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Abstract
Cloretazine [1, 2-bis(methylsulfonyl)-1-(2-chloroethyl)-2-[(methylamino)carbonyl]-hydrazine;
VNP40101M; 101M] is a relatively new prodrug with activity in elderly acute myelogenous leukemia
patients. Its therapeutic action is due largely to the production of 1-(3-cytosinyl),2-(1-guanyl)ethane
cross-links (G-C ethane cross-links) in DNA. The number of cross-links produced in three
experimental leukemia lines (L1210, U937 and HL-60) were fewer than 10 per genome at their
respective LC50 concentrations. Only 1 in approximately 20,000 90CE molecules produce a cross-
link in the AGT (O6-alkylguanine-DNA alkyltransferase) negative L1210 and U937 cell lines and 1
in 400,000 in the AGT positive HL-60 cell line.
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1. Introduction
Cloretazine [1,2-bis(methylsulfonyl)-1-(2-chloroethyl)-2-[(methylamino)carbonyl]-
hydrazine; VNP40101M; 101M], is a relatively new alkylating agent designed and synthesized
in our laboratory. It is a prodrug, which upon base catalyzed decomposition, generates 90CE
[1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine], a second short-lived prodrug (t1/2 ~ 30
s at pH 7.4 and 37°C) of hard chloroethylating intermediates [1]. The mechanism by which
90CE alkylates and cross-links DNA is illustrated in Figure 1A. Earlier studies in in vitro model
systems indicated that only a very small fraction of the 90CE molecules interact with DNA in
aqueous buffered solutions to generate cross-links [2]. This led us to speculate that very few
cross-links would be generated at therapeutic drug levels in intact cells.
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Alkylating drugs generate highly reactive electrophiles which covalently bind to electron rich
biological nucleophiles. DNA is considered the target responsible for their antineoplastic
activity [3,4]. Alkylating agents exhibit major differences in their preferred sites of attack and
the degree of alkylation within DNA. These differences have resulted in additive and
synergistic antineoplastic interactions between different antitumor alkylating agents [5],
emphasizing the existence of significant differences in the modes of action of compounds of
this class.

The lethality of unrepaired DNA modifications in neoplastic cells appears to be highly
dependent upon the nature of the modification, with DNA single strand modifications generally
being far less lethal than covalent DNA-DNA interstrand cross-links. The O-6 chloroethylation
of DNA guanine leads to the eventual formation of a covalent DNA-DNA interstand cross-
link [6]. After O-6 chloroethylation of guanine, an intramolecular nucleophilic substitution
reaction results in the formation of N1,O6-ethanoguanine; this product then reacts with the N-3
position of an opposing cytosine to form a 1-(N3-deoxycytidinyl)-2-(N1-deoxyguanosinyl)
ethane cross-link (G-C ethane cross-link). This appears to be the primary therapeutic lesion
produced by Cloretazine [1]. This agent, on the basis of early indications of activity in relapsed
and refractory acute myelogenous leukemia (AML) patients, has received fast track and orphan
drug designations from the FDA.

The G-C ethane cross-link is the smallest known alkyl DNA interstrand cross-link, with the
central ~3Å N-H···N hydrogen bond of the three involved in normal GC base pairs being
replaced by a ~4.5Å (in linear configuration) -CH2-CH2- ethylene bridge. It is therefore
possible that the small and internal nature of this cross-link may make it more difficult for cells
to recognize and repair than cross-links involving more bulky and peripheral lesions between
diagonally facing bases.

The repair protein AGT [O6-alkylguanine-DNA alkyltransferase] can react with both O6-(2-
chloroethyl)guanine and N1,O6-ethanoguanine DNA cross-link precursor products of 90CE
alkylations to prevent G-C ethane cross-link formation [7]. However, once the G-C ethane
cross-link, is formed, repair by AGT cannot occur [8]. Each molecule of AGT can only repair
a single O-6 guanine lesion, and decreased AGT activity is common in some tumor types where
cytotoxicity differentials exist between the host and tumor due to reduced repair of O-6 guanine
lesions in malignant cells [6].

