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ABSTRACT: Aâ peptide is the major component of senile plaques (SP), which accumulate in the brain of
a patient with Alzheimer’s disease (AD). A recent report indicated that isoflurane enhanced Aâ
oligomerization (micro-aggregation) and subsequent cytotoxicity of the Aâ peptide. A separate study
showed that a clinically relevant concentration of isoflurane induces apoptosis and increases Aâ production
in a human neuroglioma cell line.In Vitro studies have indicated that halothane interacts specifically with
Aâ peptide to induce oligomerization and that Aâ42 oligomerizes faster than Aâ40. The specific interactions
of isoflurane, propofol, and thiopental with uniformly15N labeled Aâ40 and Aâ42 peptide were investigated
using multidimensional nuclear magnetic resonance (NMR) experiments. We found that isoflurane and
propofol (at higher concentration) interact with Aâ40 peptides and induce Aâ oligomerization. Thiopental
does not interact with specific residues (G29, A30, and I31) of Aâ40; hence, the peptide remains in the
monomeric form. On the basis of our NMR study, thiopental does not oligomerize Aâ40 even at higher
concentrations.

The presumed mechanism of most neurodegenerative
disorders, although contentious, is an uncontrolled oligo-
merization of normally present protein or peptide, such as
the amyloidâ peptides (Aâ)1 of Alzheimer’s disease (AD)
(1) or R-synuclein in Parkinson’s disease (2). The major
protein constituents of Aâ deposits in AD are the 40-residue
containing Aâ40 and the 42-residue containing Aâ42 peptide.
In Aâ42, a small elongation of the stretch of two hydrophobic
residues in the C-terminal region dramatically increases the
aggregation tendency of the Aâ42 peptide compared to that
of the Aâ40 peptide (3). The Aâ42 peptide is more
pathogenic than Aâ40 (3, 4).

Recently, Eckenhoff and co-workers have reported that
at higher concentrations, commonly used inhaled anesthetics
(halothane and isoflurane) promote Aâ peptide oligomer-
ization and cytotoxicity in rat pheochromocytoma cells (5).
They also reported that the intravenous anesthetic, propofol
modestly enhanced Aâ oligomerization at high concentra-
tions (5). Tanzi and co-workers have shown that at clinically
relevant concentration, isoflurane induces apoptosis, alters
amyloid precursor protein (APP) processing, and increases

Aâ peptide generation in a human neuroglioma cell line (6).
However, the specific binding site of these anesthetics as
well as the molecular mechanism of Aâ oligomerization was
unknown. In our earlier work in a membrane mimic
environment consisting of sodium dodecyl sulfate (SDS), we
have shown, using nuclear magnetic resonance (NMR)
spectroscopic studies, that halothane interacts with critical
amino acid residues (G29, A30, and I31) of Aâ40 and Aâ42.
The halothane-induced alternation of the dynamics of these
three critical residues (G29, A30, and I31) connecting two
helices increased the chances of bringing the two helices
closer and consequently facilitated the oligomerization of
Aâ40/Aâ42 (7). Our earlier NMR studies also indicated that
Aâ42 is more prone to oligomerization than Aâ40 in the
presence of halothane (7). In this context, it is very important
to investigate the specificity of other anesthetics, both inhaled
(isoflurane) and intravenous (propofol and thiopental), on
Aâ40 and Aâ42 peptides in a membrane mimic environment.
We wish to investigate the following: (a) Does the most
commonly used inhaled anesthetic, isoflurane, interact with
Aâ40 and Aâ42? (b) Do intravenous anesthetics, propofol,
and thiopental interact with the Aâ40 peptide? (c) Can we
derive a molecular mechanism for Aâ peptide oligomeriza-
tion due to the influence of these popular anesthetics?

To discover the answers to these important questions, we
have investigated a series of NMR experiments consisting
of both Aâ40/Aâ42 peptide interaction with isoflurane as
well as Aâ40 interaction studies with propofol and thiopental.

EXPERIMENTAL PROCEDURES

Anesthetics are used to induce reversible loss of con-
sciousness, and they are characterized by (i) smooth and rapid
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induction of anesthesia; (ii) rapid recovery; (iii) a narrow
margin of safety; and (iv) a wide range of adverse effects.
This is why, anesthetics are administered by highly trained
specialists during surgical procedures. Figure 1 shows the
chemical structure of four anesthetics: halothane, isoflurane,
propofol, and thiopental. The chemical names of isoflurane,
propofol, and thiopental are 1-chloro-2,2,2-trifluoroethyl
difluoromethyl, 2,6-bis(1-methylethyl)phenol, and 5-ethyl-
6-oxo-5-pentan-2-yl-2-sulfanyl-pyrimidin-4-olate, respec-
tively.

