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ABSTRACT

Maintenance of intracellular polyamine concentrations necessary for
cell growth and proliferation Is regulated in part by an energy-depeadeat
polyamine uptake system. To obtain information on the characteristics of
the polyamine uptake system in L1210 leukemia cells, we have applied
computatloaal chemistry techniques to the study of relationships between
structure and function of 57 polyamineanalogues.K1valuesof polyamine
analogues,derived from competitive Inhibition of [3Hlsperinldine trans
port into L1210 cells, were chosen as the measure of biological activity.
Using comparative molecular field analysis (CoMFA), a model was con
structed to relate molecular structure with biological activity. The model
was based on 4 monocationlc, 8 dicatlonk, 14 trlcationic, and 20 tetraca
tionic polyamine analogues with a range of K1values for the Inhibition of
[3H]spermidine uptake of 0.97â€”521,xM.The CoMFA model successfully
predicted the inhibitory potency of 11 polyamlnes that had not previously
beentestedfor polyamine uptake Inhibitory activity. The 11 valuespre
dicted were within 33 Â±62% of the actual@ values. The test group
includedaziridinyldiamines,acetylatedspermidines,two newoxazoildi
nonyl spermidines, monoaziridinyl spermidines, and a diaziridinyl sperm
me. Several of the compounds from this test group have been shown to
have anticanceractivity in mice. Consistentwith the CoMFAmodel,
certain basic functional groups, such as aziridines that have pK values In
the rangeof 6â€”7,seemto interactwith the polyamiaetransporterin a
cationic form. The results suggest that the CoMFA model is usefUlin drug
design strategies as a predictive tool for the discovery of new anticancer
agents that utilize a polyamine transporter for cellular uptake.

INTRODUCTION

Polyamines are organic cations found in all living cells. The poly
amine family includes putrescine, spermidine, spermine, and their
monoacetyl derivatives. Although the functions of cellular polyamines

are incompletely understood, it is clear that polyamines have an
important role in cell growth and proliferation (1). Intracellular poly
amines are derived from two main sources. The primary source
involves highly regulated biosynthetic pathways. A second source of
cellular polyamines is uptake of these compounds from extracellular
sources by an active transport system that is distinct from transport
systems for amino acids and other natural constituents (2â€”7).

Polyamines are actively accumulated by a wide variety of animal,
human solid tumor, and leukemia cells (8â€”15).There is evidence for
multiple energy-requiring polyamine transporters in some cell lines
(10, 14), although L1210 cells seem to have one kinetically distinct

transporter (13â€”15).The polyamine transporter system of L1210 cells
accepts as substrates a variety of structurally diverse polyamines.
Porter et aL (15) found that substitution of the primary amine func
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tionalities of spermidine with noncationic groups diminished uptake
activity. They also found that diamine and polyamine analogues with
chain lengths approaching that of spermidine and spermine were
among the best inhibitors of polyamine uptake by L1210 cells (16).
Studies with other uptake inhibitors indicated that N'JV@-dialkyl de
rivatives were better inhibitors than N-acylspermidine derivatives
(17). A similar inhibitory activity profile has been observed for
spermine analogues (18). The best inhibitors of spermidine uptake
were tetraamine analogues with terminal amines having PKa values
above 7 (19). Recently, Bergeron et al. (20) summarized the spermi
dine uptake inhibitory structure-activity relationships of a series of
polyamines that varied in chain length, size of terminal nitrogen
substituents, and symmetry of the methylene backbone. Useful cor
relations were observed between K1 values for spermidine uptake
inhibition by L1210 cells and variations in chain length and terminal
alkyl groups.

Several research groups have incorporated a polyamine moiety into
the structure of a cytotoxic compound as a strategy for using the
polyamine transporter to increase selectively intracellular concentra
tions of cytotoxic agents. Examples of this drug design approach
include nitroimidazole-polyamines (21), chlorambucil-spermidine
combinations (22, 23), monoaziridinylputrescine (24), monoaziridi
nylspermidines (25), diaziridinylspermine (26), and a spermidine
containing cyclophosphazene (27).