90CE is arguably the best example of an agent that owes its cytotoxic activity to initial
chloroethylation of the O-6 position of guanine, since a ~22-fold differential was observed
between the clonogenic LC90 concentration in L1210 cell lines expressing and not expressing
AGT; whereas, only a ~2-fold differential in the LC90 occurred with BCNU [9,10], a
representative of the nitrosoureas whose primary mechanism of action is also believed to be
the chloroethylation of the O-6 position of guanine, even though in excess of 75% of the base
alkylations produced by BCNU are on the N-7 position of guanine [9–11]. The ~30 s half-life
of 90CE [12] indicates that the chloroethylation of DNA will be completed in cell lines before
significant DNA-DNA cross-link formation, cellular intervention, or metabolism of this agent
occurs. These properties make 90CE the chloroethylating agent of choice for estimating the
number of G-C ethane cross-links required for lethality. Wild-type L1210 and U937 cells lack
AGT [9,13], while HL-60 cells express this protein [14]. Wild-type L1210 cells, however, are
not considered defective in cross-link repair [15]. Never-the-less, the lack of AGT in L1210
and U937 cells should guarantee the unimpaired progression of any O6-chloroethylguanine
lesion to form a cross-link. In HL-60 cells, the basal AGT level is sufficient to impart an
approximate 18-fold resistance to 90CE in cell growth assays, based upon the sensitizing effects
of O6-benzylguanine, a highly selective irreversible AGT inhibitor [7].
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In this report we have measured the number and yield of G-C ethane cross-links produced per
cell genome by 90CE, the initial active species generated by Cloretazine, in three pseudodiploid
cell lines; wild-type L1210, U937 and HL-60 leukemia cells at their respective LC50
concentrations. This information is important to our understanding of the action of Cloretazine
in AGT expressing and non-expressing cells. Furthermore, the 90CE moiety is a component
of a number of targeted strategies [12], so that information concerning the yield and lethality
of the delivered lesion is an important consideration. The findings are of relevance to other
hard chloroethylating species prodrugs such as the chloroethylnitrosoureas which also generate
the same ultimate lesion.

2. Materials and Methods
2.1. Chemicals

T7 DNA and other chemicals were purchased from the Sigma Chemical Company, St. Louis,
MO, except where specified. Hoechst 33258 was obtained from Molecular Probes, Inc.,
Eugene, OR. T7 DNA was employed because it is a long linear dsDNA of known size (37,900
bp; molecular weight 25 × 106 daltons) devoid of single-chain interruptions [16]. 90CE was
synthesized as previously described [17].

2.2. Growth of murine L1210 and human U937 and HL-60 cells
All leukemia cell lines were grown in suspension culture in RPMI 1640 medium supplemented
with 10% FBS in air/5% CO2 at 37° C. The cells were subcultured as required every 2–3 days.

2.3. Treatment of L1210, U937 and HL-60 cells with 90CE and DNA isolation
Two × 106 L1210 cells were placed in a 1.5 ml tube and treated with the desired concentration
of 90CE dissolved in DMSO (1 μl/ml of medium). Cells were incubated for 5 min at 37° C
and DNA was then isolated using a Puregene DNA isolation kit (Gentra Systems, Minneapolis,
MN) using procedures recommended by the manufacturer.

2.4. Cell growth inhibition assays
Cell growth assays were carried out in 24-well plates in a volume of 1 ml/well as previously
described [10]. Briefly, cells were seeded at an initial density of 7 × 104 cells/ml and 1 μl of
drug solution made in DMSO to give various concentrations was added to each well. The plate
was shaken by hand at each addition to disperse the drug solution into the cell suspension. This
practice was important to achieve consistent results because of the short half-life of 90CE.
After incubation for 3 days, cell numbers were determined using a Coulter counter with a
Multisizer II analyzer. DMSO at the final concentration of 0.1% used had no effect on cellular
growth.

2.5. Determination of the L1210 leukemia clonogenic LC50 value for 90CE
For clonogenic assays, cells in the exponential phase of growth were concentrated to a density
of 2 × 106 cells/ml in medium supplemented with 25 mM Hepes buffer, pH 7.4. One μl of
90CE containing solution was added to 1 ml of cell suspension and incubations were carried
out in a water bath at 37oC. After exposure to 90CE, 2 to 250 μl of cell suspension containing
the predetermined number of cells that yielded 10 to 60 colonies/well for each treatment were
mixed with 20 ml of RPMI 1640 medium containing 0.8% methylcellulose and 15% FBS,
divided into 3 wells in 6-well plates, and incubated for 8 days to allow for colony formation.

