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1. Introduction 

Cyclophosphamide, frequently used in tumor ther- 
apy, has proved to be mutagenic [l-4], but so far no 
clear evidence has been obtained in the host-mediated 
assay as to whether the substance causes point muta- 
tions [5]. Therefore we decided to approach the prob- 
lem biochemically. 

Ludlum [6,7] has recently shown that the methy- 
lation of cytidine-diphosphate, or poly(C), and - to 
a lesser degree - that of the corresponding deoxy- 
derivatives, alters the pairing characteristics of this 
base in such a way that in the transcription and/or 
polymerization process not only guanine, but also - 
though to a smaller extent - uracil and adenine are 
incorporated into the resulting polymer. Similar ob- 
servations regarding the misreading of chemically al- 
tered poly(C) have been made by Singer and Fraenkel- 
Conrat [8,9] and also by Means and Fraenkel-Conrat 
[IO]. On the basis of the results they obtained with 
several mutagens, these authors suggest that the sub- 
stitution of position 3 of cytosine by an alkyl group 
might well represent a mutagenic event, inasmuch as 
methylated poly(C) shows appreciable ambiguity, 
thus leading to abnormal base pairing (with simulta- 
neously diminished capacity for normal pairing with 
guanine). 

Since cyclophosphamide as such is not an alkylat- 
ing agent, we utilized 0, /I’-dichlordiethylamine (nor- 
nitrogen mustard) (I) in our experiments. This com- 
pound has been postulated to be one of the active sub- 
stances formed in the body after application of cyclo- 

phosphamide [ 111. Therefore, because of the alkylating 
and cross-linking properties of I [ 121, a strong diminu- 
tion in the template function of poly(C) after incuba- 

tion with I is by no means surprising. What could not 
be foreseen, however, was whether the treatment of 
poly(C) with such a relatively large molecule (large in 
comparison with methyl groups) would lead to abnor- 
mal base pairing. In fact, our findings have shown a 
very slight tendency towards the incorporation of LIMP, 
significantly higher than the “spontaneous” rate of 
abnormal base pairing with UMP, and increasing lin- 
early with the time of incubation. 

2. Materials and methods 

All reagents used were A-grade. Poly(C), bovine 
serum albumin, and unlabelled ribonucleoside tri- 
phosphates were obtained from Serva Laboratories 
(Heidelberg), [3H]GTP and [3H]UTP from the New 
England Nuclear Corporation. RNA polymerase 
(EC 2.7.7.6) from M. lysodeikticus (activity 762 
units/mg protein) was a product of Miles (Elkhart, 
Indiana). /.I, P’-Dichlordiethylamine hydrochloride was 
a gift of ASTA (Brackwede). 

Phosphorus was determined according to Chen et 
al. [13]. 

All readings were performed with the Zeiss PMQ 
spectrophotometer. Radioactivity was measured with 
the Tricarb liquid scintillation spectrometer (Packard). 
Statistical substantiation was assured by application 
of the Wilcox Test [ 141. 

Incubation of poly(C): 5-10 pmoles (as nucleo- 
tide-P) were dissolved in 2 ml 0.15 M KNO,, 0.015 
M K-phosphate, pH 7.5, and mixed with 24 ml of 
1.4 X lop4 M /3, $-dichlordiethylamine hydrochloride, 
previously warmed to 37” for 45 min in the same buf- 
fer in order to form the active immonium ion of the 
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amine [ 151. Incubation was for 4 hr according to 
Ruddon and Johnson [ 161. Since we had no radio- 
active I, we were unable to define the exact amount 
of binding to poly(C)*. 

The reaction mixture was dialyzed against 0.1 X 
SSC (15 mM NaCl - 1.5 mM trisodium citrate, pH 
6.8) until no alkylating agent could be detected in 
the outer fluid with 4,4’-nitrobenzyl-pyridine accord- 
ing to Friedman and Boger [ 171. 

The content of the bag was then concentrated by 
lyophilization to an appropriate volume and the 

amount of the polymer determined by phosphorus 
analysis as well as by absorbance measurement, using 
the extinction coefficients at pH 7.5 for poly(C): 

e260 = 5.3 X lo3 and ‘269 = 6.3 X lo3 (Ludlum, [7]). 

The assays for template activity were performed 
in general as previously described [8]. The reaction 
mixture contained in 0.5 ml: 0.1 M Tris buffer, pH 
7.55; 1.5 mM MnCl,; 2 X 10s4 M dithiothreitol; 

1 .O mM KCl; 0.2 pmole UTP and GTP, respectively, 
one labelled with tritium (approx. 7.5 X lo3 cpm 

nmole); and template polynucleotide as specified. 
The reaction was started at 37” by the addition of 10 
~1 RNA polymerase, corresponding to 20 pg protein. 

