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ABSTRACT. The three lipoyl (E2plip) domains of the dihydrolipoyl acetyltransferase component of the
pyruvate dehydrogenase (PDH) complex&sicherichia colihouse the lipoyl-lysine side chain essential

for active-site coupling and substrate channelling within the complex. The structure of the unlipoylated
form of the innermost domain (E2pfif$) was determined by multidimensional NMR spectroscopy and
found to resemble closely that of a nonfunctional hybrid domain determined previously [Green et al.
(1995) J. Mol. Biol. 248 328-343]. The domain comprises two four-strangedheets, with the target

lysine residue residing at the tip of a typgHturn in one of the sheets; the N- and C-termini lie close
together at the opposite end of the molecule in the gfheheet. Measurement 6N NMR relaxation
parameters and backbone hydrogen/deuterium (H/D) exchange rates reveals that the residues in and
surrounding the lipoyl-lysing-turn in the E2pligr°form of the domain become less flexible after lipoylation

of the lysine residue. This implies that the lipoyl-lysine side chain may not sample the full range of
conformational space once thought. Moreover, reductive acetylation of the lipoylated domain®2plip

— E2plipeda9 was accompanied by large changes in chemical shift between the two forms, and multiple
resonances were observed for several residues. This implies a change in conformation and the existence
of multiple conformations of the domain on reductive acetylation, which may be important in stabilizing
this catalytic intermediate.

The pyruvate dehydrogenase (PBldpmplex catalyzes  cofactor, and the subsequent reductive acylation of the
the oxidative decarboxylation of pyruvate, transferring the dithiolane ring of the lipoyl group attached to a lysine residue
resultant acetyl group to coenzyme A. It belongs to a family in the lipoyl domain(s) of the E2 component. The dihydro-
of related 2-oxo acid dehydrogenase complexes, which lipoyl acyltransferase (E2p, E20, or E2b) is responsible for
includes the 2-oxoglutarate (20GDH) and branched-chain the transfer of the acyl group to CoA. The reoxidation of
2-oxo acid (BCDH) dehydrogenase complexes. In the PDH the dihydrolipoyl group to reform the dithiolane ring, with
complex, the three component enzymes are pyruvate decarNAD™ as the ultimate electron acceptor, is catalyzed by E3.

boxylase (E1lp; EC 1.2.4.1), dihydrolipoyl acetyltransferase | the PDH complex fronEscherichia coli E2p forms a
(E2p; EC 2.3.1.12) and dihydrolipoyl dehydrogenase (E3; cubic core consisting of 24 polypeptide chains arranged with
1814) (reViewed in ref$_3). The 2-oxo acid decarboxyl' octahedral symmetry; E1 and E3 are bound t|ght|y but
ase (Elp, Elo, or E1b) catalyzes the initial decarboxylation noncovalently to the core, with E1 probably associated
of the 2-oxo acid, using thiamin diphosphate (ThDP) as a preferentially with the 12 edges of the cube and E3 with the
six faces 1, 3, 4). The independently folded lipoyl domain(s)
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chain, the lipoyl domain is followed by a small (4 kDa) MATERIALS AND METHODS
peripheral subunit-binding domair®-(1) and, at the C- ) .
terminus, by the much larger (28 kDa) dihydrolipoyl acyl-  Preparation of the Apg Holo-, and Reductiely Acetylated
transferase domain, which is also responsible for aggregatingmorms of the Innermost E2p Lipoyl Domaifihe unlipoyl-
to form the cubic corel?2, 13). These domains are separated ated and uniformly°N-labeled form of the innermost lipoyl
by long (25-30 residue) flexible but extended linker regions domain ofE. coli E2p (E2plig™) was prepared by expressing
that facilitate movement, especially of the lipoyl domains, & sub-gene present in a pET11c vector (E. L. Roberts and
as part of the system of coupling physically dispersed active R-N.P., unpublished work) i&. coli BL21 DE3 cells in a
sites (L-4). modified version of the morpholinepropanesulfonate (Mops)
Solution structures of a hybrid (outermost with innermost) Minimal medium 80). The minimal medium contained 10
E2p lipoyl domain {4) and E20 lipoyl domaini5) derived mM NH,CI as the sole nitrogen source. Unlabeled E2plip
from E. coli PDH and 20GDH Comp|exeS, respective|y, have was obtained Similarly, except that the cells were grown in
been solved by multidimensional NMR spectroscopy, along 2TY medium. The domain was purified in the unlipoylated
with others from different organism&&—19). Their overall ~ form as described previously (I5, 31).
backbone structures are virtually identical, in each instance The purified apo-domain was lipoylated in vitro using the
consisting of a flattenegs-barrel comprising two four-  recombinant lipoate protein ligase, LplA, based on a
strandegB-sheets with a 2-fold axis of quasi-symmetry. The procedure described previousl; 82). The reaction mixture
lipoyl-lysine residue is located at the tip a protruding type | contained 20 mM Tris-HCI, pH 7.5, 5 mM Mgg&Il5 mM
p-turn in one sheet and the N- and C-termini are close ATP, 2.5 mM R-lipoic acid (Asta Pharmaceuticals), 1 mM
together in space in the othgrsheet. Positioning the target  E2plip?, and 200ug/mL LplA. The reaction mixture was
lysine in thep-turn is critical for correct posttranslational |eft in the dark at room temperature until the domain was
modification by the lipoylation machinery of tie colicell  fully lipoylated, as judged by electrospray mass spectrometry.
(20); the prominent surface loop linking-strands 1 and 2,  The products were separated by anion-exchange chroma-
which lies close in space to the lipoyl-lysingturn, is tography using a Resource-Q column (Pharmacia) developed
important for the structure and function of the domain, with an ammonium bicarbonate gradient. The lipoylated
notably its interaction with the E1 component 7). The domains were buffer-exchanged into 20 mM sodium phos-
structure of the related lipoyl-containing component of the phate, pH 6.85.
pea leaf glycine qleavage system, designated the H-protein, Reductive acetylation of the domain was carried out as
has been determined by X-ray crystallograph-(24) and described previously 7( 33). To 0.6 mM N-labeled
NMR spectroscopy25), and similar considerations are likely lipoylated E2p lipoyl domain (E2plig©) in 20 mM sodium

