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ABSTRACT: This study directly examines the enthalpic contributions to binding in aqueous solution of
closely related anesthetic haloethers (desflurane, isoflurane, enflurane, and sevoflurane), a haloalkane
(halothane), and an intravenous anesthetic (propofol) to bovine and human serum albumin (BSA and
HSA) using isothermal titration calorimetry. Binding to serum albumin is exothermic, yielding enthalpies
(∆Hobs) of -3 to -6 kcal/mol for BSA with a rank order of apparent equilibrium association constants
(Ka values): desflurane> isoflurane∼ enflurane> halothaneg sevoflurane, with the differences being
largely ascribed to entropic contributions. Competition experiments indicate that volatile anesthetics, at
low concentrations, share the same sites in albumin previously identified in crystallographic and photo-
cross-linking studies. The magnitude of the observed∆H increased linearly with increased reaction
temperature, reflecting negative changes in heat capacities (∆Cp). These-∆Cp values significantly exceed
those calculated for burial of each anesthetic in a hydrophobic pocket. The enhanced stabilities of the
albumin/anesthetic complexes and-∆Cp are consistent with favorable solvent rearrangements that promote
binding. This idea is supported by substitution of D2O for H2O that significantly reduces the favorable
binding enthalpy observed for desflurane and isoflurane, with an opposing increase of∆Sobs. From these
results, we infer that solvent restructuring, resulting from release of water weakly bound to anesthetic and
anesthetic-binding sites, is a dominant and favorable contributor to the enthalpy and entropy of binding
to proteins.

The molecular basis of general anesthesia is one of the
long-standing puzzles of medical science. General anesthetic
agents include compounds as varied as the noble gases,
alkanes, alcohols, and ethers (1-3). Although varied in
structure, all volatile anesthetics are moderately hydrophobic,
have a small dipole moment, and fit the positive Meyer-
Overton correlation between anesthetic potency and oil or
lipid-phase solubility, with few exceptions. This suggests that
most of the functional target sites within the central nervous
system are “oily” in nature. Because of their high solubility
in lipid, these compounds can reach concentrations on the
order of 50-100 mM in biological membranes, where,
because of their amphipathic nature, they tend to localize at
the interface between the polar headgroup region and the
hydrophobic core of phospholipid bilayers (4). These char-
acteristics have led previous investigators to infer that volatile
anesthetics alter the physical properties of the membrane and
thereby perturb its excitability, a hypothesis that still has its
proponents (5, 6).

More recently, the emphasis has shifted from theories of
lipid perturbation to the idea that general anesthetics bind

directly to specific proteins (3, 7-10). The physiologic
targets of volatile agents remain controversial, but enough
evidence has accumulated to suggest that ligand-gated ion
channels, such as theγ-aminobutyric acid (GABA)A and
glycine receptors (8), and a few soluble proteins, such as
PKC (11), are candidates.

Specific mutations in the GABAA and glycine receptors
(8) provide support for the concept that anesthetics occupy
pre-existing cavities formed between the transmembrane
helices of these allosteric proteins (9, 10). These small voids
are thought to accommodate the conformational changes
associated with ligand gating. Filling these cavities with
volatile or gaseous anesthetics may prevent or alter these
processes by repopulating existing conformers. Studying the
direct interactions of volatile anesthetics with ion channels,
however, has been exceptionally difficult because of their
low affinity and the inability to obtain the most relevant
protein targets in sufficient quantities; therefore, most
previous studies have involved indirect measurements, typi-
cally a perturbation of ion-channel activity.

To understand the physicochemical basis for anesthetic
protein interactions, more abundant soluble proteins have
served as models (3, 9). Of these, serum albumin contains a
number of cavities that bind a wide array of amphipathic
hormones, metabolites, and pharmaceuticals. Because of its
properties and abundance, serum albumin has become the
best-studied model of general anesthetic binding. Direct
binding measurements have involved photoaffinity affinity
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labeling (12-14), intrinsic fluorescence (15, 16), nuclear
magnetic resonance (NMR) (17, 18), and zonal elution
chromatography (16, 19). These studies demonstrate that
halothane, isoflurane, and other volatile anesthetics bind to
several “high” and multiple low-affinity sites and are
consistent with recent crystallographic structures that show
halothane binding to three such “high” affinity sites, one of
which is shared by the intravenous anesthetic, propofol (20).
These sites resemble the putative cavities identified in
GABAA and glycine receptors. Further supporting this idea,
soluble helical bundles, resembling the transmembrane
helices, can be artificially engineered to create comparable
hydrophobic pockets that bind halothane with affinities
spanning the clinical concentration range (21).

The predominantly oily nature of the hydrophobic cavities
in serum albumin (20) suggest that anesthetic binding from
aqueous solution is driven by short-range electrostatic (van
der Waals) interactions and by increased solvent disorder.
Indeed, the anesthetic, chloroform, binds to bovine serum
albumin (BSA) with the release of heat, consistent with an
important enthalpic contribution arising from van der Waals
attraction (22). The present study examines the enthalpy and
entropy of binding of closely related haloethers (desflurane,
isoflurane, enflurane, and sevoflurane), a haloalkane (halo-
thane), and an intravenous anesthetic (propofol) binding to
BSA and human serum albumin (HSA), using isothermal
titration calorimetry (ITC). The effects of temperature on
binding, which yields the change in heat capacity (∆Cp) and
isotopic solvent substitution are used to address the role of
the solvent. When these data are coupled with structural
information, they provide new insights into the nature of
anesthetic-binding free energies.

