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ABSTRACT

The human mitochondrial pyruvate dehydrogenase MEPPDC) is a vital
metabolic assembly that controls the key committegp in aerobic carbohydrate
utilisation and energy production and as such &paasible for overall glucose
homeostasis in man. PDC, particularly from prok&icysources, has been widely
studied as a model system for investigating theemdér basis of cooperativity
between physically and functionally linked enzynres metabolic pathway and the
catalytic and regulatory advantages conferred @y thrganisation into precisely-
engineered ‘molecular-machines’. Defects in humBXHave been implicated in a
wide variety of genetic, metabolic and autoimmuisoliers. Over 200 PDC-linked
mutations have been reported to date in the hunogulation leading to clinical
symptoms of various magnitudes and manifestatiostly in the X-linked gene for
thea subunit of the E1 component.

PDC is a vast molecular machine (M-10 MDa) composed of multiple copies of 3
distinct enzymes: pyruvate dehydrogenase (E1l),dddippoamide acetyltransferase
(E2), dihydrolipoamide dehydrogenase (E3) and aditiadal structural protein
known as E3-binding protein (E3BP). Central to steuctural, morphological and
mechanistic framework is its large oligomeric ‘catemprising 60 E2 and 12 E3BP
polypeptide chains, arranged as pentagonal dodéeaheo which up to 30,83, E1
enzymes and 6-12 homodimeric E3 enzymes are tethigigly, but non-covalently,
at maximal occupancy. More recently a substitutiommdel of PDC has been
proposed where the core is formed by 48 E2 and 3BPEwith the 12 E3BP
polypeptides replacing an equivalent number of ERse N-termini of the E2
enzyme(s) each contain two peripherally-extendpdyli domains that exhibit great
mobility and in effect, act as ‘swinging arms’ seniheir attached lipoic acid cofactors
must visit the active sites of all the three enzgnmmestrict rotation during the catalytic
cycle. Similarly, E3BP is a distinct E2-relatedymeptide that is primarily involved
in E3 integration but also displays overlappingctions with E2 as it contains a
single, highly-flexible lipoyl domain that can parpate in catalysis.

In this study, a model recombinant human PDC has lveconstituted from its E1,

E2:E3BP and E3 components that were all overegpdem and purified frork. coli



in high yield prior to assembling spontaneously ifully-active complexn vitro. The
wild-type recombinant PDC displayed similar enzyimadctivity to the native
complex purified from human heart. As a preludesxamining 3 novel naturally-
occurring, E2-linked mutations, the recombinant PDGdel was validated initially
by examining the effects of alterations in its {faion status on its activity and
overall properties and secondly by assessing theacteristics of recombinant PDC
lacking the E3BP subunit. A possible enzymatice rébr E3BP in promoting
formation of an § S-diacetylated dihydrolipoamide intermediate on B2l £3BP
was also investigated.

In the first analysis a series of mutant E2:E3BIResowvere created containing all
possible combinations of active and inactive lipadmains. These possible
combinations were ++/+, -+/+, +-[+, --[+, ++/ - /-++-/- and --/-, where ‘+' is a
lipoylated and ‘-’ is a non lipoylated outer, inner E3BP domain in the E2:E3BP
cores. Eight recombinant PDC models were succégsfetonstituted from these
cores and analysed for their effects on PDC agtaaimpared to wild-type complex.
The data indicate that mutation of the outer oemipoyl domain of E2 by replacing
the lipoylatable lysine by glutamine leads to a3%84 decrease in activity; moreover
the presence of an active or inactive lipoyl domam E3BP had no detectable
influence on PDC function. However, PDC, in whichly active E3BP lipoyl
domains were present, retained 15% of wild-typavidgt These data confirm
previous reports on the functional redundancymdyl domains observed in bacterial,
yeast and mammalian PDCs and suggest that thepBf klomains and the lipoyl

domain of E3BP can act independently as effectibsisates for E1, E2 and E3.

A parallel study on recombinant PDC lacking E3BPaswalso consistent with
previous studies in showing that it retained phedivity in the complete absence of
this subunit. E3BP-deficient patients retain relgy high levels of PDC activity (15-
20%) as compared to the 3-8% observed using stoatric amounts of E3 in our in
vitro assay. However, our data also suggested that %0DC activity could be
achieved in the presence of a 100-200 fold exceES @ahat may account for slightly
higher activity in the patients. Interestingly, avilype PDC activity declined by 10-
30% in the presence of a large E3 excess in agrdewiéh the idea that the E1
binding site on E2 retains a residual affinity E8 and is able to partially displace the

rate-limiting E1 enzyme when present in high amsunt
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The main objective of the thesis was to apply @sombinant PDC model to conduct
a detailed investigation of the molecular defectdarlying three novel E2 mutations/
deletions identified at the genetic level by Dr.n@aBrown, University of Oxford in
PDC-deficient patients under his care. These wes@ geparate ‘in frame’ 3-bp
deletions encoding glutamate-35 and valine-455hie mature E2 protein and a
phenylalanine-490 to leucine (F490L) substitutionatted near the active site of the
enzyme. Full length copies of these mutant enzywere generated by site-directed
mutagenesis as well an outer lipoyl domain-GST tanshousing th&35E deletion.

In the case ofAS5E mutant, our data from lipoylation assays, d¢acuichroism,
tryptophan fluorescence, non-denaturing gel elpbiboesis, size exclusion
chromatography and cross-linking analyses indit@é the mutant lipoyl domain is
misfolded and displays a pronounced tendency tonfdimers or higher order
aggregates, presumably via inappropriate expostineydrophobic surfaces. As a
result, the bulk of the E2:E3BP core does not abteproperly as evidenced by its
unusual subunit composition and the presence afrababnormal species including
non-specific aggregates detected by analyticalacdintrifugation. Mutant E2,
E2:E3BP core and reconstituted PDC showed low iaetf¥0-20%) as compared to
wild-type controls, indicating a small proportiofh active core can still form under
these conditions. In this study, replacement of3fuby aspartate or glutamine had
only minor/negligible effects on E2:E3BP core asslymand reconstituted PDC
activity indicating that the size or charge of amarid at this position is not critical
for normal folding and assembly.

In the valine-455 deletion study, the patient waeported to contain no
immunologically-detectable E3BP, despite the appaadsence of any mutation in
the PDX1 gene. Therefore, in this study, it wasdtlgpsised that this E2-based
mutation might be responsible for preventing indé¢ign of E3BP into the E2 core
assembly, thereby promoting its rapid degradatidtihough, this deletion resulted in
reduced E2 and PDC activity (50%), it was not fouadprevent E3BP integration
when the mutant core was produced at eithet@G@r 37°C. As this patient has no
detectable levels of E3BP protein despite the piesef mMRNA for this component
as detected by RT-PCR studies in Oxford, the peecislecular basis for this defect
remains unclear at present. The patient is cugramitlergoing a complete medical

and clinical re-evaluation.
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Recombinant mutant PDC containing the F490L mutatidso loses about 50%
enzymatic activity as compared to the normal odv§pe PDC confirming the role

of this mutation in PDC deficiency in this patiefhis phenylalanine located near to
the catalytic site of E2 has been found to be nesipte for substrate specificity and
its substitution could be directly responsible flecreased enzymatic activity in this

case. No major structural changes were observédsimutant core.

In summary, our recombinant PDC model has provdaktof considerable benefit in
enabling us to gain a more informed insight inte tmolecular mechanisms of
pathogenesis underlying these rare E2-linked nartafiparticularly in the case of the
AE35-E2 mutant. In the absence of the recombinandemosuch detailed

investigations would have proved impossible owiaghe lack of access to human

tissue from individual patients.

As a corollary to the main aim of the thesis, dipri@ary attempt was made to create
an equivalent recombinant OGDC model. OGDC is alsmitochondrial assembly

that is involved in the TCA cycle and is increagyngnplicated in the aetiology of

various neurodegenerative diseases linked to axa&latress including Alzheimer’s

and Parkinson’s disease.

The basic organisation of the OGDC is directedHgygelf-assembly of 24 copies of
dihydrolipoyl succinyltransferase (E20) to formubi core, to which multiple copies

of 2-oxoglutarate dehydrogenase (Elo) and dihydoalnide dehydrogenase (E3)
bind non-covalently. The mammalian E20 is unusnalacking any obvious E3 or

Elo binding domain. In this study, E20 and E3 warecessfully overexpressed and
purified. Initially it was confirmed that E20 a8 do not interact with each other on
gel filtration although stable association of alk@nstituent enzymes occurs in the
native complex. Full-length E1lo was also clonedcsssfully although it proved

impossible to achieve detectable expression irEoooli BL21 host system.

Previous studies employing subunit-specific protsisl have identified the extreme
N-terminal segment of E1o as a key region involirethe maintenance of complex
stability and integrity and is required for E2 &8l binding. To investigate this region
in more detail, three N-terminal Elo fragments oécréasing size were
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overexpressed, one in His-tag form (193 amino acasl two as E10-GST fusion
proteins (166 and 83 amino acid#) co-expression, purification and gel filtration
studies, it was found that all these N-terminahtiates of E1o appeared capable of
interacting with E20 although problems were encerett with rapid degradation and
unambiguous identification in some cases. HoweWgstern blotting revealed
conclusively that even the shortest N-terminal Ehgment (83 amino acids) was
able to enter into a stable association with E2winQ to time constraints and
difficulties with rapid degradation and/or solutyilof the E1o truncates, it remains to
be determined whether this N-terminal region of E&a also interact with E20 in a
post-translational fashion and whether it is digertvolved in mediating E3 binding.
However, this type of approach should continuertavigle additional insights in the
unique subunit organisation of OGDC and is an ingydrstep towards creating a
recombinant model of OGDC. This will be invalualle future studies on an
important metabolic assembly that has been inarghsiimplicated in disorders

linked to oxidative stress and neurodegeneration.
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Chapter 1

Introduction to pyruvate dehydrogenase
and 2-oxoglutarate dehydrogenase

complexes

1.1 Multienzyme complexes

Multienzyme complexes are organised assemblies hithwthe individual components
function in a cooperative manner by catalysing eocosive reactions linked by common
metabolic intermediates. They may provide the me@nsattain high local substrate
concentrations, regulate competition amongst coimpepathways, coordinate the
activities of interdependent pathways, and/or sstguetoxic and labile intermediates
within cells. Two or more enzymes associating iis thay allow the substrates to travel
efficiently between the active sites. This procdsgmywn as ‘channelling’, can in certain
cases be kinetically advantageous. Thus multienzgomplexes optimise the catalytic

activity and ensure the regulated activity of aabetic pathway.
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The most prominent examples of multienzyme com@exe the family of stable 2-oxo
acid dehydrogenase complexes, that include thevpigudehydrogenase (PDC), 2-
oxoglutarate dehydrogenase (OGDC) and branched-cRapxoacid dehydrogenase
(BCOADC) complexesPDC links glycolysis to the tricarboxylic acid (T¢Aycle and
fatty acid synthesis by catalysing the oxidativecatboxylation of pyruvate with the
concomitant production of acetyl-CoA and NADH. OGD@ contrast, controls a major
regulatory step in the TCA cycle and decarboxylattesubstrate, 2-oxoglutarate to form
succinyl-CoA (Sheu and Blass, 1999). Finally, the@A\DC oxidatively decarboxylates
the branched chain 2-oxoacids derived by transaimmaf valine, leucine and isoleucine
in addition to methionine and threonine (Jonesaaaman, 1986) (Fig. 1.1).

The molecular understanding of the 2-oxoacid detyeinases began in 1950s with the
isolation of lipoic acid. The years from 1960-80votved mainly the application of
standard protein-chemical and enzymatic technidoessolation, characterisation and
determination of the catalytic and regulatory fumes of these complexes. This has been
supplemented in recent years by the increasingicabipin of recombinant DNA,
biophysical techniques and refined structural amttctional approaches. The pioneering
studies on these complexes were undertaken onititebial multienzyme complexes that
have paved the way for advances and new insigtighe organisation of these complexes
in other species. Interestingly, there are conalaerdifferences in the structure, function
and regulation of these multienzyme complexes agptemt, bacterial and animal species
as elucidated by various recent studies. Humanvpyeudehydrogenase complex (PDC),
the most prominent member of the mammalian 2-oxbdehydrogenase complex family
is an excellent example of a multienzyme assembtl @ major focus of research. PDC
plays an important role in many metabolic disordere of which is congenital childhood
lactic acidaemia, that is a poorly understood grofigenetic diseases (Robinson and
Sherwood, 1984). The most common cause of thisribeldedefect is a deficiency of the
pyruvate dehydrogenase complek has also been described in patients with
subacute/chronic neurodegenerative disease withguificant metabolic acidosis (Dahl et
al., 1992). Two clinical forms of lactic acidaemrialated to PDC deficiency are
recognized, neonatal and juvenile. The neonatah f&r a relatively common cause of
lactic acidosis in the first weeks of life and malgo feature an erythematous rash. The
juvenile form presents with lactic acidosis, alapedntermittent ataxia, seizures and

erythematous rash.
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1.2 Subunit organisation of the pyruvate dehydrogen ase

complex

PDC in mammalian systems is composed of multiplgieso of three main enzymes -
pyruvate dehydrogenase (E1), dihydrolipoamide dicahsferase (E2) and
dihydrolipoamide dehydrogenase (E3). In addition these enzymes, there are two
regulatory components, namely a tightly boundutsspecific E1-kinase and a phospho-
El-phosphatase. Specific PDC phosphatases invoilvibe activation of the complex and
are loosely bound to it (Teague et al., 1982). Matian PDC also contains an accessory
protein, formerly known as protein X, now referrem as E3-binding protein (E3BP)
(Behal et al., 1993).

In mammals the basic framework of the complex ®vged by a central core composed
primarily of E2 subunits. Sixty copies of E2 andEE8BP are arranged in a pentagonal
dodecahedron displaying 532 symmetry (Yeaman e1@¥8) (Fig. 1.2 A). However, the
E2 core in the PDC of Gram negative bacteria andalinthe known OGDCs and
BCOADCSs, exists as a 24-meric cubic structure withahedral (432) symmetry (Fig.1.2
B). The E1 enzyme of PDC in mammals exists as.fsheterotetramer with up to thirty
Els arranged around the E2 core (Reed, 1974). EB ubiquitous flavin-containing
dehydrogenase and is present as a homodimer witRB 6epies occupying the 12
pentagonal faces of the E2 core (Yeaman et al8)19%velve copies of E3BP are tightly
associated with E2 where, it mediates E3 bindintheocomplex (Gopalakrishnan et al.,
1989; Lawson et al.,, 1991). Other studies have sigmested that one E3BP molecule
binds to each of the 12 faces of the E2 core whil® E3 homodimers are attached to the
complex via E3BP (Sanderson et al., 1996b). Regemtiother model of PDC core
organisation has been suggested based on sedimergquilibrium and small angle x-ray
scattering dataAccording to this substitution model, the core casew 48:12 E2:E3BP
instead of 60:12 to which 12 E3 are bound in ldickiometric relationship with E3BP
(Hiromasa et al., 2004).
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It has been shown that E2 and E3BP must be co-esguleo promote their co-integration
into a native oligomeric core. E3BP is thought &wvéits C-terminal region embedded in
the core structure while the rest of the molecuiereds outwards. Until recently, it was
generally accepted that the PDC comprises at marimecupancy 60 E2 monomers, 30
E1l heterotetramers, 12 E3BP monomers and 6-12 f@8rdi Recent isothermal titration
calorimetry studies, however, have suggested a3 dimer binds two E3BPs implying
that each E3 is capable of forming cross bridgeih whe 12 E3BPs across adjacent
pentagonal faces of the E2 core assembly assumihg2 6meric E2:E3BP core
organisation (Fig.1.3 A). In a similar way, it Hasen suggested that the E1 tetramers may
also form crossbridges between pairs of E2 monomilersy the 30 edges of the E2 core
assembly (Fig.1.3 B). However, this study is infaohwith recent X-ray structures for the
human E3 in association with E3BP where 1:1 bindihthe E3BP didomain (lipoyl and
E3-binding domains) and E3 has been shown (Ciszak,2006).

1.3 Catalytic mechanism

PDC is responsible for controlling a key committdp in carbohydrate utilisation by
catalysing the oxidative decarboxylation of pyrevad yield acetyl CoA, C©Oand NADH
(Patel and Roche, 1990). This is a multi-step reacinvolving a high degree of
cooperation among the constituent enzymes of thisienzyme complex (Fig. 1.4). As no
net production of carbohydrate is possible fromaitetyl CoA product, PDC is the main
regulator of glucose homeostasis in mammals (SugddrHolness, 2003). E1 catalyses a
two-step reaction, that is the first and the rateting step in the overall catalytic
mechanism. Active E1 has an absolute requiremerthé cofactor thiamine diphosphate
(ThDP) and M§" ions. Pyruvate forms an adduct with the thiazalg of ThDP and this
undergoes decarboxylation to produce a 2 (1-hydrttwgidene) ThDP intermediate that
undergoes oxidation while the dithiolane ring ok thpoyl moiety on E2 becomes
reductively acetylated. This reductive acetylatistep supplies the acetyl group and
electrons that are transferred, via E2 and E3 otisiedy, to CoA and NAD. Both of these
initial partial reactions are catalysed by E1. B2nt mediates the transfer of the acetyl

group from its &acetyldihyrolipoamide intermediate to free CoAughforming acetyl
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CoA. E3 reoxidises the reduced lipoyl moiety of iegenerating the disulphide bridge in

the lipoyl group with NAD acting as the final electron acceptor.

1.4 Pyruvate dehydrogenase (E1)

Mature E1 in mammalian systeragists as a heterotetramer composed of two copies e
of Ela and EP subunits (Barrera et al., 1972). The E1 comporiena thiamine
diphosphate dependent (ThDP) enzyme that catati®eedecarboxylation of pyruvate to
CO, to form the intermediate compound 2(1-hydroxyetlgrie) ThDP and the reductive
acetylation of the lipoyl groups of the E2 as showfig. 1.4. The enzymatic reaction also
requires M§", that interacts with the pyrophosphate linkag&lobP to facilitate binding
(Walsh et al., 1976). The crystal structure of hnntl PDC has been resolved at a
resolution of 1.95 A (Ciszak et al., 2003) proviglidetailed insights into the catalytic
mechanism and interaction between the two acties.sThDP is found at the end of a 20
A long hydrophobic channel that is capable of acomating the lipoyl-lysine swinging
arms. Although both active sites are chemicallyiejant, their dynamic non-equivalence
has been established indicating that one actieecsitalyses the decarboxylation step while
the other concurrently reductively acetylates Effab lipoamide. Similarly, access to
ThDP is granted to either pyruvate or the lipoysitye moiety at any given moment,
resulting in flip-flop mechanism (Ciszak et al.03). There is a 20 A tunnel that acts as a
proton wire and is lined with acidic residues cartimg the two active sites. Mutagenesis
of these acidic residues greatly reduced the faEElanediated decarboxylation (Frank et
al., 2004). Chemical modification had previouslgntified cysteine-62 of the subunit
and tryptophan-135 of thfesubunit (Ali et al., 1995) as being involved i thctive site of
mammalian E1.The amino acid sequences surrounding this tryptoptesidue are
conserved in H1 from several species, suggesting that this regmay constitute a
structurally and/or functionally essential parttbé enzyme. Site-directed mutagenesis of
these two residues has indicated that they ardvastan coenzyme binding and could also
be important for the stability of the E1 hetercater.
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125 A
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Figure 1.2: Structures of the octahedral and icosaddral E2 inner cores
(acetyltransferase domains) of PDC

(A) Octahedral E2 core of tha. vinelandii PDC; left to right, twofold, threefold, and
fourfold views. (B) Icosahedral core of thg stearothermophilus PDC; left to right,
twofold, threefold, and fivefold views. In both tasces, the three different subunits of a
single trimer are in different colours, most repdieen on the threefold vieWBussey et
al., 1991).
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E3BP

E2 E2

Figurel.3: Schematic representation of possible subit organisation of E1 and E3 on
the surface of the E2:E3BP core assembly

Putative crossbridges between E3 dimer and two B38PPDC (A). Cross bridges
between E1 tetramers and pairs of E2 monomers & FB). SBD (subunit binding

domain), LI & L2 (outer and inner lipoyl domains).
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Figure 1.4: Reaction mechanism for pyruvate dehydrgenase complex

The reactions catalysed by E1 are showneth the reaction catalysed by E2 isgreen,
and that catalysed by E3 is indicatedy@low. R represents Ci Adapted from Perham
(2000).
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1.5 Dihydrolipoamide acetyltransferase (E2)

E2 is the central, structural and functional congrarof all the known PDCs as it forms a
core about which the other components are tetheglety but non-covalently. It catalyses
the transfer of acetyl groups froni-&cetyl dihydrolipoamide to CofButterworth et al.,

1975). The E2 subunit associates as trimers ilyitiaéfore assembling into a larger
multimeric structure (Hendle et al., 1995). MammalE2-PDC has two highly conserved
lipoyl domains at its N-terminus called outer ander lipoyl domains, respectively. These
are followed by a small subunit-binding domain dsitisg of 30-40 amino acids. At the C-
terminus a large catalytic inner domain is predemwn as the catalytic domain that is
also responsible for E2 self-assembly and integmattf E3BP (Fig. 1.5). Individual

domains are connected to each other by well-definédr regions rich in alanine, proline

and acidic amino acids.
1.5.1 Linker regions of E2

Linker regions of E2 comprise segments of polymkpthains approximately 20-30 amino
acids in length. These linker regions are rich lemime and proline and charged amino
acids. NMR studies have shown that these linkeonsgare very flexible but also have a
degree of rigidity, providing the mobility needed allow the lipoyl domains and the
lipoamide prosthetic group to migrate between tamlgtically active sites of the three
constituent enzymes (Fussey et al., 1991). Whegtidek were made in the linker region
that separates the lipoyl domain from the dihygadimide dehydrogenase-binding
domain in a genetically-modifie®. coli E2 containing a single lipoyl domain, overall
PDC activity was impaired without any effect on tleactions of the individual enzymes.
Moreover, it was necessary to shorten the linkgroresequence that separates the lipoyl
domain from the peripheral-binding domain in thedified E2-PDC to approximately half
of its original length before there was a pronouhetfect on complex activity. Thus it was
concluded that linker should be at least 13 amiaidsalong for maintenance of full
activity (Miles et al., 1988).

10
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'® @ ® D= mmmi
A. vinelandii
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E2 . . E: L. faecalis
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Lipoyl domains Peripheral Acyltransferase
subunit- and inner-core
binding domain domain

Figure 1.5: Schematic representation of the domaiand linker regions of E2 and
E3BP of PDC across various species

The domains are separated by long, flexible buereded linker regions of polypeptide
chain (indicated in light blue). Lipoylated domaiaie indicated by a star. Adapted from
Perham (2000).
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1.5.2 The lipoyl domains of E2

The lipoyl domains play a crucial role in couplitige activities of the three enzyme
components of PDC by providing ‘swinging arms’ tlzae mobile and responsible for
efficient substrate product transfer among theetlseccessive active sites (Fussey et al.,
1991; Yeaman et al., 1978). A specific lysine sstlain of each lipoyl domain is modified
with a lipoamide prosthetic group that is esseribakransportation of acetyl groups from
El to E2, and reducing equivalents from E2 to Epolc acid is 6, 8-thioctic acid or 1, 2
dithiolane-3-pentanoic acid and is a sulphur comgi cofactor (see section 1.5.3 for
details). A correctly-folded lipoyl domain is reged for the efficient attachment of its
lipoyl group and recognition by its cognate lipdigase and EI component. The covalent
attachment of the lipoic acid cofactor to apoprotequires two enzymes in mammals.
Firstly a lipoate activating enzyme promotes thenfation of lipoyl AMP (Tsunoda and
Yasunobu, 1967). Then a second enzyme, lipoyl AMPysine-lipoyltransferase, which
depends on a structural cue rather than a speatfino acid motif, initiates lipoylation of
the lysine residue (Fujiwara et al., 1994; Fujiwataal., 1999). In contrast, iB. coli,
lipoate-protein ligase A is responsible for cofacttachment and catalyzes both lipoate-

activating and transferring reactions (Morris et #094; Zhao et al., 2003).

1.5.3 Structure of the E2 lipoyl domain

The structure of the lipoyl domain from a numbepadkaryotic sources has been solved
by NMR spectroscopy. However, only one structure been solved from a mammalian
source (Howard et al., 1998). The overall backbstngcture of the lipoyl domain is quite
similar in all species examined so far. It comwia@-barrel-sandwich hybrid that is now
known to be typical for lipoyl domains (Fig.1.6)h& domain is formed by two similar and
almost parallel four-stranded antiparalfkheets connected by loops and turns. e

sheets each consist of three major and one minandstand are formed around a well-

12
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defined core of hydrophobic residues. The lipoyllalysine residue is located on an
exposed type-PB turn in one of the3-sheets, within a conserved DKA motif. Highly
conserved aspartic acid (D) and alanine (A) resdigenot appear to be important for the
recognition of the lipoylatable residue lysine,determined by site-directed mutagenesis
whereas the position of the lysine residue itaplfears to be critical fdipoylation. When
the lysine residue was mutated to alanine or moweed residue in either direction,
lipoylation was not observed as determined by mgssctrometry. This shows that
lipoylating enzymes require a precise structural icuorder to initiate lipoylation. In thg.
stearothermophilus lipoyl domain of E2, the combined results of slieected mutagenesis
and NMR spectroscopy pointed to the surface lodpsecin space to the beta-turn
containing the lipoyl-lysine residue, as a majotedainant of the interaction of lipoyl
domain with E1 (Wallis and Perham, 1994). In thisdg the mutant domain retained its
overall three dimensional structure and abilityb®come lipoylated but could not be
reductively acetylated by E1. Jones and co-workéoses et al., 2001) found that the
lipoyl domain of E2 undergoes conformational changehen interacting with their
homologous Els but not heterologous Els. Gong &vadkers (Gong et al., 2000)
determined the contribution of particular aminodacof the outer lipoyl domain of human
PDC in E1 recognition and found that the specifitop involves L140, S141, and T143.
Other residues that markedly reduce activity of tthzyme on mutagenesis are E162,
D172, A174, and E179 located close to the lipoylietdysine residue (K173). They also
found that influential residues are spread overerthan 24 A on one side of the outer
lipoyl domain, suggesting surface residues in ti@igion contribute towards substrate

recognition

At the far end of one of the sheets, the lipoyldgsresidue is presented to the solvent in a
beta-turn connecting two successive strands. TherfNinal and C-terminal ends of the
folded domain meet on the exact opposite side efdttmain in two adjacent beta-strands
of the other sheet. Lipoyl domains display a rerablk internal symmetry that projects
one (3-sheet onto the othdd-sheet after rotation of approximately 180° abou2-fold

rotational symmetry axis.

In E. coli PDC it has been shown that there are three ligogiains per E2 chain although
only the outermost domain needs to be lipoylatedfitimal activity and growth (Fussey
et al.,, 1988).It was concluded that the reason for retainingehipoyl domains is to

extend the reach of the outermost lipoyl cofactdher than to provide extra cofactors for

catalysis.

13
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Lipoic acid is 6, 8-thioctic acid or 1, 2 dithiolane-3-pentanacid and functions in
transacylation, redox and transport reactions. ldygp a central role in oxidative
decarboxylation where it is covalently attachedatspecific lysine side chain on each
lipoyl domain to form a lipoamide prosthetic grodipis formed from octanoic acid via an
enzymatic S insertion (Brody et al., 1997). Lipa@d has a therapeutic role in many PDC
deficiency symptoms. Clinical improvement has baehieved by oral administration of
lipoic acid in a young patient (Matalon et al., 498In addition, lipoic acid has been
reported to prevent symptoms of vitamin E deficie(leodda et al., 1994) and to protect
against cerebral ischaemia perfusion in rodent® (&@al Phillis, 1995). Ziegler and co-
workers (Ziegler et al., 1997) evaluated the effjcand safety of the oral treatment with
the antioxidant lipoic acid in non-insulin dependathabetes mellitus patients with
autonomic neuropathy. Treatment with lipoic acicsweell tolerated and slightly improved

the patients with cardiovascular autonomic neutopaymptoms.

14
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Figure 1.6: Structure of the lipoyl domain of the 2-PDC from B. stearothermophilus

The two sets ofi-sheets are shown iight blue (strands 1, 3, 6, and 8) axdrk blue
(strands 2, 4, 5, and 7). The lysine residue tlkabimes lipoylated is in the loop between
strands 4 and 5 (indicated gneen), and the prominent surface loop between straraisdl

2 is indicated inred. The orientation of the side chain of the targetifle residue is

undetermined (Dardel et al., 1993).
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1.5.4 Peripheral subunit binding domain of E2

The primary function of this domain in human E2asind E1 primarily through the B1
subunit (Lessard and Perham, 1995), but it may @ton a residual binding affinity for
E3 (McCartney et al., 1997). The three dimensiatalcture of this domain frons.
stearothermophilus PDC (Kalia et al., 1993) has been resolved an@/shio comprise two

a helices connected by a loop. It is about 43 ananmls in length with 33 of these
residues forming a structured core composed of dwwelices connected by a loop that
contains a short'3 helix. Two highly conserved hydrophilic residuésp34 and Thr24
are found buried in the structure and these residgue thought to be crucial for the
stability of the domain (Spector et al., 1998). $&&te comparison of this domain from a
variety of organisms has shown that they shareasimilar structure (Russell and Guest,

1991) and indeed is one of the most highly congkregions of the E2 protein.

1.5.5 The C-terminal acetyltransferase domain of E2

The C-terminal domain of E2 forms the central cofd®DC by associating into trimers
that are located on each vertex. Eight such trinaees found in the cubic core iA.
vinelandii (Mattevi et al., 1993b; Mattevi et al., 1992), {ehRO each are found in the
icosahedral core dB. stearothermophilus (Milne et al., 2002), yeast (Stoops et al., 1992;
Stoops et al., 1997) and bovine PDC (Behal etl&94). The trimers are fairly loosely
associated via bridges, 20 A in length, along the fold axes creating highly dynamic

structures.

The C-terminal domain of E2 is responsible for tmetyltransferase activity of this
enzyme and provides the binding sites involved i delf-assembly into the structural
core. The active site is located in a 30 A longnecieh at the C-terminal domain subunit

interface and runs across trimers. A conservedesegumotif, DHRXXDG, is thought to

16
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accommodate the histidine and aspartate necessamyafalysis (Radford et al., 1987).
Two substrates for transacetylation, CoOASH and dbetylated lipoyl domain have to
approach the E2 active site from opposite direstidnard et al., 1999). CoASH binds to
the inside of the E2 core, while the acetylatedyipdomain interacts with the outside
(Mattevi et al., 1993b; Mattevi et al., 1993c; Maitet al., 1992). Structural homology has
been observed between the C-terminal domaiB. @bli E2 and several chloramphenicol
acetyltransferases (CATSs) (Fussey et al., 1988}. cdmparison of this domain with CAT
also shows two highly conserved residues, a hmsidind an aspartic acid, thought to be
involved in the catalytic mechanism of E2. Thisdicdon was later confirmed when the
crystal structure of the cubic E2 core frofnvinelandii was solved to 2.6A resolution
(Mattevi et al., 1993c; Mattevi et al., 1992). CAsTalso organised as a tightly-associated
trimer of identical chains with a catalytic centcentaining a 30 A long channel, found at
the interface between subunits and is structusaftylar to E2 fromA. vinelandii (Leslie,
1990).

1.6 E3 binding protein (E3BP)

This subunit, also originally known as protein Xgshbeen found only in the PDC of
mammals (De Marcucci and Lindsay, 198B¥caris suum (Klingbeil et al., 1996) and
yeast (Behal et al., 1989). The presence of thimisitiin PDC was not recognised for
many years until 1985, because it was thought t@ lsegradation product of E2 as it
contained a covalently-attached lipoyl group treat be reductively acetylated in a similar
manner to the lipoyl domain of E2. It was foundbi® an individual component of PDC
when anti-sera raised against other component¢f failed to elicit a reaction against
E3BP and vice-versa (De Marcucci and Lindsay, 198ka et al., 1986). Peptide mapping
and radiolabelling studies further confirmed E3BRPadourth separate component of PDC
(De Marcucci et al., 1986; Hodgson et al., 198&aJet al., 1986; Neagle et al., 1989). The
main function of this protein is to bind E3 to tbere structure; hence it was renamed E3
binding protein (Lawson et al., 1991). Initiallyetiprecise role of the E3BP subunit was not
known exactly because of its high affinity for tG8-meric E2 assembly from which it
could only be dissociated under denaturing conaktidHowever, it was found that this

subunit could be cleaved by selective proteolytigrddation employing arg C, releasing a
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15 kDa N-terminal fragment, whereas the 35 kDa @teal fragment was still bound to
the high molecular weight core of the complex. &rgleavage of E3BP was prevented by
the presence of E3; moreover the proteolyticallydified E2:E3BP was no longer able to
bind E3 with high affinity (Sanderson et al., 19p6a

The humanPDX1 gene encoding E3BP was cloned in 1997 (Harrisl.etl897) and
showed high similarity to that of E2-PDC. It coneds of a lipoyl domain, a subunit
binding domain, a C-terminal domain and flexibleker regions (Fig. 1.5). The lipoyl
domain of E3BP can be acetylated but no acetylieaase activity or other catalytic role
has been identified for E3BP. In the absence of EFEC sustains a low level of activity
since the peripheral subunit-binding domain of B displays residual affinity for E3
(McCartney et al., 1997). Removal of E2 lipoyl donsaby collagenase treatment of the
complex results in retention of 15-20% of overdll® activity as compared to wild-type
complex, suggesting that the E3BP lipoyl domain campensate for the missing E2

lipoyl domains to some extent (Sanderson et a6ap

Recent studies with low resolution structure aredysdicate that there is 2:1 binding of
E3BP and E3 forming a stable complex. One lipoyindm of this complex may be
peripherally extended away from tl3 dimer, whereas the second lipoyl domain is
docked into onef the E3 active sites that are located at the mm@memonomeinterface

in a dynamic state (Smolle et al.,, 2006) suggest@sgis the case for E1, that the two
actively interact with their cognate substrate fh@flop mechanism.

Complexes deficient in E3BP have been shown torrgiartial PDC activity bothn vivo
andin vitro. Reconstitution studies have shown that bovine Pdaking E3BP is able to
retain residual activity in the presence of a mebazess of E3. However, in the presence of
stoichiometric amounts of E3, little or no activiyas apparent (McCartney et al., 1997).
This is thought to be due to retention of a limitddlity of mammalian E2 to bind to the

E3 component, allowing E3 to bind specifically kith low affinity.

This retention of residual binding activity is sapied by studies on a group of patients
who have no immunologically-detectable E3BP but) séill sustain PDC activity at
approximately 10-20% of wild-type levels (Geoffrey al., 1996; Marsac et al., 1997).

