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ABSTRACT. Using an acetylcholine-derivatized affinity column, we have purified huodf? neuronal
nicotinic acetylcholine receptors (nNAChRs) from a stably transfected HEK-293 cell line. Both the quantity
and the quality of the purified receptor are suitable for applying biochemical methods to directly study
the structure of thex452 nAChR. In this first study, the lipietprotein interface of purified and lipid-
reconstitutedn4s2 NAChRs was directly examined using photoaffinity labeling with the hydrophobic
probe 3-(trifluoromethyl)-3+t+[124]iodophenyl)diazirine (B3] TID). [ 1A TID photoincorporated into both

o4 andp2 subunits, and for each subunit the labeling was initially mapped to fragments containing the
M4 and M1-M3 transmembrane segments. For bothdadeand/32 subunits,~60% of the total labeling

was localized within fragments that contain the M4 segment, which suggests that the M4 segment has the
greatest exposure to lipid. Within M4 segment33[TID labeled homologous amino acidst-Cys$8%
2-Cys5, which are also homologous to th&q]TID-labeled residues1-Cys'8 and 51-Cys'’ in the
lipid-exposed face of orpedonAChR al1M4 and1M4, respectively. Within the4M1 segment,f3]-

TID labeled residues C¥¥ and Cys$3L, which correspond to thé ] TID-labeled residues Cy% and

Phe?" at the lipid-exposed face of thEorpedoalM1 segment. In52M1, [*23]TID labeled 52-Cys?°,

which is homologous ta4-Cy$26 We conclude from these studies that th&2 nAChR can be purified

from stably transfected HEK-293 cells in sufficient quantity and purity for structural studies and that the
lipid—protein interfaces of the neuronadl32 nAChR and thelorpedonAChR display a high degree of
structural homology.

Neuronal nicotinic acetylcholine receptors (nAChRsk genes have been cloned, nine neurenslibunits ¢2—o.10),
members of the Cys-loop superfamily of ligand-gated ion and three neurond subunits §2—4). On the basis of the
channels that mediate the actions of the neurotransmitterthree-dimensional structure of therpedonAChR @, 7)
acetylcholine 1, 2). Neuronal nAChRs are widely distributed  and the available structural information regarding neuronal
in the nervous system and play a role in many physiological nAChRs (reviewed in ref8 and 9), the a452 neuronal
functions including arousal, sleep, attention, memory, mood, nAChR is a pentameric membrane protein that is formed by
emotion, pain perception, food intake, and cognition and are the assembly of twa4 and thregd2 subunits. Each nAChR
implicated in numerous pathophysiological conditions in- subunit contains a large extracellular N-terminus and a bundle
cluding epilepsy, schizophrenia, Alzheimer’s and Parkinson’s of four transmembrane: helices (M1-M4). The five M2
diseases, anxiety, and nicotine addiction (reviewed in refs helices are arranged about a central axis orthogonal to the
3—5). To date twelve mammalian neuronal nAChR subunit membrane forming the channel lumen, and the M1, M3, and
M4 helices form an outer ring that shields M2 from the lipid
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electrophysiological analysis, have associated particular School of Medicine, Saint Louis, MQt3). The cells were

amino acid residues with agonist binding, channel gating,

ion conductance, and desensitizatiand, 10). Nevertheless,
direct structural information regarding neuronal nAChRs is
currently lacking. This is in large part due to the low
expression level of individual neuronal nAChRs, the high
level of diversity among neuronal nAChR subunits in a given
brain area, and the lack of subunit-specific ligands.

Purification of individual neuronal nAChRs is an important
step in the effort to directly study the structure of neuronal

grown at 37°C in a humidified incubator at 5% GQin

140 mm tissue culture dishes, and were maintained in
DMEM/Ham’s F-12 (Mediatech, Inc.), supplemented with
10% fetal bovine serum, 100 units/mL penicillin G, 10§/

mL streptomycin, and 45@g/mL Geneticin (G418) as a
selection agent. The use of 140 mm dishes for culturing these
adherent cells (HEK-4432) was determined to be the most
cost-effective method for large-scale production of receptor
protein. However, we are currently exploring culturing HEK-

nAChRs and to reveal the structural differences among ha4/52 cells in spinner flasks (515 L) with the addition of
neuronal nAChR subtypes. We report here a purification 9lass microcarriers (Cytodex-3) to scale up receptor protein

strategy that provides highly purified neuronal nAChR in a
lipid environment and in a quantity that is suitable for direct

production. In most cases, 100 nicotine was added to
the medium 24 h prior to harvesting to enhance the

structural studies (e.g., photoaffinity labeling, Fourier trans- €xpression 01452 nAChRs (0). The cells were harvested
form infrared spectroscopy (FTIR), etc.). Membrane prepara- by gentle scraping in 5 mL of growth medium in the presence

tions from HEK-293 cells stably transfected with human

of protease inhibitor cocktail Il (Calbiochem, Qu2/mL),

a452 nAChRs were detergent solubilized, and the receptors Pelleted by centrifugation (240for 4 min), resuspended in

were purified on an acetylcholine-derivatized affinity column

a small volume of vesicle dialysis buffer (VDB; 100 mM

and reconstituted into lipid. To begin direct structural studies NaCl, 0.1 mM EDTA, 0.02% Napl 10 mM MOPS, pH 7.5),

of the 0452 nAChR, we chose to examine the structure of
the lipid—protein interface of the receptor and to determine
amino acid residues of4 and2 subunits that are in contact
with membrane lipid. For this we employed the hydrophobic
photoreactive probe 3-(trifluoromethyl)-8+{*?] iodophe-
nyl)diazirine ({24]TID). In earlier studies, A]TID was used

to define the lipid-protein interface of th@orpedonAChR
(11, 12). [*23]TID photoincorporated into the M4 and M1
segments of both the4 and52 subunits with~60% of the
total subunit labeling localized in the M4 segment. The
labeled amino acids within the4M4/52M4 and a4M1/

and then pelleted by centrifugation. The final cell pellet was
stored at—80 °C.

For membrane preparation, HEK32 cells were thawed
and homogenized in VDB in the presence of protease
inhibitor cocktail 1l (Calbiochem, JuL/mL) using a glass
homogenizer. Membrane fractions were pelleted by cen-
trifugation (3900@ for 1 h), then the membrane pellets were
resuspended in VDB~0.5 mL/140 mm dish), and the
protein concentration was determined by Lowry protein assay
(14).

