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SUMMARY 27 

Here, we present a protocol for an efficient single step purification of the active untagged 28 

human ten-eleven translocation-2 (TET2) 5-methylcytosine dioxygenase using ion-exchange 29 

chromatography and its assay using a liquid chromatography-tandem mass spectrometry (LC-30 

MS/MS)-based approach. 31 

 32 

ABSTRACT 33 

The epigenetic transcription regulation mediated by 5-methylcytosine (5mC) has played a 34 

critical role in eukaryotic development. Demethylation of these epigenetic marks is 35 

accomplished by sequential oxidation by ten-eleven translocation dioxygenases (TET1-3), 36 

followed by the thymine-DNA glycosylase-dependent base excision repair. Inactivation of the 37 

TET2 gene due to genetic mutations or by other epigenetic mechanisms is associated with a 38 

poor prognosis in patients with diverse cancers, especially hematopoietic malignancies. Here, 39 

we describe an efficient single step purification of enzymatically active untagged human TET2 40 

dioxygenase using cation exchange chromatography. We further provide a liquid 41 

chromatography-tandem mass spectrometry (LC-MS/MS) approach that can separate and 42 

quantify the four normal DNA bases (A, T, G, and C), as well as the four modified cytosine bases 43 
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(5-methyl, 5-hydroxymethyl, 5-formyl, and 5-carboxyl). This assay can be used to evaluate the 44 

activity of wild type and mutant TET2 dioxygenases. 45 

 46 

INTRODUCTION 47 

The C5 position of cytosine bases within CpG dinucleotides is the predominant methylation site 48 

(5mCpG) in mammalian genomes1. In addition, a number of recent studies have uncovered 49 

extensive C5 cytosine methylation (5mC) in non-CpG sites (5mCpH, where H = A, T, or C)2,3. 5mC 50 

modification serves as a transcriptional silencer at endogenous retrotransposons and gene 51 

promoters3-5. DNA methylation at 5mC also plays important roles in X chromosome 52 

inactivation, gene imprinting, nuclear reprogramming and tissue-specific gene expression5-7. 53 

Methylation of cytosine at the C5 position is carried out by DNA methyltransferases, and 54 

mutations in these enzymes cause significant developmental defects8. The removal of 5mC 55 

marks are initiated by TET1-3 5mC oxidases9, 10. These TET-family dioxygenases convert 5mC 56 

into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) by 57 

sequential oxidation steps11-13. Finally, thymine-DNA glycosylase replaces 5fC or 5caC to 58 

unmodified cytosine using the base excision repair pathway11. 59 

 60 

The human TET2 gene was identified as a frequently mutated gene in diverse hematopoietic 61 

malignancies including myelodysplastic syndromes (MDS)14-16, MDS-myeloproliferative 62 

neoplasms (MDS-MPN), and acute myeloid leukemia (AML) originating from MDS and MDS-63 

MPN16. The levels of 5hmC modification in the bone marrow DNA are lower in patients with 64 

TET2 mutations compared to those with wild type (wt)-TET214. A number of groups have 65 

developed TET2-knockout mouse models to elucidate its role in normal hematopoiesis and 66 

myeloid transformation17-20. These mice with mutations in the TET2 gene were initially normal 67 

and viable, but manifested diverse hematopoietic malignancies as they aged causing their early 68 

death. These studies showed the important roles played by the wt-TET2 in normal 69 

hematopoietic differentiation. In these mouse models, the heterozygous hematopoietic stem 70 

cells (TET2+/– HSCs) and homozygous TET2–/– HSCs had a competitive advantage over 71 

homozygous wt-TET2 HSCs in repopulating hematopoietic lineages as both TET2+/– and TET2–/– 72 

HSCs developed diverse hematopoietic malignancies17,18. These studies demonstrate that 73 

haploinsufficiency of TET2 dioxygenase alters the development of HSCs and results in 74 

hematopoietic malignancies. 75 

 76 

Similar to mice with mutations in the TET2 gene, most leukemia patients manifest 77 

haploinsufficiency of TET2 dioxygenase activity. These mostly heterozygous somatic mutations 78 

include frame-shift and nonsense mutations dispersed throughout the TET2 gene body while 79 

missense mutations that are most clustered in the dioxygenase domain12. To date, little 80 

characterization of wt- and mutant-TET2 is reported in the literature mainly due to difficulties 81 

with the production of TET2 dioxygenase and its assay21. Here, we report a simple single-step 82 

purification of native TET2 dioxygenase using ion exchange chromatography. Further, a 83 

quantitative LC-MS/MS assay was optimized and used to measure the enzymatic activity of 84 

native TET2 dioxygenase. 85 

 86 

PROTOCOL 87 
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 88 

1. Cloning and Purification of Untagged Human TET2 Dioxygenase 89 

 90 

1.1. Clone human TET2 dioxygenase (TET2 1129-1936, ∆1481-1843) into the pDEST14 91 

destination vector using the site-specific recombination technique as previously described22. 92 

