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Abstract:  Thermal unfolding of bovine serum albumin (BSA) has been studied in the presence of
2,2 2-trifluoroethanol (TFE) using high-sensitivity microdifferential scanning calorimetry. Quanti-
tative thermodynamic parameters accompanying the thermal transitions have been evaluated. TFE
is observed to be a stabilizer or a destabilizer of the folded state of BSA depending on the pH. CD
spectroscopy revealed an increase in the a-helical content of BSA and a decrease in the tertiary
structure in the presence of increasing molalities of TFE. Isothermal titration calorimetric results
do not indicate appreciable binding of the TFE molecules to BSA. TFE quenches the steady-state
tryptophan fluorescence of BSA only at higher molalities and there is no effect on the tryptophan
fluorescence at lower molalities. The calorimetric and spectroscopic results obtained in this work
suggest that solvent-mediated effects dominate the interaction of TFE with BSA and the binding
component may be very weak. Since the binding component is very weak, one of the possibilities of
anesthetic action of TFE molecules on the actual targets may be through perturbation of the struc-
tural and dynamic properties of the lipid bilayer so that the function of crucial but unspecified mem-
brane proteins is affected. © 2005 Wiley Periodicals, Inc. Biopolymers 78: 78-86, 2005

This article was originally published online as an accepted preprint. The ‘‘Published Online’’ date
corresponds to the preprint version. You can request a copy of the preprint by emailing the Biopoly-
mers editorial office at biopolymers@wiley.com
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INTRODUCTION

An understanding of the protein—solvent interactions is
essential to elucidate the nature of forces that stabilize
the native conformation of proteins under a given sol-
vent environment. The effect of alcohols on proteins
and peptides is useful for considering how protein-
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specific structures are stabilized in an aqueous environ-
ment." Such studies provide insights into biologically
important events as alcohols modify the folding path-
way of pro‘[eins,z’3 mimic the environment of biomem-
branes,® and induce assembly of biologically relevant
peptides.’ Due to mixed hydrophilic—hydrophobic char-
acter, alcohols, especially those fluorosubstituted, have



been widely used to generate partially folded states in
proteins and peptide fragments.®"> Alcohols are known
to denature the native state of proteins by weakening
the hydrophobic interactions. They also stabilize the a-
helical conformation in proteins by minimizing the
exposure of peptide backbone.'*'® Apart from an
understanding of the protein-folding problem, alcohol—
protein interactions are also important in a wide range
of applications such as dissolution of aggregates that
occur during peptide synthesis, investigation of prion
diseases, and Alzheimer’s amyloid peptides.'**
2,2,2-Trifluoroethanol (TFE) is extensively used
amongst the fluorosubstituted alcohols to generate the
partially folded states.”””"'®' TFE has been found to
stabilize helical structures, (-sheets, and [-hair-
pins.*** The mechanism proposed for the helix-
inducing ability of TFE has been proposed to be
either by helix stabilization or by direct binding of
TFE to the peptides or through solvent-mediated
effects.”> 2’ However, direct binding proposal of the
TFE to proteins still requires experimental proof.
TFE has also been reported to exhibit anesthetic prop-
erties.”® It is a metabolite of anesthetic agents and
chlorofluorocarbon  alternatives.” The most com-
monly used measure of volatile anesthetic potency in
vivo is the minimum alveolar concentration (MAC),
and Capesmeric 15 an average of these MAC values,
which is 24.3 x 107> mol dm > for TFE in mam-
mals.?® To understand the physicochemical basis of
the anesthetic potency of TFE, we have chosen
bovine serum albumin (BSA) as the model protein.
Serum albumins are the best-studied models for gen-
eral anesthetic binding because of their abundance
and properties. They contain a number of cavities that
bind a wide array of amphipathic hormones, metabo-
lites, and pharmaceuticals.”* = In view of the anes-
thetic and secondary structure stabilizing properties
of TFE, we have studied the thermal unfolding and
conformational changes of BSA in the presence of
TFE, and the mode of interaction of the alcohol with
the protein, quantitatively using a combination of dif-
ferential scanning calorimetric, isothermal titration
calorimetric, CD, and fluorescence measurements.
Such studies can provide guidelines for plausible
explanation of the mechanism of action of TFE with
the proteins present in the central nervous system,
which are the actual targets where the anesthetics bind.

