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a b s t r a c t

In previous work we demonstrated the improved protein-binding capacity and selectivity of ion-
exchange adsorbents displaying a “clustered” rather than random, distribution of surface charges.
For example, anion-exchange adsorbents displaying 5 mM of positive charge in the form of 1 mM
penta-argininamide show much higher affinity and capacity for alpha-lactalbumin than do adsorbents
vailable online 18 November 2010
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displaying the same 5 mM total charge in the form of single dispersed argininamide charges. We also
found that clustered adsorbents selectively favor proteins with inherent charge clustering. In the present
work, “clustered” penta-argininamide adsorbents showed DNA binding capacity comparable to that of
conventional dispersed adsorbents with 10–100-fold higher ligand density. We also observed that at
moderate ionic strength the DNA affinity of all adsorbents tested increased with salt while RNA affinity

vity f

ucleic acids
dsorption
igand density

decreased, so that selecti

. Introduction

Ion-exchange chromatography is widely used for the separa-
ion of biomolecules [1,2] due to the strength and reversibility
f ion-exchange adsorption, and the possibility of tuning selec-
ivity and resolution for the biomolecule of interest [3–7]. The
ecent increased need for nucleic acids in biological sciences and
n medicine (e.g., for plasmid DNA vaccines [8–12]), has called for
mproved techniques for nucleic acid purification. Thus, there is
n on-going interest in improving the affinity and selectivity of
on-exchange adsorbents for nucleic acids.

Traditional ion-exchange adsorbents display a random charge
istribution which creates a heterogeneous landscape of adsorp-
ion sites [13] and fortuitous charge clustering and geometric

atching between adsorbates and adsorbent play an important
ole in adsorption. For the ion-exchange capture of small ions,
distance-of-charge-separation approach showed that the close

roximity of the positive charges on the nitrogen atoms of a
olyamine ligand improved its selectivity for divalent (SO4

2−) over

onovalent (Cl−, NO3

−) ions compared to isolated distributed ter-
iary and quaternary amine functionalities [13–16]. In our previous
ork, a higher affinity and capacity for negatively charged proteins
as observed for an adsorbent displaying uniform-size clusters of
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or DNA over RNA was enhanced as salt concentration increased.
© 2010 Elsevier B.V. All rights reserved.

positive charges, than for an adsorbent with the same total charge
density displayed as dispersed charges [7]. It was also shown that
proteins with highly charged patches were particularly favored
in both binding capacity and selectivity on the clustered-charge
adsorbent.

In the present work, we tested the capacity and selectivity of
clustered-charge anion exchangers for nucleic acids, which display
high charge densities compatible with multivalent interactions
with clustered adsorbents. It was shown that clustered-charge
adsorbents of relatively low ligand density can have a higher DNA
affinity than the conventional adsorbents of much higher ligand
density. Clustered charge adsorbents also showed enhanced selec-
tivity for DNA over RNA, which can be useful for practical purposes.

2. Experimental

2.1. Materials

AminoLink coupling resin, AminoLink reductant and Micro BCA
protein assay kits were from Pierce (Rockford, IL). Q Sepharose Fast
Flow and DEAE Sepharose were from GE Healthcare (Piscataway,
NJ). Penta-argininamide was custom synthesized by Biomatik
(Wilmington, DE); the amide was introduced to avoid the forma-

tion of a zwitterionic adsorbent ligand also displaying a negatively
charged C-terminal carboxylate. Salmon sperm DNA was from
Stratagene (La Jolla, CA). DEAE Plasmid Plus resin was from Qia-
gen (Valencia, CA). Baker’s yeast RNA and all other reagents were
from Sigma Aldrich (St. Louis, MO).

