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Abstract

Light-responsive compounds have been used to manipulate biological systems with spatial and 

temporal control of the event of interest. Illumination of alkylcobalamins with green light (500 – 

570 nm) produces carbon-centered radicals, which have been demonstrated to effectively cause 

DNA damage. Molecules that cause DNA and RNA strand scission are useful for studying 

polynucleotide structure and the binding of small molecules and proteins to polynucleotides. Most 

molecules that cause DNA damage in a light-dependent manner require high energy, short 

wavelength ultraviolet light, which is readily absorbed by nucleotide bases causing damage to the 

polynucleotides. Therefore, using alkylcobalamins is advantageous for causing strand scission of 

polynucleotides, because they are activated by light wavelengths that are not absorbed by 

nucleotide bases. Green light illumination of methylcobalamin effectively causes DNA strand 

scission based on gel mobility assays. This cleavage is due to the generation of carbon-centered 

radicals based on the results of a radical trapping study. In addition, synthesis of an 

alkylcobalamin with a DNA binding moiety, spermine, improves DNA cleavage efficacy by an 

order of magnitude in comparison to methylcobalamin.
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Most molecules that cause DNA damage in a light-dependent manner require high-energy, short 

wavelength ultraviolet light, which is readily absorbed by nucleotide bases causing damage to 

polynucleotides. Using alkylcobalamins is advantageous for causing strand scission of 

polynucleotides, because they are activated by wavelengths not absorbed by nucleotide bases. 

Using gel mobility assays, we show that green light illumination of methylcobalamin causes DNA 

strand scission due to generation of carbon-centered radicals, based on the results of a radical 

trapping study. In addition, synthesis of an alkylcobalamin with a DNA-binding moiety, spermine, 

improves DNA cleavage efficacy in comparison to methylcobalamin.
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INTRODUCTION

Radicals have been utilized in footprinting studies to determine RNA and DNA structures as 

well as DNA or RNA-binding sites of proteins and small molecules (1–4). Polynucleotide 

footprinting studies utilize radicals that cause strand scission to probe for solvent accessible 

regions of the molecular structure. The most commonly employed means of generating 

radicals is the Fenton reaction, which produces hydroxyl radicals (•OH) catalytically as a 

result of the reduction of hydrogen peroxide by Fe(II)-EDTA (5). A limitation of the Fenton 

reaction is the inability to temporally control the start and stop of radical generation. This 

drawback causes a challenge with maintaining reaction conditions where each 

polynucleotide molecule is damaged by only one radical, a necessary condition for 

footprinting studies. In addition, the lack of temporal control of the reaction prevents its use 

for intracellular studies.

Photoresponsive compounds afford exquisite temporal control of chemical reactions (6 - 7) 

For example, several light-responsive reagents have been developed to temporally control 

radical generation for DNA footprinting (8 - 12). These compounds generate •OH or alkyl 

radicals, such as methyl (•CH3) or phenyl radicals, upon illumination with an appropriate 

wavelength causing DNA/RNA strand scission by abstracting a hydrogen atom from the 

sugar phosphate backbone of the polynucleotides. The light dependence of these reactions 

offers temporal control of damage. However, typically a requirement of these compounds is 

the use of short wavelength, high-energy ultraviolet light (UV, <450 nm), which is readily 

absorbed by nucleotide bases resulting in a small amount of light-induced polynucleotide 

damage due to pyrimidine dimerization (13 - 14). This light-induced damage interferes with 

strand scission patterns due to the radicals complicating the interpretation of footprinting 

data. Therefore, compounds that generate radicals when illuminated with longer wavelength, 

visible light (>450 nm), which is not absorbed by nucleotide bases, would be useful 

footprinting agents.

We have noted the utility of cobalamins (Figure 1), a class of compounds that are 

structurally related to Vitamin B12, to temporally control activity of compounds and radicals 

(8, 15–17). For example, we recently reported that when exposed to light thiolatocobalamins 

undergo homolysis of their cobalt-sulfur bond to form thiyl radicals (18). In addition, we 

previously demonstrated that hydroxocobalamin (HOCbl) in conjunction with UV light 

causes DNA strand scission via the production of •OH (8). An advantage of using HOCbl is 

that in the presence of oxygen it catalytically produces •OH upon illumination, while the 

majority of light-responsive radical generators are stoichiometric. However, HOCbl, like 
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other reported light-mediated radical generators, requires UV light that causes a small 

amount of DNA damage (8).

We were interested in developing light-responsive DNA damaging agents that respond to 

visible light, which in contrast to UV light does not cause pyrimidine dimers. Therefore, we 

decided to study the ability of alkylcobalamins to cause DNA strand scission because they 

absorb green light (510-560 nm) resulting in the production of alkyl radicals via a homolytic 

cleavage of their cobalt-carbon bond (19–20). Alkyl cobalamins have a cobalt-carbon σ 
bond that has a relatively weak bond strength. Reported Co-C bond dissociation energies 