[*H]Nicotine Binding AssayEquilibrium binding of PH]-

B2M1 segments correspond to residues labeled in thenicotine ¢~70 Ci/mmol, Perkin-Elmer Life Sciences) to

Torpedo NAChR M4/M1 segments, consistent with the

HEK-ho432 membranes was determined using a centrifuga-

existence of a high degree of structural homology between tion assay. HEK-0432 membranes were suspended in VDB

the transmembrane domain of the neuromdB2 nAChR
and theTorpedonAChR at the lipid-protein interface.

EXPERIMENTAL PROCEDURES

Materials [**™]TID (~10 Ci/mmol) was obtained from

(final concentration 0.33 mg protein/mL, final volume
150 uL) and incubated fol h atroom temperature with
increasing concentrations ¢HJnicotine (final concentrations
2—60 nM). Bound fH]nicotine was separated from frei]-
nicotine by centrifugation (390@dor 1 h). Free fH]nicotine
was determined by counting 50 of the supernatant in a

Amersham Biosciences (Piscataway, NJ) and stored injiquid scintillation counter. Bound®H]nicotine was deter-

ethanol/water (3:1) at4 °C. [°*H]Nicotine (L-(—)-[N-methy
3H]nicotine;~70 Ci/mmol) was obtained from Perkin-Elmer
Life Sciences, Inc. (Boston, MA) and stored in 95% ethanol
at 4 °C. Carbamylcholine chloride and bromoacetylcholine
bromide were purchased from Sigma-Aldrich (St. Louis,
MO), Staphylococcus aureuglutamyl endopeptidase (V8

mined by suspending the pellet in 200 of 10% SDS for
liquid scintillation counting. Nonspecific binding was de-
termined in the presence of 1M nicotine. Total, nonspe-
cific, and specificH cpm were converted to fmol of bound
[®H]nicotine/mg of protein, and fre#H cpm was converted
to nM [*H]nicotine. Curve fitting and parameter estimation

protease) was from MP Biochemicals, trypsin (TPCK-treated) were performed using Graph pad Prism v4.0 software (San

was from Worthingtonp-phthalaldehyde (OPA) and trif-
luoroacetic acid (TFA) were from Pierce, sodium cholate
and CHAPS were from USB Corp. (Cleveland, OH), Affi-

Diego, CA).
Solubilization, Purification, and Reconstitutiorluman
0452 nAChRs were affinity-purified on a bromoacetylcho-

Gel 10 was from Bio Rad, and protease inhibitor cocktail |ine bromide-derivatized Affi-Gel 10 column (Biorad) orig-
Il and Genapol C-100 were from Calbiochem. Prestained inally developed for purification of th&orpedonAChR from
low-range molecular weight standards were purchased fromelectric organ tissuel, 16) but with some modifications.

Life Technologies, Inc. Dulbecco’s modified Eagle’s medium/
Ham’s F-12 50:50 mix (DMEM/Ham'’s F-12) was purchased
from Mediatech, Inc. (Herndon, VA). Natural and synthetic
lipids were from Avanti Polar Lipids, Inc. (Alabaster, AL).

Cell Culture and Membrane PreparatiollEK-293 cells
stably transfected with humad2 nAChRs (HEK-w452

Briefly, the affinity column matrix was prepared by amino-
coupling cystamine to Affi-Gel 10, reduction with dithio-
threitol, and final modification with bromoacetylcholine
bromide. HEK-lw432 membranes were solubilized by add-
ing an equal volume of 2% CHAPS or 2% cholate in VDB
(final concentration 2 mg/mL protein, 1% detergent, final

hereafter) were obtained from Dr. Joseph H. Steinbach volume 800 mL), stirred fio5 h at 4°C, and then centrifuged