The potency of an anesthetic is defined in terms of
minimum alveolar concentration (MAC) or EC50 at which
50% of the patients are unresponsive to a standard surgical
stimulus (8). The MAC value of isoflurane is 1.15 (9).
Isoflurane has a vapor pressure of 239 mm mercury at 20
°C and boils at 48.5°C. The EC50 of isoflurane at 1 MAC
is approximately 0.3 mM in blood (10-12). The blood/gas
and brain/blood partition coefficients of isoflurane are 1.46
(13) and 1.60 (14), respectively. Isoflurane has a brain/blood
coefficient of 1.6, meaning that if the gas is in equilibrium,
then the concentration of isoflurane in the brain will be<0.5
mM. The intravenous anesthetic, propofol has high lipid
solubility and solubilizes in a lecithin-containing emulsion
(15). Thiopental is water-soluble, has a rapid onset of action,
and provides predictable response and rapid recovery fol-
lowing single-dose administration. The EC50 value for
propofol in human blood is 50µM (16) and is approximately
three times higher (∼0.15 mM) in the brain. The EC50 for
thiopental is 25µM in blood (17) and is approximately three
times higher (∼0.075 mM) in the brain.

Materials. We purchased deuterated sodium dodecyl
sulfate (SDSD25) from Cambridge Isotope Laboratories and
isoflurane, propofol, and thiopental from Sigma-Aldrich.
Uniformly 15N-labeled Aâ40 and Aâ42 were purchased from
Recombinant Peptide Technologies (Atlanta, GA). We used
an airtight microsyringe (Hamilton) for the addition of
isoflurane.

Preparation ofΑâ Peptide Solution in SDS.We used
deuterated SDS (SDSD25) for NMR studies since the intense
1H signals from the lipid were absent because of the
substitution of lipid protons by deuterium. Hence, NMR
signals originated exclusively from the Aâ peptide under
study. The required amount of SDSD25 was added in 200µL
of PBS buffer at pH 7.2. The solution was slowly mixed
and sonicated for a few seconds. It was kept undisturbed
for a few minutes after which it became clear and was ready
for addition to the Aâ peptide. We added 1 mg of uniformly
15N-labeled Aâ40 or Aâ42 to the SDSD25 solution and gently

mixed it. It took a few minutes to dissolve all of the Aâ40
or Aâ42 peptide in the micelle environment. The pH for all
NMR solutions was adjusted to 7.2. A sodium 3-trimethyl-
silyl-[2,2,3,3-2H4]-1-propionate (TSP) solution was prepared
with D2O (50 µL) and was added to the Aâ40 or Aâ42
solution. TSP was used as a chemical shift reference
compound (δCH3 ) 0) in all NMR experiments. D2O provided
the field/frequency lock for the NMR spectrometer. Each
NMR tube contains 0.1% sodium azide to prevent any
bacterial contamination and fungal growth. The final volume
of each NMR solution containing Aâ40 or Aâ42 was 500
µL. The final concentration of the Aâ40 or Aâ42 peptide
was∼0.5 mM, and the final concentration of SDSD25 was
100 mM. The final TSP concentration was 0.4 mM. All
NMR samples were freshly prepared prior to experiments.

NMR Experiments and Data Analysis.We performed all
NMR experiments using a Bruker DRX spectrometer operat-
ing at a proton frequency of 500.132 MHz using a 5 mM
TXI probe (Bruker, Germany). The NMR experiments were
performed at 27°C to maintain the stability of the isoflurane
complex with Aâ40 or Aâ42. Heteronuclear single quantum
coherence (HSQC) experiments (18) are extremely useful
to identify all amide protons of the15N-labeled Aâ peptide
without any ambiguity, and the specific interactions of Aâ40/
Aâ42 with anesthetics will be reflected by the chemical shift
alteration of the15N and NH protons of Aâ40/Aâ42. For
the sequence-specific assignment of all amide protons of
Aâ40/Aâ42, various NMR experiments were performed.
These NMR experiments were as follows: homo-nuclear
Overhauser enhancement spectroscopy (homo-NOESY), total
correlation spectroscopy (TOCSY), HSQC (18), and 15N-
filtered 3D NOESY experiments. After adding the anesthetics
to the sealed NMR tube, we gently mixed it and left it for
30 min to reach equilibrium. HSQC experiments were
performed to monitor any changes in chemical shift due to
the anesthetic. One-dimensional19F spectra (for isoflurane
only) were performed after each addition of isoflurane to
measure the concentration of isoflurane in solution. The time
course study for each anesthetic is shown in Figure 2.

