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ABSTRACT: The spectral changes that occur in infrared spectra recorded as a function of time after exposure
of the nicotinic acetylcholine receptor (nAChR) to2H2O buffer were examined in order to investigate the
secondary structure of the transmembrane domain. The resolution-enhanced amide I band in spectra
recorded during the first 12 h after exposure to2H2O exhibits subtle downshifts in frequency ofR-helical
andâ-sheet vibrations. A strong intensity of the unexchangedR-helical vibration near 1655 cm-1 after
3 days exposure to2H2O suggests that a large proportion of the remaining 25% of unexchanged peptide
hydrogens adopts anR-helical conformation. Further exposure of the nAChR to2H2O under conditions
of both increasing pH and membrane “fluidity” led to additional exchange of peptide hydrogens for
deuterium. The greatest degree of peptide1H/2H exchange (95%) under nondenaturing conditions was
found for the nAChR reconstituted into the highly fluid egg phosphatidylcholine membranes lacking
cholesterol and anionic lipids at pH 9.0. This enhanced exchange was accompanied by a decrease in
intensity near 1655 cm-1 due to the downshift in frequency of peptides in theR-helical conformation,
whereas no clear evidence was found for the further exchange ofâ-sheet. Some unexchangedR-helical
peptide hydrogens were still observed. As the exchange-resistant peptides likely include those found
within the hydrophobic environment of the lipid bilayer, these data strongly support anR-helical secondary
structure of the transmembrane domain.

The nicotinic acetylcholine receptor (nAChR)1 from the
electric organ ofTorpedo is the most intensively studied
member of a family of ligand-gated ion channels that
performs a key role in synaptic transmission throughout the
central and peripheral nervous systems (for reviews, see1,
2). The TorpedonAChR responds to the binding of the
neurotransmitter acetylcholine by transiently opening a
cation-selective ion channel across the postsynaptic mem-
brane. Prolonged exposure to agonist as well as to a wide
variety of noncompetitive antagonists leads to the formation
of a channel-inactive desensitized state. The nAChR is a
large integral membrane protein (∼300 000 daltons) com-
posed of four distinct subunits arranged as anR2âγδ
pentamer around a central ion channel pore. The four
subunits exhibit a high degree of homology including four
conserved∼25 amino acid residue long hydrophobic stretches
designated M1-M4 (3, 4). Five transmembrane M2 seg-
ments, one from each subunit, line the ion channel and
control channel selectivity (5, 6). M2 in conjunction with
the transmembrane segments M1, M3, and M4 likely

performs an important role in channel gating and desensitiza-
tion (7-9, 23).

An accurate structural model of the transmembrane domain
is clearly required for a detailed understanding of the
mechanisms of nAChR function. In the absence of high-
resolution structural information, however, even the second-
ary structures of the transmembrane segments remain
controversial. Each of the four hydrophobic transmembrane
segments M1-M4 was originally assigned anR-helical
secondary structure in analogy to theR-helical transmem-
brane segments that had been identified in other integral
membrane proteins, such as bacteriorhodopsin (10). In
agreement with this structural model, a number of site-
directed mutagenesis and photoaffinity labeling experiments
suggest anR-helical exposure of the transmembrane M2
segment to the ion channel pore (11-14). Five cylindrical
rods of electron density consistent withR-helical M2
segments lining the ion channel are observed in a 9 Å
resolution electron density map of the nAChR (15). NMR
and CD analysis of synthetic M2 transmembrane peptides
are also consistent with anR-helical secondary structure (16,
17).

While a consensus has been reached with respect to the
secondary structure of M2, conflicting experimental evidence
has accumulated regarding the secondary structures of M1,
M3, and M4. Both M3 and M4 exhibit anR-helical
periodicity in their exposure to the lipid bilayer as monitored
using photoactivatable hydrophobic probes (18, 19). The

† This work was supported by a grant from the Medical Council of
Canada to J.E.B. and by a doctoral scholarship from the Natural
Sciences and Engineering Research Council to N.M.

* To whom correspondence should be addressed.
1 Abbreviations: ATR, attenuated total reflectance; EPC, egg phos-

phatidylcholine; DOPA, dioleoylphosphatidic acid; FTIR, Fourier
transform infrared; nAChR, nicotinic acetylcholine receptor;Tm, melting
temperature.

