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The aim of this work was to employ a new naphthalene tripodal support for the isolation of supercoiled
(sc) isoform of plasmid (pDNA) from a native sample. This support is for the first time synthesized and
used in pDNA purification.

The naphthalene tripodal ligand was synthesized and characterized to assess its purity and subse-
quently immobilized onto an epoxy-activated Sepharose CL-6B, using mild conditions and resulting in
a ligand density of 0.32 mmol naphthalene tripodal/g derivatized Sepharose CL-6B. The complete charac-
terization of naphthalene tripodal Sepharose CL-6B support was performed by High Resolution Magic
Angle Spinning (HR-MAS) NMR spectroscopy, scanning electron microscopy (SEM) and elemental analy-
sis. The affinity was measured by SPR biosensor between naphthalene tripodal ligand immobilized on the
surface and sc pVAX1-LacZ and the Kp was 8.65 x 1078+ 1.0 x 107 M in 10 mM Tris-HCl pH 8.0, at
T =25 °C, indicating a high affinity. For comparison reasons, the affinity ligand 3,8-diamino-6-phenylphe
nanthridine (DAPP) was also immobilized on the chip surface and the Kp, for sc pVAX1-LacZ is lower than
with naphthalene tripodal. Saturation transfer difference-nuclear magnetic resonance spectroscopy
(STD-NMR) experiments showed that the interactions between the naphthalene tripodal-Sepharose
CL-6B and DAPP-Sepharose supports and the 5'-mononucleotides are mainly hydrophobic and nt-7 stack-
ing. The isolation of sc pDNA isoform was achieved with low salt concentrations, using 95 mM NaCl in
binding step and 550 mM NaCl in elution step at T = 4 °C and pH 8, thus reducing the economic and envi-
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ronmental impact.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In last decades, gene therapy and DNA vaccination arise as
potential methods for treating several gene-related disorders,
infectious diseases, AIDS and cancer [1]. However, non-viral gene
delivery requires plasmid DNA (pDNA) with high degree of purity,
potency, safety and efficacy [2]. pDNA used in gene therapy and
DNA vaccination is usually produced in Escherichia coli (E. coli) host
by fermentation and purified by chromatography to accomplish
the requirements of regulatory agencies [3]. The use of pDNA for
therapeutics relies on methods that purify the most biologically
active and effective topology, the supercoiled (sc) isoform with a
long, thin and branched shape [4]. Unlike, open circular (oc) and
linear (In) isoforms are considered contaminants because are less
efficient and actively biologically. Affinity chromatography allows
the recovery of sc pDNA with high purity [5]. This technique
exploits the multiple non-covalent interactions between pDNA
and a specific ligand immobilized on a matrix, making possible
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the separation of sc pDNA from contaminants [5]. Ligands are the
key component of adsorption process and more compounds should
be studied to make the process more efficiently and economically
sustainable [6]. Aromatic ligands are promisor molecules in sc
pPDNA purification due to the unique features derived from the
presence of the aromatic ring [7]. Recently, several studies report
the use of aromatic amino acids (i-tyrosine [8] and L-tryptophan
[9]) and synthetized aromatic compounds (DAPP [10] and berenil
[11,12]) for pDNA purification.

The structural and binding information of interaction between
aromatic ligands and pDNA is of utmost importance because allow
a fully understanding about the underlying mechanisms of
biorecognition [13]. Surface plasmon resonance (SPR) and Nuclear
magnetic resonance (NMR) are powerful techniques, that can be
employed in a fast screening of chromatography ligands [14].
Despite proved importance of ligands, process questions related
to parameters of chromatographic process, such as, buffer type, salt
concentration, temperature and pH have not fully addressed so far
[15]. These parameters are intrinsically linked to features of
ligands and need to be optimized for each case [15].

Here we report for the first time the synthesis, characterization
and application of the naphthalene tripodal, as affinity ligand for
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the separation of sc and oc pDNA isoforms. The synthesis of sup-
port (Fig. 1) was performed by coupling the ligand through amino
via a spacer to epoxy-activated Sepharose CL-6B, followed by char-
acterization by High Resolution Magic Angle Spinning (HR-MAS)
NMR spectroscopy, scanning electron microscopy (SEM) and ele-
mental analysis. SPR biosensor was used to measure the binding
strength of the DAPP and naphthalene tripodal to sc pVAX1-LacZ.
STD-NMR analysis was also used to characterize the interactions
between the nucleotides and the supports DAPP-Sepharose and
naphthalene tripodal-Sepharose CL-6B. Finally, chromatographic
experiments were performed using the naphthalene tripodal-
Sepharose CL-6B support to purify sc pVAX1-LacZ.

