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The thermal unfolding pathway for dihydrolipoamide dehydrogenase (LipDH) isolated
from Bacillus stearothermophilus was investigated focusing on the transient intermedi-
ate state characterized through time-resolved fluorescence studies. The decrease in ellip-
ticity in the far UV region in the CD spectrum, the fluorescence spectral change of Trp-91
and FAD, and the thermal enzymatic inactivation curve consistently demonstrated
that LipDH unfolded irreversibly on heat treatment at higher than 65°C. LipDH took
a transient intermediate state during the thermal unfolding process which could refold
back into the native state. In this state, the internal rotation of FAD was activated in the
polypeptide cage and correspondingly LipDH showed a peculiar conformation. The tran-
sient intermediate state of LipDH characterized in time-resolved fluorescence depolar-
ization studies showed very similar properties to the molten-globule state, which has
been confirmed in many studies on protein folding.
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adenine dinucleotide; PDC, pyruvate dehydrogenase multi-enzyme complex; PMSF, phenylmethylsulfonyl

fluoride; 9-CA, 9-cyanoanthracene; TPP, thiamine diphosphate.

A variety of experimental methods such as CD, NMR,
infrared and raman spectroscopy have been used to
study protein stability and unfolding/folding. Among
them, the steady state and time-resolved fluorescence spec-
troscopic method is one of the most powerful methods. A
tryptophan residue gives a large Stokes-shift in the fluor-
escence spectrum because of the larger increase of the
dipole moment in the excited singlet state in the polar
circumstance. This peculiar photo-physical property of a
tryptophan residue is a useful indicator for the conforma-
tional change of a protein. Furthermore, analysis of the
fluorescence lifetime can provide detailed information on
the interactions of a tryptophan residue with the surround-
ing amino acid residues in the polypeptide cage. While
many fluorescence spectroscopic techniques such as reso-
nance excitation energy transfer and solute quenching are
also useful for detecting the conformational change of a
protein, the rotational motion of a fluorescent molecule
covalently or non-covalently bound to the protein can
also be analyzed with higher time-resolution than 107!t
s using the fluorescence depolarization method. Combined
with the fact that fluorescence is only emitted from an
excited molecule according to the photo-selection rule,
the fluorescence depolarization method provides a clearer
physical image of the internal motions of proteins, which is
essential for understanding the protein conformation dur-
ing the unfolding/folding process, because the fluorescence
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anisotropy decay is defined as the correlation function used
in the general description of relaxation phenomena. Some
reports on the molecular dynamics of proteins using
tryptophyl fluorescence have been published, and the
validity and limitation of these methods have been
discussed (1-3).

Dihydrolipoamide dehydrogenase (LipDH) is one com-
ponent constituting the pyruvate dehydrogenase multi-
enzyme complex (PDC), and catalyzes the oxidation of
dihydrolipoic acid coupled to the reduction of NAD"* as
the last step of acetyl CoA synthesis (4-6). Studies on the
conformational stability and unfolding/folding mechanism
of LipDH are very important because efficient enzymatic
activity of PDC is completed by the regulation and integra-
tion of pyruvate dehydrogenase and LipDH on the dihy-
drolipoamide acetyltransferase that acts as the core of this
multi-enzyme complex. The structural stability and folding
state of LipDH have a large effect on the key steps in
carbohydrate metabolism. As shown in Fig. 1, LipDH is
composed of two identical subunits, and each subunit con-
tains one FAD as a prosthetic group and a single trypto-
phan residue, Trp-91. The locations of Trp-91 and FAD,
and the fine structure surrounding them are so clear in
the X-ray crystallographic structure that the fluorescence
spectroscopic data on the conformation and molecular
dynamics can be interpreted more quantitatively (7).
Trp-91 is located at the contact face between two subunits,
which is an essential domain for the enzymatic activity of
LipDH. FAD is not only another intrinsic fluorophore
reflecting the conformation state but also significantly
contributes to the structural stabilization and folding
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Fig. 1. Ribbon representation of LipDH. The structure was
constructed from the coordinates from the Protein Data Bank
file 1IEBD (10). The Trp residue and FAD are shown as black sticks
and dark-colored spheres, respectively.

of LipDH (8). The specific arrangement of these two
fluorophores demonstrates that LipDH is a very interest-
ing subject for studying the stability and unfolding/
folding property of a protein by means of fluorescence
spectroscopy.

