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Clay mineral surfaces have been important for the prebiotic organization and protection of nucleic acids. The
morphological observation to provide insight into the adsorption structure and characteristics of single-
strandedDNA (ss-DNA) bynatural allophane particleswas presented. Themolecular orbital (MO) computer sim-
ulation has been used to probe the interaction of ss-DNA and/or adenosine 5′-monophosphate and allophane
with active sites. Our simulations predicted that the strand undergoes some extent of the elongation, which in-
duces the alteration of the conformation of the phosphate backbone, base–base distance and excluded volume
correlation among bases. This work demonstrates the ss-DNA adsorption by the allophane particles with novel
insights into the morphological features and detailed molecular level information. The overall results support a
general adsorption mechanism for the ss-DNA/allophane complexation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Clay minerals, comprising a family of layer silicate, are the most ubiq-
uitous nanoscale materials in soil. Smectites (e.g., montmorillonite (Mt),
hectorite and saponite) are for the most part inherited from the parent
rock, i.e., weathering processes (Wilson, 1999). Clay minerals have also
been proposed as a vital role in the origins of life. One of the leading the-
ories regarding the origins of life is the RNA world hypothesis (Gilbert,
1986), in which ribozyme plays important roles both as informationmol-
ecules and enzymes and has been made at the very beginning of the
origins of life (Dworkin et al., 2003). However, the RNA world hypoth-
esis would have required a special environment, in the least as protec-
tion of extracellular RNA and deoxyribonucleic acid (DNA) molecules
fromhydrolysis and ultraviolet. Besides such environments have gener-
ated particular interest as a possible source of the first life forms
(Wächtershäuser, 2006).

The ultraviolet degrades extracellular RNA and DNAmolecules pro-
duced through this hypothesis. For the protection of DNA, the adsorp-
tion of DNA molecules on clay particles may be significant, as it shall
give insights into the origin of life and subsequent survival of the
same on this planet. Moreover, the persistent ability of the DNA mole-
cules could transform competent cells when the DNA molecules
bound to clay minerals and humic acids (Stotzky, 2000).

In addition, the confinement of cell membranes may have also
played an important role for prebiotic compartmentalization in early
life evolution. Many different environments have been considered for
1 528091864.
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this pre-cellular evolutionary stage (Ferris et al., 1996; Joyce, 2002;
Trevors and Pollack, 2005).

In this regard, allophane is a short-range-order clay mineral and oc-
curs in some soils derived from volcanic ejecta and is able to protect the
extracellular DNA and RNAmolecules from ultraviolet light. The prima-
ry particle of the allophane is a hollow spherule with an outer diameter
of 3.5–5.0 nmand awall of about 0.6–1.0 nm thick (as shown in Fig. S1a,
b) (Brigatti et al., 2006; Iyoda et al., 2012). In addition to this large sur-
face area, the (OH)Al(OH2) groups exposed on thewall perforations are
the source of the pH-dependent charge characteristics of allophane.

It is possible to investigate the origin of the living organisms and
environments of the ancient earth by researching DNA in allophane
clusters of the soil. The adsorption behavior of DNA or RNA molecules
on allophane particles has been investigated. Many researchers have
discussed the adsorption by using the Langmuir adsorption equation
without deep insights into the morphological feature (Cleaves et al.,
2011; Saeki et al., 2010; Taylor and Wilson, 1979).

In previous study (Matsuura et al., 2013), the morphology observa-
tion to provide insight into the adsorption structure and characteristics
of single-stranded DNA (ss-DNA) by the allophane particles was exam-
ined, which was the first time of the real images obtained from micro-
scopic experiment.

After the adsorption of DNAmolecules on the allophane surface, the
hydrogel was formed in the clustered allophane particles (Kawachi
et al., 2013). The hydrogels based on DNA molecules and natural allo-
phane clusters should also be useful in the conception of new forms of
drugs release with highly-specific dosage and an improvement of the
technological and biopharmaceutical properties in clay polymer nano-
composite hydrogels (Kevadiya et al., 2010, 2012; Silva et al., 2009;
Yuan et al., 2010). The adsorption of DNA to mineral surfaces is of
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Fig. 1. (a) Zeta potential versus pH of AK70 and ss-DNA. Point of zero charge of AK70 is
(pH) ~6. Results are expressed as mean ± S.D. (n = 4). (b) Adsorption isotherms of ss-
DNA on AK70 at 25 °C at different pHs. The solid lines are calculated by a log–log linear
regression.
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great interest because of gene transfer, drug release, bio-adhesion (cell
capture) and origins of life studies (Ferris et al., 1996; Trevors and
Pollack, 2005).

