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Abstract

DNA oligonucleotides containing site-specific N7-guanine monoadducts of cisplatin, 

diepoxybutane, and epichlorohydrin were used as templates for DNA synthesis by two bacterial 

DNA polymerases and human polymerase β. These polymerases were able to bypass the lesions 

effectively, although the efficiency was decreased, with inhibition increasing with the size of the 

lesion. Fidelity of incorporation was essentially unaltered, suggesting that N7-guanine 

monoadducts do not significantly contribute to the mutational spectra of these agents.

Keywords

DNA alkylation; diepoxybutane; cisplatin; epichlorohydrin; mutagenesis; primer extension assay

1. Introduction1

Many first-line anticancer drugs, including alkylating agents and platinum compounds, act 

by covalently modifying DNA, leading to genotoxic and cytotoxic effects. Some 

bifunctional agents are particularly potent drugs, first forming monoadducts that can react 

further with solvent, protein, or another nucleophilic site on the DNA [1]. If the second 

reaction occurs with the same DNA strand, the result is an intrastrand cross-link, whereas if 

it occurs with the opposite strand, an interstrand cross-link is formed [2]. The latter are 

believed to be the most cytotoxic lesions, with as few as 20 interstrand cross-links 

comprising the mean lethal dose in some mammalian cell lines [3].

Cross-linking agents have been used therapeutically since about 1950, contributing to 

increased survival rates for many types of cancer [4]. For example, the development of 
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platinum drugs has made testicular cancer largely curable, with a 5-year relative survival rate 

of more than 90% [5]. However, DNA-modifying drugs also increase the long-term risk of 

secondary malignancies [6,7,8], with one study of testicular cancer survivors showing about 

a 5-fold increase in the risk of acute myelogenous leukemia over 20 years [5]. Even decades 

after chemotherapy for Hodgkin’s lymphoma, survivors remain at increased risk for 

subsequent malignant neoplasms [9]. Mutations that arise in surviving cancer cells following 

the formation of DNA lesions may also contribute to drug resistance [10]. Furthermore, 

germ line mutations following chemotherapy potentially pose a heritable genetic risk [11].

Mutations can arise during replication of covalently modified DNA when DNA polymerase 

encounters the damaged template. Alkylating agents and platinum compounds preferentially 

target the N7 position of guanine, often leading to transitions and transversions at guanine 

[7]. However, minor products are also formed, and different lesions vary in their biological 

effects. For example, N3 methylation of adenine, but not N7 methylation of guanine, inhibits 

DNA polymerase and terminates replication [12].

The mutagenic effects of a specific lesion type can be determined by introducing an 

oligonucleotide containing that lesion into cells and monitoring for base substitution events. 

Such studies have revealed that minor adducts can be significantly more mutagenic than the 

major adduct. For example, the most abundant cisplatin intrastrand cross-link occurs at 5′-

GG sites, forming a highly lethal adduct [13]. However, the intrastrand cross-link at 5′-AG 

is 5–10-fold more mutagenic than that at 5′-GG [13,14].

Another method for characterizing the mutagenicity of specific DNA adducts is to monitor 

directly the ability of DNA polymerase to replicate a damaged template accurately. Our goal 

was to use such an assay to assess the potential mutagenicity of guanine-N7 monoadducts 

for three bifunctional agents: cisplatin (1), diepoxybutane (DEB; 2), and epichlorohydrin 

(ECH; 3). These compounds vary widely in their carcinogenic potentials, with TD50 values 

in rodents of 0.0667 mmol/kg body weight, 18.5 mmol/kg body weight, and 148 mmol/kg 

body weight, respectively [15]. Cisplatin is widely used in cancer chemotherapy, with 

particular effectiveness against testicular and ovarian cancer [13,14]. DEB is the active form 

of the anti-cancer prodrug treosulfan [16], used to treat ovarian cancer, as well as a major 

metabolite of the widely used industrial compound 1,3-butadiene [17]. Epichlorohydrin is 

not a cancer drug, but it is widely used in the synthetic polymer industry and is classified as 

“probably carcinogenic to humans” [18]. All three agents preferentially target the N7 

position of guanine, with a variety of secondary reaction sites, primarily at adenine 

[19,20,21,22]. Because alkylated N7-guanine adducts are quite labile, the mutagenicities of 

the primary DEB and ECH adducts have not previously been reported [23].
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Our methods are summarized in Scheme 1. Briefly, monoadducted template DNA was 

purified through denaturing polyacrylamide gel electrophoresis (DPAGE) after treatment of 

a synthetic DNA duplex containing a single guanine target site with cisplatin, DEB, or ECH. 