An approach to a better understanding of the relationship of the
chemical characteristics of compounds that utilize polyamine trans
porters with their biological activity can be achieved by applying
computational chemistry techniques. CoMFA3 is a three-dimensional,
quantitative, structure-activity relationship method that is based on the
premise that the biological activity of tested molecules is related to the
noncovalent steric and electrostatic fields surrounding them (28). The
magnitudes of steric (Lennard-Jones) and electrostatic (Coulombic)
fields are sampled on a grid that encompasses the local environment
of the molecules under study. The CoMFA approach can be extended
to incorporate quantum mechanically derived properties (29). The
model generated from CoMFA can then be used to predict the bio
logical activity of structurally related compounds. CoMFA has been
useful in characterizing pharmacophores of biologically active com
pounds in which little is known about the receptor site (30, 31). We
have developed a CoMFA model for inhibitors of polyamine transport
and have used that model to predict the potency of spermidine uptake
inhibition by 11 additional compounds.

MATERIALS AND METHODS

Reagents. [3H]Spermidine (15.3 Ci/mmol) was purchased from DuPont
New England Nuclear Research Products. N'- and /V@-Aziridinylspermidine
were synthesized as described previously (25). Spermine tetrahydrochioride,
N'-and A&acetylspermidine dihydrochloride, and spermidine trihydrochloride
were purchased from Sigma Chemical Co. (St. Louis, MO). 1,12-Diaziridinyl

3 The abbreviations used are: CoMFA, comparative molecular field analysis; MS. mass

spectrometry.
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Table I CoMFAof 46 polvamineanaloguesâ€•Fields

included in CoMFA studiesOptimum
no. of

componentsr2Cross-validatedr'@Steric

andelectrostatic50.910.66Steric
alone30.850.64Electrostatic
alone10.620.58Free

energy of solvationalone0.59â€”â€œSteric
and free energy ofsolvation30.800.66CoMFA

with randomized K.using20.350.003both
steric and electrostatic

STRUCTURE-FUNCTIONOF POLYAMINE TRANSPORTER INHIBITORS

makes the assignment of a global energy minimum difficult. Therefore, all

optimizations were initiated with the hydrocarbon backbones partially con
strained in all-trans conformations. The dihedral angle defining the nitrogen

atoms in the polyamine backbone was left free to be optimized.
To determine the preferred conformation of aziridine groups in relation to

the alkyl chain, energy surfaces were obtained consisting of energy versus
dihedral angles defined by the last two carbons of the polyamine chain, the
aziridine nitrogen, and one of the aziridine carbons. A group consisting of 12
starting structures was generated by fixing the dihedral angle at 30-degree
intervals from 0â€”330 degrees. The lowest energy conformer had a dihedral

angle of approximately 30 degrees. Using this approach, the piperidine rings in
analogues 50 and 5 1 (see Fig. 4) were found to rest in chair conformations.

Amino groups with P1@'avalues above 8 were considered to be fully proto
nated, and the positively charged group was used for calculation purposes.
Examples of amino groups that were protonated include primary, secondary,
and tertiary alkylamines. When the PKa of the functional group was less than
P1'@'a5, the group was entered into the calculations as the uncharged species.
Groups in this category include amide, t-butoxycarbonylamino, cyano, and

oxazolidinonylgroups.In the instancesin which theaminePKavaluesfell in
the range of PKa 57, both charged and uncharged structures were included

separately in the calculations. Examples of compounds with functional groups
with PKa values in the range of 5â€”7include the trifluoroethylamine compound

15, aziridine compounds 52â€”55 and 60â€”62, and pyridine compounds 16 and

17.

CoMFA was performed as described previously (28) using the SYBYL
(Tripos) software package on a Silicon Graphics workstation. Briefly, CoMFA
in the present study was performed by aligning all of the molecules in the

training set (see the next paragraph) and placing them in a grid. For each
individual molecule, a probe atom was placed at each grid point, and the

electrostatic and steric energies at all the points were calculated. Once all of the

grids had been mapped for the individual molecules, a least-squares approach

was applied to all of the molecular grids simultaneously to determine regions

on the grid that consistently had certain electrostatic and/or steric properties.
These regions were then used to predict the activity of the molecules in the

training set from which a correlation coefficient and/or cross-validation cor
relation coefficient was obtained, the latter by using a procedure developed for

CoMFA studies (28). Activities of novel compounds not included in the
training set can be predicted by aligning the compound and seeing how well
that molecule reproduces the average electrostatic and steric grid developed
from the training set. The electrostatic and steric grids from the training set
may also be examined to understand regions around the molecules that favor

particular electrostatic or steric properties. CoMFA studies may also be per
formed by omitting either the steric or electrostatic fields or by including
additional descriptors, such as the free energy of solvation of the compounds

