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ABSTRACT: Radioiodinated photoactivatable photoprobes can provide valuable insights regarding protein
structure. Previous work in our laboratory showed that the cocaine derivative and photoprobe 3-[!*I]iodo-
4-azidococaine (['*I]IACoc) binds to the sigma-1 receptor with 2—3 orders of magnitude higher affinity
than cocaine [Kahoun, J. R. (1992) Proc. Natl. Acad. Sci. U.S.A. 89, 1393—1397]. Using this photoprobe,
we demonstrated the insertion site for ['2IJIACoc to be Aspl88 [Chen, Y. (2007) Biochemistry 46,
3532—3542], which resides in the proposed steroid binding domain-like I (SBDLII) region (amino acids
176—194) [Pal, A. (2007) Mol. Pharmacol. 72, 921—933]. An additional photoprobe based on the sigma-1
receptor ligand fenpropimorph, 1-N-(2-3-['*I]iodophenyl)propane (['*I]IAF), was found to label a peptide
in both the SBDLII and steroid binding domain-like I (SBDLI) (amino acids 91—109) [Pal, A. (2007)
Mol. Pharmacol. 72, 921—933]. In this report, we describe two novel strategically positioned carrier-
free, radioiodinated photoaffinity labels specifically designed to probe the putative “nitrogen interacting
region” of sigma-1 receptor ligands. These two novel photoprobes are (—)-methyl 3-(benzoyloxy)-8-2-
(4-azido-3-['*’TJiodobenzene)- 1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (['2°I]-N-IACoc) and N-pro-
pyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophenyl)propylamine (['T]TAC44). In addition to reporting
their binding affinities to the sigma-1 and sigma-2 receptors, we show that both photoaffinity labels
specifically and covalently derivatized the pure guinea pig sigma-1 receptor (26.1 kDa) [Ramachandran,
S. (2007) Protein Expression Purif. 51, 283—292]. Cleavage of the photolabeled sigma-1 receptor using
Endo Lys C and cyanogen bromide (CNBr) revealed that the ['>I]-N-IACoc label was located primarily
in the N-terminus and SBDLI-containing peptides of the sigma-1 receptor, while ['>I]IAC44 was found

7205

Department of Pharmacology, University of Wisconsin School of Medicine and Public Health, Madison, Wisconsin 53706, and
Pharmaceutical Research Laboratory, College of Chemistry, Isfahan University of Technology, Isfahan 84156, IR Iran

in peptide fragments consistent with labeling of both SBDLI and SBDLII.

Once classified to be subtypes of opioid receptors and
phencyclidine (PCP)' receptors (5), sigma receptors are now
considered to be unique nonopioid and non-PCP binding sites
present in the central nervous system and peripheral organs
which are distinct from other known neurotransmitter or
hormone receptors (6). Currently, two subtypes of sigma
receptors have been identified based on their pharmacology,
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function, and molecular weight: the sigma-1 receptor and
the sigma-2 receptor. Although the sigma-2 receptor has yet
to be cloned, the 223 amino acid sigma-1 receptor was first
cloned from guinea pig liver in 1996 (7) and subsequently
from other sources including human placental choriocarci-
noma cells (8), human brain (9), rat brain (/0, 11), and mouse
brain (/2). The sigma-1 receptor shares 90% identity and
95% similarity across species, and the guinea pig receptor
shares 30% identity and 67% similarity with a yeast sterol
C8-C7 isomerase (ERG2), which is involved in postsqualene
sterol synthesis (/3). Despite its amino acid sequence
similarities with ERG2, however, the sigma-1 receptor does
not have sterol isomerase activity (7), nor can it rescue sterol
isomerase-deficient yeast (/3). In addition, the sigma-1
receptor remarkably shares no sequence homology with any
known mammalian proteins, including the mammalian C8-
C7 sterol isomerase.

Recently, Hayashi and Su (/4) discovered that the sigma-1
receptor has properties of a ligand- and Ca”*-regulated
chaperone in forming a complex with BiP/GRP78 at the ER/
mitochondrial interface in Chinese hamster ovary (CHO)
cells. Their data, consistent with the previously reported
progrowth and antiapoptotic nature of the sigma- 1 receptor (15, 16),
support the conclusion that when sigma-1 receptors dissociate
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FIGURE 1: (A) Chemical structures of 3-iodo-4-azidococaine (IA-
Coc) and 1-N-(2’,6’-dimethylmorpholino)-3-(4-azido-3-iodophe-
nyl)propane (IAF). (B) Reported sigma-1 receptor Kp values are
shown for TACoc. As referenced, [!2I]IACoc did not label the
sigma-2 receptor in rat liver membranes where the amount of
sigma-2 receptor is at least four times greater than the sigma-1
receptor. Sigma-1 and sigma-2 receptor Kp values for IAF binding
are also depicted.

from the BiP complex in response to ligand binding or Ca?*
reduction, the result is an extended Ca’" signaling into
mitochondria through inositol 1,4,5-triphosphate receptors
(IP3Rs) leading to apoptosis (/4).

Sigma-1 receptor binding studies have revealed high affinities
for a variety of naturally occurring compounds such as steroids
and neuropeptides. However, the endogenous ligands for the
sigma-1 receptor are as yet unknown. Previous pharmacological
studies have indicated that this receptor binds to a wide range
of compounds including opiates, antipsychotics, antidepressants,
antihistamines, PCP-like compounds, beta-adrenergic receptor
ligands, serotonergic compounds, cocaine, and cocaine ana-
logues. In order to study the binding site of the sigma-1 receptor,
we have developed a series of high-affinity radioiodinated
ligands as photoprobes. Photoaffinity labeling approaches have
been used extensively in various laboratories, including our own,
to identify the binding sites of the [-adrenergic receptor,
monoamine transporters, G-proteins, G-protein-linked effectors,
and the sigma-1 receptor (I, 2, 17-28). Previous work from
our laboratory demonstrated that a cocaine-based radioiodinated
photoaffinity label ['>I]-3-iodo-4-azidococaine (['*IJIACoc)
(Figure 1) with the photoactive azide on the benzoyl moiety is
a high-affinity ligand for the sigma-1 receptor (/), which
specifically identified the 26 kDa sigma-1 receptor in brain
homogenates, PC12 cells, and membranes derived from several
organs (1, 18). We also discovered that ['>TITACoc covalently
inserted at Aspl88, which is located in the steroid binding
domain-like I (SBDLII) region within the C-terminal third
hydrophobic region of the sigma-1 receptor (2). Further
examination of the binding site(s) using the high-affinity sigma-1
photoprobe 1-N-(2-3-['*I]iodophenyl)propane (['*I]IAF) (Fig-
ure 1) showed specific derivatization of the steroid binding
domain-like I (SBDLI) in addition to the steroid binding
domain-like II (SBDLII). This has led to the conclusion that
SBDLI (amino acids 91—109) and SBDLII (amino acids
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176—194) comprise part, if not all, of the main sigma-1 receptor
binding site (3).

With the aim of probing the “nitrogen interacting region’ of
sigma ligands that bind to the sigma-1 receptor we have syn-
thesized two novel carrier-free, radioiodinated photoaffinity
labels, (—)-methyl 3-(benzoyloxy)-8-2-(4-azido-3-['>IJiodoben-
zene)-1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (['>I]-N-
IACoc) and N-propyl-N-(4-azido-3-['>I]iodophenylethyl)-3-(4-
fluorophenyl)propylamine (['*I]TIAC44), by strategic place-
ment of the radioactive iodine and a photoactivatable aryl azide
on the nitrogen. Following specific binding site covalent
derivatization and subsequent Endo Lys C and CNBr digestions
to cleave the photolabeled pure protein, the sigma-1 receptor
binding site peptides specifically derivatized by ['*I]-N-IACoc
and ['ZTJIAC44 were identified.

MATERIALS AND METHODS

Chemistry. Yields refer to isolated pure products after
column chromatography. The products were characterized
by comparison of their spectral (IR, 'H and '*C NMR, CHN,
and mass spectroscopy analysis) and physical data with those
of authentic samples. All "H NMR spectra were recorded at
300 MHz in CDCl; relative to TMS (0.00 ppm), and IR
spectra were recorded on a Shimadzu 435 IR spectrometer.
Melting points were determined with a Thomas-Hoover
capillary melting point apparatus and are reported uncor-
rected. Chemicals were obtained from Aldrich Chemical Co.
and utilized without further purification. Elemental analysis
was performed at the Research Institute of Petroleum
Industry, Tehran, IR, Iran. The synthesis of compounds 1—8
is outlined in Scheme 1, and the synthesis of compounds
9—15 is outlined in Scheme 2.