14815Biochemistry1998,37, 14815-14822

10.1021/bi980848o CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/01/1998



labeling pattern of M1 by the same hydrophobic probes is
consistent with a distortedR-helix, possibly due to the
presence of anR-helix-breaking proline residue. Purified
and reconstituted proteolytic fragments of M1, M3, and M4
show a strong propensity to adopt anR-helical secondary
structure (20). In contrast, the lack of well-defined rods of
electron density in regions of the nAChR peripheral to the
ion channel pore in the 9 Å resolution electron density map
has led to the suggestion that M1, M3, and M4 collectively
form either five or seven transmembraneâ-strands (15). Both
FTIR spectra of the nAChR treated with proteinase-K to
remove the extramembranous domains and molecular model-
ing studies have also suggested a mixedR/â secondary
structure for the transmembrane domain of the nAChR (21,
22).

We recently showed that FTIR spectra recorded after
exposure of the nAChR to2H2O exhibit changes in the shape
of the secondary structure sensitive amide I band that result
from the downshifts in frequency ofR-helix and â-sheet
amide I component bands (24). We also showed that roughly
25% of the nAChR peptide hydrogens remain in the protiated
form after 3 days exposure to2H2O at 4°C. Here, we have
examined nondenaturing alkaline conditions that lead to the
exchange of most of the 25% “exchange resistant” peptide
hydrogens in the nAChR. A careful analysis of spectra
recorded over the time course of this enhanced peptide1H/
2H exchange reveals a downshift in frequency of theR-helical
amide I component band, confirming that there are a
substantial number of exchange-resistantR-helical peptide
hydrogens in the nAChR. In contrast, the vibrational
frequency of the mainâ-sheet amide I component band is
essentially unaffected by the enhanced peptide1H/2H ex-
change, suggesting that there are few, if any, exchange-
resistantâ-strands. Given that the 25% exchange-resistant
peptide hydrogens likely include those found within the
transmembrane domains, our results suggest an essentially
R-helical secondary structure for M1-M4.

MATERIALS AND METHODS

Sample Preparation. The nAChR from frozen electric
tissue ofTorpedo californica(Marinus, Long Beach, CA)
was affinity purified on a bromoacetylcholine bromide-
derivatized Bio-Rad Affi-gel 102 column (Richmond, CA)
as described previously (25, 26). The affinity-purified
nAChR was reconstituted into membranes composed of
either soybean asolectin (type II-S) from Sigma (St. Louis,
MO) or egg phosphatidylcholine (EPC) from Avanti Polar
Lipids, Inc. (Alabaster, AL). The nAChR in asolectin is fully
functional whereas in EPC membranes it may adopt a
channel-inactive desensitized conformation (25, 26).

FTIR Spectroscopy. FTIR spectra were acquired either
on a Bio-Rad FTS-40 or on a Bio-Rad 40A spectrometer
equipped with either a mercury cadmium telluride or
deuterated triglycine sulfate detector for transmission and
attenuated total reflectance (ATR) measurements, respec-
tively. Each spectrometer was purged with dry air (dew
point, 100°C) from a separate Balston air-dryer (Haverhill,
MA). All spectra were recorded at 2 cm-1 resolution.
Spectral deconvolution was performed according to the
method of Kauppinen et al. (27) with γ and resolution
enhancement factors of 17.0 and 2.2, respectively. Prior to

deconvolution, all spectra were stringently examined for the
presence of water vapor using the mild spectral deconvolu-
tion procedure described previously (28).

1H/2H Exchange. FTIR spectra were recorded during the
time course of peptide1H/2H exchange using the ATR
technique. In each case, 250µg of reconstituted nAChR
protein was deposited on the surface of a germanium internal
reflection element (Harrick, Ossining, NY). The bulk solvent
was evaporated with a gentle stream of N2 gas. After
mounting the reflection element in an ATR liquid sample
cell, each nAChR film was rehydrated with Torpedo Ringer
buffer (250 mM NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM
Na2HPO4, 3 mM CaCl2, and 0.02% NaN3). All spectra were
recorded at 22.5°C.

To monitor the spectral changes that occur over the first
12 h of peptide1H/2H exchange, the nAChR membrane films
were prepared in1H2O buffer on a germanium internal
reflection element as described above. After recording a
quick 100-scan spectrum, the1H2O buffer was replaced by
2H2O buffer, and infrared spectra with increasing numbers
of scans (varying from 50 to 1500 scans/spectrum) were
acquired over the next 12 h.