Determination of Isoflurane Concentration in Aâ-
Isoflurane Complex by19F NMR.One-dimensional19F NMR
experiments were carried out in the same Bruker DRX
spectrometer operating at 470.92 MHz using a multinuclear
probe. Isoflurane was added directly to the NMR sample
tube using an airtight microsyringe (Hamilton) in steps
ranging from 3 to 9µL. The equilibrium concentrations of
isoflurane in the Aâ-isoflurane complex was experimentally
determined by19F NMR with reference to two external
standards containing 0.50 and 2.19 mM trifluoroacetic acid
(TFA) in 5 and 10 mm NMR tubes, respectively. The 10
mm standard was coaxially used with the 5 mm sample tube
during concentration calibration. The external TFA resonance
served as a frequency reference for chemical shift measure-
ments.

Oligomerization of Aâ Peptide Determination by NMR
Spectroscopy.HSQC is an extremely powerful experiment
to identify the oligomerization of uniformly labeled peptides
or proteins. In normal conditions, uniformly15N-labeled
Aâ40 peptides (monomeric form) will show 40 unique amide
peaks in the 2D (X-axis represents the amide proton (1H)

FIGURE 1: Structure of four different anesthetics. NMR studies of
three anesthetics (isoflurane, propofol, and thiopental) with the Aâ
peptide are reported. The structure of halothane is included in order
to compare it with the three anesthetics under study.
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chemical shift, andY-axis represents the15N chemical shifts
of the Aâ peptide) HSQC spectra. The chemical shift range
of amide protons is generally 6.5 to 10 ppm; however, the
15N chemical shift range is generally 100 to 130 ppm.
Because of the wide dispersion of the15N chemical shift
range, the HSQC spectrum is less crowded for a small
peptide like Aâ40 or Aâ42. In the event of the oligomer-
ization of Aâ40 or Aâ42, HSQC spectra show additional
amide peaks (19), and the intensity of these additional peaks
is generally lower because of aggregation and the slow
tumbling of the molecules. The number of additional amide

peaks indicates the extent of aggregation (e.g., dimeric,
trimeric, tetrameric, etc.), which exclusively depends on the
systems under study. All NMR data from the Bruker
instrument were converted into the nmrPIPE format and
processed by nmrPipe programs (21) using a silicon graphics
computer. Data were analyzed using PIPP (22) and SPARKY
(23) programs using different in-house scripts.

Test-Retest Reproducibility.We performed NMR experi-
ments twice for each anesthetic (e.g., isoflurane, propofol,
and thiopental) to study Aâ-anesthetic interactions. NMR-
derived results related to the chemical shift change of amide

FIGURE 2: Flow chart of the time dependence NMR study. (A) Aâ40 with isoflurane; (B) Aâ42 with isoflurane; (C) Aâ40 with propofol;
and (D) Aâ40 with thiopental. Eqv. refers to the anesthetic and Aâ peptide equilibrium in solution.
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protons of Aâ peptide due to anesthetics is highly reproduc-
ible. All chemical shifts of amide protons are in absolute
scale.

RESULTS AND DISCUSSION

We have studied the influence of isoflurane on Aâ40 and/
or Aâ42 peptides and also the influence of propofol and
thiopental on Aâ40 structure at various concentrations of
these anesthetics in a membrane mimic SDSD25 medium.

Isoflurane Interaction with Aâ40. Figure 3 is an overlay
of four HSQC spectra of uniformly15N-labeled Aâ40 without
and with 3, 6, and 9µL of isoflurane, respectively. These
NMR experiments were designed to serve two purposes: (1)
to investigate the concentration dependence of isoflurane
interactions with Aâ40 peptide and (2) to investigate the time
dependence of isoflurane interactions with Aâ40 peptide. The
sequence specific assignments of the amide protons of Aâ40
(without isoflurane) were marked with blue color. The amide
protons of Aâ40 were marked with different colors with the
addition of 3µL (yellow), 6 µL (green), and 9µL (red) of
isoflurane, respectively. The change in chemical shift (>20
Hz) was observed for the amide proton of amino acid
residues, G29 and I31, and minimal (<10 Hz) chemical shift
for A30 because of the addition of isoflurane (Figures 3 and
6). Seven amides protons (e.g., A2, A21, G25, Q15, F20,
L34, and V36) show chemical shift changes (between 5 and
22 Hz) due to the addition of isoflurane. Isoflurane concen-

tration was measured to be 1.8 mM with the addition of 3
µL of isoflurane, 4 mM with the addition of another 3µL
of isoflurane, and 7 mM after the addition of another 3µL
of isoflurane. Aâ40 remained monomeric (verified by HSQC
spectra) for 30.5 h in the presence of 9µL (7 mM) of
isoflurane and then oligomerized (data not shown).

