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a  b  s  t  r  a  c  t

We  have  constructed  an  in  vivo  system  for rapid,  scalable  production  of  linear  covalently  closed  (LCC)
DNA  from  precursor  circular  covalently  closed  (CCC)  plasmid  DNA  (pDNA)  that offers  a  stronger  safety
profile  compared  to conventional  CCC  pDNA  vectors.  In  the  processing  of  LCC  DNA products  from  the
precursor  CCC  pDNA,  LCC minivector  DNA  is produced  in  addition  to  other  precursor  DNA  species  and
isoforms.  DNA  purification  by  anion  exchange  chromatography  (AEC)  attains  high vector  purity,  mak-
ing  it  an  efficient  and  valuable  approach  to  purification  processes  for the  production  of  clinical  grade
DNA.  Membrane  chromatography  offers  significant  advantages  over  traditional  column  chromatogra-
phy  including  large  convective  pores,  higher  binding  capacities,  high  throughput,  scalable  purification
processes,  and  disposability.  A  hydrogel-based  strong  Q-anion  exchange  membrane  for  anion  exchange
chromatography  can  bind  DNA  with  high  capacity  and recovery  upon  purification.  We  exploited  these
membrane  properties  in the  separation  of  DNA  sizes  and  isoforms  to purify  LCC DNA.  We  employed  a
NaCl  concentration  gradient  at varying  flow  rates  to  successfully  achieve  effective  separation  of  parental
supercoiled  CCC  pDNA  from  processed  isogenic  LCC  derivatives  generated  by  the  LCC  DNA  vector  produc-
tion  system.  We  propose  that  anion  exchange  membrane  chromatography  is well  positioned  to  play  an
integral  role  in  large  scale  LCC  DNA  vector  purification,  successfully  separating  vectors  by DNA  isoforms.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The development of any successful gene therapeutic demands
effective and efficient gene delivery with careful considerations
to the safety profile of the therapeutic. Although viral vectors
enable effective delivery of the DNA cargo with high efficiency,
such vectors prompt significant safety concerns with regards to
potential undesired immune responses to viral capsid proteins,
regeneration of virulent viruses, and insertional mutagenesis [1].
As such, nonviral gene delivery strategies are generally safer.
However, while safer, the use of conventional circular covalently
closed (CCC) plasmid DNA (pDNA) vectors may  still potentiate
DNA vector integration into the host chromosome. The appli-
cation of linear covalently closed (LCC) DNA vectors addresses
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the above limitations by promoting a heightened safety profile
[1] without compromising utility [unpublished results]. We  pre-
viously described the development of a one-step heat inducible
in vivo production system for rapid and scalable processing of
precursor CCC pDNA into LCC DNA vectors [1]. This production
system involves temperature inducible expression of the PY54
bacteriophage-derived recombinant Tel protelomerase followed by
subsequent protelomerase mediated enzymatic reactions convert-
ing conventional CCC pDNA into LCC DNA derivatives [1].

In most plasmid extractions, the plasmid DNA (pDNA) pop-
ulation consists of various monomeric topological isoforms:
supercoiled CCC, open circular (OC), and linear open (LO). Gener-
ally, supercoiled CCC pDNA exists as the predominant form with
varying levels of LO and OC pDNA derivatives arising from sin-
gle and double strand breaks, respectively. The application of our
processing system toward the production of LCC DNA vectors added
an additional level of complexity with respect to the many differ-
ent isoforms arising from the extracted plasmid population (Fig. 1).
As such, purification was  necessary to ensure that LCC DNA vec-
tors could be recovered at purities suitable for clinical testing. High
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Fig. 1. LCC DNA product production using the one-step in vivo LCC DNA vector produc-
tion system. Generation of LCC DNA products involves phage PY54 protelomerase
(Tel) enzymatic activity acting on the Super Sequence (SS) multi-target site. A vari-
ety  of DNA isoforms/species arise during LCC DNA vector production: (1) parental
supercoiled CCC pDNA (∼3.5–4.0 kb); (2) parental LCC pDNA (5.6 kb); (3) LCC plas-
mid  backbone DNA product (3.2 kb); (4) LCC minivector DNA product possessing
eGFP  as the gene of interest (2.4 kb).

resolution achieved by column chromatography constituted high
pDNA purity, making it an essential component in downstream
purification processes [2–4].