Preparation of Methyl (IR-2-exo-3-exo)-8-Methyl-§-
azabicyclo[3.2.1 Joctane-2-carboxylate (Ecgonine Methyl Es-
ter) (2). (—)-Cocaine hydrochloride (10.0 g, 29 mmol) was
dissolved in 200 mL of MeOH, combined with 20 mL of
concentrated H,SO4, and refluxed overnight. The reaction
mixture was allowed to cool to room temperature, and excess
solvent was evaporated under reduced pressure. The residual
yellow oil was taken up in a small amount of water and
neutralized with saturated Na,CO; solution at 0 °C. The
product was extracted into 4 x 50 mL portions of Et,O. The
combined Et,O extracts were dried with Na,SO,, filtered,
and evaporated to dryness. The resulting yellow oil was used
in the following reaction without further purification. If a
pure product was desired, the crude product was readily
purified by column chromatography (silica gel, toluene:
EtNH, 20:1), yield >95%. Yellow oil. 'H NMR: 6 4.80
(m, 1 H), 4.2 (m, 1 H), 4.08 (s, 1 H, OH), 3.80 (s, 3 H,
OMe), 3.59 (m, 1 H), 2.90 (s, 3 H, NMe), 2.46—2.20 (m, 7
H). 3C NMR: 180.0, 68.2, 65.1, 61.8, 51.7, 50.2, 41.3, 35.7,
25.8, 25.5.

General Method for (—)-4-Fluorobenzoylecgonine Methyl
Ester (3). Method A. In a mortar, a mixture of (—)-ecgnonine
methyl ester (free base) (I mmol, 0.1 g), 4-fluorobenzoyl
chloride (1.1 mmol, 0.17 g), and DABCO (1 mmol, 0.12 g)
was ground with a pestle at room temperature for 5 min and
then kept at room temperature for 20 min. The reaction
mixture dissolved in 3 mL of MeOH and was purified by
column chromatography (silica gel, toluene:Et,NH, 20:1) to
afford pure product in >93% yield. Yellow oil. 'H NMR:
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Scheme 1: Chemical Synthesis of N-Substituted Cocaine Derivatives
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8.1 (m, 2 H), 7.2 (m, 2 H), 4.6 (m, 1 H), 3.78 (s, 3 H, OMe),
2.9 (m, 1 H), 2.3 (m, 1 H), 2.29 (s, 3 H), 1.9—1.6 (m, 7 H).
13C NMR: 180.0, 170.0. 132.0, 128.0, 68.4, 58.2, 56.8, 54.9,
42.5,37.8,21.9, 18.2. Anal. Calcd for C;7HxFNO.: C, 63.54;
H, 6.27; N, 4.36%. Found: C, 63.55; H, 6.31; N, 4.43%.
Method B. To a stirring mixture of (—)-ecgonine methyl
ester (free base) (1 mmol, 0.2 g) and 1 equiv of K,CO; in
toluene was added 4-fluorobenzoyl chloride (1.1 mmol,
0.17 g). The mixture was refluxed for 2 h and allowed to
cool to room temperature. After filtration, the solvent was
removed to give a yellow oil. The crude products were
purified by column chromatography (silica gel, toluene:
Et,NH, 20:1) to afford pure product in >86% yield.
3-(Benzoyloxy)-8-2-(4-nitrobenzene)-1-ethyl-8-
azabicyclo[3.2.1 Joctane-2-carboxylate (5). To a stirring
mixture of (—)-norcocaine (free base) (1 mmol, 0.24 g) and
1 equiv of EtsN (1.1 mmol, 0.11 g) in Et;O was added 2-(4-
nitrobenzene)-1-ethyl bromide in anhydrous ether (0.9 mmol,
0.21 g). The mixture was stirred at room temperature for
5 h. After filtration, solvent was removed to give a yellow
oil. The crude products were then purified by column
chromatography (silica gel, toluene:Et,NH, 20:1) to afford
pure product in >86% yield. '"H NMR: 6 8.3 (d, J = 6.8
Hz, 2 H), 8.2 (d, J = 6.8 Hz, 2 H), 7.7—7.4 (m, 5 H), 5.3
(m, 1 H), 3.78 (s, 3 H, OMe), 3.5 (m, 1 H), 3.32 (m, 1 H),
2.89 (t,J=7.6 Hz,2 H),2.29 (t, J =7.6 Hz, 2 H), 2.14—1.2
(m, 6 H). 3C NMR: 180.0, 170.0. 145.0, 144.0, 135.0, 132.0,
128.0, 126.0, 68.4, 65.1, 60.8, 50.9, 50.2, 41.3, 35.7, 25.8,
25.5, 24.8. Anal. Calcd for Co4H»N,Og: C, 66.35; H, 5.10;
N, 6.44%. Found: C, 66.23; H, 5.24; N, 6.36%.
3-(Benzoyloxy)-8-2-(4-aminobenzene)- 1 -ethyl-8-azabicy-
clo[3.2.1]octane-2-carboxylate (6). A mixture of 3-(ben-
zoyloxy)-8-2-(4-nitrobenzene)- 1 -ethyl-8-azabicyclo[3.2.1]-

2. NaN/H,0

o} Me
N g
A
8 O

octane-2-carboxylate (5) (0.5 mmol, 0.22 g) and 10 mg of Pd/C
(10%) in methanol was reduced with H, at normal pressure.
The mixture was stirred at room temperature overnight. After
filtration, the solvent was removed to give a yellow oil, and
the crude products were purified by column chromatography
(silica gel, toluene:Et,NH, 20:1) to afford pure product in
quantitative yield. Yellow solid, mp 198—199 °C. 'H NMR: ¢
7.76 (d, J =84 Hz, 2 H), 7.7—7.4 (m, 5 H), 6.62 (d, / = 8.4
Hz, 2 H), 5.3 (m, 1 H), 4.1 (b, 2 H, NH,), 3.78 (s, 3 H, OMe),
3.5 (m, 1 H), 3.32 (m, 1 H), 2.89 (t, / = 7.6 Hz, 2 H), 2.29 (t,
J=17.6Hz,2H), 2.46—1.20 (m, 6 H). *C NMR: 176.0, 170.0,
150.0, 145.0, 144.0, 135.0, 132.0, 128.0, 126.0, 68.4, 65.1, 60.8,
50.9, 50.2, 41.3, 35.7, 25.8, 25.5, 24.8. Anal. Calcd for
CpuHuN>Oy: C, 71.27; H, 5.98; N, 6.93%. Found: C, 71.19; H,
6.04; N, 6.87%.

3-(Benzoyloxy)-8-2-(3-iodo-4-aminobenzene)- I -ethyl-§-
azabicyclo[3.2.1 Joctane-2-carboxylate (7). A mixture of
3-(benzoyloxy)-8-2-(3-iodo-4-aminobenzene)- 1 -ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (0.5 mmol, 0.2 g) and
tetramethylammonium dichloroiodate (0.5 mmol, 0.14 g) (29)
in a mortar was ground with a pestle to produce a homo-
geneous powder and left at room temperature until TLC
(toluene:Et,NH, 20:1) showed complete disappearance of the
starting material, 3-(benzoyloxy)-8-2-(3-iodo-4-aminoben-
zene)-1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (7).
After adding 5 mL of sodium bisulfate (5%) to the brown
solid, the reaction mixture was extracted with dichlo-
romethane (3 x 5 mL). The combined extracts were dried
with MgSO,4, and evaporation of the solvent gave the
corresponding iodo derivative (7). The product was purified
by column chromatography (silica gel, toluene:Et,NH, 20:
1). Yellow solid, mp 176—178 °C, 86%. 'H NMR: d
7.99—6.18 (m, 8 H), 4.68 (m, 1 H), 4.16 (br, 2 H, NH,),
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Scheme 2: Chemical Synthesis of N-Alkyl-N’-aralkyl Derivatives
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3.74 (s, 3 H, OMe), 2.91 (m, 1 H), 2.87 (m, 1 H), 2.69 (t, J
= 8.6 Hz, 2 H), 2.65 (t, J = 8.6 Hz, 2 H), 1.55 (m, 4 H).
BC NMR: ¢ 176.0, 167.1, 152.8, 137.6, 132.8, 131.9, 130.5,
129.7 (2 C), 128.4, 127.6, 116.8, 83.4, 63.6, 53.5, 51.2, 50.7,
50.6, 41.6, 35.2, 31.5, 25.6, 22.6. Anal. Calcd for
Co4Ha3IN,O4: C, 54.35; H, 4.73; N, 5.28%. Found: C, 54.26;
H, 494; N, 5.21%.
3-(Benzoyloxy)-8-2-(3-iodo-4-azidobenzene)- 1-ethyl-§-
azabicyclo[3.2.1 Joctane-2-carboxylate (8). To a cold mixture
(0 °C) of 3-(benzoyloxy)-8-2-(3-iodo-4-aminobenzene)-1-
ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (7) (0.1 mmol,
42.2 mg) in H,O (2 mL) and concentrated HCI (0.4 mL) in
a round-bottomed flask was added an aqueous solution of
NaNO; (0.1 mmol, 21 g, in 0.5 mL of H,O) within 5 min.
The reaction mixture was left to stir at room temperature
for 30 min. Then, in darkness and at room temperature, an
aqueous solution of NaNj3 (0.36 mmol, 23 mg, in 0.5 mL of
H,0) was added dropwise to the reaction mixture, which
stirred for 30 min and was then extracted with EtOAc (3 x
3 mL). The combined EtOAc solution was dried with
MgSO0,, and the solvent was evaporated by rotary evaporator
to afford an orange oil. The crude product was purified by
column chromatography (silica gel, first toluene:Et;NH, 20:
1, and then toluene:Et,NH, 4:1) to give the product in 96%.
Yellow solid, mp 187—189 °C. 'H NMR: ¢ 7.99—7.00 (m,
8 H), 4.68 (m, 1 H), 3.69 (s, 3 H, OMe), 2.91 (m, 1 H), 2.87
(m, 1 H), 2.69 (t, J = 8.6 Hz, 2 H), 2.65 (t, J = 8.6 Hz, 2
H), 2.24 (m, 1 H), 1.88—1.55 (m, 5 H). *C NMR: ¢ 176.0,
167.1, 152.8, 137.6, 132.8, 131.9, 130.5, 129.7 (2 C), 128.4,
127.6, 116.8, 83.4, 63.6, 53.5, 51.2, 50.7, 50.6, 41.6, 35.2,

