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ABSTRACT

The antitumor activity of cyclophosphamide is thought to be due to
the alkylating activity of phosphoramide mustard, a metabolite of cyclo
phosphamide. Reaction of 2'-deoxyguanosine 3'-monophosphate and

phosphoramide mustard resulted in the formation of several adducts that
could be detected by high performance liquid chromatography (HPLC).
One of these adducts, isolated and purified by HPLC, could be detected
by ''I' postlabeling. This product was identified by IV. nuclear magnetic

resonance, and mass spectrometry and by acid, base, and enzymatic
hydrolysis to be 2'-deoxyguanosine 3'-monophosphate 2-(2-hydroxy-

ethyl)aminoethyl ester. A combination of HPLC fractionation of digested
I)V\ and 'â€¢'!'postlabeling was used to detect this adduct in calf thymus

DNA incubated Â¡nvitro with metabolically activated cyclophosphamide
and in DNA from the liver of mice treated with cyclophosphamide. In
these DNA samples the adduct occurred at a level of 1/105and 1/3 x 10"

nucleotides, respectively.

INTRODUCTION

The anticancer drug CP3 is an alkylating agent that has been

used extensively for treatment of neoplastic diseases (1). Cyclo
phosphamide differs from many alkylating agents because it
requires metabolic activation by hepatic microsomal mixed-
function oxidases (2, 3). This activation results in the formation
of 4-hydroxycyclophosphamide which undergoes ring opening
to aldophosphamide. Aldophosphamide, in turn, undergoes ÃŸ
elimination to yield acrolein and PM (1,4), both of which have
biological activity. However, PM which has potent alkylating
ability is considered to be the therapeutically important metab
olite (1, 5-7). The phosphoramidate bond of phosphoramide
mustard can undergo cleavage to yet another alkylating, cyto-
toxic product, nornitrogen mustard (1, 8).

The binding of phosphoramide and nornitrogen mustard to
bases, nucleosides, nucleotides, and nucleic acids has been
characterized in vitro (9-14) and in vivo (14, 15). The N7
position of guanine has been described as the preferred site of
binding, resulting in mono- and cross-linked adducts: Nor-G,
Nor-G-OH, and G-Nor-G (14). Monoadducts at N7 of guanine
are subject to depurination and ring opening (12, 13), giving
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rise to strand scission, followed by cell death (16). Cytotoxic
effects may also occur as a result of cross-linking. It has been
suggested (16, 17) that under certain conditions, in addition to
N7, alkylating agents may attack other nitrogen atoms and
oxygen atoms of DNA. In a preliminary report, we described
an adduct apparently formed by a phosphoester linkage between
phosphoramide mustard and 2'-deoxyguanosine 3'-monophos-

phate (18). In this report, we provide confirmation of the
structure of the phosphoester adduct and a detailed character
ization of this adduct. We also report a method for using HPLC
purification and 12P postlabeling to detect this adduct. The
HPLC/32P-postlabeling method was used to detect the adduct

in DNA exposed to metabolically activated CP in vitro and in
hepatic DNA isolated from mice treated with CP.

MATERIALS AND METHODS

Materials

2'-Deoxyguanosine, 2'-deoxyguanosine 3'-monophosphate, 2'-
deoxyguanosine 5'-monophosphate, and 2'-deoxyguanosine 3',5'-bis-

phosphate were purchased from Pharmacia (Piscataway, NJ). Guanine,
RNase A, proteinase K, nuclease PI, spleen phosphodiesterase, micro
coccal nuclease, calf thymus DNA, and unlabeled ATP were obtained
from Sigma Chemical Co. (St. Louis, MO). 32P-postlabeling procedures
and materials have been described previously (19, 20). Â¡732P]ATP

(>3000 Ci/mmol) was purchased from ICN Radiochemicals (Irvine,
CA) and polynucleotide kinase was purchased from New England
Biolabs (Beverly, MA). Phosphoramide mustard and cyclophospha
mide, kindly provided by the Drug Development Branch of the National
Cancer Institute, were checked for purity by mass spectroscopy before
use. N7 alkylated products of guanine, Nor-G, Nor-G-OH, and G-Nor-
G, were prepared as previously described (14). [Chloroethyl-3H]cyclo-

phosphamide (460 mCi/mmol) was purchased from Amersham Cor
poration (Arlington Heights, IL).

