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Unfolding and Refolding of Juvenile Hormone Binding Protein
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ABSTRACT Juvenile hormone (JH) regulates insect development. JH present in the hemolymph is bound to a specific
glycoprotein, juvenile hormone binding protein (JHBP), which serves as a carrier to deploy the hormone to target tissues. In this
report structural changes of JHBP from Galleria mellonella induced by guanidine hydrochloride have been investigated by
a combination of size-exclusion chromatography, protein activity measurements, and spectroscopic methods. Molecules of
JHBP change their conformation from a native state via two unstable intermediates to a denatured state. The first intermediate
appears in a compact state, because it slightly changes its molecular size and preserves most of the JHBP secondary structure
of the native state. Although the second intermediate also preserves a substantial part of the secondary structure, it undergoes
a change into a noncompact state changing its Stokes radius from ~30 to 39 A. Refolding experiments showed that JHBP
molecules recover their full protein structure, as judged from the CD spectrum, fluorescence experiments, and JH binding
activity measurements. The free energy of unfolding in the absence of the denaturant, AGp_y, is calculated to be 4.1 kcal mol~".

INTRODUCTION

Juvenile hormone (JH) exhibits a stimulating effect on the
reproductive maturation and regulation of insect develop-
ment. It inhibits metamorphosis, arrests insects in their
premetamorphotic stage, induces insect diapause, and affects
the migratory behavior of insects (Gilbert et al., 1976). JH is
transported to the target cells via JH-binding protein, JHBP
(Trowell, 1992; Kochman and Wieczorek, 1995; Gilbertet al.,
2000). JHBP from Galleria mellonella belongs to class I of
monomeric, hemolymph JH carrier proteins of low molecular
weight and high affinity of binding (for review, see Goodman
and Chang, 1985; Kochman and Wieczorek, 1995). Nearly
all the hemolymph JH molecules are bound to JHBP and
protected from the action of nonspecific hydrolases (Koch-
man and Wieczorek, 1995; Hidayat and Goodman, 1994;
Sanburg et al., 1975; Kramer and Childs, 1977).

JHBP from G. mellonella is a glycoprotein of molecular
weight 25,880 Da (Duk et al., 1996) and known primary
structure (Rodriguez Parkitna et al., 2002). In solution, JHBP
is a single polypeptide chain protein which contains two
disulphide bridges (Kotodziejczyk et al., 2001). The amino
acid composition of mature JHBP showed no methionyl or
tryptophanyl residues (Ozyhar and Kochman, 1987). Anal-
ysis of JHBP molecules’ susceptibility to a proteolytic
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degradation has shown that digestion with carboxypeptidase
A or Y, trypsin, and chymotrypsin does not change JHBP
binding activity, whereas digestion with subtilisin proceeds
extremely slowly (Wieczorek and Kochman, 1991). This
suggests that JHBP molecules or their portion(s) may exhibit
great stability. On the other hand, JHBP molecules from G.
mellonella are prone to irreversible aggregation and loss of
stability in low-salt concentrations as observed in our
laboratory. Recently JHBP from G. mellonella has been
crystallized, and a space group and unit-cell parameters of
the crystals were described (Kotodziejczyk et al., 2003).
Results of the secondary structure modeling of G. mellonella
JHBP indicate that its molecule probably contains a 3-barrel
motif flanked by a-helices and thus could be evolutionarily
related to the family of calicins (Rodriguez Parkitna et al.,
2002). This group of proteins includes avidins, fatty acid
binding proteins, and lipocalins. JHBP shows considerable
homology to the secondary structure of human serum retinol
binding protein (RBP), a member of the lipocalin superfam-
ily (Rodriguez Parkitna et al., 2002). It has been previously
found that RBP and other proteins belonging to the same
superfamily exhibit low values of AGp n and a similar
reversible progression of unfolding (Greene et al., 2001;
Burns et al., 1998). The mechanisms of folding and un-
folding, and thus the stability of small, reversibly folding
proteins with a B-structure have been extensively investi-
gated in recent years (Hamada and Goto, 1997; Schon-
brunner et al., 1997; Forge et al., 2000; Roumestand et al.,
2001; Chanez-Cardenas et al., 2002; Srimathi et al., 2002).
Analysis of thermodynamic data shows that the free energy
change of unfolding protein molecules, composed mostly of
a B-structure, is in the lower range of the values described for
globular proteins (Privalov, 1979).

To shed some light on the structural stability of JHBP
we felt that it might be of interest to investigate the effect
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of a perturbant (GdmCI) on JHBP molecules. To our
knowledge, no studies on the structural stability, unfolding,
and refolding mechanisms of JHBP(s) from any species have
yet been reported.

MATERIALS AND METHODS
Chemicals

JHBP was isolated from the hemolymph of the wax moth larvae G.
mellonella by immunoaffinity chromatography (Wieczorek et al., 1996).
Juvenile hormone III (JH III) was purchased from Sigma Chemical (St.
Louis, MO). 10-[*H]-labeled JH IIT was purchased from NEN Chemicals
(Boston, MA).

GdmCl stock solutions of ~8.0 M were prepared, and the concentration
was checked by refractive index measurements using Eq. 1 according to
Nozaki (1972):

Molarity = 54.147(AN) + 38.68(AN)* — 91.60(AN)’,
(1

where AN is the difference in the refractive index between the denaturant
solution and the buffer at the sodium D line.

All the solute samples were prepared in a 100 mM Na,HPO,/NaH,PO,
buffer, pH 7.2. All measurements were done at 25°C.