MATERIALS AND METHODS

Materials. Anesthetics used in these experiments were
halothane, 2-bromo-2-chloro-1,1,1-trifluoroethane (Halocar-
bon Laboratories); sevoflurane, fluoromethyl-2,2,2-trifluoro-
1-(trifluoromethyl)ethyl ether (Abbot Laboratories); isoflu-
rane, 1-chloro-2,2,2-trifluoroethyl difluoromethyl ether
(Ohmeda PPD Inc.); enflurane, 2-chloro-1,1,2-trifluoroethyl
difluoromethyl ether (Ohmeda PPD Inc.); desflurane, 2-di-
fluoromethyl-1,2,2,2-tetrafluoroethyl ether (Baxter); and pure
propofol, 2,6-bis(1-methylethyl)phenol (Astra Zeneca). D2O
(99.9%) was from Cambridge Isotope Laboratories, Inc., MA.
BSA and HSA (fatty acid free), guanidine hydrochloride,
and all other reagents were from Sigma Chemical Co.

Measurement of Anesthetic and Protein Concentrations.
The aqueous concentrations of each drug (Caq) were deter-
mined by sampling the gaseous headspace and calculated
using the Ostwald water/gas partition coefficients (λ) ap-
propriate to each temperature and drug, as described earlier
(23). The concentrations of propofol in the aqueous solution
are calculated by measuring the absorbance at 270 nm, using
ε ) 1584 M-1 cm-1. Protein concentrations were determined
by absorbance at 280 nm using the molar extinction
coefficient of 40 000 M-1 cm-1.

ITC Measurements.BSA or HSA was dissolved in buffer
(150 mM NaCl and 10 mM HEPES at pH 7.2), to a protein
concentration of 0.15 mM. To ascertain the contributions of
buffer ionization enthalpy, parallel measurements were
obtained by substituting phosphate buffer (NaH2PO4 at pH

7.2), for HEPES. Pure liquid volatile anesthetics were mixed
with degassed buffer and were allowed to equilibrate with
the aqueous phase in Teflon-sealed glass vials by gentle
mixing overnight. Concentrations of the drugs in the saturated
buffer solutions were determined by gas chromatography as
described earlier (23). Working solutions of propofol were
prepared by mixing the pure drug with buffer in a glass tube
that was then centrifuged at 1000g for 5 min at room
temperature. The aqueous layer was separated and used for
the study. Calorimetric measurements were carried out at
10-35 °C in an isothermal titration calorimeter (VPITC,
MicroCal, MA). The anesthetic agents, protein sample, and
buffers, with the exception of solutions containing volatile
agents, were extensively degassed before each titration. The
drug solution (titrant) was loaded into the syringe, and the
BSA or HSA solution was introduced into the cell (1.43 cm3).
Binding was measured by titrating the anesthetic into the
continuously stirred protein solution (reversing this order
gave similar results). The instrument was programmed to
introduce a set volume of drug (typically 10µL) into the
cell to a total of 300µL with a time interval of 2-3 min
between each injection to allow for equilibration. Isolation
of the cell from the atmosphere by a narrow column of
unstirred fluid (6 cm in height) helped preserve the level of
injected volatile anesthetic and allowed the recovery of
>90% of the volatile agents tested after 2 h of titration at
atmospheric pressure.

The heat released or absorbed (Q) upon each injection was
measured, and the values obtained from a parallel titration
of anesthetic into buffer without protein provided a baseline
to subtract the heat of dilution for each titration step. The
data were plotted as integrated quantities∆Qi, the change
in heat content of the solution followingith injections, and
analyzed with a single class, noninteractive binding site
model using the Origin software supplied by MicroCal. For
a single class of site, the following relationship was fit to
the data:

whereQi is the total heat content of the solution following
the ith injection (from the integrated heat pulses),n is the
number of ligands bound to the single class of sites,θ is the
fractional ligand occupancy, which is related toK, the
apparent association constant, in units of M-1, Mt is the total
concentration of protein,∆H is the enthalpy of binding per
mole of ligand, andV0 is the initial working volume of the
calorimeter cell.

Qi is related to∆Qi, the integrated heat pulses by

whereQi-1 is the total heat content prior to theith injection
and Li is the total concentration of the ligand after theith
injection. The standard state was taken as an aqueous solution
of free ligand at 1 M concentration.

Desflurane binding data were also analyzed using two
classes of independent binding sites: a high affinity class
of stoichiometry,n ) 1, and a low affinity class,n ) 2.

Qi ) nθMt∆HV0 (1)

∆Qi ) Qi + d V/V0[Qi + Qi-1/2] - Qi-1 (2)

Qi ) nMt∆HV0/2[1 + L/nMt + 1/nKMt -

((1 + L/nMt + 1/nKMt)
2 - 4L/nMt)

1/2] (3)
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This model defines the equilibrium association constants as

whereLt ) the total ligand concentration and

Numerical solutions forL are obtained using Newton’s
Method by assigning values forn1, n2, K1, andK2. θ1 andθ2

are then solved in eqs 4 and 5. The heat contentQ after any
injection i is then expressed as

∆Qi is then calculated after the correction for displaced
volume (eq 2).

Binding models were fit to the data by a nonlinear least-
squares Marquardt algorithm until constantø2 values were
achieved.∆S was deduced fromK and ∆H using the
definition of the Gibbs free-energy difference (∆G) and its
relationship toK. The significance of differences of the
thermodynamic parameters between anesthetics was assessed
by one-way ANOVA analysis and Newman-Keuls multiple
comparisons test.

