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ABSTRACT
Background: Volatile anesthetics have been shown to mod-
ify immune cell functions via several mechanisms, some of
which have been only partially elucidated. We demonstrated
that isoflurane inhibits primary leukocyte integrin lympho-
cyte function-associated antigen-1 (LFA-1) by binding to the
allosteric cavity critical for conformational activation to its
high-affinity form. It remains to be determined whether the
allosteric inhibition of LFA-1 by isoflurane can be general-
ized to other anesthetics such as sevoflurane.
Methods: The effects of sevoflurane on the ability of LFA-1
to bind to its counter-ligand, intercellular adhesion mole-
cule-1, was studied in leukocytes by flow cytometry. To ex-
amine whether sevoflurane acts directly on LFA-1, we mea-
sured ligand-binding using beads coated with purified LFA-1
protein. To distinguish between competitive versus allosteric
inhibition, we analyzed the effects of sevoflurane on both
wild-type and mutant-locked high-affinity LFA-1. One-way
analysis of variance was employed for statistical analysis of
the data. Nuclear magnetic resonance spectroscopy was used
to identify sevoflurane binding site(s).
Results: Sevoflurane at clinically relevant concentrations in-
hibited the ligand-binding function of LFA-1 in leukocytes

as well as in cell-free assays (P � 0.05). Sevoflurane blocked
wild-type but not locked high-affinity LFA-1, thereby dem-
onstrating an allosteric mode of inhibition. Nuclear mag-
netic resonance spectroscopy revealed that sevoflurane
bound to the allosteric cavity, to which LFA-1 allosteric an-
tagonists and isoflurane also bind.
Conclusions: This study suggests that sevoflurane also
blocks the activation-dependent conformational changes of
LFA-1 to the high-affinity form. The allosteric mode of ac-
tion exemplified by sevoflurane and isoflurane via LFA-1
might represent one of the underlying mechanisms of anes-
thetic-mediated immunomodulation.

The volatile anesthetics (VAs) isoflurane and sevoflurane
are halogenated ethers currently used to maintain gen-

eral anesthesia during surgery. VAs are thought to bind to
ligand-gated ion channel proteins in the central nervous sys-
tem (i.e., �-aminobutyric acid receptor) and to alter the con-
formational equilibrium between the active and inactive
forms.1–3 This leads to the altered excitability of neuronal
cells, thus inducing general anesthesia. Accumulating evi-
dence has shown that VAs generate an important array of
pleiotropic effects outside the central nervous system, includ-
ing cardiac protection,4,5 inhibition of platelet aggregation,6

and suppression of leukocyte functions.7,8

The perturbation of leukocyte functionality by VAs is
possibly of great clinical relevance to the immunosuppres-
sion associated with general anesthesia and surgery.7 One
potentially detrimental effect of this is compromised im-
mune function. Because surgical wound infections are estab-
lished within the first few hours after tissue contamination by
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What We Already Know about This Topic

❖ Volatile anesthetics modulate immune function and reduce
leukocyte adhesion.

❖ Isoflurane inhibits a primary leukocyte adhesion signaling mol-
ecule (LFA-1), but other anesthetics have not been tested.

What This Article Tells Us That Is New

❖ In leukocytes in vitro, sevoflurane, in clinically used concen-
trations, inhibited ligand binding functions of LFA-1 by binding
to its allosteric cavity in a manner similar to that of isoflurane.
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bacteria,9 the perturbation of leukocyte functions by VAs
during surgery may increase the incidence of postoperative
infections.10 It has been suggested that isoflurane might ex-
acerbate postoperative infection in patients suffering from
alcoholism, an underlying condition that compromises im-
mune function.11 As one would expect, the increasing clini-
cal necessity to administer anesthetics to patients with im-
munocompromised conditions (e.g., cancer, aging, human
immunodeficiency virus infection, alcoholism, and organ
transplantation12) has underscored the need to elucidate the
mechanistic basis underlying these immunosuppressive ef-
fects. Conversely, surgery and critical illness provoke an
acute inflammatory response that can intensify both the ini-
tial injury and postoperative morbidity.5 Suppression of the
inflammatory response to surgery and acute illness may have
a beneficial effect. Therefore, a better understanding of the
immunomodulatory effects inherent to VAs is essential in the
quest to minimize the secondary effects of these drugs.

