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A set of semi-rigid cyclic and acyclic bis-quaternary ammonium analogs, which were part of a drug dis-
covery program aimed at identifying antagonists at neuronal nicotinic acetylcholine receptors, were
investigated to determine structural requirements for affinity at the blood–brain barrier choline trans-
porter (BBB CHT). This transporter may have utility as a drug delivery vector for cationic molecules to
access the central nervous system. In the current study, a virtual screening model was developed to
aid in rational drug design/ADME of cationic nicotinic antagonists as BBB CHT ligands. Four 3D-QSAR
comparative molecular field analysis (CoMFA) models were built which could predict the BBB CHT affin-
ity for a test set with an r2 <0.5 and cross-validated q2 of 0.60, suggesting good predictive capability for
these models. These models will allow the rapid in silico screening of binding affinity at the BBB CHT of
both known nicotinic receptor antagonists and virtual compound libraries with the goal of informing the
design of brain bioavailable quaternary ammonium analogs that are high affinity selective nicotinic
receptor antagonists.

� 2009 Elsevier Ltd. All rights reserved.
Introduction: Structural modification of the nicotine molecule
via N-n-alkylation converts it from an agonist to an antagonist at
neuronal nicotinic acetylcholine receptors (nAChRs).1 Despite the
discovery of numerous novel nAChR antagonists2 that may have
potential as therapeutic agents in smoking cessation3,4 the pres-
ence of one or more quaternary ammonium moieties in such mol-
ecules suggest that these compounds will have poor brain
bioavailability.

For centrally acting drugs, the blood–brain barrier (BBB) is the
limiting factor in central nervous system (CNS) accumulation, with
>98% of small molecules being excluded because they have poor
diffusion through the BBB or are subject to efflux through a variety
of carrier-mediated mechanisms.5 This restriction in CNS access is
even more notable for hydrophilic or charged compounds, where
the blood-to-brain extraction related to diffusion is commonly less
than 1%.6–8 This exclusionary property of the BBB is predicted to
strongly inhibit the passive brain penetration of the quaternary
ammonium nAChR antagonists into the CNS given that such com-
pounds bear a permanent cationic charge. While carefully planned
lipophilic chemical modifications could increase the octanol–water
partition coefficient of such drugs and theoretically increase brain
accumulation, in reality there will only be a limited increase in the
All rights reserved.
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kman).
in vivo brain volume of distribution. This is secondary to an overall
increase in the partitioning of the drug to other tissues, and a resul-
tant decreased total exposure of the drug to brain.9

An alternative drug design strategy would be to modify the
charged molecule to enable it to utilize a native BBB nutrient trans-
porter as a CNS ‘Trojan horse’ drug delivery vector.8 Recent work has
suggested that the BBB choline transporter (CHT) may be a suitable
vector for the CNS delivery of cationic drugs, because choline plasma
concentrations are only approximately 25% of the Km of that for cho-
line at the BBB CHT; thus, the system is free to transport other mol-
ecules without interrupting the vital supply of choline to the
CNS.10,11 The BBB CHT is thought to be responsible for the intracellu-
lar transport of the quaternary ammonium ellipticines that are cyto-
toxic to isolated human brain tumor cells12 and the blood-to-brain
translocation of the N-n-alkylnicotinium analog, N-n-octylnicotini-
um iodide (NONI).10 Of major significance to this report is that recent
drug discovery studies have identified a novel, potent bis-quater-
nary ammonium nAChR antagonist, N,N0-dodecane-1,12-diyl-bis-
3-picolinium dibromide (bPiDDB; Fig. 1), which is currently being
investigated as a lead compound for smoking cessation.13 bPiDDB
has been shown to inhibit nAChR-mediated nicotine-evoked [3H]-
dopamine release with an IC50 of 2–5 nM,14–19 and has good brain
bioavailability secondary to BBB influx via the CHT.15,20