BDEs range from 40-44 kcal/mol depending on the alkylcobalamin and the particular 

experimental conditions used (21). Photodisocciation pathways of alkylcobalamins depend 

on both the wavelength and pH. The photochemical properties of alyllcobalamins at low pH, 

strongly acidic pH (~2) conditions differ greatly from the alkylcobalamins at higher pH 

because at low pH the alkylcobalamin adopts a base-off form where the 

dimethylbenzoimidazole (DMB) is not associated as a lower axial ligand. At physiological 

pH, there are two possible photodissociation pathways (21). The light wavelengths that we 

were interested in employing for DNA cleavage studies (510-560 nm), result in the initial 

elongation of the Co-C bond forming metastable cob(III)alamin photoproduct, a low-lying 

electronic state with a nanosecond lifetime, without prompt bond homolysis being observed 

(21). Alkyl radicals, such as •CH3 and phenyl radical, have been demonstrated to be 

effective at causing DNA strand scission (9, 11–12). Therefore, we anticipated that 

alkylcobalamins would be useful DNA footprinting agents, such as methylcobalamin 

(MeCbl), would be expected to cause DNA cleavage when illuminated with wavelengths of 

light that are not capable of causing polynucleotide damage.

We note that photosensitizers that cleave DNA when illuminated with visible light have been 

reported, such as methylene blue and acridine orange. These agents cause damage by 

generating reactive oxygen species singlet oxygen and •OH. Singlet oxygen selectively 

reacts with guanine bases of DNA leading to strand scission (22–23). Polynucleotide 

footprinting agents need to be nonselective in which bases they react with in order not to 

distort the data of which areas of the polynucleotide are the most solvent accessible. Methyl 

radical has been demonstrated to cleave DNA in a nonselective manner (12). Therefore, the 

use of •CH3 as a footprinting agent is advantageous over systems that generate reactive 

oxygen species.

MATERIALS AND METHODS

Materials

Plasmid DNA, pBR322, was purchased from New England Biolabs. Methylcobalamin was 

purchased from Alfa Aesar. N,N,Nʹ,Nʹ-Tetramethyl-O-(N-succinimidyl)uronium 

tetrafluoroborate and 4-bromobutyric acid were purchased from Tokyo Chemical Industry. 

Hydroxocobalamin, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), sodium phosphate 

monobasic monohydrate, and sodium phosphate dibasic anhydrous were purchased from 

Sigma Aldrich. Purified, deionized water was obtained by filtration using an Aries High 

Purity Water System and was used for all aqueous reactions and dilutions. A custom amber 

glass filter was purchased from Ace Glass, Inc. GelRed nucleic acid stain 10,000× was 
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purchased from Biotium. Tris-acetate-ethylenediaminetetraacetic acid (TAE) and 

biotechnology grade agarose were purchased from Amresco. Gel electrophoresis was 

performed with agarose gels and TAE buffer (40 mM Tris acetate and 1 mM EDTA) in a 

CBS Scientific Midi horizontal electrophoresis apparatus. The concentrated loading buffer 

for agarose gels consisted of 35% (w/v) sucrose solution containing 0.2% bromophenol, 

0.2% xylene cyanol, and 0.6% GelRed nucleic acid stain 10,000×. Agarose gels were 

visualized using a VWR transilluminator with UVP PhotoDocIt imaging system.

Synthesis of spermine-cobalamin conjugate - Synthesis of β-(4-carboxybutyryl)cobalamin

β-(4-carboxybutyryl)cobalamin was synthesized using a previously reported procedure (16). 

Cyanocobalamin and zinc dust (100 equivalents) were mixed in a deoxygenated 5% NH4Br 

methanol solution for 20 min. After the reduction of the cobalamin, 4-bromobutyric acid (10 

equivalents) was added to the reaction mixture and the solution was mixed for 20 min. 

Following the completion of the alkylation reaction, the mixture was gravity filtered to 

remove the zinc dust and was dripped into cold ether resulting in a red suspension. The 

suspension was centrifuged and the supernatant was discarded. The desired compound was 

purified by reverse phase flash chromatography (C-18 column) using a linear gradient binary 

solvent system (solvent A: 0.1% TFA/H2O; solvent B: 0.l% TFA/CH3CN) with a ratio of 

A:B that varied from 97:3 to 50:50 over 10 column volumes. Removal of solvent by 

lyophilization afforded to afford an orange solid; ESI MS calcd. for C66H95N13O16PCo [M+ 

+ 2H]2+:m/z = 708.8, found 709.0.

Synthesis of spermine-cobalamin conjugate - Synthesis of spermine-cobalamin conjugate

N,N,Nʹ,Nʹ-Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (0.0115 g, 38.2 μM), 

β-(4-carboxybutyryl)cobalamin (0.0146 g, 10.3 μM), and diisopropylamine (0.0130 g, 128 

μM) were dissolved in dimethylformamide (250 μL), which was mixed for 2 h. Spermine 

(0.1143 g, 564 μM) dissolved in dimethylformamide (500 μL) was added and the reaction 

was mixed for 18 hr. The desired compound was purified by HPLC (semipreparative C-18 

column) using a linear gradient binary solvent system (solvent A: 0.1% trifluoroacetic 

acid/H2O; solvent B: 0.1% trifluoracetic acid/CH3CN) with a ratio of A:B that varied from 

97:3 (0 min) to 10:90 (40 min). Removal of solvent by lyophilization afforded an orange 

solid (0.0122 g, 74%); ESI MS calcd. for C76H119CoN17O15P [M + 2H]2+: m/z = 801.9, 

found 801.5; [M + 3H]3+: m/z = 534.3, found 535.0.