Changes in heat capacities (∆Cp) were estimated from the
linear least-squares slopes of the∆H values, determined at
temperatures ranges between 10 and 35°C measured in 5
°C increments, and plotted as a function of temperature. Data
from multiple determinations were used, and linear least-
squares analysis was performed that included a test for the
departure from linearity.

Isotopic SolVent Substitution and ITC Measurements.Fatty
acid free BSA from the same batch was weighed and
dissolved in carefully matched D2O or H2O buffer (150 mM
NaCl and 10 mM HEPES at pD or pH 7.2), to a final protein
concentration of 0.15 mM, which was checked by absorbance
at 280 nm. The difference in pH electrode response was
compensated as described previously (24), and the pD and
pH of the two solutions were adjusted to equivalence.
Volatile anesthetics were mixed with D2O or H2O buffer and
allowed to equilibrate in Teflon sealed glass vials by gentle
mixing overnight. Concentrations of the drugs in saturated
buffer solution were determined by gas chromatography.
These calorimetric measurements were carried out at 20°C.

Calculations of∆Cp and Lipole Moments.Predicted values
of ∆Cp were estimated for each compound using the
molecular modeling program, VEGA (25), the minimum
free-energy structures for each anesthetic, and its empirical
relation to hydrophobic surface area as previously described
(26, 27). Lipole moments, analogous to dipolar momentum
and comparable to hydrophobic moment (28, 29) were
determined using this same molecular modeling program,
the minimum free-energy structures for each anesthetic, and
the relation

where ri is the distance between atomi and the specified
origin of the molecule andl i is the lipophilicity of atomi.

Fluorescence Measurements of Protein Stability.Fluores-
cence measurements were performed with a spectrofluorom-
eter (model: I.S.S. K2, ISI, Champaign, IL). The protein
solutions (with or without drugs) were transferred into quartz
cuvettes with Teflon stoppers that permitted filling with little
headspace volume. The fluorescence spectra were measured
with a 1-cm path-length continuously stirred cell at 20°C.
Excitation and emission bandwidths were set at 4 nm.
Intrinsic fluorescence was measured by exciting the stirred
protein solution at 290 nm (to favor tryptophan excitation),
and emission spectra were recorded in the wavelength range
of 305-380 nm.

Stock solutions of protein and the denaturant, guanidinium
hydrochloride (GdmHCl), were prepared in 150 mM NaCl
and 10 mM HEPES at pH 7.2. For denaturation experiments,
different volumes of 6 M GdmHCl were mixed with a protein
solution to obtain a final concentration of 0.1µM protein,
2.5 mM drug, and the desired concentration of GdmHCl
(0.25-3 M) in a final volume of 4.2 mL in the quartz cuvette.
Incubation for at least 1 min was allowed to equilibrate the
drug with the protein. The intensity values did not change
significantly with time indicating that the system was at
equilibrium. The intensity data were normalized to fluores-
cence intensity obtained in the absence of the denaturant
(Fmax), whereas the minimal intensity was defined in the
presence of a [GdmHCl] that completely denatured the
protein (Fmin). Because the changes in fluorescence intensity
failed to conform to a simple two-state model of native and
denatured protein, a sigmodial dose response relation with
variable slope was fit to the data and used to estimate the
midpoints of the titration curves. Significant differences
between the transition midpoints from at least three inde-
pendent titrations were determined by Studentt test with
Bonferroni corrections for multiple comparisons.

RESULTS

The energetics of anesthetic binding to serum albumin
were assessed using an isothermal titration calorimeter
(VPITC, MicroCal), which measures the heat produced or
absorbed during the binding reaction. We examined several
closely related volatile haloethers, isoflurane, enflurane,
desflurane, and sevoflurane, to defatted BSA and HSA.
Isoflurane differs from desflurane only by the substitution
of chlorine for fluorine at a single position; and enflurane is
a chemical isomer of isoflurane; and the most distinctive
feature of sevoflurane is its branched chain trifluoromethyl
group. Also tested were the haloalkane, halothane, and the
intravenous anesthetic, propofol, two drugs for which direct
molecular information was available (20).

Injection of aqueous drug solutions into a range of serum
albumin concentrations (0.01-0.67 mM) produced raw heat
pulse data (Dp in µcal/s) with downward (negative) deflec-
tions, which indicated that the anesthetic binding to either
BSA or HSA is exothermic. Binding was reversible, because
the curves could be reproduced following degassing to re-
move volatile agents from the recovered protein (not shown).
Examples of BSA (0.15 mM) titrated with enflurane (top)
and desflurane (bottom) are presented in Figure 1 and insets.
As the concentrations of drugs were increased, the associated

K1 ) θ1/(1 - θ1)L (4)

K2 ) θ2/(1 - θ2)L (5)

Lt ) L + Mt(n1θ1 + n2θ2) (6)

Lt ) L + n1MtLK1/1 + LMt + n2MtLK2/1 + LK2 (7)

Qi ) MtV0(n1θ1∆H1 + n2θ2∆H2) (8)

(lipole moment)L ) ∑
i

ri l i (9)
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heat pulses (insets) closely approached the corresponding
signals obtained from diluting the individual volatile anes-
thetics into buffer lacking protein (with the exception of
sevoflurane). The integrated heat pulse data (parts A and B
of Figure 1) are expressed as kcal/mol of titrant (∆Qi) and
plotted as a function of the mole ratio of drug/protein
(Li/Mt). A standard nonlinear least-squares regression model
of binding, involving a single class of noninteracting sites
(eq 1), is fit to the data (solid curve in A and dotted curve
in B). The nonsaturable low-affinity sites were not included
in the analysis (<2.5% of the initial power signals obtained
titrating desflurane, isoflurane, or enflurane). Parallel titra-
tions of anesthetic diluted into buffer lacking protein were
used to determine the corresponding∆Qi contributed by the
heat of dilution of the anesthetics. These values (<0.03 kcal/
mol) were subtracted from serum albumin titration curves.

