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Abstract-The ability of a number of compounds that act as inactivators of 06-alkylguanine-DNA alkyltrans- 
ferase (AGT) to sensitize human tumor cell lines to the effects of NJ’-bis(2-chloroethyl)-N-nitrosourea (BCNU) 
were examined. The AGT inactivators tested included O”-benzylguanine (BG) and its 8-aza-, 8-bromo-, I-meth- 
yl-, 8-0~0, and 8-amino-derivatives and 06-[p-(hydroxymethyl)benzyl]guanine. All of these compounds except 
the I-amino-derivative were active in greatly increasing the killing of HT29 colon, Du145 prostate, MCF-7 
breast and A549 lung tumor cells by BCNU. Their activities were comparable to those of BG. Two pyrimidines, 
2,4diamino-6-benzyloxy-S-nitrosopyrimidine and 2.4diamino-6-benzyloxy-5-nitropyrimidine, were found to 
be considerably more potent than BG in enhancing BCNU-induced cell killing. The addition of a steroid group 
to the 9-position of BG forming either O”-benzyl-9-[3-oxo-4-androsten-17~-yloxycarbonyl)metyl]guanine or 
O”-benzyl-9-~~3-oxo-Sa-androstan-17~-yloxycarbonyl)methyl]guanine also produced compounds effective in 
enhancing the cytotoxicity of BCNU when added at 10 pM. These results indicate that a range of potent 
compounds with potentially different phannacokinetics is available to test the hypothesis that inactivation of 
AGT overcomes the resistance of many tumor cells to nitrosoureas. 

Key words: 06-alkylguanine-DNA alkyltransferase; 06-benzylguanine; 2.4diamino-6-benzyloxy-5nitrosopy- 
rimidine; 2,4-diamino-6-benzyloxy-5-nitropyrimidine; N,Y-bis(2_chloroethyl)-N-nitrosourea; cancer chemo- 
therapy 

Chloroethylating agents including BCNU’r have been 
used for the treatment of malignant disease for a con- 
siderable period but have had only limited success [l-3]. 
Many tumors are resistant to killing by these agents. A 
significant factor in this resistance is the presence of the 
DNA repair protein ACT [4-71. This protein repairs ad- 
ducts in DNA at the: 06-position of guanine by transfer- 
ring them to a cysteine residue located within the ACT 
protein sequence. The DNA is thus restored to its orig- 
inal state in a single step. 

t Corresponding author: Dr. Anthony E. Pegg. Department 
of Cellular and Molecular Phvsioloav. Pennsvlvania State Uni- 
versity College of Medicine;The Milton S.-Hershey Medical 
Center, P.O. Box 850, 500 University Drive, Hershey, PA 
17033. Tel. (717) 531-8152; FAX (717) 531-5157. 

‘I Abbreviations: BCNU, NjV’-bis(2-chloroethyl)N-nitrosour- 
ea; AGT, 06-alkylguanine-DNA alkyltransferase (EC 2.1.1.63); 
BG, 06-benzylguanine; I-aza-BG, 8-aza-06benzylguanine; 8- 
aminoBG, 8-amino-CT’-benzylguanine; 8-bromo-BG, 06-benzyl- 
8bromoguanine; 8-methyl-BG, 06-benzyl-8-methylguanine; 
8-oxo-BG, 06_benzyl-‘7,8dihydro-8-oxoguanine; AND-BG, @- 
benzyl-9-[3-oxo-4-anldrosten-17B-yloxycarbonyl)methyl]gua- 
nine; DHT-BG, 06-benzyl-9-[3-oxo-5a-androstan-17j3-yloxy- 
carbonyl)methyl]guanine; HM-BG, o6-lp-(hydmxymethyl)ben- 
zyl]guanine; 5-aminoBP, 2.4.5~triamino-6benzyloxypyrimidine; 
5-nittoso-BP, 2&diamino-C%enzyloxy-5-nittosopyrimidiie; 5-ni- 
tro_BP, 2,4-diamino-Wsnzyloxy-5-nitropyrimidiie; and Cdesa- 
mino5-n&o-BP. 2-amino-4-benzyloxy-5-nittopyrimidine. 

