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Several N1-substituted polyamines containing various spacer units between nitrogen centers
were synthesized as their respective HCI salts. The N!-substituents included benzyl, naph-
thalen-1-ylmethyl, anthracen-9-ylmethyl, and pyren-1-ylmethyl. The polyamine spacer units
ranged from generic (4,4-triamine, 4,3-triamine, and diaminooctane) spacers to more exotic
[2-(ethoxy)ethanoxy-containing diamine, hydroxylated 4,3-triamine, and cyclohexylene-contain-
ing triamine] spacers. Two control compounds were also evaluated: N-(anthracen-9-ylmethyl)-
butylamine and N-(anthracen-9-ylmethyl)-butanediamine. Biological activities in L1210 (murine
leukemia), a-difluoromethylornithine (DFMO)-treated L1210, and Chinese hamster ovary (CHO)
and its polyamine transport-deficient mutant (CHO-MG) cell lines were investigated via I1Cs
cytotoxicity determinations. K; values for spermidine uptake were also determined in L1210
cells. Of the series studied, the N'-benzyl-4,4-triamine system 6 had significantly higher 1Cs
values (lower cytotoxicity) in the L1210, CHO, and CHO-MG cell lines. A cellular debenzylation
process was observed in L1210 cells with 6 and generated “free” homospermidine. The size of
the N*-arylmethyl substituent had direct bearing on the observed cytotoxicity in CHO-MG cells.
The N!-naphthalenylmethyl, Nt-anthracenylmethyl, and N-pyrenylmethyl 4,4-triamines had
similar toxicity (ICses: ~0.5 uM) in CHO cells, which have an active polyamine transporter
(PAT). However, this series had 1Cso values of >100 uM, 66.7 uM, and 15.5 uM, respectively,
in CHO-MG cells, which are PAT-deficient. The observed lower cytotoxicity in the PAT-deficient
CHO-MG cell line supported the premise that the conjugates use PAT for cellular entry. In
general, moderate affinities for the polyamine transporter were observed for the N-arylmethyl
4,4-triamine series with their L1210 K; values all near 3 uM. In summary, the 4,4-triamine
motif was shown to facilitate entry of polyamine conjugates into cells containing active

polyamine transporters.

Introduction

In vivo the native polyamines 1—3 exist as polycations
(as the nitrogens are protonated at physiological pH)
and are required for cell growth.! Their alignment of
point charges are recognized by the polyamine transport
system and have been shown to facilitate their import.1~7
Rapidly dividing cells require large amounts of poly-
amines in order to grow. These can be internally
biosynthesized and also imported from exogenous sources.
Intracellular polyamine-production constraints in rap-
idly proliferating cells are thought to be partially offset
by scavenging polyamines from extracellular sources.®
In fact, many tumor types have been shown to contain
elevated polyamine levels and an active polyamine
transporter (PAT) for importing exogenous polyamines.®
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These range from neuroblastoma, melanoma, human
lymphocytic leukemia, colonic, and lung tumor cell lines
to murine L1210 cells.52 Because of the enhanced
cellular need for these amine growth factors and an
active transport system for their import, polyamine—
drug conjugates can be delivered to cancerous cell types.
This is possible due to the broad structural tolerance of
the PAT, which allows importation of non-native
polyamine constructs.

Previous efforts have shown that specific cell types
can be targeted via the molecular recognition events
involved during the import of exogenous polyamines.1 =31
Prior work in our laboratories evaluated the cytotoxicity
and polyamine transporter (PAT) affinity of conjugates
containing branched? and linear polyamine motifs34
attached to either an anthracene or acridine nucleus.>214
Indeed, certain linear triamines motifs were identified
as excellent vector systems.®# In particular, the 4,4-
triamine conjugate 4 (Figure 1, 4) had 150-fold higher
cytotoxicity in CHO cells (which contained an active
polyamine transport system) than in a mutant CHO-
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Figure 1. Native polyamines putrescine (PUT, 1), spermidine
(SPD, 2), spermine (SPM, 3) and anthracenyl-4,4-triamine
conjugate 4, a-difluoromethylornithine, (DFMO, 5a) and L-
ornithine 5b.

MG cell line, which was PAT-deficient.343233 Therefore,
cells which contain an active polyamine transport
system were much more sensitive to certain polyamine—
anthracene conjugates. The observed differential cyto-
toxicity formed the basis of a selective chemotherapeutic
strategy.

There are several caveats in using polyamines for
targeted drug delivery. First, rapidly dividing normal
cell types (e.g., bone marrow, intestinal epithelium, and
hair follicles) may also be effected by this strategy.
Whether polyamine conjugates can discriminate be-
tween cancer cell types and these other prolific cell lines
remains to be seen. Nevertheless, other authors have
observed that transformed cells are more sensitive than
normal cells to a-difluoromethylornithine (DFMO, 5a)
pretreatment.3435 DFMO is a known ornithine decar-
boxylase (ODC) inhibitor. As shown in Figure 2, ODC
is responsible for putrescine biosynthesis and its inhibi-
tion has been shown to increase the uptake of extra-
cellular polyamines.3* Most pertinent to this study is
the observation that when DFMO is dosed in vivo, it
increased the uptake of radiolabeled putrescine specif-
ically into tumor cells, and not into other normal tissue,
even rapidly growing tissue.3* This suggests that DFMO
treatment may also increase the potency of the present
polyamine-conjugates. Second, the N1-component to be
delivered in this study (e.g., the arenylmethyl deriva-
tives) are relatively inert, and this conjugation strategy
may not be applicable to other drug classes. It is possible
that other anticancer agents, which have more “bio-
interactive” functional groups, would interact differently
with the PAT or other cell surface receptors and
diminish the anticipated selectivity. In this report, a
relatively inert architecture (e.g., an aryl unit) was used
to understand how changes in the N!-substituent and
polyamine sequence influenced drug potency and PAT
affinity.

The conjugates in this report (4% and 6—15) are
composed of an arene nucleus covalently bound to a
polyamine framework. The N-arenylmethyl unit was
selected for alteration due to significant data, which
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Figure 2. Polyamine biosynthetic pathway.
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revealed the increased cytotoxicity (lower ICso value) of
a N'-anthracenylmethyl conjugate over an N-acridinyl
analogue in murine leukemia (L1210) cells.t2414 In
addition, anthracene and the other polycyclic aromatic
systems provided a convenient UV “probe” for compound
identification and elicit a toxic response from cells upon
entry (presumably through DNA coordination).l=436
Therefore, a series of new arene conjugates was syn-
thesized (Figure 3, 6—15) and screened for uptake via
the polyamine transporter (PAT).

