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Abstract-The anti-cancer agent, cyclophosphamide, metabolises to the cytotoxic alkylating agent 
phosphoramide mustard, which can be dephosphoramidated to give nornitrogen mustard. A rat liver 
mitochondrial supernatant system was used to study the binding of [chloroethyl %]cyclophosphamide 
to DNA. The reacted DNA was acid-hydrolysed and one major adduct was identified using Sephadex 
G-10 chromatography, followed by HPLC, using reversed-phase or ion-exchange systems. Further 
studies, using [’ Clguanine as reaction substrate for [chloroethyl ‘H]~ycIophosphamide, phospho~mide 
mustard or nornitrogen mustard, demonstrated the main adduct from each reaction had identical 
chromatographic properties in these systems. The radiolabelled ratio in the [3H]cyclophosphamide- 
[“‘C]guanine reaction demonstrated a monoadducted product, From this evidence and from ‘H NMR 
data, the common adduct was putatively identified as a hydroxylated nornitrogen mustard adduct (N- 
(2-hydroxyethyl)-N-[2-(7-guaninyl)ethyl]amine). 

In in u&o s&iies,~rats were injected ~ntraperitonealiy with 2.775 MBq [3HJcy~lophosphamide. Total 
orean 13H1 content and DNA binding levels were ascertained. Maximal levels of i”H1 binding to DNA 
w&e seen-between t-4 hr with the h:ghest binding levels observed in the bladder. The in t&o adduct 
was shown, using various HPLC systems, to co-chromatograph with the in oifro adduct and thus the 
main in oiuo adduct was putatively identified as N-(2-hydroxyethyl)-N-[2-(7-guaninyl)ethyl]amine. 

Cyclophosphamide, a cyclic derivative of the alkyl- 
ating agent nornitrogen mustard, is one of the most 
widely used anti-cancer agents. Although originally 
synthesised [l] to be selectively toxic to cells con- 
taining high levels of the enzyme phosphoramidase, 
it has been established that activation proceeds via 
the mixed function oxidases of the liver oxidising 
the cyclophosphamide [2] to 4-hydroxycyclo- 
phosphamide. This product equilibrates with 
its acyclic tautomer, aldophosphamide, which is 
further metaboiised by aldehyde oxidase and 
aldehyde dehydrogenase, or converted nonenzy- 
matically to the metabohtes 4-ketophosphamide, 
carboxyphosphamide and aldophosphamide. 
Alternatively, the products acrolein and phosphor- 
amide mustard can be spontaneously formed [3,4]. 
Both acrolein [5] and phosphoramide mustard [6] 
are cytotoxic, with phosphoramide mustard impii- 
cated as the main alkylating agent generated by 
cyclophosphamide metabolism [7]. The cyclo- 
phosphamide metabolite nornitrogen mustard, de- 
tected in human urine samples [8], is produced by 
cleavage of the phosphoramide residue from the 
phosphoramide mustard [9]. The cytotoxic products 
of cyclophosphamide metabolism are shown in Fig. 
1. 

The reaction products of phosphoramide mustard 
with nucleosides and nucleotides have been charac- 
terised using a variety of in vitro systems [8, lO_131. 
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Fig. 1. Cytotoxic products of cyclophosphamide metab- 
olism. 

From these studies, the preferred site of nucleic 
acid base reaction has been characterised as the N-7 
position of guanine. The alkyl moiety involved in 
the binding of cyclophosphamide-derived alkylating 
species to DNA [14] and polynucleotides [ll] is 
likely to be phosphoramide mustard [ 111. However, 
binding to proteins is mainly through acrolein [15]. 
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Three DNA adducts, all 7-substituted guanide 
adducts of nornitrogen mustard [16] with either intact 

supernatant. Five milligrams guanine were dissolved 

or hydroxylated mustard arms, and one cross-linked 
in 5 mM KH?PO, pH 4.5, to give a concentration of 

product, have been identified. It is not known if 
0.5 mg/ml. To this was added 5 ml 500 mM P04, pH 

these nornitrogen mustard adducts arise as a result 
6.8, 0.15 ml 1 M MgC12, 6.25 mg NADP and 30 mg 
glucose-6-phosphate. 

