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ABSTRACT

INTRODUCTION
Cyclophosphamide is inactive as an oncolytic agent and
requires hepatic mixed function oxidase-mediated activation to
generate the reactive cytotoxic species phosphoramide mustard
(Fig. 1) (1). This compound is a bifunctional alkylating agent
capable of forming DNA-protein cross-links and DNA interstrand cross-links (2-4). An unavoidable by-product of the
metabolism of phosphoramide is acrolein, a reactive aldehyde
thought to be the principal mediator of uroepithelial toxicity
(5, 6).
NAC1 or mesna, when employed as bladder-protecting thiols,
readily combine with acrolein to yield thioethers as nontoxic
adducts (7). Several studies in laboratory animals bearing a
variety of transplantable tumors have concluded that protector
thiols can ameliorate bladder toxicity with no apparent decrease
in the antitumor activity of cyclophosphamide (7-14). In con
trast to these observations are mass spectral and "P NMR
studies which provide convincing spectroscopic evidence for the
sequential conversion of phosphoramide mustard into monoand bisthioether derivatives in the presence of thiols including
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MATERIALS

AND METHODS

Chemicals. NAC was purchased from Aldrich Chemical Co. Mesna
(sodium 2-mercaptoethane sulfonate) was obtained from the National
Cancer Institute (Bethesda, MD). Phosphoramide mustard, cyclohexylamine salt, was obtained from the Drug Synthesis and Chemistry
Branch, Division of Cancer Treatment, National Cancer Institute.
Computational Studies. Geometry calculations were performed on a
VAX 8800 Series computer and thermodynamic calculations were
performed on a Cray XMP-48. Starting geometries for all molecules
were generated in the molecular modeling environment Macromodel4
and were energy minimized using the Block Diagonal Newton-Rafson
algorithm and the molecular mechanics force field MM2 (19). The
resultant set of atomic coordinates was transferred to MOPAC using
the AMI Hamiltonian system (20) and the geometries were further
optimized. Thermodynamic parameters were calculated for 310 K at
convergence using AMI in the precise mode (double-precision vari
ables).
CCRF-CEM Cytotoxicity Assay. CEM cells were grown in RPMI
1640 medium (MA Bioproducts) that contained 10% dialyzed fetal
bovine serum (GIBCO), at 37Â°Cin a humidified atmosphere of 95%
air and 5% carbon dioxide. The cells were maintained in static suspen
sion (T-flask) in log growth phase at a concentration of 3 x IO5 cells/
ml. Phosphoramide mustard was dissolved in saline and sterile filtered
through a 0.2-^m filter (Gelman). The phosphoramide mustard solution
(10 M!)and 400 n\ of phosphate-buffered saline were transferred to each
well of a 24-well Costar cluster. Cells were transferred to the wells from
a magnetically stirred suspension that contained 3 x IO4 cells/ml in
RPMI 1640 medium with 10% fetal bovine serum, 8 ITIM3-[jV-morpholinojpropanesulfonic acid, and 16 ITIMiV-2-hydroxyethylpiperazineAr'-2-ethanesulfonic acid buffers. The resulting volume was 2.0 ml, with
a concentration of 4.8 x 104cells/well. The cluster plates were incubated
as above for 72 h, at which time the cells were read using a model ZBI
Coulter particle counter. For experiments requiring the coadministra4 The computer program. Macromodel. used in these calculations, is available
from Prof. W. C. Still, Department of Chemistry. Columbia University (New
York. NY).
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The systemic use of thiol-containing uroepithelial protecting agents,
e.g., W-acetylcysteine (NAC) or mesna, in conjunction with the alkylating
agent cyclophosphamide is predicated on the assumption that the toxic
metabolic by-products will be consumed by thiol without diminishing the
cytotoxicity of the active alkylating intermediate, phosphoramide mus
tard. Studies in murine tumor systems have been with either a single
dose or two equally divided doses of thiol, administered within 30 min of
the addition of cyclophosphamide, without an observed adverse effect on
antitumor activity; however, the relatively short serum half-life of thiol
relative to alkylating agent in humans weakens the clinical relevance of
these results. This study presents a thermodynamic model for the chem
ical reaction of phosphoramide mustard with either NAC or mesna. The
gas phase thermodynamic parameters for these reactions, enthalpy ( // )
and entropy (S), were calculated using the semiempirical quantum me
chanical method AMI and were used to predict the free energy (AG) for
these processes. For the reaction of phosphoramide mustard with NAC
or mesna, AG = +3.82 and 2.29 kcal/mol, respectively. In the absence
of enzyme catalysis, these results suggest that such reactions are not
favored. In order to assess the validity of this gas phase thermodynamic
model, the cellular cytotoxicity of phosphoramide mustard in the presence
or absence of either NAC or mesna was studied using CCRF-CEM cells
in culture. In these experiments the 50% effective dose of phosphoramide
mustard was 1.7 nK/ml; this result was unchanged in the presence of 10
MK/mlconcentration of either thiol. This study supports the conclusion
that phosphoramide mustard and protector thiols are compatible.

