Rapid Communication

J. Biochem. 123, 564-567 (1998)

Guanidine Hydrochloride-Induced Changes of the E2 Inner Core of the
Bacillus stearothermophilus Pyruvate Dehydrogenase Complex!

Yasuaki Hiromasa,* Yoichi Aso,"? Kouta Mayanagi,' Yorinao Inoue,’ Tetsuro Fujisawa,*
Kohji Meno,! and Tatzuo Ueki*

* Structural Biophysics Laboratory, The Institute of Physical and Chemical Research (RIKEN), Sayo-gun, Hyogo
679-5143; tLaboratory of Protein Chemistry and Engineering, Kyushu University, Fukuoka, Fukuoka 812-8581;
and tPhotosynthesis Laboratory, RIKEN, Weko, Saitama 351-0198

Received for publication, October 31, 1997

The limited proteolysis of the Bacillus stearothermophilus pyruvate dehydrogenase
complex by V8 protease yields its core structure solely composed of lipoate acetyltransfer-
ase (E2) fragments. The changes in the core with guanidine hydrochloride (GdnHCIl) were
biphasic: below 0.8 M (first) and above 1.0 M (second) GAnHCl. The changes in the first
phase were slight but significant: decreases in ellipticity and light scattering, and an
increase in E2 activity. Insignificant changes in the molecular shape and size of the.core
were detected on fluorescence spectroscopy, ultracentrifugation, gel filtration, and electron
microscopy. On the other hand, the changes in the second phase were drastic; the core was
disassembled and denatured.
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A variety of enzyme assemblies are present in a living cell.
Even some enzymes isolated in vitro are considered to be
assembled in vivo (I). We have been interested in the
stabilizing mechanism of a large-scale assembly of poly-
peptides. Information available for elucidating the mecha-
nism is limited, compared with the elegant theories for a
monomeric enzyme based on the well-documented relation-
ship between structure and function. Discussion of the
stability of an oligomeric enzyme 1is not straightforward,
because numerous reactions involved in its structural
changes should be taken into account; e.g. inactivation/
reactivation, dissociation/reassociation, unfolding/refold-
ing, reconstitution, and aggregation (2). It is difficult to
distinguish clearly between two of these reactions, and an
increase in the number of components might complicate the
discussion further. However, we insufficiently understand
even events during and after the disintegration of a large
complex of proteins. The pyruvate dehydrogenase complex
(PDC) from Bacillus stearothermophilus is a multienzyme
complex comprising pyruvate decarboxylase [EC 1.2.4.1)]
(E1), lipoate acetyltransferase [(EC 2.3.1.12] (E2), and
dihydrolipoamide dehydrogenase [EC 1.6.4.3] (E3); these
components facilitate the acetyl transfer from pyruvate to
CoA (3, 4). Sixty E2 polypeptides are non-covalently
assembled to form the core structure of PDC (E2 core), and
many E1 and E3 polypeptides are non-covalently attached
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to the E2 core; the sedimentation coefficient and molecular
size of PDC have been estimated to be 74S and 7-10 MDa,
respectively (5, 6). The interactions between component
polypeptides isolated from PDC or overexpressed in
Escherichia coli have been extensively investigated (7-
11), but only limited data on changes in the entire structure
of PDC have been reported. We have examined temper-
ature-, KI-, and guanidine hydrochloride (GdnHCl)-in-
duced changes in PDC, and one of our speculations is that
such disturbances at low levels reduce the molecular size of
PDC without the dissociation of its components (12-15). It
has been reported that limited proteolysis of PDC releases
the lipoyl and E1-E3 binding domains from an E2 polypep-
tide, yielding an assembly composed of 60 identical E2
fragments: the E2 inner core (E2ic) (16-20). Although the
structure of E2ic is fairly simple compared to that of PDC,
the stability of E2ic might contribute to that of PDC. The
results of studies on the disintegration of E2ic, therefore,
are expected to be informative. With this view, this study
was undertaken to examine the changes of E2ic in the
presence of GdnHC] (21).

