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ABSTRACT. We used a series of adamantane derivatives to probe the structure of the phencyclidine locus
in either the resting or desensitized state of the nicotinic acetylcholine receptor (AChR). Competitive
radioligand binding and photolabeling experiments using well-characterized noncompetitive antagonists
such as the phencyclidine analogp@gridyt3,4-*H(N)]-N-[1-(2-thienyl)cyclohexyl]-3,4-piperidine TH]-

TCP), PH]ethidium, BH]tetracaine, F*Clamobarbital, and 3-(trifluoromethyl)-3v[123]iodophenyl)-
diazirine ([*3]TID) were performed. Thermodynamic and structufenction relationship analyses yielded

the following results. (1) There is a good structufenction relationship for adamantane amino derivatives
inhibiting [*H]TCP or PH]tetracaine binding to the resting AChR. (2) Since the same derivatives inhibit
neither [“Clamobarbital binding nof3]TID photoincorporation, we conclude that these positively charged
molecules preferably bind to the TCP locus, perhaps interactingo@i?6? residues at position M2-20.

(3) The opposite is true for the neutral molecule adamantane, which prefers the TID (or barbiturate) locus
instead of the TCP site. (4) The TID site is smaller and more hydrophobic (it accommodates neutral
molecules with a maximal volume of 338 45 A3) than the TCP locus, which has room for positively
charged molecules with volumes as large as 461elg., crystal violet). This supports the concept that

the resting ion channel is tapering from the extracellular mouth to the middle portion. (5) Finally, although
both the hydrophobic environment and the size of the TCP site are practically the same in both states,
there is a more obvious cutoff in the desensitized state than in the resting state, suggesting that the
desensitization process constrains the TCP locus. A plausible location of neutral and charged adamantane
derivatives is shown in a model of the resting ion channel.

The Torpedonicotinic acetylcholine receptor (AChRis AChRs, type A and G-aminobutyric acid, type 3 5-hydroxy-
the archetype of a ligand-gated ion channel superfamily tryptamine, and glycine receptors (reviewed in réfand
found in the nervous system which includes neuronal-type 2). A series of structurally different compounds called
noncompetitive antagonists (NCAs) inhibit AChR functions.
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1 Abbreviations: AChR, nicotinic acetylcholine receptor; CCh, AChR, PCP displaces ethidium from its high-affinity binding
carbamylcholinep-BTx, a-bungarotoxin; NCA, noncompetitive an-  gjte with an inhibition ConStamK]j ~ 0_3#M (7)] similar
tagonist; PCP, phencyclidine [1-(1-phenylcyclohexyl)piperidine]; TCP, . . o o
1-(2-thienylcyclohexyl)piperidine; memantine, 3,5-dimethyl-1-adaman- to its d!SSOCIatlon ConStan“_(E = 0.3-08 /‘M_(7_9)]7 )
tanamine; CrV, crystal violet;3H]TCP, [piperidyF3,4-3H(N)]-N-[1- suggesting a common location. In turn, a luminal location
(2-thienyl)cyclohexyl]-3,4-piperidine]#I]TID, 3-(trifluoromethyl)-3-  for the ethidium binding site has been deduced by using
(m[*A)iodophenyl)diazirine; H]H1-HTX, [*H]perhydrohistrionicotoxin; h ffinity labeli dfl
VDB, vesicle dialysis buffer; I6;, competitor concentration that inhibits ~ POtoaffinity labeling £0) and fluorescence resonance energy
50% drug maximal binding to the AChR; E&modulator concentration  transfer approached ). More specifically, H]ethidium

that enhances 50% drug activity (e.g., binding or photoincorporation) diazide photolabeled both M1 and M2 transmembrane

on the AChR;K;, inhibition constantKg, dissociation constantyy, f th buni icularl id L34
Hill coefficient; P, partition coefficientAAG?, differential free energy ~ S€gMeNts of théw subunit, particularly at residues

change;AG®, free energy change. (e.g., position M2-9) and S#£ (e.g., position M2-10)10).
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In the resting ion channel, there are at least two allosterically
linked NCA binding sites. The first is an overlapping binding
site for barbiturates and the hydrophobic probe 3-(trifluo-
romethyl)-3-m-[*>4]iodophenyl)diazirine {?A]TID) (12),
which is located approximately in the middle of each
channel-lining M2 segment, more specifically between the
highly conserved ring of leucine residues (M2-9, e.g.,
oLel?®) and the ring of valine residues (M2-13, ed)al*%9)
(13—16). The other site, which is located more extracellularly
(above position M2-13 and extending to position M2-20),
includes the locus for the dissociative anesthetics ketamine,
PCP, and its structural analogue TAH,(18). This location

is based in part on the results from this paper. The tetracaine
binding domain partially overlaps the TID site (M2-9 and
M2-13), but includes additional residues at M2-5 (e.g.,
alle?*”) and M2-12 (e.g.9Ala?%9) (19). Competitive binding
studies along with molecular modeling8) indicate that the
tetracaine molecule bridges both the TID (i.e., the barbiturate)
and the PCP (i.e., the ketamine) binding site. Another
important conclusion is that activation of the receptor, which
induces the resting>~ open— desensitized conformation
state transitions, results in state-dependent changes in the
location of NCA sites (e.g., TID) and therefore concomitant
changes in the properties of the binding site (e.g., size,
hydrophobicity, etc.).

The antiparkinsonian and antiviral drug amantadine (1- FiGure 1. Molecular structures of adamantane derivatives and for
adamantanamine), as well as its derivatives, inhibits both Séveral dissociative anesthetics. Test molecules were built in Insight
B . 2000 (MSI, San Diego, CA) and are rendered in ball-and-stick
muscle-typeZ_O_—23) and neuronal-type AC_hR_QfQ’ 28)in format with the exception of 1-adamantanamine which was also
a noncompetitive manner. However, the inhibitory mecha- rendered with a space-filling surface (CPK) to emphasize the
nism for AChRs is not clear. There is evidence indicating spherical shape. The molecules are (1) 1-adamantanamine, (2)
an open channel blocking mechanisii,( 25, 27), but adamantane, (3) 2-adamantanamine, (4) adamantanemethylamine,
o : e ' _(5) adamantylethylamine, (6) azidoadamantane, (7) memantine, (8)
additional e>§per.|mental regults also §h0w thgt several agla adamantylpyridinium, (9) phencyclidine, (10) ketamine, (11) TCP,
mantane derivatives may bind and/or induce either the restingand (12) crystal violet.
or desensitized receptor stafd(25), suggesting an allosteric

mode of inhibition. EXPERIMENTAL PROCEDURES

Amantadine displaces the high-affinity NCA perhydro- . L .
histrionicotoxin (FH]H1-HTX) from its site within the 34“"2};2‘3';}[]%FE{e:"FF/é%A'iT(ngglésamegg%ggggfgﬂ]é d
lon channel 20, 21), and considering the insinuation by from New England Nuclear Research Products (Boston, MA)

Gallagher et al.17) that HTX may bind to the PCP locus, . ) L
: ) . . . and 3-(trifluoromethyl)-34f+[*?3]iodophenyl)diazirine (?9]-
amantadine might bind to the PCP site as well. In this regard,TID’ ~10 Ci/mmol) from Amersham Pharmacia Biotech

we used the radioligand®Hl]TCP as a structural analogue (Piscataway, NJ), and both were stored in ethanok20

of [3BH]PCP @9, 30), and a series of adamantane derivatives o ; : .