Their design served two purposes. First, 4 and 6—8
provided a homologous series, wherein a variety of
arenyl subunits were each attached to the “optimized”
4,4-triamine motif.3“ Second, conjugates 9—14 provided
another series, wherein each member contained the
same N!-anthracenylmethyl subunit covalently attached
to a modified polyamine vector. By studying how these
materials influenced the survival of cells with active and
inactive polyamine transport systems, one can relate
how conjugate architecture influences cytotoxicity and
targeting of specific cell types. In short, by judicious
choice of amine substrates (e.g., a synthetic library) and
proper biological experiments (e.g., I1Csp, and K;, meas-
urements) in selected cell types (murine leukemia
L1210, CHO and CHO-MG cells), a better understand-
ing between transporter affinity, cytotoxicity, and
polyamine—drug conjugate structure was obtained.

Results and Discussion

Synthesis. While the terminally bis-alkylated poly-
amines have yielded diverse biological activity ranging
from anticancer to antidiarrheal agents,>12 their mono-
substituted analogues have limited publications describ-
ing their use in vector design.1=%14.17.21.23-31 Thjs, in
part, may stem from their less direct syntheses, which
involve several steps.3~537739 As shown in Scheme 1, the
reductive amination of 16c was achieved in two steps
via in situ generation of the imine 18. A series of amines
(17a—d) was used to generate the crude imines 18a—
d. In general, solvent removal by rotary evaporation at
40—50 °C facilitated the conversion to 18, which was
then reduced to the respective secondary amine using
NaBHy, in excellent yield (~85%). The amines were then
acidified with aqueous 4 N HCI to form the target HCI
salts: 10 (89%), 11 (81%), 14 (21%), and 15 (58%)3
(Scheme 1).

Compounds 12 and 13 were prepared using an amino-
alkanol strategy, which allowed for control of the amine
spacer group.3437:39 As shown in Scheme 2, the reductive
amination of aldehydes 16a—d with 4-amino-1-butanol
and NaBH, provided the substituted amino alcohols
19a—d. The tandem tert-butylcarbonylation and tosyl-
ation sequence resulted in the intermediates 20a—d,
respectively. The tosylates 20a—d were generated as

H
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Figure 3. Arene—polyamine conjugates.

crude mixtures and used immediately because they were
not stable to prolonged storage. Prior experience with
these materials revealed that it was not necessary to
isolate them. In fact higher yields were obtained, when
they were directly consumed in the subsequent step.34
As shown in Scheme 3, crude tosylate 20c was reacted
with either 1,3-diamino-2-hydroxypropane or trans-1,4-
diaminocyclohexane followed by 4 N HCI to give the
respective amino alcohol- and cyclohexyl-containing
triamines, 12 and 13 as their HCI salts.

In prior work, tosylate 20c was converted in two steps
to 4.2 Using a similar method shown in Scheme 4, the
crude tosylates 20a,b,d (where a—d are defined in
Scheme 2) were reacted with excess putrescine 1 to form
adducts, which were treated with 4 N HCI to give the
desired triamines 6—8 as their trihydrochloride salts.
All the target compounds were purified by washing the
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respective HCI salt with absolute ethanol. Compounds
4,9, and 15 were generated in a prior report.3

Biological Evaluation. Three cell lines were chosen
for bioassay. L1210 (mouse leukemia) cells were selected
to enable comparisons with the published 1C5p and K;
values known for a variety of polyamine substrates.5>2°
Chinese hamster ovary (CHO) cells were chosen along
with a polyamine transport deficient mutant cell line
(CHO-MG) in order to comment on selective transport
via the PAT.3414

Inhibition of ODC by DFMO (5a) depletes intra-
cellular polyamine pools and leads to a significant
increase in polyamine uptake.3*35 Therefore, cells, which
are treated with DFMO, should be more susceptible to
the polyamine-vectored conjugates and should provide
lower 1Csp values.34614 ICsq values in L1210 cells with
and without DFMO-treatment were determined. Con-
jugates, which selectively target the PAT, should pro-
vide L1210/(L1210+DFMO) ICs ratios greater than 1.
In fact, prior work in L1210 cells revealed an ap-
proximate doubling of potency of certain triamine
derivatives (50% reduction in ICs value) with DFMO
treatment.

As shown in Table 1, a range of cytotoxicities was
observed, with 4 being the most cytotoxic and the
N-benzyl derivative 6 being the least efficacious. As
expected the controls 14 and 15 gave relatively low
cytotoxicity (and ICsp ratios <1) in both normal and
DFMO-treated L1210 cells (Table 1). Within the ho-
mologous series (4 and 6—8), the N1-naphthylmethyl 7,
N-anthracenylmethyl 4, and N-pyrenylmethyl 8 de-
rivatives had similar cytotoxicity both in the presence
and absence of DFMO. The dramatic reduction in
cytotoxicity for 6 was explained by the observation of
homospermidine (i.e., HaN(CH2)aNH(CH>)4NH;) within
cells treated with 6 (data not shown).

When DFMO-treated cells are depleted of putrescine
and spermidine, homospermidine can support cell
growth.4%a A catabolic process whereby the N-benzyl
group was cleaved via cellular metabolism was observed
by the detection of homospermidine in the HPLC
analysis of perchloric acid extracts of cells treated with
6 using OPA postcolumn derivatization.*%®® Alterna-
tively, the detection of free homospermidine was also
facilitated by conversion to its dansyl derivative (see
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Experimental Section) and measured via mass spectrom-
etry.40¢d Only trace quantities of homospermidine were
detected in L1210 cells treated with 7 and none with 4
or 8.

Similar findings were reported by Delcros and co-
workers, who demonstrated the catabolization of N-
benzylspermidine (PhCH;NH(CH2)sNH(CH2)4sNH,) to
form free spermidine 2.40d Other N-dealkylations have
been reported by Bergeron et al. in their study of NI-
propylpolyamines.® For example, the N!,N7-dipropyl-3,3-
triamine and NZ,N8-dipropyl-4,4-triamine derivatives
were converted to their corresponding monopropyl
derivatives in 40% and 12%, respectively. The current
findings with 6, 7, 4, and 8 suggest a possible size
limitation for the N dealkylating enzyme in terms of
its inability to process the larger N'-substituents.

