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Abstract: Mitomycin C readily alkylates inorganic phosphate and the phosphate group of various nucleotides in aqueous solu
tion at acid pH. The products of this type of reaction are 2,7-diaminomitosenes containing a phosphate group in the 1-position. 
The reaction is appreciable only below pH 5, requiring protonation of the aziridine ring of mitomycin C (pAV = 4). The specif
ic reactions studied were the following: alkylation of inorganic phosphate yields \,2-cis- and -/rar«-2,7-diaminomitosene 1-
phosphate, in greater than 9/1 ratio. Alkylation of 5'-uridylic acid results in cis- and rra«.s-2,7-diaminomitosene l-(5'-uridy-
late), in approximately 4/1 ratio. 5'-Uridine triphosphate is alkylated at its terminal phosphate group, to give the correspond
ing 1 -substituted 2,7-diaminomitosene, also with predominant cis composition. The structure of these products was proven by 
quantitative phosphate analysis, ultraviolet spectra, and enzymatic degradation into known products. UpU yields a small 
amount of a mitosene adduct which was not characterized. Uridine itself is not alkylated by mitomycin C. Hydrolytic ring 
opening of the protonated aziridine ring of mitomycin C competes with the phosphate alkylation reactions, yielding cis- and 
rraAM-2,7-diamino-l-hydroxymitosenes. The phosphate compounds described represent the first characterized examples of 
alkylation of nucleotides by mitomycin C, supporting the previous hypothesis that the mitomycins are biological alkylating 
agents. 

Mitomycin C (la; MC), the potent antibiotic and clinical
ly useful antitumor agent,1^3 presents an interesting challenge 
to correlate chemical behavior and biological activity. It con
tains an aziridine ring, rare in natural products, and the well-
known antitumor activity of various synthetic aziridines4a led 
early to the suggestion that the aziridine ring of MC is involved 
in its mechanism of action.5 Since aziridines, including the class 
of N-mustards, where the aziridine form is the reactive tau-
tomer,6a are powerful alkylating agents, MC was predicted to 
alkylate its biological target, most likely DNA, analogously.5,7 

Consistent with this hypothesis, DNA isolated from MC-
treated bacteria contained covalently bound MC8 and, in ad
dition, its two complementary strands were cross-linked,9-10 

indicating two binding functions of MC to DNA rather than 
one. The cross-linking action was considered to be the direct 
cause of the cytotoxicity of the drug,9 although more recently 
the monofunctional attachment which predominates 10- to 
20-fold over the number of cross-links8'11 has also been im
plicated as biologically significant damage to DNA. I 2 14 

In the absence of cells, the DNA-binding and cross-linking 
effects of MC could only be demonstrated if a reducing agent 
(chemical or enzymatic) was also added, indicating that the 
active form of the drug is generated in the cell by reduction.5'7 

More recently, it was shown that low pH (pH 4) alone also 
activates MC to bind and cross-link DNA in vitro.15 

A detailed chemical hypothesis was advanced by Iyer and 
Szybalski7 for the functioning of MC as a reductively activated 
bifunctional alkylating agent and this mechanism was further 
refined recently by Moore.16 Despite this apparent interest in 
the molecular mode of action of MC, experimental verification 
of the proposed chemistry is lacking. Alkylation reactions of 
the mitomycins have not been characterized, the redox 
chemistry of MC itself is complex and not well understood,17'18 

and efforts to isolate and characterize MCf-nucleotide adducts 
from model reactions or from MC-nucleic acid complexes have 
been unsuccessful so far.19 The only product ever characterized 
from any reaction of reduced MC is the bisulfite adduct 5i18 
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Its mechanism of formation and relevance to the DNA-binding 
and cross-linking action of reduced MC is unknown. We un
dertook the task to seek basic evidence for the postulated al
kylating properties of MC. As our first approach, we succeeded 
in observing the alkylation of a series of phosphate compounds 
by MC under the simple low pH activation conditions. 

