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Abstract

Liquid chromatography columns containing stationary phases based upon immobilized nicotinic acetylcholine receptors (nAChRs) were
used to screen a series of conformationally constrained nicotine and anabasine derivatives for agonist acth8B4 TA€ChR andx4p32
NAChR subtypes were used to prepare the chromatographic columnd-§megibatidine dihydrochloride ¥H] EB) was used as the marker
ligand. Single displacement experiments were conducted with the test ligands and with nicotine and carbachol. Nicotine was used as an internal
control for compounds with agonist activity and carbachol was used as an internal control for compounds with very weak agonistic activity
(Kg>4700nM fora3p4). The displacement ofil] EB by each of the test compounds and internal controls was calculated and expressed
as Aml. Functional studies were then conducted using a stably transfected cell line that expresSgithAChR and Eg, values were
determined for the test compounds and the internal controls. A comparison Afithand EG values indicated that 9/11 compounds had
been correctly identified as agonists or non-agonists ofBg! NAChR. A similar comparison could not be made for 882 nAChR,
since the intact cell line was not available for testing. The results of the study suggest that the immobilized nAChR columns can be used for
the rapid on-line screening of compounds for their relative affinities for the immobilized receptor and as an initial determination of qualitative
functional activities.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction present, 12 different subunits have been identified,sib-
units (@2—-«10) and 3 subunits p2—34), which combine to
Neuronal nicotinic acetylcholine receptors (NnAChRs) are form a wide variety of homomeric and heteromeric nAChRs.
a family of ligand gated ion channels, which play arole inthe These subtypes are found in diverse locations in the central
regulation of synaptic activity. NnAChRs consists of five trans- and peripheral nervous systems.
membrane subunits oriented around a central fh&d. At The nAChRs have been associated with a variety of clin-
ical states including Alzheimer’'s and Parkinson’s diseases,
* Corresponding author. Tel.: +1 410 558 8498; fax: +1 410 558 8409. Schizophrenia and addictig8] and have become targets for
E-mail addressWainerir@grc.nia.nih.gov (1.W. Wainer). new drug development. For example, #i&34 nAChR and
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a4B2 nAChR have been targeted for their potential roles in columns containing the34 nAChR and the4B2 nAChRs.

pain @34 nAChR), gastrointestinal tract motilityx8p4 The objective was to produce a rapid and inexpensive assay
nAChR), short-term memorya@B2 nAChR) and nicotine  which can be automated. In this approach, a single chro-
addiction 4p2 nAChR)[4]. matographic experiment has been used to sort a series of

Akey goal in the development of therapeutic agents aimed conformationally constrained nicotine and anabasine com-
at the nAChR is to produce subtype-specific agonists in or- pounds based upon their ability to reduce the chromato-
der to overcome the non-selective pharmacological profile graphic retention of EB relative to the reductions produced
of nicotine[5]. The primary binding sites for agonists are lo- by nicotine, a strong nAChR agonist, and carbachol, a weak
cated on the extracellular portion of the receptor in a pocket at nAChR agonist. The reductions in the retention of EB ob-
the interface between the N-terminals of thendp subunits served on thex3p4 nAChR column were compared with
[3,6,7] One approach has been to construct pharmacophore€Csg values determined usirf§Rubidium chloride $Rb")
of the agonist binding sit,9] and to synthesize drug candi-  efflux studies carried out in a cell line expressing &84
dates which fit the conformational requirements of this site. NnAChR (the same cell line used to create the chromato-
This has led to the syntheses of conformationally constrainedgraphic column). The results of these studies are presented
nicotine and anabasine analog(#3-15] below.

