
Sevoflurane modulates the activity of glyceraldehyde 3-phosphate
dehydrogenase

TIMOTHY A. SWEARENGIN1, EUGENE E. FIBUCH1, & NORBERT W. SEIDLER2

1Department of Anesthesiology, University of Missouri – Kansas City School of Medicine, 4401 Wornall Road, Kansas City,

MO, USA, and 2Department of Biochemistry, Kansas City University of Medicine and Biosciences, 1750 Independence Avenue,

Kansas City, MO, 64106, USA

(Received 27 January 2006; in final form 31 March 2006)

Abstract
The mechanism of inhalation anesthesia remains to be fully elucidated. While certain neuronal membrane proteins are
considered sites of action, cytosolic proteins may also be targets. We hypothesize that inhaled anesthetics may act via
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which has recently been shown to participate in neuronal inhibition.
We examined the effects of sevoflurane, a halogenated ether anesthetic, on the catalytic and fluorescence properties of
GAPDH. Initial rates of oxidoreductase activity decreased approximately 30% at saturating levels of sevoflurane. NADH-
stimulated oxidoreductase activity (25mM NADH; 0.8 mM NADþ) increased with sevoflurane. Sevoflurane quenched
tryptophan fluorescence emission and increased polarization. Additionally, sevoflurane increased the susceptibility of
GAPDH to thermal denaturation suggesting an effect on conformation. Our findings warrant further research on
sevoflurane’s effect on GAPDH and indicate that this approach may lead to delineation of a novel contribution to the
mechanism of anesthesia.
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Introduction

Sevoflurane, a halogenated ether (Figure 1), is an

inhaled agent [1] for induction and maintenance of

general anesthesia. Its low water-solubility facilitates

a rapid induction of anesthesia [2], suggesting the

importance of lipophilicity in promoting anesthesia.

The molecular mechanisms of general anesthesia,

however, have yet to be fully elucidated. Several

approaches relate the mechanism of action to

lipophilic partitioning of the inhaled anesthetic

affecting diverse target membrane proteins: potass-

ium channel [3], plasma membrane Ca2þ-ATPase

[4] and GABAA receptor [5]. Less is known about

effects on soluble proteins such as cytosolic

enzymes, which contain core and surface hydro-

phobic patches theoretically capable of binding

inhaled anesthetics.

In the present study we examined the effects of

sevoflurane on glyceraldehyde 3-phosphate dehydro-

genase (GAPDH), which is a glycolytic enzyme that

plays a role in the regulation of the GABAA receptor

[6], suggesting a link between GAPDH and anesthe-

sia. Neuronal GAPDH localizes to the post-synaptic

region [7] by binding to the inner surface of the

plasma membrane [8] in juxtaposition to several

membrane proteins such as Naþ,Kþ-ATPase [9] and

GABAA receptor. The GAPDH-phosphoglyerate

kinase (PGK) complex locally produces ATP that

fuels the ionic pump and provides a substrate for the

phosphorylation of the GABAA receptor [6]. We

propose that inhaled anesthetics may act on the

GABAA receptor via GAPDH. In order to determine

if inhaled anesthetics act on GAPDH we studied the

direct effects of sevoflurane on GAPDH activity.

Sevoflurane-induced conformational changes of
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GAPDH were also examined providing a mechanism

for the modulation of GAPDH activity.

Materials and methods

Materials

Glyceraldehyde, Tris-maleate, NADH and NADþ were

purchased from Sigma Chemical Co. (St. Louis, MO).

EDTA was obtained from Mallinckrodt (Hazelwood,

MO). Rabbit muscle glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) [EC 1.2.1.12] was pur-

chased as a lyophilized solid from Sigma and prepared in

a Tris-maleate buffer (pH 8.0) prior to use. Sevoflurane

was from Abbott Laboratories (North Chicago, IL). All

other chemicals were of reagent grade.