The predominant pathway by which chloroethylating 
agents kill tumors cells is via the formation of 1-(3- 
cytosinyl)-Z( 1 -guanyl)ethane interstrand cross-links in 
cellular DNA [4, 8-101. Such cross-links are very effec- 
tive lesions for cell killing. However, the initial adduct 
formed in DNA leading to these cross-links is 06-(2- 
chloroethyl)guanine. This adduct undergoes an intramo- 
lecular cyclization to form 1, 06-ethanoguanine, which, 
in turn, reacts with the 3-position of cytosine in the 
complementary strand to form the cross-link. Cross-link 
production is prevented by the removal of the chloro- 
ethyl adduct from the 06-position by the action of AGT 
prior to cross-link formation. Tumor cell lines having the 
Mei phenotype fail to express AGT activity, and such 
lines are highly sensitive to the action of chloroethylni- 
trosoureas [4-g]. Unfortunately, the great majority of 
primary tumors are either Mer+ and are resistant to these 
drugs or contain a significant fraction of Mer” cells that 
allows for the regrowth of a resistant tumor after treat- 
ment [9, 11, 121. 

We discovered that BG can inactivate mammalian 
AGT and render Mer’ cells sensitive to chloroethylating 
agents [13]. BG is a low molecular weight alternative 
substrate for the AGT. The action of AGT on BG results 
in the formation of guanine and S-benzylcysteine at the 
cysteine-acceptor site, which inactivates the protein [14]. 
Pretreatment with BG was found to greatly sensitize 
Mer” brain and colon tumor cell lines to killing by 
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BCNU and other chloroethylating agents in vitro and to 
improve the therapeutic index of BCNU when these tu- 
mors were grown as xenografts in nude mice [l l-13, 
15-191. Clinical trials of this combination have just com- 
menced. BG is clearly the most promising candidate 
drug for modulation of ACT activity presently available, 
but there are several reasons for attempting to find a 
more effective inactivator of AGT. 

Possible problems with BG may result from: (a) its 
limited water solubility and rapid clearance by metabo- 
lism and excretion [19, 201; (b) the facile production by 
point mutations of alterations in the human AGT protein 
sequence, which result in mutant proteins that are resis- 
tant to BG [21, 221; and (c) the lack of selectivity to- 
wards inactivation of AGT in tumor cells as compared 
with normal cells. Furthermore, the value of the combi- 
nation of BG with chloroethylating agents has only been 
tested in a limited number of tumor types (predominately 
brain or colon), even though this approach would be 
expected to have more general utility. 

In attempts to provide improved AGT inactivators, we 
have synthesized more than 60 analogs of BG and mea- 
sured their capacity to inactivate AGT from HT29 colon 
tumor cells [23-251. In the present studies, some of the 
more active of these compounds have been examined for 
their abilities to sensitize a range of tumor cell lines to 
BCNU. 

MATERIALS AND METHODS 

Materials 

The synthesis of all of the AGT inactivators used has 
been described previously [ 13, 23-251. HT29 colon ad- 
enocarcinoma cells were provided by Dr. L. C. Erickson 
(Loyola University of Chicago, Maywood, IL). MCF-7 
breast adenocarcinoma cells were obtained from Dr. A. 
Manni (Department of Medicine, Pennsylvania State 
University). The prostate adenocarcinoma cells (LNCaP, 
Du145 and PC-3) and A549 lung carcinoma cells were 
obtained from the American Type Culture Collection, 
Rockville, MD. 

Cell culture 

MCF-7 and Du 145 cells were grown in MEM medium 
containing 36 mM NaHCO,, 10% fetal bovine serum, 
100 U/mL penicillin and 100 pg/mL streptomycin. 
HT29 cells were grown in Dulbecco’s modified Eagle’s 
medium containing 36 mM NaHC03 supplemented with 
10% fetal bovine serum plus 3% glutamine and genta- 
mycin (50 pg/mL). A549 cells were grown in Ham’s 
F12 medium plus 3% glutamine, 10% fetal bovine serum 
and 100 U/mL penicillin and 100 p@mL streptomycin. 
LNCaP cells were grown in RPM1 1640 medium with 
10% fetal bovine serum. Crude extracts containing AGT 
were prepared as previously described (261. The AGT 
activity of the cells was then determined as described 
below and expressed as femtomoles of 06-methylgua- 
nine removed per milligram of protein present in the cell 
extracts. Protein was determined by the method of Brad- 
ford [27]. 