Leukocyte adhesion constitutes an essential process in the
immune system, one that enables the accumulation of im-
mune cells at sites of infection and inflammation. VAs at
clinically relevant concentrations have been shown to affect
the ability of leukocytes to adhere to inflamed vascular endo-
thelial cells. Leukocytes treated with isoflurane or sevoflurane
exhibited decreased cell adhesion to vascular endothelium ex
vivo.13,14 Furthermore, isoflurane anesthesia in mice sup-
pressed infiltration of leukocytes to inflamed lungs15,16 and
the inflamed peritoneal space in vivo.17 However, the molec-
ular mechanisms by which leukocyte adhesion and migration
are suppressed by VAs remain elusive.

Integrins are �/� heterodimeric cell-adhesion molecules
that mediate cell-to-cell and cell-to-matrix interactions. In-
tegrins consist of noncovalently associated �- and �-subunits
that contain multiple domains (fig. 1A).18,19 To date, 18 �-
and 8 �-subunits have been identified that combine to form
at least 24 distinct �/� heterodimers that are expressed across
a wide range of cell types. Nine of 18 integrin � subunits
contain the � inserted (I) domain, which is located at the
most distal part of the extracellular portion in the ternary
structure (fig. 1A and B). The � I domain functions as the
major ligand-binding domain in those integrins that contain
the � I domain, including the predominant leukocyte inte-
grin �L�2 or lymphocyte function-associated antigen-1
(LFA-1). LFA-1 plays a pivotal role in immune cell traffick-
ing and activation, thereby constituting a critical component
in host defense.20,21 LFA-1 is an established therapeutic tar-
get for autoimmune diseases such as psoriasis.22 The ability
of LFA-1 to bind its ligand intercellular adhesion molecule-1
(ICAM-1) is dynamically regulated by the conformational
changes of the � I domain (fig. 1B).18 The I domain adopts
a G-protein-like Rossmann fold, in which a central �-sheet is
surrounded by 7 �-helices (fig. 1B).18 A magnesium ion
(Mg2�) is coordinated at the top of the domain, forming a
metal ion-dependent adhesion site to which ICAM-1 binds,
whereas N and C termini are located at the bottom of the
domain. A conformationally mobile C-terminal �7 helix

functions as an allosteric switch (fig. 1C and D). Specifically,
a downward shift of the C-terminal �7 helix is allosterically
linked to the conformational rearrangements of the metal
ion-dependent adhesion site from the low-affinity to the
high-affinity configuration, only the latter of which can
tightly bind to ICAM-1. Direct inhibitors, such as the ther-
apeutic LFA-1 antibody efalizumab, bind to or near the
metal ion-dependent adhesion site, thereby sterically inter-
fering with ligand binding.23 By contrast, small-molecule
allosteric LFA-1 inhibitors (termed � I allosteric antagonists)
bind to the hydrophobic cavity underneath the �7 helix and
thereby interfere with conformational conversion to the
high-affinity I domain (fig. 1E).22 We have demonstrated
previously that isoflurane directly binds to, and allosterically
inhibits, LFA-1.24,25 Using nuclear magnetic resonance
(NMR) spectroscopy24 and crystallography,25 we have dem-
onstrated that isoflurane binds to the I domain cavity, to
which the � I allosteric antagonists bind, thereby inhibiting
LFA-1 in an allosteric manner.

One of the central questions of anesthetic pharmacology
is how structurally similar but still distinct VAs interact with
the same allosteric sites on proteins.26 Because sevoflurane
shares many structural features with isoflurane, this VA
should serve as a good test for generalizing our biochemical
and crystallographic findings on isoflurane-integrin interac-
tions to other VAs. In addition, because sevoflurane exhibits
immunomodulatory effects,27–29 investigating its potential
ability to block LFA-1 is of potential clinical relevance. Here,
we study not only whether the allosteric inhibition of LFA-1
by isoflurane can be generalized to another halogenated
ether, sevoflurane, but also where sevoflurane binds within
the LFA-1 I domain.

Materials and Methods

Cells
Jurkat cells were cultured in RPMI 1640 medium and 10% fetal
calf serum at 37°C in 5% CO2. As described previously,30 K562
cells stably transfected to express wild-type (WT) LFA-1 were
cultured in RPMI 1640 medium, 10% fetal calf serum, and 4
mg/ml puromycin at 37°C in 5% CO2.

