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Desensitization of the Nicotinic Acetylcholine Receptor Mainly Involves a
Structural Change in Solvent-Accessible Regions of the Polypeptide Backbone
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ABSTRACT. The difference between infrared spectra of the nicotinic acetylcholine receptor (hRAChR) recorded
using the attenuated total reflectance technique in the presence and absence of carbamylcholine exhibits
a complex pattern of positive and negative bands that provides a spectral map of the structural changes
that occur in the nAChR upon agonist binding and subsequent desensitization. Two relatively intense
bands are observed in the amide | region of the difference spectra recoréidgOrbuffer near 1655

cm~t and 1620 cm! that were previously interpreted in terms of either a net conversigiiaifeet to

o-helix or a reorientation of transmembraaehelix accompanied by a change in structureSegheet

and/or turn [Baenziger, J. E., Miller, K. W., & Rothschild, K. J. (198pchemistry 325448-5454].
However, difference spectra recordecPiO buffer reveal that these and other difference bands in the
amide | region undergo downshifts in frequency upon pepiittéH exchange that are much larger than

the downshifts in frequency that are typically observed for the amide | vibrations of eithetix or

p-sheet. Difference spectra recordecttityO buffer within either minutes or hours of prior exposure of

the nAChR to?H,0 exhibit the same amide | difference band shifts that are observed in difference spectra
recorded after 3 days prior exposure of the nAChRHgO. Most of the peptides that are involved in

both ligand binding and the resting to desensitized conformational change and that give rise to bands in
the difference spectra therefore exchange their hydrogens for deuterium on the seconds to minutes time
scale. The frequencies of the difference bands, the magnitudes of the difference band shifts upon peptide
1H/2H exchange, and the rapidity of the hydrogen deuterium exchange kinetics of those structures that
give rise to amide | bands in the difference spectra all suggest that the formation of a channel-inactive
desensitized state results predominantly from a conformational change in solvent-accessible extramem-
branous regions of the polypeptide backbone as opposed to a large structural perturbation near the ion
channel gate. A conformational change in the agonist binding site may be primarily responsible for channel
inactivation upon desensitization.

The nicotinic acetylcholine receptor (nACHRjrom channel-inactive desensitized (D) state [see Galzi et al.
Torpedo is the most intensively studied member of a (1991b), Lester (1992), and Karlin (1993)].
homologous superfamily of ligand-gated ion channels that The structural changes that occur upon the binding of
are found both at the neuromuscular junction and in the brain. acetylcholine and other cholinergic agonists, such as car-
The nAChR is a large integral membrane protein composed bamylcholine (Carb), to the resting (R) state of the nAChR
of five subunits ¢,Byd) arranged pseudo-symmetrically have been investigated using a variety of physical and
about a central pore that functions as a cation-selective ionbiochemical methods. Although detailed models of the
channel. Each subunit has 4 hydrophobic stretches(M1 Mechanisms of both channel gating and desensitization have
M4) of roughly 25 amino acid residues that may form 4 Yet to emerge, electron microscopic images of t_he nACIhR
transmembrane-helices (Blanton & Cohen, 1992, 1994; trapped in a channel open conformation by rapid freezing
Baenziger & Mehot, 1995), although transmembrahstrands sugggst a slight t||t|ng and twisting of the M2 transm_embrane
are possible (Unwin, 1993; Gue-Tschelnokow et al., 1994). %-Qerl:gﬁfo?rcacnosﬂi)t?grlegir?()j/ir?;bgi?eﬂ(rlljﬁwirr?l ?;%rg"onagriar
The M2 transmembrane segment from each subgnlt Imeg thesubstantial displacements in the structures of both domains
1on ch_a_nnel pore and perf_orms a C_entral role in bOth 10N have been detected upon desensitization (Unwin, 1995). The
selectivity and channel gating. The ion channel transiently |ayer are consistent with the variable reactivities of both the
gates open in response to the binding of two molecules of heyrotransmitter binding site and the pore lining M2 amino
the neurotransmitter, acetylcholine. Prolonged exposure toacid side chains to photoactivatable probes in the R and D
acetylcholine converts the nAChR into a high-affinity states (White & Cohen, 1988; White et al., 1991; Galzi et

al., 1991a). In contrast, circular dichroism, FTIR, Raman
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phatidylcholine; FTIR, Fourier transform infrared; R, resting. activatable probes is also essentially unchanged upon the
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binding of Carb and subsequent desensitization (Blanton & *H/?H Exchange Difference SpectroscopR—D differ-
Cohen, 1994). ence spectra were recorded as outlined above, bt 0
FTIR differencespectroscopy was recently developed as buffer after betwee 2 h and 3 days (the latter at@) prior
a tool for probing structural changes that occur upon the €xposure of the NnAChR &1;0. To record R-D difference
binding of Carb to the nAChR (Baenziger et al., 1992, 1993). Spectra after brief periods 6H,O exposure, films of the
FTIR spectra are repetitively recorded while alternately NAChR were deposited on the surface of an ATR crystal
flowing buffer either with or without Carb past an nAChR  from *H20 and were then exposed to flowifigzO buffer.
film deposited on the surface of a germanium internal After either 5 or 15 min ir’H;0, spectra of either 128 or
reflection element. After extensive signal averaging, the 256 scans were recorded of the R and D states, respectively.
difference between spectra of the nAChR recorded in the R The nAChR film was then washed witH,0 buffer for
and D states (referred to as the-R difference spectrum) either 23 or 60 min, respectively, in order to remove the
exhibits a Comp|ex7 but h|gh|y reproducib|e pattern of Carb from the nAChR membrane film and baCk-eXChange
positive and negative bands that provides a “spectral map”the peptides to a protiated form. THe/’H exchange was
of the structural changes that occur in the nAChR upon ligand then reinitiated and the data acquisition protocol repeated
binding and subsequent desensitization. The vibrational Several times. Note that the nAChR was reexposeti;o
bands in this spectral map reflect changes in the structurefor at least twice the length of time of initial exposure to
and/or environments surrounding individual amino acid side “H20. Complete back-exchange of the peptides to the
chains as well as alterations in the conformation and/or Protiated form was assessed by recordingRdifference
orientation of the polypeptide backbone. spectra in'H.0 after the'H,O wash.
In order to gain further insight into the nature of the FTIR Spectra of "Model Proteins’. FTIR spectra of