Methods

HPLC. HPLC was performed on either a Waters system (Waters
Associates, Milford, MA) equipped with two Model 6000A pumps, a
Model 720 system controller and data module, a Model U6K injector,
and a Model 440 absorbance detector or on a Perkin-Elmer System
(Perkin-Elmer Corp., Norwalk, CT) equipped with a Series 410 BIO
LC pump and LC-95 UV/visible detector, a Model 7125 Rheodyne
injector, and Shimadzu (Shimadzu Scientific Instruments, Columbia,
MD) C-R5A chromatopac data processor. The following columns and
solvent elution systems were used: (a) System 1, a 15-cm x 4.6-mm
Supelcosil LC18-S C18 reversed phase column (Supelco, Inc., Belle-
fonte. PA) eluted with 50 mivi KH2PO4 (pH 4.0) containing 2.5%
methanol for 3 min followed by a linear gradient to 50 HIMKH2PO4
containing 20% methanol over 9 min at a flow rate of 1 ml/min; (b)
System 2, a 25-cm x 4.6-mm Vydac Cig column eluted isocratically
with 50 mivi ammonium formate (pH 4.5) for 5 min followed by a
linear gradient to 20% acetonitrile in ammonium formate over 20 min
at a flow rate of 1 ml/min; (c) System 3, a 25-cm x 10-mm Dynamax
Microsorb Cig reversed phase column (Rainin Instrument Co., Woburn,
MA) eluted at a flow rate of 4 ml/min with the same solvent system as
described for System 2; (d) System 4, a 25-cm x 4.1-mm Synchropak
AX300 column (SynChrom, Inc., Linden, IN) eluted isocratically with
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0.1 M KH2PO4/0.2 M NaCl (pH 4.5) at a flow rate of 1.0 ml/min.
For all HPLC systems, detection was by absorbance at 254 nm.
Preparation of the Phosphoramide Mustard/2'-Deoxyguanosine 3'-

Monophosphate Phosphoester Adduct. The preparation of the phos-

phoester adduci (Peak A in Fig. 1) formed by incubating PM and
dGuo3'P has previously been described (18). In order to generate the

amount of adduci needed for NMR and mass spectrometry, incubation
conditions were scaled up as follows: reaction mixtures containing 5
mg dGuo3'P and 30 mg phosphoramide mustard in 5 ml of 0.1 M
potassium phosphate buffer (pH 7.4) were incubated at 37Â°Cfor 6 h.

The reaction products were separated by System 3, and Peak A was
collected and further purified using HPLC System 2, resulting in
approximately 50 ^g of material used for spectral analyses.

In Vitro Modification of DNA. Calf thymus DNA was incubated with
CP in the presence of a cyclophosphamide-metabolizing system to
measure the phosphoester adduct formed from metabolically activated
CP. The assay mixture contained DNA (500 Mg/ml) in phosphate buffer
and partially purified cytochrome P-450 (400 pmole/ml) in a previously
described (21) reconstituted system that contained cytochrome P-450
reducÃase(2 units/ml), NADPH, MgCl2, and dilauroyl phosphotidyl-
choline. In these assays ihe CP concentration was 200-250 ^M, and in
some assays, [3H]-CP replaced some unlabeled CP for ihe purpose of
generaling 3H-labeled adducls. After incubalion, ihe assay mixiure was

exlracled wilh phenol:chloroform:isoamyl alcohol (50/45/5, v/v/v),
and ihe aqueous phase was exlracled Iwice with chloroform:isoamyl
alcohol (45/5, v/v). The aqueous layer was removed, and 0.125 volume
of 2 M sodium acÃ©taleand 2.5 volumes of -20Â°Cethanol were added

to precipitate DNA (22). The precipitated DNA was washed twice with
70% ethanol and redissolved in sterile distilled water.

In Vivo Modification of DNA. C57BL/6N female mice were trealed
by i.p. injection wilh 250 mg/kg CP dissolved in 0.9% NaCl. After 8 h
ihe mice were killed, and livers were removed, frozen in liquid nilrogen,
and slored al -70Â°C until DNA was extracted. For DNA extraclion,

frozen livers were ground inlo small pieces and lhawed in pronase
buffer (50 miviTris-150 mM NaCl-50 mM EDTA, pH 8.0). The samples
were homogenized and then centrifuged al 600 x g for 15 min. The
supernalanl was discarded and ihe pellel was resuspended in 10 ml
pronase buffer conlaining 10% /V-lauroylsarcosine and RNase A (100
Mg/ml) and was incubated at 37Â°Cfor 4 h. Proteinase K (100 fig/ml)
was then added and the samples were incubaled overnighl al 37Â°C.

After proteinase K digeslion, DNA was precipilaled as described above.
Mice Irealed wilh 0.9% NaCl only served as conlrols and DNA was
isolated from liver as described above for CP-lrealed mice.