While binding stoichiometry was>1:1, small differences
in affinities among multiple sites reduced the sigmoidal
character of the integrated heat pulse data, greatly increasing
the confidence intervals (CIs) for estimation ofn and there-
fore the other parameters. Moreover, to accurately determine
the inflection point (n), the concentrations of enflurane,
halothane, and sevoflurane, as well as the protein required
would have exceeded their solubility. In the case of desflu-
rane and isoflurane, however, accurate midpoint determina-
tions were obtained at high serum albumin (0.67 mM)
concentrations (Table 1).

Binding to defatted serum albumin has been measured
previously by a variety of independent methods. Estimates
of the number of “high-affinity” halothane-binding sites were
obtained by chromatography (n ∼ 2 mol of anesthetic/mol
of albumin) (19), photo-cross-linking (n g 2) (13), and X-ray
crystallography (n ) 3) (20). 19F NMR measurements of
high-affinity isoflurane binding yieldedn ∼ 4 (17). Our
estimates of desflurane and isoflurane binding agree well
with these results (Table 1). It was recently reported that
BSA binds approximately 7.6 mol of halothane per mol of
HSA (62). However, the reportedn value has an error of
determination of (5.7. Thus, n ) 3 mol of volatile
anesthetic/mol of serum albumin appears the most consistent
approximation for saturable binding at the drug concentra-
tions examined here.

Binding to enflurane (Figure 1A), was fit well to a simple
single class of noninteracting sitesn ) 3 (eq 1). Increasing
n to 4 or decreasing it to 2 did not significantly improve the
fits of the binding model. To facilitate comparisons among
the drugs, other titration data were also analyzed using this
model (summarized in Table 1). Desflurane, however, was
better fit with two classes of noninteracting sites, a single
high-affinity (n1 ) 1) and two low-affinity sites (n2 ) 2)
(solid curve in Figure 1B compared to the dotted curve,n )
3), summarized in Table 2.

Fits to the single class, noninteracting site model yielded
the single apparent equilibrium association constants (K
values) and the binding enthalpies and entropies (Table 1).
Results are pooled from similar values obtained at 15 and
150µM serum albumin. For binding to BSA, the rank order
of K is desflurane> isoflurane∼ enflurane> halothaneg
sevoflurane at 20°C, corresponding to apparent equilibrium
dissociation constants of 0.340-3.40 mM. Binding to HSA
is comparable with some differences, with the most notable
being the higher affinity of isoflurane and enflurane (K ∼
1.5-1.7-fold higher). Binding of sevoflurane is of the lowest
affinity; its binding constant was not well-determined. The
apparent binding enthalpies of∆Hobs to BSA ranged from
-3046 to -6238 cal/mol, with the rank order being
halothane∼ enflurane > sevoflurane > isoflurane ∼
desflurane. While the-T∆S values contributed favorably
to binding of desflurane and isoflurane, the entropic contri-
butions were unfavorable for enflurane and halothane. Similar
results were obtained for HSA. Titration of propofol, in the
range accessible in aqueous solutions (up to∼0.8 mM),
yielded ann of 1.2-1.4.1 In all cases, binding is driven
primarily by the favorable enthalpic changes, although the
increments inK and the corresponding increments in∆G
are best explained by the positive correlation with-T∆S
(Figure 2).

FIGURE 1: Binding of enflurane and desflurane to defatted BSA as
measured by ITC. (Inserts) Raw heat pulse data (µcal/s) generated
on injections of 10µL of a 16 mM solution of desflurane (A) or
15 mM enflurane (B) into 1.437 mL of 0.15 mM BSA, 2 min apart,
at 20°C (inset traces and calculated baselines). (Main illustration)
Heat pulses of the inset were baseline-subtracted and integrated,
and the heat of dilution of the drug into buffer was subtracted. The
corrected∆Qi values (9) were plotted as a function the mole ratio
of enflurane (A) or desflurane (B) to BSA. In A, the solid curve
represents the best fit to eq 1, a single class of noninteracting
binding sites (n ) 3). In B, the solid curve represents the best
nonlinear least-squares fit to a two classes of site model, eq 8 (n1
) 1 andn2 ) 2), whereas the dotted curve is the best fit to eq 1 (n
) 3).
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Although these anesthetics have no formal charges and
are not ionized under our conditions, it was possible that
protein conformational changes induced by the drugs may
lead to changes of the protein ionization state through the
release or absorption of protons. Such a change should be
reflected in the ionization state of the buffer. To address this
issue, we compared the∆H values obtained in HEPES to

those measured in phosphate, two buffers with quite different
enthalpies of ionization (∼7 and 0.7 kcal/mol). We found
the ratios of∆H observed in HEPES and phosphate buffers
to be 0.94, 1.04, and 0.96 for desflurane, isoflurane, and
enflurane, respectively. Therefore, changes in the ionization
state of the albumin with a subsequent change in the buffer
ionization are not detected upon binding of these anesthetics.