Such patients displayed symptoms that were indjsigihable from those associated with
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classical PDC deficiency. Initially it was uncleisuch patients produced low amounts of
E3BP that might be compatible with the maintenasfdéde. However subsequent analysis
of E3BP deficient patients indicated that they iearrlarge deletions within the open
reading frame of E3BP cDNA (Marsac et al., 199he3e large deletions occurred as a
result of point mutations at intron-exon boundarregienomic DNA leading to aberrant

splicing and loss of an entire exon (Dey et alQ20

1.7 Dihydrolipoamide dehydrogenase (E3)

E3 is a member of the enzyme family known as thédme disulphide oxidoreductases
involved in the transfer of electrons between pged nucleotides and disulphide
compounds. The other main members of this familgluesle glutathione reductase,

thioredoxin reductase and NADH peroxidase.

In PDC, E3 brings about reoxidation of the redutipdyl moiety on E2 and E3BP.
Initially the dihydrolipoamide on E2 transfers #kectrons to a reactive cysteine pair on
E3, and then the electrons are passed via a tightind FAD cofactor before being finally
transferred to NAD. The end result is the formation of NADH and aidsed lipoamide

moiety on E2 that is now ready for the next catalgycle.

In the PDC, E3 exists as a dimer of two identicddunits. Each subunit contains a redox
active disulphide, a non-covalently bound FAD malecand NAD binding site. Only the
dimeric form of the enzyme is active and can irderrectly with E2 (Schulze et al.,
1991). The three dimensional structures of E3 fe®weral different sources have been
solved by x-ray crystallography the most recenbyrf human (Brautigam et al., 2005).

E3 also contains two active sites, each of whictoisied by the flavin ring of FAD, two
cysteine residues from one monomer and a histichsglue from the second monomer
(Toyoda et al.,, 1998). Site-directed mutagenesigshd histidine residue (His-425) in
human E3 resulted in almost complete abolition 8fdetivity and it was concluded that
His-452, was the probable proton acceptor/dondicatito E3 catalysis. In addition, the

local environment around His-452 and Glu-457 is onmtgnt in the binding of
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dihydrolipoamide to the enzyme (Kim and Patel, J9%¥3 is thought to be the identical
gene product serving all three 2-oxoacid dehydragenmultienzyme complexes in

mammals.

1.8 Regulation of PDC

PDC is located at a significant branch-point in abelism channelling intermediates into
the tricarboxylic acid cycle (Fig. 1.1.). Two majtypes of regulatory mechanism are
present in PDC from higher organisms. One is tree moduct inhibition by NADH and
acetyl CoA and the other involves covalent modifama of the complex by a
phosphorylation / dephosphorylation mechanism ntedidy several protein kinases that
are tightly bound to the complex and a specificgpmprotein phosphatase that is more
loosely associated (Behal et al., 1993) (Fig. 1.7).

Stimulation of the pyruvate dehydrogenase kinaswigcby acetyl-CoA and NADH is
thought to occur due to changes in acetylation r@alliction states, respectively of the
transacetylase lipoyl moieties (Yeaman et al., J9F®ur isoenzymes of PDC kinase
namely PDK1, PDK2, PDK3 and PDK4 have been idesdifand characterised, PDK4
being the most recent (Rowles et al., 1996).

Initially PDC kinase (PDK) was thought to be orgad as a heterodimer having @n
subunit of molecular weight 48,000 and fheubunit of molecular weight 45,000 (Stepp et
al., 1983). However, more recently it became apygdteat there was a possibility of the
individual isozymes of PDK forming homo- and heténoers, which might differ with
respect to their kinetic parameters and regulatiomammals. Indeed Boulatnikov and
coworkers (Boulatnikov and Popov, 2003) have rdgatgmonstrated heterodimerisation
between PDK1 and PDK2.

The kinase is present in very small quantities @ntightly bound to the complex. PDK
catalyse the phosphorylation of three serine residquesent on Ed subunit. These are
Ser-264, Ser-271 and Ser-203 in human PDC. Phogplion at site 1 occurs
independently. However, phosphorylation at sit&er{271) and site 3 (Ser—203) requires
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the presence of E2 (Yeaman et al., 1978). Eachesktisoenzymes exhibits tissue specific
expression and acts at different preferential SREK1 and 4 are mainly expressed in liver
and muscle tissues, while PDK3 is present in thedy, brain and testes. PDK2 is present
in most tissues (Gudi et al., 1995). Site 1 seambet preferentially phosphorylated by
PDK2, site 2 by PDK3 while site 3 can only be phuspylated by PDK1 (Korotchkina and
Patel, 2001). PDK1-3 associate with the E2 inn@yyli domain while PDK4 preferentially
interacts with the E3BP lipoyl domain (Yeamanlet®978).

PDC kinase is a target protein in several drug ldgwveent programmes since inhibitors of
this enzyme should activate PDC, thereby increasempohydrate utilisation and is of

particular interest in the treatment of diabetes.

Pyruvate dehydrogenase is phosphorylated and wa&eti by its specific, intrinsic, CAMP-
independent protein kinase, using Mg ATP as sules{fzooper et al., 1974). Reactivation
of the enzyme complex is accomplished by a*Mand C&" dependent phosphoprotein
phosphatase, that removes the phosphoryl groupsghmspho-E1. Huang and co-workers
(Huang et al.,, 1998) showed that there are at I¢ast isoenzymes of pyruvate
dehydrogenase phosphatase (PDP), designated as &BIP2 in mammals, that are
different with respect to tissue distribution anddtic parameters and, therefore, are likely
to be different functionally. These isoenzymes hasgue specific expression with PDP1
located primarily in muscle whereas PDP2 is foumdivier and adipose tissue (Huang et
al., 1998). In contrast to PDK, PDP is loosely asged with PDC, although its catalytic
activity is increased 7-16 fold by interaction witte E2 lipoyl domain (Chen et al., 1996).

Like PDP1, PDP2 is a Mdependent enzyme, but its sensitivity to ¥Mipns is almost
ten-fold lower than that of PDP1. In contrast toFADPDP2 is not regulated byé#ons.
Instead, it is sensitive to the polyamine spermimbich in turn has no effect on the
enzymatic activity of PDP1 (Huang et al., 1998).

Another long term regulatory mechanism involvesesavhormones and nutritional factors
that control the levels and activity of the PDCskwveral tissues. These factors have been
studied, but to a lesser extent and probably affectong term regulation of PDC through
changes in the levels of its catalytic and regujatcomponents by controlling gene

expression at the transcriptional and translatitavel (Patel and Harris, 1995).
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Figure 1.7: Regulatory mechanism for PDC by feedbacinhibition and covalent
modification via protein kinase(s) and phosphoprot® phosphatase(s)

Adapted from Behal et al. (1993).
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1.9 Pyruvate dehydrogenase complex defects

As human PDG@s composed of several different gene producteretc defecinvolving
any one of them can lead to impairmémtits function. Deficiencies of the pyruvate
dehydrogenase complex are now well documented artdtions have been described in
the gene$DHAL, PDHB, DLAT, DLD, PDX1 andPDP1 encoding the Ed, E13, E2, E3,
E3BP and PDP1 proteins, respectively (Brown, 18@wn et al., 2004; Lissens et al.,
2000; Seyda et al., 2000).

Pyruvate dehydrogenase complex deficiency is ortaeofnost common disorders leading
to neurodegeneration associated with abnormal mtagdrial metabolism as the citric acid
cycle is a major biochemical process central torggngroduction and maintenance of
intracellular ATP levels. Malfunction of the cycleads to abnormal lactate build-up
resulting in non-specific symptoms (e.g., severtaey, poor feeding, tachypnea),
especially during times of illness, stress, or higirbohydrate intake. Progressive
neurological symptoms usually start in infancy Iy be evident at birth or in later
childhood. These symptoms may include developmeagddy, intermittent ataxia, poor

muscle tone, abnormal eye movements or seizures.

The vast majority of these lesions reported to @agecaused by mutations in the coding
region of the gene responsible foroERbout 80 point, insertion and deletion mutations
have been reported in the &4ubunit causing a range of symptoms of varyingeegof
severity in individual patients (Chun et al., 199Bhe gene for Ed is localised on the X
chromosome (Szabo et al., 1990) exposing it toeatgr chance of mutation. In addition,
location of the E& gene on the X chromosome is responsible for vanatin the clinical
symptoms of E& mutation between males and females, specificaklypotential for the
occurrence of mosaicism in heterozygous femalesaglete PDC Ed deficiencyhas not
been observed in males and is presumed to be thal early stage of development. By
contrast, mutations thabolish Ed protein synthesis are commonly found in heteroaggo
female patients whose tissues are composed of tpwalations of cellas a consequence
of X chromosome inactivation. In these fematesne cells have completely normal PDC
function whereas othegse highly deficient (Dahl et al., 1992).
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Therandom pattern of X inactivation in different inatluals,and in different tissues in the
same individual, contributesgnificantly to the widely divergent clinical pergtationsn
female patients. Although the majority of theseehetygoudemales present with obvious
PDC deficiency, a small numbef females carrying an Eklsubunit mutation have mild
symptomsor no symptoms at all, presumably because of amaxtivation pattern
favouring expression of the normal X chromosomejii(fed al., 1994; Matthews et al.,
1994). There is a male preponderance amongst severeltedf@atients whereas females
tend to have milder metabolic and neurological dgsfion (Brown et al., 2004).
Mutations affecting the PDHB gene encodingBHiave been identified in two patients
only so far. In both cases a single amino acid tdukisn destabilises the E1

heterotetramer (Brown et al., 2004).

Although not reported as frequently as E1 defedigsormalities in E2, E3 and E3 binding
protein have also been found producing a broaderarigsymptoms of varying severity
(Chun et al., 1991; Dahl et al., 1992; Endo et EH991). Mutations in the PDX1 gene
encoding E3BP have been reported in a dozen paitf@nal et al., 1997; Geoffroy et al.,
1996; Ling et al., 1998; Marsac et al., 1993; Raamaet al., 2004).

More than 20 cases of E3 deficiency have been tepaue to different mutations in the
DLD gene encoding the E3 enzyme, common to PDC, O@bd BCOADC (Hong et al.,
1996; Robinson et al., 1989).

Defects in the E2 component have also been detantquhtients with severe lactic
acidaemia (Robinson et al., 1990). However the rermof patients encountered with

defects in the E2 are relatively few.

PDC deficiency must be differentiated from othesodders causing lactic acidosis,
particularly defects of the electron transport ohahlthough electron transport chain
defects may have similar neurological manifestatiom PDC defects, they also have
systemic manifestations (skeletal and cardiac mywgs) not found in inborn errors of
PDC. Biochemically these two entities can be défeiated because electron transport
chain defects have an abnormally elevated lacpgteivate ratio and impaired fatty acid
oxidation (Robinson et al., 1989). Further detail@drmation on this topic is provided in

section 4.1, Chapter 4.
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Another type of disease involving PDC subunits risnpry biliary cirrhosis. This is an
autoimmune disease characterised by the produofianti-mitochondrial auto-antibodies
(AMA) against components of PDC although the majato-antigen is the E2 component
(Fussey et al., 1988; Gershwin et al., 1987). Tim@ary epitope appears to be the inner
lipoyl domain of E2 and involves the lipoamide pghegtic group. Since this domain is
conserved in E3BP, it is also another major taof¢the autoimmune response (Surh et al.,
1989). Autoantibodies have also been reported ag&Bf-OGDC (Fussey et al., 1988),
BCOADC (Fussey et al., 1991) and thenFitotein (Fregeau et al., 1990).

Defects in ThDP-containing enzymes such as pyrudalg/drogenase have been reported
in brain and peripheral tissues from patients suffefrom Alzheimer’s disease (Gibson et
al., 1988). A 50% decline in the activity of PDCGOC and cytochrome oxidase has also
been shown in patients’ brains suffering from Ainher’'s disease (Gibson et al., 1998).
The exact molecular mechanism involved in linkifg@and OGDC to this disease is not
known, however, possibilities are that free oxygadicals and accompanying oxidative
stress may cause damage to these enzymes (Shj 20@b). Defects in PDC may also
reduce acetyl-CoA levels leading to impaired praiduc of acetylcholine that is an
important neurotransmitter in both the peripheral and cemeavous systems (Szutowicz
et al., 2006). Many patients suffering from systestlerosis, a multi-system connective
tissue disorder, also produce antibodies ta gLjimoto et al., 1995). Detailed enzymatic
and genetic analysis of patients with such defectgery important in understanding the
exact role of each component of PDC and also baakfor clinical prenatal diagnosis,

improved treatment regimens and potentially gereatby in the future.

The diagnosis of PDC deficiency has been enhangdtebavailability of specific assays
for PDC and its catalytic components. Immunolog@atl molecular biological methods
have facilitated characterisation of the genetsidaf specific PDC defects. Immunoblots
and RNA blot analyses using specific antibodies@NA probes corresponding to all the
catalytic components of PDC indicate consideraldéeiogeneity in PDC deficiencies
(Brown et al., 2004, Patel et al., 1992).

As PDC is ultimately responsible for tailoring thppropriate usage of glucose in the body
to match the varying energy requirements of indigidtissues on a minute-by-minute
basis; therefore, PDK and its inhibitors are ofaglienportance as therapeutics for diabetes,

where glucose metabolism is impaired. Early intetims to treat PDC deficiency include
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dietary manipulation and vitamin supplementatioalkret al., 1976; Matalon et al., 1984).
Ketogenic diets appear to lower blood lactate Eveut do not significantly improve
neurological function in most cases. Another forfrtheerapy includes the provision of
thiamine and/or lipoic acids in an attempt to masanresidual PDC activity. Reduced
lactic acidosis was observed in PDC deficient pagieon treatment with dichloroacetate,
which is an E1-kinase inhibitor (Berendzen et 2006; Stacpoole, 1989; Stacpoole et al.,
2006).

Recently, a vector using recombinant adeno-assatiatus (rAAV) that contained a full-
length EIx green fluorescent protein (GFP) construct was tisetkeliver wild type Ed
into mitochondria after injection of the construttivo into the central nervous system of
rats andn vitro into human cells. Transfection of cultured fibradis from a male patient
with Ela deficiency led to partial restoration of PDC aityiv as determined by
decarboxylation of*C-pyruvate. These data indicate that at leastgdanirrection of PDC

defects may be feasible by gene transfer (Stacaak, 2003).

1.10 Biophysical tools in the study of PDC

PDC is a highly important multienzyme complex cahto the energy metabolism of an
organism. Various researchers using a combinatiomadecular biological, biochemical
and biophysical approaches have determined thectstey function and modes of
interaction of various components of PDC. For dtmat determination, the choice of
biophysical techniques depends largely upon thesiphlyand biochemical properties of
the protein to be studied and also on the advastagd limitations of the techniques
employed. For example, crystallography gives a Jagh resolution (up to 0.1 nm)
revealing fine details of atomic structure but nees the production of high quality
crystals, which is always not feasible. The crystalicture of human E1-PDC has been
resolved at a resolution of 1.95 A (Ciszak et 2003) and the crystal structure of human
E3 (Brautigam et al., 2005) and E3BP-subunit bigdiomain in association with E3 has
been recently resolved at 2.6 A (Ciszak et al. 6200
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NMR is another versatile tool for structural deteration of macromolecules in solution
giving high resolution (0.2-0.3 nm), informationcatb the flexibility and dynamics of
specific regions of polypeptides and providing angefor mapping sites of protein-protein
interaction. However, this approach requires cotreged solutions of protein and is
limited to the analysis of relatively small proteiM;, 30 kDa or less). The structure of the
inner lipoyl domain of human PDC has been resothiesugh NMR (Howard et al., 1998).
Similarly, the three-dimensional structure of tip@{l domain (Dardel et al., 1993) and the
peripheral subunit-binding domain of dihydrolipoaeiacetyltransferase from the PDC of

B. stearothermophilus has also been solved by this approach (Kalia. £1993).

Small angle X-ray scattering (SAXS) is another biggical tool that is often employed in
combination with other structural and biochemicaktihods and is an important
complementary approach to generate consistent siaofebiological macromolecules
(Koch et al., 2003). SAXS not only provides lowalkgion models of protein complexes
in solution, but also in many cases delivers answesignificant functional questions. For
example the structure of human E3 bound to suthinding domain of E3BP has been
resolved by SAXS and shows great asymmetry (Snevl&., 2006). Most importantly, the
method permits the study of native oligomeric proteomplexes in near physiological
state and the analysis of structural changes porese to variations in external conditions,
thus yielding valuable information on the relatibipsbetween these structural changes and
the operation of the proteins under investigationmany cases solution structures differ
significantly and are more open and extended tharetjuivalent crystal structures.

Determination of the three-dimensional (3D) orgatian of PDC is key to understanding
its highly regulated, multi-functional roles anddenlying molecular mechanisms. While
much progress has been made in the determinatid@Do$tructures of the constituent
enzymes of microbial and yeast PDCs through X-rggtallography, NMR spectroscopy
and electron cryomicroscopy (cryo EM), 3D structustudies of the human PDC
complexes have been hampered both by sample ualaNigyi and by the increased
complexity of additional regulatory components. €toumction of a recombinant human
PDC in vitro by expressing and purifying its individual enzymask. coli has been
achieved inthis laboratory followedby their spontaneous reconstitution into active
complex. This should facilitate detailed investigatof how the multiple components of
human PDC and their cofactors interact with eatieroin normal as well as pathological
states. Various biochemical, molecular as well@sraon biophysical techniques such as

circular dichroism, size exclusion chromatography analytical ultracentrifugation have
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been used in this study. Analytical ultracentrifigga is an extremely versatile and
powerful technique for characterizing the solutgtate behaviour of macromolecules.
When coupled with contemporary data analysis metheg@periments performed in the
analytical ultracentrifuge are capable of rigorgustletermining sample purity,
characterizing assembly and disassembly mechanisindiomolecular complexes,
determining subunit stoichiometries and detectind eharacterizing macromolecular and

conformational changes.

Circular dichroism (CD) is an excellent tool forprd determination of the secondary
structure and folding properties of proteins thatveén been obtained using recombinant
techniques or purified from tissues. The most wideded applications of protein circular
dichroism are to determine whether an expressetfjgouprotein is folded correctly or if
mutations affect its conformation or stability. GPdefined as the differential absorbance
of left circularly polarized light (LCPL) and riglaircularly polarized light (RCPL): CD =
Abs (LCPL) — Abs (RCPL). Ellipticity is the unit aircular dichroism and is defined as
the tangent of the ratio of the minor to majorpitial axis. To be “CD active”, a molecule
must be structurally asymmetric and exhibit absockan the uv region. Asymmetry can
result from chiral molecules such as the peptidekibane of proteins, a non-chiral
molecule covalently attached to a chiral moleca®rhatic amino acid side chains), or a
non-chiral molecule in an asymmetric environmeng.(& chromophore bound to a
protein). Increased relative absorption of leftgped light results in a positive CD signal,
while a negative signal is the result of right paed light being more highly absorbed.
Proteins are CD active (all amino acids exceptigfaontain a chiral carbon), and the

resulting CD signals are sensitive to protein sdaoypand tertiary structure.

Three common secondary structure motifs (alphaxhéleta sheet, and random coil)
exhibit distinctive CD spectra in the far-ultravablregion (170-260 nm). Alpha-helical
proteins have negative peaks at 222 nm and 208 mimaapositive peak at 193 nm.
Proteins with well-defined, antiparall@tpleated sheet{f3{helices) have a trough at 218
nm and a peak at 195 nm, whereas disordered psdtawve very low ellipticity above 210
nm and negative bands near 195 nm (Greenfield asth&n, 1969; Holzwarth and Doty,
1965; Venyaminov et al., 1993). Secondary structlatermination by CD is reported to
achieve accuracies of 0.97 for helices, 0.75 foa sbeet, 0.50 for turns and 0.89 for other

structure types (Manavalan and Johnson, 1987).
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Using CD spectra, the secondary structure of pretean be estimated using a variety of
computer algorithms. The near ultraviolet regioB0260 nm) provides a fingerprint of

the tertiary structure of proteins. Asymmetric @amiments of aromatic amino acids, that
are sensitive to protein conformation in the loealironment, provide the basis of the

near-uv CD signal (Greenfield, 1975).

Tryptophan fluorescence is another approach wided in protein studies to determine
structural changes in proteins. The major goahedpplication of this tool is to interpret
the fluorescence properties in terms of structpeabhmeters and to predict the structural
changes in the protein. Since the wavelength atehsity of tryptophan fluorescence
emission spectra is sensitive to the surroundingr@mment therefore, it is regularly

employed to monitor perturbation of the local &nyistructure.

1.11 The 2-oxoglutarate dehydrogenase complex (OGDC )

This mitochondrial enzyme assembly catalyses thilative decarboxylation of 2-
oxoglutarate to succinyl CoA. Elo also utilizesathine diphosphate (ThDP) as a cofactor.
The ThDP is tightly but non-covalently bound to BAhich catalyses the oxidative
decarboxylation of 2-oxoglutarate and subsequendibg of the resultant succinyl moiety
to a sulphur residue of E2 bound lipoic acid witmcomitant regeneration of the ThDP.
The core enzyme E2 catalyses succinyl group tramsfeoenzyme A producing succinyl-
CoA. A multiple random coupling mechanism has beeposed for the E2 lipoyl domain
in OGDC fromE. coli (Hackert et al., 1983). E3 catalyses the two ebectransfer of
reducing equivalents from E2 to produce NADH arid H

The basic organisation of this complex is alsodweld to be similar to PDC with 24 copies
of dihydrolipoyl succinyltransferase (E20) formiray cubic core structure displaying
octahedral symmetry to which 12 copies of 2-oxaylate dehydrogenase (E10) bind non-
covalently (Yeaman et al., 1978). An estimated 6pie® of dihydrolipoamide
dehydrogenase (E3) are attached non-covalentlyhéositx faces of this complex. In
mammalian OGDC, some early studies suggested tt@aipears to bind more tightly to
the E2acore than E3 (Yeaman et al., 197™pre recent reports indicate that single copies
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of E1o and E3 form a high-affinity subcomplex, witte homodimers binding to the E20
core through the N-terminal region of E1o (McCaytet al., 1998).

OGDC plays an important role in the regulation afXdglutarate concentration which is a
key citric acid cycle intermediate and a commonsgnalte for several enzymes. Regulation
of OGDC is subject to feedback inhibition with @sd products, NADH and succinyl CoA
inhibiting the E1o component directly (Lawlis an@dRe, 1981). Changes in both*Ca
and Md" concentrations can also control OGDC activity aidng with ThDP are
required for maximal enzyme activity (Panov andrBaa1996). Agonists that increase
cytosolic free C& levels have been shown to stimulate metabolic fhmough the 2-
oxoglutarate dehydrogenase complex. Another studgicated that physiological
concentrations of inorganic Pi may exert significactivation of OGDC that could further
be potentiated by Mg (Chinopoulos et al., 1999). A number of inhibitoetluce the
activity of this complex including several reactiorygen species and lipid peroxidation
products such as 4-hydroxy-2-nonenal (Anderssaal.e1998; Chinopoulos et al., 1999;
Humphries and Szweda, 1998; Park et al., 1999)réfy@h peroxide interacts with nitric
oxide (NO) to form peroxynitrite a reactive nitrogspecies that is also reported to be an
effective inhibitor of OGDC (Park et al., 1999). digxynonenal and perhaps hydrogen
peroxide may reduce the activity of OGDC relativelglectively compared to other
mitochondrial components of energy metabolism (sumad Szweda, 1999). Methotrexate
and some other environmental toxins can also iht@gssDC function (Caetano et al.,
1997).

1.12 Dihydrolipoamide succinyltransferase (E20)

The core protein, E2@s encoded by the DLST gene that in humans is docain
chromosome 14924.3. The human DLST gene and a @gene were first characterised in
1994 (Nakano et al., 1994). The sequence of theahugene showed minor variations
from those of previously published cDNAs (Ali et.,all994; Nakano et al., 1993).
Determination of the entire sequence of the dihlyplbamide succinyltransferase gene of
human OGDC revealed a complete absence of any wbvimicleotide sequence
corresponding to the E3-binding and/or E1-bindingndin. It has been suggested that the
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exon coding for the E3-binding and/or E1-bindingnddan may have been lost from the
gene during evolution (Nakano et al., 1994). Thusman dihydrolipoamide

succinyltransferase possesses a unique structnsesting of only two domains in contrast
to the dihydrolipoamide acyltransferases of thepfhoxoacid dehydrogenase complexes.

1.13 2-oxoglutarate dehydrogenase (E10)

Eloin humans is coded by the OGDH gene located onmotisome at position 7pl13-p14
and the gene was initially characterised in 1998Kmyke (Koike, 1998). Although,
thiamine diphosphate is a cofactor for this enzyitsedeficiency did not lower the levels
of the mRNA for this component in several tissubura systems (Pekovich et al., 1998).
In the octahedral complex of OGDC, Elo exists agdromodimer whereas E1 of PDC is
a heterotetramer. Studies on mammalian OGDC enmogpecific proteolysis and N-
terminal sequence analysis, have identifiggroteolytically sensitive region at the extreme
N- terminus of the E1o componenmith significant sequence similarity to the E3BRI &P
component®f mammalian PDC (Rice et al., 1992). These sintiggr suggested that E10
may perform some functions normally devolved to B2PDC and BCOADC. Gel
permeationof the E10/E3 fraction of OGDC, under associativenditions, has
demonstratedhat these two enzymes interact with high affinity form a stable
subcomplex with an apparent, Bbnsistent with a 1:1 stoichiometihese studies provide
the first direct biochemical evidence thatiquely, in mammalian OGDC, its constituent
Elo enzyme is responsibfer binding the E3 component to the multi-enzymenptex
(McCartney et al., 1998), a function similar to f@ia E3BP in PDC. Moreover,
subsequent immunological analysis indicated thésemm to Elaecognised antigenic
epitopes in E3BP of PDC, whereas anti-E3BP-spes#ium was also able to weakly
recognise E1o (McCartney et al., 1998).
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1.14 Dihydrolipoamide dehydrogenase (E3)

Human dihydrolipoamide dehydrogenase (E3) is alyreaic component common to the
mitochondrial 2-oxoacid dehydrogenase and glycieeatboxylase complexes and has
been described earlier in section 1.7 in this arapt is encoded by the DLD gene which
was first characterised in 1993 (Feigenbaum andrizoh, 1993).

Site-directed mutagenesis of human E3 has shownlybme-54 is necessary for the
protein-FAD interaction and for the catalytic adiywvof this enzyme whereas, glutamate—
192 is involved in maintaining the appropriate otation of lysine-54 during catalysis
(Liu et al., 1999). The amount of E3 found in mhoadria typically exceeds the amount
required for the maximal activation of OGDC, PDQ@ &8COADC. This finding has led to
speculation that E3 may also have roles in thestesnof electrons between substrates

within mitochondria including ascorbic acid (Xu avtlls, 1996).

1.15 Role of OGDC in disease

OGDC deficiencies have been associated with seveeairodegenerative disorders
including Alzheimer’s disease and Parkinson’s disedt is also linked to primary biliary
cirrhosis, characterised by the presence of artbehondrial antibodies against the
subunits of the 2-oxoacid dehydrogenase complexesuding EZ2o (Kaplan and
Lundsgaarde, 1996). However, deficiency of OGD@me characteristically associated
with neurological syndromes. This association i$ sorprising because of the acute
dependence of the integrity of the nervous system omidative metabolism. The
neurological syndromes linked to OGDC deficiencgyMaom fatal disease of the neonates
to chronic disease of the elderly. Infantile lacmdosis with severe mental retardation is
the characteristic symptom of OGDC deficiency (Het@l., 1996; Munnich et al., 1982;
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Robinson et al., 1989; Shaag et al., 1999). Mamgpsgms of OGDC deficiency are a
result of deficiency of E3, with accompanying deficies in PDC as well as BCOADC
(Hong et al., 1996; Munnich et al., 1982; Robinstml., 1989). The affected patients can
be homozygous for mutations in DLD or can be commped heterozygotes, inheriting
different defective DLD genes from each of theirrguas (Robinson et al., 1989).
Psychomotor retardation in early childhood has bassociated with somewhat milder
deficiency of OGDC (Bonnefont et al.,, 1992; Guffat al.,, 1993). Intermittent
psychomotor symptoms occur in Ashkenazi Jews wineigdly have mild E3 deficiency
(Shaag et al., 1999). For example, a group of tlobddren have intermittent attention
deficit disorder with mild ataxia, incoordinationdahypotonic weakness linked to a single
G229C mutation in the DLD gene.

Friedreich’s ataxia (Wong et al., 1999) is anotleendition associated with OGDC
deficiency (Sheu and Blass, 1999). This conditi@s wamed after the German physician
Nicholas Friedreich, who first described the cooditin the 1860s. These patients develop
ataxia and signs of damage to the long tracts @fsffinal cord, with significant clinical
manifestations typically beginning in adolescenceearly adult life (Sheu and Blass,
1999). The primary genetic defect is in the FRDAx@gWong et al., 1999). FRDA
encodes the protein frataxin that is involved ireefrradical metabolism within
mitochondria. The Friedrich mutations can lead nactivation of a number of key
mitochondrial enzymes including aconitase (Roticalet 1997). E3 deficiency has been
confirmed in the brain of Friedreich’s ataxia patge(Mastrogiacomo et al., 1996).

Loss of mitochondrial enzyme activities includin@® and OGDC has been found in
spinocerebellar ataxia also (Sheu and Blass, 1998bi et al., 1989). These ataxias
involve varying combinations of signs and symptamssociated with dysfunction of the
spinal cord and cerebellum and sometimes othess partthe brain. The precise gene
product involved differs among the various typespinocerebellar ataxias characterised

so far (Pandolfo and Montermini, 1998).

Another important association of OGDC is with Paskin’s disease, a common disease of
later life that impairs secondary motor functiord arften impairs intelligence as well. The
best known defect in energy metabolism is in comgdleof the electron transport chain,
that may be caused in some Parkinson’s diseasenpmby a defect in mitochondrial DNA
(Schapira et al., 1998). Deficiency of OGDC hasnb&mind in Japanese patients with
Parkinson’s disease, based on immunocytochemicaliest (Mizuno et al., 1994). A
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genetic abnormality in the DLST gene, encoding EB2s also been reported in Japanese
patients suffering from Parkinson’s disease (Kobhyat al., 1998). The Parkinson’s
syndrome can be induced by poisoning with the camgdPTP (1-methyl 4-phenyl 1, 2,
3, 6-tetrahydropyridine), a chemical that is ralate the opioid analgesic drugs. This
chemical is converted in mitochondria to MPRIPP inhibits complex 1 of the electron
transport chain but also inhibits OGDC. The rembsetivity of OGDC in human brain is
about 10% of that of complex 1, suggesting that MHAihibition of OGDC might be
functionally more important than inhibition of tle&ectron transport chain per se (Sheu and
Blass, 1999).

Alzheimer’s disease (AD) accounts for over 80% ementias in older people (Nolan et
al., 1998). The classical pathological lesionsblesunder the light microscope are amyloid
plaques and neurofibrillary tangles (Geddes et E97). Among the characteristic
biochemical lesions are oxidative stress and defoy of OGDC (Butterworth and
Besnard, 1990; Gibson et al., 1988; Mastrogiacoimal.e1996; Terwel et al., 1998). At
least two mechanisms may contribute to the rednafocOGDC activity in AD. A genetic
component is implied by the finding that OGDC defncy persists in cultured skin
fibroblasts from many but not all patients with ABheu and Blass, 1999). However, a
plausible pathogenic mutation has not been defageget. Secondary damage to OGDC
also appears to occur in AD due to other mutateands particularly as a result of oxidative
stress. OGDC is particularly susceptible to oxidastress (Sheu and Blass, 1999) which
appears to be an important part of AD process aay be the main contributor to the
reduction of OGDC activity in this disease. Thusge and non genetic mechanisms are
not mutually exclusive and indeed polymorphisms rfatations) in a gene encoding an

OGDC component may sensitise OGDC to damage bydidieals.

Human apolipoprotein E (APOE), a major componentpafproteins, plays a central role

in the metabolism and redistribution bpids such as cholesterol and dysfunctional forms
of APOE are associated with increasstl for AD (Corder et al., 1993; Farrer et al. 979
Saunders et al., 1993; Strittmatter et al., 198®)eed, evidence indicates that DLST and a
dysfunctional isoform of APOE, APOE4 may interactthe causation of AD (Sheu and
Blass, 1999). In molecular genetics studies, tse@ation of DLST with AD was found to
be significant only in patients who were also pesitfor APOE4. The presence of this
isoform has been proposed to be deleterious asudt r&f increased production of free
radical evident from significantly enhanced lipigidation in brain cortex (Ramassamy et

al., 1999) and such mechanisms can also affect QGDC
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Amyloid aggregates of the amyloid-beta (Abeta) jkpare implicated in the pathology of
AD. Anti-Abeta monoclonal antibodies (mAbs) haveebeshown to reduce amyloid
plaguesin vitro and in animal studies. Consequently, passive inmmation is being
considered for treating AD and anti-Abeta mAbsrayes in phase |l trials (Gardberg et al.,
2007).

OGDC defects have also been found associated vatietbs. Maturity-onset diabetes of
the young (MODY) is a rare form of juvenile dialbetenellitus that presents with
hyperglycaemia in the absence of ketosis. Mutationshe gene encoding hepatocyte
nuclear factor-& (HNF1a) are the cause of MODY3. Induction of HNF1-P29i$€} the
most common HNFA mutation, is generated by a mutational hotsp@axon 4 occurring
in unrelated families. This frameshift mutatiorsuking from insertion of a C in a poly(C)
tract centred around codon 290, encodes a trungateein of 315 amino acids. This
mutation has been reported to significantly inh@xpression of mitochondrial ELo mRNA

and protein with a corresponding decrease in OGat&lytic activity (Wang et al., 2000).

1.16 Aims of this thesis

The main aim of this thesis is to develop a recomabi model of human PDC for studying
genetic mutations found in the human populationadlieve this, a recombinant model of
PDC is created by overexpressing and purifyingvéigous constituent enzymes before
assembling into a fully-active complex. Initiallgaonstituted PDC is evaluated for its
functional abilities by using various biochemicaddamolecular biology approaches to
study the effects of known mutations in PDC onyiption status and role of E3BP. Once
the usefulness and validity of this novel modeltays is established as described in
Chapter 3, this model is used to study the rolénafe recently-discovered mutations in the
E2 enzyme of PDC encountered in indvidual patieht& of these mutations are unusual
‘in frame’ three base pair deletions and the thluireg is a substitution of an amino acid
located in the proximity of the active site. Sturet function relationships are studied by
mimicking the natural mutations in a PDC recombtnarodel. These mutations and

subsequent analysis of their effects on PDC asgerabtl enzymatic functions are

described in Chapter 4.
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This study is designed not only to generate newrmétion on the precise consequences
of the mutations at a molecular level and of theiderlying consequences leading to the
appearance of clinical symptoms, but also to estalbhe utility of this recombinant PDC
model as a vehicle for conducting more comprehensiudies of this kind in future.
Analysis of such mutant PDCs carrying the appraé@riangle amino acid substitutions/
deletions within the E2 and E3BP core polypept&tesuld provide important new insights
into the PDC structure, assembly, mode of actich regulation and will be of potential

clinical value for the future.

