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Abstract

The interaction between ligands and proteins usually induces changes in protein thermal stability with
modifications in the midpoint denaturation temperature, enthalpy of unfolding, and heat capacity. These
modifications are due to the coupling of unfolding with binding equilibrium. Furthermore, they can be
attained by changes in protein structure and conformational flexibility induced by ligand interaction. To
study these effects we have used bovine serum albumin (BSA) interacting with three different anilinonaph-
thalene sulfonate derivatives (ANS). These ligands have different effects on protein stability, conformation,
and dynamics. Protein stability was studied by differential scanning calorimetry and fluorescence spectros-
copy, whereas conformational changes were detected by circular dichroism and infrared spectroscopy
including kinetics of hydrogen/deuterium exchange. The order of calorimetric midpoint of denaturation was:
1,8-ANS-BSA > 2,6-ANS-BSA > free BSA >> (nondetected) bis-ANS-BSA. Both 1,8-ANS and 2,6-ANS
did not substantially modify the secondary structure of BSA, whereas bis-ANS induced a distorted a-helix
conformation with an increase of disordered structure. Protein flexibility followed the order: 1,8-ANS-
BSA <2,6-ANS-BSA < free BSA << bis-ANS-BSA, indicating a clear correlation between stability and
conformational flexibility. The structure induced by an excess of bis-ANS to BSA is compatible with a
molten globule-like state. Within the context of the binding landscape model, we have distinguished five
conformers (identified by subscript): BSA| g ans» BSA; ¢ ans» BSAgees BSAp ans, and BSA 11404 among
the large number of possible states of the conformational dynamic ensemble. The relative population of each
distinguishable conformer depends on the type and concentration of ligand and the temperature of the
system.
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The interaction of proteins with small ligands often takes
place with an increase in protein thermostability due to the
coupling of binding with unfolding equilibrium (Fukada et
al. 1983; Brandts and Lin 1990; Shrake and Ross 1990,
1992). Previous works from our laboratory have demon-
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strated that the tight binding of biotin to streptavidin or
avidin increases the temperature of midpoint denaturation
(T,,) from 75° and 85°C in the free form to 112° and 117°C,
respectively, at full ligand saturation (Gonzalez et al. 1997,
1999). The increase in the thermal stability of streptavidin
goes together with an increase in the unfolding cooperativ-
ity and a substantial increase in the structural order as mea-
sured by infrared spectroscopy (Gonzdlez et al. 1997).

It has been observed that mutations that change the pack-
ing of the inner core modify protein stability (Munson et al.
1996; Richards 1997). In this connection, it could be ex-
pected that modifications in protein stability correlate with
changes in the protein packing induced by ligand binding.
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Protein stability and conformational flexibility

Similar to the case of streptavidin and avidin, the binding of
different ligands induces an increase in the thermal stability
of serum albumin (Shrake and Ross 1988; Rosso et al.
1998). In the present study we used bovine serum albumin
(BSA) and anilinonaphthalene sulphonate (ANS) deriva-
tives as experimental system to study the correlation be-
tween changes in protein thermal stability and conforma-
tional dynamics induced by ligand binding. We have used
three different ANS derivatives: 8-anilinonaphthalene-1-
sulfonic acid (1,8-ANS), 6-anilinonaphthalene-2-sulfonic
acid (2,6-ANS), and 4,4’-dianilino-1,1’-binaphthyl-5,5"-di-
sulfonic acid, dipotassium salt (bis-ANS). The chemical
structure for each ligand is shown in Figure 1. These fluo-
rescent probes have been frequently used to study hydro-
phobic sites, conformational changes, and to detect the pres-
ence of the molten globule state in proteins (Shi et al. 1994;
Arighi et al. 1998). However, possible effects of these dyes
on protein conformation and stability have been largely
overlooked (Shi et al. 1994; Ali et al. 1999; Matulis et al.
1999). In the present work we have studied the effect of
ANS derivatives binding on BSA thermostability by using
differential scanning calorimetry (DSC) and fluorescence
spectroscopy. The effect of binding on protein structure and
conformational flexibility was studied by circular dichroism
(CD) and Fourier transform infrared spectroscopy (FTIR)
including kinetics of hydrogen/deuterium exchange. We
have found a correlation between changes in protein ther-
mostability and flexibility induced by ligand binding.

Results

Thermal-induced unfolding of BSA—ANS complexes

Figure 2 shows the thermograms of free BSA and BSA in
the presence of different ANS derivatives. The thermody-
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Figure 1. Chemical structure of ANS dyes.
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Figure 2. Thermal unfolding curves of BSA at different binding condi-
tions. (1) Free BSA and its complexes with (2) 1,8-ANS, (3) 2,6-ANS, and
(4-9) bis-ANS. Moles of ligand per mole of protein for each thermogram
are: 0 (1), 50 (2), 50 (3), 1 (4), 2.5 (5), 5 (6), 10 (7), 15 (8) and 20 (9).

namic parameters obtained from the calorimetric curves are
summarized in Table 1.

