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Two boron-containing,ortho-icosahedral carborane lipophilic antifolates were synthesized, and the crystal
structures of their ternary complexes with human dihydrofolate reductase (DHFR) and dihydronicotinamide
adenine dinucleotide phosphate were determined. The compounds were screened for activity against DHFR
from six sources (human, rat liver,Pneumocystis carinii, Toxoplasma gondii, Mycobacterium aVium, and
Lactobacillus casei) and showed good to modest activity against these enzymes. The compounds were also
tested for antibacterial activity againstL. casei, M. tuberculosisH37Ra, and threeM. aVium strains and for
cytotoxic activity against seven different human tumor cell lines. Antibacterial and cytotoxic activity was
modest, with one sample, thecloso-carborane4, showing about 10-fold greater activity. The less toxic
nido-carborane2 was also tested as a candidate for boron neutron capture therapy, but showed poor tumor
retention and low selectivity ratios for boron distribution in tumor tissue versus normal tissue.

Introduction

Although dihydrofolate reductase (DHFRa) has been a
chemotherapeutic target in antibacterial, anticancer, and anti-
parasitic drug treatment for about 50 years, interest in new agents
that target this crucial enzyme remains high.1,2 In particular,
ongoing research is focusing on understanding the specific in-
teractions of antifolates with DHFR and structural modifications
that improve selectivity of antifolates for anticancer,3,4 antibacter-
ial,5 and antiparasitic targets.6 More recently, antifolates have
been used to ameliorate symptoms in autoimmune disorders,7

and an approach to new insecticides has been reported that
proposes targeting the DHFR from the tobacco budworm.8

Herein, we describe the preparation of two nonclassical,
lipophilic 2,4-diamino-6-methylpyrimidine antifolates containing
either a 5-(7,8-nido-dicarbaundecarboran-7-yl)methyl (2) or a
5-(1,2-closo-dicarbadodecarboran-1-yl)methyl (4) substituent

(Scheme 1). This work is a continuation of our program focused
on the study of steric tolerance in the binding site of DHFR.9

These compounds were interesting for several reasons. First,
the substitution of a carborane cage (e.g.,closo-carborane4) in
lipophilic antifolates has never been reported and would
sterically approximate a phenyl substitution, where the aromatic
ring is rotated in three-dimensional space.10 Additionally, the
nido-carborane2 opens one face of the icosahedron, and the
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Scheme 1. Preparation of Carboranes2 and4; Structures of the
closo-1,2-Carborane Cage and TMP
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open face retains a negative charge. It was interesting to screen
this derivative for DHFR inhibition because the altered carbo-
rane cage is no longer rotationally symmetrical and the negative
charge of thenido-carborane would be placed proximal to the
hydride donor, NADPH. It was also interesting to determine
what effect these substitutions would have on enzyme binding
and specificity for eukaryotic versus prokaryotic DHFR prepara-
tions as this substitution point in the 2,4-diamino-5-benzylpy-
rimidines is crucial for driving antibacterial selectivity.11

To gain further insight into how these nonclassical antifolates
were accommodated by DHFR, we determined the crystal
structures of both2 and4 bound to human DHFR (hDHFR),
as the ternary complexes with NADPH.

These boron-containing antifolates were also potential can-
didates for boron neutron capture therapy (BNCT)12-14 because
they are low molecular weight, lipophilic compounds that
contain a high percentage of boron. BNCT continues to be
pursued as a possible cancer therapy, especially for inoperable
brain tumors.15 Data are also presented on boron tissue distribu-
tion of the less toxicnido-carborane2 as a function of time
after administration, and these data relate to the value of these
agents as potential boron carriers for BNCT.