For drug discovery purposes, access to the 3D structure of the
BBB CHT would provide an ideal de novo design platform for
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Structures of conformationally restrained bis-quaternary ammonium analogs 1–5.
The mean apparent Log Ki at the BBB CHT are reported for in situ perfusions of each
compound at concentrations of 250 lM (n = 4–5).
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Figure 1. Structure of the bis-quaternary ammonium compounds, N,N0-dodecyl-
bis-picolinium bromide (bPiDDB) and hemicholinium-3, high affinity bis-quater-
nary ammonium inhibitors of BBB CHT.
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identifying molecules that could be potential substrates for this
transporter. Unfortunately, unlike the neuronal high affinity
CHT,21,22 the BBB CHT has not been cloned. In addition, the neuro-
nal high affinity CHT has significantly different kinetic parameters
compared to the BBB CHT,11 suggesting that these are two different
proteins. Thus, only indirect methods can be used to determine
structural requirements for substrates at the BBB CHT.23 In earlier
studies the 3D quantitative structure–activity relationship ap-
proach of Cramer24 (i.e., comparative molecular field analysis;
CoMFA) was used to develop a model that provided insight into
the structural requirements of molecules with affinity for the
BBB CHT,25 including a series of bis-quaternary ammonium com-
pounds that may bind to two distinct adjacent sites on the trans-
porter (Fig. 2).26 However, the analogs used in these studies were
flexible molecules affording multiple molecular conformations
resulting in correlative values that were not able to predict trans-
porter interaction. This current study expands the earlier BBB CHT
CoMFA models26 to include novel semi-rigid cyclic and acyclic bis-
and mono-quaternary ammonium compounds (Tables 1–3) that
are conformationally restrained analogs of bPiDDB, and which re-
duce the number of conformations that the substrate can present
to the transporter. In addition, these novel substrates all have a
cation quaternary ammonium moiety, which is assumed to be in-
volved in the major interaction with the BBB CHT.
N N

Choline binding site

N N

Distance = x Angstroms

Distance = y Angstroms

A

B

Figure 2. Schematic representation of the possible binding conformations which
the compounds in this study could adopt, when binding to the blood–brain barrier
choline transporter. The bis-cationic nitrogen interaction sites are either (1) the
intramolecular N–N distance of the acyclic compounds when fully extended, or (2)
the intramolecular N–N distance in the cyclic compounds.

7 4 1.529
8 7 0.146
9 9 1.182

Structures of conformationally restrained cyclic bis-quaternary ammonium analogs
6–9. The mean apparent Log Ki at the BBB CHT are reported for in situ perfusions of
each compound at concentrations of 250 lM (n = 4–5).
The long-term goal of our studies is to develop an in silico vir-
tual screening model to identify quaternary ammonium substrates
that will penetrate the CNS utilizing the BBB CHT. The availability
of this model will allow virtual compounds to be identified that
have desirable BBB CHT binding properties prior to synthesis and
eliminating the need for conventional time and resource consum-
ing structure–activity studies. This model will provide a more
streamlined process for identifying compounds with optimal BBB
CHT binding properties that are worthy of chemical synthesis
and pharmacological evaluation. In addition, this general modeling
approach may also be applicable to other nutrient or native trans-
porters at the BBB in similar drug discovery programs.

Results: Results of the CoMFA studies are shown in Table 4. The
contour CoMFA maps of Model 1 are shown in Figure 4A. This mod-
el includes the choline compounds used in an original dataset,25 as
well as the quaternary ammonium compounds (Table 3). Model 1
showed a non-cross validated r2 of 0.854 (S.E.E = 0.449) and a
cross-validated q2 value of 0.392 (S.E.P.cv = 0.916), demonstrating
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concentrations of 250 lM (n = 4–5). All the compounds shown in the table were prepared as bromine salts (anion not shown).
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a significant correlation between actual and predicted BBB CHT
affinity values. The steric and electrostatic contributions are illus-
trated in Figure 4A and show a large green polyhedron surrounding
the space where bPiDDB was used as an alignment motif. A green
area surrounds the 3-methyl substituents of the pyridinium rings
of bPiDDB, suggesting that this area might be amenable to struc-
tural modification by substitution of bulkier substituents (e.g.,
ethyl, propyl). Additionally, a yellow area surrounds the region
where an azaaromatic 4-substituent would be located, suggesting
that bulky substituents attached at this position would likely de-
crease affinity. A large blue polyhedron surrounds the two cationic
pyridinium groups, emphasizing the importance of the contribu-
tion of the cationic nitrogens in these compounds to overall
transporter affinity.



