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Abstract
Epichlorohydrin (ECH), an important industrial chemical, is a bifunctional alkylating agent with the
potential to form DNA cross-links. Occupational exposure to this suspect carcinogen leads to
chromosomal aberrations, and ECH has been shown previously to undergo reaction with DNA in
vivo and in vitro.We used denaturing polyacrylamide gel electrophoresis to monitor the possible
formation of interstrand cross-links within DNA oligomers by ECH and the related compound,
epibromohydrin (EBH). Although both compounds did indeed form cross-links between
deoxyguanosine residues, EBH was a more efficient cross-linker than ECH. The optimal pH for
cross-linking also varied, with ECH more efficient at pH 5.0 and EBH more efficient at pH 7.0. Both
agents were relatively flexible in the sequences targeted, with comparable efficiencies for 5′-GGC
and 5′GC sites. Furthermore, interstrand cross-linking by the two optical isomers of ECH correlated
with their relative cytotoxicities, with R-ECH about twice as potent as S-ECH.

Introduction
Bifunctional alkylating agents are among the most powerful antitumor drugs (1). Although
these compounds form a variety of cellular lesions, DNA interstrand cross-links are believed
to be the most cytotoxic, disrupting normal replication and transcription. This activity is
beneficial when directed at cancer cells, yet patients who undergo treatment with cross-linking
drugs have elevated risks of developing secondary cancers later in life (2,3). Additionally,
occupational exposure to bifunctional alkylating agents can elevate cancer risk for industrial
workers. For example, the increased incidence of leukemia among workers in the synthetic
rubber industry has been linked to DNA-reactive metabolites of 1,3-butadiene, such as
diepoxybutane (DEB1; 1) (4-6). DEB cross-links distal deoxyguanosines at duplex 5′-GNC
sequences, where N is any base (7,8). This is the same sequence targeted by the antitumor drug
mechlorethamine (HN2; 2) (9,10), although the two agents differ in the influence of the flanking
bases on cross-linking efficiency (11).

Epichlorohydrin (ECH; 3), another potential bifunctional alkylating agent, is widely used in
the production of epoxy resins, glycerine, elastomers, and specialty chemicals. In 2003,
903,000 metric tons of the compound was consumed (12), and it is classified as a probable
human carcinogen (13). The genotoxicity of ECH has been demonstrated in industrial workers,
who have increases in chromosomal aberrations, cell damage, and rates of certain cancers upon
exposure (14-16). In cultured mammalian cells, ECH is mutagenic (17) and clastogenic (18)
and induces neoplastic cell transformation (19). In test animals, ECH has been shown to cause
papillomas and carcinomas (20) and to inhibit spermatogenesis (21). Understanding its
mechanism of toxicity may clarify the risk of exposure for the estimated 250,000 industrial
workers exposed to this compound annually in the United States alone (16).
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1Abbreviations:

DEB  
diepoxybutane

HN2  
mechlorethamine

ECH  
epichlorohydrin

EBH  
epibromohydrin

TE  
10 mM Tris buffer and 1 mM EDTA (pH 7.0)

MES  
2-(N-morpholino)ethanesulfonic acid

dPAGE  
denaturing polyacrylamide gel electrophoresis

bp  
base pairs.
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Chart 1.
Cross-Linkers Relevant to This Study

The chloride and epoxide functionalities make ECH a “hybrid” of HN2 and DEB, although a
three-atom chain has been proposed to be too short for interstrand cross-linking (22). However,
there is evidence that ECH reacts with DNA, including binding covalently in vitro and in
vivo (23-26) as well as inducing DNA strand breaks (27,28). Studies with free bases have shown
that ECH forms adducts prominently with N7 and O6 of guanine, and N6 and N3 of adenine
(26,29,30-32). Furthermore, ECH has been shown to cross-link proteins (33).

Our goal in this study was to characterize possible DNA interstrand cross-linking by ECH,
including any sequence preferences. We also examined the related compound epibromohydrin
(EBH; 4) because its better leaving group makes it likely to be more reactive than ECH. Indeed,
EBH has been reported to be more mutagenic than ECH in some test organisms (34). Our data
support interstrand cross-linking at deoxyguanosine residues by each agent, with EBH more
reactive than ECH. Both agents showed a decreased sequence preference relative to DEB and
HN2. Differences in optimal pH for the two epihalohydrins suggest mechanistic differences
in their reactions with DNA. Furthermore, the R-stereoisomer of ECH was about 2-fold more
effective at cross-linking than the S-stereoisomer as well as being about twice as cytotoxic.

