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ABSTRACT: Tetranitromethane (TNM), a small aqueous reagent that specifically modifies solvent-accessible
tyrosine residues too-nitrotyrosine, was used to probe the topology of the GlyR. Homomers of humanR1
GlyR were recombinantly expressed via a baculovirus system, affinity-purified, and reconstituted in lipid
vesicles of defined composition. The native-like reconstituted receptors were then reacted with TNM,
and GlyR reaction products were isolated by SDS-PAGE. After proteolytic digestion, TNM-labeled
residues were identified using mass spectrometry by observing the mass shift corresponding to the nitrate
moiety. In this manner, we have identified TNM modifications of tyrosine residues at positions 24, 75,
78, 161, 223, and 228 in the receptor. Of significance, nitrations at Tyr 223 and Tyr 228 occur within the
first putative transmembrane helix (M1) of the receptor, and their labeling suggests a nonhelical secondary
structure for M1 for the glycine receptor. In a previously published report [Leite et al. (2000)J. Biol.
Chem. 275, 13683], we also identified proteolytic cleavage sites within M1. Taken together, these studies
support a topological model where the “historical” M1 segment cannot be entirelyR-helical and may
contain an extramembranous surface loop. Furthermore, we have also identified a tyrosine modification
(Tyr 161) within a region of the N-terminal domain critical in agonist and antagonist binding.

The glycine receptor (GlyR)1 is a major inhibitory neu-
rotransmitter receptor in the mammalian spinal cord and
lower brain. Upon binding glycine, the channel opens and
transiently fluxes chloride ions, thus increasing the electro-
chemical membrane potential. This function is crucial in
coordinating proper regulation of synaptic signaling.In ViVo,
GlyR is a heteropentameric assembly ofR andâ subunits.
However, functionally native-like homopentamers can be
obtained by expressingR1 subunits (1, 2). Our laboratory
has exploited the baculovirus system as a means of express-
ing recombinant GlyR (3). Affinity-purified GlyR (by
2-aminostrychnine-agarose), reconstituted in lipid vesicles,
has been shown to retain pharmacologically native-like
activity by mass flux assays as well as single-channel
electrophysiology (4). The GlyR is a member of the
nicotinicoid superfamily of ligand-gated ion channels. This
family also includes receptors for acetylcholine,γ-aminobu-

tyric acid (GABA), and serotonin. Given the high degree of
sequence homology between subunits of various nicotinicoid
receptors, we consider the reconstituted homomeric GlyR
R1 to be a paradigmatic structural model for the superfamily
in general.

Historically, the accepted topology of the GlyR, as well
as the remainder of the nicotinicoid ion channels, is described
as having a large amino-terminal domain tethered to four
transmembrane (TM)R-helices (M1-M4), with a large
intracellular loop between M3 and M4 and an extracellular
C-terminus. The large intracellular loop between M3 and M4
is of variable length among members of the superfamily and
is the least conserved (see ref5 for review). This loop
contains putative phosphorylation sites and contains target
sites for cytoplasmic proteins such as rapsyn for AchR (6)
and gephyrin for GlyR (7), which are believed to act in
targeting and clustering of the channels. Site-directed mu-
tagenesis studies have identified M2 as the pore-forming
domain (for review, see ref8). Several studies utilizing
chemical modification and/or systematic cysteine mutagen-
esis have identified periodicities in the labeling of M2 and
M4 which suggest that they do indeed adopt anR-helical
fold; similar studies have suggested that M1 adopts a
nonhelical fold (9-13). Several spectroscopic studies have
reported results that are inconsistent with the four TMR-helix
model. Specifically, circular dichroism (CD) studies from
our laboratory have demonstrated that theR-helical content
of R1 GlyR homopentamers cannot accommodate four TM
R-helices (4). Spectroscopic studies of the nicotinic acetyl-
choline receptor (nAchR), using FTIR (14, 15) and IR (16),
suggest that this receptor’s TM domains are also composed
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of a mixture ofR-helices as well asâ-strands, though the
exact composition remains controversial. Cryoelectron mi-
croscopy imaging studies of tubular arrays of nAchR have
been only able to identify the single M2 TMR-helix per
subunit (17, 18). In other studies from our laboratory, mass
spectrometry analysis of soluble and membrane-associated
GlyR peptides generated by limited proteolysis of reconsti-
tuted receptors provided experimental evidence which was
inconsistent with the “historical” four TM topological model
(5). Specifically, proteolytic cleavages were detected within
TM1 and TM3 that should have been inaccessible to
proteolytic enzymes if these segments were transmembrane
helices. In addition, the length of some membrane-associated
fragments (224-234 of M1 and 285-300 of M3) was
insufficient to accommodate membrane-spanningR-helices
which must be at least 20 residues in length to span the∼30
Å of the hydrocarbon interior of the bilayer.