; ; - myoglobin, lysozyme, and trypsinogen (Sigma, St. Louis,
fﬁ;nggiulrn Jgsncgrel?errrrs?ttif;[ig; trﬁepﬁg/%engggrg :é:égone MO) were recorded in a dehydrated state as well as in both

1 - . : ;
difference spectra ifH,O as a function of the time of prior H.0 af‘d _HZO ata _resolut|on of 2 cnt using conventional
exposure of the nAChR #,0. Surprisingly, the majority transmission technl_ques and an MCT detecftor. Dehydrated
of the difference bands in the amide | region of the-B f|llms of eac_h proteln.vyere prepared by drying an aqueous
difference spectra undergo relatively large downshifts in ( HZO.) solution containing between 200 and 3@91‘ gach
frequency within minutes of exposure of the nAChRHRO, Eroteln 02 a Capwindow. Spectra of each protein n both
consistent with their assignment to a structural perturbation TZO 3“;' ';'20 we(r:e l:_:\a,_co(;ded from l(—)t20 dnl;g/ m_It_hsoléjtlons
upon desensitization of solvent-accessible secondary strycP1aced between Lamwindows separated by eithe & or a
tures and/or amino acid side chain vibrations. Both the S0um Teflon spacer, respectively. The latter were recorded

vibrational frequencies and the rapid exchange kinetics of as a function of time e}fter the addition &0 to a er
the affected structures suggest that the formation of apowder of each protein. Spectra of the 2nAChR in the
channel-inactive desensitized state may result predominantlydehydrated statg as \{ve!l as in b0 and HZ.O buffer
from structural changes in extramembranous regions of the Vere _recorded in a_5|m|I_ar manner except using the ATR
polypeptide backbone as opposed to a large structuralte(fhn'que as described in detail previously (Baenziger &
perturbation near the ion channel gate. A conformational Meéthot, 1995).

change in the agonist binding pocket may be responsible forResuLTS

channel inactivation upon desensitization. i ) ,
R—D Difference Spectra iaH,O and?H,0. The differ-
MATERIALS AND METHODS ence between FTIR spectra recordeéHpO in the presence
and absence of Carb from the nAChR reconstituted into EPC/
FTIR Difference Spectroscopy=TIR difference spectra  DOPA/Chol exhibits a number of positive and negative bands
were recorded as described previously using the attenuatedn both the amide | (16061700 cn; predominantly peptide
total reflectance (ATR) technique on a Digilab FTS 40 C=O stretch) and amide Il (15201580 cnt?; predominantly
spectrometer equipped with a DTGS detector (Baenziger etpeptide N-H bend) regions that likely reflect changes in
al., 1993; Ryan et al., 1996). Briefly, affinity-purified the structure of the polypeptide backbone upon desensitiza-
NAChR reconstituted into membranes composed of eithertion (Figure 1A, trace a). The predominant features in these
egg phosphatidylcholine (EPC)/dioleoylphosphatidic acid two spectral regions are two relatively intense positive bands
(DOPA)/cholesterol (Chol) (molar ratio of 3:1:1) or simply near 1655 cm! and 1544 cm! as well as a relatively intense
EPC was deposited on the surface of a germanium internalnegative band near 1620 cftn The frequencies of the two
reflection crystal. Two spectra (512 scans each) of the R positive bands are characteristicoohelix whereas the latter
state were recorded while flowing buffer (250 mM NacCl, 5 is characteristic of-sheet. A previous study suggested the
mM KCI, 2 mM MgCl,, 3 mM CaC}, and 5 mM NaHPQ,, possible interpretation of these three bands in terms of a net
pH 7.0) continuously past the surface of the nAChR film. conversion of3-sheet tox-helix upon desensitization (Baen-
The flowing buffer was then switched to one containing 50 ziger et al., 1993). As the nAChR films exhibit a net
uM Carb. After 1 min, a third spectrum was recorded of orientation parallel to the plane of the ATR crystal, a net
the D state. The differences between the two R state spectrahange in the orientation of transmembrankelices coupled
(control, not shown) and between the R and D state spectrawith a perturbation in the structure gisheet and/or turns
were calculated and stored, and the flowing solution was (positive and negative bands in the 166700 cn1* region)
switched back to buffer without agonist. The entire process is also possible. However, an unequivocal assignment of
was repeated many times, and the successive differencahese and other bands in the amide | region to a structural
spectra were averaged. All difference spectra were recordedperturbation of peptides that exist in specific types of
at a resolution of 8 crrt but were interpolated for presenta- secondary structures is difficult, especially with spectra
tion to a resolution of 4 cnt. recorded intH,O buffer. InH,0, the amide | vibrations of
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s 1944 Table 1: Frequencies, Exchange Kinetics, and Tentative
: Assignments of Bands in the Amide | and Amide Il Regions of the
R—D Difference Spectra Recorded ir,0 and?H,0 Buffer

