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Abstract

Enzymes that catalyze DNA modifying activities including cytidine deamination and cytosine 

methylation play important biological roles and have been implicated pathologically in diseases 

such as cancer. Here, we report Direct Resolution of ONE dalton difference (DRONE), an 

UHPLC-based analytical method to track a single dalton change in the cytosine-to-uracil 

conversion catalyzed by the human apolipoprotein B m-RNA editing catalytic polypeptide-like 3 

(APOBEC3) cytidine deaminases, implicated in cancer and antiviral defense. Additionally, we 

demonstrate broad applicability by tracking other important DNA modifications and assessing 

epigenetic enzyme inhibition. We have extended our methodology to obtain data on two distinct 

deamination events in the same oligonucleotide substrate designed from a putative APOBEC 

substrate, diversifying the utility of the described method. DRONE provides an important 

foundation for in-depth analysis of DNA-modifying enzymes and versatile detection of novel 

DNA modifications of interest.
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Enzymes involved in changes that modify DNA are important in virtually every aspect of 

human biology, from high fidelity DNA replication and repair to the maintenance of 

homeostasis. Many of these DNA modifying enzymes, which alter the sugar ring or 

nucleobase within a strand of DNA, are also intricately involved in pathological processes 

such as cancer and have therefore become important molecular targets for drug discovery 

efforts.1–4 In particular, Apolipoprotein B mRNA editing catalytic polypeptide like 3 

(APOBEC3) enzymes, which catalyze a cytidine (C)-to-uridine (U) conversion in single 

stranded DNA (ssDNA), are recently discovered de novo mutators in cancer.5–8 APOBEC3-

induced mutations can account for up to 60% of total somatic mutations in some cancers, 

underscoring the need to understand the mechanistic link between APOBEC3 enzyme 

catalysis and their role in human cancers.8

Biochemical investigation in the APOBEC cytidine deaminase field stems from early work 

on APOBEC1, the founding member of the APOBEC family in the editing of 

Apolipoprotein B mRNA. This posttranscriptional RNA editing was initially characterized 

biochemically using a primer extension based method developed by Driscoll et al. in which 

editing was detected by differential termination of polymerase extension via incorporation of 

specific dideoxynucleotides.9,10 Since this original work, many studies particularly by the 

laboratory of Harold Smith, have used the poisoned primer extension assay to characterize 

the APOBEC family of cytidine deaminase at large, including APOBEC1 and APOBEC3 

family members.11–14 In parallel, a number of assays leveraging uracil DNA glycosylase 

(UDG) post-processing,15–18 PCR and restriction enzyme analysis,19,20 and E. Coli 
antibiotic resistance acquirement21,22 have also been utilized to assess cytidine deaminase 

activity. Those methods utilizing enzymatic processing have been adapted to a number of 

different formats (either gel-based densitometry readouts or 96 well plates equipping higher 

throughput capabilities23), allowing for efficient tailoring of the assay to better fit the needs 

of the researcher. These efforts converge in the goal of accurate biochemical characterization 

of APOBEC enzymes especially given their physiological and pathological relevance in 
vivo.

One challenge in the design of assays to detect APOBEC activity is that each involves a 

number of post-processing steps to efficiently detect the product of cytidine deamination. 

This analytical challenge stems from the fact that a cytidine deamination reaction results in 

the loss of a single dalton in a long strand of DNA (Figure 1A) which, in the absence of 

superior analytical methodologies, cannot be monitored directly given the miniscule change 

in molecular weight between the substrate and the product. In this study, we use a highly 

sensitive analytical chemistry methodology using ultra high performance liquid 

chromatography (UHPLC) to detect the small molecular weight difference between the 

substrate and the product. The use of HPLC and UHPLC MS/MS approaches to detect DNA 

modifications has long been established in the detection of DNA and RNA modifications, 

for instance, through the global measurement of DNA methylation and RNA adenosine 

methylation24–26 Diverse DNA and RNA modifications are able to be tracked using these 

next generation HPLCs, owing to the sensitive detection and efficient separation of DNA 

molecules. In particular, usage of volatile solvents allows for efficient coupling to MS/MS 

workflows, potentiating accurate identification of DNA modifications. We thus sought to 
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develop a method leveraging the capability of UHPLC in the usage of sub-2 micron columns 

to perform unprecedented separations in detecting DNA modifications.