General procedure for light-mediated DNA cleavage studies

Unless otherwise noted all DNA cleavage studies were performed under aerobic conditions. 

Methylcobalamin or hydroxocobalamin was dissolved in pH 7.4 phosphate buffer (11.9 mM 

phosphate) and serial dilutions were made to achieve the desired concentrations. A 2 μL of 

pBR322 DNA (100 μM/bp) solution were mixed with 18 μL of MeCbl or HOCbl solution of 

an appropriate concentration in a plastic microcentrifuge tube. Then the tubes were either 

incubated at room temperature in the dark or were strapped to a water-jacketed reaction 

vessel with an amber glass filter (>500 nm) and illuminated using a Hanovia 450 W medium 

pressure Hg arc lamp. After illumination/incubation, 2.0 μL of loading buffer was added and 

the samples were loaded onto a 1.0% agarose gel. Electrophoresis was performed for 1.5 h at 

90 V.
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Light-mediated DNA cleavage by methylcobalamin

Samples were prepared to have final MeCbl concentrations of 1.00, 0.750, 0.563, 0.422, 

0.316 and 0.237 mM and were illuminated for 45 min.

Methylcobalamin-mediated DNA cleavage as a function of time

Samples were prepared to have a final MeCbl concentration of 1.00 mM. In one time study, 

the samples were illuminated for 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 min. In another time study, 

the samples were illuminated for 10, 20, 30, 40, 50, and 60 min.

Methylcobalamin-mediated DNA cleavage under anaerobic conditions

These experiments were performed under anaerobic conditions. Samples were prepared to 

have final MeCbl concentration of 1.00 mM. In one experiment, the anaerobic sample was 

prepared using a buffer that was deoxygenated by bubbling nitrogen through the solution for 

30 min. For another experiment, the degassed sample was prepared by placing it in a 

Schlenk vial and 5 freeze-pump-thaw cycles were completed prior to illumination. Samples 

were illuminated for 10 min.

Effect of photolysis of methylcobalamin before the addition of plasmid DNA on the 
cleavage of DNA

Three samples were prepared, DNA only, DNA and MeCbl stored in the dark and MeCbl 

that was illuminated for 15 min before the DNA was added. Final concentrations of samples 

that contained MeCbl was 1 mM.

Radical scavenging of methylcobalamin-mediated DNA cleavage under anaerobic 
conditions

This experiment was performed under anaerobic conditions. Nitrogen was bubbled through 

all solutions to displace oxygen before they were used. Due to the low solubility of TEMPO, 

samples for the radical scavenging experiment were prepared in a different manner than the 

general procedure for the DNA cleavage studies. TEMPO was dissolved in phosphate buffer. 

The reaction mixtures were made by combining 0.5 μL MeCbl (20 mM), 0.5 μL pBR322 

(400 μM/bp), and 19 μL TEMPO (5.26 mM). Samples were illuminated for 10 min.

Study of the ability of hydroxocobalamin to cause visible light-mediated DNA cleavage

Samples were prepared to have final HOCbl concentrations of 1.00, 0.750, 0.500, and 0.250 

mM and were illuminated for 45 min.

DNA cleavage by spermine-cobalamin conjugate

Samples were prepared to have final spermine-cobalamin conjugate concentrations of 0.250, 

0.175, 0.122, 0.85, 0.60, 0.42, 0.29, 0.20 and 0.14 mM and were illuminated for 10 minutes.

DNA cleavage by reduced Co(II)-cobalamin, [Co(II)bl]

This experiment was performed under anaerobic conditions. Samples of Co(II)bl were 

prepared with and without TEMPO. A reducing solution was prepared with 10 μL of 6 M 

NaOH (108 mM), 3 μL of 88% formic acid, and of 460 μL deionized water. A second 
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sample was prepared in the same manner except that it contained TEMPO (100 mM). The 

reaction mixtures were degassed with nitrogen for 20 minutes, then 28 μL of 

hydroxocobalamin (19.7 mM) was added to each tube and degassed a second time. Final 

samples were made with 18 μL of the Co(II)bl solution added to 2 μL of DNA for a final 

concentration of 1 mM cobalamin compounds and 10 μM/bp pBR322 DNA. Samples were 

incubated in the dark for 5 min. Sodium dodecylsulfate (1 μL, 1% SDS) was added to each 

tube to prevent DNA precipitation. Samples were analyzed by gel electrophoresis as 

previously described.

RESULTS AND DISCUSSION

Plasmid DNA cleavage by methylcobalamin

Illumination of MeCbl with visible light results in the formation of reduced Co(II)-

cobalamin [Co(II)bl] and methyl radical (•CH3) (19–20), which has been demonstrated to 

cause DNA strand scission (9, 11–12) Therefore, we were interested in studying the ability 

of MeCbl to cause DNA cleavage in a visible light dependent manner. To assess the ability 

of MeCbl to cause DNA cleavage when illuminated with visible light, a plasmid relaxation 

assay was employed to observe •CH3 mediated conversion of supercoiled DNA (form I) to 

relaxed, circular DNA (form II). Various concentrations of MeCbl were illuminated with a 

mercury arc lamp equipped with an amber glass filter (>500 nm) in the presence of pBR322 

resulting in single strand cleavage (Figure 2).