To record spectra under conditions of “extensive” peptide
1H/2H exchange, 250µg nAChR protein aliquots were
pelleted and resuspended twice in 2 mM phosphate,2H2O
buffer at pH 7.0 (pD 6.6) and then stored at 4°C for 3 days
(24). All pH values in2H2O have been corrected according
to the following: pH) pD + 0.4 (49). This leads to the
exchange of roughly 75% of the peptide hydrogens. The
samples were centrifuged, resuspended in fresh2H2O buffer,
and stored at-80 °C. The nAChR membranes were then
deposited on the germanium internal reflection element as
described above and rehydrated with2H2O buffer at pH 7.0.
After adjusting the buffer to the appropriate pH, spectra were
recorded over the next 20 h (1500 scans/spectra,∼1 h each)
to exchange as much of the remaining 25% exchange-
resistant peptide hydrogens as possible. Fifty millimolar
CAPS was used to buffer the2H2O solutions at elevated pH.

Thermal Denaturation Experiments. 2H2O nAChR samples
(exposed to2H2O for 3 days at pH 7.0, 4°C, and then stored
at -80 °C as described above) were centrifuged and
resuspended in CAPS buffer at the noted pH before deposit-
ing on the surface of the CaF2 window as described
previously (28). Infrared spectra at the elevated pHs were
recorded using a thermostatically controlled transmission cell.
Spectra (256 scans) were typically recorded at 2-4 °C
intervals between 25 and 75°C. The nAChR was equili-
brated for roughly 15 min at each temperature before data
acquisition. The melting temperatures taken from the
thermal denaturation curves are reported as the mean(
standard error and represent the average of three experiments
except for the denaturation experiment at pH 11.0 for the
nAChR in asolectin which is the average of two experiments
and is reported as mean( range.

RESULTS

FTIR spectra recorded over the first 12 h after exposure
of affinity-purified nAChR reconstituted in soybean asolectin
membranes to2H2O buffer exhibit a number of spectral
changes that reflect the exchange of peptide N-1H for N-2H
(Figure 1A). The most noticeable is a dramatic decrease in
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the intensity of the amide II band (primarily N-1H bending)
centered near 1547 cm-1, which shifts down in frequency
to 1450 cm-1 and provides a direct measure of both the time
course and the extent of peptide1H/2H exchange (see below).
A quantitative analysis of the time-dependent amide II band
shift shows that roughly 30% of the peptide hydrogens
exchange within seconds of exposure of the nAChR to2H2O,
an additional 20% over the next 30 min, and an additional
10% over the next 12 h (24). The 30% rapidly exchanging
peptide hydrogens likely exist in highly solvent-accessible
random and turn conformations whereas those exchanging
beyond this time frame must be involved in ordered
secondary structures such asR-helix andâ-sheet. Roughly
25% of the peptide hydrogens are resistant to exchange even
after 3 days exposure of the nAChR to2H2O at 4°C. The
25% exchange-resistant peptide hydrogens likely include
those found within the aqueous solvent-inaccessible regions
of the lipid bilayer (see Discussion).

Exposure of the nAChR to2H2O leads to subtle variations
in the shape of the amide I band (primarily CdO stretch)
located between 1600 and 1700 cm-1. The frequency of
the amide I vibration is sensitive to hydrogen bonding and
thus both secondary structure and the exchange of peptide
N-1H for N-2H. Changes in the amide I band shape
observed upon initial exposure of the nAChR to2H2O are
likely the result of relatively large downshifts in the
frequencies of the amide I component bands from the∼30%

highly solvent-accessible peptides that are involved in
random and turn structures (24). In contrast, the exchange
of peptide N-1H for N-2H over the 1-12 h time frame
leads to relatively small downshifts in the frequencies of both
theR-helix andâ-sheet amide I component bands. Resolu-
tion enhancement reveals two main amide I component bands
centered near 1655 and 1635 cm-1 that are highly charac-
teristic ofR-helix andâ-sheet, respectively (Figure 1B). The
downshifts in frequency of theR-helix andâ-sheet vibrations
lead to a decrease in intensity near 1655 cm-1 and a
broadening of the amide I band toward 1630 cm-1, respec-
tively. Similar downshifts in frequency have been observed
for numerous proteins and assigned to the downshift of both
R-helices andâ-sheets (40-45). Note that the time course
of these component band shifts suggests thatâ-sheet peptide
hydrogens exchange on a more rapid time scale than those
involved inR-helical secondary structures (24). The strong
intensity remaining near 1655 cm-1 after both 12 h and 3
days exposure (see Figure 5) to2H2O suggests the presence
of a substantial number of exchange-resistantR-helical
peptide hydrogens and thus a large number of transmembrane
R-helices (see Discussion). The possible existence of
exchange-resistantâ-sheet cannot be ascertained directly
from these spectra because distinct bands for either the
protiated or the deuterated forms of theâ-sheet vibration
are not resolved.