In the absence of ligands, BSA shows a typical two-state
thermally induced unfolding with a midpoint of denatur-
ation (7,,) centered at 59°C and an unfolding enthalpy
(AH,,) of 134 kcal-mole™ (Fig. 2). The effect of ligand
binding on protein stability depends on the total ligand:pro-
tein mole ratio and the type of ANS derivative. The binding
of either 1,8-ANS or 2,6-ANS increases the thermal stabil-
ity of BSA. The thermostability is gradually augmented as
the ligand:protein mole ratio is raised (not shown), reaching
a maximal stability at saturating conditions (50:1 ligand:
protein mole ratio; Table 1; Fig. 2). In this condition, 1,8-
ANS and 2,6-ANS induce an increment in 7,, and AH_,, of
21°C and 125 kcal'mole™', and 14°C and 35 kcal-mole™",
respectively, compared with unliganded BSA (Table 1; Fig.
2). The cooperative unit remains close to 1, indicating that
unfolding is essentially a two-state process (Privalov 1979)
also in the presence of 1,8-ANS and 2,6-ANS. The 1,8-ANS
dye has the strongest effect on BSA thermostability (Table
1; Fig. 2).

In opposition to 1,8-ANS and 2,6-ANS, bis-ANS has a
dual effect on 7, and AH_,, depending on the ligand con-
centration. At low ligand:protein mole ratio (=5:1) bis-
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Table 1. Summary of differential scanning calorimetry

BSA  +1,8-ANS  +2,6-ANS +bis-ANS

L:P* 50:1 50:1 1:1 2.5:1 5:1 10:1 15:1  20:1  50:1

T,° (°C) 59.0 79.8 732 60.2 70.6 73.6 73.5 729 714 —°
69.8

AH ¢ 134 259 169 46 178 173 122 114 93 —°

(kcal/mole) 48

cu! 0.9 1.3 0.9 0.4 2.0 1.3 0.9 1.1 12 —

14

# Ligand:Protein mole ratio.

® Temperature of half-completion of thermal unfolding transition.

¢ Calorimetric enthalpy.
4 Cooperative unit defined as the ratio AH,/AH ;.
¢ Nondetected.

ANS produces a similar effect than that observed for the
other two ANS derivatives, but at higher proportions, a
gradual decrease in protein stability is observed (Fig. 2;
Table 1). At a 1:1 ligand:protein mole ratio, a biphasic
endotherm is observed. This behavior at subsaturating li-
gand concentrations is characteristic of other systems
(Brandts and Lin 1990; Shrake and Ross 1990, 1992). At a
5:1 ligand:protein mole ratio a single endothermic transition
is observed, centered at 73.6°C, AH_,, = 173 kcal-mole™,
and a cooperative unit close to 1. It must be noticed that in
this condition, 7,, and AH,, have similar values to those
obtained in the presence of saturating concentrations of 2,6-
ANS. When the relative proportion of bis-ANS is increased
above a 5:1 ligand:protein mole ratio, the stability is gradu-
ally reduced, as evidenced by the decrease in T, and AH_,,.
At a 50:1 ligand:protein mole ratio no endothermic thermo-
gram is observed. Under this condition and at room tem-
perature, the infrared spectrum reveals that BSA retains a
large amount of secondary structure and the H/D exchange
experiment indicates a loosening of tertiary structure (see
below). It must be concluded that the lack of heat absorption
is due to the absence of cooperativity for the protein un-
folding (Table 1; Fig. 2). Compensatory endothermic—exo-
thermic processes (such as ligand—solvent, ligand-ligand,
ligand—protein, and solvent—protein interactions) could can-
cel each other leading to the absence of heat absorption.
However, this may not be the case because a complete
absence of cooperative unfolding was observed when the
process was monitored by fluorescence spectroscopy (see
below).

Influence of ANS derivatives binding
on BSA secondary structure

FTIR spectroscopy is suitable to detect conformational
changes in proteins upon binding of different ligands
(Trewhella et al. 1989; Gonzalez et al. 1997). We have
obtained the FTIR spectra of BSA free and in the presence
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of saturating amounts of the ANS derivatives in D,O solution.
The amide I" absorption band, which is sensitive to changes in
the protein secondary structure and the corresponding dif-
ference spectra obtained by subtracting the spectrum of free
BSA from that of the liganded protein, are shown in Figure
3, A and B, respectively. In addition, Fourier-deconvolved
and second derivative spectra are shown in Figure 3, C and D.
Far-UV CD spectra are also shown in the inset of Figure 3A.

The amide I' band of free BSA is centered at 1652 cm™,
as expected for a protein with a high proportion of a-helix.
The bands appearing at 1628 and 1676 cm™" can be attrib-
uted to the low- and high-frequency components of the
B-sheet, whereas the band centered 1665 and 1640 cm”™!
(Fig. 3C) can be assigned to turns and unordered structure,
respectively (Byler and Susi 1986; Arrondo et al. 1993;
Surewicz et al. 1993).

