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5-(5-Chlorothien-2-yl)-1-(8-D-2-deoxyribofuranos-1-yl)-
uracil (16d). 5-Thien-2-yl-1-(2-8-D-deoxyribofuranos-1-yl)uracil
(385 mg) was acetylated as described for 16b. This foam was
dissolved in 10 mL of pyridine; 160 mg (1.18 mmol) of NCS was
added and the mixture was heated for 4 h at 70 °C. Chroma-
tographic purification (CH,Cl,/CH;CN, 87/13) yielded 190 mg
of a foam. The acetyl groups were removed by treatment with
20 mL of methanol saturated with ammonia. After evaporation
and purification 120 mg (28% yield) of 13b was obtained. The
product was crystallized from acetone. Mp: 220-222 °C. UV
(MeOH): Ay = 274 nm (e = 8800), Ay, = 327 nm (e = 11500).
1H NMR (DMSO-dg): 6223 (t, 2 H, H-2'), 3.68 (br s, 2 H, H-5),
3.87 (m, 1 H, H-4), 4.31 (m, 1 H, H-3), 5.29 (br s, 2 H, 3-OH
and 5-OH), 6.19 (t, 1 H, H-1"),7.083and 7.23 [2X d,1 H, J =
3.95 Hz, H-3” and H-4")], 8.64 (s, 1 H, H-6), 11.76 (s, 1 H, NH)
ppm. 3C NMR (DMSO-d): §40.5 (C-2'), 60.7 (C-5), 69.8 (C-3),
85.1 (C-1), 87.7 (C-4), 107.5 (C-5), 121.1 and 125.7 (C-3” and C-5),
127.4 (C-5"), 133.0 (C-2”), 135.7 (C-6), 149.1 (C-2), 161.3 (C-4)
ppm. Anal. (C,;3H,;3CIN,O4S): C, H, N.

Antiviral Activity. The different molecules were evaluated
for their antiviral in vitro activity according to well-established
procedures.!”!® The origin of the viruses [herpes simplex type
1 (HSV-1) (strains KOS, F and McIntyre), thymidine kinase
deficient (TK~) HSV-1 strains (B2006 and VMW 1837), herpes
simplex virus type 2 (HSV-2) (strains G, 196 and Lyons), vari-
cella-zoster virus (VZV) (strains Oka and YS), TK~ VZV (strains
07-1 and YS-R), vaccinia virus (VV), vesicular stomatitis virus
(VSV), and cytomegalovirus (CMV) (strains AD169 and Davis)]
has been described previously.!$!? Cytotoxicity measurements

(19) De Clercq, E.; Descamps, J.; Verhelst, G.; Walker, R. T.; Jones,
A. S.; Torrence, P. F.; Shugar, D. J. Infect. Dis. 1980, 141 (5),
563-574.

were based on either microscopically examination of detectable
alteration, normal cell morphology, or inhibition of cell growth.
Two different lines of human fibroblasts [HEL (human embryonic
lung) and E¢gSM (human embryonic skin-muscle)] were used for
both the antiviral activity and cytotoxicity assays. All assays were
done in 96-well microtiter plates.
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125] -iodinated philanthotoxin-343 (PhTX-343) (10), [1%5],]PhTX-343-arginine (11), and ['%],]PhTX-343-lysine (12)
were synthesized and evaluated as probes for glutamate receptors in rat brain synaptic membranes. It was found
that these probes were not specific for the glutamate receptors but may be useful for investigating the polyamine
binding site. Filtration assays with Whatman GF/B fiber glass filters were unsuitable because the iodinated PhTX-343
analogues exhibited high nonspecific binding to the filters, thus hindering detection of specific binding to membranes.
When binding was measured by a centrifugal assay, [%°I,JPhTX-343-lysine (12) bound with low affinity (Kp = 11.4
%+ 2 uM) to a large number of sites (37.2 £ 9.1 nmol/mg of protein). The binding of [1?5],])PhTX-343-lysine was
sensitive only to the polyamines spermine and spermidine, which displaced ['#I,]PhTX-343-lysine (12) with K values
of (3.77 £ 1.4) X 10 M and (7.51 £ 0.77) X 1075 M, respectively. The binding was insensitive to glutamate receptor
agonists and antagonists. Binding results with ['2°I,]PhTX-343-arginine (11) were similar to those of [1%5,])-
PhTX-343-lysine. Considering the high number of toxin binding sites (10000-fold more than glutamate) in these
membranes and the insensitivity of the binding to almost all drugs that bind to glutamate receptors, it is evident
that most of the binding observed is not to glutamate receptors. On the other hand, PhTX analogues with photoaffinity
labels may be useful in the isolation/purification of various glutamate and nicotinic acetylcholine receptors; they
could also be useful in structural studies of receptors and their binding sites.