Previous studies revealed the similar ICsy values of
the Ant-(4,4)-triamine 4 and Ant-(4,3)-triamine 9 de-
rivatives in L1210 cells.® Comparison of 9—12 provided
additional insights. Exchange of the internal nitrogen
with a CH; group (10) or hydroxylation of the methylene
chain (12) gave higher ICso values than found with the
parent system 9. Introduction of the polyether chain (11)
in lieu of the methylene chain present in 10 resulted in
a conjugate with lower toxicity and low affinity for the
PAT (K value: 90 uM). Not surprisingly, the cyclohexyl
derivative 13 had a similar profile as its parent 4 in
L1210 cells (with and without DFMO treatment). Over-
all, DFMO treatment gave little to no enhancement of
cytotoxicity for most systems studied with the exception
of 4 and 9.

The K; value is a measure of the affinity of the
polyamine conjugate for the polyamine transporter and

spermidine.®41441 |t should be noted that there are
numerous modes of entry for polyamines into cells and
that each mode may have a different structure—activity
relationship with our synthetic ligands. At present, we
were unable to discreetly measure each of these modes
of import. Therefore, the listed K; values (Table 1) reveal
the overall transporter affinity of each synthetic conju-
gate when all these uptake modes are active in L1210
cells. These collective polyamine uptake modes will be
referred to as the “polyamine transporter” or PAT.

The affinities of substituted amine conjugates (4,
6—15) for the PAT in L1210 cells (i.e., K; values) are
listed in Table 1. As expected the controls 14 and 15
gave high K; values (low PAT affinity) and as mentioned
above no enhancement of toxicity with DFMO treat-
ment. This is consistent with earlier work which showed
that the innate affinity for the L1210 polyamine trans-
porter decreased with decreasing number of nitrogen
centers.* In other words, tetraamines had higher PAT
affinity than triamines, triamines had higher affinity
than diamines, etc. Several of the triamine derivatives
(4, 6—9, 13) demonstrated moderate affinity for PAT (K;
values < 6.2 uM). This feature was shown to be an
important parameter for facile import via the polyamine
transporter. Prior studies had shown that high-affinity
PAT ligands (like N-anthracenylmethyl-tetraamine con-
jugates) were not as potent cytotoxic agents as conju-
gates with moderate PAT affinity (e.g., related tri-
amines).*

Why are some analogues more cytotoxic than others?
One interpretation is that 4 is simply intrinsically more
toxic to the cell than the related controls 14 and 15. This
would assume that the polyamine architecture itself is
toxic to the cell and that different polyamine scaffolds
will have different cytotoxicities. Previous work, how-
ever, demonstrated that unsubstituted polyamines (i.e.
the 4,4-triamine) were not toxic to cells.3440a A more
intriguing answer may lie in how efficiently these
materials recognize the PAT cell-surface receptor and
are transferred into the cell (or to their cellular target).
In light of the differential PAT affinities (K; values)
observed with the unsubstituted polyamines,* the latter
premise seems reasonable. In other words, the polyamine
“message” appears to be required for PAT recognition.
Changes in this message may also lead to differential
import rates (Vmax).4

An assessment of the conjugates’ ability to target the
PAT was conducted in two Chinese hamster ovary
(CHO) cell lines. The CHO-MG cell line is a polyamine-
transport deficient mutant, which was isolated for
growth resistance to MGBG, methylglyoxalbis(guanyl-
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Table 1. Biological Evaluation of Polyamine Derivatives in L1210 Cells?

L1210 L1210+DFMO L1210/(L1210+DFMO) Kj values (uM)
compd (tether) 1Cs0 in uM 1Cs0 in uM I1Csp ratio® L1210 cells
4: Ant (4,4) 0.30 (£0.04) 0.15 (£ 0.10) 2 1.8 (£0.1)
6: benzyl (4,4) 36.3 (£ 8.4) 421.0 (£ 27.1) 0.1 45(+0.8)
7: naphthyl (4,4) 0.50 (+0.03) 0.43 (£ 0.02) 11 3.8 (+£0.5)
8: pyrenyl (4,4) 0.40 (4+0.02) 0.36 (& 0.06) 1.1 2.9 (£0.3)
9: Ant (4,3) 0.4 (+£0.1) 0.20 (£ 0.02) 2 6.2 (+0.6)
10: Ant-(octylene) 3.00 (£ 0.07) 4.60 (+ 0.12) 0.7 13.3 (£1.5)
11: Ant-(diethoxy) 11.30 (+£0.37) 17.00 (+ 0.61) 0.7 90.0 (+4.6)
12: Ant- (4,3-hydroxyamino) 1.50 (£0.08) 2.30 (£ 0.29) 0.7 12.5(£1.2)
13: Ant-(cyclohexyl) 1.00 (£0.16) 0.7 (£0.1) 1.4 3.8 (£0.9)
14: Ant-(butanediamine) 6.30 (+0.26) 9.78 (£ 0.42) 0.7 32.2(+4.3)
15: Ant (N-butyl) 14.6 (+£0.1) 21.9 (£3.6) 0.7 62.3 (£4.2)
a Note: the individual L1210 ICs values are listed in uM and the ratio is dimensionless.
Table 2. Biological Evaluation of Polyamine Derivatives in the CHO-MG and CHO Cell Lines
CHO-MG CHO (CHO-MG/CHO)
compound (tether) 1Cs0 in uM 1Cs0 in uM 1Csp ratio

