
Effects of Lipophilicity on the Affinity and Nonspecific
Binding of Iodinated Benzothiazole Derivatives

Yanming Wang,*,1 Chester A. Mathis,1 Guo-Feng Huang,1
Manik L. Debnath,2 Daniel P. Holt,1 Li Shao,2 and William E. Klunk2

1P.E.T. Facility, Department of Radiology, 2Laboratory of Molecular Neuropharmacology,
Department of Psychiatry, Western Psychiatric Institute and Clinic,
School of Medicine, University of Pittsburgh, Pittsburgh, PA 15213

Received October 15, 2002; Accepted March 24, 2003

Abstract

A series of novel 2-aryl benzothiazole derivates substituted with iodine in different positions have been syn-
thesized as amyloid-binding ligands. The affinity of these compounds for synthetic amyloid β (1–40) (Aβ[1–40])
fibrils was determined. Introduction of the iodo group in the position ortho to an amino group increased the
binding affinity, whereas the iodination ortho to a hydroxyl group decreased the binding affinity. Selected com-
pounds with high binding affinity and moderate lipophilicity (logP values, 1.65–3.90) were radiolabeled and
evaluated in normal mice for brain uptake and clearance. Structure-activity relationship (SAR) studies showed
a strong correlation between the lipophilicity of the iodinated compounds and the binding affinity as well as
nonspecific binding. As the lipophilicity increased, the affinity for Aβ(1–40) fibrils improved; however, non-
specific binding in mouse brain reflected by low brain clearance also increased with increasing lipophilicity.
These results provide important SAR information to guide the development of novel amyloid-binding agents
and provide further insights into the molecular interaction between 2-aryl benzothiazole ligands and Aβ fibrils.
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EARLY DETECTION

Introduction

Aggregation and deposition of amyloid β (Aβ)
peptides in the brain has been recognized as an early
event in the pathogenesis of Alzheimer’s disease
(AD) (Selkoe, 2001). Within this pathological process,
several targets have been identified for developing
therapeutic agents aimed at the prevention or rever-
sal of Aβ accumulation in the brain (Bard et al., 2000;
Schenk et al., 2000; DeMattos et al., 2001; Olson et
al., 2001). To evaluate the efficacy of amyloid thera-
pies currently under development, efforts have been
made to quantitate the level of amyloid deposition
in vivo (Klunk et al., 1994; Selkoe, 2000). Several classes

of compounds have been explored as amyloid-
binding agents (Skovronsky et al., 2000; Styren et al.,
2000; Wengenack et al., 2000; Klunk et al., 2002; Wang
et al., 2002a). Our laboratory has developed lipophilic
benzothiazole derivatives of thioflavin T that bind
to amyloid deposits with high affinity and specificity
(Klunk et al., 2001). Some lead compounds have been
identified that exhibited both promising in vitro and
in vivo properties. For example, 2-(4′-methyl-
aminophenyl) benzothiazole (termed BTA-1) selec-
tively bound to amyloid plaques in vivo, as
demonstrated in a transgenic mouse model of amy-
loid deposition using multiphoton microscopy
(Mathis et al., 2002). The binding of BTA-1 to post-
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mortem AD brain appeared specific for the Aβ
deposits (Klunk et al., 2003). The clinical potential of
these amyloid-binding ligands has been demon-
strated with another lead compound, termed
6-OH-BTA-1 (2-[4′-methylaminophenyl])-6-hydroxy-
benzothiazole) (Engler et al., 2002). After radiola-
beling with C-11, this compound readily entered the
brain of human subjects and selectively bound to
amyloid deposits in vivo in AD subjects. In contrast
to normal healthy control subjects, the ligand was
localized primarily to the amyloid-rich frontal and
temporal cortices, as shown by positron emission
tomography (PET) studies.