In our previous probing of GlyR structure, the topology
of the receptor was assessed by determining the accessibility
of the peptide backbone to cleavage by proteolytic enzymes.
These aqueous proteolytic enzymes are large, bulky mol-
ecules, and steric effects might have played a role in
restricting the frequency of cleavages at specific sites. Small,
aqueous agents which target specific side-chain moieties of
the protein may provide additional data to more finely map
topology. Tetranitromethane (TNM), a small, water-soluble
tyrosine modification reagent, was used in this study to probe
the accessibility of Tyr in reconstituted humanR1 GlyR. The
reaction of TNM with tyrosine under alkaline conditions
results ino-nitrotyrosine, which shifts Absmax to 428 nm (19)
and also mass shifts the Tyr residue, adding an additional
nitrate group (+45 Da). Tyrosine side chains may be
expected to reside in many different microenvironments.
These side chains are preferentially enriched in the interfacial
region of the bilayer (i.e., with the lipid headgroups). They
might also be on the surface of the protein. In both of these
cases, the Tyr may be accessible for TNM modification.
However, if the Tyr resides in the interior of the bilayer (i.e.,
at the depth of the acyl chains of the lipids) or in the hydro-
phobic core of a globular domain, they would be inaccessible
to TNM. Thus TNM accessibility provides information that
may be used to map the topology of the receptor.

In analogous studies of bacteriorhodopsin, a seven TM
helix membrane protein, TNM has been utilized as a
topological probe to identify solvent-accessible tyrosine
residues (20, 21). Utilizing subsequent high-resolution data
from crystallographic studies (22), we can retrospectively
evaluate the efficacy of TNM as a tool in the topological
analysis of BR. TNM was able to specifically modify solvent-
accessible tyrosine residues, including tyrosines in the
interfacial region of the membrane, aligned with phospholipid
headgroups. All tyrosines embedded at the level of the acyl
chains remained unmodified. Probing solvent-accessible
tyrosines may be particularly useful in examining the
topology of membrane proteins in general since aromatic
residues, including tyrosine, play an important role in the
partitioning properties of TM domains due to their hydro-
phobicity and propensity to define the ends of TM regions
due to their favorable free energies at the membrane-solvent
interface (23).

While many chemical techniques for labeling specific
moieties of proteins are known and widely available,

mapping the site(s) of modification had been problematic in
studies of proteins of limited abundance. However, recent
advances in mass spectrometric technologies have afforded
investigators with a sensitive (subpicomolar sensitivity)
proteomic tool to identify targeted residues. Mass spectrom-
etry (MS) is a technique that allows separation and identi-
fication of ionized analyte molecules on the basis of their
mass to charge ratio. In this study, we use MS to identify
sites of TNM modification of the GlyR. After chemical
labeling of reconstituted receptors, the receptors are denatured
and subjected to proteolytic digestion to generate peptides
with manageable molecular masses. Peptides may be identi-
fied by comparing the molecular mass of observed mass ions
with predicted mass ions from the GlyR sequence, while a
nitration by TNM yields a discernible mass shift (+45 mass
units). The identity of the isolated mass ion can be further
confirmed by collision-induced dissociation (CID) tandem
MS (MS/MS), in which selected mass ions are fragmented
into daughter ions. The mass difference between daughter
ions in a series is indicative of the molecular mass of an
amino acid. Thus, deconvolution of a daughter ion spectrum
yields sequence information of the parent peptide. MS
analysis provides a rapid and sensitive (under ideal condi-
tions, femtomoles of peptide may be detected) means of
identifying sites of TNM modification.