Anion exchange chromatography (AEC) is commonly employed
for pDNA capture and purification offering several advantages
including rapid separation, lack of required solvents, and sanita-
tion of chromatography columns by sodium hydroxide [5,6]. AEC
functions through interactions between negatively charged pDNA
and non-specific positively charged ligands on the stationary phase,
where the strength of this interaction is dependent on both net
charge and local charge density. The introduction of a salt gra-
dient displaces such interactions and pDNA elutes in order of
increasing charge density as influenced by chain length, confor-
mation, and isoform [5,7–10]. Although the different DNA isoforms
possess the same chain length, charge and molecular weight, sep-
aration can be achieved through differences in charge density
and physico-chemical properties between the isoforms. A high
degree of compaction in supercoiled pDNA confers greater local
charge density in comparison to OC pDNA; contributing to stronger
interactions that cause supercoiled pDNA to elute at a later point
compared to OC pDNA [9,10]. Linear pDNA, characterized as super-
helical rods with random coils, inherently possess greater degrees
of elasticity and may  be subject to stretching by shear forces; such
a distinct property thereby contributes to the separation of lin-
ear pDNA from the other two isoforms [10,11]. Using a TSKgel
DNA–NPR weak anion exchange column, Smith et al. [10] found
size and gradient change-rate dependent variations in the elu-
tion order between supercoiled and LO pDNA. Although separation
between the different isoforms was observed, complete separation
was unattainable under experimental conditions. In a subsequent
study using a quinine–carbamate based weak anion exchanger,
Mahut et al. [8] reported that the elution order of isoforms was
indifferent to changes in mobile phase, gradient change-rate, or
plasmid size, but varied depending on changes in temperature. At
temperatures above 35 ◦C, they noted a higher retention of super-
coiled pDNA, as it eluted after LO pDNA. However, at temperatures
below 25 ◦C, supercoiled pDNA eluted at points between that of
OC and LO pDNA, and co-elution of supercoiled and LO pDNA was
observed at 30 ◦C. [8].

The generally large size of pDNA poses significant limitations on
commercial purification processes by column chromatography, pri-
marily due to the inability of large biomolecules to pass through the
porous beads (<0.2 �m)  of the stationary phase, resulting in pDNA
to be adsorbed predominantly on the surface, thereby limiting
capacity [3,5,6,9,12–14]. Previous studies reported that substan-
tive amounts of resin beads were required for pDNA purification as

fractional amounts of pDNA, (∼0.2–2 g), were loaded per liter of
resin, in contrast to the 10–100 g achieved for protein purification
[12]. Time consuming and labor-intensive processes involved in
column packing, cleaning, and regeneration, along with reported
low recovery and irreversible pDNA binding, pose further limita-
tions on conventional column chromatography [3]. Anion exchange
membrane chromatography may  overcome such limitations as
anion exchange membranes possess large convective pores (2 �m),
enabling rapid transport of pDNA to membrane surface while
attaining binding capacities an order magnitude higher than their
resin counterparts [2–4,7,13,15,16]. High throughput is attainable
as pDNA purification efficiencies are achieved even at elevated flow
rates [2,4,17]. Commercial pDNA purification can be achieved as
purification is scaled up linearly using the disposable, ready-to-use
membranes [3,13].

Zhong et al. [3] previously showed that using a hydrogel-based
strong anion exchange (Q) membrane yielded high binding capacity
(12.4 g/l of membrane volume) and ∼90% plasmid recovery upon
pDNA purification. This membrane was  composed of a polypro-
pylene membrane support completely encased by a functionalized
hydrophilic hydrogel upon swelling. The inherent property of high
adsorption and desorption associated with hydrogel-based mem-
branes prompts further exploration of their potential in separating
different pDNA sizes and isoforms for purification of LCC DNA.