Based on these findings, we further extended the
potential of 2-aryl benzothiazole amyloid-binding
agents to the modality of single photon emission
computed tomography (SPECT) by developing
radioiodinated analogs. To date, several iodinated
benzothiazole derivatives have been reported as
amyloid-binding agents and demonstrated promis-
ing in vivo pharmacokinetics (Zhuang et al., 2001;
Wang et al., 2002b). Despite the potential utility of
these compounds in amyloid imaging, the key struc-
tural features necessary for high binding affinity and
specificity are not well understood. This prompted
us to synthesize a series of 2-aryl benzothiazole deriv-
atives bearing iodo and other functional groups and
compare the properties of amyloid binding affinity
and in vivo brain entry and clearance.

We focused primarily on the effects of lipophilic-
ity on the binding affinity for Aβ fibrils and phar-
macokinetics in normal mouse brain. Lipophilicity,
defined by the octanol-water partition coefficient
(logP), is an important physicochemical parameter
affecting the affinity of a molecule for lipophilic bind-
ing sites (Comer et al., 2001). Lipophilicity also has
important effects on nonspecific binding in lipophilic
environments, such as cell membranes. For small
molecules, lipophilicity also plays a role in the move-
ment across biological membranes such as the
blood–brain barrier by passive diffusion. The opti-
mal range of logP for brain entry is 0.9–2.5 (Dishino
et al., 1983). Introduction of an iodo group typically
increases the logP of aromatic compounds by 1.1 U
(Hansch and Leo, 1979). Therefore, iodination can
play a major role in the pharmacokinetics of central
nervous system agents.

We describe the synthesis of these iodinated
amyloid-binding ligands and the evaluation of their
in vitro binding affinities, as well as in vivo brain
uptake and clearance in normal control mice. Fur-
thermore, structure-activity relationships (SARs) are
established that correlate lipophilicity with affinity

and nonspecific binding clearance from the brain.
The SAR results help to identify the key structural
features necessary for binding interaction with Aβ
fibrils and may provide useful guidance in the fur-
ther development of potential iodinated amyloid-
binding agents for use with SPECT.

Materials and Methods
Study Design

Following the synthesis of each compound, the
logP values, binding affinity, and brain entry and
clearance were subsequently evaluated. Correlations
between logPvalues and affinity or pharmacokinetic
parameters were then performed.

Preparation of Ligands
The synthesis of the iodinated compounds was

achieved through direct electrophilic iodination of
the corresponding 2-aryl benzothiazole derivatives,
which were prepared through the approaches shown
in Scheme 1. In approach A, amino or methylamino
benzoic acid was used to couple with 5-substituted
aminothiophenols in the presence of polyphosphoric
acid at an elevated temperature. In approach B,
p-nitro or p-methoxy benzoic acid chloride was used
to react with 5-substituted aminothiophenols in the
presence of pyridine at room temperature, followed
by reduction of a nitro group to an amino group
using tin chloride or by hydrolysis of the methoxy
group to a hydroxyl group using boron tribromide.

Aromatic iodination was then performed under
one of the following conditions: (1) iodochloride in
acetic acid, or (2) sodium iodide in the presence of
chloramine T. The structure of each compound was
characterized by 1H-NMR (300 MHz) and high-
resolution mass spectroscopy.

Methods of Measurement
The lipophilicity in terms of logPvalue was deter-

mined based on a high-pressure liquid chro-
matograpy (HPLC) method (Mathis et al., in prep.).
The logP values of the compounds were calculated
based on the retention time on HPLC.

