET-14b Successful Soluble 30-40 None
E2o pET-14b Successful Soluble 40-50 None
E1lo-60 pET-14b Successful Soluble Poor N/A
E1l1o0-90 pET-14b Succesful Soluble Poor N/A
Elo-153 pET-14b Successful Soluble Poor N/A
E1lo-60 pPGEX-2T Successful Soluble 30-40 None
E1lo0-90 PGEX-2T Successful Soluble 2535 None
Elo-153 PGEX-2T Successful Soluble 25-35 Significantdegradtion
E1lo-60 pET-30a Successful Solwble 5-10 Significantdegradation
E10-90 pET-30a Successful Soluble 10-15 Significantdegradation
Elo-153 pET-30a Successful Soluble 1520 Minor degradtion
Full-lengthElo | PET-14b Successful | In-soluble N/A N/A
wt GST PGEX-2T N/A Soluble 3040 None
wt MBP pET-30a N/A Soluble 20-30 None

Table 3.7: Summary of cloning and protein purification yields

N/A, Not applicablewt, wild-type.
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Preliminary structural characterization
of the N-terminal region of Elo and
Investigation of its interaction with E3

4.1 Introduction

2-oxoacid dehydrogenase complexes are large multimeric assemblies located in the
mitochondrial matrix. These macromolecular structures serve as paradigmsdéstanding
protein structurdunction relationships, the biological significance of pmtassembliesand

proteinprotein interactions in general.

ThePDC, OGDC and BCOADG@Gre highlyordered assemblied 3 distinct enzymes, designated
E1l, E2 andE3, thatjointly regulatecritical stepsn glucose metabolismandthe degradation of
the branchegathain amino acidsThe catalytic reaction requires significant coupling between
these three enzymé¢Reed 1974; Yeaman &6; Lindsay 1989; Perham 1991pGDC catalyss

the ratelimiting step inthe TCA cycle in many species. The importance of this complex is
highlighted by its selective inactivation in the pathology of several neurodegenemtdigdons

particularly th@e associated with oxidative stresorderssuch as Alzheimer's disease

In mammalianPDC, E2 and an E2pelated subuni{E3BP) form the structural core to which
Elp and E3 enzymes are balwia a specifi€1p-SBD onE2p andan E3-SBD located ori=3BP

(Neagle and Lindsay 1991; Izaed al. 1999; Hiromasat al. 2004) In BCOADC, a single SBD
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located on E2b binds both E1b and (E3arkson and Lindsay 1991; Kale al. 1993;Nakanoet

al. 1994) In contrast, E@ does not contain angbviousSBD for EJ or E3 and there is no
equivalent to E3BP in this complex. Hence, humao EZs a unique structure comprising only
two domains (LD and CTD(Bradfordet al. 1987; Wagenkneclat al. 1990; Nakanet al. 1994;
Koike et al.2000) In mammaliarcells E3 is an FAD containing flavoprotethat iscommonto

all 3 multienzyme complexe®DC, OGDC and BCOADC).

Eloexi sts as a, WhereoHElp amd Elb ¢xist as het er ot r amer
It is a ThDRdependent enzyntbatcatalyses the oxidative decarboxylatgispwith transfer of

a succinyl group toan E2o-linked lipoic acid moiety. A number of mammalian Elo isoforms

have been identified. Thenajor human Eloisoform is encoded bythe OGDH gene (heart

isoform, OGDH-H). Additionally there are twdurtherisoforms; OGDH-L (brain isoform) and

DHTKD1 mitochondrial hypothetical protei(Szabo et al. 1994; Koike 1998; Bunik and

Degtyarev 2008a; Bunik and Fernie 2009)

Previousresearchhasestablished that the-t¢rminal region of Elas involved inthe overall
maintenance of OGDC integrity and assemlifglective proteolysi®f E1lo with trypsin at
a single site located near itstBrminus results irdissociation of E3and a large, active E1'
speciedrom the core assemblyith simultaneousoss of overall complex activit{kreszeet al.
1981; Riceet al. 1992; McCartneyet al. 1998) Moreover, N-terminal sequence analysis of
mammalian Eldndicates that sequences locatedthis regiondisplay limited similarity to
corresponding sequences in E3BP sugggshatthe N-terminalregion of E1o may bevolved

in interacting with E3(Rice and Lindsay 1991; Ricet al. 1992) In addition, a previous
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crystallography study of a bacterial E1o has indicated that it cannot be crystallizeditsless
N-terminal region (7&.a. in length)s removedFranket al. 2007) These studies suggest that
the Nterminal region of EQ may be nativelydisorderedand possiblyinvolved in interacting

with both E2 and E3.