The previous studies on protein unfolding/folding
focused on specification of the partially folded state
(molten-globule state) as the unfolding/folding inter-
mediate. They provided valuable information for under-
standing the protein folding mechanism (9-15). But, the
unfolding of a larger or multimeric protein is complicated
and has been found to comprise multiphasic processes
with the stabilization of a partially folded intermediate
(16-18). LipDH is a dimeric protein and each subunit
has four structural domains. It is expected that elucidation
of the unfolding/folding process of LipDH and identification
of the intermediate would shed light for a deeper under-
standing of protein stability and folding.

Based on the intuitive concept that protein structure
is determined by the balance between a non-covalent
attractive interaction and the collective destructive motion
of the polypeptide elements, two potent approaches are
considered for studying protein stability and the folding/
unfolding mechanism. One is the reduction of the cohesive
interaction by exposing the protein to a chemical denatur-
ant or extreme acidic conditions. The other is enhancement
of the thermal fluctuation by equilibrating the protein at
higher temperatures. With the latter approach, the protein
would be destabilized by the rigorous thermal agitation
which biases the fluctuation of the peptide elements in
such a way that the protein makes the transition from
a compact structure to a random one. Although the ther-
mal unfolding of a protein is expected to tell us more
about protein stability, detailed studies on the mechanism
are not as good as ones on the denaturant-induced
unfolding.

In the present paper, we report the thermal unfolding of
LipDH, focusing on the unfolding intermediate of LipDH
characterized by steady-state and time-resolved fluores-
cence spectroscopy.
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MATERIALS AND METHODS

Materials—Dihydrolipoamide dehydrogenase (LipDH)
of Bacillus stearothermophilus was purchased from
Seikagaku Kogyo Corp. (Tokyo, Japan). Dihydrolipoamide,
thiamine diphosphate (TPP), and nicotinamide adenine
dinucleotide (NAD") used for the measurement of enzyme
activity were purchased from Sigma (St. Louis, MO, USA).
They were of special grade and were used without further
purification. A HiTrap Q column from GE Healthcare
Bio-Science Corp. (Piscataway, NJ, USA) was used for
purification of LipDH.

Purification of LipDH—Seven milligrams of LipDH was
dissolved in 5 ml of 20 mM phosphate buffer (pH 7.0)
including 2 mM ethylenediaminetetraacetic acid (EDTA)
and 0.15 mM phenylmethylsulfonyl fluoride (PMSF). For
purification of LipDH, ion-exchange chromatography was
performed. After application of the enzyme solution to the
HiTrap Q column equilibrated with the phosphate buffer,
LipDH was eluted with a gradient of NaCl (0.1-0.4 M).
LipDH was obtained as the fraction centered at 0.2 M
NaCl. It was dialyzed immediately against 20 mM phos-
phate buffer (pH 7.0). The purity of the obtained LipDH
was examined by SDS polyacrylamide gel electrophoresis.
The FAD of LipDH was quantitatively analyzed by the
method of Whitby, and the stoichiometry of FAD as to
the apo-protein was examined (19). For every spectroscopic
measurement, the concentration of LipDH was adjusted
to OD = 0.1 at 295 nm (0.17 mg/ml) using a Shimadzu
UV-265 spectrophotometer (Tokyo, Japan). If not specified,
the spectroscopic and enzyme activity measurements of
LipDH were performed after thermal treatment at various
temperatures for 30 min, followed by incubation at 30°C for
60 min. A thermo-regulated copper block was used for the
heat treatment of LipDH in the phosphate buffer (20mM,
pH 7.0).

Enzymatic Activity—After mixing 100 mM dihydrolipoa-
mide prepared in ethanol with 20 mM phosphate buffer
containing 1.05 mM MgCl,, 0.21 mM TPP, and 2.8 mM
NAD", the LipDH solution was added. The enzymatic
activity of LipDH was evaluated by measuring the increase
in the absorption at 340 nm caused by the reduction
of NAD" to NADH. The enzymatic activity measurements
were performed at 30°C after incubation for 60 min. at 30°C
following thermal treatment at various temperatures.

