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plasmid isoform. The present study describes a new strategy that uses a lysine ligand in affinity chro-
matography to efficiently separate supercoiled and open circular plasmid DNA isoforms. To achieve higher
specificity in this chromatography it is essential to characterize the behaviour of binding/elution of super-
coiled isoforms. The results show that the lysine support promotes complex interactions with supercoiled
isoform, according to ionic strength and temperature manipulation.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

The progress of disease-related genes and the possibility to
anipulate the gene set-up in some organisms has fostered the

evelopment of innovative human DNA therapeutics, such as DNA
accination, gene therapy and recombinant biopharmaceuticals
1]. In 2007, around 30% of gene therapy clinical tests started to use
lasmids as non-viral vectors in vaccines for the treatment of cancer
2]. For the successful implementation of clinical approaches using
lasmid DNA (pDNA)-based therapies, increasingly developments
f production and purification procedures are required [3].

The biosynthesis of pDNA by Escherichia coli (E. coli) results in
highly enriched supercoiled (sc) pDNA extract, which is advan-

ageous since sc pDNA is considered the most efficient isoform
t transferring gene expression [4,5]. In this way, a particular
ownstream processing is required for the elimination of cellular
omponents of the E. coli host, as well as for the reduction the open
ircular (oc), linear and denatured pDNA isoforms that occur due
o conformational changes of sc plasmid. The main objective is the
ecovery of sc isoform (higher than 97%) according to the standards
stablished by regulatory agencies [6].

One of the major bottlenecks found in the chromatography

pplication for pDNA purification is that many stationary phases
isplay poor separation selectivity towards pDNA and impurities
ue to their similar binding affinities [7]. The affinity chromatog-
aphy (AC) takes advantage of the undoubted specificity and
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efficiency of pDNA or impurities to specific immobilized ligands
[3,8,9]. These affinity interactions are probably the most adequate
to purify sc pDNA, even when a single chromatographic step is
required.

Supercoiled pDNA purification strategies that use amino acids
(histidine and arginine) as immobilized ligands have recently lead
to interesting results [10,11]. Particularly, immobilised histidine
was used to specifically recognize sc pDNA present in the com-
plex E. coli lysate, allowing the elimination of host impurities and
the required purification degree [11]. In addition, arginine–agarose
support has also been efficiently applied to separate plasmid iso-
forms, revealing a recognition of sc isoform [10]. Similarly to what is
described for arginine, some molecular modelling studies described
that lysine is a positively charged amino acid that mediates the
largest number of contacts in protein–nucleic acid interactions
[12,13]. Lysine–agarose was already used to separate RNA species
of different molecular weight with a linear gradient of NaCl [14].
Building on these considerations, it is interesting to verify if the
lysine matrix may contribute to the separation of sc and oc pDNA
isoforms and to study the lysine-base molecular recognition mech-
anism by affinity chromatography.

2. Material and methods
Lysine-Sepharose 4B gel was obtained from GE Healthcare Bio-
sciences (Uppsala, Sweden) and the Qiagen Plasmid Purification
Maxi Kit was purchased from Qiagen (Hilden, Germany). Water was
ultra-pure grade, purified with a Milli-Q system from Millipore. All
salts used were of analytical grade.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:fani.sousa@fcsaude.ubi.pt
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Fig. 1. Chromatographic separation of pDNA (200 �g/ml) isoforms with a
lysine–agarose matrix. Elution was performed by stepwise increasing NaCl concen-
tration in the eluent from 165 to 250 mM, as represented by dashed line. Agarose gel
258 A. Sousa et al. / J. Chroma

.1. Bacterial production

The 6.05 kpb plasmid pVAX1-LacZ (Invitrogen, Carlsband, CA,
SA) used in the experiments was produced by a cell culture of
scherichia coli DH5�. Growth was carried out at 37 ◦C using Terrific
roth medium (20 g/l tryptone, 24 g/l yeast extract, 4 ml/l glyc-
rol, 0.017 M KH2PO4 and 0.072 M K2HPO4) supplemented with
0 �g/ml kanamycin. Growth was suspended at the late log phase
OD600 ∼13] and the cells were recovered by centrifugation and
ere stored at −20 ◦C.

