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Abstract

Lipoyl-lysine swinging arms are crucial to the reactions catalysed by the 2-oxo acid 

dehydrogenase multienzyme complexes. A gene encoding a putative lipoate protein ligase (LplA) 

of Thermoplasma acidophilum was cloned and expressed in Escherichia coli. The recombinant 

protein, a monomer of molecular mass 29 kDa, was catalytically inactive. Crystal structures in the 

absence and presence of bound lipoic acid were solved at 2.1 Å resolution. The protein was found 

to fall into the α/β class and to be structurally homologous to the catalytic domains of class II 

aminoacyl-tRNA synthases and biotin protein ligase, BirA. Lipoic acid in LplA was bound in the 

same position as biotin in BirA. The structure of the T. acidophilum LplA and limited proteolysis 

of E. coli LplA together highlighted some key features of the post-translational modification. A 

loop comprising residues 71–79 in the T. acidophilum ligase is proposed as interacting with the 

dithiolane ring of lipoic acid and discriminating against the entry of biotin. A second loop 

comprising residues 179–193 was disordered in the T. acidophilum structure; tryptic cleavage of 

the corresponding loop in the E. coli LplA under non-denaturing conditions rendered the enzyme 

catalytically inactive, emphasizing its importance. The putative LplA of T. acidophilum lacks a C-

terminal domain found in its counterparts in E. coli (Gram-negative) or Streptococcus pneumoniae 
(Grampositive). A gene encoding a protein that appears to have structural homology to the 

additional domain in the E. coli and S. pneumoniae enzymes was detected alongside the structural 

gene encoding the putative LplA in the T. acidophilum genome. It is likely that this protein is 

required to confer activity on the LplA as currently purified, one protein perhaps catalysing the 

formation of the obligatory lipoyl-AMP intermediate, and the other transferring the lipoyl group 

from it to the specific lysine residue in the target protein.
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Introduction

Lipoic acid is a crucial prosthetic group in the ubiquitous family of multienzyme complexes 

that catalyse oxidative decarboxylation of 2-oxo acids and in the glycine cleavage system of 

plants and bacteria.1–3 In all these instances, a lipoyl group attached in amide linkage to the 

N6-amino group of a lysine residue in one of the component enzymes acts as a “swinging 

arm”, helping to shuttle covalently bound reaction intermediates between the active sites of 

the component enzymes.1,4,5 In the 2-oxo acid dehydrogenase complexes, the lipoic acid is 

attached to a small 9 kDa protein domain, the so-called lipoyl domain that forms part of the 

dihydrolipoyl acyltransferase (E2; EC 2.3.1.12) component. In the glycine cleavage system, 

it is similarly attached to the H-protein, a protein that is structurally homologous to the 

lipoyl domain.1,6 Indeed, it turns out that the lipoyl group cannot function if detached from 

the protein, and the unravelling of the underlying protein–protein interactions explains the 

rate-enhancements and substrate channelling that are prominent features of what are 

effectively nanomachines catalysing multistep reactions.1,5,7

Two pathways, LplA and LipB, which carry out the lipoylation, a post-translational 

modification of the target proteins, have been described. The LplA protein activates 

exogenously derived lipoic acid by reaction with ATP to form lipoyl-AMP before reacting 

this with a conserved lysine residue in the target protein to form the protein-bound lipoamide 

group.

The second pathway uses lipoic acid synthesized from octanoate, in turn derived from the 

fatty acid biosynthetic pathway,8 and this pathway requires the LipB gene product. LipB is 

capable of transferring either the octanoyl group from octanoyl-acyl carrier protein 

(octanoyl-ACP) or the lipoyl group from lipoyl-ACP onto an apo lipoyl domain.9 The lipoyl 

group is synthesized from an octanoyl precursor by the LipA protein, a metalloenzyme that 

makes use of S-adenosyl-L-methionine (SAM) and iron–sulphur clusters in its reaction 

mechanism. Although LipA can act on octanoyl-ACP, its preferred substrate appears to be an 

octanoylated lipoyl-protein.10 The proposed pathway thus is, first, the transfer of an octanoyl 

group from octanoyl-ACP onto a lipoyl domain, a reaction catalysed by LipB, and secondly, 

the subsequent conversion of the attached octanoyl group to the lipoyl group, catalysed by 

LipA.

A similar prosthetic group, biotin, is attached to target proteins by the formation of an amide 

linkage between the carboxy group of biotin and the N6-amino group of a specific lysine 

residue, creating the biotinyl-lysine swinging arm that is required for moving one-carbon 

moieties about in catalysis by the numerous biotin-dependent enzymes.1 This reaction is 

catalysed by a biotin protein ligase, encoded by the BirA gene. BirA has a two-step reaction 

mechanism like that of LplA: the generation of biotinyl-AMP from biotin and ATP, followed 

by the transfer of the biotinyl group to the target protein.11 Moreover, the lysine residue in 

the target protein is housed and displayed in a biotinyl domain, the structure of which is very 

similar to that of a lipoyl domain.12,13 Such striking similarities have prompted studies into 

the selectivity of the post-translational modifications.14–16
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These investigations indicate that specific amino acid sequences surrounding the target 

lysine residue in particular, together with crucial differences in a prominent surface loop, 

ensure that the lipoyl and biotinyl domains do not suffer aberrant lipoylation/biotinylation at 

the hands of LplA and BirA in Escherichia coli.14–16 Thus, lipoylation and biotinylation 

stand in marked contrast to other post-translational modifications such as phosphorylation, 

where the amino acid sequence surrounding the target site is the principal determinant of 

kinase specificity and action.