 93 

Note: Previous studies have demonstrated that the C-terminal TET2 dioxygenase (TET2 1129-94 

1936, ∆1481-1843) domain is the minimal catalytically active domain21,23. In order to express 95 

the untagged TET2 dioxygenase domain using the pDONR221 vector, Shine Dalgarno and Kozak 96 

sequences were incorporated in the forward primer during PCR (Table 1). 97 

 98 

1.2. For bacterial transformation, add 1 µL of recombinant pDEST14 expression vector 99 

containing untagged human TET2 dioxygenase (TET2 1129-1936, ∆1481-1843) to 100 µL of 100 

chemically competent E. coli BL21 (DE3) cells in a 1.7 mL tube. Keep the mixture on ice for at 101 

least 15 minutes followed by heat shock at 42 °C for 30 s in a water bath.  102 

 103 

1.2.1. Immediately after heat shock, keep the cells back on ice for minimum of 2 min. 104 

Following this, add 250 µL of super optimal broth with catabolite repression (S.O.C media) to 105 

cells. Incubate the bacterial cells for 1 h at 37 °C in a shaker.  106 

 107 

1.2.2. After incubation, spin down the cells by centrifuging the tube at 9,000 x g for 1 min. 108 

Discard 70% supernatant by pipetting and dissolve the pellet in left over media.  109 

 110 

1.2.3. Spread the cell suspension on a Luria broth (LB) agar plate containing 100 µg/mL 111 

ampicillin. Incubate the plate for 16 h at 37 °C. 112 

 113 

1.3. Select one isolated colony and inoculate it into 100 mL of LB-ampicillin media as a 114 

primary culture. Incubate the flask at 37 °C in a shaker for overnight. The next day, use 6 mL 115 

each of primary culture to inoculate 15 flasks, each containing 600 mL of LB-ampicillin media. 116 

Incubate the flasks at 37 °C on a shaker at 180 rpm. 117 

 118 

Note: For verifying transformed clones, perform DNA sequencing or restriction digestion with 119 

the isolated plasmid DNA. 120 

 121 

1.4. To check the density of bacterial culture, measure its OD600 using a spectrophotometer. 122 

After the culture reaches a density of 0.8 at OD600, induce the expression of TET2 protein with 123 

300 µL of 1 M (final concentration of 0.5 mM in 600 mL) IPTG in each flask and further grow the 124 

culture for 16 h at 17 °C. 125 

 126 

1.5. After 16 h, transfer the bacterial culture to centrifuge bottles. Centrifuge the bacterial 127 

culture expressing the TET2 enzyme at 5,250 x g for 45 min. Use the bacterial pellet for TET2 128 

purification. 129 

 130 

Note: Perform all remaining protein purification steps either on the ice or at 4 °C. 131 
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 132 

1.6. Resuspend the bacterial pellet in 100 mL of 50 mM MES (2-(N-morpholino) ethane 133 

sulfonic acid) buffer, pH 6 and sonicate for 5 × 30 s at power 20 with 60 s cooling intervals. 134 

 135 

1.7. After 10 min of stirring, spin the lysate at 5,250 x g for 45 min. Collect the supernatant 136 

containing the soluble TET2 enzyme and pass through 0.45-µm filters before loading on an FPLC 137 

system. 138 

 139 

Note: In these experiments, the TET2 enzyme was very stable, but if needed a protease 140 

inhibitor cocktail containing 1 mM benzamidine-HCl, 1 mM phenylmethylsulphonyl fluoride 141 