Anesthetic Solution
Saturated isoflurane, sevoflurane, or chloroform solution was
prepared by mixing each undiluted drug in HEPES-buffered
saline (HBS) in a sealed bottle overnight at room tempera-
ture as described previously.31,32 Published data of the satu-
rated solutions’ concentrations were used as reference values
(isoflurane, 15.3 mM

31; sevoflurane, 11 mM
32; chloroform,

66 mM
31). Each saturated solution was diluted using a gas-

tight tube to yield the desired anesthetic concentration as
described previously.32,33

Measurement of Saturated Anesthetic Solutions by Gas
Chromatography/Mass Spectrometry
Saturated anesthetic solutions were slowly sampled with gas-
tight glass Hamilton syringes (Hamilton Company, Reno,
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NV), and then transferred to fully fill headspace vials. The
vials were immediately capped with Teflon-lined caps. Iso-
propyl alcohol was used for the generation of standard solu-
tions. Known amounts of isoflurane, sevoflurane, and chlo-
roform were weighed in a 50-ml volumetric tube and
brought to the required volume with isopropyl alcohol. Con-
centrations of the standard solutions were 2.1 mg/ml for
sevoflurane, 4 mg/ml for isoflurane, and 9.9 mg/ml for chlo-
roform. A series of diluted samples was made from the stan-
dard solutions, quickly transferred to headspace vials, filled
to the brim, and then stopped with Teflon-lined caps. An
HP5890 Series II gas chromatograph (Hewlett Packard, Palo
Alto, CA) equipped with a 6� � 1/8� SS 10% Carbowax
20M column on 80/100 mesh Chromosorb WHP, a
HP7673 autosampler, and a thermal conductivity detector

was used to measure the solutions. Helium was used as a
carrier gas with a head pressure of 34 psi. The column oven
was used at 65°C isothermal, the injector temperature was
maintained at 200°C, and the thermal conductivity detector
was operated at 200°C. The samples were injected using the
autosampler.

Binding of Intercellular Adhesion Molecule-1 to LFA-1
Expressed on Jurkat Cells or K562 Cells
Flow cytometric detection of intercellular adhesion mole-
cule-1 (ICAM-1) binding to LFA-1 on the cell surface was
performed as described previously.24,34 In brief, Jurkat cells
or K562-stable transfectant cells were harvested and washed
once with HBS containing 10 mM EDTA and three times
with HBS, and then resuspended in HBS. Cells (5 � 105) in

Fig. 1. Integrin lymphocyte function-associated antigen-1 (LFA-1) domains and activation-dependent conformational changes
of the �L inserted (I) domain. (A) Domain organization of integrin LFA-1. Integrin domains in the �- and �-subunits are labeled.
A thick purple vertical line represents the plasma membrane. A blow-up of the � I domain is shown. (B) A side view of the LFA-1
I domain structure. A Mg2� ion at the metal ion-dependent adhesion site (MIDAS) to which the ligand ICAM-1 binds is shown
as a yellow sphere. The hydrophobic cavity that contains the allosteric inhibitor- and isoflurane-binding sites is marked with a
red asterisk. The N and C termini are labeled. (C–E) Graphic drawings showing the conversion from the low-affinity (C) to the
high-affinity (D) � I domain. A downward shift of the C-terminal �7 helix (shown by an arrow in D) is linked to the conversion of
the metal ion-dependent adhesion site from the low-affinity (black circle with a small opening; in C) to the high-affinity (back
circle with a large opening; in D) configurations. A small-molecule allosteric LFA-1 antagonist (red triangle) binds beneath the
�7 helix. It interferes with the downward shift of the �7 helix, thereby suppressing conversion of the metal ion-dependent
adhesion to the high-affinity configuration (E). �-TD � �-terminal domain; CT � cytoplasmic domain; I-EGF � integrin-
epidermal growth factor-like domain; TM � transmembrane domain.
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300 �l HBS were aliquotted to polymerase chain reaction
tubes and centrifuged. Cell pellets were given a 150-�l ali-
quot of HBS and 2 mM MnCl2 containing isoflurane,
sevoflurane, or chloroform at 2� final concentration and
another 150-�l aliquot of HBS containing 25 �g/ml fluo-
rescein isothiocyanate (FITC)-conjugated goat antihuman
immunoglobulin A (IgA) antibody (Pierce, Rockford, IL),
and either 10 �g/ml ICAM-1-Fc� fusion protein34,35 or
control human IgA. Tubes were immediately capped and
incubated for 30 min at room temperature, and unbound
ICAM-1-Fc�/anti-IgA-FITC was washed off with HBS and
1 mM MnCl2. Bound ICAM-1 was detected by flow cytom-
etry using a FACScan instrument (BD Biosciences, San Jose,
CA). ICAM-1 binding percentage was defined as mean flu-
orescence intensity at various concentrations of VA divided
by mean fluorescence intensity of mock-treated � 100 (%).