The determination of the nAChR agonist activity of newly
synthesized compounds is a key component of the drug dis-
covery process. This has been approached using both bindin@. Materials and methods
and functional assays. Binding assays have been used to de-
termine binding affinities, usually disassociation constants, 2.1. Materials
Kg, which are considered a reflection of pharmacological ac-
tivity. The predominate experimental approach used to de- Minimum essential medium with Earles salts and
termineKy values is competitive membrane binding using a r-glutamine (MEM), fetal bovine serum (FBS), peni-
radio-ligand as the marker and filtration techniques, although cillin/streptomycin (P/S), geniticin were purchased from
surface plasmon resonance spectroscopy has also been usésibco (Carlsbad, CA, USAPSRubidium chloride was pur-
with a muscular nicotinic receptdf6]. However, binding chased from Perkin-Elmer (Boston, MA, USAJH] Epiba-
affinities of a number of other proteins have also been deter-tidine dihydrochloride §H] EB) was purchased from Amer-
mined by frontal affinity chromatography and this approach sham Life Science Products (Boston, MA, USA). 24-Well
has been reviewed (dfL7,18)). plates were purchased from Fisher Scientific (Fairlawn, NJ,

We have reported an alternative method for the study of USA). Carbachol hydrochloride Sf-nicotine tartrate, ben-
binding interactions at the agonist binding site, which uti- zamidine, NaCl, MgGl, CaCp, KCI, MgSQy, cholate, le-
lized liquid chromatographic stationary phases containing upeptin, phenyl methyl sulfonyl fluoride (PMSF), EDTA,
immobilized nAChRs. In the initial studies, chromatographic trizma, poly p-lysine, and HEPES were purchased from
columns containing either the34 nAChR subtypé19,20] Sigma (St. Louis, MO, USA). HPLC grade methanol, ammo-
or the a4B2 nAChR subtypg20,21] were used in frontal  nium acetate and 0.1 M ammonium hydroxide solution were
displacement chromatography, with epibatidine (EB), a high purchased from Fisher Scientific (Pittsburgh, PA, USA). Im-
affinity agonist, as the marker and multiple concentrations mobilized Artificial Membrane PC Stationary Phase (IAM-
of the test ligands in the mobile phase. The results demon-PC, 12um, 300 A) was purchased from Regis Chemical Co.
strated that the immobilized nAChR columns could be used (Morton Grove, IL, USA).
to accurately rank known agonists based upon tgualues
both within and between nAChR subtypes and that chromato-2.2. Test compounds
graphically determineldy values can be correlated with those
obtained using standard membranes binding techniques. The synthesis and characterization of the test compounds

However, binding affinitied{q values, do not necessarily used in this study have been previously repofte®]. The
reflect functional properties such as thegg®alues, which structures of these compounds are present&iginl
are defined as the concentration of a ligand required to obtain
50% of the maximal elicited respong?]. Thus, bindingas-  2.3. Methods
says are primarily used as the initial screen, while functional
assays are necessary to characterize lead drug candidate2.3.1. Preparation of the3p4 nAChR andxv432
In the case of nAChRs, Efg values have been determined nAChR columns
using rubidium $oRb") efflux assayg23-25] fluorescent The membranes containing th&p4 nAChR anda4p2
assays using ion-sensitive dyjgé] and a variety of electro-  nAChR subtypes were obtained from previously reported cell
physiological approachd27]. All of these assays are time linesand were provided by K. Kellar (Department of Pharma-
consuming and labor intensive. cology, Georgetown University, Washington, DC, USA). The

The current study has explored the possibility of the on- nAChRs were immobilized on the IAM stationary phase as
line determination of E€p values using chromatographic previously describefll9,21] In brief, membranes prepared
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SPh 2.3.2. Chromatographic studies

' The nAChR-IAM column was placed in a chromato-
graphic system consisting of a LC-10AD isocratic HPLC
pump (Shimadzu, Columbia, MD, USA), a 50 ml sample
Superloop (Amersham Pharmacia Biotech) and an IN/US
systemB-ram Model 3 on-line scintillation detector (IN/US,
Tampa, FL, USA) with a dwell time of 2 s and running Laura

SPh

N e lite 3 software. The mobile phase consisted of ammonium
S " acetate (10 mM, pH 7.4) delivered at 0.4 ml/min at room tem-
N~ ‘ perature.
o H”N The marker ligand for the chromatographic studies was
MeO,C” [3H] EB applied at a concentration of 25 pM for the studies
carried out using the34 nAChR column and at a concen-
TKS-6 tration of 20 pM for the studies carried out using té32