Upon binding of 1,8-ANS, the main component centered
at 1650 cm™, assigned to a-helix, is still present. The com-
ponent corresponding to unordered structure disappears, as
evidenced by the negative band at 1640 cm™" in the differ-
ence spectrum and the disappearance of the band at 1640
cm™' in the second derivative spectrum (Fig. 3, B and D,
respectively). This seems to be a relatively small change in
the secondary structure, which is not evidenced by CD (Fig.
3A, inset).

For bis-ANS-BSA at a 5:1 ligand:protein mole ratio and
2,6-ANS—-BSA complexes, the main band position at 1650
cm™! is not modified and the IR spectra are similar to that
obtained with 1,8-ANS (Fig. 3).

Conversely, the binding of bis-ANS at saturating condi-
tion substantially modifies the IR spectrum. The position of
the main band shifts from 1652 to 1648 cm™ and the in-
tensity of the bands at 1640-1630 cm™ is increased (Fig.
3A,C). These changes are evidenced in the difference spec-
trum as a large negative band around 1650 cm™' and a
positive region in the range 1640-1620 cm™' (Fig. 3B).
These modifications can be due to the acquirement of dis-
torted a-helical structure as described by Trewhella et al.
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Figure 3. Secondary structure of BSA at different binding conditions. (A) FTIR absorbance spectra, (B) difference spectra, (C)
Fourier-deconvolved amide I' band, and (D) second derivative spectra of free BSA (solid line) and its complexes with 1,8-ANS (dashed
line) and 2,6-ANS (dotted line) at 50:1 ligand:protein mole ratio and bis-ANS at 5:1 (dash-dot) and 50:1 (dash-dot-dot) ligand:protein
mole ratio. (Inset) Far-UV CD spectra of free BSA (solid line) and its complexes with 1,8-ANS (dashed line) and 2,6-ANS (dotted line)
at 50:1 and bis-ANS (dash-dot) at 5:1 ligand:protein mole ratio. The solid line in B represents the difference spectrum of two

independent free BSA samples as control.

(1989). CD data acquisition at high bis-ANS concentration
was not possible due to the strong absorption of the probe
resulting in a very noisy blank.

Kinetics of hydrogen/deuterium exchange

The rate of exchange of a particular amide hydrogen with
deuterium depends on the stability and exposure to the sol-
vent of the hydrogen bond in which it is involved. This
parameter has been used to obtain information about protein
dynamics under different conditions (Goormaghtigh et al.
1994b; Heimburg et al. 1997; Gray and Tamm 1998). We
have measured the H/D exchange rate of free BSA and BSA
saturated with the different ANS ligands. A correlation was
observed between the degree of packing and the thermosta-
bility induced by the ligand binding.

The replacement of amide hydrogen by deuterium pro-
duces a shift to lower wave numbers of both amide I and II
bands. Amide II band shifts about 50 cm™', from 1550 to

1450 cm™!, whereas amide I shifts only 5-10 cm™! (Arrondo
et al. 1993; Goormaghtigh et al. 1994a). Because of possible
distortions in the amide II due to the overlapping with vi-
brational bands of HDO, we have used the changes in amide
I to quantify the H/D exchange evidenced by difference
spectra (Heimburg and Marsh 1993).

Figure 4A shows representative difference spectra ob-
tained after exposure to D,O at different times. The differ-
ence spectra were obtained by subtracting the spectrum of a
completely deuterated sample from those measured at dif-
ferent times (see Materials and Methods). Positive areas of
difference spectra (AA) were taken as a measurement of
exchange degree. Figure 4B shows the time course of H/D
exchange obtained from the data such as those shown in
Figure 4A. AA as a function of time was fitted by a multi-
exponential decay according to

AA = 2 a; exp(—k;r).

1499

www.proteinscience.org



Celej et al.

0.0030

0.0015

0.0000

A Absorbance

-0.0015

-0.0030
1700 1680 1660 1640 1620

Wavenumber (cm™)

0.075

0.060 |

0.045

0.030

Positive Area

0.015}|

0.000 |

0 50 100 150 200 250 300
Time (min)

Figure 4. H/D exchange of BSA at different binding conditions. (A) Rep-
resentative FTIR difference spectra showing the time-dependent changes in
the amide I' region after sample dispersion in D,O buffer. (B) Kinetics of
H/D exchange of free BSA (squares) and its complexes with 1,8-ANS
(circles) and 2,6-ANS (solid triangles) at a 50:1 ligand:protein mole ratio
and with bis-ANS at 5:1 (open triangles) and 50:1 (solid down triangles)
ligand:protein mole ratio.

By this procedure we calculated an average kinetic ex-
change rate, as indicated in Materials and Methods. The best
fit to the experimental data was obtained with a bi-expo-
nential decay indicating two well-defined populations of
exchangeable amide protons, defined as slow and fast com-
ponents. The exchange rate values obtained for free or
bound BSA are summarized in Table 2.

