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Abstract

The lipoyl domain of the dihydrolipoyl succinyltransferase (E2o) component of the 2-

oxoglutarate dehydrogenase (2OGDH) multi-enzyme complex houses the lipoic acid cofactor

through covalent attachment to a specific lysine side-chain residing at the tip of a �-turn.

Residues within the lipoyl-lysine �-turn and a nearby prominent loop have been implicated as

determinants of lipoyl domain structure and function. Protein engineering of the E. coli E2o

lipoyl domain (E2olip) revealed that removal of residues from the loop caused a major

structural change in the protein, which rendered the domain incapable of reductive

succinylation by 2-oxoglutarate decarboxylase (E1o) and reduced the lipoylation efficiency.

Insertion of a new loop corresponding to that of the E. coli pyruvate dehydrogenase lipoyl

domain (E2plip) restored lipoylation efficiency and the capacity undergo reductive

succinylation returned, albeit at a lower rate. Exchange of the E2olip loop sequence

significantly improved the ability of the domain to be reductively acetylated by pyruvate

decarboxylase (E1p), retaining ca 10 fold more acetyl group after 25 min than wild-type

E2olip. Exchange of the �-turn residue on the N-terminal side of the E2o lipoyl-lysine DKA/V

motif to the equivalent residue in E2plip (T42G), both singly and in conjunction with the

loop exchange, reduced the domain’s ability to be reductively succinylated, but lead to an

increased capacity to be reductively acetylated by the non-cognate E1p. The T42G mutation

also slightly enhanced the lipoylation rate of the domain. The surface loop is important to the

structural integrity of the protein and together with Thr42 plays an important role in

specifying the interaction of the lipoyl domain with its partner E1o in the E. coli 2OGDH

complex.
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Introduction

The 2-oxo acid dehydrogenase multienzyme complexes play pivotal roles in metabolism.

They catalyse the oxidative decarboxylation of 2-oxo acids, generating NADH and the

corresponding acyl coenzyme A. The three main members of the family are pyruvate (PDH),

2-oxoglutarate (2OGDH) and branched-chain 2-oxo acid dehydrogenase complexes, the

substrates for the later being the 2-oxo acids produced by the transamination of valine,

leucine and isoleucine [1-3]. The 2OGDH complex catalyses the conversion of 2-

oxoglutarate (�-ketoglutarate) to succinyl CoA as part of the Krebs/tricarboxylic acid cycle.

The complex is composed of three component enzymes, 2-oxoglutarate decarboxylase (E1o;

EC 1.2.4.2), dihydrolipoyl acetyltransferase (E2o; EC 2.3.1.6) and dihydrolipoyl

dehydrogenase (E3; EC 1.8.1.4), with the corresponding enzymes found in the PDH and

branched chain 2-oxo acid dehydrogenase complexes [2, 4]. E1 catalyses the initial

decarboxylation of the 2-oxo acid, using thiamin diphosphate (ThDP) as a cofactor, and then

reductively acylates a lipoyl group bound in N6-amide linkage to a specific lysine residue in

E2 subunit. E2 is an acyltransferase responsible for transferring the acyl group on to CoA,

and the dihydrolipoyl group left on E2 is finally reoxidized back to the dithiolane ring

configuration by the flavoprotein E3, with NAD+ as the ultimate electron acceptor. E1 and E2

differ from complex to complex, whereas E3 is generally common to the different complexes

in a given organism.

The structural core of the complex is provided by E2, with E1 and E3 bound around the

periphery [2, 3, 5, 6]. The E2 chains are highly segmented comprising, from the N-terminus,

one to three lipoyl domains (ca 9 kDa), a peripheral subunit-binding domain (ca 4 kDa), and

an acyltransferase domain (ca 28 kDa) [2, 4]. The E2o chain of 2OGDH contains a single

lipoyl domain and an assembly of 24 separate acyltransferase domains arranged with

octahedral symmetry form the core of the complex. The E2p chain of PDH from Escherichia

coli and other Gram-negative bacteria is similar, except that it contains three lipoyl domains

[2, 4]. In all these cases, the domains comprising the E2 chains are separated by long (25-30

residue) segments of polypeptide chain characteristically rich in alanine, proline and charged

amino acids, which forms a flexible and extended linker region [2].

The three dimensional structure of various lipoyl domains have been solved in recent

years, including those from E. coli PDH [7, 8] and 2OGDH [9] (Figure 1), Azotobacter

vinelandii PDH [10] and 2OGDH [11], and human PDH [12] and branched-chain 2-oxo acid

dehydrogenase [13]. The overall fold of all lipoyl domains is identical, comprising a flattened

�-barrel formed by two four-stranded �-sheets with a two-fold axis of quasi-symmetry. The

symmetrical relationship of the N- and C-terminal halves of lipoyl domains also extends to
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the positioning of the hydrophobic core residues [8]. The symmetry of the two halves of the

protein is broken by the presence of a prominent surface loop linking strands 1 and 2. The

lipoyl-lysine residue is found at the tip of a protruding type I �-turn. The exact positioning of

the lysine within the �-turn is essential for attachment of the lipoic acid to the protein by a

group of enzymes collectively known as the lipoate protein ligase [14, 15].