In this study, we have utilized the combination of chemical
modification and mass spectrometry to examine the acces-
sibility of Tyr residues of the GlyR in order to further refine
the topology of this receptor. In addition to several tyrosine
residues in the N-terminal domain, we have identified key
tyrosine residues within M1 that are accessible to TNM
modification. In particular, TNM modification of Tyr 223
and Tyr 228 suggests solvent accessibility at these sites,
which conflicts with the four TMR-helix topological model
that would place these residues buried within the lipid bilayer.
These results corroborate a topological model in which the
M1 region of the receptor cannot be entirely helical.

EXPERIMENTAL PROCEDURES

Sample Preparation and TNM Labeling.GlyR R1 ho-
momers were overexpressed in Sf9 insect cells using a
baculovirus expression system (3). Extraction, purification,
and reconstitution of the receptor was performed as previ-
ously described (4). Briefly, GlyR was extracted from washed
total membranes using a solubilization buffer containing 1%
digitonin (Aldrich)/0.1% deoxycholate (Sigma) in 25 mM
KPi, pH 7.4, 1 M KCl, 5 mM EDTA, 5 mM EGTA, 10 mM
DTT, and 1.5 mg/mL mixed lecithin (containing>99%
phosphatidylcholine) (Calbiochem). Following affinity chro-
matography using 2-aminostrychnine-agarose, purified GlyR
was reconstituted into lipid vesicles by size exclusion
chromatography on Sephadex G-100. In our hands, this
procedure reconstitutes GlyR in vesicles with native-like
activity (4). A TNM (Sigma) stock solution of 6 mg/mL in
95% ethanol was stored at 4°C under a blanket of N2.
Purified glycine receptor (200µg) in phospholipid vesicles
was bath sonicated in the presence of a 10-100-fold molar
excess of tetronitromethane (TNM) in 25 mM KPi, pH 7.4.
The reaction was allowed to proceed for 1 h at room
temperature. All reactions were stopped by addition of
â-mercaptoethanol (âME) (Sigma) to a final concentration
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of 5% (v/v) (24). Unreacted TNM andâME were removed
by pelleting the GlyR vesicles via ultracentrifugation at
150000× g for 1 h. The pellet was subsequently washed
with reaction buffer, and ultracentrifugation was repeated.
Samples of untreated GlyR were prepared under identical
conditions as a negative control. The pellet was resuspended
in electrophoresis buffer (1 M urea, 10%âME, 5% glycerol,
bromophenol blue), and single bands were visualized on
SDS-PAGE. GlyR bands were excised and proteolyzed “in-
gel” with 1 µg of protease (trypsin or Endo-Glu-C) as
described (25). Proteolytic fragments were extracted using
75% acetonitrile/100 mM acetic acid.

Estimation of TNM Labeling Efficiency.Samples of
purified and reconstituted GlyR were labeled with TNM,
centrifuged, and washed as described above. Pellets of TNM-
reacted GlyR (10µg) were resuspended in 10% acetonitrile/
100 mM acetic acid (30µL) and bath sonicated for 5 min.
Samples were separated by C18 reverse-phase chromatog-
raphy using a Waters Nova-Pak column (3.9× 150 mm).
Flow was driven by a Waters HPLC system including model
510 pumps and a model 996 photodiode array detector.
Acquisitions and data analysis were performed using Mil-
lenium software (Waters). Unmodified GlyR eluted earlier
than TNM-modified GlyR, confirmed by the presence of both
peaks at 280 nm, but only the later peak absorbing at 428
nm. Labeling efficiency was inferred from measuring the
peak area of modified GlyR at 280 nm.