2. Material and methods
2.1. Materials

Sepharose CL-6B was obtained from GE Healthcare (Uppsala,
Sweden). Sodium carbonate was purchased from Panreac (Barce-
lona, Spain), tris(hydroxymethyl) aminomethane (Tris) from Merck
(Darmstadt, Germany) and sodium chloride from Fisher Scientific
(Fair Lawn, NJ, USA). All buffers used for the chromatographic
experiments were freshly prepared with deionized ultra-pure
grade water, purified with a Milli-Q system from Millipore (Biller-
ica, MA, USA) and analytical grade reagents. DAAP and lyophilized
5’-mononucleotides were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The GreenSafe Premium and the NZYMaxiprep commer-
cial kit used in the pDNA pre-purification were obtained from NZY-
Tech (Lisbon, Portugal).

2.2. Synthesis of naphthalene tripodal ligand

Naphthalene tripodal ligand was synthesized by the reaction of
naphtalene-1-carbaldehyde (1.00 g, 6.4 mmol) and tripodal tris(2-
aminoethyl)amine (2.80g, 19.2 mmol) dissolved in 100 mL of
EtOH-CH5CN (1:1). The resulting solution was stirred for 2 h and
then the solvent was evaporated. The obtained residue was dis-
solved in EtOH, and NaBH,4 (2.24 g, 59.0 mmol) was added portion
wise. After 24 h at room temperature, the excess of NaBH, was fil-
tered off and the solvent was evaporated to dryness. The resultant
residue was treated with deionized water and extracted with CH,-
Cl; (3 x 50 mL). The organic phase was evaporated to dryness to
give an oil. The organic phase was then dried with anhydrous
sodium sulfate and the solvent evaporated to yield the free amine
as a yellowish oil. The oil was then taken in a minimum amount of
EtOH and precipitated with aqueous HCI as its hydrochloride salt.
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Mp: 203-205 °C. 'H NMR (D0, 400 MHz): 2.85 (t, 4H, ]) 6 Hz, 2.93
(t, 2H, J) 7 Hz, 3.09 (t, 4H, ]) 6 Hz, 3.32 (t, 2H, ]) 7 Hz, 4.82 (s, 2H),
7.59-7.76 (m, 4H), 8.06-8.16 ppm (m, 3H). *C NMR (DO,
100 MHz): 36.7, 44.3, 48.5, 48.8, 50.1, 122.9, 126.0, 127.1, 127.9,
129.5, 130.1, 131.0, 131.3 ppm. ES-MS m/z calcd for C;7H;6Ny4,
286.22; found 287.22 [M+H]".

2.3. Synthesis of naphthalene tripodal support

Sepharose CL-6B was activated and naphthalene tripodal ligand
immobilized using a method described by Sundberg and Porath
[16]. Briefly, Sepharose CL-6B was washed with Milli-Q water
(1 L)on avacuum system filtration. Then 20 g of washed Sepharose
CL-6B were mixed with 40 mL of 0.6 M NaOH solution. After an
incubation period of 4 h at 25 °C, 30 mL of 1,4-butanediol digly-
cidyl ether and 160 mg of NaBH; were added. The suspension
was mixed by rotation at 25 °C overnight and the reaction was
stopped by washing the gel with large volumes of deionized water.
The gel was then suction-filtered to near dryness. The epoxy-
activated Sepharose CL-6B matrix was used to couple naphthalene
tripodal ligand. Briefly, 2 g of epoxy-activated Sepharose CL-6B was
mixed with 11 mL of Na,COs5 solution (2 M). This mixture was
incubated at 25 °C with agitation (110 rpm) in an orbital shaker
for 6 h. Then naphthalene tripodal ligand was mixed in 50 mL of
a NayCOs solution (2 M, pH 8.1) and added to epoxy-activated
Sepharose CL-6B solution. The mixture was incubated at 55 °C with
agitation overnight. The reaction was stopped by washing the gel
with large amounts of Milli-Q water.