© frequency (cm?) exchange

2 1H,0 2H,0 intensity  kinetics band assignment
p : 1991 1678 + fase turn

S etz ‘ 1676 ND + NDP B-sheet or other
2 onal 1aad 1530l 1668 1660 - fast turn

< 1655 1642 + fast random

- 1638 1626 - fast turn

= 1632 1636 + ND p-sheet

o 1620 1585 - fast nonpeptide

2 1580 1530 - fast nonpeptide

g 1544 1460 + fast amide Il

O

2 Peptide or side chaifH/?H exchange complete within 7 min of
el exposure to?H,O. " Not determined: no definitive downshift in
Tore) | frequency is observed after 3 days exposurk®. Either the peptide
hydrogens responsible for the bands do not exchange their peptide
» hydrogens over this time frame or the resulting downshifts in frequency
Wavenumber (cm ) are not detected.

1800 1700 1600 1500 1400 1300

Ficure 1: R—D difference spectra recorded from the nAChR

reconstituted in membranes composed of (panel A) EPC/DOPA/ frequency of less than 5 cthupon peptidéH/2H exchange

Chol (molar ratio of 3:1:1) and (panel B) EPC. In each case, the . .
R—D difference spectra were recorded in eithdsO (trace a) or [see below and Susi et al. (1967) and Goormaghtigh et al.

2H,0 buffer after 3 days prior exposure of the NAChR2k0 (1994)]. These results all support the assignment of the
(trace b). Figure 1A, trace a is the average of 57 differences; Figureintense 1655 crt band in'H,O to a structural perturbation
1A, trace b the average of 10 differences; Figure 1B, trace a the of solvent-accessible peptides in “random coil” conforma-
average of 26 differences; and Figure 1B, trace b the average ofijong ypon desensitization as opposed to a change in structure
10 differences. . - .

and/or orientation of the transmembraméelix.

“random coil” absorb near 1655 cthand overlap with those The 1706-1655 cn* Spectral Region.The positive and
bands normally assigned to polypeptides in @ielical negative bands near 1691 and 1668 tmespectively, in
conformation (Jackson & Mantsch, 1995). Several amino the'Hz20 R—D difference spectra recorded from the nAChR
acid side chains also absorb in the 15700 cntregion.  in EPC/DOPA/Chol shift down in frequency to near 1678
To help clarify the band assignments and thus probe the@nd 1660 cm*, respectively, irfH.O. The assigned shift
potential involvement of the transmembrane domains in in Negative intensity from near 1668 ctin *H,O down to-
desensitization, the downshifts in frequency of bands in the Néar 1660 cm" in ?H.0 is consistent with the increase in
amide 1 and Il regions were monitored infD difference negative intensity of both bands in the respective spectra
spectra recorded itH,O buffer after prior exposure of the recorded from the nAChR in EPC membranes. The down-
nAChR to2H,0 for 3 days at 2C (Figure 1A, trace b). The  shifted 1691 cm* band likely overlaps in théH,O R—D
band shifts were compared to the downshifts in the frequen- difference spectrum with the weak positive band near 1676
cies of amide | component bands that are detected inCM * (the latter is only observed as a distinct banéHpO),
absorbance spectra of the nAChR and several other “model’'eading to the increased intensity near 1678 tmThis
proteins upon exposure 1,0 (see below). Difference assignment suggests that the vibrational frequency of the
spectra were also recorded in both,0 and?H,0 buffer ~ weak 1676 cm' band (H:0) is not affected by 3 days
from the NAChR reconstituted into EPC membranes lacking exposure of the nAChR teH,0 at 4°C. Alternately, the
DOPA and Chol (Figure 1B, traces a and b) to help clarify Weak 1676 cml band either could shift down in frequency
the frequencies of some of the amide | difference band shiftsto 1605 cnt* in ?H,0 or could represent the edge of a
(summarized in Table 1). relatively broad 1655 cmt band {H,0) superimposed upon
The 1655 cm* Band The relatively intense positive band @ sharp negative band near 1668 ¢m
near 1655 cm! in the 'H,O R—D difference spectra that Bands in the 16681700 cn1! region have been attributed
was previously attributed to a possible alteration in the to the amide | vibrations of a variety of secondary structures
structure of peptides in aa-helical conformation clearly  including turnsj-sheet, and 3 helices (Jackson & Mantsch,
shifts down in frequency to near 1642 chin ?H,0. This 1995) as well as to the side chain vibrations of Asn, Glin,
unexpected band shift is consistent with the lack of intensity and Arg (Chirgadze et al., 1975; Venyaminov & Kalnin,
near either 1655 cm or 1642 cnt in the R—D difference 1990). The frequency shifts of the bands from near 1691
spectra recorded from the nAChR in EPC membranes in and 1668 cm! in *H,O down to near 1678 and 1660 cin
H,0 and?H,0, respectively, and is highly characteristic of in 2H,O, respectively, are smaller than those reported for
the downshift in frequency of amide | vibrations that have either Asn/GIn (25-30 cnt?) or Arg (~60 cnt?), but are
been observed for polypeptides in random coil conformations relatively large for the amide | vibrations of polypeptides in
(Jackson & Mantsch, 1995). The downshift in frequency ordered secondary structures, suchoaselix andj-sheet.
also correlates with the observed shift in frequency of amide In contrast, relatively large changes are observed in the
| band intensity from near 1655 crhdown to near 1640  shapes of the amide | bands, particularly in the 265000
cm! in absorbance spectra recorded wittiacondsof cm ! region, within minutes exposure of the nAChR and
exposure of the nAChR 1,0 (Baenziger & Méhot, 1995). several other proteins #1,0. The rapid and relatively large
In contrast, ordered secondary structures suchlaslix and changes in amide | band shape suggest that highly solvent-
fB-sheet typically undergo relatively minor downshifts in accessible peptides (likely turn and/or random coil conforma-
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tions) undergo relatively large downshifts in frequency upon
peptide'H/?H exchange (see below and Discussion). The 00001
two bands near 1691 crh and 1668 cm! in H,O are
therefore tentatively assignedgolvent-accessibléurn-like
structures.