DNA strand scission is not observed with MeCbl in the absence of light demonstrating that it 

is a light mediated reaction. The amount of damage is concentration dependent with no 

cleavage observed below 56 molecules per base pair. Under our experimental conditions, 

photolysis of MeCbl occurs rapidly with the maximum DNA strand scission being observed 

within 5 minutes of illumination. (Figure 3, Lane 8). Most importantly, there is no DNA 

strand scission due to illumination in the absence of MeCbl. This demonstrates that unlike 

UV (8,9), the light wavelengths that are employed do not cause any observable DNA 

cleavage.

A radical trapping study demonstrates the role of •CH3 in causing strand scission under 

aerobic conditions. The presence of 2,2,6,6-tetramethyl-1-piperdinyloxy (TEMPO), a stable 

nitroxide that traps carbon-centered radicals, but not oxygen-centered radicals (23), 

completely prevents DNA cleavage by MeCbl due to TEMPO reacting with •CH3 before 

hydrogen atom abstraction from the sugar phosphate backbone can occur (Figure 4).

As an additional control experiment to demonstrate the role of •CH3 in DNA strand scission 

MeCbl was photolyzed and DNA was subsequently added in the dark (Lane 3, Figure 5). 

Cobalamins are known radical scavengers (25); therefore, generated •CH3 will be scavenged 

by cobalamin before the addition of the DNA. As expected, no DNA cleavage was observed 

for this experiment. While some •CH3 are likely scavenged by the cobalamin when MeCbl is 

illuminated in the presence of DNA, clearly enough •CH3 escape the radical-cobalamin pair 

to cause DNA strand scission (Lanes 4–5, Figure 2).
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The mechanism of DNA damage by •CH3 has previously been studied (12). Methyl radicals 

can cause DNA strand scission via two different mechanisms. One mechanism of DNA 

damage is the direct abstraction of a hydrogen atom from the sugar of the sugar-phosphate 

backbone (12). The other route that causes cleavage via a methyl radical mediated process 

involves the radical initially reacting with oxygen to form methylperoxy radicals, which 

have been suggested to be unable to cleave DNA (26). However, methylperoxy radicals can 

decompose to form methoxyl radicals (12), which are capable of abstracting a hydrogen 

atom from DNA leading to strand scission (27). It has been suggested that Co(II)bl and 

HOCbl are involved in catalyzing the decomposition of alkylperoxy radicals (28). 

Unfortunately, the mechanisms and products of these cobalamin catalyzed reactions have not 

been well studied. DNA cleavage mediated by •CH3 is initiated by hydrogen abstraction at 

the 4ʹ and 5ʹ positions of the sugar as demonstrated by the detection of furfural and base 

propenals as the products (12). Following hydrogen atom abstraction, the carbon-centered 

radical of the sugar reacts with molecular oxygen forming an alkylperoxy radical. The 

details of the reactions that follow depend on the particular hydrogen that was abstracted. In 

all cases, decomposition of the sugar ring results in causing strand scission.

A hallmark of radical mediated DNA cleavage is the requirement of the presence of oxygen 

(29). Therefore, anaerobic experiments were performed. Nitrogen gas was bubbled through 

the solutions for 30 minutes to remove oxygen before they were used to make the 

experimental solutions. Surprisingly, photolysis of MeCbl causes DNA strand scission in the 

absence of oxygen (Figures 6a). Due to this unexpected result, we decided to perform the 

same experiment using a different technique for removing oxygen. Samples underwent five 

freeze-pump-thaw cycles before photolysis (Figure 6b). The results were consistent with our 

initial experiment and confirmed that the photolysis of methylcobalamin in the presence of 

DNA under anaerobic conditions results in strand scission.

Due to the unexpected results from the anaerobic studies, we decided to investigate whether 

the reduced cobalamin by-product Co(II)bl was capable of cleaving DNA under anaerobic 

conditions. To prepare Co(II)bl, HOCbl is dissolved in a basic formate solution under 

anaerobic conditions resulting in the solution rapidly changing color from pink to a reddish 

brown indicating the formation of Co(II)bl (30). The UV/Vis spectrum of the reaction 

mixture shows a local maximum absorption at 450 nm that is not observed for HOCbl, 

which demonstrates the production of Co(II)bl (Figure 7).

Addition of an aliquot of the Co(II)bl solution to a deoxygenated pBR322 solution results in 

efficient DNA cleavage which is effectively inhibited by TEMPO (Figure 8), a metal-

centered radical trap (31).

In addition, photolysis of MeCbl under anaerobic conditions which furnishes Co(II)bl causes 

DNA strand scission that is prevented by the presence of TEMPO (Figure 9). While these 

experiments demonstrate the ability of Co(II)bl to cause DNA damage under anaerobic 

conditions it would not be expected to play a significant role in DNA cleavage by MeCbl 

because Co(II)bl reacts rapidly with oxygen to form HOCbl (8).
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We have previously reported light-mediated DNA cleavage by HOCbl (8). When illuminated 

with UV light HOCbl catalytically produces hydroxyl radicals based on the results of 

plasmid relaxation assays and thiobarbituric acid assays. Under the experimental conditions 

that we previously employed, we demonstrated that UV illumination of MeCbl in the 

presence of DNA causes strand scission and that it is primarily mediated by •OH due to the 

observation that cleavage is not significantly decreased by the presence of TEMPO, which 

does not trap •OH radicals. Under UV illumination MeCbl stoichiometrically produces •CH3 

and Co(II)bl that rapidly reacts with oxygen to form HOCbl, which catalytically produces 

•OH under continued UV illumination. Therefore, DNA damage by MeCbl is primarily due 

to •OH rather than •CH3 when the sample is exposed to UV light beyond the initial 

photolysis of MeCbl.