Assay of loss of AGT activity 

The putative inactivators were added to the culture 
medium of HT29 cells at concentrations from 5 nM to 20 

pM, and the cells were harvested 4 hr later. Extracts 
were prepared and AGT activity was determined as de- 
scribed by Dolan et al. [13] by incubation for 30 min at 
37” of crude extract with a [3H]methylated calf thymus 
DNA substrate. The substrate was made by reaction of 
DNA with N-[3H]methyl-N-nitrosourea (Amersham 
Inc., Arlington Heights, IL). The extent of removal of 
06-methylguanine was calculated, and the results were 
expressed as the percentage of AGT activity remaining 
compared with that in untreated cells. The concentration 
of inhibitor required to produce 80% AGT inactivation 
was determined from plots of the extent of inactivation 
against the concentration of compound added. 

To examine the persistence of AGT inactivation, ei- 
ther BG or DHT-BG was added at 2 pM to the medium 
of HT29 cell cultures. Sample dishes were harvested at 
4 hr for measurement of the decrease in AGT activity. 
The drugs were removed from other dishes by removing 
the medium, washing the cells once with PBS at 37” and 
then replacing with fresh medium without drugs. Dishes 
were then harvested at various times for the next 23 hr 
and AGT levels were determined. 

Killing of cells by BCNU 

Cell killing was determined using a colony-forming 
assay as previously described [28]. The cells were plated 
using lo6 cells/25 cm* flask and grown for 24 hr. After 
2 hr of incubation with the AGT inactivator alone, 40 
pM BCNU was added for 2 hr. The medium was re- 
placed with fresh medium also containing the AGT in- 
activator, and the cells were left at 37” for an additional 
18 hr. The cells were then replated at densities of lOO- 
4000 cells in 5 mL medium (without inhibitors) in 25 
cm2 flasks and grown for 7-12 days until discrete col- 
onies could be stained and counted. The colonies were 
washed with 0.9% saline, stained with crystal violet and 
counted. 

RESULTS 

Loss of AGT activity in H729 cells 

Several potent inactivators of AGT have been pro- 
duced based on the lead compound BG [3,23-251. Com- 
pounds used in this report are illustrated in Fig. 1. These 
inhibitors can be divided into three classes: benzyloxy- 
pyrimidine derivatives related to 5-nitro-BP; BG deriv- 
atives with alterations at the 8-position; and other BG 
derivatives. Table 1 shows the concentrations of these 
compounds required to give 80% inactivation of the 
AGT in HT29 cells after a 4-hr exposure. 

The most potent inactivators of the AGT were the 
5-nitro- and the 5-nitroso-BP analogs for which only 50 
nM was needed to produce an 80% reduction in the AGT 
activity in HT29 cells exposed for 4 hr. Removal of the 
amino group at the 4-position, forming 4-desamino-5- 
nitro-BP, reduced the activity slightly. This compound 
and the 8-aza- and 8-bromo-derivatives of BG were 
slightly more active than BG itself (150 nM needed for 
80% inhibition compared with 200 nM), whereas the 
8-methyl-, 8-0x0- and 06-[P-(hydroxymethyl)benzyl]- 
guanine derivatives were slightly less active (300-400 
nM). The other compounds tested, 5-amino-BP where 
the 5-nitro group is replaced by an amino group, BG 
derivatives with steroid groups attached to the 9-position 
and the 8-amino derivative of BG, were markedly less 
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Fig. 1. Structures of AGT inactivators. 

active than BG requiring l-6 pM for 80% AGT inacti- 
vation (Table 1). 