The single-stranded template was then annealed to a primer, and DNA synthesis studies 

were performed with three different polymerases: Klenow fragment from Escherichia coli 
(KF), the large fragment of DNA Polymerase I from Bacillus stearothermophilus (BF), and 

recombinant human polymerase β (hPol β). The former are two related A-family bacterial 

polymerases commonly used as model enzymes in lesion bypass studies [24, 25], and the 

latter is a replicative X-family polymerase. Primers terminated two nucleotides before the 

lesion, one nucleotide before the lesion, or at the lesion in order to assess whether any effect 

of the lesion is highly local or also affects synthesis at flanking bases. The results of these 

studies suggest that the major N7-guanine monoadducts of these agents are not significantly 

mutagenic although they are somewhat blocking to the DNA polymerases used here.

2. Materials and methods

2.1 Materials

Recombinant hPol β was expressed and purified according to published procedures [26]. BF, 

KF, and other enzymes were purchased from New England Biolabs (Ipswich, MA). 

Adenosine 5′-triphosphate [γ-32P] was from PerkinElmer Health Sciences (Shelton, CT). 

Synthetic oligonucleotides (Integrated DNA Technologies in Coralville, IA) were purified 

prior to use by DPAGE (19:1 acrylamide: bisacrylamide; 40% urea) followed by UV 

shadowing and the crush-and-soak procedure [27]. Cisplatin and racemic DEB and ECH 

were from Sigma-Aldrich Chemical Company (St. Louis, MO). (Caution: cisplatin, DEB, 

and ECH are suspect carcinogens and must be handled appropriately.) All other chemicals 

were of reagent grade.

2.2 Preparation of monoadducts

Radiolabeling at the 5′-terminus of Strand 1 of Duplex A (see Chart 1) was achieved by 

incubating 1 OD260 of the single strand with [γ-32P]-ATP (10 μCi) and T4 polynucleotide 

kinase under standard conditions. Following ethanol precipitation [27], the dry pellet was 

mixed with 1 OD260 of Strand 2 in reaction buffer as follows: for cisplatin, 40 mM sodium 

perchlorate, 2 mM monobasic potassium phosphate, pH 7.6; for DEB, TE buffer (10 mM 

Tris-Cl, 1 mM EDTA, pH 7.4); and for ECH, 0.3 M sodium acetate, pH 5.2. The two strands 

were annealed by incubating at 60°C for 15 min and then at ambient temperature for 15 min. 

Reactions were initiated by addition of cisplatin (12.5 μL of a 1 mM solution prepared with 

stirring in water 24 h prior; final concentration 0.25 mM), DEB (2 μL; final concentration 

250 mM), or ECH (2 μL; final concentration 250 mM). Following initial time course studies 

to determine optimal reaction times, incubation was at 37oC for 3 h (cisplatin and ECH) or 1 

h (DEB), followed by ethanol precipitation and lyophilization.

2.3 Purification of monoadducts

Drug-treated samples were dissolved in 10 μL of 5 M aqueous urea/0.1% xylene cyanol and 

loaded onto a 20% denaturing polyacrylamide gel (19:1 acrylamide/bisacrylamide, 50% 

urea) run at 65 W. Monoadducts were located with x-ray film as bands just above Strand 1, 
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excised from wet gels, and purified by the crush-and-soak procedure followed by ethanol 

precipitation. Alkylation at N7 of guanine was confirmed by heating at 90°C in 100 μL of 

10% aqueous piperidine for 2 h, lyophilization, and analysis on 20% denaturing 

polyacrylamide gels (19:1 acrylamide/bisacrylamide, 50% urea). Maxam-Gilbert G 

reactions were used as references for cleavage at N7-alkylated guanine residues [28].