mesna (15-17). These experiments support the view that phos
phoramide mustard undergoes alkylation as an intact molecule
via an intermediate aziridinium ion.
There is accumulating in vitro evidence that one aspect of
tumor resistance to alkylating agents such as cyclophosphamide
involves increased intracellular levels of glutathione and glutathione-S-transferase activity (18). In this model, glutathione-Stransferase catalyses an irreversible reaction between the thiol
glutathione and the alkylating agent to give a thioether which
is devoid of alkylating ability.
The direct and enzyme-mediated alkylation of phosphoram
ide mustard by thiols raises the concern that the cytotoxicity of
cyclophosphamide may be sacrificed in the presence of protec
tor thiols. This report describes the use of AM 1, a semiempirical
theoretical model, to compute the change in free energy on
reaction of phosphoramide mustard with NAC or mesna. The
validity of this model is assessed by incubation of CCRF-CEM
cells with phosphoramide mustard in the presence and absence
of NAC or mesna.
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Fig. 1. Metabolic conversion of cyclophosphamide lo the products phosphoramide mus
tard and .10oli-m and their subsequent conver
sion, on reaction with thiols, to thioether adducts.
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tion of tliinl. solutions of either NAC or mesna in saline sufficient to
adjust the final concentration of thiol in the medium to 10 Â¿Â¿g/ml
were
added to the culture every 8 h for the duration of the growth study.

The gas phase thermodynamic parameters enthalpy (//) and
entropy (S) were calculated for each component (reactants and
products) of the reaction of phosphoramide mustard with either
NAC or mesna, using AMI. The change in free energy (AG) of
the reaction was derived using the equation AG = A// â€”T&S,
where T is the absolute temperature (T = 37Â°C= 310 K) and
A// and AS are the differences in the sums of H and S for the
reactants and products, respectively. For the reaction of phos
phoramide mustard with NAC (Fig. 2/4), AG = +3.82 kcal/
mol and, for the reaction of phosphoramide mustard with
mesna (Fig. IB), AG = 2.29 kcal/mol.
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There are conflicting data on the compatibility of phosphoramide mustard and thiol. As early as 1976, Colvin et al. (15)
provided unequivocal mass spectral evidence for the formation
of a bisthioether adduct from the reaction of phosphoramide
mustard and aqueous ethanethiol at physiological pH. Analysis
of the reaction mixture was consistent with alky hu ion proceed
ing via an intermediate aziridinium ion rather than direct (5^2)
displacement of chloride by thiol.
The products and reaction kinetics of the decomposition of
phosphoramide mustard in the presence of nucleophilic trap
ping agents have been evaluated utilizing }2P Fourier-transform
NMR spectroscopy (16, 17). The cascade of reactions leading
to intermolecular alkylation of phosphoramide mustard versus
competing nitrogen-phosphorus bond scission is strongly pH
dependent. At 37Â°Cthe half-life of phosphoramide mustard is

-40.013.