To determine the binding affinity for Aβ fibrils in
terms of the inhibition constant (Ki), synthetic
Aβ(1–40) (Bachem Bioscience) was allowed to aggre-
gate into fibrils in phosphate buffered saline (pH 7.4)
at room temperature. The Aβ(1–40) fibrils were then
employed in the competitive binding assays using
[3H]BTA-1 as the radioligand. The in vitro binding
studies were conducted at least in triplicate by the
procedures described previously in detail (Klunk et
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al., 2001; Mathis et al., 2002). For determination of
Ki values, inhibition curves were fit (using the RS/1
statistical package, v. 6.1; Brooks Automation,
Chelmsford, MA) to the following equation derived
from the Hill equation: F(x) = M(Ki)H / ([L]H + (Ki)H),
where M = maximal percent [3H]BTA-1 bound (typ-
ical fit gave 100–104% for M), H is the Hill coeffi-
cient (typically 0.85–1.0), and L is the concentration
of inhibitor compound.

For brain entry and clearance, selected com-
pounds were radiolabeled with either 125I or C-11
and introduced into wild-type, female Swiss-
Webster mice through tail vein injection. At 2 and
30 min post-iv injection, mice were killed and radioac-
tivity concentration, in terms of percent injected dose
per gram tissue (%ID/g), was determined in whole
brain. Radioactivity contents were assayed using a
Gamma well-counter (Packard Instruments Model
5003, Meridan CT), and the counts were decay-
corrected to the time of injection. Standards of the
125I and C-11 injection solution were prepared and
assayed using the Gamma well counter to determine
the counting efficiency for calculating the %ID.

Data Analysis
The SAR studies were carried out by comparison

of the binding affinity (Ki) and the 2/30 min ratio of
%ID/g with the experimentally determined logP
values.

Results
Introduction of an iodo group into a series of sub-

stituted 2-(4′-aminophenyl)benzothiazoles enhanced
the binding affinity for Aβ(1–40) aggregates. The iodo
group was introduced through direct aromatic
eletrophilic iodination at the 3′ position ortho to the
4′-amino or methylamino group (Table 1). After
iodination, the logP value increased by an average
of 1.16 ± 0.07 U, consistent with the value predicted
by Hansch substitutent constants (Hansch and Leo,
1979). All of these compounds bound to Aβ(1–40)
aggregates. The Ki values were <55 nM for noniod-

inated derivatives and <16 nM for iodinated
derivatives. Compared to that of 3′-H analogs, the
Ki values of the 3′-I derivatives were on an average
of 3.66 ± 2.61 times lower (i.e., higher affinity). The
enhancement of the binding affinity was largest
when an NH2 group was present in the 4′ position,
in which case an increase of fourfold or more was
observed. Regardless of the substituents in the 6 posi-
tion, the iodinated compounds with R′ = CH3 in the
4′ position exhibited an average of 2.83 ± 1.66-fold
higher affinity than their analogs with R′ = H.

In contrast, binding affinity was decreased when
the iodo group was introduced ortho to a hydroxyl
group. This opposite effect of the iodo group was
observed in two different series of substituted
2-(4′-hydroxyphenyl) benzothiazole derivatives. In
one series the iodo group was introduced in the
3′ position (Table 2), and in the other series the
7 position was iodinated (Table 3). As shown in
Table 2, the Ki values of 3′-iodinated derivatives were
3.70 ± 0.02-fold higher (i.e., lower affinity) than their
noniodinated analogs (entries 13 and 14).

The logP values of these 4′-OH compounds bear-
ing a hydroxyl in the 4′ position were increased by
~0.52 ± 0.14 U after iodination. This increase was
50% lower than the increase observed with 4′-amino
analogs (entries 1–12).

Introduction of an iodo group at the 7 position
produced similar effects in compounds having an
NH2 or OH group in the 6 position (Table 3). Thus,
iodination in the 7 position ortho to a NH2 group in
the 6 position increased the binding affinity (entries
16 and 17), whereas iodination in the 7 position ortho
to an OH group in the 6 position decreased the bind-
ing affinity (entries 18 and 19). For 6-amino deriva-
tives (entries 16 and 17), the logP values were
increased by 1.1 U. For 6-hydroxyl derivatives
(entries 18 and 19), the logP values were increased
by 0.7 U after iodination.