In contrast, our current work demonstrates that cleavage by MeCbl upon illumination with 

visible light is completely inhibited by TEMPO. This demonstrates that the radicals 

generated by illumination of MeCbl differ depending on the wavelength of light that is 

employed. When illuminated with visible light MeCbl undergoes photolysis to generate 

DNA cleaving •CH3 and Co(II)bl that is subsequently converted to HOCbl. Visible light 

illumination of HOCbl does not generate •OH; therefore, no DNA cleavage is observed 

when HOCbl is illuminated with visible light in the presence of pBR322 (Figure 10). 

Therefore, no additional radicals are generated after the initial •CH3 when MeCbl is 

illuminated with visible light. This is supported by the observation that increasing visible 

light exposure beyond 5 min does not increase observed DNA cleavage (Figure 3). This 

demonstrates that when visible light is employed DNA cleavage is mediated by •CH3 in 

contrast to UV light-mediated DNA cleavage by MeCbl, which primarily occurs as a result 

•OH.

This result is supported by a recent report that ultraviolet light (< 350 nm) is required for 

photoactivation of HOCbl (32,33). Kozolowski and coworkers have done excellent research 

on photochemical product of •OH by HOCbl (32,33). The results of femtosecond UV-visible 

transient absorption spectroscopy demonstrate that there at least three electronic states that 

result from photoexcitation (33). Longer light wavelengths populate the energy minimum 

corresponding to the pOH/d → σ* electronic state, which is primarily responsible for 

deactivation. In contrast, shorter light wavelengths populate a repulsive electronic state that 

is likely dominant pOH/d → σ* or d/pOH → σ* character. This electronic state becomes 

dissociative at longer Co-OH distances. Therefore, HOCbl generates •OH when exposed to 

shorter light wavelengths, but not when it is illuminated with longer wavelengths.

Targeting DNA

We have demonstrated with other DNA cleaving agents that conjugation of spermine, a 

DNA binding polyamine (34), increases the efficacy of the compound (8,35) and that when 

radicals are generated by these molecules they rapidly react with DNA rather than diffusing 

away to react with other molecules or DNA bound proteins (35). Therefore, we decided to 

synthesize an alkylcobalamin-spermine conjugate. Cobalamins have two sites that are 

readily modified: the β axial position and the 5ʹ-OH of the sugar can both be synthetically 

manipulated in a facile manner (16) We decided to synthesize an alkylcobalamin conjugate 
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modified a with spermine moiety at the β axial position (Scheme 1) because upon photolysis 

the radical that is generated will be held proximal to the DNA due to the radical being 

covalently connected to spermine.

Synthesis of an alkycobalamin-spermine conjugate (2) was readily achieved in two steps. 

Reduction of cyanocobalamin with zinc dust results in reduced Co(I) cobalamin [Co(I)bl], a 

species often referred to as a “super nucleophile” that has broad chemical reactivity (36,37). 

In this case, Co(I)bl undergoes a concerted nucleophilic substitution reaction (SN2) with 4-

bromobutyric acid to form β-(4-carboxybutyryl)cobalamin (1). Reaction of 1 with spermine 

using the coupling agent N,N,Nʹ,Nʹ-tetramethyl-O-(N-succinimidyl)uronium 

tetrafluoroborate (TSTU) affords 2. Efficacy of 2 as a DNA cleaving agent is demonstrated 

by the observation of damage at concentrations as low as 1.4 molecules per base pair (Figure 

11), which is an order of magnitude better than MeCbl. This significant increase in DNA 

cleaving ability in comparison to MeCbl suggests that the alkyl radical is generated near the 

DNA bound by 2.

Conclusion

Strand scission of DNA and RNA via radicals has proven useful for studying structure and 

binding interactions of these biomacromolecules. Photoresponsive compounds that generate 

radicals are particularly useful for these experiments because they afford temporal control of 

radical production. The majority of photoresponsive compounds that have been reported for 

radical mediated polynucleotide scission require high energy, short wavelength UV light. 

UV light is readily absorbed by nucleotide bases resulting in polynucleotide damage. This 

damage due to light absorption by nucleotide bases interferes with the diffusible radical 

based cleavage data that is necessary to determine the structure of polynucleotides and 

polynucleotide complexes with small molecules or proteins. Plasmid relaxation experiments 

demonstrate that MeCbl causes DNA strand scission via a mechanism that is dependent on 

•CH3 when exposed to visible light. Most importantly, cleavage of DNA by MeCbl does not 

occur in the dark and visible light does not damage DNA in contrast to UV light. Facile 

modification MeCbl improved the ability of the alkylcobalamin to cause DNA cleavage by 

an order of magnitude. This demonstrates an ability to add polynucleotide-recognizing 

moieties, such as those developed by Dervan’s group (38), to target DNA/RNA and specific 

sequences for cleavage.

