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600 MHz ‘H-NMR spectroscopy demonstrates that the pyruvate dehydrogenase complex of Azofobacter vinelandii con- 
tains regions of the polypeptide chain with intramolecular mobility. This mobility is located in the E2 component and 
can probably be ascribed to alanine-proline-rich regions that link the lipoyl subdomains to each other as well as to the 
E, and E3 binding domain. In the catalytic domain of E2, which is thought to form a compact, rigid core, also conforma- 
tional flexibility is observed. It is conceivable that the N-terminal region of the catalytic domain, which contains many 
alanine residues, is responsible for the observed mobility. In the low-field region of the ‘H-NMR spectrum of E2 specific 
resonances are found, which can be ascribed to mobile phenylalanine, histidine and/or tyrosine residues which are located 
in the E, and E3 binding domain that links the lipoyl domain to the catalytic domain. In the ‘H-NMR spectrum of the 
intact complex, these resonances cannot be observed, indicating a decreased mobility of the E, and E3 binding domain. 

Dihydrolipoyl transacetylase; Pyruvate dehydrogenase complex; ‘H-NMR spectroscopy; Mobility; (Azotobacter vinelandii) 

1. INTRODUCTION 

The pyruvate dehydrogenase complex catalyzes 
the following reaction: 

Pyruvate + CoA + NAD+ - AcetylCoA + COa + NADH + H+ 

It is composed of multiple copies of three enzymes: 
pyruvate dehydrogenase (El), dihydrolipoyl 
transacetylase (Ez) and lipoamide dehydrogenase 
(E3). The Ez component forms a structural core to 
which El and E3 components are bound non- 
covalently. During catalysis the substrate is carried 
in a thioester linkage by lipoyl-lysine residues that 
are part of the Ez component and act as ‘swinging 
arms’ while transferring the substrates, acetyl 
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groups and reduction equivalents, between the ac- 
tive sites of the different components [l]. 

The domain structure of Ez has been examined 
by limited proteolysis [2]. After digestion of E2 
with trypsin a lipoyl domain and a catalytic domain 
are obtained. The lipoyl domain carries the lipoyl 
groups. The catalytic domain possesses the trans- 
acetylase active site and the E2 intersubunit- 
binding sites, showing the same 24-merit structure 
as intact E2 [3]. The Er- and E3-binding sites are 
lost during proteolysis. They are thought to be 
located on a -t 6 kDa region that links the catalytic 
domain to the lipoyl domain. 

The gene encoding EZ of the pyruvate dehydro- 
genase complex of Azotobacter vinelandii has been 
cloned and sequenced [4]. From the amino acid se- 
quence derived from the DNA sequence it is shown 
that the lipoyl domain accounts for the N-terminal 
half of the polypeptide chain and comprises three 
highly homologous structures, each carrying a 
potential lipoyl-binding site. In Escherichia coli it 
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is shown that these repeats exist as three indepen- 
dent folded entities that retain their function as 
substrate for reductive acetylation by the Et com- 
ponent [5]. They are linked to each other and to the 
Ei- and E3-binding domain ‘by means of regions 
( f 20-30 residues) that are very rich in analine and 
proline residues [4,6]. 

The active sites of the different components are 
at least 4 nm apart in the complex, too far away for 
a single lipoyl-lysine group [7,8]. Therefore it has 
been suggested that the lipoyl domain might be suf- 
ficiently flexible to facilitate movement of the 
lipoyl group between the different active sites. 
Strong evidence in favor of the existence of confor- 
mationally flexible regions in 2-oxoacid dehydro- 
genase complexes from E. coli [9,10], Bacillus 
staerothermophik [ 11,121 and ox heart [ 131 was 
obtained by using ‘H-NMR spectroscopy. Unusual 
sharp resonances in the 270 and 400 MHz ‘H-NMR 
spectra of the intact complexes are thought to 
originate from alanine-proline-rich regions in the 
EZ chains. In E. coli it has been suggested that the 
mobility of these regions is responsible for the in- 
dependent mobility of the three lipoyl subdomains 
[14,15]. Mobility of the lipoyl domain has also 
been detected by time-resolved fluorescence spec- 
troscopy [16]. After labelling of the lipoyl groups 
of Ez from A. vinelandii with a fluorophore, 
mobility is observed of the labelled lipoyl group, of 
the lipoyl domain and of the whole complex. No in- 
dependent mobility of the three lipoyl subdomains 
has been observed. 