HPLC Separation and Mass Spectrometry.Proteolytic
fragments were separated using a Phenomenex reverse-phase
column (C5, 150× 46 mm, or C18, 50× 0.3 mm) packed
with 5 µm particles and a Waters model 600 HPLC system.
Eluted proteolytic fragments were monitored by absorbance
at 428 and 280 nm. Collected fractions were screened by
ion-trap MS. Proteolytic fragments containing nitrated ty-
rosines were identified by running samples in parallel with
control untreated GlyR. Mass ions unique to TNM-treated
samples were assigned to the GlyR sequence. Theoretical
masses of TNM-treated GlyR proteolytic fragments were
generated using PAWS software (Proteometrics). Tentative
assignments to the GlyR sequence were confirmed by MS/
MS using a Fisons Quattro system, ESI triple-quadrupole
MS, and/or a Finnigan LCQ ion-trap ESI-MS. Alternatively,
data-dependent scans of selected mass ions monitored as they
eluted from the LC were fragmented by CID using the
Finnigan LCQ MS. The LC component was adapted with a
flow splitter, which enabled reduction of precolumn flow
from 200 to 20µL/min.

RESULTS

Labeling of GlyR with TNM.Reconstituted GlyR was
partially labeled with TNM. In our hands, the conditions used
to reconstitute the receptor yield preparations in which the
receptor effectively retains total activity (4), so any detected
modifications by TNM of a specific GlyR residue are
indicative of exposure to this aqueous reagent in native
receptors. To limit the risk of artifactual labeling due to
extended labeling times and/or local protein unfolding upon
modification, labeling conditions were selected such that the
receptor was only partially labeled. The efficiency of TNM
labeling was monitored by exploiting the dramatic shift in

retention time of the receptor upon TNM modification as
observed by the appearance of a shifted absorbance at 428
nm (relative to theA280 peak of control reactions), the
absorbance maximum of nitrotyrosine. Direct comparison of
the A280 peak areas of modified and unmodified GlyR as
peaks eluted from a C18 reverse-phase column indicated that
approximately 40% of the protein remains unmodified by
TNM under our conditions (data not shown). Thus, while a
majority of our GlyR sample is labeled by TNM, after 1 h
the reaction has not reached completion.

In the current study we utilized the sensitivity and
versatility of mass spectrometry to identify TNM-labeled
sites in GlyR. After labeling, the GlyR was proteolyzed by
in-gel digestion with trypsin or Endo-Glu-C. Limit digests
were then separated by reverse-phase HPLC. Given the
necessity of lightly labeling the protein, we were not capable
of detecting HPLC-separated proteolytic fragments contain-
ing o-nitrotyrosine residues by monitoring the absorbance
of the eluant at 428 nm. Rather, direct infusion of HPLC
fractions onto a Finnigan model LCQ ion-trap mass spec-
trometer was used to screen proteolytic fragments. Later, we
adapted the LC component (Finnigan) of an LCQ ion-trap
MS so that HPLC eluted proteolytic fragments could be
analyzed directly by MS. Identification of TNM-labeled
residues begins by comparing analogous HPLC fractions
derived from modified and unmodified GlyR. In this fashion,
peaks unique to the TNM-modified samples were tentatively
assigned to the GlyR amino acid sequence and later
confirmed by MS/MS. While TNM has been reported to have
minor reactivity toward cysteine and tryptophan residues
(19), these modifications were not detected under our
experimental conditions. In our hands, all TNM labeling was
found to occur solely at Tyr residues.

Representative MS/MS spectra are shown in Figures 1 and
2. Surprisingly, for several fragments, in addition to the
expected mass shift of 45 Da (+NO2) (Figure 2), a mass
shift of 29 Da was also detected (Figure 1). We hypothesize
that the 29 Da mass shift is the result of a loss of the tyrosyl
oxygen during nitration (-16 mass units). Recently, similar
losses of oxygen from nitrated tyrosine species were identi-
fied by MALDI-MS (26). Figure 1 illustrates MS/MS spectra
for the parent mass ion 920.7, which was assigned to the
sequence between GlyR residues 1 and 25. The spectra
illustrated in panels A and B of Figure 1 were generated
using lower (25%) and higher (35%) collision energies,
respectively, yielding markedly different daughter ion spe-
cies. Figure 1A is characterized by a strong parent mass ion
peak at 920.1, suggesting that the efficiency of CID is low,
and weak b and y ion series. Figure 1B has a significant
reduction in the parent mass ion peak and a marked increase
in the abundance of daughter ions due to the increased
collision energy. Internal fragmentations caused by the
presence of proline residues as well as presence of several b
and y ions allow positive identification of this sequence
assignment. Note that all b ions from both panel A and panel
B in Figure 1 have a loss of 18 mass units, most likely due
to the loss of a hydroxyl moiety, plus proton, from one of
several serine residues. Figure 2 illustrates a MS/MS
spectrum of the parent mass ion 779.5, obtained by triple-
quadrupole ESI, which was assigned to the sequence between
GlyR residues 223 and 234. In addition to a significant b
and y ion series, this spectrum is marked by internal frag-
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ments induced by proline residues. Several daughter ions
have a characteristic mass shift (-45 mass units), indicating