Activio of AGT in tumor cell lines 

Measurements of the AGT activity in untreated HT29, 
Du145, MCF-7 and A549 cells confirmed that all of 
these cell lines were Mer”. The AGT activities were 461 
fmol/mg protein far HT29, 513 fmol/mg protein for 
Du145, 260 fmol/mg protein for MCF-7, and 318 fmoll 
mg protein for A549, respectively. 

Effect of 8-substituted derivatives of BG on killing 
by BCNU 

Both HT29 colon carcinoma cells and Du 145 prostate 
carcinoma cells were, within the limits of experimental 

error, completely resistant to killing by 40 @I BCNU 
(Table 2). When pretreated with 10 @4 BG, these cell 
lines were greatly sensitized to the effects of BCNU. All 
of the 8-substituted derivatives of BG also greatly sen- 
sitized the cells to BCNU when added at 10 @I except 
for the 8-amino derivative. There was no effect on cell 
survival of the BG derivatives alone. The effects of the 
active BG derivatives were only marginally apparent 
when the concentration was reduced to 1 pM, and there 
was no indication that any of the compounds were better 
than BG alone at this concentration. 

MCF-7 breast tumor cells and A549 lung carcinoma 
cells were marginally sensitive to 40 ttJvl BCNU with 15 
and 30% loss in colony-forming efficiency, respectively 
(Table 3). When added at 10 JJM, all of the 8-substituted 
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Table 1. Concentration of inhibitor needed to inactivate alkyltransferase by 80% in HT29 cells 

Compound* 
Concentration producing 

80% reduction in AGT (@I) 

2,4-Diamino-6-benzyloxy-5nitrosopyrimidine (5nitroso-BP) 0.05 
2.4Diamino-6-benzyloxy-5nitropyrimidine (5nitro-BP) 0.05 
8-Aza-06-benzylguanine (8-aza-BG) 0.15 
06-Benzyl-8-bromoguanine (I-bromo-BG) 0.15 
2-Amino-4-benzyloxy-5-nitropyrimidine (4desamino-5-nitro-BP) 0.15 
06-Benzylguanine (BG) 0.20 
06-[p-(Hydroxymethyl)benzyl]guanine (HM-BG) 0.30 
06-Benzyl-8-methylguanine (8-methyl-BG) 0.30 
06-Benzyl-7.8-dihydro-8-oxoguanine (I-oxo-BG) 0.40 
2,4,5-Triamino-6benzyloxyprimidine (5-amino-BP) 1 
O6-Benzyl-9-[(3-oxo-5a-androstan-17~-yloxycarbonyl)metyI]guanine (DHT-BG) 2 
O6-Benzyl-9-[(3-oxo-4-androsten-l7~-yloxycarbonyl)metyl]guanine (AND-BG) 2 
8-Amino-06-benzylguaine (8-amino-B@ 6 

* The compounds shown were added to the culture medium of HT29 cells at various concentrations, and the ceils were harvested 
4 hr later. 

derivatives of BG sensitized the cells to BCNU except 
for the I-amino derivative, which had some effect on the 
MCF-7 cells but had no effect on A549. When added at 
1 phJ, all of the derivatives except S-amino-BG also had 
a significant but not maximal effect, increasing killing 
up to 85-91% for MCF-7 and up to 87-95% for A549. 

Effects of other derivatives of BG on killing by BCNU 

HM-BG was active in increasing the effects of BCNU 
on MCF-7 or Dul45 cells (Table 4), but 10 @I was 
needed to get a maximal effect and, at lower concentra- 
tions, it was somewhat less effective than BG itself 
(compare Tables 3 and 4). 

Although the attachment of a steroidal function to the 
9-position of BG decreased the ACT inactivation by a 
factor of about 10 when assayed in HT29 cells (Table 1 
and Ref. 24), there was a possibility that these com- 
pounds might be retained or accumulated better in ste- 

roid-responsive cells. They were tested in the breast and 
prostate cell lines for their ability to enhance killing by 
BCNU. As shown in Table 4, both DHT-BG and AND- 
BG were effective in sensitizing MCF-7 breast and 
Du 145 prostate cells to killing by BCNU when added at 
10 @4, but were not active at 1 pM. They were, there- 
fore, slightly less active than BG itself (compare Table 3 
and Table 4). 