Chemistry

The preparation of the boron-containing antifolates2 and4
is shown in Scheme 1. The dichloropyrimidine1, which
possesses thecloso-1,2-carborane icosahedral cage, was syn-
thesized according to known procedures.16 Deboronation reac-
tion17 of closo-carborane1 with ammonia/methanol in a bomb
at 160-165°C for 22 h to give a good yield (87%) of thenido-
carborane2 after isolation and purification by column chroma-
tography. Compound1 was also reacted with lithium azide in
ethanol at reflux to give a 65% yield of the 2,4-diazidopyrimi-
dine derivative3. The diazido derivative was promptly reduced
using tin(II) dichloride18 in methylene chloride. Workup and
purification afforded the 2,4-diamino derivative (4) in 73% yield.
The structure of2 was determined by comparing the13C NMR
spectra of compounds2 and4, Table 1. The large upfield shift
of 18-20 ppm in the carborane carbons in2, relative to
carborane carbons of4, indicates the presence of a negative
charge in the carborane ring. The site of protonation of the
pyrimidine ring in2 is the same as in4 when4 is treated with
DCl; there is no change in2 when treated with DCl; Table 1.
The shifts of C6, C4, and 6-CH3 show the hydrogen resides on
N1. Furthermore, the broad B-H stretching bands for thecloso-
carboranes3 and4 appear at higher frequencies in the IR spectra
by about 50 cm-1 than the carborane analog2, clearly indicating
that 2 is indeed anido-carborane.19

Results and Discussion

Biological Activity. The results of enzyme inhibition studies
with carboranes2 and 4 and several sources of DHFR are
presented in Table 2. Carborane4 tended to be the more potent
inhibitor, being 100-, 12-, 58-, and 32- to 78-fold more potent
than2 against human, rat liver,L. casei, andM. aVium DHFR,

respectively. Both2 and4 had comparable activity againstT.
gondii DHFR, with IC50s of 72 and 140 nM. Interestingly, the
activity of 2 against the parasite enzyme compares quite
favorably (65- to 208-fold more active) with its weaker activity
against rat or hDHFR assayed under identical conditions.

Four trends are apparent when2 and4 are compared to the
standard antibacterial lipophilic antifolate trimethoprim (TMP;
see Scheme 1), of which these carboranes are analogues (Table
2). First, both carboranes are noticeably more potent than TMP
againstT. gondiiDHFR (20- to 40-fold). Second, both carbo-
ranes are more potent than TMP against the mammalian DHFRs,
with carborane4 exhibiting 100-fold improved activity against
the rat enzyme. Third, the carboranes had (weak) activity
equivalent to TMP when assayed againstP. carinii DHFR.
Fourth, both carboranes were much poorer inhibitors of the two
bacterial DHFRs tested. All these activity differences likely
result from differential accommodation of the active site of each
DHFR to both the 6-CH3 group and the carborane cages; each
DHFR possesses a unique active site width and character (polar
or nonpolar) of the amino acids proximal to the carborane cage.

The inhibition of the growth ofL. caseiand the mycobacterial
strains by2 and4 correlated with results for DHFR inhibition
in that4 was the more potent inhibitor (Table 3). Only modest
activity (minimum inhibitory concentration (MIC) of>12.8e
128 µg/mL) was seen with4 againstL. caseiand three of the
four mycobacterial strains. The fourth strain, MAC NJ211, was
inhibited by4 in the range>1.28 e 12.8 µg/mL.

L. caseicannot produce dihydrofolate de novo and therefore
requires folates for growth. Also, if the mechanism of action of
2 and 4 was primarily inhibition of DHFR, then thymidine
would be expected to reverse the inhibition as long as other
products of folate metabolism are present. The addition of
5-formyltetrahydrofolate to the growth medium will also bypass
the metabolic blockage caused by DHFR inhibition. Therefore,
we determined the effect of 100µM thymidine and 0.1 mg/mL
6-(R,S)-5-formyltetrahydrofolate, alone and in combination, on
the inhibition of growth by2 and 4. None of the attempts to
reverse inhibition were successful. These results suggested that,
at least forL. casei, 2 and4 were not inhibiting growth primarily
through the inhibition of DHFR and that other mechanisms of
action likely were operative.