to probe the molecular structure of the PCP binding site in Z?hdioélliu% r(egsgecc::it/%erlr)]/ c';l)_'u—s:;a;z?ff fﬁi?n%/rgrgﬁgr? ?Sl-aﬂavard
both resting and desensitized AChR ion channels. More Medical School Boston, MA) and Steen.Pedersen (Baylor
specifically, we tested the ability of adamantane, azidoada- College of Medi’cine, Ho'uston, TX), respectively, and both
mantane, 1-adamantanamine, 2-adamantanamine, memanting,. .« siored in ethanol at20 °C. [4C]Amobarbital (50 mCi/
adamantylethylamine, adamantanemethylamine, and adai,mqly was synthesized by American Radiolabeled Chemi-
mantylpyridinium (see molecular structures in Figure 1) to ¢4 (St. Louis, MO) and was stored in ethanoh0 °C.
affect the binding of HITCP in either the resting or  syperyldicholine dichloride, carbamylcholine ~chloride,
desensitized state. To complete our studies, we performedetracaine hydrochloride, phencyclidine hydrochloride (PCP),
competitive radioligand binding and photoaffinity labeling - thienylcyclohexylpiperidine hydrochloride (TCP), 3,5-
experiments using well-characterized NCAs such®#-[  dimethyl-1-adamantanamine hydrochloride (memantine), and
tetracaine, f'Clamobarbital, and'fa]TID in the resting state,  1-adamantanamine hydrochloride (amantadine) were pur-
as well as JH]ethidium in the desensitized state. Since the chased from Sigma Chemical Co. (St. Louis, MO). 2-Ada-
Kq and stoichiometry forPH]TCP binding in the resting state mantanamine hydrochloride, 1-azidoadamantane, 1-(1-
have not been reported yet, we also determined theseadamantyl)pyridinium bromide, 1-(1-adamantyl)ethylamine
equilibrium binding properties. Finally, we used structural hydrochloride, adamantane, and 1-adamantane methylamine
and thermodynamic correlations to determine the molecular were obtained from Aldrich Chemical Co., Inc. (Milwaukee,
components that are involved in the TCP binding site within WI). [1-(Dimethylamino)naphthalene-5-sulfonamido]ethyl-
either the resting or desensitized ion channel. trimethylammonium perchlorate (dansyltrimethylamine) was

1. 12,
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obtained from Pierce Chemical Co. (Rockford, IL). Other receptor is then calculated from the concentration of AChRs
organic chemicals were of the highest available purity. (0.3 uM). The K4 of TCP is obtained from the negative
Preparation of AChR Nate MembranesAChR native reciprocal of the slope. The standard deviation in the
membranes were prepared from froZearpedo californica calculated value is also reported.
electric organs obtained from Aquatic Research Consultants Effect of Adamantane Dextives on eitherfH]TCP, [°H]-
(San Pedro, CA) by differential and sucrose density gradient Tetracaine, or f*C]JAmobarbital Binding to Resting AChRs.
centrifugation, as described previous¥1). The specific The effect of adamantane, azidoadamantane, 1-adamantan-
activities of these membrane preparations were determinedamine, 2-adamantanamine, adamantylpyridinium, adaman-
by the decrease in dansyltrimethylamine (6M) fluores- tylethylamine, adamantanemethylamine, and memantine (see
cence produced by the titration of suberyldicholine into Figure 1 for molecular structures) o TCP, PH]tetracaine,
receptor suspensions (0.3 mg/mL) in the presence of 100or [**Clamobarbital binding to the resting AChR was
uM PCP and ranged from 0.9 to 1.6 nmol of suberyldicholine examined. AChR native membranes were suspended in 8
binding sites/mg of total protein (0.4%.80 nmol of AChR/ mL of VDB buffer (0.2uM AChR) with either 7.5uM [*C]-
mg of protein). Dansyltrimethylamine excitation and emis- amobarbital, 5.9 nM3H]TCP, or 4.3 nM fH]tetracaine, in
sion wavelengths were 280 and 546 nm, respectively. Tothe absence of CCh. To be certain that in the absence of
reduce stray-light effects, a 530 nm cutoff filter was placed agonist and in the presence of a competing ligand the AChR
in the path of the dansyltrimethylamine emission beam. The remains predominantly in the resting ste88)( we performed
AChR membrane preparations (¥86% sucrose and 0.02% several control experiments. First, we examined TCP inhibi-
NaNs) were stored at-80 °C. tion of [®*H]tetracaine binding both in the absence of agonist
Equilibrium Binding of PH]TCP to AChR in the Resting and in the presence of 1.6M o-BTx, a ligand which
State.The binding of H]TCP to native AChR-rich mem-  stabilizes the AChR in the resting stat&2). Second, we
branes was assessed with a centrifugation assay similar teexamined inhibition of JH]TCP binding by memantine in
that described for 3H]JPCP binding 7). Briefly, AChR the absence of agonist and in the presence gl 5-BTx.
membranes (0.3tM AChR) were suspended in vesicle The total membrane suspension was then divided into
dialysis buffer (VDB) [10 mM MOPS, 100 mM NaCl, 0.1 aliquots, and increasing concentrations of the drug that was
mM EDTA, and 0.02% Nahl (pH 7.5)] with increasing being studied were added (depending on the drug being used,
concentrations ofH]TCP, in the absence of carbamylcholine the concentration ranged between 0.01 and 20@). The
(CCh) or in the presence ofidM a-bungarotoxin ¢-BTx), level of nonspecific binding was determined in the presence
a ligand which stabilizes the AChR in the resting st&a.( of 100-200 uM tetracaine. After centrifugation of the
The PH]TCP/TCP concentration ratio was less than 0.005; samples (18 000 rpm for 1 h), thHéC- or ®H-containing
thus, the actual TCP concentratioSH[TCP + unlabeled pellets were resuspended in 200 L of 10% SDS and
TCP) was not significantly different from the unlabeled TCP transferred to a scintillation vial with-35 mL of Bio-Safe
concentration. The final concentration of TCP ranged Il. The bound fraction was determined by scintillation
between 0.2 and @M. Since previous experiments indicated counting.
that tetracaine inhibit$IH] TCP binding to the resting AChR Effect of Adamantane Deratives on either {H]TCP or
with high affinity [~0.7 uM (18)], a parallel set of tubes [3H]Ethidium Binding to Desensitized AChRSor experi-
was prepared containing 1@0/ tetracaine to determine the  ments on the inhibition offH]TCP binding to desensitized
extent of nonspecific H]TCP binding. The membrane AChRs by adamantane derivatives, the same protocol as in
suspensions were equilibrated fb h atroom temperature  the resting state was used but in the presence of 1 mM CCh
(RT). Bound ([B]) BH]TCP was then separated from the free to desensitize the AChR, and 10M TCP to determine the
([F]) ligand by centrifugation at 18 000 rpmifd h using a extent of nonspecific3H]TCP binding. With regard to the
JA-20 rotor in a Beckman J2-HS centrifuge (Beckman experiments on the inhibition offfijethidium binding to
Coulter, Inc., Fullerton, CA). After centrifugation, 50_ desensitized AChRs by adamantane derivatives, an initial
aliquots of the supernatant were removed and assayed forconcentration of 0.4M [3H]ethidium was used.
total radioactivity in 3 mL of Bio-Safe Il (Research Products  Effect of Adamantane Dertives on [?3]TID Photoin-
International Corp., Mount Prospect, IL) using a Packard corporation into the Resting AChRo determine the effect
1900 TR scintillation counter. The remainder of the super- of several adamantane derivatives &[TID photoincor-
natant was aspirated; the tubes were inverted and allowedporation into the AChR, 0.2M AChR native membranes
to drain for 30 min, and then any residual liquid was removed were suspended in 8 mL of VDB, witk430 nM 23] TID,
with a cotton swab. The pellets were resuspended in 100in the absence of CCh (resting state). The total volume was
uL of 10% SDS and transferred to scintillation vials with 3 then divided into aliquots, and increasing concentrations of
mL of Bio-Safe Il, and the radioactivity’l disintegrations adamantane, memantine, and 1- and 2-adamantanamine (from
per minute) was determined. 1 to 120uM) were added from ethanolic stock solutions
Using the graphics program Prism (GraphPad), binding (ethanol concentration of1%) to each tube. The membrane
data were fit to the Rosenthabcatchard plot33) using the suspension was allowed to incubater fb h at room
equation temperature. Membranes were then irradiated for 7 min at a
distance of<1 cm with a 365 nm lamp (Spectroline model
[BI[F] = —[Bl/Kqg + Bpal/Kyg (1) EN-280L; Spectronics, Westbury, NY) and labeled polypep-
tides separated by SDRAGE @34). After electrophoresis,
where Bmaxy the number of TCP binding sites, can be the polypeptides in the polyacrylamide gel were visualized
estimated from thec-intercept (wheny = 0) of the plot with Coomassie blue stain, and following autoradiographic
[BY/[F] versus [B]. The number of TCP binding sites per analysis of the dried geB#), the gel band for each AChR
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subunit was excised and the amount®fcounts per minute ~ marized in Table 3. Negativ&AG° values indicate that the
measured with a Packard CobrayHcounter. Nonspecific ~ observed structural change (e.g., addition of a chemical
photoincorporation was assessed in the presence gi¥I00  group, greater distance between the adamantane ring and the
CCh as described previouslB4). The level of specific amino group, etc.) results in a higher affinity at the AChR,
photoincorporation in each subunit, (S, y, and d) was whereas positive values indicate that the observed structural
averaged. change results in a lower affinity at the AChR.