MATERIALS AND METHODS

Materials

BSA and TFE of the best available purity grade were pur-
chased from Sigma-Aldrich Chemical Company USA and
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used without further purification. The BSA used was
lyophilized powder, and the purity and fatty acid content as
listed by the vendor are >96 and 0.005% respectively. The
mass fraction purity of TFE checked by gas chromatogra-
phy was 0.99. A Sartorius BP 211D digital balance of read-
ability = 0.01 mg was used for the mass measurements.
The water used for preparing the solutions was double dis-
tilled and then deionized using a Cole-Parmer research
mixed-bed ion exchange column. The protein was dialyzed
extensively against 20 x 107> mol dm™> potassium phos-
phate at pH 7.0 and 20 x 10~ mol dm ™ glycine-NaOH at
pH 9.0 with at least four changes of the respective buffer at
277.15 K. The reported pH is that of the dialysate measured
on a Standard Control Dynamics pH meter at room temper-
ature. The concentration of BSA was determined spectro-
photometrically on a Shimadzu double beam spectropho-
tometer UV 265 at 280 nm using A' % '™ = 6.8.%?

Differential Scanning Calorimetry

The thermal denaturation experiments were performed on
SETARAM micro differential scanning calorimeter (DSC)
equipped with removable Hastelloy C-276 fluid tight batch
cells of 1-cm® capacity. Before loading into the calorimetric
cells, all the solutions were degassed. Any loss in water
thus evaporated, determined from the mass of the sample
before and after degassing, was compensated by addition of
an appropriate amount of degassed deionized water. The
volume of the sample solution in the cell was fixed at
0.85 cm’® and the weights of the sample and reference cells
containing respective solutions were always matched to
within 0.1 mg. An excess power vs. temperature scan for
the protein transitions was obtained by subtracting the
power input of thermal scan of solvent in both the cells
from the power input scan of the protein solution in the
sample cell and solvent in the reference cell. The excess
power thermal scans were also corrected for the thermal lag
of the calorimeter and then converted to excess heat
capacity vs. temperature scan by dividing by the scan rate.
The corrected DSC data were analyzed by the EXAM pro-
gram of Kirchoff.** The calorimetric reversibility of the
thermal transitions was determined by heating the sample
to a temperature that is a little above the transition maxi-
mum, cooling immediately, and then reheating.

Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) measurements were
carried out at 25°C on a VP- ITC titration calorimeter
(Micro Cal, Northampton, MA). Before loading, the solu-
tions were thoroughly degassed by using Thermo Vac sup-
plied by MicroCal, LLC, USA. The reference cell was filled
with the respective degassed buffer. The protein was kept
in the sample cell and aqueous TFE was filled in the syringe
of volume 250 pL. The alcohol solution was added sequen-
tially in 10-pL aliquots (for a total of 25 injections, 20-s
duration each) at 4-min intervals. The heat of dilutions were
determined with similar parameters by injecting (i) by
injecting 8.34 x 107> mol kg~" TFE solution in buffer at
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FIGURE 1 Thermal transitions of 0.12 x 107> mol
dm > BSA at pH 7 in the presence of varying molalities of
TFE: 0 (W), 0.1 (@), 0.25 (A), 0.50 (W), 0.75 (@), 1.0
(+), 2.0 (x), 2.5 (*), and 3.0 (—) mol kg ™"

respective pH, (ii) by injecting buffer solution in to 0.058 x
1072 mol dm~> BSA, and (iii) buffer into buffer solution.
The respective heats of dilution were subtracted from the
corresponding BSA-TFE profiles prior to curve fitting. Cal-
orimetric data were analyzed using Micro Cal Origin soft-
ware supplied with the instrument. The enthalpy change for
each injection was calculated by integrating the area under
the peaks of recorded time course of change of power.

CD Experiments

The CD experiments were performed on a Jasco-810 CD
spectropolarimeter at 25°C. The protein concentration and
path length of the cell used were 10 uM and 0.1 cm for far-
UV CD and 30 uM and 1 cm for near-UV CD respectively.
The spectropolarimeter was purged with nitrogen gas prior
to the experiment. Each CD plot was an average of three
accumulated plots, which were baseline corrected. The
maximum error in the ellipticity measurements was 1%.
The molar ellipticity was calculated from the observed
ellipticity 6 as 100 - 6/c- I, where c is the concentration of
the protein solution in mol dm ™ and / is the path length of
the cell in centimeters.