(see Table 1).
Partial charges for the CoMFA analysis were those provided by the AM1

calculations. Van der Waal radii were from the SYBYL force field. Alignment

rules for this series of compounds were applied using the FIT atom option of

SYBYL. Alignment of the compounds was performed based on a secondary or
tertiary amino nitrogen and the adjacent two carbon atoms on both sides of the
selected amino group. For compounds containing more than one secondary

aminogroup,whichincludescompounds33â€”35and45, thegroupchosenfor
alignment was the secondary or tertiary nitrogen adjacent to the nitrogen on the

less-substituted terminus. The secondary or tertiary nitrogen was aligned with
the N-4 position of spermine (compound 32). For the N-4- and N-S-substituted

4,9-diazadodecane was prepared by the reductive alkylation of putrescine with
3-azirtdinylpropanal (26). N-(4-Aminobutyl)aziridine, N-(5-aminopentyl)aziri
dine, and N-(6-aminohexyl)aziridine were synthesized as described previously
(32). All reagents for organic synthesis were obtained from Aldrich Chemical

Co. (Milwaukee, WI). Estimations of pKa values of aziridine functional groups
were determined by potentiometric titration against standardized HC1 solutions

(33).
3-[3-(4-Aminobutylamino)propyll-2-oxazolidinone (Compound 58). A

mixture of l-(3-chloropropyl)-2-oxazolidinone (Ref. 34; 1.08 g, 6.63 mmol)
and 1,4-diaminobutane (1.17 g, 13.3 mmol) was stirred at 30â€”35Â°Cfor 12 h.
The product was purified by flash chromatography (silica gel and CHC13:
methanol:NH4OH,7:3:0.3) to afford 0.77 g (54% yield) of compound 58 as an
oil: â€˜HNMR (CDC13) & 1.38â€”1.45 (m, 4H) ppm; 1.75 (m, 2H) ppm

2.56â€”2.78(m, 6H) ppm; 3.34 (m, 2H) ppm; 3.60 (m, 2H) ppm; and 4.33 (m,
2H) ppm; MS, m/z 215 (M@).

3-[4-(3-Aminopropylamino)butylj-2-oxazolidinone (Compound 59).
l-(4-Chlorobutyl)-2-oxazolidinone(Ref. 34; 1.30 g, 7.34 mmol)wascon
densed with 1,3-diaminopropane(0.81 g, 10.9mmol) and worked up following
the same method used for the synthesis of compound 58 to give compound 59
in 59% yield: H NMR (CDC13) @,1.40â€”1.48(m, 4H) ppm; 1.75(m, 2H) ppm;
2.50â€”2.71 (m, 6H) ppm; 3.25 (m, 2H) ppm; 3.67 (m, 2H) ppm; and 4.40 (m,

2H) ppm; MS. m/z 215 (M@).
Cells and Cell Culture. L1210 murine lymphoblastic leukemic cells used

for accumulation studies were maintained in vitro by serial culture twice
weekly in RPM! 1640 (Sigma Chemical Co.) containing penicillin (50 units/
ml), streptomycin (50 @g/ml),L-glutamine (2 p@mol/ml),and 10% fetal bovine
serum (Biofluids, Rockville, MD). Cells were maintained at 37Â°Cin an
atmosphere of 5% CO2. 95% air, and 95% humidity. Under these conditions,
the cell population had a doubling time of approximately 14â€”18h and
achieved a maximum cell density of 1.5â€”2.0X 106cells/ml. On the day before
initiation of an experiment, cell cultures in logarithmic growth were diluted 1:3

with fresh medium.
[3HjSpermidine Accumulation. Initial studies verified the linearity with

time of [3H]spermidineaccumulation. All reagents were prewarmed to 37Â°C.
Ll210 cells were washed twice with PBS [153 mMNaC1and 1.7 m@iKH2PO4
(pH 7.2)]. In prewarmed l.7-ml Eppendorf microfuge tubes, groups of I X iO@
cells/ml were allowed to incubate with a fixed concentration (0.2 @M,I p@M,or
10 ELM)of [3H]spermidine (440 dpm/pmol) for up to 20 mm. At specified
times, each 1 ml of cell suspension was transferred to a second microfuge tube
that contained 0.4 ml of SF 1250 silicone fluid (generously provided by the
Silicone Products Division, General Electric Co.), and the tubes were centri
fuged at 13,000 x g for 5 mm in a Beckman microfuge 12 (35). Medium,
containing the drugs and radioactivity, and the underlying silicone fluid layer
were removed by aspiration, and the tube walls were carefully wiped dry with
a cotton-tipped applicator. NCS tissue solubilizer (Amersham; 0.3 ml) was
added to the pellet at the bottom of the tube, and the tubes were vortexed and
incubated overnight at 37Â°C to liberate intracellular 3H. The contents of each