If nondenaturing conditions could be established for
exchanging the∼25% exchange-resistant peptide hydrogens
in the nAChR, the ATR approach could be used to monitor
any resulting downshifts in frequency of bothR-helix and
â-sheet amide I component bands and thus directly probe
the secondary structure of the exchange-resistant peptide
hydrogens (referred to as the exchange-resistant core).
Typical physicochemical factors that enhance peptide1H/
2H exchange rates are elevated pH and temperature (30).
Reconstitution of the nAChR into a more fluid lipid
membrane such as EPC also accelerates peptide1H/2H
exchange (29). However, before testing the effects of these
physicochemical factors on both the kinetics of peptide1H/
2H exchange and the resulting changes in the secondary
structure sensitive amide I band, we first examined the effects
of pH and membrane environment on the thermal stability
of the nAChR. The latter was performed in order to establish
nondenaturing alkaline conditions for the enhanced1H/2H
exchange.

Thermal Denaturation. The nAChR was preexposed to
2H2O buffer for 3 days at 4°C (see Materials and Methods),
and then spectra were recorded with increasing temperature
as shown in Figure 2. The resulting spectra exhibit a number
of changes in the amide I band shape including a decrease
in amide I band intensity in the 1660-1630 cm-1 region
coupled with the appearance of two new bands centered near
1680 and 1620 cm-1 that are highly characteristic of protein
denaturation (31, 32). A quantitative analysis of the increase
in intensity near 1620 cm-1 that occurs as a function of
increasing temperature reveals a sigmoidal melting curve
with a melting temperature,Tm, for the nAChR in asolectin
at pH 7.0 of 57.3( 1.1°C (Figure 3). This value is similar
to theTm of ∼59 °C reported using both differential scanning
calorimetry and FTIR for the nAChR in native membranes
(33, 31).

FIGURE 1: FTIR spectra of the nAChR in asolectin recorded in
1H2O buffer and as a function of time after exposure to2H2O buffer.
(A) The dashed line spectrum was recorded in1H2O buffer. The
solid line spectra were recorded from top to bottom at 1547 cm-1

after 6, 9, 12, 22, 50, 80, 170, 360, 600, and 780 min exposure to
2H2O. The spectral contribution of buffer in each spectrum was
subtracted. (B) Resolution-enhanced amide I band from spectra
recorded over the 1st, 3rd, and 12th h after exposure to2H2O.
Spectra are not scaled.
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At pH 9.0, the measuredTm is 58.1 ( 1.6 °C for the
nAChR in asolectin and is comparable to that observed at
pH 7.0, indicating that this elevated pH has no detectable
effect on the thermal stability of the nAChR. In contrast, at
pH 10.0 (data not shown) and above, the temperature-induced
spectral changes occur at increasingly lower temperatures
(Tm is 49.9( 2.0°C for the nAChR in asolectin at pH 11.0).
A slight increase in intensity near both 1680 and 1620 cm-1

is also observed in the initial spectra recorded at the start of
the denaturation experiments above pH 10.0. The appear-
ance of these spectral features suggests that exposure of the
nAChR in asolectin to buffer at pH 10 and above leads to
the denaturation of a small percentage of each nAChR sample
at room temperature. Further studies of the peptide1H/2H
exchange at pH> 10 were only performed for comparison
with studies performed under “nondenaturing” conditions
(see below).

The nAChR reconstituted into EPC membranes lacking
cholesterol and anionic lipids is less thermally stable than
the nAChR reconstituted into membranes composed of
asolectin. Although the nAChR in both membranes have
comparableTm’s at pH 7 (55.3( 0.4°C in EPC), theTm for
the nAChR in EPC at pH 9.0 (47.2( 2.2°C) is much lower
than that observed for the nAChR in asolectin at pH 9 (Figure
3B). The initial spectra of the nAChR in EPC at pH 9.0
recorded at the start of the thermal denaturation experiments
do not exhibit any spectral features indicative of denaturation,
suggesting that the nAChR initially retains a native secondary
structure at 22.5°C. In contrast, the initial spectrum recorded

at room temperature for the nAChR in EPC at higher values
of pH exhibits bands near 1680 and 1620 cm-1 that are
characteristic of a denatured nAChR. The shape of the amide
I band in spectra recorded at elevated pHs is also relatively
insensitive to increasing temperature, suggesting that a
substantial portion of the nAChR is already in a denatured
state at 22.5°C.

