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Regiospecific and conformationally restrained analogs of melphalan and pL-2-NAM-7 have been synthe-
sized and their affinities for the large neutral amino acid transporter (LAT1) of the blood-brain barrier
have been determined to assess their potential for accessing the CNS via facilitated transport. Several
analogs had K; values in the range 2.1-8.5 uM with greater affinities than that of either L-phenylalanine
(Ki=11 pM) or melphalan (K; = 55 uM), but lower than pi-2-NAM-7 (K; = 0.08 uM). The results indicate
that regiospecific positioning of the mustard moiety on the aromatic ring in these analogs is very impor-
tant for optimal affinity for the large neutral amino acid transporter, and that conformational restriction
of the pL.-2-NAM-7 molecule in benzonorbornane and indane analogs leads to 25- to 60-fold loss, respec-
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The treatment of malignant brain tumors represents a signifi-
cant clinical challenge. Patients often present with disabling neuro-
logical syndromes, undergo rapid deterioration, and respond
poorly to current therapies. Despite recent developments in treat-
ment strategies, including combination therapy, tumor-targeted li-
gands, tissue-specific chemotherapy, and attempts at manipulating
discrete molecular and cellular signaling pathways, therapeutic
outcomes remain very poor.'~ Although many effective anticancer
drugs in numerous therapeutic classes are available for treating
peripheral cancers, most anticancer drugs are ineffective for treat-
ing CNS tumors, in large part due to their inability to cross the
blood-brain barrier (BBB) from the systemic circulation into the
tumor and peritumoral areas in therapeutic concentrations.!

The permeability of the protective BBB to xenobiotics such as
chemotherapeutic agents depends upon a number of factors,
including molecular weight, lipid solubility, lipid and protein bind-
ing, metabolism, and efflux out of the CNS, as well as on prior treat-
ments.>* Attempts to compromise the integrity of the BBB in order
to overcome its normal protective role and facilitate delivery of
chemotherapy to the brain include MRI-guided ultrasound and
transient hyper-osmotic disruption.# Although transient disruption
of the BBB shows promise in improving the CNS delivery of chemo-
therapeutic agents, there is some concern about potential tissue
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damage and neurological side effects. Another approach might be
to take advantage of natural transporter proteins present at the in-
tact BBB membrane in order to increase the CNS delivery of novel
chemotherapeutic agents that are also designed as transporter
substrates.

A number of amino acid transporters are expressed at the BBB
in order to promote the uptake of amino acids from the systemic
circulation into the brain. Such transporters are necessary for nor-
mal brain function. The large neutral amino acid transporter (Sys-
tem LAT1) facilitates the uptake of neutral amino acids, such as -
leucine and L-phenylalanine (1), in a saturable and stereospecific
manner.>~’ The system LAT1 transporter is expressed on both the
capillary luminal and abluminal membranes, has the greatest
transport capacity of the BBB amino acid influx transporters, and
mediates the uptake of the largest number of amino acids into
brain.>~7 Thus, the system LAT1 transporter may be regarded as a
versatile, high-capacity target for transporting appropriately de-
signed therapeutic agents into the brain without disrupting the
integrity of the BBB.

Melphalan (2) is an established anticancer agent and nitrogen
mustard derivative of the system LAT1 substrate L-phenylalanine
(Fig. 1). However, as a moderately low-affinity substrate for system
LAT1, with an estimated Kj, of ~90-150 uM,®? it shows poor brain
penetration and is an inferior candidate for the treatment of brain
tumors. Conformational restriction of the phenylalanine molecule
to afford pr-2-amino-1,2,3,4,-tetrahydronaphthoic acid (3) im-
proved affinity for the system LAT1 transporter (Ky, =7.1 uM).°
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Figure 1. Structures of phenylalanine (1), melphalin (2), p.-2-NAM-7 (5¢) and
structurally related compounds.