(PMSF), and 0.5 mM 1,10-o-phenanthroline can be added to the cell lysate to prevent 142 

degradation of TET2 enzyme. Avoid using EDTA or EGTA in the inhibitor cocktail as these may 143 

interfere with the following cation-exchange chromatography. 144 

 145 

1.8. Pack 10 mL of a strong cation exchange resin into a FPLC column. Equilibrate the column 146 

with 10 bed volumes of wash buffer (50 mM MES buffer, pH 6) at the constant flow rate of 0.3 147 

mL/min using a FPLC system. 148 

 149 

1.9. Load the clarified lysate onto the pre-equilibrated column and wash with ∼10 bed 150 

volumes of wash buffer until the flow through becomes clear. 151 

 152 

1.10. Elute TET2 using a 0-100% gradient from the wash buffer to the elution buffer (50 mM 153 

MES buffer, pH 6, 1 M NaCl) in 15 bed volumes followed by holding at 100% elution buffer for 154 

two-bed volumes. 155 

 156 

Note: Collect samples (100 µL each) of cell lysate before and after column loading along with all 157 

the elution fractions and analyze on 10% resolving SDS-PAGE. 158 

 159 

1.11. Pool the fractions containing TET2 protein, freeze dry, dissolve enzyme pallet in 10 mL 160 

water and store at –80 °C. 161 

 162 

2. 5mC Oxidation by TET2 Dioxygenase 163 

 164 

2.1. Perform all demethylation reactions in triplicate with 3 µg of substrate (25-mer double 165 

stranded DNA, Table 2).  166 

 167 

2.1.1. Add 100 µg of purified TET2 enzyme in 50 μL of total reaction buffer containing 50 mM 168 

HEPES (pH 8.0), 200 μM FeSO4, 2 mM 2OG (2-oxoglutarate/α-ketoglutarate), and 2 mM 169 

ascorbate and incubate at 37 °C for 1 h21.  170 

 171 

2.1.2. Quench TET2 catalyzed oxidation reactions with 5 μL of 500 mM EDTA. 172 

 173 

2.2. After quenching TET2 reactions, prepare samples for LC-MS/MS analysis by separating 174 

the DNA from TET2 reaction mixture using oligo purification columns.  175 
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 176 

2.2.1. Add 100 µL of oligo binding buffer to 55 µL of quenched reaction.  177 

 178 

2.2.2. Following this, add 400 µL of 100% ethanol to the mixture. Pass this mixture through an 179 

oligo binding column. 180 

 181 

2.2.3. Wash bound DNA with 750 µL wash buffer and elute in 20 µL water. 182 

 183 

2.3. Digest the isolated DNA with 2 units of DNase I and 60 units of S1 nuclease at 37 °C for 184 

12 h to produce individual nucleoside-monophosphates.  185 

 186 

2.4. Following digestion, add 2 units of calf intestinal alkaline phosphatase (CIAP) in the 187 

samples and incubate for addition 12 h at 37 °C to remove the terminal phosphate groups from 188 

nucleoside-monophosphates to obtain nucleosides. 189 

 190 

2.5. Quantify all nucleosides, especially modified cytosines, using the LC-MS/MS method 191 

described below. 192 

 193 

3. Quantitative LC-MS/MS-based Assay Development 194 

 195 

3.1. Prepare 100 µM stock solution of all modified cytosine nucleosides [5-methyl-2′-196 

deoxycytidine (5mdC), 5-hydroxymethyl-2′-deoxycytidine (5hmdC), 5-formyl-2′-deoxycytidine 197 

(5fdC), and 5-carboxy-2′-deoxycytidine (5cadC)] and normal DNA bases (adenine, thymine, 198 

cytosine, and guanine) in HPLC-grade water for the development of the LC-MS/MS method. 199 

 200 

3.2. Optimize nucleoside-dependent MS/MS parameters by infusing stock solutions, one at a 201 

time, in mass spectrometer at a flow rate of 10 µL/min in EMS scan mode. Optimize following 202 

parameters: Declustering Potential (DP), Entrance Potential (EP), Collision Cell Entrance 203 

Potential (CEP), Collision Energy (CE), and Collision Cell Exit Potential (CXP) for each DNA 204 

nucleoside using automated quantitative optimization feature of the software. 205 

 206 

3.3. Optimize source-dependent MS/MS parameters by injecting 10 µL of stock solution 207 

using a gradient with 25% solvent B at a flow rate of 0.3 mL/min where solvent A is 10 mM 208 

ammonium acetate (pH 4.0) and solvent B is 20% acetonitrile with 10 mM ammonium acetate 209 

(pH 4.0). Optimize following parameters: Curtain Gas (CUR): 10-50, Temperature: 0-600 °C, Gas 210 