Fluorescence Experiments

The fluorescence experiments were performed at 25°C using
the Perkin-Elmer LS-55 spectrofluorimeter. The protein con-
centration in all the experiments was kept at 0.5 pM. The
excitation and emission slit widths were fixed at 5 nm. The
excitation wavelength was kept at 295 nm to selectively
excite the tryptophan residues and emission spectra were
recorded. All the fluorescence experiments were repeated at
least thrice. The maximum error in the intensity measure-
ments was within 1% and that in the wavelength maxima
was less than 0.5 nm in the repeated experiments.

RESULTS AND DISCUSSION

DSC of BSA in the Presence of TFE

The representative DSC profiles of thermal denatura-
tion of BSA in the absence and the presence of vary-
ing molalities of TFE at pH 7.0 are shown in
Figure 1, and the corresponding thermodynamic
parameters accompanying the thermal transitions
are presented in Table I. Each value in this table
represents an average of three experiments.

All the thermal scans consist of a single endother-
mic peak. The values of Ty, = 335.0 K and AH,, =
796 kJ mol ' of BSA at pH 7 are in good agreement
with those reported in literature.”> With an increase in
the TFE molality from 0.1 to 1.0 mol kg™ ", the values
of transition temperature and calorimetric enthalpy
increased progressively up to 0.50 mol kg ™', beyond
which both properties showed a decrease. All the
calorimetric transitions were observed to be partially
reversible, restricting the application of equilibrium
thermodynamics to evaluate the ratio of van’t Hoff to
calorimetric enthalpy.

The values of transition temperature and enthalpy
of denaturation of BSA at pH 9 were found to be
less than at pH 7 in the absence of alcohol, indicat-
ing that BSA is in a relatively more compact state
at the physiological pH. The temperature depen-
dencies of the excess heat capacity of BSA in
the absence and in the presence of different mola-
lities of TFE are shown in Figure 2. The corre-
sponding thermodynamic parameters obtained via
analysis of several DSC denaturation curves are
given Table II.

Table I Thermodynamic Parameters® Accompanying
the Thermal Unfolding of 0.12 x 10> mol dm > BSA
at pH 7 in the Presence of TFE at a Scan Rate

of 0.5 K min '

TEE (mol kg™ ") Tip (K) AH_y (kJ mol™")
0.00 335.0 796
0.10 334.9 634
0.25 337.1 653
0.50 340.9 677
0.75 340.2 665
1.0 338.9 636
2.0 330.5 599
2.5 330.4 561
3.0 3215 505

# Incorporating errors in sample preparation, reproducibility,
and sample impurities, the errors in the values of 7'y, and AH, are
+0.1 K and 2%, respectively.
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FIGURE 2 Thermal scans of 0.12 x 10~ BSA at pH
9.0 in the presence of varying molalities of TFE: O (H), 0.1
(@), 0.25 (A), 0.50 (V¥), 1.0 (@), 1.5 (+), 2.0 (x), and
3.0 (*) mol kg ™',

Analysis of the Thermal Unfolding of BSA
in the Presence of TFE at pH 7 and pH 9

Thermal denaturation of BSA in the presence of TFE
can be explained on the basis of competing patterns of
interactions of the cosolute with the native vs. unfolded
state of the protein during the native = denatured reac-
tion. It has been reported that the anesthetics like meth-
anol, ethanol, propanol, halothane, and chloroform
lower the transition temperature of proteins like chy-
motrypsinogen A,*° ribonuclease,’” and firefly lucifer-
ase.’® However, we observed a slight increase in the
value of transition temperature up to 0.5 mol kg '
TFE in solution. The enhancement in the thermal
stability of BSA at pH 7 upon addition of TFE unto
0.50 mol kg~ " could be due to (i) preferential interac-
tion of cosolute/cosolvent with the native state of the
protein compared to that with the denatured state, or
(ii) alteration in the secondary or tertiary structural
content of the protein under these conditions. Beyond
0.75 mol kg~" both the values of transition temperature
and calorimetric enthalpy decrease with the increase in
the molality of the alcohol. This can be assigned to the
stronger interaction of the TFE molecules with the
denatured state of the protein compared to the native
state under these conditions. At pH 9, the value of tran-
sition temperature decreased at all the studied molal-
ities of TFE whereas the enthalpy of unfolding
increased unto 1.50 mol kg~! followed by a decrease.