The rigid amino acid, BCH (4), also has good affinity for the system
LAT1 transporter.'®!! Subsequent studies have suggested that
other mustard analogs may be designed with improved affinity
for system LAT1 compared to melphalan.'®"'? Thus, it may be pos-
sible to improve CNS delivery through design and development of
novel chemotherapeutic agents structurally related to melphalan
that incorporate a more conformationally restrained amino acid
scaffold, such as 3, thereby improving system LAT1 transporter
affinity.'? The melphalan analogs 5a and 5c¢ have each been re-
ported to have higher affinity for the system L transporter
(Ki=~25 and ~0.2 uM, respectively) than melphalan.'® Also, 5¢
(pL-2-NAM-7) possesses enhanced in vitro antitumor activity and
reduced myelosuppressive activity when compared to melpha-
lan.!' Furthermore, studies have shown that 5c is rapidly taken
up into brain by the blood-brain barrier system LAT1 transporter
(Vinax = 0.26 nmol/min/g; Ky, = 0.19 uM).™°

Placing the mustard moiety at the C-7 position in 5 affords an
isomer (5c¢) that has significantly higher affinity for system LAT1
than the C-5 compound 5a. However, it is not known whether
the optimal position for the mustard moiety is at C-7, since the
affinity of the C-6 and C-8 isomers 5b and 5d, respectively, have
not been reported.

The goals of the current study were to prepare all the isomeric
forms of pi-2-NAM-7 (5¢) in order to determine the aromatic sub-
stitution position of the nitrogen mustard moiety that affords opti-
mal affinity for the system LAT1 transporter, and to also prepare a
number of more conformationally defined analogs of pL.-2-NAM, in
order to assess the effect of further conformational restriction on
system LAT1 transporter affinity. In this respect the more conform-
ationally restrained indane analog of pL-2-NAM-7, compound 6,
was considered worthy of evaluation as a system LAT1 transporter
ligand. Also, compounds incorporating the extremely rigid amino
acid 4 into their structure were believed to be of potential interest
due the high affinity of this amino acid for the system LAT1
transporter.'>14

In this study, all four isomers (5a-5d) of p.-2-NAM were pre-
pared, as well as the structurally related analogs 6 and 7, and their
affinities for the system LAT1 transporter were assessed by com-
petitive 1-[1*C]-leucine uptake inhibition utilizing a modification'®
of the in situ rat brain perfusion method of Takasato et al.!®

Mustard analogs of the various amino acid targets were synthe-
sized from precursor hydantoins, which were nitrated to afford a
mixture of isomeric products. These isomeric mixtures were not
separated, but catalytically reduced to the corresponding isomeric
aromatic amines. These mixtures were then reacted with ethylene
oxide to afford a mixture of the N-[bis-(ethylhydroxy)-amino
isomers.

In the synthesis of compounds 5a-5d (Scheme 1), initial nitra-
tion of hydantoin 8'7 afforded a mixture of all 4-nitro isomers,
which were reduced to their amino derivatives (10) followed by
conversion to a mixture of the bis-(2-hydroxyethyl)-amino analogs
11 with ethylene oxide. Isomer 14 could be obtained in a pure form
by fractional crystallization, and the resulting mother liquors could
be fractionated by preparative HPLC chromatography to afford iso-
mers 12, 13 and 15. Each bis-(2-hydroxyethyl)-amino isomer was
then converted to the corresponding amino acid mustard by reac-
tion with phosphoryl chloride followed by acid hydrolysis. The fi-
nal mustard products, 5a-5d, were further purified by
preparative HPLC prior to biological evaluation.'®

In the synthesis of the indane mustard 6 (Scheme 2), initial
nitration of hydantion 16'7 afforded a mixture of the 4-nitro (min-
or) and 5-nitro (major) analogs (17), which were not separated, but
converted to their corresponding amino analogs (18) utilizing H,/
Pd-C 10%/DMP, and then to their bis(2-hydroxyethyl)-amino ana-
logs. Isomer 19 was obtained pure by silica gel chromatography.
However, an isomerically pure sample of the corresponding 4-iso-
mer could not be obtained. Mustard 6 was obtained from 19 as de-
scribed above for products 5a-5d, and was purified by preparative
HPLC prior to biological evaluation.'®

The synthesis of mustard 7 from hydantoin 20'° utilized a sim-
ilar procedure to that described for the indane mustard 6
(Scheme 3), affording a mixture of the 5-(minor) and 7-(major)-ni-
tro isomers (21). Isomer 23 could be obtained by fractional crystal-
lization of the isomeric mixture obtained from the reaction of
ethylene oxide with 22 and was then converted to mustard 7 as
previously described. An isomerically pure sample of the 5-isomer
of 22 could not be obtained.