Initially, this chapter presents preliminary datar the structuralcharacterizationof the
N-terminal region of Elausing synthetic peptides andircular dichroism (CD). In parallel
with these experimentsa basic bio-informatics approachvas employed to determine if this
N-terminal regiorwaspredicted to form a stable3 structuresimilar to the SBDs of §2 E2b
and E3BP In addition, sequencecomparison and alignmemtf the main Elo isoformsvas

investigated.

The mainthrustof this chapteconcernsaninvestigaion into the ability ofthe E1oN-terminal
regionto associat with E3 andmapping of the ELosegmentnvolved in subunit bindingn order

to understand more fullgs role in maintaining OGD@nteqgrity.

To achieve these goals range of biochemicahnd biophysicalapproacheswas applied
including: (a) peptide array analysis tiest he ability of N-terminal E1losegments to biné&3;
(b) adla-scanningto identify key docking sitegc) use ofsynthetic peptides tbl-terminal E10
segments;(d) native polyacrylamidegel electrophoresis(e) isothermal titration calorimetry;

(f) gelfiltration and @) GST affinity chromatography.
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4.2 Results and analysis

4.2.1 Structural characterization of  the N-terminal
region of E1o

To investigateghe N-terminal region of E10 in more detaihdto test thepotentialof this region

to fold into an ordered3-D conformation two synthetic peptidedN-terminal E1o 25 meric
(Serll- Ser35)(SGTSSNYVEEMYCAWLENPKSVHKS peptidel) andElo (Trp36 - Ser6(Q
(WDIFFRNTNAGAPPGTAYQSPLPLS peptide2) were purchased from Genscript, Utsee
Materiab and Methods, section 2.4.9) These peptidewere designed based on peptide array
data showing strong association with EBsee sectiom.2.3.) and checkedby SDSPAGE

(Fig. 4.1).

Moreover a 65meric peptide corresponding to amino acids Serll to Glu75 of the
N-terminal regionof E1o (peptide 3)wasalso purchased frorhifeTein LLC., USA. Owing to
the hydrophobicityof peptide 3 it was necessary to dissolitan organic solventg.g.dimethyl

sulfoxide PMSO) or employ acidic conditions.g. 0.1Macetic acid
A number of experiments were performed uspgptide 3 including ITC anadhativePAGE

without succesgdata not shown)Moreover it became apparenhat extensiveaggregation of

peptide3 andits limited solubility in physiological buffersnadethese experimentafeasible.
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M, kDa

Figure 4.1: SDSPAGE analysis of synthetic peptides

Samples were denatured in the presence %M DTT at 100°C for 5min and resolveoh an B%
SDSholyacrylamide gel. Protein bands were visualisbéy CoomassieBrilliant Blue staining.Lane 1,molecular
massmarkes. SDSPAGE analysis ofynthetic peptideshowng peptidel (~ 3 kDa, lane 2)andpeptide 2( ~ 2.8
kDa, lane 3).