4: Ant (4,4) 66.7 (£ 4.1) 0.45 (+ 0.10) 148

6: benzyl (4,4) >1000 >1000 NA

7: naphthyl (4,4) >100 0.6 (£0.2) >164

8: pyrenyl (4,4) 15.5 (£2.4) 0.46 (+0.05) 34

9: Ant (4,3) 9.5 (+1.1) 0.4 (+0.1) 24

10: Ant-(octylene) 4.9 (+0.1) 49 (+0.2) 1

11: Ant-(diethoxy) 15.9 (£1.5) 12.6 (+ 0.6) 1.3

12: Ant- (4,3-hydroxyamino) 9.5 (£0.8) 9.1(£0.4) 1

13: Ant-(cyclohexyl) 17.4 (+£2.8) 2.5(+£0.5) 7

14: Ant-(butanediamine) 7.6 (£0.4) 7.7 (+0.5) 1

15: Ant (N-butyl) 11.2 (+£2.3) 10.5 (+ 2.0) 11

hydrazone), using a single-step selection after mutagen-
esis with ethyl methane sulfonate.32 MGBG is a known
substrate for PAT.32 For the purposes of this study, the
CHO-MG cell line represented cells with limited
polyamine transporter activity and provided a measure
of delivery independent of the PAT. In contrast, the
parent CHO cell line represented cell types with active
polyamine transport.3233 Comparison of conjugate toxic-
ity in these two lines provided an important screen to
detect conjugate delivery via the PAT. For example, a
conjugate with high utilization of the transporter would
be very toxic to CHO cells, but less so to CHO-MG
cells.3414

As shown in Table 2, the controls 14 and 15 gave the
same toxicity in both CHO and CHO-MG cells (CHO-
MG/CHO ICsy ratios near 1). The conjugates 10—12 also
gave similar ICso values in both CHO cell lines. As
expected, this suggested that neither of these conjugates
were using the PAT to gain access to the cell and is
consistent with their corresponding low PAT affinity (as
observed in L1210 cells, with the respective K; values
>12.5 uM). The N-benzyl derivative 6 was nontoxic to
both CHO cell lines. The remaining members of the N*-
aryl homologous series, N-naphthylmethyl 7, N-anthra-
cenylmethyl 4, and N-pyrenylmethyl 8, gave similar
cytotoxicities in CHO cells (1Cs0s ~ 0.5 uM). In general,
the more hydrophobic the conjugate (e.g., 8), the more
cytotoxic it was to the PAT-deficient CHO-MG cells. For
example, the pyrene-containing conjugate 8 (ratio: 34)
gave a lower (CHO-MG/CHO) ICsp ratio than 4 (ratio:
148) and 7 (ratio: >164). In addition, the cyclohexyl
derivative 13 is more hydrophobic than 4 and was more
toxic (than 4) in CHO-MG cells. In fact 13 had similar
cytotoxicity as 8 in this cell line. This effect was likely
due to differential transport, wherein the hydrophobic
ligand accessed the cell via a non-PAT-mediated path-
way.

Evaluation of the triamine series in the two CHO cell
lines revealed striking preferences by certain polyamine
architectures for the PAT. Prior findings suggested the
4,4-triamine 4 as an excellent vector as its anthracene
conjugate displayed a nearly 150-fold higher toxicity in
CHO cells over the CHO-MG cell line.’® However, this
study revealed that the selective targeting of cells with
active polyamine transporters can be further enhanced
via the smaller, less hydrophobic naphthylmethyl unit
in 7. Of the series tested, the naphthylmethyl triamine
7 gave the best selectivity profile. In short, 7 had
relatively low toxicity in cells with low PAT activity and
high toxicity in cells with high polyamine transport
activity. Moreover, our findings reiterate that CHO and
CHO-MG ICso comparisons are an excellent way to rank
polyamine vectors and their transport.'* As before?, the
cytotoxicity of the triamines in the CHO lines correlated
nicely with the L1210 ICsp and K; results.

A priori one may have expected that polyamines with
bulky N-substituents would be poor ligands for the
polyamine transporter. However, earlier comparisons
suggested that the bulky N-(arylmethyl) substituent
actually enhances the PAT binding affinity and cyto-
toxicity of the polyamine conjugate in vitro.* Although
aromatic substituents seem to impart higher affinity for
cell-surface receptors, there are limitations. As seen
with 8 if the arene unit is too hydrophobic then the
selectivity for the polyamine transporter is diminished
(Table 2). Using deconvolution microscopy, conjugates
such as 4 with high cytotoxicity had a high qualitative
rate of import. By comparison a related anthracene
tetraamine conjugate with lower cytotoxicity was less
internalized during the same time period. These pre-
liminary findings suggested that the differential cyto-
toxicities could be explained by different rates of trans-
port into the cell.* Collectively, these observations
further support the ability of certain cell types to
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Figure 4. Deconvolution microscopy images of detached A375 cells treated with 4 (Panels 1—3). Panel 1 (3 min),* Panel 2 (10
min), and Panel 3 (60 min) represent cells incubated with 4, for the respective time period, at 10 xM, then washed with buffer

and fixed with paraformaldehyde.

recognize the conjugates via their polyamine motifs and
N*-substituents.

To further address this issue, we conducted a time-
course microscopy study to observe the delivery profile
of 4 into A375 melanoma cells. Melanoma cells were
chosen due to their large size and susceptibility to
polyamine analogues.*%2 A375 cells were incubated with
conjugate 4 (at 10 uM) for 3, 10, and 60 min time
intervals. A series of optical “slices” of the resultant cells
were obtained, and one slice was chosen to best repre-
sent the sample overall. The UV spectra of the an-
thracene conjugates suggest a consistent Amax Near 364
nm and an emission maxima near 417 nm. Therefore,
the anthracene component was easily tracked via its
diagnostic fluorescence properties and selected images
from the time-course study are shown in white/gold in
Figure 4. The relative levels of fluorescence inside the
cell (at early and late times) confirmed the expected
time-dependent transport phenomenon. Panel 1 in
Figure 4 revealed that the triamine conjugate 4 rapidly
accessed the cell as evidenced by the large number of
fluorescent vesicles inside the cell after a three minute
exposure of cells to 4.4

The samples were washed before they were fixed with
paraformaldehyde and imaged by deconvolution micros-
copy. Prior studies showed that both the surface-bound
and unbound triamine were efficiently washed away
from the cell surface in the workup step.* The limited
amount of triamine bound to the cell surface is con-
sistent with the lower binding affinity of this probe to
PAT (Table 2) and presumably other membrane recep-
tors.* Conversely, high affinity tetraamine ligands (e.g.,
L1210 K; values in the nM range) were shown to bind
irreversibly to the membrane and gave large amounts
of conjugate still bound to the cell surface after a buffer
wash.* The lower cytotoxicity of the higher affinity
tetraamine systems was rationalized by their indis-
criminate binding to numerous cell surface receptors
which likely result in dramatic changes in membrane
fluidity and transport (e.g., endocytosis).*