The published structures of E. coli BirA17,18 have helped identify the points of interaction in 

the protein with substrate and reaction intermediates,19,20 and the defining features of the 

interaction of BirA with the biotinyl domain have been identified.21–23 The first lipoate 

protein ligase gene to be cloned and expressed, and the most widely studied, was LplA of E. 
coli 24 but structural and mechanistic work on lipoylation has lagged behind. Here, we 

describe the cloning and expression of the gene encoding what was thought to be the lipoate 

protein ligase of Thermoplasma acidophilum and the determination of its structure at 2.1 Å 

resolution. This structure, together with the results of limited proteolysis of the E. coli LplA, 

throws new light on the mechanism, notably the importance of surface loops in and around 

the active site. It has also revealed that the lipoate protein ligases of Archaea may require a 

second complementary protein. The T. acidophilum gene encoding this second protein has 

been tentatively identified.

Results and Discussion

Cloning and expression of the gene encoding T. acidophilum LplA

The genomes of two thermophilic organisms, T. acidophilum, and Thermus thermophilus, 
were searched for putative lipoate-protein ligases in the expectation that a protein from a 

thermophile might prove readily amenable to crystallization. Using the amino acid sequence 

of E. coli LplA as a query, a BLASTsearch of the T. acidophilum genome revealed one 

potential homologue (protein Ta0514). When its inferred primary structure was compared 

with those published for known lipoate and biotin protein ligases, it was found to contain all 

the distinguishing sequence signatures of this family25 and was shown to share significant 

secondary structure homology to E. coli LplA and the human lipoyl transferase (Figure 1). 

The gene encoding protein Ta0514 was therefore chosen for cloning.

An appropriate DNA fragment was excised from the T. acidophilum genome, cloned into 

plasmid pET3a and expressed in E. coli BL21 DE3 cells (see Materials and Methods for 

details). The sequence of the insert was confirmed by automated DNA sequence analysis. 

The recombinant protein was purified and found to exhibit a single band of apparent 

molecular mass of ca 30 kDa when submitted to SDS-PAGE. The apparent molecular mass 

of the protein inferred from gel filtration on a Superdex 75 column was also ca 30 kDa. The 

N-terminal sequence was found to be MEGRLLL- and the molecular mass, determined by 

means of electrospray mass spectrometry, was 29,872(±3) Da. The molecular mass 

calculated from the inferred amino acid sequence is 29,876 Da. All these data are consistent 

with the protein being a monomer and having the amino acid sequence depicted in Figure 1.

McManus et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2021 June 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



However, when the purified protein was assayed for lipoate protein ligase activity, using an 

E. coli lipoyl domain or the E2 of the T. acidophilum PDH complex as substrate, it was 

found to be inactive. At first sight this was puzzling but the probable reason emerged later 

when the three-dimensional structure was determined (see below).

Structure of T. acidophilum LplA

The structure of the putative T. acidophilum LplA was partially solved at 2.5 Å resolution by 

means of the single-wavelength anomalous dispersion technique using a selenomethionine-

labelled protein crystal (see Materials and Methods for details). The crystallographic data 

are given in Table 1. This partial structure was then used as a model for molecular 

replacement in conjunction with datasets of crystals of native T. acidophilum LplA before 

and after soaking with lipoic acid. This led to good quality structures with and without 

bound lipoic acid at 2.1 Å (see Tables 2 and 3).

Very little difference was observed between the structures with and without bound lipoic 

acid and only the structure with substrate present is shown (Figure 2). LplA belongs to the 

α/β class of proteins, which consist of a central parallel or mixed β-sheet surrounded by α-

helices. The structure of the central region is dominated by a wall of seven β-strands of 

varying length and directionality, two of which are labelled B7 and B8 in Figure 2. On either 

side of this wall reside a pair of helices. Lipoic acid is accommodated in a pocket formed by 

the central β-sheet, the helix pair labelled H1 and the three short β-strands labelled B4 

(Figure 2) close to a disordered loop situated between amino acid residues 179 and 193. The 

N-terminal end of this disordered loop occurs at the end of a short helix that emerges from 

the β-strand labelled B8; the C-terminal end sits between strands B7 and B8. Both ends of 

the disordered loop are coloured red in Figure 2. Bulky hydrophobic amino acid interactions 

dominate between the central β-sheet region and the helix pair labelled H2, pointing to a 

role in conferring stability for this subsection of the protein. Another loop in LplA, 

comprising residues 71–79, is observed in a position that has an important counterpart in a 

loop in BirA that only becomes ordered upon binding biotin. This loop is potentially 

important in selecting lipoic acid as substrate, as discussed below.