We have also performed Aâ40 interaction studies at
35 °C with the addition of isoflurane in a similar manner.
We have found the isoflurane-induced chemical shift changes
of different amino residues ofΑâ40 at 35 °C (data not
shown) to be similar to those at 27°C. Aâ40 peptide
oligomerizes in a similar period of time (∼28 h) after the
addition of 7 mM isoflurane at 35°C.

Isoflurane Interactions with Aâ42. Figure 4 is an overlay
of three HSQC spectra of uniformly15N-labeled Aâ42
without and with 3 and 6µL of isoflurane, respectively. The
sequence specific assignments of the amide protons of Aâ42
without isoflurane are marked by blue color (control). The
amide protons of Aâ42 are indicated with the addition of 3
µL (green) and 6µL mM (red) of isoflurane, respectively.
We have found that Aâ42 oligomerized immediately in the
presence of 9µL of isoflurane. Hence, after the addition of
6 µL of isoflurane, we kept the Aâ42-isoflurane solution to
monitor oligomerization by performing HSQC experiments
at different time points. Isoflurane concentration was mea-
sured to be 1.8 mM with the addition 3µL of isoflurane
and 4 mM with the addition of another 6µL of isoflurane,
respectively. We have found that Aâ42 oligomerizes after
10 h in the presence of 4 mM isoflurane.

FIGURE 3: Overlay of15N/H HSQC spectra of the uniformly labeled
Aâ40 in SDS micelles with/without isoflurane. Each peak in the
HSQC spectra corresponds to the amide proton of Aâ40. TheY-axis
represents the chemical shift position of15N of the amide proton,
and theX-axis represents the1H chemical shift of the amide protons.
The sequence specific assignments are performed on the basis of
different NMR experiments as mentioned in the text. The color
coding of the amide protons represents different conditions: (1)
only Aâ40 peptide (blue); (2) Aâ40+ 1.8 mM (4 MAC) isoflurane
(yellow); (3) Aâ40 + 4 mM (∼8 MAC) isoflurane (green); and
(4) Aâ40+ 7 mM (14 MAC) isoflurane (red). The critical residues
involved in Aâ oligomerization are indicated by asterisks (*) and
highlighted in the inset.

FIGURE 4: Overlay of15N/H HSQC spectra of uniformly labeled
Aâ42 in SDS micelles with/without isoflurane. Each peak in the
HSQC spectra corresponds to the amide proton of Aâ42. TheY-axis
represents the chemical shift position of15N of the amide proton,
andX-axis represents the1H chemical shift of the amide protons.
The sequence specific assignments are performed on the basis of
different NMR experiments as mentioned in the text. The color
coding of the amide protons represents different conditions: (1)
Only Aâ42 peptide (blue); (2) Aâ42+ 1.8 mM (4 MAC) isoflurane
(green); and (3) Aâ42 + 4 mM (8 MAC) isoflurane (red). The
critical residues involved in Aâ oligomerization are indicated by
asterisks (*).

Anesthetic Interactions with Aâ Peptide Biochemistry, Vol. 46, No. 3, 2007765



Figure 5 shows the oligomerization ofΑâ42 in the
presence of isoflurane (6µL) after 10 h. For comparison
purposes, an overlay of the HSQC spectra of Aâ42 (blue)
and that with 6µL of isoflurane (red) after 10 h is shown in
Figure 5. Because of the isoflurane-induced oligomerization
of Aâ42, many new amide peaks (marked by arrows) are
observed in the HSQC spectra of the Aâ42-isoflurane
complex. With the progress of time, the Aâ42-isoflurane
solution becomes viscous, and the amide peaks of Aâ42 in
the HSQC spectra become very broad and eventually
disappear.

A plot of the chemical shifts due to isoflurane of critical
residues G29, A30, and I31 of both Aâ40 and Aâ42 are
presented in Figure 6. It is noted that in the presence of the
same isoflurane concentration, these critical residues shows
higher chemical shift changes in Aâ42 compared to those
in Aâ40.

Propofol Interactions with Aâ40. Figure 7 is an overlay
of three HSQC spectra of uniformly15N-labeled Aâ40
without and with 4 mM and 7 mM propofol, respectively.
The sequence specific assignments of the amide protons of
Aâ40 are marked with blue color (control). The amide
protons of Aâ40 are indicated by different colors in the
presence of 4 mM (green) and 7 mM (red) propofol
concentrations, respectively. The change in chemical shift
observed for amino acid residues G29, A30, and I31 were
similar to that for Aâ40-isoflurane as shown in Figure 3.