A peptide *H/?H exchange-insensitive band near 1676
cm could reflect eithep-sheet or another type of exchange-
resistant secondary structure. Alternately, the possible shift
in frequency of the band down to near 1605 ¢érn °H,O
would be consistent with the vibrations of Arg. The band
could also reflect an extension of the 1655 érband that
shifts down in frequency to near 1642 chand would thus
be due to peptides in random conformations.

The 1656-1500 cmi' Spectral Region.The relatively
intense positive band near 1550 ¢nin *H,O appears to
shift down in frequency to near 1460 cfnin 2H,O. Both . s
frequencies are highly characteristic of amide Il vibrations 1800 1750 1700 1650 1600 1550 1500
(Baenziger & Mé¢hot, 1995). The negative band near 1577 Wavenumber (cm™)

_1 . - . .
cm' ", that is partially obscured ifH,O by the overlapping Ficure 2: R—D difference spectra recorded from the nAChR

positive zalmidtza Il vibration, appears to_ shift down to near reconstituted in membranes composed of EPC/DOPA/Chol at a
1530 cm* in *H,O whereas the negative band near 1620 molar ratio of 3:1:1 in eithetH,O buffer (trace a) ofH,O buffer

cmt in H,0, that was previously attributed t6-sheet after trace b, 2 h; trace ¢, 2.5 h; trace d, 3 h; trace e, 4 h; trace f,
(Baenziger et al., 1993), appears to shift down to a frequency-5 h; and trace g, 3 days prior exposure of the NnAChRHO.
near 1585 cmt in 2H,0. The frequencies of the latter two Each trace from b to f represents one difference spectrum.
bands in?H,O are both too low for amide | vibrations,
suggesting their assignment to the vibrations of amino acid

S 1681
1668

—1655

1620

1580

154 4]

Change in Absorbance

' 1 1 |
] © © o
© o~ © o
© ) n 0

1678
1642

difference spectra due to the shift in amide Il band intensity
from near 1550 cmt down to near 1460 cm with peptide

side chains. L

The weak negative band near 1638 ¢rappears to shift H/*H exchange.
down to near 1626 cr in 2H,0, whereas the overlapping R—D difference spectra recorded within minutes of
positive band near 1632 cthin H,0O appears to be €xposure of the nAChR t&H,0O (Figure 3A, trace a) also
insensitive t?H,O. The overlap of these two bandst#,O exhibit features similar to those observed in the-R