Unless otherwise noted, 25 mM potassium phosphate
buffer (pH 7) containing 0.1 M NaCl was used and is
referred to as buffer A. PDC was purified from B. stearo-
thermophilus NCA 1503 (6). E2ic was prepared by the
method of Packman et al. with minor modifications (18). A
PDC solution (2 mi, 6.58 mg/ml) was dialyzed at 4°C for 12
h against 12 mM sodium phosphate buffer (pH 7) contain-
ing 0.7 mM EDTA, mixed with 0.1 ml of the phosphate
buffer containing 0.1 mg of Staphylococcus aureus V8
protease (Sigma Chemical, Tokyo), and then incubated at
30°C for 12 h. The resulting precipitate was collected by
centrifugation, washed twice with 0.4 ml of the phosphate
buffer, dissolved in buffer A, and then centrifuged. The
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resulting supernatant contained 2.73 mg of E2ic. On
SDS-PAGE, the apparent molecular size of the component
polypeptide of E2ic was confirmed to be 28 kDa, as previ-
ously reported (I18); trace amounts of E1 and E3 were
detected in the preparation. The gel filtration chromatogra-
phy of E2ic resulted in its elution as a single protein peak
(Fig. 3A), and an open pentagonal dodecahedron of 23 nm in
diameter was detected on electron microscopy (Fig. 3B);
the geometrical shape was similar to that of the 33S-core
prepared from PDC by tryptic digestion (16). The analyti-
cal ultracentrifugation of E2ic was performed at 25,000
rpm and 20°C by the sedimentation velocity method with a
Beckman XL-A analytical ultracentrifuge and an An-60 Ti
rotor. The boundary profiles in 1.2-cm double sector cells
were monitored at 240 and 280 nm during ultracentrifuga-
tion and subsequently analyzed with the Beckman
XLAVEL program. The sedimentation coefficient value of
E2ic was independent of the protein concentration between
0.1 and 1.8 mg/ml, and S, was evaluated to be 308S. It
has been reported that E2ic (5.6 mg/ml) is sedimented as a
predominant peak at 27S, and that a minor peak at 408 is
also detected for some preparations (18). We did not detect
such a minor peak and thus used this preparation as intact
E2ic.

Preliminarily, we monitored the Trp-fluorescence and
light-scattering intensities of E2ic during incubation at
30°C for several hours. Within 5 h, both the intensities
decreased notably in the presence of a high concentration of
GdnHCI. Such changes were detected even in the absence of
GdnHC], although the decreases were far less than those in
the presence of GdnHCI. Upon measurement at 30°C after
incubation at 4°C, such spontaneous changes were not
detected, but it took several days until the GdnHCl-induced
spectroscopic changes settled down. The spontaneous
changes remain unexplained. The incubation, therefore,
was performed at 4°C for 120 h in the presence or absence
of GdnHC], and subsequent measurements were performed
at 20-30°C; little changes were detected during the mea-
surements. As described below, the spectroscopic changes
were drastic in the presence of GdnHCI at around 1.0 M,
while the changes were slight below this concentration.
Therefore, we divided the concentration range of GdnHCI
tentatively into the G-I and G-II ranges, i.e. between 0.1
and 0.8 M, and 1.1 and 2.0 M, respectively. As shown in
Fig. 1, the far-UV CD spectra in the G-I and G-II ranges
were steeper and shallower, respectively, than those of
intact E2ic; the ellipticity at 222 nm decreased, but in-
creased in G-I and G-II, respectively. As shown in Fig. 2A,
upon excitation at 295 nm, the emission maximum of E2ic
was 333 nm in the absence of GdnHCl and in the G-I range,
but shifted to 350 nm in G-II; the fluorescence spectrum in
the presence of 2M GdnHCl was similar to that of N-
acetyl-L-tryptophanamide. The fluorescence intensity at
330 nm increased slightly in G-I, but notably decreased in
G-II. Trp-21 and Trp-355 are in an E2 polypeptide, and
only the latter residue remains putatively in E2ic after
limited proteolysis by V8 protease (19, 20). It was, there-
fore, speculated that Trp-355 is fully exposed to the solvent
in G-II. The apparent midpoints of the conformational
transition judged from changes in CD and fluorescence
spectra were 1.4 and 1.0 M GdnHCI, respectively. These
results suggested that an E2 polypeptide is unfolded in G-II
and that the structure in the vicinity of Trp is relatively
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fragile. Light scattering is a sensitive and convenient
measure reflecting changes in the entire molecular size of
E2ic, because E2ic is much larger than a common oligo-
meric protein. As shown in Fig. 2B, the light scattering