CD and Steady State Fluorescence Spectra—The CD
spectra of LipDH heat-treated at various temperatures
were measured with a JASCO J-600 spectropolarimeter
(Tokyo, Japan) using a quartz cell of 1 mm optical path
length. The steady state fluorescence spectra were
measured with a HITACHI 850 fluorescence spectrophot-
ometer (Tokyo, Japan). The excitation and emission band-
passes were 5 nm, respectively. Correction was made for
the contribution from the undesired light scattering and
the wavelength dependence of the instrumental response.
Steady state fluorescence anisotropy was measured with
two Glan-Taylor polarizers, one each just in front of and
behind the cell holder. Fluorescence anisotropy was calcu-
lated based on its definition by measuring the vertical and
horizontal fluorescence components against the vertical
excitation. G-factors were given by the fluorescence inten-
sity ratio of the vertical to horizontal components against
the horizontal excitation.
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Time-Resolved Fluorescence Measurements—The total
fluorescence and fluorescence anisotropy decay measure-
ments were performed with a multi-wavelength time-cor-
related single photon counting system Type C4708
(Hamamatsu Photonics, Japan). This system mainly com-
prised a combination of a monochromator and a streak
scope that enables multi-wavelength photon counting
with a time resolution of 5 ps and very high spectroscopic
sensibility. The excitation pulse was obtained from a mode
locked Ti:sapphire laser pumped by an argon ion laser
Type 2080 (Spectra-Physics Inc., CA, USA). In order to
set the excitation wavelength, a second or third harmonics
generator GW-3FS (Spectra-Physics Inc., CA, USA) was
used. The output laser pulse for excitation had a pulse-
width narrower of than 1 ps, and its repetition was
1 MHz. When the total fluorescence decay was measured,
the Glan-Taylor polarizer was set at 54.7° against the ver-
tical excitation pulse. For the fluorescence anisotropy
decay measurements, it was set vertical or horizontal
against the vertical excitation. The fluorescence anisotropy
decay was measured based on the definition

rt) = Iyy(t) — GLyu(t)
Ivv(t) + 2Glvy (t)

where Iyv(t), Ivu(t), and G are the parallel and perpendi-
cular fluorescence components, and the grating factor,
respectively. G-factors for the measurements of FAD were
conveniently determined as the integrated intensity ratio
of the vertical to horizontal fluorescence components of
9-cyanoanthracene (9-CA) against the vertical excitation,
because the fluorescence lifetime of 9-CA is so much longer
that the effect of the polarization (the rotational correlation
time) of 9-CA can be neglected. The fluorescence [F(¢)] and
fluorescence anisotropy [r(¢)] decay kinetics are linear
combinations of the exponential function,

F(t) = o exp(-t/T)
r(t) = Z B exp(-t/d;)

where 1; and ¢; are the decay time and rotational cor-
relation time of the i-th component, and o; and B; the
corresponding amplitudes of the fluorescence and fluores-
cence anisotropy decay, respectively. They were analyzed
with a nonlinear least-square algorithm to determine
the decay parameters, o;, 1;, B;, and ¢; (20). Adequacy of
the analysis was judged by inspection of the plots of
weighted residual and statistical parameters such as chi
square (x2).

RESULTS

Dihydrolipoamide dehydrogenase (LipDH) isolated from
the pyruvate dehydrogenase multi-enzyme complex of
B. stearothermophilus exhibited higher thermal resistance
(21). Curve a in Fig. 2 shows the residual enzymatic activ-
ity of LipDH after incubation at 30°C for 1 h following
to thermal treatments at various temperatures. On treat-
ment below 65°C, LipDH was not damaged at all or its
activity was recovered on incubation at 30°C after thermal
treatment. The onset temperature of the irreversible inac-
tivation was 65°C and the activity was reduced more than
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Fig. 2. Effects of thermal treatment on the relative
enzymatic activity (curve a) and ellipticity at 220 nm
(curve b) of LipDH. The enzymatic activities and CD were
measured at 30°C after treatment at various temperatures, fol-
lowed by incubation at 30°C for 60 min.

90% on treatment at 85°C. The inactivation curve was
independent of the incubation time from 1 hour to 12 h
after the thermal treatment.

Some proteins frequently undergo aggregation when
they are denatured by heat treatment or a denaturant.
The occurrence of protein aggregation is a serious cause
of distortion in CD and fluorescence spectroscopic data.
The static light scattering measurements at 540 nm
were examined for LipDH thermally treated at various
temperatures using a fluorescence spectrophotometer
(data not shown). But an increase in the light scattering
intensity was not found at protein concentrations below
0.1 mg/ml used in the present study.