dx.doi.org/10.1016/j.chroma.2010.11.024
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:willson@uh.edu
dx.doi.org/10.1016/j.chroma.2010.11.024


atogr. A 1218 (2011) 258–262 259

2

p
P
(
p
t
r
d
w
a
i
a
a
r
T

m
o
i
a
f

H
d
E
w
p
a
d
1
T
Q

2

u
w
o
s
t
t
r
t
a
n
2
t
b
g
w
l
a

2

n
a
8
(
6
f

W.-h. Chen et al. / J. Chrom

.2. Adsorbent preparation

Four mL of well-suspended AminoLink coupling resin was
laced in a 10 mL disposable polypropylene filter column from
ierce (Cat no 29924) and washed with 10 mL of coupling buffer
0.1 M sodium phosphate buffer, 0.15 M NaCl, pH 7.2) to remove
reservatives, then mixed with 2 mL of penta-argininamide solu-
ion (3, 6, 12 or 30 mM) on a Cole-Parmer Roto-torque gyratory
otator at room temperature for at least 4 h, and then at 4 ◦C for 4
ays. The supernatant was then drained, and the adsorbent washed
ith 10 mL of coupling buffer to remove unbound peptide. The

dsorbent was then mixed with 2 mL of 66 mM sodium borohydride
n 25% ethanol/75% PBS, followed by 30 min rotation to deactivate
ny remaining aldehyde groups, and washed with 15 mL of 1 M NaCl
nd 5 mL of storage buffer (10 mM Tris–HCl, pH 8.0), drained and
esuspended in 0.67 adsorbent volume of binding buffer (10 mM
ris–HCl, 10 mM NaCl, pH 8.0).

The concentration of peptide ligand on the adsorbent was deter-
ined by bicinchoninic acid assay (Micro BCA Protein Assay, Pierce)

f the residual supernatant peptide and the modified adsorbent
tself. Peptide adsorbents with a final ligand density of 1.4, 2.4, 4.8
nd 24 mM penta-argininamide were prepared and stored at 4 ◦C
or later use.

Q Sepharose Fast Flow, Qiagen DEAE Plasmid Plus resin and GE
ealthcare DEAE Sepharose were vortexed and placed in a 10 mL
isposable polypropylene filter column from Pierce (Rockford, IL).
ach adsorbent (4 mL slurry as supplied by the manufacturer) was
ashed with 10 mL of binding buffer (10 mM Tris–HCl, 10 mM NaCl,
H 8.0) to remove preservatives, drained and then resuspended by
dding 0.67 packed adsorbent volume of binding buffer. The ligand
ensity of Qiagen DEAE Plasmid Plus resin was determined to be
25 ± 5 mM by titrating the resin with 5.5 M NaOH using a Metrohm
itrino model 794 titrator, while those of GE Healthcare DEAE and
Sepharose Fast Flow were supplied by the manufacturer.

.3. Adsorption isotherm measurement

Each adsorbent (25 �l suspension; 15 �l settled adsorbent vol-
me) was aliquoted into 1.5 mL Eppendorf tubes and incubated
ith different volumes of nucleic acid stock solution (10–320 �l

f 25 �g/mL DNA stock solution in binding buffer or 20 �g/mL RNA
tock solution in binding buffer) plus binding buffer to bring the
otal volume to 1.0 mL plus 15 �l of settled adsorbent. Adsorp-
ion was then allowed to equilibrate on a gyratory rotator at
oom temperature for 1 h, a time found in control experiments
o be sufficient for equilibration. After a 10-min centrifugation
t 16,000 × g in an Eppendorf model 5415D microcentrifuge, the
ucleic acid concentration in the supernatant was quantified by
60 nm absorbance using a Beckman-Coulter DU 530 spectropho-
ometer. The adsorbent pellets were resuspended in 1 mL of binding
uffer and again centrifuged (this supernatant contained a negli-
ible quantity of nucleic acid); bound nucleic acids were eluted
ith 1 mL of elution buffer (binding buffer + 1 M NaCl) and ana-

yzed spectrophotometrically for determination of bound nucleic
cid content and calculation of total mass recovery.