(Department of Anesthesiology, Washington University

(9150@ for 1 h) to pellet insoluble material. The solubilized
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material was dialyzed fo5 h against 1% cholate in VDB  elution buffer (0.1 M NHHCO;, 0.1% (w/v) SDS, 1%
(solubilized material to dialysis buffer ratio 1:10). This [-mercaptoethanol, pH 7.8)rfd d atroom temperature with
dialysis step is a critical aspect of the purification strategy; gentle mixing. Gel pieces were removed by filtration
in its absence nAChRs are not retained on the ACh-affinity (Whatman no. 1 paper), and the peptides were concentrated
column. The dialyzed solubilized material was then treated using Centriprep-10 concentrators (10 kDa cutoff, Amicon,
with diisopropyl fluorophosphates (0.1 mM) and slowly final volume <150 uL). Samples were then either directly
applied to the affinity column (0.3 mL/miny24 h, at 4°C) purified using reversed-phase HPL&4{8-16, and32V8-
and the column then washed extensively with a defined lipid 8) or acetone precipitated>85% acetone at-20 °C
solution (e.g., total lipid extract from porcine brain, or overnight) to remove excess SDS and then subjected to
dioleoylphosphatidylcholine:dioleoylphosphatic acid:choles- additional proteolytic digestiono@V8-14, 52V8-13, and
terol = 3:1:1, 0.2 mg/mL lipid) in 1% cholate in VDB (15 j2V8-21).
column volumes,>15 h). This extensive wash ensures  Proteolytic DigestionsFor digestion with trypsin, acetone-
complete exchange of endogenous lipids for the defined lipid precipitated subunit fragmentsx4Vv8-14, 52V8-13, and
mixture and removal of nonspecific proteib6( 17). Recep- p2V8-21) were suspended in 6 of 0.1 M NH,HCO;,
tors were eluted from the column using the defined lipid 0.1% SDS, pH 7.8, and then the SDS content was diluted
solution containing 10 mM carbamylcholine. Fractions of by addition of 225«L of 0.1 M NH4HCGO; and 35uL of
2.5 mL were collected, and the protein concentration was Genapol C-100 (final concentrations 0.02% (w/v) SDS, 0.5%
determined Azgp x 0.6; 15). Peak protein fractions were Genapol C-100, pH 7.8). Trypsin was added at a 200% (w/
pooled and dialyzed againg L of VDB (4 d with buffer w) enzyme to substrate ratio, and the digestion was allowed
change once a day) to remove carbamylcholine and detergentto proceed fo4 d atroom temperature.
thereby reconstituting nAChRs into membrane vesicles Tricine SDS-PAGE. The tryptic digestion products of
containing a defined lipid mixture. The purified NnAChRs ['?¥]TID-labeled fragment52V8-21 were resolved on a
were stored at-80 °C. 1.0 mm thick small pore (16.5% T, 6% C) Tricine SBS
[*?9]TID Photolabeling For analytical labelings, 509 PAGE gel (L2, 20). After electrophoresis, Tricine gels were
of affinity-purified and lipid-reconstituted452 nAChRs was ~ processed for autoradiography as described above for 8%
incubated with~0.4 uM [*23]TID (~10 Ci/mmol, Amer- gels. Tricine gel bands containingJ]TID-labeled peptide
sham Biosciences) in the absence or presence ofudd00  fragments32T6K, f2T10K, ands2T12K were excised and
carbamylcholine in 1 mL of VDB. For preparative labelings, processed for HPLC purification.
1 mg of affinity-purified and lipid-reconstitutedx432 Reversed-Phase HPLC Purificatiodll of the [**4]TID-
NAChRs in 4 mL of VDB was incubated with8 uM [*29]- labeled peptides were purified using reversed-phase HPLC
TID. After 1 h of incubation at room temperature under prior to sequence analysis. HPLC was performed on a
reduced light conditions, the samples were irradiated with a Shimadzu LC-10A binary HPLC system, using a Brownlee
365 nm hand-held UV lamp (Spectroline EN-280L) for 7 Aquapore G column (100 x 2.1 mm). Solvent A was
min (analytical labeling) or 20 min (preparative labeling) at comprised of 0.08% TFA in water and solvent B 0.05% TFA
a distance of less than 1 cm and then pelleted by centrifuga-in 60% acetonitrile/40% 2-propanol. A nonlinear elution
tion (3900@ for 1 h). Pellets were solubilized in electro- gradient at 0.2 mL/min was employed (2500% solvent B
phoresis sample buffer (12.5 mM T+i$iCl, 2% SDS, 8% in 100 min, shown as a dotted line in the figures), and
sucrose, 1% glycerol, 0.01% bromophenol blue, pH 6.8), and fractions were collected every 2.5 min (42 fractions/run).
the polypeptides were resolved by SBBSAGE. The elution of peptides was monitored by the absorbance at
SDS-Polyacrylamide Gel ElectrophoresiSDS-PAGE 210 nm, and the amount & associated with each fraction
was performed according to Laemmlig) with the 1.0 mm was determined by counting.
thick separating gel comprised of 8% polyacrylamide/0.33% Sequence Analysidimino-terminal sequence analysis of
bisacrylamide. The gels were stained Ich with Coomassie ~ nAChR subunits and some subunit fragments was performed
Blue R-250 (0.25% (w/v) in 45% methanol, 10% acetic acid, on a Beckman Instruments (Porton) 20/20 automated protein
45% H0) and destained (25% methanol, 10% acetic acid, sequencer using gas-phase cycles (Texas Tech Biotechnology
65% HO) to visualize bands. The gels were then dried and Core Facility). Pooled HPLC fractions were dried by vacuum
exposed to Kodak X-OMAT LS film with an intensifying  centrifugation, resuspended in 20 of 0.1% SDS, and
screen at-80 °C (12—48 h of exposure). After autoradiog- immobilized on chemically modified glass fiber disks (Beck-
raphy, bands that correspond t&[ TID-labeled a4 andj32 man Instruments). Peptides were subjected to at least 10
subunits were excised, soaked in overlay buffer (5% sucrose,sequencing cycles.
125 mM Tris—HCI, 0.1% SDS, pH 6.8) for 30 min, and Sequencing of purifiedf4]TID-labeled subunit fragments
transferred to the wells of a 15% acrylamide mapping gel was performed on an Applied Biosystems PROCISE 492
(19). Each gel slice was overlaid with 2g (analytical protein sequencer configured to utilize 1/6 of each cycle of
labeling) or 10Qug (preparative labeling) of V8 protease in  Edman degradation for amino acid identification/quantifica-
overlay buffer. After electrophoresis, the gels were stained tion and collect the other 5/6 fot?d counting. HPLC
for 2 h with Coomassie Blue R-250, destained, and then fractions of interest were diluted 3-fold with 0.1% trifluo-
either prepared for autoradiography (analytical labeling) or roacetic acid and loaded onto PVDF filters using Prosorb
soaked in distilled water overnight (preparative labeling). The sample preparation cartridges (Applied Biosystems no.
bands corresponding to labeled subunit proteolytic fragments401959). Before sequencing, filters were processed as
(a4V8-8, 04V8-14, a4V8-16, 2V8-8, 2V8-13, and recommended by the manufacturer. To determine the amount
p2V8-21) were excised from preparative gels, and the labeledof the sequenced peptide, the picomoles of each amino acid
peptides were retrieved by passive diffusion into 25 mL of in a detected sequence was quantified by the peak height
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and fit to the equatiori(x) = IoRX, wherely is the initial Human a452 nAChRs were affinity-purified using a
amount of the peptide sequenced (pmBl)s the repetitive bromoacetylcholine bromide-derivatized Affi-Gel 10 column
yield, andf(x) is the picomoles detected in cyoleSer, His, (see the Experimental Procedures). This ACh-affinity column

Trp, and Cys were not included in the fits due to known has been used to purifforpedonAChRs (32, 15), but its
problems with their accurate detection/quantification. The application to the purification of neuronal NAChRs has been
fit was calculated in SigmaPlot 2001 (SPSS) using a very limited (33, 34). A number of factors, including the
nonlinear least-squares method, and figures contaittthg  low abundance of neuronal nAChRs in native tissue$ (
release profiles include this fit as a dotted line. Some pmol/mg) as well as the heterogeneity of nAChR subtypes,
sequencing samples were treated with OPA prior to a cycle have all contributed to the scarcity of reports involving
known to contain a proline2). OPA reacts with all neuronal NAChR purification. For each column purification,
N-terminal amino acids (but not with the imino acid proline) HEK-0452 membranes from-1000 culture dishes (2&

and blocks further Edman degradatid??); Thus, release 140 mm) were collected over a six-week period and
of 14 in a cycle after an OPA treatment establishes that the solubilized in 1% cholate in VDB. The solubilized material
129 release originates from a peptide with a proline in the was dialyzed fo5 h against 1% cholate in VDB and applied
OPA-treated cycle. Quantification 9 incorporated into slowly to the affinity column. The dialysis step was a critical