to apply.
. . phosphate, pH 6.85, were added 0.1 mM ThidRy, 0.1
The structure of the 2-oxo acid dehydrogenase lipoyl o ;
domain is not substantially affected b;/ pogttranslatigngl “M Elp and 2 MM pyruvate. Aftel h at 25°C, the domain
was fully reductively acetylated, as judged by electrospray

modification, and the lipoyl-lysine side chain is essentially mass spectrometry. Two samples were prepared in this
free to rotate, as judged by spin labeling of the lipoyl group manner. The first was exchanged into fresh 20 mM sodium

(ﬁG, 27 and g”leI sgjdies.ofgch;rgic;all shift changﬁs lbetw|een phosphate buffer, pH 6.85, whereas the second was left in
the apo- and holo-domaing4, 29). In contrast, the lipoy the original reaction buffer. Both samples produced very

group'of th? uncharged H'p“’te”.” appears to be relgtlvely similar heteronuclear single quantum correlation (HSQC)
fixed in orientation and, after it has been reductively \ur spectra when examined subsequently

aminomethylated by the glycine decarboxylase component, .
retreats into a nearby cleft on the protein surface, where it MR SpectroscopyFor NMR spectroscopy, protein
becomes essentially immobilize®3 25). The hydrophobic samples. at a concentration of 0.6 mM were made up in .20
environment protects the labile reaction intermedia®),( MM sodium phosphate (at pH 6.85 for backbone dynamics
making it a perfect example of the “hot potato” hypothesis” and pH 5.5 for initial resonance assignments) in 9440/
of multienzyme complex actioril). It has been suggested 10%2H,0. Spectra were recorded on either a BrukerAMSOO
that the 2-oxo acid dehydrogenase lipoyl domains may play ©" DRX500 spectrometer. All data were proces;ed using the
a comparable role in helping to stabilize the thioester linkage AZARA software package (W. Boucher, unpublished work)
in the reductively acylated lipoy! groufy) apd anquzed with the program ANSIG 3.34]. The two-

The structure of a native, functional lipoyl domain Bf dimensional (2D) DQF-COSY36), TOCSY 36), NOESY
coli E2p has not hitherto been determined. The hybrid (37, HMQC-TOCSY, and HMQC-NOESY 38) spectra
domain constructed from the outermost and innermost lipoyl Were recorded at 298 and 307 K and used to assign the
domains used previously contained a glutamine residue in€Sonances of the E2pfiy domain.
place of the lipoyl-lysineX4). Here we describe the solution Backbone Dynamics of the E2p#pand E2plig°° Do-
structure of the innermost lipoyl domain &. coli E2p mains The'H-1°N heteronuclear nuclear Overhauser effect
determined by means of NMR spectroscopy. We go on to (hetNOE) enhancements of the E2ptpand E2plifil
investigate the effect of lipoylation and reductive acetylation domains were determined from heteronucléad{H) cor-
on the structure of the domain by monitoring the changes in relation experiments performed with and without preceding
chemical shift,!>N relaxation times!H->N heteronuclear  proton saturation39, 40). A control experiment without
NOE enhancements and hydrogen/deuterium (H/D) exchangeproton saturation was also performed in order to calculate
rates that accompany these processes. The results throw newhe error. The heteronuclear steady-state NOE enhancements
light on the part played by the lipoyl domain and its function were derived from peak intensities according to the definition
as a catalytic intermediate. of Schirmer et al. 41).
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15 . . R . .
N S_P'n_latt'ce (T) rel_axat'on times were obtained using Table 1: Electrospray Mass Spectrometry of the Various Forms of
a modified HSQC experimen89, 42, 43). 1N T, data were the 15N-Labeled E2plip Domaih

obtained using delays of 20, 1000, 60, 680, 160, 480, 260,

. theoretical mass (Da) measured mass (Da)

and 20 ms, recorded in that order. The 20 ms delay , N N N N
experiment was repeated in order to calculate the efidr SPecies —Nmet Nmet _Nmet Nmet