ICAM-1 Binding to LFA-1 Protein on Silica Beads
The soluble recombinant extracellular portion of WT or
high-affinity (HA) LFA-1 protein was expressed in Chinese
hamster ovary cells and purified to a homogeneity as de-
scribed previously.34 In HA LFA-1, the � I domain is locked
in the constitutive HA conformation by an engineered disul-
fide bond that enforces the downward shift of the C-terminal
helix, thereby leading to a 10,000-fold affinity increase.36 To
immobilize the LFA-1 proteins on silica beads (Bangs Labo-
ratories, Inc., Fishers, IN), the beads were washed twice with
HBS and incubated at 4°C overnight in HBS containing 30
mg/ml soluble WT or HA LFA-1 protein. After blocking
nonspecific binding with HBS and 2% bovine serum albu-
min, LFA-1-coated beads were transferred to 300-�l poly-
merase chain reaction tubes (Axygen, Union City, CA) at
5 � 105 per tube. After spinning down at 2,200g, superna-
tant was removed. Bead pellets were given 150-�l aliquots of
HBS and 2 mM MnCl2 containing either isoflurane, sevoflu-
rane, or chloroform at 2� final concentration, another 150
�l of HBS containing 25 �g/ml FITC-conjugated goat an-
tihuman IgA antibody, and either 20 �g/ml ICAM-Fc� fu-
sion protein or control human IgA. Tubes were immediately
capped and incubated for 15 min at room temperature, and
unbound ICAM-1-Fc�/anti-IgA-FITC was washed off with
HBS and 1 mM MnCl2. Bound ICAM-1 was detected by
flow cytometry using a FACScan instrument. ICAM-1 bind-
ing percentage was defined as mean fluorescence intensity at
various concentrations of VA/mean fluorescence intensity of
mock treated � 100 (%).

NMR Spectroscopy
To study VA interactions with 15N-labeled LFA-1 I domain,
NMR spectroscopy was performed as described previously.24

15N-labeled LFA-1 I domain (G128-Y307) protein was ex-
pressed as inclusion bodies in Escherichia coli BL21 (DE3) on
M9 medium containing 15NH4Cl (Cambridge Isotope Labs,
Andover, MA). The I domain was purified to homogeneity
as described previously.37 Recombinant I domain was ex-

changed into a buffer containing 10 mM sodium phosphate,
pH 7.2, 10 mM MgSO4, 150 mM NaCl, 0.05%NaN3, and
10% (v/v) 2H2O. The NMR sample contained 600 �l of
protein solution at 50 �M concentration. All NMR experi-
ments were acquired at 22°C using a spectrometer (Inova;
Varian, Inc., Palo Alto, CA) operating at an 1H frequency of
599.763 MHz and equipped with a triple-resonance, single-
axis gradient probe (Varian Inc.). 15N-heteronuclear single
quantum coherence experiments38 were acquired with
200 � 1024 points to obtain a spectral width of 2.02 kHz.
The chemical shifts were indirectly referenced to a sample
of 4,4 dimeththyl-4-silapentane-1-sulfonic acid in sample
buffer.39 Previously published chemical shift resonance as-
signments40,41 were used to identify the amino acid residues
of the I domain that were affected by the binding to sevoflu-
rane. Sevoflurane was added in aliquots of undiluted anes-
thetic through a rubber septum into a screw-cap NMR tube
(Wilmad-Labglass, Buena, NJ) via a gas-tight syringe (SGE
Analytical, Ringwood, VIC, Australia). The sample was
gently mixed by being inverted and allowed to equilibrate for
1 h before the acquisition of each NMR spectrum. A supra-
clinical concentration of sevoflurane (�9.9 mM) was added
to the NMR tubes to saturate the site to obtain accurate
NMR data. The concentration of added sevoflurane was de-
termined by dividing the requisite quantity of added anes-
thetic by the protein solution volume (fixed at 600 �l). This
method assumes 100% transfer of VA and is likely to over-
estimate the final concentration of sevoflurane in the NMR
tube. Data were processed using NMRPipe42 and analyzed
by Sparky (University of California, San Francisco, San
Francisco, CA).

Statistical Analysis
Data were analyzed using a Student’s t test or analysis of
variance with Tukey post hoc pairwise comparisons. Statisti-
cal significance was defined as P less than 0.05. All statistical
calculations were performed using Prism software (version 5;
GraphPad Software, La Jolla, CA).

Results

Concentrations of Saturated Isoflurane, Sevoflurane, and
Chloroform Solutions
At each measurement, all VAs were eluted in a gas chroma-
tography/mass spectrometry column at characteristic reten-
tion times with a signal-to-noise ratio greater than 10:1 (data
not shown). With the use of gas chromatography, we have
determined the concentrations of saturated isoflurane,
sevoflurane, and chloroform solutions (table 1). Our data are
consistent with published reports for isoflurane (15.3 mM

31),
sevoflurane (11 mM

32), and chloroform (66 mM
31).

