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ABSTRACT 26 

 27 

Several small molecules, like some therapeutic agents, are able to  bind DNA with high 
28 

specificity. These may represent a relevant alternative as ligands in affinity and pseudo-
29 

affinity chromatographic processes for plasmid DNA (pDNA) purification. In the 
30 

present study, berenil (a DNA intercalator used an anti-trypanosomal agent in veterinary 
31 

applications) was tested  as a ligand to specifically purify plasmids with different sizes, 
32 

pVAX1-LacZ (6.05 Kbp) and pCAMBIA-1303 (12.361 Kbp) from the impurities 
33 

present in Escherichia coli alkaline lysates. For this purpose, chromatographic 
34 

experiments were set using Sepharose derivatized with berenil. The results showed that 
35 

both pDNA molecules are completely purified using smaller amounts of salt in the 
36 

eluent than those reported before for other pseudo-affinity and hydrophobic 
37 

chromatography based processes. Total retention of all lysate components was achieved 
38 

with 1.3 M ammonium sulphate in the eluent buffer and pDNA elution was obtained by 
39 

decreasing the salt concentration to 0.55 M. All impurities were eluted after decreasing 
40 

the concentration to 0 M. The recovery yield for the larger pDNA molecule pCAMBIA-
41 

1303 (45%) is lower than that obtained for pVAX1-LacZ (85%), presenting however a 
42 

higher final purity. Furthermore, pVAX1-LacZ purification studies were also performed 
43 

using non-clarified E. coli process streams, replacing the clarification step with a second 
44 

chromatographic run on the berenil-Sepharose support. Using the same binding and 
45 

elution conditions as before, a pure plasmid sample was obtained with a 33% yield. The 
46 

pDNA fractions were analysed for E. coli host impurities, and all levels were in 
47 

accordance to the requirements established by the regulatory agencies (FDA). These 
48 

results suggest that this chromatographic support is a promising alternative to purify 
49 

pDNA for therapeutic use. 
50 
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1. Introduction 56 

 57 

Molecular therapy approaches using non-viral vectors, as plasmid DNA (pDNA) 58 

for the introduction of therapeutic genes, are becoming the chosen strategy to treat 59 

various types of diseases [1-3]. Thus, therapeutic pDNA is an emerging biotechnology 60 

product with a great potential in human and animal healthcare. Currently more than 400 61 

gene therapy or DNA vaccines clinical trials are being conducted worldwide using these 62 

vectors (http://www.wiley.com/legacy/wileychi/genmed/clinical/). In addition four 63 

DNA vaccine products have already been approved for veterinary application [4-6]. 64 

Accordingly, the expected wide application of these vectors requires the large-scale 65 

production and purification of pDNA. Recent years have witnessed an increasing 66 

research effort in the development of new methods for plasmid purification that meet 67 

strict quality criteria in terms of purity, efficacy and safety, required by the Regulatory 68 

Agencies. The critical contaminants of pDNA preparations are similar in size (genomic 69 

DNA (gDNA) and endotoxins), negative charge (RNA, gDNA and endotoxins) and 70 

have similar hydrophobicity (endotoxins), which can complicate their separation [7]. 71 

The maximum levels of gDNA, host proteins and RNA in the final product should 72 

preferably be under 1% (w/w) each and the amount of endotoxin should not exceed 40 73 

EU/mg plasmid [8]. Moreover, the purification method should not comprise the use of 74 

organic reagents, mutagenic and toxic compounds and animal derived enzymes [9].   75 

The process of pDNA obtention includes the production in Escherichia coli cells 76 

by fermentation followed by a lysis step [10], usually performed using the popular 77 

alkaline lysis method [11], a concentration step with isopropanol and pre-78 

purification/clarification with ammonium sulphate [10]. Further downstream processing 79 

aims to eliminate impurities like gDNA, low molecular weight RNA, residual proteins 80 

http://www.wiley.com/legacy/wileychi/genmed/clinical/
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and endotoxins. Chromatography is the most suitable method for this purpose [10,12], 81 

however, the poor selectivity that most of the matrices display towards pDNA its one of 82 

its major drawbacks  [13]. The use of affinity ligands can be a simple and efficient 83 

approach to overcome this problem [14,15]. Affinity and pseudo-affinity 84 

chromatography use the specificity and bio-recognition properties of the ligands, based 85 

on specific and reversible interactions found in biological systems, to separate the 86 