microfuge tube were then transferred into a 20-ml scintillation vial by two

0.2-mi washes of glacial acetic acid followed by the addition of 5.0 ml of
scintillationmixture (ReadySafe,Beckman).3Hwascountedon a Beckman
LS6000 liquid scintillation counter.

Competitionexperimentswere startedby addingto l.7-ml Eppendorf
microfuge tubes three components: 0.25 ml of [3H]spermidine (440 dpm/
pmol), 0.25 ml of the desired competitor concentration, and 0.5 ml of a 2 X I0@
cells/ml suspension of Ll2lO cells. The total volume of 1 ml was allowed to
incubate for 10 mm in a 37Â°Cwater bath. Cells were harvested as described
above. K values were initially estimated from Lineweaver-Burk plots
(Km 8.8 pM; Vmax 86.1 pmollmg/min) of at least two inhibitor concen
trations. The K, value reported was determined from the inhibitor concentration

closest to the K1concentration.
Computational Methods. Optimized structures and partial atomic charges

were obtained using semiempirical calculations at the AM1level of theory (36)
with the program AMSOL (37, 38). Calculations were begun with structures
drawn in an all-trans conformation. Free energies of solvation were calculated
using the SM2-AMI model on the gas phase-minimized conformations and
taking the difference between the total SM2-AMI and AMI gas phase ener

gies.

Because polyamines are characterized as consisting of highly flexible

chains, the occurrence of multiple energy minima of nearly equal energy

a CoMFA models were generated for 46 polyamine structures using SYBYL software.

b Insufficient number of columns to determine the optimum number of components or

to calculate a cross-validated r@.
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STRUCI'URE-FUNCTIONOF POLYAMINE TRANSPORTER INHIBITORS

analogues, compounds 1, 13, 14, and 24â€”29,the alignment was based on the
substituted nitrogen atom and four atoms along the longer chain. When running
CoMFA, an sp3carbon with a charge of + 1.0 was used as the probe atom. The
cutoff value for both steric and electrostatic energies was 30 kcal/mol. CoM
F&STD was chosen as SCALING_METHODwhendeterminingthe optimal
number of components. CoMFA was also performed when the free energy of
solvation from the SM2-AM 1 calculations was incorporated as an independent
variable.

RESULTS AND DISCUSSION

A model was generated that related polyamine analogue structure
with biological activity. Three-dimensional low-energy structures of

the polyamine analogues were generated by conformational analysis.
Inhibition of spermidine uptake by Ll2lO cells provided a measure of
the biological activity of the analogues. It should be noted that cell
types other than Ll210 may have different uptake characteristics.
Furthermore, inhibition of spermidine uptake does not necessarily
imply actual transport and intracellular accumulation of polyamine
analogues.

Figs. 1-4 list the structures of all of the compounds included in the
development of the model. The list includes 46 polyamine analogues
for which K1values for the inhibition of spermidine uptake by L1210
cells have been reported in the literature (15â€”20).Fig. 5 includes 11
analogues that had not previously been tested for inhibition of sper
midine uptake. All of the compounds hold polyamine-like structural
features in common. That is, all have methylene chains separating two
or more nitrogen atoms. Another feature is that all of the test com
pounds are positively charged at physiological pH values, with one to
four cationic groups. The polymethylene backbones in the analogues
tested are highly flexible in comparison to most biologically active
substances that either contain alicyclic or aromatic rings or contain
atoms that are sp2 or sp-hybridized. The lack of rigidity in the
polyamine backbone is an indicator that there are likely to be multiple
low-energy conformers separated in energy by only a few kilocalo
ties/mole. Generally, a fully staggered conformation, also called anti,
trans, or antiperiplanar, is preferred for unsubstituted aliphatic chains.