Experimental Section 

Materials. The materials used and their sources are as follows', 
mitomycin C, Bristol Laboratories, Syracuse, N.Y.; bacterial alkaline 
phosphatase, snake venom phosphodiesterase, Worthington Biochem. 
Corp., Freehold, N.J.; nucleotide pyrophosphatase (type III, from 
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Table I. Analytical Properties of New MC Derivatives and Parent Compounds 

compound 

la 
2 
3 
4a (trans) 
4a (cis) 
4b 
7b 
7c 
8a 
8b 
8c 

elution 

vol, ml_a 

96 
185 

.206 
127 
139 
98 
60 
52 

130 
100 
74 

A 

0.88 
0.95 
0.94 
0.94 
0.94 
0.53 
0.32 
0.1 
0.53 
0.65 
0.1 

B 

0.80 
0.53 
0.43 

Rf
h 

C 

0.27 
0.20 
0.40 
0.32 

D 

0.75 
0.85 
0.85 

0.48 
0.17 
0.66 
0.64 
0.21 

E 

0.60 
0.60 

0.10 

0.15 
0.23 

electrophoretic 

F G 

- 3 . 3 
-4 .5 
-3 .1 
-4 .5 

0 
0 

- 1 . 6 
-1 .6 
+0.7 
+0.7 

+ 17.0 
+ 15.5 

+ 5.6 
+ 1.3 

+ 11.5 

mobility' 

H 

0 
0 

+ 11.8 
+ 11.3 

Xmax, n m ( e X 10~3) d 

367, 21.8 (in H2O)21 

312, 11.1; 248, 
17.1' 
346, 3.92; 294, 15.9; 
235, 21.7 (in 0.1 N HCI)20 

262, 10.038 

262, I0.038 

310, I3.14;248,21.74 
312, 12.2:252,26.64 
312, 13.2;252,27.98 

" Column = 1.5 X 41.5 cm Sephadex G-25 (fine). Buffer: 0.02 M NH4HCO3. The numbers represent the peak elution volumes. Bluedextran 
(void volume) and NaCl (inclusion volume) are eluted at 33 and 67 mL, respectively. * Systems A, B: TLC plates (silica, Macherey-Nagel); 
(A) isopropyl alcohol-1% NH4OH, 2:1 (v/v); (B) methanol. Systems C, D: TLC plates (cellulose, Eastman); (C) isopropyl alcohol-concentrated 
HCI-H2O, 68:17:15 (v/v/v); (D) isobutyric acid-0,5 M NH4OH, 10:6 (v/v). System E: paper (Whatman 40, descending); rc-propyl alcohol-1% 
NH4OH, 2:1 (v/v). ' Paper electrophoresis (Whatman 3 MM), 22 V/cm, 2 h; (F) 0.02 M sodium citrate buffer, pH 3.5; (G) 0.02 M sodium 
phosphate buffer, pH 7.2; (H) 0.02 M sodium borate buffer, pH 10.0. d In 0.02 M sodium phosphate buffer, pH 7.5, unless otherwise indicated. 
'' Determined by quantitative comparison with the known spectra in methanol.21 
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Figure 1. Separation of alkylation and hydrolysis products of MC on 
Sephadex G-25 columns, (a) Products from the reaction with inorganic 
phosphate. Separation conditions are given in Table I. (b) Products from 
the reaction with 5'-UMP (7b). Separation conditions are the same as in 
Table 1 except for the column size (3.7 X 36 cm). 

Crotalus atrox venom), and uridine 5'-triphosphate (5'-UTP; type 
III, from yeast), Sigma Corp., St. Louis, Mo.; uridine 5'-monophos-
phate (5'-UMP) and uridylyl(3' — 5')uridine (UpU), Boehringer 
Mannheim Corp., Indianapolis, Ind.; DEAE-cellulose (Cellex D) and 
AG-50W-X-8 (H+ form), 200-400 mesh cation-exchange resin, 
Bio-Rad Corp., Richmond, Calif. 