For the reaction:
RAM * Mesna

DISCUSSION

> PAM-Mesna t HCI

AG - [GPAM-Mesna + GHCI) â€¢
[GPAM + GMesna]

nearly constant (18 Â±3 min) between pH 7.0 and 9.0. Over
this pH range, formation of an aziridinium ion by intramole
cular displacement of chloride and subsequent ring opening by
nucleophile was observed, whereas at pH values < 6.5, hydrol
ysis of the nitrogen-phosphorus bond is the predominant reac
tion. When an excess of mercaptoethanol or mesna was used
as the trapping agent, separate 3IP NMR signals for the mon-

AG - [(-40.013.) + (-11,763.)] - [(-30.050.) t (-24.018.)]
AG--51,776.-(-54.068.)
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othioether and bisthioether products were recorded. Analysis
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Fig. 2. Calculated thermodynamic parameters for all components of the
reaction of phosphoramide mustard (PAM) with protector thiols to form monothioether adducts. A, reaction of phosphoramide mustard with NAC; B, reaction
of phosphoramide mustard with mesna.
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Fig. 3. Dose-response relationship of the effect of phosphoramide mustard on
the growth of CCRF-CEM cells in culture, alone (x) and in the presence of either
NAC (â€¢)or mesna (D) at a concentration of 10 ^g/ml.
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RESULTS

The cellular cytotoxicity of phosphoramide mustard in the
presence or absence of either NAC or mesna was determined
using CCRF-CEM cells in culture. ED50 values were interpo
lated from dose-response curves (Fig. 3) that were generated by
varying the concentration of phosphoramide mustard at con
stant thiol concentration. In order to ensure that reactive thiol
was present, a fresh aliquot of thiol solution was added to the
medium every 8 h for the duration of the incubation period.
The ECso of phosphoramide mustard was 1.7 Mg/ml; this result
was unchanged in the presence of 10 Mg/ml concentrations of
either thiol.

ANALYSIS OF PHOSPHORAMIDE

of these spectral data gave rate constants of 0.036 and 0.043
min~' for formation of the monothioether and bisthioether

