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Many molecules of pyruvate decarboxylase (E1) and dihydrolipoamide dehydrogenase
(E3) bind non-covalently to a sixty—meric lipoate acetyltransferase (E2), forming the Bacillus
stearothermophilus pyruvate dehydrogenase complex. Changes in the complex induced by
incubation in guanidine hydrochloride (GdnHCI) solution and those induced by the incubation
followed by removal of GAnHCl were examined. Small amount of GdnHCI induced reversible
changes in the complex. The removal re-associated all components to the complex and
restored the enzyme activities of the complex and its components. NaCl induced similar
changes, and the effect of GAnHCl was implied as a salt rather than a denaturant. On the other
hand, larger amount of GdnHCI induced irreversible changes in the complex. El, E2, and E3
were dissociated and inactivated; FAD was released from E3. GdnHCI at concentrations limited
to a small range around 1.0M induced a partial and irreversible aggregation. The removal of
GdnHCI yielded an E2-E3 complex (57S), restoring most activities of E2 and E3. Loss in
enzyme activity of E1 might be responsible for that of the complex.

INTRODUCTION

The Bacillus stearothermophilus pyruvate dehydrogenase complex (PDC) is a
non—-covalent assembly of nearly two hundred polypeptides (Perham, 1996; Domingo et
al., 1999; Izard et al., 1999). The three component enzymes of PDC are pyruvate
decarboxylase [EC 1.2.4.1] (E1), lipoate acetyltransferase [EC 2.3.1.12] (E2), and dihy-
drolipoamide dehydrogenase [EC 1.8.1.4] (E3). El, E2, and E3 are hetero-tetramer,
homo-sixty-mer, and homo-dimer, respectively: (E1a).(E18)., (E2a)«, and (E3@),. The
E2a polypeptide has lipoyl, subunit binding, and catalytic domains (Perham, 2000). The
catalytic domain is essential for the association of sixty E2a polypeptides besides the
catalytic function of E2 (Zhou et al., 2001). Either E1 or E3 is attached to the subunit
binding domain, and a lipoyl group is covalently attached to the lipoyl domain. El cat-
alyzes the decarboxylation of pyruvate and the transfer of an acetyl group from pyruvate
to thiamine diphosphate. E2 catalyzes the acetyl transfer from the thiamine diphosphate
to CoA, using the lipoyl group. The transfer results in the reduction of the lipoyl group to
a dihydrolipoyl group. E3 catalyzes the re—oxidation of the dihydrolipoyl group, using
reduction systems from FAD to FADH. and from NAD* to NADH.. PDC thus facilitates
the synthesis of an acetyl CoA; we refer to the capability of catalyzing this overall reaction
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as PDC activity. We have been concerned with disintegration mechanism of a large—scale
polypeptide complex. PDC is a relatively well documented complex, and its assembly
structure is simpler than that of a mammalian PDC (Roche et al., 1996). Only limited
information on disintegration mechanism of PDC is, however, available because of little
knowledge of multiple interactions in PDC. In practice, the disintegration of PDC involves
multiphasic reactions rather than a simple dissociation into components (Hiromasa et al.,
1993; Hiromasa et al., 1994; Hiromasa et al., 1997; Aso et al., 1998). We therefore have
considered that the accumulation of basic data is still required for understanding of the
mechanism. The present study has been undertaken to know the outline of guani-
dine-hydrochloride induced changes in PDC.

MATERIALS AND METHODS

Chemicals and enzyme .

All chemicals used were of the highest grade commercially available. Unless other-
wise noted, the buffer used was 20mM sodium phosphate buffer (pH 7) containing 2mM
EDTA, 0.15mM phenylmethanesulfonyl fluoride, and 0.02% NaN;: standard buffer. The
amount of guanidine hydrochloride (GdnHCl) was confirmed by measuring refractive
index (Pace et al., 1989). FAD was fluorimetrically measured by the method previously
reported (Hiromasa et al., 1997). Protein amount was measured with a BioRad protein
assay kit using bovine serum albumin as standard protein. PDC was purified from B.
stearothermophilus (NCA 1503) according to the method reported previously (Hiromasa
et al., 1995) and stored as precipitates in the presence of 60% saturation of (NH,).SO, at
4°C before use. E1, E2, E3, and PDC activities were measured at 30 °C by the methods
reported previously (Hiromasa et al, 1993; Hiromasa et al., 1995).