! , o ; R E2liparo 9206 9339 920% 0.7 9335+ 1.0
spin—spin () relaxation times were obtained using inverse gppjigolo 0394 0527 0392 0.5 9524+ 0.2
detection (HSQC) experiment4Q) which incorporated &N E2plipredac 9438 9571 9436 0.3 9568+ 0.9

; I 15 E2plipedac 9394+ 0.9 9525+ 1.6
spin—echo sequence for the determination Tof N T, (after NMR)
relaxation times were obtained using delay values of 7.92, 9436+ 1.2% 9569+ 2.3*

300.96, 47.52, 142.56, 79.2, 205.92, 15.84, and 7.92 ms, aThe domains were prepared and analyzed as described in the
recorded in that order; the 7.92 ms delay experiment was Materials and Methods. (*) The major peak in a spectrum. The
repeated in order to calculate the erfBrandT, relaxation theoretical masses were calculated using the program PAWS (Proteo-
rate constants for individual residues were obtained from a Metrics)-

fit of intensity to the classical equatidn= 1o exp —(t/Ty),

wherel; is the intensity of the relevant signal at timdd,is Residues Val2 Ala80 of the innermost E2p lipoyl domain
the intensity at time 0t is the time delay andy is the correspond to residues Val208la283 in the intact E2p
relaxation time. polypeptide chain. Owing to the nature of the expression

The H/D exchange rates of the amide protons for E2{lip  system, the E2plip domain was purified in its apo-form
and E2plip°° were determined by recording a series of (E2plip*9, as described previously’), in both unlabeled
HSQC spectra of lyophilized protein samples immediately and '°N-labeled versions. The identity of the domain and
after they had been redissolved?,O. the extent of incorporation of th®N isotope (97%) were

Structural Constraints and Structure Calculations for the established by electrospray mass spectrometry (Table 1).
E2plip*° Domain Through-space NOE connectivities were Partial processing of the N-terminal methionine residue was
obtained from 2D NOESY experiment87) at 298 and noted, as observed previously)( The apo-domain was
307K. Cross-peaks that exhibited strong, medium, weak, andposttranslationally modified in vitro using the recombinant
very weak intensities were converted into distance restraintsE. coli LplA in the presence of R-lipoic acid and ATiMg,
of <2.5, <3.5, <5.0, and <6.0 A, respectively. Vicinal  as described in the Materials and Methods. Mass spectrom-
coupling constants between théN and'H® spins ¢J,n) were etry (Table 1) showed the mass of tH&l-labeled domain
estimated using a DQF-COSY experiment. The distance to have increased in size by 188 Da, corresponding to the
between the two peaks in each cross-section yields theaddition of a single lipoyl group. Reductive acetylation of
approximate 3J, coupling constants. Estimates of the the lipoylated domain (E2plig°) was achieved by addition
backbonep were made by reference to a Karplus curdé) ( of a catalytic amount of E1p and pyruvate, as described in
Using a combination of the NOESY, a short mixing time the Materials and Methods. Mass spectrometry (Table 1)
TOCSY and a 2D version of the HNHB experime#db), showed the only major protein species present to have a mass
the most populateg; rotamer was determined for 12 valine 44 Da higher than that of the lipoylated domain, correspond-
residues and 1@-methylene protons. Slowly exchanging ing to full reductive acetylation.
amides were identified as described above. A total of 39  After the E2plige9 domain had been used for NMR
hydrogen bond donors were included in the final restraint spectroscopy, it was examined again by mass spectrometry.
list. A new species that represented ca. 30% of the total protein

Structures were calculated from the NMR data using the was detected, the molecular mass of which suggests it was
program X-PLOR 46), but with minor modifications to the  the reduced but deacetylated E2plip domain (Table 1). The
files random.inp, sa.inp, and refine.inp from X-PLOR 3.1 lability of the thioester linkage in the reductively acetylated
release (M. Nilges, personal communication). The computa- lipoyl group has been noted previously, most obviously in
tions were performed starting from random initial structures the reductively succinylated lipoyl domain & coli E20
and using “sum” averaging with an® potential @7) for all (7, 8, 48). The present evidence demonstrates thatBhe
atoms. coli E2p domain can be fully reductively acetylated but

