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Abstract

Disturbed metabolism of copper ions can cause diseases such as Wilson’s disease (WD). In this 

work, we investigated the inhibitory effect of Cu(II) ion in vitro on the AlkB family DNA repair 

enzymes, which are members of the Fe(II)/alpha-ketoglutarate-dependent dioxygenase and include 

human ALKBH2, ALKBH3, and E. coli AlkB proteins. None of the three proteins was 

significantly inhibited under normal cellular copper concentrations. However, under WD related 

condition, we observed that the activities of all three enzymes were strongly suppressed (from 95.2 

to 100.0%). We also noted the repair efficiency under ds-DNA condition was less susceptible than 

ss-DNA to the inhibition.

Graphical Abstract

Copper is an essential yet toxic metal for human physiological functions, and the cellular 

concentrations of its ions, such as Cu(II) and Cu(I) ions, are tightly regulated. If the 

concentrations of these ions are dysregulated, certain diseases, such as Wilson’s disease 

(WD), may occur.1,2 For patients under WD condition, the level of copper in human liver 

samples raises as much as 249.9 ng/mg (dry weight), which is significantly higher (more 

than 10-fold) than the level in normal cells (21.5 ng/mg).1 These elevated copper levels 

create an inflammatory cellular environment in liver tissue cells and damage their lipid 
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bilayers, thus forming a variety of DNA adducts. Nair et. al have reported that 

ethenoadenine (εA) and ethenocytosine (εC) DNA lesions are significantly increased under 

WD condition.1,3 These etheno DNA lesions are substrates of the AlkB family DNA repair 

enzymes, such as the human homologues ALKBH2 and 3, which use an Fe(II)/alpha-

ketoglutarate (αKG)-dependent mechanism to oxidize the abnormal alkyl groups, ultimately 

restoring the undamaged DNA bases.4 Previously, the copper(II) ion has been reported to 

replace the Fe(II) ion in AlkB in a spectroscopic study and to inhibit several Fe(II)/αKG 

family enzymes such as JMJD2A, JMJD2E, and PHD2.5–7 Several divalent ions, such as 

Ni2+, Co2+, and Mn2+, have been demonstrated to inhibit other enzymes in this family such 

as C–P4H, PLOD1, FIH, TauD, JMJD1A, and ALKBH2.5,8 A recent study by Yu et al. 

demonstrated that Cu(II) ion inhibits the oxidation of 5-methylcytosine in DNA by the 

Fe(II)/αKG-dependent Tet family enzymes in vitro, and this inhibition was also reflected by 

decreased levels of Tet oxidation products in genomic DNA isolated from tissues of Long-

Evans Agouti rat, a model of human Wilson’s disease.9 It is reasonable to predict, then, that 

the high level of copper ions accumulated under WD condition inhibits the DNA repair 

capacity of both ALKBH2 and 3. Therefore, the elevated level of copper ions found in WD 

condition induces damages and increases the number of etheno adducts within the cell in a 

“two-fold” manner; it not only induces alkyl DNA damage through lipid peroxidation, but 

also suppresses the repair of those adducts by the AlkB family DNA repair enzymes.

The AlkB protein in E. coli was discovered to be an Fe(II)/αKG- dependent dioxygenase 

that repairs various alkyl DNA lesions (Figure 1).10,11 Nine human homologues of AlkB 

have been identified as ALKBH1–8 and FTO. Among these homologues, ALKBH2 and 

ALKBH3 have been characterized as DNA repair proteins.12,13 A variety of alkyl DNA 

lesions have been proven as substrates for AlkB, ALKBH2, and ALKBH3, both in vitro and 

in vivo. The lesions include methyl adducts, like 3-methylcytosine (m3C) and 1-

methyladenine (m1A), etheno adducts, such as εA and εC, and other lesions with complex 

alkyl modifications to the DNA bases.13 Among those adducts, m3C and m1A have been 

reported as the best substrates for the AlkB family enzymes.12,13 Previous in vitro studies on 

the inhibition of other Fe(II)/αKG-dependent enzymes by Cu(II) ion have only provided the 

IC50 values, and the results have not been extrapolated to physiologically and pathologically 

relevant concentrations.6 In this work, for the first time we not only measured the IC50 

values of Cu(II) ion on the ABH2, ABH3, and AlkB proteins, but also tested the inhibitory 

effects under normal cellular and Wilson’s disease conditions.

To test the inhibitory effect of Cu(II) ion on the AlkB family enzymes, we first site-

specifically synthesized a 16mer oligonucleotide containing m3C, the major substrate of the 

AlkB family enzymes.13,14 We expressed and purified recombinant human ALKBH2 and 

ALKBH3 proteins and the E. coli AlkB protein.15 Then we evaluated the repair efficiency of 

the enzymes (Figure S1) and the inhibitory effect of Cu(II) ion under different conditions. It 

has been reported that the cellular concentrations of “free” copper and iron ions are very 

limited. Under normal cellular conditions, the concentration of free copper ions is 1.5 μM, 

which is 1.5-fold greater than that of free iron ions (1.0 μM).16,17 For the WD patients, the 

level of free copper ion is increased to 24.4 μM.18 In this work, we tested different Fe(II) ion 

concentrations and selected 5.0 μM to ensure the maximal efficiency of repair by the AlkB 

family enzymes (Figure S2); this concentration was similar to the Fe(II) ion concentrations 
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used in other inhibition studies.6 The inhibitory effects of Cu(II) ion were tested from 0.0 to 

100.0 μM, among which 7.5 μM of Cu(II) was used to mimic normal cellular condition. 