Note that denaturation-induced changes in the amide I
band shape can be distinguished from those that occur as a
result of the1H/2H exchange of peptides involved inR-helix
and â-sheet. The1H/2H exchange of neitherR-helix nor
â-sheet leads to the increased intensity of the denaturation-
sensitive band near 1680 cm-1 (compare Figures 1B and 2B).
The frequency of the denaturation-induced increase in
intensity near 1620 cm-1 is also substantially lower than the
1630 cm-1 frequency at which there is an increase in intensity
as a result of the1H/2H exchange-induced downshift in the
main â-sheet component band.

Extent of Peptide1H/2H Exchange at Alkaline pH. The
effects of elevated pH and membrane environment on the
1H/2H exchange kinetics were monitored for the nAChR
under conditions where the receptor retains its native
secondary structure (pH 7 and 9 in soybean asolectin and
pH 9 in EPC) as well as under conditions where a small
percentage of the receptor is initially in a denatured state at
room temperature (pH 11 in asolectin). In each case, the
AChR was preincubated for 3 days in2H2O buffer at 4°C,
pH 7.0, to exchange the bulk (∼75%) of the peptide
hydrogens for deuterium. The nAChR was then depositied
on a germanium internal reflection crystal and exposed to
2H2O buffer at the designated alkaline pH to effect further
exchange of the exchange-resistant core. Both the residual
amide II band intensity and the spectral changes in the amide
I band (see below) were monitored over the next 20 h. At

FIGURE 2: Thermal denaturation FTIR spectra of the nAChR in
asolectin at pH 7.0 in2H2O. The nAChR was exposed to2H2O at
pH 7.0, 4 °C, for 3 days (see Materials and Methods) and then
resuspended at the noted pH. (A) An FTIR spectrum was recorded
roughly every 30 min with temperature increments of 3-4 °C from
44 to 81°C (from top to bottom at 1650 cm-1). (B) Same as in
(A) after resolution enhancement. Spectra are not scaled.

FIGURE 3: Thermal denaturation of the nAChR plotted as the
percentage change in intensity at 1620 cm-1 versus increasing
temperature. (A) nAChR in asolectin at pH 7.0 (2), pH 9.0 (9)
and pH 11.0 (b). (B) nAChR in EPC at pH 7.0 (2) and pH 9.0
(9).
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the end of each experiment, the nAChR film was exposed
to 2H2O buffer at pH 2.0 in order to shift the ionized Asp
and Glu vibrations from near 1580 cm-1 up to the 1700-
1740 cm-1 region (characteristic of the protiated form) and
thus provide an unobstructed view of residual amide II band
intensity (Figure 4B). The calculation of the percent
unexchanged peptide hydrogens is discussed in detail
elsewhere (24).

In all cases, alkaline pH led to an increase in both the
rate and extent of exchange for the peptide hydrogens in the
exchange-resistant core. At a given pH, the nAChR in EPC
always exchanged to a greater extent than the nAChR in
asolectin, consistent with the lower thermal stability of the
receptor in this membrane environment. The greatest
enhancement in the level of peptide1H/2H exchange under
nondenaturing conditions was found at pH 9 for the nAChR
in EPC (also, see below). Roughly 5% of the total number
of peptide hydrogens remained unexchanged for deuterium
after the 20 h incubation period. This corresponds to an

enhanced exchange of roughly 80% of the normally 25%
exchange-resistant peptide hydrogens after 20 h. Increased
temperatures also enhance the extent of1H/2H exchange in
the nAChR; however, temperatures above 22.5°C were not
studied due to the increased thermal instability of the nAChR
at alkaline pH.