(15}

31.5, 25.6, 22.6. Anal. Calcd for C,4H»;IN4O4: C, 51.81; H,
3.80; N, 10.07%. Found: C, 51.76; H, 3.88; N, 9.98%.

Preparation of 3-(4-Nitrophenyl)propylbromine (10). Two
grams of P,Os/silica gel (65% w/w) (10 mmol) (30) and
3-phenylpropylbromine (9) (10 mmol, 1.98 g) was ground
for 30 s, and then 5 mL of HNO; (65%) was added. The
mixture was ground with a mortar and pestle at room
temperature until a deep yellow color appeared (2 min).
When TLC (n-hexane:EtOAc, 90:10) showed complete
disappearance of 3-phenylpropyl bromide (10 min), ether
(100 mL) was added to the reaction mixture, and the solid
was separated through a short pad of silica gel and washed
with ether (3 x 20 mL). The filtrate was washed with 10%
NaHCO; (3 x 20 mL) and dried (MgSQOy). The solvent was
evaporated under reduced pressure, and the residue was
purified by short column chromatography (n-hexane:EtOAc,
90:10). 3-(4-Nitrophenyl)propyl bromide was obtained (8.3
mmol, 2.02 g 83%) as a yellow oil. 'H NMR (CDCl;): o
82(d,J=63Hz),738(d,2H,63),33( 2H,J=17.8
Hz), 2.55 (t, 2H, J = 7.8 Hz), 2.12 (m, 2 H). ’C NMR
(CDCl): 6 145.7, 144.9, 129.7, 123.5, 36.7, 34.7, 32.4. Anal.
Calcd for CoH;oBrNO,: C, 44.29; H, 4.13; N, 5.74%. Found:
C, 44.50; H, 48.30; N, 5.80%.

Preparation of N-Propyl-N-(4-nitrophenylethyl)-3-(4-fluo-
rophenyl)propionamide (11). A mixture of DCC (1 mmol,
2.1 g) and 4-fluorophenylpropionic acid (1 mmol, 0.17 g)
was ground with a mortar and pestle for 30 s, and then the
amine (1 mmol) was added to the reaction mixture. The
reaction was ground with a pestle until TLC showed no
remaining acid (n-hexane:EtOAc, 75:25) (20 min). Then to
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the reaction mixture was added a mixture of ether (20 mL)
and H,O (5 mL). The etheral layer was washed with saturated
NaHCO;, dried (MgSO,), and evaporated by a rotary
evaporator to give a residue, which was purified by column
chromatography (silica gel, n-hexane:EtOAc, 75:25). Yield
0.29 g, 81%. Yellow oil. IR (KBr): 1657 cm~'. '"H NMR
(CDCl5): 6 8.14 (d,2 H,J = 6.8 Hz), 7.38 (d, 2 H, J = 6.8
Hz), 7.10 (m, 2 H), 6.92 (m, 2 H), 3.62 (t, 2 H, /= 7.2 Hz),
320 (m,4 H),2.83 (t, 2 H,J=7.8Hz), 261 (t,2H,J =
7.8 Hz), 1.69 (m, 2 H), 0.96 (t, 3 H, J = 7.8 Hz). *C NMR
(CDCly): 6 173.6, 159.3, 146.7, 146.3, 135.8, 129.5, 128.8,
123.4, 115.4, 53.0, 40.2, 35.1, 34.2, 31.8, 22.4, 11.4. MS
(C) m/z 344 (100, M*). Anal. Calcd for C0H,3FN,0s: C,
67.02; H, 6.47; N, 7.82%. Found: C, 67.10; H, 6.70; N,
7.90%.

Preparation of N-Propyl-N-(4-aminophenylethyl)-3-(4-
fluorophenyl)propionamide (12). A mixture of nitro com-
pounds (11) (1 mmol) and 10 mg of Pd/C (10%) in methanol
was reduced with H, at normal pressure and then stirred at
room temperature overnight. After filtration, the solvent was
removed to give a yellow residue. The crude products were
purified by column chromatography (silica gel, toluene:
Et,NH, 20:1) to afford pure amine. Yield 0.31 g, 96%.
Yellow oil. IR (KBr): 3258, 1657 cm™'. "TH NMR (CDCl5):
7.10 (m, 2 H), 6.92 (m, 2 H), 6 6.82 (d, 2 H, J = 6.8 Hz),
6.41 (d,2 H, J = 6.8 Hz), 4.13 (s, 2 H, NH,), 3.63 (t, 2 H,
J =720 Hz), 3.20 (t, 2 H, J = 7.20 Hz), 2.83 (m, 4 H),
2.61 (t, 2H, J = 7.8 Hz), 1.69 (m, 2 H), 0.96 (t, 3 H, J =
7.8 Hz). 3C NMR (CDCls): 6 173.6, 159.3, 143.0, 135.8,
130.2, 129.5, 115.0, 49.9, 35.6, 34.2, 31.8, 22.4, 11.4. MS
(CI) m/z 328 (100, M™). Anal. Calcd for CyHysFN,O: C,
73.14; H, 7.67; N, 8.53%. Found: C, 73.10; H, 7.70; N,
8.50%.

Reduction of Amide 12 to N-Propyl-N-(4-aminophenyl-
ethyl)-3-(4-fluorophenyl)propylamine (13). In a double-
necked round-bottomed flask equipped with a septum and
condenser, a solution of the amide (1 mmol) in anhydrous
THF (5 mL) was added dropwise to a stirring solution of
LiAlH4 (0.74 g, 2 mmol) in anhydrous THF (5 mL) under
argon. TLC indicated the reaction to be almost complete after
15 min at room temperature. The reaction mixture was driven
to completion by brief refluxing (15 min), and when it was
cooled to room temperature, it was diluted with the addition
of THF (5 mL). The excess LiAlHs was destroyed by
dropwise addition of water (1 mL), 15% aqueous NaOH (1
mL), and finally water (1 mL). The reaction mixture was
stirred for 30 min at room temperature, and then the solids
were removed by filtration. The filtrate was dried (MgSQOy)
and the solvent evaporated by a rotary evaporator to give
pure product as a yellow oil in quantitative yield. IR (KBr):
3251 em™!. 'TH NMR (CDCl3): 7.10 (m, 2 H), 6.92 (m, 2
H), 6 6.81 (d, 2 H, J = 6.8 Hz), 6.34 (d, 2 H, J = 6.8 Hz),
4.12 (s, 2 H, NHp), 3.69—2.36 (m, 10 H), 1.72 (m, 2 H),
1.43 (m, 2H), 0.98 (t, 3 H, J = 7.8 Hz). '3*C NMR (CDCl5):
01594, 145.2,134.4,129.4, 128.3, 115.6, 114.8, 59.7, 56.1,
34.5, 32.1, 22.8, 11.7. MS (CI) m/z 314 (100, M"). Anal.
Calcd for C0Hy7FN,: C, 76.39; H, 8.65; N, 8.91%. Found:
C, 76.30; H, 8.80; N, 8.70%.

lodination of Amine 13 to N-Propyl-N-(4-amino-3-io-
dophenylethyl)-3-(4-fluorophenyl)propylamine (14). A mix-
ture of amine 13 (0.5 mmol) and tetramethylammonium
dichloroiodate (0.5 mmol, 0.14 g) (29) was ground with a
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mortar and pestle to produce a homogeneous powder, and
the mixture was left at room temperature until TLC (toluene:
Et,NH, 20:1) showed complete disappearance of the amine.
Five milliliters of sodium bisulfate (5%) was added to the
brown solid, and the reaction mixture was extracted with
dichloromethane (3 x 5 mL). The combined extracts were
dried with MgSQy, and evaporation of the solvent gave the
corresponding iodo derivative (14). The product was purified
by column chromatography (silica gel, toluene:Et,NH, 20:
1). Oil, yield 81%. IR (KBr): 3258 cm™'. '"H NMR (CDCl5):
0 7.26—6.92 (m, 6 H), 6.18 (d, 1 H, J = 6.4 Hz), 4.12 (s, 2
H, NH,), 2.69—2.36 (m, 10 H), 1.72 (m, 2 H), 1.43 (m, 2H),
0.96 (t, 3 H, J = 7.8 Hz). *C NMR (CDCl;): 6 159.4, 152.8,
137.6, 134.4, 131.8, 129.9, 127.6, 116.6, 115.6, 83.9, 56.5,
56.3, 34.6, 33.5, 32.1, 22.8, 11.7. MS (CI) m/z 440 (100,
M™). Anal. Caled for CyHxIFN,: C, 54.55; H, 5.95; N,
6.36%. Found: C, 54.40; H, 6.10; N, 6.30%.