Flow 1 (GS1): 0-50, Gas Flow 2 (GS2): 0-50, Collisionally Activated Dissociation (CAD): Low-211 

Medium-High, Ion spray Voltage (IS): 4000-5500 for each DNA nucleoside using manual 212 

quantitative optimization feature of the software in FIA (Flow Injection Analysis) mode. 213 

 214 

3.4. To separate all eight DNA nucleosides, perform liquid chromatography using the 215 

following gradient: 0% solvent B (0-2 min), 0-20% solvent B (2-5 min), 20-60% solvent B (5-9 216 

min), 60-0% solvent B (9-10 min) and then equilibrate with solvent A for 5 min at a flow rate of 217 

0.3 mL/min on a C18 column (Particle Size: 5 µm, Pore Size: 120 Å). 218 

 219 
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3.5. Using the optimum MS/MS parameters (step 3.2 and 3.3) coupled with the above-220 

mentioned liquid chromatography gradient (step 3.4), determine the response linearity, limit of 221 

detection (LOD), and lower limit of quantification (LLOQ) using a two-fold serial dilution of a 222 

100 µM standard mixture containing all eight nucleosides. Draw standard curves for all eight 223 

DNA nucleosides. 224 

 225 

3.6. Detect and quantify all nucleosides, especially modified cytosines, produced in step 2.4 226 

using the LC-MS/MS method and standard curves. 227 

 228 

REPRESENTATIVE RESULTS 229 

Dynamic modification of 5mC in DNA by TET-family dioxygenases plays important roles in 230 

epigenetic transcriptional regulations. TET2 dioxygenase is frequently mutated in diverse 231 

hematopoietic malignancies12. To investigate the role of the TET2 enzyme in normal 232 

development and disease, we have cloned its minimal catalytically active domain without any 233 

affinity tag into the pDEST14 vector22. The untagged TET2 dioxygenase was produced at ∼5% of 234 

the total soluble protein by SDS-PAGE analysis in bacterial E. coli BL21 (DE3) cells. Since the 235 

catalytic domain of TET2 has a relatively high isoelectric point (∼7.49), compared with most 236 

indigenous E. coli proteins24-26, an efficient purification process utilizing a cation exchange 237 

chromatography was developed. This purification yielded >90% pure TET2 enzyme in a single 238 

step (Figure 1). 239 

 240 

In order to separate and quantify different deoxycytidines derivatives and other four natural 241 

DNA bases following the TET2 enzymatic reaction, a sensitive LC-MS/MS-based assay was 242 

optimized. The liquid chromatography used a reversed-phase C18 columns. Standard curves 243 

were drawn using serial dilutions of a mixture containing all nucleosides (Figure 2). The gradient 244 

used for liquid chromatography, described in the experimental procedure, was able to resolve 245 

all eight nucleosides (Figure 3). The LC retention times (tr) for all eight nucleosides are 246 

described in Table 3. We further optimized the MS detection of each parent ion nucleoside 247 

(Q1), the most intense product ion (Q3) by determining their declustering potential (DP), 248 

entrance potential (EP), collision cell entrance potential (CEP), collision energy (CE), limit of 249 

detection (LOD), and lower limit of quantification (LLOQ) (Table 3). Finally, an LC-MS/MS 250 

method was developed that can separate and quantify the four normal DNA bases (A, T, G, and 251 

C), as well as the four modified cytosine bases (5-methyl, 5-hydroxymethyl, 5-formyl, and 5-252 

carboxyl) (Figure 3). 253 

 254 

The activity of untagged TET2 dioxygenase was determined using a 25-mer dsDNA containing 255 

one 5mC in a CpG island in each DNA strand (Table 2). After TET2 enzymatic reactions, DNA 256 

oligonucleotides were purified and converted into nucleosides. Then these nucleosides were 257 

subjected to LC-MS/MS assay. In the reactions without the TET2 enzyme (negative control), 258 

only dA, dT, dG, dC, and 5mdC peaks were observed. However, in the positive control reaction, 259 

which contained the TET2 dioxygenase, two new peaks corresponding to d5hmC and d5fC were 260 

observed. We were not able to detect the formation of d5caC nucleoside possibly due to its 261 

poor detection levels (Figure 2). These results demonstrate that the untagged TET2 262 
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dioxygenase purified in this procedure is catalytically active and can be used to characterize the 263 

wt-TET2 enzyme and its clinical mutants. 264 

 265 

FIGURE AND TABLE LEGENDS: 266 

Figure 1. SDS-PAGE analysis of purified TET2 dioxygenase from E. coli BL21 (DE3) cells. Lane A 267 

indicates marker while lane B indicates TET2 protein purified using SP sepharose ion exchange 268 

resin. The total size of the untagged TET2 dioxygenase is ∼54 kDa as indicated by the arrow. 269 