ANS (Sigma) was purified as described previously (York et al., 1978).
All other chemicals used in this work were of the highest purity
commercially available.

The following absorption coefficients were used for the spectrophoto-
metric determination of concentrations: JHBP, 0.46 mg’1 cm™ ! mL at 280
nm (Krzyzanowska et al., 1998); ANS, 6.24 mM~!' cm™! at 351 nm
(Ferguson and Cahnmann, 1975); and JH III, 13,830 M~ ecm™" at 220 nm
(Trautmann et al., 1974).

UV difference spectrum of JHBP in the presence
of GdmCI

GdmCl-induced changes in the absorption spectrum of JHBP in the
presence of 4.0 M denaturant concentration were monitored in the range of
240-350 nm with a Cary 3E spectrophotometer (Varian, Cary, NC). Two
tandem cells (Hellma-238-QS) with a total optical path length of 1 cm were
used for measuring the difference spectra. The baseline was recorded for the
protein and GdmCl solutions placed separately in two compartments of each
tandem cell. After mixing the contents of the sample cell, the difference
spectrum was recorded against the nonmixed solutions present in the
reference cell. The contents of the reference cell were mixed after the
difference spectrum was recorded, and the baseline was checked again.
Measurements were made at final concentrations: 2.6 X 10~> M JHBP and
4.0 M GdmCl for 2 h.

Activity measurements

Juvenile-hormone-binding activity was determined by a charcoal assay
(Goodman et al., 1976) except that 0.1% gelatin was added to the JHBP
solution as previously described (Ozyhar and Kochman, 1987). Briefly,
1 ulof 2 X 107> M 10-[*H]-labeled JH III (~12,000 dpm) in hexane was
added to a glass tube, and the solvent was allowed to evaporate. Then, in
each tube of hormone a 10-ul sample of JHBP (3.8 uM) was mixed with
190 ul 0.1% gelatin in 10 mM MOPS and 100 mM NaCl, at pH 7.2, 25°C.
This solution was incubated for 30 min at 4°C and mixed with 25 ul of
freshly prepared charcoal suspension. After 10 min of incubation at 4°C,
the contents of the tube were centrifuged at 12,000 X g for 2 min at 4°C.
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The amount of hormone bound to JHBP was determined from the
measurements of radioactivity in 150 ul of the supernatant. Glassware that
could come into contact with aqueous solutions of JH was coated with
polyethylene glycol.

Effect of GdAmCI on the JH binding activity
of JHBP

The defined volumes of GdmCl solution were added to JHBP samples in
a phosphate buffer (final JHBP concentration 0.1 mg mL™") to obtain an
increasing denaturant concentration in the range from 0 to 4.0 M. After 1 h of
incubation at 4°C the protein samples were withdrawn from the incubation
mixture and used for the JHBP activity assay. The activity test described
above was modified so that each tube of hormone was mixed with 0.1%
gelatin in 10 mM MOPS and 100 mM NacCl at pH 7.2 supplemented with
GdmCl of the same concentration as in the JHBP sample. A blank sample
titration was performed in the same manner as described above, except that
the buffer replaced the protein solution.

Fluorescence analysis of the GdmCI effect on
a microenvironment of JHBP tyrosine residues

The influence of GdmCl on the fluorescence of JHBP tyrosine residues was
monitored (A.x = 275 nm) using the Fluorolog-3 instrument (SPEX, Jobin-
Yvon, Horiba, ISA Katowice, Poland). The defined volumes of GdmCl
solution were added to JHBP samples in a phosphate buffer (final JHBP
concentration 0.1 mg mL™") to obtain an increasing denaturant concentra-
tion range from 0 to 4.0 M. After 1 h of incubation at 4°C the protein samples
were withdrawn from the incubation mixture, and the fluorescence emission
spectra were recorded in a range of 290 to 360 nm. Analogous control
experiments were done to investigate the effect of GdmCl on 30.9 uM L-
tyrosine amide (corresponding to the concentration of tyrosine residues in
0.1 mg mL~' JHBP).

Analysis of the GdmCI effect on JHBP
secondary structure with CD spectroscopy

CD spectra of JHBP (0.1 mg mL™" in the phosphate buffer) were obtained
after mixing JHBP with GdmCl in a final concentration range between 0 and
4.5 M, using a JASCO (Vienna, Austria) spectropolarimeter J-600 in the
thermostated cell with an optical path of 1 mm at 25°C. Because equil-
ibration of the CD signal was significantly prolonged for GdmCl
concentrations in the unfolding transition region, i.e., 1.5-2.5 M of GdmCl
(25-100 min), the final ellipticity was determined as an extrapolated value
from the equation y = A(1-exp(—kt))+off, which represents the ellipticity
dependence on the time of a sample incubation with the denaturant.

Analysis of GdmCl-induced conformational
transition of JHBP molecules

Two-state approximation

Pre- and posttransition baselines were linearly extrapolated to a general
forms, yy = ax + b and yp = cx + d, where x is the GdmCI concentration,
and yn and yp are the ellipticity at 222 nm (0,,,) of the native (N) and
denatured (D) molecules, respectively. Ellipticities of intermediate states can
be obtained for any given denaturant concentration by extrapolation of the
baselines before and after the transition. The percentage of molecules in D
form was calculated for each GdmCl concentration using Eq. 2,

%D = 2N "V 100%, @)

YN — Yp
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where y., represents the experimental value of @,5,. The conformational
transition constant (Kp) was calculated from Eq. 3,

_ %D _ Yex — IN
100_%D yD_yex‘
The free energy change (AGp) of the transition was calculated from Eq. 4,

using a two-state model based on the equilibrium assumptions (Ghélis and
Yon, 1982; Pace, 1886),

Kp 3

AGp = —RT InKp. 4)

To estimate the conformational stability expressed as AGp_y;, the linear
part of the plot AGp, versus GdmCl concentration was extrapolated to a zero
GdmCl concentration using experimental points from the transition region
according to Eq. 5,

AGp = AGp x — m[GdmCl), (5)

where m is a denaturant susceptibility parameter (m = —6AGp/6[GdmCl)).