Aâ40 remains in monomeric form (verified by HSQC spectra
at different time intervals) for 48 h in the presence of 7 mM
propofol and oligomerizes. After oligomerization, the solu-
tion become viscous, and eventually, it becomes very
cohesive.

Seven amides protons (e.g., A2, A21, G25, Q15, F20, L34,
and V36) show chemical shift changes (between 5 and 20
Hz) due to the addition of propofol, similar to those due to
isoflurane.

Aâ42 interacts with anesthetics, isoflurane, and halothane
in a manner similar to that of Aâ40. The only difference we
found was that Aâ42 oligomerizes faster than Aâ40. Aâ40
serves as a better system compared to Aâ42 as long time
dependent studies with anesthetics can be performed with
Aâ40. Hence, we have not performed Aâ42-propofol
interactions studies.

Thiopental Interactions with Aâ40.Figure 8 is an overlay
of three HSQC spectra, one without thiopental (Aâ only,
blue) and the others with 4 mM (green) and 7 mM (red)
thiopental concentration, respectively. No chemical shift
change was observed for the critical amino acid residues G29,
A30, and I31 due to thiopental. Aâ peptide remains in
monomeric form (verified by HSQC spectra every 12 h) in
the presence of 7 mM thiopental for 366 h, and no
oligomerization of Aâ40 was observed. However, seven
amides protons (e.g., A2, A21, G25, Q15, F20, L34, and
V36) show chemical shift changes (between 5 and 20 Hz)
due to the addition of thiopental. We are planning to perform
NMR experiments with Aâ42 peptide at various thiopental
concentrations in the future.

FIGURE 5: Oligomerization of Aâ42 in the presence of 4 mM (∼8
MAC) isoflurane after 6 h. Overlay of15N/H HSQC spectra of
uniformly labeled Aâ42 in SDS micelles with/without isoflurane.
Each peak in the HSQC spectra corresponds to the amide proton
of Aâ42. TheY-axis represents the chemical shift position of15N
of the amide proton, and theX-axis represents the1H chemical
shift of the amide protons. The sequence specific assignments are
performed on the basis of different NMR experiments as mentioned
in the text. The color coding of the amide protons represents
different conditions: (1) Aâ42 peptide only (blue) and (2) Aâ42
+ 6 µL (8 MAC) isoflurane (red) (after 6 h). The additional broad
amide peaks marked by arrows indicate the oligomerization due to
isoflurane.

FIGURE 6: Plot of the chemical shift changes (in Hz) of1H (A)
and15N (B) of three critical residues (G29, A30, and I31) in Aâ40
and Aâ42 with the addition of different amounts of isoflurane.

766 Biochemistry, Vol. 46, No. 3, 2007 Mandal et al.



Biophysical studies of Aâ peptide are plagued by many
difficulties (25). The biggest problem relates to their time-
dependent aggregation of Aâ peptide in aqueous solution,
which is a major problem for NMR experiments because
higher concentrations (0.8-1.5 mM) are generally required
for NMR studies. This difficulty has clearly precluded NMR
studies of the naturally occurring Aâ40 and Aâ42 peptides
in water solutions. The SDS micelle environment not only
provides an appropriate membrane mimicking system for
NMR but also prevents the aggregation of Aâ40 and Aâ42
peptides (26). In fact, the more aggregation prone Aâ42 is
stable at relatively high concentrations (up to 1 mM) in
aqueous SDS solutions for 2 months. The stability and lack
of precipitation of the Aâ42 indicates that SDS provides an
amenable environment for detailed structural analysis by
high-resolution NMR methods. The temperature for all NMR
experiments presented here was set to 27°C. This temper-
ature, 27°C, is a typical setting of anesthesia for elderly
patients, except in the case of cardiac surgery.

We have shown for the first time the specific interactions
of isoflurane and propofol with Aâ peptide. These amide
protons of G29 and I31 have the same orientation in the kink
(bent) region of the Aâ peptide and the amide proton of A30
in the opposite direction compared to that of G29 and/or
I31 amide protons. Hence, these two residues (G29 and I31)
show appreciable chemical shifts, whereas the A30 amide
proton shows minimal chemical shift because of the orienta-
tion of the amide proton. The chemical shift change of the
critical residues (e.g., G29, A30, and I31) due to isoflurane
is higher in Aâ42 compared to that in Aâ40 with the same
concentration of isoflurane (Figure 6). We have found similar

observations in the case of halothane interactions with the
Aâ40/Aâ42 peptide (7). Aâ40 oligomerizes in the presence
of 7 mM isoflurane within 30.5 h, whereas Aâ42 oligomer-
izes in the presence of 4 mM isoflurane after 10 h (Figure
2). These observations clearly indicate that Aâ42 is more
prone to oligomerization than Aâ40 at a much lower
concentration of isoflurane. Aâ42 is more sensitive to
halothane compared to isoflurane, where Aâ42 oligomerizes
in the presence of 4 mM halothane after a 6 h period as
reported in our earlier study (7).