One of the key interactions in the complex central to catalysis is that between the E1

component and the lipoyl domain of E2. While free lipoate can act as the substrate for E2 and

E3, the lipoylated lipoyl domain is the true substrate for reductive acylation by E1, raising the

value of kcat/Km by a factor of 10
4
compared to free lipoate [16, 17]. Moreover, the lipoyl

domains from the PDH and 2OGDH complexes only function as efficient substrates for their

respective E1p and E1o components [18-20]. Thus, the lipoyl domain is critical to the

activation of the pendant lipoyl moiety for its use as a substrate for E1 and as a determinant

of substrate channelling that ensures only a specific lipoyl group attached to the intended E2

component is reductively acylated [2, 21, 22]. The recently solved structures of E1p [23-25]

and E1o [26] support the requirement for a specific interaction between the lipoyl domain

and E1 as the ThDP is buried within the protein and requires the lipoyl domain to make close

contact [27].

How the interaction between E1 and the lipoyl domain activates and specifies the lipoyl

group to be reductively acylated is still not fully understood. The binding of the lipoyl

domain to E. coli E1p is weak (Ks not less than 1 mM despite a Km of ca 20 µM) and transient

[19]. NMR interaction studies with the innermost E. coli PDH lipoyl domain (E2plip)

indicated that the apo form of the domain does not interact with E1o, but once the domain is

lipoylated it does interact with E1o albeit in a non-productive manner [28]. It is thought that

the interaction is restricted to the lipoyl moiety, providing further evidence that the lipoyl

domain is an essential catalytic requirement and that reductive acylation by E1 is ultimately

determined by the lipoyl domain.

Several protein engineering and NMR investigations have suggested that the prominent

surface loop that links the first and second �-strands and lies close in space to the lipoyl-

lysine �-turn (Figure 1a) is an important determinant of the interaction with E1p in various

PDH complexes [18, 20, 29]. The loop also appears to be an important structural determinant

for the E2plip domains [20]. The residue immediately adjacent to lipoyl-lysine motif (DK
A
/V)

was also thought to be involved in specifying the interaction with E1. Mutation of this

residue (referred to from herein as the XDK residue) in Bacillus stearothermophilus E2plip

(N40A) resulted in a lower rate of reductive acetylation [29, 30]. However, mutation of theSt
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equivalent residue in E. coli E2plip (G39T) did not greatly influence reductive acetylation

[20].

Here we investigate if the prominent surface loop and residues surrounding the lipoyl-

lysine residue play an important role in determining the structural and functional properties of

the E. coli 2OGDH complex lipoyl domain (E2olip). As with the E. coli E2plip domain, we

show that the prominent surface loop in E2olip is important for the structural integrity of the

domain and plays a key role in defining the interaction with E1o. However, unlike the E2plip

domain from E. coli, we discovered that the XDK residue immediately N-terminal to the

lipoyl-lysine motif also plays a key role in defining the interaction between E2olip and E1o.

We also show that by exchanging both loop and XDK residues in E2olip for their equivalents

in E2plip, the ability of the domain to undergo a productive interaction with the non-cognate

E1p increases significantly. Our observations support the idea that these regions of E2olip are

important contributors but not the sole determinants of specificity in reductive acylation and

hence substrate channelling through the complex. We also show that the process of

lipoylation by lipoate protein ligase A (LplA) is far less sensitive to changes in E2olip

structure, and occurs even when there are substantial changes to the conformation of the

domain.
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Materials and Methods

Materials

Sodium [2-
14
C] pyruvate and sodium [5-

14
C] 2-oxoglutarate were obtained from NEN

Research Products and American Radiolabels Inc., respectively. Oligonucleotides were

synthesized by Dr Charles Hill of the Protein and Nucleic Acid Chemistry Facility (PNAC),

Department of Biochemistry, University of Cambridge. All DNA modifying enzymes were

purchased from NE Biolabs unless otherwise stated. All other chemicals used were of

analytical grade. E. coli lipoate protein ligase A (LplA) was kindly prepared by Mr C. Fuller

as described elsewhere [31].

Protein engineering of the E2o domain

Modification of the E2olip loop sequence was performed using a cassette mutagenesis

strategy, similar to that reported previously for E2plip [20] and described in detail in the

Supplementary Information. The T42G and V45A point mutations were introduced using the

splice-overlap extension PCR method [32, 33] using the mutagenic oligonucleotides indicted

in Supplementary Table 1 in conjunction with primers based on the pET11c DNA sequence

flanking the insert. Splice-overlap PCR was performed using Pfu DNA polymerase

(Stratagene). All mutated genes encoding the variant E2olip domains were cloned between

the NdeI and BamHI sites of pET11c for their over-expression in E. coli. Unlabelled and
15
N-

labelled wild-type and mutant E2olip domains were over-expressed and produced in E. coli

BL21(DE3) cells and purified (as apo-forms) as described previously [9, 20].

Lipoylation of the E. coli lipoyl domains in vitro

The apo-forms of the domains were lipoylated in vitro by exposure to E. coli LplA in the

presence of lipoic acid, as described elsewhere [20]. The products were separated by anion

exchange chromatography using a Resource-Q
TM
column (Pharmacia) developed with an

ammonium bicarbonate gradient, essentially as described previously [20, 34]. The lipoylated

domains were buffer-exchanged into 20 mM sodium phosphate, pH 7.0, and their identity,

including the correct post-translational modification, was confirmed by means of electrospray

mass spectrometry.

To assess the rate of lipoylation, the apo-form of the lipoyl domain (50 µM) was incubated

with 1.2 mM ATP, 1.2 mMMgCl2 and 0.6 mM sodium lipoate in 20 mM Tris-HCl, pH 7.5,

for 5 min at 25°C. LplA was added to a concentration of 20 µg/ml. At various times, samples

(0.4 nmol) of lipoyl domain were removed, mixed with a 20-fold molar excess of EDTA over

MgCl2 and submitted to either non-denaturing PAGE (ND-PAGE) on a 20% acrylamide gel

to separate the apo- and holo-forms of the domain or electrospray mass spectrometry. For

analysis by ND-PAGE, samples were taken at 1, 2, 5 10, 30 and 90 min. For analysis by
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electrospray mass spectrometry, samples were taken at 5, 15, 35, 45 and 60 min. The samples

were buffer exchanged into water using a Millipore Biomax-5 0.5 centrifugal unit before

performing mass spectrometry.