of phosphoramide mustard reaction with DNA, and 
9.25 KBq [ 14C]guanine, 

subsequent phosphoramide loss, or directly through 
92.5 kBq [3H]cyclophosphamide and 7.5 mg cold 

nornitrogen mustard reaction. 
cyclophosphamide were then added, followed by 

The present study was undertaken to characterise 
5 ml phenobarbitone-induced rat liver S-9 (25% 
w/v homogenate in 150 mM KC]). The volume was 

the DNA adduct produced when cyclophosphamide made up to 20ml with SSC and the solution was 
was activated in uitro, using a liver-mixed function 
oxidase system in the presence of DNA and the in 

incubated at 37” in a shaking water bath, in a 250 ml 

uiuo adduct in the rat, after intraperitoneal injection 
conical flask, for 90 min. The protein was then pre- 
cipitated out with an equal volume of acetone. the 

of cyclophosphamide. supernatant recovered and the acetone removed by 
gentle rotary evaporation. The resulting aqueous 

MATERIALS AND METHODS layer was extracted once with phenol (saturated with 
50 mM Tris-HCl, pH 8.0). twice with chloroform- 

Chemicals and biochemicals. Specific reagents isoamyl alcohol (24: l), then divided into 2 ml 
were obtained from the following sources: nor- aliquots, lyophilised and stored at -90” until 
nitrogen mustard, Aldrich Chemical Company Ltd, used. 
Gillingham, Dorset, U.K.; NADP, glucose-6-phos- Phosphoramide mustard and nornitrogen mus- 
phate, Boehringer-Mannheim Ltd, Lewes, Sussex, tard-[ “C]guanine reaction. GlJanine was dissolved 
U.K.: cyclophosphamide, Koch-Light Laboratories, at 0.5 mg/ml in 5 mM KHzPOI. pH 4.5 (10 ml) and 
Haverhill, Suffolk, U.K.; calf thymus DNA, 
guanine, sodium dodecyl sulphate (SDS), RNase T, 

15 mg of phosphoramide mustard or nornitrogen 
mustard were added. 9.25 KBq [‘4C]guanine were 

RNase A and Proteinase K, Sigma Chemicals (Lon- 
don) Ltd, Dorset, U.K. [3H]Cyclophosphamide 

added to each incubate and the resulting solution 

(specific activity = 555 GBq/mM) labelled in the 
incubated at 37”, with stirring, for 3 hr. The solutions 
were then divided into 2 ml aliquots, lyophilised and 

dichloroethyl side-chains was obtained from Amer- stored at -90” until used. 
sham International, plc, Amersham, Bucks, U.K.; 
and [ I”C]guanine (specific activity = 2.05 GBq/mM) 

Preliminary separation of reaction products on 
Sephadex G-10. Aliquots of the recovered products 

was obtained from New England Nuclear plc, of the [3H]cyclophosphamide-DNA, [‘Hlcyclophos- 
Southampton, U.K. Phosphoramide mustard was phamide-[14C]guanine, phosphoramide mustard- 
synthesized from nornitrogen mustard by the method [‘“Clguanine and nornitrogen mustard-[“Clguanine 
of Freidman and Seligman [ 171. All other chemicals reactions were applied to a Sephadex G-10 column. 
were of laboratory reagent grade. 2.5 x 40 cm, equilibrated with 100 mM ammonium 

DNA-[3H]cyclophosphamide preparation in vitro formate. Elution was performed with this buffer at 
with rat liver post-mitochondrial supernatant. Fifty 60 ml/hr and the eluted peaks were collected and 
milligrams of calf thymus DNA was dissolved in lyophilised. Each lyophilate was then redissolved in 
10 ml 150 mM NaCl-15 mM sodium citrate (SSC), 5 mM KH2P04 pH 4.5 and measured for radioactive 
to which was added 30 ml 500 mM PO4 buffer, pH content. 
6.8, 1.25 ml 1 M MgCl*, 62.5 mg NADP, 300mg HPLC analysis. Samples containing radioactivity 
glucose-6-phosphate and 30 ml phenobarbitone- from the preliminary Sephadex G-10 separations 
induced rat liver S-9 (25% in 150mM KCl). The were analysed on HPLC, using both reversed-phase 
volume was made up to 100 ml with SSC and the and ion-exchange techniques. A 0.6 x 25cm 
mixture made 5 mM with respect to cyclophos- 
phamide. 1.85 MBq [3H] cyclophosphamide 

column, packed with Whatman Partisil lo-ODS-2 
for reversed-phase studies, or with Partisil lo-SCX 