To test whether these agents bind overlapping sites, we
performed competition experiments in which the protein is
titrated with one drug to near saturation, followed by titration
with another. Previous results using19F NMR of isoflurane
(17) or photo-cross-linking of radio-labeled halothane (14)
had shown that isoflurane, halothane, and enflurane bind to
the same sites. Our data are consistent with this conclusion.
In the presence of 2.5 mM halothane, binding of isoflurane,
enflurane (Figure 3A), and sevoflurane (not shown) are
nearly abolished, demonstrating that mutual binding is not
possible. (Figure 3B).

Because propofol overlaps only one of the sites for
halothane in HSA (20), this intravenous drug should only
partly inhibit the binding of halothane and desflurane. Our
results are consistent with this prediction (Figure 4A). The
heat pulses, measured in the low concentration ranges of the
two volatile agents (<1 mM), are partly suppressed at 0.16
mM propofol. On the other hand, because propofol binds to
only one site under these conditions, high concentrations of
halothane or desflurane should completely inhibit the binding
of propofol, which they do (Figure 4B). Similar results were
obtained with isoflurane, enflurane, and sevoflurane (not
shown). At saturating aqueous propofol concentrations (0.82
mM), we found that exothermic heat pulses, caused by the
binding of desflurane to BSA, were greatly reduced (Figure
5). This reduction corresponded mainly to the high-affinity

1 While this manuscript was under review, Liu et al. reported that
binding of propofol to HSA is exothermic and primarily enthalpy driven
(62). They find a higher stoichiometry for binding of propofol (n )
1.7). They also report a higherK for binding of propofol to HSA. The
reason for this discrepancy is unclear.

Table 1: Thermodynamic Parameters of Anesthetic Binding to BSA and HSAa

BSA
desflurane isoflurane enflurane halothane sevoflurane propofol

n (mol/mol) 2.6 (2.2-2.9) 3.2 (2.1-4.3) 3 3 3 1.4( 0.005
K (M-1) 2935( 953 1339( 123 877( 135 398( 53 268( 37 6959( 728
∆H (cal/mol) -3046( 545 -3954( 388 -5981( 249 -6238( 401 -4303( 2244 -5663( 315
T∆S(cal/mol) 1576( 371 238( 439 -2012( 290 -2752( 468 -1049( 2322 -4416( 1107
∆G (cal/mol) -4622 -4192 -3969 -3486 -3254 -5052
∆Cp measured -78 ( 2 -103( 4 -191( 24 -193( 5 -904( 354
95% CI∆Cp -104 to-52 -115 to-92 -288 to-94 -269 to-119 -3129 to+1321
∆Cp predicted 34 7 -5 -27 30

HSA
desflurane isoflurane enflurane halothane sevoflurane propofol

n (mol/mol) 3.5 (3.4-3.7) 3 3 3 3 1.2( 0.09
K (M-1) 3707( 297 2019( 168 1498( 110 444( 20 549( 372 2680( 691
∆H (cal/mol) -3684( 554 -3737( 70 -5267( 80 -4864( 99 -1699( 675 -15420( 6194
T∆S(cal/mol) 1102( 589 696( 118 -1005( 122 -1311( 19 1899( 1104 -15654( 4349
∆G (cal/mol) -4786 -4433 -4262 -3553 -3598 -4466

a Apparent association constantsK and the binding enthalpies∆H were determined at 20°C from fits to the data of a single class, noninteracting
binding sites model (eq 1). The results are presented as the mean( SD of multiple titrations. Binding stoichiometryn (95% CI) was determined
from the desflurane and isoflurane titration midpoints of one class of sites model as described (see the Materials and Methods). For the other
volatile anesthetics,n ) 3 was held constant.∆Cp (cal mol-1 K-1) are obtained from linear regression slopes of the∆H plotted as a function of
temperature in the range of 10-35 °C (( standard errors of determination). CI∆Cp are CIs for the slopes of the least-squares linear regressions.
∆Cp predicted are estimated using the empirical relation to the buried hydrophobic and polar surface areas (see the Materials and Methods).

Table 2: Binding of Desflurane to BSA Modeled as High- and Low-Affinity Class Sites

affinity (class) n K (M-1) ∆H (cal/mol) T∆S(cal/mol) ∆G (cal/mol) ∆Cp (cal mol-1 K-1)

high 1 28 700( 1330 -3285( 715 2655( 920 -5940 -132( 49
low 2 1474( 205 -3560( 430 702( 448 -4262 -63 ( 2

FIGURE 2: Relation of the thermodynamic parameters∆H and
-T∆S to ∆G of binding. Thermodynamic parameters( standard
deviation (SD) were determined from multiple titrations of BSA
and HSA with desflurane (0 and9), isoflurane (O andb), enflurane
(4 and2), and halothane (] and[). -T∆Svalues are represented
by open symbols, and∆H values are represented by filled symbols.
The calculated linear regression slopes are-0.91 ( 0.23 (r2 )
0.34) and 1.63( 0.24 (r2 ) 0.63) for∆H and-T∆S, respectively.
Slopes are significantly different from 0 withp < 0.001.
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desflurane site, leaving residual binding to the low-affinity
sites, mainly intact (see the caption of Figure 5), consistent
with mutually exclusive binding to the former site. Similar
results were obtained with HSA (not shown). These results
suggest that the high-affinity desflurane-binding site overlaps
the propofol-binding site located in subdomain IIIA (20).