Reductive acylation of the lipoyl domains

Reductive acylation of the lipoyl domain in the presence of a given 2-oxo acid was

measured using the method reported previously [20] and is described in detail in the

Supplementary Information.

NMR spectroscopy

All NMR spectra were obtained with a Bruker AM500 spectrometer at 298K. 2D
1
H

NOESY spectra [35, 36] were recorded using water suppression by presaturation and a

mixing time of 100 ms, and 32 scans with 2048 data points in the t2 dimension and 512

increments in t1, with a spectral width of 8064.52 Hz. All
15
N HSQC spectra were recorded

using 16 scans for each t1 time point and with 300 increments with corresponding acquisition

times of 0.127 s for the directly acquired dimension and 0.326 s for the indirectly acquired

dimension. The
1
H and

15
N spectral widths were 8064.62 Hz and 927.29 Hz, respectively.

Samples of lipoyl domain (2-3 mM) were dissolved in 20 mM sodium phosphate buffer, pH

6.0, containing 10% (v/v) D2O, 0.05% (w/v) sodium azide and 40 µM trimethylsilyl

propionate (TSP) as the internal reference for
1
H chemical shift. Data were processed using

the Azara suite of programs (W. Boucher, unpublished work). Resonance assignment was

performed using the program ANSIG [37]. Resonance assignments of the wild-type E2olip

domain had been performed previously [9] and formed the basis for assignment of resonances

associated with the mutant domains. To confirm correct assignment of peaks in the spectra of

mutant proteins, through bond connectivities were established from TOCSY or HSQC-

TOCSY spectra, and through-space connectivities were identified from 2D
1
H NOESY or

15
N

HMQC-NOESY [8,9] spectra to verify sequential assignments. The chemical shift

differences were calculated by subtracting the chemical shifts of wt E2olip from those of the

mutant domain. The
15
N chemical shift differences were factored down by

1
/7 to normalise

them to
1
H values (based on a

15
N chemical shift range of ca 32 ppm for

15
N compared to ca

4.5 ppm for
1
H).

General techniques

E. coli E1p and E1o were both the products of genes over-expressed in E. coli, and

purified as described previously [20, 23, 26]. Protein concentrations of lipoyl domains were

determined by amino acid analysis, kindly performed by Mr Peter Skerrit of the PNAC

facility, University of Cambridge. Samples for positive-ion electrospray mass spectrometry

were prepared in aqueous acetonitrile (50% v/v) containing formic acid (1% v/v) and
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analysed on a VG BioQ quadrapole mass spectrometer using myoglobin as the standard. ND-

PAGE was performed as described previously [20, 31], except that pH values of the resolving

and stacking gels were 8.5 and 6.5, respectively. The gels were stained with Coomassie

Brilliant Blue. The extent of lipoylation was estimated by densitometric analysis of the bands

representing the apo- and holo-forms of the domain, the latter migrating more rapidly

towards the anode.
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Results

Design of E2olip variants

All known structures of lipoyl domains, including E. coli E2olip (Figure 1a) [9] and

E2plip [8], have a prominent surface loop linking the first and second �-strands that lies close

in space to the exposed �-turn housing the lipoyl-lysine residue. The equivalent region in the

C-terminal symmetrical half of lipoyl domains is generally shorter by 4-6 residues (Figure 1b

and [20]), depending on the source of the lipoyl domain. The surface loop is thought to be a

key determinant in specifying the interactions of the domain with E1 and in maintaining the

functional conformation of the protein [18, 20, 28, 29]. Therefore, it was decided to mutate

the loop and test the effect on the structure, post-translational modification and reductive

acylation of the domain.

The loop length is critical for maintaining the functional conformation of E. coli E2plip as

deletion of the four resides absent for the equivalent region in the C-terminal half of the

protein causes the protein to assume an alternative conformation. To test if the loop plays a

similar role in E2olip, the prominent surface loop was also shortened by removal of the

PESVAD sequence absent from the equivalent region in the C-terminal half so creating

E2olipLD (Figure 1b and c). To test the role of the loop in specifying the interaction of

E2olip with E1o, the E2olipLS variant was constructed by replacement of the PESVAD

sequence with the equivalent region from the E2plip domain (GGDE; [20]). The loop

exchange was also expanded into the N-terminal section of �-strand 2 to create the

E2olipLS+ variant by the incorporation of two additional mutations (A17V and T18E; Figure

1c) to investigate if the specificity region extends beyond the loop.

The XDK residue is closely associated with both the lipoyl-lysine and the prominent

surface loop (Figure 1a) and is thought to play a major role specifying the interaction with

E1p in some E2plip, such as B. stearothermophilus PDH [29], but not others including E. coli

PDH [20]. In the E2olip domain from various species, the XDK residue is generally a

threonine (Thr42 in E. coli E2olip) but the equivalent residue in E. coli E2plip is glycine.