.4. Data analysis

The mass balances (nucleic acid remaining in super-
atant + nucleic acid eluted from adsorbent, divided by nucleic

cid originally added) for all adsorption data closed in the range of
3–109%. Adsorption isotherms were fit to the Langmuir isotherm
Eq. (1)) using Igor Pro (WaveMetrics, Lake Oswego, OR; version
.05) which uses the Levenberg–Marquardt algorithm to search
or parameters which minimize �2 values, as described previously
Fig. 1. Adsorption isotherms of salmon sperm DNA with Langmuir fits on Qia-
gen DEAE resin (�), GE DEAE Sepharose (�), penta-argininamide adsorbents (Arg5:
1.2 mM ligand density (�); 2.8 mM ligand density (�)), and Q Sepharose (�) at 25 ◦C
in 10 mM Tris, 10 mM NaCl at pH 8.0. Error bars correspond to mean ± 1 SD.

[7].

y = Qmax × X

Kd + X
(1)

where y is the bound nucleic acid concentration, X is the free nucleic
acid concentration, Qmax is the maximum binding capacity, and Kd
is the dissociation constant.

3. Results and discussion

3.1. Adsorption isotherms

The performance of the penta-argininamide adsorbent was
compared to conventional adsorbents. As shown in Fig. 1, 1.2 mM
penta-argininamide adsorbent gave a higher DNA binding capac-
ity (Qmax = 4.4 ± 0.5 mg/mL adsorbent) and stronger initial binding
affinity (Qmax/Kd = 20.6 mL/mL adsorbent) than both Q Sepharose
Fast Flow (Qmax = 2.5 ± 0.5 mg/mL adsorbent; Qmax/Kd = 14.7 mL/mL
adsorbent) and GE DEAE Sepharose (Qmax = 3.6 ± 0.8 mg/mL adsor-
bent; Qmax/Kd = 13.0 mL/mL adsorbent). The binding capacity
(Qmax = 6.6 ± 1.2 mg/mL adsorbent) and initial binding affinity
(Qmax/Kd = 23.2 mL/mL adsorbent) of an increased-ligand-density
penta-argininamide (2.8 mM) adsorbent also compared well to
those of Qiagen DEAE resin (Qmax = 5.8 ± 0.6 mg/mL adsorbent;
Qmax/Kd = 27.4 mL/mL adsorbent; Table 1). As shown in Fig. 2,
extremely strong RNA initial binding affinity and binding capac-
ity were observed on Q Sepharose Fast Flow adsorbent while
the 1.2 mM penta-argininamide and the other two conventional
adsorbents (Qiagen DEAE resin and GE DEAE Sepharose) exhib-
ited lower RNA binding capacity (Table 1). It is worth noting that
the salt-induced reversibility of the nucleic acids’ binding to the
penta-argininamide adsorbents underscores the contribution of
electrostatic interactions [7] compared to possible formation of
hydrogen bonds. While arginine is known to form specific hydro-
gen bonds via its guanidine group with nucleic acids (e.g., HIV 1
TAR hairpins or supercoiled plasmid DNA) displaying characteris-
tic structural motifs [17–24], this mechanism is less favored with
the linear nucleic acids used in the present study.
3.2. Salt and ligand density effects of DNA binding

The effect of salt concentration on nucleic acid binding was
investigated with single-point adsorption measurements with an
initial DNA loading of 40 �g/mL in the solution on the penta-
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Table 1
Values of Langmuir Isotherm Parameters Qmax and Kd for adsorption of DNA and RNA on Qiagen DEAE resin, GE DEAE Sepharose, penta-argininamide adsorbents (Arg5;
1.2 mM or 2.8 mM ligand density), and Q Sepharose at 25 ◦C in 10 mM Tris, 10 mM NaCl at pH 8.0.