Incubation with and removal of reagent

A standard buffer containing 0.11 mg/ml PDC and various amounts of GAnHCI or NaCl
was incubated at 4°C for 24h. Changes in PDC were measured immediately or after
removal of the reagent; in the former case, measurements were done in the presence of
the same amount of the reagent as that upon incubation, while, in the latter case, mea-
surements were done in the absence of the reagent. The removal of the reagent was done
by dialysis against standard buffer at 4 °C for 48 h.

Spectroscopic measurements

Spectroscopic measurements were done at 30°C with a Hitachi 850 fluorescence
spectrophotometer. Fluorescence spectra ascribed to 8-anilinonaphthalene-1-sulfonate
(ANS) and FAD were measured upon excitation at 350 nm and 460 nm, respectively. For
the measurement of ANS fluorescence, a test solution was titrated with 0.024 mM ANS
until its fluorescence intensity reached a plateau. The intensity of light scattering was
measured at a right angle by setting both the excitation and emission wavelengths at
540 nm.

Ultracentrifugation and gel filtration
Ultracentrifugation was done at 20,000 rpm with a Beckman XL~A analytical ultracen-
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trifuge and an An-60 Ti rotor by the sedimentation velocity method previously reported
(Hiromasa et al., 1998a). Gel filtration was done on a Sepharose CI-2B column (0.8 X
103 cm) at 4 °C with standard buffer in the presence or absence of GAnHCl.

RESULTS

Changes in enzyme activities

In the presence of GAnHCIl, PDC was incubated for 24 h, and its enzyme activities
were measured. PDC and E1 activities decreased monotonously with increasing amount
of GdnHCI (Fig. 1A & 1B). Both the activities were less than 10% of their original values
in 0.3M GdnHCI. On the other hand, E2 and E3 activities were fully retained or slightly
raised in the presence of GAnHCI at concentrations less than 0.1 M and 0.3 M, respectively
(Fig. 1C & 1D). Above these concentrations, E2 and E3 activities decreased with increas-
ing amount of GAnHCl. E2 and E3 activities were less than 10% in 0.5M and 1.6M
GdnHCI, respectively. Furthermore, effects of removal of GAnHCI were examined. After
PDC had been incubated in the presence of GdnHCl, GdnHCI was removed by dialysis.
The removal of relatively small amounts of GAnHCI raised PDC activity at the same or
higher level than original activity (Fig. 1A). However, the activity lost in the presence of
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Fig. 1. GdnHCl-induced changes in enzyme activities. After incubation of PDC
in the presence of GdnHCl, PDC (A), E1 (B), E2 (C), and E3 (D)
activities were measured (@). Separately, after incubation of PDC in
the presence of GAnHCI and removal of GdnHCI by dialysis, PDC (A),
El1 (B), E2 (C), and E3 (D) activities were measured in the absence of
GdnHC! (O). Control experiments were done in the same manner as
described above except for the absence of GAnHCl. Data are plotted as
relative values by taking the corresponding data obtained from control
experiment as 100%.
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Fig. 2. NaCl-induced changes in enzyme activities. After incubation of PDC in
the presence of NaCl, PDC (A), E1 (B), E2 (C), and E3 (D) activities
were measured (@). Separately, after incubation of PDC in the
presence of NaCl and removal of NaCl by dialysis, PDC (A), E1 (B), E2
(C), and E3 (D) activities were measured in the absence of NaCl (O).
Control experiments were done in the same manner as described
above except for the absence of NaCl, and data are plotted as relative
values by taking the corresponding data obtained from control experi-
ment as 100%.

GdnHCl at concentrations above 1.0 M was never recovered. Changes in E1 activity were
similar to those of PDC activity, although E1 activity never became higher than its original
activity (Fig. 1B). The removal restored the large portions of E2 and E3 activities lost
(Fig. 1C & 1D). The recoveries of these activities were relatively high; 756% of E2 and E3
activities lost in 6 M GAnHCI were recovered.

Effects of NaCl were examined by similar methods. Changes in PDC, E1, E2, and E3
activities were similar to corresponding changes in GdnHCI, although the activities
decreased, more gently depending on amount of NaCl (Fig. 2). PDC, E1, E2, and E3
activities were less than 10% of their original values in 0.6 M, 1.2M, 1.2M, and 3.0 M NaCl,
respectively. The removal of NaCl restored 76-80% of E1, E2, E3, and PDC activities lost
in 4 M NaCl (Fig. 2).