that the nitrate moieties ofo-nitrotyrosine residues are labile
under CID MS/MS conditions.

FIGURE 1: MS/MS spectra for parent mass ion 920.7 (GlyR proteolytic fragment 1-25). The MS/MS spectrum was acquired using a
Finnigan LCQ LC ion trap. CID MS/MS spectra were generated by a data-dependent scan of the mass ion 920.7. (A) Collision energy set
at 25% yielded spectra with lower yields of b, y, and a ions. (B) Collision energy set at 35% yielded spectra that included more internal
“Pro” fragmentation that aided in the confirmation of sequence assignment.
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Table 1 shows all of the proteolytic fragments of GlyR
that were identified as containing TNM-modified tyrosine
residues. Six of the 16 Tyr residues ofR1 GlyR were
modified. TNM modifications were detected in residues 24,
75, 78, 161, 223, and 228 (see Figure 4 for a schematic of

the receptor and relative location of native tyrosines). Y58
lies within a fragment (54-81) that has a mass shift of 90
mass units, consistent with two nitration events. However,
this fragment contains three tyrosine residues (58, 75, 78),

FIGURE 2: MS/MS spectrum for parent mass ion 779.5 (GlyR proteolytic fragment 223-234). The MS/MS spectrum was acquired by CID
using a Fisons ESI triple-quadrupole MS. The molecular mass is consistent with two (NO2-) moieties, which is confirmed by the sequence
of the fragment. Loss of the (NO2-) moieties by secondary fragmentation events are observed in b2 and b9 ions, as well as several internal
fragments.

Table 1: Listing of Nitrated Tyrosine Residues Identified by MS
Analysisa

NO2-Y
proteolytic
fragment M/z z

(Mexp-
Mobs)/z

Y24 1-25 920.7 3 0.3 V8, 1/1 (+29)
Y24 16-25 1155.7 1 0.6 V8, 1/1 (+29)
Y75, Y78 54-81 907.1 4 0.4 V8, 2/3 (+45)× 2
Y75 71-77 890.6 1 0.3 V8, 1/1 (+29)
Y75, Y78 71-91 834.1 3 -0.9 V8, 2/2 (+29)× 2
Y78 78-81 537.4 1 0.1 V8, 1/1 (+29)
Y161 149-169 839.3 3 -1.3 V8, 1/1 (+29)
Y161 149-169 852.2 3 -1.2 V8, 1/1 (+29), K+

Y223, Y228 223-234 779.5 2 -0.6 Tryp, 2/2 (+45)× 2
Y223 223-234 774.5 2 -1.4 Tryp, 1/2 (+45), K+

Y228 223-234 756.1 2 -0.2 Tryp, 1/2 (+45)
aThe proteolytic fragment that includes the modified tyrosine is also

listed. The number of tyrosine residues labeled out of the total number
of potential tyrosine residues within each proteolytic fragment is
indicated as a ratio (i.e., 1/1 or 1/2). The exact modification is also
noted as+45 for each nitrate moiety or+29, which is indicative of
the loss of the nitrotyrosine oxygen. Abbreviations: V8, Endo-Glu-C;
Tryp, trypsin; K+, potassium adduct;z, charge;Mexp, expected mass;
Mobs, observed mass.