a specific residue was calculated by (gpmcpmy-1))/5I6R, aspect of the purification strategy; in its absence nAChRs
and then the value was decay corrected to the date ofwere not retained on the ACh-affinity column. The column
labeling. was then washed extensively with a defined lipid/1% cholate
Molecular Modeling.A homology model of the human  solution, and bound nAChRs were then eluted from the
a482 nAChR was built on th&orpedo marmoratmAChR column using the same solution containing 10 mM carbam-

structure (PDB code 2BG9) using the homology module Ylcholine. Fractions were collected, the protein concentration
within the Insight Il molecular modeling package (Accelrys). Was determined (see Supporting Information Figure 1), and
Two o4 sequences were aligned with and substituted into the peak protein fractions were pooled and dialyzed against
the two ol subunits in the model, ang2 sequences were VDB to remove carbamylcholine and detergent (reconstitu-
aligned with and substituted into each of the remaining tion). For a typical column run (for HEK cells grown in the
subunits §1, v, andd) to create a receptor with a stochi- absence of nicotine), we started wit/8 g of HEK-ho4/32

ometry of 2u4:352. membrane protein containingl0 nmol of nicotine binding
sites ~4 mg of a452 nAChR protein), and the yield
RESULTS following detergent solubilization and affinity purification

o o was~50% (2.2 mg of receptor at4 nmol of PH]nicotine
Affinity Purification ofa452 nAChR In the absence of a  pinging sites/mg of protein).
natural rich source o452 nAChRs, one alternative is a When an aliquot 450 ug) of affinity-purified o482
cell line that stgbly expressed32 nAChRs. HEK-293 cells  hAChRs was resolvedmoa ‘1 mmithick 8% polyacrylamide
stably or transiently transfected wit#/52 NnAChRs express g/ two primary Coomassie Blue-stained bands were visible
functional receptors and have been used by several groupsyith apparent molecular masses of 70 and 48 kDa (Figure
as an in vitro system to study structural and functional aspectsq A). The 70 and 48 kDa bands correspond to the expected
of the neuronal nAChR including the pharmacology of ligand electrophoretic mobility of the4 andB2 nAChR subunits,
binding (13, 23-25), agonist-induced upregulatiotd, 26), respectively 85). This conclusion was confirmed by N-
subunit stoichiometry27), and the effect of steroid<g, terminal sequencing and by LC/MS (Taplin Biological Mass
29). Spectrometry Facility, Boston, MA). On the basis of den-
The expression level ofd¥32 nAChRs in HEK-fw4/32 sitometric scans of the Coomassie Blue-stained gel (Sup-
is typically ~5 pmol of receptor/mg of protein with &H]- porting Information Figure 2A) and saturatiotH]nicotine
nicotine binding affinity Kg) of ~6 nM (data not shown),  binding (~4 nmol/mg of protein), we estimated that w32
consistent with the equilibrium binding affinity for nicotine  nAChR preparation was greater than 50% pure. The relative
measured using cell homogenates expressing rat or humarintensities of thex4 and2 subunit bands in the stained 8%
a4f2 nAChRs 80). Treatment of HEKe452 cells with  gel (Supporting Information Figure 2A) were consistent with
100uM nicotine 24 h prior to harvesting enhanced the level a subunit stoichiometry ob),(52)s (36). Both the percent
of ha4$2 nAChR expression by 3-fold~(15 pmol of  vyield and the purity based on SB®AGE were reproducible
receptor/mg of protein, data not shown). in three successive purifications starting witi000 culture
When receptor solubilization in various detergents includ- dishes.
ing CHAPS, sodium cholate, and Triton X100 was tested, ['?4]TID Photolabeling of thend52 nAChR.The hydro-
we found similar levels of solubilization (4860% of the phobic photoreactive probéfi]TID was used to study the
total protein), with no preferential NAChR solubilization. We  structure of the lipie-protein interface of thei452 nAChR
decided to use cholate for solubilization because (i) it can and to identify individual amino acid residues in té and
be readily removed by dialysis following purification, 32 subunits that are in contact with membrane lipid3]-
allowing reconstitution of the receptor into a lipid environ- TID is a small hydrophobic photoreactive compound that
ment, and (ii)TorpedonAChRs solubilized in cholate are partitions efficiently &95%) into the lipid bilayer and upon
stabilized in the resting (closed) state and retain the ability activation with UV light (365 nm) covalently tags amino
to undergo agonist-induced conformational transiti@13. ( acid residues that are in contact with the lipid bilay&®)(
The BH]nicotine binding affinity following detergent solu-  Purifieda4/32 nAChRs were equilibrated fd h with [*29]-
bilization in cholate and dialysis was identical to that TID in the absence or presence of 4@®1 Carb and
measured with HEKx432 membranes. irradiated at 365 nm for 7 min, and then the polypeptides
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FiIGURE 2: Proteolytic mapping of thé{]TID-labeled a4 andj2
subunits. Thex4 and32 subunit bands isolated from an 8% SBS
PAGE gel containing'f3]TID-labeled a432 nAChRs (Figure 1B)
FiGure 1. Photoincorporation of *f3]TID into purified a432 ~ were transferred to the well of a 15% acrylamide mapping gel and
nAChR. An aliquot of affinity-purifiedo42 receptor (5Qig) was subject_ed to |n-gel_d|gest|on W|th_V8 protease. FoII(_)wmg electro-
equilibrated fo 1 h with [125]TID (0.4 M, 10 «Ci), in the absence ~ phoresis, the mapping gel was stained, destained, dried, and exposed
(— lanes) and in the presence (anes) of 40QtM carbamylcholine o an X-ray film with an intensifying screen. (A) Autoradiograph
(Carb), and then irradiated at 365 nm for 7 min. The protein was of a 15% acrylamide mapping gel showing the photoincorporation
pelleted by centrifugation, resuspended in electrophoresis sampleof [*23]TID into three a4 subunit proteolytic fragments with
buffer, and fractionated by SDSPAGE. Following electrophoresis, ~ apparent molecular masses of 16 ko&Y8-16), 14 kDa ¢4V8-

the mapping gel was stained with Coomassie Blue R-250, destained 14), and 8 kDa¢4V8-8). (B) Autoradiograph of a 15% acrylamide
dried, and exposed to X-ray film with an intensifying screen. (A) mapping gel showing the photoincorporation BA[TID into three
Coomassie-stained gel. (B) Autoradiograph, 15 h of exposure. The32 subunit proteolytic fragments with apparent molecular masses
electrophoretic mobilities 06452 receptor subunits are indicated of 21 kDa (32v8-21), 13 kDa g2V8-13), and 8 kDa/£2V8-8).

on the left.