Data Analysis.For the binding and photoincorporation Hydrophobicity and Molecular Volume of Adamantane
experiments described above, the concentratiesponse Derivatives. The relative hydrophobicity of a drug, as
data were curve-fitted by nonlinear least-squares analysismeasured by the log of its octanol/water partition coefficient
using Prism (GraphPad) and the correspondingoEfo- (log P), is a good predictor of potency and bioavailability
tentiation) and 1& (inhibition) values calculated. The EC (36). We used several methods to estimate Pbgalues.
values as well as they values are summarized in Table 1. One approach was to use programs that are parametrized
If the fact that the AChR presents one binding site for TCP to add values characteristic of functional groups and
in either the resting (this paper) or desensitized stage (  atom types. We used the algorithms described by Crippen’s
30) is taken into account, as well as a single high-affinity (37) and Villar's group 88, 39) that are modules in
locus for ethidium 7, 11), tetracaine 13), amobarbital 12), the Spartan program (Wavefunction Inc., San Diego, CA),
and TID (15) in the resting state, the observed;d@alues and a third algorithm available in the Cache program
from the competition experiments were transformed ito  (Fujitsu America, Beaverton, OR). The I8yvalues obtained

values using the ChergPrusoff relationship35): using the ChoseCrippen algorithm found in the Cache
NCA program are as follows: 6.16 [crystal violet (CrV}
K; = 1C5/(1 + [NCAJK, ") (2) 3.98 (PCP) > 3.17 (ketamine) > 3.13 (TCP) >

) o ) 2.89 (admantylpyridinium)> 2.69 (adamantaney 2.50
Where [NCA] IS the |n|t|a| concentration Of the |abe|ed NCA (azidoadamantane? 2.19 (adamanty'ethy'amin@ 1.97
([PH]TCP, PH]tetracaine, T*Clamobarbital, or PA]TID) and (memantine)> 1.78 (adamantanemethylamine) 1.43

KA is the dissociation constant for TCP [0.8B1in the  (2-adamantanamine) 1.11 (1-adamantanamine). The fact
resting state (this paper) and 0.2 in the desensitized  that 2-adamantanamine has a Rgalue that is greater than
state 80)], ethidium [1.6uM (7)], tetracaine [0.5M (13)], that of 1-adamantanamine may be due to the fact that position

amobarbital [3.7uM (12)], and TID [4 uM (15)]. The 1 in the adamantane molecule is a tertiary carbon center at
calculatecKis and Hill coefficientsifys) are summarized in - 3 pridgehead site, whereas position 2 is a secondary carbon
Tab|eS 1 and 2, reSpeCtiVer. W|th an adjacent hydrogen.

Determination of the Differential Free Energy Change by  The approximate van der Waals volumes were also
the Addition or Change in the Position of Distinct Chemical czjculated using two approaches. One used fixed values for
Groups on the Adamantane Moleculéhe free energy  van der Waals radii of atoms and finds the total volume by
change AG®) of equilibrium binding of a molecule to its  an algorithm found in the Spartan program that subtracts the
equation (for a review, see rédj: This technigue is robust and self-consistent within a ho-

o mologous series of molecules. However, it is not sensitive
AG® = RTIn(K, oK) ©) to subtle changes in bonding or electron density. The second
technique used the MOPAC semiempirical quantum me-
chanics program with the AM1 Hamiltonian parameters to
calculate the electron density around a molecule and fit a
volume envelope (isosurface) to &41). This technique does
take into account changes in electron density caused by
bonding or altered conformations. However, it is sensitive
to the value of electron density (0.002 electrob)/fat is
AG°a — AG°b (AAG®) = RTIn(K;a/K;b) (4) chosen to be the limit of the isosurface. Both techniques
calculate molecular volumes that are30% less than
whereKja andK;b are the inhibition constants for compounds those calculated by dividing the molecular weight by
aandb, respectively. The use of this equation give us details density because they do not take into account vacant
about the chemical determinants of the drug that are involvedspace between closely packed molecules. The molecular
in the process of binding to its receptor locus. For instance, volume values (in cubic angstroms) obtained using the
we used this relationship to determine the effect of the Spartan progrand() are as follows: 461 (Crvy 311 (PCP)
addition of an amino (i.e., 1-adamantanamine) or an azido > 302 (TCP)> 267 (ketamine) 263 (admantylpyridinium)
group (i.e., azidoadamantane) to the adamantane molecule> 233 (adamantylethylamine} 232 (memantine)>
(e.g., AG°adamantane— AG°l-adamantanaminer AG° 214 (adamantanemethylamire)211 (azidoadamantane)
adamantane— AG‘azidoadamantanerespectively), the 192 (1- and 2-adamantanamine) 177 (adamantane). As
addition of two methyl groups to the 1-adamantanamine expected, both 1- and 2-adamantanamine present the same
molecule to obtain memantine, the addition of either a molecular volume. We used the volumes obtained using this
methylene (e.g., adamantanemethylamine) or alkyl (e.g.,algorithm because they more closely correspond to those
adamantylethylamine) group to the 1-adamantanamine mol-calculated for internal cavities in proteins.
ecule, and the position of the ammonium group in adaman- Molecular Modeling of the Resting lon Channalmodel
tanamine isomers. The calculatAdG° values were sum-  of the five pore-lining helices in the transmembrane domain

whereR is the universal gas constant (8.314 J md{ 1)

and T is the absolute temperature in kelvin. Within the same
concept, the differential free energy change\AG®), deter-
mined by the equilibrium binding properties of one molecule
a in comparison to another structurally distinct molecoile
can be defined as (for a review, see 4&f
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in the resting state. AChR-rich membranes (@\8) were equili-
brated (1 h) with increasing concentrations#f]TCP (0.2-9 uM)
in the presence of 8M a-bungarotoxin. AChR membranes were
then centrifuged, and the amount3f disintegrations per minute  Ficure 3: Modulation of PH]TCP (A) and PH]tetracaine (B)
contained in the pellets was measured as described in Experimentabinding to the resting AChR by adamantane derivatives. AChR
Procedures. Nonspecific binding was assessed in the presence ofiative membranes (0;2V) were equilibrated (1 h) with3H]TCP
tetracaine (100uM). Specific or tetracaine-sensitiveéH]TCP (5.9 nM) or PH]tetracaine (4.2 nM) in the absence of CCh (resting
binding is defined as total minus nonspecifiel[TCP binding. The state), and in the presence of increasing concentrations (depending
inset shows RosenthaBcatchard plots for 3H]TCP specific on the used derivative, the concentration ranged between 0.01 and
binding in the resting state. ThK, in the resting state was  2000uM) of adamantanel), azidoadamantanerj, adamantylpy-
determined from the negative reciprocal of the slope of three ridinium (), adamantanemethylamina); 2-adamantanamin@,
separate experiments according to eq 1, and then averaged. Thesg-adamantanamin®j, adamantylethylamine®), and memantine
plots are the result of two different experiments with the standard (#). The AChR membranes were centrifuged, and the radioactivity
deviation of the calculated values reporteif).( present in the pellets was measured as described in Experimental
Procedures. The level of nonspecific binding was determined in
of TorpedoAChR was built by threading five sequences of the presence of 168200«M tetracaine. Each plot is the average
ACHR ol residues M&t3—Glu22 onto the backbone of ©f mlo dlqer?ntf?[ﬁ?_?grgegtsd.Thebcongentrat;on-dependent |r}pt;egse
. in the extent o inding by adamantane was curve-fitte
feS'dU?S Al&—Ala* fr,O,m the crystal structure of the using a nonlinear least-squares method. The resulting #ue
bacterial mechanosensitive receptor MscL [PDB entry IMSL is summarized in Table 1. The dgvalues were determined by a
(42)]. We used the Homology module of Insight Il version nonlinear least-squares fit for a single binding site. Rhealues
2000.1 (Accelrys, San Diego, CA}®). The MscL pore were calculated using theseslralues according to eq 2 and are

domain has been suggested to be a progenitor of pentameriéePorted in Table 1.

ion channels42), and it serves as a good template for a . .
pentameric ion pore. All side chains were adjusted to remove state. The_mset Of_ I_:lgu_re 2 shows the RosehtSa:latchard
plot for this specific binding. These experimental results

“bumps” with the autorotamer algorithm; the backbone atoms !

were fixed, and the model was optimized with the Discover indicate the existence of a_single (1£00.10 binding sites
module of Insight using a dielectric constant of 4. Then PErAChHR) high-affinity Ky = 0.83 0.13uM) TCP binding

adamantane was added in the center of mass of the poreSi.te on theTorpgdomuscIe-type AChR..Since',- equilibrium
and the assembly was re-optimized with no restraints on binding results in the absence of agonist or in the presence

adamantane. The re-optimization was repeated five times®f @-BTx are nearly identical, we conclude that the AChR

: : . L in the resting state. When th& values for H]TCP in
with different starting positions for adamantane, and the 'S In the res .
ligand returned to essentially the same position each time.the desensitized state [0:20.254M (29, 30)] are taken into

Then, memantine was added to this assembly and wasaceount, it is clear that TCP binds witk4-fold higher

manually positioned such that a hydrogen from its amino affinity to the desensitized state than to the resting state.

