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Abstract

Acidic buffer conditions are known to stabilize helix-rich states of even those proteins with a predominantly [3-sheet native secondary structure.
Here we investigated whether such states also exist under alkaline buffer conditions. The guanidine hydrochloride (GuHCl)-induced unfolding
transition and kinetic refolding of equine 3-lactoglobulin (ELG) by GuHCl-jump were investigated at pH 8.7 by far-ultraviolet circular dichroism.
We found that an equilibrium intermediate appeared in 45% ethylene glycol (EGOH) buffer with 1.5 M GuHCI. The intermediate is rich in non-
native a-helix, which is similar to the helix-rich state of ELG at pH 4.0. A kinetic study was done on the folding rate of ELG and compared with
bovine B-lactoglobulin (BLG). Transient intermediates, which were observed as the burst phase of the refolding reaction, were also rich in a-helix.
The activation enthalpy of ELG was calculated to be c.a. 80 kJ/mol, whereas that of BLG was c.a. 70 kJ/mol in the presence of 45% EGOH. The
ellipticities of the transient intermediate of ELG show temperature dependence in the presence of 45% EGOH, whereas that of BLG did not show
significant dependence.

This study therefore extends the existence of helix-rich equilibrium and transient intermediates of predominantly 3-sheet proteins to alkaline

buffer conditions.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

-lactoglobulin is one of the whey proteins found in milk
[1]. Among P-lactoglobulins from various species, bovine
B-lactoglobulin (BLG) has been most extensively studied [2].
Kuwajima found a non-native a-helix-rich kinetic intermediate
on the BLG refolding pathway [3,4]. Arai et al. reported that the
intermediate is a molten globule state, based on time-resolved
x-ray scattering [5]. Qin et al. investigated the refolding of BLG
at subzero temperatures, and found another intermediate prior

Abbreviations: ELG, equine PR-lactoglobulin; CD, circular dichroism; far-
UV, far-ultraviolet; EGOH, ethylene glycol; BLG, bovine B-lactoglobulin;
GuHCl, guanidine hydrochloride.
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to the appearance of the non-native a-helix-rich intermediate at
—28 °C. The newly found intermediate is also rich in a-helix,
but less so than the previously found intermediate [6].

Equine p-lactoglobulin (ELG) has several potential advan-
tages over BLG for studying the pH dependent formation of
thermodynamic or kinetic intermediates. Unlike BLG, it has no
free cysteine residues that could interchange with disulfide
bonds [7,8]. Also unlike BLG, it is monomeric from pH 1.5 to 8
[7,9]. The amino acid sequence homology of BLG and ELG is
about 57% [10,11]. Both of the two p-lactoglobulins take the
up-and-down B-barrel structure, which is consisted of eight
B-strands and one a-helix [2,12,13].

Fujiwara et al. studied the kinetics and thermodynamics of
ELG at pH 1.5 and 4.0, and reported a non-native a-helix-rich
intermediate on the refolding pathway of ELG at pH 4.0 [14].
They also found an a-helix-rich equilibrium intermediate at
the moderate denaturant concentrations at pH 4.0. These two
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intermediates are equivalent as far as circular dichroism (CD)
measurements are concerned. Ikeguchi also performed thermo-
dynamic study of ELG at pH 1.5, and found that the protein
takes a molten globule state, which is equivalent to the kinetic
and equilibrium intermediates observed at pH 4.0 [9,14].

Thermodynamic and kinetic intermediates richer in helix
content than the native state have been reported for a number of
proteins besides BLG and ELG [15-19]. In this study, we
wanted to see if such helical structure can also be observed in
alkaline solutions, not usually thought of as a condition en-
hancing helix stability. If so, this would demonstrate that
transient formation of local secondary structure is a robust
process during folding (kinetic experiments), and even low
enough in free energy to manifest itself under equilibrium
conditions (thermodynamic experiments).