The CD spectrum of the native LipDH showed a line
shape with double minima at 208 nm and 220 nm, suggest-
ing that the contents of beta-sheet and alpha-helix were
43% and 18%, respectively. When the CD spectrum of
LipDH was measured after heat treatment at 30-85°C
followed by incubation at 30°C, the line-shape of the spec-
trum was not so much changed, but the ellipticity at
220 nm started to decrease linearly at 65°C, reaching —
14.5 mdeg. with treatment at 85°C (curve b in Fig. 2). If
the enzyme is completely unfolded, the ellipticity would
give smaller values. The present result suggests that
the secondary structure is retained even at higher tem-
perature or partially refolded back on incubation at
30°C following the thermal treatment. The temperature
dependence curve of the enzymatic inactivation was
almost the same as that of the CD spectral change. But
it should be noted that LipDH showed the highest
ellipticity when treated at 65°C followed by incubation
at 30°C.

LipDH contains two major fluorophores, Trp-91 and
flavin adenine dinucleotide (FAD). Figure 3 shows the
fluorescence maximum wavelength (curve a) and intensity
(curve b) of FAD in LipDH treated at various temperatures
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Fig. 3. Effects of thermal treatment on the fluorescence
maximum wavelength (curve a) and intensity (curve b) of
FAD in LipDH. The fluorescence spectra were measured at
30°C after thermal treatment for 30 min. and then incubation at
30°C for 60 min.

and measured after incubation for 60 min. at 30°C.
With treatment at lower temperatures, the fluorescence
intensity was very weak and the maximum was observed
at 542 nm. When the treatment temperature was higher
than 65°C, the fluorescence maximum linearly shifted
to the shorter wavelength side, reaching 525 nm at
85°C. Then, the fluorescence intensity was concomitantly
enhanced three times.

The insert in Fig. 4 shows the fluorescence spectra of
FAD in LipDH measured at 30-80°C. The fluorescence
intensity decreased with increasing temperature from
30 to 70°C, but conversely it increased at higher than
70°C. Since the radiative transition probability is indepen-
dent of temperature, the quenching rate constant is con-
nected with temperature through the Arrhenius equation.
In the case of simple thermal fluorescence quenching of
FAD, Eq. 1 should be hold for the fluorescence quantum
yield and temperature.

m(% - 1) —InA - % (1)

Where ¢ is the fluorescence quantum yield experimentally
determined by using quinine sulfate in 0.1 N HySO4 as a
fluorescence standard (¢ = 0.546) (22), and A is a constant
related with the fluorescence radiative lifetime. AE, k&, and
T are the activation energy for the thermal quenching
process, the Boltzmann constant, and the temperature
in Kelvin, respectively. As shown in Fig. 4, the plots of
In(1/p —1) against the reverse of temperature showed a
linear line below 50°C, giving an activation energy of
2.2 kcal/mol = 0.1 eV. The deviation from the linear line
at higher than 50°C would suggest that some conforma-
tional change is induced around FAD.

Since the fluorescence quantum yield of FAD in native
LipDH is low, FAD would be strongly interacting with
the surrounding in the polypeptide cage. According to

E. Nishimoto et al.
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Fig. 4. An Arrhenius plot for the thermal fluorescence
quenching of FAD in LipDH. The plot was based on

ln(%—l) = lnA—%, where ¢ is the fluorescence quantum yield

experimentally determined by using quinine sulfate in 0.1 N
HySO, as a fluorescence standard (¢ = 0.546) (22), and A is a con-
stant related with the fluorescence radiative lifetime. AE, k&, and
T are the activation energy for the thermal quenching process,
the Boltzmann constant, and the temperature in Kelvin, respec-
tively. Insert, the temperature dependence of the fluorescence.
Excitation wavelength, 480 nm. Curves a, b, ¢, d, e, and f were
measured at 30, 40, 50, 60, 70, and 80°C, respectively.