Both 1,8-ANS and 2,6-ANS decrease the proportion of
the fast component with a small increase in its exchange rate
and increase the proportion of the slow component with a
reduction in its exchange rate compared with unliganded
BSA (Table 2). On the other hand, bis-ANS, at a low li-
gand:protein mole ratio, increases the proportion of the fast
component with a small increase in its exchange rate and
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decreases the proportion of the slow component with a re-
duction in its exchange rate (Table 2). However, in all cases,
the average exchange rate is decreased compared with free
BSA. The decrease in the exchange rate can be interpreted
as an average decrease in the conformational flexibility of
BSA. The intermediate H/D exchange rate between free
BSA and bound to 1,8-ANS found for bis-ANS at a low
ligand:protein mole ratio and 2,6-ANS are in agreement
with the lower increment in thermostability induced by
these ANS derivatives compared with 1,8-ANS (Table 1;
Fig. 2).

Binding of bis-ANS at a 50:1 ligand:protein mole ratio
largely affects the H/D exchange rate (Fig. 4B). The ex-
change curve can be fitted with a single exponential decay.
The average H/D exchange rate constant is substantially
increased compared with free BSA or BSA bound to bis-
ANS at a low proportion, 1,8-ANS or 2,6-ANS (Table 2;
Fig. 4B). The increase in the exchange rate constant indi-
cates that this ligand induces a more open and flexible struc-
ture with either a loosing or distortion of typical a-helix
content, which is in agreement with a reduced protein ther-
mostability.

Thermal unfolding monitored by
fluorescence spectroscopy

We have studied the thermally induced unfolding of BSA
by measuring the changes of either the intrinsic fluores-
cence of the tryptophan residues for free BSA or the fluo-
rescence of ANS derivatives in the ANS-BSA complexes.
Both the intensity and position of the fluorescence emission
spectrum of Trp are sensitive to changes in the fluorophore
environment and, consequently, to the protein structure.
ANS derivatives have a very low quantum yield in aqueous
solution but the fluorescence emission is dramatically in-
creased in nonpolar environments like hydrophobic sites in
proteins. This fluorescence increment is attended by a blue
shift in the emission spectrum. In control experiments, we
observed that the fluorescence intensity of Trp in buffer and

Table 2. Analysis of the amide H/D exchange behavior of BSA
and its complexes with ANS derivatives

BSA +1,8-ANS  +2,6-ANS  +bis-ANS

L:p* 50:1 50:1 5:1  50:1
Fast® % 59.3 433 53.3 67.0 100
kK (x10° min™) 40 49 49 47 9

Slow*® % 40.7 56.6 46.7 33.0 —
K (x10° min™) 2.7 15 23 15 —

Average! (k) (x10° min™!) 6.2 2.6 4.6 43 96

* Ligand:Protein mole ratio.
b Fast and slow component of the bi-exponential decay.
¢ Average kinetic exchange rate.
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ANS derivatives in organic solvent decreases monotonically
when the temperature is raised without changes in the spec-
tral position. We ruled out the possibility that 1,8-ANS and
2,6-ANS bind to the unfolded state because the fluorescent
properties after denaturation are the same as those observed
for the probes in buffer. Thus, we considered that the co-
operative ANS fluorescence changes are due to the release
of probe into the aqueous medium.

BSA has two Trp residues (Brown and Shockley 1982),
with a fluorescence emission spectrum centered at 340 nm,
indicating an inner localization in the native folded confor-
mation. Unliganded BSA undergoes a cooperative blue shift
in the fluorescence emission between 48°~63°C with a mid-
point of 58.7°C (Fig. 5), which is the temperature of the
global unfolding as determined by DSC (Table 1; Fig. 2).

At a 50:1 ligand:protein mole ratio, the release of 1,8-
ANS to the aqueous solvent produces a decrease in the
fluorescence intensity and the emission is red-shifted (Fig.
5). The midpoint temperature of fluorescence change for the
1,8-ANS-BSA complex is 77.5°C (Fig. 5). This value is
close to the 7,, = 79.8°C obtained by DSC (Table 1), in-
dicating that the release of bound 1,8-ANS is concomitant
with the cooperative thermal protein denaturation.

Similar to 1,8-ANS, the fluorescence of bound 2,6-ANS
is red-shifted when the temperature is increased, but the
midpoint of the fluorescence change is 67°C, 7°C lower
than the 7,, measured by DSC (compare Table 1 with Fig.
5). For this dye, the temperature-induced fluorescence
change is already completed at the beginning of heat ab-
sorption (lift-off region of thermogram; see Fig. 2).

The fluorescence changes of bis-ANS-BSA complex
with the temperature follow a different pattern than those
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Figure 5. Fluorescence changes upon thermal unfolding of BSA at dif-
ferent binding conditions. (Left axis) Relative fluorescence emission
spectral shift of free BSA (squares). (Right axis) Relative fluorescence
emission spectral shift of BSA comlexed with 1,8-ANS (circles) and 2,6-
ANS (solid triangles) at a 50:1 ligand:protein mole ratio and with bis-ANS
at 5:1 (open down triangles) and 50:1 (solid down triangles) ligand:protein
mole ratios.

obtained for the other two ANS derivatives, and they cor-
relate with the results found by FTIR and DSC. At a low
bis-ANS:BSA mole ratio, there is a blue shift in the spectra
with a temperature midpoint of 75°C (Fig. 5), in agreement
with that determined by DSC of 73.6°C (Table 1; Fig. 2). At
a higher ligand proportion, the cooperative fluorescence
changes vanish, in keeping with the complete absence of
endothermic transition (Table 1; Fig. 5). The release of the
dye from the protein into the aqueous medium should pro-
duce a red shift of the fluorescence spectrum. Instead, we
have observed a blue shift, which could be attributed to the
interactions between the dye and non-native states of the
protein (Fig. 5). The possibility of ligand binding to native
and non-native conformation may explain the initial in-
crease and the subsequent decrease in 7, obtained by DSC
when the ligand concentration is raised (Shrake and Ross
1992). Under saturating conditions the dye induces a con-
siderable distortion of the BSA structure, abolishing the
cooperative endothermic unfolding.