Peptids 1 and 2both dissolvedreadily in aqueous solutionat neutralpH. The molecular
massesnd molarextinction coefficien{ W} these peptides were determined by computing the
protein sequences ihe EXPASY suite (see section 2.4.8)oreover, mass spectrophotometry
was employed for confirmation of the exact molecuteassof both peptidesAnalysis was
carried outby the Astbury centre, University of Leeds. Sangpleereprepared by dissoinrg

100eM peptide i n 20mM aseesection2iBn acet ate at pH
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It was found that the moleculanassof the peptides 1 and 2were 2,847 Da and 2,721 Da,
respectively (Fig. £ & 4.3) within one Daltonof the predicted molecular massascalculated

from ther amino acidsequences
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Figure 4.2: Molecular mass spectrumof synthetic peptide 1
MS analysis of synthetic 2feric peptide (Serll to E5). Thepeptideis measured at 2846[2a which is within
one Da of the expected calculated mass of 282@.1

140



Chapter 4 Results

27213000
1001 1285291 7|

21203101 57423101
8788 8a7885

27433000
727582

27442000
507178

24051602
362337

2406 1501
327792

2745 2800
316865

2758 2600
27370
2764101

2404 0601 R
306696 B

2407 1401 26152600
215451 183377

2408 1301 - 26172402 27032600
98301 B 114827
amazroa | 2701.2800,
123460 |esra zaozasosr gt
Or‘H‘.H.,‘..‘,.‘Jh“._‘H#“‘."'H\!,"“.W.H.,w.“""H“H.w.."“."‘,‘. gt g mass
23 225 2350 2375 2400 2425 2450 2475 2500 2525 2550 2575 2600 2005 2650 2675 2700 2725 270 2775

Mass

Figure 4.3: Molecular mass spectrum of synthetipeptide 2
MS analysis of synthetic 2&eric peptide (Tp36 to Ser60). Thpeptideis measured at 2721.3 Da which is within
one Da of the expected calculated mass of 2721.0 Da.

Structural characterization oie E1o N-terminalpeptideswasinitially performed usingircular
dichroismto determingheir tendency to form characteristsecondary structuseCD measures
differences in the absorption of léfanded polarized light versus riginded polarized light

thatarise due to structural asymmetiyn p a r-h & £ u k-sheenfamakion.

For CD studiespeptides 1 and 2 were dialysed agains20mM KH, PO, buffer atpH 7.5.
Experiments were performed at room temperature on a J&&bo spectrepolarimeter scanning

the spectra in the far and m&#V regions(see section 2.51
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Peptids 1 and 2 were titrated witincreasing concentrations of 2,2i#fluoroethanol (TFE).
Analysis of the data revealed thageptide 1 (25-meric, Serll to Ser35tomprised
47% Uhelix, 8% b-strand 14% turns and31% random coilat 50% TFE (Fig. 4.4).
Peptide 2(25-meric, Trp36 to Ser60pomprised27% Uhelix, 11% b-strands,25% turns
and 37% random coilat 50% TFE (Fig. 45). Both peptidesdemonsrated an ability to
form Urhelix in TFE as evidenced by the preserafedouble minimaat approx. 208 an#20 nm
Peptide 2showed less ability tadopt anU-helical conformationthan peptide 1which stars to
fold at approx.10% TFE. All CD experiments werearried outand analysedh collaboration

with Dr. S. Kelly, University of Glasgow.
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Figure 4 4: Circular dichroism spectra of syntheticpeptide 1
Far UV CD spectrg185260nm)of peptide 1 25-meric, Serll to Ser35) in the absence of 2,2,2, trifluetttanol
(TFE) (blue) andincreasingconcentrationsf TFE Peptide 1 stastfolding at~ 10% TFE.
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Figure 45: Circular dichroism spectra of synthetic peptide 2

Far UV CD spectraof peptide 2 (25-meric Trp36 to Ser60) in the absence of TFEu€) andincreasing
concentrations of TFEPeptide 2 showed less ability to fold intm U-helical conformation starting to fold
at~30% TFE

Secondary structuranalysis of these 2N-terminal Elopeptides covering the putative E3
binding domainrevealed that they can adopt &khelical conformation under appropriate
conditions To extend tese analyse structure prediction ascarried out on th&1oN-terminal
region. In general, theaim of protein structure prediction igo compute the likely3-D
conformation of the protein or polypeptide of interest basedheir primary amino acid
sequenceBoth, I-TASSERand Swisamodelserves were employed tpredictthe 3-D structure

of theE1oN-terminalregion(seeMateriab andMethods, section 2.6.4).
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I-TASSER (Zhang 2008)and Swissmodel (Guex and Peitsch 1997; Schwede al. 2003;
Arnold et al. 2006) online systens dependon searching for sequences of similar overall
charactey protein threadindl-TASSER or significant sequence homologg$wissmode) to
polypeptidesof known 3D structurein the Proten Data Bank (PDB) Once one or more of
thesepolypeptide sequenceme selectedthey arethen used as templates to predioe 3-D
structure ofthe target protein.|-TASSER predicts the @ structure of theElo Nterminal
regiongenerang 5 possible modelsThese modelsire selected based on the besscrethat
represents the degree of similarity to the templates. TypicalbcoBs arescaled inthe range