2.6. Treatment of isolated DNA with 90CE to generate mono-adduct cross-link precursors
To aliquots of T7 or leukemia cell DNA (25–100 μg/ml) in 10 mM Tris-HCl buffer containing
1 mM EDTA at pH 8.0, 10 μl/ml of the appropriate concentration of 90CE in DMSO was added
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with very rapid mixing. This mixture was then incubated for 5 min at 37°C to allow the
chloroethylation reaction to go to completion.

2.7. Conversion of DNA mono-adducts to cross-links
DNA (T7 or leukemia cells), containing the cross-link precursor mono-adducts O6-(2-
chloroethyl)guanine and N1,O6-ethanoguanine, was incubated in small sealed tubes for 12 to
15 h at ~37°C or 2 h at ~50°C to allow the mono-adducts to complete the intramolecular G-C
cross-linking reaction.

2.8. Determination of DNA cross-links
The extent of DNA cross-linking was determined using a modification of the DNA renaturation
assay previously described [18]. The assay is based upon the observation that under conditions
of neutral or mildly alkaline pH snap cooling causes thermally denatured, covalently cross-
linked DNA to rapidly renature, yielding a highly fluorescent complex with H33258 dye;
whereas, DNA devoid of cross-links does not. A small aliquot (10 μl) of T7 or leukemia cells
DNA (100 μg/ml unless otherwise stated) in 10 mM Tris-HCl buffer containing 1 mM EDTA
at pH 8.0 was added to 1.5 ml of 5 mM Tris-HCl/1.0 mM EDTA/1.0 mM NaN3 buffer (pH
9.0) containing 0.1 μg/ml of H33258, heated to 100°C for 3 min, then plunged into a water
bath at room temperature for 3 min. Fluorescence measurements were taken before the heating
phase and after the 3 min chill using a Hoefer Scientific Instruments TKO 100 fluorometer,
and the percentage of the DNA molecules that were cross-linked (i.e., that contained at least
one cross-link per DNA molecule) was calculated as previously described [18]. The average
number of cross-links per DNA molecule (A) was calculated from the cross-linked fraction,
assuming a Poisson distribution such that A =-ln(1−X), where X = the cross-linked fraction.
For a cross-linked fraction of 0.4 this calculates to be 0.51. The probability that a given DNA
molecule has N cross-links equals e−A.AN/N!; where N! equals factorial N. In this case
approximately 60% of the DNA molecules would have 0 cross-links, 30.6% with 1 cross-link;
7.8% with 2; 1.3% with 3; etc, to give a total of 40% of the DNA molecules containing one or
more cross-links, with the average number of cross-links per DNA molecule being 0.51.

3. Results
3.1. Relationship between DNA cross-linking and concentrations of 90CE and DNA

Treatment of various concentrations (25 to 100 μg/ml) of T7 DNA (37.9 kbp; molecular weight
25 × 106 daltons; 48% GC [19]) with a range of concentrations of 90CE up to 200 μM gave a
90CE concentration dependent increase in the level of cross-linking (Figure 2A) that was
independent of the concentration of DNA (Figure 2B). The molar yield of cross-links produced
under these conditions was readily calculated from the fractional cross-linking value (i.e., the
fraction of DNA molecules containing one or more cross-links per molecule) by assuming a
Poisson distribution (Figure 2C, 2D). The relatively rapid reaction with water present at 55.5
M consumes the majority of the hard chloroethylating species and controls the concentration
× time exposure of DNA molecules to chloroethylation. (‘Hard’ and ‘soft’ are chemical terms
used in the description of electrophiles and nucleophiles. Although these are somewhat
imprecise terms, the concept of “hard” versus “soft” is used to predict, on a qualitative level,
how nucleophiles and electrophiles might interact with each other.) A linear dependency of
the calculated yield of cross-links per unit length of DNA as a function of the concentration of
90CE was obtained (Figure 2D). This proportionality allowed the calculation of the yield of
cross-links per unit length of DNA at low concentrations of 90CE where this could not be
directly measured. From the gradient in Figure 2D, it can be seen that 90CE generated 0.0024
cross-links per T7 DNA molecule for each micromolar of 90CE concentration; this equates to
6.3 × 10−5 cross-links per kbp of DNA for each micromolar of 90CE concentration. The yield
of cross-links would be expected to be dependent upon the GC content of DNA, since it is the