Table 4

Parameter CoMFA

Model 1 Model 2 Model 3 Model 4

q2
cv 0.392 0.455 0.435 0.447

S.E.P.cv 0.916 0.652 0.891 0.867
Components 5 5 5 4
Non-cross validated r2 0.854 0.966 0.857 0.781
S.E.E. 0.449 0.164 0.448 0.546
F-test 57.297 112.469 62.547 47.127

Contribution fields
Steric 0.690 0.639 0.704 0.715
Electrostatic 0.310 0.361 0.296 0.285

Results of the CoMFA partial least squares analysis for BBB CHT binding affinity
(Non-cross validated r2 values, with the S.E.E. reported for variance) and for pre-
dictive binding q2 at the BBB CHT with variances reported as the standard error of
prediction S.E.P.cv for bis-quaternary ammonium analogs The contribution of the
steric and electrostatic fields generated through CoMFA are shown with the relative
contributions represented in a 3D coefficient map.

Figure 3. Alignment of compounds. Briefly, compounds were aligned with respect
to bPiDDB (Fig. 1), by manually fitting the cationic nitrogens and the aromatic
pyridinium rings, such that the substituents on all azaaromatic rings were
aligned.45 Three alignment perspectives are shown: (1) choline derivative, acyclic
bis-quaternary ammonium compounds aligned (Model 1), (2) acyclic quaternary
ammonium compounds aligned without the choline derivatives (Model 2) and (3)
all quaternary ammonium compounds aligned (Models 3 and 4).
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The contour CoMFA maps of Model 2 are shown in Figure 4B.
This model includes only bis-quaternary ammonium compounds
(Table 3), with no cyclic compounds included (e.g., those shown
in Table 2) Model 2 had a non-cross validated r2 of 0.966
(S.E.E. = 0.164) and a cross-validated q2 value of 0.455 (S.E.P.cv =
0.652, Table 4), demonstrating a significant correlation between
actual and predicted BBB CHT affinity values. Steric contributions
are apparent, as indicated by the large green polyhedron surround-
ing the bPiDDB molecule, which was used as the starting structure
for the alignments of the bis-quaternary series of compounds
(Table 3). Favorable steric interactions (green) can be seen sur-
rounding the 3-methyl substituents of bPiDDB, and alongside the
C12 n-alkyl linker unit connecting the two cationic N atoms.
Unfavorable steric regions are observed around the 4-position of
the pyridinium ring.

In Model 3 (Fig. 4C), the choline compounds from the original
data set25 were included, in addition to acyclic bis-quaternary
ammonium compounds (Tables 1 and 3), to develop the CoMFA
maps. Model 3 shows a significant correlation between actual
and predicted BBB CHT affinity values with a cross-validated q2 va-
lue of 0.435 and a non-cross validated r2 of 0.857 (S.E.E. = 0.448,
Table 4). A large sterically favorable area is observed around the
3-position of bPiDDB, which overlaps with the C12 n-alkyl linker
area. Two large blue areas are observed around the cationic pyrid-
inium moieties, suggesting that positively charged N atoms repre-
sent the most important interaction with BBB CHT.

Figure 4D shows the contour CoMFA maps of Model 4. This
model includes choline compounds that were used in our original
data set,25 together with new cyclic (Table 2) and acyclic bis-qua-
ternary ammonium compounds (Table 1 and 3). However, in con-
trast with Model 3, six of the bis-quaternary ammonium
compounds were aligned with the cyclic compounds in a bucket
conformation. Model 4 shows a cross-validated q2 value of 0.447
and a non-cross validated r2 of 0.781 (S.E.E. = 0.546) (Table 4),
demonstrating a significant correlation between actual and
predicted BBB CHT affinity values.