The structures of all the amino acid mustards were confirmed
by 'H NMR, and HRMS.2°

System LAT1 transporter affinities of the tested compounds
were determined using the in situ rat brain perfusion tech-
nique'?, which measured the concentration-dependent inhibition
of 1-['*C]-leucine uptake into rat brain by the amino acid ana-
logues. The relative capacity of the tested compounds to inhibit
1-['*C]-leucine uptake across the blood-brain barrier was deter-
mined as K; (ICso) values, and the data were summarized in
Table 1.

The data in Table 1 clearly indicate that in the 2-NAM series of
compounds, the optimal position for the mustard moiety is at C-7
of the 1,2,3,4-tetrahydronaphthalene ring. The previously unre-
ported isomers 5b and 5d had >1000 times lower affinity for the
system LAT1 transporter than pi-2-NAM-7 (5¢) and isomer 5a
had 100 times less affinity for the transporter than 5c. Further
restriction of the conformational flexibility of the 2-NAM scaffold
appeared to be detrimental to system LAT1 binding, since the in-
dane analog 6 and the rigid analog 7 had 60 and 25 times less affin-
ity, respectively, for the transporter than 5c¢, but approximately
matched affinity for 5a. It is important to note that both 6 and 7
were superior ligands than melphalan (2) at the system LAT1
transporter and may show improved delivery to brain and activity
against brain tumors.
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Table 1

Relative affinities of amino acid and melphalan analogs for the system LAT1
transporter, expressed as the K; for inhibition of the uptake of 1-['*C]-leucine into
rat brain via the blood-brain barrier.

Amino acid Nitrogen K?
mustard (UM £ S.E.M)
1-Phenylalanine 2 55+4
(¥)-2-Amino-1,2,3,4-tetrahydro-2-naphthoic 7.7+0.8
acid
5a 8.5+0.6
5b 68+9
5¢ 0.079 = 0.006
5d 252 +44
(+)-2-Aminoindane-2 carboxylic acid 125+1.1
6 5.0+06
()-2-Aminobenzo-bicyclo-[2.2.1]heptane-2'- 261
exo-carboxylic acid
7 2.1+02
? n=9-12.
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Compounds 5a and 5¢ have been reported elsewhere.'®!" (2)-2-Amino-(bis-2-
chloroethyl)-5-aminoindane-2-carboxylic acid (6): 'H NMR (D,0/DCl) 400 MHz
§3.26-3.33 (2H, geminal coupling doublets, C1 protons); 3.44-3.49 (4H, t, N-CH,
protons); 3.66-3.73 (2H, geminal coupling doublets, C3-protons); 3.91-3.96
(4H, t, -CH,-Cl); 7.34-7.46 (3H, m, aromatic protons), GC-MS, (BSTFA
derivative) m/z 461 (M+), 425 (-Cl), 389 (-2Cl); HRMS: 316.0833, calcd for
Cy4H13N,0,Cl,  316.0745. (#)-2-Amino-(bis-2-chloroethyl)-6-amino-1,2,3,4-
tetrahydro-2-naphthoic acid dihydrochloride salt. "H NMR (D,0/DCl) 400 MHz
& 1.90-2.0, 2.10-2.20 (2H, m, C3-protons); 2.64-2.74, 2.75-2.84 (2H, m, C4-
protons); 2.86-2.92,3.23-3.30(2H, doublets, C1-protons); 3.28-3.34,3.72-3.82
(8H, m, chloroethyl protons), 7.13-7.26 (3H, m, aromatic protons), GC-MS
(BSTFA derivative) m/z 475 (M+), 440 (-Cl), 403 (-2Cl); tg HPLC'® 27.91 min;
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chloroethyl)-8-amino-1,2,3,4-tetrahydro-2-naphthoic acid dihydrochloride
salt. "TH NMR (D,0/DCl) 400 MHz ¢ 1.80-1.90, 2.02-2.10 (2H, m, C2-protons);
2.55-2.64, 2.65-2.74 (2H, m, C4-protons); 2.76-2.84, 3.16-3.22 (2H, doublets,
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