A minor ancillary aim of this thesis also involvggeliminary study of subunit
interaction/organisation of components OGDC as ril@=stt in Chapter 5, with a view to
mapping the domain organization &lo more precisely, in particular those regions
involved in maintainingritical subunit contacts. This will provide mordgarmation on the
structural organisation of OGDC and will be a stepards creating a recombinant model
of OGDC that is increasingly implicated in varioogetabolic, genetic and autoimmune

disorders.
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Chapter 2

Materials and Methods

2.1 Biological materials

2.1.1 Bacterial strains

E. coli strairs BL21 (DE3), BL21 (DE3) Star, BL21 (DE3) plysS aslwas Top 10 and

DH5a were purchased from Invitrogen.

2.1.2 Bacterial media

Luria Broth (LB) was prepared by dissolving 10 gcRe-tryptone, 5 g Bacto-yeast-extract
and 10 g NaCl per litre of distilled-B, pH 7.5. LB plates were made by adding 7.5 g of
micro agar to 500 ml LB. All media were autoclavedfore use. Wherever it was
necessary, broth and LB plates were supplementiédampicillin at 50ug/ml, kanamycin

at 30ug/ml and chloramphenicol at 34)/ml.
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2.1.3 Mutagenic primers

The following mutagenic primers were ordered fromgn& Genosys. The mutations

created are shown in colour.
Primers for lysine-46 to glutamine mutation in E2PDC

K46Q forward

5'-GAG ATA GAA ACT GAC CAG GCC ACT ATAGGT TTT TG-3
K46Q reverse

5'-CAA AAA CCT ATAGTG GCC TGG TCAGTT TCT ATC TC-3'
Primers for lysine-175 to glutamine mutation in E2PDC

K175Q forward

5-GAG GTT GAA ACT GATCAG GCC ACT GTT GGATTT GAG-3
K175Q reverse

5-CTC AAATCC AAC AGT GGCCTGATC AGT TTC AAC CTC-Z
Primers for lysine-44 to glutamine mutation in E3BRPDC

K44Q forward

5-GAA ATT GAG ACT GAC CAG GCT GTG GTT ACC-3

K44Q reverse

3-GGT AAC CAC AGCCTGGTC AGT CTC AAT TTC-%’
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Primers for glutamate-35 deletion in E2PDC

AE35 E2 forward

5'-GAG GGG GAC AAA ATC AAT GGT GAC CTA ATT GCA GAGZ
AE35 E2 reverse

5-CTC TGC AAT TAG GTC ACC ATT GAT TTT GTC CCC CT@G*
Primers for glutamate-35 to glutamine mutation in E2-PDC

E35Q E2 forward

5-GAG GGG GAC AAA ATC AAT CAG GGT GAC CTA ATT GCA GAG-3
E35Q E2 reverse

5-CTC TGC AAT TAG GTC ACCCTGATT GATTTT GTC CCC CTC-3
Primers for glutamate -35 to aspartate mutation inE2-PDC

E35D E2 forward

5'-GGG GGA CAA AAT CAATGG TGA CCT AAT TGC AGA G-3

E35D E2 reverse

5-CTC TGC AAT TAGGTCACC ATC ATT GATTTT GTC CCC-3
Primers for phenylalanine- 490 to leucine mutationn E2-PDC

P490L E2 forward

5'-GGA ATT AAG AAT TTA TCT GCT ATT ATT AAC CCA CC-3
P490L EZ2 reverse

5'-GGT GGG TTA ATA ATA GCA GAT AAATTC TTAATT CC-3
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Primers for valine-455 deletion in E2PDC

AV455 E2 forward

5'-GAA ACC ATT GCT AAT GAT GTT TCT TTA GCA ACC AAAGCA AG-3’
AV455 E2 reverse

S-CTT GCT TTG GTT GCT AAA GAAACATCATTA GCAATGGTT TCC-3'

2.1.4 Oligonucleotide primers

The following oligonucleotide primers were orderédm MWG-Biotech AG.

restriction sites created are shown in colour.

Primers for E1-OGDC construct

OGDE1(Ndel) forward

5'-GCT CAT ATG AGA CCATTG ACG GCT TCC CAG-3’
OGDEL1(Xhol) reverse

5-AGG CTC GAGCTA CGA GAAGTT CTT GAA GAC G-3
Primers for N-terminal E1 (166amino acid) GST fusion construct
E1BamH1 forward

5-CAT TTT CAG GAT CCA GAC CAG CAG CAG CTAGG- &
E1500EcoR1 reverse

5'-GCACTG GAATTC TCA GAA AGT GGT GGT GGG CAA G-3'

The
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Primers for N-terminal E1 (83 amino acids) GST fusion construct
E1BamH1 forward

5-CAT TTT CAG GAT CCA GAC CAG CAG CAG CTAGG- &
E1250EcoR1 reverse

5'-GAC CAG GAATTC TCA ATG GGC CAC AGC AGC AGC CAG-Z

All PCR primers were designed to obtain a balar@ggi composition, compatible melting
temperatures and contain a GC clamp at the 3’ terfihey were screened for internal
secondary structures e.g. hairpin loops or possiipferisation using software available at

the SigmasGenosys website (http://orders.sigma-genosys.eu)com

2.1.5 Chemicals and standard materials

Ampicillin, kanamycin, chloramphenicol, rubidium lohde, L-glutathione reduced, N-
ethylmaleimide (NEM), lipoic acid, lipoamide, L-agine, NADPH, NADH, NAD, CoA,
thiamine diphosphate, trypsin, phosphotransaceatylascetyl phosphate, pepstatin,
leupeptin, aprotinin, Ponceau S dye, ethidium bden@nd glutaraldehyde were purchased

from Sigma.

QIAquick Gel Extraction kit, Penta His-HRP kit amNl-NTA Agarose were purchased
from Qiagen. Quick Ligation Kit was purchased frodew England Biolabs. Wizard SV
DNA Minipreps Kit, restriction enzyme§aqg polymerase, dNTP and 10 kb DNA ladders

were from Promega. Quick Change Site-directed Managis Kits were from Stratagene.

HiPrep 16/60 Sephacryl S-300 High Resolution andtgbhione Sepharose 4B columns,
nitrocellulose membrane (ECL Hybond), ECL Westelotting detection reagents, low

molecular weight SDS Marker Kits, thrombin, zinclaride and PD10 columns were
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purchased from Amersham. 20 MC metal chelate ress purchased frompplied
Biosystems, USADialysis cassettes of various cut off sizes wertiakd from Pierce
(USA).

Precast 4-12% Bis-Tris gels and MES SDS Buffer wewechased from Invitrogen.
Protease inhibitor EDTA-free and Complete Proteaseibitor Mini tablets were
purchased from Roche. Imidazole was from VWR. Geonr filters with cut off sizes 5,
30, 60 and 100 kDa and N, N;*NN"- tetramethylethylene diamine (TEMED) were from
Fisher. Acrylamide 30% (w/v) was from Thistle SciBo. Bradford reagent was from
BioRad. Bacto-tryptone, Bacto yeast extract, DThd aPTG were from Melford
Laboratories Ltd. Coomassie Blue dye was obtainech fFluka and sodium borohydride
from Aldrich. Monoclonal antibody PD2 (patient dexd hybridoma IgG) was a kind gift
from Professor Freda Stevenson, University of Samattiton.

2.2 Molecular biology methods

2.2.1 Polymerase chain reaction

Polymerase chain reactions were carried out in € R0 ™ thermocycler (Genetic
Research Instrumentation). A typical single 100rgdction mixture using the Promega

PCR kit consisted of the following ingredients-

10x PCR buffer 10.0 pl

dNTP mixture 16.0 pl

5' primer 5.0 ul

3' primer 5.0 pl

PlatinunfTag DNA polymerase 0.5 ul (2.5 units)

DNA template 50 ng

Sterile water to a final volume of 100 pl
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Platinunf Tag DNA Polymerase High Fidelity is an enzyme mixtuwemposed of
recombinanfTag DNA polymerase, Pyrococcus species derived thaabtes polymerase,
and Platinurfi Tag Antibody. Pyrococcus species polymerase possessgsofreading
ability by virtue of its 3' to 5' exonuclease aityiv Mixture of the proofreading enzyme
with Tag DNA polymerase increases fidelity approximately 8mes over that offaq
DNA polymerase alone. Additionally, because a preading enzyme is present in the
mixture, amplification of simple and complex DNAnplates over a large range of target
sizes is possible. Targets 12-20 kb can be amghhfigh some optimization.

One of the most critical factors for successful hicption of DNA is the magnesium ion
concentration. Too much MgEhwill cause high levels of non-specific amplificati
whereas too little will inhibit the reaction. Théwee, in this protocol 1.5 mM Mggiwas
used as the final concentration for rag) DNA polymerase. Template was denatured for 5
min at 94 °C prior to the initial cycle. A typicatycling temperature profile
was: denaturing at 94 °C for 45 s, annealing at@@or 45 s and extension at 72 °C for 1
min for 25-30 cycles. A 10 min extension at 72 °@swgiven at the end of each cycle.
Annealing temperatures were critical and requiregpeemental optimisation. Low
temperature annealing increases non-specific aicgiibn; high temperatures inhibit
annealing but may increase specificity. Typicalealimg reactions were performed in the
range of 55 °C to 65 °C. PCR products were vieweaddarose gel electrophoresis using
1% (w/v) agarose.

2.2.2 Agarose gel electrophoresis

The appropriate amount of agarose was dissolvdXifAE (40 mM Tris, 1ImM EDTA,
40 mM glacial acetic acid, pH 7.5) for pouring agse gel slabs. DNA samples for
analysis were diluted fivefold by the addition o&ding buffer (0.25% (w/v) bromophenol
blue, 0.25% (v/v) xylene cyanol FF, 15% (w/v) Figdbefore being loaded on the agarose
gel. These were run at 100 V/250 mA for 40 min to uUntil the dye front was about 1 cm
from the bottom of the gel. Gels were then staiméth a small volume of ethidium

bromide before being viewed under a UV transillugbam.
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2.2.3 Extraction of DNA from agarose gel

DNA was purified from agarose gels using the QlAfuel Extraction kit. The DNA was
run on the gel and excised using a sterile scallaele. The excised agarose containing the
DNA was solubilised at 56C in the appropriate buffer and 100% (v/v) isopragaThis
solubilised mixture was applied to a spin columd aentrifuged for 1 min to allow the
DNA to bind to the column. The column was washedhwi50 pl of Wash Buffer
containing 80% (v/v) ethanol. Residual ethanol wersoved by centrifuging the column
for 2 min before eluting the DNA in 50 of Buffer EB (10 mM Tris-HCI, pH 8.5). The
guantity and quality of DNA was analysed by agamsleelectrophoresis.

2.2.4 Restriction digestion

Restriction digestions were performed either atep prior to cloning for preparing vector
and insert or for diagnostic purposes. Restricionymes and buffers from Promega were
used as per manufacturer’s instructions. Digestiae usually performed at 3T for 60

min and analysed by agarose gel electrophoresis.

2.2.5 Ligation

Vector was cut with appropriate restriction enzymé®ated with calf intestinal
phosphatase and gel purified. The insert was libsti® the vectors at a 3:1 insert : vector
ratio using the Quick Ligation Kit. The Quick Ligan Kit enables ligation of cohesive end
or blunt end DNA fragments in 5 min at room tempam@ (25 °C). Products were
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transformed into chemically competdat coli DH5a. cells and grown overnight on LB-

ampicillin plates at 37 °C.

2.2.6 Ethanol precipitation of DNA

Before sending DNA for sequencing, ethanol preatwh was carried out. A solution of 3
M sodium acetate (50l) was added to about 50 DNA suspension and left on ice for 30
min in an Eppendorf tube. Thereafter, it was cérged at 13,000 rpm for 15 min. The
supernatant was discarded and 28®f ice cold 70% (v/v) ethanol was added before
centrifuging it again for 15 mimfter again discarding the supernatant, tubes Wedtdo

air dry for 20-30 min.

2.2.7 DNA sequencing

Ethanol precipitated DNA samples were sent for sagung, which was carried out by
MWG Biotech. The sequencing results were read aatysed by Gene-Jockey software.

2.2.8 Production of competent cells

Competent cells were made using the rubidium atidornethod. The appropriake coli
strains were streaked on a LB-agar plate and grovennight at 37°C. A single colony
was picked and cultured overnight in 5 ml LB. Thisl culture was subcultured into 100
ml LB and grown at 37C with continuous shaking until an optical density550 nm of

0.50 was obtained. The culture was chilled on are5f min and then spun at 2000 -3000
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rpm in an Allegra™ 6R centrifuge at 4C in 50 ml sterile Falcon tubes. The supernatant
was poured off and each pellet was resuspendetly dgnpipetting in 20 ml buffer 1 (30
mM potassium acetate pH 5.8, 100 mM rubidium cleril0 mM calcium chloride, 50
mM manganese chloride and 15% (v/v) glycerol). Sbiition was re-spun in the same
manner as before and the supernatant discardedpélle¢ was resuspended in 2 ml buffer
2 (10 mM MOPS, pH 6.5, 75 mM calcium chloride, 1Mmubidium chloride and 15%
(v/v) glycerol) by gentle pipetting and chilled are for 15 min before storing in 2Q0

aliguots. Competent cells were stored at°@ntil required.

2.2.9 Transformation of competent bacteria

Competent cells were thawed on ice. Taub0f competent bacteria, ll DNA (about 0.1-
50 ng) was added. The bacterial cells were chiledce for 15 min. Cells were then heat
shocked for 90 s at 4% and then returned to ice for 2 min. To thesescdl50 pl LB
media was added and this bacterial cell suspengisnincubated at 37T for 45 min with
continuous shaking. About 2Q0 of suspension was plated on a LB plate contairiveg

appropriate antibiotic and incubated overnightaiG.

2.2.10 Purification of DNA from bacterial cultures (Miniprep)

DNA was purified using the Wizard SV DNA MiniprepgtkThe kit was used as per
manufacturer’s instructions. A single colony gromma LB plate was picked and cultured
in 5 ml LB medium containing the same antibiotibieTculture was incubated at 3¢
overnight with continuous shaking and cells petleby centrifuging at 10,000 rpm for 5
min in an Allegrd™ 6R centrifuge. The pellet was re-suspended in @5Cell Re-
suspension solution (50 mM Tris-HCI, pH 7.8, 10 ndTA, 100 ug /ml RNAse A).
Cells were lysed by the addition of 2pDof Cell Lysis Solution (0.2 M NaOH, 1% (w/v)

SDS) and incubated for 5 min in the presence ofZb@lkaline protease to inactivate any
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endonucleases released during cell lysis. Cell fdbsing Buffer 350ul (4.09 M GdmCl,
0.759 M potassium acetate, 2.12 M acetic acid) adated and the mixture was centrifuged
at 10,000 rpm for 10 min in a Sanyo Microcentaundbgop centrifuge to pellet the cell
debris. The supernatant was poured into a spimuoland centrifuged briefly to allow the
DNA to bind to the membrane of the spin column. T&umn was washed twice with
Column Wash Solution (60 mM potassium acetate, M Tnis-HCI, pH 7.8, 60% (v/v)
ethanol) prior to elution of the DNA with 100 nuclease free water. The quality of the

DNA was analysed by agarose gel electrophoresis.

2.2.11 Site-directed mutagenesis

The QuikChange Site-directed mutagenesis kit waplayad to make point mutations
using PfuTurboDNA polymerase. The DNA template in which mutationsre to be
created, was prepared by the standard Miniprepopobt For the PCR reaction, the
mixture consisted of il 10x reaction buffer, 50 ng double stranded DNAplate, 125
ng each of forward and reverse primers, 1 pl of ENiix and double distilled water to
make a final volume of 50 ul. Cycling parameteesavas follows: initial denaturing at 95
°C for 1 min, followed by 12-18 cycles involving 9& for 1 min, annealing at 50-60 °C
for 1 min and extension at 65 °C for 1-2 minutesstlplasmid length. PCR was carried
out in a PTC 100" Programmable Thermal Controlléfollowing temperature cycling,
the product was treated witto Uul Dpn I. The Dpn | endonuclease is specific for
methylated and hemimethylated DNA and is used dgestithe parental DNA template and
to select for mutation-containing, newly-synthediZ&NA. DNA isolated from almost all
E. coli strains is dam methylated and therefore susceptilBpn | digestion.Dam
methylation is the addition of a methyl group teemithe in the sequence 5-GATC-3' in
newly-synthesized DNA. The nicked vector DNA contag the desired mutations was
then transformed into XL1-Blue supercompetent c&lislls were heat pulsed for 45 s at
42 °C followed by returning to ice for 2 min. LB dia (0.5 ml) was added to the
transformation reaction and incubated at 37 °Clfarwith shaking at 225-250 rpm. About
100-200 pl incubated reaction mixture was platedL8nplates containing ampicillin.

Plates were incubated at 37 °C for 16 h. Coloniesevwpicked and grown in LB media
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containing ampicillin overnight at 37 °C. Next dgasmids were purified from these

cultures and sent for sequence analysis to enadetibn of the desired mutation.

2.3 Protein methods

2.3.1 Large-scale protein induction

A single colony was picked and added to 15 ml ofrhBdium containing the appropriate
antibiotic. Cells were grown at 37 °C overnightwagontinuous shaking. At this stage, 500
ml LB supplemented with antibiotic was inoculatedhw10-15 ml overnight culture and
grown at 37 °C with constant shaking until agg®of 0.5 was reached. For small-scale
induction 100 ml LB was inoculated with 1-5 ml owight culture. The cultures were
induced by the addition of 1 mM IPTG. For overexgsien of E2-PDC, E3BP or OGDC
proteins, 0.1 mM lipoic acid was also added to mhedium. Individual cultures were
shaken at 200-220 rpm at various temperaturesmgrigpm 16-37 °C for different lengths
of times as required. Samples (1 ml) were takeregtilar time intervals to check for
overexpression. These were pelleted by centrifagatind the pellets resuspended in
Laemmli sample buffer (10l per 0.1 Ao unit) and viewed by SDS-PAGE as described in
section 2.3.4. Cells were harvested by centrifogadit 10,000 rpm for 10-15 min at 4°C in
a JAl14 rotor in a Beckman J2-21 centrifuge andepetored at —20 °C.

2.3.2 French press treatment

E. coli pellets from 500 ml cultures were mixed with 20 ahlappropriate binding buffer
(50 mM KH,PQy, 1M NacCl, 0.5 mM Imidazole, pH 8) or PBS (170 mM®I, 3 mM KClI,

10 mM NaHPQO,, 1 mM KH,PQy, pH 7.2). Protease inhibitor cocktail tablets wadeled

at this point. Cells were disrupted by 3-4 paskesugh a French pressure cell at 950 psi.
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The disrupted cells were spun at 10,000 rpm at 4dtC10 min and the supernatant

containing soluble protein was kept for proteinification.

2.3.3 Checking the solubility of recombinant protei ns

Overexpression cultures (50 ml) were centrifuge®,800 rpm for 15 min at 4C. The
supernatant was discarded and pellets re-suspa@md@eohl binding buffer prior to French
press treatment. An aliquot (1Q0) was kept aside for SDS-PAGE for analysing whole
cell extracts. An aliquot (100Ql) of the disrupted cell extract was centrifuged4atC at
13,000 rpm in a Sanyo Microcentaur benchtop cemgefand the supernatant was saved
while the pellet was re-suspended and washed wWBi& Buffer 3 times; each time the
supernatant was discarded and replaced with fr&h Buffer. Finally the pellet was
suspended in binding buffer (1Q0) and the suspension saved for a pellet sample. An
equal volume of Laemmli sample buffer was mixed hwihe whole cell extract,
supernatant fraction and pellet suspension andsohgbility of the recombinant protein
reviewed by SDS-PAGE.

2.3.4 Sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE)

Sodium dodecyl sulphate (SDS) is an anionic detert@t denatures proteins and confers
a net negative chargk denaturing SDS-PAGE, separation of proteinsaseld not on the
intrinsic electrical charge of the polypeptide kart molecular weight. The following

buffers were prepared for making SDS gels: -
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SDS-PAGE buffers

Resolving gel : 8-15% (w/v) acrylamide,
0.5 M Tris-HCI buffertH®.8
0.1% (w/v) SDS
0.1% (w/v) ammonium pephate

0.1% (v/v) N,NNN™- tetramethylethylene diamine (TEMED)

Stacking gel :  5.4% (w/v) acrylamide
0.06 M Tris-HCI buffertd 6.8
0.1% (w/v) SDS
0.1% (w/v) ammonium pephate

0.1 % (v/iv) TEMED

SDS buffer 0.025 mM Tris-HCI buffer, pH38.

0.2 M glycine

1% (w/v) SDS
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Laemmli sample buffer 2% (w/v) SDS
10% (w/v)csose
62.5 mM TFHKCI, pH 6.8
Pyronin Yed(trace).

Samples for SDS-PAGE were suspended inllDaemmli sample buffer and DTT (150
mM final concentration) was added prior to boilfoy 5 min to ensure that all proteins
were denatured. The denatured protein samplesloaded either onto precast 4-12% Bis-
Tris gels using ready-made MES SDS buffer (1M MBS, Tris base, 69.3 mM SDS, 20.5
mM EDTA, free acid, pH 7.5) and run at a constantrent of 125 mA per gel.
Alternatively, the gels were made with a 4% stagkyel and 10-15% resolving gel, the
composition of which is described above. SDS buisrabove) was employed as running
buffer at a constant current of 125 mA per gel.téins were stained with 0.1% (w/v)
Coomassie Brilliant blue dye dissolved in 50% (wiwgthanol, 10% (v/v) acetic acid for
30 min with shaking. Protein bands were visualisgddestaining the gels in 10% (v/v)

methanol and 10% (v/v) acetic acid overnight.

2.3.5 Non denaturing gel electrophoresis

Non denaturing or native gels were prepared toragparoteins based on their size and
charge. A native gel comprised both a stackingagél a resolving gel. For preparing these
gels, separating buffer (1.5 M Tris-HCI, pH 8.83atacking buffer (0.05 M Tris, pH 6.8)

were prepared initially.

For a 6% resolving gel, 2 ml 30% (w/v) acrylamidey ml separating buffer, 2 ml distilled
water, 50ul 10% (w/v) ammonium sulphate anduBTEMED were mixed together. The
mixture was poured into a glass plate sandwich almved to polymerise. A space
(approx 0.5 cm) on the top of the sandwich wasftefthe stacking gel but was first filled
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with dH,O. For preparing the 5% stacking gel, 2.3 ml wa@§7 ml 30% (w/v)
acrylamide, 1 ml stacking buffer, 30 of 10% (w/v) ammonium persulphate andul7
TEMED were mixed. When the resolving gel was fydblymerised, the water on its top
was discarded and stacking gel mixture was poungal i A comb was inserted into this
mixture to make wells for protein samples. Staclgefwas allowed to polymerise and the
comb was removed when polymerisation was complter securing the gel in the
electrophoresis tank, electrophoresis buffer (25 é, 192 mM glycine; pH 8.8) was
poured into the chamber. Protein samples (1Qip@ere first suspended in sample buffer
(312.5 mM Tris-HCI, pH 6.8, 50% (v/v) glycerol, 8% (w/v) bromophenol blue and 1.4
ml water) before loading into wells. Unused wellsrev also filled with sample buffer.
Electrophoresis was carried out at 100-200 voltsaaistant current until the dye front
migrated to the bottom of the gel. The gels weraaeed and viewed after staining with
Coomassie Brilliant blue dye.

2.3.6 Purification of His-tagged proteins

Buffers for purification of His-tagged proteins affinity chromatography-
Stripping buffer 50 mM EDTA, 1M NacCl

Zinc Loading buffer 0.1 M ZnGlpH 4.5

Salt Wash buffer 0.5 M NaCl
Buffer A 50 mM K#PQ,, 1 M NaCl, 0.5 mM imidazole; pH 8
Buffer B 50 mM KEKPQ,, 1M NaCl, 500 mM imidazole; pH 6

All buffers were filtered through Whatman filter§ pore size 2um using a vacuum pump
and stored at 4C. Distilled water was also filtered. His-taggedtpins were purified
using metal chelate affinity chromatography on a@\D Sprint workstation (Applied
Biosystems, USA). A 20 MC column (Applied Biosys®nwvas washed initially with 5

column volume (CV) of stripping buffer to removeyaremaining metal ions from
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previous use. This was followed by a wash with 5 @\dH,O. Zinc ions were loaded on
to the column matrix by passing 30 CV of Zinc Laoagbuffer prior to a wash with 5 CV
of dH,O. Unbound zinc ions were removed with a 5 CV waisBalt Wash buffer and the
column was equilibrated with 5 CV of buffer B folled by 10 CV of buffer A. Samples
were injected in 5 ml aliquots and washed througth & CV of buffer A. After the final

injection, the column was washed with 9 CV of buffe Finally, the His-tagged protein
was eluted from the column employing a 0-100% gmaidiof buffer B and the eluate

collected in 2 ml fractions.

2.3.7 Ni-NTA affinity purification

The E1 enzyme of PDC was purified using nickelilotiriacetic acid (Ni-NTA) resin. The

following buffers were prepared for Ni-NTA affinigyurification.

E1 Lysis buffer

50 mM KH,POj, pH 7.

0.2 mM MgC}

0.2 mM thiamine diphosphate

5 mM B-mercaptoethanol

E1 Buffer A

50 mM KH,PQ,, pH 7.5
100 mM KClI

0.2 mM MgChb

0.2 mM thiamine diphosphate
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E1 Imidazole Wash buffer

50 mM KH,PQOy, pH 7.5

100 mM KCI

0.2 mM MgCh

0.2 mM thiamine diphosphate
50 mM imidazole

E1 Buffer B

50 mM KH,PQOy, pH 7.5

100 mM KCI

0.2 mM MgCh

0.2 mM thiamine diphosphate
500 mM imidazole

Four pellets, each from a 500 ml culture, were sndpd in 25 ml E1 Lysis buffer
containing four tablets of Complete protease irtbibcocktail (EDTA-free) and disrupted
by French press treatment (section 2.3.2). Thdadysas spun for 20 min at 10,000 rpm in
a Beckman J2-21 centrifuge using a JA-17 rotor tedsupernatant collected in a fresh
tube. Ni-NTA resin (1 ml) contained in ethanol veaitled to a second Falcon tube and left
to settle. The resin supernatant was sucked ottavtipette and the resin washed with E1
Buffer A. Washed resin was then mixed with the tgssupernatant with gentle rotation for
1 h at room temperature. The supernatant and neisivas poured into an empty PD-10
column. The resin was washed with 200 ml E1 Bufieand then with 50 ml of E1
Imidazole Wash buffer. The protein was eluted vlitml E1 buffer B in three separate 1
ml elutions. Aliquots of eluted fractions were cked for purity by analysing on SDS-
PAGE.
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2.3.8 Dialysis of proteins

In order to exchange buffers, proteins were dialyse 4-5 | of the buffer of choice
overnight at £C. Dialysis was usually conducted according to nfecturer’s instructions

in dialysis cassettes.

2.3.9 Concentration of proteins

Proteins were concentrated by centrifuging the sesnip a Centricon concentrator with a
specific molecular weight ‘cut off depending oretprotein under investigation. Samples
were centrifuged at a speed of 3000 rpm in an A#éY 6R centrifuge for various times
until the desired volume was achieved.

2.3.10 Determination of protein concentration

Dividing the measured absorbance of a protein soluiy the calculated or known molar
extinction coefficient) yields the molar concentration of the proteirheTabsorbance of
various proteins was measured using an Ultospe® #80 uv/visible spectrophotometer,
whereas, the molar extinction coefficient was dateed by analysing the known sequence
of the protein in PROTPRAM (http://expasy.org/tdpistparam.html). The extinction
coefficient for the 60: 12 meric E2:E3BP was cattedl as 217,590 Mcm ™ at 280 nm.
The extinction coefficient for the outer lipoyl dam protein was determined as 50,450 M
! cm* at280 nm, while the extinction coefficient for the HiBner was calculated as 22600

M™ cm, exploiting FAD absorbance at 450 nm. Similarby, E1 an extinction coefficient
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at 280 nm was determined as 140,000 ®m . The concentration (in mg/ml) was
calculated by multiplying the molar concentrationthe respective molecular weight of

the protein.

2.3.11 Measuring protein concentration using the Br ~ adford assay

Bio-Rad assays were also performed to determingipreaoncentration on occasions and
to ensure equal loading of wild-type and mutantsiers of the same protein. The dye
Coomassie Brilliant Blue G-250 is converted frond r® blue upon protein binding

followed by an increase in absorption at 595 nmstAndard curve was plotted using
known concentrations of IgG versuss¢h values of IgGbound to this dye. The

concentrations of unknown protein bound to dye wereafter calculated using this
standard curve. A Shimadzu UV-2101 PC UV-VIS scagrspectrophotometer was used

for these determinations.

2.3.12 Size exclusion chromatography

Size exclusion chromatography was performed usirdiRrep 16/60 Sephacryl S-300
High Resolution column (bed volume 120 ml) attachec BioCAD 700E workstation.
The column was equilibrated with 2 CV of gel fiticm buffer (50 mM potassium
phosphate, 150 mM NacCl; pH 7.5) at a flow rate .&f @l/minute. A concentrated protein
sample (1 ml) was loaded onto the column and absadwas monitored at 280 nm. Peak
fractions were collected and analysed by SDS-PA&Eestimate of the molecular mass
of protein was carried out from a standard curveegated by plotting the ratio of elution
volume to void volume (Ve/Vo) versus lggmolecular mass of a range of standard

proteins of known sizes (Fig. 4.16 A; Chapter 4).
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2.3.13 Purification of glutathione S-transferase (G =~ ST) tagged

proteins

The following buffers were prepared for the puation of GST tagged proteins:-
PBS buffer -170 mM NaCl, 3 mM KCI, 10 mM N&lPQ,, 1 mM KH,PQ,, pH 7.2
Glutathione elution buffer - 50 mM Tris-HCI buffgyH 8.0, 10 mM reduced
glutathione.

GST-fusion proteins were produced in 500 ml LB unds for 3-5 h and thé. coli pelleted

by centrifugation. The bacterial pellet from 250 eunlture medium was resuspended in 10
ml PBS buffer. One tablet of Protease inhibitor TADfree) was added to 10 ml
suspension followed by disruption using French gpresatment. The crude extract was
centrifuged at 10,000 rpm at’€ in a Beckman J2-21 centrifuge using a JA17 rotbe
soluble supernatant fraction was used for furtheifipation. A glutathione Sepharose 4B
column with bed volume 5 ml, attached to BioCAD iSpworkstation was washed with 5
CV of PBS. The supernatant was passed throughdiena followed by 5 CV washes of
PBS. The bound protein was eluted in glutathionéebwand collected in 2 ml fractions.
The fractions were concentrated and visualised BDS-AGE after staining with

Coomassie Brilliant blue.

2.3.14 Removal of GST tag

Purified GST-tagged proteins were dialysed agaitber PBS or 50 mM Tris buffer, pH
7.5. Thrombin was added at 100 U/ mg protein acdbated with gentle shaking either at
room temperature or at 37 °C for 4-16 h. Cleavdgthe GST-tag was viewed by taking

samples at 2 h time intervals and visualising byYsSTAGE.
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2.3.15 Western Blotting

Proteins were separated by SDS-PAGE and electrepbally transferred onto
nitrocellulose membrane (ECL Hybond, Amersham)2& A for 45 min in the presence
of transfer buffer (25 mM Tris-HCI buffer, pH 7.292 mM glycine, 0.02% (w/v) SDS,
20% (v/v) methanol). The nitrocellulose membranes Waefly checked for the presence of
transferred proteins by staining with Ponceau 8tswi. This was followed by shaking for
1 min and washing with di®. Excess binding sites were blocked by immersimg t
nitrocellulose membrane in blocking solution (20 nMs-HCI buffer, pH 7.2, 15 mM
NaCl, 5% (w/v) milk powder, 0.25% (v/v) Tween-2@rfl h at room temperature with
constant shaking. The membrane was washed twitewash solution (20 mM Tris-HCI
buffer, pH 7.2, 15 mM NaCl, 1% (w/v) milk powder%l(v/v) Tween-20), each for 10
min. After these washes, the membrane was incubatgdimary antibody solution (20
mM Tris-HCI buffer, pH 7.2, 15 mM NacCl, 5% (w/v) kipowder, 0.25% (v/v) Tween-20
and a 1:2500 dilution of primary antibody) at rot@emperature for 1 h. Excess primary
antibody was removed by 4 changes of wash solamhmembrane was again incubated
at room temperature in secondary antibody soluf@hmM Tris-HCI buffer, pH 7.2, 15
mM NaCl, 5% (w/v) milk powder, 0.25 (v/v) Tween-20d a 1:1000 dilution of secondary
antibody conjugated with horseradish peroxidase)hé¢ case of anti-His tag antibody, the
primary antibody was already conjugated with hadish peroxidase; therefore no

secondary antibody was required.

The membrane was then washed for 15 min with wakhign followed by a 30 min wash
in high salt solution (20 mM Tris-HCI buffer, pHZ27.150 mM NaCl). Detection of
immune complex was carried out according to theufaturer’s instructions employing

the ECL Western blotting reagents.
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2.3.16 Dihydrolipoamide acetyltransferase (E2) assa vy

E2 activity was measured by monitoring the formatad acetyldihydrolipoamide at 232
nm (Yang et al., 1997).