Methods: Alkylation reactions of MC (la) with phosphate com
pounds (7) (see Scheme I) were conducted under the following stan
dard conditions: An aqueous solution of the phosphate compound was 
acidified to pH 3.0 and the concentration was adjusted to 0.34 M. In 
the case of 7a, acidification was accomplished by adding dilute NaOH 
to aqueous HsPO4 and, in cases 7b-d, by adding beads of AG-
50W-X-8 (H+ form) cation-exchange resin to an aqueous solution 
of the NH4

+-SaIt form of the respective nucleotide. Mitomycin C 
(0.0026 M) was added to the acidic phosphate or nucleotide solution. 
The reaction volume was usually 1.5 mL. The mixture was incubated 
at 25 0C for 2 h under stirring, then neutralized by the addition of 
dilute NaOH. 

Separation, Isolation, Identification, and Quantitation of the 

Scheme I 

la + HOPOR1 

OR2 

7a, R1, R2 = H 
b, R1 = H; R2 = uridyl-5'-
c, R1 = H, 

O O 
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O 

+ 2 + 3 

8a-d, same as in 7 

Products. The above reaction mixture was submitted to gel filtration 
chromatography on a Sephadex G-25 column. (See Table 1 for stan
dard conditions.) In the chromatographic elution patterns (e.g., Figure 
1) mitosene20 type products could be distinguished from nucleotides 
by absorbance at 310 nm, a characteristic approximate absorption 
maximum of the 7-aminomitosene chromophore.21 (Compounds 2 
and 3 exemplify mitosene derivatives while la and lb are mitosanes.) 
The purple color of mitosenes, easily seen on TLC plates or paper, 
gives similar indications. For analytical purity, the alkylation products 
were rechromatographed once or more. Desalting of the column 
fractions was accomplished by evaporation of the NH4HCO3 at 37 
0C in vacuo. Quantitative analysis of all products was based on UV 
spectrophotometry in aqueous media (Table I) by using a Gilford 
Model 250 spectrophotometer. Other techniques will be specified in 
the Results section. 

Results 

Upon chromatographic separation of the reaction mixtures, 
excess unalkylated nucleotide was eluted first, followed by its 
product of alkylation by MC and, finally, the pair of peaks of 
the isomeric hydrolysis products of MC (2 and 3) (Figure 1). 
Some unreacted MC (5-7% of the starting material) was also 
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eluted usually, well separated from the products except from 
8b (Table I). In this latter case, the standard reaction condi
tions were modified to 4-h incubation instead of 2 h, resulting 
in complete elimination of unreacted MC. Identification of 
each of these substances was carried out as follows: 

Unchanged nucleotides (7a-d) and MC were recognized by 
their elution volumes, R/s, and electrophoretic mobilities 
(Table I). 

MC hydrolysis products 2 and 3 were identified by the 
identity of their elution volumes, RjS, and electrophoretic 
mobilities in several systems (Table I) with those of authentic 
2 and 3 which were prepared by the procedure of Stevens et 
al.21 and separated as described by Taylor and Remers.22 The 
molar ratios of 2 to 3 were 1 to 3 (± 0.2), either when formed 
as byproducts of the MC alkylation reactions or when prepared 
by the published procedures. 