coupled with the lack of overlap #H,0 could be the cause ~ difference spectra recorded after 3 days %0, but
of the apparent increase in intensity of both bands upon Superimposed upon a more intense, broad background that
peptide’H/?H exchange. The weak band near 1632°tm  reflects the typical changes in both the amide | and amide II
in 1H,0 that appears unaffected by deuteration is tentatively Pands that occur as a result of general peptitéH
assigned tqﬁ-sheet, but other assignments are possib|e_ The eXChange over the time course of the difference measure-
frequency and relatively large shift in frequency of the 1638 ments [see Baenziger and"Met (1995) and Mehot et al.
cmt band in*H,O down to near 1626 cm in 2H,0 suggest ~ (1995)]. Roughly 20% of the nAChR peptide hydrogens
the tentative assignment of the band to some type of solvent-€xchange betwee5 s and 30 min exposure of the nAChR
accessible secondary structure, such as turns. to ?°H.O (Baenziger & Méhot, 1995). After subtraction of
1H/?H Exchange Kinetics of the Amide | Difference Bands. the spectral features reflecting general peptiéH ex-
The relatively large downshifts in the frequencies of many change (Figure 3B, traces b and d), it is evident that the
of the difference bands in the amide | region of the-R R—D difference spectra recorded after either 7 or 20 min
difference spectra recordedaH,0 suggest that the peptides  Prior exposure of the nAChR t#H;0 are both similar to
that give rise to these bands exist in solvent-accessible turnthose recorded after 3 days prior exposurétigd. The
and random conformations as opposed to orderdtklix peptides and/or side chains that give rise to thi#H
and 8-sheet. The solvent accessibilities of these peptides€Xchange-sensitive bands in the amide | region of thedR
were examined directly by recordingFD difference spectra  difference spectra therefore have completely exchanged their
as a function of the time of prior exposure of the nAChR to 1abile hydrogens for deuterium within 7 min of exposure to
2H,0. R—D difference spectra recorded after between 2 and °H,0. The rapid exchange kinetics of the affected structures
5 h prior exposure of the NnAChR 1,0 are presented in confirm their high accessibility to solvent and are consistent
Figure 2. In Support of the amide | band assignmentS, the with the aSSignment of the majority of the bands in the amide
band shifts observed from near 1691, 1668, 1655, 1638,| region to a structural perturbation of either solvent-
1620, and 1577 cm in 'H,O down to near 1678, 1660, accessible turn and random structures or amino acid side
1642, 1626, 1585, and 1530 cin respectively, in R-D chain vibrations (Table 1). Note that control difference
difference spectra recorded after 3 days prior exposure toSPectra recorded after 7 min prior exposurenelhungaro-
2H,0 are clearly evident in difference spectra recorded at to_xin-treated NAChR téH,0 exhibit a flat line as shown in
all imes after between 2 drb h ofpeptide'H/2H exchange. ~ Figure 3B, trace c.
The labile hydrogens of most of the peptides and/or amino  FTIR Spectra of “Model” Proteins intH,O and ?H,0.
acid side chains that give rise to bands in the amide | and Il The downshifts in frequency of several bands in the amide
regions of the R-D difference spectra therefore have | region of the R-D difference spectra upon exposure of
completely exchanged for deuterium witt h ofexposure the nAChR to?H,O are smaller than the downshifts in
of the nAChR to?H,O. Note that subtle negative variations frequency of the amino acid side chain vibrations that
in intensity are observed near 1550 ¢nin some of the typically absorb in the 16001700 cn1?! region, but are
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Ficure 4: FTIR spectra of (A) myoglobin, (B) lysozyme, (C)
Ficure 3: R—D difference spectra recorded from the nAChR trypsinogen, and (D) the nAChR recorded in the dehydrated state
reconstituted into membranes composed of EPC/DOPA/Chol after (short dashed lines}H:O (long dashk-dot lines), ancH,O (solid
various times prior exposure #i,0 buffer. Panel A: Difference lines) after, from left to right, roughly 1, 15, 40, 80, 160, anti500
spectra are shown for traces a, NAChR reconstituted in EPC/DOPA/min prior exposure of each protein#d,0. Spectra of myoglobin,
Chol membranes; and traces b, nAChR reconstituted in EPC/DOPC/lysozyme, and trypsinogen were recorded using the transmission
Chol membranes, but pretreated with the essentially irreversible technigue whereas the spectra of the nAChR were recorded using
competitive inhibitoro-bungarotoxin (control difference spectrum).  ATR spectroscopy [see Baenziger andtiva (1995)].

For both traces a and b, the solid line represents the difference . . . .
between spectra recorded in the presence and absence of Carfegion) or-sheet (16261640 cn1* region) conformations
whereas the dashed line represents the difference between twaappear to be relatively insensitive to the exposure of the

spectra both recorded in the absence of Carb. The dashed linecorresponding protein 1,0 over the minutes to hours time

difference spectra reflect those spectral changes that occur asaresugca|e where ordered secondary structures are expected to
of the downshift in frequencies of amide | component bands upon h heir labil for d ; N h
general peptidéH/2H exchange. The spectra were recorded after €XChange their labile protons for deuterium. Note that

roughly 7 min prior exposure of the nAChR #i,0. Panel B: substantial exchange of peptide hydrogens for deuterium
R—D difference spectra recorded in trace'ld;O; trace b,H,0 occurs for each protein over this time frame as indicated by

after 7 min prior exposure ##1,0; trace c’H,0 after 7 min prior 3 decrease in the intensity of the amide Il band centered near

exposure tdH,0 from nAChR membranes pretreated wittbun- 1 ;
garotoxin (control difference spectrum); traceéld,O after 20 min 1550 cn1? (not shown). Resolution enhancement of the

prior exposure t?H,0; and trace eZH,O after 3 days prior ~ SPectra of myoglobin and lysozyme confirms that the
exposure to?H,O. Traces b-d are double difference spectra Vibrations ofa-helical structures between 1650 and 1660
generated by subtracting the general pepfit®H exchange cmt in H,O undergo a relatively small downshift in

background (dashed lines in panel A) from the difference spectra frequency of less than 5 cthupon exposure t8H.0 [see
which exhibit the R~D differences superimposed on the peptide d . : . .
1H/2H exchange background (solid lines in panel A). Traces b, c, also Susi et al. (1_967)]' The vibrations of peptlde§ .|n a
and d are the average of 16, 9, and 7 differences respectively. /S-sheet conformation appear to be even less sensitive to