: These results are similar to that observed for PCP, the
g;ogﬁ)ufzgzrr?aetd Soksl)i/t?gggl\eﬂr;_bzoor;t.j Yrvggt?ligzrgeozyéagﬁdmxgg : structural analogue of TCP, where a ratio of 4.5-fold was
restrainedad 2 A with a 100 kcal/& tether, and the whole ~ °PServed ).
assembly of two ligands and the pore model with the same  Inhibition of [*H]TCP and PH]Tetracaine Binding to the
backbone restrains was optimized, relaxed with 1000 fs of Resting AChR by Adamantane Detives. To more fully
restrained molecular dynamics with 2 fs time steps at 298 examine the molecular determinants of the TCP binding site
K, and then re-optimized to a derivative of 1 kcal/A with in the resting AChR, we compared the effect of several

log[Adamantane derivative], M

the Discover module. adamantane derivatives (see molecular structures in Figure
1) on PHJTCP and fH]tetracaine binding. In the absence
RESULTS of agonist, memantine, adamantylethylamine, 1-adamantan-

Equilibrium Binding of fH]TCP to AChR Membranes in  amine, 2-adamantanamine, adamantanemethylamine, and
the Resting Stat@revious studies demonstrate the presence adamantylpyridinium each completely eliminated specific
of a saturatable high-affinity binding site fofH]TCP on [BH]TCP and fH]tetracaine binding to the resting AChR in
the TorpedoAChR when it is in the desensitized sta9,( a concentration-dependent fashion (Figure 3A,B). However,
30). In this paper, we demonstrate that there is also a singlethere are interesting differences between both competition
high-affinity binding site for fH]TCP in the resting state.  experiments. For instance, whereas adamantane does not
Figure 2 shows the total, nonspecific, and specilit]TCP inhibit (in fact it slightly potentiates) and azidoadamantane
binding toTorpedoAChR native membranes in the resting slightly inhibits PH]TCP binding (Figure 3A), both mol-
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ecules inhibit, albeit with low potencyHl]tetracaine binding
(Figure 3B). In control experiments (data not shown), we
determined that TCP inhibit$HiJtetracaine binding to the
AChR with nearly identical potency in the absence of agonist
(Ki = 2.1+ 0.3uM) and in the presence af-BTx (Ki =
2.5+ 0.3 uM). In addition, memantine-induced inhibition
of [3H]TCP binding in the presence ofBTx (K; = 2.8 &

0.6 uM; data not shown) produced nearly identical results log[Adamantane derivative], M

as in the absence of agonis} (= 3.0+ 0.2uM; see Table FiGURE 4: Modulation of 23]TID photoincorporation into AChR

1). These controls demonstrate that memantine inhithlls [ sybunits in the resting state by adamantane derivatives. AChR native
TCP binding to the resting AChR. Given the results of these membranes were equilibrated (1 h) witB]TID (430 nM) in the

control experiments and since the results of competition presence of increasing concentrations (from 0.1 to AR) of
binding experiments indicate that each of the other adaman-2-adamantanaminer§, memantine®), 1-adamantanamin&l, and

S . . . .. adamantanel(). AChR native membranes were then irradiated at
tane derivatives binds with equal or greater (apparent) affinity 365 nm for %in, and polypeptides were resolved by SPAGE.

to the resting and desensitized AChR (with values near  For each concentration of adamantane derivative, individual AChR
unity), we conclude that these adamantane derivatives bindsubunit bands were excised from the dried gel and the amount of
to the resting ion channel as well. Nevertheless, we cannot[**3]TID photoincorporated into each subunit was determined by

exclude the possibility that these ligands affect a reduction ?-counting. Nonspecific binding was assessed in the presence of

. - - . - 400uM CCh. Each plot is the average of the specific incorporation
in the level of radioligand binding by inducing a conforma- 'cach subunit from two different experiments. The concentration-

tional change in the AChR. dependent increases i#§]TID photoincorporation by memantine
From nonlinear least-squares analysis of the binding data,and 1- and 2-adamantanamine were curve-fitted using a nonlinear
the following rank order of potencies was determined (Table :ﬁa%g%“i“e_?hgﬁgoogélzgefofrezlélgnmg;i%':eﬁair% ;gmgggzgd .
1): . memantine> adamantylethylamlne> 1-adamantan— nonlinear least-squares fit for a single binding site. 'Rlne/aluey
amine> 2-adamantanamine adamantanemethylamirre was calculated using this ¥gaccording to eq 2 and is reported in
adamantylpyridinium. The fact that each of these adamantanerable 1.
derivatives completely displaces the binding of eittfef]{
TCP or FH]tetracaine with estimatedy values near unity ~ with low affinity, to the TID site in a steric fashion (see
suggests that these interactions are formally competitive andTable 1). Although the observed value for adamantane
are mediated by a mutually exclusive (steric) mechanism. (79.6 + 6.1 uM) is smaller than that obtained byH]-
Nevertheless, a strong allosteric mode of inhibition cannot tetracaine competition experiments (14330 «M), ada-
be ruled out. mantane might bind to the tetracaine domain that is shared
Potentiation of [*C]JAmobarbital Binding and 123]TID with the TID locus.
Photoincorporation into the Resting AChR by Adamantane Because the vast majority-75%) of ['*4]TID photoin-
Derivatives. Because the interaction of?fi]TID with the corporation into each AChR subunit (labeled in the resting
resting AChR has been very well characterized, including state) reflects incorporation into specific amino acids in the
identification of a high-affinity binding site within the ion  channel-lining M2 segmentp, 34), the presumption is that
channel poreX3, 15) (reviewed in refs3—5), we continue the potentiation of labeling by adamantane derivatives reflects
our studies by examining the effect of several adamantanethe increased extent of?fl]TID labeling of the resting ion
derivatives on PA]TID photoincorporation into the resting  channel. This conclusion is supported by the fact that
receptor. AChR native membranes, in the absence of agonistpotentiation of {?3]TID incorporation into the AChR
were equilibrated with~430 nM [?A]TID and various o-subunit by PCP or TCP is the result of enhanced labeling
concentrations of either adamantane, memantine, or theof a single residuejLel?® (i.e., position M2-9) within the
positional isomers 1- and 2-adamantanamine (see molecula®yM2 segment17, 18). A result showing potentiation offi]-
structures in Figure 1). Following photolysis, the labeled TID photoincorporation argues strongly for an allosteric
polypeptides were separated by SEFFAGE, and the extent  interaction between'{3]TID and memantine, or 1- and
of [*?9]TID incorporation was assessed by both autoradiog- 2-adamantanamine, and that the binding site for these
raphy andy-counting of excised AChR subunit bands. adamantane derivatives are spatially distinct from the TID
Consistent with previous resultd®, 34), [*23]TID was binding locus.
photoincorporated into each AChR subunit, with jheub- We next set out to try to exclude the possibility that the
unit labeled~4-fold greater than each of the other receptor allosteric interaction between either memantine or the two
subunits. Somewhat surprisingly, memantine and both ada-adamantanamine positional isomers add|['ID that results
mantanamine positional isomers increased (i.e., potentiated)n enhanced labeling of the resting channel is somehow an
whereas only adamantane decreased the extet>3T [D artifact of photolabeling. Because barbiturates and TID bind
photoincorporation into each AChR subunit in a concentra- to the same locus in the resting chanrig)( we examined
tion-dependent fashion. Figure 4 shows the effect of thesethe effect of the same derivatives off(Jamobarbital
adamantane derivatives o3| TID photoincorporation into binding. As shown in Figure 5, memantine and the two
all AChR subunits. The calculated Efvalues range from  positional isomers increase the level df(Jamobarbital
3 to 80uM (Table 1). That these adamantane derivatives binding to the resting AChR. The calculated & ®@alues
increase the extent ofI]TID photoincorporation into the  are considerably lower than that obtained BYAITID
AChR suggests an allosteric mode of interaction (Table 1). photoincorporation experiments, and range from 1.2 to 4.4
Nevertheless, the fact that timg value for adamantane is uM (Table 1). That these adamantane derivatives increase
close to unity suggests that this compound might bind, albeit the level of F“Clamobarbital binding to the resting AChR
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T 200 . - - the barbiturate (or the TID) site. One possibility is that its

s binding site is located near position M2-59.