B2 B2 | (D D

of the subunitp4-11e5%°. The amino acid sequence f@4V8-
were resolved by SDSPAGE. After electrophoresis, the gel 16 began ati4-11e2°%, On the basis of its apparent molecular
was stained, destained, dried, and exposed to X-ray film. mass (16 kDa) and the likely cleavage site of V8 protease,
As shown in Figure 1B,'f3]TID photoincorporated into the  «4V8-16 is predicted to include the Maw4-Prd**—Prg?*9),
o4 ands2 subunits, with the amount of subunit incorporation M2 (a4-1le?™—1le?%%), and M3 (4-Lel?®>—Arg3%) segments.
the same in the absence or presence of agonist. The ratio oThe amino acid sequences f#2V8-8 and$2V8-13 began
[*?Y]TID photoincorporation into thex4 vs 52 subunit (4: at 52-Asp*?® and 32-Gly3#7, respectively, and are predicted
B2 labeling ratio 0.6, Supporting Information Figure 2B) to contain the32M4 (32-Leu*36—p2-Leut*5) segment. The
indicates that'P1]TID was incorporated into both subunits amino acid sequence fB2V8-21 began gB2-Val'*¢ and is
with equal efficiency, consistent with labeling at the lipid  predicted to contain the M13R-Prd®—Pra?34), M2 (52-
protein interface. Met*—11e?%9), and M3 (32-11e?"5—Arg?%9) segments.

To generate subunit fragments containing incorporated Amino Acids in the M4 Segments a4 and 52 nAChR
[*29]TID, the a4 and$2 subunit bands were excised from Subunits Photolabeled by?fi]TID. To identify the indi-
the stained 8% polyacrylamide gel, transferred to the wells vidual amino acid residue(s) labeled BY{TID within the
of 15% acrylamide mapping gels, and subjectedntgel M4 segments,'PI]TID-labeled 32V8-8, with an N-terminus
digestionwith S aureusV8 protease as described in the just 11 amino acids before the beginning of M4, was isolated
Experimental Procedures. On the basis of autoradiographyfrom a preparative labeling (1 mg of affinity-purified§52)
of the dried mapping gel (Figure 2A)?f]TID photoincor- and purified by reversed-phase HPLC (Figure 3A). TR#|{
poration within then4 subunit was detected primarily intwo  TID-labeled fragmentsf32V8-13 anda4V8-14, with N-
proteolytic fragments with apparent molecular masses of 16termini 64 and 99 amino acids, respectively, before the
kDa (@4V8-16) and 14 kDaq4V8-14), with minor labeling beginning of M4, were digested with trypsin, and the digests
in an 8 kDa fragmento4V8-8). Within the 52 subunit were fractionated by reversed-phase HPLC (Figure 3B,C).
(Figure 2B), I]TID photoincorporation was detected in  Peak'® HPLC fractions were pooled, loaded onto PVDF
three fragments with apparent molecular masses of 21 kDasupports, and sequenced.

(B2v8-21), 13 kDa £2Vv8-13), and 8 kDa #2V8-8). When HPLC-purifieg32V8-8 was sequenced (Figure 3D),
Addition of agonist had no significant effect on the extent a single amino acid sequence was detected beginnifig-at
of [*?3]TID labeling for any of these subunit fragments. Asp*?5 (10 pmol). There was a peak &% release in cycle

Protein microsequencing established that the N-termini of 21 (590 cpm) corresponding to the labeling5@ Cys*° (70
04V8-8 and 04V8-14 were ata4-Asp®? and a4-Ala*™4, cpm/pmol), the only cysteine in the4M4 segment and
respectively. On the basis of the apparent molecular masshomologous to one of the amino acids in ttEiM4 segment
of each fragment, they are predicted to contain the M4 of the TorpedonAChR (12) labeled by {?™]TID. Sequence
segment 4-1le>"*—Pro®? and to extend to the C-terminus analysis of thé? peak from the HPLC fractionation of the
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FicurRe 3: Reversed-phase HPLC purification and sequence analysSi&ipf [D-labeled fragments containing the M4 segments. Reversed-
phase HPLC purification gf2V8-8 (A) and the tryptic digest g§2V8-13 (B) anda4V8-14 (C). The elution of peptides was monitored
by absorbance at 210 nm (solid line) and elutioA?8f(closed circles) by counting. (D-F) > (@) and PTH amino acid<€, <) released
during sequencing of HPLC-purifig82V8-8 (D) and fractions containing the peak'8f from the HPLC purification of the tryptic digest

of A2V8-13 (E) anda4V8-14 (F). For32V8-8, a single amino acid sequence beginningasp*2s (O, Io = 9.9 pmol,R = 93%) was
detected (44 250 cpm loaded into the filter and 22 000 cpm left after 35 cycles)!aitelease in cycle 21 corresponding to labeling of
B2-Cys445 (590 cpm). (E) For théd peak fraction from the tryptic digest @gf2v8-13, there were amino acid sequences beginning at
B2-Tyr*28 (O, 1o = 9 pmol, R = 92%) and aj32-Sef15 (<, 1o = 4.5 pmol,R = 92%) (46 200 cpm loaded into the filter and 26 000 cpm
left after 35 cycles). Peaks &#4 release in cycles 18 (507 cpm) and 31 (59 cpm) correspond to labeliig-Gfys“® in the fragments
beginning aj32-Tyr*?® and32-Sef15, respectively. (F) For th&3 peak fraction from the tryptic digest of4V8-14, the primary amino acid
sequence begins a@-Tyr*5 (O, 1o = 4.3 pmol,R = 90%) (23 000 cpm loaded into the filter and 6188 cpm left after 30 cycles)1%he
release in cycle 18 (72 cpm) corresponds to labelingbfCy$82 The amino acid sequences of the detected fragment(s) are shown above

each panel, with a line indicating the M4 region.