was added and the resulting mixture was divided for ion-exchange studies, was used in conjunction 
between four 250 ml conical flasks, which were with a Pye-Unicam LC-XP gradient programmer. 
then incubated in a shaking water bath, at 37”. for LC-XPD pump and LC-UV detector, with analysis 
90 min. The DNA was recovered by adding an equal of HPLC runs carried out automatically on a Pye- 
volume of acetone, pelleting by centrifugation and Unicam video chromatography control centre (Pye- 
resuspending the pellet in 50 ml 1% w/v SDS, 0.5 M Unicam, Cambridge, U.K.). 
NaCl. This was extracted once with an equal volume For reversed-phase studies, the gradient run was 
of phenol (saturated with 50 mM Tris-HCl, pH 8.0), 1 mM formic acid for 20 min, followed by @lOO% 
twice with equal volumes of chloroform-isoamyl methanol in 1 mM formic acid over 15 min, at a flow 
alcohol (24: 1) and the DNA was then precipitated rate of 2ml/min, monitored at 265 nm. Aliquots 
from the aqueous layer by the addition of two vol- (1 ml) were collected directly for radioactive deter- 
umes of ice-cold ethanol. The recovered DNA was mination, 
resuspended in distilled water at 5 mg/ml and hydro- 

in Optiphase scintillant (Fisons plc, 
Loughborough, U.K.) and counted on a Packard 

lysed by heating at 70” for 20 min with the solution 300C liquid scintillation counter. Cpm were con- 
made 0.1 N in HCl. The hydrolysed DNA solution verted to dpm by external standard using a previously 
was divided into 5 ml aliquots, lyophilised and stored prepared quench curve. For ion-exchange studies on 
at -90” until required. Partisil lo-SCX, the reaction product was studied 

[3H]Cyclophosphamide-[14C]guanine preparation using a 10 mM ammonium formate (pH 4.5) over 
in vitro u&P ___ ..~. ~... rat liver oost-mitochondrial 60 min, at a flow rate of 2 ml/min, and the eluent 



N-(2-hydroxyethyl)-N-[2-(7-guaninyl)ethyl]amine in the rat 2981 

monitored at 265 nm. 1 ml samples were collected 
and counted for radioactivity as above. 

In vivo [3H]cyclophosphamide DNA binding 
studies. Four groups of four male Wistar rats were 
each injected intraperitoneally with 2.775 MBq 
[3H]cyclophosphamide (37 GBq/mmol, 140.6 MBq/ 
mg) in ethanol. At timed intervals after the initial 
injection, one group of four animals was killed and 
exsanguinated by severing the jugular vein. The 
liver, kidneys, lungs, heart, spleen and bladder were 
removed from each animal and weighed. The DNA 
from each organ was then isolated. 

[3H]Cyclophosphamide-DNA purifications from 
rat organs. Each liver was suspended in 50 ml 1% 
SDS-l mM EDTA, other organs in 15 ml 1% SDS- 
1 mM EDTA and homogenised. The figures in par- 
enthesis show the amounts used in the smaller 
incubate. Twenty-five milligrams (7.5 mg) of pro- 
teinase-K in 2.5 ml (0.75 ml) was added, the mixture 
was incubated at 37” for 30 min and, following the 
addition of 2.5 ml (0.75 ml) 1 M Tris-HCl, pH 8.0, 
extracted with an equal volume of phenol (all organic 
solvents used were saturated with 50 mM Tris-HCl 
pH 8.0). The aqueous layer was recovered by cen- 
trifugation and extracted sequentially with equal 
volumes of phenol : chloroform:isoamyl alcohol 
(25 : 24: 1) and chloroform : isoamyl alcohol (24 : 1). 
Five millilitres (1.5 ml) of $ M NaCl was then added 
to the aqueous layer and the DNA precipitated by 
the addition of 2~01. of ice-cold ethanol. The 
recovered DNA was washed twice in an equal vol- 
ume of 70% v/v ethanol and then redissolved in 
IO ml (3 ml) 1.5 mM NaCl : 0.15 mM trisodium cit- 
rate : 1 mM EDTA. One hundred microlitres (30 ~1) 
of 1 M Tri-HCl pH 7.4 were added, with 750 units 
(225 units) of RNAse Tl and 1.5 mg (0.45 mg) of 
RNAase A [in 1.5 ml (0.45 ml) water, heat treated 
at 90” for 20 min previously]. The mixture was incu- 
bated at 37” for 15 min. Subsequent to the addition 
of 625 ~1 (187.5 ~1 1 M Tris-HCl, pH 8.0, the DNA 
solution was sequentially extracted with 
phenol : chloroform : isoamyl alcohol (25 : 24 : 1) and 
chloroform :isoamyl alcohol (24: 1). Then 1.5 ml 
(0.45 ml) 5 M NaCl was added and the DNA pre- 
cipitated by the addition of 2 vol. of ice-cold ethanol. 
The recovered DNA was then sequentially washed 
in 20 ml (6 ml) ethanol, 20 ml (6 ml) ethanol:acetone 
(1: 1) and, finally, 20 ml (6 ml) acetone. The sample 
was dried under reduced pressure, redissolved in 
distilled water and the DNA concentration measured 
using a diphenylamine assay. Purity was assessed 
using the OD260/OD,s0 ratio. Aliquots of the DNA 
solutions were hydrolysed by making them 0.1 N in 
HCl and incubating at 70” for 20 min. These were 
counted for radioactivity and analysed by HPLC. 