In this study we applied anion exchange membrane chromatog-
raphy toward the separation and purification of LCC DNA isogenic
derivatives from CCC pDNA parent precursor after passage through
our one step in vivo LCC DNA vector production system to assess
its utility as a scalable system for the purification of human grade
therapeutic LCC DNA vectors.

2. Materials and methods

2.1. Production of LCC DNA products

A single colony of Tel+ W3NN (F-, �-, IN(rrnD-rrnE)1,  rph-1
lacZ::Cm-cI857-tel) cells [1], harboring the parental CCC pDNA sub-
strate, was grown overnight in 5 ml  Luria–Bertani (LB) + ampicillin
(100 �g/ml) under repressed conditions at 30 ◦C. Overnight cul-
tures were grown at 1:100 dilution with 100 ml LB + ampicillin
(100 �g/ml) at 30 ◦C until late log phase A600 = 0.8. Cells were col-
lected, centrifuged and re-suspended in 500 ml  of LB + ampicillin
(100 �g/ml) for induced protelomerase expression at 42 ◦C until
A600 = 1.0. This was  followed by a gradual temperature downshift
and overnight incubation at 30 ◦C. Cells was harvested and plasmid
extracted with E.Z.N.A. Plasmid Maxi-Prep Kit (Omega, VWR).

2.2. DNA separation by anion exchange membrane
chromatography

2.2.1. Buffers
The loading and washing buffers were composed of 50 mM

Tris–HCL (pH = 8.1) and the elution buffers were composed of load-
ing/washing buffers with the addition of various concentrations of
NaCl (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 2.0 M). All buffers were
prepared in 18 M� sterile MilliQ water.

2.2.2. Membrane material, pre-treatment, loading and elution
The hydrogel-based strong anion exchange (Q) membrane

syringe columns (50 mm;  membrane volume 0.75 ml) were
provided by Natrix Separations Inc. (Burlington, Canada). The mem-
brane column was connected to MPT-2 Autotitrator (Malvern, UK)
for membrane soaking, pDNA loading, and elution. The membrane
was pre-treated by soaking in loading buffer for 16 h at room
temperature prior to pDNA loading. Plasmid DNA feeds for mem-
brane chromatography experiments were prepared by diluting
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the extracted pDNA to ∼50 �g/ml with loading buffer. For each
experiment, 10 mL  of the diluted pDNA sample was fed into the
membrane column (0.667 g/l). After loading pDNA, the membrane
column was incubated at room temperature for 10–15 min  prior to
flushing with 40 ml  of washing buffer at 4 ml/min. Different exper-
iments were conducted with elution buffer of varying salt gradient,
by changing salt concentration, buffer volumes, and flow rates
(2.5–4 ml/min). Individual fractions of 0.5–2 ml  were collected from
the start of elution until complete elution as confirmed by elution
with 2 M NaCl elution buffer.

2.3. DNA analysis

A NanoDrop spectrophotometer (Thermo Scientific, USA) was
used to measure DNA concentration at 260 nm.  Eluted pDNA
concentrations (ng/�l) in each fraction were calculated from
absorbance values using the Beer–Lambert equation, A = E × b × c;
A is the absorbance; E is the extinction coefficient (50 ng cm/�l);
b is the path length; and c is the concentration. Eluted frac-
tions with detected DNA concentrations were analyzed by AGE.

Plasmid isoform compositions were assessed by AGE and densit-
ometry (AlphaImager, Alpha Innotech).