pDNA molecules from  the impurities found in cell lysates[16].  87 

Several molecules, like certain antibiotics and anticancer agents, bind DNA with 88 

high specificity [17] and due to the complex structure of double-helical DNA, they can 89 

do so by different binding modes. Besides covalent binding there are several classes of 90 

specific and unspecific noncovalent binding modes, like minor groove binding, 91 

intercalation between base pairs, bisintercalation, major groove binding and a 92 

combination of the above [18]. Berenil (1,3-bis(4-phenylamidinium) triazene), is used 93 

as an anti-trypanosomal agent in veterinary applications [19] and is a member of the 94 

aromatic diamidine class of DNA binding agents, which reversibly and preferentially 95 

binds to the DNA minor groove at central AATT sequence [20,21]. Berenil was recently 96 

applied as ligand for chromatographic separation of the supercoiled (sc) plasmid 97 

isoform from the less active open circular (oc) isoform [15], showing a great affinity for 98 

pDNA, especially for the sc isoform. The DNA binding affinity of this ligand has been 99 

attributed to several factors: electrostatic interactions with the AT sequences, 100 

hydrophobic contacts between the phenyl rings and the hydrophobic regions of the 101 

DNA backbone, the triazene group neighbouring the polar phosphodiester groups and 102 

hydrogen bonds between the amidines and thymine and/or adenine acceptor groups of 103 

the bases at the floor of the groove [15].    104 



6 

 

This study reports a pseudo-affinity chromatographic technique to purify pDNA 105 

directly from clarified and non-clarified E. coli lysate solutions that show some 106 

improvements over existing methods in terms of using smaller amounts of salt in the 107 

overall purification process. This approach was tested for the purification of pDNA 108 

molecules with different sizes (pVAX1-LacZ and pCAMBIA-1303, with 6.05 Kbp and 109 

12.361 Kbp, respectively). 110 

 111 

 112 

  113 
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2. Materials and Methods 114 

 115 

2.1. Materials 116 

Sepharose CL-6B was obtained from Amersham Biosciences (Uppsala, 117 

Sweden). Berenil and 1,4-butanediol diglycidyl ether were purchased from Sigma-118 

Aldrich (St. Louis, MO, USA). All salts used were of analytical grade.  119 

 120 

2.2. Bacterial Culture 121 

 Escherichia coli DH5α strain harbouring 6.05 Kbp plasmid pVAX1-LacZ 122 

(Invitrogen, Carlsband, CA, USA) and Escherichia coli XL1blue strain harbouring 123 

12.361 Kbp plasmid pCAMBIA-1303 (Cambia, Brisbane, Australia), were cultured 124 

overnight in Luria Bertani agar (Lennox) medium (Laboratorios Conda, Madrid, Spain), 125 

supplemented with 30 μg/mL of kanamycin at 37ºC. E.coli DH5α strain, cell growth 126 

was carried out at same temperature in shaked flasks with Terrific Broth medium (20 127 

g/L tryptone, 24 g/L yeast extract, 4 mL/L glycerol, 0.017 M KH2PO4, 0.072 M 128 

K2HPO4) supplemented with 30 μg/mL kanamycin. The XL1blue strain cells were 129 

grown in similar conditions using Luria Bertani medium (5 g/L yeast extract, 10 g/L 130 

tryptone, 10 g/L NaCl, pH 7.0). Both cell strains were harvested by centrifugation at the 131 

end of the exponential growth phase and stored at -20ºC until needed. Plasmid-free E. 132 

coli cells were also grown under the same conditions, as described before, but with no 133 

antibiotic present.   134 

 135 

2.3. Lysis and Primary Isolation 136 

Cells harbouring the plasmid were lysed using a modification of the alkaline 137 

method proposed by Sambrook et al. [22]. 250 mL of the cell broth was centrifuged at 138 
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5445 g for 30 min at 4ºC with a Sigma 3-18K centrifuge. The supernatants were 139 

discarded and the bacterial pellets were resuspended in 20 mL of 50 mM glucose, 25 140 

mM Tris-HCl, 10 mM ethylenediamine tetraacetic acid (EDTA) (pH 8.0). Lysis was 141 

performed by adding 20 mL of a 200 mM NaOH, 1% (w/v) sodium dodecylsulphate 142 

solution. After 5 min of incubation at room temperature, cellular debris, gDNA and 143 

proteins were precipitated by gently adding and mixing 16 mL of prechilled 3 M 144 

potassium acetate (pH 5.0). The precipitate was removed by a double centrifugation at 145 