2.4. Characterization of the naphthalene tripodal support

2.4.1. By HR-MAS NMR spectroscopy

All NMR experiments were performed at room temperature
using a Bruker Avance III 400 operating at 400.15 MHz for protons,
equipped with a 4-mm triple resonance (HNC) HR-MAS probehead.
Approximately 12 mg of the naphthalene tripodal support (lyophi-
lized) was placed in a 4-mm MAS zirconia rotor (50 pL). The sam-
ple was spun at the magic angle at a rate of 4.0 kHz, and all spectra
were acquired under field-frequency locked conditions using that
probe channel with the spectrometer’s lock hardware. Spectra
were processed using Bruker Topspin 3.1. Unless otherwise stated,
all '"H NMR spectra were referenced internally to the residual 'H
signal of DMSO-dg, which also serves as the swelling agent for
the polymer beads (~0.05 mL). Carr-Purcell-Meiboom-Gill (CPMG)
sequence with an echo time of 1.5 ms was used to suppress the
broad signals of the polymer and experiments were acquired in
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Fig. 1. Chemical structure of the naphthalene tripodal support.
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256 transients. NOESY experiments were acquired with 150 ms
mixing time in 16 transients with a relaxation delay of 2.0 s and
a spectral width of ca 6000 Hz in a total of 2 K data points in F2
and 256 data points in F1.

2.4.2. By scanning electron microscopy and elemental analysis

The micrographs of epoxy-activated Sepharose CL-6B and naph-
thalene tripodal-Sepharose CL-6B were obtained using SEM. The
samples were mounted on an aluminum board using double-
sided adhesive tape and then made electrically conductive by coat-
ing with gold using an Emitech K550 sputter coater (London, UK).
Then, the samples were analyzed on a Hitachi S-2700 with a UHV
Dewar detector (Rontec EDX) (Tokyo, Japan) operating at an accel-
erating voltage of 20 kV at 200x, 500x and 3000x magnifications.

2.5. Surface plasmon resonance (SPR) biosensor

Surface plasmon resonance analyses were carried out on Bia-
core T200 system using carboxymethylated dextran-coated sensor
chip CM5. The carboxylic groups on the surface of each flow cell
were activated using a mixture of 04M 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 0.1M N-
hydroxysuccinimide (NHS) at a flow rate of 10 pL/min and at
25 °C, to create reactive esters. The naphthalene tripodal ligand
(23 mM, pH 9.64) and the phenanthridine derivative 3,8-dia
mino-6-phenylphenanthridine (DAPP) (16.6 mM, pH 5.19) were
dissolved in 100 mM sodium borate and then injected at flow
rate of 2 pL/min in respective flow cells. All the surfaces, with
unreacted esters, were blocked with injection of 1 M ethanola-
mine. The immobilized level for flow cell 2 was 392.3 RU and for
flow cell 3 was 364.9 RU. Flow cell 1 was left in blank, without
ligand immobilization, to be used as a reference surface. Immedi-
ately before analysis, dilutions of sc pVAX1-LacZ were prepared
in two different solutions: 10 mM Tris-HCl pH 8 and 10 mM
sodium acetate pH 5 and injected at flow rate of 5 pL/min and con-
tact time 420s. The concentrations injected for sc pVAX1-LacZ
range between 0.1 uM and 0.98 nM and were injected in triplicate.
The concentrations were chosen considering the saturation of
ligand surface in each flow cell. To collect affinity binding data,
the experiments were performed at 10 °C and 25 °C. No regenera-
tion solution was required since the plasmid isoforms were
dissociated after 7 min from the sensor surfaces. Subtraction of
the response of the blank injections from flow cells 2 and 3
removed unspecific binding and systematic imperfections in the
response curve. In all responses in sensorgram the complex
associate and dissociate rapidly making calculations of kinetics
unfeasible and only steady state was possible to estimated.

The dissociation constants (Kp) were obtained by fitting plots
of RU versus concentration of analyte in plateau region of the sen-
sorgrams over a 300-400 s. The equation to calculate the Kp was:
Req = Rmax — (1/(1 + Kp/[A])), where Req is the amount of pDNA
bound to the ligand, Ry,ax is the maximum binding capacity pDNA,
and [A] is the concentration of pDNA. The Kp and affinity is
inversed related. All data processing was performed using BlAeval-
uation software v. 4.1.