3. Results and discussion

Following the generation of LCC DNA products through our
in vivo processing system, we  sought to apply anion exchange
membrane chromatography to effectively separate LCC DNA prod-
ucts from residual supercoiled CCC precursor parent plasmid. The
experimental conditions for LCC DNA product purification were
examined according to manufacturer recommendations and find-
ings from Zhong et al. [3] to purify our DNA species of varying
isoforms and sizes (2.7–5.6 kb). We  initially detected DNA in eluted
fractions at 0.7 M NaCl. All recovered DNA was  collected upon pro-
long elution at this threshold salt concentration as DNA was not
detected after elutions with 0.8 M and 2 M NaCl. From the total 357
fractions collected, those with detectable DNA fell between 189
and 329, all of which were collected and fractions 189–300 were
further analyzed, using densitometry, by dividing individual frac-
tions into 11 distinct sets of fractions (Fig. 2). Visual inspection of

Fig. 2. Separation of DNA isoforms by anion exchange membrane chromatography. Agarose gel electrophoresis and densitometry analysis of DNA isoforms attained from
sequential sets of eluted fractions using anion exchange membrane chromatography. Eluted fractions (fractions 189–300) were categorized into 11 distinct sets according
to  their elution order. (a) Analysis of DNA isoforms of eluted fractions by 0.8% gel electrophoresis: molecular mass markers (lane 1); pDNA feed solution (lane 2); a selected
fraction from each of the 11 distinct sets—fraction 191 (lane 3); fraction 199 (lane 4); fraction 205 (lane 5); fraction 211 (lane 6); fraction 216 (lane 7); fraction 226 (lane
8);  fraction 238 (lane 9); fraction 254 (lane 10); fraction 266 (lane 11); fraction 276 (lane 12); fraction 292 (lane 13). Visual inspection confirmed early elution of parental
supercoiled CCC pDNA (∼3.5–4.0 kb) followed by increasing elution of the LCC DNA: parental LCC pDNA (5.6 kb), LCC backbone DNA (3.2 kb), and LCC minivector DNA  (2.4 kb)
(see  Fig. 1). Separation of DNA isoforms was  denoted by the disappearance of the ∼3.5–4.0 kb band, conferring the absence of parental supercoiled CCC pDNA in later fractions.
(b)  Analysis of the average composition of LCC DNA and parental supercoiled CCC pDNA within the 11 distinct sets highlighting the separation of LCC DNA from parental
supercoiled CCC pDNA. (c) Complete breakdown of all three LCC DNA species within each of the 11 sets of fractions. Progressive increases in recovered parental LCC pDNA
over  the other two species of LCC DNA was observed at later elutions.
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Fig. 3. Analysis of LCC pDNA species in late elutions from anion exchange membrane
chromatography. Analysis of LCC DNA species attained in late elutions using 0.8%
gel  electrophoresis: molecular mass markers (lane 1); pDNA feed solution (lane
2); sequential fractions attained at late elutions—fraction 284 (lane 3); fraction 288
(lane 4); fraction 292 (lane 5); fraction 296 (lane 6); fraction 300 (lane 7). A relatively
greater recovery of parental LCC pDNA was observed in comparison to the other two
LCC DNA species.

selected fractions from each of the 11 sets indicated the initial elu-
tion of parental supercoiled CCC pDNA (3.5–4.0 kb) in absence of
any LCC DNA. Subsequent fractions denoted increasing elution of
supercoiled CCC pDNA accompanied by the initial elution of three
LCC DNA species: parental LCC pDNA (5.6 kb), LCC backbone DNA
(3.2 kb), and LCC minivector DNA (2.4 kb) (Fig. 2a). The elution
of LCC DNA corresponded with a decreased elution of CCC pDNA
and the eventual separation of nearly all LCC DNA from CCC pDNA
(Fig. 2b). Investigation of the yielded LCC DNA products showed a
trend of increasing contribution of parental LCC pDNA at later elu-
tions from 11.2% (set 6) to 52.8% (set 11) (Fig. 2c). Further analysis
of the late elutions by AGE indicated a pattern of increasing elu-
tion of parental LCC pDNA over the two smaller LCC DNA products,
although with limited resolution (Fig. 3). This suggests a partial
separation between LCC DNA species according to size. However,
complete separation of the different species by charge density, as a
function of chain length, was unattainable as the different species
were relatively similar in size. Subsequent studies were conducted
to assess the effect of flow rate and salt gradient on the observed
elution pattern. Manipulations to the flow rate (2.5–4 ml/min) were
confirmed to have negligible effect on the observed elution pattern;
however, the observed separation between LCC DNA and CCC pDNA
was lost upon the application of a rapidly changing salt gradient
(data not shown).