20 000 g for 30 min at 4ºC with a Beckman Allegra 25 R centrifuge. The plasmid in the 146 

supernatant was precipitated after addition of 0.7 volumes of isopropanol and a 30 min 147 

incubation period on ice. The pDNA was recovered by centrifugation at 16 000 g for 30 148 

min at 4ºC. The pellets were then redissolved in 1 mL of 10 mM Tris-HCl buffer (pH 149 

8.0). A fraction of this solution was subjected to a clarification step. For this purpose, 150 

and after optimization studies, solid ammonium sulphate was dissolved in the pDNA 151 

solutions up to a final concentration of 2.0 M, for the pVAX1-LacZ solution, and 2.5 M 152 

for the pCAMBIA-1303 solution, followed by a 15 min incubation period on ice. 153 

Precipitated proteins and RNA were then removed by centrifugation at 10 000 g for 20 154 

min at 4ºC. The supernatant was recovered and its nucleic acid concentration quantified 155 

by measuring the absorbance at 260 nm. 156 

 157 

2.4. Preparation of Berenil-Sepharose support 158 

Sepharose CL-6B was epoxi-activated according to the method described by 159 

Sundberg and Porath [23] and coupled to berenil as described before [15]. The orange 160 

derivatized gel so obtained was stored at 4ºC in deionised water. 161 

 162 

2.5. Preparative Chromatography 163 
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Chromatographic studies were performed in a Fast Protein Liquid 164 

Chromatography (FPLC) system (Amersham Biosciences, Uppsala, Sweden) at room 165 

temperature. A 10 cm x 10 mm column (Amersham Biosciences, Uppsala, Sweden) was 166 

packed with 2 mL berenil-derivatized (Fig. 1) gel and initially tested with different 167 

ammonium sulphate concentrations (0.2 M to 1.5 M) in the mobile phase. Prior to the 168 

sample application, and after achieving the optimal conditions of binding and elution, 169 

the column was equilibrated with 1.3 M ammonium sulphate in 10 mM Tris-HCl buffer 170 

(pH 8.0) at a flow rate of 1 mL/min.  171 

 172 

2.5.1. Injection of clarified samples 173 

Clarified samples (25 μL) were loaded onto the column in equilibration buffer at 174 

a flow rate of 1 mL/min. To promote the selective elution of bonded species, the salt 175 

concentration was first decreased to 0.55 M ammonium sulphate in 10 mM Tris-HCl 176 

buffer (pH 8.0) and then to 0 M. The absorbance was continuously monitored at 280 177 

nm. Fractions were pooled according to the chromatograms obtained, concentrated and 178 

desalted using Vivaspin concentrators (Vivaproducts, Littleton, MA, USA) and kept for 179 

further analysis as described below.  180 

 181 

2.5.2. Injection of non-clarified samples 182 

Non-clarified samples (25 μL) with a nucleic acid concentration around 600 183 

μg/mL in equilibration buffer were loaded onto the column at 1 mL/min flow rate and 184 

the elution was performed as described above for clarified samples. A second 185 

chromatographic step  was then performed in the same binding and elution conditions, 186 

injecting the pDNA fraction, pooled after the first run and concentrated to an 187 

approximate nucleic acid concentration of 600 µg/mL,. Fractions were pooled according 188 
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to the chromatograms obtained, concentrated and desalted using Vivaspin concentrators 189 

(Vivaproducts, Littleton, MA, USA) and kept for further analysis as described below. 190 

After the chromatographic runs, the column was washed with at least 5 bed volumes of 191 

deionised water. 192 

 193 

2.6. Agarose gel electrophoresis 194 

Pooled fractions were analysed by horizontal electrophoresis (100V for 40 min) 195 

using 1 % and 0.8% agarose gel in TAE buffer (40 mM Tris base, 20 mM acetic acid, 196 

and 1 mM EDTA, pH 8.0) in the presence of 0.5 μg/mL ethidium bromide. The gels 197 

were visualized in a UVITEC Cambridge system (UVITEC Limited, Cambridge, UK). 198 

 199 

2.7. Analytical Chromatography 200 

pDNA concentration and purity of feed samples injected onto the berenil column 201 

and the fractions pooled after the chromatographic runs was assessed by high-202 

performance liquid chromatography (HPLC), according to the method described by 203 