©

8 Inhibition of [*H]TCP and PH]Ethidium Binding to the

E Desensitized AChR by Adamantane Datives. Next, we

o wished to determine whether the adamantane derivatives bind

— to the TCP and/or ethidium binding site on the desensitized
% 7 5 3 AChR. To this end, the effect of memantine, adamantyl-

log[Adamantane derivative], M ethylamine, l-adamantanamine, 2-adamantanamine, ada-

FiGURE 5: Allosteric modulation of J*Clamobarbital binding to ~ mantanemethylamine, adamantylpyridinium, azidoadaman-
the resting AChR by adamantane derivatives. AChR native tane, and adamantane (see molecular structures in Figure 1)
membranes (0.2M) were equilibrated (1 h) with{{Clamobarbital on either H]TCP (Figure 6A) or $H]ethidium (Figure 6B)

(7.4 uM), in the presence of increasing concentrations (depending ,.: . : . e
on the used derivative, the concentration ranged between 0.01 anoblndlng to the AChR in the presence of CCh (desensitized

1000 uM) of either adamantandm), azidoadamantanelj, me- state) was examined. Several adamantane derivatives dis-
mantine &), adamantanemethylamin®Y, adamantylpyridinium placed specific H]TCP and fH]ethidium binding to the
(@), 1-adamantanaminevy, or 2-adamantanamined}. AChR desensitized AChR in a concentration-dependent fashion. For

native membranes were then centrifuged, and the radioactivity example, 20M adamantylethylamine inhibited 97% of the

present in the pellet was determined by liquid scintillation counting iy - .
as described in Experimental Procedures. Nonspecific binding wasSPECIfiC FHITCP binding (Figure 6A). On the other hand,

assessed in the presence of 200 tetracaine. Each plot is the azidoadamantane and adamantane slightly displaic§tqP
average of at least two different experiments. The concentration- binding. Nevertheless, we inferred thiis to compare them
dependent increases if¢]amobarbital binding by memantine and  with the values obtained in the resting state. In this regard,
1- and 2-adamantanamine were curve-fitted using a nonlinear Ieast-the rank order of potencies is as follows: memantine

squares method, and the resultingsE@alues are summarized in . .
Table 1. The IG, values for adamantane and azidoadamantane were2dmantylethylamine> adamantanemethylamire 1-ada-

calculated by a nonlinear least-squares fit for a single binding site. Mantanamine- adamantylpyridinium- 2-adamantanamine
TheK; values were calculated using thesgdCaccordingto eq2 > azidoadamantane adamantane (see Table 2). From these

and are reported in Table 1. results and considering that timg values are close to 1,

suggests an allosteric mode of interaction (Table 1). We also€Xcept for those of adamantane and azidoadamantane (Table
see in Figure 5 that azidoadamantane had virtually no effect2): We conclude that positively charged adamantane deriva-
on [““Clamobarbital binding to the resting AChR, even at tives displaceH]TCP or PH]ethidium from its high-affinity
200uM, the highest concentration that we tested. Adaman- Pinding site in a mutually exclusive (steric) manner when
tylethylamine (data not shown), adamantanemethylamine, the receptor is in the desensitized state. Although a strong
and adamantylpyridinium also did not produce any effect allosten(_: mode of inhibition cannot be totally ruled out, it
on [*Clamobarbital binding to the resting AChR (Figure 5). 1S more likely tha_t the Iocus_ for these adamantane derivatives,
On the contrary, adamantane inhibitetfCJamobarbital ~ With the exception of azidoadamantane and adamantane,
binding but at concentrations as high as 1 mM (Figure 5). overlaps the TCP or ethidium binding site. Interestingly, both
We inferred the; values for azidoadamantane and adaman- the rank order and the absolute potency of each compound
tane (Table 1) to compare them with the values obtained by are different relative to that observed in the resting AChR
[*24]TID photoincorporation experiments. Interestingly, the  (compare Tables 1 and 2). For example, the obsetyed
observedK; for adamantane (102 25 4M) is in the same for 1- and 2-adam§1ntan'am|ne (Tgble 2) a-fold higher
concentration range as the value obtained by inhibition of than those determined in the resting state (Table 1).
[*A]TID photoincorporation (see Table 1). If the fact that Structural Correlation between Hydrophobicity and Mo-
both TID and barbiturates bind to overlapping sit&8)(is lecular Volume of Adamantane Deatives and Their K
taken into account, it is possible that the adamantane locusValues Obtained in either the Resting or Desensitized State.
also overlaps these two sites. On the other hand, whereaso construct the plots of hydrophobicity (Figure 7A) and
azidoadamantane displaces, albeit with low potency, eithermolecular volume (Figure 7B) verss values, we used the
[®H]tetracaine (Figure 3B) oPH]TCP binding (Figure 3A), values for each adamantane derivative obtained fronfitie [

it does not displace’lH]lamobarbital binding (Figure 5). This  TCP displacement experiments in the resting state (taken
suggests that the azidoadamantane locus is located in anothdrom Table 1), as well as thi€y values for PCP [3.6- 0.8
portion of the tetracaine domain that is neither the TCP nor uM (8)] and TCP [0.83+ 0.13 uM (this paper)]. Since

Table 1: Effect of Adamantane Derivatives on Binding #fi]TCP, FH]Tetracaine, and{C]JAmobarbital and to Photoincorporation of
[*23]TID into the Resting AChR

[BH]TCP [H]tetracaine FClamobarbital PEITID

adamantane derivative  K; (uM) ny° Ki (uM) ny° EGso (uM) ny° EGso (uM) ny°
memantine 3.20.2 0.96+0.06 3.3+0.3 096+006 17413 0.63+057 3.1+09 1.50+0.56
adamantylethylamine 1081.0 0.93+ 0.07 6.1+ 0.5 1.214+0.12 no effect - - -
1-adamantanamine 199€1.5 0.90+0.06 15.8+1.8 1.06+£ 0.11 1.2+£05 1144048 12.7+£3.3 0.80+ 0.16
2-adamantanamine 29483.7 0.96+0.07 17.3+44 0.95+020 4.4+15 1.89+0.58 79.3+26.0 0.50+0.11
adamantanemethylamine  4733.6 0.91+0.06 25.6+£3.2 1.12+0.14 no effect - - -
adamantylpyridinium 186 17 1.03+0.10 208+ 28 1.10+0.15 no effect - - -
azidoadamantane 2@8104  0.94+0.64 68.4+14.6 0.90+0.18 ~22006 0.21+0.08 - -
adamantane 2045122 0.85+0.61 143+ 30 0.91+0.18 102+25 1.40+0.44 79.6+6.1° 0.89+0.07