Discussion

The binding of small molecules to proteins and protein—
protein interactions are key processes in cell biochemistry.
The usual paradigm is that ligand binding induces a change
in the conformation of the target protein that, in turn, pro-
duces a given response. In many cases an increase in protein
thermostability as a consequence of the interaction has been
reported. The simple model of BSA interacting with ANS
derivatives that we have used in the present work has in-
teresting features because it addressed evidences about the
correlation between the observed thermostability and the
ligand effects on protein flexibility.

In a previous work, we have found two binding sites for
1,8-ANS in human serum albumin using phase-modulation
fluorescence spectroscopy (Bagatolli et al. 1996). The fluo-
rescence properties of 1,8-ANS are different for each site.
The high affinity site binds one ANS molecule with a bind-
ing constant of 8.7 x 10° M™', whereas the low affinity site
has a 2:1 ANS:albumin stoichiometry and a binding con-
stant of 7.9 x 10* M. BSA shows the same trend. This
strength of affinity is enough to account for the observed
increase in thermostability (Table 1; Fig. 2) due to the cou-
pling of binding and unfolding equilibriums (Shrake and
Ross 1988, 1990, 1992). Thermodynamic considerations of
thermograms of 2,6-ANS-BSA complexes at different li-
gand:protein mole ratios using the approach of Fukada et al.
(1983) gives an overall number of sites of 2.5 (data not
shown). Also, the increase in the T, induced by 2,6-ANS is
compatible with association constants similar to those de-
termined for 1,8-ANS. The dual effect of bis-ANS on BSA
thermostability (Table 1; Fig. 2) is compatible with the pres-
ence of high affinity sites in the folded conformation and
multiple low affinity binding sites in the non-native confor-
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mations (Shrake and Ross 1992). The fluorescence data give
evidence for bis-ANS binding to non-native conformation
(Fig. 5).

FTIR spectroscopy can reveal changes both in the sec-
ondary and tertiary structure of a protein upon ligand bind-
ing. bis-ANS at low concentration, 1,8-ANS and 2,6-ANS,
have similar effects on BSA secondary structure. They in-
duce the disappearance of the band at 1640 cm™" present in
free BSA. Even when these changes are rather minor and
not clearly observed by circular dichroism (Fig. 3A, inset),
they indicate that dye binding results in a decrease of the
unordered structure. The H/D exchange rate is also sensitive
to ligand binding (Fig. 4). For free BSA and BSA bound to
bis-ANS at a low ligand:protein mole ratio, 1,8-ANS or
2,6-ANS, the H/D exchange rate can be resolved in a bi-
exponential decay with a slow and a fast component (Table
2; Fig. 4) from which we can calculate an average H/D
exchange rate. Taking the average exchange rate constant as
a measure of the protein fluctuations and global exposure to
solvent, we conclude that the protein bound to bis-ANS at a
low concentration, 1,8-ANS or 2,6-ANS, have less confor-
mational flexibility than the native protein, because the ef-
fect of 1,8-ANS is stronger than the other binding condi-
tions (Table 2).

On the other hand, bis-ANS, at a high ligand:protein mole
ratio, substantially modifies the secondary structure of BSA,
by judging the change observed in the main band position
from 1652 cm™" to 1648 cm™' of the FTIR spectrum (Fig.
3). For a mainly a-helix protein, this change can be asso-
ciated with the acquisition of a distorted helix conformation
in which the carbonyl stretching frequencies are lowered
due to stronger interaction with solvent molecules
(Trewhella et al. 1989). Together with the large increase in
H/D exchange rate in the presence of saturating amounts of
bis-ANS (Table 2; Fig. 4), we conclude that the protein has
a more flexible structure compared with free BSA. This is in
agreement with the complete absence of cooperative tem-
perature-induced unfolding (Table 1). The characteristics
observed for BSA in the presence of an excess of bis-ANS
correspond to a molten globule-like state according to the
accepted general definition: presence of native-like second-
ary structure, a fluctuating tertiary structure, and noncoop-
erative thermal unfolding (Kuwajima 1989; Ptitsyn 1992;
Dobson 1994). Several reports have also indicated that bis-
ANS per se induces protein structural changes in the direc-
tion of a more disordered conformation. Particularly, the
interaction of bis-ANS with the DNAK, a 70-kD heat-shock
protein of Escherichia coli, shifts the equilibrium from the
native to an intermediate state, and a correlation is observed
between the decrease of the unfolding temperature and dye
concentration (Shi et al. 1994). In this connection, it has
recently been reported that bis-ANS induces a more dis-
torted structure of tubulin with a higher susceptibility for
enzyme digestion (Gupta et al. 2003).
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Serum albumins undergo reversible conformational
changes at low pH. As early as in 1955, Tanford reported
that BSA shows a reversible expansion in acidic medium
(Tanford et al. 1955). More recently, it has been identified
that this expanded and reversible state corresponds to a
molten globule-like state for human albumin at low pH,
clearly distinguishable from the GdnCIlH-denaturated state
(Muzammil et al. 1999). The titration of carboxylic side
chains of some amino acids in albumins seems to perturb
the native conformation pulling the equilibrium to a molten
globule-like conformer. Also, 1,8-ANS binds to albumin in
the acidic expanded conformation but not in the completely
unfolded state (Muzammil et al. 1999). This interaction in-
duces shrinkage of the hydrodynamic volume of the protein
(Matulis et al. 1999). The ability of 1,8-ANS to induce
partial folding has been stated for both acid unfolded cyto-
chrome ¢ and pectate lyase C proteins (Ali et al. 1999;
Kamen and Woody 2001).