Acknowledgments

Research supported by New Hampshire-INBRE through an Institutional Development Award (IDeA), 
P20GM103506, from the National Institute of General Medical Sciences of the National Institute of Health.

References

1. Dixon WJ, Hayes JJ, Levin JR, Weidner MF, Dombroski BA, Tullius TD. Hydroxyl radical 
footprinting. Methods Enzymol. 1991; 208:380–413. [PubMed: 1664026] 

2. Hampel KJ, Burke JM. Time-resolved hydroxyl-radical footprinting of RNA using Fe(II)-EDTA. 
Methods. 2001; 23:233–239. [PubMed: 11243836] 

3. McGinnis JL, Duncan CDS, Weeks KM. High-Throughput Analysis of RNA Structure and 
Ribonucleoprotein Assembly. Methods in Enzymol. 2009; 468:67–89. [PubMed: 20946765] 

McCue et al. Page 9

Photochem Photobiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Tullius TD. Probing DNA structure with hydroxyl radicals. Curr Protoc Nucleic Acid Chem. 2002 
Chapter 6, Unit 6.7. 

5. Kozlowski H, Kolkowska P, Watly J, Krzywoszynska K, Potocki S. General Aspects of Metal 
Toxicity. Curr Med Chem. 2014; 21:3721–3740. [PubMed: 25039781] 

6. Lee HM, Larson DR, Lawrence DS. Illuminating the Chemistry of Life: Design, Synthesis, and 
Applications of “Caged” and Related Photoresponsive Compounds. ACS Chem Biol. 2009; 4:409–
427. [PubMed: 19298086] 

7. Ellis-Davies GCR. Caged compounds: photorelease technology for control of cellular chemistry and 
physiology. Nature Methods. 2007; 4:619–628. [PubMed: 17664946] 

8. Shell TA, Lawrence DS. A New Trick (Hydroxyl Radical Generation) for an Old Vitamin (B12). J 
Am Chem Soc. 2011; 133:2148–2150. [PubMed: 21275391] 

9. Mohler DL, Dain DR, Kerekes AD, Nadler WR, Scott TL. Organometallic photonucleases: a novel 
class of DNA-cleaving agents. Bioorg Med Chem Lett. 1998; 8:871–874. [PubMed: 9871557] 

10. Chowdhury N, Gangopadhyay M, Karthik S, Pradeep Singh ND, Baidya M, Ghosh SK. Synthesis, 
photochemistry, DNA cleavage/binding and cytotoxic properties of fluorescent quinoxaline and 
quinoline hydroperoxides. J Photochem Photobiol B: Biol. 2014; 130:188–198.

11. Riordan CG, Wei P. Methyl Radical-Initiated DNA Cleavage Facilitated by a Discrete 
Organometallic Complex. J Am Chem Soc. 1994; 116:2189–2190.

12. Mohler DL, Downs JR, Hurley-Predecki AL, Sallman JR, Gannett PM, Shi X. DNA Cleavage by 
the Photolysis of Cyclopentadienyl Metal Complexes:  Mechanistic Studies and Sequence 
Selectivity of Strand Scission by CpW(CO)3CH3. J Org Chem. 2005; 70:9093–9102. [PubMed: 
16268578] 

13. Yu SL, Lee SK. Ultraviolet radiation: DNA damage, repair, and human disorders. Mol Cell 
Toxicol. 2017; 13:21–28.

14. Schuch AP, Moreno NC, Schuch NJ, Menck CFM, Garcia CCM. Sunlight damage to cellular 
DNA: Focus on oxidatively generated lesions. Free Radical Biol Med. 2017; 107:110–124. 
[PubMed: 28109890] 

15. Shell TA, Lawrence DS. Vitamin B12: A Tunable, Long Wavelength, Light-Responsive Platform 
for Launching Therapeutic Agents. Acc Chem Res. 2015; 48:2866–2874. [PubMed: 26479305] 

16. Shell TA, Shell JR, Rodgers ZL, Lawrence DS. Tunable visible and Near-IR photoactivation of 
light-responsive compounds by using fluorophores as light-capturing antennas. Angew Chem Int 
Ed. 2014; 53:875–878.

17. Priestman MA, Shell TA, Sun L, Lee HM, Lawrence DS. Merging of Confocal and Caging 
Technologies: Selective Three Color Communication with Profluorescent Reporters. Angew Chem 
Int Ed. 2012; 51:7684–7687.

18. Rodgers ZL, Shell TA, Brugh AM, Nowotarski HL, Forbes MDE, Lawrence DS. Fluorophore 
Assisted Photolysis of Thiolato-Cob(III)alamins. Inorg Chem. 2016; 55:1962–1969. [PubMed: 
26848595] 

19. Taylor RT, Smucker L, Hanna ML, Gill J. Aerobic photolysis of alkylcobalamins: quantum yields 
and light-action spectra. Arch Biochem Biophys. 1973; 156:521–533. [PubMed: 4718782] 

20. Schrauzer GN, Lee LP, Sibert JW. Alkylcobalamins and alkylcobaloximes. Electronic structure, 
spectra, and mechanism of photodealkylation. J Am Chem Soc. 1970; 92:2997–3005. [PubMed: 
5446952] 

21. Kozlowski PM, Garabato BD, Lodowski P, Jaworska M. Photolytic properties of cobalamins: a 
theoretical perspective. Daltons Trans. 2016; 45:4457–4470.