Number of conformational states

An analytical approach to analyze the number of conformational protein
states for protein unfolding induced by GdmClI has been described in detail
by Uversky and Ptitsyn (1994). It was shown that the changes of physical
parameters upon denaturation can be presented as superpositions of the
contributions of native (V) and denatured molecules (D),

X :fNXN +fDXD :fNXN + (1 _fN)XD; (6)

where X is the measured parameter, Xy and X, are its values for the N state
and the D state, respectively, and fy and fp are respective fractions of
molecules. In the case of multistate transition through intermediates, /,,, one
may write

X :fNXN + ZﬁnXIn +fDXD7 (7)

where fi is the fraction of molecules in the intermediate state(s), n is the
number of intermediate states, and Xj is the value of parameter X in the ™
state. The relative populations of two additional substates (f; and f,) in the
case of a four-state transition can be expressed by Eq. 8,

fu=1-(AN+fetf) and fio=1-(fA+fu+/)
®)

All the experimental data (JHBP binding activity, Tyr and ANS fluorescence
changes, and CD signal changes) used to conclude the number of
conformational states were obtained for the experiments made at the same
JHBP concentration (0.1 mg mL™') and the same time (1 h) of JHBP
incubation with GdmCL

Analysis of the GdmCI effect on JHBP-ANS
complex fluorescence

Defined volumes of GdmCI solution were added to JHBP samples in the
phosphate buffer (final JHBP concentration 0.1 mg mL " ie., 3.9 uM) to
obtain increasing denaturant concentrations in the range from O to 4.0 M.
After 1 h of incubation at 25°C the protein samples were supplemented with
ANS (final concentration of ANS 77.3 uM and JHBP 3.5 uM). ANS
solutions contained the same GdmCI concentration as the JHBP samples
before mixing. Changes in emission maximum wavelength and fluorescence
intensity were monitored in the 400-540 nm range after 2 min of incubation
with ANS (A.x = 374 nm). Analogous control experiments were done
to investigate the influence of GdmCl on the fluorescence of 30.9 uM
L-tyrosine amide in the presence of ANS.
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Analysis of JHBP refolding from JHBP binding
activity, CD spectra, and JHBP-ANS
fluorescence spectra

Recovery of JHBP binding activity was measured as follows. The defined
volume of GdmCl stock solution was added to the JHBP solution (0.49 mg
mL ") in a phosphate buffer to obtain a 3.5 M denaturant concentration.
After 1 h of incubation the reaction mixture was diluted twofold with
a phosphate buffer and then immediately diluted 20-fold with the 10 mM
MOPS and 100 mM NaCl buffer of pH 7.2 supplemented with 0.1% gelatin.
Final JHBP and GdmCl concentrations were 0.01 mg mL ™" of protein and
0.09 M of denaturant. After another hour of incubation the JHBP binding
activity was measured. The binding parameters of native and refolded JHBP
were determined based on Scatchard analysis (Scatchard, 1949). Increasing
amounts of JH III (1.6 X 10~® M > X 10~° M) dissolved in hexane were
added to glass tubes. After the solvent evaporated, 0.47 uM JHBP in 10 mM
MOPS, 100 mM NaCl, and 0.1% gelatin at pH 7.2 was added. Then after 5 h
of incubation at 4°C, the bound and unbound hormones were separated using
the method described above. The data points were fitted to the Scatchard
equation B/F = —B/K4 + nB1/K4, where B is the concentration of the bound
JH, F is the concentration of unbound JH, B is the total JHBP
concentration, Ky is the dissociation constant, and » is the number of JH
binding sites per one JHBP molecule.

The refolding experiments analyzed with CD measurements were done as
follows. JHBP (0.7 mg mL ") was denatured in 3.5 M GdmCl for 1 h. Then
this solution was diluted to a 0.02-mg mL~" protein concentration and
a 0.09-M GdmCl concentration, and the far-UV CD spectra were recorded.

The ANS binding ability by refolded JHBP was monitored by measuring
the fluorescence spectra. The position of the fluorescence emission
maximum and fluorescence intensity measured at 481 nm were determined
after ANS was added to the incubation mixture. JHBP of a 0.8 mg mL ™"
concentration was incubated for 1 h with 2.5 M GdmCl. Then the sample
was progressively diluted to a final protein concentration of 0.1 mg mL ™"
and the different GdmCI concentrations. The fluorescence spectra were
recorded 1 h after the initialization of refolding and 2 min after ANS was
added (13.7-fold molar excess of ANS over JHBP concentration) (A\gx =
374 nm).