Though the cellular levels of copper ion under WD condition vary considerably from 

different reports, all of the levels are more than 10-fold higher than the normal cellular 

concentration.1,2,18 To make this work rigorous and relevant to pathological condition, we 

used 75.0 μM (10-fold) of copper ion to represent the WD condition.

For each enzymatic reaction, the m3C-containing oligonucleotides were incubated with the 

necessary cofactors for the AlkB reaction: Fe(II) ion, αKG, and ascorbic acid (see 

Experimental Section in Supporting Information) in either ss-or ds-DNA In a typical 

inhibition test (e.g., ALKBH2 repairing m3C), 5.0 μM oligonucleotide substrate and 2.0 μM 

ALKBH2 enzyme were mixed with a fixed concentration of Fe(II) ion (5.0 μM) plus 

different concentrations of Cu(II) ion, and the extent of the repair reaction was quantified 

(see Experimental Section for details). Because the AlkB family enzymes are able to repair 

DNA lesions in both ss- and ds-DNA, the repair reactions of m3C were carried out under 

both conditions.

For the Cu(II) ion inhibition of the ALKBH2 repair reaction on m3C in ss- and ds-DNA 

(Figure 2 and Table S1), the IC50 values were 14.8 μM and 54.0 μM, respectively (Table 1). 

The IC50 values for ALKBH3 and AlkB were also measured (Table 1). From the IC50 tests, 

we found the IC50 values are higher in ds-DNA condition than ss-DNA condition for all 

three enzymes, despite the preference of ALKBH3 and AlkB to repair m3C in ss-DNA and 

ALKBH2 preferring repair in ds-DNA.13 These results show the repair under ds condition is 

less susceptible than ss condition to the inhibition from Cu(II) ion. One possibility is that 

copper ion is harder to access to the active site of an enzyme and replace its iron ion due to 

the more crowded environment under ds-DNA binding condition.

We then tested the inhibition of Cu(II) ion under normal physiological condition with the 

concentration at 7.5 μM. We found that none of the three proteins was significantly inhibited 

under this concentration, with the highest inhibition at 7.0% for ALKBH3 repairing m3C in 

ds-DNA (Table S2). These results indicated that the repair efficiency of the AlkB family 

enzymes was barely affected by Cu(II) ions under normal cellular conditions. Next, we 

tested the inhibition of Cu(II) ions under WD condition with the concentration of Cu(II) ion 

at 75.0 μM. We found that all three enzymes were strongly inhibited under WD condition 

(inhibition from 95.2 to 100.0%, Table S2).

In this work, we used m3C, the best substrate of AlkB, to demonstrate that the AlkB family 

enzymes are strongly inhibited by high concentration of Cu(II) ion under WD condition. 

Other substrates, such as the etheno DNA lesions, will be tested both in vitro and in vivo in 

the future, which may provide a new explanation to the previously observed elevation of 

etheno adducts in Wilson’s disease.1 Considering that there are about 80 Fe(II)/αKG-

dependent enzymes in human body,12 it is highly possible that some of those enzymes could 

be inhibited in a similar mechanism by the high concentrations of the copper ion under 

Wilson’s disease condition.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors want to thank the RI-INBRE program, its directors Prof. Zahir Shaikh and Prof. Bongsup Cho, and 
staff Dr. Al Bach, Kim Andrews, and Patricia Murray for their kind help. We also want to thank Michael Vittori and 
Kerri Bradshaw for their support and helpful discussions.

Funding

This work was supported by an Institutional Development Award from the National Institute of General Medical 
Sciences of the National Institutes of Health under Grant No. 2 P20 GM103430, 1R15CA213042-01 (to D.L.) and a 
Medical Research Funds grant from the Rhode Island foundation (to D.L.).

ABBREVIATIONS

m3C 3-methylcytosine

ss single stranded

ds double stranded

WD Wilson’s disease

αKG alpha-ketoglutarate

εA ethenoadenine

εC ethenocytosine
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Figure 1. 
Repair mechanism of the AlkB family enzymes on alkyl DNA lesions and inhibition of 

repair by Cu(II) ion. Adduct m3C is used here as an example to show the enzymatic 

catalysis.
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Figure 2. 
IC50 measurements of Cu(II) ion on the repair of m3C by ALKBH2, ALKBH3, and AlkB 

under ss- and ds-DNA conditions.
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Table 1.

IC50 Values of Cu(II) Ion Inhibiting the AlkB Family Enzymes
a

protein substrate IC50 (μM)

ALKBH2 ss-DNA 14.8

ds-DNA 54.0

ALKBH3 ss-DNA 23.8

ds-DNA 28.4

AlkB ss-DNA 10.3

ds-DNA 29.3

a
Repair reactions of m3C were carried out under both ss- and ds-DNA conditions.
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