Conversion of Amino lodo Derivative 14 to N-Propyl-N-
(4-azido-3-iodophenylethyl)-3-(4-fluorophenyl)propylamine
(15). To a cold mixture (0 °C) of 14 (0.1 mmol) in H,O (2
mL) was added concentrated HCI (0.4 mL) with an aqueous
solution of NaNO; (0.30 mmol, 21 mg, in 0.5 mL of H,O)
in a round-bottomed flask within 5 min. The reaction mixture
stirred at room temperature for 30 min. Then at room
temperature and darkness an aqueous solution of NaNj3 (0.36
mmol, 23 mg, in 0.5 mL of H,O) was added. The reaction
mixture was stirred at room temperature for 30 min and then
extracted with EtOAc (3 x 3 mL). The combined EtOAc
solution was dried with MgSO,, and the solvent was
evaporated with a rotary evaporator to afford an orange oil.
The crude product was purified by column chromatography
(silica gel, first toluene:Et,NH, 20:1, and then toluene:Et,NH,
4:1) to give the product as a yellow oil. Oil, yield 93%. 'H
NMR (CDCl3): ¢ 7.50—6.92 (m, 7 H), 2.69—2.36 (m, 10
H), 1.72 (m, 2 H), 1.43 (m, 2H), 0.96 (t, 3 H, J = 7.8 Hz).
3C NMR (CDCls): 6 159.4, 142.3, 137.4, 135.0, 129.9,
127.4, 116.6, 115.6, 97.0, 56.5, 56.3, 34.6, 33.5, 32.1, 22.8,
11.7. MS (CI) m/z 466 (100, M*). Anal. Calcd for
CyoH4IFNy: C, 55.51; H, 5.19; N, 12.01%. Found: C, 55.50;
H, 5.30; N, 11.90%.

Radiosynthesis of (—)-Methyl 3-(Benzoyloxy)-8-2-(4-azido-
3-["#1]iodobenzene)-1-ethyl-8-azabicyclo[3.2.1 Joctane-2-
carboxylate ([*’I]-N-IACoc). To 2.5 mCi of Na'>I in 7 uL
of 0.1 M NaOH was added 7 uL of 0.1 M HCI and 40 uL
of 0.5 M sodium acetate buffer (pH 5.6). 3-(Benzoyloxy)-
8-2-(4-aminobenzene)- 1 -ethyl-8-azabicyclo[3.2.1]octane-2-
carboxylate (6) (10 uL of 2.5 mg/mL in 0.5 M sodium acetate
buffer, pH 5.6) was added. Iodination was initiated by adding
30 uL of Chloramine-T (1 mg/mL in water) and continued
for 15 min at room temperature. The reaction was terminated
by the addition of 100 4L of Na,S,0s (5 mg/mL in water).
The pH of the reaction was adjusted to approximately 9 by
adding 1 M NaOH. The reaction mixture was then extracted
three times with 1 mL of ethyl acetate. The pooled extracts
were evaporated under N, to about 50 4L and streaked on a
0.25 mm thick silica gel (60/254) plate (10 x 20 cm), which
was developed with a solvent system of toluene:diethylamine
(20:1 v/v). 3-(Benzoyloxy)-8-2-(3-['*’TJliodo-4-aminoben-
zene)-1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (['*I]-
7) was detected by autoradiography using Kodak X-Omat
film (R, = 0.78), and the corresponding silica gel was
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extracted three times with 1 mL of ethyl acetate and stored
in —20 °C (yield 1.5 mCi, 30%).

The ethyl acetate extract of 3-(benzoyloxy)-8-2-(3-[*IJiodo-
4-aminobenzene)- 1 -ethyl-8-azabicyclo[3.2.1]octane-2-car-
boxylate (['*1]-7) was evaporated to dryness under a N,
stream. H>SO4 (50 uL of 3%) was added to the tube,
vortexed, and kept on ice for approximately 30 min. To this
reaction mixture, 10 uL. of 1 M sodium nitrite was added
and maintained on ice in the dark for 30 min. Sodium azide
(50 uL of 1 M) was added, and the reaction was allowed to
proceed on ice in the dark for 30 min. The reaction was
terminated by addition of 0.5 mL of 10% sodium bicarbonate
and then extracted three times with 1 mL of ethyl acetate.
The extracts were pooled and back-extracted with 0.5 mL
of water. The extract was then reduced to approximately 50
uL under a N, stream and streaked on a 0.25 mm thick silica
gel (60/254) plate (10 x 20 cm), which was developed in
toluene:diethylamine (20:1). The major radioactive reaction
product, 3-(benzoyloxy)-8-2-(3-['*I]iodo-4-azidobenzene)-
1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (['*°I]-8), mi-
grated with an Ry of 0.92. The material was detected by
autoradiography, and the corresponding silica gel was
extracted three times with ethyl acetate and stored at —20
°C overnight. The ethyl acetate extract was centrifuged the
next day at 24000g for 10 min to remove dissolved silica
(appeared as a solid white precipitate). The radioactive
product comigrated with authentic nonradioactive 3-(ben-
zoyloxy)-8-2-(3-['?"I]iodo-4-azidobenzene)-1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (['?"1]-8) prepared as
described above. The overall yield for the synthesis varied
between 18% and 23%.

Radiosynthesis of N-Propyl-N-(4-azido-3-['%1]iodophe-
nylethyl)-3-(4-fluorophenyl)propylamine (['>IJIAC44). To 5
mCi of Na'®Iin 14 uL of 0.1 M NaOH was added 14 uL of
0.1 M HCI and 50 uL of 0.5 M sodium acetate buffer (pH
5.6).N-Propyl-N-(4-aminophenylethyl)-3-(4-fluorophenyl)pro-
pylamine (13) (10 4L of 2.5 mg/mL in 0.5 M sodium acetate
buffer, pH 5.6) was added. Iodination was initiated by adding
30 uL of Chloramine-T (1 mg/mL in water) and continued
for 15 min at room temperature. The reaction was terminated
by the addition of 100 uL of Na,S,0s (5 mg/mL in water).
The pH of the reaction was adjusted to approximately 9 by
adding 20 uL of 1 M NaOH. The reaction mixture was then
extracted three times with 1 mL of ethyl acetate. The pooled
extracts were evaporated under N, to about 50 uL and
streaked on a 0.25 mm thick silica gel (60/254) plate (10 x
20 cm), which was developed with a solvent system of
toluene:diethylamine (4:1 v/v). N-Propyl-N-(4-amino-3-io-
dophenylethyl)-3-(4-fluorophenyl)propylamine (14) was de-
tected by autoradiography using Kodak X-Omat film (R; =
0.70), and the corresponding silica gel was extracted three
times with 1 mL of ethyl acetate and stored in —20 °C (yield
1.5 mCi, 30%).

The ethyl acetate extract of N-propyl-N-(4-amino-3-
[>Tliodophenylethyl)-3-(4-fluorophenyl)propylamine (['?°1]-
14) was evaporated to dryness under a N, stream. H,SO4
(50 uL of 3%) was added to the tube, vortexed, and kept on
ice for approximately 15 min. To this reaction mixture, 10
uL of 1 M sodium nitrite was added and maintained on ice
in the dark for 30 min. Sodium azide (50 uL of 1 M) was
added, and the reaction was allowed to proceed on ice in
the dark for 30 min. The reaction was terminated by addition
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of 0.5 mL of 10% sodium bicarbonate and then extracted
three times with 1 mL of ethyl acetate. The extracts were
pooled and back-extracted with 0.5 mL of water. The extract
was then reduced to approximately 50 4L under a N, stream
and streaked on a 0.25 mm thick silica gel (60/254) plate
(10 x 20 cm), which was developed in toluene:diethylamine
(20:1 v/v). The major radioactive reaction product, N-propyl-
N-(4-azido-3-['*I]iodophenylethyl)-3-(4-fluorophenyl)propy-
lamine (['%1]-15) migrated with an Ry of 0.91. The material
was detected by autoradiography, and the corresponding
silica gel was extracted three times with ethyl acetate and
stored at —20 °C overnight. The ethyl acetate extract was
centrifuged the next day at 24000g for 10 min to remove
dissolved silica (appeared as a solid white precipitate). The
radioactive product comigrated with authentic nonradioactive
N-propyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophenyl)-
propylamine (15) prepared as described above. The overall
yield for the synthesis of ['>I]TAC44 varied between 18%
and 20%.