Introduction

Glutamate receptor pharmacology has attracted a great
deal of attention in the last few years!™ because of the
possible involvement of glutamate receptors in degenera-
tive brain diseases,® mechanism of memory,f and ischemic
damage.” Glutamate receptors are classified into three
types according to their sensitivity to the exogenous ex-
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citatory amino acids quisqualate, kainate, and N-
methyl-D-aspartate (NMDA). A subunit of a kainate type

(1) Robinson, M. B.; Coyle, J. T. Fed. Am. Soc. Exp. Biol. 1987,
1, 446.

(2) Collingridge, G. L.; Lester, R. A. L. Pharmacol. Rev. 1989, 41,
143.

(3) Lodge, D. Trends Pharmacol. Sci. 1987, 8, 243.

(4) Monaghan, D. T.; Bridges, R. J.; Cotman, C. W. Annu. Rev.
Pharmacol. Toxicol. 1989, 29, 365.

(5) Greenamyre, J. T.; Penny, J. B.; Young, A. B.; D’Amato, C. J.;
Hicks, S. P.; Shoulson, 1. Science 1985, 227, 1496.
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receptor has been purified® and its gene cloned, and the
NMDA subtype of the receptor has been recently solu-
bilized.® The quisqualate receptor, which is predominant
in insect muscle and is found in mammalian brain, is the
least known type, despite the discovery of the paralytic
wasp and spider neurotoxins.!?

Philanthotoxin (PhTX-433) is a polyamine neurotoxin
made by the venom glands of the digger wasp Philanthus
triangulum.l! The wasp, known as the bee wolf, uses its
venom to paralyze honey bee workers, its favorite prey,2
but the venom was found to paralyze other insects as well.

H

Philanthotoxin-443

The active component of the venom is PhTX-433 (433
denotes the number and order of methylene groups in the

(6) Wroblewski, J. T.; Danysz, W. Annu. Rev. Pharmacol. Toxicol.
1989, 29, 441.
(7) Simon, R. P.; Swan, J. H.; Griffiths, T.; Meldrum, B. S. Science
1984, 226, 850.
(8) Wada, K.; Deschesne, C. J.; Shimasaki, S.; Klug, R. G.; Kusa-
no, K.; Buonanno, A.; Hampson, D. R.; Banner, C.; Wenthold,
R. J.; Nakatani, Y. Nature (London) 1989, 342, 684.
(9) McKernan, R. M.; Castro, S.; Poat, J. A.; Weng, E. H. F. J.
Neurochem. 1989, 52, 777.
(10) ggckson, H.; Usherwood, P. N. R. Trends Neurosci. 1988, 11,
8.
(11) Eldefrawi, A. T.; Eldefrawi, M. E.; Konno, K.; Mansour, N. A,;
Nakanishi, K.; Oltz, E.; Usherwood, P. N. R. Proc. Natl. Acad.
Sci. U.S.A. 1988, 85, 4910.
(12) Rathmayer, W. Nature 1962, 196, 1148.

polyamine moiety), which inhibits glutamate receptors of
insect muscles noncompetitively.111314 QOther polyamine
neurotoxins, which are synthesized and used by spiders
to paralyze their insect preys, have a similar mechanism
of action but have higher affinity and slightly more com-
plex structures.!® Since assays with a glutamatergic,
nerve-muscle preparation from locust leg showed little
difference in activity among PhTX-433 and synthetic
PhTX-343 and synthetic PhTX-334, most PhTX ana-
logues synthesized for structure-activity studies had the
343 polyamine moiety;!%17 in view of the presence of an
arginine residue at the end of the polyamine moiety in
some spider toxins,!® analogues with terminal arginine (and
lysine) residues, among others, were also prepared.!%1?
Initially, Ph'TX analogues were hoped to be highly selective
for quisqualate receptors,!” but it was discovered that they
inhibit both NMDA!® and kainate receptors!® as well; in
addition, they also inhibited nicotinic acetylcholine (ACh)
receptors in a noncompetitive manner.? Despite their

(13) Piek, T.; Mantel, P.; Engels, E. Comp. Gen. Pharmacol. 1971,
2, 317.

(14) Clark, R. B.; Donaldson, P. L.; Gration, K. A. F.; Lambert, J.
J.; Piek, T.; Ramssey, R.; Spanjer, W.; Usherwood, P. N. R.
Brain Res. 1982, 241, 105.
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kownik, R.; Kallimopoulos, T.; Usherwood, P. N. R.; Eldefrawi,
A. T.; Eldefrawi, M. E. Pure Appl. Chem. 1990, 62, 1223.