On the other hand, there are evidences that bis-ANS in-
duces disordered structures. It has been stated that bis-ANS
is able to detect a more disordered conformation in the entry
portal region of the ligand cavity site of the intestinal fatty
acid binding protein (Arighi et al. 1998), and also, to de-
stabilize the GroEl apical domain fragment inducing an in-
termediate conformation with increased hydrophobic sur-
faces (Smoot et al. 2001). In addition, it has been shown that
this dye binds to glutaminyl-tRNA (Bhattacharyya et al.
2000), apo a-lactalbumin (Vanderheeren et al. 1998), and
Salmonella typhimurium bacteriophage scaffolding proteins
(Teschke et al. 1993), leading to a more disordered protein
structure compatible with a molten globule state. According
to our results, and in agreement with the data previously
reviewed, an excess of bis-ANS induces in BSA a more
open structure at neutral pH compatible with a molten glob-
ule state, whereas bis-ANS at low concentration, 1,8-ANS
or 2,6-ANS, induce tighter conformers.

The correlation between conformational flexibility in-
duced by ANS derivatives with thermostability clearly
emerges when we compare the average H/D exchange rate
with the calorimetric midpoint of denaturation (Tables 1,2).
The order of the average H/D exchange rates found is BSA-
bis-ANS (high ligand concentration) >> free BSA > BSA-
2,6-ANS = BSA-bis-ANS (low ligand concentration) >
BSA-1,8-ANS, whereas the order of 7,,s is 79.8°C (BSA-
1,8-ANS) > 73.2°C (BSA-2,6-ANS) = 73.6°C (BSA-bis-ANS
low ligand concentration) > 59.0°C (free BSA) >> non-
detected for BSA-bis-ANS (high ligand concentration). In
other words, an increased thermal stability corresponds to a
reduced conformational flexibility.

Several authors have observed a correlation between pro-
tein thermostability with protein flexibility detected by H/D
exchange. The binding of Mg—ADP to the F_F,-type ATP
synthase from the thermophilic Bacillus PS3 produces an
increase in thermal stability and a decrease in protein flex-
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ibility, whereas Mg—ATP reduces the thermal stability with
a concomitant increase in the flexibility (Villaverde et al.
1997). Munson et al. (1996), in a systematic redesign of the
hydrophobic core of Rop protein from E. coli, found a cor-
relation between the matching of the hydrophobic core with
thermostability. The decrease in conformational flexibility
is also stated as the main factor accounting for thermosta-
bility in extremophiles, organisms living in extreme condi-
tions of temperature and pH. For example, adenylate kinase
from thermoacidophilic archaeon Sulfolobus acidocaldarius
was compared with that from porcine muscle. Both proteins
have a similar global structure but the enzyme from the
extremophile is characterized by a more compact core
(Bonisch et al. 1996). Furthermore, a perusal comparative
evaluation of key metabolic homologous enzymes from hy-
perthermophilic and mesophilic organisms arrived to the
general conclusion that the additional increment in free en-
ergy of stabilization is not the result of a unique contribu-
tion, but it rather comes from additive weak interactions that
lead to the optimization of the packing and the interactions
with the solvent, solutes, and specific ligands (for review,
see Landestein and Antranikian 1998; Jaenicke 2000).
Because biologic processes are carried out through bind-
ing events, changes in the environment and signaling path-
ways, the induced structural changes upon ligand binding
have been a matter of extensive studies and modeling. The
Koshland-Nemethy-Filmer sequential binding model was
introduced to explain cooperativity under structural basis
(Cantor and Schimmel 1980). In this connection, we have
reported that the binding of one or two biotin to homote-
trameric streptavidin induces structural cooperativity and
conformational communication, which is evidenced by an
increased thermostability of unliganded subunits. Thus, a
particular and localized interaction in a subunit is transmit-
ted to distal regions of the tetramer (Gonzdlez et al. 1997).
Miller and Dill (1997) have proposed that ligand binding
can be better described in terms of ensembles and energy
landscapes. Recently, Freire (1999) has demonstrated that
the propagation of the stabilization effects to remote sites
triggered by ligand binding is due to a redistribution of
substates favoring those binding-competent states. Extend-
ing these concepts, a generalized funnel-shape energy land-
scape theory has recently been presented. It was success-
fully utilized in describing folding and binding as well as in
explaining enzyme pathways, multimolecular associations,
and allostery (Tsai et al. 1999a,b). The framework of this
theory lies on the concept that in the bottom of the folding
funnel around the native conformation, there are multiple
protein conformational substates in equilibrium. A funnel-
shape energy landscape can be dynamically shifted by the
presence of ligands or changes in the surroundings, which in
turn, modifies the population of the conformers. This model
is a generalization that includes the induced fit model (Ku-
mar et al. 2000). According to this theory, there is an en-