Therefore, the T42G mutation was introduced into both the wt E2olip and E2olipLS to

investigate the influence of this residue in specifying the interaction of the domain with E1o

and E1p. The residue following the lipoyl-lysine also shows variability between E2olip and

E2plip. This residue is valine in E2olip from various organisms (Val45 in E. coli E2olip) but

in E2plip it is usually an alanine. Therefore, the V45A mutation was introduced into E. coli

E2olip to investigate its role in determining the interaction with E1. All the E2olip variants

are summarised in Figure 1c.St
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In vitro lipoylation of the E2olip domains

All the mutant E2olip proteins were over-expressed in E. coli and purified as soluble

proteins. Due to the high level production of E2olip and its variants in E. coli, all the domains

were purified in their unlipoylated form, as shown by electrospray mass spectrometry (Table

1). Unlike E2plip, the N-terminal methionine of wt E2olip and its variants was fully

processed (Table 1).

All the domains could be lipoylated in vitro using lipoate protein ligase A (LplA), as

determined by electrospray mass spectrometry (Table 1). Wild-type E2olip was lipoylated at

a similar rate to that of wt E2plip (Figure 2). Observations made by Jones et al., [20]

indicated that the presence of E2olip surface loop within E2plip may determine lipoylation

efficiency. As both wt E2olip and wt E2plip were lipoylated at similar rates, this would

suggest that the loop sequence itself does not act as a determinant of lipoylation efficiency.

This is substantiated by the observation that lipoylation of E2olipLS was not hindered but

occurred at a similar rate to that of the wt E2olip (Table 1). All the E2olip variants, apart

from E2olipLD were fully lipoylated by 60 min, as judged by electrospray mass spectrometry

(Table 1). Mass spectrometry analysis of samples taken during the 60 min period suggests

that the lipoylation rate was similar for wt E2olip, E2olipLS and E2olipLS+ (Table 1), with

just over 50% of the domain being lipoylated within 30 min and greater than 75% of the

domain observed to be lipoylated after 45 min (data not shown). Therefore, introducing the

smaller loop from E2plip into E2olip had no adverse effect on the capacity of the domain to

be lipoylated. For both E2plipT42G and E2plipLS-T42G, full lipoylation was observed

within 45 min. While it can be safely inferred that the T42G mutation has not significantly

affected the structure of the lipoyl-lysine �-turn, the slightly enhanced lipoylation rate

suggests that the domain is more amenable to post-translational modification. The E2olipLD

domain was lipoylated at a rate much lower than wild-type E2olip, as observed by both ND-

PAGE (Figure 2) and verified by electrospray mass spectrometry (Table 1).

Reductive acylation of the E2olip surface loop variants

The E2olipLS and E2olipLS+ variants with the interchanged surface loop and the

E2olipLD loop deletion variant (Figure 1c) were assayed for their ability to become

reductively succinylated (by E1o in the presence of 2-oxoglutarate) and acetylated (by E1p in

the presence of pyruvate). As expected, E2plip acted as a poor substrate for E1o with the

overall extent of reductive succinylation being only 11% of the value achieved by wt E2olip

(Figure 3a). The overall extent of reductive succinylation of E2olipLS within the timeframe

of the experiment was also lower than wt E2olip, with the mutant domain retaining 21% less

of the succinyl group after 25 min than wt E2olip (Figure 3a). The reductive succinylation
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rate of E2olipLS was also lower than the wild-type E2olip, with the initial rate dropping from

ca 368 pmole succinyl group incorporated per min for wt E2olip to 14 for E2olipLS (Figure

3b). The additional A17V-T18E mutations incorporated into E2olipLS+ further reduced the

domains ability to be reductively succinylated (Figure 3). The overall extent of reductive

succinylation of E2olipLS+ was only 30% of the wt E2olip value and the rate was barely

detectable.

Deletion of six residues from the loop had a more dramatic effect, with E2olipLD losing

its capacity to become reductively succinylated (Figure 3a). Even wt E2plip was reductively

succinylated to a greater extent that E2olipLD.

Exchanging the E2olip loop for its equivalent sequence in E2plip improved the ability of

the domain to productively interact with E1p, as E2olipLS was reductively acetylated to a

greater extent than wt E2olip (Figure 4a). The wt E2olip was, as expected, a poor substrate

for E1p as the overall extent of reductive acetylation of the domain being only 3% the value

obtained for wt E2plip (Figure 4a). The overall extent of reductive acetylation of E2olipLS

was ca 10 fold higher than that of the wt E2olip (Figure 4a). This was still 72% lower than

that achieved by wt E2plip (Figure 4a) and the reductive acetylation rate of E2olipLS was

very low (Figure 4b). Both the rate and overall extent of reductive acetylation of E2olipLS+

was nominal, with values similar to that of wild-type E2olip (Figure 4) suggesting that the

additional mutations in �-strand 2 do not contribute to interaction with E1 and probably have

a negative contribution.

Reductive acylation of the E2olip T42G and V45A variants

Mutation of the XDK residue of E2olip had a significant effect on the domain’s ability to

be reductively succinylated by E1o. The overall extent of reductive succinylation of the

E2olipT42G variant was 43% lower than that observed for wt E2olip and 12% lower than the

E2polipLS variant (Figure 3a). The reductive succinylation rate of E2olipT42G was also

substantially slower than that observed for wt E2olip (Figure 3b), with the initial rate

dropping to 11 pmole of succinyl group incorporated per minute, just below that observed for

the E2olipLS. When the T42G mutation was combined with the loop exchange, the efficiency

of reductive succinylation was reduced further. The overall extent of reductive succinylation

of E2olipLS-T42G drops by 22% and 34% compared to the values obtained for the

E2olipT42G and E2olipLS variants, respectively (Figure 3a). The reductive succinylation

rate of E2olipLS-T42G was significantly slower than that observed for E2olipT42G and

E2olipLS, with the initial rate falling to 4 pmole succinyl group incorporated per minute