Size-exclusion HPLC analysis

Hydrodynamic dimensions (Stokes radius, R;) of JHBP molecules in
different conformational states were measured using the gel filtration
method. Measurements were carried out with a Superdex 75 HR 10/30
column (Vo = 8 mL) using a Pharmacia HPLC instrument (Warsaw,
Poland). A set of globular proteins with known Ry values was used for
column calibration both in native conditions and in the presence of 6.0 M
GdmCl. A set of standards included horse myoglobin (MW = 17.8 kDa)
(Andrews, 1970); R;" =20.7 A (Laurent and Killander, 1964); RE =378A
(Uversky, 1993); ovalbumin (MW = 45.0 kDa) (Andrews, 1970); Ri‘l =273
A (Laurent and Killander, 1964); RY = 52.0 A (Uversky, 1993); BSA (MW
= 66.3 kDa) (Uversky, 1993); RY = 33.9 A (Uversky, 1993); RY = 81.8 A
(Uversky, 1993); RNase A (MW = 13 700 kDa) (Uversky, 1993);
RN =19.3 A (Uversky, 1993); and RV = 32.8 A, where RY and RV are
the Stokes radii of native (N) and completely unfolded (U) proteins,
respectively. Hydrodynamic dimensions of native and completely unfolded
globular proteins were determined experimentally or calculated from
empirical Egs. 9 and 10 as described by Uversky (1993),

log(RY) = —(0.254 = 0.002) + (0.369 *+ 0.001)log(MW),
©)

log(RY) = —(0.543 + 0.004) + (0.502 * 0.001)log(MW).
(10)
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JHBP samples (0.1 mg mL~") were incubated with various concentrations of
GdmCl (0-3.0 M) for 30 min at 25°C and then they were centrifugated at
17,000 X g at 4°C for 30 min. Finally, 200-ul samples containing 20 ug
protein were injected into the column which was previously equilibrated
with the appropriate concentration of denaturant. Elution volumes were used
to calculate the K, values for each sample,

Kav = (Ve - VO)/(Vt - V0)7 (11)

where V., is the elution volume of the sample, V, is the void volume, and V; is
the total volume of the gel bed. The analytical approach used by Uversky
and Ptitsyn (1994) for B-lactamase unfolding studies was applied to analyze
the stages of JHBP unfolding from a native N state to a fully denatured D
state.

RESULTS

GdmCl-induced far-UV difference spectra of
JHBP molecule

The JHBP UV difference spectrum between native JHBP
and denatured JHBP in 4.0 M GdmClI shows two minima at
279 and 287 nm (Fig. 1). The locations of these minima
correspond to the difference spectra of the perturbed tyrosine
residues as similarly observed for unfolded pancreatic RNase
from red deer; the protein is like G. mellonella JHBP, which
contains tyrosine residues and no tryptophan (Schmid,
1989). Time-dependent changes of the difference signal at
287 nm (De,g7) showed that the main conformational change
induced by GdmCl occurs in the first 2 min of the interaction
and then continues slowly for at least 2 h more (Fig. 1, inser).
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FIGURE 1 UV difference spectrum of JHBP perturbed by GdmCl. JHBP

with a final concentration 2.63 X 10> M in 100 mM phosphate buffer, pH
7.2 at 25°C was incubated with 4.0 M GdmCl. Difference spectra were
monitored after 2, 5, 13, 30, 90, and 120 min of mixing of the initial
solutions in the tandem sample cell. (/nsef) Time-dependent changes of the
difference signal monitored at 287 nm. Data points were taken from the
difference spectra of JHBP monitored at 4.0 GdmCl in the conditions
described above. Baselines recorded before mixing the contents of the
sample, and reference tandem cells and after mixing the contents of the
reference cell at the end of experiment, are indicated; for details, see
Materials and Methods.
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Effect of GdmCI on JHBP binding activity

The pattern of JHBP activity changes after 1 h of incubation
with GdmCl is presented in Fig. 2. Increasing GdmCl
concentrations from 0.0 to 0.6 M result in slight fluctuations
of JHBP activity. In the GdmCl concentration range of 0.6—
1.4 M, a sharp decrease of JHBP activity was observed. In
a control experiment GdmCl had a small effect on the ability
of JH III adsorption by charcoal (Fig. 2, inset).

Detection of the exposure of hydrophobic
side-chain residues to the solvent during
GdmCl-induced JHBP unfolding

Previous studies have shown that ANS binding to the
hydrophobic part of proteins results in a blue shift of the
ANS fluorescence emission maximum and a pronounced
increase in fluorescence intensity (Lakowicz, 1999; Semi-
sotnov et al., 1991). For example, ANS binding to the
aldolase active-site environment resulted in a shift of the
ANS fluorescence maximum from 520 to 487 nm and an
~90-fold increase in fluorescence intensity (Kasprzak and
Kochman, 1980). Intrinsic JHBP fluorophores fluorescence
in this region of the spectrum is negligible (not shown). It
appeared that GdmCI caused a decrease in fluorescence
intensity and a red shift of the ANS emission maximum (Fig.
3 A, inset). In a control experiment it was found that GdmCl
had little effect on ANS fluorescence in the presence of
L-tyrosine amide (Fig. 3 B, inset). Between 0 and 0.8 M
denaturant concentrations the fluorescence intensity of the
JHBP-ANS complex is rather constant (Fig. 3 A). In the
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£
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FIGURE 2 Effect of GdmCl on JHBP binding activity. JHBP (0.1 mg
mL™") in the phosphate buffer was incubated for 1 h with different
concentrations of GdmCl. JHBP activity was measured as described in the
Materials and Methods section. Solid lines were obtained by fitting the
experimental points with the spline function of SigmaPlot 3.0 program for
better visualization. Each bar represents mean = SD for five determinations.
(Inset) Effect of GdmCl on the activity assay. The measurement was
performed in the same manner as described above, except the phosphate
buffer replaced the protein solution. Each bar represents mean = SD for
three determinations.
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FIGURE 3 Fluorescence analysis of the effect of GdmCl on JHBP-ANS
complex. (A) Changes in fluorescence intensity monitored at 481 nm for the
JHBP (3.51 uM)-ANS (77.3 uM) mixture titrated with GdmCl (Agx = 374
nm). Data points were taken from the fluorescence spectra (examples are
presented in the insef) recorded at indicated GdmCl concentrations and
presented as the difference between ANS fluorescence intensity in the
presence of JHBP and the absence of JHBP. Each bar represents mean = SD
for three determinations. (B) Shift of the fluorescence emission wavelength
maximum of ANS and JHBP-ANS complex due to GdmCl addition (Agx =
374 nm of JHBP-ANS complex; ANS 77.3 uM, JHBP 3.51 uM in the
phosphate buffer). Each bar represents mean = SD for three determinations.
(A, inset) Examples of the fluorescence emission spectra (Agx = 374 nm) of
ANS (77.3 uM) and JHBP (3.51 uM) in the presence of 0-M, 1.2-M, and
2.5-M concentrations of GdmCl. (B, inset) Effect of GdmCl on the
fluorescence intensity changes of ANS (77.3 uM) in the presence of
L-tyrosine-amide (30.9 uM).