 270 

Figure 2. Standard curves was draw for four natural DNA nucleosides and different cytosine 271 

derivatives, which were then used for their quantification. 272 

 273 

Figure 3. Liquid chromatography (bottom) and MS/MS (above) method used to separate and 274 

characterize four natural DNA nucleosides and different cytosine derivatives. 275 

 276 

Table 1: Sequence of DNA oligonucleotide primers used for PCR amplification of the catalytic 277 

domain of untagged human TET2 dioxygenase. 278 

 279 

Table 2: Sequence of the sense and anti-sense 25-mer dsDNA oligonucleotide used as a TET2 280 

substrate for in vitro oxidation reactions. 281 

 282 

Table 3: Optimized LC-MS/MS parameters of four natural DNA nucleosides and different 283 

cytosine derivatives under positive ion mode. For each parent ion nucleoside (Q1), the most 284 

intense product ion (Q3) was detected. 285 

 286 

DISCUSSION 287 

Mutations in TET2 gene are some of the most frequently detected genetic changes in patients 288 

with diverse hematopoietic malignancies. To date hundreds of different TET2 mutations, which 289 

include nonsense, frame-shift, and missense mutations, have been identified in patients12. 290 

Patients with TET2 mutations show low levels of genomic 5hmC in the bone marrow compared 291 

to those with wt-TET214. Mutant TET2 knock-in experiments have recapitulated the effects of 292 

these mutations on 5hmC levels in transfected cells14. Results from TET2-knockout mouse 293 

models demonstrated that level of TET2 enzyme inversely correlated with the progression of 294 

hematopoietic malignancies17-20. Consistently, Zhang et al. recently demonstrated that down-295 

regulation of TET2 expression levels is a potential prognostic and predictive biomarker in 296 

cytogenetically normal acute myeloid leukemia27. 297 

 298 

Despite growing evidence that TET2 plays a fundamental role in normal hematopoiesis and 299 

myeloid transformation, biochemical characterization of wt- and mutant TET2 remain at 300 

rudimentary stages due to difficulties associated with the production of active TET2 and its 301 

assay. Most studies have produced recombinant TET2 either using time-consuming baculovirus 302 

system in insect cells14, or as a glutathione S-transferase affinity tag in bacterial cells which 303 

requires removal of affinity tag21. 304 

 305 
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In this experimental procedure, we described the cloning of untagged human TET2 dioxygenase 306 

catalytic domain using a site-specific recombination technique and its efficient expression using 307 

destination vector (pDEST14) in E. coli. Because the isoelectric point of untagged TET2 is 308 

relatively high (∼7.49) compared with most indigenous E. coli proteins, we developed an 309 

efficient purification process utilizing a cation exchange chromatography yielding >90% pure 310 

untagged TET2 enzyme in a single step. 311 

 312 

Further, additional challenges exist in the quantification of wt- and mutant TET2 dioxygenase 313 

activity. For these experiments, most studies have relied on antibody-based assays such as dot-314 

blots14, 28, enzyme-linked immunosorbent assays (ELISA)29, etc. Because these assays generally 315 

use only one antibody, e.g., 5hmC or 5fC or5caC, for detection of 5mC modification in substrate 316 

DNA, they do not provide a full picture of the catalytic reaction carried by TET isoforms. For 317 

these reasons, the LC-MS/MS-based assay has emerged as the only assay to quantify different 318 

cytosine modifications. In this regard, we have developed a novel liquid chromatography 319 

method that can separate the four normal DNA bases (A, T, G, and C), as well as the four 320 

modified cytosine bases (5mC, 5hmC, 5fC, and 5caC). 321 

 322 

To quantify the eight nucleosides from TET2 catalyzed reactions, we have coupled our 323 

improved liquid chromatography method with tandem mass spectrometry. This sensitive LC-324 

MS/MS assay was then utilized to determine the activity of recombinant untagged human TET2 325 

enzyme. The approach described here will greatly enhance the evaluation of wt- and mutant 326 