CD of BSA in the Presence of TFE

To check whether the initial increase in the stability
of BSA was accompanied by conformational
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changes, CD experiments were carried out at pH 7.0,
at all the molalities of TFE used in the calorimetric
experiments. The far- and near-UV CD plots at dif-
ferent molalities of TFE at pH 7.0 are shown in
Figure 3. It can be seen that BSA has a negative band
near 208 nm and a relatively flat region of negative
ellipticity between 210 and 225 nm. In the presence
of TFE, the «-helicity increases in strength as
reflected by the increased negative intensity of the
band near 208 nm unto 0.75 mol kg~' TFE, beyond
which there is decrease in the a-helical content. The
near-UV CD spectra of BSA indicate that there is a
little perturbation in the wavelength zone between
260 and 280 nm of the chromophores of protein in
the presence of the studied molalities of TFE. Even
3 mol kg~ ' TFE did not produce any significant mod-
ification in the near-UV CD spectrum of the protein.

Enhancement of secondary structural content upon
addition of fluoroalcohols has also been demonstrated
in large number of peptides and proteins.®”'* The
structure stabilizing property of fluoroalcohols has
been proposed to arise from two important character-
istics, namely, the hydrophobicity of the fluoroalkyl
groups and the strong hydrogen-bond-donating/poor
hydrogen-bond-accepting property of the hydroxyl
groups.®® Clustering of alcohol molecules is also an
important factor that enhances the effect of alcohols
on proteins and peptides.*® Helicogenic effect exhib-
ited by halogenated alcohols have been suggested to
be a combination of a relatively low dielectric con-
stant and a high dipole moment, the latter causing dis-
ruption of the internal hydrogen-bond networks and
the former causing refolding to a helical configura-
tion.*

The far- and near-UV CD plots for BSA in the
presence of TFE at pH 9.0, are shown in Figure 4 and

Table I Thermodynamic Parameters® Accompanying
the Thermal Unfolding of 0.12 x 10> mol dm > BSA
at pH 9 in the Presence of TFE at a Scan Rate

of 0.5 K min "

TFE (mol dm 3) Tipp (K) AH.,; (kJ mol ™)
0 336 426
0.10 335 547
0.25 334 572
0.50 334 657
1.00 332 698
1.50 330 741
2.00 326 591
3.00 318 494

* Incorporating errors in sample preparation, reproducibility,
and sample impurities, the errors in the values of 7', and AH,, are
+0.1 K and 2%, respectively.
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FIGURE 3 Far-UV CD spectra (A) and near-UV CD
spectra (B) of BSA at pH 7 and at different molalities of
TFE: 0 (A), 0.1 (B), 0.5 (C), 0.75 (D), 1.0 (E), 2.0 (F), and
3 (G) mol kg™".

supplement 1. There is an increase in the a-helicity at
all the studied molalities of TFE. The tertiary struc-
tural content decreases with an increase in molality of
TFE, which may be one of the reasons for the decrease
in the thermal stability of BSA upon addition of TFE.

Figure 5 compares the change in transition temper-
ature, enthalpy, molar ellipticity at 222 nm, and molar
ellipticity at 260 nm for the interaction of BSA with
TFE at pH 7 compared to these parameters in the
absence of alcohol. All four different properties are
found to vary along the same direction. A similar
trend was also observed at pH 9.

Fluorescence of BSA in the Presence
of TFE

Figure 6 presents the intrinsic fluorescence of BSA in
presence of TFE at pH 7.0. It is observed that the

emission intensity decreases with an increase in the
molality of TFE in solution. The values of wave-
length maximum remains nearly the same from 0.05
to 1.5 mol kg ' TFE; a slight blue shift of 2 nm at
3 mol kg~ ' TFE suggests that as the molality of TFE
is increased the tryptophan experiences more hydro-
phobic environment.