Bastiaens et al., the fluorescence of FAD is quenched
by tyrosine residues in some flavoproteins (23). In fact,
Tyr-186, -22 and -195 are located at positions 3.4, 14.0
and 14.0 A apart from FAD, according to the X-ray crystal-
lographic structure of LipDH (Fig. 1). The fluorescence
decay kinetics of FAD in LipDH was described with a linear
combination of triple exponentials, as shown in Table 1.
Each decay component would be produced by the hetero-
geneous interactions between FAD and the tyrosine resi-
dues surrounding it. The corresponding decay times were
shortened below 60°C and conversely increased at 70°C.
These results also suggest that the conformational change
induced in LipDH at 50-60°C is different from those at
higher than 65°C.

The tryptophyl fluorescence of the native LipDH showed
a maximum at 355 nm and its intensity was very weak.
When LipDH was treated at temperatures higher than
65°C and incubated at 30°C for 60 min., the fluorescence
intensity increased and the maximum wavelength shifted
to the higher energy side, as shown in Fig. 5. In general,
the fluorescence spectrum of a tryptophan residue shifts to
the red side with a large conformational change such as
protein unfolding. The peculiar spectral shift observed
here suggests that the micro-environment surrounding
Trp-91 is changed to be non-polar on the thermal treat-
ment. In the native state, Trp-91 is located near the contact
face of two LipDH subunits and is exposed to the outer
face. Probably, Trp-91 is repacked into the new cage of
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Table 1. Fluorescence decay parameters of FAD in LipDH.

Temperature T1 To T3 Tav 5

°C) %1 o2 o3 (ns) (ns) (ns) (ns) X

30 0.536 0.204 0.312 0.072 0.731 2.753 1.05 0.00011
40 0.566 0.268 0.238 0.093 0.746 2.704 0.89 0.00017
50 0.544 0.286 0.214 0.091 0.612 2.592 0.78 0.00010
60 0.402 0.349 0.238 0.074 0.521 2.272 0.75 0.00008
70 0.322 0.507 0.186 0.086 0.751 2.488 0.87 0.00007
80 0.173 0.741 0.106 0.170 0.992 3.240 1.10 0.00005
85 0.122 0.325 0.545 0.145 1.567 2.541 1.19 0.00006

The excitation and emission wavelengths were 480 nm and 540 nm, respectively. The fluorescence decay was given by F(¢)= > o;exp(-t/t;),
where o; and t; are the amplitude and corresponding decay time of the i-th component.

14 T T T T T T T T T

12+ N i

Relative fluorescence intensity

320 340 360 380 400 420
Wavelength (nm)

Fig. 5. The irreversible fluorescence spectral change of
Trp-91. Excitation wavelength, 300 nm. Bandpass, Ex./Em. =
5 nm/5 nm. The spectra were measured at 30°C after heat treat-
ment at 50°C (curve a), 60°C (curve b), 65°C (curve ¢), 75°C (curve
d), and 80°C (curve e).

the peptide chain on incubation at 30°C after thermal
treatment at higher than 65°C.

The absorption spectrum of FAD showed three maxima
at 260 nm, 370 nm, and 450 nm in LipDH. The absorption
band centered at 370 nm overlaps with the fluorescence
emission band of Trp-91. Such spectral overlapping
between the fluorescence and absorption is a determining
factor for the resonance excitation energy transfer effi-
ciency from Trp-91 to FAD. The extremely weak fluores-
cence of Trp-91 observed here would reveal that the
excitation energy of Trp-91 would be efficiently transferred
to FAD. Indeed Trp-91 is arranged near FAD and the
center-to-center distance between these two chromophores
is estimated to be 15 A, according to the X-ray crystallo-
graphic structure (Fig. 1). In order to investigate the ther-
mal effect on the conformation of LipDH, the excitation
energy transfer between Trp-91 and FAD was investi-
gated. The ratio of fluorescence intensity on excitation at
300 nm to that on excitation at 480 nm indicates the rela-
tive energy transfer efficiency (E) from Trp-91 to FAD, as
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given by the following equation.

480 _ kzl‘? AP
kaD + kFAD

300 _ ket R (2)
k}z‘rp + kiTrp + kET k/{;‘AD 4 k{«’AD

300

[0 =

Where, I*%° and I?°° are the fluorescence intensity of FAD
on excitation at 480 nm and 300 nm, respectively. The
energy transfer, radiative transition and non-radiative
transition rates are kgr, ks, and k;, respectively. Figure 6
shows the temperature dependence of the excitation
energy transfer efficiency (F) estimated using Eq. 2. Below
50°C, E was independent of the temperature, but it
increased and then decreased to give a maximum
value of 0.46 at 65°C. This result suggests that FAD comes
closer and/or is oriented in parallel to Trp-91 to increase
the energy transfer efficiency at 50-65°C. Conversely,
their mutual arrangement is disturbed at higher than
65°C.