The chemical shift change of the G29 or I31 amide proton
is an important indicator of the Aâ oligomerization process.
Apart from halothane and isoflurane, we have also found
that G29 or I31 residues show chemical shift alteration in
the presence of propofol (Figure 7). However, in the case of
thiopental, these two critical residues of Aâ40 do not show
any chemical shift change (Figure 8).

The extent of the chemical shift change of G29 or I31
due to anesthetic interaction may correlate the time depen-
dence of Aâ40 oligomerization. For this purpose, we have
plotted the chemical shift change of G29 and I31 of Aâ40
with the same concentration of four anesthetics (e.g.,
halothane, isoflurane, propofol, and thiopental) (Figure 9A).
Figure 9A shows that G29 or I31 amide protons shift more
profoundly in halothane and isoflurane, the least in propofol,
whereas there is no chemical shift change in thiopental.
Halothane data (7) was taken from our earlier work for
comparison purposes. The chemical shift change of the G29
or I31 amide proton for a particular concentration of

FIGURE 7: Overlay of15N/H HSQC spectra of uniformly labeled
Aâ40 in SDS micelles with/without propofol. Each peak in the
HSQC spectra corresponds to the amide proton of Aâ40. TheY-axis
represents the chemical shift position of15N of the amide proton,
and theX-axis represents the1H chemical shift of the amide protons.
The sequence specific assignments are performed on the basis of
different NMR experiments as mentioned in the text. The color
coding of the amide protons represents different conditions: (1)
only Aâ40 peptide (blue); (2) Aâ40 + 4 mM propofol (green);
and (3) Aâ40+ 7 mΜ propofol (red). The critical residues involved
in Aâ oligomerization are indicated by asterisks (*) and highlighted
in the inset.

FIGURE 8: Overlay of15N/H HSQC spectra of uniformly labeled
Aâ40 in SDS micelles with/without thiopental. Each peak in the
HSQC spectra corresponds to the amide proton of Aâ40. TheY-axis
represents the chemical shift position of15N of the amide proton,
and theX-axis represents the1H chemical shift of the amide protons.
The sequence specific assignments are performed on the basis of
different NMR experiments as mentioned in the text. The color
coding of the amide protons represents different conditions: (1)
only Aâ40 peptide (blue); (2) Aâ40 + 4 mM thiopental (green);
and (3) Aâ40 + 7 mΜ thiopental (red).
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anesthetics (e.g., halothane, isoflurane, propofol, and thio-
pental) follow the order halothane. isoflurane> propofol.

In order to highlight the chemical shift changes below 1 mM
anesthetic concentration, Figure 9B is presented. The average
Aâ40 oligomerization time is also plotted at the same 7 mM
anesthetic concentration for comparative analysis (Figure
9C). We have found that the anesthetic efficiency to induce
Aâ40 oligomerization is in the following order (halothane
> isoflurane. propofol), which is an excellent correlation
between the extent of the perturbation of the G29 or I31
chemical shift with the average oligomerization time of the
Aâ40 peptide.

Eckenhoff and co-workers reported a comparative study
for measuring anesthetic efficiency to induce Aâ42 oligo-
merization. In their study, using a light scattering technique,
they have measured the percentage of monomeric Aâ42,
available much lower in the presence of halothane and higher
in propofol, and the efficiency of different anesthetics to
oligomerize Aâ42 were in the following order (halothane>
isoflurane. propofol). It is worthwhile to note that our
NMR derived results indicating the propensity of various
anesthetics for Aâ oligomerization follow a similar hierarchal
pattern (i.e., halothane. isoflurane> propofol) as reported
by Eckenhoff and co-workers (5).

The other seven residues (e.g., A2, A21, G25, Q15, F20,
L34, and V36) do show chemical shift changes (between
4-20 Hz) in isoflurane, propofol, and thiopental. For two
of these amide residues (e.g., Q15 and F20), the chemical
shift changes are plotted with anesthetic concentration (Figure
10). Halothane data is taken for comparison purposes from
our earlier work (7). It is important to note that Q15 shows
similar chemical shifts in all four anesthetics, whereas F20
shows similar chemical shifts in halothane, isoflurane and
propofol, but opposite shifts in thiopental. Although A2, A21,
G25, Q15, F20, L34, and V36 residues show chemical shifts
in thiopental, propofol, isoflurane, and halothane, these
residues are not involved in Aâ peptide oligomerization.