After cloning in E. coli, a high expression of the 
gene encoding EZ was obtained [17]. Both E2 and 
the catalytic domain, obtained by limited proteo- 
lysis, showed to be soluble at high protein concen- 
trations and were used in 600 MHz ‘H-NMR ex- 
periments. 

2. MATERIALS AND METHODS 

2.1. Materials 
Tosylphenylalanylchloromethane-treated trypsin was obtain- 

ed from Worthington and phenylmethylsulfonyl fluoride was 
from Sigma. Deuterium oxide (99.8%) was purchased from 
Ega-chemie. 

2.2. Isolation of fhe proteins 
The pyruvate dehydrogenase complex was isolated from 

Azotobacter vinefandii as described by Bosma et al. [18]. The 
2-oxoglutarate dehydrogenase complex was isolated from A. 
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vinelandii as described in [ 191. The Ez component of the A. 
vinelandii pyruvate dehydrogenase complex was isolated from 
Escherichia co/i, in which the gene encoding A. vinelandii EZ 
was cloned [17]. The catalytic domain, obtained by limited pro- 
teolysis of A. vinelandii Ez with trypsin, was isolated by gel 
chromatography, using FPLC equipped with a Superose 6 
K26/70 column (Pharmacia), and concentrated by ultra- 
filtration using an Amicon YM-100 membrane. 

2.3. ‘H-NMR spectroscopy 
Protein samples for ‘H-NMR spectroscopy (in standard buf- 

fer: 50 mM potassium phosphate, pH 7.0, containing 0.1 mM 
EDTA and 0.1 mM phenylmethylsulfonyl fluoride) were con- 
centrated to about 0.5-1.0 mM. ‘Hz0 was added to a final con- 
centration of 10% (v/v). ‘H-NMR spectra were obtained at 600 
MHz with a Bruker AM-600 spectrometer using a 16.7 kHz 
spectral width, 30” pulses and a repetition time of 1 s. 8K data 
points were used. Quadrature detection and quadrature phase 
cycling were used. Chemical shifts are relative to trimethyl- 
silylpropionate (TSP). Wilmad 5 mm NMR-tubes were used. 
The solvent resonance irradiation (18 dB attenuation from 0.2 
W) was applied at all times, except during data acquisition. The 
transmitter frequency was placed exactly at the waterresonance. 
The sample temperature was 23°C. The NMR data were trans- 
ferred to a MicroVAX II and evaluated with (modified) soft- 
ware, kindly given to us by Dr R. Boelens. The FIDs were zero- 
filled once before Fourier transformation (without any window 
function). The resulting frequency spectrum was manipulated 
by a fourth order polynome for baseline correction. 

2.4. Other techniques 
Protein concentrations were measured according to Lowry et 

al. [20]. A stock solution of 1 M phenylmethylsulfonyl fluoride 
was prepared in C’HjO’H and diluted lOO-fold in standard 
buffer. 

3. RESULTS AND DISCUSSION 

3.1. High-field resonances 
In ‘H-NMR spectra of large protein complexes 

(MDa) in general no distinct resonances can be 
observed; the calculated linewidth of a methylene 
proton resonance is in the range of kHz. However, 
in the 600 MHz spectrum of the pyruvate dehydro- 
genase complex (fig.lA), superimposed on the ex- 
pected broad component in the spectrum, many 
sharp resonances are observed (linewidth in the 
range of lo-100 Hz). These resonances must arise 
from a region or regions of the polypeptide chain 
having substantial mobility. The major sharp 
resonance occurs at 1.39 ppm which, on the basis 
of the chemical shift, can be ascribed to the methyl 
side chains of alanine residues. In the intact 
pyruvate dehydrogenase complex of E. coli a 
similar sharp resonance has been found [9, lo]. It 
was ascribed to the three alanine-proline-rich 
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Fig.1. 600 MHz ‘H-NMR spectra of the pyruvate dehydrogenase complex, the EZ component, the catalytic domain and the 
2-oxoglutarate dehydrogenase complex from A. vinelandii. (A) Pyruvate dehydrogenase complex, 34 mg/ml (= 159 /rM Ez); (B) Ez 
component of the pyruvate dehydrogenase complex, 43.6 mg/ml (= 770 pM Ez); (C) catalytic domain of Ez, 23.7 mg/ml (= 862 FM); 