The steady state fluorescence anisotropy of FAD in the
native LipDH was determined to be 0.34 at 30°C. Since the
transition moments of absorption and fluorescence were
parallel when FAD was excited at 480 nm and its fluores-
cence was measured at 540 nm, it is clear that the internal
motion of FAD would be restricted in the cage of the
LipDH polypeptide. As shown in Fig. 7, the fluorescence
anisotropy started to decrease at 50°C and then rapidly
decreased with increasing temperature (curve b). On the
other hand, when the fluorescence anisotropy was mea-
sured at 30°C after thermal treatment at various tempera-
tures, it showed a constant value, 0.34, until 60°C (curve a
in Fig. 7). These results demonstrate that the change in the
internal motion of FAD induced by thermal treatment
below 60°C is reversible.

In order to determine the temperature dependence of the
molecular dynamics of LipDH in more detail, the time-
resolved fluorescence anisotropy of FAD was measured.
Figure 8 shows the fluorescence anisotropy decay curves
at 30, 60, and 80°C. All of them were described with double
exponential kinetics, which are characterized by shorter
(dps) and longer (¢1) rotational correlation times and
corresponding amplitudes (1, B2).

r(t) = B1 exp(—t/ds) + By exp(—t/d1) 3)
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Fig. 6. Temperature dependence of the energy transfer
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Fig. 7. Temperature dependence of the steady-state fluores-
cence anisotropy of FAD in LipDH (curve b). Excitation (Ex.)/
emission (Em.) wavelength, 480 nm/540 nm. Bandpass, Ex./Em. =
5 nm/5 nm. Curve a, measured at 30°C for 30 min. after thermal
treatment at the temperatures shown by the abscissa.

At 30°C, the fluorescence anisotropy decay was slow. At
60°C, the faster decay component contributed more to the
fluorescence depolarization. As previously shown, the
enzymatic activity decreased and the structure of LipDH
changed irreversibly with the treatment at 80°C. The fluor-
escence anisotropy decay curve also changed drastically at
this temperature. Within 300 ps after the excitation pulse,
the fluorescence anisotropy rapidly decreased to 0.05 as the

E. Nishimoto et al.

very fast decay component. The decay parameters of FAD
in LipDH observed at various temperatures are plotted in
Fig. 9. The rotational correlation time of the fast decay
component of native LipDH was 8.7 ns and the correspond-
ing amplitude was very small, 0.028. Although the rota-
tional motion of FAD was not so activated by the increase
in the temperature to 40-50°C, the amplitude was
increased to 0.055. At temperatures higher than 50°C,
the correlation time of the shorter decay component was
further shortened from 7 ns to the sub-nanosecond range.
At the same time, the corresponding amplitude remark-
ably increased. The rotational correlation time of free
FAD was 0.22 ns in the buffer solution, which was almost
consistent with that of the faster decay component of
LipDH at temperatures higher than 80°C. Therefore, it
is reasonable to consider that the faster decay component
can be ascribed to the free rotation of FAD in the polypep-
tide cage of LipDH.

The rotational correlation times of the slower decay com-
ponent were not so dependent on the temperature and they
were estimated to be within 70-80 ns. This decay compo-
nent doubtlessly corresponds to the fluorescence depolar-
ization due to the entire rotation of LipDH. However, the
estimated values for the longer rotational correlation time
should include much uncertainty, since the average fluor-
escence lifetime of FAD in LipDH is shorter and is in the
range of several nanoseconds. Regardless of this, the
experimentally determined rotational correlation time is
coincident with that calculated using the Einstein-Stokes
law, because the ratios of the experimental correlation time
to the theoretical one of many proteins are within
1.4-2.4 (1). LipDH is constructed of two subunits and its
molecular weight is 110 kDa. Assuming that the specific
volume and the hydration of LipDH are 0.73 ml/mg and
0.2, respectively, the rotational correlation time of LipDH
is calculated to be about 42 ns. The enzymatic activity of
LipDH decreased with thermal treatment at higher than
75°C. But no remarkable change was observed in the cor-
relation time of the entire rotation of LipDH measured at
the same temperature. It is also interesting to note that
the internal motion of FAD changed preceding the large
conformational change indicated by the CD spectrum,
and the fluorescence properties of FAD and tryptophan
residues.