2.4 Primer extension reactions

Purified monoadducted Strand 1 was mixed with 0.3 OD of radiolabeled primer (see Chart 

1) in 100 μL of the appropriate polymerase buffer (for KF: 50 mM NaCl, 10 mM Tris-HCl, 

10 mM MgCl2, 1 mM DTT, pH 7.9; for BF: 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM 

KCl, 2 mM MgSO4, 0.1% Triton® X-100, pH 8.8; for hPol β: 50 mM Tris-HCl, 5 mM 

MgCl2, 10 mM NaCl, 4 mM DTT, 0.5 mg/mL BSA, pH 8.0). Annealing was achieved by 

incubating at 50°C for 15 min and then at ambient temperature for 15 min. Reaction 

conditions (concentration of DNA polymerase and concentrations of dNTPs) were optimized 

as follows. The annealed product was either incubated with DNA polymerase (KF, 1.0 unit; 

BF, 8.0 units; hPol β, 3.5 μg) in the presence of all four dNTPs (500 μM), or the annealed 

product was split into five equal aliquots, four of which were used for primer extension 

reactions and one of which was the control. In the latter case, extension was initiated by the 

addition of a single dNTP (20 μM) and DNA polymerase (KF, 0.25 units; BF, 1.2 units; hPol 

β, 0.2 μg). Reactions were stopped by the addition of an equal volume of loading dye (95% 

formamide, 10 mM EDTA, 0.03% xylene cyanol). Samples were run on 20% 

polyacrylamide gels (as above) and visualized via phosphorimagery (Amersham Biosciences 

STORM 860). Primer and product bands were quantified using ImageQuant version 5.2. 

Quantitative experiments were run in triplicate.

2.5 Steady state kinetics

Steady state kinetics experiments were performed with hPol β and all four dNTPs under the 

same conditions as for the full-length extension reactions except that eight different 

concentrations of dNTPs were used (100 – 800 μM; times ranged from 0 – 15 min). Initial 

rates were obtained from the disappearance of primer bands, quantified as above, and used 

to generate Michaelis-Menten curves, from which Km and kcat values were obtained in 

replicate.

3. Results

3.1 Preparation of monoadducts

A radiolabeled single-stranded oligonucleotide containing a single guanine residue was 

annealed to a shorter complementary strand and then reacted with cisplatin, DEB, or ECH 

under previously reported conditions [29,30,31]. This duplex lacked suitable sites for 

formation of either intrastrand [32] or interstrand cross-links [2,30,31], suggesting that the 

monoadduct would be a terminal product. A double-stranded target was used because 

formation of monoadducts by other alkylating agents has been shown previously to be 

highly dependent on a duplex structure [33].

Ye et al. Page 4

Mutat Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DPAGE of reaction products showed bands of slightly lower mobility than unmodified DNA 

that increased in intensity with reaction time (Figure 1). The position of these bands was 

consistent with previous reports of monoalkylated DNA [33,34]. At short reaction times, 

there was a single well-defined low mobility band, but smeared bands at higher molecular 

weight appeared at longer times. The homogeneity of the initial band suggests one major 

monoalkylated product, with the later “ladder” of bands resulting from the formation of 

multiple adducts on a single strand [33].

Reaction times were optimized for each agent to yield the maximum amount of the major 

low-mobility product, which was produced with average yields of ~30%, while minimizing 

higher molecular weight material. The band presumed to correspond to the major 

monoadduct showed an increase in electrophoretic retardation with the molar mass of the 

agent, further supporting the identification of this band as monoadduct. Gel purification of 

this product was achieved with minimal degradation, and we verified that the presumed 

monoadducts are stable for at least 30 min at 50°C (Supplementary Material, Figure S1) and 

for several days at −20°C (Figure 2A; lanes 1–3).

Because ECH and DEB have secondary targets in addition to guanine, the site of alkylation 

for these agents was confirmed through piperidine cleavage, which results in depurination 

and strand cleavage at N7-alkylated guanines [28]. Presumed DEB and ECH monoadducts 

were gel purified, heated in piperidine, and then analyzed on a sequencing gel. For both 

agents, a single major cleavage band that comigrated with a Maxam-Gilbert G reaction was 

visible, corresponding to cleavage at the sole dG residue of Strand 1 (Figure 2A, lanes 6 and 

7). These results are consistent with the major low mobility band corresponding to a single 

product linked at the N7 position of guanine. The site of cisplatin modification was verified 

by treating purified monoadducts with DMS and then piperidine (Figure 2B). The single 

guanine was resistant to DMS attack (lane 3), showing that the monofunctional cisplatin 

adduct is also bound to the N7 position of guanine.