Experimental Procedures
Caution

ECH, EBH, and DEB are suspect carcinogens and must be handled appropriately.

Preparation of Radiolabeled DNA Duplexes
Oligonucleotides (Integrated DNA Technologies, Inc., Coralville, IA) were purified via 20%
denaturing polyacrylamide gel electrophoresis (19:1 acrylamide/bisacrylamide; 40% urea)
followed by the crush-and-soak procedure (35). 5′-End radiolabeling was achieved with
[γ-32P]-ATP, T4 polynucleotide kinase, and 25 μg of one DNA strand under standard conditions
(35), followed by ethanol precipitation. Twenty-five micrograms of the complementary strand
was added to the radiolabeled pellet, and the appropriate amount of desired buffer was added
to achieve a 100 μL total final volume after the addition of cross-linker. TE buffer (10 mM
Tris-Cl and 1 mM EDTA), 0.1 M MES buffer, and 0.1 M sodium acetate buffer were used for
reactions run at pH 7.0, 6.0, and 5.0, respectively. Samples were heated at 65 °C for 20 min,
followed by benchtop cooling for 20 min to ensure annealing. 3′-End radiolabeling was
achieved with [α-32P]-dATP, Klenow Exo Minus, and 50 μg of duplex DNA under standard
conditions (35), followed by ethanol precipitation. Lyophilized samples were then dissolved
in the appropriate buffer.

Cross-Linking Reactions
All cross-linkers were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI). For
250 mM reactions, 2 μL of the desired cross-linking agent (ECH, EBH, or DEB) was added to
each tube. After establishing optimal cross-linking conditions, we used sodium acetate (pH
5.0) for ECH reactions and TE buffer (pH 7.0) for EBH and DEB reactions. All reactions were
run at 37 °C. For time trials, aliquots were removed and ethanol precipitated during the course
of the reaction. When the optimal reaction time was established for a particular DNA and cross-
linker, another reaction was performed for that time period and then stopped by ethanol
precipitation. Optimal reaction times were as follows: ECH, 4-10 h; EBH, 4-6 h; and DEB, 45
min.
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Separation of Cross-Links
Cross-linked oligonucleotides were run on 20% denaturing polyacrylamide gels (19:1
acrylamide/bisacrylamide, 50% urea) at 60 W and ambient temperature. Gels were dried for
analysis via phosphorimagery (Amersham Biosciences STORM 840) or left wet for
purification of alkylated DNA after autoradiography. Percent cross-linking was determined
through volume analysis of the low-mobility bands in comparison to total DNA.

Piperidine Cleavage of Alkylated DNA
Gel-purified alkylated DNA was cleaved at sites of guanine N7 alkylation by heating at 90 °
C in 10% aqueous piperidine for 30 min, followed by lyophilizing, dissolving in 40 μL of water,
lyophilizing, dissolving in 25 μL of water, and lyophilizing again (35). Piperidine cleavage
products were analyzed on 25% denaturing polyacrylamide gels (19:1 acrylamide/
bisacrylamide, 50% urea) run at 60 W and 55 °C. After drying and phosphorimaging, the
relative intensities of bands corresponding to cleavage at guanine residues were determined
through volume analysis.

Cytotoxicity Assays
We used an adaptation of a standard protocol (36) to determine the cytotoxicity of R-ECH and
S-ECH in 6C2 chicken erythro-progenitor cells. Briefly, confluent cells were plated at a 1:5
dilution with MEM Richter’s modification with L-glutamine and grown for 12-18 h (37 °C, 5%
CO2) to ensure entry into the log phase of growth. R-ECH or S-ECH was added with mixing,
and the cells were incubated for 4 h (37 °C, 5% CO2). Two hundred microliters aliquots were
removed and mixed with 20 μL of 0.4% trypan blue in phosphate buffered saline (137 mM
NaCl, 10 mM phosphate, and 2.7 mM KCl (pH 7.4)). Twenty microliter aliquots of dyed
samples were loaded onto a hemocytometer, and the total number of cells and total number of
viable cells per square were counted. The viable fraction was calculated for each square as the
number of viable cells divided by the total number of cells. Results from all squares were
averaged. At least four replicate counts were averaged for both R-ECH and S-ECH. The average
viable fraction was plotted on a log scale versus ECH concentration, and the IC50 was calculated
using the best-fit exponential curve. Flow cytometry was used to determine the distribution of
cells in various stages of the cell cycle (G1, S, and G2/M) under the conditions used for the
cytotoxicity assays (37).