Spectroscopic changes

After incubation of PDC for 24 h in the presence of GAnHCI, light scattering, fluo-
rescence of extrinsic ANS, and fluorescence of intrinsic FAD were measured. GdnHCI at
concentrations around 1.0M raised the intensity of light scattering notably, and GdnHCI
above this concentration reduced the intensity to 5-10% of value of intact PDC (Fig. 3A).
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The removal of GAnHCl made the intensity of light scattering almost the same level as
that of intact PDC (Fig. 3A). Changes of the intensity of ANS fluorescence peaked also in
1 M GdnHCI (Fig. 3B). The removal of GdnHCl reduced the intensity, but the intensity by
the removal of GdnHCI at concentrations over 1 M reached a plateau; the intensity was
higher than that of intact PDC (Fig. 3B). Similar results were obtained from the following
experiment; without dialysis, a PDC solution containing GdnHCI was rapidly diluted ten
times just before the measurement of ANS fluorescence. Changes in fluorescence inten-
sity showed a similar tendency to those from dialysis, but the intensity at plateau region
was 2.5times as high as that yielded by dialysis. Changes in FAD fluorescence were
different. GdnHCI induced a red shift of fluorescence spectrum of FAD; the emission
maximum was shifted from 512nm to 516 nm and to 527 nm in the presence of 0.5M and
2.0-5.7M, respectively. The intensity of the FAD fluorescence increased in GdnHCI at
concentrations above 1M (Fig. 3C); the intensity at 4 M was five times as high as that in
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Fig. 3. Spectroscopic changes. Panel A, B, and C: After incubation of PDC in
the presence of GdnHCI, intensities of light scattering at 540 nm (A),
ANS fluorescence at 480 nm (B), and FAD fluorescence at 510nm (C)
were measured (@). Separately, after incubation of PDC in GdnHCl
and removal of GAnHCI by dialysis, these were also measured in the
absence of GdnHCI (O). Panel D, E, and F: Except for using NaCl
instead of GdnHC!, experimental conditions were same as those for
(A)-(C). Intensities of light scattering (D), ANS fluorescence (E),
and FAD fluorescence (F) were measured in the presence (M) or
absence (A) of NaCl. All the intensities are plotted as relative values
by taking the corresponding intensity of PDC in the absence of
GdnHCl and NaCl as one.
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the absence of GAnHCl. The removal of GAnHCI restored the intensity of the fluores-
cence (Fig. 3C) and the emission maximum.

Spectroscopic changes induced with NaCl were less than those with GdnHCL. With
increasing amount of NaCl, the intensity of light scattering decreased (Fig. 3D), but the
intensity of ANS fluorescence increased (Fig. 3E). The removal of NaCl canceled these
changes almost completely. Both the incubation in the presence of NaCl and its removal
affected the intensity of FAD fluorescence insignificantly (Fig. 3F); these were also
ineffective on the emission maximum of FAD fluorescence.

Changes in molecular size

Intact PDC was eluted from a gel filtration column as a single peak of protein at
fraction No. 52 (Fig. 4A—a). The peak shifted to No. 54 in 0.2M GdnHCI (Fig. 4A-b). In
0.5M GdnHCI, the peak shifted to No. 55, and a shoulder appeared at No. 72 (Fig. 4A~c).
Three protein peaks were detected at No. 30, No. 58, and No. 72, respectively, in 1.0M
GdnHCl (Fig. 4A-d). The first peak was at the exclusion limit of the column and emitted
ANS fluorescence greatly; emission from other molecular species including intact PDC
was faint (Fig. 4B). In 1.56M GdnHCI, the great part of protein was eluted around No. 74
(Fig. 4A~e). Analyses by SDS polyacrylamide gel electrophoresis (SDS-PAGE) gave the
following results, although we failed to discriminate between Ela and E1/ polypeptide
bands on a gel; the peak at No. 30 was rich in E1 polypeptide; the peak at No. 58 was
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Fig. 4. Gelfiltration chromatography in the presence of GdnHCL. PDC (0.6
ml) incubated in 0.0M (control) (a), 0.2M (b), 0.5M (c¢), 1.0M (d),
and 1.6M (e) GdnHCl were separately filtered on a Sepharose
CL-2B column with standard buffer containing same amount of
GdnHCL. Volume of a fraction was 0.65mi. Protein amount (A)
and intensity of ANS fluorescence at 480 nm (B) are plotted in
arbitrary units.
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Fig. 5. Gel filtration chromatography after removal of GdnHCl. PDC was incu-
bated in the presence of 0.0M (control), 0.5M, 1.0M, and 1.56M GdnHCL:
chromatograms from top to bottom in each panel. GdnHCl was removed
by dialysis, and each 0.7 ml-solution was filtered on a Sepharose CL-2B
column with standard buffer. Volume of a fraction was 3.3ml. Protein
amount (A), intensity of ANS fluorescence at 480 nm (B), PDC activity
(C), E1 activity (D), E2 activity (E), and E3 activity (F) are plotted in
arbitrary units. ANS fluorescence (B) and E2 activity (E) are expressed
as bar graphs; these were measured for corresponding fractions com-
bined.