General MethodsProtein purification was carried out on indicates that the thioester linkage is slowly hydrolyzed under
a Pharmacia FPLC at 4C and column fractions were the applied conditions.
analyzed by SDSPAGE using the Pharmacia Phastsystem.  NMR Assignment Strateghitially, peaks were assigned
Electrospray mass spectrometry of the various forms of to the E2pligP° domain according to amino acid type from
E2plip was performed as described previougly All protein DQF-COSY, TOCSY, HSQC, and HMQC-TOCSY experi-
concentrations were determined by amino acid analysis,ments at 298 and 307K. Sequential assignments were
kindly performed by Mr. Peter Skerritt of the PNAC Facility, established using through-space connectivities derived from
Department of Biochemistry, University of Cambridge. LpIA  NOESY and HMQC-NOESY spectra at 298 and 307K. The
was purified as described elsewhef@)(and Elp was  HSQC spectra of the E2plif* and E2pliff®edomains were
purified from E. coli cells overexpressing the sub-gene for assigned by comparison with the spectra of the E2{lip
Elp present in the pET11d plasmid (P. A. Reche, unpub- domain. Assignment of significantly shifted peaks was
lished work). confirmed using HMQC-NOESY experiments.

RESULTS Structure Calculations for the E2pf§f Domain An
ensemble of structures of the E2pHpdomain was computed

Preparation of the E2plif#° Domain and lIts Lipoylated  from simulated annealing calculations using 799 intraresidue
(E2plip™°) and Reductiely AcetylatedE2plip®929 Forms and 777 interresidue unambiguous distance restraintg, 31
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Ficure 1: Structure of theéE. coli E2plip*°domain. (a) The backbone trace of an ensemble of 30 structures. (b) Schematic representation
of the E2pligP° domain. The twg3-sheets are shown as blue and green, with the four strands in each sheet labeled sequentially from the
N-terminus. The prominent surface loop linkifestrands 1 and 2 is indicated in orange and the lipoyl-lyghtern in red. (c¢) Comparison

of the N- and C-terminal halves of the domain and the positioning of key hydrophobic core residues. All diagrams were prepared using the
program MOLSCRIPT §8).

v

and 30y, dihedral angle restraints, and 39 hydrogen bond Tapje 2: structural Statistics for the Final Ensemble of 30
assignments. The backbone trace shown in Figure 1 containSstructures for the E2pl#° Domairt

30 structures (those with the lowest energy and no distance

\ - [$AIQnS [SAEIO
violations > 0.5 A) out of a total of 60 structures. —

. . . rmsd deviation from the mean structure

The structure is well-defined apart from the C-terminal for the final ensemble of structures
segment (residues 78 onward), which forms part of the flex- backbone (A)
i i i i i i residues 277 0.633 0.516
ible region that Imks. the lipoyl domain with the other E2_p residues 210; 15-30: 43-77 0200 0382
domains ). Over residues277, the root-mean-square devi- 5 heayy atoms (A)
ation (rmsd) is 0.633 A for the backbone and 1.124 A for  residles 277 1.124 1.021
all heavy atoms for the ensemble of structures. Two regions ~ residues 210;15-39;43-77  0.983 0.811
show a higher rmsd than the majority of the backbone: the ~rmsd g\rom restraints and idealized geometry
prominent surface loop (residues 94) linking A-strands 1 ﬁﬁfd?;?ﬁ&eei ((dZa 9 00.02314&002.8009 8'§8’$
and 2 and the type f$-turn (residues 3942) housing the bonds (&) 0.0022- 0.00006 0.0022
lysine residue that is the target for lipoylation. If these two angles (deg) 0.31% 0.005 0.304
regions are omitted, the rmsds for the backbone and all heavy Iénprczﬁgg?/mol) 506152£ 2'9033 gél729
atoms fall to 0.500 and 0.983 A, respectively. The structures g, s (kcalimol) before minimization —71.7-+ 14 75
have good covalent geometry, as judged by PROCHECK E.-; (kcal/mol) after minimization =~ —266.4+ 9.6 —277.6
(49); for a list of relevant statistics, see Table 2. assessment of backbone quality

Structure of the E2pli##° Domain The structure of this ot g aC_COF?Oi/n)g to the Ramafé‘gagdran plot 63.6
H H H H H HE maost ravorea region (7o . .

native lipoyl domain ofE. coli E2p is very similar to that additionally allowed region (%) 399 318

determined for a hybrid domaii4), with a backbone rmsd a [BAdnsrefers to the statistics for the ensemble &Bdd, refers to
between the two structures of 1.25 A. It has. the fold of a the statistics for the structure closest to the mean coordinates. The rmsd
flattenedg-barrel, composed of twg-sheets with a 2-fold  yajyes were calculated using the UWMN program (Hartshorn et al.,
axis of quasi-symmetry, characteristic of other lipoyl domains 1990-1991, unpublished work). The rmsds from the restraints and
of 2-oxo acid dehydrogenase complex&éd-(19). One (- geometry were_generated by X-PLO#S). The assessment of backbont_e
sheet is composed of strands 1, 3, 6, and 8 and the other Oguallty according to the ramachandran plot was calculated using
strands 2, 4, 5, and 7 (Figure 1b). The N- and C-termini lie ROCHECK"NMR (49).
close in space at one end of the protein, with the typéurn
housing the lipoyl-lysine residue at the other end of the symmetry relating to the N- and C-terminal halves of the
molecule in the secong@-sheet (Figure 1b). Apart from the domain and what constitute the hydrophobic core residues