To assess the molecular nature of the changes to protein
and anesthetic that occur upon binding, the differences in
heat capacity (∆Cp) were also measured.∆Cp values are
calculated from the slopes of∆H, fit to its linear relationship
with temperature (Table 1). Over the range of 15-25 °C or
10-35 °C, these slopes were negative, indicating that the
heat capacities of the solutions had decreased upon binding
(for example, see Figure 6). Similar values were obtained
when the desflurane-binding data were analyzed using the
two classes of site model (Table 2). These measured values
are consistently more negative than those predicted by
empirical calculations, which are based on shielding of
hydrophobic areas of the drug from solvent water, whether
or not a penalty for burying polar surface areas is included
(26, 27).

This discordance between the calculated and observed
changes in heat capacities suggested that solvent restructuring

is propagated beyond the binding site itself; such changes
may be associated with overall stabilization of the native
protein conformation. To examine this possibility, we com-
pared the effects of the closely related haloethers, desflurane,
isoflurane, and enflurane, on the stability of BSA to chemical
denaturation. Previous work had demonstrated that halothane
stabilizes BSA to thermal denaturation, as reflected by the
higher melting temperatures and greater excess heat capaci-
ties of the drug/protein complex (30, 31). Our results are
consistent with these observations (Figure 7). The effects of
GdmHCl on intrinsic tryptophan fluorescence, however, did
not conform to a simple two-state model of native and
denatured protein; rather, broad shallow transitions preceded
and followed the main transition, except for desflurane, which
had a steeper slope (Figure 7). A total of 2.5 mM of the
haloethers stabilized serum albumin, as indicated by the
significant shifts in the main transition midpoints (Figure
7). These complex effects are not unexpected, because serum
albumin, like most proteins, does not exhibit a single
unfolding transition (32, 33), and so differential effects on
individual subdomains would not be surprising.

The negative∆Cp and increased native protein stability
associated with binding are consistent with desolvation of

FIGURE 3: Binding of volatile anesthetics and their mutual inhibition. (A)∆Qi values of binding of halothane (9) and desflurane (b) are
plotted as functions of the mole ratio of drug/BSA. After the complete titration of either halothane or desflurane to 2.9 and 2.7 mM,
respectively, a second syringe filled with an aqueous solution of the competing drug halothane (0) or desflurane (O) was then used to
titrate the BSA. (B) Similar experiments were performed with isoflurane, enflurane, and halothane. Isoflurane (O andb) or enflurane (0
and9) was titrated before (filled symbols) or after (open symbols) the addition of 2.9 mM halothane.

FIGURE 4: Binding of propofol and volatile anesthetics. (A)∆Qi valuesof binding of halothane (9) and desflurane (b) are plotted as
functions of the mole ratio of drug/BSA. After the complete titration of propofol (to 0.13 mM), a second syringe filled with an aqueous
solution of either halothane (0) or desflurane (O) was then used to titrate BSA in the presence of propofol. (B)∆Qi values of binding of
propofol (9) are plotted as functions of the mole ratio of drug/BSA. After the titration of either halothane (0) to 2.9 mM or desflurane (O)
to 2.7 mM, a second syringe filled with an aqueous solution of propofol (0.8 mM) was then used to titrate the BSA.
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hydrophobic surfaces of the drug and protein. To assess the
solvent contribution to∆Gobs, we conducted ITC measure-
ments in solutions of D2O and compared these to carefully
matched H2O solutions. If the role of solvent is critical, then
the ratios of the thermodynamic parameters should be
significantly affected, because D2O is more strongly deuterium-
bonded than the equivalent hydrogen-bonded network of
water (34).

The ∆Qi values for binding of isoflurane and desflurane
were consistently smaller in D2O compared with those
obtained in H2O. The results (Table 2) show a reduction of
∆Hobs for both desflurane and isoflurane. Despite this
decrement,K increased somewhat because of a significant
increase in∆Sobs. These results are consistent with the release

of weakly bound water in the binding of volatile anesthetics
to serum albumin.

DISCUSSION

The results of this study demonstrate that∆H contributes
largely to the free-energy change associated with binding of
volatile anesthetics to serum albumin. Binding also produces
a significant decrease in heat capacity and stabilizes the
native state of the protein. The results suggest that the
solvent, hydrating the anesthetic and protein, is released upon
formation of the complex. This idea is supported by isotopic
substitution that demonstrates that solvent restructuring
contributes to both enthalpy and entropy, leading to the
conclusion that much of the anesthetic-binding free energy
derives from the reordering of water molecules solvating the
anesthetic and its binding site.

The anesthetic affinities measured here agree well with
those obtained using other techniques including photoaffinity
labeling (12-14, 35), 19F NMR spectroscopy (17, 36, 37),
quenching of tryptophan fluorescence (35, 38), tryptophan
fluorescence anisotropy, thermal denaturation (39), and zonal
elution chromatography (16, 19).2 Moreover, photoaffinity
labeling and NMR experiments have shown that halothane,
isoflurane, enflurane, and sevoflurane compete for a limited
number of binding sites on albumin (14).

A recent crystallographic study of HSA (20) has helped
clarify where halothane and propofol bind and, by extension,
other volatile agents as well. Serum albumin is a globular
R-helical protein consisting of multiple subdomains each of
which is capable of binding one or more fatty acids and a
wide range of other hydrophobic compounds (40-44).
Native crystals of fatty-acid-free HSA, exposed to low

2 The compounds used here, as in most anesthetic-binding studies,
are racemic mixtures. Which stereoisomers bind best under our
conditions is not known, and so the binding constants that we report
remain apparent. Nonetheless, previous work suggests only slight
differences in the binding of isoflurane stereoisomers to serum albumin
(12, 14, 37).