Lipoic acid binding

The lipoic acid-binding pocket was observed to occur in the vicinity of the switch point 

region which defines the locale of the active site of α/β proteins.26 The electron density 

from the crystal that was soaked in lipoic acid unambiguously showed the substrate bound in 

high occupancy (Figure 3(a)). A racemic mixture of lipoic acid was used in the 

crystallization trials, but it appears (not surprisingly) that the structure is enriched for one 

isomer. The electron density appears to fit best with the S-form but we would wish to test 

this biochemically before making a definitive assignment. The R-enantiomer of lipoic acid is 

required for the E. coli 2-oxo acid dehydrogenase complexes,1 so it is important to be fully 

satisfied with the evidence before making a categorical statement about the archaeal enzyme. 

The temperature factors for the ligand are very similar to those of the contacting side-chains 

from the protein, which indicates the occupancy to be approaching 100%. The switch point 

region where lipoic acid binds can be identified by the presence of the crevice between 

strands B7 and B8 in Figure 3(b). Interestingly, Lys145, which is conserved in both 
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prokaryotic and eukaryotic lipoate protein ligases and in all biotin protein ligases, sits at the 

very top of β-strand B7 (Figure 3(b)). Here, it makes a direct interaction with the carboxy 

group of the lipoic acid which rests along the central β-sheet motif perpendicular to the 

direction of the strands. All the amino acids that lie below lipoic acid in this sheet are either 

small and hydrophobic or have their sidechains pointing directly away from the ligand, 

thereby creating a suitable environment of hydrophobic interactions for the long aliphatic 

chain of the lipoic acid. Residues that may play a more specific role in lipoic acid binding 

are Val79, Ile46, Arg72, Asn87 and His161 (Figure 3(b)). All these amino acid residues in 

the binding site are highly conserved in lipoate protein ligases.

Since the completion of this work the X-ray crystallographic structure of E. coli LplA in the 

presence of lipoic acid at 2.4 Å resolution has been reported27 and deposited in the Protein 

Data Bank (1X2H). A comparison of the proposed lipoic acid-binding sites between the E. 
coli and T. acidophilum enzymes surprisingly shows the lipoic acid to be bound in different 

areas (Figure 3(c)). The significance of this difference remains to be seen.

Comparison of T. acidophilum LplA with E. coli BirA implicates loop regions in substrate 
recognition and catalysis

Fatty acid synthases, amino-acyl tRNA synthases, biotin protein ligases and LplAs all share 

a common reaction mechanism involving an acyl-adenylate intermediate. Structural 

relationships have long been postulated to exist between different members of this group.
28–30 In particular, a clear similarity has been demonstrated between the active sites of BirA 

and class II aminoacyl-tRNA synthases.31 When the cofactor-binding sites of the E. coli 
BirA18 and T. acidophilum LplA are superimposed, it can be seen that a lysine residue 

(Lys145 in T. acidophilum numbering) that is conserved in the primary structures of all 

biotin and lipoate protein ligases is located in exactly the same position and orientation in 

the two structures, thus underlining its importance (Figure 4(a) and (b)). Within the two 

enzymes, lipoic acid and biotin occupy almost identical positions (Figure 4(b)), but different 

from the lipoic acid-binding site in the E. coli LplA described elsewhere.27 There is little in 

the way of obvious steric hindrance that would prevent biotin from binding in the lipoic 

acid-binding site of LplA, which raises interesting questions about the origins of specificity. 

It may be that many slightly unfavourable interactions within the pocket cumulatively 

discriminate against biotin, but it may be that biotin is somehow prevented from entering the 

LplA active site altogether.

In this regard, the loops that connect α-helices and β-sheets within secondary structure 

motifs are often important in enzyme catalysis and may provide a clue to substrate 

specificity in lipoate protein ligases. In the apo form of E. coli BirA, there are four 

unstructured loops. Two of these loops have been directly implicated in biotin and/or ATP 

binding32,33. The loop comprising residues 110–128 (coloured yellow in Figure 4(a) and (b)) 

becomes ordered upon biotin binding and is thought to interact with the biotinyl-AMP 

intermediate. When Arg118 within this loop is replaced by glycine, BirA loses its specificity 

and biotinylates not only other proteins but itself as well.20 The explanation proposed is that 

this loop plays a part in sequestering the biotinyl-AMP in the active site; replacement of 

Arg118 allows the reactive biotinyl-AMP to escape more readily and react with any nearby 
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exposed lysine residues that it encounters. In the T. acidophilum LplA, a loop encompassing 

residues 71–79 occurs in a similar place in the structure (coloured orange in Figure 4(a) and 

(b)) that could play an analogous role.