DISCUSSION

The enzymatic activity of LipDH started to decrease on
thermal treatment at temperatures higher than 65°C.
This enzymatic inactivation corresponded to the reduction
of the secondary structure contents. The enzymatic inacti-
vation curve and the curve showing the CD spectral
changes were not perfectly coincident with each other.
The ellipticity of LipDH treated at 50—65°C and incubated
at 30°C for 1 h exhibited a higher value, while the enzy-
matic activity recovered to the level of the native LipDH. It
is probable that LipDH treated in this temperature range
may refold back into a more compact form different from
the native conformation.

Enzymatic inactivation frequently accompanies altera-
tions of the tertiary structure. Although the fluorescence of
8-anilino-1-naphthalenesulfonic acid (ANS) is generally
used as a useful indicator of the degree of protein unfolding

J. Biochem.

ZT0Z ‘62 J0UB108S U0 Bled Op [2Bpe apepisieAun e /B10'seuInopiojxo qlj/:dny woiy pepeojumoq


http://jb.oxfordjournals.org/

Thermal Unfolding Process of Dihydrolipoamide Dehydrogenase 355

a b

o
i
T

<
N
T

Fluorescence anisotropy

o
o

T T 0.0 T T 0.0

0.4} 041l

0.2+ 0.2}

Fig. 8. Fluorescence anisotropy

C decay curves of LipDH. a, 30°C;
b, 60°C; ¢, 80°C. Solid lines, the curves
giving the best fits; the residuals are
shown in lower panels. Excitation
wavelength, 480 nm; emission wave-
length, 540 nm.
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Fig. 9. Temperature dependence of the rotational correla-
tion times for the segmental rotation (¢,) and entire rota-
tion (¢2) of LipDH. The rotational correlation time was
determined by non-linear curve fitting based on the equation
r(t) = By exp(-t/db1)+Ps exp(—t/dsy), where B; and B, are the ampli-
tudes of segmental and entire rotation, respectively.

(24-26), the fluorescence of FAD and Trp-91 revealed con-
formational changes on the thermal unfolding of LipDH.
The fluorescence maximum of FAD shifted to the higher
energy side and the intensity remarkably increased on
thermal treatment at temperatures higher than 65°C, sug-
gesting that the circumstances surrounding FAD became
nonpolar and FAD was free from the quenching interaction
with Tyr residues. The fluorescence spectral changes of
Trp-91 treated at higher than 65°C showed that the poly-
peptide chain of LipDH would be mis-folded when it
attempted to refold back into the native structure. These
results consistently demonstrate that the irreversible
unfolding of LipDH started at 65°C if the unfolding tem-
perature is defined as the onset of the irreversible changes
in the enzymatic activity, and the CD and fluorescence
spectra of Trp-91 and FAD in LipDH. Mattevi et al. and
van Berkel et al. proposed the dissociation of LipDH into
two subunits as the thermal inactivation mechanism

Vol. 140, No. 3, 2006
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(27, 28). But our results implied that the dimeric structure
of LipDH was preserved and did not dissociate into the
monomer even on treatment at 85°C, where the enzymatic
activity of LipDH was decreased by more than 90%,
because no prominent reduction in the entire rotational
correlation time of LipDH corresponding to the dissociation
was observed in the temperature range of 30-85°C. Prob-
ably, the large conformational change including the reduc-
tion of the secondary structure would be the main factor for
the inactivation of LipDH. The fluorescence spectral shift
of Trp-91 shows that a large conformational change would
be induced around the contact face of the subunits, which is
essential for the enzymatic activity of LipDH (Fig. 5).

At first sight, the thermal unfolding process leading to
irreversible inactivation seems to comprise simple conver-
sion from the native state to an unfolded state. But, more
detailed analysis involving the energy transfer kinetics
from Trp-91 to FAD, thermal fluorescence quenching
and the fluorescence anisotropy demonstrated that the
thermal unfolding of LipDH would proceed through a tran-
sient intermediate state. LipDH changes its own conforma-
tion such that Trp-91 and FAD would transiently become
closer and/or mutually oriented in parallel at 50-65°C.