(-5 to 2) where positive values refleathigh quality model

Figures 4.6 showshe 3-D structure predictiorfor the human Nterminal region of Elo
(1-77 a.a.) that has been generated byTASSER. The N-terminal E1o77 (Sel-GIn77)
sequencevas providedn FASTA format to http://zhanglab.ccmb.med.umich.edUASSER/
generang 5 models with Gscores; -1.43, -2.91, -3.47, -357 and -3.89 respectively.
Interestingly a 3-D stucture prediction of E1@7 (1-77 a.a.) using Swisanodel failed to

generateanymodek suggesting thato homologussequencesxist in the database.
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Figure 4.6: 3-D structure predication of human N-terminal E1o-77
Prediction of 3D structure forhuman Nterminal E1e77 (SertGIn77). The 3D structure was predicted by
I-TASSER (Zhang 2008)and generated 5 models based orscGre. Model 1 has highest &core (-1.43).

Human Nterminal E10-77 is coloured accordingto secondary structuras follows: -hélix (pink)

(yellow).
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4.2.2 Structural prediction for human Elo and
sequence alignment of main Elo isoforms

In order to obtain a structairmodelfor full-lengthhuman E1qOGDH-H), the crystal structure

obtainedfor the E. coli Elowas used as a templaig I-TASSER(Franket al. 2007) The two

sequences display8.8% identity ina 957 a.a. overlap (Fig. 4). Structuralpredictiors for

humanEloareshown inFigure4.8. The5 models generatdthd C-scores of 0.69, -1.89,-2.04,

-2.12 and-2.12 respectively

In addition, Figure 49 showsa ThDP binding site prediction for human E1o(OGDH-H)
generated by-TASSER using the crystal structure othe SucA domain of Mycobacterium
smegmatislphaketoglutarate decarboxylase commdxvith ThDP as a templat@/Vagneret al.

2011) The predicted binding site residues in floenanE1omodel areGlu378, Ala379, Ala380,

Asp381, Gly407, Gly410 Aspdll, Ala412 Ala4l3 Glud422, Val442, Asid43, Asnd44 and

His473 Interestingly the human Elanodel clearlyindicatesthat theE1lo N-terminal region is
exposedon the surfaceof the homodimelFig. 4.8) As both subunits in the E1o homodimer
associate ira. 0 ioheeda d 6 f as hi on, it i s a-epnmal domainst h at