Alkylation Products, (a) The alkylation product of inorganic 
phosphate (8a) was eluted as a single peak which also showed 
homogeneity on TLC and electrophoresis (Table I) and it 
migrated as an anion in the latter system at neutral and alka
line pH while it had no charge at pH 3.5.23 It was retained on 
a DEAE-cellulose anion-exchange column when the column 
was washed with 0.02 M NH4HCO3 and was eluted as a single 
peak with 0.2 M NH4HCO3. Its ultraviolet spectrum was very 
similar to that of 2 or 3. Phosphate analysis24 gave 1.0 ^mol 
of phosphate per 13.4 ^i310 units of 8a, indicating clearly one 
phosphate group per mitosene chromophore. The € values 
(Table I) are based on the phosphate analysis. Treatment of 
8a with alkaline phosphatase (1.67 /umol of 8a in 2.0 mL of 
0.01 M Tris-0.002 M MgCl2, pH 8.5, 17.8 units of enzyme; 
37 0C, 1.5 h) yielded stoichiometric amounts of inorganic 
phosphate, determined by analysis,25 and 2 and 3 were deter
mined by the standard Sephadex G-25 column separation, in 
<5% and 92% yields, respectively. Control incubation without 
the enzyme gave unchanged starting material. 

These results prove the structure of 8a and indicate that 
alkylation of inorganic phosphate gives almost exclusively the 
1,2-cis isomer. 

(b) The alkylation product of 5'-UMP (8b) was eluted as a 
main peak with a shoulder (Figure lb). On repeated chro
matography, the two components (major and minor) could be 
completely separated and were shown to be the 1,2-cis and 
1,2-trans isomers of 8b, respectively, as follows: The two sub
stances had identical properties on TLC and electrophoresis, 
migrating on the latter as anions at neutral and alkaline pHs 
but were uncharged at pH 3.523 (Table I). The unexpectedly 
high mobility at pH 10.0 (as high as that of 8a which has two 
negative charges on its phosphate) is undoubtedly due to the 
formation of a negatively charged borate complex of the uri
dine unit with the borate buffer, a phenomenon well-known 
in nucleotide electrophoresis.26 Both isomers of 8b had identical 
UV spectra which were a composite of the uridine and mitosene 
chromophores. Phosphate analysis24 indicated 1.0 ^mol of 
phosphate per 12.2 ^313 units, i.e., per 1 /xmol of mitosene. e 
values are given in Table I, based on 1 mol of phosphate. Both 
isomers of 8b were resistant to alkaline phosphatase. Snake 
venom diesterase digestion (1 junol of 8b (cis or trans) in 1 mL 
of0.005MTris-0.001 M MgCl2, pH. 8.5, 15 u.g of enzyme; 
37 0C, 3 h), however, hydrolyzed each to 5'-UMP and a mi
tosene: 3 from the major and 2 from the minor 8b isomers. 
When an unseparated mixture of 8b isomers was digested with 
snake venom diesterase, stoichiometric amounts of 5'-UMP 
and a mixture of 2 and 3 were produced in a molar ratio of 2/3 
= '/4- These results show evidence for the structure of 8b and 
indicate that alkylation of 5'-UMP gives a mixture of the 
1,2-trans and 1,2-cis isomers, the latter predominating. 

(c) The alkylation product of 5'-UTP (8c) was eluted from 
Sephadex G-25 as one peak. Several rechromatographies were 
necessary to remove all 5'-UTP from the analytical sample 

Table II, Extent of Alkylation of Various Substrates by MC " 

substrate 

7a 
7b 
7c 
7d 
uridine 

alkylated 
product 

8a 
8b 
8c 

unidentified 
none 

yield, 

56 
46 
34 
4 

% 
1,2-cis/trans 
isomer ratio 

>9 
4 
6 

a Cf. Reaction Scheme I and Methods. 

which was homogeneous on TLC and electrophoresis (Table 
I), migrating in the latter somewhat slower than UTP at 
neutral pH. Its UV spectrum was identical with that of 8b. 
Analysis of total phosphate indicated 3.0 /umol of phosphate 
per 13.2 Ai\2 units, i.e., per \xmo\ of mitosene chromophore. 
e values are given in Table I, based on 3 mol of phosphate. 