Penketh et al. Page 4

Leuk Res. Author manuscript; available in PMC 2010 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GC concentration that is important, rather than the concentration of DNA per se. Since the GC
content of mammalian DNA is marginally lower than that of T7 DNA (48% GC T7 DNA, ~
42% GC murine and human DNA) [20–22], a reasonable figure to use as the cross-link yield
in L1210, U937 and HL-60 cell DNA would be 5.5 × 10−5 cross-links per kbp for each
micromolar of 90CE concentration.

3.2. The effects of the intra-cellular environment on DNA cross-linking by 90CE
To obtain an approximate value for the cross-link yield in nuclear DNA of intact leukemia cells
following treatment with 90CE, the degree of cross-linking achieved in DNA in solution
isolated from L1210, U937 and HL60 cells, treated in the same buffer and under the same
conditions of concentration used for T7 DNA, was compared to the level of cross-linking found
when intact cells in culture medium were exposed to an identical concentration of 90CE for 5
min at 37°C. DNA from each of these leukemia cell lines was then isolated and incubated at
50°C for 2 h to convert cross-link precursors to G-C cross-links. In these experiments, the short
t1/2 of 90CE at 37°C was important, since it allows the extraction of the cellular DNA promptly
after drug treatment. The rapid isolation (within 5 min of exposure to 90CE) ensures that the
DNA was not significantly modified by DNA damage surveillance and repair enzyme
complexes. Upon isolation, under the conditions employed, the DNA contained essentially
only mono-adduct cross-link precursors. Therefore, the DNA was incubated for 2 h at 50°C,
which was equivalent to that of DNA exposed to 90CE following isolation, to allow the cross-
link precursors contained in the DNA to complete the formation of the G-C cross-links. These
experiments in essence measured the shielding of the DNA by cellular components, allowing
the factoring of variables that would otherwise be difficult to quantify, as a single correction
factor. The “cellular shielding factor” was very similar for all three leukemia cell lines,
amounting to a 7- to 8-fold decrease in DNA cross-link precursor formation within intact cells
compared to naked DNA under our standard conditions (Table 1).

3.3. Number of G-C ethane cross-links in L1210 leukemia cells required to produce lethality
from 90CE

The LC50 value of 90CE measured by clonogenic assay using murine L1210 cells was
determined to be 0.41 μM (Table 2); at this concentration 3.0 × 10−6 G-C ethane cross-links
were estimated to be generated per kbp of cellular L1210 DNA. The murine genome is
approximately 2.5 × 106 kbp [22]; therefore, only 7.5 G-C ethane cross-links would be expected
to be generated per L1210 cell DNA genome following exposure to the LC50 of 90CE. The
overall yield of cross-links generated in the nuclear DNA for all three cell lines is given in
Table 3.