(Figure 3b).St
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Although mutation to the XDK residue reduced the efficiency by which E1o succinylated

the domain, reductive acetylation by E1p in the presence of pyruvate increased significantly

above that observed for wt E2olip. The overall extent of reductive acetylation of E2olipT42G

was still much lower than wt E2plip, but was nearly 5 times higher than that observed for

wild-type E2olip (Figure 4a). The E2plipLS-T42G variant was an even better substrate for

E1p, with the overall extent of reductive acetylation nearly 12 times higher than wild-type

E2olip and significantly greater than either E2olipLS or E2olipT42G (Figure 4a). The overall

extent of reductive acetylation of E2olipLS-T42G was still only 35% of that achievable with

wt E2plip as substrate in the time span of the experiment (Figure 4a). The reductive

acetylation rate was also very slow (Figure 4b), with an observed initial rate of ca 2 pmole of

acetyl groups incorporated per minute compared ca 270 for wt E2plip.

Introducing the V45A mutation into E2olip had little effect on the domains ability to be

reductively succinylated. The overall extent of reductive succinylation was essentially the

same as wt E2olip (Figure 3a). The rate of reductive succinylation of E2olipV45A was lower

compared to wt E2olip indicating that the mutation had some impact on the efficiency of the

interaction with E1o (Figure 3b). However, this change is not as dramatic as that observed for

E2plipT42G.

Influence of the loop mutations on E2olip structure

To investigate the effects of mutating the surface loop on the conformation of E2olip, both

E2olipLS and E2olipLD were analysed by 2D NMR spectroscopy. Even though the loop is

shorter by 2 residues, the 2D homonuclear NOESY spectrum of the E2olipLS domain

suggested that it has a similar structure to wild-type domain (Figure 5a). The crosspeaks in

the H
N
-H� regions were well dispersed with many present downfield of the

1
H2O signal

signifying a �-sheet structure. Most of the crosspeaks had chemical shift values close to that

of wt E2olip suggesting that their structures were very similar (Figure 5b). Three regions of

E2olipLS demonstrated a significant change in chemical shift; residues in the adjacent �-

strand 2, residues in and flanking the lipoyl-lysine �-turn region and residues in and flanking

�-strand 7. All these regions are close in space to the mutated loop in the structure of E2olip

(Figure 1). The largest changes in chemical shift occurred for residues in the lipoyl-lysine

region. The most notable concerned Thr42 (Figure 5b), whose H� resonance underwent the

largest change in chemical shift with a �� of 0.46 ppm. This implies that the lipoyl-lysine �-

turn region, especially Thr42, is closely associated with the loop in the structure of E2olip.

The 2D homonuclear NOESY spectrum of E2olipLD was very different to that of wt

E2olip suggesting that removal of six residues from the loop had a major effect on the

conformation of the protein. The crosspeaks in the H
N
-H� region of E2olipLD were poorly
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dispersed compared to the wild-type and the loss of crosspeaks downfield of the
1
H2O signal

suggests a significant disruption to the native �-sheet structure (Figure 6a and b). There was

some evidence to suggest that the E2olipLD was not fully unfolded but did contain some

structure. The presence of crosspeaks downfield of the
1
H2O signal suggests that there was

some residual �-sheet structure. Although the spectra of E2olipLD were poorly dispersed so

hindering resonance assignment, some of better resolved crosspeaks were speculatively

assigned (data not shown). Most of the assigned resonances lie in the lipoyl-lysine �-turn and

C-terminal half of the protein. Another key indicator of E2olip structure is the resonances

associated with the hydrophobic core residue Trp23, especially those with a contribution

from the H�1 nuclei attached to the indole nitrogen. Two resonances were associated with this

nucleus in E2olipLD (Figure 6c). One had a chemical shift of 10.65 ppm similar to that

observed in wild-type E2olip. The second observed only for E2olipLD was at 10.1 ppm,

which was closer to the random coil chemical shift for this particular proton (10.2 ppm). This

suggests that the side chain of this particular residue is in slow two-state conformational

exchange on the time scale of the NMR experiment. The two strong crosspeaks associated

with Trp23 H�1 at ca 7.2 and 7.6 ppm observed for all species (Figure 6c) corresponds to

intra-residue NOEs to the H�1 and H�2 protons, respectively. The two weak crosspeaks at ca

8.4 and 9.8 observed only in the NOESY spectrum of wild-type E2olip (Figure 6c)

correspond to inter-residue NOEs to Asp63 H
N
and Glu64 H

N
protons, respectively. The

absence of these crosspeaks from the NOESY spectrum of E2olipLD, especially with relation

to the H�1 resonance at 10.65 ppm, could be attributed to exchange broadening. Several inter-

residue NOE crosspeaks associated with Trp23 H�1 were observed in the NOESY spectrum of

both wt E2olip and E2olipLD, providing evidence that in at least one state of E2olipLD has

some native-like structure (Supplementary Figure 1). However, these crosspeaks were

substantially weaker in the NOESY spectrum of E2olipLD, with the low intensity crosspeaks

in the wt E2olip spectrum missing from the E2olipLD spectrum.

Influence of T42G mutation on E2olip structure

Considering the influence of the T42G mutation on both lipoylation and reductive

acylation, the relationship of Thr42 with the prominent surface loop and the rest of E2olip

was investigated by NMR. The 2D
15
N HSQC spectra of E2olipT42G and the wild-type

domain were compared. Generally, the spectrum of E2olipT42G was well dispersed and

characteristic of �-sheet-containing protein, being very similar to that of wt E2olip domain.