32P-Postlabeling Analysis. HPLC-purified phosphoesler adduci

(Peak A in Fig. 1) was dried and redissolved in dislilled water prior to
32P postlabeling. The conditions for 32P postlabeling were as follows:
3.7 n\ of sample (~10 pmol) was mixed with 6.3 p\ of a solution
containing 5 n\ [732P]ATP (50 pC\), 1 n\ kinase buffer (containing 0.2
M bicine, pH 9.5-0.1 M MgCl2-0.1 M dithiothreitol-10 mM spermidine),
and 0.3 //I polynucleolide kinase (3 unils). This mixiure was incubaled
al 37Â°Cfor 45 min and ihen diluted lo 100 n\ wilh dislilled waler, and

a 10-julaliquot of the diluted sample was spoiled onio a 20- x 20-cm
PEI-cellulose TLC piale lhat had been presoaked in 0.225 M ammo
nium formate buffer (pH 3.5). The TLC plate was chromalographed
(Dl) in 2.25 M ammonium formate (pH 3.5), washed in distilled water,
washed in 10 mM NaH2PO4 (pH 7.5), and dried. The piale was ihen
rotated 90Â°and chromatographed in 0.3 Mammonium sulfate, buffered

lo pH 7.5 wilh 10 mM monobasic sodium phosphale (D2). The plate
was dried, wrapped with SarÃ¡nWrap, and auioradiographed lo locate
the 32P-labeled products. Autoradiography was generally done al room
lemperalure for l h using XAR-5 X-ray film (Easlman Kodak Co.,
Rochesler, NY) and one intensifying screen (Cronex Lightning Plus;
Duponl, Wilmington, DE). Radioactivity was quantitated by culling
out the spot on Ihe TLC piales, located by auloradiography, and
counling in toluene-based scintillation cocklail using a liquid scintilla
tion counter (20). Some samples were Irealed wilh apyrase (19) lo
deslroy unused ATP prior lo spoiling and developing TLC plates.
Whenever 32P-postlabeling analysis was conducled, a mixed standard
of 2'-deoxynucleoside 3'-monophosphates was used as a positive con

trol for the labeling reaction, and a blank withoul nucleolides was
included as a negalive conirol.

Oplimal condilions for 32P posllabeling and for eslablishing ihe

kinelic paramelers of labeling ihe phosphoesler adduci were determined
in a series of experiments in which enzyme concentration, ATP con
centration, substrate concenlralion, time of incubation, and pH were
varied. These experiments were usually analyzed by one-dimensional
TLC using PEI-cellulose plates developed in either 2.25 M ammonium
formate buffer (pH 3.5) or 0.5 M sodium phosphate buffer (pH 6.5).

DNA samples isolated after incubating calf thymus DNA with CP
in the presence of a cyclophosphamide-metabolizing system were ana
lyzed by ihe HPLC/32P-posllabeling melhod developed for ihe analysis
of ihe phosphoesler adduci. DNA was digested to 2'-deoxynucleoside
3'-monophosphates by incubalion wilh MN and SPD (19). Isolalion
of Ihe phosphoesler adduct for 32P-postlabeIing analysis was achieved

by chromalography of ihe DNA digest using HPLC System 4 and
collecling the adduct-conlaining fraclion. This fraciion was reduced in
volume and rechromalographed by HPLC System 2 and the resulting
adduct fraclion was collecled. This fraclion was laken lo dryness and
labeled with Â¡732P]ATPas described above. The tolal nucleotide pool

in the digest was determined by HPLC using System 1.
Samples of hepalic DNA (100 ^g) isolated from conirol and CP-

treated mice were digested by MN/SPD to 2'-deoxynucleoside 3'-

monophosphates. These digesls were separaled by HPLC as described
above and postlabeled with 32P.Postlabeled products were separaled by
TLC using ihe solvenl syslem described above. In addilion, 32P-postla-
beled producÃsalso were separaled by an aliernalive melhod on PEI-
cellulose TLC plates using 0.5 M ammonium formate, pH 3.5, for Dl
and 0.5 M LiCl for D2.