B2V8-13 tryptic digest (Figure 3E) revealed the presence of release in cycle 8, the progressive decline of released

two amino acid sequences, one beginnings2{Tyr*?¢ (9
pmol), corresponding to the trypsin cleavage sieeLys*?’,
and the other beginning A2-Sef> (5 pmol), corresponding
to the trypsin cleavage site at b2-Aty The major peak of
129 release was in cycle 18 (510 cpm) with a minor peak in
cycle 31 (60 cpm). Thé* release in cycle 18 is consistent
with labeling of 32-Cys5 (70 cpm/pmol) in the fragment
beginning at$2-Tyr*?8 and the release in cycle 31 is also
consistent with labeling 0f2-Cys*° but in the fragment
beginning at32-Sef!®. Sequence analysis of tH&l peak
from the HPLC purification of the tryptic digest @f4V8-

radioactivity in cycles 1117 was unusual. Further studies
are required to determine whether the release in cycle 8
resulted from labeling ofi4-Arg>? or from enhanced wash
off of the peptide from the PVDF support after cleaving at
Arg®72 which is the last charged residue in the peptide.
Amino Acids in the M1 Segmentsad and 32 nAChR
Subunits Photolabeled by?f]TID. To identify the amino
acids photolabeled within the4dM1 segment, the labeled
fragmenta4V8-16 was recovered from the mapping gel,
HPLC-purified (Figure 4A), and sequenced. The amino acid
sequence detected (Figure 4B) beganile®®! (6 pmol),

14 (Figure 3F) revealed an amino acid sequence beginningshortly before the N-terminus of the M1 segmet-Prg*—

at a4-Tyr% (4 pmol). The largest?d release was in cycle
18 (150 cpm), corresponding to labeling of4-Cy<82
(70 cpm/pmol). While there was a clear increase'at

Pro9. Peaks of? release were seen in cycle 26 (150 cpm)
and cycle 31 (74 cpm), corresponding to the labeling4f
Cys?¢ anda4-Cys3! at 46 and 35 cpm/pmol, respectively.
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— 01 FiIGURE 5. [I]TID labels f2-Cy£2° in 2M1. The 32V8-21
fragment, produced by in-gel digestion dfj]TID-labeled 52
+ 001 subunit with V8 protease (Figure 2B), was digested with trypsin
for 5 days, and the digest was fractionated on Tricine SBSGE.
Wl s w s % % orporation nto three peptce rapments with apparent motecular
Cycle of Edman Degradation masses of 12 kDaBeT12K), 10 kDa B2T10K), and 6 kDa
Ficure 4: [*2H]TID labels a4-Cyg?¢ anda4-Cys3tin a4M1. (A) (62T6K). (B) Reversed-phase HPLC purification df]TID-
a4V8-16, produced by in-gel digestion of?fi]TID-labeled o4 labeled2T12K. (C)1?% (@) and PTH amino acid<Y) released

subunit with V8 protease (Figure 3A), was eluted and purified by during sequencing of32T12K HPLC fractions 3638, with
reversed-phase HPLC. (BYY (®) and PTH amino acids) sequencing interrupted for OPA treatment before cycle 2. The
released when pooled fractions 3%0 were sequenced with  primary amino acid sequence begarnfatLys?® (Io = 1.2 pmol,
sequencing interrupted for OPA treatment before cycle 15. The R = 93%) (18 630 cpm loaded into the filter and 11 909 cpm left
primary amino acid sequence detected begamdalle?®! (I = 6 after 30 cycles), and the peak Bfl release in cycle 13 (90 cpm)
pmol, R = 94%) (45 560 cpm loaded into the filter and 26 850 corresponds to labeling ¢#2-Cy$?°. The amino acid sequence
cpm left after 40 cycles). The peak Bf release in cycles 26 (148  detected is shown above the panel, with a line indicating the M1
cpm) and 31 (74 cpm) corresponds to labelingodftCy<26 and region.

o4-Cy£3L respectively. The amino acid sequence of the detected

fragment is shown, with a line indicating the M1 region. DISCUSSION

The presence of th®9 release in cycles 26 and 31, along The crucial role of neuronal nAChRs in several neuronal
with the persistence of the amino acid sequence4ill diseases makes them an important drug target. Development
after treatment of the sequencing filter at cycle 15 with OPA, of agonist, antagonist, and allosteric modulatorsodfs2
which reacts with all non-proline amino termini and blocks NAChRs provides a potential hope for a better understanding
their further Edman degradatio®, 22), established that ~ Of and improved treatment for pathophysiological conditions
[129]TID labeled a4-Cyg26 and 04-Cy3L The [24]TID- that include Alzheimer’s disease and _nicotine addict[b?) (
labeled amino acid within th@2Vv8-21 fragment, which 38). Among other factors, a more refined understanding of
begins atB2-Val®s and includes M1, M2, and M3, was the molecular structure of th§4ﬂ2 nAChR_lsaprereqwsne
identified when material from theg2V8-21 band was for the Qevelopment of §uch Ilga}nds. In th|§ study, we sought
digested with trypsin and fractionated by Tricine SBs  t© obtain large quantities of highly purified humar52
PAGE. An autoradiograph (Figure 5A) of the dried Tricine nNAChRs and to beg_ln direct structural studms of the purified
gel revealed a primary radioactive band migrating with an receptor. Starting \.N'th membrane preparations from an HEK-
apparent molecular mass of 12 kD&T12K), as well as ha4p2 stable cell line, we were able to purifids2 nAChRs

secondary bands of 10 kDAZT10K) and 6 kDa§2T6K). using an acetylcholine-derivatized affinity column. The yields