Thus we conducted kinetic and thermodynamic studies of
ELG at pH 8.7. In alkaline solution, we observed by stopped-
flow a non-native a-helix-rich kinetic intermediate on the
refolding pathway of ELG, as is the case at pH 1.5 and 4.0. The
molecular ellipticity of the intermediate is —5400 deg cm’
dmol ™! at 222 nm, which is nearly equal to the values of the
kinetic and the equilibrium intermediates at pH 4.0 [14]. We
also detected an a-helix-rich thermodynamic intermediate at
moderate guanidine hydrochloride (GuHCI) concentrations in
the presence of 45% ethylene glycol (EGOH) at pH 8.7. The
newly found equilibrium intermediate has a molecular ellipti-
city of c.a. —8000 deg cm? dmol ™! at 222 nm, somewhat larger
than the kinetic intermediate.

These results show that ELG is an excellent model system
for investigating both transient and equilibrium intermediates of
a monomeric B-sheet-rich protein over the full pH range. We
conclude that even in alkaline solution, the propensity for ELG
to form local secondary structure remains high.

Helix-rich intermediates have now been confirmed in 9
proteins under many different conditions, demonstrating that
formation of misfolded local secondary structure is a common
phenomenon during protein folding [18].

2. Materials and methods
2.1. Materials

ELG was purified from horse milk with slightly modified
procedure from the previous work [9,20]. Recombinant ELG
was expressed in E. coli and purified as described previously
[13]. Purity of ELG was confirmed by SDS-PAGE, native-
PAGE or tris-tricin PAGE [21].

Molecular weight of ELG is 18,500. The concentration of
ELG was determined spectrophotometrically, using an extinc-
tion coefficient, £=12,000 M~ ! cm™ ! at 280 nm [9,22].

Crudely purified powder (mixture of BLG A and BLG B)
was purchased from Sigma (Lot 124H7045). BLG A and BLG
B were separated by anion-exchange chromatography through
DEAE-Sephacel gel (Pharmacia) [23]. After the BLG A fraction
and the BLG B fraction were dialyzed against distilled water,
both of them were lyophilized. Each purified BLG A and BLG
B was identified by native-PAGE. Both of them showed a single

band. BLG A was used in the present experiments, and de-
signated as BLG for simplicity hereafter.

Molecular weight of BLG is 18,400. The concentration of
BLG was determined spectrophotometrically, using an extinc-
tion coefficient, £'”*; .,,=9.6 at 278 nm [24].

GuHCl is of ultra pure reagent grade from ICN Biomedicals
Inc. (Lot 2345B). The concentration of GuHCI was calibrated
by refractive index measurements [25,26]. The temperature was
controlled within 0.2 °C by a temperature controller ULT-80
of NESLAB.

2.2. Stopped-flow apparatus

The stopped-flow device was constructed for special use of
high viscosity and low temperature in collaboration with Unisoku
Inc [6,18,19]. Its dead time was estimated to be 5 ms by the
reduction of 2, 6-dichloroindophenol by ascorbic acid at 4 °C and
—28 °C (data not shown) [27].

2.3. CD measurements at equilibrium

The ELG samples were prepared in 50 mM phosphate buffer
at pH 8.7 with various concentrations of GuHCI in the presence
and absence of 45% EGOH, respectively. The concentration of
ELG was 20-30 pM. CD measurements were performed at
various temperatures with a spectropolarimeter specially de-
signed by Unisoku Inc. Cuvettes of 1 mm path-length were used
for all measurements.

2.4. Kinetic CD measurements

ELG was first unfolded in 50 mM phosphate buffer at pH 8.7
with 4.5 M GuHCl in the presence and absence of 45% EGOH,
and then was diluted with seven times refolding buffer (0 M
GuHCl) so as to initiate the refolding. The final concentration of
GuHCI was 0.64 M, and the final concentration of ELG was
10-30 uM.