The following stock buffers and chemicals were preg for dihydrolipoamide

acetyltransferase assay:
1 M Tris-HCI, pH 7.4

100 mM acetyl phosphate
1 mM CoA

1 mM Dihydrolipoamide

Preparation of dihydrolipoamide (DHL): For preparing dihydrolipoamiddipoamide
(DL-6,8-thioctic acid amide) (1 g) was dissolved?i;m ml 80% (v/v) methanol and cooled
on ice. Sodium borohydride (1 g) was dissolved mlXistilled HO and also cooled on
ice before adding to the lipoamide solution whilerigg on ice. At this stage the mixture
was removed from ice, stirred for a further 20 mainroom temperature and the pH
adjusted to 2.0 with 0.25 M HCI. DHL was extracttdm the solution by mixing
thoroughly with 50 ml chloroform. The mixture watowed to settle into two phases; the
bottom organic phase was decanted into anothek flel the chloroform extraction
process was repeated 4 times. Chloroform was rethbyeevaporation using a rotary
evaporator. The resulting precipitate was dissolirec 2.5: 1.0 ratio of toluene and
heptane and heated to ensure complete re-suspemb@mixture was dried until a small
volume was left using a rotary evaporator. This Weither dried until a white precipitate
of DHL formed. The precipitate was stored at “Z0 The quality of the DHL was checked
by assaying E3 activity with increasing amount®sfL, dissolved in 100% ethanol at a
concentration of 20 mg/ml (100 mM) until no furthecrease in the activity was recorded.
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The assay was performed at 3D in a total reaction volume of 1 ml in a quartz diee
containing 30 mM Tris-HCI, pH 7.4, 1 mM DHL, 1 mMetyl phosphate, 20M CoA and

2U phosphotransacetylase. A baseline was estalliséfore E2 samples were added. The
change in absorbance was measured over 45 s usBiginaadzu UV-2101 UV-VIS
scanning spectrophotometer and recorded\Ass, min™>. E2 activity is expressed as
change in absorbance/min since the extinction woefit of the immediate product, 8-

acetyldihydrolipoamide has not been determinedrately.

2.3.17 PDC assay

Enzymatic activity of PDC was determined by momitg production of NADH at 340 nm
(Brown and Perham, 1976). For enzymatic assays@dmbinant and native PDC, the

following solutions were prepared:-
Solution A

3 mM NAD"

2 mM MgCh 6H,0,

0.2 mM ThDP

All the above ingredients were dissolved in appsrl of 1 M KPi buffer, pH 7.6. After
dissolving, 70 ml of water was added. The pH of sb&tion was adjusted to 7.6 with
KOH and the volume was finally adjusted to 100 rnithvdH,O.

Solution B
0.13 M Cysteine HCI
6.8 mM COASH (tri-lithium salt)

The above ingredients were dissolved in 20 mi@H

60



61 Chapter 2

Solution C
Pyruvate (100 mM) was dissolved in M

For enzymatic assay of PDC, 6idDof solution A and 14ul of solution B were added to
plastic cuvette at 30 °C. To this ftof solution C was added immediately prior to awidi
10-50 ul purified PDC. The solution was mixed rapidly aié change in absorbance at

340 nm AAs340 nm) Was monitored over the first 90 s.

2.3.18 Structure prediction by Swiss modelling

A preliminary structure of the E2 outer lipoyl domaand its mutant version was
determined based on sequence homology to othdweesprotein structures in the Protein
DATA Bank using SWISS MODEL (Schwede et al., 2008)en a model of the domain
was generated using RASMOL 2.6.

2.3.19 Analytical Centrifugation

2.3.19.1 Calculation of buffer densities and viscos ities

Buffer densities and viscosities were calculateamfrthe buffer composition using the
computer program SEDNTERP (Laue et al., 1992).

2.3.19.2 Sedimentation velocity

Sample optical density was in the range of 0.1.tBrbtein samples (38d) each present
in gel filtration buffer (50 mM potassium phosphat&0 mM NaCl, pH 7.5) were loaded
into 12 mm path length, charcoal-filled, epon deudéctor centrepieces. A high speed of

20k rpm was used to cause rapid sedimentation lofestowards the bottom of the cell.
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This high speed produces a depletion of solute tieameniscus and formation of a sharp
boundary between the depleted region and the umié@ncentration of sedimenting solute
(the plateau) (Fig. 2.1). The rate of movementhid boundary was measured leading to
the determination of sedimentation coefficietitat depend directly on the magtkthe
particles and inversely on the frictional coeffiti® which is in turn a measure of effective
size. A series of scans was collected using intemfee optics. The data were analysed
using the computer program SEDFIT (Schuck, 2000huk et al., 2002) and

sedimentation coefficients determined.

2.3.20 Circular dichroism (CD)

Circular dichroism spectroscopy measures differenocethe absorption of left-handed
polarized light versus right-handed polarized ligitich arise due to structural asymmetry
For CD studies, proteins were dialysed against 50 K3HPO, buffer, pH 7.5. Circular
dichroism experiments were performed at room teatpee on a Jasco J-810
spectropolarimeter scanning the spectra in theafad near uv regions. All circular
dichroism experiments were performed in collaboratvith Dr. S. Kelly IBLS, University
of Glasgow.

2.2.21 Tryptophan fluorescence

Tryptophan fluorescence is widely used as a toohtmitor changes in protein structure
and to make inferences regarding local structucedymamics. Protein samples in 50 mM
KoHPO, buffer, pH 7.5 were excited at 295 nm and fluoeese emission spectra were
recorded at 320-350 nm in a Perkin ElImer LS 50Bctspphotometer. All tryptophan
fluorescence experiments were carried out in cotatoon with Dr. S. Kelly IBLS,

University of Glasgow.
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Chapter 3

Production and assessment of a

recombinant human PDC model system

3.1 Introduction

The pyruvate dehydrogenase complex (PDC) is a auelecoded, mitochondrial

multienzyme assembly that provides the primary logtween glycolysis and the TCA
cycle by catalysing the irreversible conversiorpgfuvate to acetyl-CoA. Human PDC is
composed of multiple copies of three distinct enegntEl, E2 and E3 and another
structural protein termed E3BMhborn errors of PDC were initially described ab&5t

years ago and are the most common cause of coablatic acidosis.

Over 200 naturally-occurring mutations in this cdexphave been identified in the human
population at the genetic level. More than 90% haf tases of PDC deficiency involve
defects in the E1 enzyme. There have been a smalber of deficiencies involving E2
and E3. In addition, there have been reports ofi I®8BP and E1 phosphatase defects
(Patel et al., 1992). Clinical presentation of thewautations is highly variable ranging from
mild lactic acidosis and muscular weakness to sevatevelopmental and

neurodegenerative conditions. In most of the casesgational analysis is not sufficient to
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explain the clinical heterogeneity of the PDC deficy. The clinical investigation of
specific enzymatic and regulatory defects in PDQinsted largely because the main
clinical symptom namely, lactic acidosis, is commtm many other mitochondrial
disorders. Analysing mutations using human tisales poses many challenges; lack of
access to tissues from individual patients beirgyrttain problem owing to the practical

and ethical issues involved.

Analysis of these pathological mutations becomemsawore important as no systematic
therapeutic approaches are available for treatid@ Fleficiency. Alternative strategies
have been utilized to treat the major symptomsumfivrtunately, none of the approaches
have been tested in a systematic fashion and ibere clear evidence of any universally
effective therapy. Early interventions included amin supplementation and dietary
manipulation such as ketogenic diets to providaltarnative source of acetyl-CoA. These
therapies do lower the blood lactate, but do nanutically improve neurological

function. With the characterisation of PDC defidgnat a molecular level, its

pathophysiology should become clearer and it shalsid be possible to evaluate different

therapeutic approaches more effectively.

The aim of this study was to produce a recombimaatiel PDC by overexpressing its
constituent enzymes iR. coli followed by purification and reconstitutiam vitro. This
could then be used subsequently to conduct detalelysis of naturally occurring
mutations of particular interest in human PDC. &ssembly of recombinant PDC, all the
human clones of PDC subunits were already availabléthe laboratory Each of the
individual enzymes i.e. E1, E2:E3BP and E3 were Hlis-tagged permitting rapid metal-
based affinity chromatography, leading to high dgelnd routine rapid purification of
fully-active enzymes. As the His-tag is a small tg it normally does not affect the
folding and function of proteins. Protease cleavagetherefore, usually not necessary
before reconstitution, although it is an optionhaiost modern vectors that normally have
a specific protease cleavage site engineeredhetplasmid. Moreover, this system allows
anchorage of the protein to resins that have a higting capacity and also permits the

study of interactions between proteins in which ohthe potential partners is not tagged.

Another major aim of this study was to test theidmyl and effectiveness of the
recombinant PDC model to conduct in depth analysksgyenetic defects in PDC
encountered in the human population. Once thistylgibuld be verified successfully, it

was anticipated that it would be possible to camy comprehensive evaluation of the
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underlying molecular basis of PDC malfunction irafic cases of interest. This would be
invaluable in relating patient symptoms to the @Beof specific mutations and in
developing improved therapies and treatment prdédoco future for recently detected
mutations. Thus, reconstituted recombinant PDC Ishaovide us with an ideal biological
tool to mimic many natural mutations and correthtr effects on function/assembly with

patient symptoms.

Before the advent of recombinant DNA technologyw#s necessary to rely entirely on
extraction of proteins and enzymes from naturakes) which was often laborious and
time consuming. It was usually impossible to preconutant protein samples in the case of
genetic diseases owing to lack of access to pdissue. Use of the recombinant model to
study these defects overcomes many of these chaleand is a non invasive and efficient
method for obtaining mutant enzymes for furtherlygis. Human growth hormone,
human insulin, follicle stimulating hormone are soaf the human recombinants that have
replaced the original enzymes harvested from anandlhuman tissues. In addition, there
are others like erythropoietin granulocyte colotiynalating hormone, alpha-glactosidase
and alpha-L-iduronidase that are readily availaily in recombinant form. Development
of a functional recombinant PDC, a massive molecalachine, that is implicated in
various genetic, metabolic and autoimmune disedikes PDC deficiency, diabetes,
Alzheimer’'s disease and primary biliary cirrhosepresents the largest recombinant

multienzyme system produced to daté&ircoli.

Although genetic defects in PDC are considerecetoabe, their frequency of occurrence is
difficult to estimate owing to the diverse and repecific pattern of clinical presentation.
In particular the most common manifestation, thespnce of metabolic lactic acidosis to
varying degrees can be attributed to a wide rarigaetabolic disorders and is a sign of
mitochondrial dysfunction in general. It is now aiethat its frequency has been
underestimated in the past and more patients ang lokagnosed with PDC deficiencies
than ever before. In this study, the effects ohfy recently-discovered mutations in the
E2 enzyme on overall complex function and assenaléy investigated with a view to

obtain a more detailed understanding of its catalytechanism, regulation and mode of

assembly (see Chapter 4).
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Before carrying out such an investigation and tin gexperience in developing and
handling this reconstituted PDC model system, it waportant to test the ability of the
recombinant model in terms of mimicking such muatasi Therefore, it was decided
initially to test the overall properties of recangied wild-type and mutant PDCs carrying
all possible combinations of active and inactiveoyii domains and also PDC totally
lacking the E3BP subunit. This chapter describesmstitution of recombinant PDC from
overexpressed and purified E2:E3BP, E1 and E3 andus experiments performed to test
the validity of this recombinant PDC model. Inilyalvild-type recombinant PDC and PDC
lacking E3BP were reconstituted and the effectadafing increased amounts of E3 on the
overall complex activity were investigated. Mut&iDCs lacking the full complement of
active lipoyl domains were also generated and apcehensive evaluation carried out on
the effect of reduced lipoylation on overall comgplactivity. In the last section,
recombinant wild-type PDC and PDC lacking E3BP hé&esn used to determine a
possible role for E3BP subunit in the so-calledceiglation reaction that is a unique
characteristic of mammalian and yeast PDCs. Thgperinents not only validated the
usefulness of the recombinant PDC model for sulbem®canalysis of natural mutations but
also generated interesting additional data on wtredunction relationships at the

molecular level.

3.2 Post-translational mixing of E2 and E3BP

Initial experiments revealed that successful pr@dacof functional E2:E3BP core
required co-expression of E2 and E3BP. Thus thegse domponents that are tightly
integrated into the ‘core’ assembly do not co-asgedf mixed post-translationally. In this
study, E2 in pET-11b (without His-tag) and E3BP p&T-28b (with His-tag) were
expressed separately i coli BL21 (DE3) Star cells at 30 °C for 5 h. After indiual
expression, bacterial pellets were disrupted byé¢hepress treatment (see section 2.3.2)
and mixed together. The mixed supernatant of boltures was subjected to zinc chelate
chromatography (see section 2.3.6). It was obseitvadonly His-tagged E3BP could be
purified and E2 failed to associate with it postaslationally (Fig. 3.1) and came out in the
‘flow through’ (data not shown). This was in comstréo a similar purification (see section

3.3) in which co-transformed E2 and E3BP in the esdracterial host cells were found to
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co-integrate successfully into a purified oligondf2:E3BP assembly. In addition, it was
found that protein E3BP that has a marked tendemgyecipitate when purified alone did
not precipitate in the latter case, presumably a#&ect result of its integration into the
oligomeric E2 core.

3. 3 Overexpression of E2 and E3BP

E. coli BL21 (DE3) Star cells were transformed with twpaate plasmids, pET-11b and
pET-28b housing E2 and E3BP respectively to obtaifunctional 60-meric:12-meric
E2:E3BP core, using double antibiotic selectiorhvaitnpicillin and kanamycin. Successful
overexpression was achieved (Fig. 3.2) after indoctwith 1 mM isopropyl B-
thiogalactopyranoside (IPTG). Overexpressions weigenally carried out irk. coli BL21
(DE3), BL21 (DE3) plysS, and BL21 (DE3) Star stesms described in Methods section
2.3.1 and the latter found to be the most effectinethis expression system, only E3BP
contained a His-tag and its expression was limitiag‘core’ assembly so that only
assembled E2:E3BP ‘core’ was purified with E2 beprgsent by virtue of its stable
association with His-tagged E3BP. E3BP has beewrslto be tightly associated with the
E2 core assembly and in contrast to E1 and E3,otdmn dissociated even by treatment
with high salt or high pH. Chaotrophic agents sasp-hydroxymercuriphenylsulfonate or
5 M urea are required to dissociate E3BP from tBec&e (De Marcucci and Lindsay,

1985); however, such treatment also promotes gedissociation of the core assembly
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Figure 3.1: E2 and E3BP do not integrate into a c@ on post-translational mixing

E2 and E3BP were separately overexpressed at 8 h (lanes 3 and 5, respectively).
SDS-PAGE analysis on a 4-12% Bis-Tris gel shows thdy His-tagged E3BP was
purified on zinc chelate chromatography (lane Gyidating that on post-translational
mixing the two subunits do not associate to formraive core assembly. Molecular weight

markers (Mw) are in lane 1.
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Figure 3.2: Overexpression of E2:E3BP core

SDS-PAGE analysis on a 4-12% Bis-Tris gel showingrexpression of wild-type
E2:E3BP core at 15 °C iB&. coli BL21 (DE3) Star cells at zero timegjTand 15 h post

induction (T;5). Molecular weight markers (Mw) are in lane 1.
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3.4 Purification of E2:E3BP

E2:E3BP core assembly was purified by zinc chetdteomatography as described in
Methods section 2.3.6. In this system only E3BP wastagged and E2 was co-purified
owing to its stable interaction with E3BP. Aftential isolation, the core was further
purified by gel filtration in GFC buffer (50 mM KO, 150 mM NacCl, pH 7.5) using a
Sephacryl HiPrep S-300 High Resolution column agdcto a BioCAD 700E workstation.
The high M core was stored at -20 °C in 50% (v/v) glycerdildarther use. Interestingly,
it was observed that excess E3BP produced frompthg@nid that was not integrated into
core could be separated by gel filtration (Fig. 8)3The integrated core eluted at the void
volume as expected, but excess E3BP eluted lateramielution volume corresponding to

a M, value of 100,000 consistent with its presence @isaric species (Fig. 3.3 A & B).

3.5 Lipoylation of E2:E3BP core

Interestingly, the essential covalent modificatafrhuman E2 and E3BP lipoyl domains,
namely insertion of the lipoic acid co-factor, cke achieved inE. coli. This is
accomplished through the action of its endogenoastebial lipoyl ligase. The two
peripherally located lipoyl domains of E2 (presentandem repeat at its N-terminus) and
the single lipoyl domain of E3BP (also with a sianiN-terminal location), both require the
covalent attachment of the lipoic acid moiety tepecific lysine residue within these
domains that is situated at the exposed tip ofpa t¥/p-turn. Complete lipoylation was
ensured by addition of exogenous lipoic acid (OM)rto the medium during induction of
heterologous protein synthesis and checked by gimgid®D2 (patient derived hybridoma
IgG) monoclonal antibody that recognises only tippyllated forms of E2 and E3BP
exclusively (Thomson et al., 1998). Successfulyiptton of E2:E3BP core was found to
be occurring on Western blotting with PD2 antibodyig. 3.4) confirming that the
heterologous human lipoyl domain is recognised hey lhacterial lipoylation machinery.

Initially it was thought thakE. coli lipoyl ligase was capable of recognising a spe@iKA
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motif present on the lipoyl domains of E2 and E3B&er, however, it was demonstrated
that it was primarily a precise structural cue tknats recognised by the lipoylating
machinery of the cell as opposed to a conservedeseg motif (Wallis and Perham,
1994).

3.6 Solubility of E2:E3BP core

Checking the solubility of recombinantly producddjoemeric cores prior to purification is
an important step in their characterisation as ghesence of soluble protein generally
suggests that they are capable of folding intortin@tive or near native state in the
bacterial host and in addition that the N-termidel-tag has not adversely affected folding
or expression. Bacterial cells containing overesged E2:E3BP core were disrupted by
French press treatment to permit the release abloprotein into the supernatant fraction
and insoluble cellular debris was removed by ckrgation. To achieve optimal solubility
and production of the E2:E3BP core, it was injialbverexpressed at different
temperatures after induction with IPTG. In one sgpression was induced at 30 °C for 4-
5 h with 1 mM IPTG and in a second set at 37 °C3fdr. In the third set, overexpression
was induced with 1 mM IPTG at 22 °C for 5-6 h whalsimilar induction was also carried
at 15 °C overnight for 18 h with 0.5 mM IPTG. Aflet overexpressions were studied using
E. coli BL21 (DE3) Star cells. Although, E2:E3BP could dogressed successfully at all
temperatures, on solubility checking, it was foumde most soluble when expressed at 15
°C (Fig. 3.5). Therefore, E2:E3BP core was overesped at this temperature in
subsequent experimentskncoli BL21 (DE3) Star cells.
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Figure 3.3: His-tag purification and gel filtration of E2:E3BP core

(A) His-tagged E2:E3BP core, purified by zinc clelahromatography was gel filtered
through a Sephacryl HiPrep S-300 High Resolutiolima attached to a BioCAD 700E
workstation. (B) On SDS-PAGE analysis, the peaktimgu at the void volume
corresponded to E2:E3BP core (lane 2) and the sepeak to excess E3BP (lane 4) not

bound to the core. Molecular weight markers (Mve iarlanes 1 and 3.
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Figure 3.4: Western blot analysis of the wild-typd=2:E3BP core with PD2 antibody

Panel A shows SDS-PAGE analysis of E2:E3BP com poi Western blot analysis (panel
B) with PD2 antibody. The blot shows that the cworas lipoylated as PD2 antibody
recognises only lipoylated subunits of PDC (Thomsbal., 1998).
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Figure 3.5: Solubility checking of wild-type E2:E3B° core overexpressed at various
temperatures

E2:E3BP core was overexpressed at 15 °C, 22 °CC3nd 37 °C irk. coli BL21 (DES3)
Star cells. SDS-PAGE analysis on a 4-12% Bis-Teisspows that at 30 °C, 37 °C and 22
°C, E2:E3BP was largely insoluble and present ngamkhe pellet samples (PS) (lanes 4,
7 and 10 respectively) and not in supernatant sesn(8S) (lanes 3, 6 and 9 respectively).
When expressed at 15 °C overnight, the core asgewds soluble and present in the
supernatant sample (SS) (lane 12) and not in thet gample (PS) (lane 13). Whole cell
extracts (WE) in lanes 2, 5, 8 and 11, respectiidiyiecular weight markers (Mw) are in

lane 1.
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3.7 Overexpression of E3

E. coli BL21 (DES3) plysS cells were transformed with E3 d®Noused in the pET-14b
vector. Overexpression was induced by the addaiod.1mM IPTG at 22 °C and viewed
by SDS-PAGE analysis (Fig. 3.6). E3 was overexmesat this temperature in all

experiments unless stated otherwise.

3.8 Overexpression of E1

Co-expression of thee and 3 subunits of E1 was first successfully addein the
laboratory by co-transformation & coli with two separate plasmids, pET- 28b foroE1
and pET-141b for E1R using double antibiotic s&ectvith ampicillin and kanamycin.
However, difficulties were experienced in reconsiitg active, soluble hetero-tetrameric
human E1, although high levels of expression ohlsatbunits were readily attained. This
problem was finally overcome by Dr. Alison Priohavsubcloned the genes for bothoE1l
and E1 B from pET-28b and pET-11b respectively antoodified pQE-9 vector system to
permit their co-expression from a single plasmié.iwcoli M15 cells. These cells contain a
kanamycin-resistant plasmid, pREP4 which encodesathrepressor encoded by treel
gene. The levels of expression in this vector systere relatively low, but were sufficient
to produce 2-3 mg of E1 protein on a routine b#Big. 3.7) from 2-3 | of culture.
Overexpression was induced by 1 mM IPTG at 18 %traght.
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Figure 3.6: Overexpression of E3
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Overexpression of the E3 enzyme was carried ott ooli BL21 (DE3) plysS cells at 22

°C. SDS-PAGE analysis on a 4-12% Bis-Tris gel shewwession levels at zero timey)T

and after 5 h of induction gJ. Molecular weight markers (Mw) are in lane 1.
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Figure 3.7 Overexpression of co-transformed Ed and E1 subunits

Eloa and E1p were co-expressed iB. coli M15 cells at 18 °C overnight. SDS-PAGE
analysis on a 12% Bis-Tris gel shows samples at tare (Tp) and 15 h after induction

(T1s). Molecular weight markers (Mw) are in lane 1.
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3.9 ES3 purification

E3 was purified by zinc chelate chromatography &setion 2.3.6). Purified fractions were
gel filtered using GFC buffer (50 mM KRO, pH 7.5, 150 mM NacCl) prior to SDS-
PAGE analysis for checking the purity of pooledcfrans (Fig. 3.8). The enzyme was

stored at 4 °C until required.

3.10 E1 purification

E1 was purified by the protocol described in thelveds section 2.3.7. Attempts to dialyse
purified E1 resulted in precipitation of the enzymiderefore, purified fractions were
concentrated in a Centricon concentrator with & @fti size of 100 kDa with addition of
excess Buffer A (50 mM KKPO, , 1 M NaCl, 0.5 mM imidazole, pH 8), to lower the
concentration of imidazole. SDS-PAGE analysis wadgomed to check its purity (Fig.
3.8). Purified enzyme was stored at -20 °C in 5 A4 glycerol.

3.11 Reconstitution of recombinant PDC

For reconstituting recombinant PDC from its constitt enzymes, the concentration of
each purified enzyme was measured using its eidimcio-efficient (see Methods section

2.3.10). Then enzymes were mixed together in simichtric amounts i.e. for eagimole

of E2:E3BP core, 12mole E3 and 3@umole E1 were added at room temperature. After

mixing the individual components, reconstituted PDas immediately assayed.
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Recombinant PDC was found to assemble spontanedwasty its constituent enzymes
within a 2 min preincubation period when they weniged in the equivalent ratios to those
found in the native complex. PDC activity was meadu using standard
spectrophotometric assay techniques (see Methodorse2.3.17) in which NADH
production was monitored spectrophotometricallg4Q@ nm in the presence of pyruvate as
substrate. Reconstituted recombinant PDC appearduk tfully active and displayed a
similar specific activity (3.5-4mol NADH min *mg protein®) to reported values for the
native, wild-type complex isolated from human héRelmer et al., 1993).

80



81 Chapter 3

Mw kDa
b 97.0
L — [— E2
E3BP
E3 ) - — - > 066.0
Elo—| S
- > 450
ElB__-_'_"
- > 33.0
20.1
- P
1 2 3 4 5

Figure 3.8: Reconstitution of PDC from individual @mponents

SDS-PAGE analysis on a 4-12% Bis-Tris gel shows Rd@e 1) reconstituted from
stoichiometric amounts of purified E1 (lane 2), B8ne 3) and E2:E3BP (lane 4).

Molecular weight markers (Mw) are in lane 5.
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3.12 Effect of increasing amounts of E3 on wild-typ e PDC

activity

Recombinant human PDC assembled spontaneouslyifsaronstituent enzymes within a
2 min preincubation period when they were mixedhe equivalent ratio as the native
complex i.e. in stoichiometric amounts. This redtated recombinant human PDC
appeared to be fully active and displayed a singfscific activity to PDC purified from
human tissue. These initial studies confirmed thatndividual components of PDC retain
their capability to interact with each other in thecombinant model and mimic the
functional abilities of the native complex. Reconmdnt PDC was reconstituted as
described in section 3.11 of this Chapter. Enzyenasisay of wild-type recombinant PDC
in the presence of excess amounts of purified p3qWR00-fold) was performed using the
spectrophotometric method described in Methodsise@.3.17. With the addition of
increasing amounts of E3, there was a slight bgnifscant decline (20-25%) in overall
PDC activity as shown in Fig. 3.9. The decline ictivaty is probably caused by
displacement of the rate-limiting E1 enzyme from liinding site on E2 by excess E3
confirming earlier observations (McCartney et 8097) that E3 displays a residual affinity
for E2.

3.13 Effect of increasing amounts of E3 on the acti  vity of
PDC lacking E3BP

Recombinant PDC was reconstituted by adding stomobtric amounts of E1 and E3 to
recombinant E2 core produced in the absence E3Bfit% assays were performed in the
same way as for native PDC. Recombinant PDC lackBBP displayed little activity (3-

8%) with stoichiometric amounts of E1 and E3. Hoam\overall activity rose gradually

with increasing E3 with activity levels reachingpamx. 50% of wild-type values with a
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200-fold excess of this component (Fig. 3.9). Thessults were in agreement with

previous studies on the native bovine complex (Mtty et al.,, 1997) and again

suggested that the partial activity of PDC deteatetthe total absence of E3BP stems from
the ability of E3 to interact with the E1 bindinigeson E2 with low affinity.
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Figure 3.9: Effect of increasing amounts of E3 orhie activity of recombinant wild-
type PDC and recombinant PDC devoid of E3BP

A decline in the activity of native PDC is obserwstdh increasing amounts of added E3
(blue) whereas there is a marked increase in theitgcof recombinant PDC (without
E3BP) with increasing amounts of E3 (red). Added&®jes from stoichiometric amounts

to a 200-fold excess.
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3.14 Effect of differing combinations of active and
inactive lipoyl domains in E2:E3BP core on overall PDC

activity

The lipoyl group is attached in amide linkage te Nf-amino group of a lysine residue
located on an exposed typellturn within lipoyl domains. It is a highly speafpost-
translational modification carried out by an ATRdedent lipoate protein ligase (Morris
et al., 1994). A major advantage of producing relsimgnt human E2 components of PDC,
in E. coli is that the bacterial ligase is capable of inegre@xogenous lipoic acid onto the
key lysine of a variety of heterologous lipoyl danga The apodomains can be lipoylated
in vitro also with partially purifieck. coli lipoate protein ligase (Quinn et al., 1993). This
ligase is also responsible for the octanoylatiotipifyl domains in the absence of lipoic
acid or when there is excessive production of apwdos (Ali et al., 1990; Dardel et al.,
1990; Quinn et al., 1993). While overexpressingdviyipe and mutant E2 and E2:E3BP
cores, exogenous lipoic acid was added to ensumplete lipoylation. The effects of loss
of lipoylation of recombinant E2 and E3BP lipoylndains and its effect on overall activity
was assessed in this study.

A series of mutant E2:E3BP cores was created lgakia full complement of active lipoyl
domains. In these mutant cores, lipoylation wasvgmeed by selectively altering the
lipoylatable lysine to glutamine in individual doms, thereby preventing co-factor
insertion. As discussed earlier also, the lipoyindins play a crucial role in coupling the
activities of the three enzyme components of PDMimyiding ‘swinging arms’ that are
mobile and responsible for substrate transfer amibiegthree successive active sites
(Fussey et al.,, 1991; Yeaman et al., 1978). Thight elistinct ‘cores’ containing all
possible combinations and numbers of active/ imacé2/E3BP lipoyl domains namely
++/+, ++/-, +-[+, +-[-, -+[+, -+/-, --[+ and --/- @ve constructed using site-directed

mutagenesis. A schematic representation of the®ss ®depicted in Fig. 3.10.
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Lipoylated .
domain - Non-lipoylated

domain

Figure 3.10: Schematic representation of eight wikdype and mutant constructs of
E2:E3BP cores

Representation shows either lipoylated (green)oorlipoylated domain (black); E2 outer
lipoyl domain (OD), E2 inner lipoyl domain (ID) arieBBP lipoyl domain (XD) in eight
E2:E3BP cores generated to determine the effelipaylation status on overall complex

activity.
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The ‘+’ represents wild-type lipoylated domain i2:E3BP core, whereas, *-'is a mutant
lipoyl domain created in the core by lysine to ghatne replacement employing site-
directed mutagenesis (Methods section 2.2.11). agpropriate mutants were created by
A. S. Stephanou, University of Glasgow, by designand using mutagenic primers
described in Materials and Methods, section 2.Ih.&ll the constructs, wild-type, K46Q,
K175Q and K46Q:K175Q E2 were contained in the pEb-tector exhibiting ampicillin
resistance whereas wild-type and K44Q E3BP weresduwun pET-28b displaying
kanamycin resistance. After checking for the cdrreatations by DNA sequencing, wild-
type and mutant E2 and E3BP constructs were cafsaned intoE. coli BL21 (DE3)
Star cells in eight different combinations as showfig. 3.10. Co-transformed cells were
induced to overexpress at 30 °C in LB medium withNl IPTG and with the addition of
0.1 mM lipoic acid. Wild-type and mutant cores weisolated by zinc chelate
chromatography as described in Methods sectioré Z228d subsequently gel filtered as
described in Methods section 2.3.12. SDS-PAGE aismalyas conducted to check their
purity (Fig. 3.11).

Western blot analysis of these eight wild-type amdtant ‘cores’ with PD2 antibody
revealed varying degrees of lipoylation in whicle thild-type core displayed a strong E2
signal whereas cores with either a single actimeli or outer lipoyl domain displayed less
cross-reactivity. Mutant E2 core with both innerdanouter lipoyl domains inactive
exhibited no signal with E2. Active E3BP lipoyl dam in mutant and wild-type cores
also gave a signal, although weak as comparegagléited E2 domains. Complete loss of
signal indicating no lipoylation was observed wladinthe lipoyl domains were rendered
inactive in E2 as well as E3BFig. 3.11).
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Figure 3.11: SDS-PAGE and Western blot analysis afild-type and mutant E2:E3BP
cores by PD2 antibody

SDS-PAGE (1A) and Western blot analysis with PDfbedy (1B) of ++/+, -+/+ and +-

/+ E2:E3BP cores in lanes 1, 2 and 3 respectieDlS-PAGE (2A) and Western blot
analysis with PD2 antibody (2B) of --/+, ++/-, -#+#/- and --/- E2:E3BP cores in lanes 4,
5, 6, 7 and 8 respectively. The ‘+’ represents syjge lipoylated domain in E2:E3BP

core, whereas, ‘-’ is a mutant non-lipoylated damai
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To investigate the effect of the differingpmbinations of active and inactive lipoyl
domains on overall PDC activity, eight sets of mbmant PDCs were reconstituted from
the various wild-type and mutant cores by addimmychtometric amounts of E1 and E3
employing the protocol described in section 3.1qudt amounts of wild-type and mutant
PDCs were assayed in duplicate as described inddsetd.3.17 and the activity compared
to the wild-type PDC as control (100% activity). tdat PDCs were found to sustain high
levels of activity (65-75%) with approx. half ofdin full complement of lipoyl domains
(only inner or outer lipoyl domain active on E2)oMover, the presence or absence of a
functional lipoyl domain on E3BP had no additiosggnificant effect on activity with E2s
possessing either one or two active lipoyl domdg. 3.12). Interestingly, however,
PDC with only E3BP-linked active lipoyl domain reted approx. 15% of wild-type
activity while total loss of activity required ndipoylation of all 3 domains.
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Figure 3.12: Effect of differing combinations of ative and inactive lipoyl domains on
recombinant PDC activity

Histogram corresponds to enzymatic activity of mabmant PDCs with the following

types of E2:E3BP cores: 1 ++/+, 2 ++/-, 3 +-/+,-& 45 -+/+, 6 -+/-, 7 --/[+ and 8 --/-. The
‘+' represents wild-type lipoylated domain in E2B core whereas, ‘-’ is a mutant non-
lipoylated domain. Samples were assayed in duplieaid error bars indicate extent of

variation between duplicates.
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3.15 Discussion

Recombinant PDC could be successfully reconstitfrad purified E2:E3BP, E1 and ES.
Its enzymatic function was fully restored indicatithat all the enzymes were correctly
folded. It displayed a specific activity (3.5snol NADH min ' mg protein®) similar to
PDC purified from human heart (Palmer et al., 1998jeraction between the three
components was further tested in an assay whereasiog amounts of E3 were added to
the recombinant PDC. With the addition of incregsiB, overall complex activity was
found to decrease gradually, presumably due togpaisplacement of the E1 enzyme by
excess E3. This result was consistent with surfalesmon resonance measurements
performed by Dr. Susan Richards in our laboratomyp(blished data). In this study the
affinity of E3BP for E3 was found to be approx. 0@ higher (Kd value of 5.31 x 10

M) than for the equivalent E2-E3 interaction (Kdue3.39 x 10 M) confirming that the
E1 binding site on E2 retains a residual affinity E3. This residual affinity for E3 has
also been reported previously (McCartney et al97)9Interestingly, it is reminiscent of
the situation inB. stearothermophilus PDC, where E1 and E3 must compete for a single

binding site on E2 and are capable of displaciray @ther (Lessard et al., 1996).

When increased amounts of E3 were added to recamtRDC lacking the E3BP subunit
and overall complex activity monitored, it was fouthat the activity gradually rose to
approx. 50% of wild-type activity levels in the pemce of a 100-200 fold E3 excess.
These data are also compatible with the preseneel@iv affinity binding site for E3 on

the E2 core assembly that is able to partially swite for the E3BP-located subunit

binding domain in the absence of the latter subunit

All these findings are also in agreement with tlevpus surprising identification (in
collaboration with French colleagues) of PDC defiti patients with metabolic lactic
acidosis who totally lack E3BP. These patients gess partially active PDC (10-20% of
wild-type) as compared to the control group (Gexnffet al., 1996; Marsac et al., 1997)
again indicating that eveim vivo the E2 subunit provides a weak secondary E3 bindin

site. However in this genetic defect, E3 is nobltantegrated into the mutant complex
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which functions much less efficiently under thesaditions. In summary, these studies
highlighted the partial functional redundancy ofetHE3BP subunits, while also
demonstrating that E2 and E3BP display both ovpitepand distinct functions. Analysis
of E3BP deficient PDC, botim vitro andin vivo, has contributed to a better understanding
of the role of E3BP subunit and has provided aorai basis for conducting prenatal

diagnosis for possible E3BP deficiency in affedidilies (Marsac et al., 1993).