RESULTS 

Sephadex G-10 separation of reaction products 

Sephadex G-10 chromatography of the acid hydro- 
lysed [3H]cyclophosphamide-DNA reaction prod- 
ucts, formed after liver mono-oxygenase activation 
of the cyclophosphamide, gave rise to four distinct 
peaks, as monited at 265 nm. These were, in order 
of elution, a large peak running with the void volume 

composed of residual proteins and oligonucleotides, 
an unidentified radioactive peak at 100 min, guanine 
at 140 min and adenine at 200 min. Reaction 
products, formed by liver mono-oxygenase acti- 
vation of [3H]cyclophosphamide in the presence of 
[ 14C]guanine, were resolved into three distinct peaks 
on Sephadex G-10 chromatography, a peak running 
with the void volume, composed of residual proteins, 
an unknown radioactive peak at 100 min and guanine 
at 140min (Fig. 2). 

In both these separations the bulk of the bound 
radioactivity to DNA bases was present in the peak 
separating at 100 min. In the DNA reaction, the bulk 
of the bound [3H] counts were present in this peak. 
In the [14C]guanine reaction, the presence of both 
[3H] and [ 14C] in the 100 min peak indicated a cyclo- 
phosphamide-derived guanine product. 

In each case, the reaction between phosphoramide 
mustard and [14C]guanine and the reaction between 
nornitrogen mustard and [14C]guanine, gave two 
distinct peaks on Sephadex G-10, the uncharac- 
terised peak at 100 min and guanine at 140 min. In 
both separations the 100 min peak contained [ 14C], 
although only a small amount of this peak was 
present from the nornitrogen mustard-[ 14C]guanine 
reaction, reflecting the weak alkylating activity of 
nornitrogen mustard at physiological pH [13]. The 
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Fig. 2. G-10 separation of [‘H]cyclophosphamide-DNA 
reaction products. Acid-hydrolysed cyclophosphamide- 
reacted DNA was applied to a G-10 column, previously 
equilibrated in 0.1 M ammonium formale and eluted at 
60mI/hr with the same buffer. The upper figure shows 
the UV trace with time, at 260nm. the lower shows the 
radioactive content of 1 ml aliquots collected over the 

elution period. 
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Fig. 3. HPLC analysis of [‘Hlcyclophosphamide-reacted 
DNA products. The isolated peak X from the preliminary 
Sephadex G-10 separation was applied to a reversed-phase 
HPLC system as detailed in Materials and Methods. The 
subsequent elution profile, monitored at 265 nm, is shown 
in the upper figure, whilst the lower figure shows the 
radioactive profile of the eluent over the time period. Peak 
X was purified by repeated HPLC runs, lyophilised and 

stored for further analysis. 

percentage recovery of radioactivity from each sep- 
aration was in the order of 99-99.5% of applied 
radioactivity. 

In view of the above data, the uncharacterised 
peak eluting at 100 min from all four reaction mix- 
tures was further analysed on HPLC. 

HPLC analysis 

The peak eluting on Sephadex G-10 at 100 min 
from the four samples was further analysed on re- 
versed-phase HPLC. The elution profile of the 
Sephadex G-lo-derived [3H]cyclophosphamide- 
DNA peak demonstrated a major radioactive peak 
eluting at 6.5 min, whilst the elution profile of the 
Sephadex G-lo-derived [3H]cyclophosphamide- 
[14C]guanine peak also demonstrated a major radio- 
active peak at 6.5-7 min, containing both [3H] and 
[ 14C] in a calculated 1: 1 ratio, indicating the presence 
of a monoadducted guanine derivative (Fig. 3). 
Although the bulk of the guanine and adenine had 
been separated, small amounts were still present in 
the sample, due to breakthrough on the Sephadex 
G-10. Re-applying the isolated sample removed 
much of these contaminants; however, this was not 
done routinely as the radioactive peak was easily 
separable on HPLC. 

x 

CH;CH;OH 

Fig. 4. Proposed structure of the major in vitro cyclo- 
phosphamide-derived DNA adduct. 