2.6. Saturation transfer difference- nuclear magnetic resonance
spectroscopy (STD-NMR)

All the STD-NMR experiments were recorded on a Bruker
Avance Il 600 MHz spectrometer equipped with a cryoprobe and
conducted at 25 °C.

The mononucleotides resonances were assigned using 'H—'H
COSY, 'H—'H TOCSY and 'H—'3C HSQC and 'H—'C HMBC. The
supports naphthalene tripodal and DAPP were prepared as
described previously [16]. The mononucleotides 5-AMP, 5'-CMP,

5-GMP and 5-TMP as well as the supports, were suspended in
10 mM potassium phosphate buffer, pH 8.0, prepared in 90% H,0
and 10% (v/v) D,0. The 'H STD-NMR experiment was performed
with a suspension of supports 0.80 mM and 5’-mononucleotides
7.5mM being the spectra acquired at proton frequency of
600.13 MHz with 512 scans and a spectral width of 7211.5 Hz, cen-
tered at 2801 Hz. Sample volume was 600 pL in a 5 mm NMR tube.
The selective saturation of the supports was performed using
EBURP-shaped pulses (50 ms, 1-ms delay between pulses) for a
total saturation time of 2.04 s. The selective irradiation of the sup-
port resonances was between 0.0 and 3.3 ppm (on-resonance) and
36 ppm (off-resonance). The on- and off-resonance spectra were
acquired simultaneously with the same number of scans. The rela-
tive STD effect was calculated by dividing the STD signal intensities
by the intensities of the corresponding signals in a reference spec-
trum of the same sample [(Ip — Istp)/lp], expressing the signal
intensity in the STD spectrum as a fraction of the intensity of an
unsaturated reference spectrum [17]. The STD intensity of the lar-
gest STD effect was set to 100% as a reference and the relative
intensities Istp were determined [ 18]. Reference experiments using
only the free mononucleotides were performed under the same
experimental conditions to verify true ligand binding, demonstrat-
ing that the effects in the presence of the supports were only due to
true saturation transfer as no signal was observed in STD spectra in
the reference experiments. The resulting spectra were processed
with TOPSPIN 3.1 software (Bruker).

2.7. Purification of sc pVAX1-LacZ using naphtalene tripodal support

Chromatographic experiments were performed at different
temperatures (4, 10, 15 and 20 °C) and pH values (6, 7 and 8). A
standard 10 mm diameter x 20 mm length column was packed
with about 2.5 mL of naphthalene tripodal support, previously syn-
thesized in order to evaluate the separation of pVAX1- LacZ iso-
forms. All affinity chromatography experiments were performed
in an AKTA Avant system controlled by UNICORN 6.1 software
(GE Healthcare Biosciences, Uppsala, Sweden). The solutions used
in chromatographic runs were filtered through a 0.20 um pore size
membrane (Whatman, Dassel, Germany) and degassed before use.
The water-jacket column was connected to a circulating water
bath to maintain the desirable temperature of each experiment.
Unless otherwise stated, the column was first equilibrated with
95 mM NaCl in 10 mM Tris-HCl (pH 8). The pVAX1- LacZ solution
(25 pg pDNA/mL) was loaded onto column using a 100 pL loop at
flow rate 1 mL/min. After elution of unbound species, the ionic
strength of mobile phase was increased to 550 mM of NaCl in
10 mM Tris-HCl (pH 8). The absorbance of each run was continu-
ously measured at 260 nm. Fractions were pooled according to
the chromatograms and were concentrated and desalted with
Vivaspin concentrators (Vivascience) for further analysis by elec-
trophoresis. The fractions recovered in each chromatographic
experiment were analyzed by horizontal electrophoresis using
15-cm-long 0.8% agarose gels (Hoefer, San Francisco, CA, USA),
stained with GreenSafe Premium (1 pg/mL). Electrophoresis was
performed at 120V, for 40 min, with TAE buffer (40 mM Tris base,
20 mM acetic acid and 1 mM EDTA, pH 8.0) and revealed under UV
radiation in a transilluminator system (ILC Lda, Lisbon, Portugal).