Selected iodinated compounds (entries 1–4, X = I)
were evaluated for brain uptake and clearance in
normal mice (Table 4). After radiolabeling with either
125I (entries 1 and 3) or C-11 (entries 2 and 4), these

Scheme 1. Synthesis of benzothiazole derivatives and aromatic electrophilic iodination.
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compounds were introduced into mice via tail vein
injection and the radioactivity in the brain was
assayed at 2- and 30-min time points. At 2 min post-
iv injection, these compounds entered the mice brain
fairly well with radioactivity concentration ranging
from 4.40 to 9.08% ID/g. This concentration
decreased to 3.4% ID/g or lower at 30 min with 2/
30-min ratios ranging from 1.6 to 15.7. The 2/30-min
ratios increased as the logP value decreased.

Discussion
In this study we found that introduction of an iodo

group in the position ortho to an amino group of a
2-(4′-aminophenyl)benzothiazole compound
increased the binding affinity for Aβ(1–40) aggre-
gates, whereas introduction of an iodo group in the
position ortho to a hydroxyl group led to a decrease
in the binding affinity. For the amino analogs, the
effect of iodination and N-methylation both sug-
gested that the benzothiazole binding site on
Aβ(1–40) fibrils favors more lipophilic compounds.
This same effect was observed with bromination
(entries 7 and 8 vs 1 and 2). This trend was evidenced
by the series of amyloid-binding ligands (entries
1–12, 16–17), in which the binding affinity increased
as the lipophilicity of the ligands increased.

The opposite effect of iodination on the binding of
benzothiazole compounds bearing hydroxyl groups

(entries 13–15, 18–19) indicated that the binding inter-
actions may also be affected by partial electron charges
in the molecule. As iodine has an electronegativity of
2.5 in the Pauling scale relative to 2.1 for hydrogen,
substitution of hydrogen with an iodo group in the
3′ position may enhance ionization of the OH group
in the ortho position. For example, the pKa value of
phenol is decreased from 10 to 8.51 by iodination in
the ortho position (Massat et al., 1989), and deproto-
nation is increased under neutral conditions. The par-
tial electron charge on the oxygen is thus increased,
potentially hindering the binding interaction between
the ligands and Aβ fibrils. In contrast, introduction
of an iodo group ortho to an amino group decreases
protonation in favor of the binding interaction.

For example, the pKa of aniline decreases from
4.6 to 2.55 by iodination in the ortho position (Arnett
et al., 1970), indicating that the amino group would
remain essentially uncharged under neutral bind-
ing conditions. The negative electronic effect of iod-
ination ortho to a hydroxyl group on binding affinity
appears to exceed the lipophilicity effect mentioned
above as evidenced by the fact that iodinated
hydroxyl compounds exhibited a binding affinity
fourfold lower than the corresponding noniodinated
analogs (Tables 2 and 3).

Binding affinity and brain entry, as well as specific
binding relative to nonspecific binding, are impor-

Table 1
Binding Affinity (Ki) and Lipophilicity (logP) of Substituted

2-(4′-Aminophenyl) Benzothiazoles and 3′-Iodinated Analogs

∆Ki = Ki (X = H)/Ki(X = I); ∆logP = logP(X = I) – logP(X = H).
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tant factors in the development of in vivo amyloid
ligands. High binding affinity, high brain entry, and
low nonspecific binding in the brain will generally
improve the quality of tomographic studies by
increasing the signal-to-noise ratio. As shown in
Table 4, these radiolabeled compounds entered the
brain well at the early time point with radioactivity
concentration reaching >4%ID/g (a value typical of
useful tracers for PET or SPECT). The above studies

indicate that lipophilicity both enhanced binding
affinity of compounds for Aβ aggregates and simul-
taneously decreased the rate of nonspecific binding
clearance from the brain, as measured by the ratio of
brain entry at 2 and 30 min. Our results indicated that
2-(3′-iodo-4′-aminophenyl)-6-hydroxybenzothiazole
(entry 3, X = I) and 2-(3′-iodo-4′-methylaminophenyl)-
6-hydroxybenzothiazole (entry 4, X = I) displayed
rapid nonspecific binding clearance from the brain

Table 2
Binding Affinity (Ki) and Lipophilicity (logP) of Substituted 2-(4′-Hydroxylphenyl)

Benzothiazole Derivatives and Analogs Bearing the Iodo Group in 3′ Position

∆Ki = Ki(X = H)/Ki(X = I); ∆logP = logP(X = I) – logP (X = H).