3.2 Primer extension efficiency with all dNTPs

Gel-purified monoadducts were annealed to a complementary 14mer primer (Chart 1) with a 

3′-end terminating one nucleotide upstream from the lesion. This duplex was used as the 

substrate for bacterial DNA Polymerase I (either KF or BF) with all four dNTPs present. 

Both enzymes generated full-length products (22mers), with some 23mer products also 

visible (presumably from blunt-end addition [35]). However, the rate of synthesis was lower 

for monoadducted templates than for control unmodified template. For BF, virtually 

complete conversion of primer to full-length products was observed at longer time points 

(Figure 3A), with a relative rate of primer extension for monoadducts about 30% of that of 

the control. Klenow showed a greater reduction in its extension efficiency, as evidenced by 

incomplete primer extension and the presence of shorter products (Figure 3B). This 

reduction varied with the type of monoadduct, with the average rate of primer extension by 

KF relative to control following the order ECH (91%) > DEB (20%) > cisplatin (10%).

The same experiment was repeated using recombinant hPol β (Figure 4). The general trend 

was similar to KF, with the average rate of primer extension relative to control following the 

order ECH (60%) > DEB (44%) > cisplatin (30%).
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3.3 Steady state kinetics with human polymerase β

Steady-state kinetics experiments with hPol β were performed for each monoadduct 

annealed to the 14mer primer. The concentrations of the dNTPs were varied and the rate of 

extension was calculated by monitoring the disappearance of primer over time. The kinetic 

results are summarized in Table 1, where the relative efficiency reflects the ratio of the 

specificity constant (kcat/Km) of the monoadduct-containing template versus the unmodified 

template.

3.3 Primer extension with individual dNTPs

Extension assays were also performed with all three polymerases in the presence of each 

dNTP individually on duplexes consisting of monoadducted strand 1 annealed to either the 

14mer primer or another primer that terminated in the vicinity of the lesion (a 13mer or 

15mer, see Chart 1). These studies allowed us to assess the preference for incorporating each 

of the four nucleotides across from the monoadduct or immediately upstream or 

downstream. Control reactions with unmodified template showed incorporation of the 

expected dNTP, with only traces of incorporation of the other dNTPs visible with long 

exposures under our reactions conditions, which had relatively low concentrations of dNTP 

and enzyme. For all three agents, each polymerase showed a strong preference (>20-fold) 

for inserting the correct nucleotide in the vicinity of the monoadduct (Figure 5 and 

Supplementary Material, Figures S2 and S3).

4. Discussion

We used a polymerase bypass assay to assess potential blocking and/or mutagenic effects by 

the N7-guanine monoadducts formed by three DNA cross-linkers: cisplatin, diepoxybutane, 

and epichlorohydrin. Many DNA adducts induce structural changes that inhibit replication 

or make it more error-prone, contributing to such outcomes as carcinogenesis. Studies to 

date are consistent with increased blocking and/or mutagenicity of adducts that cause large 

structural changes or interfere with normal Watson-Crick base pairing. N7-guanine 

monoadducts are not generally considered to be mutagenic because the N7-position does not 

participate in Watson-Crick hydrogen bonding [36]. However, the bulky N7-guanine adduct 

formed by the potent liver carcinogen aflatoxin B1 (8,9-dihydro-8-(N7-guanyl)-9-

hydroxyaflatoxin B1) does cause mutations at the lesion site and its 5′ side [37].

Although alkylated N7-guanine adducts can be experimentally challenging to study because 

of their instability and tendency to undergo depurination during sample preparation, we were 

able to gel purify monoadducts prepared from a duplex containing a single guanine residue. 

Because of the power of DPAGE to resolve isomers that differ only in the position of 

alkylation or radiolabel [38, 39], the sharp band migrating just above the native single 

strands is likely to comprise a discrete monoalkylated product. Furthermore, these agents 

have a strong preference for reacting at N7 of guanine [40]. For example, DEB alkylates at 

N7 of guanine with a five-fold preference over alkylation at N3 of adenine in calf thymus 

DNA [21]. Therefore, it is likely that that under our single-hit reaction conditions, the major 

product corresponds to N7-guanine monoadducts.
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We experimentally verified sites of alkylation for the DEB and ECH monoadducts with 

piperidine treatment, which results in strand cleavage at the 5′ side of an N7-alkylated 

guanine [28]. Indeed, a single major cleavage band of similar mobility to a Maxam-Gilbert 