(16) Goodnow, R., Jr.; Konno, K.; Niwa, M.; Kallimopoulos, T.;
Bukownik, R.; Lenares, D.; Nakanishi, K. Tetrahedron 1990,
46, 3267.
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Niwa, M.; Usherwood, P. N. R. Toxicon 1990, 28, 1333.
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effects on other receptors, certain PhTX analogues were
more selective for quisqualate receptors while others were
more selective for nicotinic receptors.2 An extensive
structure—activity study showed I,-PhTX-343-arginine (8)
and I,-PhTX-343-lysine (9) to be respectively 33 and 14
times more potent inhibitors of locust muscle quisqualate
receptors than PhTX-343 (2) itself.!1? The compounds
1%L, PhTX-343 (10), ['#],]PhTX-343-arginine (11), and
[1%1,]PhTX-343-lysine (12) were thus synthesized, and
their binding to brain was investigated to evaluate them
as selective probes for quisqualate receptors. The results,
however, show that 12°I,-labeled PhTX-343 analogues are
poor radioligands for identification of glutamate or nico-
tinic receptors because of the high nonspecific binding to
nonreceptor sites.1’?2 The results, however, suggest that
[1%5],)PhTX-343-arginine (11) and -lysine (12) may be
excellent probes for the receptor sites of the polyamines
spermine and spermidine, at least in brain. Furthermore,
photoaffinity-labeled PhTX analogues may be useful in
(i) purifying or isolating glutamate or nicotinic acetyl-
choline receptors from relatively pure sources, or (ii)
clarifying the tertiary structures of receptors (see below).
Synthesis

Both radioactive and nonradioactive PhTX-343 ana-
logues were prepared according to Scheme I. The
syntheses of O-benzyl-PhTX-343 (1), PhTX-343 (2), O-
benzyl-PhTX-343-tri-Cbz-arginine (3), and PhTX-343-
arginine (5) have been previously reported.!®* Methods for
radioactive and nonradioactive iodination were developed
for PhTX-343 (2) with use of the NBS and the chloramine
T reactions, respectively. Binding studies of [12%],]-
PhTX-343 (10) indicated the need for ligands with higher
binding affinities. Since structure-activity studies had
indicated that I,-PhTX-343-arginine (8) and I,-PhTX-
343-lysine (9) had higher affinities for the quisqualate
receptors!? (~33- and ~14-fold higher than PhTX-343 (2),
respectively), it was decided to synthesize and measure the
binding of both ['?°I,]JPhTX-343-arginine (11) and
[*¥1,)PhTX-343-lysine (12). Thus, the iodination methods
were applied to compounds 5 and 6. Compound 6,
PhTX-343-lysine, was obtained by hydrogenolysis of the
product of the coupling of polyamine 1 with commercially
available N, -di-Cbz-L-lysine p-nitrophenyl ester. Non-
radioactive diiodo products, [17"1,]PhTX-343-arginine (8)
and [1¥1,JPhTX-343-1ysine (9) were obtained after treat-
ment of 5 and 6, respectively, with N-bromosuccinimide
in water and methanol in the presence of potassium iodide
(K'7I). All compounds were obtained greater than 95%
pure as judged by silica gel TLC and proton and carbon-13
NMR and for compounds 5 and 6 by reversed-phase
HPLC. Radioiodination of 5 and 6 was effected on a
nanomolar scale with use of cold Na'?I as a carrier, ra-
dioactive Nal?I as a label, and chloramine T as an oxi-
dizing agent?® in phosphate buffer (pH = 6.5); the diiodo
products were isolated as a single peak by reversed-phase

(20) Rozental, R.; Scoble, G. T.; Albuquerque, E. X.; Idriss, M.;
Sherby, S.; Sattelle, D. B.; Nakanishi, K.; Konno, K.; Elde-
frawi, A. T.; Eldefrawi, M. E. Pharmacol. Exp. Ther. 1989, 249,
123.

(21) Anis, N.; Sherby, S.; Goodnow, R., Jr.; Niwa, M.; Konno, K,;
Kallimopoulos, T.; Bukownik, R.; Nakanishi, K.; Usherwood,
P. N. R.; Eldefrawi, A. T.; Eldefrawi, M. E. J. Pharmacol. Exp.
Ther. 1990, 254, 764.

(22) Usherwood, P. N. R. Polyamine toxins—selective glutamate
receptor antagonists? in Probes for Neurochemical Target
Site; Iversen, L. L., Tipton, K. F., Eds.; Proceedings of the
Royal Irish Academy: Dublin, 1990 (in press).

(23) Greenwood, F. C.; Hunter, W. M.; Glover, S. J. Biochem. J.
1963, 89, 114.
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HPLC. The putative monoiodo product was formed in
detectable quantities at pH = 7.5-8.0 but could be reduced
by maintaining pH = 6.5-7.0. Although the radiolabeled
analogues could not be directly characterized by NMR or
mass spectroscopy for reasons of safety, their identities
were confirmed by comparisons of their chromatograms
with those of nonradioactive reaction mixtures which were
coinjected with authentic samples of 1¥I, analogues 8 and
9. The eluants containing [125],])PhTX-343-arginine (11)
and ['#1,]PhTX-343-lysine (12) were lyophilized and
dissolved in a methanol/benzene (1:1) solution, and a 1-uL
aliquot was removed and counted before the solutions were
sealed in ampules.