The time-resolved fluorescence depolarization studies
substantiate more the thermal unfolding transient inter-
mediate state of LipDH. FAD showed peculiar dynamical
properties in this intermediate state. The fluorescence ani-
sotropy decay kinetics of FAD in LipDH was described by
double exponentials at any temperature investigated here.
Each component was ascribed to the internal motion of
FAD and the entire rotation of LipDH, respectively. This
suggests that FAD thermally fluctuates according to the
conformation of the polypeptide cage of LipDH. Using the
general theory for a small fluorophore bound to a large
molecule, the exponential function (Eq. 3) experimentally
determined for the fluorescence anisotropy decay is
replaced with Eq. 4,

r(t) = ro{f exp(-t/dp) + (1) exp(~t/dy)
fo b1 11
CBiB b1 bp by

The parameters, ¢r and ¢y, in Eq. 4 are the rotational
correlation times of FAD and LipDH, respectively. f is

(4)
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the degree of the motional freedom of FAD in the polypep-
tide cage of LipDH. Although the rotational correlation
time of FAD in the native LipDH could be distinguished
from the entire rotation of LipDH, it was much longer than
that of the free FAD in the buffer solution. Indeed, the
correlation time of the bound FAD in LipDH was estimated
to be 8.7 ns. It is difficult now to specify definitely this
rotational mode of FAD. But, as judged on comparison with
other reports on protein dynamics, the rotational fluctua-
tion of FAD may be caused by the structural tumbling of
LipDH, where the motion of FAD would be synchronized
with the fluctuation of the polypeptide elements of LipDH
(29, 30). At temperatures higher than 65°C, the shorter
rotational correlation time of FAD in LipDH was shortened
to the sub-nanosecond range, corresponding to that of the
free rotation of FAD in the buffer solution. This result
demonstrates that the interaction of FAD with its sur-
roundings is weakened, resulting in the free rotation of
FAD within the space created by the conformational
change of LipDH.

The degree of the motional freedom, f; is connected with
the order parameter (S?) and the semi-cone angle () of the
motion of FAD using the amplitude () of the fluorescence
anisotropy decay kinetics (31).

2

8% =1-F= (%cos 0(cos 0 + 1)) (5)
Figure 10 shows the temperature dependence of the order
parameter and the motional freedom of FAD given by the
semi-cone angle in LipDH. The order parameter of FAD in
the native LipDH was 0.91 and the corresponding semi-
cone angle was 14°. The motional freedom of FAD in LipDH
critically increased to give S% = 0.17 and 6 = 57°C at 70°C.
These changes concomitantly occurred with the shortening

1.0 T T T T T T

0.6

0.4 r

Order parameter
(e0160p) 9)6UE BUODH

0.0 r

30 40 50 60 70 80 90
Temperature (°C)

Fig. 10. The order parameter (curve a) and cone angle
(curve b) for the internal motion of FAD in LipDH.
The order parameter, S2, was given by the equation
82 = 1-f = (hcosO(cosO+1))?, where f is the degree of the
motional freedom, and 6 is the semi-cone angle of the motion of
FAD using the amplitude (B) of the fluorescence anisotropy decay
kinetics (31).

E. Nishimoto et al.

of the correlation time, suggesting that a large space which
allows FAD almost free rotation would be induced in the
polypeptide cage of LipDH. This free rotation of FAD with a
large amplitude was one unique property of the transient
intermediate state of LipDH during the thermal unfolding.

LipDH is constructed of two subunits and, furthermore,
each subunit has some structural domains. Such a complex
structure makes it difficult to elucidate the thermal unfold-
ing/folding mechanism by means of a simple model that is
successfully applicable to a single domain protein such as
hen egg-white lysozyme. A transient intermediate state
was confirmed here for the thermal unfolding of LipDH.
The intermediate state showed similar properties to the
molten-globule (MG) state, which has been confirmed in
many studies on protein folding (32—37). The involvement
of the MG state in the protein unfolding/folding process
should be definitely recognized from the near UV CD spec-
trum. Unfortunately, in the present study, an apparent
difference was not found in the CD spectrum at 250-300
nm between the thermally treated and non-treated LipDH.
However, our results consistently demonstrate that LipDH
transiently reach the intermediate state, which refolds
back into a native-like state retaining the enzymatic activ-
ity, but the refolding of the LipDH thermally unfolded once
is almost completely prohibited.
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