Hypothesis of Aâ Oligomerization.It has been shown that
bound volatile general anesthetics alter both local protein
dynamics and global protein stability (27-29). Both Aâ40
and Aâ42 peptides have twoR-helices (R-helix-I (residues
15-23), R-helix-II (residues 32-36) connected by a more
flexible kink region. The dynamics of the kink (bent) region
of Aâ peptide is altered because of the interaction with
anesthetics as indicated by the profound chemical shift
change of G29 and I31. This may likely bring closer the
two helices of Aâ, and it might initiate the cascade of events
of Aâ peptide oligomerizaton. NMR data indicate that
isoflurane and propofol interact with critical residues G29,
A30, and I31; however, thiopental does not interact with
those residues. The volume of the anesthetics is in the
following order: halothane< isoflurane < propofol <
thiopental. Halothane, being smaller in size (Figure 1), is
very effective in interacting in the sensitive loop region
containing G29, A30, and I31 of the Aâ peptide and induces
oligomerization faster. Thiopental is bulkier (because of the
extended size of the chain) than isoflurane, and propofol may
not fit in the loop region, and that may explain why we did
not observe any chemical shift change of G29, A30, or I31
of the Aâ40 peptide by thiopental (Figure 8). Hence, no
Aâ40 oligomerization was observed in the presence of
thiopental.

The schematic diagram of isoflurane/propofol-induced
oligomerization of Aâ peptide in a SDS membrane mimic

FIGURE 9: (A) Plot of the1H chemical shift of G29 and I31 in
different anesthetic concentrations. (B) Expanded region of plot A
to highlight the1H chemical shift of G29 and I31 at low anesthetic
concentrations (below 0.3 mM). The shaded area indicates the
clinically relevant concentration (0.3 mM) of halothane and
isoflurane. The clinically relevant concentrations of propofol and
thiopental are much lower than those of halothane or isoflurane.
(C) Plot of an average Aâ40 oligomerization time in the presence
7 mM concentrations different anesthetics (halothane, isoflurane,
and propofol). Aâ40 does not oligomerize in the presence of
thiopental even at much higher concentrations. From our earlier
work, we selected the chemical shift and average oligomerization
of G29 and I31 in the presence of halothane (7).
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system is presented in Figure 11. The Aâ structure is taken
from the PDB (1BA4) (26). The diagrammatic representation
of the membrane and anesthetics is not indicative of specific
conformational details but is a pictorial representation of
anesthetic binding sites with the Aâ40 peptide in the
membrane-aqueous environments.

ReleVance of the Anesthetic Concentration.It has been
suggested that anesthesia might result from molecular
interactions at the interface between aqueous and nonpolar
media (e.g., membrane) (30). This suggestion is supported
by NMR and gas chromatography studies of clinical anes-
thetics with macromolecular surfaces (31). Recent progress
in computational studies of membrane-aqueous interfaces has
made it possible to determine concentration profiles of
anesthetics across these interfaces by computer simulations
(32). The Aâ40/Aâ42 peptide is located in a membrane-
aqueous environment as determined by earlier studies using
backbone dynamics studies (24). Isoflurane/propofol is
generally located in the membrane-aqueous region (27, 29).
The anesthetic concentrations used in our NMR studies were
higher relative to those in a clinical setting. The clinically
used concentrations of halothane and isoflurane are ap-
proximately 0.3 mM (10-12). In our study, we have
systematically increased the anesthetic concentration and
monitored the chemical shift changes of the critical residues
(G29, A30, and I31). There is no clinical relevance for the
use of 7 mM concentration in this study; however, we wanted
to compare the structural changes of Aâ40 in a similar
anesthetic concentration with isoflurane, propofol, and thio-
pental.

In our NMR studies, the Aâ peptide concentration of
approximately 0.5 mM is much higher than that in anin
ViVo situation (21( 7 µM) (33). In a clinical situation, the
ratio of Aâ40/anesthetic is in the order of 0.083 (considering
the clinically used 0.3 mM anesthetic concentration). In our
in Vitro NMR studies, Aâ40/anesthetic was 0.078 (Aâ40
peptide concentration is 0.5 mM and anesthetic concentration
was 7 mM). An extrapolation of the response curve (chemical
shift change vs anesthetic concentration) will help us to
determine any chemical shift change in the clinically relevant
concentration. From the extrapolation of the chemical shift
below the clinically relevant anesthetic concentration (0.3
mM), we have found that isoflurane and halothane induce
chemical shift changes between 1.5 and 3 Hz for both G29
and I31 amide protons. In the case of propofol, the chemical
shift changes of G29 and I31 are not observed below the
clinically relevant concentration of propofol, which is in the
micromolar range (Figure 9B). On the basis of the chemical
shift change below the clinically relevant concentration, we
could infer that the oligomerization propensity of the
anesthetics would be in the following order: halothane>
isoflurane. propofol. This important observation supports
the usefulness of NMR methodology compared to that of
other biophysical techniques.