The effect of differing combinations of active améctive lipoyl domains of E2:E3BP
core on lipoylation status was also studied usirsgrées of 8 mutant PDCs. On Western
blotting with PD2 antibody, it was seen that mAbss-reactivity was at a maximum when
all the lipoyl domains were fully functional andagually declined with the loss of
lipoylatable domains on E2 and E3BP. Overall comletivity also declined gradually
with the loss of functional lipoyl domains. Howey@ractivation of inner or outer lipoyl
domains on E2 caused minor reduction in overallemactivity indicating considerable
redundancy at this level. Thus reducing the compldrof lipoyl domains by approx. 50%
led to a 25-35% loss of activity. Moreover, intratlan of E3BP with a non-functional
lipoyl domain had no further significant effect aativity in comparison to wild-type PDC
or in the case of mutants carrying an inactive oatenner lipoyl domain on E2. Finally,
PDC in which only the 12 lipoyl domains of E3BP wédipoylated also retained partial
activity (15%) and only complete loss of lipoylatied to complete inhibition.

This study represents the first systematic invastbg of the effects of alterations in the
lipoylation status of the E2:E3BP core on mammalRDC complex activity. The

enzymatic activity results were found to be comsistwith the lipoylation status as
determined by Western blotting. The observationt tkaombinant PDC displayed 15%
activity with only E3BP containing active lipoyl d@ins (12 out of a possible 132/108) is
in agreement with the results of Rahmtullah anadvookers (Rahmatullah et al., 1990) and
Sanderson and co-workers (Sanderson et al., 1986aje 10-15 % activity is retained
with the proteolytical removal of lipoyl domains &2 on collagenase treatment. This
suggested that E3BP-linked domains can substitusame extent for the lipoyl domains
of E2 in overall complex catalysis. These data alemonstrated considerable functional
redundancy at this level that is genetically adagebus as null mutations producing
totally inactive PDC would be expected to be embiyally lethal. Interestingly, this study
is the first in mammalian PDC in which the corrgdttlded E2 and E3BP domains have
been retained in a non-functional state. Previousliss have employed genetically

engineered or proteolytically modified E2:E3BP cassemblies, where the entire domain
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is absent, potentially allowing greater flexibiléyd improved access to catalytic sites for
the remaining active domains. Our data, howeved te confirm and extend these earlier
studies and indicate that inner and outer lipoyhdms of E2 or the single E3BP lipoyl
domain are all effective substrates for E1, E2 && and that there is no obvious
preferential recognition of individual domains lhese enzymes. In addition, the presence
of a full complement of domains in which a high podion is inactive does not produce

any apparent steric hindrance effects.

3.16 Study on involvement of E3BP in diacetylation

In PDC, acetyl group transfer occurs after theiahitlecarboxylation step, which is
catalysed by E1 with the production of €@nd an enzyme-bound hydroxyethylidene
thiamine diphosphate derivative. There is then Ebiated reductive acetylation of the
lipoamide cofactor attached to E2 and /or E3BP itepdo formation of a %acetyl
intermediate. Subsequently acetyl groups migratevdsn the Sand $ positions (Koike
and Koike, 1976). In the final step, E3 re-oxidig&sand E3BP linked lipoamide cofactors
followed by reduction of NAD

It is a unique property of mammalian PDC to be abolegenerate a°s S diacetyl—
dihydrolipoamide intermediate on addition of eitipgruvate in the absence of CoASH or
NADH and acetyl CoA. Treatment of PDC with pyruvateNADH and acetyl CoA leads
to rapid initial generation of a®Sacetyldihydrolipoamide intermediate and exchanfje o
acetyl groups betweer? 8nd $ sulphur atoms on the dithiolane ring. The formatd the

S, & diacetyl-dihydrolipoamide intermediate by mammalRDC was initially detected
by *C-NMR spectroscopy (O'Connor et al., 1982).

This property does not require the presence ofi®/ll domains as the capacity of E3BP
lipoamide thiols to undergo the diacetylation reactis shown to be unaffected by the
removal of E2 lipoyl domains in collagenase-modifieDC complex (which causes
selective removal of lipoyl domains of E2). Thissaghown by studies dfiC—acetylation

in bovine heart PDC, where the single lipoyl domafiie3BP was shown to be capable of
diacetylation (Sanderson et al., 1996b). Moreowet|lagenase-treated PDC possessed
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residual activity (about 15%), indicating that miotE3BP-linked lipoamide groups could

substitute for the lipoyl domains of E2 in ovei@implex catalysis.

Interestingly, the ability to catalyse diacetylatis absent in the bacterial PDC complex
and so is the E3BP subunit. However, it has beemodstrated in bovine and &revisiae
PDC complexes, where the E3BP polypeptide has Wwed#rcharacterised (Hodgson et al.,
1986). The equivalent phenomenon is also absethei©®GDC complex where transfer of
a succinyl group occurs and a singfed® S succinyl-dihydrolipoamide intermediate is
formed. Therefore, it was suspected that formawdnthe diacetyl dihydrolipoamide
intermediate could be uniquely mediated through E3Bhis reaction might be of
physiological relevance to permit PDC to act asservoir for acetyl groups and electrons
under conditions of excess acetyl CoA and NADH podin, e.g. on high fat diets or in
abnormal states such as starvation and diabetésese conditions, each molecule of PDC
could bind a maximum of 264 acetyl groups (assunan§OE2:12E3BP core) and an
equivalent number of electrons, thereby providingade buffer against production of
ketone bodies and regulate the formation of NADHndeed E3BP is involved uniquely
in diacetylation, then it could be of great physgtal importance. The cell lines of
patients deficient in E3BP were of considerableredt in this regard (Marsac et al., 1993).
In this study, reconstituted recombinant PDC predican important tool to study this
potential enzymatic and physiological role of E38% no specific catalytic function for

E3BP has been revealed to date.

It has been shown that the E2 componeri.afoli PDC can be inactivated selectively by
maleimides in the presence of pyruvate or NADH {8Brand Perham, 1976; Danson and
Perham, 1976). The E2-bound lipoyl moieties becoetictively acetylated or reduced
and the corresponding intermediates react with N&EMen there are free thiol groups
present leading to inactivation of the complex. ghkgh et al. (1986) also showed that the
presence of NADH or pyruvate promoted incorporatdNEM into E2 as well as E3BP

components.

On the addition of NADH and acetyl CoA to PDC, heer it has been shown that the
complex is rapidly protected once again from intimioi by NEM. Hodgson eal. (1986)
also demonstrated that the group incorporating NEE3BP was in all respects similar to

the lipoyl groups on the E2 subunit.
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The extent of protection against NEM inhibition, sM@und to be greater as the time of
preincubation was increased (Cate et al., 1980) fanmiation of a § S diacetyl—

dihydrolipoamide intermediate under these cond#imas identified.

To elucidate whether addition of a second acetglgrto the S-acetyldihydrolipoamide
intermediate is a unique catalytic function of E3BRecombinant PDC was reconstituted
from purified E1, E2, a molar excess of E3 and dval E3BP. As discussed earlier,
reconstituted PDC complex in the absence of E3BRvshimited activity (3-8%) as E3 is
not stably integrated into the complex in theseddoins. Native bovine PDC extracted as
per the protocol described by De Marcucci and cokexs (De Marcucci et al., 1988) was

used as a control in this experiment.

Four conditions were tested using recombinant PRith¢ut E3BP) and native PDC (Fig.
3.13). In the first reaction, native as well asorabinant PDC (devoid of E3BP) were
incubated with 0.2 mM NADH and 1 mM NEM. In the ead reaction instead of NADH,
0.2 mM NAD' was added followed by addition of 1 mM NEM. In thé&d reaction, native
as well as recombinant PDC (devoid of E3BP) weoriliated with 0.2 mM NADH and
0.4 mM AcCoA followed by incubation with 1 mM NENh the fourth reaction, both the
complexes were treated with NAD, AcCoA and NEM adfoke. In all the reaction
mixtures, 50 mM DTT was added to quench excess N&ftér 10 min NEM treatment,
activity assays of all the individual complexes q14) were performed as described in
Methods section 2.3.17.
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Figure 3.13: Recombinant PDC devoid of E3BP is pretted from inhibition by NEM

due to formation of diacetylated dihydrolipoamide goups

Native bovine PDC and recombinant PDC reconstitditech stoichiometric amounts of
E2, E1 and a 200-fold excess of E3, were indiviguatubated with following chemicals

for the stated times and conditions before the erxatic assays were carried out .

1 PDC + 0.2 mM NADH (10 min) + 1 mM NEM (10 min)50 mM DTT (10 min).
2 PDC + 0.2 mM NAD (10 min) + 1 mM NEM (10 min) + 50 mM DTT (10 min).

3 PDC + 0.2 mM NADH (10 min) + 0.4 mM AcCoA (10 mi#t 1 mM NEM (10 min) +
50 mM DTT (10 min).

4 PDC + 0.2 mM NAD (10 min) + 0.4 mM AcCoA (10 min) +1 mM NEM (10 min)50
mM DTT (10 min).

Bars represent percentage activity of native (g)rpdnd recombinant (blue) PDC
complexes in above four conditions. Samples wesayasl in duplicate and error bars
indicate extent of variation between duplicatestinaPDC (100ug) and recombinant

PDC (200ug) were employed for each analysis to accounttfedarge molar excess of E3

in the recombinant PDC. Activity of native bovinB@® was taken as 100% control.
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3.17 Results and discussion on diacetylation of E3BB P

In the first reaction, native and recombinant PD&evmonitored and incubated with NEM
in the presence NADH; the activities were foundb® inhibited in both the complexes
(Fig. 3.13). This was in agreement with the presistudies (Brown and Perham, 1976;
Danson and Perham, 1976) where NADH was shown tgecaeduction of lipoamide
groups on E2 and E3BP, facilitating incorporatiéN&M and thus inhibiting overall PDC

function.

When the same reaction was carried out in the poesef NAD, instead of NADH,
reduction of lipoamide groups did not take placamiscipated and no loss of activity was
observed in both PDC complexes (Fig. 3.13). Sinmégults have been reported in earlier
studies with bovine PDC (Hodgson et al., 1986).

In the third reaction, on the addition of acetylACim combination with NADH to both
these PDC cores, incubation with NEM did not caunsébition of the activities of either
complex. One explanation for this restored actiatyDC has been given by Hodgson et
al. (1986). Preincubation of PDC with NADH and AdCteads to formation of a®SS’ —
diacetyl-dihydrolipoamide intermediate that is aotenable to modification by NEM and
the activity of the complex is retained. The presenf this activity in the recombinant
complex lacking the E3BP subunit, demonstrates B8RP is not uniquely involved in
diacetylation. Similar results were obtained in fitlngrth reaction, where instead of NADH,
NAD" was added as a control. It was seen earlier titht tve addition of NEM in the
presence of NAD PDC activity was maintained as anticipated. Thesactions
demonstrate that the recombinant model of PDC caruded to determine potential

physiological roles of individual components.

The tight association of protein E3BP with E2 cprevents the detailed analysis of its
functional involvement in the complex. Specific eeén of the region encoding subunit
binding domain of E3BP i%. cervisiae PDC showed loss of high-affinity binding of E3

and concomitant loss of overall activity (Lawsonakt 1991). Moreover, collagenase
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treatment of native PDC complex provided informatadout the substitutional catalytical
role of E3BP linked lipoamide groups for E2 lipa@dmains (Rahmatullah et al., 1990).
Earlier **C- acetylation studies in bovine heart PDC shovied lipoyl domains of E3BP

are capable of E2 type reactions including diaegityh (Hodgson et al., 1986). Production
of a versatile recombinant PDC model is anothgy siwards understanding the structural

and functional roles of E3BP under normal and disemnditions.

In this study, a potential role of E3BP in promgtidiacetylation of E2 enzyme was

investigated. This phenomenon could be responédslgiving PDC a unique role as a

metabolic ‘reservoir’ harbouring excess electrom&l acetyl groups under abnormal

physiological conditions. However, the diacetylatighenomenon was still found to occur
in recombinant PDC devoid of E3BP. As this proagsgsears to be exclusive to yeast and
mammalian PDCs, it is presumably a characterisopgrty of the eukaryotic E2 enzyme.
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Chapter 4

Analysis of naturally occurring mutations
iIn human PDC

4.1 Introduction

This chapter focuses on the investigation and aislpf three recently-discovered
mutations in the 60-meric E2 enzyme of PDC thadl leaclinical manifestation of PDC
deficiency by unknown mechanisms. Clinical presgoriaand progression of this disorder
is highly variable. An abnormal lactate build-usuks in non-specific symptoms (e.qg.,
severe lethargy, poor feeding, tachypnea), espgciating times of iliness, stress, or high
carbohydrate intake. A number of acquired cond#iancluding infections, severe
catabolic states, tissue anoxia, dehydration andopmg can give rise to hyperlactic
acidaemia. All these causes should be ruled owréeafonsidering inborn errors of PDC
metabolism. When the lactate / pyruvate ratio isvra or low, PDC deficiency is highly
probable (Poggi-Travert et al., 1996).

The definitive diagnosis of PDC deficiency is us$yadstablished by enzyme assay in
patients’ cells or tissues commonly by measurf@O, production from*C-labelled
pyruvate with subsequent confirmation of the badéfect by Western blotting with
antibodies against subunits of the complex andbyatirect cDNA or genomic sequencing
(Eschbach et al., 1987; Old and De Vivo, 1989; @tdral., 1998). Detection of mutations
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in the Ei gene using reverse transcription of total RNA,ypwrase chain reaction
amplification of the coding region of the gene asthgle-strand conformation
polymorphism (SSCP) analyses have been found t@ajid and efficient approaches in
the detection of gene defects (Matsuda et al., 1$XSCP is the electrophoretic separation
of single-stranded nucleic acids based on subfferdnces in sequence (often a single
base pair) which results in a different secondanycture and a measurable difference in

mobility through a gel.

The mutations in this study were discovered far finst time at the Oxford Medical
School by Dr. Garry Brown and his colleagues, whiee patients are currently under
clinical investigation. The mutations were detecbtgdemploying patients’ white blood
cells to derive mRNA to prepare the relevant cDNAaatemplate for subsequent DNA
sequencing. Two of these mutations are homozygousual ‘in-frame’ 3 base pair
deletions in E2. One mutation is in the outer lipdymain of E2 leading to the deletion of
glutamate 35 whereas the second mutation causdssthef valine at position 455 that is
located in the C-terminal domain. The third mutatieads to substitution of leucine for a
phenylalanine at position 490 near the active GlitE2. The main objective of this study
was to evaluate the potential of our model recomfitiiPDC system for analysing newly-
discovered genetic defects of this type. This eat&dnn should not only test the usefulness
of this recombinant PDC model, but also lead teetaitbd understanding of the precise
basis of the molecular defects underlying the nmalfioning of the PDC complex in these
patients. Another important aim was to correlate timndings with the severity of the
clinical phenotype, methods of treatment and dsg@asgnosis. These mutations could be
producing a clinical phenotype by affecting a vigrief properties of PDC including
enzymatic function, enzyme-enzyme cooperativitfactor insertion, protein folding and
complex assembly or stability. A description of tkeeults achieved on detailed analysis of

these three mutations is presented in this chapter.
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4.2 Valine- 455 deletion in the E2 enzyme of PDC

This case study was characterised by deletionhofilaly conserved valine at position 455
in the catalytic region of the E2 enzyme. A patipreésented at Oxford Medical School
with clinical symptoms corresponding to PDC defigg. On clinical investigation, no
detectable levels of E3BP were found. E2 levelsevadso found to be reduced, although
this could represent partial loss of an epitopdilgato loss of E2 recognition by the anti-
E2 monoclonal antibody. A detailed analysis of E3BRA was carried out for the
presence of any mutation; however, genomic and cBMA3BP was found to be free of
mutations. This led to further analysis of E2 gemmmNA with the discovery of the
absence of a 3 base pair sequence encoding a highberved valine at position 455.
Interestingly, the patient was found to be hetegomg for this mutation at the genomic
level; however, at the cDNA level only the mutamainscript was detected and the genetic
basis for the absence of mRNA corresponding to nbemal allele is still under
investigation (unpublished data). As this deletisrin the C-terminal region, it had the
potential to disrupt E2 core assembly or its intBom with E3BP. In previous studies also,
mutations in one enzyme subunit have been foundréonote concomitant loss of its
binding partner. Thus, in the E1 enzyme of PDC nanaicids at positions 88, 263 and 382-
387 were found to be essential for the linking leé alpha subunit with the beta subunit
and for the activity of the holoenzyme (Marsaclet97). In this study, these mutations

in the gene for E4 caused depletion in the levels of not onhaEhut also of Ef.

E3BP does not normally have an independent existand it was postulated that the E2-
located valine deletion may affect integration &BP into the native core assembly.
Therefore, examining whether or not the absencd&3BP protein was a secondary
phenomenon induced by the E2-linked valine 455tie#lewas the main focus of this
study.
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4.2.1 Creating the AV455 mutation in the E2 enzyme by site-

directed mutagenesis

To mimic this mutation, standard site-directed rgateesis was performed as discussed in
Methods (section 2.2.11) using full length E2 cDNdused in pET-14b as well as a non
His-tagged version housed in pET-11b for co-expoeswith E3BP (housed in pET-28b).
Mutagenic primers as described in Materials & Methgection 2.1.3 were used in both

constructs. The insertion of the correct mutati@s whecked by DNA sequencing.

4.2.2 Overexpression and purification of the  AV455 E2 enzyme

E2-pET-14b was transformed inko coli BL21 (DE3) Star celland overexpressed at 30
°C for 4-5 h. Overexpression was checked by SDSPAGalysis (Fig. 4.1). Mutant E2
was purified in the same way as the wild-type usimg metal chelate chromatography
and gel filtration. Purified fractions were analgsby SDS-PAGE (Fig. 4.2)Purified
mutant enzyme was subsequently used for compatsngcetyltransferase activity with
wild-type E2 as described in section 4.2.4.

4.2.3 Checking assembly of the AV455 E2:E3BP core by

overexpression and purification

The purification protocol for the co-expressed BB ‘core’ relies on capturing E2 only
when it is tightly bound to His-tagged E3BP so HBP failed to integrate correctly, the
mutant E2 subunit will either be completely absantpurified E3BP preparations or
present in reduced amounts. A failed associatiomutint E2 and E3BP was predicted as

a possible outcome resulting from this mutationniCal evaluation had also indicated the
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absence of E3BP, possibly due to non integratieadihg to its subsequent rapid

degradation.

To test this hypothesis, wild-type an¥455 E2 pET-11b constructs were co-transformed
respectively, with the E3BP pET-28b construct. Batlil-type and mutant E2:E3BP cores
were overexpressed and purified in the same wayeasgously described for the wild-type
E2:E3BP core (Chapter 3, sections 3.3 & 3.4) Theaamtucore was also found to be
associating properly and the subunit compositiowitd-type and mutant cores appeared
very similar as judged by SDS-PAGE analysis (Fig).4The same experiment was
repeated by overexpressing wild-type and mutanesat 37 °C i.e. normal body
temperature to determine whether the mutation vesmspérature sensitive. However,
similar results were obtained compared to the expt carried out at 30 °C (data not

shown).
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Figure 4.1 Overexpression of wild-typeAV455 and F490L E2 enzymes

SDS-PAGE analysis of overexpression of wild-typend 3), F490L (lane 5) amiv455
(lane 7) recombinant E2 enzymes on a 4-12% Bis-Gels The overexpressions were
carried out inE. coli BL21 (DE3) Star cells at 30 °C for 4-5 h and dreven at zero time

(To) and 5 h after induction £J. Molecular weight markers (Mw) are in lane 1. Seetion
4.3.2 for further analysis of the F490L mutation.
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Figure 4.2: Purification of wild-type, AV455 and F490L E2 enzymes

SDS-PAGE analysis of purifiedV455 (lanes 1 & 2), F490L (lane 3) and wild-typang
4) E2 enzymes on a 4-12% Bis-Tris gel. Wild-type amutant enzymes were purified by

zinc chelate chromatography. Molecular weight megk&iw) are in lane 5.
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Figure 4.3: Integration of E3BP with E2 inAV455 and wild-type E2:E3BP cores

(A) Gel filtration profile of theAV455 E2:E3BP core showing a single peak elutinthat

void volume. Prior to gel filtration on a HiPrep/@8 Sephacryl S-300 High Resolution
column attached to a BioCAD 700E workstation, this-tdgged E2:E3BP core was

purified by zinc metal chelate chromatography.

(B) SDS-PAGE analysis of gel filtered wild-typedatVV455 E2: E3BP cores on a 4-12%
Bis-Tris gel shows that E3BP is integrated into 8455 E2 core (lane 3) and was

comparable to wild-type E2:E3BP core (lane 2). Molar weight markers (Mw) are in

lane

1.
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4.2.4 Enzymatic activities of the AV455 E2 enzyme, E2:E3BP core
and reconstituted PDC

The acetyltransferase activities of the wild-tyjmel AV455 E2 recombinant enzymes were
determined according to the protocol described &thdds section 2.3.16. The enzymatic
activity of the mutant E2 was approx. 50% of wijgh¢, taken as 100% control (Fig. 4.4
A). Similarly, the acetyltransferase activities oécombinant wild-type and mutant
E2:E3BP cores were determined to check whethepritsgence of E3BP led to retention of
normal activity. However, the activity of the mutasore was again found to be low as
compared to the wild-type E2:E3BP core (Fig. 4.4 B)the next step, wild-type and

recombinant PDCs were reconstituted from purifiedombinant PDC components and
enzymatic activities determined as described inhdds section 2.3.17. The overall
activity of the mutant complex was also reducedpprox. 50% as compared to wild-type
complex (Fig. 4.4 CAIl enzymatic assays were performed in duplicate @gual amounts

of enzymes used in each experiment.

4.2.5 Western blot analysis of the wild-type and AVA55 E2: E3BP

cores

Purified wild-type andAV455 E2:E3BP recombinant cores were subjected aférd
assays and equal amounts were used to perform Mvedsigtting with a monoclonal

antibody (PD2) that recognises only lipoylated comgnmts of PDC.

The ability of theAV455 E2:E3BP core to undergo lipoylation was ndit land was
comparable to wild-type core as determined by Wediktting(Fig. 4.5).
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Figure 4.4: Comparison of enzymatic activities oftte wild-type andAVvV455 E2
recombinant enzymes, E2:E3BP cores and PDCs

Panels A & B show the reduced acetyltransferaseites of the mutant E2 and E2:E3BP
cores a as compared to the wild-type E2 and the. dorpanel C, wild-type and mutant
PDCs were reconstituted from individual componemtd enzymatic activities compared.
The activity of the mutant PDC is reduced as coeghdo the wild-type. All samples were
assayed in duplicate and error bars shown wheressary.
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Figure 4.5: Western blot analysis of wild-type and\V455 E2:E3BP cores

(A) SDS-PAGE analysis of wild- type (lane 2) and455 E2:E3BP (lane 3) cores on a 4-
12% Bis-Tris gel. Equal amounts of protein weredkxh prior to Western blotting.

Molecular weight markers (Mw) are in lane 1.

(B) Western blot analysis of wild-type amxiv455 E2:E3BP cores with PD2 antibody
shows that mutant core (panel B, lane 2) was aisoylated and lipoylation was

comparable to wild-type E2:E3BP core (panel B, lhne
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4.2.6 Far uv and fluorescence emission spectra of t  he wild-type
and AV455 E2:E3BP cores

Purified and gel filtered recombinant wild-type and455 E2:E3BP cores, dialysed in 50
mM KH,PQO, buffer, were subjected to far uv spectrophotometryhe 190 to 260 nm
range as described in Methods section 2.3.20. édetlwavelengths the chromophore is the
peptide bond. Alpha-helix, beta-sheet and randoimh stouctures each give rise to a
characteristic shape and magnitude of CD spectitm. CD profile shown in Fig. 4.6
suggested that there was no major change in thetgte of the mutant core as its overall
line-shape is the same as for wild-type. It waspustsible to determine the alpha helix and

beta sheet content as the data were not of godiygo@ow 200 nm.

A potential change in structure was also studiedguitrinsic tryptophan fluorescence as
described in Methods section 2.3.21. No shift ie thavelength of the fluorescence
emission spectrum was observed in the mutant cuatehe result was comparable to wild-
type E2:E3BP (Fig. 4.7).
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Figure 4.6: Far uv CD spectra of wild-type andAV455 E2:E3BP cores

Wild-type andAV455 E2:E3BP cores were subjected to circular disin analysis and
spectra recorded in the far uv region (190-260 firhg CD signal was measured as molar

ellipticity in degrees cimdmol® (Y-axis) as a function of wavelength (X-axis).
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Figure 4.7: Fluorescence emission spectra of thelditype and AV455 E2:E3BP cores

Wild-type andAV455 E2:E3BP cores were excited with uv light ofvei@ngth 295 nm.
Fluorescence emission (in arbitrary units) was néet over a range of 310-420 nm.
Maximum emission of fluorescence occurred at 330famwild-type as well as for the
AV455 E2:E3BP core.

112



113 Chapter 4

4.2.7 Comparison of sedimentation coefficients of t he wild-type
and A4v455 E2: E3BP cores

Sedimentation velocity is an analytical ultracdntation method that measures the rate at
which molecules move in response to centrifugatdoiThis sedimentation rate provides
information about both the molecular mass and thepes of molecules. Sedimentation
velocity experiments were performed as describeMéthods section 2.3.19.2 to obtain
more information on the assembly of the455 E2:E3BP core as compared to the wild-
type core. For sedimentation velocity experimentig-type and mutant E2:E3BP cores
were co-expressed, purified (see sections 3.3 & 8¢l filtered (Methods section 2.3.12)
and SDS-PAGE analysis performed to check the pwfityhe cores. No proteolysis or
degradation was evident from SDS-PAGE analysis. &8 E). The sample concentrations
were 3.33, 1.07 and 1.QoM for the wild-type and 3.17, 3.45 a@d8uM for the mutant.
Samples (38@l) were loaded into 12 mm double sector centregiecal data recorded at
4 °C at a rotor speed of 20,000 rpm using intenfegeoptics. A series of 360 scans, 60 s
apart was taken for each sample. Sedimentationficieets were determined using
SEDFIT (Schuck, 2000). The weight average, svalues were corrected t@og,. The
weight average sedimentation coefficieng sfor the wild-type core was determined as
30.61+0.36 S (Fig. 4.8 A). The reported value of huma@mEBBP core is 32 S (Hiromasa
et al., 2004). Behal et. al. (1994) reported sediateon coefficients of 30 and 32 S for
native E2:E3BP core atyf = 0.25 and 0.5 respectively. They also observdarsmntation
coefficient heterogeneity with increasing concetitra The weight average sedimentation
coefficient, $o for the mutant cores was determined as 28.8D+S (Fig. 4.8 C), slightly
lower than for its wild-type equivalent. The mutacdre also appeared to be more
heterogenous than the wild-type indicating thatehaight be a degree of perturbation in
its structure. However, this difference could ateocaused by sample variability as only
one sample preparation was analysed due to timstreamts. More rigorous analysis of
several mutant preparations would be necessamyrtirim a significant difference.
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Figure 4.8: Comparison of the sedimentation velogitanalyses of the wild-type and
AV450 E2: E3BP cores

c(s) distribution from SV interference data for3@vi (—) , 1.07uM (

) and 1.0QuM

(—) wild-type E2:E3BP core (Fig. A) and distributiohthe same after maximising c(s) to
the peak observed at 30.40 S (Fig. B). c(s) digtion from SV interference data f8r17
uM( ), 3.45 uM () and 0.88uM (—) AV450 E2:E3BP core (Fig. C) and c(s)
distribution of the same after maximising c(s) e fpeak observed at 28.89 S (Fig. D).
SDS-PAGE analysis of the wild-type and mutant coie=d in SV experiment (Fig. E).
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4.2.8 Discussion of the effects of valine-455 delet ion on the E2
enzyme of PDC

Our PDC model was employed here to study the inflteeof a specific valine deletion (val
455) in the catalytic region of the E2 enzyme. Tdedetion was encountered in a patient
with no detectable E3BP and reduced levels of E2rdfore, it was anticipated that this
deletion could be disrupting the formation of th8:EE3BP core with the subsequent
degradation of E3BP. Such disruption has also lobserved in patients with a defect in
the EXn component leading to severe concomitant depletfo&1p (Saijo et al., 1996)
presumably induced by an impaired ability to foretdnotetrameric E1. However, no large
scale disruption was detected in the recombinartamtucore and integration of E3BP
appeared normal at both 30 °C and 37 °C (Fig. M8jeover, lipoylation of the E2:E3BP
domains was not affected as predicted since thigaton is located in the C-terminal
domain away from N-terminal lipoyl domains (Figo¥.No major changes in secondary or
tertiary structure were detected as determined &y udv spectrophotometry and
fluorescence emission spectroscopy (Fig. 4.6 & #ig) also suggesting that there was no
gross perturbation of the E2:E3BP core assembly.deyree of heterogeneity of
sedimentation coefficient was observed as compar&dld-type core (Fig. 4.8) although

there was insufficient time to investigate the ogjucibility of this phenomenon.

However, this mutation did result in an overall uetion of PDC activity. The loss of
activity was found in the mutant E2 enzyme, E2:E3®BRe and at PDC level also (Figs.
4.4 A, B & C). This could be due to partial disnapt of the catalytic function of the E2
enzyme. Indeed the deleted valine 455 is in theer@ihal region that houses the
acetyltransferase active site. Resolution of thectire of the E2 oA. vinelandii showed
two highly conserved residues-a histidine and gparis acid implicated in catalysis
(Mattevi et al., 1993c). A third important residdés-610 inA. vinelandii E2 PDC was
also confirmed to play a catalytic role (Matteviakt 1993a). A conserved sequence motif,
DHRXXDG, is thought to accommodate the histidind aspartate necessary for catalysis
(Radford et al., 1987). The valine residue deletiorrently under investigation, is located

76 amino acids before the conserved sequence mdiifman E2.
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Defects in the E2 enzyme of PDC were reported fier first time by (Robinson et al.,
1990) with clinical symptoms comprising reduced Paxfivity and lactic acidaemia. Only

two other mutations in E2 have been recently regofBrown et al., 2004).

In this analysis, it was seen that a stable E2:E8&® was forming as assessed by AUC
(Fig. 4.8). Possible structural alterations in #2:E3BP core were evident from the
heterogeneity of the peak of the mutant as compdoedhe wild-type core on
sedimentation analysis. However, no major changese wletectable by far uv CD
spectrophotometry and tryptophan fluorescence dtitian, there was significant loss of
mutant PDC activity as compared to the wild-typeCP{Fig. 4.4 C). Substantial residual
activity was retained in the mutant recombinant plex which was comparable to the
patient's PDC activity as measured by Cf@lease assay (unpublished data, personal
communication, G. Brown). As the E2 enzyme is tinecsural and functional centre of the
PDC, its complete disruption is unlikely sincesitrequired to sustain foetal development.

Our data in this case could not readily be recedciith the patient’s situation, because
this mutation seemed to cause disruption of E2:EGBE with reduced amounts of E2 and
complete absence of E3BP in the patient. Intergistinhe genomic DNA analysis carried
out by Dr. Garry Brown and colleagues detected mmeamality in E3BP genomic DNA.
Moreover, the patient appears to produce mRNA axably from the mutant E2 allele. A
complete re-evaluation of the patient’s enzymatienunological and genetic status with

regard to PDC deficiency is currently in progress.

Another similar type of case has been reportedntBgewhere a patient displayed a
clinical phenotype consistent with PDC deficiendall et al., 1992). Cultured skin
fibroblasts from this patient demonstrated 55% ctida in PDC activity and markedly
decreased immunoreactivity for the [E1Surprisingly there were no pathological
mutations inPDHA and PDHB genes coding for Bl and EB subunits, respectively.
However, PDC activity could be restored in cellsnirthis patient and normal levels of
E1B detected following treatment with MG132, a specgroteasomal inhibitor and with
tryphostin 23, a specific inhibitor of epidermalogith factor receptor protein tyrosine
kinase (EGFR-PTK). This study proposed that higtabkevels of EGFR-PTK activity led
to ubiquitination of cellular proteins. However, tims study it was unclear that why only
E13 protein was prone to this process in the abserfcang mutations and how
mitochondrial proteins gained access to proteasdavaged in the cytosolic and nuclear

compartments.
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In our study, the reduced levels of E2 and los&®BP in the patient could be due to
enhanced degradation where E2 harbours a potgnpathological mutation and as a
result E3BP may also remain unbound to E2 leadngheir reduced levels. No such
degradation could be observed employing our recoamiPDC model produced i coli
where there is no equivalent proteasomal machiaedyno translocation or processing of
precursor polypeptides is required; hence, theatiggemature protein may also assemble

to form a core structure under these conditions.

Indeed the data in this study suggest that althdbhghe may be some minor structural
changes in the E2:E3BP core and there is an ouwadiliction in enzymatic activity the
core has not failed to assembleErcoli. However, this may not be the case in human cells
where mutant or partially-misfolded proteins may mere readily recognised and

degraded leading to a more obvious phenotype.

4.3 Phenylalanine—490 to leucine mutation

This case study was characterised by substitutigghenylalanine- 490 by leucine in the
catalytic region of the E2 enzyme. A male patiemtito first cousins presented at Oxford
Medical School with clinical symptoms mainly of spdic dystonia, but also with
significant developmental delay. Development wasmab until 11 months of age but,
after that there were episodes of arching of thaybstiffening of the limbs with flexion of
wrists, eye-rolling and distress. Developmental gpess slowed down, paroxysmal
dystonia continued and at the age of eight yeaes phtient was wheelchair bound.
Dystonia, either as a main clinical feature or mmbination with other neurological
manifestations, is increasingly being recognizegdatients with PDC deficiency (Brown et
al., 2004; Lissens et al., 1996). The lactate cotmagon in both blood and cerebro-spinal
fluid in the patient was normal. NeuropathologyP®C deficient patients has been found
to be quite variable. In this patient, localisedunoeadiological findings revealed
circumscribed lesions restricted to the globusighadl bilaterally. However, this finding
and other clinical symptoms were also not distirectand consistent with features of PDC
deficiency. Therefore, diagnosis alone on clineahptoms and biochemical tests was not

enough and prompted more detailed investigations.
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Various other conditions were ruled out before thistation was diagnosed by using the
patient's mRNA to prepare the relevant cDNA as mpiate for subsequent DNA
sequencing by Dr. Garry Brown and his colleaguédwyTturther found an approx. 50%
decline in PDC activity in crude fibroblast extatty the radiolabelled CQOelease assay.
This assay is not particularly accurate as thengxéé inhibition is difficult to assess
precisely since normal (wild-type) levels of PDClity vary over a 2-fold range in
individual patients. Moreover, from this assay @&oih was not clear whether the decline in
activity was caused by loss of E2 activity per seas an indirect effect caused by
disruption in E2 interaction with E3BP or alteraisoin the core assembly. Therefore, the
focus of this study was to determine if this repreged a straightforward case of reduced
enzymatic activity of E2 resulting from alterationsa residue that may be involved in the
catalytic mechanism. Changes in structure and dsgeoh the E2:E3BP core were also

assessed in the following experiments.