Adsorbent DNA RNA (Qmax/Kd)
DNA/(Qmax/Kd)RNA

Qmax

(mg/mL adsorbent)
Kd

(�g/mL)
Qmax/Kd

(mL/mL adsorbent)
Qmax

(mg/mL adsorbent)
Kd

(�g/mL)
Qmax/Kd

(mL/mL adsorbent)

Qiagen DEAE 5.8 ± 0.6 211 ± 43 27.4 1.6 ± 0.2 109 ± 27 14.3 1.91
GE DEAE Sepharose 3.6 ± 0.8 280 ± 115 13.0 2.8 ± 0.7 192 ± 92 14.4 0.92
Arg5 (1.2 mM) 4.4 ± 0.5 211 ± 47 20.6 2.1 ± 0.1 5.3 ± 0.1 395 0.051
Arg5 (2.8 mM) 6.6 ± 1.2 282 ± 88 23.2 – – 5110a 0.0045
Q Sepharose 2.5 ± 0.5 171 ± 79 14.7 1

a Estimated from the data in Fig. 4; free RNA = 0.12 �g/mL and bound RNA = 613 �g/mL
Qmax/Kd.
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ig. 2. Adsorption isotherms of Baker’s yeast RNA with Langmuir fits on Qiagen
EAE resin (�), GE DEAE Sepharose (�), penta-argininamide adsorbent (Arg5; �) and
Sepharose (�) at 25 ◦C in 10 mM Tris, 10 mM NaCl at pH 8.0. Error bars correspond

o mean ± 1 SD.
rgininamide adsorbent with four different ligand densities (Fig. 3)
nd 12.5 �g/mL on the penta-argininamide adsorbents and the
hree conventional adsorbents (Fig. 4). We observed that the bind-
ng affinity of DNA for all the adsorbents increased with increasing

ig. 3. Single point adsorption measurements of salmon sperm DNA as a function
f salt concentration on penta-argininamide (Arg5) adsorbents with varying ligand
ensities: 1.4 mM (�), 2.4 mM (�), 4.8 mM (�) and 24 mM (�) at 25 ◦C in 10 mM
ris, pH 8.0 as a function of salt concentration. The initially offered loading of DNA
as 40 �g/mL buffer (2.67 mg/mL adsorbent). Note that the curves are generated by

onnecting the data points for each adsorbent and error bars correspond to mean ± 1
D.
48,000 ± 91,000 76,800 ± 43,700 1920 0.0076

adsorbent at 10 mM NaCl; the ratio of bound RNA to free RNA was considered as

salt concentration, and then decreased rapidly when the salt
concentration reached a specific but different point for each adsor-
bent (Figs. 3 and 4). We believe that the initial increase of DNA
binding affinity with increasing salt concentration is due to coun-
terion shielding of intermolecular repulsion between anionic DNA
molecules as further discussed in Section 3.3.

As shown in Fig. 3 and Table 2, the initial slope of the increase of
loading as a function of salt concentration decreased from 4.8 g/L M
(at 1.4 mM ligand) to 0.054 g/L M (at 24 mM ligand). As ligand
density increased from 1.4 to 4.8 mM penta-argininamide, the max-
imum DNA binding capacity also increased and the adsorption
maximum was observed at higher salt concentration. Complete
DNA elution from the 1.4, 2.4 and 4.8 mM penta-argininamide
adsorbents was achieved with 1 M NaCl, but the 24 mM penta-
argininamide adsorbent required 3 M NaCl. For each ligand density
there is a ‘critical’ salt concentration, above which the adsorbent
with higher density binds more DNA; the amount of DNA cap-
tured decreases systematically with increasing ligand density as
ionic strength increases.

These observations are consistent with stronger kinetic trap-
ping of the DNA at higher ligand densities and lower ionic strength,
impairing DNA access to buried, inaccessible ligands. At the load-

ing maximum, assuming that DNA evenly penetrates only 5% of the
radius of the adsorbent volume (the precise number is not essential
to the arguments which follow; particles are assumed to consist of
spherical particles of 105 �m mean diameter) [8], the inter-DNA

Fig. 4. Single point DNA adsorption measurements as a function of salt on Qia-
gen DEAE resin (�), GE DEAE Sepharose (�), penta-argininamide adsorbents (Arg5:
1.2 mM ligand (♦); 2.8 mM ligand (�)), and Q Sepharose (�) at 25 ◦C in 10 mM Tris
at pH 8.0 at varying added NaCl concentrations. The initial loading of DNA was
12.5 �g/mL buffer (830 �g/mL adsorbent). Note that the curves are generated by
connecting the data points for each adsorbent and error bars correspond to mean ± 1
SD.
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Table 2
Inter-adsorbate distance and charge ratio of adsorbate to adsorbent at the maxima in Fig. 6.