BLG was also first unfolded in 50 mM phosphate buffer, at
pH 2 with 5 M GuHCI in the presence and absence of 45%
EGOH and was diluted with seven times refolding buffer (0 M
GuHCl) so as to initiate the refolding. The final concentration
of GuHCI was 0.7 M, and the final concentration of BLG was
10-20 pM. The refolding process was monitored by CD at
222+2 nm ([8]5,) at each temperature. Measurements were
repeated and accumulated to get a good signal/noise ratio. The
averaged data were normalized to give molar ellipticity. At each
condition, in addition to the refolding experiments, two more
experiments (‘initial” and ‘final’) were always done; mixing the
unfolded protein in the unfolded buffer with the same unfolded
buffer. This gives us the ‘initial’ CD level. After the refolding
experiments, we left the solution long time at the same condition,
and then measured CD. This gives us the ‘final’ level. Usually,
we measured the ‘final’ level 20 min after the folding reaction
initiated.

Activation enthalpy of the folding reaction was obtained
from the slope of logarithm of £*#, where £ is the rate constant
of the observable phase and # is the viscosity of the solvent.
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Activation enthalpy AH¥ was calculated from the slope of
logarithm of k*n vs. 1/T as follows according to Kramers
equation [28,29].

c (—AG1>
k=—exp| —=—
n RT

where C is a constant, 7'is the absolute temperature, R is the gas
constant and AG* is activation free energy. From the equation,
we can derive

+In(C)

Then, when In(k*#) is plotted against 1/7, we can obtain AH*
from the slope.

3. Results
3.1. Effect of EGOH on ELG conformation at equilibrium

We used EGOH as an anti-freeze at subzero temperatures.
Then, we first investigated the effect of EGOH on the secondary
structure of ELG at various temperatures by the measurement of
far-ultraviolet (UV) CD. The far-UV CD spectra of ELG did not
change in the presence of EGOH lower than 60%, whereas the
spectra changed drastically in the presence of EGOH above
70%. In the inset figure of Fig. 1, are shown far-UV CD spectra
of ELG at 0%, 30% and 90% EGOH concentrations at 4 °C, and
the dependence of the ellipticity at 222 nm ([6],,,) on EGOH
concentration at 4 °C is shown in Fig. 1. Results demonstrate
that ELG takes an a-helix-rich conformation at EGOH
concentrations above 70%. We have also observed CD spectra
at —10 °C, —20 °C, and —28 °C, showing that ELG took native
conformation at EGOH below 60% at subzero temperatures as
at 4 °C (data not shown).
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Fig. 1. [0]52, dependence of EGOH concentration induced-ELG forming a-
helices at pH 8.7 in 50 mM phosphate buffer at 4 °C. Inset: CD spectra of ELG at
pH 8.7 in 50 mM phosphate buffer with different concentrations of EGOH at
4 °C. 0% EGOH (line), 30% EGOH (dash—dot—dot) and 90% EGOH (short
dash).
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Fig. 2. CD spectra of ELG at pH 8.7 in 50 mM phosphate buffer with various
concentrations of GuHCI at 4 °C. 0 M (black), 1.09 M (pink), 1.64 M (blue),
4.40 M (dark red) and 4.97 M (dark green). In short wavelength region, the data
are not shown due to the absorption of GuHCI impurities. Inset: [6],,, values of
ELG unfolding are plotted against GuHCI concentrations at the same condition
with the main figure.

3.2. ELG unfolding induced by GuHCI at equilibrium

Next, we performed ELG unfolding induced by GuHCI in
50 mM phosphate buffer at equilibrium. The far-UV CD spectra
of ELG at pH 8.7 and at 4 °C were measured at various GuHCI
concentrations. In Fig. 2, typical CD spectra at 4 °C are shown
at GuHCI concentration of 0 M, 1.09 M, 1.64 M, 4.40 M and
4.97 M. The ellipticity at 222 nm ([6],5,) is plotted against
GuHCI concentrations, and shown in the inset of Fig. 2. The
curve shows a monotonic increase of ellipticity from 0 to 1 M of
GuHCI, and shows a plateau from 1 M to 2 M. The ellipticity
increased again above 2 M.