REACTION

with these thiols were calculated using the semiempirical quan
tum mechanical model AMI, and these parameters were used
in turn to calculate the free energy for each component. A
comparison of the sums of the free energies of the reactants
and products gave a large positive value for both reactions (Fig.
2), indicating that these reactions are not thermodynamically
favored.
This theoretical analysis may be compromised by certain
features, (a) The treatment describes a gas phase reaction. The
computational complexities inherent in calculating solvation
energies preclude the inclusion of these effects necessitating the
use of charged species in these calculations, (b) The treatment
ignores kinetic parameters for the formation of an intermediate
aziridinium ion and the subsequent reaction with nucleophilic
thiol. Thus, it is impossible to assess the importance of enzyme
catalysis in delivering thiol to the electrophilic acceptor; how
ever, the large positive AG determined for these processes
indicates that enzyme catalysis may be required.
Studies on the thiol-alkylating properties of phosphoramide
mustard have primarily used the neutral thiols 2-mercaptoethanol and ethanethiol. The nucleophilic properties of these thiols
relative to phosphoramide mustard may differ from those of
the charged thiols NAC and mesna, and this difference may
contribute to the discrepancies noted above. In order to study
the effect of NAC and mesna on the cytotoxicity of phosphoramide mustard, CCRF-CEM cells were incubated in the pres
ence of high concentrations of either NAC or mesna with
increasing concentrations of phosphoramide mustard (Fig. 3).
In these experiments the medium was replenished with thiol
every 8 h for the duration of the 72-h incubation period. There
was no change in the observed ED50 of phosphoramide mustard
(1.7 Mg/ml) in the presence of thiol.
The cell culture studies are in agreement with the thermo
dynamic analysis of the reaction of phosphoramide mustard
with charged thiols, and these observations suggest that enzyme
catalysis (namely, glutathione-S-transferase)
may be operative
i/i v/vo. This premise has not been established and requires
further evaluation.
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derived from mercaptoethanol, respectively.
In contrast to these chemical observations are studies in
experimental tumor models, wherein several authors have re
ported that NAC does not cause a significant decrease in the
antitumor activity of cyclophosphamide while preventing acrolein-induced hemorrhagic cystitis and depression of hepatic
mixed function oxidase (7-11). In these experiments, NAC was
administered either as a single dose or as two equally divided
doses by a variety of routes (i.p., P.O., or i.v.) within 30 min of
the addition of cyclophosphamide, in a ratio which ranged from
1300:1 to 1:1 NAQcyclophosphamide.
In similar fashion, mesna administered i.p. 20 min prior to
the addition of cyclophosphamide (0.3:1 to 1:1 mesna:cyclophosphamide) provided effective uroepithelial and hepatic mixed
function oxidase protection with no reduction in antitumor
effectiveness, in a variety of transplantable tumors (7, 8, 12,
13). In fact, in C57BL/6 mice bearing B16 melanoma or M5076
sarcoma, a small improvement in life span was noted in the
presence of mesna.
The relative levels of glutathione and the enzyme glutathioneS-transferase have been associated with increased cellular re
sistance to a variety of alkylating agents ( 18). Glutathione exerts
schedule-dependent protective effects on the acute lethal toxicity of cyclophosphamide and on acrolein-induced uroepithe
lial damage without sacrificing cyclophosphamide cytotoxicity,
in experimental tumor systems ( 14). In these studies glutathione
was administered in a fractionated i.v. dose 30 min before and
30 min after an i.p. dose of cyclophosphamide. The ratio of
glutathione to cyclophosphamide varied from 1:1 to 5:1.
The in vivo studies which have examined the compatibility of
chemoprotective thiols and cyclophosphamide are character
ized by the addition of thiol within 30 min of the administration
of cyclophosphamide. The markedly shorter half-life of these
thiols relative to cyclophosphamide indicates that the metabo
lism of cyclophosphamide continues in the absence of thiol (21,
22). In addition, the inefficient cellular uptake of exogenously
administered thiol suggests that the original conclusion, that
thiols do not diminish the cytotoxicity of cyclophosphamide,
may be in error, particularly if the weakly electrophilic metab
olite 4-hydroxycyclophosphamide
is responsible for the trans
port of phosphoramide mustard into the cell (23-26).
The probability that a chemical reaction will proceed is
determined by a combination of kinetic and thermodynamic
parameters. Reactions that are controlled predominantly by
kinetic effects are characterized by relatively low activation
barriers that are overcome by the energetics of the reactants,
and the composition of the reaction products is determined by
the relative rates of competing reactions. In contrast, reactions
that proceed under thermodynamic control are characterized
by a large negative difference in the combined free energies of
the reaction products, relative to those of the reactants. The
composition of the reaction products is determined at equilib
rium. The majority of chemical reactions fall between these
extremes and are controlled by a combination of these effects
(27).
In order to understand the obvious dichotomy between the
reported thiol-alkylating properties of phosphoramide mustard
and the insensitivity of the cytotoxic and antitumor properties
of cyclophosphamide to added thiol, a thermodynamic analysis
of the reaction of phosphoramide mustard with NAC or mesna
was undertaken. The enthalpy and entropy for each reactant
and product in the balanced reaction of phosphoramide mustard

MUSTARD-THIOL

ANALYSIS OF PHOSPHORAMIDE

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

3528

REACTION

offÂ«- and rranÃ®-4-hydroxycyclophosphamide with aldophosphamide and the
concomitant partitioning of aldophosphamide between irreversible fragmen
tation and reversible conjugation pathways. J. Med. Chem., 27: 466-485,
1984.
Russo, A., Carmichael, J., Friedman, N., DeGraff, W., Tochner, Z., Glatstein, Â£.,and Mitchell, J. B. The roles of intracellular glutathione in antineoplastic chemotherapy. Int. J. RadiÃ¢t.Oncol. Biol. Phys., 12: 1347-1354,
1986.
Allinger, N. L. Conformational analysis. 130. MM2. A hydrocarbon force
field utilizing VI and V2 torsional terms. J. Am. Chem. Soc., 99: 81278134, 1985.
Dewar, M. J. S., Zoebisch, E. G., Healy, E. F., and Stewart, J. J. P. AMI: a
new general purpose quantum mechanical molecular model. J. Am. Chem.
Soc., 107: 3902-3909, 1986.
Morgan, L. R., Holdiness, M. R., and Gillen, L. E. N-Aeetylcysteine: its
bioavailability and interaction with ifosfamide metabolites. Semin. Oncol.,
10 (Suppl. 1): 56-61, 1983.
Brade, W. P., Herdrich, K., and Varini, M. Ifosfamide: pharmacology, safety,
and therapeutic potential. Cancer Treat. Rev., 12: 1-47, 1985.
Domeyer, B. E.. and Sladek, N. E. Kinetics of cyclophosphamide biotrans
formation in vivo. Cancer Res., 40: 174-180, 1980.
Brock, N., and Hohorst. H.-J. The problem of specificity and selectivity of
alkylating cytostatics: studies on \-2-chlorocthylamido-oxazaphosphorincs.
Z. Krebsforsch., 88: 185-215, 1977.
Cox, P. J., Phillips, B. J.. and Thomas, P. The enzymatic basis of the selective
action of cyclophosphamide. Cancer Res., 35: 3755-3761, 1975.
Draeger, U., Peter, G., and Hohorst, H-J. Deactivation of cyclophosphamide
(NSC-26271 ) metabolites by sulfur compounds. Cancer Treat. Rep., 60:355359, 1976.
Carey, F. A., and Sundberg, R. J. Chapter 4. Study and description of organic
reaction mechanisms. In: Advanced Organic Chemistry, Part A, pp. 163170. New York: Plenum Publishing Corp., 1977. Stull, Westrum, E. F. Jr.,
and Sinke, G. C. In: The Chemical Thermodynamics of Organic Compounds.
New York: Wiley, 1969.