FIGURE 3: GlyR R1 amino acid sequence with tyrosine residues
highlighted in bold type. TNM-modified residues are underlined.
The N-terminal domain sequence [aligned with AchBP (27)] is
highlighted in gray.
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only two of which are labeled. MS/MS of this fragment did
yield sufficient daughter ions to determine the identity of
the fragment; however, due to poor ionization, we were not
able to verify the modification at Y58 (data not shown). Since
modifications were detected associated with residues 75 and
78 (fragment 71-91), it was interpreted that Y58 is not
modified by TNM. Except for tyrosine residues 223 and 228,
all TNM modified tyrosine residues are located in the
postulated N-terminal domain. Unexpectedly, nitration of
tyrosine 339, located on the postulated cytoplasmic loop, was
not observed. Similarly, nitration at tyrosine 301 was not
detected. This residue flanks a proteolytic cleavage, identified
in previous studies (5), and had been expected to be solvent
accessible. Curiously, no modifications of any of the five
Tyr C-terminal to residue 228 were detected. The absence
of modification at these residues is difficult to interpret since
the lack of labeling may not necessarily reflect a lack of
accessibility to the aqueous milieu. While these residues may
be inaccessible, it is also possible that they were labeled but
remained undetected for a variety of reasons.

DISCUSSION
The current study utilizes chemical modification by TNM

to probe the GlyR topology for solvent-accessible tyrosine
residues. This type of approach had been useful in examining
and refining the topology of the membrane protein bacteri-
orhodopsin (discussed further, below). By coupling this
modification technique with mass spectrometry, we have
been able to definitively identify 6 of the 16 native tyrosine
residues in the GlyR as modified too-nitrotyrosine in the
presence of TNM. Coupled to our previous limited proteoly-
sis study (5), these data provide further insight into the
topology of the GlyR and, by homology, the nicotinicoid
superfamily of ligand-gated ion channels.

N-Terminal Domain.Not surprisingly, several tyrosine
residues located within the GlyR N-terminal domain (residues
1-218) were accessible for TNM modification (Table 1).
Proteolytic peptides corresponding to residues 1-25 and 16-
25 were mass shifted, allowing identification of Tyr 24 as a
target of nitration by TNM. Similarly, peptide fragments
encompassing Tyr 75 and/or Tyr 78 provided evidence of

FIGURE 4: (A) Hypothetical schematic of GlyR residues 220-246 shown as a transmembranousR-helix. Individual residues are labeled
along the length of the helix. Residues modified by TNM are shown as gray beads, and respective residue numbers are shown in bold type.
Previously identified proteolytic cleavages (5) are indicated by arrows. (B) Helical wheel diagram (GROMACS v3.0) illustrating the relative
position of M1 residues if this domain were to fold as anR-helix. TNM-modified residues are highlighted with asterisks.
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their nitration. An additional proteolytic fragment (54-81)
that includes tyrosine residues 58, 75, and 78 consistently
yielded mass shifts which correspond to two nitration events
(+90 mass units). However, we were never able to generate
sufficient daughter ions to discern which tyrosine residue
(besides Tyr 78) was nitrated, even though there were
sufficient daughter ions to confirm the sequence assignment.
Since we had detected modifications at Tyr 75 and Tyr 78
by other fragments, we interpreted that Tyr 58 was probably
not modified by TNM. No modifications were detected at
Tyr 128, Tyr 197, and Tyr 202.