Results

In the initial experiments, [1%I,])PhTX-343 (7) was in-
cubated with rat cortical synaptic membranes containing
0.5 pmol of glutamate receptors (as determined by [3H]-
glutamate binding) in a volume of 1 mL of 5 mM Tris-HC],
pH 7.4, for 90 min, and then the bound and free toxins
were separated by vacuum filtration over GF/B filters.
Unlabeled PhTX-343 (2) at 100 uM was used as a dis-
crimination dose to identify nonspecific binding. Unfor-
tunately, GF/B filter controls that had no tissue had sim-
ilar “binding™. Typically, from a total of 1.23 X 10° cpm
per assay, the cpm retained by the filter control was 7661
cpm and by the tissue sample was 6821 cpm. Nonspecific
counts observed in the presence of 100 uM of unlabeled
PhTX-343 (2) were 3810 cpm for the no tissue filter control
and 4730 cpm for the tissue sample. These results indi-
cated that a substantial fraction of [125],]PhTX-343 (10)
bound to the GF/B fiber glass filter.

Pretreatment of the GF/B filters with polyethylenimine
at 0.05% (a common treatment used to reduce nonspecific
binding of drugs to GF/B filters) and numerous other
reagents including bovine serum albumin, ionic and non-
ionic detergents, salts, and positively charged drugs were
unsuccessful in reducing the nonspecific binding of
[**L,]JPhTX-343 (10) to GF/B filters. The nonradioactive
iodinated [#"I,]JPhTX-343 (7) bound similarly to GF/A,
GF/C, and GF/F Whatman glass fiber filters. Silanization
of GF/B filters with triethoxysilane also failed to reduce
the nonspecific filter binding. Spermine at 0.1 mM was
the only compound that successfully displaced binding of
[*®1,)PhTX-343 (10) to the GF/B filter. Centrifugal and
equilibrium dialysis assays were equally unsuccessful in
measuring any specific binding of [!#I,])PhTX-343 (10) to
rat cortical synaptic membranes.

As mentioned above, a structure-activity relationship
study!? indicated that I,-PhTX-343-arginine (8) and I
PhTX-343-lysine (9) had higher affinities for quisqualate
receptors (~33- and ~14-fold higher than PhTX-343).
[*%1,)PhTX-343-arginine (11) and [*®I,|PhTX-343-lysine
(12) still had fairly high nonspecific binding to GF/B
filters, which made specific binding measurements to tissue
very difficult. However, in this case, a centrifugal binding
assay worked well and it was possible to measure specific
binding of [125I,)PhTX-343-arginine (11) and ['%I,]-
PhTX-343-lysine (12) to the tissue. Since the binding of
(1%1,]PhTX-343-arginine (11) was found to be quite similar
to that of [1%[,]PhTX-343-lysine (12), binding studies were
only performed with one of them, i.e., 12. Binding of
[1%1,]PhTX-343-lysine (12) was linear with the amount of
tissue present in the incubation mixture. Nonspecific
binding was that binding observed in the presence of 100
uM nonradioactive [1¥I,]PhTX-343-lysine (9). As shown
in Table I, the specific binding of 3 nM ['#*I,]PhTX-343-
lysine (12) to rat brain synaptic membranes was not sig-
nificantly affected by 104 M of glutamate, the excitatory
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Table I. Effect of Glutamine Agonists and Antagonists on the
“Specific” Binding of 3 nM ['#],]PhTX-343-lysine to Rat
Cortical Membranes

% of
control

ligand (100 uM) mean £ SD

control 100 £ 6.75

glutamate 99 £ 17
quisqualate 104 £ 17
kainate 103 +£ 14
N-methyl-D-aspartate 96 + 8.5
glycine 109 £ 21
MK-801 92 + 12
APV (2-amino-5-phosphonovalerate) 94 + 21
DNQX (6,7-dinitroquinoxoline-2,3-dione) 102 £ 8.5
phencyclidine 81 £ 12

spermine 144 £ 6.2¢

philanthotoxin 32.7 £ 7.0°

¢ Significant difference (p < 0.05) between drug treated and total
binding in the absence of drugs (Student’s two-tailed t-test).
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Figure 1. Inhibition of 3 nM [%],]PhTX-343-lysine binding to
rat cortical membrane by I,-PhTX-343-lysine (O) and spermine
(@). Symbols are the mean of three replicates (n = 9). SEM values
were <10% of the mean.

amino acids quisqualate, kainate, and NMDA, the NMDA
receptor allosteric modulator glycine, the noncompetitive
blockers phencyclidine and 5-methyl-10,11-dihydro-5-
methyl-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801),
the competitive antagonist 2-amino-5-phosphonovalerate
(APV), and the quisqualate noncompetitive blocker 6,7-
dinitroquinoxoline-2,3-dione (DNQX). However, the
specific binding of 3 nM ['%],]PhTX-343-lysine (12) to rat
brain synaptic membranes was inhibited significantly by
PhTX-343 (2) and even more so by spermine.