3. Results and discussion
3.1. Synthesis of naphthalene tripodal support
The naphthalene tripodal ligand was designed to allow multiple

non-covalent interactions (hydrophobic, electrostatic and hydro-
gen bonds) with pDNA, as reported for other similar ligands such
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as DAPP [10], berenil [11,12], t-tryptophan [9] and L-tyrosine [8].
DAPP is a groove binder, and the interaction with pDNA occurs
mainly through m-m stacking and hydrophobic interactions [10].
However, DAPP is dependent of pH, and when protonated binds
to pDNA through electrostatic interactions between amine groups
and pDNA backbone [10]. Berenil support was also successful
applied for pDNA purification and the binding preferences are sim-
ilar to DAPP [12].

Amino acids aromatics such as, L.-tryptophan [9] and L-tyrosine
[8] were also used as ligands in purification of pDNA. They interact
with pDNA mainly through m-wt stacking and hydrophobic interac-
tions, however hydrogen bonds with specific nucleic acid bases
and electrostatic interactions with pDNA backbone cannot be
neglected since purifications of sc isoform from oc isoform occurs
at 10°C [8,9].
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The structure of naphthalene tripodal is similar to the ligands
reported above; however, the presence of the three amine arms
provide it some flexibility to create an equilibrium between several
interactions involved in binding of ligand to pDNA. Therefore, the
versatility of this new support can increase yields and scale up
by eliminating steps, and thereby reducing the economic and envi-
ronmental impact.

Naphthalene tripodal ligand was synthesized by the condensa-
tion of naphthalene-1-carbaldehyde with the tripodal tris(2-
aminoethyl)amine, in the presence of ethanol and acetonitrile in
1:1 proportion. This reaction leads to the formation of Schiff base,
which was reduced with sodium borohydride to give the amine.
The pure ligand was precipitated as its hydrochloride salt in a min-
imum amount of ethanol with aqueous HCl. The immobilization of
the ligand on Sepharose CL-6B was achieved by the formation of
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Fig. 2. (A) CPMG 'H HR-MAS spectrum of Sepharose CL-6B with linker bound to naphthalene tripodal. (B) 'H 'H-NOESY HR-MAS spectrum of Sepharose CL-6B with linker

bound to naphthalene tripodal.
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epoxy groups, followed by ligand immobilization by the amine
groups. The support was then characterized by HR-MAS NMR spec-
troscopy in order to ascertain if the ligand was immobilized onto
the matrix.

3.2. Caracterization of the naphthalene tripodal support

3.2.1. By HR-MAS NMR spectroscopy

The high-resolution NMR spectroscopy combined with magic
angle spinning (HR-MAS) reduces the broad Sepharose CL-6B
background signals thus resulting in better resolved spectra,
possibly contributing to the identification and quantification of
compounds linked to the matrix [19]. The background signal was
removed by using a CPMG pulse sequence with duration of
1.5 ms to abolish both transverse and longitudinal magnetization
of the Sepharose CL-6B that allows the relatively immobile spins
to relax and provides a high-resolution spectrum of the more
mobile molecules [20].

The chemical shifts of the naphthalene tripodal on the Sephar-
ose CL-6B are identified in the resonances between 8.4 and
7.5 ppm from the naphthalene protons and also in the methylene
resonances of the tris(2-aminoethyl)amine between 3.0 and
2.8 ppm. The linker chemical shifts present distinct resonances
upfield from CH and CH, at 1.1 ppm and 1.6 ppm, respectively,
which are common to both spectra. These chemical shifts allow
for the evaluation of ligand density in the support sample. Compar-
ing the integration at 1.6 ppm due to two CH, units from the linker,
with the resonances at 7.53 ppm from the ligand’s aromatic pro-
tons, we obtained 26% of ligand density immobilized in the Sephar-
ose CL-6B.

The coupling of L; to the matrix was identified in the MAS
NOESY spectrum (Fig. 2) by the cross-correlation peaks between
the aromatic protons at 7.53 ppm from ligand and methylene res-
onances from the linker at 1.6 and 1.1 ppm.