3.4. Number of G-C ethane cross-links in HL-60 and U937 leukemia cells required to produce
lethality from 90CE

Unlike the L1210 leukemia, the human U937 and HL-60 leukemias did not form colonies in
soft agar; as a consequence it was not possible to perform clonogenic assays directly on these
cell lines to determine their LC50 values. Therefore, to estimate the clonogenic LC50 value for
these cells, their 50% cell growth inhibition values (IC50) were measured; it was then assumed
that these cell lines would have displayed the same relationship between their IC50 values and,
if measurable, clonogenic LC50 values for 90CE, as did L1210 leukemia cells. The calculated
value for an estimated clonogenic LC50 value was 0.32 μM for both HL-60 in the presence of
O6BG (O6-benzylguanine) (pretreatment with 20 μM O6BG for 1 hour) to irreversibly inhibit
the AGT activity and U937 cells. Using a value of 3.2 × 106 kbp for the human genome [20]
and shielding factors of 6.9 and 8.0 for HL-60 and U937 cells, respectively, 8.2 and 7.1 cross-
links per genome were calculated to be generated on average in HL-60 and U937 cells,
respectively, at their estimated LC50 values.
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3.5. Calculation of the yield of G-C ethane cross-links from 90CE within intact L1210 cells
If the cellular volume of a typical L1210 cell (10.45 μm cellular diameter) is 6.0 × 10−13 liters
[23], at the LC50 of 0.41 μM 90CE (assuming full equilibration of 90CE where the LC50
concentration equals the intracellular concentration), there would be 1.5 × 105 90CE molecules
in this volume. Therefore, within an L1210 cell only one in 20,000 90CE molecules will give
rise to a G-C ethane cross-link. It is possible, however, that the short t1/2 of 90CE results in
insufficient time for equilibrium of intracellular and extracellular concentrations of this agent
to occur. Poor equilibration would, result in an over-estimate of the number of 90CE molecules
required to generate a single G-C ethane cross-link within each cell, since this calculation
assumes that the intracellular level of 90CE is equivalent to the external concentration.
However, this factor would not result in errors in the calculation of the number of G-C ethane
cross-links required for lethality, since this is taken into account in the “cellular shielding
factor”. Since, similar cellular dimensions have been reported for HL-60 and U937 cells [24,
25] and these cell lines have similar estimated LC50 values and calculated cross-link numbers
at the LC50 values (Tables 2 and 3), similar low cross-link yields would also occur in these
cell lines.

4. Discussion
A variety of antineoplastic agents are capable of targeting the O-6 position of DNA guanine,
and this action is considered to be primarily responsible for their anticancer effects. They
include the 1,2-bis(sulfonyl)hydrazines, exemplified by Cloretazine, and the nitrosoureas,
carmustine (BCNU) and lomustine (CCNU), which produce 2-chloroethylation of the O-6
position of DNA guanine, as well as temozolomide, procarbazine and dacarbazine (DTIC),
which methylate the O-6 position of guanine in DNA. The biochemical consequences of
methylation and 2-chloroethylation of the O-6 position of DNA guanine differ in important
aspects. The O6-methylguanine lesion does not undergo spontaneous rearrangements and it
reacts relatively rapidly with AGT, resulting in mutual titration [26]. Therefore, the O6-
methylguanine lesion is likely to persist in DNA only if the number of methylations exceeds
those of AGT molecules. If unrepaired, methylation lethality appears to be largely due to the
“mismatched repair machinery”, which initiates apoptosis due to failed repair [27]. Thus, if a
cell is “mismatch repair deficient” or somehow replication proceeds without repair, a point G
to A mutation can result [28]. Point mutations are unlikely to be lethal unless a large number
occur [29]. In contrast, O6-chloroethylguanine undergoes a spontaneous rearrangement to
produce the highly lethal G-C ethane cross-link which cannot be repaired by AGT [11].
Furthermore, the initial lesion generated by 90CE is likely to be a poorer substrate for AGT
than the O6-methylguanine lesion [30], which has an in vivo t1/2 in rat liver of 47 min [26].
Thus, for a cell to survive, the AGT level must be large enough to produce a repair rate that
clears the G-C ethane cross-link precursor lesions before their transition to a lethal number of
cross-links (<10). With methylation, mutual titration presumably occurs with the manifestation
of cytotoxicity being coupled to exceeding the exhaustion of AGT by the lethal number of
methyl lesions, which can amount to thousands of additional lesions [29]. In contrast, for
resistance to 2-chloroethylation of the O-6 position of DNA guanine to occur, an excess of
AGT relative to the number of O-6 guanine lesions is required to produce the repair rate
necessary to prevent the accumulation of the relatively few G-C ethane cross-links required
for lethality. In essence, two competing reactions for the fate of the initial alkylation lesions
occur, progression to cross-links, the rate of which is determined by chemical kinetics, and
AGT mediated repair, the rate of which is determined by the AGT concentration. Thus,
chloroethylation should be lethal, despite a cell having many more AGT molecules than O-6
guanine lesions; furthermore, little net AGT depletion may occur at lethal 90CE concentrations.
In support of this contention, HL-60 cells contain approximately 20,000 AGT molecules per
genome of DNA (11 fmol of AGT/μg of cellular DNA) [14], yet would have fewer than 200
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O-6 guanine position G-C ethane cross-link precursors per genome, based upon our
calculations, after exposure to an LC50 concentration of 90CE (~6 μM). This level of AGT
imparts an 18-fold level of resistance to 90CE, presumably by intercepting 95% of the precursor
lesions before they have progressed to G-C ethane cross-links. Under such conditions only one
net G-C ethane cross-link would be produced per ~400,000 90CE molecules entering the cell.
These predictions and observations are consistent with findings in patients receiving
therapeutic doses of Cloretazine, where no measured depletion in AGT activity occurred at
any dose level of this agent [31], yet low levels of AGT were predictive of response [32]. These
findings contrast with those of the guanine O-6 methylating drug temozolomide, where large
decreases in the activity of AGT were observed at therapeutic doses [33]. The requirement to
exceed the AGT molar activity by a significant excess of the number of DNA methylations to
produce cytotoxicity in the case of the methylating agents, while cytotoxicity can be produced
by the generation of O-6 guanine chloroethylations equivalent to a small fraction of the AGT
molar activity (~1% in the case of HL-60 cells) may have important therapeutic consequences
with respect to dose modulation and sequence when patients are co-treated with both types of
agent.