While most of the resonances derived from residues associated with E2olipT42G had similar

chemical shift values to their counterparts in wt E2olip, suggesting that they a share a

common overall structure, several diverged significantly (Figure 7). The residues
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immediately to the C-terminal of Thr42 underwent the largest change in chemical shift,

followed by residues in the surface loop. In fact, after Asp43 and Lys44, Ser14 and Val15 in

the loop underwent the largest change in chemical shift, slightly greater than that observed

for Glu41 that is immediately to the N-terminal of the mutated residue (Figure 7). Residues

Thr67 to Gln72 in �-strand 7 and in the turn connecting �-strand 7 to 8 also undergo a

smaller yet significant change in chemical shift. This region and Thr42 are not in direct

contact but are separated by the surface loop (Figure 1a).
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Discussion

Specific post-translational modification and reductive acylation are essential properties of

the lipoyl domains from 2-oxo acid dehydrogenase complexes. Lipoylation of the correct

lysine residue and subsequent reductive acylation of the lipoyl group by the cognate E1

component are both governed by precise protein-protein interactions between the lipoyl

domain and the relevant enzyme. Evidence from analysis of lipoyl domains from PDH

complexes highlights that without a structured lipoyl domain neither event will occur, or will

do so at a much reduced rate [20, 29].

Lipoylation by LplA is less specific than reductive acylation as the enzyme from E. coli

will modify lipoyl domains found in other species [18, 30, 38-40]. Lipoyl domains must have

common features for this to occur, one of which the correct positioning of the lipoyl-lysine in

the exposed �-turn [30]. The surface loop has been suggested as another. Replacement of

loop residues in E. coli E2plip with the equivalent residues found in E2olip resulted in an

improved rate of lipoylation [20] suggesting a role for the loop in the lipoylation process by

LplA. Here we show that both wt E2olip and E2plip were lipoylated at the similar rates and

that mutations to the loop residues in E2olip did not have a significant effect on lipoylation

(Figure 2 and Table 1). Therefore, the original observation of increased lipoylation rate for

E2plip loop mutant must therefore be due to a structural change particular to that variant, as

suggested by the authors. Mutation of the XDK in E2olip (T42G) did cause a slight increase

in lipoylation rate (Table 1). This is in contrast to the equivalent mutation in E2plip (G39T)

that had no effect on lipoylation efficiency [20]. Therefore, in the context of E2olip, mutation

of the XDK residue rather than the surface loop enhances lipoylation efficiency. Given that

the surface loop and the XDK residue are closely associated in the structure of lipoyl

domains, mutations in the surface loop could influence the lipoyl-lysine region and vice

versa. This is discussed further below.

Removal of the six residues from the surface loop so as to mimic the equivalent region in

the C-terminal symmetrical half of the protein had a major impact on the structure of the

domain. Loop shortening was accompanied by a major change in the conformation of the

protein, with the NMR data suggesting that the domain was, at best, partially folded (Figure

6). This change in structure is the likely reason for the reduced rate of lipoylation (Figure 2)

and the loss of E2olipLD’s reductive succinylation capacity (Figure 3). Even though NMR

spectra indicated that the domain was partially folded (Figure 6 and Supplementary Figure 1),

the fact that E2olipLD could be lipoylated suggests that the domain still contains features of

the lipoyl domain fold. The �-turn housing the lipoyl domain has to be formed in order to

present the target lysine to LplA. Therefore, this structural feature must be formed, at least
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for a portion of the time, in E2olipLD for lipoylation to occur. The presence of crosspeaks

downfield of the
1
H2O signal suggests the protein retains some �-sheet structure (Figure 6).

Two separate resonances were associated with Trp23 H�1 from E2olipLD, with one present at

a similar chemical shift to that of wt E2olip and the other closer to the random coil value

(Figure 6). The presence of two peaks suggests that this residue occupies two distinct

conformational states, one equivalent to its position within the structure of wt E2olip and

another, in a predominantly unstructured region. While some long-range inter-residue

crosspeaks were observed for both the wt E2olip and E2olipLD H�1 resonance at 10.65 ppm,

many were absent from the NOESY spectrum of E2olipLD (Figure 6c and Supplementary

Figure 1). Their absence from the E2olipLD spectrum is most likely attributable to exchange

broadening rather than loss of structure as even the observed crosspeaks were substantially

weaker than their counterparts observed in the NOESY spectrum of wt E2olipLD

(Supplementary Figure 1).

The characteristics of E2olipLD mirrors that for the equivalent loop deletion variant of E.

coli E2plip [20], whereby the mutant domain also had a non-native structure but could be

lipoylated albeit at a reduced rate. Recent studies have revealed that the E2plip loop deletion

variant forms a dimer via a unique domain swap mechanism (Katherine Stott, University of

Cambridge, personal communication) and E2olipLD could be forming or be in exchange with

a similar structure. Thus lipoyl domains do not have to be correctly folded in order for

lipoylation to occur providing certain structural features, such as the formation of the �-

hairpin, are preserved but, a correctly folded domain acts as a better substrate for LplA.

However, a folded domain is a prerequisite for a productive interaction with E1. The extra

residues found in the N-terminal half of the protein obviously plays an important role in

maintaining the �-barrel fold found in all lipoyl domains.

Reductive acylation of a lipoyl domain by its cognate E1 is far more demanding than

lipoylation by LplA. The E. coli E2olip domain is recognised only by E1o (Figures 3 and 4).