Spectral Analysis. Purified phosphoester adduct and dGuo3'P were

dissolved in 0.1 M polassium phosphate buffer (pH 7.0), 0.1 N HC1 or
0.1 N NaOH, and UV spectra were recorded using a Shimadzu UV-
265 UV/visible speclrophotometer (Shimadzu Scienlific Inslrumenls).
Mass spectra were obtained in both the posilive and negalive ion mode
using a Finnegan MAT-90 high resolut ion mass speclrometer equipped
with a continuous flow fasi alom bombardment accessory. 'H-NMR

spectra (14.0 lesla) were recorded at 600.138 MHz with a Brucker NH
600 spectromeler. D2O solvent was used as an internal lock and acetone
(7 = 2.12 ppm) was used as an inlernal slandard. 31P-NMR spectra

(14.0 tesla) were recorded at 242.92 MHz using the same spectrometer.
The internal lock was D2O and an external capillary' containing 10%

phosphoric acid in D2O was used as an external reference lock.
Other Analytical Procedures. The stabilily of the phosphoester adduci

under various pH and lemperature conditions was determined by dis
solving the adduct in buffer at the appropriate pH and by incubating at
either 22 or 37Â°C.Sample aliquots were taken at various times and

analyzed by HPLC Syslem 1. Products were identified by cochroma-
lography wilh known slandard compounds. Nuclease PI digestion of
ihe phosphoesler adduci lo Ihe corresponding nucleoside or of Ihe
posllabeled adduci to 5'-monophosphate nucleotide was accomplished

by incubating 12 v\ of a solution conlaining the substrale with 6 Â¿ilof
an incubation mixture containing 1.2 n\ nuclease PI (6 ^g), 3.0 ^1 0.25
M sodium acelale (pH 5.0), and 1.8 iÂ¡\0.3 mM ZnCl2. A UV-deleclable
marker for the phosphoester adduct was generated by postlabeling
purified adduci wilh unlabeled ATP, substituling 600 pmol ATP for
[732P]ATP in Ihe posllabeling reaclion described above. 32P-posllabeled
adduci was eluled from PEI-cellulose TLC piales with 1.0 M NaCl.

RESULTS

Products Derived from Treatment of 2'-Deoxyguanosine 3'-

Monophosphate with Phosphoramide Mustard. To establish the
nature of adducts formed between PM and DNA, we first
examined the reaction products formed by incubating dGuo3'P

with PM because of the known susceptibility of guanine to
alkylation. HPLC analysis revealed a number of products in
the dGuo3'P plus PM mixture which were not seen when either

compound was incubated by itself (Fig. 1). A major UV-absorb-
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Fig. 1. HPLC profiles of reaction products obtained by incubating dGuo3'P

in O.I M potassium phosphate buffer (pH 7.4) for 24 h either alone in or with
phosphoramide mustard (B). HPLC System I was used for separation of the
products.

ing peak, designated Peak A, was observed and after 2 h of
incubation amounted to 1.5% of the added dGuo3'P. The

amount of Peak A increased slowly with time and after 8 h it
accounted for about 30% of the original dGuo3'P which had

been converted into reaction products. The amount of this
product remained constant for up to 24 h.

Peak A was purified by HPLC Systems 1 and 2 and the
resulting product was postlabeled with 32P. This purification
resulted in a single peak on HPLC and a single spot in auto-
radiograms of TLC plates (Fig. 2). Purified Peak A was rechro-
matographed using HPLC System 4 and was postlabeled. Once
again, a single HPLC peak and a single 32P-labeled spot was

observed.
UV Spectral Characterization. Peak A was dissolved in 0. l M

potassium phosphate buffer (pH 7.0), 0. l NHC1 or 0. l NNaOH,
and the UV spectra were recorded (Table 1). Under all condi
tions, the UV spectra were identical to unmodified dGuo3'P.

Especially noteworthy are the UV spectra in 0.1 NNaOH: Peak
A and dGuo3'P had a broad peak from 257-267 nm, which is
in contrast to a peak at 265 nm for 7-substituted guanosine
monophosphates (Table 1; Ref. 10). At alkaline pH, a peak at
265 nm is indicative of opening of the imidazoleringof guaninc
when the N7 site is alkylated (10, 12). These spectral data
suggested that dGuo3'P had been modified at a position other

than the N7 of guanine. This suggestion was confirmed by the
NMR and mass spectral analyses.

NMR and Mass Spectral Characterization. The 'H-NMR and
3IP-NMR spectra (14.0 tesla) of Peak A (approximately 15-20
ng) and dGuo3'P were recorded at 600.138 and 242.92 MHz,