range of 0.8-1.5 M GdmCI concentration fluorescence
intensity decreases dramatically and reaches a constant value
at 1.8 M GdmCl. Fig. 3 B shows the dependence of a position
of the ANS emission maximum on a GdmCl concentration.
One may observe a small shift of the ANS emission
maximum from ~481 nm to 485 nm between 0 and 0.2 M
GdmCl, respectively. Between 1.0 and 1.4 M denaturant
concentrations the maximum shifts from 485 to 520 nm, and
it reaches a plateau at 1.8 M GdmCl, corresponding to the
value observed for unbound ANS in the control experiment.

JHBP conformational changes affect the
microenvironment of tyrosine residues

The fluorescence emission spectrum of native JHBP excited
at 275 nm displays a maximum of 303 nm which
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corresponds to the excitation of tyrosine residues (Fig. 4,
inset). In the presence of 0-0.1 M GdmCl an increase in
JHBP fluorescence intensity was observed; then, a decrease
in intensity was observed in the range of 0.4-1.2 M GdmCl
(Fig. 4). Above a 1.2 M denaturant concentration, changes in
fluorescence intensity are small (in the range of experimental
error), indicating that tyrosine residues are randomly ex-
posed to solvent.

Changes in the secondary structure of JHBP
induced by GdmCI revealed a two-state
denaturation transition

The CD spectrum of native JHBP protein consists of two
distinct bands: a broad negative maximum between 217 and
221 nm with a shoulder of ~208 nm and a positive
maximum at 195-196 nm (Fig. 5, inser). This spectrum is the
same as previously reported (Krzyzanowska et al., 1998).
Due to the high absorption of the GdmCI solution far-UV
CD measurements were reliable only above 210 nm;
nonetheless, conformational changes associated with the
secondary structure transition can be observed. Between
0 and 0.8 M GdmCl concentrations JHBP exhibits a CD
spectrum corresponding to a folded nativelike structure (Fig.
5, inset) composed of ~8% a-helix and 62% [-structures.
The values obtained were recalculated data from previously
presented CD spectra (Krzyzanowska et al., 1998). Above
2.5 M GdmCl, JHBP loses the regular secondary structure, as
seen from the JHBP CD spectra (Fig. 5, inset). Analysis of
the JHBP unfolding transition monitored by the variations in
ellipticity at 222 nm shows that the transition midpoint ¢y,
value equals 1.67 M (Fig. 5). The AGp_n = 4.1 kcal mol '
value, obtained from Eq. 5, reflects the equilibrium con-
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FIGURE 4 Effect of GdmCl on the fluorescence intensity of JHBP
tyrosine residues. JHBP unfolding was monitored by fluorescence intensity
at Agy = 303 nm (Agx = 275 nm). Each bar represents mean * SD for three
determinations. (/nset) Representative fluorescence spectra of JHBP (0.1 mg
mL™Y) in the phosphate buffer after incubation without GdmCl (solid line)
and with 0.3-M (dotted line) and 2.5-M (dashed line) concentrations of
GdmCl (Agx = 275 nm).
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Ellipticity at 222 nm [mdeg]
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FIGURE 5 Effect of GdmCl on CD spectra of JHBP. Dependence of
molar ellipticity measured at 222 nm on various GdmCI concentrations. Data
points were taken from the spectra of JHBP monitored in the 0-4.5 M
GdmCl range, after 1 h of incubation with denaturant and corrected for the
changes of JHBP concentration and GdmCl concentrations. The final values
of ellipticities from the unfolding transition region were determined as
extrapolated values; see Materials and Methods. (/nset) Examples of far-UV
CD spectra of JHBP (0.1 mg mL ™" in the phosphate buffer) after 1 h of
incubation without GdmCl (solid line) and with 0.8-M (dotted line) and
2.8-M (dashed line) concentrations of GdmCl.

stant between native and unfolded populations of JHBP
molecules. The m-value, which is the measure of the depen-
dence of AGp on the denaturant concentration, is 2.5 kcal
mol™" M~'. The complete unfolding of JHBP molecules
was observed above 2.5 M GdmCl (Fig. 5).