quasi-symmetry relating thg-sheets, there is also quasi- (Figure 1c).
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Ficure 2: 1H-15N heteronuclear NOE values of the (a) E2plifand (b) E2plip°° domains.l,, represents the intensity of the cross-peak
with the application of the proton saturation giving rise to NOE enhancementiargbresents the intensity in the absence of the NOE.

As noted previously, the structures of the biotinylated p-turn, more specifically residues Gly3%er43, also show
domains ofE. coli acetyl-CoA carboxylase50-53) and a significant difference from those of the majority of the
Propionibacterium shermanitranscarboxylase 58) are polypeptide backbone, suggesting that ghsirn is flexible.
closely similar. The only residue in the surface loop linkifigstrands 1 and

The hydrophobic core residues are generally conserved2 with a hetNOE more negative than that of the majority of
in lipoyl domains and biotinyl domains, consistent with their the backbone is Asp13. Likewise, the hetNOE value for Val2
being critical in the generation of the common fold. Other was also significantly more negative than the average for
conserved residues include several proline and glycine the rest of the backbone, implying that this residue is more
residues responsible for the turns in the structure. Apart from mobile. This could be due to its being the residue where the
the type-IB-turn housing the lipoyl-lysine, there are also four innermost lipoyl domain is joined to the linker region that
type-ll B-turns that give rise to the “hammer-head” motif tethers it to the outer two lipoyl domains.

(Figure 1c) present in each half of the structusé&){ each Analysis of theT; relaxation times indicates that residues
motif contains a conserved glycine residue that initiates a Val2, Asp9, Glyl2, Glul4, Asp40, Lys41 (the target for
type-1l -turn. Another feature common to lipoyl domains lipoylation), Ser43, and Val59 exhibitéld relaxation times

is the presence of an exposed surface loop linjéagrands slightly above the backbond; values (Figure 3a). In

1 and 2, which is present only in one-half of the domain addition, Ala42 (Figure 3a) and the C-terminal tail region
(Figure 1, panels b and c). As in the structures of all other (results not shown) havE, relaxation times far higher than
lipoyl domains determined thus far, this surface loop is the majority of the backbone amide nitrogens. Thealues
relatively poorly defined (Figure 1a) owing to a lack of long- correlate well with thé>N T, relaxation times: residues Val2,
range NOEs from the surface loop to the rest of the protein Asp13, Vall4, Val22, Asp40, Lys41, and Val59 all hag

or to its innate flexibility. values above the majority of the backbone values, especially

Backbone Dynamics of the E2p#hp Domain Analysis for the structured region excluding the C-terminal tail (Figure
of the ensemble of structures for the E2pifpdomain 3b). The backboné®N T, relaxation times of Ala42 and
identified three regions with an rmsd significantly higher than Ser43 and those of the C-terminal tail, are far higher than
that of the majority of the backbone average: the surface the majority (Figure 3b), implying that these residues may
loop linking B-strands 1 and 2 (residues-24), the lipoyl- be more conformationally mobile. The C-terminal tail is
lysine S-turn (residues 3942) and the C-terminal tail  known to form part of the flexible linker that facilitates the
(residue 78 onward). Three major NMR parameters were movement of the lipoyl domain in reaching the three active
investigated on a residue-by-residue basis: the'>N sites of the complex1). The surface loop linking-strands
heteronuclear steady-state NOE enhancements andNhe 1 and 2 was poorly defined in the structure (Figure 1a) owing
spin—lattice (T;) and**N spin—spin (T») relaxation times.  to the lack of long-range NOEs; the relaxation data imply
Each of these parameters is sensitive to internal motions onthat this region may have a degree of flexibility above that

different time scales. Heteronuclear NOE a&iN T, of the backbone. The other region poorly defined in the
relaxation times are sensitive to high frequency (rapid ensemble was the lipoyl-lysing-turn region (Figure 1a).
internal) motion on the picosecond to nanosecon8-10*? The relaxation parameters, especially for Ala42 and Ser43,
s 1) time scale, whereas tHeN T, relaxation time is sensitive ~ were different from those of the general backbone, again
to motions on a millisecond time scale. In additidn,and indicating that this region is flexible.