respectively, and gave the following data. dGuo3'P: 'H-NMR
(D20): Â¿7.90(s, H-8), 6.22 (*t, H-F, J, ,2. = 7.0 Hz), 4.81 (m,
H-3'), 4.18 (m, H-4'), 3.73 (m, H-5a', J4 ,5a = 3.4 Hz, J5.-5b-
= 12.5 Hz), 3.71 (m, H-5b', J4.5b = 4.4 Hz), 2.73 (m, H-2a'),
2.56 (m, H-2b'); 31P-NMR (D2O): 50.401 (3JP04 = 6.1 Hz).
Peak A: 'H-NMR (D2O): 07.88 (s, H-8), 6.25 (*t, H-l', J, ,2
= 6.5 Hz), 4.87 (m, H-3'), 4.22 (m, H-4'), 4.04 (m, â€”CH2Oâ€”),
3.75-3.68 (m, H-5a', H-5b', â€”CH2â€”Oâ€”),3.12 (m, CH2â€”
N), 3.00 (m, â€”CH2â€”Nâ€”),2.78 (m, H-2a'), 2.58 (m, H-2b');
31P-NMR (D2O): 0-0.57.

Chemical shifts are expressed in ppm relative to internal
acetone at 2.12 ppm for 'H-NMR spectra and relative to an
external capillary of H3PO4 for 3IP-NMR spectra. These results

are consistent with assignment of a structure for Peak A that
resulted from alkylation of the phosphate moiety of 2'-deoxy-
guanosine 3'-phosphate by phosphoramide mustard and sub

sequent Pâ€”N and Câ€”Cl bond hydrolysis during isolation to
yield 2'-deoxyguanosine 3'-phosphate 2-(2-hydroxyelhyl)-

aminoethyl ester (Fig. 3).
Mass spectra of Peak A, generated using fast atom bombard

ment analysis, revealed a mass ion of m/z 433.2 in the negative
ion mode and 435.2 in the positive ion mode. Thus, the mass
of Peak A was determined to be 434 which was the same as the
mass calculated for the phosphoester adduci of dGuo3'P (Peak

A in Fig. 3).
Stability of the Phosphoester Adduct and 32P-Postlabeling

Kinetics. Isolation and postlabeling of the phosphoester adduci
required thai Ihe adduci be exposed lo a wide range of pH and
lemperature conditions. The stabilily of Ihe adduci under var
ious pH and lemperature conditions is summarized in Table 2.
The phosphoesler adduci was stable excepl in 0.1 N HC1 and al
ihis pH il had a half-life of 25 min al 37Â°Cand 95 min al 22Â°C.

Under olher condilions, including ihose for digesling DNA and
labeling in Ihe 32P-posllabeling assay, no loss of Ihe adduci

could be detected by HPLC.
Although the phosphoester adduci could be delecled by Ihe

32P-posllabeling assay under slandard condilions (19, 20), we

observed lhal Ihe amount recovered as postlabeled product was
less than the amounl expecled based on UV absorbance. This
suggesled lhal Ihe adduci was being postlabeled less efficiently
than the parent compound, dGuo3'P. A series of experiments
were conducted to determine the kinelics of 32Pposllabeling of
Ihe adduci and dGuo3'P. Preliminary experimenls were con-

dueled using salurating amounts of ATP to determine the
linearily of Ihe labeling reaclion wilh rÃ©spedlo lime and
polynucleolide kinase concentralion. Times and enzyme con-
ceniralions in ihese linear ranges were used, and Ihe adduci and
dGuo3'P were posllabeled at pH 9.5 and the Vmaxand apparenl

Km eslimaled from Lineweaver-Burk plols. Al ihis pH, Ihe Vmax
for dGuo3'P was aboul 1.5-fold higher lhan lhal calculated for

Ihe phosphoesler adduci (Table 3). Moreover, Ihe apparenl Km
for dGuo3'P was aboul 28-fold lower lhan lhal of Ihe adduci

(Table 2). Thus, Ihe enzyme has less affinily for Ihe adduci and
Ihe phosphorylalion reaction proceeds more slowly. Based on
our own experience and literature reports of polynucleotide
kinase (23), posllabeling al pH 9.5, which appears lo inhibil
conlaminaling 3'-phosphalase aclivily found in some prepara-

lions of polynucleolide kinase, is noi Ihe optimal pH for poly
nucleotide kinase. Il was therefore of inleresl lo delermine
whelher pH would affecl Ihe kinelic paramelers of posllabeling
dGuo3'P and the adduci. Samples were kinased al pH 8.0 (Ihe

optimum pH delermined in our laboralory) wilh a preparalion
of polynucleolide kinase wilh no apparenl 3'-phosphalase ac-
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Fig. 2. HPLC profile (System 2) of purified
peak A (A) and autoradiogram of a TLC map
of 32P-postlabeled peak A (B, arrow). In the
TLC system, peak A was well resolved from PÂ¡
and unused ["P]ATP (B, lower left corner).