Fig. 2. K values for spermidine uptake inhibition in Ll210 cells by dicationic
polyamine analogues. 8, putrescine; 9, cadaverine; 10, 1,6-diaminohexane; 11, 1,7-
diaminoheptane; 12, 1,8-diaminooctane; 13, N'-acetyl-SPD; 14, N'@-hexanoyl-SPD; 15,
FDESPM; 16, PYR(4,4,4); 17, PYR(5,4,5). a Ref. 16. Values obtained in our laboratory

werecompounds8, 369 @M;9, >500 ,sM;10,103ELM:and1/, 146JLM.b Ref.17;CRef.
19; d not included in developing the CoMFA model; C, trifluoroethylamino groups are
protonated.

For example, the crystal structure of the polyamine spermine phos
phate hexahydrate shows an almost planar, staggered chain confor
mation (39, 40). On the other hand, the crystal structure of the
tetrahydrochloride salt of spermine has two C-N bonds in a gauche
conformation and the remainder of the chain in a staggered orientation
(40, 41). The crystal structure data supports the suggestion that there
are at least two low-energy conformations that describe the flexible
polyamine backbone. In the development of the CoMFA models, it
was assumed that all molecules were in the fully staggered confor
mation.

The orientation of the aziridine ring in relation to the polyamine
chain was determined by calculation of a potential energy surface for
rotation of the aziridine. Contrary to the expected staggered confor
mation, a gauche or anticlinal conformation was calculated to be the
lowest-energy species, although the energy difference between the
staggered and gauche conformers was only about 2 kcal. The gauche
conformer was chosen for CoMFA analysis of aziridine-containing
compounds.

The energy-minimized structures of the test compounds were over
layed on a template structure. Spermine is one of the best substrates
for the transporter and, therefore, was chosen as the template structure
upon which all other structures were overlayed. Fig. 6 shows the
overlayed structures of the 57 compounds used in the CoMFA studies.

The biological activity of the test compounds was determined as a
K1 value for the inhibition of the uptake of [3H]spermidine by Ll210
cells as described by Porter et a!. (15â€”17)and Bergeron et a!. ( I 8â€”20).
This method was modified for the assessment of the 11 additional
analogues reported here by replacing the cell centrifugation and
washing steps with centrifugation of the cells through a layer of
silicone oil (35). Using this method, the Km and Vmax values for

Fig. 1. K values for spermidine uptake inhibition in L1210 cells by monocationic
polyamine analogues. 1, BSPDN; 2, BOC-NSPD; 3, BOC-SPD; 4, BOC-HSPD; 5,
N',Nâ€•-bis(acetyl)-SPD; 6, N',N@-bis(propyl)-SPD; 7, DHBSPD. a Ref. 15; b Ref. 17;
not includedin developingthe CoMFA model.

236

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/2/234/2464863/cr0570020234.pdf by guest on 19 M

ay 2023



No.StructureActual KiPredictedKi32

:
35

36

37

38H2

H

@22i2i@
@@â€˜â€˜@â€˜

N._@@...._..__@%__JL_.C__@_.._..__..r__..%_._._._..._.il.%.@-@-

H80a

77b

1â€¢7b

I.1@'

56b

11b

0.97k'6.9

0.9

1.1

11

19

1.239

40

41

42

43

44H

H H

H HA@A@
HIl1'

16b

80b

4 0b

14b

60bIS

II

4.3

3 5

2.1

3.345

46

51

50H

-i:J:::@!:ii::::c;i!!:iii:::i:;:::i:._._._.11.@__._H

H30b

40b

23b

81b

56b

49C

18c31

2.9

14

38

7.1

11

STRUCTURE-FUNCI1ON OF POLYAMINE TRANSPORTER INHIBITORS

. . charge present rather than to distribution of the electrostatic field

ActualKi PredictedK1 around the molecules. Omission of either the electrostatic field or the

79a 13 free energies of solvation leads to only a small decrease in the

l3a 16 cross-validated r2 to 0.64 for the steric field alone, supporting this

a assertion. Furthermore, analysis of the relationship between the free

15 17 energies of solvation and biological activity (r@ = 0.59) revealed the

77a@ biological activity to increase along with the free energy of solvation.
7 4a@@ Typically, an increase in the free energy of solvation of a molecule

will disfavor binding due to an increase in the energy required to
3â€¢45 5@9 remove the molecule from solution upon entering the binding site. For