°H,0, as is illustrated by the minor changes in fheheet

larger than the downshifts in frequency of amide | bands region of the absorption spectra of both lysozyme and
typically assigned to polypeptides m-helix and 3-sheet trypsinogen with peptidéH/’H exchange.
conformations. We examined in more detail the downshifts  In contrast, relatively large changes in the shapes of the
in frequency of amide | bands upon peptit?H exchange amide | bands, particularly in the 165@700 cni? region,
by recording absorbance spectra of a predominantiglical are observed upon initial exposure (i.e. within roughly 1 min)
protein, myoglobin, a predominantBrsheet protein, trypsi-  of each protein to?H,O. The rapid and relatively large
nogen, and two mixedv/ proteins, lysozyme and the changes in amide | band shape suggest that highly solvent-
nNAChR, in a dehydrated state,id,O buffer, and at different  accessible peptides that likely exist in turn and/or random
times after exposure of each proteir?td,O buffer (Figure coil conformations undergo relatively large downshifts in
4). For each protein, the amide | contour is the summation frequency upon peptidéd/?H exchange. In agreement, the
of several underlying component bands whose frequenciesspectral changes in the amide | band contour upon initial
reflect the different conformations of the polypeptide back- exposure t¢H,O are more dramatic for lysozyme, trypsi-
bone. These individual amide | component bands are betternogen, and the nAChR which have a much larger percentage
visualized upon resolution enhancement of the spectra (notof peptides in nonordered secondary structures than does
shown). Resolution enhancement shows that the frequenciesnyoglobin. Furthermore, the relatively large downshift in
and relative intensities of the individual amide | component amide | band intensity from near 1655 chdown to near
bands differ for all four proteins according to their respective 1640 cn1? that is observed within minutes of exposure of
secondary structural features (Byler & Susi, 1986; Goorma- the nAChR tc?H,0 (Figure 4A) has previously been shown
ghtigh et al., 1990). However, all four proteins exhibit two to occur within secondsof exposure, consistent with the
common characteristics regarding the spectral changes thaexpected peptide'H/?H exchange kinetics for solvent-
occur in the amide | contour upon exposurethO. exposed polypeptides (Baenziger & Wet, 1995). In

The first notable feature is that the amide | peak maxima summary, these observations suggest that peptides involved
corresponding to peptides in eitheihelix (1650-1660 cmt in solvent-accessible turn and “random” secondary structures
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undergo relatively large downshifts in frequency upon a conformational change in the polypeptide backbone upon
exposure t6H,O whereas the vibrational frequencies of those desensitization undergo relatively large downshifts in fre-
peptides involved in ordered less solvent-accessible secondquency of at least 8 cm upon peptidéH/?H exchange. In
ary structures are relatively insensitive to peptid?H general, the frequencies of peptides in ordered secondary
exchange. structures are relatively insensitive 36,0, possibly as a
result of different couplings between groups linked across

DISCUSSION intermolecular peptide hydrogen bonds in the protiated and

The goal of the present work was to examine the nature deuterated states (Susi et al., 1967). As shown here for
of the changes in structure of the polypeptide backbone thatmyoglobin, lysozyme, and trypsinogen, the amide | frequen-
occur upon desensitization of the nAChR with a particular cies of a-helical peptides in globular proteins typically
focus on determining whether any of the bands in the amide undergo downshifts in frequency of less than 5 ¢mpon
| region of the R-D difference spectrum reflect and thus peptide'H/?H exchange. The amide | frequencies of peptides
provide insight into possible changes in the structure and/or in 8-sheet conformations are even less sensiti@®. In
orientation of either transmembranehelix or 3-sheet. Note  contrast, the amide | bands of solvent-accessible secondary
that FTIR difference spectroscopy has provided detailed structures appear to undergo much larger downshifts in
insight into the structural changes that occur upon the frequency as illustrated by the relatively dramatic changes
absorption of light by light-activated proteins, such as in the shape of the amide | band contours of myoglobin,
bacteriorhodopsin and the photosynthetic reaction centerlysozyme, trypsinogen, and the nAChR upon initial exposure
(Braiman & Rothschild, 1988; Rothschild, 1992). Similarly, of each protein t¢H,O. Although these correlations are
the positive and negative bands observed in the differencenot definitive, they suggest that the majority of the bands in
between FTIR spectra of the nAChR recorded in the presencethe amide | region of the RD difference spectrum reflect
and absence of Carb should reflect the structural changesa structural perturbation upon desensitization of solvent-
induced in the nAChR upon the binding of Carb. The accessible secondary structures, such as turns and random
specificity of the difference bands to Carb-induced structural coil (or in some cases amino acid side chains), as opposed
changes in the nAChR has been demonstrated by the absend® a structural perturbation of ordered secondary structures,
of bands in control difference spectra recorded from nAChR such asu-helix andj-sheet.
films pretreated with the essentially irreversible competitive  (2) The intense positive band near 1655 ¢in the R—D
antagonist-bungarotoxin (Baenziger et al., 1993) and by difference spectra recorded fif,O, that was previously
the increasing intensities of bands in difference spectra attributed to a possible change in orientation of transmem-
recorded from nAChR samples with increasing levels of branea-helix, shifts down to a frequency near 1642 ¢m
purity (Ryan et al., 1996). Fluorescence spectroscopy hasin ?H,O. This downshift in frequency is highly characteristic
also shown that nAChR films similar to those used in the of the amide | band shifts observed for peptides in random
ATR difference measurements undergo the resting to de-coil conformations (Jackson & Mantsch, 1995) and correlates
sensitized affinity state transition under parallel experimental with the downshift in frequency of amide | band intensity
conditions (Baenziger et al., 1992). Based on these controlthat is observed in absorbance spectra recorded within
experiments, it can be concluded that the complex patternsecondsof exposure of the nAChR t&8H,0 (Baenziger &
of positive and negative bands in the-® difference spectra  Méthot, 1995; see also Figure 4). In contrast, the frequency
reflects the structural changes that occur upon the bindingof an amide | difference band that has been attributed to a
of Carb to and subsequent desensitization of the nAChR. structural perturbation of transmembrandaelix during the