(2—3 mg) and levels of purity X50%), which were
When the labeled bands were recovered from the gel andreproduced in three different purifications, are sufficient to

purified by reversed-phase HPLE] was recovered in broad ;)0 4 variety of structural techniques, including photoaf-
hydrophobic peaks, as seen in Figure 5B f2T12K. finity labeling, to characterize the structure of thd32
N-terminal sequence analysis f@2T12K and f2T10K  nAChR. Our purification results have several advantages
established that each bfﬁ‘”d contained a fragment beglnnlngzompared with those of previous purifications of neuronal
at f2-Lys’®, the N-terminal of2M1. Since the labeled  nAChRs from rat brain using monoclonal antibody affinity
fragment began ¢2-Lys*®, the peak of*1 fromthe HPLC  chromatography 39) or an acetylcholine affinity column
purification of 2T12K was sequenced with OPA treatment alone @3) or in combination with other column$4): (i)

prior to cycle 2, corresponding i2-Prd®. The amino acid  We used a human cell line (HEK-293) that expresses a single
sequence of the peptide beginning#&-Lys?® (1 pmol, population of functional NAChRs (#32 nAChRs). This
Figure 5C) continued after treatment with OPA, and there avoids copurification of other neuronal nAChRs, maintains
was 2 release in cycle 13 (90 cpm) corresponding to a fixed subunit stoichiometry, and preserves receptor post-
labeling of 32-Cys2° (70 cpm/pmol). translational modifications. (i) Although earlier studies
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reported high levels of receptor enrichment (e.g., 13000-fold ditional studies are needed to distinguish between these two
enrichment84) and 7000-13000-fold enrichment3d)), the possibilities.

specific activity of the purified receptor was at best 0.4 nmol  [*?3]TID labeling was mapped to amino acids in the M4
of [*H]JACh binding site/mg of protein, and the reported and M1 segments of both thet and32 subunits. For both

protein yields were either at the microgram level (2 o4 and2 subunits~60% of the total labeling was localized
34) or below the level of detectior838). Furthermore, the  within fragments that contain the M4 segment, which
yields from rat brain were low and variable {20%), suggests that the M4 helix has the greatest exposure to lipid,

suggesting that different populations of neuronal nAChR consistent with the published structure of tA®rpedo
subtypes were purified depending on the type of column usednAChR (7). Amino acid sequence analysis of théA] TID-
(33). (iii) The use of acetylcholine-derivatized affinity labeled subunit fragmerft2V8-8 and thet?S HPLC peaks
chromatography in a single-step purification minimizes the from the tryptic digests gf2V8-13 ando4V8-14 revealed
time of the purification procedure and, most importantly, labeling within2M4 anda4M4 of the homologous amino
minimizes the time in which the receptor is complexed with acidsf2-Cys*“® anda4-Cy$82 (Figure 4D, cycle 21; Figure
detergent; (iv) In the present study, the receptor was 4E, cycles 18 and 31; Figure 4F, cycle 18). Amino acid
solubilized using 1% cholate, a relatively mild detergent, sequence alignment of the M4 segments of huodgrhuman
which has been shown to retain the resting state conformations2, andTorpedoal nAChR subunits (Figure 6C) shows that
of theTorpedonAChR 1), and can be removed efficiently  the labeled residug82-Cyss and a4-Cy<82 correspond to
by dialysis for reconstitution of the purified receptor into «1-Cys?® and81-Cys*’ which are labeled by*f3]TID in
lipid (bilayer containing) vesicles. This one-step purification the TorpedonAChR o1/81M4 segment 12). N-terminal
and lipid-reconstitution protocol increases the likelihood that sequencing of thef3]TID-labeled fragmentsa4V8-16
the purified receptor will retain its native three-dimensional (Figure 4B) ang32T12K (Figure 5C) established?fl]TID
structure in a membrane environment that is supportive of labeling of Cy3%¢ and Cy$3! within the a4M1 segment and
functionality (i.e., agonist-induced conformational transi- Cy<2° within the 52M1 segmento4-Cys2932-Cy$2° and
tions). 04-Cys3! are homologous tonl-Cy$?? and al-Phé?’

To begin structural characterization of purifiet432 (Figure 6C), the two amino acids labeled B[ TID in the
nAChRs, we employed$I]TID as a probe of the receptor TorpedoalM1 segment 12). A homology model of the
lipid—protein interface. BA|TID is a small hydrophobic ha432 nAChR was constructed using the three-dimensional
photoreactive compound that has been used extensively tcstructure of thélorpedonAChR as a template (Figure 6A,B)
study the structure oTorpedonAChRs (1, 12, 40—42). and shows that thé ] TID-labeled residueso4-Cy<8? 52-
When affinity-purified and lipid-reconstitutea452 nAChRs Cys*S, 04-Cys?5 04-Cys?L, andB2-Cys?9 are all located
were labeled with F3]TID, both a4 and 52 subunits at the lipid—protein interface of the452 nAChR and are
incorporated equal amounts of the probe. @52 labeling situated near the middle of the lipid bilayer. These results
ratio (0.6, Supporting Information Figure 2B) was reflective provide the first experimental evidence that supports the
of the relative amounts af4 versuss2 subunit (204:352, existence of a high degree of structural homology between
Supporting Information Figure 2B) that other approaches the lipid—protein interfaces of the neurona#2 nAChR
have shown likely represent the predominant subunit stoi- and theTorpedonAChR.
chiometry @6). Identical results were obtained for4/32 The predominant incorporation ofi]TID into cysteine
NAChRs purified from HEKed4$2 cells that had been residues undoubtedly reflects the high intrinsic reactivity of
exposed to 10QuM nicotine 24 h prior to harvesting, the cysteine side chain compared to the side chains of other
indicating that nicotine exposure did not significantly alter amino acids43). [*?]TID labeled each of the cysteines in
the subunit stoichiometry for this stably transfected HEK the M4 segments of th&orpedonAChR al, 31, andy

cell line (but see reR7). subunits, while indM4, which lacks cysteine®Ser457 was
Unlike [*29]TID labeling of theTorpedonAChR, addition labeled (2). Within a1M4, Cyg?andaCys*8were labeled
of agonist did not alter the extent nor the pattern 6¥ at ~3-fold higher efficiency than Mé&, while in f1M4,
TID labeling within thea4 or 52 subunits (Figure 1B). There  51-Tyr*%, homologous tax1-Cys'? was labeled at 2-fold
are two primary components offl]TID incorporation into higher efficiency than31-Cys*’. No aliphatic side chains

theTorpedoAChR: (i) ForTorpedonAChRs in the absence  were labeled in th@orpedoM4 segments, but there were
of agonist (resting state}PI|TID labels amino acids in the  unlabeled cysteines withipM3 andoM3 (non-lipid-exposed
channel lumen (M2 helix), and this component of labeling helical face) as well as labeled aliphatic side chains. The
is inhibited by>90% for nAChRs in the desensitized state pattern of labeling within theTorpedo aM4 and M4