Diogo et al. [24]. A 4.6/100 mm HIC (Hydrophobic Interaction Chromatography) 204 

Source 15 PHE PE column (Amersham Biosciences, Uppsala, Sweden) was connected 205 

to a Waters HPLC system (Waters Corporation, Milford, MA, USA) and equilibrated 206 

with 1.5 M ammonium sulphate in 10 mM Tris-HCl buffer (pH 8.0). Samples (20 μl) 207 

were injected and eluted at a flow rate of 1 mL/min. After injection, the elution occurred 208 

with the equilibration buffer for 3 min, and then the elution buffer was instantly 209 

changed to Tris-HCl 10 mM (pH 8.0) without ammonium sulphate. This condition was 210 

maintained for 6 min in order to elute bound species. The column was then re-211 

equilibrated for 7 min with the equilibration buffer to prepare the column for the next 212 

run. The absorbance of the eluate was continuously recorded at 254 nm. The 213 
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concentration of pDNA in each sample was calculated using a calibration curve 214 

constructed with pDNA standards (2.5 - 400 μg/mL), purified using the Qiagen plasmid 215 

midi kit (Hilden, Germany), according to the manufacturer’s instructions. Plasmid 216 

quantification was achieved by measuring the absorbance at 260 nm and assuming that 217 

a solution of 50 g/mL has an absorbance of 1.0. The purity degree was defined as the 218 

percentage of the pDNA peak area in relation to the total area of all chromatographic 219 

peaks. 220 

 221 

2.8. Protein Analysis 222 

Protein concentration of feed samples and of pDNA chromatographic fractions 223 

was measured using the micro-bicinchoninic acid (BCA) assay from Pierce (Rockford, 224 

IL, USA), according to the manufacturer’s instructions. 50 μL of each sample were 225 

added to 200 μL of BCA reagent in a microplate and incubated for 30 min at 60ºC. 226 

Absorbance was measured at 595 nm in a microplate reader. The calibration curve was 227 

prepared using bovine serum albumin standards (0.025-1 mg/mL). 228 

 229 

2.9. Endotoxin Analysis 230 

 Analysis of endotoxin contamination on both feed samples and pDNA fractions 231 

pooled after chromatography was performed using the ToxinSensor™ Chromogenic 232 

LAL Endotoxin Assay kit from GenScript (GenScript USA Inc., Piscataway, NJ, USA). 233 

The detection level of the method was 0.005 EU/mL. 234 

 235 

2.10. Genomic DNA analysis 236 

 Genomic DNA contamination in purified plasmid solutions and in feed samples 237 

was assessed using real-time polymerase chain reaction (PCR) in a iQ5 Multicolor 238 
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Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA), according to the 239 

method described by Martins et al. [25]. The feed sample was diluted 1000 fold. Sense 240 

(5’-ACACGGTCCAGAACTCCTACG-3’) and antisense (5’-241 

GCCGGTGCTTCTTCTGCGGGTAACGTCA-3’) primers were used to amplify a 181-242 

bp fragment of the 16S rRNA gene. PCR amplicons were quantified by following the 243 

change in fluorescence of the DNA binding dye Syber Green (Bio-Rad, Hercules, CA, 244 

USA). E. coli genomic DNA was purified with the Wizard gDNA purification kit 245 

(Promega, Madison, WI, USA) and used to generate a standard curve ranging from 246 

0.005–50 µg/mL. Negative controls, with no template, were run at the same time as the 247 

standards.  248 

 249 

 250 

251 
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3. Results and Discussion 252 

 253 

3.1. Clarification of pDNA lysates by salt precipitation  254 

 RNA is the critical contaminant of non-clarified cell lysates, and since it is 255 

structurally similar to pDNA [7], its separation can represent a true challenge. One 256 

common procedure for RNA removal is the precipitation with high salt concentrations, 257 

using ammonium sulphate as the clarifying agent. This precipitation step is very 258 

effective in reducing the amounts of high molecular weight RNA, proteins and 259 

endotoxins, as well as in improving intermediate pDNA recovery, thus representing an 260 

excellent complement to any further purification step [26].  261 

 Standard ammonium sulphate precipitation uses 2.5 M of salt concentration to 262 

clarify crude cell lysates, which has a great environmental impact due to its high 263 

eutrophication potential [26]. However, previous studies performed by Freitas et al, [27] 264 

conclude that precipitation with high salt concentration is not always needed. Based on 265 

these conclusions, optimization studies were performed in the precipitation step to 266 

select the best conditions for high pDNA recovery and purity by analysing the influence 267 

of ammonium sulphate concentration on RNA removal. Ammonium sulphate was added 268 

to the non-clarified pDNA containing suspensions in a concentration range from 1.3 M 269 

up to 2.5 M and the precipitated proteins and RNA were then removed by 270 

centrifugation. The obtained samples were injected onto the berenil-Sepharose column 271 