NAChR column. In the studies, the 50 ml sample Superloop
was used to apply 16 ml solutions containing the marker lig-
and and one of the test compounds. The test compounds were
applied at concentrations of 2 nM for studies carried out us-
ing thea3B4 nAChR column and at concentration of 1 nM
for the studies carried out using th&B2 nAChR column.
Each series of experiments also included the application of
solutions containing the marker ligand and nicotine and the
Fig.1. Chemical structL_Jre c_)f_aseries of novel compounds studied for activity 4 rker ligand and carbachol at the same concentrations used
on thea3p4 anda4B2 nicotinic receptor. for the test compounds.
The applied volume corresponding to the half-height of

the breakthrough curve was used to determine the retention
from 10 cells expressing the desired NAChR subtype were yolume of the marker ligand. The displacement 3] EB
suspended in 30 ml of Tris—=HCI [50 mM, pH 7.4], containing  from the nAChR by a test compound was defined as the dif-
5mM EDTA, 3mM benzamidine and 0.2mM PMSF. The ference in breakthrough volume ofH] EB applied to the
suspension was homogenized fox 30 s atthe setting of 15 column alone and the breakthrough volume fH][EB ob-

on a Model PT-2100 homogenizer (Kinematica AG, Luzern, served after the addition of the test compound, and this values
Switzerland), intermittently placing the tissue in an ice bath. \yas designated asml.

The mixture was centrifuged for 10 min at@ at 32,000x g
and the supernatant was discarded. The pellet was suspendegl 3 3. Determination of E values
in 10ml of Tris—HCI [50 mM, pH 7.4] containing 100 mM The KXa3B4R2 cell line used in this study was estab-
NaCl, 2mM MgCh, 3mM CaCh, 5mM KCI, 2% sodium  |ished and maintained as described previo(i28] and the
cholate and 1Q.g/ml leupeptin. The resulting mixture was ECsq values for a cohort of the test compounds were de-
stirred for 18 h at 4C and Centrifuged at 100,0009 for termined using a previou5|y reporté&Rb"’ efflux assay
30 min, and the Supernatant Containing nAChR-cholate solu- [24] Brieﬂy’ cells were grown in selection growth medium
tion was collected. (500 ml MEM, 10% FBS, 1% p/s, 350 mg geniticin). Once
The supernatant (NAChR-cholate suspension) was mixedthe cells reached greater than 90% confluence, they were
with 200 mg of dried IAM-PC packing material and stirred pjated (1 ml/well) on 24-well plates coated with palytysine
gently for 1h at 25C, transferred into dialysis tubing and  (>300,000 MW). These plates were then incubated for 48 h
dialyzed for 24 h at 4C against 1 L of Tris=HCI[SOmM, pH  at 37°C to reach greater than 90% confluence. The media
7.4] containing 5mM EDTA, 100 mM NaCl, 0.1mM Cal  was then removed and the cells were incubated with 0.5 ml
and 0.1 mM PMSF. The resulting mixture was centrifuged for of [86Rp*] (2 w.Ci/well) in growth medium for 4 h at 37C.
3min at 4°C at 700x g and the supernatant was discarded. The media was then aspirated and the cells were washed for
The pellet (NAChR-IAM) was washed with 5 ml of Tris—=HCI 2 min with 1 ml of Buffer A (15 mM Hepes, 140 mM NacCl,
[50 mM, pH 7.4] and centrifuged. This process was repeated 2 mm KCI, 1 mM MgSQ;, 1.8 mM CaCs, 11 mM glucose,
until the supernatant was clear. pH 7.4)/well. The process was repeated two additional times,
The nAChR-IAM (200 mg) was packedintoaHR 5/2glass  first with a wash of 2 min and a final wash of 7 min.
column (Amersham Pharmacia Biotech, Uppsala, Sweden)to  The efflux studies were then initiated by the addition to the
yield a 150 mmx 5mm (i.d.) chromatographic bed. The re- ells of 1 ml solutions of either Buffer A (control) or Buffer A
sulting column contained 346 fmoles of active binding sites with the test compounds (experimental) which were applied
as determined using frontal chromatography witH][epi- at concentrations ranging from 0.279 to 1Q04. The solu-
batidine as the marker ligand. tions were kept in the wells for 2 min, after which they were

TKS-7
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collected, transferred into scintillation vials and counted for valuesin orderto determine if there was a qualitative relation-