The possibility of prolonged retention of DHT-BG 
was examined by exposing Du145 and HT29 cells to 2 
pM or DHT-BG for 4 hr, and then removing the drug 
from the culture medium and following the return of 
ACT activity (Fig. 2). There was no difference in the 
rate of return of activity, which had reached 60-80% of 
starting values within 27 hr. Since DHT-BG is consid- 
erably less potent than BG (Table l), the similar rate of 
return of ACT activity suggests that more DHT-BG than 
BG is available for AGT inactivation after removal of 
the drugs from the medium. 

Table 2. Effects of g-substituted benzylguanine derivatives on killing of colon and prostate tumor 
cells by BCNU 

Colony formation/1000 cells plated 

Addition 

HT29 colon Du 145 prostate 

No BCNU +40 pM BCNU No BCNU +40 @vi BCNU 

None 
1OpMBG 
10 pM I-aza-BG 
10 pM 8-bromo-BG 
10 @4 8-oxo-BG 
10 @vi 8-methyl-BG 
10 pM 8-amino-BG 
1 pM BG 
1 @I I-aza-BG 
1 pM I-bromo-BG 
1 pM 8-oxo-BG 
1 pM I-methyl-BG 
1 pM 8-amino-BG 

435 * 63 
435 f 33 
537+48 
4Olf22 
413 + 34 
513 + 76 
504 f 30 

NDS 
ND 
ND 
ND 
ND 
ND 

442f34 
8f 4* 
2* 1* 
If 1* 
<1* 
cl* 

430f41 
277 f 25+ 
423 f 42 
299 f 30t 
221 f 1st 
230%51? 
475 f 26 

453 + 81 
462f68 
452 + 72 
493 * 90 
379 f 34 
357 f 43 
380 f 36 

ND 
ND 
ND 
ND 
ND 
ND 

394f 76 
28* 5* 
28+ 5* 
16f 3* 
34f 3* 
50+ 7* 

295 * 45t 
299f 18t 
248* 21t 
267f 39t 
329? 43 
306* 157 
435* 70 

Results are the means f SD for at least four estimations. 
* Significantly different from 40 @I BCNU with no AGT inactivator, P < 0.001. 
t Significantly different from 40 p&l BCNU with no AGT inactivator, P c 0.05. 
$ ND, not determined. 
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Table 3. Effects of 8-substituted benzylguanine derivatives on killing of breast and lung tumor 
cells by BCNU 

1145 

Addition 

Colony formationllOC@ cells plated 

MDF-7 cells A549 cells 

No BCNU +40 @i BCNU No BCNU +40 l&l BCNU 

None 
lO@vfBG 
10 @I 8-aza-BG 
10 @I I-bromo-BG 
10 pM 8-oxo-BG 
10 @I I-methyl-BG 
10 @I 8-amino-BG 
1 pM IlG 
1 pM 8%aza-BG 
1 pM Lbromo-BG 
1 w 8-oxo-BG 
1 pM 8-methyl-BG 
1 @I &amino-BG 

426+ 78 
455 f 63 
4831t 27 
380 f 109 
522+ 78 
376+ 76 
432f 36 

NDS 
ND 
ND 
ND 
ND 
ND 

364 Z!Z 60* 
4f 2t 
2+ 1-t 
3f 1t 
4+ 2-t 
2+ It 

95* 8t 
45f 14t 
63 + 6t 
38 f 1st 
46f 7t 
54f 16t 

373 f 63 

630+91 
654 + 54 
688 f 69 
673 _+ 43 
650 5 58 
673f31 
559 f 74 

ND 
ND 
ND 
ND 
ND 
ND 

440+98* 
6f lt 

84f 8t 
2f It 

12* 2t 
4f 1t 

539 * 37 
57 + 1st 
84* 8t 
29f 7t 
78 + 16t 
44+ 12t 

495 f 85 

Results are the means f SD for at least four estimations. 
* Significantly different from no BCNU, P < 0.05. 
t Significantly different from 40 @I BCNU with no AGT inactivator. P < 0.001. 
$ ND, not determined. 