T, are sensitive to the overall tumbling of the molecule. Effect of Posttranslational Modification on the Structure

The residues in the C-terminal tail show the lowest (most of the E2plip DomainThe changes ifHN and'>N chemical
negative) hetNOE values, confirming the flexibility of this shift that accompanied lipoylation of E2pi§are shown in
region (Figure 2a). The hetNOE values in the lipoyl-lysine Figure 4 (panels a and b). The largest changes occurred in
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a. Apart from residues in the lipoyl-lysing-turn region, all
the hetNOE values remained constant across the backbone

;gg' on lipoylation of E2plig®° (Figure 2b). Those of Gly39 and
600 to a greater extent Asp40, Lys41, Ala42, and Ser43 became
550 less negative and approached the backbone values after
~ 500 lipoylation of the domain, although the hetNOE values of
E 450] Val2 and Asp13 remained below those of the main backbone,
= 400 ] much as in the apo-domain. This suggests that the lipoyl-
350 lysine3-turn region is becoming less flexible on lipoylation.
300 4 The newly formed lipoyl-lysine side-chain amide [L}&N-
250 4 (H)-C(O)-lipoyl; 41KZ] has a hetNOE value—1.04) well
200 below that of the backbone, suggesting that there is motion
b. on the nanosecond to picosecond time scale about the lipoyl-
2504 lysine linkage, but this is still small compared with the
flexible C-terminus, for which the hetNOE values were lower
200 | than—1.3 (Figure 2).
_ The relaxation properties of the E2pk8 domain also
E 150 4 differed from those of the E2pkg° domain (Figure 3). Most
] of the'>N T, relaxation times were not significantly affected,
apart from two residues: Ala42 and Ser43 (Figure 3, panels
1001 a and c). The largest changeTnwas for Ala42, where the
relaxation time dropped from 64# 12 to 533+ 8 ms on
50 lipoylation of E2pligP, thus approaching the values for the
majority of the backbone residues. Thig relaxation time
¢ of 41K¢ was 717+ 9 ms, significantly higher than that of
400 the majority of the backbon®N T, times.
350 . The N T, relaxation times for certain residues also
;?ﬁ'ﬂ;ﬁo 7oA exhibited significant changes on lipoylation of the domain.
300 Residues Lys41 (lipoyl-lysine), Ala42, and Ser43 all under-
—_ o7 A went a large decrease T, becoming closer to the general
E 250 vas| _oaa backboneT, times (Figure 3, panels b and c), with Ser43
B 200 -2 undergoing the largest change (a decrease fromi230ns
L to 185+ 3 ms on lipoylation). Th&; relaxation time of the
150 u‘w g 41K¢ amide was found to be 37& 6 ms, considerably
100 8 5im Peo higher than that observed for the majority of i nuclei
of backbone residues. These decreases in bpthnd T,
955 00 0 =% 265 =05 500 relaxation times for certain residues close to the lipoyl-lysine

suggest that this region of the protein is becoming less
T, (ms) flexible on lipoylation.

FiGURe 3: N relaxation times of the apo- and holo-E2plip As well as confirming that residues in the lipoyl-lysine

domains. E2pligP° () and the E2pliff'® (shaded bars). (dJN T, 3 : :
relaxation times of the E2plig° and E2lifi°'° domains. (b)*°N T, p-tum, especially Ala42 and Ser43, have an associated

relaxation times of the E2plig° and E2lige domains. (c) Plot of ~ decrease in mobility in the holo-domain compared with the
T, versusT,. Key residues are identified in the diagrams. In panel apo-domain, Figure 3c also suggests there was a slight
¢, residues indicated in italics are those of the holo-domain. change in the overall tumbling. The correlation time} (
Relaxation time_shvx(/jefrfe cala:jlafed from the redsonanbcedinte'r\l/lsity fr oM calculated from théy/T ratio (39) for residues considered
experiments witl Ifferent delay times, as described in Materials P . . . .
anz Methods. The error bars we¥e calculated using the Monte Carloto. hgve no .rapld internal motion were vllrtually .Identlcal
method 69). within experimental errory for the E2plig°° domain was
5.65+ 0.54 ns, slightly higher than that for E2pi#p(5.49

) ] } ] + 0.51 ns). Moreover, the oscillation of both the apo- and
the region of the lipoyl-lysing-turn, most notably residues  holo-domain 15N T, times confirms that the molecule is
Gly39, Glu40, Lys41, Ala42, Ser43, and Met44; the largest indeed ellipsoidal in shape.

effective change ifHN chemical shift was that for residue

Lys41 (~0.298 ppm) and in thé*N shift that for Ser43 E2plip Domain For the most part, the H/D exchange rate
(—2.488 ppm). Residues in the surface loop linkiRgtrands ot ‘hackhone amide protons thought to be involved in
1 {ind 2, plus residues ifi-strand 2 and residues in and hydrogen bonds did not appear to undergo any change on
adjacent tof-strand 7 (even though the surface loop and |ipoylation of the E2plig® domain. Quantitative analysis
p-strand 2 lie between it and the lipoyl-lysine), also revealed that the backbone amide protons of four residues
underwent significant changes in chemical shift. However, exchanged at a slower rate in the E2flfbdomain: Vall5,
these changes were much smaller than those in the lipoyl-Glu16, Glu38, and Val46 (Figure 5). Vall5 and Glul6 lie
lysine region. All the affected residues are close in space toin 8-strand 2 and Glu38 and Val46 in tfestrands 4 and 5,

the lipoyl-lysine side chain (Figure 1b). respectively, which form the lipoyl-lysing-turn (Figure