Sevoflurane Inhibited LFA-1 on the Cell Surface
To study the effects of VAs on LFA-1 on the cell surface, we
used Jurkat cells, a lymphocyte cell line that expresses endog-
enous LFA-1 and that has been used extensively for investi-
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gating LFA-1 functionality (fig. 2).43–45 Consistent with our
previous results,24 isoflurane inhibited ICAM-1 binding to
LFA-1 on Jurkat cells stimulated with Mn2�, which is
known to directly act on the extracellular portion of LFA-1,
thereby inducing conformational changes to up-regulate its
affinity.18 We have found that sevoflurane, at clinically rele-
vant concentrations, similarly blocked ICAM-1 binding to
Mn2�-stimulated LFA-1 on Jurkat cells (fig. 2A).

Sevoflurane Acts Directly on the Extracellular Portion
of LFA-1
We hypothesized that, like isoflurane,24 sevoflurane would
act directly on LFA-1. However, direct interaction of VAs
with the plasma membrane, intracellular proteins, and cy-
toskeletons could inhibit LFA-1 clustering,46 thereby antag-
onizing the binding of ICAM-1 to LFA-1 without directly
acting on LFA-1. To study the direct action of VAs on LFA-1
and simultaneously exclude the effects on LFA-1 receptor
clustering, we have developed a silica bead-based cell-free
assay in which we immobilize the recombinant LFA-1 extra-
cellular segment34 on the beads. The LFA-1-coated beads
were mixed with ICAM-1/anti-Fc-FITC in PCR microtubes
and then incubated for 30 min at room temperature. Sam-
ples were subjected to flow cytometry to detect bound
ICAM-1. We confirmed that WT LFA-1 immobilized on
beads stimulated with Mn2� showed good ICAM-1 binding.

To study the effects of VAs, we added graded amounts of
isoflurane or sevoflurane saturated solution, together with
ICAM-1/anti-Fc-FITC, to microtubes containing LFA-1-
coated beads. The microtubes were immediately capped and
incubated for 30 min at room temperature. Samples were
then analyzed by flow cytometry. Consistent with our
previous results,24 isoflurane inhibited ICAM-1 binding
to Mn2�-stimulated WT LFA-1 (fig. 3A). Furthermore,
we have demonstrated that sevoflurane blocked ICAM-1
binding to LFA-1 (fig. 3B). These results show that, like
isoflurane, sevoflurane acts directly on the extracellular
portion of LFA-1.

Sevoflurane Allosterically Inhibits LFA-1 Function
Two potential modes by which inhibitors interfere with the
ligand-binding function of the I domain are (1) direct/com-
petitive inhibition of ligand binding at the metal iso-depen-
dent adhesion site (e.g., blocking the antibodies efalizumab23

and AL-5747); and (2) perturbation of the allosteric transi-
tion from the low-affinity to the HA conformation (e.g., � I
allosteric antagonists22). To distinguish between allosteric
and direct inhibition of LFA-1, we used K562 transfectants
expressing HA LFA-1 in which the I domain is mutationally
locked in a HA conformation. This HA LFA-1 is blocked by
direct inhibitors but not by allosteric inhibitors.30,34 We pre-
viously demonstrated in an enzyme-linked immunosorbent
plate-based assay that isoflurane (up to 1.5 mM) failed to
inhibit HA LFA-1 to ICAM-1. Consistent with our previous
findings, we have shown in the bead-based assays that isoflu-
rane blocked WT but not HA LFA-1 (fig. 3A; interaction
term of two-way analysis of variance; F � 9.355, P �
0.0002).

Despite differences in chemical structure, sevoflurane has
also been shown to act as a potent allosteric antagonist to
LFA-1. Sevoflurane blocked WT but not HA LFA-1 (fig. 3B;
interaction term of two-way analysis of variance; F � 5.687,
P � 0.0032). These results provide functional evidence that,
like isoflurane, sevoflurane allosterically inhibits LFA-1 by
perturbing conformational conversion to the active state.

Table 1. Concentrations of Saturated Isoflurane,
Sevoflurane, and Chloroform Solutions

Concentration (mM)

Isoflurane 13.7
Sevoflurane 9.9
Chloroform 59.8

Concentrations determined by gas chromatography.