The Sephadex G-lo-derived peaks from both the 
phosphoramide mustard-[ “Clguanine and the nor- 
nitrogen mustard-[‘“Clguanine reaction also yielded 
the major radioactive peak at 6.5-7 min. 

This major radioactive peak from each reaction 
mix, observed at 6.5-7 min, was collected and puri- 
fied using repeated HPLC runs, aliquoted, lyophi- 
hsed and stored at -90” until used. 

The lyophilised reverse-phase purified products 
were re-dissolved and subjected to ion-exchange 
HPLC. All four reactions yielded a single peak which 
co-chromatographed at 33 min. Increasing the 
elution buffer concentration from 10 to 15 mM 
ammonium formate resulted in a decrease in reten- 
tion time to 18.5 min, consistent for all four products. 

UV spectra 

The UV spectra of aliquots of each of the four 
purified adducts were obtained under acid (pH l), 
neutral (pH 7.0) and alkaline (pH 13) conditions. 
The adducts showed identical UV spectra with 
absorption maxima at 248 nm, 282 nm (shoulder at 
245 nm) and 278 nm. Alkaline treatment effects were 
irreversible. indicating ring opening of the imidazole 
ring [18]. These results showed good agreement with 
previously reported N’-guaninyl-nitrogen mustard 
products [ 191. 

NMR studies 

Spectra of the isolated adducts were obtained using 
a Bruker WH 360 ‘H Fourier transformed NMR 
spectrometer with dimethyl sulphoxide as solvent. 
Signals consistent with the mustard methylenes 
appeared between 3.1 and 4.6 ppm, with the 1’ N- 
7CH2, adjacent to the N-7 of guanine at 4.6ppm 
(singlet) and the 4’ N-7-CH, at 3.08 ppm (triplet). 
The 2’ N7-CH, and 3’N-7CH3 were both masked by 
HZ0 under DMSO, but both showed as triplets at 
3.63 ppm and 3.50 ppm respectively in D20, with 
the 1’ N-7-CH2 also appearing as a triplet in DzO. 
The N-7-NH proton appeared at 9.01 ppm (singlet) 
under dimethyl sulphoxide, disappearing in D20. 
No evidence of a phosphoramide group was detected 
and the data show good agreement with those 
obtained for hydroxylated nornitrogen mustard- 
guanine in a previous study [ 161. The proposed struc- 
ture of the major in vitro adduct is shown in Fig. 4. 

In vivo studies 

Rats injected intraperitoneally with [3H]cyclo- 
phosphamide were killed at time intervals of 1, 4, 
8 and 24 hr, after initial injection, and the total 
radioactivity/gram of tissue and the DNA-bound 
radioactivity were determined. The tissue radio- 
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Fig. 5. [3H] binding to organ DNA at time points after initial injection. DNA was isolated from the 
organs specified and measured for radioactivity. The figures below each column indicate number of 
hours post-injection with the organ of the DNA samples shown for each group of four time points. 

activity levels were highest at 1 hr post-injection, 
with the total [3H] content of each organ falling over 
the time course of the experiment. However, the 
rate of loss of radioactivity content varied with the 
organ studied; liver radioactivity levels had a half 
life of tt = 2.9 hr, whilst kidney and lung levels were 
of the order of tt = 1.7 hr. Bladder radioactivity 
levels were of the order t+ = 0.95 hr; however, the 
levels noted in the bladder may be affected by the 
excretion of radioactive metabolites in the urine, 
which would be greatest in the early stages of the 
experiment. 

[ 3H] Cyclophosphamide-DNA binding levels had 
reached their maximum by 4 hr, being similar, or 
slightly lower, at the 1 hour time point and falling in 
all cases after 4 hours. The fall of DNA binding 
levels over the 24 hr time period was approximately 
consistent for all the DNA studied. The time course 
of [3H] binding in the DNAs studied is shown in 
Fig. 5. 