ReleVance of this Biophysical Study.A number of clinical
reports have suggested a possible link between anesthesia
and the subsequent onset of senile dementia. Bedford
described cases of postoperative disorientation with progres-
sion toward incontinence, mutism, and death, which are
consistent with the diagnosis of vascular dementia (34). In
a retrospective study of 147 cases of senile dementia, Ritchie
and co-workers (35) found 19 patients who, according to
family members, demonstrated either the first signs of senile

FIGURE 10: Plot of the1H chemical shift of F20 and Q15, depicting
appreciable chemical shifts in thiopental, propofol, isoflurane, and
halothane concentrations. The shaded area indicates the clinically
relevant concentrations (0.3 mM) of halothane and isoflurane. The
clinically relevant concentrations of propofol and thiopental are
much lower than those of halothane or isoflurane.

FIGURE 11: Schematic diagram of Aâ-anesthetic interaction on
the extracellular side of the plasma membrane. Aâ is represented
by a backbone trace of an NMR determined structure in the protein
data bank (1BA4). The critical amide protons in the loop regions
involved in Aâ oligomerization are marked with different colors
as follows: G29 (red), A30 (green), and I31 (magenta). Other amino
acid residues, such as A2, A21, G25, Q15, F20, L34, and V36,
also show chemical shifts by thiopental, propofol, and isoflurane.
However, these seven residues are not involved in the Aâ
oligomerization process.

Anesthetic Interactions with Aâ Peptide Biochemistry, Vol. 46, No. 3, 2007769



dementia or a significant acceleration of pre-existing symp-
toms following general anesthesia; however, the type of
dementia was not specified. Moller and co-workers indicated
post-operative cognitive dysfunction (POCD) in non-cardiac
surgery (36). They have studied 1218 patients, aged at least
60 years old after non-cardiac surgery, and found that POCD
occurred in 27% and 10% of patients 1 week and 3 months
after anesthesia and surgeries, respectively (36). These
findings also indicated that increasing age, duration of
anesthesia, poor education, second operations, post-operative
infections, and respiratory complications were risk factors
for early POCD. In contrast, only age was a risk factor for
late POCD. There have been numerous reports of delayed
and long-lasting post-operative cognitive dysfunction fol-
lowing cardiac surgery (37, 38). Newman and co-workers
studied 261 patients who underwent cardiac coronary artery
bypass surgery for potential POCD incidence. Neuro-
cognitive tests were performed pre-operatively, before
discharge, 6 weeks, 6 months, and 5 years after the surgery.
They found that the POCD rate was 53% at discharge, 36%
at 6 weeks, 24% at 6 months, and 42% at 5 years,
respectively, and cognitive function at discharge was a
significant predictor of long-term function (p < 0.001) (38).
The molecular mechanism underlying POCD is largely
unknown. It is also reported that AD patients deteriorated
after exposure to anesthesia (39).

Epidemiological studies have failed to demonstrate a
relationship between frequency and/or duration of exposure
to anesthesia and increased risk of AD (40, 41). Bohnen and
colleagues (42) found that increased exposure to general
anesthetics (particularly barbiturates and halogenated agents)
and spinal anesthesia early in life appear to be associated
with an earlier age of onset of dementia. From the registry
of the Alzheimer’s Disease Research Center at the University
of Pittsburgh, we have found that among 1053 probable AD
subjects participating in AD research, 53 subjects have had
major surgery. All these important clinical reports support
the relevance of this biophysical study.

CONCLUSIONS

In conclusion, we stress that the extent of interactions of
inhaled and intravenous anesthetics with Aâ peptide are
different and that inhaled anesthetics (halothane and isoflu-
rane) are more potent for Aâ peptide oligomerization.
Although the intravenous anesthetic propofol induces the
oligomerization of the Aâ peptide at a much higher
concentration, it would be less likely to oligomerize the Aâ
peptide below the clinically relevant concentration. On the
contrary, thiopental does not oligomerize the Aâ peptide even
at a much higher concentration. The extent of oligomerization
can be determined by diffusion-ordered 2D NMR spectros-
copy (20) (DOSY), which is also planned for future studies.
Although we provide the first NMR spectroscopic report to
explain the molecular mechanism ofΑâ oligomerization due
to certain anesthetics, further biophysical studies in different
membrane environments as well as both animal and clinical
studies are warranted.
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