Here, we report Direct Resolution of ONE dalton difference (DRONE), an analytical method 

using UHPLC to resolve the one dalton difference arising from the cytidine to uracil 

conversion catalyzed by APOBEC3 enzymes. As a first step in proof of concept, we sought 

to separate a 1:1 mixture of 30-mer reactant and product oligonucleotides of an APOBEC 

enzyme reaction (Figure 1A, Table S1). We modified multiple parameters including the use 

of a Poroshell 1.9 micron C18 column, a mobile phase consisting of the ion pairing HFIP-

TEA buffer system (Buffer A: 400mM hexafluoroisopropanol (HFIP), 15mM 

trimethylamine (TEA); Buffer B: 50% Buffer A, 50% methanol), and optimized critical 

chromatographic conditions such as flow rate, temperature, and gradient for optimal 

oligonucleotide separation. In particular, selection of the ion pairing mobile phase was 

influenced by previously demonstrated success in oligonucleotide separations and unique 

properties of HFIP serving as a volatile, denaturing, and acidic solvent, allowing for 

buffering of the mobile phase and suitability for subsequent ionization and analysis by 

MS/MS.27–29

We determined that optimal separation is dependent on gradient steepness (40–45% buffer 

B) and on the length of the oligonucleotide. The developed method is capable of performing 

a one dalton baseline separation of a wide range of DNA molecules from 22–43 bases 

(Figure S1). Interestingly, we found that longer DNA strands containing more bases were 

more difficult to separate, but the usage of a tandem column setup utilizing two UHPLC 

columns restored baseline resolution. We also discovered that separations performed at the 

temperature range of 55–60°C yielded the best resolution (data not shown). Using these 

optimized conditions, we notably obtained baseline resolution of the substrate and product 

oligonucleotides monitoring A260 absorbance with a diode array detector. (Figure 1B).

In order to assess turnover with recombinant APOBEC3 enzyme, we developed a scheme to 

purify DNA for optimal chromatographic separation. Briefly, we optimized a two-step 

purification process, firstly removing proteins by phenol chloroform extraction, and 

secondly removing buffer components by dialysis in water (Figure 2). We then assessed the 

cytidine deamination kinetics of APOBEC3G, the most well studied APOBEC3 family 

member, by incubating it with a substrate oligonucleotide containing the preferred sequence 

of APOBEC3G deamination (5’-ACCCA, in which the deaminated cytosine is underlined) 

over the course of 2.5 hours (Figure 2). DRONE successfully tracked substrate to product 

conversion over time, and the rate of conversion calculated from the AUC of the substrate/

product peaks were comparable to that observed with a radiolabeled UDG assay, a method 

widely used in the assaying of APOBEC cytidine deamination kinetics (Figure S2). DRONE 

can also be used for the detection of lower amounts of turnover, corresponding to 1.6%, 

7.2%, 15%, 34%, successfully detection % product as low as 1% (Figure S3,S4). 

Furthermore, we were able to confirm that DRONE can be used to track the enzymatic 

reaction of a second APOBEC3 enzyme, APOBEC3B, which is closely associated with 

human cancers (Figure S5,S6), broadening the applicability of our method to more than one 

APOBEC3 enzyme.6–8
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After successful utilization of DRONE to track APOBEC cytidine deamination, we 

expanded this method to detect other DNA modifications important in human biology. The 

DNA base cytosine is also a substrate for many epigenetic modifications caused by enzymes 

implicated in cancer including DNA methyltransferase (DNMT) catalyzed cytosine 

methylation and Ten-Eleven Translocation (TET) enzyme induced cytosine 

hydroxymethylation (Figure 3A).1,4 APOBEC activity can also act on methylated cytosine,
18,30 so we validated whether the substrate and product of this particular conversion will be 

separated to reasonable resolution (Figure 3A). We tested the separation of substrate and 

product oligonucleotides of each enzyme-catalyzed modification in the context of a longer 

strand of DNA with DRONE. Remarkably, all modifications were baseline resolved using 

the DRONE methodology (Figure 3B).