are likelyto be located in close proximity at one end of the molgétrienket al. 2007)
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Human 0 ————— SAPVAARPFLSGTSSNYVEEMYCAWLENPKSVHKSWDIFFRNTNAGAPPGTAYQS 55
E.coli MONSALKAWLDSSYLSGANQSWIEQLYEDFLTDPDSVDANWRSTFQQLPGTGVKPDQFHS 60
o 00 BTEEE 0 BBYEBRE BE BE D¢, T =88 o o BB
Human PLPLSRGSLAAVAHAQSLVEAQPNVDKLVEDHLAVQSLIRAYQIRGHHVAQLDPLGILDA 115
E.coli QTREYFRRLAKDASRYSSTISDPDTN-———VEQVEVLQLINAYRFRGHQHANLDPLGLWQQ 117
* & * * . --*:.: .z * _**.**::***: *:*****: =
Human DLDSSVPADITISSTDELGFYGLDESDLDKVFHLPTTTFIGGQESALPLRETTRRLEMAYC 175
E.coli DK————-VADLDPS———— FHDLTEADFQETFNVG--SFASGKE-TMKLGELLEATLKQTYC 165
* **: _* *:_* *:*:::_*:: :* _*:* T * *::_ *: :**
Human QHIGVEFMFINDLEQCOWIRQKFETPGIMQFTNEEKRTLLARLVRSTRFEEFLQRKWSSE 235
E.coli GPIGAEYMHITSTEEKRWIQQORIES-GRATFNSEEKKERFLSELTAAEGLERYLGAKFPGA 224
**.*:*.*__ *: :**:*::*: * *..***: -*:_*_ . :*_:* *:..
Human KRFGLEGCEVLIPALKTTIIDKSSENGVDYVIMGMPHRGRLNVLANVIRKELEQIFCQFDS 295
E.coli KRFSLEGGDALTPMLEKEMIRHAGNSGTREVVLGMAHRGRLNVLVNVLGKKPQDLFDEFAG 284
***_*** :_*** * * :* ::_:_*_ *::**_********_**: *: :::* :* .
Human KLEAADEGSGDVKYHLGMYHRRINRVTDRNITLSLVANPSHLEAADPVVMGETKAEQEYC 355
E.coli KHKEH-LGTGDVKYHMGFSSD——FQTDGGLVHLALAFNPSHLEIVSPVVIGSVRARLDEL 341
* = *:******:*: .. . = *:*_ Bl __***:*..:*.
Human GDTEGKKVMSTLLHGDAAFAGQGIVYETFHLSDLPSYTTHGTVHVVVNNQIGFTT-DPRM 414
E.coli DEPSSNEVLPITITHGDAAVTGQGVVQETLNMSKARGYEVGGTVRIVINNQVGFTTSNPLD 401
_:___:**:_* :*****_:***:* **:::*_ _* . ***::*:***:**** :*
Human ARSSPYPTDVARVVNAPIFHVNSDDPEAVMYVCEKVAAEWRSTFHEDVVVDLVCYRENGHN 474
E.coli ARSTPYCTDIGKMVQAPIFHVNADDPEAVAFVTRLALDFENTFKRDVFIDLVCYRRHGHN 461
***:** **:_::*:*******:‘k‘k‘k*** :* ::* ::*_**::**_:‘k‘k*****:***
Human EMDEPMFTQPLMYKQTREQKPVLQKYAELLVSQGVVNQPEYEEETSKYDKICEEAFARSK L34
E.coli EADEPSATQPLMYQKIKKHPTPRKIYADKLEQEKVATLEDATEMVNLYRDALDAGDCVVA 521
* *Exk K& ******--* *- . . **- * .z *__ : * . . z . .
Human DEKILHIKHWLDSPWPGFFTLDGQPRSMSCPSTGLTEDILTHIGNVASSVEVENFTIHGG 594
E.coli EWEPMNMHSFTWSPYLNHEWDEEYPNKVEMEKR——————— LQELBKRISTVP EAVEMQSE 573
3333 8§ LS8 oo g ©oo08Ba o8c8 Lwgoes o 880
Human LSRILKTRGEMVE-NRTVDWALAEYMAFGSLLKEGIHIRLSGQDVERGTFSHRHHVLHDQ 653
E.coli VAKIYGDRQAMAAGEKLFDWGGAENLAYATLVDEGIPVRLSGEDSGRGTFFHRHAVIHNQ 633
=k * * s JEE * % ke sk KAk shkkkk sk *hkikk Fhk Kk k
Human NVDKRTCIPMNHLWPNQAPYTVCNSSLSEYGVLGFELGFAMASPNALVLWEAQFGDFHNT 713
E.coli —SNGSTYTPLQHIHNGQGAFRVWDSVLSEEAVLAFEYGYATAEPRTLTIWEAQFGDFANG 692
*--*- . __: * :* E _** * % * E * -* -******** *
Human AQCITDQFICPGQAKWVRONGIVLLLPHGMEGMGPEHSSARPERFLOMCNDDPDVLPDLK 773
E.coli AQVVIDQFISSGEQKWGRMCGLVMLLPHGYEGQGPEHSSARLERYLQLCAEQ———————— 744
* % :*****..*: E 3 *:*:***** %k XEkkhkkhhkk **:**:* 35
Human EANFDINQLYDCNWVVVNCSTPGNFFHVLRRQILLPFRKPLIIFTPKSLLRHPEARSSFD 833
E.coli = = =  -—————————— NMQVCVPSTPAQVYHMLRRQALRGMRRPLVVMSPKSLLRHPLAVSSLE 792
* * *‘k‘k..__* e -* *t::::*‘k****** * ** 2
Human EMLPGTHFQRVIPEDGPAAQNPENVEKRLLFCTGEVYYDLTRERKARDMVGQVAITRIEQL 893
E.coli ELANGTFLPAIGEID—--ELDPKGVKRVVMCSGKVYYDLLEQRRKNNQH-DVAIVRIEQL 848
k: E . s H -%- k** : * LR o '-*- s *** e
Human SPFPFDLLLKEVQKYPN-AELAWCQEEHENQGYYDYVKPRLRTTISRAKPVWYAGRDPAA 952
E.coli YPFPHKAMOEVLQOQFAHVEKDFVWCQEEPLNQGAWYCSQHHFREVIPFGASLRYAGRPASA 908
k& &k . = sk x s kEEEARX E = . 2k LF . .t E . *
Human APATGNKKTH————F————————— 962
FE.coli SPAVGHMSVHQKQQQDLVNDALNVE 933