(with the optimized conditions of binding and elution) and the purity of eluted pDNA 272 

fractions in terms of RNA contamination was evaluated by HPLC analysis.  273 

The data obtained showed that for the lower size pDNA molecule, pVAX1-LacZ 274 

(6.05 Kbp), a concentration of 2.0 M ammonium sulphate in the precipitation step was 275 

enough to achieve a pure sample after the chromatographic step using berenil as ligand. 276 

Precipitation with a salt concentration of 1.9 M and lower, led to a similar recovery 277 
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yield, but resulted in impure pDNA samples. The pDNA purity started from 278 

approximately 66% for the clarification with 1.3 M of ammonium sulphate, gradually 279 

increasing to 80% for the precipitation with 1.9 M of salt. On the other hand, when the 280 

clarifying step was performed with ammonium sulphate concentrations above 2.0 M, all 281 

the pDNA samples were 100% pure, with recovery yield similar to that obtained for 2.0 282 

M. Therefore, this salt concentration was chosen since the clarification followed by the 283 

berenil-Sepharose chromatographic step delivered a pure pDNA sample, with a good 284 

yield and using a smaller amount of salt in the process.       285 

In contrast, for pCAMBIA-1303 (12.361 Kbp) a higher ammonium sulphate 286 

concentration (2.5 M) was needed to obtain a 100% HPLC pure sample after the same 287 

chromatographic process. Using a salt concentration of 2.0M in the clarification step, 288 

the purity of pDNA samples was set around 20% increasing to more than 40% with 289 

2.25M of ammonium sulphate. It is known that pDNA size can influence the recovery 290 

by alkaline lysis, and since bigger plasmids are more susceptible to shear forces, smaller 291 

pDNA concentrations are normally obtained [28]. So, for pCAMBIA-1303, the 292 

pDNA/RNA ratio in non-clarified solutions is smaller and possibly because of that, 293 

higher ammonium sulphate concentrations are required to maximize plasmid 294 

purification and recovery from the highly RNA contaminated solutions.  295 

 296 

3.2. Berenil – Sepharose Pseudo-Affinity Chromatography 297 

3.2.1. Injection of clarified pDNA solutions 298 

 Recently, berenil-Sepharose pseudo-affinity support (Fig. 1) was successfully 299 

used for  separation of sc plasmid isoform from the less active oc isoform, showing a 300 

great affinity for pDNA [15]. Therefore, the ability of this support to purify pDNA 301 

directly from clarified E. coli cell lysates was exploited in the present study. Moreover, 302 
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the applicability of this process to purify pDNA molecules with different sizes was also 303 

tested. For this purpose, solutions of pVAX1-LacZ (6.05 Kbp) and pCAMBIA-1303 304 

(12.361 Kbp), obtained separately after clarification with ammonium sulphate, were 305 

used as feedstock for the pseudo-affinity chromatography studies. Several binding-306 

elution experiments were performed to achieve optimal buffer conditions to separate 307 

pDNA from the lysate impurities, namely RNA. These experiments showed that the 308 

chromatographic conditions are the same for both plasmids: total retention of all lysate 309 

components was achieved using 1.3 M of ammonium sulphate in the binding buffer and 310 

elution of pDNA was obtained by a simple decrease of salt concentration to 0.55 M. 311 

The more hydrophobic impurities, like RNA, were eluted only when the concentration 312 

was decreased to 0 M. Fig. 2 shows the chromatograms after injection of pVAX1-LacZ 313 

and pCAMBIA-1303 samples onto the berenil-Sepharose column. Both plasmids 314 

showed a comparable separation performance represented by similar chromatograms, 315 

which demonstrates the reproducibility of the chromatographic process for plasmid 316 

molecules of different sizes. The chromatograms are characterized by a first small 317 

system peak, followed by a sharp higher peak of pDNA and a smaller one of strongly 318 

retained species such as RNA. As shown by agarose gel electrophoresis (Fig.2) and 319 

confirmed by HPLC, RNA was completely separated from pDNA molecules 320 

(electrophoresis lane 1 in Fig. 2 for both plasmids) and eluted in the peak 2. By the 321 

observation of Fig. 2, it can be concluded that all cell impurities that absorb at 280 nm 322 