intensity decreased in both G-I and G-II, and the decrease

at around 1.0 M GdnHCI was drastic. Upon incubation with
1.5 M GdnHCI, the core structure could not be visualized on
electron microscopy, and the sedimentation coefficient in
the presence of 2.0 M GdnHC] was estimated to be 3.2S.
These results suggested that E2ic is dissociated in the G-II
range being unfolded. The decrease in light scattering in G-I
implied that the molecular size of E2ic also decreases in this
range with increasing concentrations of GAnHCI. As shown
in Fig. 2B, in G-I, the E2 activity increased to 130% of the
original value, while E2ic was inactivated in G-II. Since we
measured the activity using a GdnHCl-free substrate
solution, GdnHC] is rapidly diluted 1:48 upon the assay
(see the legend to Fig. 2). The increase in activity, there-
fore, might occur in the presence of GdnHCI or during
dilution. The removal of GdnHCI by dialysis could never
restore the activity lost in G-II. Recently, Allen and
Perham expressed the catalytic domain (starting from
Ala-173) of E2 in E. coli, and obtained an icosahedral
60-mer assembly of the domains (23). They reported that
the assembly completely dissociated and inactivated in the
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Fig. 1. Changes in the far-UV CD spectrum. Buffer A (0.95 ml)
containing GdnHC} was mixed with 0.05 ml of 1.82 mg/ml E2ic,
followed by incubation for 120 h at 4°C. The CD spectrum between
210 and 250 nm was monitored at 25°C with a Jasco J-720 spectro-
polarimeter and a 3-mm cell. Mean residue ellipticity was calculated
based on the amino acid sequence of E2 (19, 20). (A) Typical CD
spectra in the absence and presence of GdnHCl: 1,0.0M; 2,0.5M; 3,
1.2M; 4,1.4M; 5, 1.5 M; 6, 2.0 M. (B) Mean residue ellipticity at
222 nm (@).
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Fig. 2. Changes in fluorescence, light scattering, and E2 activ-
ity. Before any measurements, E2ic was incubated with GdnHCI by
the method described in the legend to Fig. 1. (A) The fluorescence
spectrum between 300 and 400 nm upon excitation at 295 nm was
monitored at 30°C with a Hitachi 650-60 fluorescence spectrophotom-
eter. @: Emission maximum. The fluorescence intensity at 330 nm
(O) is plotted as a percentage of that detected in the absence of
GdnHCI. Inset: Typical fluorescence spectra in the absence and
presence of GdnHCI: 1, 0.0 M (dotted line); 2, 0.5 M; 3, 2.0 M. The
ordinate is in arbitrary units. (B) The light scattering at right angles
was also monitored at 30°C with the spectrophotometer, both the
excitation and emission wavelengths being 400 nm. The light scatter-
ing at 400 nm (@) is plotted as a percentage of that detected in the
absence of GAnHCI. The E2 activity was assayed using dihydrolipo-
amide prepared by the method of Reed et al. (22). For 3 min at 30°C,
0.92 ml of 87 mM Tris-HCl buffer (pH 7.5) containing 0.54 mM
dithiothreitol, 0.11 mM CoA, 5.4 mM acetyl phosphate, and 1.4 U of
Leuconostoc mesenteroides phosphoacetyltransferase (Wako) was
incubated in a quartz cell. After mixing with 20 41 of 50 mM di-
hydrolipoamide (ethanol) and 20 u1 of an E2ic solution, the increase
in absorbance at 240 nm was continuously monitored. The activity
(0) is plotted as a percentage of that of intact E2ic.