The ability of the BG derivatives containing steroids 
attached at the g-position to inactivate AGT in different 
cell lines was examined by determining the amount of 
compound needed tD inactivate their AGT by 80% 
within 4 hr of exposure in HT29, MCF-7, Du145, PC-3 
and LNCaP cells. These results showed only small dif- 
ferences in the EcBo values, which were in the range of 
1.2 to 2.4 pM for AND-BG, 1.2 to 3.5 @I for DHT-BG 
and 0.2 to 0.4 p&l :For BG. The LNCaP cells, which 
express androgen receptors, had the highest value for 
DHT-BG. 

Effect of benzyloxypyrimidine derivatives on killing 
by BCNU 

When added at 10 I.&I, all of the benzyloxypyrimidine 
derivatives increased the killing by 40 pM BCNU in all 
of the cell lines tested. Even 5-amino-BP the least active 
of the compounds, 11ti to an 87-99% reduction in the 

colony-forming efficiency when added at a concentra- 
tion of 10 @I with 40 m BCNU (Table 5). When the 
amount of compound was reduced to 1 p.M, Samino-BP 
was inactive and 4-desamino-5-nitro-BP had only a par- 
tial effect (43-90% reduction), but 5-nitroso-BP and 
5-nitro-BP were highly active (Table 5). 

A more detailed comparison of the effects of 5-ni- 
troso-BP and 5-nitro-BP with those of BG was carried 
out using the compounds over a range of 0.1 to 2.5 pM. 
The results shown in Fig. 3 indicate that both of these 
compounds were considerably more potent than BG in 
sensitizing all of the Me? tumor cell lines tested to 
killing by 40 pM BCNU. The most active compound 
was 5-nitroso-BP, which produced a more than 90% 
reduction in colony-forming efficiency at 0.5 p&l or less. 
The 5-nitro-BP was only slightly less efficient requiring 
about 1 @I or less, whereas BG required 2.5 p.M for all 
the cells lines except Du145 where 5-10 pM was needed 
(Fig. 3 and Table 1). 

Table 4. Effects of 06-[p-(hydroxymethyl)benzyl]guanine and of steroid substitutions on 06- 
benzylguanine on killing of breast and prostate tumor cells by BCNU 

Colony formation/1000 cells plated 

Addition 

MCF-7 cells Du145 cells 

No BCNU +40 @l BCNU No BCNU +40 HIM BCNU 

None 
10 @I DHT-BG 
5 ltM DHT-BG 
1 ELM DHT-BG 
10 @I AND-BG 
1 pM AND-BG 
10 @I HM-BG 
5 @I HM-BG 
I ph4 HM-BG 

426f 78 
305 * 53 

NDt 
ND 

427? 129 
ND 

394f 40 
ND 
ND 

364 + 60 
21* 3* 

134+45* 
322 f 63 

6f 3* 
273 f 68 

3f 1* 
199+58 
392 f 35 

453+ 81 
470f 114 

ND 
ND 

423 -+ 43 
ND 

4OOf 64 
ND 
ND 

394f 76 
79f 4” 

101f. 48* 
312f 90 
95It 35* 

362+ 39 
35f 9* 

2962 73 
384 f 100 

Results are the means It SD for at least four estimations. 
* Si@ificantly different from 40 pill BCNU with no AGT inactivator, P c 0.001. 
t ND, not determined. 
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Fig. 2. Loss of AGT activity and subsequent recovery after 
exposure to BG and DHT-BG. Cultures of HT29 cells (0.0) 
or Du145 cells (0, n ) were exposed to 2 pM BG (0.0) or 2 
p.M DHT-BG (0, n ) for 4 hr. At this time, indicated by 0 on 
the graph, the cells were then washed, the medium was replaced 
with fresh medium lacking the drug, and cultures were incu- 
bated at 37” for a further 27 hr. At the times shown, dishes were 
harvested, and the AGT activity was determined. Results are the 

means of triplicate observations. 