=kE _Fa

Figure 4.7: Sequence alignrant of human E1o andE. coliElo

The amino acid sequence of human EIOGDPH-H) and E. coli Elo (Frank et al. 2007) were aligned.

An asterisk (*) indicates positionthat have a fully conserved residu&.colon (:) indicates conservation between
residueswith strongly similar propertiesA period (.) indicates conservation betweeridesswith weakly similar
properties Hydrophobic residues are shown in red. Acidic and basic residues are shown in blue and magenta
respectively. Residues with hydroxgulfhydryl or amineggroupsare depicted in green.
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N-terminal ———> a2

Figure 4.8: 3-D structure predication of human El1o

Prediction of 3D structuresor human E1LoQGDH-H, 1-962 a.a.Ymonome}). The 3D structure was predicted by
I-TASSER (Zhang 2008)and generated 5 models based oscGre. Model 1 had thehighest Gscore 0.69.
Human E1lo is coloured accordimg secondary structure in pink}elix) and yellow p-shee). The N-terminal
region of human E1t indicated.

N-termina Predicted Binding
~ Site

Figure 49: ThDP binding site prediction for human Elo

ThDP binding site prediction of humaBlo (OGDH-H, 1-962 a.a.Ymonomej wasgenerated by-TASSER(Zhang
2008) N-terminal sequence of the predict&® model is indicaed. The predicted binding site residues &le378,
Ala379, Ala380, Asp381Gly407,Gly410, Asp41l, Alad412, Ala41%lu422 Vald42, Asnd43, Asnd44 and His473
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Different isoforms of human Elbave beenreportedand thee may have different modesof
regulaton. Theseisoforms appear to bgroduced in a tissugpecific manneanda number of
transcript varianthave beerdetectedoriginatingfrom different human chromosoméSzaboet

al. 1994; Koike 1995; Koike 1998; Buk and Degtyarev 2008a; Bunik and Fernie 2009)

Threemain human Elo and/or Edi&e isoforms(isoforms 1,2 and3) have beendentified and
characterisedn the NCBI databaseSequene alignmentof the human Elo isoforsnwas
performedusing ClustalW2 (see section 2.6.3) under default parameters (Fi@).4<sbform 1
(GenBank Reference Sequenc®AA06836.] represents thenain so-called heart isoform
(OGDH-H, 962 a.a). It is encoded bythe OGDH gene that is localisedon chromosome
7 pl4pl3 Multiple sequence alignmerfFig. 410) shows that this isoforncontainsall the
essential residues and domains includnghDP binding domaing¢atalytic domainand three

putativeC&*-binding sites

Isoform 2 or the so-called bran Elo isoform(OGDH-L) (NCBI Reference Sequence: NP
060715.2) was isolated from human brain tis@nik and Fernie 2009)'he OGDH-L gene is
located on the chromosom® q11.23 Figure 4.D shows that isoforn2 (OGDH-L) conserves
all themain structural featursand domain organizatioof human E1o (OGDHH). It hasa high
degree of the sequensanilarity (81.3% identity inan 898 a.a. overlap)although the highest
similarity is observed within their catalytic domairdoreover, sequence alignmeaf the
N-terminal region (4167 a.a.) of E1o isoforn2 shows75.2% identity ina 149 a.a. overlapwith