semble of protein conformations with different affinities for
the ligand. The conformer that binds a ligand is depleted
from the solution, having the equilibrium shifted towards
this conformation. Thus, it is not a conformational change
induced by the ligand, but rather a change induced by shift-
ing the equilibrium among conformers (Tsai et al. 1999b;
Kumar et al. 2000).

On the basis of the above theory, it can be proposed that
within the large dynamic ensemble of BSA states, at least
three conformers besides the native and the unfolded states
can be distinguished. They can be defined as (in order of
increasing flexibility): BSA; g ans» BSAs ¢ ans: BSAe.
BSA,cans (high concentration of bis-ANS), and
BSA,fo1deq» 10 Which the subscript identifies each protein
conformer. The relative population of each distinguishable
substate depends on the type and ligand concentration and
the temperature of the system. At saturating ligand condi-
tion the distribution shifts to a particular conformer that is
differentially evidenced by thermal stability and FTIR spec-
troscopy.

It is well known that protein thermal stability is modified
by ligand binding due to the coupling between two mutual
processes under equilibrium: binding and unfolding
(Fukada et al. 1983; Sturtevant 1987; Shrake and Ross
1990, 1992). The additional binding free energy is respon-
sible for shifting the unfolding temperature, and it could
include or not contributions from conformational changes.
If the thermodynamics parameters of the ligand—protein in-
teraction are known, the thermogram of the complex can be
built from the binding data and the excess heat capacity
trace of unliganded protein (Brandts and Lin 1990; Shrake
and Ross 1990, 1992; Straume and Freire 1992). These
concepts can be updated in the light of the dynamic energy
landscape shifts: The presence of a given ligand shifts the
conformer distribution, and then the thermogram must be
accounted from the new distribution of substates.

For the 1,8-ANS-BSA complex, the thermal unfolding is
concomitant with ligand release (Figs. 2,5). Instead, for 2,6-
ANS, the ligand release precedes the unfolding by 7°C. This
could be interpreted that the ligand modifies the energy
landscape, and this new state distribution is retained even
when the ligand is released at 67°C. However, to undoubt-
edly conclude for this “molecular imprinting” effect (i.e.,
the ligand induces a conformation that persists after disso-
ciation) it is necessary for further experiments, and it is out
of the focus of the present work. Alternative explanations
could also be considered. For example, the ligand may per-
sist in its bound state but in a more solvent-exposed mode.

Molecular chaperones participate in the cell to prevent
protein misfolding (for recent reviews, see Ellgaard et al.
1999; Hartl and Hayer-Hartl 2002). It was recently empha-
sized that nonpeptide compounds such as glycerol, di-
methylsulfoxide, or trimethylamine are able to reverse the
intracellular retention of misfolded proteins, and have been
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called chemical chaperones (Morello et al. 2000). In this
connection, Diamant et al. (2001) have reported that sub-
stances that normally accumulate in the cell (glycerol, tre-
halose, and proline) can also assist protein refolding, pre-
venting aggregation during stress. Taking into account that
chemical chaperones most probably stabilize folding inter-
mediates, Morello et al. (2000) go a step forward, suggest-
ing that ligands with more specificity for a particular target
protein may improve functional folding, thus acting as
pharmacologic chaperones with potential uses in conforma-
tional diseases. The interaction between bis-ANS and BSA
could be a suitable model for pharmacologic chaperone
molecules.

Finally, and in agreement with Matulis et al. (1999) and
Ali et al. (1999), the results presented here indicate that
special care must be taken in using ANS derivatives, be-
cause they should not be seen as an “inert” probe for sensing
protein conformation.

Materials and methods

Materials

Fatty acid- and globulin-free bovine serum albumin (BSA) and
D,0 were obtained from Sigma Chemical Co. 1,8-ANS, 2,6-ANS,
and bis-ANS were obtained from Molecular Probes Inc. They were
used without further purification. The buffers were prepared with
analytical grade reagents.