Preparation of Rat Liver and Guinea Pig Liver Mem-
branes. Rat liver and guinea pig liver membranes were
prepared as previously reported (3). Once obtained from Pel-
Freez (Rogers, AR), frozen rat livers or guinea pig livers
(65 g) were minced and thawed in 100 mL of homogeniza-
tion buffer (10 mM phosphate buffer, pH 7.4, containing
0.32 M sucrose, 1 M MgSO4, 0.5 M EGTA, 1 mM
phenylmethanesulfonyl fluoride (PMSF), 10 ug/mL leupep-
tin, 1 ug /mL pepstatin A, 10 ug/mL p-toluenesulfonyl-L-
arginine methyl ester (TAME)). They were then homog-
enized on ice with a Brinkman polytron homogenizer (setting
6, 4 bursts of 10 s each) followed by a glass homogenizer
(Teflon pestle by 6 slow passes at 3000 rpm). The homog-
enized tissues were centrifuged at 17000g for 10 min, and
the supernatants were recentrifuged at 100000g for 1 h.
Microsomal pellets were subsequently resuspended in ho-
mogenization buffer, snap frozen with dry ice—ethanol, and
stored at —80 °C at a final protein concentration of 20 mg/
mL.

Protein Assays. Protein concentrations were determined
using the microassay protocol (Bradford method) with the
dye reagent from Bio-Rad (Bio-Rad Laboratories). Bovine
serum albumin was used as the standard protein.

Preparation of Purified Sigma-1 Receptor. Pure guinea
pig sigma-1 receptor was prepared as previously described
in detail (4). To summarize, the maltose binding protein
(MBP)—guinea pig sigma-1 receptor fusion protein with a
factor Xa cleavage site linking the MBP and sigma-1 receptor
and a six-histidine tag on the C-terminus of sigma-1 receptor
was expressed in Escherichia coli.

The E. coli biomass was collected by centrifugation at
3000 rpm for 30 min, sonicated for 15 min at 4 °C, and
extracted for 3 h with stirring at 4 °C in 20 mM Tris, pH
8.0, 0.2 M NaCl, 1 mM 2-mercaptoethanol, and 1| mM EDTA
supplemented with a protease inhibitor cocktail and 1%
Triton X-100 (w/v). The extract was centrifuged at 100000g
for 1 h at 4 °C, and the supernatant containing the fusion
protein was then purified on an amylose column and cleaved
with factor Xa at room temperature for 36—48 h. The
sigma-1 receptor with a six-histidine tag at the C-terminus
was collected on a Ni** column and eluted using 0.25 M
imidazole in wash buffer (50 mM sodium phosphate, pH
8.0, 0.3 M NaCl) containing 1% Triton X-100. The protein
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Table 1: Sigma-1 Receptor Affinity (Kp) and One-Site Linear
Regression (R?) of N-Substituted Cocaine Derivatives. Kp and R? values
of these compounds were calculated using GraphPad Prism software.
(A) Competitive displacement curves against 10 nM
(+)-[*H]pentazocine were generated, and data points were fit to a
one-site nonlinear regression curve. R? values are reported to examine
the “goodness of fit”. Haloperidol (5 uM) was used to determine
nonspecific binding. (B) Structures of the N-substituted cocaine
derivatives used in competitive displacement assays

Table 2: Sigma-1 Receptor Affinity (Kp) and One-Site Linear
Regression (R?) of N-Alkyl-N'-aralkyl Derivatives. Kp and R? values of
these compounds were calculated using GraphPad Prism software. (A)
Competitive displacement curves against 10 nM (+)-[*H]pentazocine
were generated, and data points were fit to a one-site nonlinear
regression curve. R? values are reported to examine the “goodness of
fit”. Haloperidol (5 uM) was used to determine nonspecific binding. (B)
Structures of the N-alkyl-N’-aralkyl derivatives used in competitive
displacement assays

A
Sigma-1R K {uM) | Sigma-2R K {pM) Ratio
Ligand | (+SEM,n=3), R | (= SEM,n=3},R* |Sigma2/Sigmai
11 a 12.45(£8,1,0.88) Nd®
14 28.9(£84,097) | 420(+34,086) 0.689
15 7.24(£2.03,098) | 1.29{+3.4,0.96) 0178
13 | 259(+063,096) | 0.12{+0.045,0.91} 0.046

2 Does not compete with {*H]-DTG

A
) Sigma-1R K, (bM) | Sigma-2R K (uM) Ratio
Ligand| (4 SEM, n=3), B? (+ SEM,n=3),R? | Sigma2/Sigmal
3 1300 {+401,0.90) a Nd*
7 63 (£21,0.98} >40000 682.5
6 30 (+29.2,0.86) 16.7 {£9.8,0.91} 0.557
5 18.7 {+8.1,0.95) 5350 286.1
5] 10.97 (£3.2,0.98} N/a Ng®
* Does not compete with {*H]-DTG
¥ Nd - not determined
Ry<
B N\ ome
o]
R1 R2
3 —C H3 —¥F
. NH, —H

NO, —H

was then further purified by incubating with an agarose resin
coupled with anti-maltose binding protein antibody (binding
capacity of approximately 0.4 mg for MBP/mL) at 4 °C for
18—24 h. The mixture was centrifuged at 4000 rpm at room
temperature, and the supernatant contained pure guinea pig
sigma-1 receptor containing a six-histidine tag at the C-
terminus.

Sigma Receptor Binding Assays. Competitive binding
assays were performed to determine binding affinities of the
compounds listed for the sigma-1 and sigma-2 receptors as
previously described but with appropriate modifications (37, 32).
Sigma-1 assays were performed by first setting up reaction
mixtures including 10 nM (-+)-[*H]pentazocine, guinea pig
liver homogenates, and serial concentrations of the com-
pounds listed in Tables 1 and 2. The mixtures were incubated
for 1 h at 30 °C, and the samples were filtered through 0.5%

*Nd - not determined

R, R, R,
mn o= H— QN—
14 H— I— HaN—
15 H— — Ny—
13 H— H— HoN—

polyethylenimine (PEI) treated Whatman GF/B to measure
their ability to displace the radioligands from the sigma-1
receptor. Haloperidol (5 uM) was used to determine non-
specific binding. [*H]Pentazocine radioactivity on the filters
was detected by liquid scintillation spectrometry using NEN
formula 989 Ultima Gold (Perkin-Elmer) as scintillation
cocktail. Assays for sigma-2 binding were performed using
rat liver homogenate membranes and 3 nM [*H]DTG in the
presence of 100 nM (+)-pentazocine. Values were fit to a
nonlinear regression curve using graphing software (Graph-
pad Prism), and reported dissociation equilibrium constants,
Kp, were calculated using the Cheng—Prusoff equation (33).

Photoaffinity Labeling of the Sigma-1 Receptor. Sigma-1
receptor photoaffinity labeling methods are similar to those
previously described (3). In the presence or absence of 10
uM haloperidol, purified guinea pig sigma-1 receptor (200
ugllane) was suspended to a final volume of 100 uL of
incubation buffer (50 mM Tris-HCI, pH 7.4) and incubated
at 37 °C for 10 min. The radioactive photoprobes, (—)-methyl
3-(benzoyloxy)-8-2-(4-azido-3-['*IJiodobenzene)- 1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (['>’I]-N-IACoc) or
N-propyl-N-(4-azido-3-['*T]iodophenylethyl)-3-(4-fluorophe-
nyl)propylamine (['>I]TAC44), were then added to the
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reactions to a final concentration of 1 nM and incubated for
10 min at 37 °C. The membrane suspensions were diluted
10-fold with ice-cold incubation buffer containing 20 mM
p-mercaptoethanol immediately prior to photolysis. The
reactions were then exposed to a high-pressure AH-6 mercury
lamp (10 cm distance) for 6 s in order to activate the
photoaffinity label. After photolysis, the membrane suspen-
sions were centrifuged at 100000g for 1 h at 4 °C and the
pellets resuspended in 0.1 mL of incubation buffer. Proteins
were separated by SDS—Tricine—PAGE and visualized by
phosphorimaging (Molecular Dynamics).