The findings were also consistent with a model
proposed by Cullis and Poulin.62:3043 First, polyamines
bind to a surface receptor, which results in membrane
envagination (endocytosis) to create polyamine-rich
vesicles inside the cell. The derivative may then be
exported out of this vesicle to a particular cellular

compartment via a cationic symporter.3° Indeed, panel
1 in Figure 4, seems to have captured this endocytosis
event in action. Using the same model, to exit the vesicle
(via the putative cationic symporter), the conjugate must
dissociate from its vesicular PAT receptor. Since tri-
amines have moderate binding affinities they should be
able to dissociate from the internalized PAT receptor
to exert their toxic effect. Panel 2 (at 10 min) revealed
an increase in the number and size of the internalized
vesicles. Inspection of Panel 3 (at 60 min) in Figure 4
suggests that at latter times the conjugate 4 has escaped
the initially formed vesicles seen in Panel 1 and is
delivered throughout the cell. To the best of our knowl-
edge, this is the first time-course study of a polyamine
import process using a fluorescent, bioactive-marker.

A polyamine transporter gene has not yet been
identified in mammalian cells. In fact, little is known
about the structural aspects of the polyamine trans-
porter (PAT) itself. Proteoglycans may play a role in
polyamine transport.** Proteoglycans are composed of
glycosaminoglycan chains covalently linked to protein
and expression of cell-surface proteoglycans are required
for the binding of many extracellular substrates.*4
Indeed, inhibition of polyamine biosynthesis with DFMO
resulted in an increase of cell-associated proteoglycans
exhibiting higher affinity for spermine in a human lung
fibroblast study.** The data indicated a specific role for
heparan sulfate proteoglycans (HSPG) in the uptake of
spermine by fibroblasts. These provocative results sug-
gest that proteoglycan-mediated polyamine transport
may play an important role in future drug delivery
strategies.*>4¢ The current report also provides new
fluorescent probes needed to evaluate these interesting
new pathways.

In summary, the polyamine transporter is capable of
distinguishing between systems, which have the same
overall length, but a different separation of point
charges and N!-substituents.3426-29 The current study
identified hydrophobicity (and possible size) limitations
of the appended arenyl unit, which influence the selec-
tivity profile of the polyamine conjugate. Conjugates
containing the presence of a 4,4-triamine sequence,
moderate PAT affinity (K; values near 1 uM), moderate
hydrophobicity (e.g., 4 or 7), and high (CHO-MG/CHO)
ICso ratios were shown to target cells via the PAT
pathway with high specificity.
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Conclusions

A series of Nl-substituted polyamines containing
different spacer units between nitrogen centers was
synthesized. DFMO-treated L1210 cells were not overly
sensitive to most of the conjugates evaluated with the
exception of 4 and 9. A survey of different polyamine
vectors revealed that the respective 4,4-triamine system
had high selectivity for CHO cells containing active
polyamine transporters. Optimal use of this transporter
seems to require a balance between PAT binding affin-
ity, conjugate internalization via vesicles, and escape
to the cellular target.

In summary, selective vector motifs were identified,
which enable cellular entry via the polyamine trans-
porter (PAT). Since many cancer cell lines have high
PAT activity, especially when dosed with DFMO,3* these
results further illustrate a novel anticancer strategy.

Experimental Section

Materials. Silica gel (32—63 um) and chemical reagents
were purchased from commercial sources and used without
further purification. All solvents were distilled prior to use.
1H and *C NMR spectra were recorded at 300 and 75 MHz,
respectively. TLC solvent systems are based on volume %, and
NH,OH refers to concentrated agqueous NH,OH. Elemental
analyses were performed by Atlantic Microlabs (Norcross, GA).
High-resolution mass spectrometry was performed by Dr.
David Powell at the University of Florida Mass Spectrometry
facility.

Biological Studies. Murine leukemia cells (L1210), CHO,
and CHO-MG cells were grown in RPMI medium (Eurobio,
Les Ulis, France) supplemented with 10% fetal calf serum, 2
mM glutamine (2 mM), penicillin (100U/mL), and streptomycin
(50 ug/mL) (BioMerieux, Marcyl’Etoile, France). L-Proline (2
ug/mL) was added to the culture medium for CHO-MG cells.
Cells were grown at 37 °C under a humidified 5% CO;
atmosphere. Aminoguanidine (2 mM) was added to the culture
medium to prevent oxidation of the drugs by the enzyme
(bovine serum amine oxidase) present in calf serum. Trypan
blue staining was used to determine cell viability before the
initiation of a cytotoxicity experiment. Typically, samples
contain less than 5% trypan blue positive cells (dead). For
example, L1210 cells in early to mid log-phase were used.

1Cso Determinations. Cell growth was assayed in sterile
96-well microtiter plates (Becton-Dickinson, Oxnard, CA).
L1210 cells were seeded at 5 x 10* cells/mL of medium (100
uL/well). Single CHO and CHO-MG cells, harvested by
trypsinization were plated at 2 x 103 cells/mL. Drug solutions
(5 uL per well) of appropriate concentration were added at the
time of seeding for L1210 cells and after an overnight incuba-
tion for CHO and CHO-MG cells. In some experiments DFMO
(5 mM) was added in the culture medium at the time of drug
addition. After exposure to the drug for 48 h, cell growth was
determined by measuring formazan formation from 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium using a Titertek
Multiskan MCC/340 microplate reader (Labsystems, Cergy-
Pontoise, France) for absorbance (540 nm) measurements.*’

Ki Procedure. The ability of the conjugates to interact with
the polyamine transport system were determined by measur-
ing competition by the conjugates against radiolabeled sper-
midine uptake in L1210 cells. This procedure was used to
obtain the data listed in Table 1. Initially, the K., value of
spermidine transport was determined in a reaction volume of
600 uL of Hanks's balanced salt solution (HBSS) containing 3
x 108 cells/mL in the presence of 0.5, 1, 2, 4, 6, and 8 uM [**C]-
spermidine. The cell suspensions were incubated at 37 °C for
10 min. The reaction was stopped by adding 3 mL ice-cold
phosphate-buffered saline (PBS). The tubes were centrifuged,
and the supernatant was removed. The cell pellets were then
washed twice with ice-cold PBS, and the supernatant was
removed. The pellet was broken by sonication in 500 «L of 0.1%
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Triton in distilled water. Two hundred microliters of the cell
lysate was transferred in a 5 mL scintillation vial containing
3 mL of Pico-Fluorl5. The respective radioactivity of each
sample was measured using a scintillation counter. The Ky,
value of spermidine transport was determined by Lineweaver—
Burke analysis as described.*®

The ability of conjugates to compete for [**C]spermidine
uptake were determined in L1210 cells by a 10-min uptake
assay in the presence of increasing concentrations of competi-
tor, using 1 uM [**C]spermidine as substrate. K; values for
inhibition of spermidine uptake were determined using the
Cheng—Prusoff equation** from the ICso value derived by
iterative curve fitting of the sigmoidal equation describing the
velocity of spermidine uptake in the presence of the respective
competitor.34° Cell lines (murine leukemic L1210 cells) were
grown and maintained according to established procedures.”#?
Cells were washed twice in HBSS prior to the transport assay.