The displacement curves of [*%L,]PhTX-343-lysine (12)
by spermine and [}?’I,]PhTX-343-lysine (9) indicated that
the two ligands were equipotent (Figure 1). However, the
spermine displacement curve exhibited an upward curva-
ture at low spermine concentrations, suggesting that
spermine and [12°I,)PhTX-343-lysine (12) might be binding
to distinct but allosterically coupled sites. Sensitivity to
spermine prompted the testing of other polyamines to
determine their potencies in displacing ['%°I,]PhTX-343-
lysine (12). Spermine had a K; £ SD value of (3.77 £ 1.4)
X 107% M, spermidine was half as effective (K; = (7.51 +
0.77) X 107® M), while putrescine, agmatine, and cadaverine
had K values of (4.14 £ 0.16) X 10~ M, (2.69 * 0.05) X
10 M, and (1.49 £ 0.08) x 10" M, respectively.

Saturation isotherms of [12°I,]PhTX-343-lysine (12)
binding to rat cortical synaptic membranes were measured
by two methods. In the first method only [*¥I,]JPhTX-
343-lysine (12) was used in a limited concentration range

Goodnow et al.
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Figure 2. Scatchard plot of [1%I,JPhTX-343-lysine saturation
binding to rat cortical membrane fragments. Binding was per-
formed by addition of increasing concentrations of unlabeled
[}2[,)PhTX-343-lysine (10 nM to 100 uM) to a single concentration
(3 nM) of labeled ['#I,]PhTX-343-lysine. The data represent
averages of duplicate experiments that gave similar results. Each
datum point is the mean of six measurements.

from 0.2 to 80 uM (data not shown), whereas in the second
method ['?°I;)PhTX-343-lysine (12) was displaced by
nonradioactive [*2I,]PhTX-343-lysine (9). Scatchard plots
of the saturation isotherms showed binding to a single
population of sites present at a fairly high density (Bp.
37.2 £ 9.1 nmol/mg of protein) and exhibiting a Kp, of 11.4
+ 2 mM (Figure 2). PhTX-343 (1) had a K; value of (3.27
+7) X 10°° M.

The time course of association or dissociation of
[1%51,)PhTX-343-lysine to and from rat cortical synaptic
membranes suffered from the inherent limitations of the
centrifugal assay. The ligand and the tissue were in the
incubation mixture for 5 min (the centrifugation time) at
time zero. Taking that into account, the toxin showed very
fast association rates, reaching the steady-state level of
binding at the first measurement. It also showed a fairly
fast rate of dissociation with total dissociation after a 5-min
incubation. In all assays, 1 mM spermine was used to
determine nonspecific binding. Spermine was also added
to the dilution buffer in the dissociation experiments.

Discussion

The binding of [1%I,)PhTX-343 (10) to 37.2 nmol/mg
of protein, which is ~10000-fold of the glutamate receptor
gite in these cortical synaptic membranes (2-4 pmol/mg
protein), is evidence that this ligand is binding to sites
almost all of which are not glutamate receptors. Presum-
ably, the binding sites of PhTX-343 (2) and analogues are
various proteins and lipids that bind polyamines. The
linearity seen in the Scatchard plot of the binding may be
due to similar affinities of the different binding sites. The
lack of effects of glutamate receptor ligands on [1?°I,]-
PhTX-343-lysine (12) binding (Table I) does not preclude
toxin binding to glutamate receptors. However, binding
to glutamate receptors cannot be detected because of the
large nonspecific binding. The ['*I,]PhTX-343-lysine (12)
binding sites have similar affinity for spermine as for
PhTX-343 (2) (Table I) and slightly lower affinity for
spermidine. Spermine is known to bind to NMDA re-
ceptors and modulate MK-801 binding?* and has been
shown recently to have similar effects on quisqualate re-
ceptors of insect muscles.?

(24) Reynolds, 1. J.; Miller, R. J. Mol. Pharmacol. 1989, 36, 758.
(25) Brackley, P.; Goodnow, R., Jr.; Nakanishi, K.; Sudan, H. L.;
Usherwood, P. N. R. Neurosci. Lett. 1990, 114, 51.
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The data suggest that [*%I,]PhTX-343 (10) and its de-
rivative ['¥L,]PhTX-343-arginine (11) or ['¥I,|PhTX-
343-lysine (12) are inappropriate ligands for labeling or
purifying glutamate receptors. However, ['%I,]PhTX-
343-arginine (11) and/or [*¥I,]JPhTX-343-lysine (12) may
be good probes for the major sites that bind the polyamines
spermine and spermidine in the brain.