Fujiwara et al. reported the unfolding titration of ELG by
urea at 25 °C and at pH 8.7 [30]. They reported a plateau at
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Fig. 3. CD spectra of ELG at pH 8.7 in 50 mM phosphate buffer and in the
presence of 45% EGOH with various concentrations of GuHCl at —28 °C. 0 M
(black), 1.53 M (blue) and 5.19 M (dark green). In short wavelength region, the
data are not shown due to the absorption of GuHCI impurities. Inset: GuHCI
concentration induced-ELG unfolding transitions monitored by [0],,, at the
same condition with the main figure (triangle). [8],,, at 4 °C was also plotted in
the inset (circle).
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around 2-5 M of urea. Our result is at least qualitatively
consistent with their report.

In contrast, CD spectra are significantly different in the
presence of 45% EGOH. CD spectra were measured in the
presence of 45% EGOH at various temperatures (4 °C, —10 °C,
—20 °C and —28 °C). Typical CD spectra at —28 °C are shown
at 0 M, 1.53 M and 5.19 M GuHCl in Fig. 3 and [6],,; at 4 and
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—28 °C are shown in the inset of Fig. 3 as a function of GuHCl
concentration. As seen in the inset figure, the ellipticity at
222 nm is nearly constant below 1 M, decreases with the
increase of GuHCI concentration from 1 M to 1.5 M and then
gradually increased above 2 M GuHCI at both temperatures,
indicating an intermediate at 1.5 M GuHCI. It was also the case
at —10 and —20 °C (data not shown). Fujiwara et al. measured
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Fig. 4. Kinetic refolding curve (black) of ELG at pH 8.7 in 50 mM phosphate buffer. The refolding reaction was initiated by a concentration jump of GuHCI. The blue line
represents the ‘final’ level, which was measured 20 min after the initiation of refolding. The green line shows the ‘initial’ level, where unfolded protein was mixed with
the unfolded buffer. The red curve is the fitting curve. All of these results were repeated several times, and averaged curves are shown. Some of burst phases, the ‘final” or
‘initial” level ellipticities are a little different from Table 1 or Fig. 6. This is because two or three data of which time scale was different were not averaged in Fig. 4, but in
Table 1 and Fig. 6, these different time-scaled data were also accumulated. (a) at 4 °C in the absence of 45% EGOH. The rate constant was 0.8£0.2 s~ . (b) at 4 °C in the
presence of 45% EGOH. The rate constant was 0.172+0.006s . (c) at — 10 °C in the presence of 45% EGOH. The rate constant was 0.0237+0.003 s~ '. (d) at —20 °C in
the presence of 45% EGOH. The rate constant was 0.00293+0.003 s '. (e) at —28.4 °C in the presence of 45% EGOH.
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Table 1

Ellipticities of the burst phase, the ‘initial’ and the ‘final’ level, the ‘final’ level at infinity and the rate constants of ELG at pH 8.7

Buffer condition® Temperature (°C) Burst phase ellipticity

(deg cm?* dmol ")

The final level
(deg cm?* dmol ")

The final level at o Rate constant (s )

(deg cm? dmol ™ ")®

The initial level
(deg cm* dmol ")

0% EGOH 4 —5400+300 —3300+400 —1100+400 —4300+100 0.8+0.2
45% EGOH 10 —6100+100 —3800+70 —1300+80 —4400+300 0.43+0.08
45% EGOH 4 —9200+400 —4100+£1000 —700+100 —6400+1100 0.172+0.006
45% EGOH -10 —13,200+1100 —4700+800 —100+600 —9800+1800 0.0237+0.003
45% EGOH -15 —9800+200 —4200+70 —1200+80 —7300+400 0.0101+0.003
45% EGOH -20 —12,800+200 —5200+1200 —100+£900 —10,300+1600 0.00293+0.003

? Buffer: 50 mM phosphate buffer.