[88Rb*] content using liquid scintillation counting. The & ship between the two values. The experimental question was,

of the test compounds was determined by relating the amountif the Aml value was greater than or equal to the displacement

of [8Rb'] present in the solutions to the concentration of the produced by nicotine, did the compound have agonist activ-

test compound. The data was analyzed by non-linear regresity and if the Aml value was less than or equal to the value

sion with a sigmoidal response curve using Prism 4 software observed with carbachol, was the compound essentially in-

(Graph Pad Software Inc., San Diego, CA, USA) running on active at thex3p4 nAChR. The method correctly identified

a personal computer. three of the four test compounds that had agonist activity and
four of the five compounds that were inactive at tfi34
NAChR (Table ).

3. Results and discussion TKS-8 effectively displaced®H] EB indicating that the
compound binds at the agonist binding site, but it did not dis-

Elution profiles showing a front and plateau regions were play any functional activity. These results suggest that TKS-
obtained for the marker ligand®fl] EB in all of the chro- 8 may act as a competitive antagonist@p4 nAChR. The
matographic experiments on th834 nAChR columns. The opposite results were observed with TKS-2, which did not
effects of the test ligands, nicotine and carbachol on the re-displace H] EB but had a functional activity similar to that
tention volume of:EH] EB, expressed aaml, are presented of nicotine in the®®Rb" efflux assay. The reason for this result
in Table 1 is not clear.

Nicotine is a potent agonist of the3f4 nAChR with an Previous chromatographic studies with 1234 nAChR
ECso value of 19.8.M while carbachol is essentially inactive ~ column have demonstrated that quantitative data in the form
at this nAChR. The objective was to use these compounds a¥f binding affinities, i.eKq values, can be obtained using five
internal standards in order to sort the test compounds intoOr more concentrations of the test compound in a series of
active and inactive categories based upon their relationshipcompetitive displacement experime{t9—21} The relative
to theAml values produced by nicotine and carbachol on the order of theKq values were the same as those obtained using
a3B4 column. In these studies, taml produced by the ad-  membrane binding studies and the two data sets correlated
dition of nicotine to the mobile phase was 0.16 ml, and four With anr?=0.9972 p=0.0014)[21].
of the test compounds produced an equivalent or greater dis- The objective of this study was the rapid determination of
placementTable ). Carbachol had essentially no effect on qualitative, functional data in the form of relative Efval-
the retention of{H] EB, as did three of the test compounds, ues. Thus, only a single concentration of each test compound
while the addition of TKS-3 and TKS-5 increased the break- andinternal standard were used. It has been previously shown
through volume of§H] EB by 0.12 and 0.32 ml, respectively that the frontal retention volumes were reproducible for the
(Table 1. a3B4 nAChR[20] and for the PGP transport@9]. The only

The EGy values that were determined for the test com- realistic outcome was to sort the test compounds into active
pounds are presentedTable 1 The calculated E€ values or inactive categories. With the limited experimental set uti-
were compared to the chromatographically determitned lized in this study, it appears that the objective of this study

has been accomplished.
Table 1 The relationship between binding affinities and functional
The comparison between the agonist activity of constrained nicotine and properties was previously established for competitive in-
anabasine derivatives, expressed as thg&&lue, determined using a cell hibitors of enzymes by Cheng and PUTS[(ﬁm]- In this ap-
line expressing tha3B4 neuronal nicotinic acetylcholine recepter334 proach, the binding a_ffinity of the inhibitoK(), the func-
NAChR) and their effect on the retention of epibatidine (EB) in singlicate, tjgnal strength of the inhibitor (|§E) value) and the Egyof a

expressed aaml, calculated as breakthrough volume of EB alone minus i ; ; ; .
the breakthrough volume of EB after the addition of the test ligand, on SpeCIfIC marker agonist are related in the foIIowmg manner.

the immobilizeda3B4 nAChR anda4B2 nAChR liquid chromatography Iso
stationary phases Ki=——FF——