Effect of Lipoylation on the D Exchange Rates of the
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Ficure 4: Chemical shift changes for the backbon® &hd N. Subtraction of the (a)"Hand (b) N E2lig°° chemical shifts from the
E2plip™ chemical shifts; subtraction of the (cNHind (d) N E2lifedacchemical shifts from the E2plig° chemical shifts; subtraction of
the (e) H' and (f) N E2lipgedacchemical shifts from the E2pl#p° chemical shifts.

1b). Nearby residues did not undergo any significant changehydrogen bond with the carbonyl groups of Val65 and Ile35,
in H/D exchange (Figure 5). The amide protons of Glul6 respectively. The lipoyl-lysine side-chain amide proton was
and Glu38 are part of a cross-strand hydrogen bond pair;in fast exchange and is thus not involved in any hydrogen

the amide protons of Vall5 and Glu46 are involved in a bond (data not shown).
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FicURe 5: The H/D exchange rates of backbone amide protons for the EZjdipmain (<) and E2plii°® domain §). H/D exchange

rates for residues in (g§-strand 2 (Vall5, Glul6, Vall8, and Glul9), (Bstrand 4 (Thr36, Val37, and Glu38), afiestrand 5 (Val46).

The rates were calculated by taking the log of the intensity of the cross-peaks from HSQC spectra recorded at various times after dissolving
the lyophilized domain irfH,0.

The decrease in H/D exchange rates of residues indecrease in flexibility within the lipoyl-lysing-turn region
secondary structure elements can be correlated with theindicated by the decreased relaxation times and the less



8456 Biochemistry, Vol. 39, No. 29, 2000 Jones et al.

1]2_ T T 7T | L | I I B | @I IC-I‘é] | I B |ﬁl %'I | |

114 - (o

00
3

16 = o ISV@D%G)

42A

&' N (ppm)

124 — E%D ]
B @m' % or O ]

L & @O o i
126 _— @) o —:
i & S © ]
5 o 12G O 'a) |
"o & i
128 I o = ]
- S O |
11G
130 1 1 1 | | | | 1 1 | 'T 1 | | ID 1 1 OI | | 1 1 0I | | | | |
9.5 9.0 8.5 8.0 7.5 7.0 6.5
& 'H (ppm)

Ficure 6: Comparison of the HSQC spectra of the EZpldred) and E2plifsdac(green) domains. Residues whose cross-peaks are considered
to have undergone a significant change in chemical shift are indicated. EZplims generated from E2plitP as described in Materials

and Methods. 41K represents the side-chain lipoyl-lysine linkage [X§is{H)-C(O)-lip]. Cross-peaks associated with Asp13 and Thr36
have been magnified in the inset, with the blue cross-peaks representing those of the*&miiain. All spectra were recorded at 298

K and pH 6.85.