JHBP unfolding monitored by gel filtration

Estimation of JHBP molecules Stokes radius in the
native and unfolded state

Fig. 6 presents the elution profiles of JHBP preincubated
with GdmCl in the 0-3.0 M concentration range. A bimodal
distribution of JHBP molecules in the transition region was
observed. This result suggests that JHBP undergoes an ““all-
or-none’’ transition between ‘‘compact’’ and ‘‘noncompact”’
states, slowly exchanging with each other. The Stokes radii
determined for standard proteins in the presence and absence
of denaturant are in agreement with the R values calculated
with Egs. 9 and 10 (not shown). This indicates that the
Superdex 75 column can be used to determine JHBP mo-
lecular dimensions in the native and completely unfolded
states. Based on the elution profiles of native JHBP and the
protein denatured in 3.0 M GdmCl, the Stokes radius of
the native molecule is 23.0 A and the relative molecular mass
is 27.4 kDa. This value is close to 25.88 kDa which was
measured with mass spectrometry (ESI-MS; Duk et al.,
1996). Calculated with the empirical Eq. 9 the value of Ry
equals 23.9 A. The R, value for JHBP, found from size-
exclusion chromatography after 1 h of incubation in 3.0 M
GdmCl, is 39.0 A (Fig. 6). This value is smaller in

1143

NON COMPACT  COMPACT

10 X A 30
I 1 1 1 1 Il L I 1
223
0.0M 223
0.2M
0.3M /n
0.4M ,,M‘/ZS'O\‘W
0.7M f 5
" /
5 o 298 e
0.8M 309 // 24.0
32.4 { S
/
1.0M /
336,/
= ™ —
1.2M f 243 T
: /36.0 M\J-KWNM“
} ol
‘MWMW»MMW \\ WWMW e
2.0M S
W\/‘\
At - ) ¥ MWW“«MWWM
3.0M /
W‘
10 20 30

Elution time [min]

FIGURE 6 JHBP unfolding induced by GdmCl monitored by gel
filtration chromatography. Native JHBP with a final concentration of 3.9
uM in the phosphate buffer was incubated for 1 h at 25°C with indicated
concentrations of GdmCI. After 30 min of centrifugation at 14,000 rpm at
4°C, 21 pug of the protein was applied on the Superdex HR 75 column and
equilibrated at 25°C with indicated concentrations of GdmCl. The elution
profile was monitored at 280 nm. Stokes radii (Rs) of JHBP molecules eluted
from the column are indicated above each peak. The values of Rg, expressed
in A, were calculated with the HPLC instrument software from the positions
of protein peaks.

comparison with the 47.0 A value calculated for an unfolded
molecule. A distinct, nearly 40% increase in the JHBP
Stokes radius (30-39 A) between 0.7 and 3.0 M GdmCl
indicates the swelling of a noncompact molecule contrary to
the small increase of ~2 A of R, of compact-state molecules
(22-24 A) observed between 0 and 1.2 M GdmCl (Fig. 6).
Six hours of JHBP incubation with GdmCI showed similar
elution patterns as for a 1-h incubation period, except that in
the 0-0.6 M GdmCl range a poorly visible peak of high
molecular weight material of Ry 64.6 A at 0.2 M GdmCl was
detected (data not shown). The gel filtration data were
analyzed also as relative areas of the two peaks correspond-
ing to the compact and noncompact JHBP molecules (data
not shown). The appearance of the noncompact form is
accompanied with the simultaneous decline of the protein in
a soluble form. This is due to the aggregation of JHBP
molecules. Aggregation of JHBP molecules was confirmed
by light-scattering experiments (data not shown).
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Refolding of JHBP monitored by activity, CD,
and fluorescence measurements

Refolding experiments were performed to answer the
question of whether or not JHBP incubated with high
GdmCl concentration solutions is able to return to a native
protein structure. It was found that 2 h after the dilution of
the unfolded protein sample incubated with 3.5 M GdmCl,
JHBP molecules recovered 100% of the control sample
activity. The JHBP control sample was treated in the same
manner as refolded JHBP except that GdmCI was omitted.
The binding parameters obtained from a linear regression fit
of the data presented in Fig. 7 to the Scatchard equation are
Kq4=0.5uM, n =0.95, and 2 = 0.95 for native JHBP and
K4 =0.64 uM, n = 1.06, and % = 0.93 for refolded protein
(Fig. 7, inset), where r* is the goodness-of-fit parameter. The
K4 value obtained for native JHBP is in agreement with the
data published by Ozyhar and Kochman (1987).

The reversibility of JHBP unfolding was also analyzed
using CD spectrum changes and the ANS binding ability of
JHBP molecules. The spectra of the native JHBP (solid line),
denatured with 3.5 M GdmCl (dotted line) and refolded
(dashed line) molecules transferred from 3.5 M GdmCl to
0.09 M denaturant concentration are presented in Fig. 8. One
can observe that a decrease of the denaturant concentration
caused nearly full regeneration of the native protein CD
spectrum (Fig. 8).
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FIGURE 7 Comparison of the binding affinities of JH III to native and
refolded JHBP. 0.47 uM JHBP in 10 mM MOPS, 100 mM NaCl, and 0.1%
gelatin, at pH 7.2, incubated with various concentrations of JH III at 4°C for
5 h. Separation of free and bound hormones was performed by the charcoal
method (see Materials and Methods) (®). The defined volume of GdmCl
stock solution was added to the JHBP solution (0.49 mg mL™") in the
phosphate buffer to obtain a 3.5 M denaturant concentration. After 1 h of
incubation the reaction mixture was diluted twofold with the phosphate
buffer and then 20-fold with 10 mM MOPS, 100 mM NaCl, and 0.1%
gelatin, at pH 7.2. After another hour of incubation JHBP binding activity
was measured (O). (/nset) Scatchard plots for the binding of JH III by native
(@) and refolded (O) JHBP. Solid lines are obtained using the values of
parameters (see text) obtained from linear least-squares fits described by the
Scatchard equation.
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FIGURE 8 The CD spectra of native JHBP (solid line), denatured JHBP
(dotted line), and refolded JHBP (dashed line, normalized for protein
concentration). JHBP (0.7 mg mL~") was incubated for 1 h with 3.5 M
GdmCl. Then the reaction mixture was diluted with the phosphate buffer to
0.02 mg mL™" and 0.09 M concentrations of the protein and GdmCl,
respectively, and the far-UV CD spectra were recorded.