® These values were calculated according to the single exponential process at time infinity.

unfolding titration of ELG by urea and GuHCI at pH 4.0 and at
25 °C, and reported the presence of an intermediate [14]. Our
finding of the intermediate on the unfolding titration induced by
GuHCI in the presence of 45% EGOH is in agreement
qualitatively with those obtained by Fujiwara et al. [14].

3.3. Kinetic refolding of ELG at pH 8.7

We carried out kinetic refolding experiments of ELG in the
absence of EGOH at 4 °C and in the presence of 45% EGOH at
various temperatures (10, 4, —10, —15, =20 and —28 °C).
Refolding was initiated by mixing one volume of the unfolded
ELG in the unfolded buffer (50 mM phosphate buffer with
4.5 M GuHCI) with 6 volumes of 50 mM phosphate buffer at
4 °C. Refolding experiments in the presence of EGOH were
done, by mixing one volume of the unfolded ELG in 50 mM
phosphate buffer with 45% EGOH and 4.5 M GuHCI with 6
volumes of 50 mM phosphate buffer with 45% EGOH. Results
are shown in Fig. 4 (a)—(e). In all cases except at —28 °C,
refolding traces showed the burst phase followed by an
observable single exponential increase of ellipticity. Obtained
ellipticities of the burst phase and the rate constants of the
observable phase are summarized in Table 1. Both of the
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Fig. 5. Kinetic refolding curve (black) of BLG at pH 2 in 50 mM phosphate
buffer and in the presence of 45% EGOH at —28.4 °C. The refolding reaction
was initiated by a concentration jump of GuHCI. The blue line represents the
“final’ level, which was measured 20 min after the initiation of refolding. The
green line shows the ‘initial” level, which was the mixing of the unfolded protein
and the unfolded buffer. The red curve is the fitting curve. The rate constant was
784295 "

ellipticity of the burst phase and the rate constant of the
observable phase decreased gradually with the decrease of
temperature (Fig. 6 and Table 1). At 4 °C in the absence of
EGOH, refolding trace reached to the ‘final’ value, indicating
that no slower phases existed, whereas in other conditions,
refolding trace did not reach to the ‘final’ value, indicating that
the folding was not complete within the measuring time scale
(Table 1 and Fig. 8).

At —28 °C, the refolding trace did not change within 3 s
(Fig. 4 (e)). Qin et al. reported that the refolding of BLG at
—28 °C showed two phases; the burst and a phase of decrease
[6]. We repeated the refolding of BLG at the same condition
with ELG, and found the same profiles for BLG, as shown in
Fig. 5. The ‘final’ level of BLG was c.a. —6000 deg cm” dmol '
at higher temperatures and decreased less than —10,000 deg
cm? dmol ™' at lower temperatures (Fig. 9). This would indicate
that the folding at lower temperatures were not finished yet even
after 20 min.

4. Discussion
4.1. Effect of EGOH on ELG at equilibrium

ELG takes an a-helix-rich conformation with the mid point
at 70% EGOH from the measurement of CD (Fig. 1). Above the
70% EGOH, the ellipticity at 222 nm was c.a. — 17,000 deg cm*
dmol™'. BLG also takes an a-helix-rich conformation above
70% EGOH with the mid point at 75% EGOH. The ellipticity at
222 nm was reported as c.a. —25,000 deg cm* dmol ™' [6]. This
indicates that the fraction of a-helix in ELG is significantly less
than that of BLG.