3.2.2. By SEM and elemental analysis

The efficiency of chromatographic processes is affected by bead
morphology; by this way is important the characterization of the
matrix prior and after immobilization of the ligand. To accomplish

the characterization of support, SEM micrographs of 200, 500 and
3000x magnifications were obtained from Sepharose CL-6B,
epoxy-activated Sepharose CL-6B and naphthalene tripodal-
Sepharose CL-6B. Representative micrographs in Fig. 3 clearly
show that bead morphology remains unaffected, maintaining their
physical properties after exposition of beads to high temperatures
and pH values during the immobilization procedure. Therefore,
from SEM micrographs it is possible guarantees the efficiency of
chromatographic process concerning that the flow properties are
maintained, and the separation of pDNA is only influenced by the
ligand, which is of the utmost importance for the purification.

Elemental analysis of naphthalene tripodal support was per-
formed to obtain the ligand density. Eq. (1) was used to determine
the amount of naphthalene tripodal immobilized on Sepharose CL-
6B (Q, mmol of ligand immobilized/g Sepharose CL-6B), consider-
ing that all nitrogen (%N) in the sample comes exclusively from
ligand [21].

%N

Q= (14 x 4) M

The ligand density of the naphthalene support was 0.32 mmol
per gram of Sepharose CL-6B. This value is significantly higher than
in DAPP support, in which the ligand density was 0.15 mmol per
gram of Sepharose. High values of ligand density can be favorable
to bind pDNA to support with high efficiency allowing the separa-
tion of isoforms.

3.3. SPR analysis between pVAX1-LacZ isoforms and ligands

Surface plasmon resonance (SPR) is a technique that was used
to measure interactions between the immobilized ligands, naph-
thalene tripodal and DAPP, on the sensor surface and sample solu-
tions of pVAX1-LacZ isoforms that flows across the SPR surface. The
DAPP-Sepharose support was used for the purification of pharma-
ceutical grade sc pDNA in previous studies [10,22]. Due to chemical
similarities (condensed aromatic moiety) to naphthalene tripodal
ligand, we chosen DAPP to immobilize it in the SPR surface for
comparing the binding constants with our ligand. The SPR experi-
ments were performed with two running buffers, Tris-HCl 10 mM

©)

Fig. 3. SEM micrographs of Sepharose CL-6B beads. (A-C) Epoxy-activated Sepharose CL-6B at 200x, 500x with measurement of particle diameter and 3000x magnification.
(D-F) naphthalene tripodal Sepharose CL-6B at 200x, 500x with measurement of particle diameter and 3000x magnification.
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pH 8 and sodium acetate 10 mM pH 5, at two different tempera-
tures, 10 °C and 25 °C. The distinct running buffers affected inter-
action strength, with an increase in response for sodium acetate
10 mM pH 5 with DAPP and no response for 10 mM Tris-HCI (pH
8.0), whereas with naphthalene tripodal the behavior is the oppo-
site. We also compared the effect of temperature on the binding
and no responses were found for DAPP at T =25 °C and for naph-
thalene tripodal at T =10 °C.

There are differences in equilibrium dissociation constants (Kp)
values determined for naphthalene tripodal and DAPP. The equilib-
rium dissociation constant for sc pVAX1-LacZ and DAPP in sodium
acetate 10mM pH 5 at T=10°Cis 1.73 x 1077 +5.7 x 1078 M and
for naphthalene tripodal in 10 mM Tris-HCI pH 8.0 at T=25°C is
8.65x108+1.0x 1078 M.

For both ligands and under these experimental conditions, the
affinity is high, especially for naphthalene tripodal.

3.4. Molecular recognition studies using 5'-mononucleotides and the
DAPP and naphthalene tripodal supports by STD-NMR

The structural aspects of the binding in solution of the 5'-AMP,
5'-GMP, 5-CMP, 5-TMP to the supports DAPP-Sepharose and
naphthalene tripodal-Sepharose CL-6B were evaluated by STD-
NMR spectroscopy. The 5-mononucleotides were used to explore
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and understand which nucleotides contribute to the interaction
with the ligands on the support. These data indicated the involve-
ment of the nucleotide protons in the interaction with the
supports.

3.4.1. 5’-mononucleotides binding to support DAPP-Sepharose

The STD spectra of 5'-CMP (Fig. S1(b) of Supplementary Mate-
rial) and 5-TMP (Fig. S3(h) of Supplementary Material) showed
the strongest signals with protons from of the base, namely, proton
Hs (100% of saturation) for cytosine and CH3 (100% of saturation)
for thymine. The remaining contacts are found with ribose protons
Hy. (58% of saturation) for 5'-CMP and Hj/Hj (10% of saturation) for
5’-TMP. No STD contacts were found for 5'-AMP. The STD percent-
ages found for 5'GMP (Fig. S2(e) of Supplementary Material)
showed the strongest STD signal for proton Hj, (100% of saturation)
followed by Hj (76% saturation), indicating that ribose is more inti-
mate with the support than guanine or protons near the phosphate
groups.