Other polyamine-containing neurotoxins have been ra-
diolabeled and used to study glutamate receptors. Iodi-
nated joro toxin (JSTX), from the vemon of the joro spider
Nephila clavata, was used to localize quisqualate receptors
in lobster muscle.?® It has been shown to block responses
of hippocampal neurons to kainate and quisqualate? as
well as to NMDA.2  Although toxins from spider vemons
have higher affinities than PhTX-343 (2) for quisqualate
receptors,!® their polyamine component may affect the
specificity of their binding. A [I;]PhTX analogue carrying
the photoaffinity label azidopheny! (N;C¢H,) (instead of
propyl group in [*¥L,]PhTX-343-lysine (9)) shows a 13-fold
enhanced activity relative to that of PhTX-343 (2);'"
several other [I,]PhTX analogues with photoaffinity labels
at various sites have also been prepared (unpublished). In
view of their increased activities, such analogues may prove
to be useful in the isolation/purification of various glu-
tamate and nicotinic acetylcholine receptors. The PhTX
type molecules have an extended structure, and therefore,
in the event that these receptors become available for
binding studies, PhTX analogues carrying the photoaf-
finity label at various sites in the molecule could be very
useful in tertiary structural studies of the receptors and
their binding sites.

Experimental Section

High-resolution FAB-MS were obtained with a JEOL JMS-
DX303HF mass spectrometer. Proton and carbon-13 NMR
spectra were obtained for the free base polyamines unless oth-
erwise indicated with a Varian VXR-300 MHz instrument. The
proton and carbon spectra were measured in any of the following
deuterated solvents: deuteriochloroform (CDCl;) with 0.03%
tetramethylsilane (TMS) and a CDCl,/CD,0D (1:1) mixture with
0.015% TMS. Proton chemical shifts are reported in parts per
million (ppm) downfield from TMS (0.00 ppm !H) as the internal
standard. Carbon-13 NMR spectra were measured in CDCl; and
were referenced with respect to the 3C signal (6§ = 77 ppm) of
CDC], or in D,O and referenced with respect to the 1°C signal
of dioxane (5 = 66 ppm) added as an internal standard. The
solvents of dimethylformamide (DMF) and isopropylamine (;-
PrNH,) were distilled at atmospheric pressure over CaH,.
Reagent-grade methano] was distilled from magnesium turnings.
HPLC purifications were performed with a Rainin Rabbit HP
pump system, a Spectra-Physics SP8490 dual-wavelength detector,
and a Linear 1200 chart recorder. The HPLC column was a YMC
Packed Column AP-303 300 A, ODS (4.5 X 250 mm). HPLC-grade
solvents (Aldrich) were used for all HPLC purifications. Com-
pounds were judged to be pure on the basis of silica gel TLC using
several different solvent systems and on the basis of the proton
and carbon NMR by which no impurities were detectable. In-
jection on the above reversed-phase HPLC column before running
the radiolabeling reaction indicated compounds of greater thar:
95% purity.

O-Benzyl-PhTX-343-N;,N -di-Cbz-L-lysine Amide (4). To
a 5-mL DMF solution of 0.250 g (0.480 mmol) of 1 was added 0.258
g (0.485 mmol, 1.00 equiv) of Ng,N,-di-Cbz-L-lysine p-nitropheny!
ester (Slgma), and this solutlon was stirred overnight under a
nitrogen (N,) atmosphere at room temperature. The reaction

(26) Shimazaki, K.; Hagiwara, K.; Hirata, Y.; Nakajima, T.; Kawai,
N. Neurosci. Lett. 1988, 84, 173.

(27) Akaike, N.; Kawai, N.; Kiskin, N. L; Kljuchko, E. M.; Krishtal,
0. A;; Tsyndrenko, A. Y. Neurosci. Lett. 1987, 79, 326.

(28) Saito, M.; Sahara, Y.; Miwa, A.; Shimazaki, K.; Nakajima, T.;
Kawai, N. Brain Res. 1989, 481, 16.
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mixture was concentrated by evaporation of the solvent, and the
residue was dissolved in chloroform. The chloroform layer was
extracted with dilute aqueous NaHCOj, solution. The aqueous
layers were extracted twice with chloroform. The combined
chloroform layers were washed once with brine, dried with MgSO,,
and filtered through cotton. The filtrate was evaporated and the
product was isolated after silica gel column chromatography by
elution with 15% CHZOH/CHC]; followed by 15:5:1 CHCly/
CH30H/ i-PrNH, to yield 0.399 g (91%) of the desired amide.

0.5 in (15:5:1 CHCly/CH,OH/:-PrNH,;). 'H NMR
(éDaoD/CDCla, 1:1): 60.84 (t,3H,J = 7.3 Hz), 1.38 (m, 2 H),
1.58 (m, 12 H), 1.72 (t,2 H, J = 6.5 Hz), 2.15 (t, 2 H, J = 7.6 Hz),
2.62 (m, 12 H), (ABX system: 5, = 2.87, §, = 3.02, 5, = 4.50, J,,
= 13.0 Hz, Jou 1 = 7.3 Hz, ArCHch ArCHch), 3. 91 (m, 2 H),
5.04 (s, 4 H), 508(s,2H) 6.91(d,2H,J=86Hz),17.14 (d, 2
H, J = 8.7 Hz), 7.33 (m, 15 H). 13C NMR (CDCl,): 4 13.5, 189,
22.4 (CH;CH,CH,C=0, respectively), 27.0, 27.7, 27.9, 29.1, 32.0,
37.5, 38.1, 40.3, 46.3, 48.6, 50.2, 54.8, 54.9 (polyamine and lysine
chain), 66.4, 66.7, 69.8 (benzyl methylene), 114.7, 127.3, 127.8,
128.0, 128.4, 129.1, 130.2, 136.2, 136.5, 136.8 (aromatic ring), 171.9
(CH,CH,CH,C=0), 172.4 (lysine carbonyl), 174.7 (tyrosine
carbonyl). FT-IR (thin film on NaCl plate): 3660, 3277, 1708,
1656, 1649, 1639, 1562, 1240, 1024, 734 cm™.