Recently, a high-resolution structure of an acetylcholine
binding protein (AchBP) secreted by snail glial cells has been
determined (27). The sequence of this protein is highly
homologous with the N-terminal domains of the nicotinicoid
family of receptors, and more recent crystallographic data
of bungarotoxin binding to a loop of the acetylcholine
receptor suggest that the AchBP is structurally homologous
with this domain of the nicotinicoid receptor (28). Therefore,
the structure of this AchBP provides a useful framework in
evaluating the structural information from our accessibility
studies. Specifically, utilizing the sequence alignment pro-
vided in the Brejc study (27), we propose that the GlyR
tyrosines might have accessibility profiles similar to their
corresponding homologue in the AchBP structure. Four of
the six GlyR Tyr residues that were identified as modified
by TNM (24, 75, 78, 161) aligned with AchBP residues (S14,
W65, H69, and H145, respectively); the other two labeled
Tyr are in regions of the GlyR that is not homologous with
AchBP. All TNM-modified GlyR residues, with the excep-
tion of Y161 (which is further discussed below), lie within
solvent-accessible loops on the AchBP structure. Specifically,
GlyR24-AchBP14 would be expected to be located at the
C-terminal end of a shortR-helix, and GlyR75 and GlyR78
would be located on the surface loop between twoâ-sheets
(â2 andâ3). Furthermore, alignment with AchBP suggests
that the absence of labeling of Tyr 58, Tyr 128, Tyr 197,
and Tyr 202 may be due to their inaccessibility rather than
a failure of the methodology to detect these species. Tyr 58
and Tyr 128 of GlyR align with AchBP residues V48 and
Y113, which both have side chains oriented to the hydro-
phobic interior of theâ-barrel. Furthermore, Tyr 197 and
Tyr 202 of GlyR align with AchBP residues N181 and C188.
In AchBP these residues are in a Cys loop structure that is
fairly hydrophilic and solvent accessible. However, in the
nicotinicoid family of receptors, the loops on this surface of
the N-terminal domain are not homologous to those in
AchBP but rather are generally hydrophobic and may be
involved in protein-protein interactions with other surface
loops of the full-length receptor. As such, the Tyr at 197
and 202 might not be accessible to aqueous reagents and
would remain unmodified by TNM.

The observed TNM modification of Tyr 161 suggests
solvent accessibility at this site. Mutagenesis studies of GlyR
have identified residues 159, 160, and 161 as critical in
agonist/antagonist binding and specificity (31, 32). Therefore,
Tyr 161 is involved in ligand binding and might be expected
to be accessible to aqueous TNM. However, how do we
accommodate this with our previous limited proteolysis
studies that identified the proteolytic 158-165 peptide as
partitioning with the membrane-associated components after

proteolysis (18)? In sequence alignments with the AchBP,
GlyR Y161 is homologous to AchBP H145, which lies at
the interface between subunits of the AchBP pentamer.
Strong noncovalent interactions between neighboring sub-
units in the 158-165 region of GlyR would result in
membrane association of the peptide with an intact neighbor-
ing subunit. Our results are consistent with a model in which
Tyr 161 is part of the ligand binding site at the interface
between neighboring subunits.

Transmembrane M1 Region.TNM modifications were
identified at residues 223 and 228 of M1, suggesting solvent
accessibility at sites that should have been occluded from
modification if M1 were to fold as a “classical” TMR-helix
(Figure 4). Even if the side chains of portions of this helix
were partially lining the pore channel, we would not expect
tyrosine residues 223 and 228 to have access to water-soluble
reagents and would expect them to be on different faces of
an R-helix (see helical wheel in Figure 4B). This result is
consistent with accessibility patterns observed in the M1
domain of the homologous nAchR by other investigators.
Karlin and co-workers have used extensive systematic
cysteine mutagenesis coupled with covalent modification
using aqueous methanethiosulfonate compounds to probe the
structure of the M1 and M2 regions of nAchR (12, 13) (see
ref 29 for an overview). The labeling patterns of the amino-
terminal end of the M1 regions of both theR andâ subunits
of the nAchR were inconsistent with this area beingR-helical,
and it has been postulated that this region lacks regular
structure and these side chains may be accessible to solvent
in the pore of the channel. In addition, biochemical data (9),
involving the use of various probes with the AchR, have
failed to produce convincing evidence that M1 folds entirely
as a transmembraneR-helix, and we interpret the labeling
pattern of these hydrophobic probes as being consistent with
a nonhelical structure (for a review see ref30). Fluorescence
quenching experiments with AchR suggest that Cys 222
[corresponding, by sequence alignment, to GlyR residue 231
(31)] lies closer to the membrane-solvent interface than the
hydrophobic interior of the bilayer (as would be suggested
if M1 were R-helical). Given all this evidence, we consider
an alternate hypothesis: if, as many investigators have
shown, the M1 domain is not entirely helical, is it not more
plausible that some of these accessible residues are located
on surface loops near the interfacial region of the bilayer?