4.3.1 Creating the F490L mutation in the E2 enzyme by site-

directed mutagenesis

To mimic this mutation, site-directed mutagenesas werformed by preparing and using
appropriate primers described in Materials & Methsdction 2.1.3. Standard site-directed
mutagenesis was performed as discussed in Methemd®rs 2.2.11 using full length E2
cDNA housed in pET-14b and also in pET-11b for gpression with E3BP in pET- 28b.
The presence of the correct mutation was checkddN sequencing.
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4.3.2 Overexpression and purification of the F490L E2 enzyme

E2 pET-14b was transformed inio coli BL21 (DE3) Star cells and overexpressed at 30
°C for 4-5 h. Overexpressions were analysed by BBGE (Fig. 4.1). Mutant E2 enzyme
was purified in the same way as wild-type usingczomelate chromatography and gel
filtration. To check the purity of the proteins, SIPAGE analysis of purified fractions
was performed (Fig. 4.2). Purified mutant enzymes wabsequently used for comparing

acetyltransferase activity with the wild-type E2described in section 4.3.4.

4.3.3 Checking integration of the F490L E2:E3BP cor e by

overexpression and purification

FA490L E2-pET-11b was co-expressed with the E3BP-p8I construct at 15 °C. Mutated
and wild-type E2:E3BP cores were purified in thensavay as wild-type core described in
Chapter 3, section 3.4. The core was not foundetalisrupted by the presence of the
F490L mutation, as was evident from zinc chelatomiatography and gel filtration. In
this case also, E2 was found to interact stablir WBBP and the integrated core could be
purified owing to the presence of the N-terminasdtig on E3BP (Fig. 4.9).
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Figure 4.9: Integration of E3BP with E2 in F490L nutation

SDS-PAGE analysis of purified wild-type and F4902:EE3BP cores on a 4-12% Bis-Tris
gel. The presence of E2 in the F490L core showsHEBBP is integrated into E2 (lane 3)

and was comparable to wild-type E2:E3BP core (Bné/olecular weight markers (Mw)
are in lane 1.

120



121 Chapter 4

4.3.4 Enzymatic activities of the F490L E2 enzyme, E2:E3BP core
and PDC

The acetyltransferase activities of the recombindld-type and F490L E2 enzymes were
determined using the protocol described in Methselstion 2.3.16. The activity of the
mutant E2 was found to be approx. 50% of nativeak2n as 100% control (Fig. 4.10 A).
Similarly, the acetyltransferase activity of theldsiype and F490L E2:E3BP cores were
determined using the same protocol. The activitthef mutant core was also found to be
low as compared to wild-type E2:E3BP core (Fig.04B). Wild-type and mutant PDCs
were reconstituted as per the protocol describé&thapter 3 (see section 3.10). Enzymatic
activity was determined as described in the Metramatdion (2.3.17). The overall activity
of the F490L PDC was found to be reduced by app80% as compared to wild-type
complex (Fig. 4.10 C).
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Figure 4.10: Comparison of the enzymatic activitiesf recombinant wild-type and
F490L E2 enzyme, E2:E3BP core and PDC

Panels A & B show the reduced acetyltransferaseitaes of the mutant E2 and E2:E3BP
cores are as compared to the wild-type E2 and ¢oifeanel C, wild-type and mutant PDC
were reconstituted from individual components amtzyenatic activities compared.
Activity of the mutant PDC is also reduced compatedwild-type. All samples were

assayed in duplicate and error bars shown wheressary.
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4.3.5 Far uv and fluorescence emission spectra of t  he wild-type
and F490L E2:E3BP cores

The secondary structure of the mutant core wamatgd using far uv spectrophotometry
in the far uv spectral region (190-250 nm) as dbedrin Methods section 2.3.20. The data
were not of good quality in the 190-200 nm reginat(shown) and therefore percentage of
alpha helices and beta sheets could not be estmbt@wvever, the line shapes of the
spectra in the 200-280 nm region were similar dizévathe mutant as well as wild—type

core. This indicated that there were no major chang the secondary structure of the

mutant core as compared with the wild-type corg.(&ill).

Change in structure was also studied using try@opfluorescence as described in
Methods section 2.3.21. However, no shift in thecsal emission peak (330 nm) was
observed between the mutant and the wild-type E2FEGores (Fig. 4.12). This suggested
that there was no perturbation of the local envirent in the region occupied by the six

tryptophan residues located in the E2:E3BP core.
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Figure 4.11: Far uv CD spectra of the wild-type and=490L E2:E3BP core

Wild-type and F490L E2:E3BP cores were subjecteditoular dichroism and spectra
recorded in the far uv region (190-260 nm). The €iBnal was measured as molar

ellipticity in degrees cidmol™ (Y- axis) plotted as a function of wavelength @xis).
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Figure 4.12: Fluorescence emission spectra of witgtpe and F490L E2:E3BP cores

Wild-type and F490L E2:E3BP cores were excited withlight of wavelength 295 nm.

Emission of fluorescence was recorded over a rah@&0-420 nm. The figure shows that
the maximum emission of fluorescence occurred atr88 wavelength for wild-type and

F490L E2:E3BP cores.
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4.3.6 Discussion of phenylalanine—490 to leucine mu  tation

This mutation was found to cause reduced PDC #gtiwvid various clinical symptoms in a
patient (Brown et al., 2004). Our data provided explanation for the functional
consequences of this deletion. The E2:E3BP coreappd to be integrating stably as
evidenced from zinc chelate chromatography, géfafibn (Fig. 4.9), circular dichroism
(Fig. 4.11) and tryptophan fluorescence studieg.(Ei12). However, there was loss of
enzymatic activity in mutant E2, E2:E3BP core aecombinant PDC (Figs. 4.10 A, B &
C). Earlier also, this mutation was shown to beoesible for reduced PDC activity by
functional complementation in which activity wasstered by transfecting normal E2
cDNA into patient’s fibroblasts (Brown et al., 2Q04owever, in that study full activity
could not be restored. Demonstration of loss oftydicansferase activity using a
recombinant model of PDC not only substantiatedftimetional complementation study
but also provided more definitive diagnosis. Theorabinant mutant PDC in this study
lost about 50% enzymatic activity as compared é&onbrmal or wild-type PDC. Thus, this

mutation appears to be the reason for the los®G@r &ctivity in the patient also.

This mutated phenylalanine residue is highly coresracross various eukaryotic and
prokaryotic species and is reported to be resptndir substrate specificity in E2
(Mattevi et al., 1993b) thus replacement of the ngte@anine by the smaller leucine
residue could potentially affect acetyltransferasgvity. In the corresponding position in
the E2 enzyme of BCOADC, this position is occugdigdserine, and it is proposed that the
larger phenylalanine limits access to the actite t&i the smaller acetyl group substrate of
E2-PDC (Mattevi et al., 1993c). Another plausibkplanation could be that the catalytic
activity is affected as this mutation is located afino acids from the conserved motif,
DHRXXXDG that is important for E2 catalytic actiyitand could potentially perturb the
local environment in this active site region. Sabghal residual enzymatic activity was
retained, however, in agreement with PDC activitgasurements on patient fibroblasts
employing the CQrelease assay. Thus it is apparent that this routatoes not cause
large-scale changes in the assembly of the ‘cbia’ might have caused more severe loss
of PDC function. In general all of these data ameststent with the F490L mutation having
a direct affect on E2 activity and the underlyiragatytic mechanism.
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4.4 Glutamate 35 deletion in the E2 enzyme

In this section the role of the glutamate 35 deletin the outer lipoyl domain of the E2

enzyme in a young patient was investigated. Theeqatvas a male born at term to first
cousins. He was in a good mental condition andribi clinical features were ataxia and
dystonia, which developed at an early stage. He imtasduced to a ketogenic diet that
significantly resolved the symptoms. However, reald problems in fine-motor

coordination still persisted at the age of 11 yeAssataxia and dystonia are increasingly
being noted in PDC deficient patients, this lecatoheck for any abnormalities in genes

encoding PDC subunits leading to discovery of thigation.

On sequencing cDNA derived from patient’s whitedalaells, a highly conserved 3 base
pair sequence encoding glutamate 35 in the oyteyllidomain of the E2 enzyme was
found to be missing. The involvement of this deletin promoting reduced PDC activity
was determined by functional complementation byresging normal E2 in the patient’s
fibroblasts. However, many questions remained umared as to how this mutation could
lead to PDC deficiency since it affected only ommyl domain out of three in the
E2:E3BP core. In previous studies, the presenadl &2-linked lipoyl domains were not
found to be necessary for maxintal coli PDC activityin vitro (Fussey et al., 1988).
However, isogeni. coli strains with three active lipoyl domains outgréwede with just
one or two indicating that the loss of lipoyl domsidoes reduce PDC efficiengyvivo
(Fussey et al., 1988). In this case study, howdhere was about 70% reduction in PDC
activity, as determined by GQelease assay. This drastic loss of activity cowdtl be
readily accounted for solely by potential loss ipioylation in the outer lipoyl domain
since, there are an additional 72 inner and E3B&ylidomains in PDC, that should be
unaffected. Our own data in this thesis in Chagtgsee section 3.14, Fig. 3.12) also
suggest that loss of lipoylation of the outer doma E2-PDC only causes 25-30% loss of
enzymatic activity. Therefore, the main aim of tlsisidy was to determine how this

mutation induced such a substantial decline inal/®DC activity.
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4.4.1 Creating the E35D, E35Q and AE35 mutants of the outer

lipoyl domain

To study the role of this mutation, a 3 base paiframe’ deletion encoding glutamate 35
in a GST outer lipoyl domain fusion construct (atlg available in laboratory) was created

by site-directed mutagenesis using primers destiib®aterials & Methods section 2.1.3.

Two other mutants of the lipoyl domain fused witt8TG were also created. In one
construct, glutamate-35 was substituted by an tpa(E35D) and in the other with a
glutamine (E35Q) again by employing the relevantmprs (Materials and Methods,

section 2.1.3). These mutants were created to gshelpossible influence of charge and
size of amino acid at this position when companvith the AE35 mutant of the outer

lipoyl domain. All mutations were checked by DNAgsencing as described in Methods
section 2.2.7.

4.4.2 Overexpression and purification of the wild-t  ype, E35D,
E35Q and AE35 lipoyl domains

Wild-type, AE35, E35D, E35Q outer lipoyl domains and non-lijppgti K173Q inner
lipoyl domain constructs in pGEX-2T were transfodmato E. coli BL21 (DE3) cells,
respectively. Transformed cells were grown andgmnoéxpression induced with IPTG at
30 °C for 4-5 h after cultures attained agof 0.5. All the fusion proteins were found to
be overexpressed in soluble form as analysed by-RPAGE. Recombinant lipoyl domain
GST fusion proteins were purified by glutathioneplsose 4B chromatography as
described in Methods section 2.3.13 and analysesDf-PAGE (Fig. 4.13 A).
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4.4.3 Western blot analysis of wild-type, E35D, E35 Q and AE35

lipoyl domains

Western blotting of wild-typeAE35, E35D, E35Q outer lipoyl domain and K173Q inner
lipoyl domain fusion proteins was performed usingnanoclonal antibody (PD2) that
recognises lipoylated components of PDC using #&pob described in Methods section
2.3.15.0n Western blotting it was found that th&35 lipoyl domain was not lipoylated
when compared to the wild-type and the result wamparable to the non-lipoylatable
mutant inner lipoyl domain (K173Q). The other twaitants of the outer lipoyl domain,
E35D and E35Q, created to investigate the effecthainge in charge and size on the
folding and lipoylation status of this domain wdoeind to be fully lipoylated (Fig. 4.13
B).

4.4.4 Non denaturing gel electrophoresis of the wil  d-type, E35D,
E35Q and AE35 lipoyl domains

The GST tags of wild-typeAE35, E35D and E35Q outer lipoyl domains were rerdove
with thrombin by the protocol described in Methaction 2.3.14. Interestingly, it was
noted that tags could be removed from &35 outer lipoyl domain in a short time
interval (2 h), whereas for the wild-type and ottveo mutants it took about 8-10 h. After
the removal of the GST tags, the proteins were dinglysed by SDS-PAGE for checking
of purity. Thereafter, they were analysed on a é#tve gel (Methods section 2.3.5). The
AE35 outer lipoyl domain was found to exhibit a nestly decreased mobility on the
native gel as compared to the wild-type and therothutants (Fig. 4.14) indicating either
a major change in charge, conformation or aggregastate or a combination of these

factors.
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Figure 4.13: SDS-PAGE and Western blot analysis d¢he wild-type, E35D, E35Q,
AE35 outer lipoyl domains and K173Q inner lipoyl donain

(A) SDS-PAGE analysis of purified wild-type (lang, Z35D (lane 3), E35Q (lane 4),
AE35 (lane 5) outer lipoyl domain GST fusion progseand K173Q inner lipoyl domain
GST fusion protein (lane 6) resolved on a 4-12%Bis gel. Wild-type and mutant fusion
proteins were purified by glutathione SepharosechiBomatography. Molecular weight

markers (Mw) are in lane 1.

(B) Western blot analysis of wild-type (lane 2),3E8(lane 3) E35Q (lane 4AE35 (lane
5) outer lipoyl domain GST fusion proteins and KQ7Bner lipoyl domain GST fusion
protein (lane 6) with PD2 antibody. TAd=35 outer lipoyl domain is not detected (lane 5)

and is comparable to the negative control, K173¢inipoyl domain (lane 6).
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4.4.5 Structural prediction for the wild-type and AE35 outer lipoyl

domains

A possible structural change in th&35 lipoyl domain was suspected on the basis & eas
of removal of its GST tag by thrombin, Western tigf and native gel electrophoresis.
Therefore, it was decided to ascertain if any clkanghe structure of the mutant domain
was predicted on the basis of Swiss modelling ésstion 2.3.18). The structure of the
outer human lipoyl domain has not been solved eitbg NMR or by X-ray
crystallography; therefore both the structures weeated based on sequence homology.
The potential structure for the mutant lipoyl domaias found to be similar to the wild-
type lipoyl domain (Fig. 4.15 A & B). Overall itonformation appeared to be very similar
to the lipoyl domain oB. stearothermophilus which consists of two 4-stranded antiparallel
B sheets in the form of a flatten@ebarrel with the lipoylatable lysine residue lochten

an exposed typefiturn in one of th@ sheets (Dardel et al., 1993) (Fig. 4.15 C).
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Figure 4.14: Non denaturing gel electrophoresis dahe wild-type, E35D, E35Q and
AE35 lipoyl domains

Native gel analysis on a 6% polyacrylamide gel shdvat theAE35 outer lipoyl domain
(lane 4) is either aggregated or has a major changkarge and/or shape as compared to
wild-type (lane 1), E35D (lane 2) and E35Q (lan@@er lipoyl domains.
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Figure 4.15: Structure prediction of the wild-typeand AE35 lipoyl domain using
Swiss modelling

The structure of the wild-type (A) antlE35 (B) outer lipoyl domains as predicted by
Swiss modelling (Schwede et al., 2003) was not donbe significantly altered and was
similar to the structure of the lipoyl domain 8f stearothermophilus E2-PDC. (C)
Adapted fromDardelet al.(1993).
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4.4.6 Molecular weight determination of the wild-ty  pe, E35D, E35Q

and AE35 lipoyl domains by size exclusion chromatography

Size exclusion chromatography (SEC) separatesipsab@ased on their size, shape or their
hydrodynamic volume. SEC allows the separationotddd and unfolded forms, as the
folded polypeptide elutes much later due to itsemmmpact structure. The purified wild-
type, AE35 and E35D outer lipoyl domains were passed gir@HiPrep 16/60 Sephacryl
S-300 High Resolution column attached to a BioCAIDE workstation as described in
Methods section 2.3.12 and elution profiles comgaBmilarly, the wild-type andE35
lipoyl domain GST fusion proteins were also sulgddb gel filtration chromatography on

the same column for comparative purposes.

It was observed that the wild-type and E35D outeoyl domains eluted at the same
elution volume whereas theE35 outer lipoyl domain appeared at an earlieresiaghe
elution profile (Fig. 4.16 B). Ratio of elution wohe to void volume Ve/Vo was calculated
for each protein and was found to be 2.21 for tid-type and for the E35D outer lipoyl
domains, whereas for tieéE35 lipoyl domain, this ratio was 1.98. Similarilge main peak
for the AE35 lipoyl domain GST fusion protein was also obedrat an earlier stage and
displayed a Ve/Vo of 1.52 whereas for the wild-B@8T construct, this value was 1.68
(Fig. 4.16 C).

The molecular masses of these proteins were cécukemploying a calibration curve
generated by plotting logarithm of molecular wegybt known proteins on the Y-axis and
Ve/Vo on the X-axis (Fig. 4.16 A). It was found titae molecular weight of thAE35
outer lipoyl domain was twice that of wild-type dyd domain. Thus, the predicted
molecular mass of this domain was 20.7 kDa; howeter observed molecular mass as
determined from the standard curve (Fig. 4.16 Aswi& kDa. A similar trend was
observed when the molecular mass of the wild-type mutant domains fused with GST
were compared. The predicted molecular mass ofGf& fusion mutant was 90 kDa;
however, the observed molecular mass using thelatdncurve was 180 kDa. In both
cases, th\E35 lipoyl domain was present as a dimeric spegiatst also displaying an
increased tendency to form aggregates of highesraadd showing a substantial peak at

the void volume in the case of the lipoyl domainTd@sion protein (Fig. 4.16 B & C).
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Figure 4.16: Molecular mass determination of the wa-type, E35D, E35Q andAE35
lipoyl domains by size exclusion chromatography

(A) Standard curve generated by plotting the ldbari of molecular weights of known

proteins on the Y-axis and ratio of elution to vemume Ve/Vo on the X-axis. Ve/Vo of

the test samples were determined by resolving biliPaep 16/60 Sephacryl S-300 High
Resolution column attached to BioCAD 700E workstati (B) Gel filtration elution

profiles and Ve/Vo ratios of the wild-type, E35RE35 lipoyl domains (C) Gel filtration

elution profiles and Ve/Vo ratios of the wild-ty@enxd AE35 lipoyl domain GST fusion

proteins.
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4.4.7 Cross linking of the wild-type and  AE35 lipoyl domains by

glutaraldehyde treatment

If two proteins physically interact with each otlHerming dimers or oligomers of higher
order, then they can be covalently cross-linkedrebally. Chemical cross linking offers a
direct method of identifying both transient andotanteractions. This technique involves
the formation of covalent bonds between two intingcproteins by using bifunctional
reagents containing reactive end groups that l;mKunhctional groups such as primary
amines and thiol groups of amino acid residues. ¢tbifunctional reagents, specifically
reacting with primary amine groupise( e-amino groups of lysine residues) have been used
extensively as they are soluble in aqueous solvemiiscan form stable inter- and intra-
subunit covalent bonds. Glutaraldehyde is a poputeno-bifunctional reagent, which is
extensively used for cross linking. SDS polyacryidengels of oligomeric proteins, for
instance dimeric proteins, after treatment withtaylaldehyde will show cross linked
dimers where inter-subunit cross linking has ocedirin this experiment, purified wild-
type and AE35 outer lipoyl domains were treated with 2% (v/glutaraldehyde
respectively for 30 min at room temperature. ThiteeaSDS-PAGE analysis of the treated
samples was carried out employing the routine patoutlined in Methods section 2.3.4.
It was found that the wild-type lipoyl domain miggd at its normal molecular mass (20
kDa) even after glutaraldehyde treatment wherea®\EHB5 outer lipoyl domain migrated
more slowly corresponding to a molecular mass qfr@ap 45 kDa, consistent with its

existence as a homodimer prior to cross linkagg. @&il7).
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Figure 4.17: SDS-PAGE analysis of the wild-type andE35 lipoyl domains cross

linked with glutaraldehyde

The Bis-Tris (4-12%) SDS gel was stained with Cossmablue and shows that thE35

lipoyl domain present as a dimer after treatmerlt &9 glutaraldehyde (lane 3), whereas

the wild-type outer lipoyl domain treated in samayws monomeric (lane 1). Wild-type

and AE35 lipoyl domains without glutaraldehyde treatmewe in lanes 2 and 4,

respectively. Molecular weight markers (Mw) ardane 5.
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4.4.8 Analysis of the far uv spectra of the wild-ty  pe, E35D, E35Q

and AE35 lipoyl domains by circular dichroism

Secondary structure can be estimated by CD speofrgsin the far-uv spectral region
(190-250 nm). Samples of the wild-type35, E35D and E35Q outer lipoyl domains, all
free of their GST tags, were prepared as discussddethods section 2.3.20. Domains
were examined for possible changes in secondangtate using CD spectroscopy in the
far uv region. The CD spectrum of th&35 outer lipoyl domain was quite distinct when
compared with the wild-type and other mutants (Hid.8). Secondary structures were
estimated using the CDSSTR algorithm which is adé from the online DICHROWEB
server hosted by the Birkbeck college (http://wwwst.bbk.ac.uk). From the spectral data,
the algorithm estimated that the wild-type and mtgaE35D and E35E consisted of
predominantly beta sheet structure (approx. 45%greas, thAE35 outer lipoyl domain

consisted mainly of random coil.

4.4.9 Near uv spectra of the wild-type E35D, E35Q a nd AE35 lipoyl

domains by circular dichroism

The CD spectrum of a polypeptide in the near-uwxtpkregion (250-350 nm) can be
sensitive to certain aspects of tertiary struct@eer this wavelength range the major
chromophores are the aromatic amino acids andpdigld bonds, that can give rise to
individual spectral contributions and the CD signatoduced can be a sensitive probe for
detecting alterations in the overall tertiary stawe of the protein. Signals in the region
from 250-270 nm are attributable to phenylalaniesidues, signals from 270-290 nm to
tyrosine and those from 280-300 nm to tryptophaisulphide bonds give rise to broad
weak signals throughout the near-uv spectrum. Sasrgdl the wild-typeAE35, E35D and
E35Q outer lipoyl domain were prepared as mentionédethods section 2.3.20. Near uv
CD spectra in this region indicated that in thedviijpe, E35D and E35Q outer lipoyl
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domains, the aromatic amino acids such as tyragare in a rigid environment giving rise
to well-defined troughs in this region. In contrast the AE35 outer lipoyl domain, this
rigid environment was lost as indicated by the piig@rance of the characteristic troughs
centred around 278 nm, 286 nm and 292 nm (Fig.)4.19

4.4.10 Fluorescence emission spectra of the wild-ty pe, E35D,
E35Q and AE35 outer lipoyl domains

Fluorescence emission spectra of the wild-type, (E3635Q andAE35 outer lipoyl
domains were generated and analysed by excitingnttigidual samples at 295 nm as
described in Methods section 2.3.21. The fluoreseemission spectra were recorded at
320-350 nm. Maximum emission occurred at 330 nmtlerwild-type, E35D and E35E
outer lipoyl domains whereas maximum emission f&r AE35 lipoyl domain shifted to
345 nm (Fig. 4.20). This indicated that the singlgied tryptophan residue in thdE35
lipoyl domain was exposed to the external aquetiase and this domain appeared to be

largely unfolded as compared to the wild-type atietomutants.
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Figure 4.18: Far uv CD spectra for the wild-type, B5D, E35Q andAE35 lipoyl
domains

The wild-type, E35Q, E35D anflE35 outer lipoyl domains were subjected to circular
dichroism and spectra recorded in the far uv red®0-260 nm). The CD signal was
measured as molar ellipticity in degrees?cdmol® (Y-axis) plotted as a function of

wavelength (X-axis).
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Figure 4.19: Near uv CD spectra for the wild-typeE35D, E35Q andAE35 lipoyl
domains

The wild-type, E35Q, E35D anflE35 outer lipoyl domains were subjected to circular
dichroism and spectra recorded in the near uv re(f60-320 nm). The CD signal was
measured as molar ellipticity in degrees’amol® (Y-axis) as a function of wavelength
(X- axis).
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Figure 4.20: Fluorescence emission spectra of thdlevtype, AE35, E35D and E35Q

outer lipoyl domains

The wild-type,AE35, E35D and E35Q outer lipoyl domains were egoitéh uv light of
wavelength 295 nm. Emission of fluorescence wasrdsx over the wavelength range
310-420 nm. The data show that maximum emissidiuofescence occurs at 330 nm for
the wild-type, E35D and E35Q lipoyl domains, wheréa theAE35 outer lipoyl domain,

the peak of fluorescence emission shifts to 345 nm.
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4.4.11 Creating the AE35, E35D and E35Q mutants of full length
E2

The glutamate-35 mutation was created in full lari§2 cDNAs housed in pET-14b and
pET-11b vectors respectively by site-directed meteagis using appropriate primers
(Materials & Methods section 2.1.3). In the sameg/ 35D and E35Q mutants of E2 in
pET-14b and pET-11b were also created for detadledlysis of these mutations. The
primers specified in Materials & Methods (sectiofh.2) were used for creating E35D and
E35Q E2 mutants. On DNA sequencing, the correctatiuts were found to be
incorporated into all the mutant constructs. Sixtanti constructs of E2 namelxE35
PET-14b,AE35 pET-11b, E35D pET-14b, E35D pET-11b, E35Q pEb-and E35Q pET-
11b were generated in this manner. The pET-14btearts were required to study the
effects of the glutamate 35 deletion on E2 actiwtyereas, the pET-11b constructs of E2
facilitated co-expression with E3BP in pET-28b tdasn mutant E2:E3BP cores described
in Section 4.4.14, enabling us to study the effeétthis mutation on the E2:E3BP core
and overall PDC activity.

4.4.12 Overexpression and purification of the wild-  type, AES35,
E35D and E35Q E2 enzymes

To overexpress wild-typeAE35, E35D and E35Q E2 enzymes, pET-14b constructs
housing the relevant cDNAs were transformed irfo coli BL21 (DE3) cells.
Overexpressions were carried out at 30 °C for 5&hdh visualised by SDS-PAGE (Fig.
4.21). The N-terminally His-tagged proteins wereiffed by zinc chelate chromatography
and viewed by SDS-PAGE (Fig. 4.22).
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Figure 4.21: Overexpression of the wild-typeAE35, E35D and E35Q E2 enzymes

SDS-PAGE analysis of overexpression of the wilcetyfane 3),AE35 (lane 5), E35D
(lane 7) and E35Q (lane 9) recombinant E2 enzymesa @1-12% Bis-Tris gel. The
overexpressions were carried outBncoli BL21 (DES3) cells at 30 °C for 4-5 h and are

shown at zero time ¢J and 5 h after induction §J. Molecular weight markers (Mw) are
in lane 1.
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Figure 4.22: SDS-PAGE analysis of purified wilekype, AE35, E35D and E35Q E2
enzymes

SDS-PAGE analysis of the purified wild-type (lang AE35 (lane 3), E35D (lane 2) and
E35Q (lanel) recombinant E2 enzymes on a 4-12%T Bssgel. Wild-type and mutant
enzymes were purified by zinc chelate chromatograpolecular weight markers (Mw)

are in lane 5.

145



146 Chapter 4

4.4.13 Enzymatic activity of wild-type and  AE35, E35D and E35Q

mutants of E2

The acetyltransferase activities of the purifieddviype, AE35, E35D and E35Q E2
enzymes were compared spectrophotometrically faigwthe protocol described in
Methods section 2.3.16. Equal amounts of wild-tgpd mutant E2 enzymes were used to
determine acetyltransferase activity by initiallgriprming Bradford assays (see section
2.3.11). Further SDS-PAGE analysis of these enzymasscarried out to ensure that equal
amounts were assayed for acetyltransferase actMdityactivity assays were performed in
duplicate with wild-type control and the E35D mutatisplaying 100% activity. In
comparison, the E35Q E2 mutant displayed apprd, 8thereafdE35 E2 displayed only
approx. 20% activity (Fig. 4.23). These results avéound to be reproducible with 3

different preparations of recombinant wild-type andtant E2s.
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Figure 4.23: Comparison of acetyltransferase actity of the wild-type, AE35, E35D
and E35Q E2 enzymes

Percentage enzymatic activities of wild-type andantE2 enzymes are shown. Error bars
indicate extent of variation between duplicates.
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4.4.14 Co-transformation and overexpression of the wild-type,
AE35, E35D and E35Q E2:E3BP cores

Wild-type E2 cDNA in pET-11b and E3BP cDNA in pE82were co-transformed int&

coli BL21 (DE3) Star cells and single colonies employed overexpression studies.
Overexpression yielded the most soluble E2:E3BR abil5 °C (Chapter 3, Fig. 3.5). The
AE35, E35D and E35Q E2:E3BP cores were successtwiyexpressed in the same
manner. Lipoic acid (0.1 mM) was added to eachreeffieduction with 1 mM IPTG. The
solubility of theAE35 E2:E3BP core was also checked at 37 °C, 3@2CC and 15 °C,
and was found to be maximal at 15 °C (Fig. 4.24er&fore, in subsequent experiments,

wild-type and mutant E2:E3BP cores were all overesged at 15 °C overnight.

4.4.15 Purification of the wild-type and  AE35, E35D and E35Q
E2:E3BP cores

The E2:E3BP cores contained only N-terminally Higged E3BP and consequently their
purification relied on the formation of a stable:E2ZBP core assembly in which E3BP co-
integrated with its E2 partner. Mutant cores cdagdourified successfully by metal chelate
chromatography in a similar manner as describedh®wild-type core in Chapter 3 (see
section 3.4). The purified wild-type and mutantesowere also subjected to gel filtration
on a HiPrep 16/60 Sephacryl S-300 High Resolutmoron attached to a BioCAD 700E
workstation before viewing by SDS-PAGE (Fig. 4.26n SDS-PAGE analysis, thdE35
core was found to contain reduced levels of E2ahdh proportion of E3BP as compared
to the wild-type core. Several preparations of thistant core analysed by routine SDS-
PAGE consistently displayed this feature, which waes first indication of abnormal

assembly.
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Figure 4.24: Solubility check ofAE35 E2:E3BP core overexpressed at various
temperatures

The AE35 E2:E3BP core was overexpressed at 15 °C, 23CC and 37 °C i&. coli

BL21 (DE3) Star cells. SDS-PAGE analysis on a 4-1B%Tris gel shows that at 37 °C,
30 °C and 22 °C, mutant E2:E3BP was largely indelabd present in the pellet fraction
(PS)( lanes 3, 6 and 10 respectively). When ovessged at 15 °C overnight, this protein
was present in the soluble supernatant (SS) (I2ZheVthole cell extracts (WE) in lanes 1,

4, 8 and 11, respectively. Molecular weight marKefs/) are in lane 7.
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Figure 4.25: SDS-PAGE of the purified wild-type AE35, E35D and E35Q E2:E3BP
cores

SDS-PAGE analysis of the purified wild-type (lang ZE35 (lane 3), E35D (lane 6) and
E35Q (lane 7) recombinant E2:E3BP cores on a 4-B&{ ris gel. Wild-type and mutant
enzymes were purified by zinc chelate chromatograpid gel filtration. Gel also shows
AV455 and F490L E2:E3BP cores in lanes 4 and 5,ectsly. Molecular weight

markers (Mw) are in lane 1.
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4.4.16 Enzymatic activity of the wild-type, @ AE35, E35D and E35Q
E2:E3BP cores

Purified wild-type, AE35, E35D and E35Q E2:E3BP cores (see section 3}.4vkre
checked for protein levels by performing Bradfossays as described in Methods section
2.3.11. SDS-PAGE analysis was also carried outhsum that equal amounts of wild and
mutant cores were assayed for acetyltransferasgitjactAssays were conducted to
compare wild-type (taken as a 100% control) with thutant cores, in the same manner as
for the wild-type and mutant E2 enzymes (see secatid.13). In the previous E2 assay, it
was seen thanE35 E2 showed very low activity (80% reduction).eThurpose of
employing E2 cores containing E3BP was to estabfithe presence of E3BP had any
influence onAE35 E2 activity. As previously however, the E35Decaisplayed 100%
activity, the E35Q core displayed approx. 80% wasr¢heAE35 core assembly displayed
only 20% of the control activity levels, in agreameavith the values obtained employing
the wild-type and mutant E2 enzymes. Thus the patiEresults on assembled native and
mutant E2:E3BP cores was similar to those obtafoedhe equivalent set of purified E2

samples.

4.4.17 Comparison of overall PDC activity in recomb inant
preparations of reconstituted wild-type, AE35, E35D and E35Q

core assemblies

Wild-type, AE35, E35D and E35Q E2:E3BP cores were reconstitatedwild-type and
mutant PDCs by adding stoichiometric amounts oBB&d E3 respectively (see Chapter 3,
section 3.11). Enzymatic assays were performeduplichte with freshly prepared wild-
type and mutant PDCs as per the protocol describ&tkthods section 2.3.17. Wild-type
PDC was taken as control with 100% activity. In gamson, the E35D PDC displayed
80%, E35Q PDC 75%, whereas thie35 PDC displayed consistently low activity of abou
10 -12 % (Fig. 4.27).
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Fig 4.26: Comparison of enzymatic activity of wildtype, AE35, E35D and E35Q
E2:E3BP cores

Percentage enzymatic activities of mutant E2:E3@f<relative to the wild-type as 100%
control are shown. Samples were assayed in dupliaatl error bars are shown where

necessary and indicate extent of variation betvaegaticates.
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Figure 4.27: Comparison of recombinant PDC activis reconstituted with the wild-
type, AE35, E35D and E35Q E2:E3BP cores

Enzymatic activities of the wild-type and mutard@®s reconstituted from individual
components are shown with respect to wild-type demms control. Samples were
assayed in duplicate and error bars shown wheressary indicating the extent of
variation between duplicates.
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4.4.18 Far UV spectra of the wild-type, AE35, E35D and E35Q E2:

E3BP cores by circular dichroism

The wild-type and mutant cores were subjected toi€ihe region of 190-250 nm and

spectra recorded as described in Methods secta®.

The data were not of high quality in the 190-200 region and therefore, quantitative
estimation of a helix andf3 sheet content was not attempted. However, diftergnvere
observed in the spectra of th&35 mutant core as compared to the wild type ahdrot

mutant cores, where a well defined peak at 206satsent in thAE35 core (Fig. 4.28).