The specificity of the protein-protein interactions between the lipoyl domain and E1 is

essential for the precise substrate channelling that occurs within PDH and 2OGDH

complexes [4, 21, 22]. As E2olip and E2plip share a common fold, subtle differences in

sequence and therefore structure must be responsible for instilling specificity. The prominent

surface loop linking �-strands 1 and 2 (Figure 1) has been implicated for the PDH complex

from E. coli [20, 28] and B. stearothermophilus [29, 41]. Our work here suggests that the

surface loop also plays a key role in specifying the interaction between E1o and E2olip in the

E. coli 2OGDH complex. By exchanging the loop in E2olip for the equivalent residues found

in E2plip, the domain’s ability to act as a substrate for the cognate E2o was substantially
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reduced (Figure 3). The NMR data suggests that E2olipLS has a native-like fold (Figure 5),

despite the fact that the surface loop of E2olipLS is two residues shorter than that found in

wild-type E2olip (Figure 1c).

The role of the surface loop as an important element in specifying the interaction of the

E2olip with E1 is further strengthened by the improved ability of E2olipLS to be reductively

acetylated by E1p. The overall extent of reductive acetylation of E2olipLS was ca 10 fold

higher than that achieved by wild-type E2olip (Figure 4). This was still below that achievable

by wt E2plip, and the rate of reductive acetylation of E2olipLS was still very low (Figure 4).

Therefore, decreasing the size and altering the nature of the prominent surface loop in E2olip

reduced the specificity and increased the promiscuity of the domain, allowing a productive

interaction with either E1o or E1p. Data present here and elsewhere [18, 20, 30] agree that

the loop is a common determinant in specifying the interaction of the lipoyl domain with E1.

Unlike E2olipLS, the decreased reductive succinylation capacity of E2olipLS+ was not

reciprocated by an increased ability to be acetylated by E1p (Figure 4) and suggests that

Ala17 and Thr18 of �-strand 2 are not involved in the recognition processes by E1. It is more

likely that mutating these residues caused a structural change in the protein that impeded the

interaction with both E1o and E1p, and so causing the subsequent drop in reductive acylation.

The XDK residue of E. coli E2olip does appear to play an important role in determining

the interaction of the domain with E1. Mutation of Thr42 to a Gly, the residue found at the

same position in E2plip, significantly reduced the domain’s ability to be reductively

succinylated (Figure 3). Both the NMR (Figure 7) and in vitro lipoylation data (Table 2)

suggest that the domain had a native-like conformation and that major changes to the

structure of the protein are unlikely to account for the reduced capability to be reductively

succinylated. The observed slight increase in the reductive acetylation capacity of

E2olipT42G by E1p (Figure 4a) further substantiates the role of the XDK residue in

specifying the interaction of the domain with E1.

Combining both the T42G mutation with the loop exchange reduced the ability of the

domain to be succinylated to below that of the individual mutations (Figure 3). This is

reciprocated by an improvement of E2olipLS-T42G to be reductively acetylated by E1p over

that achieved by wt E2olip, E2olipT42G and E2olipLS (Figure 4). This infers that both

regions are critical to defining the interaction with E1, at least in the context of E. coli E2olip.

Although E2olipLS-T42G appears to be the best substrate of the different variant E2olip

domains investigated here, it still acts as a poor substrate for E1p compared to the wild-type

E2plip, suggesting that these regions are important but not the sole determinants for

specifying the interaction with E1.
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The nature of the XDK residue is linked to the size of the adjacent prominent surface loop.

Lipoyl domains with larger loops tend to have an uncharged polar residue at the XDK

position (e.g. Asn in B. stearothermophilius E2plip [29] and Thr here in E. coli E2olip),

while domains with shorter loops have small, non-polar residues at the equivalent position

(e.g. Gly in both E. coli and Haemophilus influenzae E2plip [20]). Moreover, the structurally

related biotin caboxy-carrier protein from the acetyl CoA carboxylase enzyme has no surface

loop linking the first and second �-strands and has an alanine at the position equivalent to the

XDK position [42-45]. Structural analysis of E. coli E2olip reveals that Thr42 is partially

buried by residues comprising the surface loop, hence would not be considered as a residue

involved in direct interaction with E1o. The surface loop of E. coli E2olip [9] and other lipoyl

domains [8, 10-12] is poorly defined due to the lack of experimental constraints suggesting it

could be inherently flexible. This was backed up by experimental findings that showed both

the surface loop and, to a much greater extent, the lipoyl-lysine �-turn to be dynamic in

several different lipoyl domains [13, 40] including E. coli E2plip [8]. The role of the polar,

uncharged XDK residues in domains with the longer surface loops may be to restrain

flexibility via hydrogen bonding, so maintaining the conformation of the loop and the lipoyl-

lysine �-turn in order to facilitate the interaction with E1. Analysis of the structure ensemble

of E. coli E2olip revealed that for some members of the ensemble, the side-chain hydroxyl

group of Thr42 was hydrogen bonded to the backbone carbonyl oxygen of Asp17 in the

surface loop. The close association of Thr42 with the surface loop is obvious from the

analysis of the structure and is highlighted by NMR data (Figures 5 and 7). Therefore, Thr42

may be pivotal in providing the surface loop with the required anchor to restrict

conformational freedom in this region. However, it cannot be ignored that mutating Thr42 to

Gly may have perturbed the structure of the lipoyl-lysine �-turn and the surface loop, so

influencing the interaction of E2olip with E1.

Although the V45A mutant of E2olip did result in a slightly reduced rate of reductive

succinylation compared to the wild-type, it was still substantially higher than the other

variants and achieved the same level of incorporation of succinyl group as the wild-type

(Figure 3). Therefore, Val45 is unlikely to play a major role in specifying the interaction with

E1 even though the lipoyl-lysine DKA and DKVmotifs are generally conserved in E2plip

and E2olip domains, respectively.