Endo Lys C Digestion of the Photolabeled Sigma-1
Receptor. Endo Lys C cleavage of the sigma-1 receptor was
carried out using previous methods as a guideline (3). After
the samples of full-length photolabeled sigma-1 receptor were
run on a 15% SDS—polyacrylamide gel and visualized by
autoradiography, the autoradiogram was then used as a
template. Using this template, specifically labeled and
haloperidol-protected sigma-1 receptor bands were excised
from the gel with a razor blade, which were minced and
placed into 1 mL of water to elute overnight at 4 °C. More
than 80% of photolabeled sigma-1 receptor was generally
recovered in the aqueous supernatant as measured by
radioactivity. The eluted materials were concentrated to 100
4L by lyophilization and incubated with 0.25 ug/tube of Endo
Lys C (Promega, Madison, WI) overnight at room temper-
ature. Finally, the enzymatic digestions were terminated by
adding 5x SDS—PAGE sample buffer and separated by
16.5% Tricine—SDS—PAGE.

CNBr Digestion of the Endo Lys C Photolabeled Sigma-1
Receptor Peptides. Methods for CNBr cleavage were adapted
from previously published techniques (3). After the Endo
Lys C photolabeled peptides were separated by 16.5%
Tricine—SDS—PAGE and visualized by wet gel (unstained)
autoradiography, the autoradiogram was used as a template
to excise the specifically labeled Endo Lys C peptides with
a razor blade. The gel slices were minced, placed into 1 mL
of water, and kept overnight at 4 °C. The eluted Endo Lys
C peptides were then concentrated to 30 uL, and each was
digested with 70 uL of CNBr (0.15 M in 70% formic acid
solution) and for 15—18 h at room temperature with
tumbling. More than 80% of the photolabeled sigma-1
receptor peptides were recovered in the aqueous supernatant
(as measured by radioactivity). The reaction mixtures were
then removed of their formic acid with the addition of 1 mL
of water and lyophilization (3x). The samples were then
separated by 16.5% Tricine—SDS—PAGE, and the radiola-
beled peptides were identified by autoradiography.

RESULTS

Chemistry. (—)-Methyl 3-(Benzoyloxy)-8-2-(4-azido-3-io-
dobenzene)-1-ethyl-8-azabicyclo[3.2.1 Joctane-2-carboxy-
late (['?’I]-N-IACoc (8)) and Derivatives (3, 5—7). The
synthesis of the N-substituted cocaine derivatives (3—8) is
outlined in Scheme 1. (—)-Ecgonine methyl ester (2) was
obtained from (—)-cocaine (1) by refluxing (—)-cocaine in a
mixture of MeOH and concentrated H,SO, overnight and was
obtained in 95% yield as a yellow oil. 4-Fluorobenzoyl chloride
was reacted with (—)-ecgonine methyl ester under solvent-free
conditions or in refluxing toluene conditions in the presence of
DABCO or triethylamine to afford the (—)-4-fluorobenzoylecgo-
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nine methyl ester (3). (—)-Methyl 3-(benzoyloxy)-8-2-(4-
nitrobenzene)- 1 -ethyl-8-azabicyclo[3.2.1]octane-2-carboxy-
late (5) was prepared by reaction of (—)-norcocaine (4) with
2-(4-nitrobenzene)-1-ethyl bromide in anhydrous ether and was
reduced to the (—)-methyl 3-(benzoyloxy)-8-2-(4-aminoben-
zene)-1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (6) in
methanol with Pd/C—H, in 80% yield. Reaction of (—)-methyl
3-(benzoyloxy)-8-2-(4-aminobenzene)-1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (6) with Me;NTICl,~
under solid-state conditions afforded (—)-methyl 3-(benzoy-
loxy)-8-2-(4-amino-3-iodobenzene)-1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (7) in 85% yield after
purification of the crude product by preparative thin-layer
chromatography (TLC) (toluene:Et,NH, 4:1). The (—)-methyl
3-(benzoyloxy)-8-2-(4-azido-3-iodoobenzene)- 1 -ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (8) was obtained from
(—)-methyl 3-(benzoyloxy)-8-2-(4-amino-3-iodobenzene)-1-eth-
yl-8-azabicyclo[3.2.1]octane-2-carboxylate (7) with NaNO, and
then NaNj3 in quantitative yield. Compounds 3 and 5—8 were
deduced by 'H and '*C NMR and CHN analysis.
N-Propyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophe-
nyl)propylamine (['*’IJIAC44 (15)) and Derivatives (11—14).
The synthesis of the N-alkyl-N’-aralkyl derivatives
(11—15) is outlined in Scheme 2. 3-(4-Nitrophenyl)propy-
Ibromine (10) was obtained as a yellow oil (83% yield) from
3-phenylpropylbromine (9) by reacting under solvent-free
conditions until TLC (n-hexane:EtOAc, 90:10) showed
complete disappearance of 3-phenylpropylbromine. After
reacting 10 with n-propylamine, the resulting amine product
was added to a mixture of 4-fluorophenylpropionic acid and
DCC to afford N-propyl-N-(4-nitrophenylethyl)-3-(4-fluo-
rophenyl)propionamide (11). N-Propyl-N-(4-aminophenyl-
ethyl)-3-(4-fluorophenyl)propionamide (12) was prepared by
reduction of N-propyl-N-(4-nitrophenylethyl)-3-(4-fluorophe-
nyl)propionamide (11) in methanol with Pd/C—H, in 96%
yield. The reduction of N-propyl-N-(4-aminophenylethyl)-
3-(4-fluorophenyl)propionamide (12) to the amine N-propyl-
N-(4-aminophenylethyl)-3-(4-fluorophenyl)propionamine
(13) occurred by adding a mixture of 12 and THF dropwise
to a solution of LiAlH4 and THF under argon, brief refluxing,
and dropwise addition of water, NaOH, and water to destroy
excess LiAlH,. Reaction of N-propyl-N-(4-aminophenyl-
ethyl)-3-(4-fluorophenyl)propionamine (13) with Me,N*ICl,~
under solid-state conditions afforded N-propyl-N-(4-amino-
3-iodophenylethyl)-3-(4-fluorophenyl)propionamine (14) in
81% yield after purification of the crude product by column
chromatography (silica gel, toluene:Et,NH, 20:1). The N-pro-
pyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophenyl)propi-
onamine (15) was obtained from N-propyl-N-(4-amino-3-
iodophenylethyl)-3-(4-fluorophenyl)propionamine (14) with
NaNO; and then NaNj in quantitative yield. Compounds
10—15 were deduced by 'H and '*C NMR and CHN analysis.
Binding of N-Substituted Cocaine Derivatives and N-Alkyl-
N’-aralkyl Derivatives to Sigma-1 and Sigma-2 Receptors.
Compounds were tested for their binding affinities to sigma-1
receptors in guinea pig liver homogenates and to sigma-2
receptors in rat liver homogenates. The binding affinities of
these compounds were determined by competitive displace-
ment of radioactive ligands with high affinity and selectivity
for sigma-1 and sigma-2 receptors. [*H]-(+)-Pentazocine, for
example, was used for competition at the sigma-1 receptor.
Due to the absence of a selective sigma-2 receptor ligand,



Photoaffinity Labeling of Sigma-1 Receptor SBDLI Region

'] IAC44 ['Z1] N-IACoc ['I] IACoc

L 3 4 56
10uM Haloperidol  + - + - + -
kDa 2 kDa
— 66
— 45
—29
26.1—> .. .' - —
— 201

FIGURE 2: Autoradiogram of ['ZI]IAC44 (lanes 1 and 2), ['*I]-N-
IACoc (lanes 3 and 4), and ['*I]IACoc (lanes 5 and 6) photolabeling
of purified guinea pig sigma-1 receptor (26.1 kDa). Lanes 1, 3,
and 5 show specificity of photolabeling with addition of 10 uM
haloperidol. Lanes 2, 4, and 6 show photolabeling in the absence
of 10 uM haloperidol.

however, the sigma-1 and sigma-2 radioligand, [*H]di-
tolylguanidine ([*H]DTG), was utilized in the presence of
nonradioactive (+)-pentazocine to generate sigma-2 receptor
competitive displacement curves. The results from the
described competitive displacement assays for the N-sub-
stituted cocaine derivatives are summarized in Table 1.
Binding affinity results for the N-alkyl-N"-aralkyl compounds
are summarized in Table 2. With the exception of compounds
6, 11, 13, and 15, the relative affinities of these derivatives,
while modest for the sigma-2 receptor, are higher for the
sigma-1 receptor. The N-substituted cocaine derivative,
which was used as a photoprobe (8), was found to have a
sigma-1 receptor Kp of 10.97 (£3.2) uM, while the N-alkyl-
N’-aralkyl photoprobe (15) was found to have a sigma-1
receptor Kp of 7.24 (£2.03) uM.