Discussion: Data presented in the current study demonstrate
that despite the structural diversity of the compounds illustrated
in Tables 1–3, all compounds which contain at least one cationic
center bind with varying degrees to the BBB CHT. In addition,
and of major significance, is that binding affinity (log Ki) of such
quaternary ammonium compounds can now be predicted using
an in silico approach (Fig. 5). Thus, this methodology has the capa-
bility of predicting the affinity of similar molecules at the BBB CHT,
and in this respect, may be a useful in silico screen for predicting
brain bioavailability of virtual libraries of novel cationic CNS
agents.

The primary substrate requirements for binding to the BBB CHT
that have been previously described in the literature are (1) the
presence of a cationic nitrogen in the molecule;25 (2) a hydropho-
bic interaction; and (3) the presence of at least one hydroxyl group
located approximately 3.26–3.30 Å away from the cationic nitro-
gen.7,35,36 To indirectly evaluate the interaction between the BBB
CHT and the synthesized compounds, three models were con-
structed based on the following assumptions (Fig. 2): (1) the
quaternary ammonium compounds bind to the same site as cho-
line at the BBB CHT; (2) the second cationic interaction site in
the bis-quaternary ammonium compounds is located distally from
the first, at a distance equal to the entire length of the individual
acyclic compounds, or equal to the distance between the cationic
nitrogens in cyclic compounds; and (3) at least one of the cationic
nitrogens represents a common structural feature that interacts
with an anionic region in the binding site.

The data herein confirms the previous findings37 that the inter-
action between the quaternary ammonium nitrogen in the above
compounds and an anionic region on the BBB CHT binding site is



Figure 4. (a–d) Contour renditions of CoMFA maps for Models 1–4. Steric fields shown: green areas indicate regions where bulky substituents can be accommodated in a
sterically favorable way, and yellow in an unfavorable way. Electrostatic fields are shown: blue areas favorably accommodate cationic groups, and red areas are unfavorable.
Column 1 shows the steric and electrostatic interactions (test compounds shown docked), column 2 shows steric interactions with bPiDDB shown docked, and column 3
shows the electrostatic fields at the CHT with bPiDDB docked.
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the primary predictor for transporter interaction. However, the fo-
cus of the current study is on modeling the interaction of bis-qua-
ternary ammonium compounds with the BBB CHT. In this respect,
it has been suggested that there is a second anionic binding region
within close proximity to the primary anionic binding region.7 This
hypothesis is based upon data showing that when two quaternary
nitrogen atoms are separated by a flexible methylene linker unit,
there can be an �50 to 100-fold greater affinity for the transporter
compared to choline.38–40 For example, hemicholinium-3 (Fig. 1), a
bis-quaternary ammonium compound, interacts with the high
affinity choline transporter 100–300-fold more potently compared
to the structurally related monomeric compound, hemicholinium-
15.37,41 This current study affords data that are consistent with the
above hypothesis, in that no loss of binding affinity for the bis-qua-
ternary ammonium analogs was observed when compared to the
affinity of the monomeric quaternary ammonium compounds. Sev-
eral bis-quaternary ammonium compounds had significantly high-
er affinity than choline for the BBB CHT. The novel semi-rigid and
cyclic bis-analogs shown in Tables 1 and 2 generally also had high-
er affinity for the choline transporter than the mono-quaternary
ammonium compounds shown in Table 3. Since two cationic
groups appear to have an ‘additive’ effect on affinity for the BBB
CHT, two sites of interaction for these compounds are suggested
(Fig. 2). Furthermore, since [3H]-choline was used as a ligand for
determining binding, it appears that the same binding pocket is
shared by the bis-quaternary ammonium compounds and choline,
that is, the second binding site is not specific for bis-quaternary
ammonium compounds.