2 6b 2 8 example, in a series of cocaine analogues (42), upon going from

. cocainetoWIN,anestergroupisdeletedfromthecompound.The
3 1b 2 6 loss of the ester group decreases the free energy of solvation of WIN

as compared with that of cocaine, making it easier to desolvate WIN
upon binding to the putative receptor, thereby favoring binding as

43b 31 observed experimentally. With the polyamines, increased free ener

gies of solvation are associated with increases in binding, which is
opposite to the expected effect. This indicates that the calculated free
energies of solvation are reflecting the increasing number of electro

I35c 94 static charges and that those increases are leading to greater interac

tions between the polyamines and the receptors. Accordingly, free
C energy of solvation may be considered a poor predictor of activity

36 27 because a negatively charged compound with a significant free energy

of solvation would be predicted to have significant activity.
C Analysis of Table 1 shows that the steric component dominates the

14 23 CoMFA fits, whereas the electrostatic contribution is relatively small.

No. Structure

18

19

20

21@

22

23

24

25@

26 @@@NIb

:: :iii@i

29

30@ 79

31@ II

Fig. 3. K1 values for spermidine uptake inhibition in Ll2lO cells by tricationic
polyamine analogues. 18, 1TA3;19, 3TA5;20, 3TA6;21, 3TA7;22, 3TA8;23, 4TA4;24,
N@-methyl-SPD; 25, N'-ethyl-SPD; 26, N'-hexyl-SPD; 27, BNSPD; 28, BSPD; 29,
BHSPD; 30, N',JV@-bis(ethyl)-SPD;31, NhJVa@bis(propyl)@SPD.a Ref. 16; b Ref. 17: C
Ref. 15.

spermidine were in the same range (Km 8.8 ,.tM; Vm,@ 86.1
pmol/mg/min) as those calculated previously (Km 2.0 ;
V@@Ã§ 1 17 pmol/mg/min; Ref. 15). Four diamines and spermine

were run as positive controls to minimize interlab variation of the
results, and the K, values determined in our lab matched well with the
literature (16) K1 values (Fig. 2). In the instances in which K1 values
were available from both our studies and the literature, the literature
values were used in the development of the model. Figs. 1â€”4list the
experimentally derived K1 values from literature studies (15â€”20)and
the predicted K, values calculated from the CoMFA model.

Because the ionic character of the aziridines at the point of binding
is not known, CoMFA analyses were performed separately on two
data sets, one with the aziridine functionalities protonated and another
on uncharged azindines. A better correlation was observed for the
data set with the aziridines protonated, except for diaziridinylspermine
(compound 62), in which one of the aziridine groups has a PKa of 5.6
(data not shown). Therefore, for the CoMFA model, the aziridines
with PKa values above 6 were considered to be in the protonated form.

CoMFA-generated K1 values from 46 literature compounds are
compared with experimental values in Fig. 7. Table 1 shows the
quality of the prediction with different terms included as the inde
pendent variables. Two models yielded cross-validated r@values of
0.66 (the model including both the steric and electrostatic fields and
the model including the steric field with the AMSOL-calculated free
energies of solvation). These similar values suggest that the contri
bution of the electrostatic field is related to the magnitude of the

69

Fig. 4. !(@values for spermidine uptake inhibition in L1210 cells by tetracationic
polyamine analogues. 32, spermine; 33, MENSPM; 34, MESPM; 35, MEHSPM; 36,
DMNSPM; 37, DMSPM; 38, DMHSPM; 39, DENSPM; 40, DESPM; 41, DE(3,4,4); 42,
DE(4,3,4); 43, DEHSPM; 44, DE(4,5,4); 45, ETBHSPM; 46, DPSPM; 47, DIPNSPM; 48,
DIPHSPM; 49, ETBHSPM; 50, PIP(4,4,4); 5!, PIP(5,4,5). a Ref. 15. The K. value for
spermine obtained in our laboratory was 7.8 @zM.b Ref. 20; C Ref. 19.
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observed for N,N'-bis-(4-pyridylmethyl)-l,4-diaminobutane (com
pound 16) and N,N'-bis-[2-(4-pyridyl)ethylj-l,4-diaminobutane
(compound 17), which are compounds that have PKa values less than
6 (19). The CoMFA model predicted high K values for these com
pounds when calculations were performed on structures that had
pyridine nitrogens and trifluoroethyl amine groups in the free-base
form. The CoMFA models, as well as the results from the free energy
of solvation calculations, also predict that the greater the number of

charged groups in the polyamine chain, the lower the K1value, which
is consistent with the conclusions of Bergeron et a!. (20).