PhTX-343-L-lysine Amide (6). To a 10-mL CHZOH solution
of 0.399 g (0.440 mmol) of 4 was added 0.05 g of 5% Pd/C. This
suspension was purged several times with hydrogen and then was
allowed to stir under hydrogen atmosphere at room temperature
and pressure overnight. The reaction was worked up first by
filtering and washing with CH;OH through Celite followed by
evaporation of the solvent. The crude product was then loaded
onto a silica gel flash column and eluted with a step gradient of
15:5:1 CHCl;/CH,OH/i-PrNH, and 4:4:1 CHCl,/CH30H/i-
PrNH, to yield 0.144 g (58%) of the desired amide. Rx 0.26 (1:1:1
CHCl,/CH;0H/i-PrNH,). 'H NMR ((‘D30D/CDCla, 1:1): 60.89
(t,3H,J =17.3 Hz), 1.38 (m, 2 H), 1.53 (m, 12 H), 1.72 (sextet,
2H,J="173Hz),217(,2H,J=73Hz),243 (t,2H,J =173
Hz), 2.62 (m, 10 H), (ABX system: 8, = 2.85, &, = 2.94, 5, = 4.50,
Jap = 11.0 Hz, J 1, = 7.3 Hz, ArCH,CH, ArCH,CH), 3.14 (m,
2H),6.72(d,2 H,J =83 Hz),7.04 (d, 2H, J = 8.3 Hz). *C NMR
(CDCly): 613.7,19.0, 23.0 (CH;CH,CH,C=0, respectively), 26.9,
27.0, 28.2, 29.2, 32.9, 34.9, 36.9, 38.4, 38.8, 41.6, 46.8, 47.9, 49.0,
49.3, 50.1, 55.3 (polyamine and lysine chain), 115.7, 127.5, 130.4,
156.4 (aromatic ring), 170.6 (CH;CH,CH,C=0), 172.6 (lysine
carbonyl), 175.6 (tyrosine carbonyl). FT-IR (thin film on NaCl
plate): 3284, 2933, 1644, 1556, 1378, 753 eml. HRMS (nitrobenzyl
alcohol matrix) caled for Co4HsN;O4 (M + 1)* 564.4238, found
564.4232.

[?I,]JPhTX-343-L-lysine (9). To a 15-mL solution of
H,0/CH,0H (5:1) containing 50 mg (0.089 mmol) of 6, 29.4 mg
(0.177 mmol, 2.0 equiv) of K!#I, and 46.5 mg (0.267 mmol, 3.0
equiv) of K,HPO, was added dropwise by pipet 2 mL of a
CH,;0H/H,0 (1:1) solution of 31.5 mg (0.177 mmol, 2.0 equiv)
of N-bromosuccinimide (NBS). After the completion of the NBS
addition, 3 mL of Hy,O was added to the dark brown solution,
which after several minutes lightened 1o a clear yellowish solution.
The solution was allowed to stir for 45 min at room temperature
under a nitrogen atmosphere. The reaction was terminated by
filtration of the solution through cotton, followed by the evapo-
ration of the solvent. The residue was dissolved in CH,0H, 0.5
g of silica gel was added, and the solvent was evaporated. The
dry, impregnated silica gel was then loaded onto a dry silica gel
column, and the product was eluted by using a step gradient of
15:5:1 CHCl,/CH,OH/i-PrNH,, 4:4:1 CHCl,/CH;OH/:-PrNH,,
and 1:1:1 CHCla/ CH30H/:-PrNH,. The desired diiodo product
was obtained in 68% yield (49 mg). Ry 0.35 (1:1:1 CHCly/
CH,O0H/i-PrNH,). 'H NMR of tnfluoroacetlc acid (TFA) salt
(CD4OD): 4 0.85 (t, 3 H, J = 7.5 Hz), 1.54 (sextet, 2 H, J = 7.5
Hz),1.71 (t,2 H, J = 7.6 Hz), 1.82 (m, 12 H), 2.18 (t,2 H, J =
7.7 Hz), 2.50-2.80 (m, 2 H), 2.94 (m, 7 H), 3.08 (m, 7 H), 3.89 (t,
1H,J = 6.9 Hz), 440 (t, 1 H, J = 6.3 Hz), 7.63 (s, 2 H). 3C NMR
of TFA salt (D0, referenced on dioxane carbon signal, § = 66.5):
512.8, 189, 22.0 (CH,CH,CH,C=0, respectively), 26.0, 26.4, 26.8,
33.7, 35.0, 36.0, 36.3, 37.2, 39.2, 44.7, 45.3, 47.3 (polyamine and
lysine chain), 88.8, 123.9, 139.3, 163.4 (aromatic ring), 170.6
(CHCH,CH,C=0), 173.1 (lysine carbonyl), 176.4 (tyrosine
carbonyl). FT-IR (thin film on a NaCl plate): 3270, 2934, 1644,
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1552, 1435, 1296, 1031, 817 cm™l. FAB-MS caled for CooHzN-0 I,
(M + 1)* 816.2170, found 816.2185.