The extent of fluorescence quenching Q can be
expressed as

Q = (Fo — F/Fo) ()

where F and F are the fluorescence intensities in the
absence and the presence of quencher and Q .« is
the maximum quenched fluorescence. It follows from
the mass law considerations that

0= (Qmax : [TFE}/KD + [TFE]) (2)

where Kp, is the average dissociation constant.

Figure 7 shows plot of fluorescence quenching of
BSA vs. molality TFE at pH 7. Using a best-fit curve
derived from Eq. (2), Qmax = 0.74 £ 0.05 and Kp =
1.3+ 0.2mol kg ".

It has been reported that different halogenated
alkanes and alcohols can effectively quench the tryp-
tophan fluorescence of BSA at much lower concen-
trations.*"**

Therefore, fluorescence experiments were also
done at lower molalities of the alcohol ranging from
0.001 to 0.1 mol kg™". In this lower molality range,
TFE did not quench the tryptophan fluorescence of
BSA. These results indicate that TFE is effective in
quenching the tryptophan fluorescence only at molal-
ities higher than 0.1 mol kg~'. A relatively lesser
degree of quenching at lower molalities indicates that
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FIGURE 4 Far-UV CD spectra of BSA at different
molalities of TFE at pH 9: 0.1 (A), 0.5 (B), 1.0 (C), 1.5 (D),
2.0 (E), and 3.0 (F) mol kg™,
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FIGURE 5 Plot of change in transition temperature/°C
(A), molar ellipticity at 222 nm/deg cm? dmol™! (W),
molar ellipticity at 260 nm/deg cm’ dmol > (@), and
enthalpy/kJ mol ™ (W), compared to that in the absence of
TFE.

TFE does not interact significantly with the protein
matrix. The quenching at higher molalities of TFE
may be attributed to high local concentrations of TFE
in the immediate vicinity of the indole ring due to
hydrophobic interactions between the TFE and the
protein.

The emission spectra of BSA at pH 9 were charac-
terized by well-resolved peaks. There is slight red
shift of \,.x from 344 nm at pH 7 to 347 nm at pH 9
in the absence of alcohol. TFE causes a molality
dependent decrease in the native tryptophan fluores-
cence of BSA, with a slight blue shift of 2 nm in the
presence of 3 mol kg~ ' TFE at both the pH values.

Using a best-fit curve derived from Eq. (2), the
values of Q.x = 0. 46 = 0.05 and the Kp = 0.7 *
0.2 mol kg~ " at pH 9 are obtained. Comparison of the
Omax at two different pH values suggest that TFE is
more effective in quenching the fluorescence of BSA
at pH 7. CD studies also show that in the presence of
increasing molalities of TFE, the decrease in the ter-
tiary structure is more at pH 9 whereas at pH 7 there
is only a slight change in the tertiary structure. The
diminished quenching of BSA at pH 9 suggests that
tertiary structural elements are crucial for the interac-
tion of TFE with the protein.

Isothermal Titration Calorimetric Data
Analysis

Figure 8 shows the ITC profile for the titration of
TFE with BSA at pH 7. The negative deviation from
the stable baseline upon addition of TFE was very
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small, toward the negative side, indicating that the
process is slightly exothermic. The enthalpy change
associated with each 10-uL injection of TFE plotted
against the TFE to BSA molar ratio is shown in panel
B of Figure 8. No variation in the heat evolved with
the increase in the molar ratio was observed. Hence,
the average of heat evolved at each injection was
taken as the enthalpy of interaction.

The enthalpies of interaction of TFE with BSA at
pH 7 and pH 9 are —4.45 = 2.4 and 1.49 * 4 cal
mol ™" respectively. These values are nearly zero
within the experimental uncertainty. The results do
not indicate appreciable binding of TFE to BSA,
thereby suggesting involvement of solvent-mediated
effects due to changes in the structure of water
induced by the cosolute in these interactions.

ITC results further support the fluorescence results
where at lower molalities no quenching was
observed; only at much higher molalities was partial
quenching observed. Low values of Kp obtained
from fluorescence results also indicate an absence of
appreciable binding; therefore, the quenching at
higher molalities can be attributed to solvent-medi-
ated effects.