Differential scanning calorimetry

Calorimetric curves were obtained in a MicroCal MC-2D scanning
calorimeter. BSA and the fluorescent dyes were dissolved in 100
mM phosphate buffer pH = 7.2. The protein concentration was 50
M. Samples were exhaustively degassed before the injection into
the calorimeter cell to prevent the formation of air bubbles. The
reference cell was filled with buffer. Nitrogen pressure of 2 atm
was applied to both cells. The calorimetric data were processed
with the software provided by the manufacturer. The data were
analyzed assuming a reversible non-two-state denaturation model,
which provides the calorimetric (AH_,;) and the van’t Hoff (AH ;)
enthalpies. AH_,, is the actual heat absorption of protein unfolding,
whereas AH,, is the theoretical heat of the transition assuming a
two-state model. The total molar heat capacity for n independent
non-two-state transitions after baseline subtraction is

- H.,AH

i(T) cal,i vH.,i
Cpy = ) ——
DTS (14 Kyp)* RT

where the unfolding equilibrium constants are calculated as

—AH T
K =exp RT 1- T

m,i

The cooperative unit is defined by the ratio AH_,/AH ;; (Privalov
1979).
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Infrared spectroscopy

Fourier transform infrared spectra were obtained in a Nicolet
Nexus equipped with a DTGS KBr detector. The sample was
placed in a cell for liquid samples with CaF, windows and 100-pwm
Teflon spacer. The instrument was purged with dry N, to decrease
atmospheric H,O vapor. When necessary, residual H,O vapor was
subtracted prior to deconvolution or spectral subtraction. All spec-
tra were obtained at room temperature with a nominal resolution of
2 cm™'. Typically, 0.2 mg of BSA was dissolved in 30 wL of D,O
buffer (Tris 100 mM, pD 7.2) or buffer containing the ANS de-
rivative.

Steady-state experiments

To allow complete exchange of hydrogen by deuterium, pure
BSA was incubated for 48 h in D,O buffer previous to the addition
of ligand. Fourier transform self-deconvolution of the unsmoothed
spectra was performed with Omnic 5.0 software using a triangular
apodization function, a bandwidth HWHH = 17 cm™!, and line
narrowing factor K = 2. For each measurement, 100 interfero-
grams were acquired and averaged.

Kinetics of hydrogen/deuterium exchange

The protein lyophylized from aqueous solution was resuspended
in pure D,O buffer or D,O buffer containing the ANS derivative
and immediately placed in the cell. For each time point, 10 inter-
ferograms were acquired and averaged. After buffer subtraction,
spectra were normalized between 1700 cm™" and 1600 cm™ to an
area of 1 x cm™"'. The normalized spectrum of the completely deu-
terated sample was subtracted from the normalized spectra taken at
different times. The time course of the amide H/D exchange was
evaluated from the area of the positive region of difference spectra
(AA). Three independent experiments were averaged. The data
were analyzed using a multiexponential decay function represent-
ing the different groups i:

AA = a; exp(—ki)

where a; is proportional to the relative fractions of each type of
amide hydrogen that exchange with a deuteration rate constant k;.
The fitted parameters were used to calculate the average H/D
exchange rate constant (k), defined as (Heimburg and Marsh
1993):

> a,exp(—k)

a;
, 2%
2q

dt=
1 Eai

w'=J,

Circular dichroism spectroscopy

Circular dichroism spectra were measured on a Jasco 810 spectro-
polarimeter under constant N, flush. BSA was dissolved in 10 mM
phosphate buffer, pH = 7.2. Protein concentration was 0.2 mg/mL
for all measurements. CD data were expressed as the mean residue
ellipticity ([0]) in deg-cm®*dmole™', from the equation
([6]) = My/(10l x C). M, is the mean residue weight; ¥, ellip-
ticity in degrees; /, cell path length in cm, and C, protein concen-
tration in g-cm™.
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Fluorescence spectroscopy

Steady-state emission spectra were recorded in an SLM-Aminco
4800C spectrofluorometer, equipped with a Xenon arc lamp and
thermostated cell holder. All slits were set at 4 nm. The tempera-
ture was controlled by a circulating bath and measured with a
thermocouple placed into the cell. The sample was allowed to
equilibrate for 5 min at the desired temperature before acquisition
of the spectra. The global heating rate was similar to that used in
DSC experiments. The protein concentration was around 2 pM.
The fluorescence emissions of L-Trp and ANS derivatives were
obtained in phosphate buffer and n-buthanol, respectively. Trp,
1,8-ANS, 2,6-ANS, and bis-ANS were selectively excited at 295,
380, 331, and 400 nm, respectively.

The spectral shifts were taken as a measure of protein unfolding.
They were measured by taking the ratio of fluorescence intensity
at the blue edge and the intensity at the red edge. This ratio was
used as a more sensitive parameter to detect changes in the band
position than the wavelength of maximum emission (Jiang and
London 1990; Wharton et al. 1988). An increase in this ratio
reflects a blue shift of the spectrum. The used ratios were Fl5,/
FI;,5 for free BSA and FI,5/Fls,5, Fl,00/Fl,5, and FI,/FIs,, for
its complexes with 1,8-ANS, 2,6-ANS, and bis-ANS, respectively.
For comparative purpose, each value was normalized to that ob-
tained at room temperature.
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