are retained longer in the column when compared with pDNA. Plasmid molecules did 323 

not interact with the column as strongly as RNA. In those double-stranded molecules, 324 

the hydrophobic bases are packed and shielded inside the helix and thus interaction with 325 

the support ligands is smaller, eluting first. On the other hand, RNA molecules are 326 
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inherently single-stranded with the hydrophobic bases largely exposed, and thus elute 327 

after the plasmid [29].  328 

 The binding between berenil-Sepharose support and the lysate components 329 

results not only from hydrophobic interactions between the phenyl rings of berenil and 330 

the hydrophobic regions of the backbone of the molecules, but also from other more 331 

specific interactions that are responsible for the great affinity that the support shows for 332 

those molecules [15].  333 

 An epoxy activated Sepharose gel obtained using the same experimental 334 

conditions but without berenil ligand was used for the control experiments (results not 335 

shown). A distinct pattern from the observed with the berenil-Sepharose support was 336 

obtained: total retention was not observed at 1.3 M of ammonium sulphate and the 337 

lysate components were not separated by decreasing the salt concentration. 338 

Accordingly, these experiments unequivocally identified berenil bonded onto the 339 

activated Sepharose as the ligand responsible for the retention and separation of pDNA 340 

molecules. Moreover, the column cleaning and the high number of chromatographic 341 

runs did not cause any change in the chromatographic performance of the derivatized 342 

gel. 343 

 344 

3.2.2. Injection of non-clarified pVAX1-LacZ solution 345 

The ability of the berenil-Sepharose pseudo-affinity chromatographic matrix to separate 346 

and purify pDNA directly from non-clarified E. coli process streams was also tested. 347 

This was accomplished without the clarification step with a high ammonium sulphate 348 

concentration. In a first run, the feedstock sample was injected onto the berenil-349 

Sepharose column with 1.3M of ammonium sulphate in the eluent. The 350 

chromatographic profile obtained is shown in Fig. 3A, as well as the agarose gel 351 
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electrophoresis analysis of the pDNA eluted fractions. The electrophoresis shows that 352 

the pDNA fraction still contains a slight RNA contamination, even though the great 353 

majority of this contaminant clearly elutes in the second peak when the ammonium 354 

sulphate concentration is decreased to zero. In the second run, the pDNA fraction 355 

obtained after the first chromatographic step was concentrated and injected onto the 356 

berenil-Sepharose column using the same buffer conditions. The obtained 357 

chromatogram (Fig. 3B) showed two well defined peaks, the first one corresponding to 358 

the elution of pDNA after decreasing the salt concentration to 0.55M and a second peak 359 

corresponding to the all contaminants with higher hydrophobicity, eluted after 360 

decreasing the salt concentration to 0M. 361 

 362 

3.3. Plasmid Quality and Purity assessment 363 

  The performance of pDNA purification for both pVAX1-LacZ and pCAMBIA-364 

1303, as well as for the non-clarified pVAX1-LacZ after two runs with the berenil-365 

Sepharose support, was examined by the determination of process parameters such as 366 

yield and purity (Table 1) by HPLC analysis. Besides HPLC analysis of RNA 367 

contamination, the purity of the recovered plasmid fractions was also determined by 368 

quantification of proteins (BCA assay), endotoxins (Chromogenic Limulus amoebocyte 369 

lysate Endotoxin assay) and gDNA (real-time PCR) (Table 2). 370 

 For the clarified samples, agarose gel electrophoresis revealed that the plasmid 371 

pools were RNA free (Fig. 2) and this was also confirmed by HPLC analysis (Fig. 4). 372 

The analytical chromatogram shown in Fig. 4A represents the clarified lysate injected 373 

onto the berenil-Sepharose column. Clearly a great percentage of the sample was 374 

constituted by impurities, namely RNA. In this feed sample, the HPLC pDNA purity 375 

was 23% (Table 1) for pVAX1-LacZ and 7% for pCAMBIA-1303, however after the 376 
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preparative chromatographic step, both plasmid samples were 100% pure (Table 1) and 377 

free of RNA. Fig. 4B represents the analytical chromatogram for the obtained pDNA, 378 

and show a single plasmid peak, confirming the agarose gel electrophoresis results. The 379 

obtained HPLC purification factors (Table 1) are higher than those described for similar 380 

chromatographic procedures (1.9 and 1.5) [30,31], particularly for pCAMBRIA-1303 381 

which has an impressive value of 14.3. HPLC analysis also showed that it was possible 382 

to recover 85% of the loaded pVAX1-LacZ (Table 1). This value is similar to the 84% 383 

obtained with an affinity support by Sousa and co-workers [31] but slightly higher than 384 

the 70% yield obtained with a pure hydrophobic chromatographic matrix [29]. 385 

Nevertheless for pCAMBIA-1303, the recovery yield was much lower than for the 386 

smaller pDNA molecule (Table 1). This may be due to the fact that bigger plasmid 387 

molecules are more unstable and degrade more easily during the extraction and 388 

purification procedures than smaller ones, since they are more sensible to shear forces 389 