G reaction resulted from piperidine cleavage of purified DEB and ECH monoadducts. As 

expected, the cisplatin product was not piperidine cleaved [41], but its linkage was verified 

through DMS protection. Small amounts of full-length DEB and ECH product remained 

after piperidine cleavage, which may have resulted from conversion of alkylated guanine 

residues to ring-opened formamidopyrimidine (FAPY) lesions. FAPY lesions do not 

spontaneously depurinate and are therefore resistant to piperidine-induced strand cleavage 

[36]. Because adducts at N3 of adenine (the major secondary reaction site) do undergo 

spontaneous depurination [21], it is unlikely that these monoadducts resulted from alkylation 

at adenine residues.

When the purified monoadducted strands were annealed to a primer that terminated one base 

before the lesion, the rate of DNA synthesis was inhibited relative to a control unmodified 

duplex. This inhibition was lowest for the epichlorohydrin monoadduct, supporting the idea 

that small N7-adducts are not highly blocking, such as previously reported for 

dimethylsulfate [12]. However, BF was able to bypass all monoadducts, leading to full-

length product, at longer times (45 minutes, as compared to 15 minutes for the control). 

Klenow and hPol β were also able to bypass the lesions, although there was evidence of 

some pause sites. For example, DNA synthesis was inhibited opposite the cisplatin and DEB 

monoadducts (at dC) and at the next nucleotide (at dG). ECH monoadducts resulted in a 

strong KF pause site two bases past the lesion, as has been previously observed for this 

enzyme with other damaged templates (42). The observation that a significant amount of 

primer remained unextended for the cisplatin and DEB lesions, even at the longest times, is 

consistent with bulkier lesions impeding bypass by KF and hPol β. Steady state kinetics 

analyses for extension by hPol β suggest that the reduced efficiency of adding a base 

opposite the monoadducts is primarily a kcat effect.

The fidelity of DNA synthesis in the vicinity of the lesion was monitored by providing only 

a single dNTP in the presence of primers that monitored addition of a single nucleotide 

opposite the lesion or directly before or after it. All three polymerases added the correct 

nucleotide virtually exclusively in all cases. In some trials, trace amounts (< 5%) of product 

from addition of the incorrect nucleotide were visible. Because FAPY adducts are 

significantly more mutagenic than the N7 lesions from which they are derived [43], these 

trace amounts of misincorporation could have resulted from low levels of FAPY conversion 

for the DEB and ECH monoadducts.

Our finding that cisplatin monoadducts were somewhat blocking to the bacterial 

polymerases used in these studies is consistent with previous findings [44]. Other studies 

report that platinated monoadducts are not significantly mutagenic [14], which is also 

consistent with our results. Human polymerase β has also been shown to accurately bypass 

the bulky cisplatin 5′-GG intrastrand cross-link, although with reduced rates, suggesting a 

role for this enzyme in cisplatin resistance [45].
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Because of the lability of N7 adducts, previous work on DEB has focused on other, minor 

adducts. N2-guanine [46,47] and several different N6-adenine monoadducts of butadiene 

metabolites [48,49] are only weakly mutagenic, although somewhat blocking to bacterial 

polymerases in vitro, as we found for the N7-guanine adducts. However, adducts that 

interfere with Watson-Crick hydrogen bonding, such as doubly alkylated N6-adenine 

adducts, are highly blocking and mutagenic to several DNA polymerases in vitro [49,50]. 

These adducts are likely to contribute to the A→T and A→C transversions induced by DEB 

and butadiene. Furthermore, experimentally observed GC→AT transitions may be due to 

cross-links, rather than monoadducts [51,52]. Our findings that epichlorohydrin 

monoadducts are weakly blocking and minimally, if at all, mutagenic suggest that the major 

N7 guanine adducts are also not significant contributors to this agent’s genotoxic effects.

In conclusion, we have found that N7-guanine monoadducts of cisplatin, diepoxybutane, and 

epichlorohydrin are bypassed effectively by the bacterial polymerases BF and KF and 

human Pol β with minimal errors, although these lesions inhibit the rate of DNA synthesis. 

To our knowledge, this is the first report on the bypass of purified DEB and ECH N7-

monoadducts. Further work is necessary to determine the impact of these lesions on error-

prone human polymerases involved in translesion DNA synthesis.
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Highlights

• DNA adducts of cisplatin, diepoxybutane, and epichlorohydrin have relevance 

in cancer therapy and carcinogenesis.