.2. Lysis and isolation of plasmid DNA

pDNA was purified using the Qiagen (Hilden, Germany) plas-
id maxi kit according to the manufacturer’s instructions. The

rotocol is based on a modified alkaline lysis procedure. Follow-
ng lysis, binding of pDNA to the Qiagen anion exchange resin is
romoted under appropriate low-salt and pH conditions. Impuri-
ies are removed by a medium-salt wash. Plasmid DNA is eluted in
high-salt buffer and then is concentrated by isopropanol precipi-

ation.

.3. Preparative chromatography

Chromatography was performed in a Fast Protein Liquid
hromatography (FPLC) system (Amersham Biosciences, Uppsala,
weden). A 16 mm × 100 mm (∼20-ml) column was packed with
he commercial support Lysine-Sepharose 4B gel (GE Healthcare
iosciences, Uppsala, Sweden). This support is characterized by the
anufacturer as a cross-linked 4% beaded agarose matrix with a 12-

arbon atom spacer and a ligand density between 4 and 7 �mol/ml.
ypically, the experiments were performed at 12 ◦C, through a cir-
ulating water bath to maintain the appropriate temperature. The
olumn was equilibrated with 165 mM NaCl in 10 mM Tris buffer
pH 8.0) and the system was run at a flow rate of 1 ml/min. Plas-

id sample (200 �l) was then injected at the same flow rate and
he absorbance was monitored at 280 nm. After elution of unbound
pecies with 165 mM NaCl in 10 mM Tris buffer (pH 8.0), the ionic
trength of the buffer was increased stepwise to 250 mM NaCl in
0 mM Tris buffer (pH 8.0). Fractions were pooled according to the
hromatograms obtained and kept for further analysis as described
ellow. After chromatographic runs, it was necessary to wash the

ysine medium with at least 5 bed volumes of 2 M NaCl in 10 mM
ris buffer, pH 8.0.

.4. Gel electrophoresis

The fractions recovered from the chromatographic experiments
ere analysed by horizontal electrophoresis using 15-cm-long 1%

garose gels (Hoefer, San Francisco, CA, USA), which were stained
ith ethidium bromide (0.5 �g/ml). Electrophoresis was carried

ut at 100 V, for 1 h, with TAE buffer (40 mM Tris base, 20 mM acetic
cid and 1 mM EDTA, pH 8.0).

. Results and discussion

Initial experiments were performed to choose the best strat-
gy for pDNA binding/elution, being observed that total (oc + sc)
DNA retention was obtained at 150 mM NaCl in 10 mM Tris buffer
pH 8.0), and total elution was verified at 250 mM with the same

alt. During these experimental studies it is observed a need for
trict control in order to maintain the reproducibility since a slight
ariation of the conductivity (salt concentration or temperature)
ffected the plasmid retention. The column was equilibrated with
65 mM NaCl in 10 mM Tris buffer (pH 8.0) at 12 ◦C, using a flow
electrophoresis analysis of each peak is represented in the respective figure. Lane M:
molecular weight marker; lane A: pDNA sample injected onto the column (oc + sc);
lane 1: oc; lane 2: sc.

rate of 1 ml/min. Fig. 1 represents the pDNA chromatographic pro-
file obtained when 200 �l (200 �g/ml) were injected. After plasmid
injection, unbounded species were eluted due to lower affinity to
the matrix. The ionic strength of the buffer was then increased
to 250 mM NaCl in 10 mM Tris buffer (pH 8.0) and the highly
bound species were eluted. Fractions were pooled according to
the chromatograms obtained and were analysed by an agarose gel
electrophoresis.

In Fig. 1, the analysis of electrophoresis gel revealed that the first
peak of unbounded species corresponds to the oc isoform (lane 1),
and the second peak was attributed to the sc isoform (lane 2). As
judged by the gel, both isoforms were totally isolated. These results
suggest that the recognition of lysine matrix by sc isoform can be
related with supercoiling phenomenon that is a consequence of
deformations induced by the torsional strain leading to a higher
exposition of the bases of sc isoform compared with the oc isoform.
This phenomenon can be considered as an explanation for the fact
of lysine ligand to distinguish and differentially interact with both
isoforms (Fig. 1) further suggesting a specific recognition of the sc
pDNA isoform.