To further explore epigenetic modifications such as DNA cytosine methylation, an alteration 

which is abundant in CpG islands present in promoter regions of many cancer genomes,1 we 

examined the reaction catalyzed by recombinantly expressed and purified DNMT3B, a de 
novo DNA cytosine methyltransferase implicated in several cancers including lung cancer 

and melanoma.1,31,32 While conversion of substrate to product occurred at a much slower 

rate as compared to APOBEC cytidine deamination, we achieved baseline separation of 

substrate and product peaks permitting accurate quantitation of the individual peaks (Figure 

3C). Such built-in versatility extends DRONE into the monitoring of epigenetic DNA 

modifications implicated in human pathology and disease.

We next attempted to apply DRONE in the context of enzyme inhibitor evaluation. Given 

that inhibitor screens of DNA modifying enzymes often involve cumbersome method 

development including usage of radioactive material, we next attempted to evaluate 

inhibition of DNA modifying activity. As a pilot experiment, we decided to test the 

inhibitory activity of Nanaomycin A, which was found to be a potent and specific small 

molecule inhibitor of DNMT3B (Figure 4A).33 We performed dose response experiments 

and have found that Nanaomycin A inhibits DNMT3B activity is a dose- dependent manner. 

From this inhibition, we were able to extract out an IC50 value of 730 nM, consistent to the 

high nanomolar IC50 from a previously reported filter binding assay (Figure 4B).33 This 

preliminary data extends the use of DRONE in the evaluation of inhibitor efficacy in the 

context of in vitro enzymatic activity.

Detection methods other than monitoring absorbance, for instance fluorescence, would be 

beneficial in enhancing the sensitivity and signal of the analytical output.34 One immediate 

advantage of a fluorescent output would be the usage of DRONE in a cellular context, for 

instance in endogenously relevant cellular lysates, in which DNA modifying activity occurs 

at a much slower rate. We were curious to examine to what extent a fluorescent detection 

methodology will result in signal enhancement in comparison to detection of absorbance at 

260 nm. In a proof-of-concept experiment, we incubated APOBEC3G with the 6-

carboxyfluorescein (6-FAM) labeled substrate at the 5’ end for one hour to produce a 

near-1:1 ratio of substrate to product oligonucleotide. The oligonucleotide used for these 

experiments is a 5’ FAM labeled 27mer sequence containing a central APOBEC3G 

recognition site (5’-ACCCA-3’) (Table S1). Remarkably, fluorescence yielded a > 2-fold 

amplitude in peak height as compared to the data obtained using absorbance at 260nm. 
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Furthermore, quantitation of the signal to noise ratio improved from 20:1 in A260 detection 

to 400:1 in fluorescent detection, potentiating detection of less abundant species (Figure 4C). 

Furthermore, we successfully validated efficient turnover of these modified oligonucleotides 

by APOBEC3G (Figure 4D). The use of such fluorescently labeled oligonucleotides could 

serve as a tool for increasing the sensitivity and engineering specificity in detection for 

challenging applications. This methodology could be easily adapted to detection by mass 

spectrometry as well.