22. Sies H, Menck FMM. Singlet oxygen induced DNA damage. Mutation Research/DNAging. 1992; 
275:367–375.

23. DeFedericis HC, Patrzyc HB, Rajecki MJ, Budzinski EE, Iijima H, Dawidzik JB, Evans MS, 
Greene KF, Box HC. Singlet-Oxygen Induced DNA Damage. Radiat Res. 2006; 165:445–451. 
[PubMed: 16579657] 

24. Connolly TJ, Baldovi MV, Mohtat N, Scaiano JC. Photochemical synthesis of TEMPO-capped 
initiators for “living” free radical polymerization. Tetrahedron Lett. 1996; 37:4919–4922.

McCue et al. Page 10

Photochem Photobiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Ferrer A, Rivera J, Zapata C, Norambuena J, Sandoval Á, Chávez R, Orellana O, Levicán G. 
Cobalamin Protection against Oxidative Stress in the Acidophilic Iron-oxidizing Bacterium 
Leptospirillum Group II CF-1. Front Microbiol. 2016; 7:748. [PubMed: 27242761] 

26. Sawyer DT, Kang C, Llobet A, Redman C. Fenton reagents (1:1 FeIILx/HOOH) react via 
[LxFeIIOOH(BH+)] (1) as hydroxylases (RH → ROH), not as generators of free hydroxyl radicals 
(HO•). J Am Chem Soc. 1993; 115:5817–5818.

27. Fossey, J., Lefort, D., Sorba, J. Free Radicals in Organic Chemistry. John Wiley and Sons; New 
York City, New York: 1995. 

28. Schwartz PA, Frey PA. 5′-Peroxyadenosine and 5′-peroxyadenosylcobalamin as intermediates in 
the aerobic photolysis of adenosylcobalamin. Biochemistry. 2007; 46:7284–7292. [PubMed: 
17503776] 

29. Shell TA, Mohler DL. Hydrolytic DNA Cleavage by Non-Lanthanide Metal Complexes. Curr Org 
Chem. 2007; 11:1525–1542.

30. Linn DE Jr, Gould ES. Electron transfer. 92 Reductions of vitamin B12a (hydroxocobalamin), with 
formate and related formyl species. Inorg Chem. 1988; 27:1625–1628.

31. Tenhaeff SC, Covert KJ, Castellani MP, Grunkemeier J, Kunz C, Weakley TJR, Koenig T, Tyler 
DR. Equilibrium constants for homolysis of metal-metal-bonded organometallic dimers in 
cyclohexane solution. Reaction of the (MeCp)Mo(CO)3 radical with the nitroxide radical trap 
TMIO. Organometallics. 1993; 12:5000–5004.

32. Kumar M, Kozlowski PM. Why hydroxocobalamin is photocatalytically active? Chem Phys Lett. 
2012; 543:133–136.

33. Wiley TE, Miller WR, Miller NA, Sension RJ, Lodowski P, Jaworska M, Kozlowski PM. 
Photostability of Hydroxocobalamin: Ultrafast Excited State Dynamics and Computational 
Studies. J Phys Chem Lett. 2016; 7:143–147. [PubMed: 26655401] 

34. Karigiannis G, Papaioannou D. Structure, Biological Activity and Synthesis of Polyamine Analogs 
and Conjugates. Eur J Org Chem. 2000; 2000:1841–1863.

35. Shell TA, Mohler DL. Selective targeting of DNA for cleavage within DNA-histone assemblies by 
a spermine-[CpW(CO)3Ph]2 conjugate. Org Biomol Chem. 2005; 3:3091–3093. [PubMed: 
16106287] 

36. Kumar M, Kozlowski PM. Electronic and structural properties of Cob(I)alamin: Ramifications for 
B12-dependent processes. Coord Chem Rev. 2017; 333:71–81.

37. Jensen KP. Electronic Structure of Cob(I)alamin: The Story of an Unusual Nucleophile. J Phys 
Chem B. 2005; 109:10505–10512. [PubMed: 16852272] 

38. Dervan PB. Molecular Recognition of DNA by Small Molecules. Bioorg Med Chem. 2001; 
9:2215–2235. [PubMed: 11553460] 

McCue et al. Page 11

Photochem Photobiol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Structure of methylcobalamin, (X = CH3), alkycobalamins (X = alkyl group), 

hydroxocobalamin (X = OH), and thiolatocobalamins (X = SR).
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Figure 2. 
Visible light-mediated cleavage of pBR322 DNA (10 μM/bp in pH 7.4 phosphate buffer) by 

methylcobalamin. Lanes 1 and 2, DNA alone; lanes 3 – 8, DNA and methylcobalamin 

(1000, 1000, 750, 563, 422, and 316 μM, respectively). Samples in lanes 1 and 3 were 

incubated in the dark, and those in lane 2 and lanes 4 – 8 were illuminated with filtered 

green light (450 W medium pressure Hg arc lamp) for 45 min.
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Figure 3. 
Visible light-mediated cleavage of DNA by methylcobalamin as a function of photolysis 

time. Lanes 1 and 2, DNA alone; lanes 3 – 11, DNA (10 μM/bp in pH 7.4 phosphate buffer) 

and methylcobalamin (1.00 mM). Samples in lanes 1 and 3 were incubated in the dark, and 

those in lane 2 and lanes 4 – 11 were illuminated with filtered green light (>500 nm, 450 W 

medium pressure Hg arc lamp) for 8, 1, 2, 3, 4, 5, 6, 7, and 8 min, respectively.
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Figure 4. 
Radical scavenging of methylcobalamin-mediated DNA cleavage. The effect of TEMPO on 

the cleavage of pBR322 DNA (10 μM/bp in pH 7.4 PBS) by methylcobalamin was assessed. 