Both carboranes2 and4 were modestly active against a panel
of tumor cell lines, with compound4 showing on the order of

Table 1. Carborane13C NMR Chemical Shifts

carbon atom and chemical shift (ppm)

cmpd C-6 C-5 C-4 C-2
C(1)

carborane
C(2)

carborane 5-CH2 6-CH3

2 149.56 106.81 164.60 153.42 57.67 46.06 31.50 16.85
2 + DCl 149.65 107.05 164.76 153.70 57.68 47.05 31.81 16.99
4 164.55 100.14 163.14 161.34 77.19 64.05 32.40 21.71
4 + DCl 152.65 102.32 164.20 153.65 75.21 64.43 30.22 17.07

Table 2. Inhibition of DHFR from Several Sources

DHFR source and IC50 (µM)

cmpd human rat liver P. carinii T. gondii M. aVium L. casei

2 15 4.68 21.5 0.072 107 1500
270c

4 0.15 0.37 14 0.14 6.2 26
7.2c

TMP 133 12 2.73 0.19 0.62
26b

6-CH3-TMP >40b

methotrexatea 0.02 0.006

a Control compound.b Ref 26.c Values represent results determined
independently by another laboratory.
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3- to 10-fold greater activity depending on the cell line tested
(Table 4). Compound2 was significantly less active than4
against hDHFR, its putative target, and showed significantly
less toxicity in the panel of human tumor cell lines. This fact,
and the lower logP value (indicating potentially better solubility),
suggested that2 would be a better agent for delivery of boron
as a candidate for BNCT. Ideally high levels of boron would
be delivered to the tumor site with minimal toxic side effects
to, and low boron levels in, normal tissue. Although this
compound does exhibit toxicity, the rationale at the time was
that the antifolate effects might possibly be mediated by
concomitant administration of leucovorin in a regimen that
would allow maximum delivery of boron to tumor tissue while
rescuing normal tissue from the antifolate effects. Unfortunately,
the data withL. caseisuggest that these compounds might have
other, toxic effects outside of DHFR inhibition. This possibility,
however, remains to be proven with human cells. Regardless,
the data for boron tissue distribution (Table 5) at any specific
time point suggest that sample2 shows relatively poor ratios
of boron in tumor tissue/boron in normal tissue, and this is also
true for the boron in tumor tissue/boron in brain tissue ratio.
Inoperable brain tumors are considered to be one of the primary
candidates for this type of treatment. Hence,2 cannot be
considered as a good candidate for BNCT.

Human DHFR/NADPH/Carborane Ternary Complex
Crystal Structures. We determined the crystal structures of
both carboranes2 and4 bound to hDHFR to gain insight into
how these unusual TMP analogues were accommodated by the
enzyme, and to understand better their improved activity
compared to TMP. The hDHFR/NADPH ternary complexes
with both carboranes crystallized with two complexes per
asymmetric unit. X-ray diffraction data for thenido-carborane
2 ternary complex extended to 1.5 Å resolution, and data from
thecloso-carborane4 ternary complex extended to 1.4 Å. Both
structures were solved using molecular replacement, and the

NADPH and inhibitors in both structures were built into
unambiguous electron density. Refinement, including individual
anisotropic temperature factors, resulted in final free-R factors
of 21.3% (carborane2) and 20.2% (carborane4; see Supporting
Information, Table S1). Because the overall structures of the
ternary complexes agree in large part with previously published
models of hDHFR,20 only the aspects of inhibitor binding will
be discussed here.

Carborane Cages are Bound in a Single Rotational
Orientation. The most unanticipated and interesting feature of
these two structures is that the carborane cages of both2 and4
are bound in the DHFR active site in a single rotational orien-
tation. Because icosahedral carboranes can be thought of as
rotationally averaged phenyl groups, we had expected to observe
rotationally disordered carborane cages attached to well-ordered
diaminopyrimidine groups. Surprisingly, however, each carbo-
rane is observed to adopt a unique orientation, both in overall
rotation around the carborane C1C-B12 pseudosymmetry axis
(see Scheme 1 for atom numbering of the carborane cage) as
well as with respect to 5-fold rotation about this axis from one
orientation to another pseudosymmetrical one. As shown in
Figure 1, the unique cage carbon C2C in thecloso-carborane4
complex adopts a single position, centered 4.7 Å above the C3
and C4 atoms of the NADPH dihydropyridine ring. Alternative
pseudosymmetrical orientations are ruled out by examination
of the difference Fourier maps (Supporting Information, Figure
S1), which allow clear discrimination between the C2C carbon
atom and the less electron-dense boron atoms.