As shown above (Fig. 3) the interactions between ANS
and JHBP are strongly perturbed by GdmCI. The progress
curve of JHBP refolding (dotted line), monitored by the
inspection of ANS fluorescence, exhibits a hysteresis in
comparison with the curve obtained during unfolding (Fig. 9,
A and B, solid line). Dilution of denatured JHBP to a final
GdmCl concentration of <0.5 M results in the protein which
binds ANS as the native protein in the control experiment.

The results of JHBP activity analysis and the CD and
fluorescence measurements indicate that the GdmCl-induced
perturbation of JHBP’s structure is reversible. Therefore,
a thermodynamic analysis of denaturation free energy
change can be used.

DISCUSSION
Four-state GdmCl-induced unfolding of JHBP

This is the first detailed study on the stability of JHBP
molecules. Fig. 6 shows that the protein molecules gradually
increase their size when exposed to a denaturant. Initially, all
the conformational changes seem to be associated with a kind
of compact structure. However, the loss of integrity of a JH
binding site was already observed at low perturbant
concentrations (Fig. 2) which transform JHBP molecules to
a noncompact state. This means that protein unfolding
involves several transitions. The first transition is associated
with protein deactivation, the second transition leads to
exposure of hydrophobic fragments as seen from ANS
fluorescence analysis, and the third transition is represented
by the loss of the JHBP secondary structure as it appears
from CD analysis.
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FIGURE 9 Comparison of JHBP unfolding (@) and refolding (O)
pathways monitored by the changes in the fluorescence of JHBP-ANS
complex. JHBP (0.1 mg mL ") was incubated for 1 h with GdmCl. The
position of fluorescence emission maximum (Agx = 374 nm; results in A)
and fluorescence intensity at 481 nm (B) was determined after ANS was
added (13.7-fold molar excess over JHBP) to the incubation mixture (®).
JHBP of the initial concentration 0.8 mg mL ™" was incubated for 1 h with
2.5 M GdmCl. Then the sample was diluted to the final protein concentration
of 0.1 mg mL™" and the indicated GdmCl concentration. After 1 h of
incubation, ANS (13.7-fold molar excess over JHBP) was added, and the
fluorescence spectra were recorded (Agx = 374 nm) (O).

Fig. 10 A presents the collected results of the effects of
GdmCl on JHBP binding activity, JHBP intrinsic fluoro-
phores fluorescence intensity, ANS interaction with JHBP,
and the JHBP secondary structure. It appears that the curves
representing the perturbant effect on JHBP binding activity
and on the tyrosine residues microenvironment are almost
superimposed. The results nicely correlate with the data
published by Krzyzanowska et al. (1998), which have shown
that the JHBP conformational change induced by JH binding
results in changes in the protein tyrosine residues micro-
environment. The change in Tyr fluorescence and protein
activity starts to appear at a 0.1 M GdmCI concentration.
These changes in the region of denaturant concentration
from O to 0.6 M slightly deviate from the data curves. Thus, it
is difficult to ascribe them to the stable transition state. This
lack of continuity suggests that, up to a 0.6 M GdmCl
concentration, unstable intermediates susceptible to aggre-
gation appear. This suggestion is supported by the detection
of oligomeric forms of JHBP in light-scattering experiments
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FIGURE 10 Comparison of the results obtained for GdmCl-induced
unfolding of JHBP with CD, ANS fluorescence intensity, JHBP tyrosine
residues fluorescence intensity, and the binding activity stages of
conformational changes of JHBP molecules by GdmCl. (A) The fraction
of native molecules. Fractions of unfolded species in the presence of
increased GdmCI concentrations under the same experimental conditions
were obtained based on the data shown in Figs. 2,3 A, 4, and 5. Calculations
were made with the equation fp = (Y-Yn)/(Yp—Yn), Where Yy and Yp, are the
values of the measured parameter for the native and denatured states. Y refers
to the value of this parameter at given conditions. (B) Populations of
conformational states of JHBP molecules at different GdmCl concentrations.
Populations of native molecules and intermediates were expressed as
fractions of all JHBP molecules. The fraction of native molecules was
calculated from JHBP binding activity data from Eq. 7, assuming fy = 1.0 at
0 M GdmCl and fy = 0 at 2.0 M GdmCl. The fraction of molecules in a D
state (fp) was obtained from CD measurements by Eq. 7, with fp = 0.0 for
0.0 M GdmCl and fp = 1.0 for 3.5 M GdmCl. Fractions of intermediates /
(fn1) and 17 (fp,) were calculated with Eq. 8.