Effects of Enhanced Peptide1H/2H Exchange on the Amide
I Band. As shown in Figure 5, the1H/2H exchange of the
peptide hydrogens that are normally found in the exchange-
resistant core under nondenaturing conditions (pH 7.0 and
9.0 for the nAChR in asolectin and pH 9.0 for the nAChR
in EPC; also, see below) all exhibit similar variations in
amide I band shape. The changes in band shape result
predominantly from a decrease in intensity near 1655 cm-1

concomitant with an increase in intensity between 1640 and
1650 cm-1. As discussed above, the loss in intensity at 1655
cm-1 is due to a downshift in frequency of theR-helical
amide I component band and confirms that there are a large
number of exchange-resistantR-helical peptide hydrogens
in the nAChR. In contrast, there appears to be essentially
no broadening near 1630 cm-1 that can be unequivocally
attributed to the downshifts in frequency and thus1H/2H
exchange of exchange-resistantâ-sheet (see below). Note
that all three samples retain some unexchanged peptide
hydrogens (minimum of∼5% for the nAChR in EPC at pH
9.0). All three sets of spectra also exhibit residual amide I
band intensity near 1655 cm-1 that is likely due to unex-
changedR-helical peptides. Both the substantial downshifts
in frequency of theR-helical amide I component band and
the observation of a residual amide I component band
reflecting unexchangedR-helical peptide hydrogens suggest
that the vast majority of the exchange-resistant peptides in
the nAChR exist in anR-helical conformation.

Note that the spectra presented in Figure 5 were all
normalized to maximize their intensity in each panel. The
normalization was performed because some of the spectra
recorded at elevated pHs exhibit a slight decrease in amide

FIGURE 4: Effect of pH and membrane lipid environment on the
1H/2H exchange of those peptides located in the exchange-resistant
core. The nAChR was exposed to2H2O at neutral pH, 4°C, for 3
days to exchange roughly 75% of the peptides N-1H for N-2H.
The exchange kinetics of the remaining 25% N-1H were then
monitored over the subsequent 20 h at 22.5°C at the designated
pH. (A) Percentage of unexchanged peptides as a function of time
after exposure to alkaline pH at 22.5°C. nAChR/asolectin, pH 7.0
(1), pH 9.0 (9), pH 11.0 (2); and nAChR/EPC, pH 9.0 (O). Each
curve represents the average of two experiments. (B) The amide II
region in spectra of the nAChR recorded at pH 2.0 (see text). Top
spectrum at 1547 cm-1 is the nAChR/asolectin in1H2O buffer (after
buffer subtraction). The remaining spectra from top to bottom at
1547 cm-1 are nAChR/asolectin in2H2O buffer, pH 7.0, after 3
days at 4°C; nAChR/asolectin after 3 days at pH 7.0, 4°C, followed
by pH 9.0 for 20 h at 22.5°C; nAChR/EPC after 3 days at pH 7.0,
4 °C, followed by pH 9.0 for 20 h at 22.5°C; and nAChR/asolectin
after 3 days at pH 7.0, 4°C, followed by pH 11.0 for 1 h at 95°C
to completely denature the protein.

FIGURE 5: Resolution-enhanced amide I band in FTIR spectra of
the nAChR recorded under conditions of alkaline-enhanced peptide
1H/2H exchange. The nAChR was first incubated for 3 days at 4
°C, in 2H2O buffer at pH 7.0; FTIR spectra were then recorded
over the subsequent 20 h after exposure to2H2O at the designated
pH. Spectra of the nAChR in asolectin (panels A-C) and in EPC
(D) were recorded at (A) pH 7.0, (B) pH 9.0, (C) pH 11.0, and (D)
pH 9.0. Spectra in solid, long dash, and short dash lines,
respectively, were recorded in (A) after 1, 10, and 20 h, in (B)
after 1, 5, and 20 h, in (C) after 1, 3, and 20 h, and in (D) after 1,
3, and 20 h of2H2O buffer exposure.
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I band intensity over the time course of the experiment,
possibly due to subtle effects of alkaline pH on the lipid
bilayer. The substantial downshifts in frequency ofR-helical
amide I component bands upon enhanced peptide1H/2H
exchange are evident regardless of the scaling of the amide
I bands. In contrast, it is difficult to unequivocally assess
the occurrence of subtle downshifts in frequency of the
â-sheet amide I component bands in the 1635-1630 cm-1

region because the detection of broadening near 1630 cm-1

depends on the scaling of the amide I band. In addition,
exposure of the nAChR in EPC membranes to2H2O at pH
9.0, 22.5°C, eventually leads to an increase in intensity near
both 1680 and 1620 cm-1, suggesting a slight amount of
protein denaturation. Difference spectra suggest that any
changes that may occur in the 1635-1630 cm-1 region with
enhanced peptide1H/2H exchange are due to the increased
intensity centered near 1620 cm-1 and thus denaturation of
the nAChR. While we cannot unequivocally state that there
are no exchange-resistantâ-strands, our data suggest that
â-strands represent a very small proportion, if any, of the
exchange-resistant core.