Fig. 2. The effects of volatile anesthetics on intercellular
adhesion molecule-1 (ICAM-1) binding to lymphocyte func-
tion-associated antigen-1 (LFA-1) on Jurkat cells. (A) Isoflu-
rane and sevoflurane inhibited ICAM-1 binding to LFA-1 on
Jurkat cells, as determined by flow cytometry. Data represent
the mean � SEM of three independent experiments and are
expressed as a percentage of mock-treated samples. (B)
Chloroform did not affect ICAM-1 binding to LFA-1 on Jurkat
cells. Data represent the mean � S.E. of three independent
experiments and are expressed as the percentage of mock-
treated samples. (A and B) One-way analysis of variance with
Tukey post hoc analysis was used to compare the data at
different anesthetic concentrations within sevoflurane- isoflu-
rane-, or chloroform-treated samples. *P � 0.05. vs. mock-
treated samples.
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For comparison, we tested the small halocarbon chloro-
form (trichloromethane). Chloroform is a superannuated
VA, the use of which has been supplanted by modern ha-
loethers. In contrast to sevoflurane and isoflurane, chloro-

form up to 4.5 mM showed no inhibition of LFA-1 on either
Jurkat cells (fig. 2B) or beads (fig. 3C). The inability of
chloroform to perturb LFA-1/ICAM-1 binding may stem
from its diminutive structure, which cannot form any ener-
getically significant interactions with the walls of the anes-
thetic-binding cavity.

NMR Spectroscopy Identifies the Presence of
Sevoflurane Binding to the LFA-1 I Domain
To directly test our hypothesis that sevoflurane binds to the
allosteric cavity in the LFA-1 I domain, we sought to map
sevoflurane-binding sites in the I domain using hetero-
nuclear 1H, 15N-heteronuclear single quantum coherence-
NMR spectroscopy. This is an established technique for
identifying small-molecule interaction sites on isotopically
labeled biomolecules, including anesthetic interactions with
soluble protein domains.48–50 We have previously used this
approach to identify a cavity under the C-terminal helix of
the I domain as a binding site for isoflurane.24 In these and
other published NMR experiments, high concentrations of
VAs have been used to saturate the candidate binding
site(s).24,48–50 However, because such high anesthetic con-
centrations may induce nonphysiologic interactions that are
not seen at lower anesthetic concentrations, these data were
corroborated with our functional data using biochemical or
cell biologic assays.

We obtained two sets of heteronuclear single quantum
coherence spectra data both in the absence of (blue) and after
the addition (red) of �9.9 mM sevoflurane (fig. 4A). The
chemical shift of most resonances, such as Ser245 (inset),
remained unchanged (� less than 0.01 ppm), demonstrating
that even at saturation, sevoflurane does not perturb the
global protein fold of the I domain. A small subset of reso-
nances, including Thr291 (in the �6-�7 loop) and Tyr307,
(in the C-terminal �7 helix), undergo large chemical shift
changes (� more than 0.05 ppm) with the addition of
sevoflurane, indicating either direct drug-protein interaction
or a modification of the local electronic environment (such as
occurs when there are changes in the local structure of the
protein).

The distribution of chemical shift perturbations by the
binding of sevoflurane was analyzed within the three-dimen-
sional structure (fig. 4B). Sevoflurane did not affect the
chemical shifts of the residues near the metal ion-dependent
adhesion site, which is the ICAM-1 ligand-binding site that
coordinates the Mg2� ion. This is in agreement with our
functional data showing that sevoflurane blocked LFA-1 not
in a competitive manner but in an allosteric manner. The
pattern of chemical shift perturbations by sevoflurane over-
lapped well with those by the known allosteric LFA-1 inhib-
itor lovastatin (fig. 4C). Like lovastatin, sevoflurane most
significantly perturbed the chemical shifts at those residues
located at a cavity between �1- and �7-helices on one side,
and �1- and �4-sheets on the other (fig. 4B and C). This
cavity was first identified as the binding site for the � I
allosteric antagonists to LFA-1 (e.g., BIRT377,51 LFA703,52