• We investigated the integrity of DNA synthesis from templates containing 

N7-guanine monoadducts of these agents.

• Two bacterial polymerases and recombinant human polymerase β 
successfully bypassed the lesions, although with reduced rate of DNA 

synthesis.

• The polymerases did not show significant misincorporation near the lesion.

• The N7-guanine monoadducts, although the principal reaction products of 

these agents, do not appear to contribute significantly to the mutational 

spectra of cisplatin, DEB, and ECH.
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Figure 1. 
Representative time course of monoalkylation reactions with Duplex A. Shown here are the 

results for DEB (250 mM) and ECH (250 mM). Presumed monoadducts appear as bands 

with lower mobility than the zero time point band.
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Figure 2. 
Characterization of purified monoadducts. Panel A) Lane 1: purified cisplatin monoadducts; 

Lane 2: purified DEB monoadducts; Lane 3: purified ECH monoadducts; Lane 4: 

unmodified single-stranded DNA; Lane 5: piperidine-treated cisplatin monoadducts; Lane 6: 

piperidine-treated DEB monoadducts; Lane 7: piperidine-treated ECH monoadducts: Lane 

8: G-reaction. Monoadducts were several days old. Alkylation, but not platination, at the N7-

position results in cleavage at the single G residue of Strand 1. Panel B) Lane 1: G-reaction; 

Lane 2: unmodified single-stranded DNA; Lane 3: DMS- and piperidine-treated cisplatin 

monoadduct. Cisplatin protects from DMS attack, verifying linkage at the N7 of guanine.
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Figure 3. 
Extension of a 14mer primer annealed to Strand 1 (22 nucleotides long) by bacterial 

polymerases in the presence of all four dNTPs. Strand 1 was unmodified or modified with 

cisplatin, DEB, or ECH. Incubation was at 37°C for the indicated time points. The band in 

the t= 0 drug-treated lanes with lower mobility than the 22mer corresponds to monoadducted 

Strand 1 (“Mono”). Note that at long time points, the enzyme appears to add an extra base to 

the new strand. (A) Extension with BF. Control 14mer and full-length 22mer are in the first 

and last lane, respectively. (B) Extension with KF. Control 14mer and full-length 22mer are 

in lanes 1 and 6, respectively. The sequence of the newly synthesized strand is shown along 

the right margin.
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Figure 4. 
Primer (14mer) extension by hPol β. Strand 1 was unmodified or modified with cisplatin, 

DEB, or ECH. Incubation was at 37°C for the indicated time points. The band in the t= 0 

drug-treated lanes with lower mobility than the 22mer corresponds to monoadducted Strand 

1 (“Mono”). Control 14mer and full-length 22mer are in the first and last lane, respectively. 

The sequence of the newly synthesized strand is shown along the right margin.
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Figure 5. 
Single nucleotide addition with KF. Strand 1, either unmodified or monoadducted, was first 

annealed with primer. The first lane in each set is the no-dNTP control. The 13mer primer 

reveals nucleotide addition one nucleotide before the adduct (across from T); the 14mer 

reflects addition across from the adduct (at G), and the 15mer reflects addition one 

nucleotide after the adduct (across from C). (A) Cisplatin-adducted template; (B) DEB-

adducted template; (C) ECH-adducted template.
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Scheme 1. 
Steps involved in assessing DNA polymerase activity when replicating a template containing 

a monoadduct (represented by the starred guanine residue). Duplex A (Chart 1) was used to 

generate the monoadducted template. Asterisks denote 32P radiolabels.
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Chart 1. 
Oligonucleotides used in this study.
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Table I

Steady-state kinetic parameters for primer extension by hPol β.

Template kcat (min−1) Km (dNTP)(μM) kcat/Km (1/min-μM) Relative Efficiencya

Unmodified 6.3 ± 1.1 111 ± 77 0.057 1.0

Cisplatin monoadduct 0.23 ± 0.22 48 ± 25 0.0048 0.084

DEB monoadduct 0.31 ± 0.16 42 ± 32 0.0074 0.13

ECH monoadduct 0.38 ± 0.24 51 ± 55 0.0075 0.13

a
The ratio of kcat/Km of the monoadduct-containing template versus the unmodified template.
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