Hydrolysis of 8c in 1 N HCl (100 0C, 2 h) released 2.0 mol 
of Pj per mol of 8c, the same as from control UTP itself. This 
was first unexpected since, under these conditions, y-alkylated 
ATP was reported to give only 1 mol of Pi, originating from the 
/3-phosphate, while the 7-phosphate retained its alkyl group.27 

Since in our case, the corresponding alkyl 7-phosphate is 8a, 
we tested its stability under these conditions and found it to be 
completely hydrolyzed to Pj and 2 or 3. This explains the above 
results of the hydrolysis of 8c, rendering them consistent with 
the structure (although not proving it, see Discussion). 
Treatment of 8c with nucleotide pyrophosphatase from snake 
venom (0.17 Atmol of 8c in 0.05 mL of 0.02 M Tris (pH 7.5)-
0.25 M MgCl2, 1.1 enzyme units, 37 0C, 1 h28) did not result 
in any hydrolysis. This enzyme normally hydrolyzes proximal 
pyrophosphate bonds of nucleotides.28 The resistance of 8c may 
be due to the presence of the unusual (mitosene) structure in 
the substrate. These negative results leave the structure of 8c 
without a rigorous proof. The mode of formation, chemistry 
of analogous reactions, together with the analytical data 
strongly suggest its correctness, however (see Discussion). 
Indication that 8c as isolated is also a mixture of the 1,2 cis and 
trans isomers was obtained on chromatography over a longer 
(1.5 X 56 cm) Sephadex G-25 column, on which it separated 
as a peak with a shoulder much like 8b in Figure lb. The size 
ratio of the main peak to the partly overlapping minor peak 
could be roughly estimated as 7 to 1. 

(d) The alkylation product of UpU (8d) was eluted from 
Sephadex G-25 as a small peak, partially separated from UpU 
and was identified only by its elution behavior (Table I) and 
the fact that it possessed the UV characteristics of mitosenes. 
Because of the extremely low yield (Table II), further char
acterization was not feasible. 

(e) Uridine gave no alkylated product as tested by Sephadex 
G-25 chromatography, electrophoresis and several TLC sys
tems. 

Yields of the alkylation products are given in Table II, based 
on mitomycin C and determined by UV spectrophotometry. 
Compounds 2 and 3 were the additional products in each case 
(1/3 ratio, see above). Overall recoveries of material were in 
the range of 92-104%. 

pH Dependence of Alkylation of Inorganic Phosphate by 
MC. The effect of pH on the extent of conversion of MC to its 
hydrolysis (2, 3) and phosphate alkylation products (8a) is il
lustrated in Figure 2. The combined yield of these products 
increases with decreasing pH, resembling a base protonation 
curve with pKa = 4.0. The yield curve for 8a alone is similar 
until very low pH when it drops, while the yield of 2 and 3 
(combined) increases. At pHs 1.33 and 2.05 we noted some 
hydrolysis of the 7-NH2 group, by the appearance of the cor
responding products from 2, 3 and 8a (4a,b). The yields of 2, 
3, and 8a include these 7-OH analogues since they were un-

of0.005MTris-0.001
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E 
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PH 

Figure 2. pH dependence of alkylation of inorganic phosphate by MC. MC 
and inorganic phosphate were incubated under the standard reaction 
conditions (Methods), except for the variation of pH. The pH was varied 
by addition of dilute NaOH to H3PO4 solution to desired pH. The total 
reaction volume was 1.15 mL, corresponding to 3.0 /umol of MC, in each 
case. Products were analyzed as described under Methods. (•—•) 
Combined yield of alkylation and hydrolysis products from MC; (A—A) 
yield of alkylation products alone; (• — •) yield of hydrolysis products 
alone. 