3.4.2. 5-mononucleotides binding to support naphthalene tripodal-
Sepharose CL-6B

In the presence of this support the 5-AMP (Fig. S4(f) of
Supplementary Material) showed STD signals only with protons
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Fig. 4. Chromatographic profile and gel agarose electrophoresis of pVAX1-LacZ isoforms separation from a native sample (oc + sc) on naphthalene tripodal support. The
elution was performed at flow rate of 1 mL/min, pH 8 and different temperatures: (A) 4 °C, (B) 10 °C, (C) 15 °C and (D) 20 °C. The dashed line represents NaCl concentration.
Lane S — pVAX1-LacZ native sample (oc + sc) injected onto column; Lane 1 - pVAX1-LacZ recovered from peak 1; Lane 2 - pVAX1-LacZ recovered from peak 2.
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Hs (100% of saturation) and H; (49% of saturation), indicating that
adenine is closer to support naphthalene tripodal Sepharose CL-6B.

Like above results, the STD spectra of 5'-CMP (Fig. S1(c) of Sup-
plementary Material) and 5-TMP (Fig. S3(i) of Supplementary
Material) showed the strongest signals for Hg and CH5 (100% of sat-
uration), respectively, suggesting that the base is involved in the
interaction to the support. Similar result was found for 5’'GMP
(Fig. S2(f) of Supplementary Material) in which the only STD signal
was for Hg (100% of saturation).

In summary, the results from STD-NMR experiments provided a
nucleotide epitope mapping through identification of their binding
sites involved in interaction with the DAPP and naphthalene tripo-
dal supports. The binding preferences of most the 5'-
mononucleotides with the two supports are mainly through the
base, meaning that H-bonds or m-m stacking can prevail with the
aromatic moieties of the DAPP and naphthalene tripodal ligands.

3.5. Sc pVAX1-LacZ purification using the support naphthalene
tripodal-Sepharose CL-6B

The data obtained in previous techniques provided useful infor-
mation about the conditions to purify sc pVAX1-LacZ from native
sample. SPR analysis show high affinity of naphthalene tripodal
to sc pVAX1-LacZ at 25°C in Tris-HCl pH 8 and data from

STD-NMR experiments demonstrated that the interaction with
naphthalene tripodal ligand was mainly through H-bonds and
m-1t stacking with the majority of the 5’-mononucleotides. Taking
this into account, series of chromatographic experiments were per-
formed to check the influence of salt concentration, temperature
and pH. NaCl was used to promote the binding and elution of sc
pVAX1-LacZ on naphthalene tripodal support using low salt
concentrations reducing the costs and the environmental impact
of high salt concentrations. Moreover, NaCl increase electrostatic
interactions and has proved results in purification of sc pvVAX1-
LacZ with DAPP support [10] and amino acids such as, L-arginine
[23] and L-lysine [24].

An initial screening for the evaluation of retention/elution pro-
file of pVAX1-LacZ on naphthalene tripodal support was performed
by manipulating the ionic strength between 90 mM and 1 M NacCl.
For this preliminary assay, the temperature and pH was main-
tained at 4°C and 8, respectively. After injecting the native
pVAX1-LacZ sample containing both isoforms (sc and oc), the sep-
aration was achieved in a two-step process with an increase of salt
in eluent buffer. The first step promoted the binding to support of
sc isoform, which is more compacted than oc isoform, that eluted
on the flowthrough and has a less degree of pDNA base exposition
[25]. The second step was the elution of sc isoform, by increasing
the NaCl concentration in eluent buffer. The most prominent result
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was achieved when the concentrations of the binding and elution
steps were 95 mM and 550 mM of NaCl, respectively. In fact, these
salt concentrations were significantly lower comparing with previ-
ously described for DAPP [10] and berenil [12] supports. The sepa-
ration of pVAX1-LacZ isoforms with DAPP was performed in
sodium acetate buffer pH 5 with 220 mM Nacl in the first step
and 1 M of NaCl in the second step at room temperature [10]. In
purification of pVAX1-LacZ with berenil support the conditions
were 1.3, 0.6 and 0 M ammonium sulfate in Tris-HCI pH 8 at room
temperature [12].Taking this into account, naphthalene tripodal
support presents an advantage over these chromatographic sup-
ports previously described [10,12].