Lanes 1 and 2, DNA alone; lanes 3 and 4, DNA and methylcobalamin (0.500 mM); lane 5 

DNA, methylcobalamin (0.500 mM), and TEMPO (50.0 mM). The samples in lanes 1 and 3 

were incubated in the dark, and those in lanes 2 and 4 - 6 were illuminated with filtered 

green light (>500 nm, 450 W medium pressure Hg arc lamp) for 10 min.
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Figure 5. 
Effect of photolysis of methylcobalamin before the addition of plasmid DNA on the 

cleavage of DNA. Methylcobalamin (1 mM) mediated pBR322 DNA (10 μM/bp in pH 7.4 

phosphate buffer) cleavage was measured after DNA was added to photolyzed 

methylcobalamin. Lane 1 pBR322 DNA; lane 2 pBR322 DNA and methylcobalamin; and 

lane methylcobalamin illuminated with filtered green light (>500 nm, 450 W medium 

pressure Hg arc lamp) for 15 min before DNA was added in the dark.
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Figure 6. 
Visible light-mediated DNA cleavage by methylcobalamin in the absence of oxygen. 

Methylcobalamin (1 mM) mediated pBR322 DNA (10 μM/bp in pH 7.4 phosphate buffer) 

cleavage was measured in the presence and absence of oxygen. Lanes 1 and 2, DNA alone; 

lanes 3, 4 and 5, DNA and methylcobalamin (1.00 mM). a) Nitrogen was bubbled through 

the buffer of the deoxygenated sample (lane 5) for 30 min. b) The degassed sample (Lane 5) 

underwent 5 freeze-pump-thaw cycles before being illuminated with light while under 

vacuum. Samples in lanes 1 and 3 were stored in the dark and samples in lanes 2, 4, and 5 

were irradiated with filtered green light (>500 nm, 450 W medium pressure Hg arc lamp) for 

10 min.
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Figure 7. 
a) UV/Vis spectrum of hydroxocobalamin. b) UV/Vis spectrum of reduced cobalamain, 

Co(II)bl.
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Figure 8. 
Anaerobic cleavage of pBR322 DNA (10 μM/bp in pH 7.4 PBS) by vitamin Co(II)bl. 

Anaerobic DNA cleavage by vitamin Co(II)bl in the presence and absence of TEMPO was 

assessed. Lane 1, DNA alone; lane 2, DNA and vitamin Co(II)bl (1 mM); lane 3, DNA, 

vitamin Co(II)bl (1 mM); and TEMPO (50 mM). Co(II)bl was produced by the reduction of 

hydroxocobalamin by formate. Samples were incubated in dark for 5 min.
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Figure 9. 
Anaerobic visible light-mediated DNA cleavage by methylcobalamin in the presence of 

TEMPO. Methylcobalamin (1 mM) mediated pBR322 DNA (10 μM/bp in pH 7.4 PBS) 

cleavage was measured in the absence of oxygen. Lanes 1 and 2, DNA alone; lanes 3, and 4 

DNA and methylcobalamin; lane 5 DNA, methylcobalamin, and TEMPO (50 mM). 

Nitrogen on was bubbled through the buffer of the deoxygenated samples (lanes 4 and 5) for 

30 min. Samples in lanes 1 and 3 were stored in the dark and samples in lanes 2, 4, and 5 

were irradiated with filtered green light (450 W medium pressure Hg arc lamp) for 10 min.
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Figure 10. 
Hydroxocobalamin is ineffective at causing cleavage of pBR322 DNA (10 μM/bp in pH 7.4 

PBS) when illuminated with visible light. Lanes 1 and 2, DNA alone; lanes 3 – 8, DNA and 

hydroxocobalamin (1.00, 0.750, 0.500, and 0.250 mM, respectively). Samples in lanes 1 and 

3 were incubated in the dark, and those in lane 2 and lanes 4 – 8 were illuminated with 

filtered green light (>500 nm, 450 W medium pressure Hg arc lamp) for 45 min.
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Figure 11. 
Visible light-mediated cleavage of pBR322 DNA (10 μM/bp in pH 7.4 phosphate buffer) by 

spermine-cobalamin conjugate (2). Lanes 1 and 2, DNA alone; lanes 3 – 12, DNA and 

spermine-cobalamin conjugate (250, 250, 175, 122, 85, 60, 42, 29, 20, and 14 μM, 

respectively). Samples in lanes 1 and 3 were incubated in the dark, and those in lane 2 and 

lanes 4 – 12 were illuminated with filtered green light (>500 nm, 450 W medium pressure 

Hg arc lamp) for 10 min.
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Scheme 1. 
Synthesis of an alkycobalamin-spermine conjugate (2).
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