doubtedly formed in a secondary step, according to the well-
known progressive stages of acid hydrolysis of MC.21 Detection 
and identification of these substances was achieved as follows: 
4b was a new, early peak from the Sephadex G-25 column, 
showing the well-known spectral and indicator properties 
(purple in base, orange in acid) of 7-OH-mitosenes20 and 
containing 1 mol of phosphate per 7-OH-mitosene chromo-
phore. The same product also was formed when 8a was incu
bated in 0.1 N HCl for 2 h as a control experiment. Compound 
4a was detected in the 8a containing fraction of the column by 
comparison of its elution, TLC, and electrophoretic behavior 
with an authentic standard (Table I) and was quantitatively 
analyzed by elution of spots from the electrophoresis paper in 
1 M NH4OH and determining the eluates by spectropho
tometry. The authentic standard 4a was prepared by prolonged 
hydrolysis of MC in 0.1 N HCl. This procedure was previously 
described to give 4a as a single product with unspecified ste
reochemistry.20'2' Our Sephadex column as well as other 
systems (Table I) separated the crude product of hydrolysis 
into the 1,2-cisand 1,2-trans isomers of 4a (3/1 molar ratio). 
The assignment of the stereochemistry of the two substances 
(Table I) was based upon our finding that in 0.1 N HCl 2 was 
hydrolyzed exclusively to one, consequently assigned trans, and 
3 to the other, consequently assigned cis. 

Attempted Alkylation of Pj with Mixed 2 and 3. Mixed 2 and 
3 (ca. 1/3 ratio) were incubated with Pj at pH 3.0 under the 
standard reaction conditions, then analyzed as usual. Except 
for small amounts of 4a and an unknown byproduct, 2 and 3 
were recovered unchanged. The unknown byproduct did not 
contain phosphate as ascertained by total phosphate analysis 
and behaved as a cation on electrophoresis. 

Discussion 
Formation of the mitosene phosphate derivatives 8 dem

onstrates that MC is a functional alkylating agent under mild 
acid conditions. The sum of the yield of the phosphorolytic and 
hydrolytic reaction products depends on pH according to the 
shape of a protonation curve with pAV = 4.0 (Figure 2). This 
indicates that protonation of the aziridine ring (reported pAV 

= 3.229) is required in accord with the mechanism of ring 
opening reactions of basic aziridines in general.4b Since the 
aziridine of the mitomycins is an unusually weak base (pK/ 
of MC 3.2,21 pAY of mitomycin B4.330) compared with sim
pler aziridines,4c evidently the lack of protonation under 
physiological conditions preserves this functional group in the 
mitomycins 

It is now shown, however, that at lower pH the alkylating 
activity of MC is unmasked. The observed binding to DNA at 
pH 4 in vitro15,30 is explained most likely by this mechanism, 
although the nucleophiles in DNA are not necessarily phos
phate groups. 

The observed pH dependence under pseudo-first-order 
conditions (Figure 2) allows further conclusions about the 
reaction mechanism. The extent of the hydrolytic and the 
phosphorolytic opening of the aziridine ring both show the 
same pH profiles between pH 3 and 6, indicating competition 
between water and phosphate for the protonated aziridine. The 
attacking phosphate species is apparently H2PO4-, as indi
cated by the observed decline of the relative yield of the 
phosphorolysis product below ca. pH 3 (pA â of H2PO4- = 
2.12). 

The acid-catalyzed conversion of MC to aziridine-opened 
mitosene derivatives is not a simple process since it involves 
simultaneous elimination of CH3OH and aziridine ring 
opening. The mechanism of such solvolytic ring openings of 
MC was recently studied by Remers and co-workers.22'3',32 

They conclude that, in each case studied, the process involves 
attack in the 1-position and the product has predominantly 
1,2-cis stereochemistry, e.g., the cis/trans ratio of hydrolysis 
products 3 and 2 is 3/1. This is in contrast to the exclusively 
trans opening of simple aziridines.4d The participation of the 
neighboring methoxy group as a directing influence during the 
ring-opening step is not a likely explanation since the mito-
sene-type aziridine (6) also hydrolyzes predominantly to the 
cis aminohydrin and thus the problem of mechanism remains 
open.32 In the present work ring-opening by inorganic phos
phate gives almost exclusively the cis product (less than 5% 
trans product was detected, see Results) and the other phos
phate-opened products 8b and 8c have cis/trans ratios ca. 4/1 
and 9/1, respectively. Explanation for the greater cis/trans 
ratio of the phosphorolytic as compared with the solvolytic 
reactions must await the elucidation of the mechanism of these 
reactions. 