almost exclusively composed of E2a polypeptide; the peak at No. 74 was rich in E1 and
E3a polypeptides (data not shown).

After removal of GAnHCI by dialysis, the gel filtration of PDC was done in the absence
of GdnHCI. Resulting fractions were examined as to distributions of protein, intensity of
ANS fluorescence, and enzyme activities (Fig. 5). Incubation with 0.5 M GdnHCI affected
the elution profile of intact PDC insignificantly. E1 and PDC activities lost in the presence
of 1.0-1.5M GdnHCI were never restored, while E2 and E3 activities were recovered,
showing slightly larger elution volumes (Fig. 5E & 5F). The elution profile of FAD
coincided with that of E3 activity (data not shown). Aggregate in 1.0 M GdnHCI remained
after the removal of GdnHCIl and emitted ANS fluorescence greatly (Fig. 56B). Five
fractions around a protein peak were separately combined, concentrated, and subjected
to a sedimentation velocity analysis. Single molecular species was detected in a peak
after removal of 0.5 M GdnHCI, and its sedimentation coefficient (5% w) was the same as
that of intact PDC: 75S. Molecular species after removal of 1.0M or 1.5M GdnHCl was
also single, and both their coefficients were evaluated 57S. SDS-PAGE analysis indicated
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that the polypeptide composition of a 75 S-species is quite similar to that of an intact
PDC, while a 57 S-species contains larger amounts of E2 and E3 than intact PDC (data
not shown).

DISCUSSION

PDC activity is one of the most sensitive probes to monitor changes in PDC, because
the activity is solely performed by assemblage of active component enzymes. El, E2, and
E3 activities are independently measured of each other with convenient substrates and
may reflect changes in their molecular states. However, information on changes in activi-
ties of components during the disintegration of PDC is limited. Witzmann and Bisswanger
reported that the salts at concentrations less than 50 mM are ineffective on PDC activity
of the B. stearothermophilus PDC, although they showed no data about changes above
the concentration (Witzmann and Bisswanger, 1998). They also reported the inhibitory
effects of NaCl and KCl on PDC activity of the Thermus flavus PDC: 30-40% of its
original activity in 0.5 M salt (Witzmann and Bisswanger, 1998). The bovine PDC loses its
PDC activity in 0.2M GdnHCI (West et al., 1995). A rapid decrease in GdnHCI con-
centration by dilution was reported to restore PDC activity of the bovine PDC (West et
al., 1995). These results implied that GdnHCl-induced changes in PDC activity are simi-
lar to each other, being independent of source of PDC. Based on changes in PDC activity,
it was suggested that the effects of NaCl on PDC and those of GdnHCI at relatively low
concentrations are reversible and that those of GdAnHCl at higher concentrations are
irreversible. E2 and E3 activities were highly recovered even from 6 M GdAnHCl, whereas
E1 was the most labile component. Changes in E1 activity were well correlated to those
in PDC activity. Stability of E1 was, therefore, suggested greatly responsible for that of
PDC. Such a correlation is also observed when PDC is inactivated thermally (Hiromasa et
al., 1994) or with potassium iodide (Aso et al., 1998).