Once developed, this model was then used to predict the inhibitory
potency of 11 additional polyamine analogues whose K1values were not
used in developing the model. These compounds consisted of four mono
aziridinyl diamines (compounds 52â€”55),two monoaziridinyl spermidines
(compounds 60â€”61),a diaziridinylspermine (compound 62), two mono
acetylated spermidines (compounds 56â€”57),and two oxazolidinonyl
spermidines (compounds 58â€”59).The results are shown in Fig. 5. The K
values predicted by the model were in the range of â€”67-129%of the
actual K1values (33 Â±62%). Three of the 11 compounds were predicted
to have lower K1values than the actual JC@values.

The basicity of aziridine functionality is lower than the basicity of
other tertiary amines, which puts into question whether the aziridine
groups are protonated or not at the transporter binding site. From a
first principle viewpoint, the aziridine functional groups with PKa
values in the range of 6â€”7would not be extensively protonated at
physiological pH values and would exist predominantly in the free
base form. According to Bergeron et a!. (19), and consistent with the
CoMFA model, amines that interact with biological counterions must
be protonated to be active. Accordingly, it was unexpected to observe
that the aziridinylpolyamines tested for inhibition of spermidine up
take had K1 values in the same range as the polyamines terminating
with protonated primary or secondary amines. Furthermore, the aziri
dinylpolyamines showed K1 values much lower than the tested poly
amines containing an uncharged terminal nitrogen, as is the case in the
N-acetylated spermidines. In the study of the aziridinyl compounds,
there are several potential explanations for the unexpected inhibitory
activity. It is possible that the effective pH value of the microenvi

ronment surrounding the azindinyl functional groups when bound to
the transporter is sufficiently acidic to protonate the groups. Shifts in

en
0

â€˜0a)
0

0@

Fig. 7. Predicted versus actual log 1/K1values for 46 polyamine analogues shown in
Figs. 1â€”4for which literature K values were available (S), and I I additional polyamine
analogues (compound numbers provided) that were evaluated for the inhibition of
[3H]spermidine uptake by LI2IO cells as shown in Fig. 5 (0).
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Fig. 5. K values for spermidine uptake inhibition in L12l0 cells by additional
polyamine analogues. 52, N-(4-aminobutyl)aziridine; 53, N-(5-aminopentyl)aziridine; 54,
N-(6-aminohexyl)aziridine; 55, N-(7-aminoheptyl)aziridine; 56, N'-acetyl-SPD; 57, N@
acetyl-SPD; 58, N-[3-(4-aminobutylamino)propylj-2-oxazolidinone; 59, N-[4-(3-amin
opropylamino)butylj-2-oxazolidinone; 60, N'-aziridinylspermidine; 61, N'@-aziridinylsper
midine; 62, diaziridinylspermine. a calculated with one aziridine group protonated
(trication). b calculated with neither aziridine group protonated (dication).

The relative contributions of the stenc and electrostatic terms represent
the molecules included in the training set. This is a result of all of the
compounds containing one or more positive charge although varying
considerably in chain length. Thus, stenc aspects of the compounds are
being well tested, whereas only the amount of charge, rather than the
presence or sign of the charge, is being tested in the present training set.
The present CoMFA analysis cannot readily discriminate changes in the
electrostatic field around the molecules, although the electrostatic inter
actions are essential for biological activity.

To assess the validity of the CoMFA model, the experimental K@
values were randomly assigned to the set of 46 molecules, and a CoMFA
model was derived for this randomized data set. For this artificial data set,
the CoMFA model had a cross-validated r@of < 0.05, which indicates
that the randomized data did not correlate structure with activity. Because
there is an obviously superior correlation of structure with activity when
the K1 values are correctly assigned to the appropriate structures, we
conclude that chance correlations are unlikely.

The derived model supports the conclusions by Bergeron et a!.
(18â€”20)that polyamine analogues with weakly basic nitrogen-con
mining functional groups do not compete effectively with spermidine
for uptake into L1210 cells. For example, high K values were

Fig. 6. Alignment of the 57 polyamine analogues used in the CoMFA studies.
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33. Labadi, I., Jenei, E., Lahti, R., and Lonnberg, H. Interactions of pyrophosphate ion
with di-. ui- and tetra-amines in aqueous solution: a potentiometric and calorimetric
study. Acts Chem. Scand., 45: 1055â€”1059,1991.
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trialcoylammonium. Etude chimique et pharinacodynamique (in French). Ann.
Pharm. Fr., 13: 565â€”576,1955.