Incubation conditions

We calculated that there would be 77.5mmoles of

sevoflurane in a 0.5 mL compartment of brain at 1 MAC

(minimum alveolar concentration, the level of volatile

anesthetic at which 50% of patients do not move in

response to noxious stimuli), which is 1.85%. Under

physiological conditions, this would represent a 3000:1

ratio of sevoflurane to GAPDH. Sevoflurane is not

miscible in water. To maximize sevoflurane partitioning

into the protein, we carefully mixed sevoflurane with

GAPDH prior to dilution in a 100 mM Tris-maleate

buffer (pH 8.0) to final concentrations of GAPDH

(0.2–0.7 mg/mL). After mixing, unbound sevoflurane

separated from the aqueous solution and remained on

the bottom of the vial. Additionally, there was no change

in protein concentration, ruling out non-specific

binding that would partition the protein in the

sevoflurane phase and suggesting that only a very small

amount of sevoflurane binds to protein. Samples were

then tested by the following assays.

Enzyme activity

Enzyme activity was measured according to a spectro-

photometric procedure, which was previously described

[10] demonstrating the use of glyceraldehyde as a viable

substrate. Unless otherwise indicated, the assay con-

ditions included a 100 mM Tris-maleate buffer (pH 8.0)

containing 33.3 mM glyceraldehyde, 0.8 mM NADþ,

1.5 mM EDTA, 50 mM Pi and 1.2–4.5mM GAPDH.

Assays were run at 258C. Enzyme activity was measured

in the presence and absence of sevoflurane at molar

ratios of sevoflurane to GAPDH exceeding 10000:1.

The oxidoreductase reaction was followed by changes

in 340 nm absorbance, which monitored NADþ

reduction, using disposable cuvets in an Ultrospec

4000 spectrophotometer from GE Healthcare, formerly

Amersham Biosciences (Piscataway, NJ). Calculations

included the extinction coefficient for NADH (6.22

absorbance of one mmole NADH/mL; 1 cm light path).

In experiments that tested NADH-stimulated activity,

NADH (5–30mM) was added 30 s following start of the

assay and changes in activity were recorded. Oxido-

reductase activities are given as nmole/min per mg

protein and presented as basal and NADH-stimulated

activities.

Intrinsic fluorescence

Intrinsic fluorescence and polarization due to the

presence of 3 tryptophan residues per subunit were

measured using an LS50B fluorometer (Perkin Elmer

Corporation, Shelton, CT). Intensity and polarization

values were read at 248C with integration times set at

10 s (excitation: 293 nm; emission: 342 nm; slit widths

at 2.5 nm). Intensities are given as arbitrary units (au).

Fluorescence spectra were obtained with a scanning

speed of 600 nm/min over an emission range of 300–

500 nm (slit width, 2.5 nm). Using screwcap vials with

PTFE/silicone septa (Supelco, Bellefonte, PA), sevo-

flurane was mixed thoroughly with GAPDH (12mM) at

a molar ratios of greater than 10000:1. Samples were

diluted and incubated for 15 min at 378C and allowed to

cool to room temperature prior to fluorometric analysis.

Thermal denaturation

Thermal denaturation profiles of sevoflurane-treated

samples were determined by measuring changes in light

scattering as previously described [11]. Peltier-heated

quartz cuvets were used in an Ultrospec 4000

spectrophotometer. Following addition of assay com-

ponents samples were purged with nitrogen and capped.

Heat-induced denaturation of GAPDH (3.6–5.4mM),

which leads tounfolding/aggregation and increased light

scattering, was recorded from 25 to 658C in the presence

and absence of sevoflurane at a ratio greater than

19000:1 with a temperature rate of 0.58C/min.

Results

GAPDH activity

Sevoflurane, which was at a 34000:1 molar ratio

relative to GAPDH, inhibited the oxidoreductase

activity by about 30% (Table I) Activities were

determined from initial rates of NADþ reduction

prior to NADH accumulation (less than 10mM).

Figure 1. Structure of sevoflurane.
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Substrates (glyceraldehyde, NADþ and Pi) were in

excess to insure that substrate depletion did not occur

during the reaction and that maximal rates were being

measured. The changes in absorbance over a brief

initial time period were linear.

NADH-stimulated GAPDH activity

We observed that NADH increased the oxidoreductase

activity of GAPDH (Figure 2, filled circles). Upon

addition of NADH (5–30mM) to an assay medium

containing untreated GAPDH (4.5mM) with excess

NADþ(0.8 mM), oxidoreductase activity increased

from a basal rate of approximately 45 nmole/min per

mg protein to 115.8. NADH, the reaction product,

stimulated activity and further production of NADH,

which still represented less than 10% of the reducible

substrate NADþ. When this activity was examined in

the presence of sevoflurane, there was a marked increase

in activity (Figure 2, open circles; Table I).