Autoradiography was for l h at room temper
ature using one intensifying screen.
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Table l UV maxima (nm) of 2'-deoxyguanosine 3'-monophosphate, peak A, and
7-substituted guanosine 5 ' -monophosphates Â°

Table 2 Stability of peak A under different temperature and pH conditions

Compound*dGuo3'P

Peak A
7-methyl-5'-GMP
Nor-5'-GMP
PM-5'-GMPpH

1.0Â°255

(276)
255 (276)
258, 280
257, 282
258, 281pH

7.0''252

(270)
252 (270)
256, 279
256,281
256, 280pH

13.0'257-267

257-267
265
265
265

" Data for 7-substituted guanosine 5'-monophosphates are from Ref. 10.
* Nor-5'-GMP, GMP-nornitrogen mustard adduci; PM-5'-GMP, GMP-phos-

phoramide mustard adduci.
C0.1 NHC1.
''O.I M potassium phosphate buffer.
'0.1 NNaOH.

>
OCHj^O^

P

H,0

HOCH

HO- P - OCH2CH2NCHjCHjjCI

Â»_ HO-P-Â»0 I
0 I

NH2

dG3'P PM Adduci

0
l

HO-P-OCH2CH2NHCH2CH2OH

Peak A

Fig. 3. The proposed structure of peak A formed by the alkylation of the
phosphate group of dGuo3'P (dG3'P) by phosphoramide mustard and subsequent
spontaneous hydrolysis of the Pâ€”Nand Câ€”CIbonds yielding 2'-deoxyguanosine
3'-phosphate 2-(2-hydroxyethyl)aminoethyl ester.

tivity. The kinetic parameters estimated from Lineweaver-Burk

plots are summarized in Table 3. At pH 8.0, the Vmailfor
dGuoS'P increased by about 2.0-fold compared to the Vmaxat

pH 9.5. In contrast, the Vmaxfor the adduct decreased at pH
8.0 by a factor of 1.6. With both substrates, the Km decreased
at pH 8.O.

TV,(min)

Buffer" 22'C 37'C

0.1 NHC1
Succinate, pH 6.0
KPÂ¡,pH 7.4
Bicine, pH 9.5

95
ND*

>720'/

ND

25
>180'

>180C

" Buffer (pH) conditions were chosen to correspond to conditions required for

analysis of Peak A. HC1, 0.1 N, was used to measure UV spectra under acid
conditions; succinate buffer at pH 6.0 was used during enzymatic digestion of
DNA with MN/SPD; KPÂ¡buffer at pH 7.4 was used for in vitro incubations.
Bicine buffer at pH 9.5 was used for "P-postlabeling reactions.

* ND, not determined.
' Peak A was not degraded for at least 6 h under these conditions.
d Peak A was not degraded for at least 24 h under these conditions.

Table 3 Effect ofpH on the apparent V^^ and Kmvalues for phosphorylation of
dGuoi'P and peak A by polynucleotide kinase

SubstratedGuo3'PPeak

ApH8.09.58.09.5^m.Â«

(pmol/
min/unit)1.790.870.360.58Km(â€žM)1.62.823.879.2

Detection and Quantitation of 2'-Deoxyguanosine 3'-Phos
phate 2(2-Hydroxyethyl)Aminoethyl Ester Produced in Vitro
and in Vivo. Cyclophosphamide/DNA adducts were produced
by incubating DNA and CP in the presence of a cyclophospha-
mide-metabolizing system. DNA was isolated, digested, and
fractionated by HPLC. The fraction eluting in the region of the
phosphoester adduct was collected, desalted, and postlabeled
with "P. After separation by TLC, the 32P-labeled products

were detected by autoradiography. DNA exposed to metaboli-
cally activated CP contained a 32P-labeled product that had

TLC characteristics similar to Peak A (Fig. 4), whereas the
control did not have this spot. The level of adduct produced in
vitro by 200 /Â¿MCP was at least 1 adduct/100,000 nucleotides.
When [3H]CP was used in the incubation mixture and the DNA
was acid hydrolyzed to release the N7 alkylated products Nor-
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B

Fig. 4. Autoradiograms of TLC maps of 3IP-postlabeled DNA samples thai
had been incubated in the presence of a reconstituted cytochrome P-450 system
and cyclophosphamide either without ill or with NADPH (B). Enzymatically
digested DNA was chromatographed using FIl'I ( Systems 4 and 2 and a fraction

containing peak A (B, arrow) was isolated and postlabeled.