DISCUSSION 

These results suggest that all of the potent AGT inac- 
tivators tested here have the potential to be used to in- 
crease the therapeutic index of chloroethylating agents. 
When present at 10 pIvI, all of the compounds tested 
except 8-amino-BG increased the cell killing by BCNU 
to more than 95%. Based on the pharmacokinetic data 
with BG in animals ([29, 301; Roy SK, Gupta E, and 
Dolan ME, unpublished observations), plasma levels of 
5-10 pM should be readily achievable. The fact that 
8oxo-BG was as active as BG itself in sensitizing tumor 
cells to killing by BCNU (Tables 2 and 3) is of particular 
interest since this compound is a major metabolite of 
BG [ZO]. 

The presence of the AGT is well known to be a major 
factor in resistance to chloroethylation [4-121. In agree- 
ment with this, the HT29 and Du145 cell lines, which 
had the highest levels of AGT of the cells used in these 
experiments, were slightly more resistant to BCNU and 

required higher amounts of BG for full sensitization than 
the A549 and MCF-7 cells. This difference was less 
apparent when 5-nitro-BP and 5-nitroso-BP were used, 
but it is possible that these pyrimidines are metabolized 
differently between the cell types. 

The two most active benzyloxypyrimidines (5-ni- 
troso-BP and 5-nitro-BP) were significantly more potent 
than BG in increasing the cytotoxic effects of BCNU 
(Fig. 3), but, at present, little is known about their me- 
tabolism and disposition. However, even if these com- 
pounds are more rapidly degraded or excreted than BG, 
they may still have utility for purposes where tumor- 
selective delivery of the compound can be effected (e.g., 
intrathecal administration). An additional potential ad- 
vantage of these compounds is that they are active at 
concentrations below 10 pM as inactivators of mutant 
forms of the human AGT that are resistant to BG (Crone 
TM, Moschel RC, and Pegg AE, unpublished observa- 
tions). 

The inactivation data shown in Table 1 is in good 
agreement with that previously published [23-251 where 
the data were presented in terms of the amount of com- 
pound needed to inactivate the AGT by 50%. There is a 
reasonably good correlation between these published 
EC,, values, and the amount needed for 80% inactivation 
since the inactivation curves have similar shapes for all 
of the compounds tested. In general, AGT-inactivating 
potency could be used to predict the effectiveness of an 
agent in sensitizing cells to BCNU since the most potent 
AGT inactivators (5-nitroso-BP and 5-nitro-BP) were 
most active sensitizers and the least potent AGT inacti- 
vator (8amino-BG) was only marginally active. How- 
ever, smaller differences in AGT-inactivating potency, 
as exhibited by 8-aza-BG and 8-oxo-BG, were not re- 
flected in differences in sensitization to BCNU. 

The level of the AGT inactivators needed to achieve 
enhancement of the effects of BCNU was considerably 
greater than that needed for 80% inactivation of the 
AGT. These results indicate that virtually complete in- 
activation of the AGT is needed to bring about this sen- 
sitization. This finding is consistent with other studies 
using BG or its deoxyribonucleoside, which indicated 
that prolonged depletion of the AGT activity is needed to 
maximize the potentiation of the effects of BCNU [31, 
321. This suggests that it is necessary to inactivate vir- 

Table 5. Effects of benzyloxpyrimidines on killing of tumor cells by BCNU 

Addition 

Colony formation/l000 cells plated 

HT29 cells Dul45 cells A549 cells MCF-7 cells 

+mILM +40 uM +4OuM +4OVM 
No BCNU BCNU No BCNU BCNU No BCNU BCNU No BCNU BCNU 

None 435 f 63 442f34 453f 81 394 f 76 549 f 74 440+98 426 f 78 364+60 
10 pM 5-amino-BP 453 f 59 3f 1* 429 f 101 57f. 7* 548 f 37 33 f 6* 448+12 12* 4* 
1 pM 5-amino-BP NDt 4875 3 ND 378 + 60 ND 301+36 ND 329 + 27 
1 @I Cdesamino- 