The GuHCl-induced unfolding transition curve of BLG at
pH 2.0 does not show significant changes in the presence and
absence of 45% EGOH [6], whereas ELG takes an equilibrium
intermediate at moderate GuHCI concentrations at pH 8.7 in the
presence of 45% EGOH (Fig. 3), but not in the absence of
EGOH. The ellipticity at 222 nm of the intermediate was c.a.
—8000 deg cm? dmol ', which suggests the intermediate is
rich in «-helix as is the case in the equilibrium intermediate
observed by others at pH 4.0 and 1.5 [9,14].

We have estimated fractions of secondary structures of the
equilibrium intermediate appearing at pH 8.7 in the presence
of 45% EGOH with 1.5 M GuHCIl by CONTIN program
[31]. The results show fraction of a-helix=29%, fraction of
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Fig. 6. Temperature dependence of the ellipticities of the burst phase of ELG
monitored at 222 nm at pH 8.7. In 50 mM phosphate buffer without EGOH (O),
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1.5 M GuHCl in 50 mM phosphate buffer with 45% EGOH (A). The equi-
librium intermediate at pH 1.5 (A), at pH 4.0 (V) and the kinetic burst at pH 4.0
(0J) are plotted from Ref. [14] for comparison.

B-sheet=35% and fraction of random coil=37%. Secondary
structure estimation was also done for the a-helix-rich confor-
mation appearing at EGOH above 70%, of which fractions
were 65%, 8% and 27%. From these values, we can conclude
that the two conformations are different from each other.

4.2. The transient intermediate of ELG refolding

In all conditions, refolding kinetics show a burst phase
within the dead time of the stopped-flow apparatus (Fig. 4),
indicating the existence of a transient intermediate occurred
within the dead time of the apparatus (5 ms). The ellipticities at
222 nm of the transient intermediates are summarized in Table |
and shown in Fig. 6 as a function of measured temperatures. The
ellipticity at 222 nm of the transient intermediate was
—5400 deg cm? dmol ' at 4 °C in the absence of EGOH,
indicating that the transient intermediate is rich in «-helix.

Fujiwara et al. reported that the transient intermediate
appeared on the ELG folding pathway at pH 4.0 (25 °C) [14],
of which ellipticity was around —6000 deg cm? dmol '. This
value is also plotted in Fig. 6, as comparison. It is in good
agreement with the present results.

Table 2
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Fig. 7. Temperature dependence of the ellipticities of the burst phase of BLG
monitored at 222 nm at pH 2. In 50 mM phosphate buffer without EGOH (O), in
50 mM phosphate buffer with 45% EGOH (@).

The ellipticity at 222 nm of the transient intermediate was
—6100 deg cm® dmol ! at 10 °C in the presence of 45% EGOH,
and decreased with the decrease of temperature. At lower tempe-
ratures, the ellipticity reached to the constant value (— 12,300 deg
cm?® dmol™ ") below — 10 °C. The ellipticity change as a function of
temperature might suggest the existence of the two different
intermediates; one is more stable at higher temperatures and the
other is more stable at lower temperatures. As comparison, the
ellipticities at 222 nm of the similar transient intermediates of BLG
were also measured, and their ellipticities are summarized in
Table 2 and plotted in Fig. 7. They are nearly constant between
4 °C and —28 °C, while that at 30 °C is slightly larger. The
ellipticities in the absence of EGOH seem to be slightly bigger
than those in the presence of 45% EGOH.

4.3. The equilibrium intermediate and the
transient intermediate

We have observed the equilibrium intermediate at 1.5 M
GuHCI on the unfolding titration of GuHCI in the presence of
45% EGOH (Fig. 3). To compare this equilibrium intermediate
and the transient intermediate described above, we also plotted
ellipticities at 222 nm at equilibrium in the presence of 45%
EGOH with 1.5 M GuHCI at various temperatures (Fig. 6). It
should be noted that the ellipticities at 222 nm of the equi-
librium intermediates are even lower than that at 1.5 M GuHCl

Ellipticities of the burst phase, the ‘initial’ and the ‘final’ level and the rate constants of BLG at pH 2