Table 3
Binding Affinity (Ki) and Lipophilicity (logP) of 2-Aryl Benzothiazole Derivatives Bearing

an Iodo Group in the 7 Position and a 6 Position NH2 or OH Group

∆Ki = Ki(X = H)/Ki(X = I); ∆logP = logP(X = I) – logP (X = H).

Table 4
Brain Entry and Clearance of Selected Iodinated Compounds

Radiolabeled with Either 125I or C-11
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and relatively high binding affinity. Further evalua-
tion of these lead compounds is in progress.

Acknowledgments
The authors gratefully acknowledge support from

University of Pittsburgh Alzheimer Disease Research
Center (AG05133-18 to Y.W.), the Institute for the
Study of Aging (210304 to Y.W.), the American Fed-
eration of Aging Research (Y.W.), the Alzheimer
Association (NIRG-00-2335 to Y.W.; IIRG-95-076 and
TLL-01-3381 to W.E.K.), and the National Institute
on Aging (AG01039 and AG20226 to W.E.K.;
AG18402 to C.A.M.).

References
Arnett E. M., Quirk R. P., and Burke J. J. (1970) Weak bases

in strong acids. III. Heats of ionization of amines in flu-
orosulfuric and sulfuric acids. A new general basicity
scale. J. Am. Chem. Soc. 92, 1260–1266.

Bard F., Cannon C., Barbour R., Burke R. L., Games D.,
Grajeda H., et al. (2000) Peripherally administered anti-
bodies against amyloid beta-peptide enter the central
nervous system and reduce pathology in a mouse model
of Alzheimer disease. Nat. Med. 6, 916–919.

Comer J. and Tam K. (2001) Lipophilicity profiles: theory
and measurement, in Pharmacokinetic Optimization in
Drug Research-Biological, Physicochemical, and Computa-
tional Strategies (Testa B., van de Waterbeemd H., Folk-
ers G., and Guy R., eds.), Verlag Helvetica Chimica
Acta, Zurich, Switzerland, pp. 275–304.

DeMattos R. B., Bales K. R., Cummins D. J., Dodart J. C.,
Paul S. M., and Holtzman D. M. (2001) Peripheral anti-
A beta antibody alters CNS and plasma A beta clear-
ance and decreases brain A beta burden in a mouse
model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA
98, 8850–8855.

Dishino D. D., Welch M. J., Kilbourn M. R., and Raichle
M. E. (1983) Relationship between lipophilicity and
brain extraction of C-11-labeled radiopharmaceuticals.
J. Nucl. Med. 24, 1030–1038.

Engler H., Nordberg A., Blomqvist G., Bergström M.,
Estrada S., Barletta J., et al. (2002) First human study
with a benzothiazole amyloid-imaging agent in
Alzheimer’s disease and control sujects. J. Neurobiol.
Aging 23, S149.

Hansch C. and Leo A. (1979) Substituent Constants for Cor-
relation Analysis in Chemistry and Biology. John Wiley &
Sons, New York.

Klunk W. E., Bacskai B. J., Mathis C. A., Kajdasz S. T.,
McLellan M. E., Frosch M. P., et al. (2002) Imaging A
plaques in living transgenic mice with multiphoton
microscopy and methoxy-X04, a systemically admin-
istered Congo red derivative. J. Neurophathol. Exp.
Neurol. 61, 797–805.