FIGURE 5: Effects of saturating propofol concentration on desflurane
binding.∆Qi values of binding of desflurane (O andb) are plotted
as functions of the mole ratio of drug/BSA. BSA (0.15 mM) was
dissolved either in buffer (b) or in buffer containing 0.82 mM
propofol (O). Binding data obtained in the absence of propofol were
fit to a two classes of site model (eq 8) [n1 ) 1 andn2 ) 2; K1 )
21 650( 7658 andK2 ) 1333( 94.05;∆H1 ) -2988( 263.5
and∆H2 ) -3878( 104.8; and∆S1 ) 9.814 and∆S2 ) 1.307],
whereas the results obtained in the presence of a saturated aqueous
propofol solution were best fit using a one class of sites model (eq
1) [n ) 2; K ) 1659( 56.86;∆H ) -1732( 28.70; and∆S )
8.825].

FIGURE 6: Effects of temperature on∆Hobs for binding of iso-
flurane to BSA. Isoflurane was titrated into a buffered solution
of 0.15 mM BSA at temperatures ranging from 10-35 °C. Each
point is the mean( SD of ∆Hobs (0) or T∆Sobs (O) determined
from multiple independent binding curves. (- - -) represents
95% CI.

FIGURE 7: Effects of anesthetics on the stability of BSA to chemical
denaturation. The intrinsic fluorescence of 100 nM defatted BSA
is measured as a function of [GdmHCl] (0) and compared to protein
equilibrated with 2.5 mM of either desflurane (b), isoflurane (3),
or enflurane (2) at 20°C. The results are plotted as the mean(
SD of two independent determinations. A sigmoidal dose response
relation was fit to each data set. The transition midpoints in molar
[GdmHCl] concentrations for the control, desflurane, isoflurane,
and enflurane are 1.27( 0.09, 1.64( 0.05 (p < 0.002), 1.59(
0.09 (p < 0.037), and 1.51( 0.08 (p < 0.148), respectively.
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halothane partial pressures (5 atm %, corresponding to an
aqueous concentration of∼2.6 mM), bind three molecules
of anesthetic distributed between two distinct sites per
molecule of HSA (20). At higher partial pressures, halothane
occupies five additional sites. At the lower partial pressures,
which represent the maximum concentrations achieved in
our titration measurements, one halothane molecule is bound
in subdomain IIIA, where it makes close contacts with mostly
hydrophobic residues, overlapping one of two propofol-
binding sites; at these partial pressures, two other halothanes
are located in a groove between subdomains IIA and B, in
contact with nonpolar and polar side chains. These results
are consistent with fluorescence-quenching and mutagenesis
study that independently identified these same sites as
accounting for “high-affinity” anesthetic binding to serum
albumin (35). Similar binding sites, containing a mixture of
hydrophobic and polar residues, have been described for the
complex of the anesthetic, bromoform, with firefly luciferase
(45).

As in previous studies of serum albumin (36, 38), we
observe competition among the anesthetic compounds that
are consistent with these crystallographic data. We have
extended this work to show that desflurane and propofol also
compete with halothane, isoflurane, enflurane, and sevoflu-
rane. Given that propofol, at the concentrations that we
employed, occupies only one of the high-affinity halothane
sites (20), it can be inferred that all of the drugs tested
compete for at least one common site located in subdomain
IIIA. This is most clear for desflurane, where high-affinity
binding of this volatile drug is greatly reduced by high
concentrations of propofol (0.82 mM). The high affinity of
desflurane for this site also suggests that a significant fraction
of the available serum albumin is bound to desflurane at its
clinically useful concentrations, which could affect the free
fractions of other drugs normally bound to this protein and
circulating in the plasma.

van der Waals interactions between the drug and protein,
as well as changes in solvent structure (discussed below),
could underlie the favorable enthalpic changes measured
here. A previous study of the anesthetic gas, xenon, suggested
that short range interactions, involving London dispersion
forces and a charge induced dipole, could account for the
binding free energy of this highly polarizable gas to
hydrophobic sites in metmyoglobin (48). Measurements and
predictions of partial charge distributions indicate that
haloalkane and haloether anesthetics, unlike xenon, have
significant dipole moments (49), suggesting that favorable
dipole-dipole and dipole induced dipole interactions could
contribute to∆H. The net dipole moments of the individual
anesthetics, however, are not predictive ofKobs or ∆Hobs for
binding to serum albumin nor are other parameters, such as
molecular volumes, surface areas, or oil/water partition
coefficients; on the other hand, the lipole moment, the
lipophilicity vector across the entire molecule (comparable
to the Eisenberg hydrophobic moment), is weakly correlated
(r ) 0.65). Thus, no conclusive structural pattern or single
molecular property accounts for differences in∆Hobsor ∆Gobs

among the drugs.
The energetics of the binding described here are similar

to those reported for chloroform binding to serum albumin.
Binding of this haloalkane is also exothermic, with∆Hobs

making a major contribution to binding free energy (22).

Enthalpy also contributes favorably to the free energy of
inhibition of firefly luciferase by a wide range of general
anesthetic agents (46). For example, the value obtained for
halothane (-4.3 kcal/mol) is comparable to the binding
enthalpies measured for HSA (-4.9) and BSA (-6.2) (Table
1). Similarly, halothane and isoflurane inhibition of acetyl-
choline-regulated chloride channels (47) is associated with
apparent enthalpy changes (-4.8 and-5.7 kcal/mol), close
to those reported here (Table 1).