The domains of integral membrane proteins that face the
hydrophobic interior of the lipid bilayer must somehow
satisfy the hydrogen-bonding requirements of the carbonyl
and amide moieties of the peptide bonds. The energy of
desolvating these moieties upon transfer to a hydrophobic
environment is the single most important driving force in
membrane protein folding (26). TM domains are therefore
typically assumed to form regular secondary structures (R-
helix orâ-sheets) in which carbonyl groups and amide groups
may form hydrogen bonds (intrachain or interchain, respec-
tively) and reach a stable thermodynamic energy state.
Typically, TM R-helices require no less than 20 amino acids
to traverse the approximately 30 Å of the hydrocarbon
interior of the lipid bilayer. However, as indicated by the
porin crystal structure (32), TM â-sheets may span the bilayer
with as few as six residues. Therefore, biochemical studies
that employ the use of proteases or chemical modification
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reagents with specific solubilities have been very useful in
defining the limits of TM domains. Thus, the length of the
TM domains strongly delimits the possible secondary
structure of these TM domains (i.e., transmembrane stretches
of less than 20 amino acids cannot be entirely helical and
pass through the bilayer).

If we postulate that the transmembrane domain of M1 is
comprised of multipleâ-sheets satisfying their H-bonds by
interstrand bonding (with adjacent strands from other sub-
units), then we are not limited to a single pass through the
bilayer. If M1 traverses the bilayer as multipleâ-sheets, it
must fold as an odd number ofâ-sheets in order to preserve
the vectorial orientation of M2 (8). We have previously
identified proteolytic cleavages, under native conditions, at
GlyR residues 223 and 234, suggesting solvent accessibility
at these sites that is not consistent with anR-helical fold for
this region (5). As described above, identification of TNM
modification at GlyR residues 223 and 228 also suggests
that M1 is unlikely to fold as a membrane-spanningR-helix
but may instead be comprised of an odd number ofâ-sheets
where several residues between 220 and 246 are solvent
accessible. Analogous TNM modification studies conducted
on bacteriorhodopsin (BR) showed that this technique was
capable of labeling Tyr in the interfacial region of the
membrane (20, 33). Significantly, BR tyrosine residues
buried within the bilayer could not be nitrated by TNM under
similar experimental conditions. Thus, Tyr 223 and/or Tyr
228 of GlyR may reside in the interfacial region of the bilayer
and remain accessible to nitration by TNM, but they cannot
be buried in the hydrophobic interior of the bilayer and may
define the ends of a transmembraneâ-sheet.

The recent determination of the high-resolution structures
of the glycerol-conducting aquaporin (GlpF) (34) and the
ClC channel (35), two membrane channels, suggests yet
another possibility for the topology of the nicotinicoid family.
Surprisingly, the crystal structures of these two membrane
proteins have significant amounts of membrane-embedded
residues which are neither entirely helical nor inâ-sheets.
Similar to the KcsA channel (36), these proteins have helices
that only penetrate partially through the membrane. Perhaps
the M1 region of the nicotinicoid receptor superfamily (and,
quite possibly, other regions of the receptor) similarly
contains a novel, unexpected secondary structure. While the
TNM labeling data presented herein cannot define the
secondary structure on M1, the data strongly suggest that
this domain cannot be entirely helical. Our laboratory is
currently utilizing cysteine substitution mutagenesis coupled
to spin-labeling techniques to further probe the local environ-
ment of this region.

In conclusion, TNM modification coupled with mass
spectrometric studies has been shown to be a useful tool in
examining membrane protein topology. Labeling of the GlyR
at various sites in the N-terminal domain is consistent with
their expected accessibility. Previous studies suggested that
Tyr 161 is involved in ligand binding, and its accessibility
to TNM was consistent with these studies. However, TNM
modification of two tyrosine residues in M1 lends support
to findings from a previously published study suggesting that
the TM1 region of the nicotinicoid receptors might not be
R-helical. Specifically, nitration at tyrosine residues 223 and
228 of GlyR indicates that these residues have access to the

aqueous milieu and strongly suggests that M1 cannot fold
as a transmembraneR-helix, which would place these
residues well within the lipid bilayer.
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