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2435925/cr0490133525.pdf by guest on 03 December 2022

8. Gurtoo, H. L.. Mannello. A. J., Berrigan. M J., Bansal, S. K., Paul, B.,
Pavelic, 'L. P., and Struck, R. F. Effect of thiols on toxicity and carcinostatic
activity of cyclophosphamide. Semin. Oncol., /0(Suppl. 1): 35-45, 1983.
9. Harrison, E. F., Fuquay, M. E., and Hunter, H. L. Effect of jV-acetylcysteine
on the antitumor activity of cyclophosphamide against Walker-256 carcinosarcoma in rats. Semin. Oncol., 10 (Suppl. 1): 25-28, 1983.
10. Levy, L., and Vredevoe, D. L. The effect of /V-acetylcysteine on cyclophos
phamide immunoregulation and antitumor activity. Semin. Oncol., /'/
(Suppl. 1):7-16, 1983.
11. Botta, J. A., Jr., Nelson, L. W., and Weikel, J. H., Jr. Aeetylcysteine in the
prevention of cyclophosphamide-induced cystitis in rats. J. Nati. Cancer
Inst., 51: 1051-1058, 1973.
12. Bernacki, R. J., Bansal, S. K., and Gurtoo, H. L. Combinations of mesna
with cyclophosphamide or Adriamycin in the treatment of mice with tumors.
Cancer Res., 47: 799-802. 1987.
13. Brock, N., Pohl, J., Stekar, J., and Scheef, W. Studies on the urotoxicity of
oxazaphosphorine cytostatics and its prevention. HI. Profile of action of
sodium 2-mercaptoethane sulfonate (mesna). Eur. J. Cancer Clin. Oncol.,
18: 1377-1387, 1982.
14. Tofanetti, O., Cavaletti, E., Besati, A., Pratesi, G., Pezzoni, G., and /minio.
F. Prevention of cyclophosphamide-induced urotoxicity by reduced glutathione and its effect on acute toxicity and antitumor activity of the alkylating
agent. Cancer Chemother. Pharmacol., 14: 188-193, 1985.
15. Colvin, M., Brundrett, R. B., Kan, M-N., Jardine, I., and Fenselau, C.
Alkylating properties of phosphoramide mustard. Cancer Res., 36: 11211126. 1976.
16. Engle. T. W., Zon, G., and Egan, W. 31P NMR kinetic studies of the intraand intermolecular alkylation chemistry "' phosphoramide mustard and
cognate A'-phosphorylated derivatives of A'^V-bis(2-chloroethyl)amine. J.
Med. Chem., 25: 1347-1357, 1982.
17. Zon, G., Ludeman, S. M., Brandt, J. A., Boyd, V. L., Ã–zkau,G., Egan, W.,
and Shao. K-L. NMR spectroscopic studies of intermediary metabolites of
cyclophosphamide. A comprehensive kinetic analysis of the interconversin

MUSTARD-THIOL