E3 activity increased in the presence of a little amount of salt; it was notable in NaCl.
The activity of an isolated E3 is also 1.5-1.8times that of original value in GdnHCI, NaCl,
or KCl (Hiromasa et al., 1998b). FAD is a cofactor exclusively bound to E3. The molar
fluorescence intensities of FAD of E3 in PDC, FAD in isolated E3, and free FAD were
measured in the ratios 1.0:0.3:4.0 (Hiromasa et al., unpublished results). In the presence
of GdnHClI, therefore, release of FAD from E3 might cause an increase in FAD fluores-
cence. The release was suggested reversible, because the removal of GAnHCI restored the
spectrum of FAD fluorescence besides E3 activity. Upon GdnHCl-induced denaturation,
isolated E3 also releases FAD (Hiromasa et al., 1998b). It was therefore suggested that
the increase in E3 activity and the release of FAD are independent of changes in other
components. Results from light scattering measurement and gel filtration indicated the
exfoliation of E1 and E3 components from E2. In 0.2M GdnHCI, the bovine PDC release
E1l and E3 completely (West et al., 1995). Since the structure of the bovine PDC con-
taining extra components is more complicated than that of the B. stearothermophilus
PDC (De Marcucci et al., 1995; McCartney et al., 1997), we so far have insufficient
knowledge of dissociation mechanism of E1 and E3.

Functional and 60-meric E2 is prepared by overexpression of E2 gene in Escherihia
coli (Lessard et al., 1998). E2 inner core (E2ic) is furthermore an active 60-mer smaller
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than E2; E2ic has neither the binding domain nor the lipoyl domain (Packman et al.,
1984). Since E2 forms the core of PDC, studies on E2 and E2ic have separately been
done from PDC. Except for the notable increase in E3 activity, changes in E2 activity
were similar to those of E3 activity. We previously examined the effects of GAnHCl on
E2ic (Hiromasa et al., 1998a; Aso et al., 2001). EZ2 activities of PDC and EZ2ic decreased,
similarly depending on GdnHCI concentration. On the other hand, the effects of removal
of GdnHCI were different from each other. EZ2ic lost almost all the activity irreversibly by
removal of 1.2-2.0M GdnHCI, although nearly 90% of original activity lost in 3.0-4.56M
GdnHCl is recovered (Aso et al., 2001). Recently we examined the effects of GAnHCl on
the activity of E2 prepared by overexpression of its gene in E. colt and found that the
activity recovery of the isolated E2 is similar to that of PDC (Kita et al., unpublished
results). The truncated two domains and/or interaction of other components on the bind-
ing domain might therefore contribute to the inactivation of E2. The unfolding of isolated
E2 proceeds without any intermediates; only monomer is in 2.0M GdnHCl (Lessard et al.,
1998). On the other hand, the 24-meric E2 from Azotobacter vinelandii is disintegrated
with two-step dissociation (Hanemaaijer et al., 1989). We reported that changes in light
scattering of E2ic is biphasic in GdnHCI, although we could never detect any inter-
mediates (Hiromasa et al., 1998a). In the present study on PDC, we failed to detect any
intermediates of E2, because it was difficult to monitor dissociation of E2, discriminating
from the dissociation of E1 and/or E3 from E2.

A small amount of aggregate was detected in a quite narrow concentration range of
GdnHCI. The aggregate reaction was irreversible, and its product might be a byproduct
rather than a final product. An increase in intensity of ANS fluorescence is generally rec-
ognized to reflect increase in hydrophobic region. The aggregation of E2ic occurs with
insignificant changes in ANS fluorescence {(Aso et al., 2001), whereas this study revealed
that the aggregate from PDC is mainly responsible for notable increase in emission of ANS
fluorescence. E2ic comprising homo-polypeptides is different from E2 in PDC. The
dissociation of E1 and E3 from E2 might extend hydrophobic region. Based on results
from gel filtration and ultracentrifugation studies, incubation of PDC in high concen-
tration of GdnHCI and successive removal of GAnHCI was suggested to yield an E2-E3
complex. Sixty molecules of E1 or those of E3 was reported capable of spontaneous asso-
ciation with an E2 (Lessard et al., 1998; Domingo et al., 1999). It was speculated that,
upon the formation of E2-E3 complex during removal of GdnHCI, lack of E3 molecules
might help binding of ANS molecules to some sites originally occupied by E1.

Although there are several reports describing the effects of denaturant on PDC, some
studies have focused on the denaturation of its isolated components rather than PDC
itself, others have focused on drastic changes with high concentration of denaturant to
perform the reconstitution of the complex: for example, complete dissociation and
incomplete reconstitution of PDC (Jaenicke and Perham, 1982). Properties of isolated
component enzyme are not necessarily same as those of enzyme in a complex (Hiromasa
et al., 2000). Further studies on disintegration mechanism of complex and its compo-
nents under mild conditions would help to understand structural properties of a gigantic
protein assembly.
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