HPLC analysis of DNA adducts after acid hydrolysis 

The binding levels of [3H] to the DNA samples 
were low, the highest binding obtained being 
1030 dpm/mg DNA (0.206 alkyl residues/lo6 nucleo- 
tides). In initial HPLC analyses on unconcentrated 
samples, 8&85% of the applied radioactivity eluted 
at 6.5 min on reversed-phase HPLC (Fig. 6). This 
finding held true for DNA samples from each time 
point and each organ, demonstrating firstly that the 
adduct formed in uivo was the same in each case 
and, secondly, that the in vivo adduct co-chro- 
matographed with the purified in vitro adduct. How- 
ever, these observations were based upon a low [3H] 
content per mg DNA applied, so repeated reversed- 
phase purifications were carried out, collecting the 
peak eluting at 6.5 min. The product was reduced in 
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Fig. 6. HPLC analysis of in uioo [3H]cyclophosphamide- 
treated rat kidney DNA. Rat kidney DNA, isolated and 
acid-hydrolysed as in Materials and Methods, was applied 
to a reversed phase HPLC system, as detailed in Materials 
and Methods. The UV profile, as monitored at 265 nm, is 
shown in the upper figure, whilst the radioactive profile is 
shown in the lower. Peak X co-chromatographed, under 
these conditions, with the adduct obtained in uitro (Fig. 
IV, V). Further ion-exchange HPLC confirmed this co- 

chromatography (see text). 
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volume and reapplied to the reverse-phase HPLC, 
where 90-95s of the applied [“HI appeared at 
6.5 min. This product was then applied to ion- 
exchange HPLC, under which conditions the in vivo 
adduct co-chromatographed with the in vitro adduct 
using either 10 and 1.5 mM ammonium formate as 
eluent. 

I)ISCUSSION 

The products of the metabolism of cyclophospha- 
mide in the presence of DNA or guanine, in a bio- 
logical system, are likely to be labile and possibly 
undergo secondary reactions [ 111. Phosphoramide 
mustard [20, 211. the metabolite believed to be 
responsible for the cytotoxicity of cyclophospha- 
mide. has been shown to generate nornitrogen mus- 
tard spontaneously [9,16]. Indeed, the phos- 
phosphoramide moiety of phosphoramide mustard 
is so unstable that any of the conventional techniques 
used to depurinate DNA cleave off this moiety. 32P 
NMR kinetic studies have indicated a half-life of 
5 min for the initial phosphorous signal of adducts at 
37” [16]. 

Hemminki 1161 demonstrated the in vitro metab- 
olism of cyclophosphamide in the presence of DNA 
gave rise to three adducts. all 7-substituted guanine 
adducts of nornitrogen mustard. In the present work, 
we have attempted to determine structure and rela- 
tive quantities of adducts produced in vim. 

The results from experiments studying the alky- 
lation potential of phosphoramide mustard over vari- 
ous incubation periods [7, 131, and from 32P NMR 
studies on cyclophosphamide metabolism [22,23], 
have indicated difficulties in preserving the integrity 
of the phosphoramide mustard adduct. Thus, for the 
present studies, short incubation periods for cyclo- 
phosphamide in the biological systems were used, 
DNA was isolated rapidly and stored at -90”. 
Further, the use of acid hydrolysis for the production 
of DNA adducts ensured most phosphoramide mus- 
tard products not already changed would be con- 
verted to nornitrogen mustard products. 

The HPLC systems used here showed that the 
major adduct generated by the cyclophosphamide- 
DNA, cyclophosphamide-guanine, phosphoramide 
mustard-guanine and nornitrogen mustard-guanine 
reactions behaved chromatographically identically in 
each case, with the isolated adducts from each having 
identical UV spectra. Previous studies on guanine 
derivatives of phosphoramide mustard [9, 10, 131, 
nornitrogen mustard [9. 191 and nitrogen mustard 
[ 18, 191 have shown mono-adducted N7-substituted 
guanine derivatives. Our demonstration that the 
[3H], [ 14C] ratio of the [3H]cyclophosphamide-[‘4C 
guanine] isolated adduct to be 1: 1 confirms the 
product as a mono-adduct. The adduct isolated from 
nornitrogen mustard-guanine reaction, although 
reflecting the poor alkylating properties of nor- 
nitrogen mustard [13, 201 by virtue of its trace 
amounts, nevertheless co-chromatographed with the 
isolated adducts from the other reaction mixtures, 
showing that the isolated adduct in each case was 
dephosphoramidated. 