Adsorbent Interligand
distance (Å)

Ligand charge
density (mM)

DNA maximum
capacity
(mg/mL)

DNA charge
density (mM)

Inter-DNA
distance (Å)

Charge ratio of
DNA/ligand

Initial Slope
(g/L M)

Slope after
maxima (g/L M)

Arg (1.4 mM) 106 7 1.89 5.72 61.8 0.82 4.8 −10.0
58.2 0.54 3.2 −5.6
54.2 0.31 1.8 −4.0
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Fig. 5. Single point RNA adsorption measurements on Qiagen DEAE resin (�), GE
DEAE Sepharose (�), penta-argininamide adsorbents (Arg5: 1.2 mM ligand (©);

◦

between the stiff DNA molecules, and thus effective DNA loadings
are increased. Further increases in ionic strength suppress adsorp-
tion by the classic counterion mass-action ion-exchange elution
mechanism [25,26]. RNA is over 20-fold more flexible than DNA;
5

Arg5 (2.4 mM) 88 12 2.13 6.45
Arg5 (4.8 mM) 70 24 2.45 7.42

ote: interligand distance is 41 Å and initial slope is 0.054 g/L M for Arg5 (24 mM).

istance (estimated as the inverse cube root of the volume occu-
ied per DNA molecule) decreases from 464 to 426 Å, and the ratio
f total charge of bound DNA to the ligand in the outer 5% of the
dsorbent ranges from 5.5 (at 1.4 mM ligand) to 2.1 (at 4.8 mM lig-
nd). If DNA only adsorbs on the surface of the adsorbent particles,
he two-dimensional inter-DNA distance decreases from 61.8 to
4.2 Å.

Increasing ligand density does not result in a proportional
ncrease in DNA loading and the charge ratio of total bound DNA to
he ligand at the loading maximum; this may be due to pore acces-
ibility limitations and steric hindrance by already adsorbed DNA
acromolecules [25,26]. Although DNA is known not to penetrate
ell into ion-exchange adsorbents (the pore size of the agarose

dsorbent used in our work is about 30 nm [27] which equals to 2/3
f the estimated DNA persistence length), a kinetic trapping mecha-
ism requires at least partial penetration of DNA into the adsorbent,
r all ligand densities would produce identical results. The limiting
ase of adsorption is one molecule of DNA per molecule of ligand,
orresponding to roughly 2300 negative charges of DNA (of aver-
ge size 1150 bp) being captured by the penta-argininamide ligand
ith 5 positive charges. Assuming uniform distribution of the lig-

nd throughout the adsorbent volume, and that DNA molecules
dsorb solely on the surface of the adsorbent particles, all ligands
ithin a distance of 50-fold the Debye length would be required to
rovide at least one ligand per DNA molecule for the 250 mM NaCl
aximum adsorption of DNA on the 1.4 mM penta-argininamide

dsorbent (the Debye ionic shielding length for an aqueous solu-
ion of NaCl, a 1:1 electrolyte, is estimated as: Debye length, k−1

Å) = 3 × (I−0.5), where I is the ionic strength in M [28]). Since coun-
erion shielding would be complete at a much shorter distance,
ome degree of penetration into the adsorbent must occur, consis-
ent with kinetic trapping.

.3. Salt effects of RNA binding and the selectivity for DNA/RNA

The effect of salt concentration on RNA was investigated with
nitial loading of RNA of 10.0 �g/mL, and we further compared the
alt effect between DNA and RNA. A decreasing fraction of offered
NA bound with increasing salt concentration (Fig. 5) while the
NA/RNA binding capacity ratio of the 1.2 mM penta-argininamide
dsorbent increased 9-fold when NaCl concentration was increased
rom 10 to 160 mM (Fig. 6).