1H/2H exchange spectra recorded from the nAChR in
asolectin at pH 11, where a proportion of the sample is
initially in a denatured state at room temperature, exhibit
pronounced spectral changes suggestive of nAChR denatur-
ation (Figure 5C). The denaturation of the nAChR in
asolectin at pH 11 occurswithouta comparable decrease in
intensity of the protiatedR-helical component band at 1655
cm-1, confirming that the spectral changes are due to
denaturation of the nAChR and suggesting that the exchange-
resistant peptides and thus likely the transmembrane domain
are more resistant to denaturation than the extracellular
domains. The data obtained at pH 11 and to a lesser extent
at pH 9 (nAChR in EPC) also suggest that there is a kinetic
component to the protein denaturation pathway (see46 and
references cited therein).

DISCUSSION

The goal of this work was to probe the secondary structure
of the exchange-resistant core from the nAChR using a novel
combination of FTIR and peptide1H/2H exchange. Our data
show that∼25% of the nAChR peptide hydrogens are
resistant to exchange after 3 days exposure to2H2O at 4°C.
Most of the ∼25% nAChR peptide hydrogens can be
exchanged for deuterium at room temperature under non-
denaturing alkaline conditions. FTIR spectra of the nAChR
recorded under these enhanced exchange conditions exhibit
a downshift in frequency of theR-helical amide I component
band whereas comparable downshifts in frequency ofâ-sheet
component bands are absent. We have interpreted these
spectral changes in terms of the existence of a large
population of exchange-resistantR-helices that likely reside
within the transmembrane domain. In contrast, the lack of
band shifts that can be attributed unequivocally to the
presence of exchange-resistantâ-strands suggests an absence
of transmembraneâ-sheet.

The interpretation of our data in terms of the secondary
structure of the transmembrane domain of the nAChR relies
on two important assertions. First, it is assumed that the
∼25% exchange-resistant coreincludesthose peptide hy-
drogens that reside within the transmembrane domain. This

assumption is based on the fact that the aqueous solvent
accessibility to the hydrophobic environment of the lipid
bilayer is relatively low and thus should retard the1H/2H
exchange rates of the transmembrane peptide hydrogens. The
transient folding/unfolding motions of ordered secondary
structures that are necessary for rapid exchange may be
restricted in transmembrane structures because such motions
would expose the highly polar peptide N-H and CdO
groups to the hydrophobic lipid acyl chains. These transient
motions may be particularly restricted for the nAChR because
relatively static transmembrane structures are likely required
to ensure that the nAChR cation channel remains consistently
closed in the absence of bound agonist.

The solvent inaccessibility of transmembrane peptide
hydrogens in general has been shown experimentally in
several studies of membrane protein hydrogen exchange
kinetics (for a review, see34). A large percentage of
exchange-resistant peptide hydrogens that appears to be
related to the number of peptides found within the hydro-
phobic core of the lipid bilayer has been observed for the
two integral membrane proteins rhodopsin and bacterior-
hodopsin (35-38). An unusually large number of exchange-
resistant peptides have been reported for the multisubunit
photosynthetic reaction center (46). Even the transmembrane
â-barrel pore, porin, exhibits a large number of exchange-
resistant peptide hydrogens (39). For the nAChR, the
roughly ∼25% peptide hydrogens that are resistant to
exchange after 3 days exposure to2H2O at 4°C are estimated
to be accurate within(10% (for details, see ref24). This
value is similar to the 20-25% of peptides predicted by
hydrophobicity plots to exist within the membrane (3, 4) and
the 25-30% of the nAChR found within the lipid bilayer
by both electron microscopy (15) and proteinase K digestion
of the extramembranous portions of the nAChR (21).
Although we cannot attribute the∼25% exchange-resistant
peptides in the nAChR exclusively to the transmembrane
domains, it seems highly likely that the exchange-resistant
core includes those peptides found in the transmembrane
segments M1-M4.