Fig. 3. The effects of volatile anesthetics on intercellular
adhesion molecule-1 (ICAM-1) binding to lymphocyte func-
tion-associated antigen-1 (LFA-1) in cell-free assays. (A–C)
Flow cytometry was used to study ICAM-1 binding to wild-
type (WT) and high-affinity (HA) LFA-1 extracellular portion
proteins on beads in the presence or absence of isoflurane
(A), sevoflurane (B), or chloroform (C). Data represent the
mean � SEM of three independent experiments and are
expressed as a percentage of mock-treated samples. (A and
B) One-way analysis of variance with Tukey post hoc analy-
ses was used to compare the data at different anesthetic
concentrations within either WT LFA-1 or HA LFA-1. *P �
0.05 vs. mock-treated WT LFA-1. (C) Percentage of ICAM-1
binding at 4.5 mM chloroform is shown. A Student t test was
used to compare mock- and chloroform (4.5 mM)-treated
samples within WT LFA-1 or HA LFA-1. No statistical signif-
icance was observed.
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Fig. 4. Nuclear magnetic resonance (NMR) spectroscopy to study sevoflurane binding sites in the lymphocyte function-associated
antigen-1 (LFA-1) inserted (I) domain. (A) Heteronuclear 1H, 15N single-quantum coherence-NMR spectroscopy was used to map
sevoflurane-binding sites in the LFA-1 I domain. An overlay of two heteronuclear single-quantum coherence spectra obtained with 0 mM
(blue) and � 9.9 mM sevoflurane (red) is shown. The chemical shift of most resonances, such as Ser245 (inset), remained unchanged (�ppm
less than 0.01), demonstrating that even at saturation, sevoflurane does not perturb the global fold (structure) of the I domain. A small subset
of resonances, including Thr291 in the �6-�7 loop and Tyr307 in the C-terminal �7 helix, undergo large chemical shift changes (�ppm
greater than 0.05) upon the addition of sevoflurane. (B) Structure of the I domain showing that amide nitrogen residues were affected (�ppm
greater than 0.05) by the addition of �9.9 mM sevoflurane. Gray represents residues unperturbed by sevoflurane, whereas red represents
residues that met or exceeded the threshold for perturbation. �1 and �7 helices, as well as �1, �4, and �6 strands, are labeled. Residues
Thr291, Ser245, and Tyr307 are arrowed and labeled. The yellow spheres represent the Mg2� ion at the metal ion-dependent adhesion site.
The green arrow denotes the cavity that contains the drug-binding sites for the �I allosteric antagonists and isoflurane. (C) Scaled chemical
shift perturbation of saturated sevoflurane mapped onto the LFA-1 I domain protein sequence and secondary structure. Chemical shift
perturbation was calculated as [0.2(�N

sev 	 �N
0)2 � (�H

sev 	 �H
0)2]1/2. A subset of resonances (Asn163, Lys188, Arg221, Ile258, Ile259, Lys268,

Phe299, Thr300, Ile306) was excluded from consideration because of overlap, uncertainty in the chemical shift assignment during titration,
and/or exchange broadening during drug addition. Unperturbed Ser245 and perturbed Thr291 are indicated with arrows. Secondary
structure assignments: �1 (130–137), �1 (144–160), �2 (166–173), �2� (177–181), �2 (183–188), �3 (192–196), �4 (208–218), �3 (231–238),
�5 (249–251), �4 (255–261), �6 (268–277), �5 (286–289), and �7 (293–305). For comparison, residues that shifted upon the addition of the
LFA-1 allosteric inhibitor lovastatin are highlighted in yellow.
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and lovastatin53), and later as the binding site for isoflurane24

(fig. 4B, green arrow). This cavity is an amphipathic pocket
with characteristics typical of the anesthetic-binding motif
identified in biochemical studies of canonical VA-binding
proteins (ion channels) and in structural studies of model
anesthetic-binding proteins. These NMR findings, in tan-
dem with our functional data (figs. 2 and 3), support our
hypothesis that VAs inhibit LFA-1 function by blocking the
obligate motion of the C-terminal helix.

Discussion
In previous investigations using biochemical and structural
biological approaches,24,25 we convincingly showed that
isoflurane not only directly binds to the hydrophobic cavity
of the LFA-1 I domain but also suppresses activation-depen-
dent conformational conversion to the HA form, thereby
allosterically inhibiting ICAM-1 binding. Furthermore, our
previous crystallographic study25 showed a remarkable par-
allel between the isoflurane-binding site in the LFA-1 I do-
main (Protein Data Bank code 3F78) and that in the four-
�-helix bundle components of apoferritin (Protein Data
Bank code 1XZ3). Specifically, both isoflurane-binding sites
constitute an amphiphilic cavity possessing an array of polar
and nonpolar interactions. Because apoferritin has been used
for modeling membrane-embedded helical bundles of ion
channels, wherein the anesthetic binding sites are thought to
lie,54 we postulated that the isoflurane-binding site in the
LFA-1 I domain might resemble an authentic anesthetic-
binding site. Thus, a common underlying mechanism (e.g.,
the allosteric modulation of protein functionality1) might
explain not only the general anesthetic effects induced by
VAs in the central nervous system but also the immuno-
modulatory effects observed in immune cells. Like isoflu-
rane, sevoflurane at clinically relevant concentrations inhib-
ited the ability of LFA-1 to bind to ICAM-1. Our results
have revealed remarkable similarities in the modes of action
by which sevoflurane and isoflurane inhibit LFA-1. Sevoflu-
rane and isoflurane blocked WT, but not HA LFA-1, in the
bead-based cell-free assays, thereby demonstrating that both
VAs act directly on the extracellular portion of LFA-1 and
inhibit its ability to bind ICAM-1 in an allosteric manner.
Furthermore, a comparison of previous24 and present NMR
spectrometry results shows that the distributions of chemical
shift perturbations induced by isoflurane and sevoflurane are
similar. The binding of isoflurane and sevoflurane perturbed
the chemical shifts of those residues located near the hydro-
phobic cavity to which established � I allosteric antagonists22