[12],]PhTX-343-L-lysine (12). To a 100-uL solution of 0.1
N NaOH of 5.4 mCi of Na!#I (ICN Radiochemicals) contained
as received in an eppendorf vial was added directly a small tri-
angular stir bar. The following aqueous solutions were then added:
10 uL of 1.0 M Na,HPO, (10 umol), 24.7 uL of 8.0 mM Na!%1
(197.6 nmol), and 10 uL of 1.0 M H;PO, (10.0 umol) followed by
31.3 uL of 6.7 mM chloramine T (210 nmol). The solution was
allowed to stir at room temperature for 30 8 before the addition
of 20 uL of 5.0 mM PhTX-343-L-lysine (TFA), salt (200 nmol).
The solution was then stirred for 1 min before quenching by
addition of 32 uL of 8.0 mM Na,SO, (256 nmol). After 2 min,
half of the reaction mixture was injected onto a YMC-ODS re-
versed-phase analytical HPLC column and eluted isocratically
with (16% CH,CN, 0.1 % TFA)/H,0 at a flow rate of 1.5
mL/min, with detection at 274 nm. The desired diiodo product
began to elute 13 min after injection. The eluant containing this
product was first rotoevaporated for 30 min in a warm water bath
followed by freezing of the remaining solution at —78 °C before
lyophilization of the solid overnight. The resulting residue was
dissolved in 1 mL of CH;0H/benzene (1:1). An aliquot of 1 uL
was removed and shaken in scintillation fluid which was measured
to have 1964240 cpm. Thus was obtained a 1-mL solution of
[1251,]PhTX-343-1-lysine with a total activity of 0.89 mCi and a
specific activity of 21.6 Ci/mmol at a concentration of 41.2 uM.

Tissue Preparation. Brains of male Sprague-Dawley rats
(250~-500 g) were removed after CO, anesthesia and decapitation
by guillotine. Cortex sections were dissected, rinsed, and hom-
ogenized in ice-cold 0.32 M sucrose with use of a glass homogenizer
with a clearance of 0.11 in. The homogenate was centrifuged at
1000g for 10 min, and the nuclear pellet was removed. The
supernatant fraction was centrifuged at 12000g for 20 min and
the pellet resuspended in 10 mL of 0.32 M sucrose solution, and
then this suspension was layered over with 20 mL of 0.8 M sucrose
solution and centrifuged at 9500g for 30 min in a Beckman SW27
rotor. Synaptosomes dispersed in the 0.8 M sucrose layer were
collected by dilution of the layer with 2-5 volumes of ice-cold water
and centrifugation at 20000g for 20 min. The synaptosomal pellet
was suspended in 40 volumes of ice-cold water to lyse them and

Goodnow et al.

centrifuged at 48000g to collect the pelleted synaptic membranes.
The synaptic membranes were washed once with distilled water
and then suspended in 5 mM Tris-HC], pH 7.4, buffer at a con-
centration of 0.2 g of original tissue/mL. Protein concentrations
of these synaptic membrane preparations were determined by
the method of Lowry.?®

Binding Assays. [1%5],]PhTX-343-lysine was incubated with
synaptic membranes (~0.25 mg of protein in 1.0 mL of 5 mM
Tris'HC]) in 1.5-mL microfuge tubes. After a 30-min incubation,
the tubes were centrifuged in an Eppendorf centrifuge for 5 min,
and the supernatant fraction was removed. The pellet was rinsed
carefully twice with 1 mL of cold buffer and then transferred to
holding tubes and counted in an autogamma counter (Beckman,
v Rack-Beta II liquid scintillation counter 1216). A parallel series
of microfuge tubes containing [12I,]PhTX-343-lysine and buffer
(no tissue) was used to determine nonspecific binding. A series
of four tubes was used to determine the specific binding value
for each measurement. A = [12,]PhTX-343-lysine + tissue but
no unlabeled PhTX-343-lysine, B = [1#],]PhTX-343-lysine +
tissue + 100 uM unlabeled PhTX-343-lysine, C = 1¥[,]PhTX-
343-lysine, no tissue, no unlabeled PhTX-343-lysine, D =
[1%5],]PhTX-343-lysine, no tissue + 100 uM unlabeled PhTX-
343-lysine. The specific binding was calculated from the formula
(A-B)-(C-D).
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