Deconvolution Microscopy. The microscope system in-
cluded an Applied Precision (Issaquah, WA) Deltavision
system equipped with a Nikon Eclipse TE200 inverted micro-
scope. Image deconvolution was performed using Applied
Precision SoftWorX software. Detached melanoma A375 cells®
were incubated with 4 (10 «M) at 37 °C for the respective time
interval in a culture medium containing 10% fetal bovine
serum in RPMI-1640 media containing phenol red and an
antibiotic cocktail. The cells were then washed with fresh
phosphate-buffered saline (PBS) and centrifuged, and the
supernatant was removed. The cellular pellet was resuspended
in fresh PBS, fixed with paraformaldehyde, and placed onto a
microscope slide and imaged by the deconvolution microscope.
This technique provides an image of the entire cell by using
software to overlay a series of planar images (or slices) to give
a stacked translucent view of the entire cell. The lightest
regions in Figure 4 contain the highest concentration of the
fluorescent conjugate.

General Procedure for Imine Formation. To a stirred
solution of amine derivative (12 mmol) in 25% MeOH/CH.CIl,
(10 mL), was added a solution of 9-anthraldehyde (10 mmol)
in 25% MeOH/CHCI; (10 mL) under N,. The mixture was
stirred at room-temperature overnight until the imine forma-
tion was complete (monitored by TLC). The solvent was
evaporated under vacuum to give the crude imine 18 as a
bright green solid, which was used for reduction without
further purification.

General Procedure for the Reduction of Imines.
NaBH, (30 mmol) was added in small portions to the solution
of crude imine in 1:1 CH3zOH :CH,CI, (20 mL) at 0 °C. The
mixture was stirred at room-temperature overnight, then
concentrated under vacuum. The residue was dissolved in
CH,CI; (50 mL) and washed three times with 50 mL of aqueous
Na,COs (pH = 10). The organic layer was separated, dried over
anhydrous Na,SOy,, filtered, and concentrated under vacuum.
The residue was purified by flash chromatography on silica
gel to provide the secondary amines, which were immediately
converted to their HCI salts (see General Procedure for the
HCI Salt Formation).

General Procedure for N-Boc Protection and Tosyl-
ation. Note: During the synthesis of starting N*-BOC diamino-
octane (17a) the molar ratio of 1,8-diaminooctane to Boc,O was
3:1. The other BOC reactions were performed in the following
molar ratios.