aThis is an EGo value.? Hill coefficients. These areK; values.
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FiGURE6: Inhibition of PH]ITCP (A) and fH]ethidium (B) binding  Figcure 7: Correlation between either the hydrophobicity or
to the desensitized AChR by adamantane derivatives. AChR nativemolecular volume of each adamantane derivative and its affinity
membranes (0.2M) were equilibrated (1 h) with®H]TCP (5.9 for the TCP (A and B) or tetracaine (C and D) binding site in the
nM) or [*H]ethidium (0.4uM) in the presence of CCh (desensitized  resting state. Th&; values for memantine<¥), adamantylethyl-
state), and in the presence of increasing concentrations (dependingymine ), 1-adamantanaminea}, 2-adamantanaminedj, ada-
on the used derivative, the concentration ranged between 0.01 andnantanemethylaminelj, azidoadamantane®j, adamantylpyri-
2000uM) of adamantanellf), azidoadamantanej, adamantylpy-  dinium (x), and adamantanex] were taken from Table 1. We also
ridinium (@), adamantanemethylaminme)( 2-adamantanamin®j, used the affinity constants for TCEY, PCP @), CrV (a), and
1-adamantanamin®j, adamantylethylaminev), and memantine  ketamine ¥) to complete our study. (A and C) Hydrophobicity is
(®). The AChR membranes were centrifuged, and the radioactivity measured as 0§, whereP is the theoretical partition coefficient
present in the pellets was measured as described in Experimentabf each molecule calculated by the Che€ippen algorithm found
Procedures. Nonspecific binding was assessed in the presence ofy the Cache program. The intersection point of plot A gives us
100-200 uM PCP. Each plot is the average of two different the minimum logP value (2.8+ 1.0) that is necessary for maximum
experiments. The I§ values were calculated by a nonlinear least-  affinity (lowestK; values) for the TCP locus. In addition, a maximal
squares fit for a single binding site. THe values were calculated  |og P cutoff value of 2.3+ 0.4 was found in the tetracaine binding
using these I values according to eq 2 and are reported in site using the data from adamantane, azidoadamantane, and
Table 2. adamantylpyridinium (C). (B and D) Molecular volumes were
determined by using the algorithm found in the Spartan program.
ketamine {8) and crystal violet (CrV)44) overlap the TCP  The intersection point ofEIot B gives us the minimum molecular
(or the PCP) binding site in the resting state, we also includedvolume value (257+ 64 A%) that it is necessary for maximum

; ; . - affinity (lowest K; values) for the TCP locus. In addition, a
rnedHKreipgcég/:et %fflanIty'\XaléllJeSq 16.5+0.7uM (18), minimum molecular volume cutoff value of 22435 A3 was found
d— Y. 28uM (49)]. in the tetracaine binding site using the data from adamantane and

The most direct conclusion from these plots is that azigoadamantane (D).
although the logP and molecular volume values for
adamantylpyridinium and azidoadamantane are in the samge.g., PCP, TCP, CrV, ketamine, memantine, and adaman-
range as those of the other compounds, they do not inhibittylethylamine) and the plot corresponding to the other
[BH]TCP binding with the same potency. This suggests that compounds with lower affinities (e.g., adamantanemethyl-
these two drugs do not bind to the TCP locus. Thus, avoiding amine and 1- and 2-adamantanamine) as well as memantine
theK; values for azidoadamantane and adamantylpyridinium, and adamantylethylamine. We calculated intersection values
we observe a large range of I8gr molecular volume values  of 2.8 + 1.0 (Figure 7A) and 257 64 A3 (Figure 7B),
where the maximal affinity (lowed{; values) is practically  respectively. These values can be considered “minimal cutoff
constant. Nevertheless, a lower affinity is observed aHog values”, which indicate the minimum hydrophobiciy or
or molecular volume values of less thai3 (Figure 7A) or molecular size that it is necessary for maximal affinity.
~250 A3 (Figure 7B), respectively. Although there is not a Nevertheless, molecules with higher IBgr volume values
clear-cut correlation, and just for the sake of comparison with bind with an even higher affinity. The use of alternative
the desensitized state, we determined the intersection betweemethods to calculate lo§ and molecular volume gives
the plot formed by the molecules with the highest affinities practically the same results (data not shown); Rogutoff

Table 2: Effect of Adamantane Derivatives on Binding of eiti#étf]TCP or PH]Ethidium to the Desensitized AChR

[*H]TCP BH]ethidium
adamantane derivative Ki (uM) Ny Ki (uM) Ny
memantine 5.5 1.6 1.00+ 0.27 8.6+ 3.0 0.82+0.16
adamantylethylamine 84 0.7 0.98+ 0.07 15.9+ 4.1 0.83+0.13
1l-adamantanamine 724612.2 1.09+0.21 42.1+ 8.7 0.92+0.12
2-adamantanamine 18619 0.92+ 0.17 66.7+ 17.2 0.92+0.17
adamantanemethylamine 3&74.1 1.04+0.11 54.3+ 11.7 0.85+0.11
adamantylpyridinium 93.£5.0 1.014+ 0.05 - -
azidoadamantane ~755 0.81+0.52 - -
adamantane ~76 000 0.32£0.22 no effect -

a Hill coefficients.
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values of 2.1+ 0.5 (38, 39), 2.3+ 0.8 37), and 2.0+ 0.4
(41) as well as a molecular volume cutoff of 22581 A3
(42) were calculated.

For the case of the3fiJtetracaine displacement experi-
ments, we constructed the plots of hydrophobicity (Figure
7C) and molecular volume (Figure 7D) versus Kaealues

for each adamantane derivative in the resting state (taken

from Table 1). Since ketamine and TCP partially overlap
the tetracaine binding site in the resting state, we also
included their respectiv; values [20.9+ 3.0 and 2.0+

0.4 uM (18)]. We observed in these correlations the same
details as in the®H]TCP experiments: (1) adamantylpyri-
dinium is out of any structural correlation, and (2) there is
a broad range of lo@ values and molecular volumes that
give maximal affinity. Interestingly, we observed a structtire
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Ficure 8: Correlation between either (A) the hydrophobicity or

activity relationship for adamantane and azidoadamantane) molecular volume of each adamantane derivative and its affinity
(see Figure 7D), and perhaps adamantylpyridinium (seefor the TCP (A and B) or ethidium (C and D) binding site in the

Figure 7C), which have correlation coefficientd & 0.88

and 0.82; see panels C and D of Figure 7, respectively) higher

than those from3H]TCP experimentsrf = 0.14 and 0.26;

desensitized state. TH§ values for memantineX), adamantyl-
ethylamine ¢), adamantanemethylamingl), 1-adamantanamine
(»), 2-adamantanamine)}, and adamantylpyridiniumw) were
taken from Table 2. In addition, we used the affinity constants for

see panels A and B of Figure 7, respectively). This suggestsTcp @), PCP @), Crv (M), and ketamine £). (A and C)
that adamantane and azidoadamantane might bind to theHydrophobicity is measured as Idg) whereP is the theoretical
portion of the tetracaine domain that does not correspond topartition coefficient calculated by the algorithm found in the Cache

the TCP locus. The intersection points give |8gand
molecular volume cutoff values of 2.& 0.4 (see Figure
7C) and 224+ 35 A2 (see Figure 7D), respectively. In this

program. The intersection point of either plot A or C gives us the
minimum logP value [2.0+ 0.4 (A) or 2.4+ 0.5 (C)] that it is
necessary for maximum affinity (lowekt values) for the TCP or
ethidium locus, respectively. (A and C) Molecular volumes were

case, and in contrast to the TCP correlation studies, adetermined by using the algorithm found in the Spartan program.

maximal logP value was obtained, indicating that there is a
limit for the hydrophobicity of the molecule that allows a
maximal affinity. The use of alternative methods to calculate
log P and the molecular volume gives practically the same
results (data not shown); log cutoff values of 1.9+ 0.3
(38, 39) and 1.6+ 0.6 37) as well as a molecular volume
cutoff of 224+ 35 A3 (41) were calculated.