Recent studies analyzing cancer genomes have suggested putative targets of the mutagenic 

APOBEC3 proteins, namely APOBEC3A and APOBEC3B.8,35–37 In a study conducted in 

2014 by Henderson et al. focusing on head and neck squamous cell carcinomas38, two 

PIK3CA helical domain mutations (E542K and E545K) were identified as putative targets of 

APOBEC3. To validate this finding, we designed a 25mer single stranded oligonucleotide 

substrate containing these two sites (Figure 5), and we performed studies to observe the 

underlying deamination kinetics using our developed method. After assignment of each peak 

based on UHPLC runs of each product oligonucleotide individually and mixed together, we 

have found that both sites are efficiently deaminated (denoted P1 for the central C and P2 for 

the 5’ C) by APOBEC3B in a time-dependent manner over the course of 4 hours (Figure 5). 

Furthermore, we were able to detect sequential deamination events in the same 

oligonucleotide substrate shown as separately eluting peaks off of the UHPLC column. 

Quantification of the resulting peaks shows a time-dependent accumulation of a singly 

deaminated intermediate and its subsequent depletion to form the double deaminated 

product. We were able to establish sequential deamination of an endogenously relevant 

oligonucleotide substrate identified from bioinformatics studies.

In this study, we describe DRONE, an UHPLC-based analytical method to directly monitor 

reaction kinetics of several DNA modifying enzymes implicated in human cancers. The 

developed method is equipped with versatility, efficiently tracking APOBEC cytidine 

deamination at a one Dalton resolution, along with other DNA modifications including 

cytosine methylation and hydroxymethylation. This detection of enzymatic activity also 

allows for one to decipher more complex kinetic questions, an inherent challenge with 

traditional assays tracking DNA modifications. DRONE could thus be an important addition 

to existing method development workflows in the characterization of potent DNA mutators 

and DNA modifying enzymes implicated in human disease.
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Figure 1. Design of DRONE, a UHPLC based assay to detect APOBEC activity.
A. Design of DRONE, a novel UHPLC based assay to detect the one Dalton difference 

between 30mer substrate and product oligonucleotides. B. Pilot baseline resolution 

separation of 30mer APOBEC3G substrate and product oligonucleotide.
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Figure 2. Applying DRONE to track APOBEC3G enzyme turnpover.
A. Development of a scheme to purify enzyme timepoint experiments by UHPLC analysis. 

B. A schematic depicting cytosine to uracil conversion catalyzed by recombinant 

APOBEC3G C. Conversion of substrate to product catalyzed by recombinant APOBEC3G 

over the course of 2.5 hours. Reaction was conducted under single turnover conditions at 5 

μM recombinant APOBEC3G and 1 μM substrate oligonucleotide. Quantitation based on 

AUC analysis is shown on the bottom right representing mean +/− SEM of % product values 

based on three biological replicates per timepoint.
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Figure 3. Detection of epigenetic modifications and turnover by recombinant DNMT3B.
A. Schematic of epigenetic modifications on cytosine catalyzed by the respective enzymes. 

B. Separation of substrate and product oligonucleotides of several DNA modifying enzymes 

acting downstream of DNA cytosine. C. Turnover of the de novo DNA methyltransferase 

DNMT3B catalytic domain. Quantification is based on AUC analysis yielding mean +/− 

SEM from two biological replicates per timepoint.
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Figure 4. Applications of DRONE.
A. The structure of nanaomycin A. B. Inhibition of methyltransferase activity by the 

addition of DNMT3B inhibitory nanaomycin A. C. Adoption of fluorescent detection to 

boost sensitivity and signal of UHPLC traces. Inset represents the trace using A260 UV 

detection which has a lower signal to noise ratio. D. One hour incubation of an 

oligonucleotide tagged with 6-FAM fluorophore on the 5’ end with APOBEC3G in 

comparison to a substrate only control and a blank injection.
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Figure 5. Deamination Kinetics of a PIK3CA mimic substrate.
A. DNA sequence of the 25mer PIK3CA substrate with the two target cytosines denoted. B. 

Deamination by the recombinant APOBEC3B of the PIK3CA target substrate. Over the 

course of four hours, accumulation of P1 and P2 corresponding to the central and 5’ cytosine 

deamination event was observed, denoted on the timecourse.
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