Results
Determination of Reaction Conditions

We used denaturing polyacrylamide gel electrophoresis (dPAGE) to monitor possible ECH
and EBH interstrand cross-linking within radiolabeled DNA oligomers. Conveniently,
interstrand cross-links appear as low-mobility bands relative to the corresponding single-
strands on denaturing gels (38). We began with Duplex A (Table 1), a 27 base-pair (bp) duplex
containing the preferred core sequence for DEB cross-linking, 5′-GGCCC (11). For both ECH
and EBH, denaturing gels revealed a low-mobility band growing in intensity over time that we
attributed to an interstrand cross-linked product. Significant amounts of low-mobility product
formed only after several hours, which is considerably longer than the 45 min required for DEB
cross-linking of oligomers (11). Furthermore, ECH required longer incubation times than EBH
for significant cross-linking to occur. Optimal reaction conditions for both ECH and EBH were
a concentration of 250 mM and a temperature of 37 °C, similar to those for DEB. Higher
concentrations of epihalohydrins led to increased production of high-mobility streaks of
radioactivity on the gels, suggesting DNA degradation. Dose-dependent ECH-induced strand
cleavage has been noted previously (28).
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Interestingly, the pH dependence for the production of the putative cross-link varied for the
two epihalohydrins, with ECH showing maximal cross-linking at pH 5.0 (Figure 1) and EBH
showing maximal cross-linking at pH 7.0 (Figure 2). Moreover, the efficiency of EBH cross-
linking was generally greater than that of ECH even at shorter reaction times under the optimal
pH conditions for each agent. For example, after 8 h at pH 7.0, there was 4.2% low-mobility
band for EBH, whereas after 12 h at pH 5.0, there was only 1.5% low-mobility band for ECH.

Confirmation of Cross-Linking
In order to confirm that the low-mobility band corresponded to interstrand cross-linked DNA,
we prepared Duplex B (Table 1), an oligomer similar to Duplex A except that the two strands
differed in length. Each strand was independently radiolabeled and annealed to its cold
complement. These duplexes were then incubated with ECH or EBH under the optimal reaction
conditions, and the products were analyzed via dPAGE. The mobility of the presumed cross-
link was similar in both cases (independent of whether the long or short strand was
radiolabeled), supporting our assignment of the low-mobility band as an interstrand cross-link
rather than a single-stranded product (Figure 3). Moreover, these low-mobility bands
comigrated with the major low-mobility band in control DEB-cross-linked samples.

Determination of Sequence Specificity
In order to examine the sequence specificity of cross-linking, we used Duplexes C, D, and
E. These A/T-rich duplexes differed only in their central guanine-containing sequence, with
Duplex C containing a central 5′-GC site, Duplex D, a central 5′-GGC site, and Duplex E, a
central 5′-GGGC site (Table 1). Radiolabeled duplexes were independently incubated with
ECH, EBH, or DEB (included for comparison) under optimal reaction conditions. Products
were analyzed via dPAGE (Figure 4) and quantified via phosphorimagery (Table 2).
Efficiencies of cross-linking followed the trend DEB > EBH > ECH. Furthermore, the cross-
linking efficiencies of ECH and EBH did not vary significantly between the three duplexes,
suggesting comparable cross-linking of 5′-GC and 5′-GGC sequences. However, DEB showed
a 2-fold preference for the duplexes containing a central 5′-GGC site (D and E), as predicted
by its established consensus sequence for cross-linking (7,11).

Determination of the Stereospecifity of ECH Cross-Linking
We examined the stereospecificity of ECH cross-linking by treating Duplex F, an A/T-rich
duplex containing a central 5′-GGC site (Table 1), with R- or S-ECH. A previous report used
mass spectrometry to confirm interstrand cross-linking of this duplex by DEB (39). As also
observed by Tretyakova and co-workers (39), multiple bands of mobility lower than that of
single strands were visible upon denaturing gel electrophoresis of this cross-linked duplex
(Figure 5). Centrally cross-linked DNA has the lowest mobility on denaturing gels (40);
therefore, we expected that the highest band corresponded to cross-linking at the 5′-GGC site.
Tretyakova and co-workers also assigned this lowest-mobility band as the centrally cross-
linked duplex (39). We independently confirmed this assignment through purification and
piperidine cleavage. The predominant lower band was not piperidine-cleavable, suggesting
that it corresponded to terminally cross-linked material, possibly between deoxyadenosine
residues. However, the higher band produced cleavage products consistent with linkages
between both deoxyguanosine residues on the top strand and the single deoxyguanosine on the
bottom strand. Virtually no cross-link remained after piperidine treatment. The lowest-mobility
product therefore corresponded to a mixture of the following cross-linked species, where the
cross-linked residues are shown in bold.
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Quantitation of the lowest-mobility band revealed that the efficiency of cross-linking at the 5′-
GGC site followed the order R-ECH > racemic ECH > S-ECH, with R-ECH about twice as
efficient as S-ECH (Table 3).