Speculation as to the number of BCNU derived G-C DNA cross-links required for lethality
has been reported previously (see for example [6]); however, we could not find published
details of how these estimates were obtained. The lethality of an interstrand G-C ethane cross-
link was estimated in the present study using a fluorescence based assay developed in our
laboratory [18]. A single interstrand G-C ethane cross-link in a DNA molecule results in rapid
renaturation upon cooling of the entire molecule after thermal denaturation because the strands
are covalently held in register. The yield of G-C ethane cross-links per kbp of DNA can then
be calculated from the proportion of this rapidly renaturing sub-population if the test DNA
molecule is of known length (assuming a Poisson distribution of G-C ethane cross-links). The
experimentally determined relationship between the concentrations of DNA and 90CE for
cross-link formation is shown in Figure 2 and closely match this model.

The method used to estimate the number of G-C ethane cross-links required for lethality in
intact cells is based upon simple measurements and assumptions. Thus, it is assumed that 90CE
reacts approximately equivalently with all “naked” DNA other than for a minor correction
resulting in a 12% decrease in the final estimation being made for differences in the G-C
content.

To relate the G-C ethane cross-linking yield under these defined conditions using naked DNA
to those within intact leukemia cells in culture medium, the relative yield of G-C ethane cross-
links generated in leukemia cell DNA under two sets of conditions was compared. While it is
realized that the calculations presented are dependent upon a number of assumptions, they
provide an indication of the high lethality of the G-C ethane cross-link and its initial precursor
lesions in AGT deficient cells, where the repair of cross-link precursors is presumably
negligible. It should be noted that the rapid isolation of DNA is expected to allow little AGT
dependent repair of the initial cross-link precursor lesions in the AGT positive HL-60 cell line.

A primary assumption is that the major cytotoxic event is indeed the production of G-C ethane
cross-links formed from the chloroethylation of the O-6 position of DNA guanine, and that
chloroethylation of other molecules or other sites in DNA are relatively insignificant in terms
of cytoxicity. This conclusion is reasonable, since the stable expression of AGT in L1210
leukemia cells, whose only known function is the repair of alkylations at the O-6 position of
DNA guanine, results in a 22-fold increase in the degree of resistance of L1210 cells to 90CE
[9]. In addition, the inhibition of AGT intrinsically expressed in HL-60 cells by O6-BG
decreases its IC50 to 90CE by 18-fold (Table 2). Furthermore, the generation of G-C ethane
cross-links appears to be the major cytotoxic lesion generated by BCNU, a less specific

Penketh et al. Page 7

Leuk Res. Author manuscript; available in PMC 2010 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chloroethylating agent of the O-6 position of DNA guanine [8]. It is also assumed that the yield
of G-C ethane cross-links from cross-link precursors is the same within intact cells and in in
vitro treated isolated DNA. If the yield of G-C ethane cross-links is lower in the cellular
environment, the number of precursor lesions required for lethality would be reduced by this
factor.