Mode of Interaction of TFE with BSA

The mechanism whereby TFE and other fluorinated
alcohols induce protein structural changes still
requires an experimental proof. Studies of interac-
tion of TFE with short elastin peptide
GVG(VPGVG)3* suggest that TFE clusters locally
assist the folding of secondary structures by first
breaking down the interfacial water molecules on
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FIGURE 6 Emission spectra of 0.5 x 107 mol dm™>
BSA at pH 7 in the presence of TFE: 0 (A), 0.05 (B), 0.5
(C), 0.75 (D), 1.2(E), 1.5 (F), and 3 (G) mol kg .
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FIGURE 7 Quenching of 0.5 x 107° mol dm™ of BSA
at pH 7 and at different molalities of TFE.

the peptide and then providing a solvent matrix for
further side-chain—side-chain interactions. It is also
proposed that TFE may induce helicity by selec-
tively raising the energy of solvent-exposed amide
functionality in the coiled state.** Another model for
indirect mechanism was reported in which the ran-
dom coil was chosen as the most solvated state and
hence most perturbed by the addition of cosolvent.*’
The helix formation is impeded by the entropic cost
of assembling the aqueous solvent around the helix
in pure water, and addition of TFE thus favors the
helix as dAS/d[TFE] > 0. Recently it has been pro-
posed that TFE acts by selectively desolvating the pep-
tide backbone groups of the helix and thereby inducing
the helical state.*® Based upon calorimetric, densimet-
ric, and surface tension measurements, we have sug-
gested that TFE—protein interaction®’ includes a com-
bination of both solvent-mediated effects and direct
binding. The ITC results in the present studies (Figures
8 and supplement 2) show that the heat liberated at
each injection is nearly zero and the overall ITC profile
does not indicate a significant binding pattern. These
results do not indicate appreciable binding of TFE mol-
ecules to BSA, suggesting that the binding component
to the overall interaction of TFE with the protein is
very small and the solvent-mediated effects are domi-
nant. The solvent-mediated effects may in turn affect
the conformations of protein, which includes induction
of helicity. The support for the dominant solvent-medi-
ated effects also comes from the fact that the dielectric
constant of TFE is about one-third of that of water,*
which should lead to a strengthening of charge interac-
tions including between partial charges as they occur
in hydrogen bonds. TFE is also a weaker base and
hence a much weaker hydrogen-bond acceptor and a

slightly stronger donor than water.*” The bulky—CF;
group also sterically hinders the interaction with the
peptide backbone. These combined effects of strength-
ening hydrogen-bond interactions in the protein leads
to an overall strengthening of intramolecular hydrogen
bonds. Since the binding component is very weak, the
anesthetic action of TFE molecules on the actual tar-
gets may be through the perturbation of the physical
properties of the membrane.

CONCLUSIONS

TFE is observed to be a stabilizer or a destabil-
izer of the folded state of BSA depending on the
pH. ITC results indicate an absence of appreciable
binding of TFE to its native state as well as to its
changed conformation at pH 9. DSC results also
support the observations that TFE does not bind
appreciably to BSA as no remarkable shift in
thermal stability is seen. Addition of TFE to BSA
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FIGURE 8 Titration of the 0.058 x 10> mol dm’
BSA at pH 7 with 8.34 x 107> mol kg ™' TFE at 298.15 K,
showing the calorimetric response as successive injections
of ligand, are added to the reaction cell. Panel B depicts the
isotherm of the calorimetric titration shown in panel A.



at pH 7 did not cause any change in tryptophan
fluorescence at lower molalities and only at
higher molalities some degree of quenching was
observed, which could be due to solvent-mediated
effects. A considerable lesser degree of quench-
ing at pH 9 indicates that an increase in pH
results in further weakening of hydrophobic inter-
actions between tryptophan and TFE. The calori-
metric and spectroscopic results obtained in this
work suggest that the solvent-mediated effects
dominate in the interaction TFE with BSA and
that the binding component may be very weak.
Since the binding component is very weak, one
of the possibilities of anesthetic action of TFE
molecules on the actual targets may be through
perturbation of the structural and dynamic proper-
ties of the lipid bilayer so that the function of
crucial but unspecified membrane proteins is
affected.
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