Determination of the Stereospecifity of ECH Cytotoxicity
In order to determine a possible relationship between interstrand cross-linking and cytotoxicity,
the cytotoxicities of the two optical isomers of ECH were determined in 6C2 chicken
erythroprogenitor cells. R-ECH was about twice as cytotoxic (IC50 = 2.2 mM ± (0.4) as S-ECH
(IC50 = 3.9 mM ± (0.3), supporting a relationship between interstrand cross-linking and
cytotoxicity. Although bifunctional alkylating agents react with a number of biological
nucleophiles, reaction with DNA is generally considered most toxic (1). Furthermore, under
the conditions used in these cytotoxicity experiments, only 11% of the 6C2 cells are in G1, the
phase of the cell cycle expected to be the least susceptible to DNA-damaging agents (Table
4).

Quantitation of Cross-Link Partitioning at the GGC Site
We also used Duplex F to confirm the reduced sequence specificity of the epihalohydrins
relative to DEB. In particular, we wished to quantitate the partitioning of cross-links at the 5′-
GGC versus the 5′-GC site for the epihalohydrins. We added a three-base (TAA) 5′-overhang
to the bottom strand of Duplex F, allowing us to prepare duplexes that were either 3′-end
labeled on the top strand, 5′-end labeled on the top strand, or 5′-end labeled on the bottom
strand. We then used dPAGE to purify the lowest-mobility cross-linked product as well as
monoadducts derived from duplexes in each of these radiolabeled states. Products were
subjected to piperidine cleavage and analyzed via high-resolution sequencing gels and
phosphorimagery to quantitate deoxyguanosine alkylation at the N7 position (38).

We averaged data for multiple 5′- and 3′-radiolabeling experiments of the top strand. This
minimizes the effects of over-alkylation, which inflates the abundance of fragments closest to
the radiolabeled end. That is, a monoalkylated guanine located between the bridged site and
the radiolabeled end of the duplex masks the true site of cross-linking. However, multiple
alkylation events would lead to the lower cleavage band always having the greater intensity
no matter which end of the duplex was radiolabeled, which we did not observe in our
experiments.

Our data confirmed the reduced sequence preferences of the epihalohydrins (Table 5) relative
to DEB. The two deoxyguanosine residues within the 5′-GGC site were monoalkylated and
cross-linked approximately equally by ECH and EBH. In contrast, the first deoxyguanosine
residue was preferred 19-fold by DEB for cross-linking, although monoalkylation was
approximately equal at the two residues. This is consistent with the established 5′-GNC
consensus sequence for DEB cross-linking (7,11). Note that cross-linking to the single central
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deoxyguanosine residue on the bottom strand was confirmed through complete piperidine
cleavage of purified cross-link derived from the duplex that was 5′-radiolabeled on that strand.

Discussion
The formation of DNA interstrand cross-links has been demonstrated for many bifunctional
electrophiles (1), including such potent anticancer agents as the nitrogen mustards, exemplified
by HN2 (9,10), and treosulfan, which is converted in vivo to DEB (41). Moreover, interstrand
cross-linking has been found to correlate with mustard cytotoxicity (42). Although the probable
carcinogen ECH is widely used as an industrial cross-linker, there have been no prior reports
that it cross-links DNA. We screened for cross-linking with a duplex containing the 5′-GGCCC
sequence preferred by DEB (11). Initial dPAGE analysis suggested only modest DNA cross-
linking by ECH, leading us to include EBH, with its better leaving group, in our studies.

Optimizing reaction conditions for each of the epihalohydrins revealed that cross-linking
efficiencies were highly dependent on pH, suggesting interesting mechanistic information
about these reactions. In general, cross-linking proceeds via a two-step process: the formation
of monoadducts and closure to cross-links (40). The mechanisms and relative rates of these
steps vary by agent. For example, mustard cross-linking proceeds via an SN1 mechanism, with
the rate-determining step corresponding to the formation of the aziridinium active intermediate
(43). In contrast, DEB generally reacts via an SN2 mechanism with attack on the least
substituted carbon in concert with ring opening (44,45). The second epoxide ring then reacts
readily, leading to relatively fast closure of monoadducts to cross-links (46).