Generally, the more conformationally rigid compounds appear
to have greater affinity than the more conformationally flexible
compounds. This observed improvement in binding affinity with
the bis-quaternary ammonium compounds suggests that the BBB
CHT incorporates a second anionic binding pocket, or alternatively,
that the BBB CHT functions as a dimeric protein complex with
closely associated anionic binding sites. The anionic binding sites
associated with the dimeric protein complex are also available to
interact with mono-quaternary ammonium analogs. This type of
interaction has been observed with the monoamine oxidase en-
zyme (MAO-B), where only after X-ray crystallography was it
determined that this enzyme exists as a dimeric complex when it
interacts with substrate molecules.42

The second structural characteristic that results in an increased
affinity at the BBB CHT appears to be a hydrophobic interaction
around the anionic binding site that accommodates the quaternary
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Figure 5. Correlation between the actual and predicted log Ki values for the training sets used to validate the individual CoMFA models. Linear correlation for the test sets
were Model 1 (r2 = 0.854, p <0.05), Model 2 (r2 = 0.966, p <0.05), Model 3 (r2 = 0.857, p <0.05), and Model 4 (r2 = 0.781, p <0.05). Test compounds included: compounds 1, 5, 10,
16, and 26.
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ammonium center. A study by Dowdall43 first suggested that the 2-
[4-(1-pyrenyl)butyryloxy-ethyl]-trimethylammonium ion had a
20-fold greater affinity for the transporter than choline, and this
was attributed to a hydrophobic binding region adjacent to the cat-
ionic interaction site.36 In this respect, the current bis-quaternary
ammonium compounds have a large hydrophobic group adjacent
to the cationic nitrogen and demonstrate good affinity for the
BBB CHT.

Lastly, several studies report the presence of a hydroxyl group
approximately 3.26–3.30 Å away from the cationic nitrogen as
being a second interaction site required for high affinity at the
BBB CHT.7,35,36 However, the results reported herein, and in other
studies,26 demonstrate that our bis-quaternary ammonium com-
pounds, which are devoid of hydroxyl groups, retain good affinity
for the BBB CHT. These results suggest that the second but unde-
fined interaction site may be an anionic region on the transporter
that can act as both a hydrogen binding site and a site that could
interact in an ionic manner with a quaternary ammonium nitrogen
atom.

In summary, transporters such as the BBB CHT are polytopic
membrane proteins, and therefore, difficult to crystallize.23 Since
no X-ray crystal structure of the BBB CHT is available,23,44 a 3D-
QSAR methodology has been used to develop a virtual screening
model for this transporter. This modeling approach has been used
by others to investigate the serotonin transporter.23 In order to fur-
ther develop and extend previous in silico models of the BBB CHT,
conformationally restrained compounds were also included in the
current SAR study. To this end, models were generated utilizing
both flexible and conformationally restrained molecules, based
on the following assumptions (Fig. 2): (1) the quaternary ammo-
nium compounds we show here bind to the same site as choline
at the BBB CHT; (2) the second cationic interaction site is located
distally from the first, at a distance equal to the entire length of
the individual acyclic compounds, or equal to the distance between
the cationic nitrogens in the cyclic bis-quaternary ammonium
compounds; and (3) at least one of the cationic nitrogens repre-
sents a common structural feature that interacts with an anionic
region found in the BBB CHT binding region. One of the models
(Model 3) described herein predicts that the flexible molecules
used in our study interact with the BBB CHT in a fully extended
conformation (i.e., lowest energy conformation with the two qua-
ternary ammonium moieties fully extended). However, there is
an inherent problems in using flexible molecules in a QSAR study
since a large conformational space has to be accounted for in such
studies. Utilizing more rigid compounds is one way of minimizing
these problems associated with such QSAR analysis. In contrast to
Model 3, Model 4 narrows down the conformational space and
results in higher q2 values compared to models generated using
only conformationally flexible compounds. The use of the novel
conformationally restrained molecules in this study suggests that
that there are two anionic binding sites are juxtaposed on the
transporter protein. Finally, the mono- and bis-quaternary ammo-
nium compounds which bind to the BBB CHT were initially devel-
oped as nAChR antagonists and potential smoking cessation
agents.10 Based on the current findings, virtual libraries of nAChR
antagonist molecules of similar structure can now be screened in
silico to predict binding affinity at the BBB CHT with the goal of
identifying molecules that are likely to be brain accessible for sub-
sequent synthesis and pharmacological screening.