(data not shown). Above 0.6 M GdmCl a dramatic de-
struction of the JHBP active site was observed, as well as
noncompact state JHBP molecules, in size-exclusion
chromatography (Fig. 6). The second stage of JHBP
conformational changes induced by GdmCl was detected
with an ANS probe. The changes in fluorescence intensity
and the shift of the ANS wavelength maximum indicate that
an ANS binding site(s), probably a hydrophobic pocket, is
destroyed above 1.2 M GdmCI. Moreover, most of the JHBP
molecules exist in a noncompact state in this range of
perturbant concentration. As one may expect, the JHBP
secondary structure is the most stable. The curve represent-
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ing CD-signal changes shows a shift of ~0.5 M GdmCl
concentration from the curve of ANS fluorescence intensity
changes. This shift shows that, above a 1.5-M denaturant
concentration, JHBP molecules still have ~60% of their
secondary structure (Fig. 10 A). At 3.0 M GdmCl the protein
appears in a denatured state. It seems that the two disulfide
bridges present in JHBP from G. mellonella help protein
molecules to maintain their secondary structure at higher
denaturant concentrations. Their presence is reflected in the
smaller Stokes radius of the denatured protein than what is
calculated for the unfolded JHBP molecules. The data
presented in Fig. 10 A allowed us to estimate the number of
conformational states and the population of intermediates
induced by GdmCl1 by means of Eqs. 6-8 (Fig. 10 B).

The four conformational states of JHBP molecules can be
characterized as follows:

1. N. A monomeric, native state population of JHBP
molecules of Stokes radius 23.0 A; molecules maintain
a compact structure up to 1.5 M GdmCl.

2. I;. An unstable intermediate that appears in the 0.1-
1.5-M GdmCl range and consists of no more than 50% of
the population of whole JHBP molecules; JHBP mole-
cules lose the ability to bind JH with increasing GdmCl
concentrations but are able to bind ANS. They reveal
a tendency for slow aggregation.

3. I. A population of unstable molecules in the 0.6-3.0 M
GdmCl range, unable to bind ANS above 1.4 M GdmCl.
They are inactive; up to a 2.5 M denaturant concentration
they preserve part of their secondary structure.

4. D. A denatured state of JHBP molecules, which appears
above 1.0 M GdmCl. Above 3.0 M GdmCl all JHBP
populations exist in a D state. The Stokes radius of JHBP
molecules equals 39.0 A. Molecules are able to refold to
a nativelike structure.

Assuming that JHBP molecules may occur in four different
states (Fig. 10 B), one may attempt to calculate the
population of molecules in a particular state assuming that
all the molecules in the absence of GdAmCI are in the N state.
The fraction of molecules in the D state (fp) was calculated
from the CD signal at 222 nm by Eq. 6, assuming f, = 0 at
0 M GdmCl and fp = 1 at 2.4 M GdmCl. Fractions f;; and
fi of intermediates /; and I,, respectively, were calculated
from Eq. 8. As shown in Fig. 10 B, the population of
native molecules decreases immediately with the concom-
itant increase of two unstable intermediates (/; and 1),
reaching their maxima at ~1.0 M and 1.4 M GdmCl.
Above 3.0 M GdmCl all JHBP molecules are transformed
into a D state.

Refolding of JHBP molecules

In a wide range of GdmCI concentrations JHBP is able to
refold almost 100% as seen from activity, CD measurements,
and ANS fluorescence spectroscopy. Scatchard analysis of
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JH binding to JHBP molecules shows that JHBP is able to
reactivate after incubation with 3.5 M GdmCl. The binding
affinity of a hormone to the protein molecule is in the same
range of experimental error for native JHBP molecules as for
refolded molecules. ANS fluorescence analysis shows that
denaturant also induces reversible changes in JHBP-ANS
binding. The CD spectra of the native and refolded proteins
are very similar. Therefore, analysis of the N-D transition
fulfills the condition of reversibility and allows the calcu-
lation of a AGp_y value from Fig. 5.

Implications for folding of JHBP as
B-structure protein

JHBP shows considerable homology to the secondary
structure of RBP protein, which consists of 9% a-helix
and 45% [-sheet, despite having as little as 10% sequence
similarity (Rodriguez Parkitna et al., 2002). Both 3-structure
proteins have disulfide bridges (RBP: three) and comparable
molecular weight (RBP: 21,000 Da) (Greene et al., 2001).
Interestingly, both proteins have similar stability measured
by chemical denaturation characterized, in the case of RBP,
by AGp_n = 4.76 kcal mol™!, m = 2.67 kcal mol~! M,
and ¢, = 1.79 M (Greene et al., 2001). Moreover, three
other mostly SB-sheet proteins (CRABP I, cellular retinoic
acid binding protein I; CRBP II, cellular retinol binding
protein II; and IFABP, intestinal fatty acid binding protein)
belonging to the same superfamily have somewhat higher
values of AGp_n (5.5-8.3 kcal mol !, obtained after urea
denaturation) and a similar reversible progress of unfolding
(Burns et al., 1998). For each of these proteins no signifi-
cant population of folding intermediates was observed at
equilibrium, but intermediates were detected during folding
and unfolding of all of the investigated proteins (Burns et al.,
1998). We also found examples of proteins functionally
unrelated to JHBP, ie., MTCP1 oncogene product P13
(AGp_n = 5.7 kcal mol™!; Roumestand et al., 2001) and
SH3 domain of spectrin (AGp_n = 3.7 kcal mol ™ '; Viguera
et al., 1994) whose structure is comprised of a S-barrel motif.
Thermodynamic and kinetic analysis showed that the free
energy change of JHBP unfolding is similar to the value
reported in the literature for small B-structure proteins and
even smaller than for small globular proteins (AGp_y = 5-9
kcal molfl; Privalov, 1979). This result confirms the
theoretical prediction which locates JHBP among S-barrel
proteins.
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