Whilst three types of DNA adduct derived from 
reaction with cyclophosphamide were identified in 
a previous study [16], a hydroxylated nornitrogen 
mustard-guanine, a nornitrogen mustard-guanine 
and a cross-linked product, the appearance of the 
latter two adducts was dependent upon length of 
reaction incubation (161. although in the HPLC 
analysis of the reaction products on [“H]cyclo- 
phosphamide-DNA. trace amounts of radioactivity 
at two time points over the gradient course consistent 
with the adducts. demonstrated by Hemminki [16]. 
were seen. These traces were. however, of such a 
low level as to preclude any study upon them. and 
we, therefore, could not reach any definitive con- 
clusion concerning their nature. In our studies. the 
shorter reaction incubation was reflected in the pro- 
duction of the hydroxylated nornitrogen mustard- 
guanine adduct as the major adduct. ‘H NMR studies 
lend support to this identification. 

The administration of [“H]cyclophosphamide in 
vivo produced overall low levels of binding. The 
most persistent binding over the time course of the 
experiment was demonstrated in the liver; dif- 
ferences in the metabolism of cyclophosphamide. or 
of its metabolite, in different organs may account 
for the varying levels of persistence. The levels of 
binding were comparable with those of a previous 
study in the mouse; liver and kidney DNA levels in 
rat were l-l .5 times those obtained in the respective 
mouse organ DNAs, with lung DNA binding levels 
in the rat being 3.5-4 times less than those obtained 
mouse [ 161, No observations on bladder DNA were 
available from this study for comparison with rat 
bladder DNA binding levels. In both rat and human. 
the bladder is the most common target organ for 
cyclophosphamide [20] toxicity and the levels of 
DNA binding observed in these experiments in the 
bladder show good agreement with this. 

On the basis of the studies reported here. the 
major adduct obtained in vim is identical to that 
in vitro. Although DNA binding levels were low. 
repeated purification of the major in vim adduct 
peak on reversed-phase HPLC allowed analysis, 
under differing HPLC regimes. In each case. the 
major DNA adduct obtained in vivo co-chro- 
matographed with the adduct obtained in oitro. 
Therefore, whereas Hemminki found three adducts 
in vitro, namely N-(2-hydroxyethyl)-N-[2-(7-guan- 
inyl)ethyl] amine, N-(2-chloroethyl)-N-[2-(7.guan- 
inyl)ethyl] amine and N,N-bis-[2-(7-guaninyl) 
ethyl] amine, only the final-named was found in vim 
in our study. No traces of the N-(2-chloroethyl)-N- 
[2-(7-guaninyl)ethyl] amine nor the N,N-bis[2-(7- 
guaninyl)ethyl amine were found in vivo. 

In conclusion, the data we have generated show 
that the major in vivo DNA adduct isolated after 
cyclophosphamide reaction with DNA is N-(2- 
hydroxyethyl)-N-[2-(7-guaninyl)ethyl] amine. This 
adduct is produced following metabolism of cyclo- 
phosphamide to yield phosphoramide mustard. This 
reactive intermediate reacts with guanine in the 
DNA and the product of this reaction spontaneously 
dephosphoramidates. 

Acknowled~emenrs-This work was supported by a grant 
from the Medical Research Council. 



N-(2-hydroxyethyl)-N-[2-(7-guaninyl)ethyl]atnine in the rat 2985 

REFERENCES 13. Kallama S and Hemminki K. Alkylation of guanosine 
by phosphoramide mustard. chloromethane hydro- 

1. Arnold H and Bourseaux F, Synthase und Abbau cyto- chloride and chlorambucil. Acfa Pharmacol Toricol54: 
statisch wirksamer cyclisher N-Phosphamidester des 214-220. 1984. 
Bis-(B-chlorathyl) amino. Angew Chem 70: 539-544, 14. Gurtoo HL. Dahms R. Hiokins J and Vaueht JP. 
1958. 

2. Brock N and Hohurst H-J, Uber die Activierung von 
Cyclophosphamide in uiuo und in oirro. Arzneim- 
Forsch 13: 1021-1031. 1963. 

Studies on the binding of! [ Hchloroethyl]l cyclo- 
phosphamide and [4-“C] cyclophosphamide to hepatic 
microsomes and native calf thymus DNA. L$e Sci 22: 
45-52. 1978. 

3. Colvin M, Padgett CA and Fenselau C, A biologically 
active metabolite of cyclophosphamide. Cancer Res 33: 
91.5-918. 1973. 