G, Nor-G-OH, and G-Nor-G, the levels of these adducts were
1.1, 2.7, and 1.0 ^mol/mol, respectively. Thus, the amount of
the phosphoester adduci formed was at least 2-fold greater than
the total amount of N7 alkylated products determined by the
HPLC of the 'H-labeled products released from [3H]CP-treated

DNA.
We also observed the formation of an adduct in the liver

DNA of mice treated with CP which had HPLC and TLC
characteristics similar to the phosphoester adduct. DNA that
had been digested by MN/SPD was fractionated using HPLC
System 4. The fraction that contained the phosphoester adduct
was collected and was rechromatographed using HPLC System
2. The phosphoester adduct fraction was collected and postla
beled with 32P. The postlabeled products were separated by

TLC and located by autoradiography.
An adduct spot with Rfvalues that were the same as those of

an HPLC-purified phosphoester adduct standard was observed
(Fig. 5, A and C). This suggested that the phosphoester adduct
could be formed in vivo from cyclophosphamide. In order to
further confirm that the 32P-postlabeled product observed in

Fig. 5C was the phosphoester adduct, an aliquot of the postla
beled sample was analyzed by PEI-cellulose using a second
TLC system. Once again, the DNA digest from CP-treated
mice had a spot that had Rf values identical to the phosphoester
adduct standard (Fig. 5, D and F). DNA digests from control
mice had faint spots in both TLC systems that had Rf values
close to those of the phosphoester adduct (Fig. 5, B and E).
However, the amount of radioactivity in these areas was equiv
alent to that found in blanks that contained no DNA (-1000
cpm/cm2). As a final confirmation that this spot was indeed the

phosphoester adduct, the spot was cut out of the TLC plate and
the radioactivity was eluted by treatment with l M NaCl. The
eluted sample was analyzed by HPLC System 1 and virtually
all the radioactivity coeluted with a UV-detectable standard of
the phosphoester adduct bisphosphate (Fig. 6/1). Moreover,
when this 32P-postlabeled product was treated with nuclease PI

Fig. 5. Autoradiograms of TLC maps of "P-postlabeled HPLC purified Peak
A standard (A and D), hepatic DNA isolated from control mice (B and /â€¢.').and
hepatic DNA from CP-treated mice (Cand F). DNA was digested to 3'-monon-

ucleotides that were separated by HPLC and a fraction containing the adduct was
collected. This fraction was postlabeled with 32P and the labeled products were
separated by two-dimensional TLC on PEI-cellulose plates. The solvents used
were Dl = 2.25 M ammonium formate, pH 3.5, and D2 = 0.3 M ammonium
sulfate (A-C) or Dl = 0.5 M ammonium formate, pH 3.5, and D2 = 0.5 M LiCI
(D-F). Arrows (C and F) point to phosphoester adduct.

essentially all the radioactivity coeluted with dGMP (Fig. 6Ã„).
This is exactly what would be expected if the adduct was in fact
the phosphoester adduct we have characterized. Hepatic DNA
from CP-treated mice, 8 h after exposure, had levels of the
phosphoester adduct of 32.3 Â±9.7 (SD) nmol/mol (n = 3) or
about 1 adduct/3.1 x IO7normal nucleotides.

DISCUSSION

Antitumor-alkylating agents are cytotoxic because of their
ability to covalently modify DNA by forming monoadducts and
cross-links. The level of adduct formation, in some cases, has
been correlated with cytotoxicity and is probably related to
therapeutic effects. Determining the nature of adducts formed
and the levels at which they are produced is critical to under
standing the mechanism of action of these drugs. In turn,
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Fig. 6. HPLC profiles of postlabeled phosphoester adduci (A) and postlabeled
phosphoester adduci after Irealmenl wilh nuclease Pl (B). A 32P-labeled produci
wilh ihe same Rf values on PEI-cellulose TLC piales as ihe phosphoesler adduci
slandard was eluled from ihe TLC piale and analyzed by HPLC along wilh a
UV-deleclable marker for ihe adduci (A). An aliquol of 32P-posllabeled produci,

spiked wilh marker, was also irealed wilh nuclease PI and ihen analyzed by
HPLC (B). For bolh HPLC runs, HPLC Syslem 1 was used.

understanding the mechanism of action of a drug should aid in
the rational design of analogous drugs with greater therapeutic
effects. Alkylating agents such as CP have been shown to react
with DNA most commonly at the N7 position of guanine (9-
14). However, it has been suggested that under certain condi
tions other nitrogen atoms as well as oxygen atoms in DNA
can be alkylated (17). It has further been suggested that for
mation of phosphate esters might be an important mechanism
of cytotoxicity of cyclophosphamide and related compounds
(24, 25). Although Lindemann and Harbers (24, 25) speculated
regarding the possible reaction of activated CP with phosphate
groups in naked DNA and DNA of intact rat liver nuclei, they
provided no characterization of the proposed adduci. Moreover,
an alternative explanation for their observations was proposed
by Bansal et al. (26), thus causing uncertainties regarding the
formation of phosphoester DNA adducts by activated CP.