As discussed above the counterion shielding may play an impor-
ant role in these effects. The Debye length is 30 Å at 10 mM and
.0 Å at 250 mM, while the contour and persistence lengths of a
000-bp DNA fragment are 570 Å and 450 Å [29,30], respectively
Table 3). This implies that DNA molecules will be both “stiff” and

utually electrostatically repulsive at low salt concentration. As
he salt concentration increases, the Debye length decreases and
epulsion is shorter-ranged, although the stiffness of DNA does not

hange as rapidly. The average center-to-center spacing of penta-
rgininamide charged ligands at 2.4 mM concentration, assumed to
e uniformly distributed throughout the adsorbent volume, is 88 Å
Table 2) while the comparable ligand spacings are 24 Å, 19 Å and
3 Å for Qiagen DEAE resin, Q Sepharose and GE DEAE Sepharose,
2.8 mM ligand (�)) and Q Sepharose (�) at 25 C in 10 mM Tris at pH 8 at vary-
ing added NaCl concentrations. The initial loading of RNA was 10 �g/mL buffer
(670 �g/mL adsorbent). Note that the curves are generated by connecting the data
points for each adsorbent and error bars correspond to mean ± 1 SD.

respectively. Each of these is substantially smaller than the persis-
tence length of DNA (but not RNA) under the conditions used. As
a result, increased ionic strength reduces intermolecular repulsion
Fig. 6. Comparison of loading capacity ratio (the ratio of bound DNA to bound RNA)
among Qiagen DEAE resin (�), GE DEAE Sepharose (�), penta-argininamide adsor-
bents (Arg5: 1.2 mM ligand (�); 2.8 mM ligand (♦)) and Q Sepharose (�) at 25 ◦C
in 10 mM Tris at pH 8.0 at varying salt concentrations. The initial loadings of DNA
and RNA were 12.5 �g/mL and 10.0 �g/mL, respectively. Error bars correspond to
mean ± 1 SD.
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Table 3
Comparison of persistence length and Debye length values for DNA and RNA at different salt concentrations.

[NaCl] (mM) Debye length (Å) Intrinsic persistencea

length l0p (Å)
Persistence lengtha

(lp = l0p + lep) (Å)

DNA (300–1000 bp) 5 42.4 450 806
10 30.0 450 570

150 7.74 450 450
250 6.0 450 450
350 5.1 450 450
700 3.6 450 450

RNAb (190 bases) 10 30.0 10 21
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[28] Z.J. Guo, C.H. Taubes, J.E. Oh, L.J. Maher, U. Mohanty, J. Phys. Chem. B 112 (2008)

16163.
250 6.0

a Note that for most of the DNA species, the non-electrostatic contribution to D
ersistence length [25–27]; for a 190-base RNA, the intrinsic persistence length is 1
b Data for RNA were from Ref. [30].

he persistence length of a 190-base RNA fragment is only 21 Å at
0 mM NaCl and 10 Å at 250 mM NaCl. The flexibility of RNA mini-
izes intermolecular electrostatic repulsion by mutual avoidance

and possibly also allows RNA molecules to assume a configuration
ptimized to interact with as many adsorbent charges as possible),
o that even when the Debye length and intermolecular repulsion
ecreases (as salt increases), the binding of RNA to the adsorbent

s not enhanced.

. Conclusions

The current work establishes the utility of clustered-charge
on-exchange adsorbents in the capture of nucleic acids. When
ompared to conventional adsorbents, penta-argininamide clus-
ered adsorbents showed stronger selectivity for DNA vs. RNA
inding by adjusting the salt concentration. The current studies
lso suggested that uniform clustered ligands possess multiple
omogeneous binding sites that enhance the multivalent binding
f the adsorbates, in a similar manner as that in which Jennissen
nd Demiroglou [31] optimized protein purification with criti-
al hydrophobic interaction chromatography (HIC) using different
mmobilized alkyl ligand concentrations. This further suggests the
ossibility of optimization of other modes, e.g., IMAC separations
sing metal-chelating ligand clusters rather than traditional IMAC

igands.
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