4. Fenselau C, Kan M-NN, Billets S and Calvin M. 
Identification of phosphorodiamic acid mustard as a 
human metabolite of cyclophosphamide. Cancer Res 
35: 1453-1457. 1975. 

5. Alarcon RA and Meinhofer J, Formation of the cyto- 
toxic aldehyde acrolein during in vitro degradation of 
cyclophosphamide. Nature New Biology 233: 250-252, 
1971. 

6. Maddock SL, Hangler AH, Freedman OM, Foley GE 
and Farber S, Primary evaluation of alkylating agent 
cyclohexylamine salt of N,N-bis(Z-chloroethyl) phos- 
phoradiamidine acid in experimental antitumour assay 
systems. Cancer Chemother Rep 50: 629-639, 1966. 

7. Colvin M, Brundett RB, Kan M-NN, Jardine I and 
Fenselau C, Alkylating properties of phosphoramide 
mustard. Cancer Res 36: 1121-l 126, 1976. 

8. Cox PJ and Levin L, Novel metabolic products of 
cvclonhosohamide in human urine. Biochem Phar- 
Gaco> 24:‘1233-1235: 1975. 

9. Vu TV, Fenselau C and Colvin OM, Identification of 
three alkylated nucleotide adducts from the reaction 
of guanosine-5’-monophosphate with phosphoramide 
mustard. J Am Chem Sot 103: 7362-7364, 1981. 

15. Marine110 AJ, Bansal SK, Paul B, Koser PL, Love J, 
Struck RF and Gurtoo HL. Metabolism and binding of 
cyclophosphamide and its metabolite acrolein to rat 
hepatic microsomal cytochrome P-450. Cancer Res 44: 
4615-4621, 1984. 

16. Hemminki K, Binding of metabolites of cvclophospha- . 

17. 

mide to DNA in a rat liver microsomal system and in 
uivo in mice. Cancer Res 45: 4237-4243. 1985. 
Freidman L and Seligman G, Preparation of N- 
phosphorylated deriva&es of Bis-B-chloroethylamine. 
J Am Chem Sot 76: 655-658. 1954. 

18. Lawley PD and Brookes P, Further studies on the 
alkylation of nucleic acids and their constituent nucleo- 
tides. Biochem J 89: 127-131, 1963. 

19. 

20. 

21. 

Brookes P and Lawley PD, The alkylation of guanosine 
and guanylic acid. J Chem Sot 766: 3923-3928. 1961. 
International Agency for Research on Cancer. [ARC 
Monogr Eva1 Carcino. Risk Chem Hum 26: 165-202. 
1981. 
Struck RF, Kirk MC, Witt MH and Laster WR, Iso- 
lation and mass spectral identification of blood metab- 
olites of cyclophosphamide: evidence for phosphor- 
amide mustard as the biologically active metabolite. 
Biomed Mass Spectrom 2: 46-52, 1975. 

22 

10. Mehta JR, Przbylski M and Ludlum DB, Alkylation 
of guanosine and deoxyguanosine by phosphoramide 
mustard. Cancer Res 40: 41834186, 1980. 

11. Mehta JR and Ludlum DB, Trapping of DNA-reactive 
metabolites of therapeutic or carcinogenic agents by 

Zon G, Ludeman SM, Brandt JA, Boyd VL. Ozkan C, 
Egan W and Shao K, NMR spectroscopic studies of 
intermediate metabolites of cyclophosphamide. A 
comprehensive kinetic analysis of the interconversion 
of cis and tram-4-hydroxycyclophosphamide with aldo- 
phosphamide between irreversible fragmentation and 
reversible conjugation pathways. J Med Chem 27: 466- 
485, 1984. carbon-14-labelled synthetic polynucleotides. Cancer 

Res 42: 2996-2999, 1982. 23. Borch RF, Haye TR and Swanson TA, In situ prep- 
12. Chetsanga CJ, Polidori G and Mainwaring M, Analysis aration and fate of cis-4-hydroxycyclophosphamide and 

and excision of ring-opened phosphoramide mustard- aldophosphamide: ‘H and “P NMR evidence for equi- 
deoxyguanosine adducts in DNA. Cancer Res 42: 2616 librium of cis and rrans-4-hydroxycyclophosphamide 
2621, 1982. with aldophosphamide and its hydrate in aqueous 

solution. J Med Chem 27: 490-494. 1984. 