[28] and more susceptible to losses during the chromatographic step. The quantitative 390 

analysis of impurities in injected feed and in pDNA fractions is shown in table 2. The 391 

BCA protein assay indicated that both plasmid pool solutions have undetectable levels 392 

of proteins. Despite the feed solution of pVAX1-LacZ contained a small amount of this 393 

impurity (66 µg/mL), the berenil-Sepharose gel was capable of separating the plasmid 394 

molecules from the protein contaminants present in cell lysates. No proteins were 395 

detected in pCAMBRIA-1303 feed solution, possibly because the clarification step was 396 

accomplished with 2.5 M of ammonium sulphate. Real-time PCR analysis of pooled 397 

plasmid fractions showed a great reduction of gDNA content after the berenil-Sepharose 398 

chromatographic step. A notable gDNA decrease of 3653 fold was achieved for 399 

pVAX1-LacZ and an impressive 554472 fold reduction was achieved for pCAMBIA-400 

1303 (Table 2). Berenil-Sepharose support is then extremely efficient to eliminate 401 
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gDNA  from pDNA solutions, even in cases where they are heavily contaminated. 402 

Genomic DNA from E. coli is double-stranded, but becomes mostly single-stranded 403 

during alkaline lysis. During this process, the complementary strands of gDNA are 404 

completely separated and partially cleaved. The resulting gDNA molecules show a high 405 

exposure of their hydrophobic bases [28] and can thus interact more strongly with 406 

berenil, eluting largely in the second peak (Fig.2). The chromatographic process here 407 

described was also very effective in reducing the endotoxin levels from plasmid 408 

solutions. A reduction of 20 fold was obtained for both types of plasmid molecules 409 

(Table 2) demonstrating that endotoxins bind to the berenil support more strongly than 410 

pDNA. The  quality analysis of pDNA showed that pVAX1-LacZ and pCAMBIA-1303, 411 

purified with the berenil-Sepharose support, meet the specifications of the regulatory 412 

agencies, namely FDA (Table 3) [8]. Both RNA and proteins (preferably <1%) are 413 

undetectable in the final plasmid solutions and the endotoxin levels are ten times lower 414 

than the maximum required by FDA (40 EU/mg pDNA). Genomic DNA content was 415 

the only parameter that greatly varies among pDNA feed solutions and plasmid pools, 416 

being much higher for pVAX1-LacZ. Nevertheless, both small and higher size plasmid 417 

pools are under FDA specifications (preferably <1%) (Table 3). 418 

 Starting from a highly contaminated non-clarified lysate (Table 1) and after two 419 

consecutive chromatographic runs on the berenil-Sepharose column, the pVAX1-LacZ 420 

fraction became 100% free from RNA, with a purification factor of almost 23. 421 

Nevertheless, the yield (33%) is lower than expected. As before, the BCA protein assay 422 

showed that the pDNA pool had undetectable levels of proteins (Table 2), despite the 423 

feed solution being highly contaminated (1170 µg/mL), demonstrating that the berenil-424 

Sepharose gel is able to completely remove this impurity. Real-time PCR analysis of 425 

both feed and plasmid fraction showed a remarkable 302792 fold decrease in gDNA 426 
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contamination (Table 2), which is in accordance with the values discussed before. In 427 

regard to endotoxin contamination reduction, the chromatographic runs are very 428 

efficient. After two runs, and starting from a highly contaminated solution, a 21 fold 429 

reduction was achieved, a value analogous to that obtained with only one run through 430 

the berenil-Sepharose column. Table 3 shows the comparison between the pDNA 431 

sample composition, collected after the second chromatographic run, and FDA 432 

specifications. All values are in accordance to the requirements for molecular therapy 433 

products.      434 

 In an overall analysis, the berenil-Sepharose chromatographic process meets all 435 

the requirements to be used as a pDNA purification step. This new chromatographic 436 

support enables pDNA purification using a lower salt concentration, compared with 437 

other processes that use hydrophobic or pseudo-affinity ligands [16,29], showing a 438 

better purification performance and yield for a plasmid with similar size.   439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