Specific Photolabeling of the Pure Sigma-1 Receptor and
Endo Lys C Digestion of ['*I]-N-IACoc and ['*’I]IAC44
Specifically Photolabeled Sigma-1 Receptor. Figure 2 dem-
onstrates specific labeling of full-length purified guinea
pig sigma-1 receptor with (—)-methyl 3-(benzoyloxy)-8-
2-(4-azido-3-['?°I]liodobenzene)-1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (['*°I]-N-IACoc) and
N-propyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophe-
nyl)propylamine (['>’I]TAC44). The 26.1 kDa position of
the gels, which showed specific labeling by both photo-
probes, was excised and eluted with water. Generally, 80%
of the '»I-iodinated photoprobe-labeled sigma-1 receptor
was eluted. As predicted by theoretical cleavage at lysine
142 (Figure 3A), Endo Lys C digestion resulted in
cleavage of the eluted ['*°T]iodine photolabeled sigma-1
receptor into two large fragments of 16.3 and 9.8 kDa
(Figure 3B). As previously reported (2), ['>’I]JTACoc
specifically labeled the SBDLII domain (amino acids
170—195) at Asp188, which corresponds to the 9.8 kDa
fragment (Figure 3A, lanes 5 and 6). This same SBDLII
domain containing peptide (9.8 kDa) was also labeled by
['>1]IAC44 (Figure 3B, lanes 1 and 2) in addition to the
16.3 kDa fragment, indicating simultaneous labeling of
the region of the sigma-1 receptor, which includes SBDLI
(amino acids 91—109). ['*I]-N-TACoc, labeling, on the
other hand, occurred mainly in the 16.3 kDa fragment,
indicating that positioning of the radioactive photoacti-
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FIGURE 3: (A) Schematic diagram of Endo Lys C cleavage of the
pure guinea pig sigma-1 receptor. (B) Autoradiogram of Endo Lys
C cleaved ['PIJIAC44 (lanes 1 and 2), ['*I]-N-IACoc (lanes 3 and
4), and ['*I]IACoc (lanes 5 and 6) photolabeled peptides. Specific
labeling was determined by comparing sigma-1 receptor photola-
beling in the absence (lanes 2, 4, and 6) and presence of 10 uM
haloperidol (lanes 1, 3, and 5). Upon Endo Lys C cleavage, the
['IITAC44 (lanes 1 and 2), ['®I]-N-IACoc (lanes 3 and 4), and
['3I]TACoc (lanes 5 and 6) photolabeled receptors resulted in two
peptides with molecular masses of 16.3 and 9.8 kDa. The
['>I]TAC44 (lanes 1 and 2) photolabeled receptor was also cleaved
by Endo Lys C to produce a 9.3 kDa peptide. As expected, the
specific radiolabel from ['ZI]JIACoc was located on the SBDLII
region (9.8 kDa) (lanes 5 and 6). The specific ['*I]-N-IACoc labeled
sigma-1 receptor (lanes 3 and 4) afforded radiolabel on the SBDLI
(16.3 kDa) containing peptide. Alternatively, the specific ['2°I]I-
AC44 labeled sigma-1 receptor (lanes 1 and 2) showed radiolabel
on the SBDLI (16.3 kDa) containing peptide and the SBDLII (9.8
kDa) containing peptide. An additional specific radiolabeled band
at 9.3 kDa (lane 2) was observed with ['2’I]IAF, consistent with
the cleavage at position 60 by Endo Lys C, which contains the
SBDLI domain.

vatable moiety on the nitrogen of the tropane ring
effectively engaged the SBDLI region (Figure 3B, lanes
3 and 4).

An additional observation from the Endo Lys C cleavage
experiments that was reproducibly observed was that the
guinea pig sigma-1 receptor, which contains a lysine at
position 60, was not cleaved by the enzyme as would be
predicted. The reason for the lack of cleavage by Endo Lys
C in guinea pig sigma-1 receptor at position 60 is not readily
explained but may be due to a conformational constraint or
otherwise lack of access to the proteolytic enzyme. As
previously observed (3) covalent labeling by flexible pho-
toprobes such as ['2T]IAF (3) and ['*I]TAC44 (Figure 3B,
lanes 1 and 2) showed a band at 9.3 kDa, which does
correspond to a cleavage at lysine 60.

Cyanogen Bromide (CNBr) Cleavage of the Endo Lys
C-Derived 16.3 and 9.8 kDa Peptides from the Photolabeled
Pure Guinea Pig Sigma-1 Receptor. In order to cleave with
cyanogen bromide, the 16.3 and 9.8 kDa peptides from Endo
Lys C cleavage were excised and eluted from the SDS gels
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FIGURE 4: (A) Schematic diagram depicting CNBr cleavage of the 16.3 and 9.8 kDa peptides derived from Endo Lys C cleavage of pure
guinea pig sigma-1 receptors. (B) Autoradiogram of CNBr-cleaved ['’IJIAC44 (lanes 1—4) and ['>I]-N-IACoc (lanes 5—8) photolabeled
peptides from Endo Lys C cleavage (16.3 and 9.8 kDa). Specific labeling was determined by comparing sigma-1 receptor photolabeling in
the absence (lanes 3, 4, 7, and 8) and presence of 10 M haloperidol (lanes 1, 2, 5, and 6). Upon treatment with CNBr, the 16.3 kDa
peptides resulted in two peptides with molecular masses of 10.5 and 5.5 kDa (lanes 1, 3, 5, and 7). Likewise, the 9.8 kDa Endo Lys C
peptide resulted in a 6.8 kDa peptide after CNBr cleavage (lanes 2, 4, 6, and 8). When ['%1]-N-IACoc was used as the photoprobe, the
majority of haloperidol-protectable label was found on the 10.5 kDa fragment, with some protectable labeling of the 5.5 kDa peptide (lanes
1 and 3). Photolabeling of the 9.8 and 6.8 kDa bands (lanes 2 and 4) was not specific. When ['>I]JIAC44 was used as the photoprobe,
haloperidol-protectable label was found on the 10.5, 5.5, and 6.8 kDa fragments (lanes 5—8).

with water. As with the Endo Lys C cleavage, approximately
80% of the '»I-iodinated photoprobe labeled peptides was
eluted. As predicted by theoretical cleavage at methionines
within the 16.3 and 9.8 kDa peptides (Figure 4A), CNBr
digestion resulted in cleavage of the 16.3 kDa fragment into
two fragments (10.5 and 5.5 kDa) as well as cleavage of the
9.8 kDa fragment into two fragments (3 and 6.8 kDa), the
smaller of which could not be resolved on Tricine gels. Using
the rigid tropane photoprobe ['?°I]-N-IACoc, haloperidol-
protectable labeling was found on the N-terminal 10.5 kDa
peptide and the SBDLI-containing 5.5 kDa peptide (Figure
4B, lanes 1 and 3). Nonspecific labeling was also found on
the SBDLII-containing 6.8 kDa peptide (Figure 4B, lanes 2
and 4). ['*I]TAC44 showed haloperidol-protectable labeling
on all the fragments (10.5, 5.5, 6.8 kDa) (Figure 4B, lanes
5 and 6 compared with lanes 7 and 8), indicating access to
both SBDLI and SBDLII.

DISCUSSION

Previously, our laboratory synthesized the cocaine pho-
toaffinity label, ['*1]-3-iodo-4-azidobenzoylmethylecgonine
(['*I]TACoc) and characterized it as a high-affinity photo-
affinity label for the sigma-1 receptor in rat liver microsomal
membranes (/). Further work using ['>I]JIACoc showed that
the insertion site of this photoprobe is at Asp188, which is
located in the C-terminal hydrophobic region containing
steroid binding domain-like II (SBDLII) (2). Utilizing

['»1]IACoc and the more flexible 1-N-(2’,6’-dimethylmor-
pholino)-3-(4-azido-3-['*Iliodophenyl)propane (['>’I]IAF)
(3), we previously reported systematic cleavage of the
photolabeled pure guinea pig sigma-1 receptor using Endo
Lys C and CNBr to identify the sigma-1 receptor regions
involved in covalent labeling by these photoprobes (3). While
['I]IACoc exclusively labeled the C-terminal hydrophobic
region containing SBDLII and Asp188, ['*I]IAF labeled the
SBDLII region in addition to the SBDLI hydrophobic region
(3). This led to the conclusion that steroid binding domain-
like I (SBDLI) (amino acids 91—109) and steroid binding
domain-like II (SBDLII) (amino acids 176—194) comprise
part, if not all, of the main sigma-1 receptor binding site
(3). Therefore, in an effort to probe the “nitrogen interacting
regions” of sigma-1 receptor ligands, we designed two new
novel N-substituted photoprobes. One of these was also
derived from cocaine (['%I]-N-IACoc), but unlike ['2*I]IA-
Coc, the radioactive, photoactivatable moiety extended from
the nitrogen of cocaine (Scheme 1, compound 8). The
['*1]IAC44 photoprobe is also N-substituted and provides a
more flexible backbone (Scheme 2, compound 15).