Similarly, the “open” cage position innido-carborane2, that
is, where the missing boron atom B3 would be located (Scheme
1), also adopts a single orientation, this time pointing roughly
away from the NADPH dihydropyridine ring. The cage in
carborane2 is chiral due to asymmetric substitution around the
cage C1C carbon; it was synthesized as the racemic mixture.
Early in the crystallographic refinement, difference Fourier maps
as well as uneven temperature factors for cage atoms clearly
indicated that both enantiomers of2 were bound to DHFR,
apparently in equal amounts. Thus, in the final stages of
refinement, a 1:1 mixture of the enantiomers was modeled,
which equalized the relevant temperature factors. In both
enantiomers, the cage carbon C2C adopts a position distinct
from that found in carborane4.

Both carborane cages make van der Waals interactions with
the NADPH nicotinamide group as well as with several DHFR
side chains, with increasing distances to Phe-34 (∼3.3 Å), Phe-
31, Ile-60, Thr-56, and Leu-22 (∼4.7 Å).

Table 3. Minimum Inhibitory Concentration (MIC) of2 and4.

MIC (µg/mL)

M. aVium

cmpd L. caseii
M. tuberculosis

MTB H37Ra MAC NJ128 MAC NJ211 MAC NJ3404

2 94.7 >128 >128 >128 >128
4 50.5 >12.8e 128 >12.8e 128 >1.28e 12.8 >12.8e 128
ethambutola 2-4 4-8 4-8 4-8

a Historical MIC values.

Table 4. Activity of 2 and4 against a Panel of Human Tumor Cell Lines

IC50 (µg/mL)a

cmpd SNB-7 DLD-1 NCI-H23 ZR-75-1 LOX IMVI PC-3 CAKI-1

2 >60 >60 45 30 29 31 50
4 5.7 11 4.8 5.6 7.8 5.9 6.3
methotrexate >60 >60 0.29 >60 0.057 0.027 >60

a 72-Hour exposure to compound.

Table 5. Tissue Boron Concentrations for Carborane2

µg B/g wet tissue

time (hr) animal blood brain tumor liver lunga

3 1 8.6 8.6 10.8 108.6 25.9
2 8.1 11.4 0 109.2 31.9
3 14.1 3.8 2.7 98.9 37.3

16 1 0 9.7 1.6 0 16.2
18 1 0 14.1 19.5 3.8

2 0 6.5 7.1 27.0

a These values are probably high due to the low tissue weights and the
fact that the compound is unenriched.

Boron-Containing Antifolates Journal of Medicinal Chemistry, 2007, Vol. 50, No. 143285



Steric considerations alone indicate that thecloso-carborane
4 should be rotationally disorderedseach of the 10 equatorial
cage atoms has an attached hydrogen atom. Therefore, the
observed unique cage conformation must arise from electronic
factors. Although the cage innido-carborane2 is not sym-
metrical, it was somewhat surprising that it bound in a single
(enantiomeric) conformation as well.

To understand better these electronic factors, ab initio
calculations were carried out at the 6-31+G* level of theory21-23

to provide the atomic charge distributions and dipole moments
for the inhibitors (see Supporting Information, Figure S2).
Calculations used the hDHFR-bound conformations of the
inhibitors, protonated at N1; hydrogen atoms were included as
found in the small-molecule crystal structures of2 and precursor
carborane1. The inhibitors exhibit strong dipole moments, with
the (expected negatively charged) partial carborane cage in2

negative (-0.92) and the protonated 2,4-diamino-6-methyl-
pyrimidine group positive (+0.64); the full cage of4 is more
neutral (-0.08), and the protonated 2,4-diamino-6-methyl-
pyrimidine group is again quite positive (+0.90). As expected
from atomic electronegativity values, the cage hydrogen atoms
attached to boron tend to have slightly negative partial charges
(mean values of-0.08 and-0.03 for 2 and 4), whereas the
boron atoms are positive (2, +0.07; 4, +0.45); the hydrogen
attached to cage carbon C2C has a pronounced positive partial
charge (2, +0.11;4, +0.20).