presence of 6 M GdnHCI is reassembled and reactivated
through a specially designed method of removal of GdnHCI:
a gradual decrease in the GdnHCI concentration through
multi-step dialysis (23). The E2 and E3 activities of PDC
were completely abolished in the presence of GdnHCI
above 2 M, and 70-90% of their original activities were
restored on the removal of GdnHCI by dialysis for 48 h
(Meno et al., unpublished results). Although so far we have
insufficient information on the reactivation of E2ic (start-
ing from Lys-180), which is smaller than the catalytic
domain described above (19), it was speculated that the
binding of E3 to E2 facilitates the restoration of an active
E2 core during the reactivation of PDC, whereas a lack of
such a mechanism requires careful removal of GdnHCI for
the reactivation of E2ic.

We examined the changes of E2ic in the G-I range
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Fig. 3. Gel filtration chromatogram and electron micrograph.
(A) Buffer A (0.6 ml) containing 1.06 mg/ml E2ic was incubated at
4°C for 120 h in the absence (O) and presence (®) of 0.5 M GdnHCl,
and then chromatographed on a Sephacryl S-400HR column (1.1 x
102 cm) using buffer A and buffer A containing 0.5 M GdnHCI,
respectively. Intact E2ic (B) and E2ic incubated with 0.5 M GdnHCl
(C) by the method described in the legend to Fig. 1 were negatively
stained with 1% sodium phosphotungstate. Electron micrographs
were taken at a nominal magnification of 30,000-fold under a JEOL
2000 FX electron microscope. Bar=50 nm.

further. E2ic treated with 0.5 M GdnHCI was submitted to
gel filtration in the presence of GdnHCl, and its elution
profile was compared with that of intact E2ic in the absence
of GdnHCI. As shown in Fig. 3A, there was an insignificant
difference between the two profiles, and neither aggregated
nor dissociated polypeptides were detected. On electron
microscopy, it was observed that the shape and dimensions
of E2ic treated with 0.5 M GdnHCI are similar to those of
intact E2ic (Fig. 3, B and C). The sedimentation coeflicient
value of E2ic in the presence of 0.5 M GdnHCl was 27S over
the protein concentration range of 0.15 to 2.0 mg/ml. Since
the sedimentation coefficient is a function of various fac-
tors, such as the partial specific volume and the frictional
coeflicient, critical assessment of the differences between
S-values in different solvents was difficult. The S-value in
0.5 M GdnHCl, however, indicated a lack of drastic changes
in molecular size. On the other hand, the concave and
convex dependencies of the ellipticity and E2 activity,
respectively, on the GdnHCl concentration and the de-
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crease in light scattering suggested that E2ic in the G-I
range undergoes a certain change in structure. Some
changes in G-I were speculated, as described below. With
increasing ionic strength, the molecular dimensions (prob-
ably the radius of the core) decreases, while the hydration
of E2ic increases; the former change is responsible for the
decrease in light scattering, but the latter compensates for
the changes detected on ultracentrifugation and gel filtra-
tion. These changes increase the structural regularity of the
E2 polypeptide somewhat and the E2 activity. The plausi-
bility of this mechanism is partly based on that E2ic has a
hollow structure (25). It has been reported that the expo-
sure of the Azotobacter vinelandii E2 core, comprising 24
subunits of intact E2, to GAnHCI brings about a decrease in
light scattering with two transitions at 1.0 and 1.8 M, and
that the decrease is due to the two-step dissociation of the
core (24). If E2ic is dissociated in G-I, the dissociation
might be followed by instantaneous association, like that of
29 E2ic (60-mer) to 30 E2ic (58-mer); a decrease in
molecular size without the appearance of free components.
A decrease in the light scattering of E2ic without a great
change in the Trp-fluorescence was also observed in 1-2 M
NaCl or urea (data not shown). Furthermore, we found that
the incubation of E2ic at temperatures above 72°C yields
small amounts of inactive aggregates (A. Nakajima et al.,
unpublished results). Therefore, we cannot exclude that
trace amounts of aggregates originally in the E2ic prepara-
tion were dissociated into active E2ic on the addition of a
reagent.