negative hetNOE values that accompanied lipoylation (Fig- approximately 24 h after the spectrum shown in Figure 6
ures 2 and 3). If5-strands 4 and 5 become less flexible on showed extra cross-peaks not present in the initial HSQC
lipoylation, hydrogen bonds ip-strands 4 and 5 and the spectrum (data not shown). It is likely that these extra
adjacenis-strand 2 might be stronger than in the E2§itp  resonances correspond to the deacetylated component.
form, consistent with a higher rate of H/D exchange. Another  Quantitative analysis of the changes in chemical shift
explanation might be that the lipoyl group is shielding the accompanying reductive acetylation of the E2jslfmlomain
amide protons from the solvent, but this would require the revealed that the largest changes occurred in and around the
lipoyl group to have a fixed orientation in the holo-domain. lipoyl-lysine g-turn (Figure 4, panels ¢ and d). The largest
Reductie Acetylation of the E2plif° Domain Reductive changes in the Mand>N chemical shifts were associated
acetylation of the E2pli{§'° domain with a catalytic amount  with Ser43. Surprisingly, the change in chemical shift of the
of Elp in the presence of pyruvate caused major changes tcamide in the lipoyl-lysine side chain (4ZKn Figure 6) was
the HSQC spectrum (Figure 6). The attachment of the acetylnot as big as those for the backbone amides of the lipoyl-
group to 8 and formation of the thiol group att $HS-lip- lysine S-turn region, even though it is the closest in terms
S—C(0)-CH;] (55) not only led to substantial changes in of covalent structure to the reductively acetylated lipoyl
chemical shift but also to multiple resonances appearing for group.
certain residues, most notably for residues in the lipoyl-lysine  The chemical shifts for the E2pHfp and E2pliprdac
B-turn. At least three cross-peaks can be resolved for Asp40,domains are more similar to each other than to the Elip
Ala42, and Ser43, with many more residues showing double spectrum. The changes in chemical shift of the residues in
peaks (Figure 6). It was noted above that the acetyl-lipoyl the lipoyl-lysine g-turn region are smaller between the
thioester bond is unstable. An HSQC spectrum recorded E2plip®° and E2pliff?domains (Figure 4, panels e and f)
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Ficure 7: Speculative model for the positioning of the lipoyl group. (a) A freely rotating lipoyl group; (b and c) a lipoyl group with
restricted mobility, close in space to the prominent surface loop. The lipoyl-lysine turn befastesnds 4 and 5 is shown in red, the
surface loop betweefi-strands 1 and 2 in orange. The R-lipoate was attached to the domain using the progi@naq (structures were
drawn using MOLSCRIPTHS).
than those observed when either domain is compared withdomain (4), being composed of two four-strandgeheets
the E2plig°° domain (Figure 4, panels-al). Moreover, the  with the lipoyl-lysine present at the tip of a type3turn
cross-peaks show a progressive movement from the E?plip  (Figure 1b). The NMR relaxation studies reveal that two
to the E2pligP°spectrum via that of the E2pli§acform (see regions within the structure have greater flexibility than the
Figure 6, Thr36 inset). The only exceptions to this are Gly39 majority of the backbone (Figures 2 and 3): the lipoyl-lysine
and the residues in the surface loop linkjfigtrands 1 and  S-turn and, to a lesser extent, the surface loop linking
2. Some of the changes in chemical shift are larger and theg-strands 1 and 2. The C-terminal tail, which forms part of
progression between spectra observed for the other residuethe interdomain linker in the E2p chain, is also flexible, as
is not present (Figure 6, Asp13 inset). expected.
Lipoylation of the E2pligP°domain results in only minor

DISCUSSION changes to the overall structure of the domain, but the

It has generally been thought that the lipoyl group attached relaxation data suggest that the lipoyl-lyspivurn becomes
to the lipoyl domain of the E2p polypeptide is freely less flexible. This is supported by the stabilizing/shielding
swinging as part of the lipoyl-lysine side chain. Such of several hydrogen bonds jftstrands 4 and 5, and the
conclusions were based on spin-labeling experime2s (  adjacen{-strand 2. The relaxation and hetNOE values for
27) and simple chemical shift analysis of NMR spec®28,( the side-chain lipoyl-lysine amide suggest that there is a
29). More detailed analysis of the spin-labeling experiments degree of flexibility about that amide but not to the extent
indicated that a fraction of the lipoyl groups had a different where it is freely swinging. Taken together, these results
correlation time from the bulk, suggesting that these lipoyl suggest interaction between the lipoyl group and the protein
groups might be immobilizedg). However, it was recog-  that restricts its motion, though not necessarily imposing
nized that the derivatization of the lipoyl group with the complete immobilization.
nitroxide spin label might have induced differences from the  From the chemical shift data, the most likely point of
native state. contact between the lipoyl group and the protein surface can

More recently, the crystal structure of the pea leaf be tentatively identified. When the domain was lipoylated,
H-protein has indicated that the lipoyl group is localized by the largest changes in chemical shift occurred in the lipoyl-
contact with a region of the protein equivalent to the surface lysine -turn region, more ing-strand 5 tharg-strand 4
loop linking 5-strands 1 and 2 of the 2-oxo acid dehydro- (Figure 4, panels a and b). The next largest effects were
genase lipoyl domains2@, 23). NMR studies on the pea associated with the surface loop betwgkestrands 1 and 2
leaf H-protein have confirmed the original X-ray findings and the preceding-strand 2, which lie close in space to the
and revealed that the lipoyl-lysingturn and the contact lipoyl-lysine. To a lesser extent, residues in and either side
region become less flexible upon lipoylatio25. The of g-strand 7 were also affected (Figure 4). Figure 7 shows
structure of the reductively aminomethylated (substrate- a model for the location of the lipoyl-lysine side chain. Rather
loaded) form of the H-protein showed that the chemically than being freely swinging (Figure 7a), the lipoyl group has
charged lipoyl group undergoes a large conformational a preferred orientation, pointing toward the surface loop
change and becomes tucked into a nearby surface cleft orlinking g-strands 1 and 2 (Figure 7, panels b and c).
the protein, protecting the labile aminomethyl gro@g, @5). Restricting the movement of the lipoyl group would make

The structure of the wild-typ&. coli E2plip**° domain good sense from the perspective of substrate channeling. For
closely resembles that of the previously determined hybrid efficient reductive acetylation by the partner E1 to occur,
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the lipoyl group must be attached to the lipoyl domain (  SUPPORTING INFORMATION AVAILABLE
6-8). Thus, E1 has to recognize the protein component
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