TET2 dioxygenase activities. 327 

 328 
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Primer Name

TET2 forward 

primer

TET2 Reverse 

Primer
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Primer Sequence

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATGTCTGTTCTCAATAATTTTATAG-

3’

5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAGCCATACTTTTCACAC-3’



Primer Name Primer Sequence

Sense Strand 5'-AGCCCGCGCCG/iMe-dC/GCCGGTCGAGCGG-3'

Antisense Strand 5'-CCGCTCGACCGGCG/iMe-dC/GGCGCGGGCT-3'

Table Click here to download Table Table 2.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=844051&guid=471a2e11-61ee-488a-923d-6a7a93d018be&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=844051&guid=471a2e11-61ee-488a-923d-6a7a93d018be&scheme=1


Nucleosides Q1 Q3 tr (min) DP (V) EP (V) CEP (V) CE (V)

2ʹ-deoxyadenosine 252.2 136.1 12.07 41 9 14 17

2ʹ-deoxythymidine 243.2 117.1 10.95 16 8 14 15

2ʹ-deoxyguanosine 268.2 152.1 10.6 21 7 14 37

2ʹ-deoxycytidine 228.1 112.1 6.29 21 7 14 15

5-methyl-2ʹ-

deoxycytidine
242.2 126.1 9.85 31 6.5 24 13

5-hydroxymethyl-2ʹ- 

deoxycytidine
258.2 142.1 7.15 16 6 14 13

5-formyl-2ʹ-

deoxycytidine
256.2 140.1 10.92 11 6 14 15

5-carboxy-2ʹ-

deoxycytidine
272.2 156.1 4.1 6 7 94 23
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LOD (pmol) LLOQ R
2

0.06 0.198 0.997

1.8 5.94 0.999

7.8 25.74 0.999

0.1 0.33 0.998

0.03 0.1 0.998

0.6 1.98 0.993

0.2 0.66 0.998

3.9 12.87 0.993



Name of Material/ Equipment Company Catalog Number Comments/Description

HEPES Carbosynth FH31182

Iron(II) sulfate heptahydrate Sigma-Aldrich F8633

α-Ketoglutaric acid (2-Oxoglutaric acid) Sigma-Aldrich K1750

L-Ascorbic acid Sigma-Aldrich A4544

Ethylenediaminetetraacetic acid 

disodium salt dihydrate Sigma-Aldrich E5134

Ammonium acetate Sigma-Aldrich A1542

Acetonitrile Fisher Scientific 75-05-8

HPLC grade water Fisher Scientific 7732-18-5

Oligo clean and concentrator Zymo Research D4061

DNAse I New England Biolabs M0303S

S1 Nuclease Thermo Scientific ENO321

CIAP (Calf intestinal alkaline 

phosphatase) New England Biolabs M0290S

LB Media Affymetrix J75852

IPTG Carbosynth EI05931

MES [2-(N-Morpholino)ethanesulfonic 

acid monohydrate] Carbosynth FM37015

Sodium chloride Fisher Scientific 7647-14-5

Glycerol Sigma-Aldrich G7893

SP Sepharose Fisher Scientific 45-002-934

2'-Deoxy-5-methylcytidine TCI D3610

2'-Deoxy-5-hydroxymethyalcytidine TCI D4220

2'-Deoxycytidine-5-carboxylic acid, 

sodium salt Berry & Associates PY 7593

5-Formyl-2'-deoxycytidine Berry & Associates PY 7589

2'-Deoxycytidine Berry & Associates PY 7216

2'-Deoxyadenosine Carbosynth ND04011

2'-Deoxyguanosine Carbosynth ND06306

2'-Deoxythymidine VWR Life Science 97061-764

Gateway technology Thermo Fisher 11801016
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Beckman Allegra X-15R centrifuge Beckman Coulter 392932

Sonic Dismembrator 550 Fisher Scientific XL2020

ÄKTA FPLC system Pharmacia (GE Healthcare) 18116468

FreeZone 4.5 freeze dry system Labconco 7750020

Zymo Oligo purification columns Zymo Research D4061

BDS Hypersil C18 column Keystone Scientific, INC 105-46-3

3200 Q-Trap mass spectrometer AB Sciex

HPLC Shimadzu HPLC 

XK16/20 FPLC column Pharmacia (GE Healthcare) 28988937
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