This loop contains amino acids that are conserved in all lipoate protein ligases, and previous 

studies have implicated this region in lipoic acid binding in E. coli LplA.34,35 A G76S 

mutation in the loop (corresponding to Gly77 in the T. acidophilum protein) prevents E. coli 
LplA from using seleno-lipoic acid (an analogue of lipoic acid in which the two sulphur 

atoms of the dithiolane ring are each replaced with selenium) as substrate, while only partly 

decreasing its ability to use lipoic acid. This could be taken as evidence that the loop 

interacts with the dithiolane ring of lipoic acid as it enters the active site and that the wild-

type loop cannot distinguish between lipoic and selenolipoic acid. However, it is easy to 

imagine that it could act to reject biotin, which contains a much more bulky and chemically 

different ring structure in place of the normal dithiolane ring of lipoic acid. In addition, it 

can be seen from the T. acidophilum structure that the carbonyl oxygen of Gly77 forms an 

interesting bifurcated hydrogen bond with Arg72, also a conserved amino acid within this 

loop, and clearly situated in the active site of the T. acidophilum LplA. By partaking in this 

hydrogen bond, the arginine forms an attractive surface for lipoic acid to interact with 

(Figure 3(a)). Thus, the G76S mutation in E. coli LplA could have caused a slight 

reorganization of the corresponding Arg72 side-chain, which in turn could have contributed 

to preventing selenolipoic acid from entering the lipoic acid binding pocket. Whatever the 

precise explanation, this loop plainly has an influential effect on selecting the lipoic acid 

substrate for binding.

A second loop in E. coli BirA, comprising residues 212–234, may also have a role in 

substrate binding. Although this loop does not become ordered in the co-crystal with biotin,
18 biochemical evidence has shown that it becomes less sensitive to proteolysis after biotin 

or biotin-AMP is bound31,36, the degree of protection being greater in the presence of the 

adenylate intermediate. The terminal amino acid residues of this loop are coloured purple 

and marked by asterisks in Figure 4(a). Interestingly, this loop coincides well with the 

disordered loop (residues 179–193) in the T. acidophilum LplA structure. As shown in the 

superimposed structures in Figure 4(a), the N-terminal end of the BirA loop maps close to 

the N-terminal end of a short helix in T. acidophilum LplA and at the C-terminal end of that 

helix begins the N-terminal region of the disordered loop in the T. acidophilum protein (the 

N and C-terminal ends of the T. acidophilum LplA loop are coloured red). However, at the 

C-terminal end of the loops in the two proteins, the superimposition is almost perfect, both 

sitting directly in the crevice of the conserved, switch point region. They are thus well 

placed to play a key role in ligand binding and/or catalysis. Interestingly, comparison of the 

T. acidophilum and E. coli LplA sequences shows that this disordered loop matches to a 

position that is extremely trypsin-sensitive in E. coli LplA.30 In light of this, a study of the 

limited proteolysis of E. coli LplA was undertaken to see if any further parallels could be 

drawn between the T. acidophilum and E. coli proteins.
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Limited proteolysis of E. coli LplA

In the earlier study, E. coli LplA was subjected to limited proteolysis at 30 °C using 

concentrations of 0.1% and 0.5% (w/w) trypsin or chymotrypsin.30 Four proteinase-resistant 

fragments with molecular masses of around 20 kDa were identified, all arising from the C-

terminal part of the protein. The cleavage sites were found to lie between amino acid 

residues 178 and 190, a region that corresponds with the disordered loop (residues 179–193) 

in the T. acidophilum structure. No proteinase-resistant fragments from the N-terminal part 

of the chain were observed.

In the present study, E. coli LplA was exposed to increasing concentrations of trypsin from 

0.25% to 16% (w/w) overnight at 0 °C. The products were subjected to SDS-PAGE (Figure 

5). It can be seen that exposure to trypsin under these conditions generated two predominant 

bands of apparent molecular mass 17–19 kDa. Both fragments appeared to be resistant to the 

action of trypsin (totally stable until trypsin reached 4% (w/w) and still present until it 

reached 16%). Both tryptic fragments were characterized by means of N-terminal sequence 

analysis and mass spectrometry. The smaller fragment had a molecular mass of 17,653(±7) 

Da and an N-terminal sequence SRVTNL-, whereas the larger fragment had a mass of 

19,039(±10) Da and the same N-terminal sequence (STLRL-) as the intact LplA. 

Encouragingly, these molecular masses and N-terminal sequences tally exactly and enable us 

to depict the effect of trypsin on the E. coli LplA protein as in Figure 6. The N and C-

terminal fragments are separated by an 11 amino acid residue segment, evidently an exposed 

loop and susceptible to trypsin, as observed previously.30 Given that Green et al.30 did not 

observe it after carrying out the digestion with trypsin at 30 °C, we infer that the N-terminal 

fragment must be less stable than the C-terminal fragment.

After exposure to trypsin, the cleaved E. coli LplA was found to behave during purification 

essentially as the wild-type enzyme; in particular it emerged on gel filtration in the same 

position as the native enzyme, with an apparent molecular mass of around 39 kDa. However, 

it was found to be catalytically inactive, no longer able to lipoylate an E. coli lipoyl domain 

in the presence of lipoic acid and ATP. It would appear that the loss of activity can safely be 

attributed to the cleavage of the loop region, highlighting its importance, directly or 

indirectly, in the catalytic mechanism.

If lipoic acid and magnesium ions were added before the E. coli LplA was treated with 

trypsin, the pattern of digestion was altered somewhat. The larger (N-terminal) fragment 

remained unchanged, whereas the lower molecular mass (C-terminal) fragment became 

extended by six amino acid residues, its N-terminal sequence beginning GITSVR-(Figure 6). 

The previous site of cleavage, at the arginine residue of GITSVR-, was clearly no longer 

accessible to the proteinase. It is obvious that the structural environment of the loop region 

must have been changed significantly for this to have happened. The C-terminal regions of 

these analogous disordered loops in T. acidophilum LplA and E. coli BirA sit directly in the 

switch-point region.