Experimental: The biological data presented herein were ob-
tained utilizing the in situ rat brain perfusion technique described
previously.11,27 Briefly, the uptake of [3H]-choline was determined
by using short perfusions of a physiological fluid into the common
carotid artery. Inhibition of brain [3H]-choline uptake was deter-
mined and expressed as Ki (lM) values. The compounds used for
the inhibition studies were synthesized as described previ-
ously.1,2,4,16 The structures of the compounds were chosen to probe
the nature and topological description of the possible binding sites
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on the BBB CHT that could accommodate the cationic head groups
in the test molecules. These molecules included conformationally
flexible, semi-rigid and cyclic quaternary ammonium analogs
(Tables 1–3).

Animals: Male Fischer-344 rats (220–330 g) were obtained from
Charles River Laboratories, Inc. (Wilmington, MA). All studies were
performed in accordance with the NIH guide for the Care and Use
of Laboratory Animals, and were approved by the Animal Care and
Use Committee of Texas Tech University Health Sciences Center.

In situ brain perfusion technique: Uptake of [3H]-choline into
brain was assessed using the in situ rat brain perfusion technique27

with previously described modifications.11,28 Briefly, in this study,
short perfusions of 60 s were used to determine brain uptake of
[3H]-choline. Once uptake values were calculated, subsequent
experiments evaluated the inhibition of [3H]-choline brain uptake
by 250 lM of the appropriate quaternary ammonium analog in the
perfusion fluid.

Radiochemicals: [14C]-Sucrose (4.75 mCi/mmol) and [3H]-cho-
line (79.2 Ci/mmol, >98% purity) were obtained from PerkinElmer
USA. In each experiment, [3H]-choline was dried prior to being dis-
solved in perfusion buffer to remove volatile tritium contaminants,
including [3H]-H2O.

Perfusion procedure: Rats were anesthetized with sodium pento-
barbital (50 mg/kg, i.p.). A PE-60 catheter filled with heparinized
saline (100 U/mL) was placed into the left common carotid artery
after ligation of the left external carotid, occipital and common car-
otid arteries. Common carotid artery ligation was accomplished
caudally to the catheter implantation site. The pterygopalatine ar-
tery remained open during the experiments.11 Rat rectal tempera-
ture was monitored and maintained at 37 �C by a heating pad
connected to a feedback device (YSI Indicating Controller, Yellow
Springs, Ohio). The catheter to the left common carotid artery
was connected to a syringe containing buffered physiologic perfu-
sion fluid (containing [in mM]: NaCl 128, NaPO3 2.4, NaHCO3 29.0,
KCl 4.2, CaCl2 1.5, MgCl2 0.9, and D-glucose 9) with 1 lCi/mL [3H]-
choline and 0.3 lCi/ml [14C]-sucrose (to determine vascular vol-
ume). Perfusion fluid was filtered and warmed to 37 �C and gassed
with 95% O2 and 5% CO2. Immediately prior to perfusion, the pH
and osmolarity of this solution were 7.35 and 290 mOsm, respec-
tively. The perfusion fluid was infused into the left carotid artery
with an infusion pump for a period of 60 s at 10 ml/min (Harvard
Apparatus, South Natick, MA. USA). This perfusion rate was se-
lected to maintain a carotid artery pressure of �120 mm Hg.28

After the 60 s perfusion with [3H]-choline and its unlabeled analog,
the perfusion fluid was changed immediately to tracer-free perfu-
sion fluid for 15 s to wash out residual [3H]-choline which had not
been taken up into brain.

Rats were decapitated and cerebral samples obtained as previ-
ously described.11 Briefly, the brain was removed from the skull,
and the perfused cerebral hemisphere dissected on ice after re-
moval of the arachnoid membrane and meningeal vessels. Brain
regions were placed in scintillation vials and weighed. In addi-
tion, two 50 lL aliquots of perfusion fluid were transferred to a
scintillation vial and the charged vial weighed. Brain and perfu-
sion fluid samples were then digested overnight at 50 �C in
1 mL of 1 M piperidine solution. Ten ml of scintillation cocktail
(Beckman, Fullerton, CA., USA) was added to each vial and the
tracer contents assessed by dual-label liquid scintillation count-
ing. Dual labeled scintillation counting of brain and perfusate
samples was accomplished with correction for quench, back-
ground and efficiency.