were found to bind. These antagonists are thought to inter-
fere with the downward shift of the C-terminal helix, thereby
stabilizing the low-affinity I domain conformation.22 It is
noteworthy that neither isoflurane nor sevoflurane affected
the residues at the metal ion-dependent adhesion site to
which ICAM-1 binds. Thus, these results strongly support
the idea that, like isoflurane, sevoflurane binds to the LFA-1
I domain allosteric cavity, thereby suppressing activation-
dependent conversion to the HA conformation.

In the crystal structure of the isoflurane-bound LFA-1 I
domain previously determined by our laboratory,25 we ob-
served an array of amphiphilic interactions that helped sta-
bilize the position of isoflurane within the cavity. The triflu-
oromethyl head of isoflurane formed extensive hydrophobic
interactions, whereas the chloride atom and the difluoro-
methyl fluorine atoms contributed to the polar interactions.
In sevoflurane, the chloride atom and difluoromethyl groups
involved in the polar interactions in the isoflurane-I domain
interaction were replaced by another trifluoromethyl group
and monofluoromethyl group, respectively. Although the
crystal structure of the sevoflurane-bound LFA-1 I domain
remains unresolved, the NMR data obtained in this study
strongly suggest that sevoflurane binds to the same cavity to
which isoflurane and lovastatin bind. This cavity can accom-
modate lovastatin, the size of which is 386 Å3. Although
isoflurane55 (144 Å3) and sevoflurane55 (154 Å3) are smaller
than lovastatin, we believe that the structural flexibility of
sevoflurane and isoflurane will allow them to fit into the
amphiphilic environment of the I domain allosteric cavity.
The smaller sizes of sevoflurane and isoflurane may lead to
weaker binding to the cavity than lovastatin, thereby ac-
counting for correspondingly lower LFA-1-blocking poten-
cies versus lovastatin. By contrast, chloroform (90 Å3)55

seems to be too small to span the width of the cavity and form
energetically stable interactions with the I domain. This is in
good agreement with previous reports that showed the im-
portance of the molecular volumes of VAs in determining
their anesthetic potency to ligand-gated ion channels.56,57

Although sevoflurane seems less potent in blocking
LFA-1 than isoflurane in the cell-based assays (fig. 2A), both
anesthetics showed comparable inhibition in the cell-free as-
says (fig. 3A and B). Thus, the different potencies of isoflu-
rane and sevoflurane in the cell-based assays might not stem
from their different binding affinities to LFA-1. One plausi-
ble explanation is that isoflurane and sevoflurane might have
different potencies with regard to intracellular signaling
and/or cytoskeletal proteins, thereby affecting LFA-1 recep-
tor clustering on the plasma membrane at different levels. It
would be of great interest to carry out comparative studies on
the affinities of sevoflurane and isoflurane to the �L I domain
in cell-free assays as well as their relative impact on LFA-1
receptor clustering on the cell-surface.

Leukocyte integrins, including LFA-1, play a crucial role
in host defense, as best illustrated by the genetic disorders
leukocyte adhesion deficiency types I and III, which lack
expression and/or activation of leukocyte integrins and man-
ifest increased susceptibility to bacterial infections.58 Thus,
the suppression of leukocyte integrins by VAs, which we have
shown both in the present and in previous studies, is of
clinical and biological relevance. Given the importance of
leukocyte integrins in mediating the extravasation of im-
mune cells to sites of inflammation,20,21 we believe that the
inhibition of leukocyte integrins by sevoflurane and isoflu-
rane accounts, at least in part, for the documented antiin-
flammatory effects.
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In summary, we have demonstrated that sevoflurane, like
isoflurane, similarly blocks activation-dependent conforma-
tional changes of LFA-1 to its HA form. The allosteric mode
of action exemplified by sevoflurane and isoflurane via
LFA-1 might represent one of the underlying mechanisms of
anesthetic-mediated immunomodulation.

The authors gratefully acknowledge Whitney Silkworth, M.S.,
and Elizabeth Tien, M.S. (Technicians, Immune Disease Institute,
Boston, Massachusetts), for technical assistance and Hongmin
Zhang, Ph.D. (Assistant Professor, University of Hong Kong,
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