Taken together, these results suggest that the loop region plays an important part in the 

mechanism of both biotinylation and lipoylation.
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The structure suggests two proteins may be needed for lipoylation in T. acidophilum 

The results described above indicate that E. coli LplA and the putative T. acidophilum LplA 

share a catalytically important flexible loop that is located close to the lipoic acid-binding 

site. As discussed above, the X-ray crystallographic structure of E. coli LplA at 2.4 Å has 

been reported.27 A superimposition (Figure 7) shows that overall the two structures are very 

similar, apart from the position of the proposed lipoic acid-binding sites, as described above, 

and also the fact that the E. coli LplA contains a large additional segment beyond the C-

terminal end of the T. acidophilum protein. When we map our limited proteolysis results 

onto the structure of the E. coli enzyme, it confirms that the flexible loop separates two 

globular structural domains, which can be identified further with the larger N-terminal 

fragment and smaller C-terminal fragment that we obtained by carrying out the limited 

proteolysis at low temperature (Figure 6). It is apparent from the crystal structure listed in 

the database for a putative lipoate protein ligase from Streptococcus pneumoniae (Protein 

Data Bank accession code: 1QVZ), that it resembles the E. coli LplA with two comparable 

domains. S. pneumoniae is Gram-positive, whereas E. coli is Gram-negative, but both are 

eubacteria.

Using the program Pfam37 to analyze the domain organization of E. coli LplA, the N-

terminal part was identified as containing the BPL_LplA_LipB domain i.e. the domain that 

all biotinylating and lipoylating enzymes possess (Figure 8). Even though the C-terminal 

domain of the E. coli LplA protein is distinct, and structurally stable, as judged by limited 

proteolysis, Pfam revealed no matching domain in its database. Assuming the N-terminal 

domain contains the machinery to bind lipoic acid, it is tempting to hypothesize a role for 

the C-terminal domain in recognising the lipoyl domain and/or transferring the lipoyl group 

onto it from the lipoyl-AMP intermediate, though of course the situation may not be as 

clear-cut as this. In E. coli BirA, a C-terminal domain is present that has been demonstrated 

to contribute to the interaction with both ATP and the biotinyl domain.21 This domain is 

distinct from the central biotinbinding domain that is depicted in Figure 4(a) and could be 

envisaged perhaps as analogous to the C-terminal domain of E. coli LplA.

Inspection of the sequence alignments in Figure 1 and the three-dimensional structure in 

Figure 2, however, indicates that no obvious comparison can be drawn for the putative T. 
acidophilum LplA. When the same Pfam analysis was carried out on the T. acidophilum 
LplA structure, the majority of the protein was found to be accounted for in terms of the 

BPL_LipA_LipB domain, leaving only a much smaller C-terminal fragment remaining 

(Figure 8). This pattern of differences is repeated throughout other bacterial and archaeal 

lipoate protein ligases; C-terminal fragments of length 172 to 193 amino acid residues are 

observed in the eubacterial enzymes whereas in their archaeal counterparts the C-terminal 

segment is significantly smaller, ranging in size from 87 to 107 amino acid residues. This 

decrease in size could perhaps be explained by the widely observed compaction that can 

accompany the greater stability of the archaeal enzymes but, set against this, no 

corresponding compaction of the BPL_LplA_LipB domain was observed when crossing 

from bacterial to archaeal sources. The most likely explanation is that something is missing 

from the C-terminal part of the archaeal enzymes rather than it is merely reduced in size. 

This raises the intriguing possibility that in T. acidophilum two separate proteins are 
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required to carry out the two-step lipoylation reaction; indeed it may be recalled that the 

putative T. acidophilum ligase that we describe here is catalytically inactive (see above) even 

though the crystal structure clearly shows it to have the BPL_LplA_LipB fold, to resemble 

closely the same domain in S. pneumoniae and E. coli LplAs, and to bind lipoic acid in what 

is obviously an appropriate active site (Figure 3(a) and (b)).

The level of sequence similarity between the C-terminal regions of bacterial lipoate protein 

ligases is low. It is not surprising, therefore, that using these sequences to search the T. 
acidophilum genome for possible homologues produced mixed results. However one hit, a 

10 kDa protein, Ta0153, that was retrieved by BLAST searching using C-terminal sequences 

from Bacillus subtilis and Treponema denticola LplAs, proved of more than usual interest, 

given that it is located in the genome immediately next to Ta0154, representing the T. 
acidophilum lipoate protein ligase described here. Indeed the last A of the Ta0153 

termination codon (TGA) is also the A of the initiation codon (ATG) of Ta0154 i.e. TGATG. 