N-Boc Introduction. As an example, a solution of the
respective secondary amine 19 (5 mmol) in triethylamine—
methanol (1:9 V/V, 20 mL) was stirred at 0 °C for 10 min, then
a solution of di-tert -butyl dicarbonate (7.5 mmol) in methanol
(5 mL) was added dropwise over 10 min. The mixture was
stirred for an additional 1 h at 0 °C. The temperature was
allowed to gradually rise to room temperature, and the
reaction was stirred overnight. The mixture was evaporated
under reduced pressure. The residue was dissolved in CHCl,
and washed with deionized water several times. The organic
layer was separated, dried with anhydrous Na,SO,, filtered,
and concentrated. The residue could be purified by flash
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column chromatography on silica gel (to give >84% yield)? or
be used in the next step without further purification.
O-Tosylation (Preparation of 20). A solution of the N-Boc
protected alcohol (5 mmol) in dry pyridine (20 mL) was stirred
at 0 °C for 10 min. p-Toluenesulfonyl chloride (TsClI, 7.5 mmol)
was added in small portions over 30 min. The mixture was
stirred for an additional 1 h at 0 °C, then the reaction flask
was placed in a refrigerator (0—5 °C) overnight. The mixture
was poured into 200 mL of ice—water, and a viscous liquid
typically precipitated. After the upper water layer was de-
canted, the remaining viscous liquid was dissolved in meth-
ylene chloride and washed with deionized water several times.
These steps avoided an emulsion during the extraction workup.
The organic layer was separated, dried with anhydrous
Na,SO,, filtered, and concentrated. The residue could be
purified by flash column chromatography on silica gel (to give
50—88% yields)® or be used in the next step without further
purification.34
General Procedure for the Substitution of the Tosyl-
ated Compounds with Different Diamines. The crude
tosylate 20 (1 mmol) and the respective diamine (5 mmol) were
dissolved in acetonitrile (10 mL) and stirred at 75 °C under
N, overnight. After disappearance of the tosylate was con-
firmed by TLC, the solution was concentrated under reduced
pressure. The residue was dissolved in CH,Cl, (20 mL) and
washed three times with saturated aqueous sodium carbonate.
The organic layer was separated, dried with anhydrous sodium
sulfate, filtered, and concentrated under vacuum. The residue
was purified by flash column chromatography on silica gel.
The purified products were isolated in good yields (60—75%)
and converted to their HCI salts as described below.
General Procedure for the HCI Salt Formation (Prepa-
ration of 4 and 6—15). The respective amine or N-Boc
protected amine (0.5 mmol) was dissolved in EtOH (5 mL) and
stirred at 0 °C for 10 min. 4 N HCI (8 mL) was added dropwise
at 0 °C. The reaction mixture was stirred at room-temperature
overnight. The solution was concentrated under reduced
pressure below 40 °C and typically gave a bright yellow solid
as a precipitate. The solids were washed several times with
absolute ethanol and dried under vacuum to give the pure
target compounds (4 and 6—15). The yields were typically
>70%.
Note: Compounds 4, 9, and 15 were synthesized in a
previous report.?
N-(4-Amino-butyl)-N'-benzene-1-ylmethyl-butane-1,4-
diamine Trihydrochloride (6). White solid; yield 73%. 'H
NMR (300 MHz, DMSO+D;0): 6 7.47 (br s, 2H), 7.41 (br s,
3H), 4.09 (s, 2H), 2.88 (br s, 6H), 2.78 (br s, 2H), 1.63 (br s,
8H). 13C NMR (D0): 130.7, 129.9 (2C), 129.8, 129.4 (2C), 51.3,
47.13, 47.07, 46.5, 39.0, 24.2, 23.1, 23.0 (2C); HRMS (FAB):
calcd for CisHzsNs (M + H — 3HCI)*™: 250.2283; found:
250.2268. Anal. (C15H3(]C|3N3) C, H, N.
N-(4-Amino-butyl)-N'-naphthalen-1-ylmethyl-butane-
1,4-diamine Trihydrochloride (7). White solid; yield 80%.
1H NMR (300 MHz, D,0): ¢ 8.03 (brs, 1H), 7.96 (brs, 2H), 7.59
(brs, 2H), 7.53 (brs, 1H), 7.51 (brs, 1H), 4.68 (s, 2H), 3.14 (t,
2H), 2.99 (m, 6H), 1.67 (brs, 8). 13C NMR (D,0): 132.9, 130.2,
129.9,128.8, 128.5, 126.8, 126.0, 125.8, 125.0, 121.9, 47.4, 46.5,
46.4, 46.3, 38.4, 23.5, 22.5, 22.4 (2C); HRMS(FAB): calcd for
Ci19H30N3 (M + H — 3HCI)*: 300.2440; found: 300.2431. Anal.
(C19H32CI3N3-0.57H,0) C, H, N.
N-(4-Amino-butyl)-N'-pyren-1-ylmethyl-butane-1,4-di-
amine Trihydrochloride (8). White solid; yield 94%. 'H
NMR (300 MHz, D,0): ¢ 8.1~7.6 (m, 9H), 4.46 (s, 2H), 3.04
(m, 2H), 2.92 (m, 6H), 1.63 (br s, 8H). **C NMR (D;0): ¢ 131.3,
130.4, 129.7, 128.4, 128.2, 127.9, 126.9, 126.3, 125.7, 125.6,
124.53,124.51,123.1, 122.9, 122.5, 120.9, 47.9, 47.0, 46.9, 46.6,
39.0, 24.1, 23.0, 22.9 (2C). HRMS (FAB): calcd for CsH3ziN3
(M + H — 3HCI)*: 374.2596; found: 374.2594. Anal. (CzsHa4-
CI3N3-1.2H,0) C, H, N.
N*-Anthracen-9-ylmethyl-octane-1,8-diamine Dihydro-
chloride (10). Yellow solid; yield 89%; *H NMR (300 MHz,
CD;OD) ¢ 8.69 (s, 1H), 8.40 (d, 2H), 8.15 (d, 2H), 7.70 (t, 2H),
7.59 (t, 2H), 5.32 (s, 2H), 3.30 (br s, 2H), 2.92 (t 2H), 1.82 (m,
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2H), 1.63 (m, 2H), 1.42 (br s, 8H); **C NMR (D20): ¢ 130.6,
130.3, 130.0, 129.4, 127.6, 125.5, 122.4, 120.5, 47.8, 42.3, 39.7,
28.2, 28.1, 26.9, 25.9, 25.7, 25.4; HRMS (FAB) m/z calcd for
C23Hz1N2 (M + H — 2HCI)*": 335.2487; found: 335.2489. Anal.
(C23H32Cl2NR) C, H, N.

{8-[(Anthracen-9-ylmethyl)-amino]-octyl}-carbamic acid
tert-butyl Ester (10a). The secondary amine precursor to 10
was also isolated after NaBH, reduction. 10a: yellow viscous
liquid; yield 84%; R¢ = 0.24, methanol/chloroform, 1:99; H
NMR (300 MHz, CDCls) 6 8.40 (s, 1H), 8.36 (d, 2H), 8.00 (d,
2H), 7.53 (t, 2H), 7.46 (t, 2H), 4.72 (s, 2H), 4.50 (br s, 1H,
BocNH), 3.08 (m, 2H), 2.84 (t, 2H), 1.60 (m, 2H), 1.42 (br s,
10H), 1.28 (br s, 9H); *3C NMR: ¢ 155.7, 131.6, 131.3, 130.0,
128.9, 126.9, 125.9, 124.7, 123.9, 78.9, 50.5, 45.7, 40.6, 30.0
(2C), 29.4, 29.2, 28.4, 27.3, 26.7; HRMS (FAB) m/z calcd for
C2sH39N20, (M + H)*: 435.3012; found: 435.3048. Anal.
(C28H3sN20,-0.15H,0) C, H, N.

2-(2{2-[(Anthracen-9-yImethyl)-amino]-ethoxy}-ethoxy)-
ethylamine Dihydrochloride (11). Bright yellow solid; yield
81%; *H NMR (300 MHz, DMSO-ds +D,0) 6 8.80 (s, 1H), 8.40
(d, 2H), 8.20 (d, 2H), 7.68 (t, 2H), 7.60 (t, 2H), 5.24 (s, 2H),
3.82 (t, 2H), 3.66 (m, 4H), 3.60 (t, 2H), 3.40 (t, 2H), 2.96 (t,
2H); 3C NMR(D20): 6 130.8, 130.5, 130.1, 129.5, 127.7, 125.6,
122.5, 120.5, 69.8 (2C), 66.6, 65.1, 47.0, 42.5, 39.2. HRMS
(FAB) m/z calcd for: Cy1H27N202 (M + H-2HCI)*: 339.2073;
found: 339.2074. Anal. (C21Hng|2N202) C, H, N.

1-Amino-3-{4-[(anthracen-9-ylmethyl)-amino]-butyl-
amino}-propan-2-ol Trihydrochloride (12). Bright yellow
solid, yield 95%. *H NMR (DMSO-ds+D,0): ¢ 8.80 (s, 1H),
8.42 (d, 2H), 8.20 (d, 2H), 7.68 (t, 2H), 7.60 (t, 2H), 5.22 (s,
2H), 4.20(m, 1H), 3.28 (t, 2H), 3.1~2.80 (m, 6H), 1.78 (brs, 4H).
3C NMR (D;0): 6 130.6, 130.4, 130.0, 129.5, 127.7, 125.5,
122.5,120.3, 63.8,50.1, 47.3, 47.2,42.8, 42.4, 23.0, 22.9. HRMS
(FAB): calcd for CxH3zN3;O (M + H-3HCI)*: 352.2389;
found: 352.2381. Anal. (C22H32C|3N30'0.4H20) C, H, N.