We have shown here that the prominent surface loop linking �-strands 1 and 2 plays an

important role in specifying the interaction of the lipoyl domain from E. coli 2OGDH with

E1. Indeed, its role in determining the interaction with E1 and for maintaining a functional

conformation appears to be common to all lipoyl domains from 2-oxo acid dehydrogenase
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complexes. The interaction with E1 is very sensitive to changes in lipoyl domain structure,

with minor deviations hindering the interaction (such as the E2olipLS or E2olipT42G

variants) and major disruption abolishing recognition (e.g. E2olipLD). The lipoate protein

ligase enzyme is not as sensitive to structural changes to the domain as E1, with even

misfolded domains capable of becoming lipoylated. We have shown here that the simple

exchange of elements involved in defining the lipoyl domain-E1 interaction, it is possible to

alter the specificity of the domain to make it more promiscuous. What is apparent is that the

precise interaction between the lipoyl domain and E1 is complex and although the surface

loop and the XDK residue are likely to play significant roles in this process, either by direct

interaction or by maintaining the domain in the correct conformation, they are not the sole

determinants of recognition.
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Figure 1. (a) The structure of E. coli E2olip ([9]; PDB: 1pmr). The lipoyl-lysine �-turn is

coloured red, with the lipoyl-lysine highlighted as ball-and-stick and residues Thr42 and

Val45 shown as spheres. The prominent surface loop is coloured orange. The positions and

numbering of �-strands are shown on the structure. (b) Sequence alignment of the quasi-

symmetrical N- and C-terminal halves of E2olip. Residues that are identical and highly

conserved between the two halves of the domain are shown in bold. Residues are coloured as

in (a). (c) Description of the wild-type and mutant E. coli lipoyl domains constructed and

analysed in this study.

Figure 2. In vitro lipoylation of wt E2plip, wt E2olip and E2olipLD by E. col LplA. In

each lane, the upper band (-) represents the apo form of the domain and the lower band (+)

represents the lipoylated domain. The presence of doublet bands present for the wt E2plip

samples was probably due to partial processing of the N-terminal methionine residue, as

reported previously [20], although deamidation of an asparagine or glutamine residue cannot

be ruled out.

Figure 3. Reductive succinylation of the lipoyl domains by E1o in the presence of 2-

oxoglutarate. (a) The overall extent of reductive succinylation of the lipoyl domains by E1o

after 25 min. The activity refers to the percentage of succinyl group incorporated compared to

wt E2olip. The average value for wt E2olip was 0.63 nmol ± 0.04 of [14C] succinyl group

incorporated per nmol of lipoyl domain, similar to previous observations [20]. (b) The rate of

reductive succinylation of the wt E2olip (o), E2olipLS (�), E2olipLS+ (�), E2olipT42G (�),

E2olipLS-T42G (�), E2olipV45A (�) and wt E2plip (�) by E1o.

Figure 4. Reductive acetylation of the lipoyl domains by E1p in the presence of pyruvate.

(a) The overall extent of reductive acetylation of the lipoyl domains by E1p after 25 min.

Activity refers to the percentage of acetyl group incorporated compared to wt E2plip. The

average value for wt E2plip was 0.70 nmol ± 0.06 nmol of [14C] acetyl group incorporated

per nmol of lipoyl domain, similar to previous observation [20]. (b) The rate of reductive

acetylation of wt E2plip (�), E2olipLS (�), E2olipT42G (�), E2olipLS-T42G (�) and

E2olip (o) by E1p.

Figure 5. NMR analysis of E2olipLS. (a) Fingerprint H�-H
N
region from the 2D NOESY

spectrum of E2olipLS. (b) Chemical shift differences of H� (�) and H
N
(�) between wtSt
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E2olip and E2olipLS. The differences were obtained by subtracting the chemical shifts of wt

E2olip from those of E2olipLS. The secondary structure of E2olip is shown above the graph.

Figure 6. Fingerprint H�-H
N
region from 2D homonuclear NOSEY spectra of the (a) wt

E2olip and (b) E2olipLD. (c) Spectra slices representing crosspeaks associated with H�1 of

Trp23 from wt E2olip and E2olipLD. NOE connectivities associated with each crosspeak are

specified on the diagram.

Figure 7. Chemical shift changes in
1
H
N
(�) and

15
N (�) chemical shifts between wt

E2olip and E2olipT42G. The chemical shift differences were calculated based on

assignments from 2D
15
N HSQC spectra. The chemical shift differences relating to

15
N were

normalised to
1
H values as described in the materials and methods so that the magnitude of

change for both nuclei is comparable.
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Table 1. Analysis of post-translational modification of the lipoyl domains by positive-ion

electrospray mass spectrometry

Mass of unlipoylated component (Da) Mass of lipoylated component (Da)
Lipoyl domain

Calculated Measured Calculated Measured

Full lipoylation

observed (min)

E2olip wt 9727 9727.4±0.8 9915 9915.6±1.0 60

E2olipLS 9487 9487.8±0.4 9676 9674.9±0.6 60

E2olipLS+ 9543 9542.9±0.5 9732 9731.4±0.5 60

E2olipLD 9128 9127.8±0.4 9316 9316.3±0.2 >60

E2olipT42G 9683 9682.4±0.3 9872 9871.6±0.7 45

E2olipLS-T42G 9443 9442.5±1.0 9632 9631.5±0.8 45

E2plip wt
9108 (-Met)

9239 (+Met)

9107.0±0.4 (-Met)

9238.5±1.1 (+Met)

9296 (-Met)

9427 (+Met)

9297.1±0.6 (-Met)

9425.7±1.0 (+Met)
Not determined
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