(D) 2-oxoglutarate dehydrogenase complex, 66.7 mg/ml (= 550 /IM Ez). The sharp resonances marked E are from ethanol. 

regions (20-30 residues each) of the Et component, 
located at the links between the lipoyl subdomains 
and between the lipoyl domain and the El- and 
Es-binding domain. In contrast to experiments 
with the E. coli complex [9], we were able to isolate 
EZ and concentrate it up to 1 mM, without aggrega- 
tion of the protein. Indeed, the 600 MHz ‘H- 
spectrum of E2 (fig.lB) showed similar sharp 
resonances, which is direct evidence that the mobile 
regions are located on the Ez chain. Also many 
sharp resonances were found between 1.5 and 2.5 
ppm, which can partly be ascribed to mobile pro- 
line residues present in the same regions. In the 
high-field spectrum of OGDC (fig.lD), a similar 
pattern of sharp resonances is observed, suggesting 
a similar mobile region, probably an alanine- 
proline-rich region which has been found in the E2 
sequence of A. vinelandii OGDC, located between 
its single lipoyl domain and the proposed El- and 
EJ-binding domain (unpublished). 

Two additional resonances of ethanoI can be 
observed, which are due to a contamination. The 
concentration of ethanol is estimated to be around 
5-10 mM. 

Our results are in agreement with the proposal 
that the conformational mobility can be ascribed to 
the alanine-proline-rich regions, which is confirm- 
ed by experiments with genetic engineered E. coli 
complexes, in which mutations or deletions have 
been introduced in the alanine-proline-rich regions 
[14,15]. A further confirmation came from ex- 
periments using a synthetic alanine-proline-rich 
polypeptide, representing one of these regions in E. 
coli E2 [21]. 

From the NMR experiments on the E. coli com- 
plex it has been suggested that the presence of the 
highly mobile alanine-proline sequences gives an 
independent conformational mobility to the three 
repeating subdomains in the lipoyl domain [ 14,151. 
However, no sharp resonances of the subdomains 
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(+ 8 kDa) are observed in the spectra of the whole 
complex. Similar results have been obtained from 
NMR spectra of OCiDc of Bacillus staerother- 
mophilus [ 121. This complex contains only one 
lipoyl domain per EZ chain. This lipoyl domain 
contains one tryptophan, one tyrosine and four 
phenylalanine residues. Since no aromatic proton 
resonances of the lipoyl domain were visible in the 
spectrum of the intact complex, it has been sug- 
gested that the lipoyl domain is not free to move 
rapidly, but must spend a major part of the time 
bound to one of the other components of the com- 
plex. Thus, a mobile alanine-proline region can be 
observed without the corresponding mobility of the 
lipoyl domain. In the spectra of A. vinelandii PDC, 
OGDC or Ez no indications for a small, mobile 
lipoyl subdomain are found. This is in agreement 
with results obtained from fluorescence anisotropy 
experiments in which mobility of the single lipoyl- 
label group, the whole complex and the whole 
lipoyl domain (32 kDa) was found, but no mobility 
of a lipoyl subdomain (9 kDa) could be observed. 
Obviously, using ‘H-NMR spectroscopy, no con- 
clusions can be drawn about mobility of the lipoyl 
subdomains, when only mobility of the alanine- 
proline-rich region is observed. 

3.2. Low-field resonances in EZ 
In the aromatic region of the EZ spectrum 

(fig.lB), two specific sharp resonances (7.1 and 
7.3 ppm) are observed which are not present in the 
spectrum of PDC (fig. 1A) or in that of the catalytic 
domain (fig.IC). The intensity of these residues is 
about 3% of the alanine methyl resonance, which 
indicates that they can be assigned to either one or 
two aromatic residues, i.e. to phenylalanine, 
histidine or tyrosine. These amino acid residues are 
not present in the lipoyl domain of EZ (fig.2) [4]. 
Most of the arqmatic amino acid residues are 
located in the catalytic domain but obviously not in 
a mobile region since in the spectrum of the 
catalytic domain no sharp resonances are observed 
which can be ascribed to these residues, although 
sharp resonances are present at low field (fig.lC). 
However, both a histidine, a phenylalanine and a 
tyrosine residue are present in the region located 
between the lipoyl and the catalytic domain, 
possessing the Ei- and E3-binding sites. Obviously, 
this region possesses conformational mobility. This 
is in agreement with previous results from fluores- 
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cence anisotropy of FAD in free and bound E3. 
After binding of E3 to the Ez-core almost no 
change in rotational correlation coefficient was 
observed, from which it was suggested that the 
binding region should possess mobility [22]. 