Fluorescence properties of GADPH

The intrinsic fluorescence emission spectra (exci-

tation: 290 nm; emission: 300–500 nm) of GAPDH

exhibited a small but reproducible change following

incubation with sevoflurane (Figure 3). Spectral shifts

were undetectable under these conditions, but the

fluorescence intensity at the wavelength of peak

emission (342 nm) decreased (Table I). The molar

ratio of sevoflurane to GAPDH was approximately

13000:1. Additionally, under the same conditions

fluorescence polarization (excitation: 293 nm; emis-

sion: 342 nm) in the presence of sevoflurane was

higher than control (Table I). These observations

suggest that sevoflurane binds to GAPDH and that

this interaction may contribute to the changes in

catalytic function.

Thermal denaturation

Sevoflurane (at a molar ratio to GAPDH of 39000:1)

increased heat-induced denaturation (Figure 4).

We observed a left shift in the thermal denaturation

curve in the presence of sevoflurane. The Tm

(the temperature at which there is 50% denaturation)

decreased in the presence of sevoflurane (sevoflurane,

51.18C; control, 53.7). This observation suggests that

the packing of the domains in the subunit as well as the

subunit interactions may be affected by the binding of

sevoflurane to GAPDH.

Figure 2. Effects of micromolar NADH on GAPDH activity.

GAPDH (4.5mM) was incubated with (open circles) and without

(closed circles) sevoflurane prior to assay at a ratio of 34000:1

(sevoflurane to GAPDH). Glyceraldehyde and NADþ were at

saturating concentrations, NADH (5–30mM) was added to the

assay during continuous monitoring of the reaction, and rates were

recorded.

Figure 3. Sevoflurane decreased intrinsic GAPDH fluorescence.

Sevoflurane was incubated for 15 min at 378C with GAPDH

(12mM) at a ratio of 13000:1 (sevoflurane to GAPDH) and allowed

to cool to room temperature prior to obtaining emission spectra

(ex: 293 nm).

Table I. Effects of sevoflurane on GAPDH.

Control Plus Sevoflurane Significance

Tryptophan Fluorescence (au)

Intensity 649.1 ^ 0.99 619.7 ^ 0.34 P , 0.001

Polarization 0.192 ^ 0.0053 0.203 ^ 0.0029 P , 0.005

Enzymatic Activity (nmole/min per mg protein)

Basal 46.5 ^ 1.48 31.1 ^ 8.42 P , 0.01

NADH-stimulated 82.1 ^ 0.71 130.9 ^ 4.17 P , 0.005

The concentrations of GAPDH for fluorescence and activity measurements were 1.2mM and 4.5mM, respectively, and the sevoflurane

to GAPDH molar ratios were 13000:1 and 34000:1, respectively. Data were obtained from 4–8 readings from representative experiments

and are presented as means ^ standard deviation.
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Discussion

We report that sevoflurane (Figure 1) modulated the

oxidoreductase activity of GAPDH. Sevoflurane

inhibited the basal oxidoreductase activity (Figure 2;

Table I) suggesting that sevoflurane prevented intra-

subunit conformational changes. This observation is

consistent with the literature. Halothane inhibits

GAPDH activity [12] presumably by affecting its

conformation [13]. In our model, GAPDH phos-

phorylated glyceraldehyde to 1-phosphoglycerate

using Pi and reduced NADþ to NADH. The catalytic

steps include the formation of an acyl thioester bond

that connects glyceraldehyde to GAPDH and the

movement of electrons from the bond to NADþ.

The process requires intra-subunit movement since

the glyceraldehyde and NADþ binding sites are on

different domains. We propose that sevoflurane

impairs the intra-subunit movement required during

catalysis.