The contribution of∆Sobs to the binding free energies is
variable and relatively small in magnitude,-T∆S∼ -1600
to +2800 cal/mol, with favorable entropy contributions
observed for desflurane and isoflurane. In the case of
desflurane, the increased entropy accounts for significantly
stronger binding. In contrast, the unfavorable entropic term
for halothane gives rise to a reducedK despite a strong
enthalpic contribution. Comparing desflurane, isoflurane,
enflurane, and halothane yields a positive correlation between
-T∆Sand∆G (slope) 1.6 ( 0.24 andr2 ) 0.63) (Figure
2). It is interesting to note that the binding free energy
correlates better with the increment in-T∆Srather than∆H,
in contrast to luciferase inhibition (46). This inverse relation-
ship between∆H and-T∆S is consistent with the concept
that stronger intrinsic interactions have higher entropy costs
(50).3

What underlies∆Sobs? Burying the anesthetics in an apolar
cavity should increase solvent entropy, which could account
for - 6.2 to-7.7 kcal/mol through the reordering of water
at these temperatures (51) (assuming up to 25 cal/mol per
A2 of nonpolar surface area), but losses of translational and
rotational entropy of the drug are on this same order (52).
Moreover, binding also increases internal degrees of freedom
through new vibrational modes, and these are likely to be
on the order of-5 to -10 kcal/mol (53). Thus, offsetting
positive and negative terms are likely to contribute to∆Sobs.

The negative∆Cp measured here suggests a burial of
nonpolar surfaces (54, 55). Reducing exposure to water
should increase its disorder and increase∆S, favoring a
compact folded state of the protein, which is consistent with
stabilization of BSA by these compounds against chemical
(Figure 4) and thermal denaturation (30, 31, 39). This is also
supported by hydrogen/tritium exchange studies (12, 35) that
yield comparable degrees of stabilization.

The decreased heat capacities and the increased confor-
mational stabilities suggest that binding of anesthetics may
modify albumin structure, producing a distinct conforma-
tional change. Alternatively, anesthetics could alter internal
protein dynamics, decreasing the exposure of hydrophobic
groups to water by reducing main- and side-chain motions.
The former interpretation seems unlikely, given that major
changes in the main-chain conformation are not observed
for binding of halothane as determined by CD spectroscopy
(39) or by X-ray crystallography (20). More subtle effects
on main- and side-chain dynamics, however, are supported
by the decreased rates of hydrogen/tritium exchange from
albumin bound to halothane or isoflurane (12, 35) and by
enhanced fluorescence anisotropy of its tryptophan side

3 The incremental loss of translational entropy for this series of
compounds, estimated from the relation∆∆S ) ln(M1/M2)3/2, could
account for up to 10-20% of the decrement in∆Sbetween desflurane
and sevoflurane (Figure 2).
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chains (39). On the other hand, differences in the calculated
temperature factors at the halothane-binding sites suggest
little change in dynamics (20). It should be noted, however,
that serum albumin fails to crystallize in the presence of
halothane, so that the diffraction data were only obtained
from native crystals exposed to anesthetic. Overall, these
results imply that the internal dynamics of the protein are
reduced through dissipation of the anesthetic-binding free
energy, as previously suggested (39). These changes could
diminish access of aqueous solvent to the interior of the
protein, effectively shielding hydrophobic residues and
accounting for the increased stability and negative∆Cp that
we observe.

The effects of substituting D2O for H2O further support
the idea that solvent reordering makes an important contribu-
tion to the anesthetic-binding free energy. The results show
small but significant decreases of∆Hobs and substantial
increases of∆Sobs for binding of desflurane and isoflurane
to BSA. A consideration of water in the ligand-binding
reaction is required to understand what underlies the effect.
As described by Chervenak and Toone (56), the contribution
of solvent to the binding enthalpy or entropy can be depicted
by a simple thermodynamic cycle (Scheme 1). Here, binding
of the desolvated states of anesthetic and albumin and their
complex are compared to fully solvated free components and
their complex.∆Hobsof binding in aqueous solution is equal
to the sum of the binding enthalpies because of intrinsic
attractions between the unsolvated anesthetic and the protein
(∆Hi) and the enthalpic differences in solvating the free and
bound components (∆Hs). Thus, the contribution of solvent
to ∆Hobsarises from the difference between∆Hs/u and∆Hs/b,
which derives from differences in the structure and stability
of bulk and interfacial water (57).

Because∆Hi appears to involve mainly van der Waals
interactions between anesthetics and albumin, it is not
expected to be different in the two solvents. Thus, the main
effect should be on∆Hs. Increasing the stability of the free
components in D2O relative to the bound components should

reduce the contribution of∆Hs/u to ∆Hs and thus decrease
the magnitude of∆Hobs.4 This interpretation is supported
by favorable changes in the enthalpy associated with transfer
of nonpolar compounds from the gaseous or solid state to
D2O compared to H2O (58-60). The apparent stabilization
by D2O of the unbound state relative to the bound state
implies that the release of water from the solvated drug and
binding site interface contributes favorably to the enthalpy.
While the absolute magnitude of the deuterium effects are
small (4 and 14%), these are close to the difference in
intermolecular hydrogen-bonding energies between D2O and
H2O, estimated to be∼10% greater for D2O compared to
H2O (61). This would suggest that solvent restructuring is a
major contributor to the apparent binding enthalpy, at least
on the order of∆Hi. While no major differences are observed
in the water strongly bound to HSA and the HSA/halothane
complex (20), it is the loosely bound water, invisible in these
structures, that is likely to be released.
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