4. Conclusions  451 
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 452 

 In this study, a new chromatographic process using berenil as ligand has been 453 

developed and applied for purification of pDNA molecules with different sizes: 454 

pVAX1-LacZ (6.05 Kbp) and pCAMBIA-1303 (12.361 Kbp). Both types of plasmids 455 

were successfully separated from host impurities, according to FDA specifications, 456 

showing that the method can be applied to small plasmids as well as to large plasmids.  457 

An optimization of the clarification step was also performed, showing that for 458 

pVAX1-LacZ, precipitation with 2.0M is enough to achieve a high pDNA recovery and 459 

purity, a value lower than the 2.5M usually used. However pCAMBIA-1303 was only 460 

completely purified (HPLC purity of 100%) using 2.5 M of salt perhaps due to its 461 

higher size. Additionally, a high recovery yield of 85% was achieved when purifying 462 

the smaller pDNA molecule. The purification of pCAMBIA-1303 showed a lower yield 463 

(45%) however its purification quality is superior to that obtained with pVAX1-LacZ, 464 

which could be interesting since future requirements for multigene vectors, including 465 

extensive control regions, may require the production of larger plasmids.  466 

Despite the loss in yield, the replace of the clarification step with ammonium 467 

sulphate by a second chromatographic run showed advantages  such as a gained in time, 468 

reduction in salt usage and procedure steps. Moreover, the purification achieved after 469 

two runs using berenil-Sepharose column is similar in terms of proteins and RNA 470 

decontamination. For gDNA, the purification is more efficient after two runs however 471 

for endotoxins the association of a clarification step with a chromatographic run with 472 

berenil-Sepharose gel is more effective (considering the relation contaminant 473 

mass/pDNA mass rather than the concentration values per se).         474 

The pseudo-affinity chromatographic method developed has shown to be very 475 

effective in purifying plasmid DNA from E. coli cell lysate impurities, using smaller 476 
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amounts of salt in the overall process. The essential separation mechanism seems to 477 

involve not only differential hydrophobic interactions between the ligand, pDNA 478 

molecules and host impurities, but also other important and specific contributions of the 479 

affinity binding. Therefore with this pseudo-affinity support, the purification method 480 

uses the characteristics of both affinity and hydrophobic processes, is more 481 

environmentally friendly and less costly, and it is ready to be used as a main pDNA 482 

purification process.  483 
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Figure legends:  552 

 553 

Fig. 1. Schematic representation of the berenil-Sepharose support. Berenil is covalently bonded to the 554 

epoxy arm. Oxygen atoms are represented in red, nitrogen atoms in blue and carbon in grey. (Generated 555 

with Avogadro: an open-source molecular builder and visualization tool. Version 1.0.3).  556 

 557 

 558 

Fig. 2. Chromatographic separation of clarified feed solution (25 µL) of pVAX1-LacZ (6.05 Kbp) and 559 

pCAMBIA-1303 (12.361 Kbp) from the host cell impurities on berenil-Sepharose support. Agarose gel 560 

electrophoresis analysis of the pDNA fractions. Peak 1 and electrophoresis lane1: pDNA fractions 561 

collected after elution with 0.55 M (NH4)2SO4; Peak 2: impurities eluted with 0 M (NH4)2SO4. The 562 

clarified lysate was also run in the agarose gel for comparative purposes (lane feed). 563 

 564 

Figure 3. Chromatographic separation of non-clarified pVAX1-LacZ samples on berenil-Sepharose 565 

column: (A) After one run through the support and agarose gel electrophoresis analysis of the eluted 566 

fractions: Peak 1 and electrophoresis lane1 - pDNA fraction eluted with 0.55M (NH4)2SO4; peak 2 and 567 

electrophoresis lane 2 - RNA eluted with 0M (NH4)2SO4; (B) After the second run through the berenil 568 

support. 569 

 570 

Fig. 4. HPLC analysis of different pVAX1-LacZ samples: A – E.coli clarified lysate diluted 1:20; B – 571 

pDNA fraction collected after the chromatographic run; C – 400 µg/mL pVAX1-LacZ standard for 572 

comparative purposes. The chromatograms from HPLC analysis of pCAMBIA-1303 samples were 573 

similar to those here represented. 574 