When the T. acidophilum Ta0513 sequence was analysed in the program Fugue,38 which 

uses structure-based environmental matches to seek structural homologues, the C-terminal 

domain of the S. pneumoniae LplA structure was matched with a high degree of confidence, 

suggesting that these proteins are functionally equivalent. The potential importance of this 

common domain is further supported by the observation that the sequences of the C-terminal 

domains of LplA from a wide variety of bacteria were likewise predicted to have significant 

structural similarity to the C-terminal domain of S. pneumoniae LplA. The way is now open 

to test experimentally whether lipoylation in Archaea requires two enzymes to catalyse the 

two-part reaction. It is worth noting that the need for two proteins as part of the LplA system 

in mammalian cells has been reported earlier. Curiously, the mammalian LplAs, though they 

contain both the N and C-terminal domains that are present in the E. coli/S. pneumoniae 
LplAs (as judged by Pfam/ Fugue analysis) and exhibit some 30% sequence identity with E. 
coli LplA, appear unable to catalyse the activation of lipoic acid to lipoyl-AMP and only the 

transfer of the lipoyl group to the apo-lipoyl domain.39,40 Thus, the parallel is not exact and 

there is clearly much left to discover about the enzymes that catalyse this important post-

translational modification.

Since our paper was submitted for publication, the structure of the T. acidophilum LplA has 

been reported by others.41 The two structures are essentially identical; the Kim et al. 
structure41 complements ours in that it has the lipoyl-AMP in place, and its location is in 

accord with our proposals. However, these authors do not indicate whether their enzyme was 

catalytically active in lipoylating a target protein, they do not identify loop regions as 

playing a substantial part in the catalytic mechanism, nor do they comment on the potential 

need for another protein to fulfil the role of the terminal domain that is missing from the T. 
acidophilum enzyme in comparison with the LplA of E. coli or S. pneumoniae.

Materials and Methods

Plasmid construction, gene expression and protein purification

Genomic DNA of T. acidophilum DSM 1728 was a kind gift from Peter Zwickl, Max-

Planck-Institut für Bio-chemie, Martinsried, Germany. Standard protocols for molecular 

biology were used as described elsewhere.42 A fragment of DNA encoding the putative 
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lipoate protein ligase was amplified from this template by means of PCR, with the N-

terminal primer 5’-TTTCATATGGAAGG CAGGCTTCTTTT and the C-terminal primer, 5’-

TTTGGATCCCTATACGACCTCTTTCCTC, thereby generating NdeI and BamHI 

restriction cleavage sites, respectively. The amplified fragment was cloned into plasmid pET 

3a and expressed in E. coli BL21(DE3) cells grown in LB medium, which were induced at 

an A600 of 0.7 with a final concentration of 0.45 mM IPTG for 4 h. The cells were collected 

by centrifugation and lysed in 20 mM Tris-HCl (pH 7.5), 20% (v/v) glycerol, 1 mM EDTA, 

1 mM DTT using a French press. The soluble fraction, which contained the desired protein, 

was separated by centrifugation (20,000g, 30 min). The protein was purified using ion-

exchange chromatography on a Q Sepharose HP column, equilibrated in 10 mM potassium 

phosphate buffer (pH 7.0), containing 1 mM DTT (buffer A) and eluted with a gradient of 

0%–100% buffer B (buffer A + 200mM NaCl) over ten column volumes. Fractions 

containing T. acidophilum ligase were pooled and dialysed against buffer A overnight. 

Fractionation was then carried out on a ceramic hydroxyapatite (type I) column pre-

equilibrated in buffer A and eluted using a gradient of buffer A to buffer B (200 mM 

KH2PO4 (pH 7.0), 1 mM DTT) over ten column volumes. Pooled fractions from this step 

were concentrated to 1 ml and subjected to gelfiltration chromatography on a Superdex 75 

column in 10 mM Tris–HCl (pH 7.5) buffer, containing 1 mM DTT, 150 mM NaCl. All 

steps were carried out at 4 °C and the purified protein was stored at −80 °C. Throughout the 

procedure, the purification was monitored by submitting samples to SDS-PAGE and the 

protein was judged to be > 95% pure on Coomassie-stained gels.

A selenomethionine derivative of the protein was generated by gene expression for 6–8 h 

according to a protocol developed by Dr Maryn Symmons (see web site†) which is based on 

an earlier method.43 The selenomethionine-labelled protein was purified by means of the 

same procedure as that developed for the wild-type enzyme, except that all buffers were 

extensively degassed and contained 5 mM DTT to prevent oxidation of the 

selenomethionine. The incorporation of selenomethionine into T. acidophilum LplA was 

confirmed as 100% by means of mass spectrometry.

E. coli LplA was purified as described elsewher14 using ion-exchange chromatography on Q 

Sepharose-HP and gel-filtration on Superdex 75, except that after the ion-exchange step the 

partly purified protein sample was dialysed for 4 h against 20 m Tris–HCl (pH 7.5) 

containing 1 mM DTT, 1 mM EDTA and 10% glycerol and subjected to heparin Sepharose 

chromatography using exactly the same buffers and running conditions as described14 for 

the ion-exchange step. The material was then passed down the Superdex 75 column to give > 

95% pure protein in 10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM DTT.