Sevoflurane increased NADH-stimulated activity

(Figure 2; Table I), suggesting that sevoflurane

promoted subunit interaction that may be mediated

by dinucleotides. NADH-stimulated activity was

measured at 25–30mM NADH with 0.8 mM NADþ

and 2.0mM GAPDH. Oligomerization of GAPDH

occurs above 1.0mM and subunit interactions persist

at physiological levels (approximately 50mM). Pro-

duct inhibition of GAPDH [10,14] requires much

higher concentrations of NADH. Interestingly, micro-

molar concentrations of NADþ stimulate the back-

ward reaction of GAPDH [15,16]. Binding of NADþ

to GAPDH rigidifies the molecule [17], promotes an

asymmetry of the tetramer [18] and produces negative

cooperativity [19]. NADH, on the other hand, loosens

the tetrameric structure [20], and may therefore

relieve a quaternary-induced inhibition and thus

promote a conformation that enhances the catalytic

activity. GAPDH crystallizes as a dimer [21] and may

function as a pair of interacting dimers regulated by

the different dinucleotides. Both tetrameric and

dimeric forms exhibit enzymatic activity though the

oligomeric relationship to catalysis is still poorly

understood.

We propose that sevoflurane up- and downregulates

GAPDH at NADH concentrations above and below

25mM, respectively. These observations suggest that

GAPDH’s effect on the GABAA receptor may be

associated with the metabolic state of the neuron.

NADH levels vary with metabolism [22]. High

metabolic rates in brain trauma cause damage and

isoflurane may mitigate the excitotoxicity by control-

ling hyperglycolysis [23]. Our study suggests that

glycolytic inhibition by inhaled anesthetics at low

[NADH] may occur at GAPDH.

Sevoflurane-induced increase in NADH-stimulated

activity may be due to effects on inter-subunit

interaction. Sevoflurane binding likely occurs close

to hydrophobic patches similar to the binding sites of

dinucleotides [24], maintaining the tetramer in a more

open NADH-receptive conformation. This open

conformation is consistent with the observation that

sevoflurane increases GAPDH susceptibility to ther-

mal denaturation (Figure 4).

We observed a sevoflurane-induced change in

tryptophan emission and polarization (Table I;

Figure 3). There are three tryptophans per subunit:

W84, W193 and W310 [21]. In its dimeric form,

N-terminal W84 and C-terminal W310 are 8.5 and 11

angstrom, respectively, from the dinucleotide binding

site on one subunit and W193 is 8.0 angstrom from

the dinucleotide binding site on the neighboring

subunit. Furthermore, W193 is 4.0 angstrom from

hydrophobic residues on its neighboring subunit,

suggesting it may play a role in inter-subunit

interaction. The sevoflurane-induced decrease in

tryptophan emission may be due to binding in close

proximity to tryptophans and by affecting long

distance conformational changes. Further research is

required to identify sevoflurane’s site of action.

It is generally accepted that the GABAA receptor

plays a pivotal role in anesthesia [25]. The exact

mechanism, however, remains unknown. The GABAA

receptor is regulated by the ATP-generating GAPDH-

PGK reaction [6]. Regulation presumably involves

reversible receptor phosphorylation, suggesting that

GAPDH has ATP-dependent kinase-like activity.

Our observation that sevoflurane modulates

GAPDH oxidoreductase activity and mediates

conformational changes suggests that sevoflurane

may affect the GAPDH regulation of the GABAA

Figure 4. Sevoflurane increased GAPDH susceptibility to thermal

denaturation. Heat-induced unfolding/aggregation of GAPDH

(4.1mM) was recorded as light scattering (25–658C) at 450 nm in

the presence or absence of sevoflurane at a ratio of 19000:1

(sevoflurane to GAPDH). The rate of temperature change was

0.58C/min.
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receptor. Anesthesia occurs through neuronal inhi-

bition, which may be triggered by the GAPDH-

mediated chemical modification of the GABAA

receptor that is catalytic, rapid and reversible, making

GAPDH a strong candidate as a specific target for

sevoflurane or other inhaled anesthetics.

In summary, sevoflurane, which is a commonly used

inhaled anesthetic, modulated GAPDH activity. The

basal activity of GAPDH decreased and the NADH-

stimulated activity increased with sevoflurane.

Additionally, sevoflurane quenched fluorescence

emission and increased fluorescence polarization.

These observations provide evidence that sevoflurane

binds to GAPDH, presumably in the region of the

hydrophobic dinucleotide sites, and alters protein

conformation and oligomerization. Lastly, we

observed that sevoflurane promoted heat-induced

denaturation, suggesting that sevoflurane maintained

the GAPDH in the ‘open’ conformation, which is

conducive to NADH binding.
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