Lack of Detection of a Second Alkylating Function of MC. 
Although hydrolytic displacement of the 7-amino group is 
appreciable at pH 2 and below as seen in our pH dependence 
experiments, no evidence for 7-phosphate type products was 
obtained in any of the reactions. Since recovery of material was 
at least 94% at all pHs tested, not much, if any, additional 
product could have remained undetected. In an independent 
experiment, a mixture of 2 and 3 was incubated with P; under 
the standard conditions but no phosphate-containing product 
was detectable. This suggests that no second alkylating func
tion of MC with reactivity comparable to that of the aziridine 
ring is present under these conditions. The second alkylating 
site implied indirectly by the acid-catalyzed cross-linking ac
tion of MC on DN A15 is thus not revealed by these model ex
periments. Since the cross-links were reported to be "quite 
rare" compared with the monofunctional binding,30 a model 
demonstration of the second site may be difficult because of 
low yields, although nucleophiles other than phosphate may 
be more reactive. 

The series of nucleophiles 7a-d chosen for this work repre
sent basic types of cellular phosphate compounds (Pj, phos-
phomonoester, phosphodiester, pyrophosphate). Only reactions 
of the phosphate groups were observed, uridine itself did not 
react with MC. Alkylations of phosphates by ethylenimine and 
certain quaternary aziridines (reactive forms of N-mustards6b) 
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have been well studied. Thus while inorganic phosphate33,34 

and monoalkyl phosphates,34 including mononucleotides35 are 
readily alkylated by aziridinium ring opening, dialkyl and 
diaryl phosphates are much less reactive.34 The ring-opened 
products formed in the latter case have a tendency to reclose, 
and the isolated product is the aziridinium salt of the phosphate 
compound.36 Our results conform to these principles: we ob
tained good and comparable yields of MC-alkylated products 
of Pi and 5'-UMP while very little if any of UpU (Table II). 
The small amount of product of the latter may be ionic asso
ciation between UpU and the protonated hydrolysis product 
2 or 3 (pAY = 6.521) rather than 8d, in analogy to what is be
lieved to be the case in general of basic alkylating agents in
teracting with internucleotide phosphate groups,613 but the 
product was not characterized any further. 

The reaction with UTP (7c) requires some comment. The 
terminal phosphate of pyrophosphate type compounds is 
nucleophilic, since its alkylation has been observed in a number 
of cases. For example, ATP and CDP were alkylated at their 
terminal phosphate by ethylenoxide27 and ethylenimine,37 

respectively. Thus although a rigorous degradative proof of 
structure is lacking for the observed product from 7c, its 
properties, its mode of formation as well as the above prece
dents make 8c the most likely structure. 

In conclusion: Alkylation products of MC using biological 
model nucleophiles were characterized for the first time. The 
conditions of their formation strongly suggest that the same 
type of reaction is responsible for the observed acid-catalyzed 
binding of MC to DNA in vitro,15 although the nucleophiles 
are probably the bases rather than the phosphate groups. Ac
tivation of MC by acid might have significance in vivo, ac
cording to the quoted authors, since the known lowered pH of 
tumor tissues (e.g., ref 39) may promote acid-catalyzed binding 
and crosslinking of DNA by MC in such cells, contributing to 
the antitumor specificity of the drug. We may add that the fact 
that MC has proven especially effective against stomach 
cancers3 may be related to acid-activated alkylation at the low 
pH of the gastric tract. 

The methods and compounds described here could also serve 
as a model for exploring the long-postulated reductive alkyl
ating properties of MC. Our finding that simple gel filtration 
gives good resolution and recovery of a large variety of MC 
derivatives should prove especially useful, in view of the reputed 
complexity of the redox chemistry of MC. 
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