Zhong et al. [3] found that plasmid size does not affect the
adsorption rate but influences the degree of irreversible adsorption
and the recovery fraction at pH of 8.0. They observed recovery rates
of 75%, 89%, and 65% were observed for plasmids of 6.4, 3.7, and
2.7 kb, respectively. The noted differences in elution efficiency were
attributed to irreversible adsorption for the 6.4 (22.5%), 3.7 (2.5%),
and 2.7 (32.6%) kb plasmids, respectively. As the size of the differ-
ent CCC pDNA roughly matched the sizes of the LCC DNA species,
it was suspected that similar trends for DNA recovery amongst the
three species would be observed. Based on the composition of LCC
DNA species recovered, greater yields of LCC backbone DNA (3.2 kb)
were observed compared to LCC minivector DNA (2.4 kb) despite
the expected 1:1 ratio in the feed (Fig. 2c). This finding can likely be
attributed to the differences in irreversible adsorption rates since
the adsorption fraction was constant for all plasmid sizes at pH of

8.0. To improve LCC minivector DNA recovery, a pH of 9.0 may  prove
ideal as it promotes recovery of smaller sized DNA in conjunction
with a minimal level of irreversible adsorption [3].

In agreement with Haber et al. [7], the application of strong, pos-
itively charged membranes was  successful in resolving different
DNA isoforms and our findings, denoting early elution of parental
supercoiled CCC pDNA followed by LCC DNA, matched well with the
previous findings. According to Haber et al. [7], the elution order
was due to convective flow-induced structural behavior of the dif-
ferent DNA isoforms. Compact supercoiled CCC DNA was able to
reach the membrane first and gain early access to binding sites.
The structural nature of OC DNA constituted a lower overall surface
charge density resulting in loose binding interactions and earlier
elution [3]. On the other hand, linear DNA was capable of undergo-
ing strong cooperative interactions due to high elasticity and their
ability to form loops and trains, thereby promoting strong bind-
ing and retention, contributing to later elution of linear DNA after
supercoiled CCC DNA.

Large scale production of pharmaceutical grade pDNA requires
a rapid and economical means of generating purified pDNA free of
animal-derived enzymes and toxic reagents [18]. Laboratory scale
pDNA vector production generally involves extraction kits employ-
ing solvents, toxic chemicals (cesium chloride & ethidium bromide)
or animal-derived enzymes (RNase A), which poses significant
issues relating to cost, scalability, and safety [2,4,18]. Previously,
several groups had attempted large-scale pDNA purification using
a combination of tangential flow filtration and various chro-
matography techniques [2,4,18,19]. Anion exchange membrane
chromatography had been applied for such purification processes
resulting in high concentration of pDNA and RNA removal [2,4].
Reductions to endotoxin levels as high as four orders of magni-
tude had been previously demonstrated in large scale purifications
using anion exchange membrane chromatography [13,14]. As AEC
had been utilized for large scale pDNA purification, its application
for separating DNA isoforms should not impose additional costs
or significant production delays in the generation of pharmaceuti-
cal grade pDNA. Hence, further exploration into optimal conditions
for effective separation by anion exchange membrane chromatog-
raphy will be warranted for downstream large scale production of
LCC minivector DNA.

4. Conclusions

Results from this study served as a proof-of-concept highlight-
ing the advantages of anion exchange membrane chromatography
in pDNA purification as well as demonstrating its potential in the
separation of different DNA isoforms. Application of a hydrogel-
based strong Q-anion exchange membrane and manipulations of
the salt gradient constituted effective separation of parental super-
coiled CCC pDNA from LCC DNA. Further exploration of the optimal
conditions and additional modifications will be warranted as AEC
poses to be an integral component in downstream purification pro-
cesses for the large-scale production of clinical grade minivector
DNA.
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