In terms of epihalohydrin formation of monoadducts, the reaction could occur either by loss
of the halide or by attack on the epoxide. Nucleophilic addition to ECH has been reported to
occur initially at the epoxide ring (47). Indeed, the higher cross-linking efficiencies that we
observed at pH 5.0 suggest that the ECH cross-linking reaction may be acid catalyzed,
supporting the initial reaction of the epoxide to form monoadducts. This pathway is supported
by the isolation of 7-(3-chloro-2-hydroxypropyl) guanine from calf thymus DNA (25,31),
whole rats (25), and human white blood cells (48) after exposure to ECH. In contrast, the lack
of acid catalysis and the better leaving group suggest that epibromohydrin may react initially
through the loss of the halide to form monoadducts. Furthermore, the reduced rate of EBH
cross-linking under acidic conditions suggests that protonation of the oxirane slows the loss
of bromide.

For many of the duplexes investigated, fairly diffuse or multiple low-mobility bands were
formed by ECH and EBH, suggesting multiple products. Piperidine cleavage of the highest gel
bands and subsequent analysis of the fragments supported linkage between N7 of
deoxyguanosine residues. However, some low-mobility products were not cleaved by
piperidine, such as for Duplex F, suggesting linkage at other sites as well. This observation is
consistent with the “smeared” nature of the epihalohydrin-cross-linked bands as well as
literature reports of deoxyadenosine adducts with calf thymus DNA (26). Residues near the
ends of short duplexes have been noted to be hyperreactive toward mechlorethamine (10), DEB
(7), and other agents considered to be somewhat flexible in their sequence specificity for cross-
linking, such as formaldehyde (49), nitrous acid (50), and the pyrrolizidine alkaloids (51).

Overall, the epihalohydrins appear to be less stringent in their sequence requirements for cross-
linking than either HN2 or DEB. Whereas HN2 and DEB have a relatively strong preference
for the 5′-GNC sequence relative to 5′-GC, the epihalohydrins cross-linked both sites about
equally. Interestingly, the 5′-GC sequence has the minimal N7-to-N7 interstrand distance, and
was originally proposed to be the exclusive target of cross-linkers containing chains of five or
fewer atoms (52). Other early reports proposed that cross-linking between N7 of guanine would
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be precluded for agents of less than seven carbon atoms in length (22). However, despite their
short alkyl chains, ECH and EBH form interstrand cross-links between distal deoxyguanosine
residues at 5′-GC and 5′-GGC sites about equally. Furthermore, monoalkylation is comparable
for both deoxyguanosine residues within the 5′-GGC site. Sequence random monoalkylation
has also been reported for both HN2 (40) and DEB (7), with cross-linking specificity arising
during closure to cross-links. However, the antitumor agent mitomycin C has a strong
preference for the monoalkylation of the 5′-CG sequence, which dictates its consensus
sequence for cross-linking (53).

We also examined the role of stereospecificity in ECH cross-linking. The three optical isomers
of DEB differ in their cytotoxicity, with S,S-DEB > R,R-DEB > meso-DEB (54-56).
Furthermore, the interstrand cross-linking efficiencies of these compounds follow the same
order (39), although the 5′-GNC consensus sequence is conserved (57). Our experiments
showed that the two optical isomers of ECH also differed in both their interstrand cross-linking
efficiencies and their cytotoxicities, with R-ECH about twice as effective as S-ECH. We used
chicken 6C2 cells for the cytotoxicity studies because avian erythropoiesis is similar to that of
mammals, and these erythroprogenitor cells are used to model the development of leukemia
(58). Moreover, the use of DNA cross-linkers for cancer therapy is associated with the
subsequent development of hemato-pathologies such as leukemia (2,3).

The presumed monoalkylated intermediates differ for R- and S-ECH (Figure 6), suggesting
different energies of the respective transition states for the cross-linking reaction. Although it
is not clear whether the pathway from monoadducts to cross-links proceeds through direct
displacement of the chloride or epoxide formation and subsequent ring opening, stabilizing
interactions of the R- intermediate with neighboring groups may promote the formation of the
interstrand cross-link. Characterization of the structures of the two 7-(3-chloro-2-
hydroxypropyl) guanine monoalkylated intermediates could reveal the molecular basis for the
different cross-linking efficiencies of the two ECH optical isomers.