4.4.19 Fluorescence emission spectra of the wild-ty pe, AE35,
E35D and E35Q E2:E3BP cores

Fluorescence emission spectra of the wild-typE35, E35D and E35Q; E2:E3BP cores
were also compared as described in the Methodsose@t3.21. It was found that

maximum fluorescence emission spectrunABB5 E2:E3BP core shifted from 330 nm to
343 nm, as compared to the spectra of the wild-gymkother mutant cores, which emitted
maximally at 330 nm (Fig. 4.29). Since the singke @olypeptide contains 4 tryptophans
and E3BP polypeptide contains 2, this suggestselacple perturbation of the core

assembly in which several tryptophans are expas#tetaqueous environment.
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Figure 4.28: Far uv CD spectra of the wilétype, E35Q, E35D andAE35 E2:E3BP
cores

Wild-type, E35Q, E35D, andE35 E2:E3BP cores were subjected to circular dishro
and spectra recorded in the far uv region (190+2®). The CD signal was measured as

ellipticity in degrees cidmol™ (Y-axis) plotted as a function of wavelength (Xsjx
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Figure 4.29: Fluorescence emission spectra of witdpe, E35Q, E35DAE35 E2:E3BP
cores

Wild-type, E35D, E35QAE35 E2:E3BP cores were excited with uv light of elangth
295 nm. Emission of fluorescence was recorded avange of 310-420 nm. Figure shows
that the maximal emission of fluorescence occuateg8?6 nm for the wild-type, E35D and

E35Q cores, whereas for th&35 core, maximal fluorescence emission shiftegd® nm.
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4.4.20 Comparison of sedimentation behaviour of the wild-type
and AE35 E2:E3BP cores

Major disruption of theAE35 E2:E3BP core was anticipated as observed friocolar
dichroism and intrinsic tryptophan fluorescencelss. Therefore, sedimentation velocity
experiments were conducted in order to provideh@urrtinsights into the nature of the
mutant core assembly. These experiments were petbras described in the Methods
section 2.3.19.2 and the sedimentation behaviothhedfE35 E2:E3BP core was compared
to the wild-type core. Wild-type and mutant coresrevco-expressed, purified (see sections
3.3 & 3.4), gel filtered (see the Methods sectio®.22) and SDS-PAGE analysis
conducted for checking the purity of the cores.p¥ateolysis or degradation was evident
from SDS-PAGE analysis (Fig. 2.30 E).

The sample concentrations analysed were 3.33, dn@71.00uM for the wild-type and
2.06, 1.72, 1.07, 2.6@.26 and 0.5@M for the mutant. Samples (380 were loaded into
12 mm double sector centrepieces and data recatdgdC at a rotor speed of 20000 rpm
using interference optics. A series of 360 scafiss @Gpart was taken for each sample.
Sedimentation coefficients were determined usindpEE (Schuck, 2000). The weight
average sy values were corrected teng. The weight average sedimentation coefficient,
Sow for the wild-type cores was determined as 300636 S, whereas sedimentation
coefficient for the mutant core displayed a gresgrde of heterogeneity (8-40 S). A small
amount of the mutant core showed a sedimentatiefficent comparable to wild-type
core, but the vast majority was present as sedingespecies of lower Mvalue. This
result was anticipated, in view of previous CD spescopy, fluorescence tryptophan and
enzymatic assays that indicated the probabilitjmajor disruption in its assembly. A range
of sedimentation coefficients (30-32 S) for norre@tE3BP core and 8 S for unassembled
trimers of E2 produced upon treatment of the coyecbaotrophic agents have been
reported (Behal et al., 1994). These 8 S spea@secated non-cooperatively to give
additional assembly intermediates exhibiting seditaigon coefficients of 10-32 S. In this
case also, the lower sedimenting species (Fig. €)3€ould be trimers of E2, which have

failed to assemble into a proper core as a re$titi®mutation.
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Fig. 2.30: Comparison of the sedimentation velocitgnalyses of wildtype and AE35
E2:E3BP cores

c(s) distribution from SV interference data coleztfor 3.33uM (—), 1.07uM (

) and

1.00uM (—) wild-type E2:E3BP core (Fig. A) and maximising){o the peak observed

at 30.40 S (Fig. B). c(s) distribution from SV irfezence data collected f@&r06uM (),
1.72uM (—), 1.07uM (—), 2.60uM (), 2.26uM (—) and 0.5QuM (—) AE35 E2:E3BP
core (Fig. C) and maximising c(s) to the peak ole#rat 34 S (Fig. D). SDS-PAGE

analysis of the wild-type and mutant cores usedthis SV experiment (Fig. E).
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4.4.21 Discussion of Glutamate 35 deletion

In this chapter the glutamate 35 deletion in tipeyl domain of the E2 enzyme of PDC,
encountered in a clinical case has been analysedletail employing our model
recombinant PDC. None of the mutatiods=85, AV455 and P490L), discussed in this
Chapter have been identified in 50 dihydrolipoamatetyltransferase (DLAT) alleles
analysed to date, nor were they found in any DLANA or genomic sequences in the
human EST (expressed sequence tag) and genomicdabddases (Brown et al., 2004). In
fact, no other mutations have been reported sim fitwe lipoyl domains of E2 of PDC. This
may be due to the fact that such mutations mighptevalent, but do not produce a
significant phenotype leading to failure of detentin the absence of a real necessity to
diagnose them at genetic level. The non severitythef phenotype could also be
attributable to functional redundancy owing to gresence of multiple lipoyl domains on
E2 and E3BP that is also genetically advantagedsis result the affected person may be
carrying the mutation leading to slightly decreagdIC activity, but without producing
any major health problems. In contrast, mutationthe Ex and E3 components produce

mild to severe, but more detectable phenotypes.

The glutamate deletion was an interesting mutatigdhe sense that loss of lipoylation per
se would not be expected to cause such severecatlisymptoms in the patient.
Nevertheless it was important to demonstrate th@ntutation was indeed the cause of the
PDC deficiency and also to investigate the molecllasis of disruption of normal

complex function in this case.

The precise role of the mutation was studied aehevels- at the lipoyl domain, at the E2
enzyme and at the PDC level. In all cases, two muar@ants were investigated in parallel,
namely E35D and E35Q, in order to better understaadole of the deleted glutamate 35.
These mutants enabled us to establish whether regehia charge or size of amino acid
was the over-riding factor for structural perturbat or the actual presence of the
glutamate residue was more important. At the lipdyinain level, it was seen that the

AE35 lipoyl domain was non-lipoylated as comparedh® wild-type and the other two
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mutant domains. A monoclonal antibody (PD2) was leggal for Western blotting, that
recognises only the lipoylated components of PDRb(ison et al., 1998). Lipoylation or
insertion of lipoic acid on a particular lysineaisrery specific phenomenon, occurring only
if a precise structural cue is present (Wallis &stham, 1994) and is indicative of the
presence of correctly folded lipoyl domain. In tine case of glutamate 35 deletion, this
structural cue appears to have been lost. Thisltress the first indication that this
deletion caused a change in the structure of th&yllidomain. The other two mutant
domains, however, were still found to be lipoyla{edy. 4.13) showing that glutamate-35
is an important and specific residue in this regiequired for the correct folding of the
lipoyl domain or the maintenance of its structwgtability. This result also confirmed that
not only the DKA maotif at the site of lipoylatiors important, but that residues located
some distance away from the site (12 residueseid\tterminal side in this case) are also

essential for recognition.

The relative ease with which GST tags could bevelddrom theAE35 lipoyl domain as
compared to the wild-type and other mutant domalss indicated that th&E35 mutant
provided less steric hindrance to proteolytic &thyg thrombin, suggesting that it was not
properly folded. Major alterations were again ofsedrwhen this domain was run on a
non-denaturing gel indicating either a gross changsarge or oligomerisation state (Fig.
4.14). Striking differences were also observed mtrinsic tryptophan fluorescence
indicating thatAE35 lipoyl domain was not folded properly and thsitsingle tryptophan

was exposed to solvent.

The aromatic amino acids tryptophan, tyrosine ahdnpglalanine are all capable of
contributing to the intrinsic fluorescence of pinte When all three residues are present in
a protein, pure emission from tryptophan can baiabtl by photoselective excitation at
wavelengths above 295 nm (Eftink, 1991). Althoughosine and phenylalanine are
natural fluorophores, tryptophan is the most extatg used amino acid for fluorescence
analysis of proteins. In a protein containing hiee fluorescent amino acids, observation
of tyrosine and phenylalanine fluorescence is oftemplicated by interference from
tryptophan caused by resonance energy transfenkEft991). The application of tyrosine
and phenylalanine fluorescence is therefore mdstijted to tryptophan-free proteins;
however, a recent study reports an exception g(Ruan et al., 2002). More importantly,
tyrosine fluorescence is insensitive to environrakfactors such as polarity (Ross, 1992).
Fluorescence of phenylalanine is weak and seldad umsprotein studies. Hence, the term

‘natural protein fluorescence’ is almost alwaysoassted with tryptophan fluorescence.
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Tryptophan residues serve as intrinsic, site-speftiforescent probes for protein structure
and dynamics. The well documented sensitivity oyptiopphan fluorescence to
environmental factors such as polarity makes iakable tool in studies of this type by
providing specific and sensitive information on fgin structure and its interactions
(Eftink, 1991). As a result of the exposure of aidx tryptophan, the maximum emission
spectrum shifts 10 to 20 nm to longer wavelengthsampared to the spectra of the same
protein in which tryptophan is still buried. Thikgnomenon was seen in the glutamate
deleted lipoyl domain as well as the mutant E2:E3RiPe (Fig. 4.20 & Fig. 4.29).
However, in the lipoyl domain only a single trypb@m residue accounts for total
fluorescence emission. In contrast, in the E2:E8Bi, there are 4 tryptophan residues in
the single polypeptide chains of E2, one in theeolipoyl domain, one in the extreme N-
terminal region and two in the catalytic domain.r®twver, there are two tryptophans in the
E3BP polypeptide, one each in the lipoyl domain &iterminal catalytic domain. All
these tryptophans contribute to the net fluoreseesmission spectrum for the E2:E3BP
core. Interestingly, in the mutant core the spéctnit to longer wavelength as compared
to the wild type core, is contributed by a numbetrgptophan residues indicating that
there are major structural changes. The lipoyl domaf A. vinelandii OGDC andB.
stearothermophilus PDC also have a single tryptophan residue occupyiegentre of the
hydrophobic core consisting of a number of residiBesg et al., 1996; Dardel et al., 1993)
and is key to stability of this domain by holditgtbeta sheets together.

Loss of secondary and tertiary structure in Al35 lipoyl domain was visible by far uv
spectrophotometry, where it appeared as a randdncaropared to more structured beta
sheets in the wild-type and other two mutants. éarnuv spectrophotometry, signals
arising from aromatic amino acids in a rigid enmimeent were also lost in this particular
mutant as compared to the wild type and other ntsit&mom all these observations, it was
evident thatAE35 lipoyl domain had undergone a major structan@inge because of this
single deletion. This change in structure couldb®tevealed through structural modelling
based on known lipoy domain structures (Fig. 4.ib6licating the limitations of such
computer generated structures to mimic structurahges resulting from point mutations.

It was further observed that tiad=35 lipoyl domain had a pronounced tendency to form
dimers and also aggregates of higher order as didyegel filtration (Fig. 4.16). Folding

of newly-synthesized proteins vivo is believed to be facilitated by the cooperative
interaction of a defined group of proteins knownnaslecular chaperones. Proteins in a

non-native state are normally protected from agafieg by these chaperones. The first
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events in the formation of proteins are the mosicat. Starting at the ribosome, nascent
polypeptides undergo complex folding processes ¢hat be endangered by aggregation
reactions. Proteins with organellar destinationshsas mitochondria require correct
targeting to the translocation machineries locaitedthe organellar membranes and
prevention from premature folding. In the case d@oohondrial precursors, maintenance
of an ‘unfolded’ state is a prerequisite for petmg efficient translocation. The high

precision and speed of these processes is ensyredclgstosolic system consisting of
molecular chaperones, folding catalysts and targdactors (Bukau et al., 1996). Folding
and assembly of mitochondrial protein complexegdgiace only as they emerge into the

mitochondrial matrix.

Misfolded, denatured or damaged proteins presend inon-native state may expose
‘sticky’ hydrophobic regions or patches that arghty prone to aggregation (Bukau et al.,
1996). Many neurodegenerative diseases are caysgdnetic mutations that can lead to
accumulation of aggregated toxic proteins in neakraorclusions and plagues (Taylor et al.,
2002). Our data indicate that th&35 domain is misfolded exposing ‘sticky’ hydropiwb
surfaces leading to formation of aggregates, mabthers but also higher order aggregates
on occasions. Initially in this study, it was thaughat the ‘stickiness’ of the lipoyl domain
led to immobility of the lipoyl ‘swinging arms’ antence reduction of PDC activity.
However, subsequent data revealed an 80% reduatiB@ activity. This E2 assay is not
dependent on the lipoyl domain or subunit bindimgndin regions of E2 so this marked
reduction in E2 activity suggested that this N-tex@hmutation was affecting assembly of
the C-terminal domain, perhaps because of premanaenappropriate interactions of the
N-termini. This prompted analysis of the core addgnusing AUC, revealing that the
correct core assembly was not forming in the presef the glutamate mutation. Based on
these observations a schematic model is proposedGkapter 6, Fig. 6.1) indicating how
this mutation might affect normal trimer formatiand/or subsequent steps in E2:E3BP

core formation.

The effect of this mutation on acetyltransferastevay was studied in the E2 enzyme and
E2:E3BP core. Intrinsic acetyltransferase actigité theAE35 enzyme and E2:E3BP core
were found to be reduced by around 80% or more. oMegall activity of reconstituted
PDC complex with the glutamate mutation was alderdened and compared to wild-type
recombinant PDC using the standard spectrophotaretsay that monitors formation of
NADH at 340 nm. The activity of mutant PDC was agkiund to be very low (approx.
10-15%) as compared to the wild-type.
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This loss of activity could not be attributed splelue to loss of lipoylation in the outer
lipoyl domains of the enzyme and in the core. Alitpo lipoylation of PDC is crucial for
catalysis, the inner lipoyl domains in the E2 engyamd E3BP lipoyl domains in the core
were still lipoylated (data not shown). In studesaployingE. coli PDC, where only one
lipoyl domain was functional out of three lipoylrdains in tandem repeat, the activity of
the complex was comparable to wild-type complexigilet al., 1989). Our own data
(Chapter 3, section 3.14) also showed that the tdsene lipoylatable lysine in the
complex caused only a 25-35% decline in compleiviact However, the overall complex
activity due to theAE35 mutation was found to extremely low, in thegari0-15% of the
wild-type control. This drastic decline in enzynea#ictivity can be explained in terms of
improper E2:E3BP core formation. The loss of cdrecture in the event of glutamate
mutation is evident from tryptophan fluorescencd tar uv spectrophotometry. However,
more rigorous evidence comes from analytical uinéicfugation, where the sedimentation
coefficient of theAE35 E2:E3BP core is not only lower than the wilgdycore, but also
indicates the presence of several molecular sp€€igs4.30). The premature aggregation
of ‘sticky’ lipoyl domains may lead to the formati@f mostly abnormal, less compact or
low molecular weight core with abnormal subunit asition rather than the normal high
molecular weight 60:12 meric E2:E3BP core. Howeverthe sedimentation velocity
experiment, it was also found that a small amodmasmal sized core was present that
could account for the 10-20% residual activity amas in agreement with the patient’s
PDC activity as determined by G@lease assay.

The low activity in the patient’'s PDC could alsodelained partly by E1 and E3 enzyme
binding to a large population of inactive cores #metefore be catalytically ineffective. E1
catalysed reductive acetylation of a lipoyl growgpends on the 3D structure of lipoyl
domain (Dardel et al., 1993). Some isoforms of R@se, particularly isoform 4, appear
to bind more strongly to the outer lipoyl domaintké mammalian enzyme (Tuganova et
al., 2002; Yeaman et al., 1978). In this studydtracture of outer lipoyl domain has also
found to be lost (Fig. 4.19 & Fig. 4.20) which migmpair the attachment of this kinaise
vivo leading to further dysregulation of the complex.

These experimental data showed that glutamate 3&tiow is crucial for the structural
integrity of the complex and has different consemes from the earlier mutation

investigated in Chapter 3 in which the single lilaogble lysine is replaced by glutamine.
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The two mutants (E35D & E35Q), studied simultangougre not found to be equivalent
to the deletion mutant. The aspartate substituras similar in all respects to the wild-
type in terms of structure and function, whereasy \@ight structural and functional

changes were shown by the glutamine mutant. THtesaaons in the size and charge of
amino acids at this position have only minor effecn core assembly and function
whereas the omission of the glutamate-35 indicdtesimportance for the folding,

assembly and integrity of the entire E2:E3BP cofbese data provide a detailed
explanation for the unexpected severity of theatftd the glutamate 35 deletion in the
outer lipoyl domain of E2, accounting for the unaisoature of the PDC deficiency in this

patient.
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Chapter 5

A preliminary investigation of the subunit
organisation of the recombinant 2-

oxoglutarate dehydrogenase (OGDC)

5.1 Introduction

The 2-oxoglutarate dehydrogenase (OGDC), along i pyruvate dehydrogenase
(PDC) and branched chain 2-oxoacid dehydrogenasglex (BCOADC), collectively
constitute the family of 2-oxoacid dehydrogenaselti-enzyme complexes. They are
important in controlling carbon flux frormarbohydrate precursors and a select group of
amino acids intand around the tricarboxylic acid cycle. Locatedthe mitochondrial
matrix, the mammalian complexes catalyze the inmglke oxidativedecarboxylation of
their respective 2-oxoacid substrates yieldimgappropriate acyl CoA derivatives, NADH
and CQ. Central tothis catalysis is the consecutive action of thdire¢ catalytic

componentsgach present in multiple copies : a substrate-Bp&:bxoaciddehydrogenase
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(E1), a distinct dihydrolipoamide acyltransfergg®) and a common dihydrolipoamide
dehydrogenase (E3) (Behal et al., 1993; Patel ardd;11995).

The OGDC appears to be much more conserved in eyolthan the PDC; botk. coli
and pig heart complexes exhibit similar quaternstructures (Koike and Koike, 1982;
Tanaka et al., 1972; Yeaman et al., 1978), andkendukaryotic PDC or BCOADC,
mammalian OGDC is not regulated by phosphorylasiod dephosphorylation (Koike and
Koike, 1982).

OGDC is an importantitochondrial multienzyme complex that has beerreasingly
associatedvith a number of neurological disorders. It catalya critical step in the Krebs
cycle that is also important in the metabolism bé texcitotoxic neurotransmitter,
glutamate. In human brain, thetivity of OGDC is lower than that of any othezgme of
energy metabolism, including phosphofructokinasmndaseand the electron transport
complexes (Sheu and Blass, 1999). Thus deficierafi€GDCare likely to impair brain
energy metabolism and therefore brdunction, leading to the manifestation of
neurological symptoms. The severity of the neurglmigsymptoms varies according to the
nature of the deficiency. Several disorders impilicpa OGDC defects have been
recognized including infantile lactic acidosis, @sgmotor retardationn childhood,
intermittent neuropsychiatric disease with ataxad other motor manifestations,
Friedreich's and other spinocerebetitaxias, Parkinson's disease and Alzheimer's diseas
(AD) (Butterworth and Besnard, 1990; Gibson et #0888; Mastrogiacomo et al., 1996;
Terwel et al., 1998).

The persistence of abnormalities in the OGDC amticodarly in its E20 component in
familial AD fibroblasts indicates that abnormalgtief this complex are an intrinsic part of
the AD process (Sheu and Blass, 1999). OGDC isundbrmly distributed inhuman
brain, and the neurons that appear selectivelyevaliein human temporal cortex in AD
are enriched in OGDC. A statistically significanégative correlation was observed
between OGDC activity and neurofibrillary tangle unb in AD parietal cortex
(Mastrogiacomo et al., 1993). However, reducedlteeé OGDC are a feature of some,
but not all patients with AD (Kish, 1997). Reprodie reductions occur in the PDC,
OGDC and cytochrome oxidase activities in AD braid evidence suggests that OGDC
deficiencies may be genetic in some cases whergdsnee that the other two enzyme

systems have a genetic component is lacking (Gibsah, 1998).
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In recent studies, OGDC has been found to be mapyi site of ROS production in
normally functioningmitochondria (Starkov et al., 2004)his complex is also one of
several major autoantigens in primary biliary ansts. Loss of OGDC activity is observed
in thiamine deficiency and it was recently demaatsl that the response of brain OGDC
activity, mRNA levels and immunoreactivity of itslg E20 and E3 components to
thiamine deficiency is region and time dependenssLof OGDC activity in brain cortex is
probably related to post-translational modificatrather than a loss of protein whereas, in
the sub-medial thalamic nucleus, transcriptional past-translational modifications may

account for diminished activity (Shi et al., 2007).

Less information is available on the subunit orgation and the mode of interaction of
constituent enzymes of OGDC as compared to PDC BD@ADC. The constituent
enzymes of OGDC are assembled in a tight but nealeat fashion around a 24-meric
E20 core, exhibitingctahedral symmetry. In prokaryotescombination with its catalytic
role, the oligomeric E20 cois responsible for tethering and orientating bogh E1o and
E3 enzymes within the complexes via compact, perighstbunit-bindingdomains
(Mande et al., 1996; Mattevi et al., 1992; Yeamtalg 1978). However, analysis of rat
and human E2-OGDC genes revealed the absence of anyEE3-binding motifs,
although such sequences were readily located in EReOGDC genedrom other
organisms, notabl§. coli (Spencer et al., 1984) aAdotobacter vinelandii (Westphal and
de Kok, 1990).

Studies on mammalian OGDC, employing subunit-speq@foteolysis and N-terminal
sequence analysis, have identifi@dproteolytically-sensitive region at the extreme N
terminus of the E1o componenith significant sequence similarity to the E3BRI &2
component®f mammalian PDC (Rice et al., 1992). These simigg suggested that E1o
might perform some functions normally devolved t@ Br E3BP inPDC and E2-
BCOADC.

Selective limited tryptic or arg C degradatiohOGDC resulted in a single cleavage in
Elo, producing an N-terminal fragmeapprox. M 10,000), abolition of E3 binding and
dissociationof an active E1'0 species (M00,000). Complete disassemidfy OGDC

following this proteolytic event indicated that gshregion of E1lo was critical for the
maintenance of complex stability and integrify.putative peripheral subunit-binding
domain has been identifiest the site of tryptic attack (Rice et al., 1992 further

characterise the N-terminal E1lo fragment and to h&pprecise residues involved in
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maintainingcritical contact with E2o0 and E3, N-terminal fragme of human Elo have
been cloned, overexpressed and purified and thmdliriy potential tested in this Chapter
in order to obtain a better understanding the siilarganisation of this complex. These
studies should provide a more comprehensive indigfiot OGDC subunit interactions
contributing to overall complex integrity and eralgreliminary mapping of regions of
E1lo/E3 involved in generation of a stable assamiatwith the E20 core. A clear
understanding of its overall structural organisatis essential in view of mounting
evidence for a role for OGDC in a range of neuretegative disorders and its
involvement in oxidative stress responses. Moreas study should provide initial data
on the feasibility of producing a recombinant OGBx@del (equivalent to our PDC model)

that can be employed for studying its role(s) sedsse in future.

5.2 Cloning of full length Elo

Two putative cDNA clones for human Elo were obtdifrem GeneService, Cambridge.
Primers (Materials & Methods section 2.1.4) wersigiged to amplify the cDNA and to
introduceNde 1 andXho 1 sites at the 5’ and 3’ termini of the ampliconr RCR, after
initial denaturation at 94 °C for 5 min, reactiomsre cycled 30 times through 94 °C (30
s), 62 °C (30 s) and 72 °C (40 s) with a final ipation at 72 °C for 5 min. PCR products
were resolved on a 1% (w/v) agarose gel and waredido be amplified in 6 individual
PCRs from one clone, each yielding a major band kbp consistent with the predicted
size for E1lo cDNA (Fig. 5.1 A). Successful ampbfion confirmed that this plasmid
contained a full length copy of the gene. Amplifi®@CR product wasextracted as
described in Methods section 2.2.3 and a samplpEdf-14b vector was prepared by
digestion withNdel and Xhol restriction enzymes. Digested vector was also mirao
agarose gel and gel extracted. Then, 100 ng ofowetas mixed with a 3-fold molar
excess of insert. For ligation, a Quick Ligatiort Kbom New England Biolabs was used.
Ligation mix (5 ng) was transformed into competEntoli TOP 10 cells and the bacteria
plated onto LB-amp agarose plates. After overnigleubation at 37 °C, clones were
screened by colony PCR for the presence of infertolony PCR, around 5-6 colonies
were picked, individually suspended imul7of sterilized distilled water and streaked onto a
master plate for future use. Individual bacteriasgensions were heated at 95 °C for 5

min, chilled on ice and centrifuged to collecildof supernatant as a crude DNA template
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for PCR. Diagnostic colony PCR was carried out vathmers as described earlier. Only
two clones were found to be positive. Positive ekowere further screened by restriction
digestion analysis (Fig. 5.1 B) and the correctdimeg frame and Elo sequence again
confirmed by DNA sequencing.
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Figure 5.1: Cloning of the E1o cDNA

(A) PCR amplification of the E1o cDNA (lanes 2-7ixtwNdel andXhol. 10 kb ladder in
lane 1. (B) Restriction digestion of the two putatiElo clones usingldel and Xhol
releasing pET-14b vector and E1o cDNA insert of ghedicted size (lanes 1 & 2). 10 kb

ladder in lane 3.
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5.3 Overexpression of E10

Elo plasmids were transformed into competentoli BL21 (DE3) cells to enable Elo
expression as His-tagged protein. Overexpressiaattampted at 18 °C as well as 30 °C
with 1 mM IPTG. No expression was detected on SB&P analysis as well on Western
blotting with anti-His tag antibody (data not shgwn

Microbial proteins are relatively easy to expressthe E. coli host system. Many
mammalian proteins have also been overexpressamessiully although these can be
more difficult to obtain in active, folded forr&. coli is the quickest and most economical
expression host of choice, being easy to scalargelvolumes and suitable for generation
of labelled proteins. However, not all large progecan be successfully overexpressed in
E. coli. Moreover, it is often not feasible to perform pustaslational modifications that
are required for function. E1o is a homodimer o )0 kDa subunits and, in this case, it
proved impossible to achieve detectable expressidhis enzyme in the time available.
To date, there are no reports in the literaturesnocessful expression of recombinant
mammalian Elo. In fact, the native enzyme is aldoemely labile and difficult to study

because of its tight association with E20.

5.4 Subcloning of E20

An E20 construct in pET-14b was already availablehe laboratory. As the vector is
ampicillin resistant, it is not suitable for camgi out co-expression with other ampicillin
resistant vectors. Therefore, E20 cDNA was subdofirem pET-14b into pET-28Db,
thereby conferring kanamycin resistance as welinasrporating a N-terminal His-tag.
Minipreps of E20 pET-14b were prepared and digestégtd Xhol (Fig. 5.2 A). The
digested E20 DNA was gel extracted by the stangaotbcol (Methods section 2.2.3).
Minipreps of pET-28b vector were also made andwath Xhol in a suitable buffer. The
linearised DNA was treated with 2.5U of calf alka&liphosphatase for 60 min. Alkaline

phosphatase removés$ phosphates from the DNA and prevents re-ciradéion of cloning
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vectors.The treated DNA was run on a 1% (w/v) agarose gdlv@as gel extracted using
the Promega kit as per manufacturer’s instructidie gel extracted E2o0 and pET-28b
DNAs were ligated as described in Methods sectidgh52 The ligation mixture was
transformed intde. coli DH5a cells. A control transformation was also carried im the
absence of ligation mixture. Colonies appearedhentést plate and none in the control.
Single colonies were picked, grown overnight inmBdium and minipreps were prepared.
The plasmids, thus prepared, were cut itol and the digested DNA mixture was run
on a 1% (w/v) agarose gel. The expected size of Dhsert was released indicating
successful subcloning (Fig. 5.2 B). The correcemtation of the DNA, subcloned in pET-
28b vector was checked by overexpression of E2osadequent SDS-PAGE analysis
(Fig. 5.2 C).
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Figure 5.2: Subcloning of the E20

(A) E20 was released from the pET-14b vector byeslign withXhol (lanes 1, 2 & 3).
pPET-28b vector was linearised by digesting withol (lanes 5 & 6). 10 kb ladder in lane
4. (B) Restriction digestion of six E20 clones @&Tp28b with Xhol (lanes 1-6). 10 kb
ladder in lane 7. (C) Orientation of the E20 cDMAs checked by overexpressingsn
coli BL21 (DE3) cells at 30 °C for 4-5 h. SDS-PAGE &s@ shows overexpression at
zero time (b) and 5 h after induction €). Tofor the last overexpression is not shown here.
Four clones out of five tested were found to berexperessing (lanes 5, 7, 9 & 10).
Molecular weight markers (Mw) are in lane 1.
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5.5 To investigate a possible interaction betweent he E20
and E3 enzymes of OGDC

To check for any potential interaction between B2 and E3 enzymes of OGDC, both
enzymes were overexpressed individually at 30 ¥CHb h. As both enzymes were His-
tagged, each was purified using zinc chelate chtognaphy. Purified enzymes were
dialysed against 150 mM NaCl, 50 mM potassium phasyn pH 7.5. The two enzymes
were mixed and passed through a HiPrep 16/60 Sgpr&&00 High Resolution column

attached to a BioCAD 700E workstation equilibrateith 50mM potassium phosphate,
150 mM NaCl, pH 7.5. Two separate peaks of elutedep were observed. On SDS-
PAGE analysis of the individual peaks, it was fouhat the first peak eluting at the void
volume contained only E20 whereas the second peagisted solely of homodimeric E3
that eluted at the expected position for a 100,MQGpecies (Fig. 5.3). Thus no stable
association between E20 and E3 could be detectder timese conditions.
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Figure 5.3: Posttranslational mixing of E20 and E3 followed by gefiltration

(A) E3 and E20 were overexpressed individually apdrified by zinc chelate
chromatography as described in Methods sectior6.2Rurified fractions of each were
mixed post—translationally and gel filtered throughSephacryl HiPrep S-300 High
Resolution column attached to a BioCAD 700E wortksta Two eluted peaks were
observed, one at the void volume and another wiherd=3 homodimer elutes routinely.
(B) SDS-PAGE analysis of the two peaks showed E&we(1) eluting at the void volume

and E3 (lane 2) in the later peak. Molecular wermghtkers (Mw) are in lane 3.
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5.6 Overexpression and solubility check of His-tagg ed N

and C-terminal truncates of E10

Constructs of the N-terminal (first 579 bases) @atérminal (next 2313 bases) region of
Elo in pET-14b vector were available in the labamat The fidelity of the constructs was
re-checked by DNA sequencing prior to transformimdjvidually into E. coli BL21 (DE3)
cells. Overexpression was induced at 18 °C overnight &itmM IPTG when cultures
attained an £y of 0.5. On SDS-PAGE analysis, it was found thatthterminal fragment
was overexpressed whereas the C-terminal fragradetifto overexpress (Fig. 5.4 A & B)
and could not be detected on Western blotting withanti-His tag antibody (data not
shown). Again, possibly owing to its large sizes B coli expression system did not prove
suitable for overexpression as was the case fotength E1o. A solubility check of the
overexpressed N-terminal fragment was performedessribed in the Methods section
2.3.3. and the fragment was found to be insolubig. 6.4 A).

5.7 Co-expression and interaction study on the His-

tagged N-terminal fragment of E1o and E20

His-tagged N-terminal E1lo (comprising the first 18®ino acids) and His-tagged E20
were co-transformed int&. coli BL21 (DE3) cells and overexpressed at 22 °C. Co-
transformation was possible because the E20 catstmas housed in pET-28b, a
kanamycin resistant vector whereas the other astsiwas located in the ampicillin
resistant plasmid pET-14b. The identities of coresped and His-tagged E20 and N-
terminal E1o present in cell extracts were confalrbg Western blotting using anti-His tag

antibody (Fig. 5.5 B). This blot also showed thatelminal E1o0 overexpression was low
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when co-expressed with E2o0 compared to the levdigeaed when overexpressed on its

own.

The solubility of the co-expressed proteins waslysea by the standard protocol
(Methods section 2.3.3) and resolved by SDS-PAG&ably, it was seen that N-terminal
Elo fragment that was completely insoluble wherressed alone (Fig. 5.4), now became
partially soluble when co-expressed with E20 aswwhioy SDS-PAGE (Fig. 5.5 A).