We conclude that the rotational preferences for both carborane
cage types arise from the detailed electrostatic interactions
between the nonuniformly charged carborane cages and the
characteristic partial atomic charges and, hence, electric field,
found in the solvated hDHFR active site. Additional work to
further probe this point, for example, Poisson-Boltzmann
calculations with rotationally distinct inhibitor cage orientations
in the context of the fully solvated protein, were deemed unlikely
to shed much more light on the matter and were not pursued.

Carborane Antifolates and Trimethoprim Exhibit Similar
Binding Modes. The location of compounds2 and4 bound in
the hDHFR active site, as well as their molecular conformations,
are essentially identical to that of TMP (Figure 2).24,25 The
diaminopyrimidine groups of both carboranes are bound in well-
defined orientations that overlay the position adopted by TMP.
In the closo-carborane4 complex, N1 and N2 make tight
hydrogen bonds (2.65 and 2.8 Å) with the side chain carboxylate
of Glu-30 (Figure 1). N4 makes a weak hydrogen bond (3.15
Å) with the carbonyl oxygen of Ile-7, and more distant van der
Waals interactions with the carbonyl oxygen atoms of nicoti-
namide and Val-115, and the side chain Oη of Tyr-121. The
methylene and methyl groups bonded to C5 and C6 are in van
der Waals contact with the nicotinamide C3 and the side chain
of Leu-22, respectively. Essentially identical interaction dis-
tances are observed in thenido-carborane2 complex. An
alternative diaminopyrimidine orientation, with this group
rotated by∼180°, thereby exchanging N4 and the methyl group
(and N1/N3), was conclusively ruled out by a test refinement.
With the rotated model, the free R-factor increased by∼1%,
and the difference in temperature factors between the exocyclic
amino (N4) and methyl (C6′) atoms increased from∼1.5 Å2 to
5 Å2, with N4 being lower than C6′.

Hydrogen bonding and van der Waals interactions equivalent
to those described above for compounds2 and4 were observed
in the chicken DHFR/NADPH/TMP ternary complex;25 the
hDHFR ternary complex is also equivalent (A.K.W.L. and
D.W.B., unpublished results). In theE. coli DHFR/TMP binary
complex, however, an additional strong hydrogen bond (∼2.8
Å) between N4 and the carbonyl oxygen atom of Ile-94 (Val-
115 in hDHFR) was observed.25

The TMP conformation is defined by the two dihedral angles
around the TMP “benzyl” carbon (C7):θ1 (C4-C5-C7-C1′)
andθ2 (C5-C7-C1′-C2′) (Figure 2). In the chicken DHFR/
NADPH/TMP ternary complex, these angles areθ1 ) -85°
and θ2 ) 102°;25 angles ofθ1 ) -95° and θ2 ) 95° are
observed in the hDHFR ternary complex (A.K.W.L. and
D.W.B., unpublished results). For the carborane inhibitors, with
θ1 andθ2 defined analogously (θ1, C4-C5-C5′-C1C;θ2, C5-
C5′-C1C-B5; B5 of the carborane cage is closest to C2′ of
TMP), the values areθ1 ) -97° andθ2 ) 100° (compound2)
and θ1 ) -88° and θ2 ) 103° (compound4). As observed
previously, all these dihedral values are distinct from those
observed in DHFR/TMP binary complexes, for example,θ1 )
177° andθ2 ) 76° in the E. coli DHFR/TMP complex.25