No sharp resonances of residues from this region 
are observed in the spectrum of the whole complex. 
Obviously after binding of the large El dimer 
(200 kDa) and E3 dimer (100 kDa), the mobility of 
this region in Ez diminishes to an extent which can- 
not be observed anymore as a sharp resonance by 
‘H-NMR spectroscopy. In E. coli MNR spectra, 
mobility of residues in this region has never been 
observed since EZ of E. coli PDC aggregates at the 
high protein concentrations needed for NMR ex- 
periments [9]. 

3.3. Mobility in the catalytic domain 
The catalytic domain is thought to form a com- 

pact rigid core (OS-O.6 kDa) [2]. However, also in 
the spectrum of this domain sharp resonances are 
observed (fig.lC). The most prominent, sharp 
resonance is at 1.39 ppm; the methyl resonance of 
alanine residues. The linewidth of this peak is less 
than that observed in the spectra of PDC, E2 and 
OGDC. Its intensity, however, is much less than in 
the other spectra. A second sharp resonance is 
found very close to it at 1.50 ppm. This resonance 
cannot be observed in PDC and OGDC. Probably 
both resonances can be attributed to a region rich 
in alanine residues located at the N-terminus of the 
catalytic domain. In the spectrum of E2 it is partly 
masked by the large resonance at 1.39 ppm. Prob- 
ably the alanine residues, located at the N-terminus 
of the catalytic domain, become more mobile when 
the N-terminal half of the E2 chain is excised after 
proteolysis, or they can partly change to a some- 
what different environment. In Ez and the catalytic 
domain, the environment can differ from that in 
the whole complex, since no El- and E3 com- 
ponents are bound, and the uncomplexed-binding 
domain possesses mobility. A mobile region in the 
catalytic domain has also been observed in E. coli 
PDC. A sharp resonance at 1.52 ppm was observed 
which was not present in the whole complex. It was 
ascribed to a very small alanine-rich region at the 
N-terminus of the catalytic domain. In the spec- 
trum of the catalytic domain of OGDC E2 from 
Bacillus staerothermophilus [ 121 a small resonance 
at 1.36 ppm was observed, but was ascribed (may- 
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Fig.2. Primary structure of the EZ chain of the pyruvate dehydrogenase complex from A. vinelandii. The proposed lipoyl-binding sites 
are indicated by (0). The alanine-proline-rich regions are underlined. lip, lipoyl domain; cat, catalytic domain. 

be by the lack of the amino acid sequence) to a non- 
protein contaminant. Recently a part of the amino 
acid sequence of this protein has been published 
and a small alanine-rich region is shown at the N- 
terminus of the catalytic domain 1231. 

The spectrum of the catalytic domain of Ez from 
A. vinelandii shows sharper resonances than those 
found in the spectra of PDC and EL This can prob- 
ably be explained by the smaller region that is 
mobile. Although a limited amount of sharp 
resonances is present in the spectrum of the 
catalytic domain, these resonances cannot ex- 
clusively be ascribed to alanine residues. In addi- 
tion to the 1.39 ppm and the 1.50 ppm resonances 
in the high-field region (O-4.5 ppm), some 
resonances are observed which can probably be 
ascribed to amino acid residues present in the N- 
terminal region of the catalytic domain (e.g. pro- 
lines, lysine and isoleucines). Also in the low-field 
region (7.5-8.5 ppm), a few resonances are ob- 
served which can probably be ascribed to 
resonances from amide protons that are protected 
from water, suggesting that part of the mobile 
region has a folded structure [24]. The resonance at 
7.45 ppm can be ascribed to phenylmethylsulfonyl 
fluoride, which is added during isolation of the 
catalytic domain. 
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