We are grateful to Drs. H. Nakajima and K. Nagata (Unitika Co.,
Ltd.) for providing the frozen B. stearothermophilus cell paste. We
are also indebted to Dr. S. Yamashita (Kyushu University) for the
fluorescence measurements.

REFERENCES

1. Contero, B., Cardenas, M.L., and Ricard, J. (1988) A functional
five-enzyme complex of chloroplasts involved in the Calvin cycle.
Eur. J. Biochem. 173, 437-443

2. Price, N.C. (1994) Assembly of multi-subunit structures in
Mechanisms of Protein Folding (Pain, R.H., ed.) pp. 160-193,
IRL Press, Oxford

3. Reed, L.J. (1974) Multienzyme complexes. Acc. Chem. Res. 7,
701-729

4. Henderson, C.E. and Perham, R.N. (1980) Purification of the
pyruvate dehydrogenase multienzyme complex of Bacillus stea-
rothermophilus and resolution of its four component polypep-
tides. Biochem. J. 189, 161-172

5. Perham, R.N. (1991) Domains, motifs, and linkers in 2-oxo acid
dehydrogenase multienzyme complexes: A paradigm in the
design of a multifunctional protein. Biochemistry 30, 8501-8512

6. Hiromasa, Y., Aso, Y., Yamashita S., and Aikawa, Y. (1995)
Homogeneity of the pyruvate dehydrogenase multienzyme com-
plex from Bacillus stearothermophilus. J. Biochem. 117, 467-470

7. Koike, M. and Koike, K. (1976) Structure, assembly and function
of mammalian «-keto acid dehydrogenase complexes. Adv.
Biophys. 9, 187-227

8. Jaenicke, R. and Perham, R.N. (1982) Reconstitution of the
pyruvate dehydrogenase multienzyme complex from Bacillus
stearothermophilus. Biochemistry 21, 3378-3385

9. West, S.M., Rice, J.E., Beaumont, E.S., Kelly, S.M., Price, N.C.,
and Lindsay, J.G. (1995) Dissociation and unfolding of the
pyruvate dehydrogenase complex by guanidinium chloride.
Biochem. J. 308, 1025-1029

Vol. 123, No. 4, 1998

10. Mande, S.S., Sarfaty, S., Allen, M.D., Perham, R.N., and Hol,
W.G. (1996) Protein-protein interactions in the pyruvate dehy-
drogenase multienzyme complex: dihydrolipoamide dehydrogen-
ase complexed with the binding domain of dihydrolipoamide
acetyltransferase. Structure 4, 277-286

11. Perham R.N. (1996) Interaction of protein domains in the
assembly and mechanism of 2-o0xo acid dehydrogenase multien-
zyme complex in Alpha-Keto Acid Dehydrogenase Complexes
(Patel, M.S., Roche, T.E., and Harris, R.A., eds.) pp. 1-16,
Birkhaeuser Verlag, Berlin

12. Hiromasa, Y., Ase, Y., and Yamashita, S. (1994) Thermal
disassembly of pyruvate dehydrogenase multienzyme complex
from Bacillus stearothermophilus. Biosci. Biotech. Biochem. 58,
1904-1905

13. Aso, Y., Hiromasa, Y., Aikawa, Y., Meno, K., and Ishiguro, M.
(1996) Association of subcomplexes formed by partial dissocia-
tion of pyruvate dehydrogenase complex. Protein Sci. 5, Suppl. 1,
88