Although lysine can only use a single side chain atom for binding,
and the hydrogen bonds are less likely to resemble the ideal geom-
etry than for arginine [3], there are clear evidences that lysine is a
multiple donor amino acid and promotes hydrogen complex inter-
actions (bidentate) preferentially with guanine base, according to
what was found in molecular modelling studies [12]. Even though
the salt concentrations (250 mM NaCl) needed to elute bound plas-
mid isoforms from lysine matrix (Fig. 1) are lower than those
typically used in other anion-change chromatographic supports
(higher than 500 mM), the presence of electrostatic interactions
between the plasmid phosphate groups and lysine ligand (posi-
tively charged) should be considered, similarly to what happens in
studies with arginine [5].

To better understand the mechanism for specific recognition of
sc pDNA with lysine–agarose, some experiments of competitive
elution with elution buffers containing different kinds of amino

acids were performed. A 40 min linear gradient between 10 mM
Tris buffer and 250 mM of each amino acid was used. Arginine was
chosen as a positively amino acid in the elution buffer and pDNA
was eluted during the linear gradient. This behaviour is due to the
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ositively character of this amino acid that promote a preferen-
ial binding of pDNA with free arginine present in the buffer by
lectrostatic interactions, inducing its elution together with argi-
ine. When it was used glutamic acid as negative amino acid in the
lution buffer, pDNA was also eluted because glutamic acid pro-
oted the displacement of the bound pDNA. So, it was observed

hat the use of a negative amino acid can also promote a competi-
ive elution, competing with pDNA, particularly with the phosphate
roups, for the lysine ligands surface. Valine was chosen as amino
cid with aliphatic side chain, and for this case, the elution gradient
id not induce pDNA elution. This fact shows that the preferen-
ial interaction between pDNA and lysine support is ionic and not
ydrophobic, because despite this amino acid have a carbon lateral
hain, pDNA remained bound at the matrix (results not shown).
hese data allowed the knowledge of the underlying mechanism
nd the responsible groups for the recognition of pDNA by lysine,
hich can be extremely helpful to the further efforts in develop-
ent of novel materials for purification of nucleic acids.
To further confirm the matrix selectivity at the same elution

onditions, one sample with sc isoform (200 �g/ml) obtained after
ysis and purification with the Qiagen kit, and another sample with

c isoform (200 �g/ml) achieved by incubation of a sc pDNA sample
t room temperature for 5 days (following by electrophoresis gel),
ere used (results not shown).

The effect of temperature on selectivity was already described
n other studies and it has been proved that the temperature play

ig. 2. Affinity chromatographic profiles of oc and sc pDNA isoforms retention on lysine
4 ◦C. Elution was performed at 1 ml/min by linearly increasing the NaCl concentration in
nalysis of each peak is represented in each chromatogram.
877 (2009) 3257–3260 3259

an important role in pDNA affinity chromatography with amino
acids ligands. In the histidine matrix, the temperature increase only
affected the nucleic acids molecules conformation. Some studies
described that the temperature increase induces plasmids torsional
strain changes leading to relaxation and consequent decrease in
the interaction of sc pDNA with the histidine ligands. However, the
study of single-strand molecules revealed that the increase in tem-
perature induced a greater exposure of hydrophobic contact area
of these molecules leading to an increase in their retention [15]. On
the other hand, in arginine chromatography, the pDNA molecules
retention is directly influenced by temperature, suggesting that
hydrophobic interactions may be involved [10,16]. In the study of
separation of ribonucleic acids on lysine–agarose, the decrease of
temperature promotes a greater retention of the tRNA species to
the column [14]. Therefore, several chromatographic analysis were
triggered to demonstrate how temperature influences the reten-
tion of pDNA isoforms on the lysine support. A linear gradient (3
column volumes) between 160 and 250 mM NaCl Tris buffer (pH
8.0) was used, and to stabilize the required temperature (5, 12, 15
and 24 ◦C) for each experiment, a circular water bath was connected
to the column. Fig. 2 represents the elution profiles obtained when

loading a pDNA sample containing oc and sc pDNA isoforms into the
lysine matrix. It was evidenced that, while the temperature of the
column decreases, also the sc isoform retention decreases, being
partially eluted in the first peak together with the oc isoform. This
tendency can be monitored by the different height of peaks and