In conclusion, we have demonstrated that interstrand cross-linking between deoxyguanosine
residues at 5′-GC and 5′-GGC sites occurs for ECH. Moreover, the correlation between
cytotoxicity and cross-linking efficiency of the two optical isomers suggests that cross-linking
may play a role in the adverse biological effects of this important industrial compound.
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Figure 1.
(Panel A) Reaction of ECH and Duplex A over time at pH 5.0 (lanes 1-4) and pH 6.0 (lanes
5-8) at 37 °C. Reaction aliquots were taken at time 0 (lanes 1 and 5), 4 h (lanes 2 and 6), 8 h
(lanes 3 and 7), and 12 h (lanes 4 and 8). Presumed interstrand cross-links appear as low-
mobility bands. (Panel B) Reaction of ECH and Duplex A over time at pH 7.0. Reaction
aliquots were taken at time 0 (lane 1), 4 h (lane 2), 8 h (lane 3), and 12 h (lane 4).
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Figure 2.
Reaction of EBH and Duplex A over time at pH 5.0 (lanes 1-4), pH 6.0 (lanes 5-8), and pH
7.0 (lanes 9-12) at 37 °C. Reaction aliquots were taken at time 0 (lanes 1, 5, and 9), 4 h (lanes
2, 6, and 10), 8 h (lanes 3, 7, and 11), and 12 h (lanes 4, 8, and 12). Presumed interstrand cross-
links appear as low mobility bands.
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Figure 3.
Cross-linked Duplex B, which has strands with different lengths (S1 is longer than S2). Lanes
1-4 are duplexes with S1 radiolabeled; lanes 5-8 are duplexes with S2 radiolabeled. Lanes 1
and 8, DEB (45 min, pH 7.0); lanes 2 and 5, control (no cross-linker); lanes 3 and 6, ECH (10
h, pH 5.0); lanes 4 and 7, EBH (4 h, pH 7.0).
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Figure 4.
dPAGE analysis of the reactions of Duplexes C, D, and E. Lanes 1-3 are Duplex C; lanes 4-6
are Duplex D; and lanes 7-9 are Duplex E. Lanes 1, 4, and 7 are DEB products (45 min, pH
7.0); lanes 2, 5, and 8 are ECH products (10 h, pH 5.0); and lanes 3, 6, and 9 are EBH products
(6 h, pH 7.0).
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Figure 5.
dPAGE analysis of the reaction of Duplex F with ECH optical isomers. Lane 1, DEB; lane 2,
control (unmodified) DNA; lane 3, R-ECH; lane 4, racemic ECH; lane 5, S-ECH. Note that to
compensate for the greater efficiency of DEB cross-linking, half as many counts of the DEB
reaction was loaded compared to that for the ECH reactions. ECH reactions were 4 h and pH
5.0.
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Figure 6.
Proposed structures of the monoalkylated intermediates for R-ECH and S-ECH.
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Table 1
DNA Oligomers Used in These Studies

Duplex A 5′CGAAGGCCCAAGGCCCTAGGCCCATGC3′
3′GCTTCCGGGTTCCGGGATCCGGGTACG5′

Duplex B 5′CGTTTAAGGCCCTTGGCCCTAGGCCCATGC3′

  3′TTCCGGGAACCGGGATCCGGGTACG

Duplex C 5′AATATAAGCTTTAAAT3′
3′TTATATTCGAAATTTA5′

Duplex D 5′AATATAGGCTTTAAAT3′
3′TTATATCCGAAATTTA5′

Duplex E 5′AATATAGGGCTTAAAT3′
3′TTATATCCCGAATTTA5′

Duplex F 5′TATATATTTATAGGCTATATTTATATT3′
3′ATATATAAATATCCGATATAAATATAA5′
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Table 3
Average Percentages of Cross-Linking (% XL) for Duplex F Treated with R-, S-, and Racemic ECH (4 h, pH 5.0)a

cross-linker R-ECH S-ECH racemic ECH

average % XL 4.1 1.5 3.5

SD 0.9 0.4 0.9

a
Data for five replicate trials were averaged.

Chem Res Toxicol. Author manuscript; available in PMC 2009 August 17.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Romano et al. Page 21

Table 4
Average Percentages of 6C2 Cells in Various Phases of the Cell Cycle as Determined through Flow Cytometrya

cell cycle phase % population SD

G1 11 0.2

S 2.8 0.4

G2/M 86 0.6

a
Data for three replicate trials were averaged.
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