(in the presence of agonist) or by the addition of an excesssegments also predicts labeling @4-Trp>’¢ and 52-Trp*3®

of nonradioactive TID (specific, agonist-sensitive component; (Figure 6C), especially since tryptophan, at least as a free
40, 41). (ii) [*A]TID labels amino acids at the lipidprotein amino acid, also has high intrinisic reactivity fdfJ]TID
interface (M1, M3, and M4 segment§], 12), and this (43). However, despite the extensive characterization of the
labeling is affected neither by the addition of agonist nor by TorpedonAChR amino acids photolabeled B{/J]TID, no

an excess of nonradioactive TID (nonspecific, lipjgrotein labeled tryptophan has been identified, which suggests that
interface component). Therefore, the absence of agonisttryptophans in proteins may be less reactive than as a free
sensitivity for E23]TID labeling of the a432 nAChR amino acid or that the adduct is unstable under the conditions
indicates that either the affinity-purified452 nAChRs are used to identify labeled amino acids by Edman degradation.
stabilized in a desensitized state (i.e., unable to undergoHowever, since the selective labeling of cysteines 2
agonist-induced conformational changes)*8t]TID label- nAChR M1 and M4 segments was somewhat unexpected,
ing of the 0482 has no agonist-sensitive component. Ad- we also examined the pattern dfq]TID labeling of the
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M1
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M4
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FicUrRE 6: Homology model of the human452 nAChR displaying 129]TID-labeled residues situated at the lipigrotein interface. A
homology model of a human432 nAChR was constructed from the published structure offthearmoratanAChR (PDB code 2BG9)

as described in the Experimental Procedures. (A) A side view of the extracellular and transmembrane domadié @Etiev) 52 (blue)

nAChR. (B) A view of the transmembrane domain looking through the channel from the synaptic side. The polypeptide chains are traced
with regions ofa-helix (cylinders) ors-sheet (ribbons) denoted. Residues labeled 4] TID are shown in CPK representation within the

M1 (magenta) and M4 (red) helices. An approximation of the membrane is included in (A) (gray), and a Connelly surface model of TID
is included for scale. (C) An alignment of the M1 and M4 transmembrane helices from hufnand32 andTorpedoal andfgl (M4

only) nAChRs, with {?9]TID-labeled residues highlighted in greealM1/M4 and1M1; 12), magenta (M1 ofx4 andf2), or red (M4

of a4 andf2).

TorpedonAChR after purification and reconstitution into  present at the N-terminus of M2 and M3 are very resistant
lipid by the same protocol used for th&32 nAChR. [29]- to proteolysis. Additional work, including the use of alterna-
TID labeled both Cy%¥? and Ph&” within a1-M1 (data not tive proteases, will be necessary to determine whetf#}-
shown), consistent with the published data for nafiegoedo TID photolabels amino acids in the M3 and/or M2 segments.
NAChR-rich membranes1®). Collectively these results
support the conclusion that the position of the amino acid, ACKNOWLEDGMENT
that is, the degree of exposure to lipid, is the primary  We thank Dr. Joseph H. Steinbach (Washington University
determinant of labeling by"fA]TID, with side chain reactiv-  School of Medicine) for kindly providing us with the stable
ity then providing a secondary factor. The combination of 432 nAChR HEK-293 cell line and Dr. Jose-Luis Redondo
these two factors then determines the overall labeling pattern.(Department of Pharmacology and Neuroscience, Texas Tech
To identify potential sites of'f]TID labeling inthe M3 University Health Sciences Center) for his cell culture
and/or M2 segments af4 and$2 subunits, 4] TID-labeled assistance.
a4V8-16 (Figure 2A) an@2V8-21 (Figure 2B) fragments
were exhaustively digested with trypsir1:1 (w/w) ratio SUPPORTING INFORMATION AVAILABLE

of protease to substrate). When the tryptic digest4¥8- A typical elution profile of the 482 neuronal NAChR
16 was fractionated by Tricine SB®AGE, two labeled  from an acetylcholine-derivatized affinity column (Figure 1),
bands with apparent molecular masses of 10 kD& (LOK) densiometric analysis of Coomassie Blue R-250-stained gel

and 6 kDa ¢4T6K) were evident (data not shown). While  (Figure 2A), and quantification off3]TID incorporation
the N-terminal sequencing of HPLC-purifiet T6K gave  into a4 andf2 nAChR subunits (Figure 2B). This material

no clear sequence, N-terminal sequencing of the HPLC- s available free of charge via the Internet at http:/
purified a4T10K revealed a peptide beginningost-Lel?*, pubs.acs.org.

one residue before the N-terminus of thdM1 segment.

Digestion of32V8-21 with trypsin (Figure 5) did not result REFERENCES
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Supplementary Figure 1
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Typical elution profile of the ha4p2 neuronal nAChR from an acetylcholine-derivatized affinity
column. HEK-ho4f2 membranes from ~1000 culture dishes (20x140 mm; ~3g protein
containing ~10 nmol of nicotine binding sites) were detergent solubilized (1% cholate).
Following centrifugation to pellet insoluble material, the solubilized material was then dialyzed
against 1% cholate and applied to the ACh-affinity column. After extensive washing with
lipid/detergent solution (total lipid extract from porcine brain/cholate), the receptor was eluted
from the affinity column using a lipid/detergent solution containing 10mM carbamylcholine. The
protein concentration was determined (Ajsp * 0.6; Bushan and McNamee 1999) and peak protein
fractions (fractions 6-16) were pooled and dialyzed against VDB. The protein concentration of

the combined peak fractions was ~0.1 mg/ml (2.8 mg of receptor at ~4 nmol [*H]nicotine binding
sites /mg protein).



Supplementary Figure 2
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An aliquot of affinity-purified a4p2 receptor (50 pg) was photolabeled with ['*I|TID (0.4 uM:;
10 pCi), in the absence (— lanes) and in the presence (+ lanes) of 400 uM carbamylcholine
(Carb). Polypeptides were fractionated on an 8% SDS-PAGE gel. Following electrophoresis, the
gel was stained with Coomassie Blue R-250 (Figure 1A) and processed for autoradiography
(Figure 1B). A, A densiometric scan of the Commassie blue stained gel. The relative intensities
of a4 and B2 bands, after background subtraction, were calculated from the area under curve. B,
1 incorporation into a4 and P2 nAChR subunits. The bands for a4 and p2 nAChR subunits

were excised from the stained 8% gel and subjected to y-counting.