Brain uptake of [3H]-choline was determined by calculation of a
single time point blood-to-brain transfer coefficient (Kin) as de-
scribed27,29 from the following relationship:

K in ¼ ½Ctot � VvCpf �=ðCpf=TÞ ð1Þ
where Ctot = Cbr + Cvas, the sum of the amount of choline remaining
in the perfusate in the blood–brain vessels, and the amount of cho-
line that had penetrated into brain, respectively. Cerebral vascular
volume and cerebral perfusion flow rate were determined in sepa-
rate experiments, as previously described,30–32 where Cpf is perfu-
sion fluid concentration of tracer choline, and T is the net
perfusion time, with the assumption that uptake is linear. An appar-
ent cerebrovascular permeability surface-area product (PA) was
then determined using the following relationship:

PA ¼ F lnð1� kin=FÞ ð2Þ

where F is cerebral blood flow determined for each region of brain
from the uptake of [14C]-diazepam.33

Inhibition of [3H]-choline brain uptake was determined by the
inclusion of unlabeled choline or quaternary ammonium analog
in the perfusion fluid. Structures of the compounds evaluated are
shown in Tables 1 and 3. To determine Ki, compounds were evalu-
ated at initial concentrations of 250 lM, unless specifically stated
otherwise, using the previously described method,34 and detailed
below. An apparent inhibition constant (Ki) for choline and the
quaternary ammonium analogs was determined from the
equation:

½ðPAo � KDÞ=ðPAi � KDÞ� ¼ 1þ Ci=K i ð3Þ

assuming competitive kinetics, where PAo is the [3H]-choline PA in
the absence of competitor, PAi is the [3H]-choline PA in the presence
of inhibitor, and Ci is the perfusate concentration of inhibitor.
Apparent Ki is defined as the inhibitor concentration that reduces
saturable brain [3H]-choline influx by 50% at the tracer choline con-
centration (Cpf �Km) and in the absence of other competing com-
pounds. Earlier studies have demonstrated competition at the BBB
CHT over a 0.25–12.5 lM concentration range of hemicholinium-3
(Fig. 1), the defining substrate for this transporter.11

Molecular modeling: Molecular modeling studies were accom-
plished using the CoMFA module of SYBYL 6.91 (Tripos), utilizing a
Silicon Graphics Octane unit. Molecules were energy-minimized
in SYBYL using the MOPAC addition with AM1, with Gasteiger-Hüc-
kel charges added. Compounds were aligned with respect to
bPiDDB (Fig. 1), by manually fitting the cationic nitrogens and
the aromatic pyridinium rings, such that the substituents on all
aromatic rings were aligned (Fig. 3). In earlier models, bPiDDB
was aligned de novo with the native substrate choline by superim-
posing the cationic nitrogen atoms25,26

Default values provided in the Tripos CoMFA module were used,
with a 2.0 Å grid spacing, using a sp3 carbon atom with a +1 point
charge as a probe to explore the steric and electrostatic interac-
tions at the lattice points in the grid. The default cut-off value
was set at 30 kcal/mol. Statistical analysis was performed using
the partial least squares method implemented in the SYBYL program.
Non-cross validated (r2) values were determined for the models
using linear regression analysis (with variances reported as the
standard error of estimation; S.E.E.) which are considered signifi-
cant when r2 is greater than 0.7. The cross-validated (q2) values
were obtained using a leave-one-out methodology (unless other-
wise stated), and linear regression with variance reported as the
standard error of prediction (S.E.P.cv). The q2 values obtained were
considered significant at 0.3. The 3D graphical representation of
the steric and electrostatic fields generated through CoMFA are
shown in Figure 4, with the relative contributions represented as
a 3D coefficient map, with favored 80% steric (green) and electro-
static (blue) effects, and 20% disfavored steric (yellow) and electro-
static effects (red). Green colored areas of the map indicate where
sterically bulky groups may enhance interaction affinity. Blue col-
ored areas (80%) indicate regions where a more positively charged
group will likely lead to increased binding affinity, while a red area
indicates where a more negatively charged group will likely lead to
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increased binding (20%). Biological data were entered as log Ki val-
ues in the spreadsheets accessed by the CoMFA routine in SYBYL.
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