This indicated the possibility that the N-termiri&lo truncate may be co-integrated with
E20 in a similar fashion to the way in which E3BHntegrated with E2 in PDC. Both the

N-termini of E1o as well as E20 were His-tagged tatefore, could be purified on zinc

chelate chromatography. However, its stable integracould be observed on gel filtration

when the putative purified complex appeared asgleipeak at the void volume on a
HiPrep 16/60 Sephacryl S-300 High Resolution coluamd both the proteins could

apparently be visualised by SDS-PAGE (Figs. 5.8, B). Owing to lack of availability of

a suitable E1o antibody for confirming the identifythe putative E1o fragment co-eluting

with E20 at the void volume, the binding betweee tiwo could not be determined

unequivocally as the possibility remained that theéd could represent a truncated, His-
tagged N-terminal product of E20. Therefore, tipparent direct interaction was further
examined by preparing two glutathione-S-transfe(&®T) constructs of N-terminal E10

followed by their co-expression with E2o0 and peafion (see sections 5.10 and 5.13)

using ‘pull down’ assays.
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Figure 5.4: Overexpression of the His-tagged N-termal fragment and C-terminal
region of E10

(A) The N-terminal fragment of E1o was overexprédsael8 °C overnight i&. coli BL21
(DE3) cells. SDS-PAGE analysis shows expressiaeiat time () (lane 2) and 15 h after
induction (Ti5) (lane 3). Solubility checking showed that it wamstly insoluble and
present in the pellet sample (PS) (lane 5). Supemhaample (SS) is in lane 4. Molecular
weight markers (Mw) are in lane 1. (B) The C-teratiregion of E1o was overexpressed at
18 °C overnight. SDS-PAGE analysis shows no ddtextaverexpression of protein

corresponding to an anticipated 86 kDa speciesh 1&fter induction (Is) (lane 3).
Molecular weight markers (Mw) are in lane 1.
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Figure 5.5: Detection of co-expression of N-termind&1o fragment and E20

(A) E20 and the N-terminal E1o fragment were coregped at 22 °C overnight. SDS-
PAGE analysis on a 4-12% Bis-Tris shows expresatonero time (§) and 15 h after
induction (T5). Solubility checking showed that both E20 as waslla band corresponding
to the expected size of the Elo fragment were $olabd present in the supernatant
sample (SS) (lane 2). Pellet sample (PS) in langdlecular markers are in lane 5. (B)
Since the levels of expression were poor, the itlemtof His-tagged E20 & N-terminal
Elo fragment were confirmed by Western blottinghwainti-His tag antibody. Blotting
analysis shows overexpressed N-terminal Elo (lan@sla positive control and co-

expressed E20 and N-terminal E1o (lane 2).
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Figure 5.6: Gel filtration of co-expressed and pufied E20 and N-terminal E10

(A) E20 and N-terminal Elo were co-expressed andifipd by zinc chelate
chromatography. Purified fractions were pooled ayadl filtered through a Sephacryl
HiPrep S-300 High Resolution column attached toi@CBD 700E workstation. (B) On
SDS-PAGE analysis of the single peak eluting atvbel volume, E20 as well as a
putative E1o fragment were visualised indicating ffossible formation of a high ;M

complex between the two species (lane 2). Moleautaght markers (Mw) are in lane 1.
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5.8 Subcloning cDNA encoding an N-terminal E1o
fragment (166 amino acids) into pGEX-2T

The E1o cDNA sequence encoding the first 166 aragids of mature E1o was subcloned
into pGEX-2T using the previous N-terminal constrboused in pET-14b as a template.
This step was carried out in order to facilitatetpin-protein interaction studies using ‘pull
down’ assays with a GST-fused Elo fragment andt&jged E20. It was also considered
that expression of the E1o fragment as a GST fusiay aid solubility when expressed in
the absence of E20, thereby enabling investigatamnsvhether any potential binding to

E20 occurred in a co- or post-translational fashion

For cloning, the first 498 nucleotides were ametifby PCR an@amH1 andEcoRL1 sites
were created at the 5’ and 3’ termini of the angliby designing and employing suitable
primers (Materials & Methods section 2.1.4). ForRR@fter initial denaturation at 94 °C
for 5 min, reactions were cycled 30 times througlf@ (30 s), 56 °C (30 s) and 72 °C (40
s) with a final incubation at 72 °C for 5 min. P@Roducts were resolved on a 1% (w/v)
agarose gel and were found to be amplified as eggedmplified PCR product was
extracted using a gel extraction kit as describvedlethods section 2.2.3. A sample of
PGEX-2T vector was prepared by digestion widimH1 and EcoR1 then run on a 1%
(w/v) agarose gel and extracted. Digested vectod fig) was mixed with a 3-fold molar
excess of insert for ligation using the Quick LigatKit from New England Biolabs.
Ligation mix (5 ng) was transformed into competEntoli TOP 10 cells and the bacteria
plated onto LB-amp agarose plates containing amfipicAfter overnight incubation at 37
°C, colonies appearing on the plate were picked @admids prepared. Plasmids were
screened by restriction digestion wlBamH1 andEcoR1 (Fig. 5.7). Positive clones were

further checked by sequencing.
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5.9 Overexpression and purification of the N-termin  al Elo

GST fusion protein (first 166 amino acids)

The pGEX-2T construct containing N-terminal E1o eDftorresponding to the first 166
amino acids) was transformed intodéli BL21 (DE3) cells Overexpression was carried
out at 30 °C for 4-5 h after induction with 1 mMTIB. Expression was analysed by SDS-
PAGE (Fig. 5.8).

Frozen pellet from an overexpressed culture (50D was disrupted by French press
treatment as described in Methods section 2.3.2 thedsoluble supernatant fraction
containing GST-fusion protein purified by glutathéo Sepharose 4B chromatography
(Methods section 2.3.13). Two protease inhibitdrdes (EDTA free) were added before

French press treatment.

SDS-PAGE analysis of the purified fractions showsatensive degradation of the GST-
tagged Elo fragment. However, some intact fusiaegn (predicted size 45 kDa; 18 kDa
Elo fragment coupled to the 27 kDa subunit of G8ddld be isolated. Lower M
degradation products of this fusion protein andaadbcorresponding to the GST protein
(27 kDa) were also observed (Fig. 5.8). Neitheritamid of 1 mM EDTA and DTT nor
expressing at lower temperatures in subsequent riexp@s helped to limit this

degradation.
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Figure 5.7: Cloning of the N-terminal E1o fragment(corresponding to first 166 amino
acids) into pGEX-2T

PCR product corresponding to the N-terminal Elaoredfirst 166 amino acids) was
cloned into pGEX-2T. Diagnostic restriction digestiof putative clones was performed
with BamH1 and EcoR1. One clone was positive out of four tested (lanerégasing
correct-sized insert and vector. Clones in lanes@ 4 were discarded as the vector size

was incorrect although they appeared to containagpate inserts. 10 kb ladder in lane 5.
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Figure 5.8: Overexpression and purification of theE1lo fragment (first 166 amino
acids) fused with GST

(A) N-terminal Elo fragment (166 amino acid) fuseith GST was overexpressed at 30
°C for 4-5 h. SDS-PAGE analysis on a 4-12% Bis-$hews expression at zero time)T
and after 5 h induction §J. The protein was purified using a glutathione t&epse 4B

column (lane 1) and shows extensive degradatiodeddtar weight markers (Mw) are in
lane 4.

184



185 Chapter 5

5.10 Interaction between E20 and the GST fused E1o N-

terminal fragment (first 166 amino acids)

The pGEX-2T construct containing the 5’ regionlaé bpen reading frame of mature Elo-
cDNA (166 amino acids) and E2o0 cDNA in pET-28b weretransformed intde. coli
BL21 (DE3) cells Overexpression was attempted at 30 °C for 4-5dr @afduction with 1
mM IPTG. Protein expression was analysed by SDSPAHg. 5.9). Pellet (500 ml
culture) was disrupted using French press treatmemlescribed in Methods section 2.3.2
and the soluble supernatant fraction containing @fSion protein purified by glutathione
Sepharose 4B affinity chromatography as describethe Methods section 2.3.13. Two

tablets of protease inhibitors (EDTA free) were edibefore French press treatment.

SDS-PAGE analysis of the purified fractions showbd presence of a band of the
predicted size for E20 and therefore a possiblegnattion of E20 with the E1o fragment
(Fig. 5.9). In the previous experiment also (secto/), the N-terminal E1o fragment was
found to be integrating with E20. No Western biajtivas attempted at this point in order
to verify the identities of the constituent polyfdps because of extensive degradation of

the purified proteins.
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Figure 5.9: Co-expression and purification of thee20 and N terminal E1o GST
fusion protein (first 166 amino acids)

SDS-PAGE analysis shows co-expression of E20 ateriNinal E1o GST fusion protein
at zero time (§) and 5 h (¥) after induction. Soluble fraction obtained from a
overexpressed culture (500 ml) after French Presatrmhent was purified using a
glutathione Sepharose 4B column (lane 4) indicapiogsible E20 co-association with the

Elo fragment. Molecular weight markers (Mw) arédaine 1.
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5.11 Subcloning cDNA encoding an N-terminal E10
fragment (83 amino acids) into pGEX-2T

The previous experiment (see section 5.10), agajgested a possible integration of E20
with the N-terminal E1o GST fusion protein. Howevaubstantial degradation of the E1o
fragment was also observed in several attemptspeat this study, making it difficult to

draw any definitive conclusions. To determine muanecisely the putative E20 binding site
on Elo and to possibly limit degradation, the fiB8 amino acids of mature Elo

corresponding to the first 249 nucleotides of matdio were subcloned into pGEX-2T.

For this investigation, the first 249 nucleotidesrevamplified an®@amH1 andEcoR1 sites
created at the 5" and 3’ termini of the amplicondagigning and employing the primers as
described in Materials & Methods section 2.1.4. PQR, after initial denaturation at 94
°C for 5 min, reactions were cycled 30 times thto9g °C (30 s), 58 °C (30 s) and 72 °C
(40 s) with a final incubation at 72 °C for 5 miRCR products were resolved on a 1%
(w/v) agarose gel and were found to be ampliffstiplified PCR products were extracted
using a gel extraction kit as described in Methedstion 2.2.3. pGEX-2T vector was
prepared by digestion witBamH1 and EcoR1 restriction enzymes and digested vector
also run on an agarose gel and gel extracted. T¥3hng vector was mixed with 3-fold
molar excess of insert for ligation employing a €uLigation Kit from New England
Biolabs. Ligation mix (5 ng) was transformed intmmpetentE. coli TOP 10 cells and the
bacteria were plated onto LB agarose containingiatnp. After overnight incubation at
37 °C, clones were prepared and screened by testratigestion withBamH1 andEcoR1

for the presence of the correct-sized insert (Bigj0). Positive clones were further checked

by DNA sequencing.
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Figure 5.10: Cloning of the E1o cDNA fragment encddg its N-terminal sequence (83
amino acids) into pGEX-2T

PCR product encoding the N-terminal E1o fragmerd @laned into pGEX-2T. Restriction
digestion of putative recombinant clones treateth \BamH1 and EcoR1 is shown. One
clone was positive, out of three tested (lanes, Zdhtaining an insert of the right size
(lane 3).
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5.12 Overexpression and purification of the N-termi nal

Elo GST fusion protein (first 83 amino acids)

The N-terminal E1lo GST fusion protein (containirtge tfirst 83 amino acids) was
overexpressed and purified in the same manneread 86 amino acid E1o0-GST fusion
protein described in section 5.9. On SDS-PAGE amlyhis fragment was also found to
be sensitive to degradation although this was psblematic than for the larger N-
terminal truncate (Fig. 5.11). However, significambounts of intact fusion protein of the
predicted size (36 kDa) were present (9 kDa Elgnfient fused with the 27 kDa GST).
Free GST (27 kDa) was also observed (Fig. 5.11¢ fioteolytical degradation did not
appear to occur during overexpressionvivo, but was apparent after French press
treatment or at the end of the purification procégidition of 1% (v/v) rat serum reduced
but did not completely eliminate this degradatidurther addition of more protease
inhibitors (2 mM PMSF, 0.1pM leupeptin, 154M aprotinin, 1.5uM pepstatin) and also
ensuring that the purification process was conalipidly and efficiently at 4 °C still did
not prevent significant degradation.

5.13 Interaction between E20 and N-terminal Elo GST

fusion protein (first 83 amino acids)

N-terminal E1o cDNA (corresponding to first 83 amiacids) in pGEX-2T and E20
cDNA in pET-28b were co-transformed irffocoli BL21 (DE3) cellsOverexpression was
carried out at 30 °C for 4-5 h after induction withmM IPTG. The expression was
analysed by SDS-PAGE. Pellet from overexpressetureu(500 ml) was disrupted by
French press treatment as described in Methodosez3.2 and the soluble supernatant

fraction purified by glutathione Sepharose 4B chatygraphy (Methods section 2.3.13).
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Two tablets of protease inhibitors (EDTA free) arfd (v/v) rat serum were added before

French press treatment.

SDS-PAGE analysis of the purified fractions showleel presence of E20 along with E1o
GST fusion protein (Fig 5.11Yhe presence of E20 was further confirmed using an anti
His tag antibody to detect His-taggedo (Fig. 5.12 A).

To ensure that E20 was interacting specificallyhviiie E1o fragment and not with free
GST, E20 was also co-expressed with free GST in1BI2E3) cells at 30 °C for 4-5 h
after induction with 1 mM IPTG. The supernatantfian from a disrupted pellet (500ml|
culture) was purified by glutathione Sepharose ABmatography. On Western blotting
of the purified fraction with anti-His tag antibadpis-tagged E20 could not be detected
(Fig. 5.12 B) indicating that E20 was not bindindventitiously to the GST tag. These
results demonstrated conclusively for the firstetithat the first 83 amino acids of N-
terminal E1o were crucial for integrating with E20.
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Figure 5.11: Purification of N-terminal E1o GST fugon protein (first 83 amino acids)
alone and when co-expressed with E20

Elo fragment (first 83 amino acids) fused with G8as overexpressed alone and with
His-tagged E20 at 30 °C for 4-5 h in two individuatperiments. Soluble fractions
obtained from both overexpressed cultures (500 aftgr French Press treatment were
purified separately using glutathione Sepharoseldi®matography. SDS-PAGE analysis
of purified fractions on a 4-12% Bis-Tris SDS ghbws the N-terminal E1o GST fusion
protein (83 amino acids) (lane 2) and E20 integrat&th N-terminal E1lo GST fusion
protein (lane 3). Molecular weight markers (Mw) ardéane 1.
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Figure 5.12: Confirming the interaction of E20 withits N-terminal E1o partner

(Al) N-terminal E1o GST fusion protein (83 aminadsy and His-tagged E20 were co-
expressed. SDS-PAGE analysis of the fractions ipdrifising glutathione Sepharose 4B
chromatography (lane 3) and E20 purified by zinelate chromatography as a positive
control (lane 2). (A2) Western blotting of the abowith anti-His tag antibody shows that
E20 was integrated with E1o GST-fusion protein€l&y E20 as positive control is in lane

2. (B1) SDS-PAGE analysis of co-expressed E2o0 a®T @urified on glutathione

Sepharose 4B (lane 3), E20 as positive contrahme 4 and GST as negative control is in
lane 2. Molecular weight markers are in lane 1.)(B&stern blotting of the above with
anti-His tag antibody shows that E20 was absene (&) and therefore does not bind non-

specifically with the GST tag.
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5.14 Discussion of subunit organisation in the OGDC

The structure and subunit organization of mamma@gBDC has not been analysed in
depth as compared to other organisms although2ibscire is similarly organised as a 24-
meric cube with octahedral (432) symmetry (Reed Hadkert, 1990). In contrast, the

structure and catalytic mechanism of the bactdfzd core, to which the E1lo and E3

components are tethered non-covalently, has beerdated in some detail (Hackert et al.,
1983). In mammalian OGDC, an early report also satggl that E1o appears to bind more
tightly to E20 than does E3 (Yeaman et al., 1978).

Studies on mammalian OGDC, employing subunit-speg@foteolysis and N-terminal
sequence analysis, have identifeegroteolytically sensitive site in the N-termimabion

of Elo that, on cleavage, leads to rapid inactwatf the complex and dissociation of
both a large, enzymatically-active, C-terminal Effagment and E3. This region also
displays significant sequence similarity to the P381d E2 component§ mammalian
PDC (Rice et al., 1992). These similarities sugggeshat E1-OGDC may perform some
functions normally devolved to E2:E3BP RDC and E2 in BCOADC. Further indirect
evidence, in support of additional roles for Elame when the genes for rat dangnan
E20 were cloned (Nakano et al., 1991; Nakano etl8P4). Analysis of their predicted
primary structures failed to locate any E1o or E8ilmg motifs,although such sequences
were readily located in E2-OGDC gerfesm other organisms, notabBscherichia coli
(Spencer et al., 1984) adotobacter vindlandii (Westphal and de Kok, 1990). Another
report suggested that single copies of full lenigtivine E1o and E3 form a stable 1:1
complex that binds to the E20 core with high affinvia the N-terminal region of E1lo
(McCartney et al., 1998).

In mammalian OGDC, the E1o enzyme also has highitgfffor the E20 core assembly, a
property itshares with the E3BP of PDC (Sanderson et al., d99®is affinity is so great
that attemptso use low (non-denaturing) levels of GdmCI to d@ate E1o from the intact
core also proved futildhe successful dissociation of mammalian OGDC atitve E20
and E1o/E3 fractions was achieved by employing highelevof MgCh and slightly

alkalinepH to achieve optimal dissociation with minimal da&mation ofthe individual
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enzymes, yielding functionally active Eaad E10/E3 fractions (McCartney et al., 1998).
These studies provided the first direct biochemaatlence thatiniquely, in mammalian
OGDC, its constituent E1o enzyme is responsdiid®inding the E3 component to the core

of this multienzyme complex.

As indicated previously, selective proteolysis olvine OGDC with protease arg C has
shown that, with a single cleavage, a 100 kDa EX:terminal fragment and E3 are
released from E20 (Rice et al., 1992). The cleawageof E1'0 in bovine OGDC is shown
in Fig. 5.13 and this amino acid sequence showat gieilarity with the human Elo.
However, as the precise arg C cleavage site imleoziLo is not conserved in human E1o0,

it is not known whether human E1o can be selegtigkdaved in a similar fashion.

Interestingly, there is no direct evidence to shbat E3 interacts with E1'0 with high
affinity (Rice et al., 1992). In previous studies, gel permeation of an isolated, full-length
E1o/E3 fraction under associative conditions, tmes@nceof a higher M assembly
(303,000 kDa) corresponding to an Elft®-complex exhibiting 1:1 stoichiometry was
detected. Moreover, it was observed thmited proteolysis of OGDC promotes release of
both a large C-terminal E1’0 fragment and E3, immgythatsequences critical for their
tight interaction with the E20 coreside in the N-terminal region (McCartney et 2098).

It was not clear, however, from these two previpublications whether E3 was released
directly as a consequence of its binding to Elwleether E3 association with the core is
also dependent on the integrity of the extreme riwteal region of Elo. A potential
interaction between E1’'0 and E3 could not be etatlian this study owing to the non-

availability of recombinant E1'0.

In this chapter, the main aim was to map the regrElo that was involved in
maintaining high affinity contact with E20. For shifull length E1o was cloned in pET-
14b. Nucleotide sequence corresponding to the#8t 166 and 83 amino acids of mature
Elo were also cloned in pET-14b and pGEX-2T respelgt For studying the co-
expression of E1o with E20, E20 cDNA was subcloima a kanamycin resistant vector,
namely pET-28b. All the cloning strategies employedre successful; however, no
detectable expression of full length Elo was addevwn E. coli. Difficulties in
overexpressing and producing soluble E1-PDC wese abserved in the past, but finally
solved by cloning into pQE-9, and overexpressingeirncoli M15 cells although only
limited amounts of active E1 were produced. Thelablke His-tagged, N-terminal E1lo
fragment (193 amino acids) failed to produce sayfmiotein (Fig. 5.5). However, when
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this N-terminal fragment was co-expressed with E2putative soluble N-terminal Elo:
E20 complex was obtained and the two proteins ateelon gel filtration (Fig. 5.6 A, B).
This was the first indication that indeed the Nxtgral region of E1lo was capable of
forming a stable complex with E20. However, thissvaa ambiguous result because the N-
terminal fragment was identified only on the ba#iSDS-PAGE analysis and Coomassie
blue staining. The same result was obtained suleséiguby employing two different

PGEX-2T constructs harbouring different length®Netierminal E1o.

To examine whether the first 80-85 amino acids mnger N-terminal E10 sequence was
required to promote this high affinity interactiomyo pGEX-2T constructs of E10 N-
terminal truncates were employed. Both E1o GSTofupiroteins (83 and 166 amino acids
respectively) were relatively soluble as comparedhe His-tagged Elo fragment and
appeared to bind tightly with E20 in GST ‘pull dovassays using glutathione Sepharose
4B chromatography (Figs. 5.9 & 5.11). In additiorteraction of E20 with wild-type GST
was excluded in control ‘pull down’ assays and Westblotting (Fig. 5.12 B). The
interaction between E20 and the short (83 amind)dditerminal E1o fragment was also
confirmed by Western blotting (Fig. 5.12 A) showithgit the presence of this extreme N-
terminal region was crucial for binding to E20. $hedata were consistent with earlier
selective proteolysis data in bovine OGDC where laaBnino acid N-terminal Elo
fragment remains attached to E20 upon treatme@@DC with arg C (McCartney et al.,
1998).

In a parallel study, the affinity of E3 for E20 wasamined by purifying the two enzymes
individually followed by mixing and gel filtratiofFig. 5.3 A, B). The two enzymes did
not display any affinity for each other, eluting imslividual peaks at their respective
elution volumes on gel filtration. Thus E3 is uraltb enter into a stable association
directly with E20 as anticipated. Therefore, Elwolmement appears crucial for mediating
formation of a stable multienzyme assembly thaimi®s E3 integration with the E20

core.

Although it is possible that the N-terminal residu# E1o0 may be involved in interacting
with E3 directly, nevertheless no co- or post-tlatisnal binding studies between N-
terminal E1o and E3 were performed as a resultinoé tconstraints. However, it was
shown that the extreme N-terminal region (firsta88ino acids) of E1o co-integrated with
E20 to form a stable complex and moreover, it wasclusively demonstrated that E20
alone does not bind E3 to OGDC.
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Most of the earlier research investigating the rholpgy and subunit organisation of
OGDC have employed native complex purified fromivmag organisms. The isolation of
individual enzyme components has proved difficulting to the tight association of the
Elo and E20 components. Stringent conditions ushmptrophic agents such as 3 M
MgCl, are required to achieve separation. In this ptpjecombinant enzymes were
employed in an attempt to overcome these diffiealtRecently recombinant homodimeric
Elo fromE. coli has been crystallised and its structure elucidatedketail (Frank et al.,
2007). Interestingly, this crystal structure coalily be obtained when the first 84 amino
acid residues were removed by tryptic digestionvds suggested by the authors that this
distinctive N-terminal region may extend outwardsn the core ‘fold’ and is required to
mediate interactions with the other components GDC. These observations also show
that the N-terminal E1lo region is likely to be stuwrally dynamic, consistent with its
presence preventing the crystallisation processs Whterminal segment displays a high
degree of immunogenicity as compared to the larger@inal E1'0 region in mammalian
OGDC (McCartney et al.,, 1998), also indicative b€ tpresence of a flexible and/or
extended region of polypeptide.

In our current research, the first 83 and 166 anaicids of human Elo have been cloned,
overexpressed and purified as GST fusion protdihese fragments were very prone to
degradation and therefore any possible interactmin&3 with these N-terminal Elo
truncates alone or with an equivalent E10:E20 smiptex could not be assessed in the
time available. Degradation was controlled to saweent by addition of 1% (v/v) rat
serum containing serine protease inhibitors thatedfective against trypsin, chymotrypsin
and elastase (Kuehn et al., 1984). Another reasonrapid degradation could be the
intrinsic susceptibility of the N-terminal E1o regito proteolysis, a property that has been
noted also with bovine Elo. This again indicatsspitobable presence as an extended,

flexible segment of polypeptide as suggested byk-ed al. (2007).

In this series of experiments, E1o protein productivas problematic, in terms of good
yields of soluble protein and degradation of GSJged protein; however, degradation
was reduced to some extent when Elo fragments weexpressed with E20 when a
stable E10:E20 complex could be purified. It was pussible, however, to determine if a
stable interaction between E20 and this N-termBab region could also occur post-
translationally owing to the rapid degradation loé tvarious Elo truncates. Assessing if
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either these short N-terminal E1o fragments orldnge E1’'0 C-terminal polypeptide can

enter into a stable association with E3 is clearpyiority for future work.
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E1 OGDCbOVIineTAPVA- EPFLSGTSSNYVEEMYYAWLENPKSVHKSWDIFFRNTNAGAPPGT

E1 OGDChumMansAPVAAEPFLSGTSSNYVEEMYYAWLENPKSVHKSWDIFFRNTNAGAPPGT

E1 OGDCbhOVINEAYQSPLPLS G- LSAVA ¢A LVEAQPNVDKLV

El OGDChumanAYQSPLPLS. GSLAAVAH A QSLVEAQPNVDKLV

Figure 5.13: Alignment of first 83 amino acids of mture N-terminal E1o of bovine
and human OGDC

The arrow shows the site where E1’0 forms as altre$arg C cleavage of bovine heart
OGDC. The amino acids in magenta match completedyvg1g high degree of homology
between human and bovine Elo. The E1l'0 sequendmwine starts from residue G,
probably due to loss of A residue due to the pres@&n-specific amino peptidases.
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Chapter 6

Conclusions

In the last 20 years, the 2-oxoacid dehydrogenaseplexes have continued to be the
subject of intensive investigation. Thus the cdostit enzymes have now been cloned,
overexpressed and purified from a variety of ddfgrorganisms. Most of the research on
these complexes has so far been based on the iar@lgsructure, function and interaction
of the constituent enzymes, regulated by their @atel kinases and phosphatases in the
case of mammalian PDC and BCOADC.

In this study, for the first time all the constitueatalytic subunits/enzymes of human PDC
were overexpressed, purified to homogeneity andn&duted to form a fully functional
recombinant PDC model. This recombinant multienzypa@plex with an overall M9-10
MDa was found to be fully active in enzymatic assayd displayed a similar specific
activity (3.5-4umol NADH min *mg protein®) to PDC extracted from human heart tissue
(Palmer et al., 1993). The recombinant model wagpgmed with a view to studying
recently identified novel mutations in the E2 eneyrancountered in three patients
diagnosed with PDC deficiency symptoms at OxforddMal School. Before using this
recombinant model to analyse the effect of theséatimms on structure, function and
assembly, the model was first tested to assesditity to mimic the effects of combining
active and inactive lipoyl domains in the E2:E3RPec For this, eight mutant recombinant
E2:E3BP cores were constructed, overexpressedfiguurand reconstituted to form
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functional complex by the addition of E1 and E3wihich the lipoyl domains of E2 and
the single lipoyl domain of E3BP were mutated imimas combinations to prevent

lipoylation and thereby render the domains compjetactive (see section 3.14).

In this study, as has been previously observed twitholi PDC, there appears to be a
considerable degree of functional redundancy imseof the presence of multiple lipoyl

domains. Thus loss of lipoylation of either outerirmer lipoyl domains of E2 resulted in

only a 25-35% decline in overall activity. In addit, the presence of lipoylated or non-
lipoylated E3BP had little apparent effect on POsfivéty. Interestingly, mutant PDCs in

which E2 lipoyl domains were totally inactive stikktained approx. 10-15% activity
mediated by the 12 remaining lipoyl groups of E3BMis latter observation is in

agreement with a previous study (Sanderson etl@86a), in which E2 lipoyl domains

were removed by collagenase treatment generatmg@dified complex that still retained

15% residual activity.

In previous studies assessing a role for the poesehmultiple lipoyl domains, the local

environment of the remaining lipoyl domain(s) in tamt PDCs was highly perturbed,

potentially reducing steric hindrance effects alomang the remaining domain(s) greater
flexibility to visit the active sites of all 3 enmes during the catalytic cycle. This could
have led to overestimation of the activity of thediied complex and the versatility of

individual lipoyl domains in serving as effectivabstrates for all 3 active sites. In this
study for the first time, a full complement of aectly folded lipoyl domains was retained,
either in active or inactive form in the recombih&DC, without affecting the native

structure of the complex and their redundancy steg¢devaluated. However, results were
consistent with earlier studies demonstrating thistence of a high degree of functional
redundancy and showing that all lipoyl domains ¢hdhd E3BP appeared to interact
effectively with all three partner enzymes.

The validity of the recombinant PDC model for asatg natural mutations was also
assessed in another study where the function ofnibrenal recombinant PDC was
compared to recombinant PDC without E3BP. PDC dkwdi E3BP displayed residual
activity of 3-8% in the presence of stoichiomettimounts of E3. About 10-20% activity
has been reported in patients lacking the E3BPrstfMarsac et al., 1993) where E3 is
considered to bind weakly to a secondary site anHe#vever, the activity of recombinant
complex lacking E3BP could be significantly raideg adding a 100-200 fold excess of
E3. This result substantiated an important previouding by Dr. Susan Richards in this
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laboratory using surface plasmon resonance (urghdali data) that the E1 binding site on
E2 retains a residual affinity for E3. When excas®unts of E3 were added to wild-type
recombinant PDC, its activity declined graduallyeda partial displacement of E1 from its
E2-binding site, again confirming its retentionaofesidual affinity for E3.

Further analysis of recombinant PDC lacking E3BR wsed to study whether E3BP was
uniquely involved in the diacetylation reaction. itae production of a® S diacetyl-
dihydrolipoamide intermediate that is known to belesive to mammalian and yeast
PDC. The role of diacetylation is unknown but coble of physiological importance,
enabling PDC to act as a reservoir of acetyl groampg electrons under conditions of
excess acetyl CoA and NADH production e.g. in diebehigh fat diet or in starvation,
providing a buffer against ketone body productibracetylated forms of PDC (produced
by treatment with AcCoA and NADH or pyruvate in thigssence of AcCoA) are protected
from inactivation by the specific thiol group inftdr, NEM (Sanderson et al., 1996Db).
Recombinant PDC lacking E3BP, but with a 200-fotdess of E3, was similarly treated
with AcCoA and NADH. Recombinant PDC in which E3BRs absent, in addition to
wild-type control was found to be protected frora thhibitory effect of NEM, indicating
that the E3BP component was not responsible faetyéation. The recombinant model of
PDC was found to be an ideal tool to study thisnoineenon because it is difficult to
obtain native PDC complex lacking E3BP which istig integrated into the E2 core and
cannot be readily removed without E2 disassembty.date no enzymatic function has
been identified for E3BP and our current analylse aules out its potential involvement in

the diacetylation process that is presumably mediby E2.

After checking the functional properties of our aetbinant PDC model, it was
successfully employed to study three natural monatiobserved in patients. Two of these
mutations were unusual homozygous ‘in-frame’ 3 ljzee deletions in E2. One mutation
was in the outer lipoyl domain of E2 leading to thedetion of glutamate 35 whereas the
second mutation caused the loss of valine at pos#b5 that is located in the C-terminal
domain. The third mutation was the substitutiom ¢¢ucine for a phenylalanine at position
490 near the active site of E2. The main objecb¥ehis study was to analyse these
mutations in order to gain detailed informationtbe molecular basis of these PDC defects
and also ascertain the validity of this model rebmrant PDC system for analysing newly-

discovered genetic mutations of this type.
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All these mutations caused symptoms of PDC defagien the relevant patients; however,
the exact mechanism of production of clinical syompé was unclear. Moreover, in the
case of the glutamate-35 deletion where the deletias near to a lipoylatable lysine in the
outer lipoyl domain, the clinical symptoms werefidiflt to explain simply in terms of
possible loss of lipoylation of a single lipoyl dam. Inactivation of a single E2 lipoyl
domain leads to only about 25-30% reduction inRBXC activity and was not expected to
elicit any obvious phenotype. Moreover the pat&mwed about 70% loss of activity as
measured by Cfrelease assay. All mutations were successfullpdhiced into E2:E3BP
cores and a series of experiments conducted tondie changes in structure, enzymatic
function and assembly of the mutant complexes.d$ Wemonstrated that the glutamate
deletion not only affected lipoylation per se, bed to misfolding of the outer domain or
domain instability rendering it ‘sticky’ and prorte aggregation. In addition, it was
observed that the proper folding of this N-termiredion is crucial for the correct folding
and assembly of the C-terminal domain of E2 anthtegration with E3BP. It is proposed
that inappropriate interactions of the N-termini €2 polypeptide chains disrupt native
trimer assembly involving the C-terminal regions=@ and/or E3BP (Fig. 6.1). Indeed the
AUC data suggested that a proper core was not fgymithis case, which could be caused
by premature and inappropriate aggregation of oliperyl domains leading to aberrant
core assembly/function. However, in these expertaleconditions some core of the
correct size was present and indeed the exterdtofencore formation correlates well with
the residual activity in the patient.

The reduced PDC function in the case of F490L nrtaappeared to be a relatively
straightforward case where no major structural gbanwere detected, but partial loss of
acetyltransferase activity was confirmed due topfesence of this mutation in the vicinity
of the catalytic site. Moreover, this phenylalanhmes also been reported to be important
for the determination of substrate specificity (Mat et al., 1993b). It would be of great
interest to assess the ability of this mutant EQg® with other substrates to determine if it

had acquired a broader substrate specificity aswaltrof this mutation.

Analysis of the valine-455 deletion proved to beolpematic. This mutation was
responsible for the deletion of a highly conservadine-455 that has the potential to
disrupt the catalytic activity or E2 core assemilypartial loss of catalytic activity (about
50%) was demonstrated in the mutant PDC as welha$¥2 enzyme and E2:E3BP core
although in all other respects core formation ar8BME integration appeared normal.

However, in this case the patient appeared torretaiimmunologically detectable levels
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of E3BP. Our initial working hypothesis was thaé thaline-455 deletion on E2 may be
responsible for prevention of E3BP integration #mat free E3BP was rapidly degraded
but no evidence was obtained to support this ptiedic A full clinical, genetic and

biochemical re-evaluation of this patient is cutlgm progress.

In this project, a reconstituted model of PDC casipg all three constituent enzymes and
the accessory structural protein, E3BP has beethfos¢he first time to uniquely evaluate
these rare mutations. From a clinical viewpoing ithvitro approaches employed here can
form a basis for providing more comprehensive dwsgh and possibly developing
improved treatment regimes in future. Often diagno$ such mutations leading to PDC
deficiency is made from clinical symptoms and G€lease assays of cultured fibroblasts
which are cumbersome, time-consuming, expensiveragdire considerable expertise.
This type of study employing recombinantly-producednplex should provide important
new information on subunit interactions/organisamd mode of assembly. Moreover, the
the data obtained will enable clinicians and pasié¢a gain a much clearer picture of the
precise biochemical lesions associated with aqadati genetic defect. Although PDC has
been studied extensively for its structural and cfiomal roles, nevertheless, the
development of this novel model system can furtpevide new insights into the

functioning of PDC at a molecular level under norarad disease conditions
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Figure 6.1: Schematic representation depicting formation of namal and abnormal

cores of E2:E3BP carrying theAE35 E2 mutation

The upper part of the diagram (A) shows formatiomarmal trimers of E2 and E3BP

polypeptides interacting via their C-terminal donsaleading to native core assembly. In

the case of thAE35 mutation in the outer lipoyl domain (B), abnatmligomers of E2

and E3BP have an increased tendency to aggregate doappropriate association of the
N-termini of E2 polypeptide disrupting native trimessembly that involves the C-terminal
regions of E2 and/or E3BP. The dotted line indisdtat a small amount of native core is

also being assembled under these conditions.
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The last chapter describes our preliminary atteniptgenerate a recombinant OGDC
model. Human OGDC is less widely studied as contpard®DC. Its constituent enzymes
are equivalent to those in PDC i.e. E1, E2 andWuB,without any homologue of E3BP.
However, a recombinant model of OGDC on similaedinto PDC is not yet available
owing to difficulties in producing soluble full lgth, high M, homodimeric Elo.

However, in this study N-terminal fragments of Hfiost 83, 166 and 193 amino acids)
have been cloned, overexpressed and purified. Aisalgf nucleotide sequence and
deduced amino acid sequence of E20 has failedtéztdeny obvious well defined E3/Elo
binding domains although biochemical evidence ssigghat N-terminal of E1o seems to

carry out some roles assigned to E3BP in PDC.

E20 and E3 were successfully overexpressed anchatien studies showed that E3 did
not bind directly to E20 in the OGDC. However, #dreme N-terminal region of E1o

(first 83 amino acids) did co-integrate with E2thaligh it was not demonstrated if this
could occur post-translationally as well as co-gtationally. Previous studies have also
implicated this region of E1o in E3 binding althbuthis was not tested in the current

study.

In summary, it has proved feasible to produce amdxnant human PDC that maintained
its structural and functional capabilities. It wdeen successfully utilised to evaluate
several natural mutations in considerable detask ©GDC, which like PDC is also
implicated in a number of genetic, metabolic, antoune and neurodegenerative diseases,
a recombinant model on similar lines should beyfdikveloped and used in future studies
to facilitate investigation on its involvement imamber of neurological and degenerative

disorders linked to oxidative stress.
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