In this report, we have provided evidence supporting the
formation of a phosphoester adduct by PM, the reactive alkyl-

ating metabolite of CP. This adduct, isolated by HPLC from
reaction mixtures of dGuoS'P and PM, was identified as
2'-deoxyguanosine 3'-monophosphate 2-(2-hydroxyethyl)-

aminoethyl ester. The formation of a phosphoester adduct had
been suggested by experimental data reported previously (18).
The exact structure of the phosphoester adduct was determined
by UV, mass, and NMR spectral analyses reported in this
report.

This adduct apparently is formed by the alkylation of the
phosphate group of dGuo3'P by phosphoramide mustard. Sub

sequently, spontaneous hydrolysis of the Pâ€”N bond and Câ€”

Cl bond during isolation of the adduct or during prolonged

incubation resulted in the phosphoester adduct characterized in
this investigation. This adduct also was formed in calf thymus
DNA exposed to metabolically activated CP and hepatic DNA
of mice which had been treated with CP.

The importance of the phosphoester adduct relative to N7
alkylated guanine monoadducts and cross-links in bringing
about the therapeutic effect of CP remains to be determined.
This adduct and other phosphoester adducts could be present
in quantitatively greater amounts than other monoadducts and
cross-links. Preliminary data concerning the interaction of PM
with other ribo- and deoxyribonucleotides suggest the forma
tion of phosphoester adducts with some of these compounds.4

Thus, PM may react with any phosphate group within nucleic
acid without regard to base specificity. However, the suscepti
bility of phosphate groups in DNA and RNA to attack by PM
requires further study.

In DNA incubated with activated CP in vitro, the amount of
phosphoester adduct formed was 2-fold greater than the N7
alkylated guanine adducts. Presumably the total phosphoester
adducts formed would be even greater, if phosphate groups of
nucleotides other than dGMP are also targets for activated CP.
Comparisons of the relative amounts of the putative phosphoes
ter adduct and N7 alkylated guanine formed in vivo are more
tenuous because in the present study DNA from CP-treated
mice was not analyzed for N7 adducts of CP. However, Hem-
minki (14) has reported the formation of 0.4 guanine N7-alkyl
residues/IO6 nucleotides in liver DNA of mice given [3H]CP.
Similarly, Benson et al. (15) reported 0.206 alkyl residues/IO6

nucleotides in DNA of rats exposed to CP. This compares to
our findings of 0.31 dGuo3'P-phosphoester adducts/IO6 nu

cleotides in liver DNA of mice treated with CP. Moreover, this
value is probably a minimum value because of inefficient phos-
phorylation of the adduct. This would suggest that the
dGuo3'P-phosphoester adduct is quantitatively important in

vivo as well. However, this conclusion needs to be substantiated
in comparative studies using the same species and strain of
animals, equivalent doses of CP, and the same time postexpo-
sure for the analysis of the various adducts.

The discovery of a phosphoester adduct formed by a CP
metabolite is not unprecedented. Alkylation of the phosphate
backbone of DNA by nitrosoureas has previously been described
(27, 28). Moreover, it has been shown that such lesions are
capable of causing strand scission and thus could be involved
in cytotoxicity and mutagenesis (28). The finding of the phos
phoester described here was possible because of the use of
enzymatic digestion to release adducts rather than acid hydrol
ysis. The adduct is very stable under the conditions used for
enzyme digestion and postlabeling with 32P; thus we were able

to detect it. This is in contrast to its complete instability under
conditions used for acid hydrolysis (depurination), thus render
ing it undetectable by HPLC analysis of the acid digest of CP-
modified DNA.

The use of the 32P-postlabeling assay which allows detection

of extremely low levels of adduct formation (<1 modification/
IO6 nucleotides) should prove useful in determining levels of

phosphoester adducts and their persistence in vivo. This assay
can be used to study the effect of CP on resistant and sensitive
tumors and cells, relating adduct formation to cytotoxic effect.
In addition, application of the 32P-postlabeling assay to clinical

samples may make it possible to study the relationship of the
formation/persistence of phosphoester adducts to chemother-

4A. E. Maccubbin, L. Caballes, and H. L. Gurloo, unpublished observalions.
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apeutic response and to unwanted/undesirable tissue toxicity
and to study repair of these lesions.
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