14. Hiromasa, Y., Aso, Y., Yamashita, S., Aikawa, Y., and Ishiguro,
M. (1997) Further studies on thermal denaturation of pyruvate
dehydrogenase complex from Bacillus stearothermophilus. Bio-
sci. Biotech. Biochem. 61, 1126-1132

15. Aso, Y., Hiromasa, Y., Aikawa, Y., Meno, K., and Ishiguro, M.
(1998) Potassium iodide-induced changes in pyruvate dehy-
drogenase complex from Bacillus stearothermophilus. Biosci.
Biotech. Biochem. 62, 108-116

16. Perham, R.N. and Wilkie, A.O.M. (1980) Inner core and domain
structure of the pyruvate dehydrogenase multienzyme complex
of Bacillus stearothermophilus. Biochem. Int. 1, 470-477

17. Duckworth, H.W., Jaenicke, R., Perham, R.N., Wilkie, A.0.M,,
Finch, J.T., and Roberts, G.C.K. (1982) Limited proteolysis and
proton NMR spectroscopy of Bacillus stearothermophilus pyru-
vate dehydrogenase multienzyme complex. Eur. J. Biochem. 124,
63-69

18. Packman, L.C., Perham, R.N., and Roberts, G.C.K. (1984)
Domain structure and 'H-n.m.r. spectroscopy of the pyruvate
dehydrogenase complex of Bacillus stearothermophilus. Biochem.
J. 217, 219-227

19. Packman, L.C., Borges, A., and Perham, R.N. (1988) Amino acid
sequence analysis of the lipoyl and peripheral subunit-binding
domain in the lipoate acetyltransferase component of the pyru-
vate dehydrogenase complex from Bacillus stearothermophilus.
Biochem. J. 252, 79-86

20. Borges, A., Hawkins, C.F., Packman, L.C., and Perham, R.N.
(1990) Cloning and sequence analysis of the genes encoding the
dihydrolipoamide acetyltransferase and dihydrolipoamide dehy-
drogenase components of the pyruvate dehydrogenase multien-
zyme complex of Bacillus stearothermophilus. Eur. J. Biochem.
194, 95-102

21. Hiromasa, Y., Aso, Y., Mayanagi, K., Inoue, Y., and Ueki, T.
(1997) Guanidine HCl-induced changes in E2 inner core of
pyruvate dehydrogenase complex. Protein Sci. 6, Suppl. 1, 106

22. Reed, L.J., Koike, M., Levitch, M.E., and Leach, F.R. (1958)
Studies on the nature and reactions of protein lipoic acid. «J. Biol.
Chem. 232, 143-158

23. Allen, M.D. and Perham, R.N. (1997) The catalytic domain of
dihydrolipoyl acetyltransferase from the pyruvate dehydrogen-
ase multienzyme complex of Bacillus stearothermophilus. Ex-
pression, purification and reversible denaturation. FEBS Lett.
413, 339-343

24. Hanemaaijer, R., Westphal, A.H., Van Der Heiden, T., de Kok,
A., and Veeger, C. (1989) The quaternary structure of the
dihydrolipoyl transacetylase component of the pyruvate dehy-
drogenase complex from Azotobacter vinelandii. Eur. J. Biochem.
179, 287-292

25. Stoops, J.K., Baker, T.S., Schroeter, J.P., Kolodziej, S.J., Niu,
X.D., and Reed, L.J. (1992) Three-dimensional structure of the
truncated core of the Saccharomyces cerevisiae pyruvate dehy-
drogenase complex determined from negative stain and cryoelec-
tron microscopy images. J. Biol. Chem. 267, 24769-24775

2102 ‘T 800100 uo AISBAIUN Pezy dlwes| e /610'sfeulnolpio)xo ql/:dny woJj peapeoumoq



http://jb.oxfordjournals.org/