YE 1+ (S/Km)
Sample EGo (LM) Aml a3B4 Aml a4B2 ) ) ) o
3 3 whereSis substrate concentration aKg, is the affinity of
[H] EB (28.3+ 1.6)x 10~ - -
TKS-9 26.4+ 1.8 160 034 the sqbstrate for the enzyme. . o
TKS-6 20.8+ 2.9 Q28 028 This approach can also be applied to the determination
TKS-8 > 300 Q28 026 of relative 1G5 values between different inhibitof30]. The
TKS-7 13.8+ 3.0 024 020 conditions for this comparison are that the inhibitory com-
Nicotine 19.8+ 1.6 Q016 026 ds h id ical hani f . d th h
TKS.2 1824 34 0 005 pounds have an identical mechanism of action and that the
Carbachol > 1000 —0.04 —006 assays are pgrformed under the same conc{mons.
TKS-4 ~ 1000 —0.04 —0.07 In our studies, the Cheng—Pursoff equation could not be
TKS-1 > 1000 —0.04 017 used to calculate the EBgvalues as our studies were car-
TKS-3 > 1000 —0.12 013 ried out using only agonists. However, since in displacement
TKS-5 > 1000 -0.32 018

affinity chromatography, binding affinitie§ values) are
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directly related toAml [31], and since with the nAChR ligands, nicotine and carbachol on the retention volume of
there is a relationship between gg&nd binding at the ago-  [3H] EB, expressed a&ml, are presented ifiable 1
nist binding sitg8,9], comparative competitive displacement The results demonstrated that TKS-1, -3, -5, -6, -7, -8,
studies should be capable of the relative, qualitative determi-and -9 should have affinity for the4g2 nAChR while TKS-
nation of EGg values. As with the Cheng—Pursoff approach, 2 and -4 produced no displacement of EB. The data indicated
the necessary requirements are that the agonists have an iderthat there were differences in the selectivity of TKS-1, -3,
tical mechanism of action and that the experiments are per--5 for the «384 nAChR anda4B2 nAChR, and that these
formed under the same conditions. compounds should be active at t¥32 nAChR but not at the

In this study, the test compounds were designed using thea3B4 nAChR. Unfortunately, functional tests for the32
known agonists, nicotine and anabasine as the temfla}e nAChR are not running in this laboratory and the significance
Thus, itis assumed that they will all bind at the agonist bind- of the observed differences will, of necessity, be reported in
ing site, albeit with differing affinities. The relationship be- a later communication.
tween the chromatographic displacement and binding to the
nAChR is controlled by the use of EB, a specific marker
for the nAChR. Previous studies have demonstrated that the4 Conclusions
displacement of EB by nicotine is independent of the pres-
ence of co-immobilized receptors, suchyaamino-butyric
acid (GABAx) andN-methylp-aspartate (NMDA), as well
as other non-specific cellular componef2].

The other condition for the comparison, the same experi-
mental conditions, was also met during this study. The chro-
matographic conditions were held constant and the nAChR

The results from this study demonstrate that single dis-
placement chromatography studies utilizing immobilized
nAChR stationary phases can be used to qualitatively rank
compounds according to their B§&values, and that the ap-
proach may be able to identify subtype specific activities with
columns were stable throughout the study. In addition, the a success rate_ ex_ceeding 80%. Altho_ugh, the potential for

missing potential ligands is present, this method has a com-

same concentration of the marker ligantH] EB and the : . :
same concentrations of nicotine, carbachol and the test Com_parable if not better success rate than most available rapid

: : : throughput methods. In addition, each experimental run took
pounds were used in the chromatographic experiments. Thus ! . : .

130 min, 40 min to apply the 16-ml solution containing the
the observed effects on the breakthrough volume of the [3H] EB and the displacers followed by a 90 min washout pe
marker ligand should be relative measures of the effect of . : pia y P
the test compounds on the NAChR riod, and the immobilize&3B4 nAChR andx4p2 nAChR

. . : . columns were stable for at least 6 months. This is in con-
The displacement experiments were repeated using an im-,

mobilizeda42 nAChR column. When the test compounds, ggf; tgut:gsf?ncélgqﬁljtgg Lllevf/’e\évkhslctg ::%?rl: Te\':\éet?wl;;zrsttt:jeigs
nicotine and carbachol were studied on t32 nAChR, P ’ P )

elution profiles showing a front and plateau regions were
obtained for the marker ligandHi] EB in all of the chro-
matographic experiments (dfig. 2). The effects of the test  References
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