35. Chello, P. L., Sirotnak, F. M., Dorick, D. M., Yang, C-H., and Montgomery, J. A.
Initial rate kinetics and evidence ofduality in mediated transport ofadenosine, related
purine nucleosides, and nucleoside analogues in Ll210 cells. Cancer Res.. 43:
97â€”103,1983.

36. Dewar, M. J., Zoebisch, E. G., Healy, E. F., and Stewart, I. J. AM1: a new general
purpose quantum mechanical molecular model. J. Am. (1cm. Soc., 107:3902-3909,
1985.

37. Cramer, C. J., and Truhlar, D. G. General parameterized SCF model for free energies
of solvation in aqueous solution. J. Am. Chem. Soc., 113: 8305â€”8311, 1991.

38. Cramer, C. I., and Tnihlar, D. G. An SCF solvation model for the hydrophobic effect
and absolute free energies of aqueous solvation. Science (Washington DC), 256:
213â€”217,1992.

39. litaka, Y., and Huse, Y. The crystal structure of spermine phosphate hexahydrate.
Acta Cryst., 18: 110â€”121,1965.

40. Bratek-Wiewiorowska, M. D., Alejska, M., Perkowska, A., Wiewiorowski, M.,
Jaskoiski, M., and Cramer, F. Comparative structural analysis of the salts of putres
cine (Pu), spermidine (Spd), and spermine (Sp) in the aspect oftheir interactions with
nucleic acids. III. Hydrogen bonding systems in single crystals ofhydrochlorides and
hydrated phosphates of Pu, Spd, and Sp. Bull. Pol. Acad. Sci. Chem., 34: 229â€”249,
1986.

41. Giglio, E., Liquiori, A. M., Puliti, R., and Ripamonti, A. The crystal structure of
spermine tetrahydrochloride. Acts Cryst., 20: 652â€”659, 1966.

42. Yang, B., Wright, J., Eldefrawi, M. E., Pou, S., and MacKerell, A. D., Jr. Confor
mational, aqueous solvation, and pK@contributions to the binding and activity of
cocaine, W1N32065-2, and WIN vinyl analog. J. Am. Chem. Soc., 116: 8722â€”8732,
1994.

43. MacKerell, A. D., Jr., Sommer, M. S., and Karplus. M. pH dependence of binding
reactionsfrom free energy simulationsand macroscopiccontinuumelectrostatic
calculations: application to 2'GMP/3'GMP binding to ribonuclease T, and implica
tions for catalysis. J. Mol. Biol., 247: 774â€”807,1995.

PKa values of greater than two PKa units resulting from changes in
environment have been detected (43). An alternate explanation is that
the uncharged aziridine group contributes to binding by a process
other than ion pairing.

Further support for the assignmentof the aziridines as cations
comes from the successful prediction of the inhibitory potency of the
acetylated analogues, N'- and N@-acetylspermidine (compounds 56
and 57). Compounds 56 and 57, which have acetylamino terminal
groups with P1@'avalues of about 1, are obviously poor candidates for
protonation at pH 7.4. For both compounds, the predicted K, values
for the unprotonated acetylamino group fit well with the measured K,
values. Analogously, the K1 value predicted for two oxazolidinonyl
spermidine analogues (compounds 58 and 59) with oxazolidinone
groups not charged correlated well with the measured K, values.

In conclusion, a three-dimensional CoMFA-based model of polyamine
analogues that interact with a polyamine transporter can be used to
predict the potency ofnew structural analogues. Electrostatic effects seem
to dominate over solvent effects in the interaction of polyasnines with the
polyamine transporter.The results indicate that the interaction with the
transporter receptor of compounds with pK, less than 7 leads to a shift to
higher PKa values, which promotes favorable binding. Basic functional
groups with PKa values close to 7 that are predominantly uncharged at
physiological pH values become charged by protonation upon binding
with the transporter receptor. By taking into account the charge state,
along with other characteristics emphasized by the CoMFA model, new
biologically active polyamine analogues can be identified that inhibit or
are transported by the polyamine transporter.
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