The intersection point of either panel B or D plots gives us the
minimum molecular volume value [232 22 A3 (B) or 238+ 53

A3 (D)] that is necessary for maximum affinity for the TCP or
ethidium locus, respectively.

from the PH]ethidium experiment (Figure 8C). From the
intersection shown in Figure 8B, a minimal molecular
volume cutoff value of 232+ 22 A3 was determined. This

For comparative purposes, we also determined the rela-value is practically the same (23853 A3) as that calculated
tionship between the Kgvalues for the TID derivatives used  using theK; values from theJH]ethidium experiment (Figure
by Blanton et al. 84) to study the structure of the TID 8D). The use of alternative methods to calculate fognd
binding site, and their hydrophobicities or molecular volumes the molecular volume gives practically the same results for
obtained using the same method that was used for adamanthe PH]TCP experiments (data not shown); minimal IBg
tane derivatives. From these structufanction relationship cutoff values of 1.8+ 0.3 38, 39), 2.1 + 0.3 37), and
studies, maximal cutoff values for Idg and the molecular 2.1+ 0.3 41) as well as a minimal molecular volume cutoff
volume of 5.6+ 1.7 and 333+ 45 A3, respectively, were  of 250 + 29 A3 (41) were calculated. In conclusion, we
calculated. can say that a combination of structural factors such as size

With regard to the desensitized state, we constructed theand hydrophobicity play a role in the binding of the
plots of hydrophobicity and molecular volume versus the aminoadamantane molecules to the TCP locus in either the
adamantane derivati\§s obtained from either théH]TCP resting or desensitized state.
(Figure 8A,B) or fH]ethidium (Figure 8C,D) displacement Molecular Modeling.For the construction of the AChR
experiment (taken from Table 2). We also usedkhe&alues molecular model, two approximations were taken into
for PCP [0.30+ 0.10uM (9)] and TCP [0.25+ 0.04 uM account. One is that the residues were not forced into
(30)]. Since ketamine18) and CrV @4) overlap the TCP  conformers pointing toward the pore axis. Since the side
(or PCP) binding site in the desensitized state, we also chains are effectively in a vacuum when they are optimized,
included their corresponding affinity valuek;[= 13.1+ rather than a water-filled pore, they tend to fold back on
1.8 uM (18) andKg = 0.10 £+ 0.03uM (45)]. The K; for themselves. A second approximation is that the constructed
PCP [0.3+ 0.1 uM (7)] obtained by inhibition of ethidium  pentameric pore does not have axial symmetry, so there is
binding was also used. For the case®f|[TCP experiments,  no corresponding residue exactly across the pore to measure.
a much better correlation between either hydrophobicity [ For this reason, we used the first and third subunits to
= 0.60 (Figure 8A)] or molecular volumeq= 0.88 (Figure measure the dimensions of the channel. In this regard, the
8B)] and theK; values than the correlation found in the calculated distances between the centers of the outermost
experiments in the resting state is depicted. From the hydrogen atoms for residues at positions M2-2, -6, -9, -13,
intersection shown in Figure 8A, a minimal Idg cutoff and -20 were 4.0, 6.65, 10.3, 17.0, and 26.9 A, respectively.
value of 2.0+ 0.4 was calculated. This value is practically An estimate of the dimensions to the edge of the van der
the same (2.4t 0.5) as that calculated using the values Waals surface can be made by subtraptinA (twice the H
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atomic radius, 2x ~0.5 A). An estimate of the Connoly
accessible surface (the surface traced out by the center of a
water molecule with a radius of 1.4 A) can be made by
subtracting an additional 2.8 A from the dimensions of the
van der Waals surface. The Connolly surface is considered
a good approximation of how close a water or other molecule
can be to a protein surface.

With regard to molecular docking, after the short relaxation
with restrained molecular dynamics and re-optimization,
adamantane remained in an equilibrium position on the pore
axis and approximately close to L&t(position M2-9; see
Figure 9). This site coincides, at least partially, with the locus
for either TID or barbiturates [between positions M2-9 and
M2-13 (12)]. The memantine was restrained to &fu
(position M2-20) and remained there. Positively charged
amino groups from adamantane derivatives may interact with
the carboxylate oxygen of GItf by H-bonds. In the full
receptor, this position would be at the interface of the
vestibule formed by the ligand-binding domain and the
entrance to the pore (the mouth of the ion channel). The
new experimental evidence presented here suggests that the
PCP binding site in the resting state may include position
M2-20 as well (9).

DISCUSSION

Resting lon ChannelThe results of equilibrium binding
experiments demonstrate thdH[TCP, the structural and
functional analogue of the hallucinogen and general anes-
thetic PCP, binds to a single high-affinity locus in the resting
AChR ion channel (Figure 2). The subsequent equilibrium
binding and photoaffinity labeling experiments using well-
known NCAs as well as a series of adamantane derivatives
to probe the structure of the TCP locus in the resting state
yielded the following results.

The first set of results indicates that amino group-
containing adamantane derivatives specifically displace either
[BH]TCP or PH]tetracaine from its high-affinity site in the
resting state in a mutually exclusive manner and with the
following rank order: memantine adamantylethylamine
> 1-adamantanamine 2-adamantanamine adamantane-
methylamine> adamantylpyridinium (Figure 3 and Table
1). Nevertheless, the same derivatives enhance (or not affect)
rather than inhibit either:fClamobarbital binding or*f]-

TID photoincorporation into the resting AChR. All this Ficure 9: Molecular modeling of the AChR ion channel in the

evidence suggests that the presence of an ammonium groupesting (closed) state complexed with memantine and adamantane.

: : e .~ The model was optimized by obtaining the minimum energy (see
(at pH 7.5, the amine group is 99% positively charged) in Experimental Procedures). The resulting pentameric model of the

the adamantane derivative is required to allow binding to pore-lining segment of AChR is shown viewed from the synaptic
either the TCP or the tetracaine site in the resting channel.cleft (A), from the plane of the membrane (B), and from the
One cautionary note, however, is that while our experiments cytoplasmic side of the membrane (C). To visualize better meman-

. . .., tine and adamantane molecules within the pore, one M2 segment
were performed in the absence of agonist and therefore with¢q the side view is not displayed. A molecule of memantine

the resting AChR (a conclusion that is supported by control (transparent orange van der Waals surface with atoms inside
experiments) it remains possible that the binding of one or rendered as balls and sticks) was inserted above the valine ring

At ; (position M2-13, depicted in gray) close to the extracellular ring
more of these adamantane derivatives may induce a com‘or(IOOSition M2-20. depicted in yellow). Positively charged amino

mational change in the AChR. groups from adamantane derivatives may interact wi@iu?? at
A second set of results indicates that adamantane (a neutralposition M2-20 via H-bonds. This new evidence suggests that the

: ; : . PCP binding site may include position M2-20 as w&B)( A neutral
molecule) displaces eithetH]tetracaine, {*Clamobarbital, adamantane molecule (transparent yellow van der Waals surface

or [*A]TID from its respective high-affinity binding site,  with atoms inside rendered as balls and sticks) was placed in the
whereas it enhance¥{]TCP binding in an allosteric manner.  center of mass to find an optimum position (docked) five times.

In addition, azidoadamantane (a molecule with certain This position is placed close to the conserved leucine ring (position
. ' . M2-9, depicted in blue). This binding site coincides, at least partially,
negative charge density conferred by thelectrons onthe  yjth the TID and barbiturate locud®). Position M2-2 is depicted

three nitrogens) fully inhibits®H]tetracaine but only mod-  in purple.
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Table 3: Differential Free Energy Chang&AG°)? for the Addition or Distinct Position of Specific Chemical Groups on the Adamantane
Molecule in either the Resting or Desensitized State

AAG?® (kJ/mol)

resting state desensitized state
tetracaine TCP TCP ethidium
chemical group structural comparison experiments experiments experiments  experiments
ammonium (HN™) adamantane vs 1-adamantanamine —55+0.5 - —-17.2+ 0.4 -
azido (N;) adamantane vs azidoadamantane -1.8+0.7 - - -
position of HN* 1- vs 2-adamantanamine ~0.2 1.1+ 0.3 0.9+ 0.5 1.1+ 0.7
methyl (two CH groups) 1l-adamantanamine vs memantine —-3.9+0.3 —4.6+0.2 —-6.4+0.7 —-4.9+0.9
methylene (CH) 1l-adamantanamine vs adamantanemethylamine +D6 2.3+ 0.2 —-1.6+04 0.6+ 0.6
alkyl chain ECHCHg) 1l-adamantanamine vs adamantylethylamine —2.6+ 0.3 —-1.6+0.3 —-53+04 —-2.4+0.7

aThe AAG® values were calculated according to eq 4 (for a review, seé)réfositive and negative values indicate that the specific structural
change reduces and increases drug affinity, respectively.

erately inhibits H]TCP binding. These results suggest that of the ammonium group changes from C1 to C2 in the
small compounds with no net charge may bind to the adamantanamine molecule. This evidence suggests that the
tetracaine site in a domain different from the TCP locus (i.e., position of the ammonium group is not critical for full
perhaps the TID or barbiturate locus). This is in agreement binding to either the resting or the desensitized ion channel.
with the fact that two small neutral molecules (i.e., TID and  (3) The addition of either two methyl groups (two €H
barbiturates) also bind to this domaid2( 17). These groups) or an alkylic chairCHCH) to the 1-adamantan-
interpretations are in agreement with the experimental amine molecule as in the case of memantine or adamantyl-
evidence from the Cohen laboratory suggesting that the ethylamine, respectively, decreases (in absolute terms) the
resting ion channel cannot accommodate two chargedenergy of binding by 4.6 or 1.6 kJ/mol, respectively (Table
molecules at the same time, but one charged and one3). This suggests that hydrophobic interactions increase
uncharged molecul€lp). the affinity for the TCP binding site. This is reflected by