After the times indicated in the tables, 0.2 ml of 
saturated pyrophosphate (pH 7.2) and 300 ccg of 
serum albumin, as well as 300 pg unlabelled triphos- 
phates in 0.2 ml were added, and the mixture - after 
cooling in ice - precipitated with 4 ml of 6% (w/v) 
TCA. After standing in ice for 30 min, the insoluble 

material was filtered on Whatman GFC glass fiber 
filters, followed by 5-fold washing with 5 ml portions 
of ice-cold 5% TCA. The last washings contained 100 
pg 12C-UTP/ml. Filters were dried in vacua, placed in 
10 ml of toluene scintillator fluid, and counted. In 
cases in which the incorporation of radioactivity was 
very low, another procedure was also employed: 
100-200 ~1 of the reaction mixture, after addition of 
sodium pyrophosphate and 12C-UTP, were cooled in 

* Incubation for 4 hr at 37” with the 12-fold amount of cy- 

clophosphamide (radioactivity labelled in the side-chain), 

previously activated by microsomal oxydative hydroxyla- 
tion, gave a 1: 20 incorporation rate, based on polynucleo- 

tide phosphorus. 
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Table 1 

Dependence of [3H]GMP incorporation rate on template con- 
centration. 

Template 

(nmoles) 

7.25 

14.5 

29.0 

58.0 

116.0 

Control 

(cpm) 

227 

45,300 

75,200 

116,900 

144,915 

133,679 

Treated 

(cpm) 

5,560 

6,219/5,800 

5,860 

6,413 

7,285 

The reaction mixture contained in 0.5 ml various amounts of 

treated and non-treated poly(C) (nucleotide-P) (isolated after 

a 4 hr treatment at 37” with 7 moles/mole p, $-dichlordiethyl- 

amine hydrochloride at pH 7.4); 0.2 pmole [ 3H]GTP (spe- 

cific activity 6 X lo3 cpm/mnmole); 0.2 nmole UTP; and 20 

ng polymerase protein. Incubation was for 25 min at 37” and 

was terminated by the addition of 0.2 ml saturated sodium 

pyrophosphate and 300 @g albumin with 4 ml 6% TCA. The 

insoluble material was processed as described in the text 

(GFC filter method). 

ice, rapidly applied to strips of Whatman 3MM paper 
(18 X 3 cm), and eluted for 10 hr with a mixture of 
1 M ammonium acetate and ethanol (1: 1, v/v), the 

pH having been adjusted to 4.2 with acetic acid. The 
strips were washed twice with cold ethanol, once in 
ethanol ether (2: l), and dried in a warm stream of 
air. The spots were localized in UV, cut out, and 
counted as described. This procedure diminishes the 
background to less than 20 cpm and allows determina- 
tion of very low incorporation rates. 

It has been postulated [ 11, 19-241 that nitrogen 
mustard, or its aziridine derivative, is one of the forms 
of activated cyclophosphamide, but so far this has not 
been substantiated convincingly. 

According to our results, obtained with labelled 
cyclophosphamide after activation by microsomal hy- 
droxylation (to be published elsewhere), we conclude 
that, in addition to I, the asymmetric phosphate dia- 
mide - 0, /Jr-dichlordiethylamidophosphamide - is 
formed. There can be no doubt, however, that the ef- 
fect of activated cyclophosphamide is associated with 
the alkylating properties of the /3-chlorethyl side 
chains, present in nitrogen mustard [ 111. 

Besides the expected reduction of the normal tem- 
plate function of poly(C) for guanine, there is a slight 
- but statistically proven - tendency towards abnor- 
mal base pairing with uridine. This abnormal pairing 
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Table 2 
Abnormal base pairing with poly(C) as template before and after treatment with p, @‘-dichlordiethylamine. 

Incubation Poly(C)(pmoIes incorporated) 
time Control 
(min) GMP UMP (%) 

Treated 
GMP UMP (%) 

Difference 
@moles) 

10 10,000 1.3 0.013 1,400 1.8 0.128 0.50 
20 15,600 2.65 0.017 1,975 3.42 0.163 0.77 
35 23,900 4.74 0.020 2,750 6.2 0.225 1.46 
50 32,200 5.50 0.017 3,400 8.3 0.244 2.80 

The reaction mixture contained 50-55 nmoles template poly(C) after 4 hr treatment with I, as specified under Materials and 
methods. Individual runs for each incubation time with treated and untreated template were carried out simultaneously. Several 
100 ~1 samples per run were applied to Whatman 3MM strips and processed as described. The results are the average from two 
closely agreeing experimental series, and are statistically substantiated with regard to their tendency to exceed the corresponding 
controls. (T = 0; fi = 39; oT = 12.75; Z = 3.059; P a 0.001). The incorporation figures contain a relatively high, but constant back- 
ground (deducted here) corresponding to about 18 pmoles nucleotide, probably due to unspecific retention of radioactivity on 
enzyme protein or albumin. The figures for GMP incorporation are taken from a separate run (not shown), recording the time 
dependence of GMP incorporation under the same conditions as above. 

rate amounts to 0.13-0.24% of the rate obtained for 
guanine under analogous conditions. It is therefore 
possible that cyclophosphamide gives rise to abnor- 
mal amino acid incorporation in vivo. Triphosphate 
incorporation in vitro (with modified templates) can, 
of course, only simulate true in vivo replacement and 
gives reliable results only with poly(C) derivatives as 
templates (poly(C) shows an ordered structure over 
a wide range) [25]. 

It should be added that the incorporation of tri- 
phosphates has proved to be a much more responsive 
method for the detection of mutagenic reactions than 
the incorporation of amino acids in the translation 
process in vitro [9]. 
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