5-nitro-BP 423 * 43 250 f 77$ 4OOf 64 192 f 17$ 44Of98 57 f 15* 432 I!Z 36 124 f 28* 
1 pM 5-nitroso-BP 528 f 64 19f 4* 403+ 35 25 f 4* 579 f 63 4f 1* 447f87 4f 2* 
1 pM 5-t&o-BP 428 * 25 45+ 4* 407k 80 59f 6* 485 + 86 <2* 314+69 llf 9* 

Results are the means f SD for at least four estimations. 
* Significantly different from 40 pM BCNU with no AGT inactivator, P < 0.001. 
t ND, not determined. 
$ Significantly different from 40 pM BCNU with no AGT inactivator, P < 0.05. 
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MCF-7 cells 

_ +5-nltroao-BP 

A549 cells 

- +5-nfttuso-8P 

0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 
PM PM 

Fig. 3. Effects of different concentrations of BG, 5-nitro-BP and 5-nitroso-BP on killing of cells by BCNU. 
Cultures of HT29, MCF-7, Du145 and AS49 cells were treated with BG (W), 5-nitro-BP (0) and 5nitroso-BP 
(0) at the concentrations indicated for 2 hr. and the cells were then exposed to 40 pM BCNU for 2 hr. After 
a further period of 18 hr in the presence of the AGT inhibitors but not BCNU, the cells were replated at low 

densities, and colonies were determined. Results are the means f SD for at least four estimations. 

tually all of the cellular AGT activity prior to treatment 
with BCNU as well as to inactivate arty AGT that is 
synthesized during the period in which the BCNU-de- 
rived AGT-sensitive adducts are present in the DNA. 
Since the O”-(2-ch1oroethyl)guanine in DNA is likely to 
be a much better substrate for the AGT than BG or other 
inactivators, a higher concentration of the inactivator is 
needed to ensure that such newly synthesized AGT re- 
acts with the inhibitor rather than repairs the DNA. The 
actual concentration of the inactivator required has to be 
determined by experiment, but it appears that about 10 to 
20-fold higher concentrations than those producing 80% 
inactivation are needed for most of the compounds tested 
in our experiments. A possibly significant exception is 
the 9-steroidal derivatives where only a S-fold higher 
concentration was required. This could be due to the 
better retention of these compounds in the cells after 
removal from the medium. As shown in Fig. 2, the re- 
coveries of AGT activity after exposure to DHT-BG and 
BG were similar, even though DHT-BG is a less active 
inhibitor. 

The better retention of DHT-BG is not likely to be due 
to the interaction with specific hormone receptors since 
it occurred in HT29 cells that are not androgen respon- 
sive and there was no clear difference related to the 
presence of androgen receptors in the AGT inactivation 
when a range of hormone-sensitive and -insensitive cells 
were treated with DHT-BG for 4 hr. The lack of inter- 
action could be due to the site of attachment on the 
steroid, preventing recognition by receptors. A more 
likely explanation for the retention of the DHT-BG is 
that the highly hydrophobic nature of this derivative ren- 
ders it very difficult to wash out completely from the 

cells by a simple medium change. The fact that HM-BG 
was less active in sensitizing cells to BCNU than ex- 
pected from its ability to inactivate the AGT, requiring 
50-fold higher levels, is consistent with this interpreta- 
tion since it is the least hydrophobic of the compounds 
examined in this study. 

Sensitization of BCNU by a number of AGT-inacti- 
vating agents occurred in HT29, Dul45, A549 and 
MCF-7 human tumor cell lines tested and is likely to 
apply to all other Mer+ tumor cells. Although our studies 
have been carried out only with BCNU, it is also very 
likely that the results shown here can be extended to all 
of the chloroethylating agents currently in use or under 
development as well as those methylating agents such as 
dacarbazine and temozolomide for which the mechanism 
of action involves modification of the @-position of 
DNA guanine residues [reviewed in Refs. 7, 11 and 121. 
It remains to be seen whether the altered metabolic or 
pharmacokinetic properties of these AGT-inactivating 
compounds offer significant improvement over BG. The 
current Phase I trial of BG should allow a better under- 
standing of the potential problems and advantages of BG 
as an AGT inactivator. 
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