Protein chemical techniques

Proteins were characterized by means of SDS-PAGE, automated N-terminal sequencing 

(Protein and Nucleic Acid Chemistry Facility, Department of Biochemistry, University of 

Cambridge) and electrospray mass spectrometry using a VG BioQ quadrapole mass 

spectrometer with myoglobin as a calibration standard, all as described elsewhere.14

† http://www-cryst.bioc.cam.ac.uk/~martyn/Se-Met.html 
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Enzyme assays

The ability of T. acidophilum and E. coli lipoate protein ligases to catalyse lipoylation was 

determined by means of an assay described previously.14 Briefly, R,S-lipoic acid (200 μM), 

ATP (1.5 mM) and MgCl2 (1.5 mM) were incubated with 250 μg of either E. coli lipoyl 

domain or the E2 of T. acidophilum pyruvate dehydrogenase complex (a kind gift from 

Professor M. J. Danson, University of Bath) for 12 h at 20 °C in the dark. Reactions were 

initiated by adding 5 μg of the relevant ligase, all in a final volume of 250 μl. Evidence of 

lipoylation was checked for by the increase of mass as judged by mass spectrometry or, in 

the case of the E. coli lipoyl domain, by the change in electrophoretic mobility on non-

denaturing PAGE that accompanies lipoylation.14

Limited proteolysis of E. coli LplA

A sample (1 ml) of E. coli LplA (1 mg/ml in 20mM Tris–HCl (pH 7.5), 1 mM DTT, 150 

mM NaCl) was digested at 0 °C with varying concentrations of trypsin in 20 mM Tris–HCl 

(pH 7.5). In time-course experiments, aliquots of 20 μl were taken at given times, mixed 

with 1 μl of 50 mM PMSF to inhibit the trypsin, and stored at −80 °C. When studying the 

effect of substrate binding, lipoic acid and magnesium (both at final concentrations of 2 

mM) were pre-incubated with LplA for 30 min at 20 °C, then left at 0 °C for 10 min before 

addition of trypsin. The digestion products were analysed by SDS-PAGE using Mes running 

buffer, as gels run in Mops buffer were unable to resolve the two fragments generated by 

tryptic cleavage of the E. coli LplA.

Crystallization of T. acidophilum lipoyl ligase, data collection and model building

The protein solution as effluent from the Superdex 75 gel filtration column in 10 mM Tris–

HCl (pH 7.5) buffer, containing 1 mM DTT, 150 mM NaCl was concentrated to 10 mg/ml 

and centrifuged at 20,000g for 30 min at 4°C. Hampton screens I and II were employed 

using the hanging-drop, vapour-diffusion method. Protein solution (2 μl) was mixed with 

precipitant (1 μl) and the tray left at 20 °C. After two weeks crystals were observed in 20% 

PEG 8000, 0.1 M sodium cacodylate buffer (pH 6.5) containing 0.2 M magnesium acetate. 

Switching to Mes buffer and fine screening around this condition resulted in good quality 

reproducible crystals that diffracted to 2.9 Å in-house using 25% glycerol as a cryo-

protectant.

Selenomethionine-labelled protein was subjected to the same fine crystal screen at a protein 

concentration of 10 mg/ml. The crystals that formed in this case, however, were not 

reproducible, were in a different crystal form from the native protein, and showed very 

mosaic diffraction patterns. One crystal was harvested that diffracted to 2.8 Å in-house 

though the diffraction pattern was of generally poorer quality than that of the native protein 

crystal. A single-wavelength anomalous dispersion (SAD) data set was colleted to 2.5 Å 

resolution at the National Synchrotron Light Source in Brookhaven, USA on beam line X9A 

using 1 s exposure and 1° oscillation slicing. The data were indexed using DENZO and 

SCALEPACK.44 The data were processed in a P41 space group and from the SCALEPACK 

output (see Table 1) it can be seen to be of rather poor quality. The average Chi squared 

value for all reflections was 4.8, mosaicity was 1.4 and overall completeness was 90%. A 

model of the T. acidophilum LplA was prepared by Dr T.A. Terwiliger using the PHENIX 
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suite.45 Owing to the poor quality of the crystal, the model is not perfect (see Table 1) with 

an R-free of 0.4 and 147 out of 262 residues placed. However, this partial structure was used 

as a starting model for molecular replacement using the good quality native crystal data, 

which allowed the model to be built completely.

Synchrotron data were collected from a crystal of the native protein and a native protein 

crystal soaked with a racemic (R,S) mixture of lipoic acid, at ESRF, Grenoble on beam line 

ID29. Both these crystals belong to space group P21, and the data extend to 2.1 Å in both 

instances, with good quality overall (Tables 2 and 3 and Figures 3(a) and 9). Molecular 

replacement was performed with the programme PHASER46 using the selenomethionine 

partial structure as a model. Building of the model for the resulting solution was carried out 

using COOT.47 The solution was refined using Refmac48 and ArpWarp49 on the CCP4 

graphical user interface.

Protein Data Bank accession codes

The coordinates have been submitted to the RCSB PDB and have accession codes 2C71 and 

2C8M.
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Figure 1. Amino acid sequence alignment of the E. coli (E.c), T. acidophilum (T.a) and human 
lipoate protein ligases.
The secondary structure elements of the E. coli LplA enzyme are highlighted.
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Figure 2. Structure of the LplA of T. acidophilium with lipoic acid bound at the active site.
The red colouring denotes the boundaries of the disordered region that comprises residues 

179–193. The lipoic acid is depicted in sticks and designated with an arrowhead. The helices 

of interest are numbered H1 and H2; the β-strands of interest are numbered B4, B7 and B8.
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Figure 3. Lipoic acid binding in the LplA of T. acidophilum.
(a) 2Fo—Fc map of electron density from a crystal of the native LplA soaked with R,S-lipoic 

acid. Lipoic acid can be seen forming interactions with Arg72 which itself forms a hydrogen 

bond with the carbonyl oxygen of Gly77. This interaction is shown by the broken red lines. 