The sigma-1 receptor affinities of the various N-substituted
derivatives were determined by competitive displacement of
[*H]-(+)-pentazocine, a sigma-1 specific ligand (Tables 1
and 2). To determine the affinity of the various derivatives
for sigma-2 receptors, competitive displacement of [*H]DTG
in the presence of nonradioactive (+)-pentazocine (Tables
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FIGURE 5: Steroid binding domain-like I (SBDLI) and steroid binding domain-like II (SBDLII) regions of the sigma-1 receptor. Hydrophobic
regions of the protein were predicted by the TMPred program (http://www.ch.embnet.org/software/TMPRED_form.html), and the PONDR
program (http://www.pondr.com/background.html) was used to predict protein areas of order and disorder. Three highly ordered hydrophobic
regions are shown, the latter two of which contain the highly conserved SBDLI and SBDLII regions, respectively. A model of the sigma-1
receptor illustrates the hypothesized spatial arrangement of the receptor binding site (highlighted) with cylinders depicting the hydrophobic

regions as putative o-helices.

1 and 2) was utilized (31, 32). Of the N-substituted cocaine
derivatives, our results indicate that (—)-methyl 3-(benzoy-
loxy)-8-2-(4-azido-3-iodoobenzene)-1-ethyl-8-
azabicyclo[3.2.1]octane-2-carboxylate (8) possessed the high-
est affinity for the sigma-1 receptor with a 100-fold higher
affinity than the compound closely resembling cocaine,
compound 4)(Table 1). Interestingly, (—)-methyl 3-(benzoy-
loxy)-8-2-(4-aminobenzene)- 1 -ethyl-8-azabicyclo[3.2.1]octane-
2-carboxylate (6) is the only compound of this group to have
low specificity for the sigma-1 receptor since it was observed
to have comparable affinity for the sigma-2 receptor. Our
findings indicate that compounds 5 and 7 have a high degree
of specificity for the sigma-1 receptor and that compound 4,
the compound structurally closest to cocaine, essentially does
not compete with [*H]DTG at the sigma-2 receptor.

Of the N-alkyl-N’-aralkyl compounds, compound 13 had
the highest affinity to the sigma-1 receptor with a Kp of 2.59
uM. Specific binding of compound 11 either could not be
detected to bind to the sigma-1 receptor (Kp > 0.1 mM) or
possessed very low affinity, presumably because the amide
group present in this compound traps the nitrogen’s lone pair,
which is needed for optimal sigma receptor binding as
previously reported by Ablordeppey et al. (34). Interestingly,
the N-alkyl-N'-aralkyl compounds in this group had reason-
able affinity for the sigma-2 receptor in which compounds
11, 15, and 13 slightly favor sigma-2 over sigma-1.

Since (—)-methyl 3-(benzoyloxy)-8-2-(4-azido-3-iodooben-
zene)-1-ethyl-8-azabicyclo[3.2.1]octane-2-carboxylate (8) and
N-propyl-N-(4-azido-3-iodophenylethyl)-3-(4-fluorophenyl)-
propylamine (15) both had a sufficient binding affinity for
the sigma-1 receptor (Kp = 10.97 and 7.24 uM, respectively),
they were synthesized as radioiodinated photoaffinity labels
and tested. Using the full-length purified guinea pig sigma-1
receptor (Figure 2) compounds 8 and 15 as carrier-free
radioactive photoprobes (['>’I]-N-IACoc and ['*IJIAC44,
respectively) showed specific haloperidol-protectable cova-
lent labeling (5 uM).

As illustrated in Figure 3A, Endo Lys C cleavage of the
full-length 26.1 kDa pure guinea pig sigma-1 receptor at
lysine 142 yielded two large fragments, 16.3 and 9.8 kDa.

For reasons that are currently unclear, Endo Lys C cleavage
at lysine 60 does not occur readily but can at times be
detected. The resultant 9.3 kDa fragment is contained within
the larger 16.3 kDa fragment and contains the hydrophobic
region, SBDLI (amino acids 91—109) (Figure 3A). The 9.8
kDa fragment, on the other hand, contains SBDLII (amino
acids 176—194) (Figure 3A). As previously observed,
['»TJIACoc (Figure 3B, lanes 5 and 6) showed one halo-
peridol-protectable 9.8 kDa fragment which contains both
SBDLII and Asp188, the insertion site for ['*IJIACoc (2).
['%1]-N-IACoc, however, mainly photolabeled the 16.3 kDa
fragment, which contains SBDLI (Figure 3B, lanes 3 and
4). The significance of this result is based on the fact that
the cocaine photoprobes are rigid in structure due to their
tropane ring but differ only in the placement of their
radioactive azido moiety. It is reasonable, therefore, to
conclude that the cocaine tropane ring is positioned in the
binding site in such a way that it is flanked by SBDLI and
SBDLII with the benzoyl moiety of cocaine interacting with
SBDLII and the bridging tropane nitrogen interacting
primarily with SBDLI.

Compared to the rigid tropane-based cocaine photoprobes,
['*I]IAC44, on the other hand, is relatively flexible and
specifically photolabeled the 9.8 kDa peptide (Figure 3B,
lanes 2 and 3). As previously observed with ['*I]IAF (3),
however, Lys60 cleavage by Endo Lys C produced the 9.3
kDa peptide. This result indicates that the haloperidol-
protectable labeling by ['*TJTAC44 occurred simultaneously
in the regions containing SBDLI and SBDLII, presumably
due to the innate flexibility of the probe.

Figure 4A illustrates that additional cleavage of the 16.3
kDa peptide with CNBr resulted in a 10.5 kDa fragment and
a 5.5 kDa, the latter of which contains the SBDLI region.
Peptides resulting from cleavage at methionines 90 and 93,
however, are too small to be detected. The 9.8 kDa peptide,
on the other hand, contains a single methionine (Met170)
which resulted in CNBr cleavage to produce a 6.8 kDa
peptide which contains the SBDLII and a smaller 3 kDa
fragment which was too small to resolve by the SDS—PAGE
system. Surprisingly, the majority of specific ['*°I]-N-IACoc
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photolabeling occurred in the 10.5 kDa fragment (Figure 4B,
lanes 1 and 3), which contains neither the putative SBDLI
or SBDLII regions. The 10.5 kDa fragment contains the
N-terminus and the first hydrophobic transmembrane domain
(Figure 5). To a lesser extent, specific ['*I]-N-IACoc
photolabeling also occurred at the 5.5 kDa SBDLI-containing
fragment, but there was no haloperidol-protectable labeling
of the 6.8 kDa fragment (Figure 4B, compare lane 1 with 3
and 2 with 4). In contrast, specific haloperidol-protectable
['2’I]IAC44 photolabeling occurred in the 10.5 and 5.5 kDa
fragments (Figure 4B, compare lanes 5 and 7). Unlike ['*1]-
N-TIACoc, however, ['*IJIAC44 specifically photolabeled the
6.8 kDa peptide as well (Figure 4B, compare lanes 6 and
8), indicating a likely shared role for the SBDLI and SBDLII
regions in the binding site.

Previous work in our laboratory has shown that the rigid
photoprobe ['*TJTACoc labels the SBDLII-containing frag-
ments following CNBr cleavage (3), which is expected since
Aspl188 is the insertion site for this photoaffinity label (2).
The more flexible photoprobe ['ZI]IAF, however, reacted
with residues in the 5.5 kDa, SBDLI-containing peptide in
addition to the 6.8 kDa fragment, indicating that this flexible
molecule has the ability to bind both the SBDLI and SBDLII
regions (3). Support for a single binding site was further
indicated by the R (2) values from competitive displacement
curves that fit best to a one-site nonlinear regression curve
(Tables 1 and 2). The data presented here, using a rigid and
a flexible N-substituted photoprobe, support a model for the
sigma-1 receptor binding site (Figure 5) in which the
N-terminal region containing the first hydrophobic trans-
membrane domain is also part of the binding site. Site-
directed mutagenesis studies have also indicated that amino
acid substitutions at residues 28 and 13, which are located
in TM1, as well as residue 86 in SBDLI, result in 60% of
total haloperidol binding to the sigma-1 receptor (35).

In summary the sigma-1 receptor ligand binding site, as
evidenced by the analysis of the specifically photolabeled
peptides reported here, is composed of residues within the
SBDLI region (amino acids 91—109) which surround the
critical nitrogen atom found in all sigma-1 receptor ligands.
In addition, the binding site is composed of the SBDLII
region (amino acids 176—194), which surrounds the phenyl
ring also found in all sigma-1 receptor ligands. It is further
likely that the first transmembrane segment additionally
supports ligand binding via a close interaction with SBDLI
and/or SBDLII. The interaction of sigma-1 receptor ligands
and/or endogenous ligands may be further regulated by
cholesterol, which has been demonstrated to bind to two
amino acid segments, 161 to 180 and 191 to 210, which flank
the SBDLII region (36). Binding to cholesterol in this
C-terminal region was further demonstrated to be reduced
by the sigma-1 ligand, SKF-10047 (36). Taken together, the
N-substituted photoprobes reported herein identify an in-
tramolecular juxtaposition of the TM1/SBDLI region of the
sigma-1 receptor to the SBDLII region to create a ligand
binding site.
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