Elo (OGDHH).
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Human Elo isoform3 (NCBI Reference Sequence: NB1176.3) also refered to as
mitochondrial hypdtetical protein DHTKD1), is encoded bythe DHTKD1 genethat isalso

located @ chromosome 1(Nagaseet al.2001; Collinset al2002)

Isoform3 (919 a.a.) represents an additional putathex@glutarate dehydrogenabke protein.
Its cDNA has beensolated from human uterus, kidney, and braiultiple sequence alignment
(Fig. 4.10) shows thathe N-terminal region oEloisoform 3 (DHTKD1), is poorly conserved
and isabout 60 amino acid shorter than the corresponditeyridinal region bE1o0 (OGDHH).
Sequencecomparison of isoforn3 with E1o (OGDHH) predics only40.1% identity inan 836
a.a. overlapDespitethe lower identity of isoform 3, it still retainsa putative ThDP binding

domainandcatalytic domain
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Signal peptide

Isol MFHLRTCAAKLRPLTASQTVKTFSQNRPAAARTFQQTRCYSAPVAAEPFLSG-TSSNYVE 59
Iso2  ———---- MSQLRLLPSRLGVQAARLLAAHDVPVFGWRSRSSGPPATFPSSKGGGGSSYME 53
Iso3  —mmmmmmm— MASATAAAARRGLGRALPLLWR-=-==========————- GYQTER 28
Isol EMYCAWLENPKSVHKSWDIFFRNTNAGAPPGTAYQSPLPLSRGSLAAVAHAQSLVEAQPN 119
Iso2 EMYFAWLENPQSVHKSWDSFFREASEEAFSGSAQPRPP—————-- SVVHESRSAVSSRTK 106
Iso3 GVYGYRPRKPESRE----—---——=————- PQGALERPP-——=————- VDHG-------—-- 55

g5 0 8WgH > W & ¥ oo

CaZ+
Isol VDKLVEDHLAVQSLIRAYQIRGHHVAQLDPLGILDADLDSSVPADIISSTDKLGFYGLDE 179
Iso2 TSKLVEDHLAVQSLIRAYQTRGHHVAQLDPLGILDADLDSFVPSDLITTIDKLAFYDIQE 166
ESOS I = LARLVTVYCEHGHKAAKINPLFTGQALLENVPEIQALVQT —————————— 95
*: _* ** * *‘k * *

ca2+
Isol SDLDEKVFHLPTTTFIGGQESALPLREI IRRLEMAYCQHIGVEFMFINDLEQCQWIRQKFE 239
Iso2 ADLDKEFQLPTTTFIGGSENTLSLREIIRRLENTYCQHIGLEFMFINDVEQCQWIRQKFE 226
Iso3 ——LQGPFHTAGLLNMGKEE——ASLEEVLVYLNQIYCGQISIETSQLQSQDEKDWFAKRFE 151

‘k: 'k: . :* _* * *k *: * % :*_:* SO "k: **
Isol TPGIMQFTNEEKRTLLARLVRSTRFEEFLQRKWSSEKRFGLEGCEVLIPALKTIIDKSSE 299
Iso2 TPGVMQFSSEEKRTLLARLVRSMRFEDFLARKWSSEKRFGLEGCEVMIPALKTIIDKSSE 286
Iso3 ELQKETFTTEERKHLSKLMLESQEFDHFLATKFSTVKRYGGEGAESMMGFFHELLKMSAY 211

ke kkeo k ek ke kk keke kkek kk Kk oee ee ee ko
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