A previous analysis of the RD difference spectra  bacteriorhodopsin photocycle is insensitive to prolonged
recorded intH,O had suggested the possible assignment of exposure to?H,O, consistent with the exchange-resistant
the two relatively intense amide | bands near 1655 and 1620nature of the transmembrane-helices of this integral
cm! to either a net change in structure frgbrsheet to membrane protein (Rothschild et al., 1993). The large
o-helix or a change in orientation of the transmembrane downshift in frequency of the 1655 crhdifference band
o-helix with a concomitant change in the structure of the upon exposure of the nAChR 1,0 strongly suggests the
B-sheet and/or turns (Baenziger et al., 1993). The possibleassignment of the band to a structural perturbation of peptides
assignment of the 1655 crhdifference band to a net change in solvent-accessible random conformations.
in orientation of transmembrane-helices is significant (3) No clear bands are observed in the 163655 cm'!
because transmembranéhelices form the ion channel pore region of the?H,O R—D difference spectra that can be
and perform a central role in both channel selectivity. A attributed to a structural perturbation of transmembrane
slight tilting and twisting of the M2 transmembranehelices o-helix. The nAChR exhibits a core of exchange-resistant
is responsible for channel gating (Unwin, 1995). A structural a-helical peptides that give rise to an amide | band centered
perturbation of the pore-lining transmembraaehelices near 1655 cmt in absorbance spectra recorded after 3 days
could also play a role in the inactivation of the ion channel exposure of the nAChR 1,0 (Baenziger & M¢hot, 1995).
gate upon desensitization. However, the data presented heré net change in either the orientation or the structure of
suggest an alternate interpretation of these and other bandsransmembrane-helices that are resistant to peptit&?H
in the amide | region of the RD difference spectrum and exchange should give rise to a band in theR difference
indicate that desensitization may result predominantly from spectrum near 1655 crhin both'H,0 and?H,0 buffer (Susi
a structural perturbation of solvent-accessible extramembra-et al., 1967; Surewicz et al., 1993; Jackson & Mantsch, 1995;
nous regions of the polypeptide backbone as opposed to aBaenziger & Mehot, 1995). Alternately, a net change in
large structural perturbation near the ion channel gate. Thisorientation or structure of transmembrane channel pore-lining
conclusion is based upon the following observations. segments that might be more accessible to solvent and that

(1) The majority of the positive and negative bands in the might exchange during prolonged exposuretigO (how-
amide | region of the R-D difference spectrum that reflect ever, see below) should give rise to a difference band near
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1655 cn1? in *H,0O that shifts down to near 1650 cfin experimentally (Unwin, 1993; Gae-Tschelnokow, 1994)
2H,0 upon peptidéH/?H exchange. The lack of intensity  within the lipid bilayer. The exchange-resistant peptides in
between 1650 cnt and 1660 cm' in the R—D difference the NAChR have been tentatively assigned to polypeptides
spectra recorded ifH,O suggests that there are no large in the lipid bilayer based on the expected resistance of such
net structural perturbations of transmembramelical structures to peptidiH/’H exchange and the strong correla-
secondary structures upon desensitization, regardless ofion observed for other integral membrane proteins of known
whether or not the transmembrane structures are resistant tatructure between the number of exchange-resistant polypep-
peptideH/’H exchange. tides and the proportion of polypeptides within the lipid

Note that Ludlum et al. (1995) recently showed that the bilayer, as noted above.
ATR technique is sufficiently sensitive to detect a change  Based upon both the expected resistance of the transmem-
in amide | band intensity arising from a structural reorienta- brane segments to peptidld/’H exchange and the experi-
tion of asingleamino acid residue located in a transmem- mentally observed existence of an exchange-resistant core
branea-helix. The ATR FTIR difference technique should in the nAChR, one would not expect any of the amide | bands
thus be sufficiently sensitive to detect any net change in the in the R—D difference spectra that reflect a net change in
orientation of transmembrane-helical structures upon  structure and/or orientation of transmembrane peptides to
desensitization of the nAChR. undergo a downshift in frequency (i.e., no peptith?H

(4) Most of the downshifts in frequency of amide | €xchange) after 3 days exposure of the NAChRHD, let
vibrations, including the downshift in frequency of the 1655 alone within either minutes or hours of exposure. Even the
cm! band, that are observed in difference spectra recordedPeptide hydrogens involved in the pore-lining transmembrane
in 2H,0 are evident within 7 min prior exposure, indicating @-helices are likely to be resistant to exchange as the transient
that the majority of the polypeptides that are involved in folding/unfolding motions necessary for rapid exchange are
both ligand binding and the-RD conformational change likely incompatible with the maintenance of a consistently
and that give rise to bands in the amide | region of thelR closed ion channel in the absence of cholinergic agonists.
difference spectra exchange their labile hydrogens for The rapidity of the amide | difference band shifts within
deuterium on the seconds to minutes time scale. The rapidminutes of exposure of the nAChRd,0 strongly suggests
exchange kinetics confirm the high accessibility of most of that the majority of the changes in the conformation of the
the affected structures to bulk aqueous solvent and thus placéolypeptide backbone upon desensitization detected by FTIR
restrictions on the possible locations of those regions of the difference spectroscopy involve solvent-accessible extramem-
polypeptide backbone that are affected by desensitization.branous structures as opposed to those found within the