–agarose support, at different temperatures: (A) 5 ◦C; (B) 12 ◦C; (C) 15 ◦C and (D)
the eluent from 160 to 250 mM (3 column volumes). Agarose gel electrophoresis
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y electrophoresis gel presented in each chromatogram (Fig. 2).
he fact of the retention of sc isoform increased with increasing
emperature may be related to the presence of hydrophobic inter-
ctions with the aliphatic portion of side chain or the 12-carbon
poxy spacer arm of lysine ligand [7].

Curiously, in this work it is visible that the first peak of each
hromatogram was eluted approximately at same retention time,
s well as happens with the second peak. However, in arginine
tudy [10], the two peaks tend to approach and the two isoforms
re more retained due to the temperature increase. These differ-
nt behaviours suggest that, in case of lysine chromatography, the
emperature increase allows stronger sc isoform retention, and this
nteraction at low temperatures is not so favoured. Thus, it is evi-
ent that temperatures above 12 ◦C promote a significant effect in
c isoform distribution, increasing the specificity of the retention
nd favouring the total plasmid isoforms separation. As previously
emonstrated by the competitive elution studies, the hydrophobic

nteractions are not the preferential forces involved in sc plasmid
etention, and as it is known a temperature increase significantly
eaken nonspecific interactions like hydrogen bonds. Hence, the

ehaviour found with the temperature increase suggests that the
onic interaction between lysine and pDNA is strengthened favour-
ng the recognition of sc isoform.

In general, some positively charged amino acids were already
sed as affinity ligands to efficiently separate sc and oc pDNA iso-
orms, but each matrix can specifically recognize and differently
nteract with the sc isoform. In the case of histidine-based affinity

atrix it was achieved the possibility to separate the pDNA iso-
orms using a high ammonium sulphate concentration. This fact
an be considered a disadvantage indicating the need for further
mprovements. It also verified that the temperature had only a
irect influence on molecules conformational structure [15]. Oth-
rwise, the arginine matrix revealed an extreme sensitivity of the
inding/elution behaviour of the biomolecules with respect to the

onic strength of the buffers used. The type of interactions estab-
ished between the arginine ligand and the nucleic acid molecules

ere different. Thus, the molecules retention was performed at
ow sodium chloride concentrations and their elution was obtained

ith a slight increase of salt concentration [10]. In the arginine
upport studies, the temperature effect was more evident on the
etention [16]. In the present study, plasmid isoforms were also

eparated using mild salt conditions and it is suspected the involve-
ent of different interactions. As it was previously described, in

ysine chromatography, the temperature increase developed an
mportant role allowing a specific interaction with the sc isoform.
nterestingly, unlike arginine, the retention time of oc and sc iso-

[

[
[

[

877 (2009) 3257–3260

forms in lysine matrix was not changed with the temperature
increase, but an increased specificity was observed favouring the
total plasmid isoforms separation.

For the first time, it is presented a new affinity chromatographic
process based on naturally occurring interactions, between the
lysine amino acid and plasmid molecules, promoting an efficient
separation of sc and oc isoforms. We suggest that the underlying
mechanism involves phenomenological interactions like biorecog-
nition between the lysine matrix and pDNA isoforms, including
hydrogen, electrostatic, van der Waals and hydrophobic interac-
tions. Lysine-affinity chromatography can be another potential
purification technique to obtain the sc pDNA directly from a
clarified E. coli lysate in the required conditions for therapeutic
applications, since in this work it was proved that this matrix rec-
ognize specifically the sc isoform. The use of amino acid matrices
and mild salt conditions become this technique more appropriate
and economic to apply at biotechnological process and industrial
scale.
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