To improve the isolation of sc pVAX1-LacZ, the temperature was
increased to 10 °C, 15 °C and 20 °C and the effects on retention/elu-
tion profile are discussed. Fig. 4 shows the chromatographic profile
and gel agarose electrophoresis at T =4, 10, 15 and 20 °C. The ionic
strength was maintained at 95 mM NaCl for binding step and
550 mM Nacl for elution step, resulting in poor isolation at high
temperatures due to low specificity and selectivity for sc pVAX1-
LacZ. In fact, the increase in temperature from 4 to 20 °C disrupt
the electrostatic interactions and hydrogen bonds, that are stab-
lished between protonated naphthalene tripodal and negatively
charged phosphate groups in pDNA, while increases hydrophobic
and 7m-m stacking interactions between naphthalene aromatic ring
and pDNA bases [23]. This results in an equilibrium between mul-
tiple non-covalent interactions [23]. The better selectivity, speci-
ficity and recuperation of sc pVAX1-LacZ were achieved at 4 °C,
mainly due to the electrostatic contributions and hydrogen bonds.

In the following experiments, the influence of pH at different
temperatures was checked. The chromatographic profile and gel
agarose electrophoresis at 4 °C and pH 6, 7 and 8 (Fig. 5) showed
a significant increase of the retention of sc pVAX1-LacZ with a
decrease in pH. Considering that this behavior could be correlated
with the pK, of naphthalene tripodal ligand that is around 9.2, the
electrostatic interactions become stronger at low temperatures
and pH, increasing the binding to sc pVAX1-LacZ. Also, we noticed
that the decrease of pH affects the salt concentration required to
promote the separation of the isoforms. Indeed, the concentration
of NaCl used in the experiment at 4 °C and pH 6 was almost two
times higher (180 mM NacCl) than salt concentration used in the
first step of the experiments performed at 4 °C and pH 8. The pH
manipulation effects were also studied at 10, 15 and 20 °C and
have similar results to 4 °C (data not shown).

Unlike naphthalene tripodal ligand, the DAPP has pK, of 5.8
[10]. Total retention of sc pVAX1-LacZ on this support was only
observed when the pH was decreased to a value below DAPP’s
pPK.. Being protonated, DAPP can more easily bind to the negatively
charged phosphate groups of pVAX1-LacZ [10].

In summary, the purification of sc pVAX1-LacZ was achieved
using an ionic gradient with different concentrations of NaCl from
95 mM to 550 mM at T=4 °C and pH 8.

4. Conclusions

The main goal of this work was to achieve the purification of sc
pVAX1-LacZ isoform by employing for the first time the new naph-
thalene tripodal support. The Sepharose CL-6B derivatized with
naphthalene tripodal was prepared through epoxide with a long
spacer arm, resulting in a ligand density of 0.32 mmol naphthalene
tripodal/g derivatized Sepharose CL-6B. Moreover, HR-MAS NMR
spectroscopy showed the presence of naphthalene tripodal linked
to Sepharose CL-6B and SEM analysis showed the preservation of
the original beaded Sepharose CL-6B morphology after the deriva-
tization process. Furthermore, the Kp value of 8.65 x 1078+ 1.0
x 1078 M determined by SPR biosensor with sc pVAX1-LacZ

showed that naphthalene tripodal-Sepharose CL-6B can be applied
as affinity chromatographic support. The STD-NMR experiments
showed that the interaction between the naphthalene tripodal-
Sepharose CL-6B is established mainly through H-bonds and n-7
stacking, with the most of the 5'-mononucleotides.

This new support was used to purify sc isoform of pVAX1-LacZ,
at temperature 4 °C, using Tris-HCI pH 8 with 95 mM Nacl, fol-
lowed by 550 mM NaCl in the same buffer. The overall process
has the advantage of using low amounts of salt in the eluent,
providing the separation of the biologically active sc isoform in a
two-step chromatographic process.
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