Klunk W. E., Debnath M. L., and Pettegrew J. W. (1994)
Development of small molecule probes for the beta-
amyloid protein of Alzheimer’s disease. Neurobiol.
Aging 15, 691–698.

Klunk W. E., Wang Y., Huang G.-F., Debnah M. L., Holt
D., Shao L., et al. (2003) The binding of BTA-1 to post-
mortem brain homogenates is dominated by the amy-
loid component. J. Neurosci. 23, 2086–2092

Klunk W. E., Wang Y. M., Hung G. F., Debnah M. L.,
Holt D. P., and Mathis C. A. (2001) Uncharged
thioflavin-T derivative bind to amyloid-beta protein
with high affinity and readily enter the brain. Life Sci.
69, 1471–1484.

Massat A., Cosse-Barbi A., and Doucet J. P. (1989) Influ-
ence de la structure des cetones et de l’acidite des phe-
nols sur leur mode de complexation. I. Comportement
global et échelles d’acidité et de basicité. J. Mol. Struc-
ture 212, 13–35.

Mathis C. A., Bacskai B. J., Kajdasz S. T., McLellan M. E.,
Frosch M. P., Hyman B. T., et al. (2002) A lipophilic
thioflavin-T derivative for positron emission tomog-
raphy (PET) imaging of amyloid in brain. Bioorg. Med.
Chem. Lett. 12, 295–298.

Olson R. E., Copeland R. A., and Seiffert D. (2001) Progress
towards testing the amyloid hypothesis: inhibitors of
APPprocessing. Curr. Opin. Drug Discov. Devel.4,390–401.

Schenk D. B., Seubert P., Lieberburg I., and Wallace J. (2000)
Beta-peptide immunization: a possible new treatment
for Alzheimer disease. Arch. Neurol. 57, 934–936.

Selkoe D. J. (2000) Imaging Alzheimer’s amyloid. Nat.
Biotechnol. 18, 823–824.

Selkoe D. J. (2001) Alzheimer’s disease: genes, proteins,
and therapy. Physiol. Rev. 81, 741–766.

Skovronsky D. M., Zhang B., Kung M. P., Kung H. F., Tro-
janowski J. Q., and Lee V. M. (2000) In vivo detection
of amyloid plaques in a mouse of Alzheimer’s disease.
Proc. Natl. Acad. Sci. USA 97, 7609–7614.

Styren S. D., Hamilton R. L., Styren G. C., and Klunk
W. E. (2000) X-34, a fluorescent derivative of Congo
red: a novel histochemical stain for Alzheimer’s dis-
ease pathology. J. Histochem. Cytochem. 48, 1223–1232.

Wang Y., Mathis C. A., Huang G. F., Debnah M. L.,
Holt D. P., and Klunk W. E. (2002a) Synthesis and 11C-
labelling of (E,E)-1-(3′,4′-dihydroxystyryl)-4-(3′-
methoxy-4′-hydroxystyryl)benzene for PET imaging
of amyloid deposits. J. Labelled Compounds Radiophar-
maceuticals 45, 647–664.

Wang Y. M., Klunk W. E., Huang G. F., Debnath M. L., Holt
D. P., and Mathis C. A. (2002b) Synthesis and evalua-
tion of 2-(3′-iodo-4′-aminophenyl)-6-hydroxybenzo-
thiazole for in vivo quantitation of amyloid deposits
in Alzheimer’s disease. J. Mol. Neurosci. 19, 11–16.

Wengenack T. M., Curran G. L., and Poduslo J. F. (2000)
Targeting Alzheimer amyloid plaques in vivo. Nat.
Biotechnol. 18, 868–872.

Zhuang Z. P., Kung M. P., Hou C., Skovronsky D. M., Gur
T. L., Plossl K., et al. (2001b) Radioiodinated styryl-
benzenes and thioflavins as probes for amyloid aggre-
gates. J. Med. Chem. 44, 1905–1914.