A more detailed study on the binding properties of the the experimental results indicating thdfN-diethyl-1-ada-
structurally distinct drugs by thermodynamic (see Table 3) mantanamine has l& (determined by competition experi-
and structural parameters (see Figure 7) indicates thements with fH]H;-HTX in the resting state) 4-fold lower
following. than that determined for 1-adamantanamiz®.(However,

(1) The addition of an amino group (NHat position C1 other parameters such as the increase in molecular size might
or C2 of the adamantane molecule allows each adamantanalso be important in explaining the higher affinity observed
amine isomer to fully bind to either the TCP or tetracaine for either memantine (232%or adamantylethylamine (233
site (Table 1). For instance, the addition of an ammonium A3) with respect to 1-adamantanamine (193.AThis idea
group to the adamantane molecule decreases (in absolutés supported by previous structur@unction relationship
terms) the energy of binding to the tetracaine site by 5.5 studies on the resting AChR, where several 1-adamantan-
kJ/mol (Table 3), an indication of a higher affinity. Since amine analogues with increasiNgalkyl chain lengths were
the K, for primary amines is between 9.0 and 9.5, the amino used to inhibit JH]H-HTX binding with the following rank
group on these molecules shouldb89% protonated at the  order Kis in micromolar) 21): N-ethyl-1-adamantanamine
experimental pH of 7.5; thus, these compounds would (15) ~ N,N-diethyl-1-adamantanamin&%) > N-methyl-1-
actually be positively charged ¢N*). This indicates that adamantanamine3() > N-propyl-1-adamantanaminé@
the adamantane derivative needs a positive charge for full~ N-butyl-1-adamantanamine4@ > 1-adamantanamine
binding to the TCP locus. This is supported by the fact that (60).
1l-adamantanamine and memantine, two positively charged (4) The elongated distance between the ammonium group
derivatives, inhibit both muscle-typ23) and neuronal-type  and the adamantane ring in adamantanemethylamine caused
AChRs @5, 27) in a voltage-dependent manner (i.e., more by the incorporation of a methylene group (glhcreases
pronounced inhibition at hyperpolarized potentials), and that (in absolute terms) the energy of binding to either the TCP
carboxyl-substituted adamantane analogues are ineffectivg2.3 kJ/mol) or the tetracaine site (1.6 kJ/mol) (Table 3).
in interacting with the muscle-type AChR ion chann2®)( The observed lower affinity for adamantanemethylamine
One possibility is that the ammonium group is oriented to suggests that the distance between the ammonium group and
the negatively charged amino aci1u?®?, which is located the adamantane ring is critical for binding to either site. In
at position M2-20 (see Figure 9). contrast, the same elongation (gkh the adamantylethyl-

Nevertheless, we found a contradictory result. Adamantyl- amine molecule decreases (in absolute terms) the energy of
pyridinium, which also has one permanent positive charge, binding to each site (Table 3), indicating a higher affinity.
binds with low affinity to both the TCP and the tetracaine One possible explanation for this discrepancy is that the
domain (Table 1). A plausible explanation is that the bulky negative effect provoked by the increased distance between
pyridine group prevents the close approach of the positively the ammonium group and the adamantane ring is partially
charged amine to the TCP site by a steric mechanism. Insurmounted by a combination of positive factors such as
this regard, we can envision the adamantylpyridinium increased molecular volume and hydrophobicity (as described
molecule as a neutral but bulky adamantane. in 3) in such a way that adamantylethylamine (Pg- 2.19;

(2) There is a slight increase (in absolute terms) in the 233 A%) becomes structurally more similar to memantine (log
binding energy €1 kJ/mol; see Table 3) when the position P = 1.97; 232 R&).



NCA Binding Sites in the AChR

These structural studies also provided important clues
about the size of the NCA binding sites when the ion channel

Biochemistry, Vol. 42, No. 24, 2003369

experiments in the desensitized state allowed us to infer both
the minimal logP (2.0 + 0.4) and molecular volume cutoff

is in the resting state. The comparison between the molecularvalues (232+ 22 A3) with better accuracy. These minimal

volumes of either the TCP or the TID locus suggests that

cutoff values are similar (2.4 0.5 and 238+ 53 A3,

the TCP site may accommodate a broader range of molecularespectively) to those obtained frorfH]ethidium experi-

volumes (from a minimal volume of 25%& 64 A3 to
molecules as large as CrV which has a molecular volume of
461 A% than the TID site, which only can accommodate
molecules with volumes no larger than 33359 A3. This

is in accord with the idea that there tapering from the
extracellular mouth to the cytoplasmic portion of the resting
ion channel exists. The molecular modeling of the ion
channel in the closed (resting) state depicted in Figure 9
denotes such tapering. For instance, the calculated distance

ments (Figure 8D). In turn, these minimal cutoff values are
similar to those obtained in the resting state (2.8.0 and

257 + 64 A3, respectively), indicating that the portion of
the ion channel corresponding to the TCP locus has practi-
cally the same volume and hydrophobicity in either confor-
mational state. However, the fact that there is a more obvious
structure-function cutoff in the desensitized than in the
resting state suggests that the desensitization process pro-
gokes structural constraints in the TCP locus at the level of

between the van der Waals surface of the outermost hydrogerthe middle ion channel.

atoms in the first and third subunits at positions M2-2, -6,
-9, -13, and -20 were 3.0, 5.65, 9.3, 16.0, and 25.9 A,
respectively. The diameter of the middle portion of the resting
ion channel (presumably at M2-9) was estimated to-¥e

A as determined by electron microscopy techniqu&s.
This experimental result is a good approximation of our
modeling data. Nevertheless, our experimental data and
model of the resting ion channel are inconsistent with the

A distinction in the molecular volume cutoff for the resting
(or desensitized) versus the open ion channel is also
observed; whereas in the resting and desensitized states
cutoffs of 257 (Figure 7B) and 232 3A(Figure 8B,D),
respectively, were obtained, larger molecules such as 1-tri-
methylammonium-5-(1-adamantanemethylammonium)pen-
tane may block the muscle-type AChR ion channel with
relatively high affinity K4 = 13+ 3 uM at —80 mV (23)].

recent suggestion that there is an obstruction at the extra-This suggests that the ion channel in the open state is wider

cellular end of the channel formed by the outer end of the
M1 transmembrane segmemts].

Desensitized lon Channdlhe same series of adamantane
derivatives inhibitedJH]TCP binding to desensitized AChRs
with the following rank order (Figure 6A and Table 2):
memantine> adamantylethylamine adamantanemethyl-
amine > l-adamantanamine> adamantylpyridinium~

2-adamantanamine. Practically the same results were ob-

tained by using3H]ethidium (Figure 6B and Table 2). This

is not surprising because PCP displaces ethidium from its
high-affinity binding site with &; [~0.3uM (7)] similar to

its Kq [0.3—0.8 uM (7—9)]. In turn, a luminal location for

the ethidium binding site using photoaffinity labeling was
determined 10). Thus, we can assume that the binding site
for PCP (or TCP) as well as for positively charged adaman-
tane derivatives is located close to the leucine ring (M2-9)
within the desensitized ion channel. From these experiments,
it is also evident that in this conformational state adamantane
inhibits neither H]TCP nor PH]ethidium binding (Figure

6 and Table 2), indicating that this neutral molecule binds
to a domain distinct from the TCP (or ethidium) locus in
the desensitized state.

Albeit with some quantitative differences, the results from
the thermodynamics studies were similar to those with the
resting state (see Table 3). Probably the most important
distinction between both conformational states is that there
is actually a decrease-(.6 kJ/mol; see Table 3) in the
energy of binding to the3H]TCP site when the distance
between the ammonium group and the adamantane ring in

1l-adamantanamine is elongated by a methylene group. This 10.

result, which is the opposite of that observed in both TCP

and tetracaine experiments (Table 3), suggests that the
increased distance between the ammonium group and the 14

adamantane ring is a positive structural factor for binding
to the TCP site in the desensitized state.

The observed excellent correlation between hydrophobicity
(Figure 8A) or molecular volume (Figure 8B) of adamantane
derivatives and theiK; values obtained from théH]TCP

than in either the resting or desensitized state.
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