N-{4-[(Anthracen-9-yImethyl)-amino]-butyl}-cyclohex-
ane-1,4-diamine Trihydrochloride (13) . Bright yellow
solid, yield 95%. 'H NMR (CDsOD): d 8.68 (s, 1H), 8.41 (d,
2H), 8.17 (d, 2H), 7.68 (t, 2H), 7.57 (t, 2H), 5.34 (s, 2H), 3.40
(m, 2H), 3.16 (m, 4H), 2.26(m, 2H), 2.20(m, 2H), 1.90(m, 4H),
1.60(m, 4H); 13C NMR(D.O): ¢ 130.7, 130.4, 130.1, 129.5,
127.7,125.5,122.5,120.3,55.4, 48.7,47.1, 44.3, 42.8, 28.2, 26.8,
23.3, 23.0. HRMS (FAB): calcd for CzsH34N3 (M + H-3HCI)*:
376.2753; found: 376.2747. Anal. (C2sH36ClsN3+1.0H,0) C, H,
N.

Ni-Anthracen-9-ylmethyl-butane-1,4-diamine Dihy-
drochloride (14). Yellow solid; yield 21%; R = 0.11, methanol/
chloroform, 1:20 + 3 drops of NH,OH); 'H NMR (300 MHz,
D,0): ¢ 8.55 (br s, 1H), 8.15 (d, 2H), 8.08 (d, 2H), 7.66 (m,
4H), 5.08 (br s, 2H), 3.25 (t, 2H), 3.0 (t, 2H), 1.76 (m, 4H); 13C
NMR (D,0O): 6 130.6, 130.3, 129.9, 129.4, 127.6, 125.4, 122.4,
120.2, 47.2, 42.7, 38.6, 24.2, 22.9; ESI-MS m/z calcd for
C19H23N2 (M + H): 2792, found: 279.2. Anal. (C19H24N2C|2,‘
0.2H,0) C, H, N.

Ni-Anthracen-9-ylmethyl-butylamine monohydrochlo-
ride (15) was synthesized in a previous report.?

(8-Amino-octyl)-carbamic Acid tert-butyl Ester (17a).
white solid; yield 78%; R = 0.33, methanol/chloroform, 1:9;
H NMR (300 MHz, CDCls) ¢ 4.50 (br s, 1H, BocNH), 3.18 (m,
2H), 2.65 (t, 2H), 1.42 (br s, 12H), 1.36 (br s, 9H); *C NMR:
0 155.7,78.9, 42.1, 40.5, 33.7, 30.0, 29.3, 29.2, 28.4 (3C), 26.8,
26.7; HRMS (FAB) m/z calcd for CisHzoN,O, (M + H)*:
245.2229; found: 245.2235.

4-(N-Benzylamino)-butan-1-ol (19a). Pale yellow liquid;
yield 89%; Ry = 0.34, methanol/chloroform, 1:4); *H NMR (300
MHz, CDCls) 6 7.29 (brs, 5H), 3.77 (s, 2H), 3.59 (t, 2H), 2.68
(t, 2H), 1.65 (brs, 4H); 3C NMR: 6 138.8, 128.4 (2C), 128.1
(2C), 127.1, 62.5, 53.7, 49.1, 32.4, 28.5; HRMS (FAB) m/z calcd
for C;1H1sNO(M + H)*: 180.1388; found: 180.1389. Anal.
(C11H17NO-0.25H,0) C, H, N.

N-(Naphthalen-1-ylmethyl)-4-amino-butan-1-ol (19b).
Dark yellow liquid; yield 93.6%; Rt = 0.54, methanol/
chloroform, 1:4); 'H NMR (300 MHz, CDCls) ¢ 8.02 (d, 1H),
7.85 (d, 1H), 7.76 (d, 1H), 7.47 (m, 4H), 4.23 (s, 2H), 3.58 (t,
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2H), 2.79 (t, 2H), 2.51 (brs, 2H), 1.68 (brs, 4H); *C NMR: 6
134.5, 133.6, 131.3, 128.6, 127.8, 126.2, 126.1, 125.5, 125.2,
122.9,62.4,51.0, 49.6, 32.1, 28.3; HRMS m/z calcd for CisH1o-
NO(M*): 229.1467; found: 229.1477. Anal. (C1sH19NO-0.2H,0)
C, H, N.

4-[(Anthracen-9-ylmethyl)-amino]-butan-1-ol (19c).}
Bright yellow solid; yield 81%; R¢ = 0.51, methanol/chloroform,
1:9; *H NMR (300 MHz, CDClz): 6 8.40 (s, 1H), 8.26 (d, 2H),
8.00 (d, 2H), 7.49 (m, 4H), 4.68 (s, 2H), 3.50 (t, 2H), 2.90 (t,
2H), 1.65 (br s, 4H); *C NMR: ¢ 131.7, 130.7, 130.5, 129.5,
127.8, 126.6, 125.3, 124.0, 62.9, 50.6, 45.7, 32.7, 29.1. HRMS
(FAB) m/z calcd for: CigH22NO (M + H)*: 280.1701; found:
280.1679. Anal. (C1gH21NO) C, H, N.

4-[(Pyren-1-yImethyl)-amino]-butan-1-ol (19d). White
solid; yield 94%. 'H NMR (300 MHz, CDCl3): ¢ 8.24 (d, 2H),
8.13 (m, 4H), 7.96 (m, 4H), 4.42 (s, 2H), 3.56 (t, 2H), 2.82 (t,
2H), 1.64 (brs, 4H). 3C NMR (CDClg): 132.4, 131.0, 130.6,
130.5, 128.7, 127.7, 127.2, 127.0 (2C), 125.7, 125.0, 124.9,
124.8, 124.6 (2C), 122.4, 62.6, 51.3, 49.6, 32.3, 28.6. HRMS
(FAB): calcd for CxnH,NOM + H)*: 304.1701; found:
304.1701. Anal. (C2:H2:NO-0.2H,0) C, H, N.
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