Figure 1. The carborane cages of compounds2 and4 adopt a single
conformation when bound to hDHFR. (a, b) Carboranes2 (a) and4
(b) are shown as found in the hDHFR/NADPH ternary complexes; only
a single enantiomer of the bound racemate is shown for2. The 1.5 Å
resolutionFO-FC electron density maps, showing positive electron
density in the active site prior to inclusion of either inhibitor in the
molecular models, are shown at 3.5σ above the mean density for2
(light purple mesh) and 2.0σ and 4.5σ (dark purple) for4. Ligands are
multicolored (B, light green; C, black; N, blue; O, red; P, yellow-green).
The hDHFR CR trace is shown as an orange ribbon, and the side chains
of residues Glu-30, Phe-31, and Phe-34 are shown; hydrogen bonds
between the diaminopyrimidine group and Glu-30 are represented by
dashed white bars. The protein solvent accessible surface is colored
according to distance to the ligands (0 Å, red; 0.5 Å, yellow;>3.5 Å,
blue).
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One difference between the carboranes and TMP when bound
to DHFR is the magnitude of solvent accessible surface area
(ASA) that is buried. For TMP, 450 Å2 of ASA is buried upon
binding, that is,∼90% of the total inhibitor surface area. About
230 Å2 of DHFR/NADPH ASA is made inaccessible by TMP,
for a total buried ASA of 680 Å2. For both compounds2 and
4, by contrast, about 390 Å2 (out of 420 Å2 total) of inhibitor
ASA is buried upon binding. For the protein, slightly less (210
Å2) surface area becomes inaccessible, for a total buried ASA
of 600 Å2. Somewhat unexpected from these differences in
buried ASA between TMP and the carboranes, namely,∼80
Å2, that is, 12% of the ASA buried upon TMP binding, the
carboranes are actually the more potent inhibitors (Table 2).
The improved potency of carboranes2 and4 is not due to the
presence of the 6-CH3 group, as 6-CH3-TMP is actually∼2-
fold worse an inhibitor than is TMP itself (Table 2).26

Concluding Remarks

Carboranes2 and4 were only moderately active in the screens
presented herein and are not candidates for antimicrobial or
anticancer chemotherapy. Neither are they viable BNCT can-
didates. The carborane substitution sterically approximates a
phenyl ring rotated in three-dimensional space, and it was
interesting to determine how this substitution would be tolerated
within the DHFR active site. The crystal structures of2 and4
bound to hDHFR showed that both compounds bind in a manner
very similar to the prototypical 2,4-diamino-5-benzylpyrimidine,
TMP, placing the carborane cages in the same region as the
TMP phenyl ring. Because this region is critical to binding and
antibacterial selectivity, it was interesting to ascertain the effects
of this substitution on antibacterial activity and selectivity. A
similar approach has been taken relative to anticancer antifolates.
In the active 2,4-diamino-6-methyl-5-(3,4-dichlorophenyl)-
substituted pyrimidine antifolate, metoprine, the 5-(3,4-dichlo-
rophenyl) group was replaced with an adamantyl group leading
to more potent inhibitors.27 It is clear from our data that the
carborane-substituted analogs2 and 4 are sterically tolerated
in relation to inhibiting the DHFR enzymes studied. In fact,
these analogs are nonselective, micromolar inhibitors similar
in activity to 2,4-diamino-5-benzylpyrimidine,28,29and the added

hydrophobic surface area and potential active site occupancy
does not appear to improve enzyme inhibition.

The data againstT. gondii DHFR are interesting, however,
in thatnido-carborane2 shows significant (nanomolar) activity
against this enzyme. The activity of2 is about 2-fold greater
than4 against this DHFR, and2 is approximately 65-fold more
selective forT. gondii DHFR versus the rat liver protein. In
every other case, compound4 is more active against the DHFR
tested than2 by ratios ranging from 2 (P. carinii) up to 58 (L.
casei). Although there may be a unique capability of theT.
gondiienzyme to accommodate the open,nido-carborane better
than the closed,closo-carborane, structurally,2 and4 are very
similar; the primary difference lies in the negative charge on
the nido-carborane cage. Possibly, there is a unique feature
within the T. gondiiDHFR that can accommodate this charge
with little impact on enzyme inhibition, whereas in the case of
the rat liver or human enzymes, binding of2 is reduced by a
factor of 10 or more. This difference might be exploitable for
the design of more selective antifolates againstT. gondii.