The second major assertion of our experimental approach
is that downshifts in frequency ofR-helix andâ-sheet amide
I component bands upon peptide1H/2H exchange can be
specifically detected in infrared spectra using resolution
enhancement techniques. We have shown previously that
“relatively” large changes in the shape of the amide I band
occur within seconds of exposure of the nAChR to2H2O.
These rapid spectral changes likely arise from the downshifts
in frequency of roughly 30% of the total peptide carbonyls
that are involved in highly solvent-accessible structures such
as random coil and turns (24). In contrast, roughly 70% of
the nAChR peptide hydrogens exchange over the minutes
to hours and days or longer time frame. Since between 60
and 70% of the nAChR peptide hydrogens are involved in
R-helix andâ-sheet secondary structures (47 and references
cited therein), the relatively small changes that occur in the
amide I band over the minutes to days time frame must result
to a large extent from the downshifts in frequency ofR-helix
andâ-sheet amide I component bands upon peptide1H/2H
exchange.

Note that the decrease in intensity near 1655 cm-1 and
broadening of the amide I band near 1630 cm-1 over the
1-12 h time frameafter initial exposure of the nAChR to

14820 Biochemistry, Vol. 37, No. 42, 1998 Méthot and Baenziger



2H2O occur with differing kinetics (24), indicating that these
two spectral changes result from the exchange of peptides
in two distinct types of secondary structures. This assertion
is confirmed by the decrease in intensity near 1655 cm-1

that is observed in the absence of broadening toward 1630
cm-1 under the enhanced exchange conditions reported here.
Infrared bands centered near 1655 and 1635 cm-1 are highly
characteristic ofR-helical andâ-sheet secondary structures
(48). The loss of intensity centered near 1655 cm-1 and the
broadening of the amide I band near 1630 cm-1 are typical
of the spectral changes detected for other proteins upon
exposure to2H2O (40-44) and which have been attributed
to the downshifts in frequency ofR-helix andâ-sheet amide
I component bands, respectively.

To accurately detect these subtle changes in the amide I
band, the spectra must be recorded under highly stable
conditions of temperature, pH, etc. The ATR technique is
particularly advantageous for such measurements because
the nAChR films on the germanium internal reflection
element are relatively stable. A constant temperature in the
ATR cell can easily be maintained. The buffer compartment
surrounding the nAChR is also tightly sealed which limits
any1H/2H exchange between the2H2O solvent and residual
water vapor in the FTIR spectrometer. We also purge the
spectrometer extensively before data acquisition and then
stringently examine the resulting spectra for the presence of
water vapor using the procedure described previously (28).
Even the presence of very weak water vapor bands that are
unobservable in the absorbance spectra can distort the spectra
upon resolution enhancement to a point that uninterpretable
changes in the amide I band upon peptide1H/2H exchange
would be observed (28).

Our data add to an increasingly large body of evidence
which suggests an essentiallyR-helical secondary structure
for the transmembrane segments M1-M4. Evidence in
support of transmembraneR-helical secondary structures
comes from biochemical studies using site-directed mutagen-
esis and photoaffinity labeling experiments (11-14). Spec-
troscopic analyses of both synthetic and proteolytically
generated transmembrane polypeptides are also consistent
with anR-helical secondary structure for M1-M4, although
M1 likely forms a distortedR-helix due to the presence of
proline residues (16, 17, 20).

In contrast, FTIR spectra of nAChR treated with protein-
ase-K to remove the extramembranous domains exhibit bands
at frequencies normally assigned toâ-sheet (21). While these
data are highly suggestive of transmembraneâ-strands,
prolonged proteolytic treatment may lead to detrimental
structural consequences to the transmembrane domains. In
addition, it is not generally possible to completely remove
all the extramembranous peptides from integral membrane
proteins using proteolytic treatment. With affinity-purified
nAChR membranes, we have been unable to reproduce the
extensive proteolysis reported by Go¨rne-Tschelnokow et al.
(1994) even under harsh proteolytic conditions (Me´thot and
Baenziger, unpublished observations). The reported second-
ary structures may therefore not pertain exclusively to the
transmembrane segments.

While the hydrogen/deuterium exchange approach used
here cannot provide a quantitative assessment of the second-
ary structural content of integral membrane protein trans-
membrane domains in general, all experiments were per-

formed on intact nAChR, and thus the analysis does not
suffer from the potentially harmful structural effects of
proteolytic degradation. Given the importance of structural
analyses of the transmembrane domains of integral mem-
brane proteins in general, this FTIR and hydrogen/deuterium
approach provides a complementary method for probing the
secondary structures of membrane protein transmembrane
domains.

Finally, an interesting feature of this work is the obervation
that the membrane environment affects both the hydrogen
exchange kinetics and the stability of the nAChR under
alkaline conditions. The ability of altered membrane physical
properties to modulate the internal dynamics of the nAChR
could provide a mechanism whereby lipids modulate mem-
brane protein function.
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