A further assumption is that pretreatment with 90CE 5 min prior to DNA extraction does not
grossly alter the size and size distribution of the extracted DNA. This is important because in
the assay employed the entire DNA molecule renatures, binds dye and becomes fluorescent if
it contains one or more cross-links. The larger the mean size of the DNA pieces, the greater
the yield of double-stranded fluorescent DNA per cross-link upon renaturation. Thus, to
accurately compare the relative levels of G-C ethane cross-linking of leukemia cell DNA
treated with 90CE before extraction from cells with DNA samples treated after extraction by
this technique, they are required to be of similar size and size distribution. This is a reasonable
assumption because the DNA was extracted identically in all cases and very rapidly (5 min
after 90CE treatment), which should preclude changes in the mean size of the DNA molecules
as a result of the introduction of DNA nicks in response to DNA damage by the cell or by
chemical nicking. It should also be noted that 90CE is both a poor chemical DNA nicking agent
even over much longer time periods [1] and is a poor inducer of apoptosis, even at many times
the lethal concentration of this agent [34,35].
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Figure 1.
Scheme illustrating the decomposition of 90CE in neutral aqueous medium to generate
chloroethylating species which interact with water, biomolecules and DNA. A. Decomposition
of 90CE to generate chloroethylating species. B. Generation of a G-C ethane cross-link from
a normal GC base pair.
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Figure 2.
The relationships between the fractional cross-linking of a population of T7 DNA molecules,
the number of cross-links per DNA molecule, and 90CE/DNA concentrations. A. The
fractional cross-link of a population of T7 DNA molecules versus the concentration of 90CE.
The dotted arrow is provided to highlight the expected divergence from linearity. B.
Independence of the fractional cross-linking of a 90CE treated population of T7 DNA
molecules on the T7 DNA concentration. C. The theoretical relationship between the cross-
linked fraction of a population of DNA molecules versus the average number of cross-links
per DNA molecule assuming a Poisson distribution. At higher levels of cross-linking the
population of molecules with multiple cross-links increases, resulting in a divergence from the
initial linear relationship between the cross-linked fraction and the number of cross-links per
DNA molecule. D. The calculated mean number of cross-links per T7 DNA molecule versus
the concentration of 90CE based on the data in panel A.
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Table 1

Cell shielding factors for L1210, HL-60 and U937 leukemia cells.

Leukemia Genome size (number of GC base pairs) Cellular shielding factor

L1210 2.5 × 109 7.4

U937 3.2 × 109 8.0

HL-60 3.2 × 109 6.9

The cellular shielding factor is the ratio of the G-C ethane cross-link yield in nuclear DNA of intact leukemia cells treated with 90CE to the G-C
ethane cross-linking achieved in isolated L1210, U937 and HL-60 DNA in free solution under defined conditions.
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Table 2

Properties of the three leukemia cell lines.

Cell type GC content AGT status 90CE IC50 value (Growth inhibition at 3 days) 90CE LC50 value

L1210 42% 0 6.5 μM 0.41 μM

U937 42% 0 5 μM †0.32 μM

HL-60 42% + 91 μM,
*5 μM in presence of O6BG

†5.74 μM
†0.32 μM in presence of O6BG

†
The clonal LC50 value cannot be measured directly for HL-60 and U937 cells so it was calculated, assuming that HL-60 and U937 cell lines display

the same relationship between their IC50 values and their clonogenic LC50 values for 90CE as L1210 leukemia cells.

*
Pretreatment with 20 μM O6BG (O6-benzylguanine) for 1 hour was used to inhibit the AGT present in HL-60 leukemia cells.
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Table 3

The calculated number of G-C ethane cross-links generated per genome of DNA in each cell line at concentrations
of 90CE corresponding to their respective LC50 values.

Leukemia Average number of G-C ethane cross-links per cell genome at 90CE LC50 values

L1210 7–8

U937 6–8

HL-60 7–9
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