Experimental Section

Biological Evaluation. Inhibition of Dihydrofolate Reductase.
DHFR from bothLactobacillus casei(30% pure) and the human
recombinant enzyme were assayed according to procedures reported
by Kisliuk et al.30 The pure human recombinant enzyme was
supplied by Prof. J. H. Freisheim.31 IC50 values for DHFR fromP.
carinii, T. gondii, M. aVium, and rat liver were determined as
reported.32,33 Independently, the activities versusM. aVium were
determined using purified recombinantM. aVium DHFR34 by
reported methods.35,36

In Vitro Inhibition of Bacterial Growth. The inhibition of
growth was determined forL. casei(ATCC 7469),M. tuberculosis
H37Ra (ATCC 25177), and threeM. aVium strains by compounds
2 and 4 (Table 2). TheM. aVium strains were clinical isolates
obtained from the National Jewish Center for Immunology and
Respiratory Diseases, Denver, CO.L. caseiinhibition was deter-
mined turbidimetrically with a macrodilution broth assay according
to Bakerman.37 The inhibition of growth of the mycobacterial strains
was determined using a colorimetric microdilution broth assay and
10-fold serial dilutions of drug, as described elsewhere.38 The MIC
is defined as the lowest amount of drug that inhibited growth
completely.

Evaluation as Anticancer Agents: Activity in a Panel of
Human Tumor Cell Lines. The cell lines CAKI-1 (renal), DLD-1
(colon), NCI-H23 (lung), ZR-75-1 (mammary), SNB-7 (CNS),
PC-3 (prostate), and LOX IMVI (melanoma) were propagated using
standard tissue culture techniques in RPMI 1640 media with 10%
FBS, and 2 mML-glutamine at 37°C with 5% CO2 and humidity
control. IC50 values were determined as reported.38

Evaluation as Candidates for Boron Neutron Capture Therapy.
Preliminary BNCT experiments were performed using compound
2 as it was the least overtly toxic (see Table 3) of the two
carboranes. All injections were intraperitoneal into BALB/c mice.
Harding-Passey melanomas were carried subcutaneously on the
abdomen. Two solutions were used for the experiment. The first
solution was 22.5 mg of2 in 4.0 mL of 50% aqueous propylene
glycol. The second solution contained a higher amount of2 at 45.0
mg in 4.0 mL of 50% aqueous propylene glycol. The first solution
was analyzed by the promptγ method,39 and contained 1642.7µg
B/mL. The second solution was not analyzed by promptγ, but the
amount of boron received by the animals was approximated based
on results from the other solution. Using the first solution, three
tumor-bearing mice received approximately 17µg B per gram of
body weight (gbw), all appeared healthy and were sacrificed at 3
h. The second solution was used in the following treatments. Two
nontumor mice received 33µg B/gbw, the highest dose adminis-
tered. Both were dead within 1 h. Three tumor-bearing mice re-
ceived approximately 24µg B/gbw; two were dead by the following
morning, and the third appeared healthy and was sacrificed at 16

Figure 2. TMP and the carboranes2 and4 bind similarly to hDHFR.
Carborane4 (coloring as in Figure 1) is shown with selected hDHFR
active site side chains and NADPH. TMP bound to chicken DHFR/
NADPH,25 with the human and chicken enzymes aligned, is shown
also (yellow C atoms). The torsion anglesθ1 and θ2 (defined in the
text)24 are illustrated as multicolored arrows surrounding the relevant
TMP bonds. Note the essentially similar orientation and torsion angles
between the two inhibitors. By contrast, TMP bound toE. coli DHFR
(pink C atoms)25 adopts very differentθ1 andθ2 values.
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h. Finally, two nontumor animals received approximately 16µg
B/gbw. Both lived, looked healthy, and were sacrificed at 18 h.
Tissues were harvested and analyzed by promptγ to determine
tissue boron concentration. Data for the surviving, healthy animals
that were sacrificed at the 3, 16, and 18 h time points are presented
in Table 5. It is notable that the maximum tolerated dose appears
to be in the 16-17 µg B/gbw. Hence, although the lone, surviving
animal (receiving 24µg B/gbw) in the 16 h experiment appeared
quite normal, the data at this time point may be questionable due
to the fact that two out of three of the animals died at this higher
dose.
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