Buffer Temperature Burst phase ellipticity The final level The initial level Rate constant
condition® (°C) (deg cm* dmol™ ") (deg cm* dmol ™" (deg cm?® dmol ™ ") s

0% EGOH 15 —11,100+£400 —5500=+50 —1900+50 58.6+12.5
0% EGOH 10 —12,800+800 —5500+40 —1100+200 52.9+16.7
0% EGOH 4 —11,400+100 —6200+700 —1000+600 28.5+0.3
45% EGOH 30 —12,300+300 —5500+40 —2600+40 38.0+6.5
45% EGOH 15 —14,800+500 —5300+800 —2600+1100 11.0+4.3
45% EGOH 4 —16,300+200 —7000+500 —2000+100 6.1+1.1
45% EGOH -10 —15,800+2700 —7800+300 —2500+2100 0.27+0.07
45% EGOH =20 —17,400+200 —10,500+500 —2400+1400 0.062+0.001

# Buffer: 50 mM phosphate buffer.
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(we tried to obtain the ellipticity of the equilibrium intermediate
based on the three-species-model fitting, but the results include
large ambiguity). At 4 °C, the ellipticity at 222 nm at equi-
librium in the presence of 45% EGOH with 1.5 M GuHCI and
that of the transient intermediate in the presence of 45% EGOH
fit well. The ellipticities at 222 nm at equilibrium in the pre-
sence of 45% EGOH with 1.5 M GuHCI did not change
significantly with the decrease of temperature. Actually at
—28 °C, the ellipticity at 222 nm at equilibrium in the presence
of 45% EGOH with 1.5 M GuHCI was c.a. —8000 deg cm?
dmol ! and the ellipticity of the transient intermediate was c.a.
—12,000 deg cm? dmol ' (Fig. 6). It is then possible that the
ellipticity of the equilibrium intermediate might be the same
with one of the transient intermediates (the intermediate stable
at higher temperature).
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Fig. 9. Temperature dependence of the ellipticities of the ‘final’ and the ‘initial’
levels of BLG monitored at 222 nm at pH 2. The ‘final’ and ‘initial’ level
ellipticities in 50 mM phosphate buffer without EGOH (‘final’;A, ‘initial’;A),
the “final’ and ‘initial’ level ellipticities in 50 mM phosphate buffer with 45%
EGOH (‘final’;O, ‘initial’;@®). At low temperatures, ‘final’ level ellipticities
were less than —10,000 deg cm? dmol™ ', This indicates that BLG was not
refolded to the native state 20 min after initiation of refolding, and this result is
corresponding to Qin et al. reported [6].
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Fig. 10. Temperature dependence of the folding rate of ELG and BLG. (a) In(k)
vs. 1/T, and (b) In(k*n) vs. 1/T, where k denotes the rate constant of the
observable phases of ELG and BLG, and 7 is the viscosity of the solvent. ELG
at pH 8.7 in 50 mM phosphate buffer without EGOH (O), ELG at pH 8.7 in
50 mM phosphate buffer with 45% EGOH (@), BLG at pH 2 in 50 mM
phosphate buffer without EGOH (A), BLG at pH 2 in 50 mM phosphate buffer
with 45% EGOH (A). In case of BLG, refolding curve was fitted with a single or
double exponential(s). When data were analyzed by double-exponential process,
only the rate constants of the fast phases were plotted in the figure.

Fujiwara et al. speculated that the equilibrium intermediate
has the same physicochemical properties as the one observed as
the kinetically observed intermediate on the folding pathway at
pH 4.0, 25 °C [14]. The equilibrium intermediate of ELG at
moderate GuHCI concentrations observed at pH 8.7 in the
presence of 45% EGOH has also similar properties to the
transient intermediate as at pH 4.0.