The bond distances to the carbonyl oxygen are 3.06 and 2.86 Å. (b) Amino acid residues in 

the lipoic acid binding site that are highly conserved in LplAs. The residue numbers are 

shown in black using T. acidophilum LplA numbering. (c) Comparison of the proposed 

lipoic acid-binding sites in the T. acidophilum and E. coli lipoate protein ligases. The T. 
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acidophilum protein and lipoic acid are coloured green whereas the E. coli protein and lipoic 

acid are coloured blue.
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Figure 4. (a) The catalytic domain of E. coli BirA with biotin bound (all in blue) superimposed 
on the LplA of T. acidophilum with lipoic acid bound (all in green).
The boundaries of a disordered loop region in the BirA are indicated in purple colouring and 

marked by black asterisks. The boundaries of an equivalent disordered loop in the T. 
acidophilum LplA are indicated in red; the C-terminal end of the LplA loop lies close in 

space to the C-terminal end of the BirA loop (asterisked), whereas the N-terminal end is 

located at the end of an a-helix on the other side of the lipoic acid-binding site. A region in 

BirA that becomes ordered upon biotin binding is coloured yellow and the loop in the T. 
acidophilum LplA that contains Gly77 is coloured orange. (b) A higher magnification view 
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of (a) showing the close alignment of the lipoic acid and biotin in their respective binding 

sites plus the almost identical positions of the nearby loop regions and conserved lysine 

residue near the switch point region in BirA and LplA. The colour coding is the same as in 

(a).
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Figure 5. Limited proteolysis of E. coli LplA with trypsin.
The protein was treated with varying concentrations of trypsin at pH 7.5 and 0 °C and the 

products were subjected to SDS-PAGE. The left-hand lane shows LplA with no trypsin 

added, the other seven lanes represent the effects of trypsin at the individual concentrations 

shown.
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Figure 6. The trypsin cleavage sites in E. coli LplA mapped onto the amino acid sequence.
The loop that was excised by trypsin is shown in red. The dotted box indicates a sequence at 

the N-terminal end of the lower molecular mass fragment that was protected from excision 

by the binding of lipoic acid.
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Figure 7. Superimposition of the structures of T. acidophilum LplA (green) and E. coli LplA 
(blue), highlighting the extra domain in the E. coli enzyme.
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Figure 8. Domain structure of lipoate protein ligases predicted by analysis using the program 
Pfam.

McManus et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2021 June 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 9. Quality of the electron density map from the crystal structure of T. acidophilum LplA.
A β-strand with the sequence KLWHAA (residues 158–163) is illustrated.
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Table 1
Selenomethionine-labelled protein

A.Crystallographic data

Resolution (Å) 34–2.5

Space group P41

Unit cell parameters

   a (Å) 58.82

   b (Å) 58.82

   c (Å) 82.55

   α (deg.) 90.00

   β (deg.) 90.00

   γ (deg.) 90.00

B. Merging statistics

Figure of merit 0.74 (0.63)

No. of reflections 9109

Average redundancy 2.2 (1.7)

Mosaicity (deg.) 1.45

Completeness (%) 90.8 (60.8)

R-merge (linear) 0.117 (0.226)

Chi2 4.8 (1.4)

C. Refinement statistics

R-factor (%) 35

R-free (%) 40
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Table 2
Native protein

A. Crystallographic data

Resolution (Å) 20–2.1

Space group P21

Unit cell parameters

   a (Å)

   b (Å) 118.35

   c (Å) 105.59

   α (deg.) 90.00

   β (deg.) 93.74

   γ (deg.) 90.00

B. Merging statistics

No. of reflections 68,337

Average redundancy 10

Mosaicity (deg.) 0.68

Completeness (%) 95.3 (72.3)

R-merge (linear) 0.068 (0.234)

Chi2 1.04 (0.86)

C. Refinement statistics

RMSD bond length (Å) 0.01

RMSD bond angle (deg.) 1.2

Residues in disallowed region (%) 0

Mean B value (Å2) 42.1

R-factor (%) 20.8

R-free (%) 25.2
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Table 3
Native crystal soaked with lipoic acid

A. Crystallographic data

Resolution 20–2.1 Å

Space group P21

Unit cell parameters

   a (Å) 53.37

   b (Å) 117.87

   c (Å) 105.67

   α (deg.) 90.00

   β (deg.) 93.52

   γ (deg.) 90.00

B. Merging statistics

No. of reflections 97,539

Average redundancy 4.0

Mosaicity (deg.) 0.8

Completeness 99.7 (99.2)

R-merge (linear) 0.064 (0.206)

Chi2 1.023 (0.714)

C. Refinement statistics

RMSD bond length 0.008

RMSD bond angle 1.095

Mean B value (Å2) 32.5

Residues in disallowed regions (%) 0

R-factor (%) 20.7

R-free (%) 23.9
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