Model peptides hydrogen bonded with bulk solvent Nydrophobic environment of the lipid bilayer.
exchange within seconds of exposure 4d4,0. Those In conclusion, our results suggest that the formation of
involved in ordered secondary structures exchange on a timethe channel-inactive desensitized state results predominantly
scale from minutes to days or longer depending on their from a structural perturbation of extramembranous regions
accessibility to solvent and the rates and amplitudes of local of the nAChR as opposed to a large structural perturbation
peptide motions (Englander et al., 1972). Transmembranenear the ion channel gate. One possible interpretation of
peptide hydrogens are particularly resistant to exchange duethese data is that the structure of the ligand binding site may
to the relative solvent inaccessibility of the hydrophobic be altered in the desensitized state in such a way that it is
environment of the lipid bilayer. The transient folding/ no longer capable of initiating channel gating upon the
unfolding motions of ordered secondary structures that arebinding of Carb or other cholinergic ligands. Structural
necessary for hydrogen exchange are also likely to be alterations have been detected in the ligand binding site upon
restricted in transmembrane structures because such motiongesensitization (Galzi et al., 1991a). The affinity of the
would expose the polar NH and G=O groups to the  nAChR for agonists increases dramatically upon desensitiza-
hydrophobic lipid acyl chains. The resistance of transmem- tion (Boyd & Cohen, 1980), consistent with a change in
brane secondary structures to peptl#H exchange has  structure of the ligand binding site. The tentative assignment
been observed experimentally for numerous integral mem- of many of the bands in the-RD difference spectra to turn
brane proteins including bacteriorhodopsin and rhodopsin and random conformations is also consistent with a structural
(Osborne & Nabedryk-Viala, 1977; Konishi et al., 1977; perturbation near the ligand binding site, as the active sites
Englander et al., 1982; Earnest et al., 1990). An unusually of many proteins often involve solvent-accessible turn and
large number of exchange-resistant peptide hydrogens hasinordered regions of the polypeptide backbone.

also been noted for the photosynthetic reaction center, the However, our data do not completely rule out a structural
transmembrang-barrel pore, and porin, as well as other change in the transmembrane domains upon desensitization.
transmembrane proteins (Kleffel et al., 1985; Nabedryk et The weak potentially exchange-resistant structures that give

al., 1988; He et al., 1991; Sonveaux et al., 1994). rise to bands near 1676 and 1632 @rin the H,O R—D
For the nAChR, roughly 30% of the peptide hydrogens difference spectra could reflect a change in structure and/or
exchange within seconds of exposure of the NAChRHt®, orientation of the transmembrarfesheet, although other

50% after 30 min, 65% after 12 h, and 75% after 3 days at interpretations of these bands are possible. The existence
4 °C (Baenziger & Méhot, 1995). The 30% rapidly of transmembrang-strands has been suggested by both
exchanging peptides is similar to the-280% of peptides  electron microscopy and FTIR studies of the transmembrane
in turn and random conformations suggested by a curve fit domains of the nAChR generated by proteinase K treatment
analysis of the amide | band (Mt et al.,, 1994). The  (Unwin, 1993; Gone-Tschelnokow, 1994). In contrast, site-
roughly 25% peptide hydrogens that are resistant to exchangelirected mutagenesis, chemical labeling, and FTIR/hydrogen
after 3 days irtH,O likely include the 26-30% of peptide exchange studies suggest that the transmembrane segments
hydrogens both predicted (Claudio et al., 1993) and found are a-helical in nature (Giraudat et al., 1987; Villarroel et
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al., 1992; Charnet et al., 1990; Blanton & Cohen, 1992, 1994;
Baenziger & Mehot, 1995). The latter experiments argue

against the assignment of the two bands at 1676 and 1638

cm™! to a structural perturbation of exchange-resistant
transmembrang-sheet. A definitive assignment and thus

interpretation of these bands will require a more detailed
study including linear dichroism difference measurements.
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would not give rise to bands in the D difference spectra.
Such subtle changes in structure would likely involve the
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to the hydrophobic environment of the lipid bilayer does not
change in the presence of Carb (Blanton & Cohen, 1994).
Subtle changes in the structure of the pore-linicbelices
might account for both the conformational sensitivity of the
nAChR to the composition of the lipid membrane [see Ryan
et al. (1996) and references cited within] and the sensitivity

of the rates of NAChR desensitization on the phosphorylation

state of side chains in the cytoplasmic domains (Huganir &
Miles, 1989). In addition, the affinities of the nAChR for
several noncompetitive antagonists that bind to the ion

channel pore are affected by desensitization (Krodel et al.,

1979; White et al., 1991). It is also interesting that subtle
mutations in leucine residues at the midpoint of the pore-
lining transmembranex-helices not only affect channel
gating but also influence the affinity of the nAChR for
acetylcholine (Revah et al., 1991; Labarca et al., 1995).
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pore-liningo-helices, such as those caused by site-directed Ludlam, C. F. C., Sonar, S., Lee, C.-P., Coleman, M., Herzfeld, J.,

mutagenesis (Revah et al., 1991; Labarca et al., 1995), may
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