In summary, ELG forms the equilibrium intermediate in the
presence of 45% EGOH with 1.5 M GuHCI at pH 8.7 (present

Table 3
Activation enthalpy AH* (kJ/mol) of ELG in the presence of 45% EGOH and
BLG in the presence and absence of 45% EGOH

ELG BLG

45% EGOH 0% EGOH 45% EGOH
In(k) vs. 1/T 95.5+4.2 4474152 85.049.8
In(k*n) vs. 1/T 70.1+1.9 25.4+14.9 60.8+9.2
In(k*n° 7y vs. 1/T 77.8+2.6 31.1£15.0 68.0£9.3
In(k*(c+1n)) vs. 1T 81.0+2.3 39.9+14.9 72.6+8.9
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study), and in the presence of moderate concentrations of urea
and GuHCl at pH 4.0 [14]. Both take a-helix-rich conformation.
ELG forms the transient intermediate in the presence and
absence of 45% EGOH at pH 8.7 (present study) and in the
absence of EGOH at pH 4.0 [14]. These two equilibrium
intermediates and two transient intermediates take more or less
similar a-helical content above 0 °C, whereas the transient
intermediate at pH 8.7 takes higher a-helical content at the
temperature lower than —10 °C. This demonstrates that the
intermediates are more robust, and not the product only at acidic
circumstances (Figs. 8 and 9).

4.4. A kinetic study of the transient intermediate

The folding rates of the observable phase in the presence of
45% EGOH decreased with the decrease of temperature
(Table 1 and Fig. 10 (a)). Activation enthalpy AH* of the
ELG refolding was estimated from the slope, and is shown in
Table 3. As the viscosity of the solution was temperature
dependent, we also plotted logarithm of k*# of ELG, where £ is
the rate constant of the observable phase and # is the viscosity
of the solvent against the reciprocal of temperature (Fig. 10 (b)).
Both figures show good straight line against the reciprocal of
temperature in the presence of 45% EGOH. Activation enthalpy
AH* was also estimated from the figures, and is shown in
Table 3. There are several arguments to improve Kramers
equation by using o+7 or n° instead of # [29,32—39], where
o is the internal friction [39]. We have also plotted logarithm of
log(k*(o+n)) and log(k*n°") against 1/7 with c=4.1 cP [39] ,
and obtained activation enthalpies of each case. They are also
shown in Table 3.

In Fig. 10 (a) and (b), observable folding rates of BLG were
also plotted both in the presence and absence of 45% EGOH. In
the presence of 45% EGOH, logarithm of k*n shows a straight
line against the reciprocal temperature, as is the case of ELG.
Activation enthalpy AH* of BLG were also calculated and are
listed in Table 3.

AH* of ELG in the presence of 45% EGOH was 95.5 kJ/mol
from log(k) vs. 1/T plot, 70.1 kJ/mol from log(k*#n) vs. 1/T plot,
81.0 kJ/mol from log(k*(g+n)) vs. 1/T plot, and 77.8 kJ/mol
from log(k*n%") vs. 1/T plot. Although our data are not suf-
ficient to discuss which is the most appropriate value, the
probable value is c.a. 80 kJ/mol. Activation enthalpies of BLG
in the presence and absence of 45% EGOH were also estimated
and are also listed in Table 3. The probable activation enthalpies
are c.a. 70 kJ/mol and c.a. 35 kJ/mol, respectively. Thus, acti-
vation enthalpy of ELG is slightly higher than that of BLG in
the presence of 45% EGOH.

4.5. Refolding of ELG and BLG at —28 °C

In BLG refolding process, a phase of a-helical increase was
observed clearly at —28 °C as is Qin’s data (Fig. 5 and [6]). Qin
et al. [6] suggested that BLG formed a folding core at the early
stage of BLG refolding from their experiments. Therefore, the
present experiments also support his suggestion (Fig. 5).
However, we could not monitor the same phase of a-helix

increase on ELG folding pathway at —28 °C (Fig. 4 (e)). It
would be explained because ELG folding core formation is
finished within the dead time of the stopped-flow apparatus
(5 ms).
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