In this paper, the computer simulation to provide insight into the
structure and stability of ss-DNA and adenosine 5′-monophosphate
(5′-AMP)was examined during adsorption by the (OH)Al(OH2) groups,
which are exposed on the wall perforations and are the source of the
pH-dependent charge characteristics of allophane (Brigatti et al.,
2006; Iyoda et al., 2012). This work demonstrates the ss-DNA adsorp-
tion by the allophane particles with deep insights into the morphologi-
cal feature and detailed molecular level information.

2. Experimental section

2.1. Materials

The natural allophane sample was provided by Shinagawa
Chemicals Ltd. and designated as AK70. Ak70 was not further purified
Table 1
Adsorption parameters of ss-DNA on AK70.

pH Kf/mol/g mol/l−1/N N r2a

3.0 4.53 × 10−3 1.38 0.99
7.0 1.59 × 10−5 2.04 0.98
9.0 3.08 × 10−7 2.97 0.97

a The values are calculated by a log–log linear regression.
for use. The overall size of a single allophane particle is ~5 nm with a
specific surface area of 250 m2 g−1, which was estimated by the t-
method (Iyoda et al., 2012; Lippens and de Boer, 1965). The functional
groups (HO)Al(OH2) exposed on the wall perforations (defects) play a
significant role as active sites in the adsorption process (Brigatti et al.,
2006; Yuan and Wada, 2012). The Si/Al ratio (=0.58) of the sample
was determined by dissolution in an acidic ammonium oxalate solution
(Iyoda et al., 2012; Theng et al., 1982).

Based on the morphology of the allophane, AK70, Fig. S1 (Matsuura
et al., 2013) shows the probable structure of the spherule wall, the wall
perforations, and the intra-spherule void.

The ss-DNA taken from calf thymus was purchased from Sigma-
Aldrich (D8899; Mw = 1.64 × 107 Da, 5 × 104 base). The guanine-
cytosine (G-C) content was reported to be 41.9 mol%. HCl and NaOH
(Nacalai Tesque) were not further purified for use.

The details of the adsorption experiments were described in previ-
ous papers (Supplementary data regarding the adsorption experiment)
(Kawachi et al., 2013; Matsuura et al., 2013).
2.2. Characterization

The surface charge characteristics of AK70 or ss-DNAmolecules in
water (0.1 wt.%) were determined by electrophoresis (Zetasizer
Nano ZS, Malvern Instruments, UK) by the technique of laser Doppler
anemometry. Themethod involvedwashing AK70 several timeswith
water and adjusting the pH of the suspension in the range of 2–11
using dilute HCl and NaOH. All measurements were performed for
four replicates and averaged to get the final value (Kawachi et al.,
2013).
2.3. Model construction

Molecular mechanics force field (MM3) (Scigress, v 2.5.0, Fujitsu
Ltd.) (Mizuno et al., 2013) has been used. In this study, to close up the
adsorption characteristics, the ss-DNA possesses four DNA nucleotides
(nts) containing individual nucleotide bases (adenine (A), thymine
(T), G and C) and comprising the following sequences: 5′-AGTC-3′. By
taking their van der Waals radii into account, the optimization of the
molecular structure was based on the minimization of the total energy
of the molecular system. The charge densities of each atom were esti-
mated by the molecular orbital (MO) program using semiempirical
parametric method (PM6) charges (Scigress, v 2.5.0, Fujitsu Ltd.)
(Stewart, 2007).

The unit formula of AK70 is written as (OH)3Al2O3Si1.2OH, showing
Al/Si ratio of 1.67, and indicating the fragments having the imogolite
atomic structure over a short range (Parfitt and Henmi, 1980). The frag-
ment links to give a porous and hollow spherule. The ~0.7 nm thick
spherule wall is composed of an outer Al octahedral (gibbstic) sheet
and an inner Si sheet, in which the wall structure consists of Si tetrahe-
dral attached to three aluminol groups (Al–OH) of the gibbsite sheet
and one silanol group (HOSi(OAl)3).

The adsorption ability of allophanes is highly depended on the inter-
actions of phosphate and Al–OH groups through protonation and de-
protonation with a varying pH. For this reason, the six constitutive
repeating units (CRUs) ((OH)3Al2O3SiOH) were polymerized to a
modeled allophane (m-All) particle having a perforation with six (OH)
Al(OH2) groups, and the overall system was built (inset in Fig. 2b).
The water molecules were described by the flexible single-point charge
(SPC) model (Berendsen et al., 1987).

The most crucial and important aspect of these calculations is the
method selected for sampling the relevant configurational phase
space. Accordingly, the conformational search was carried out through
MM/MO protocol, in which the relaxed structures were subjected to
repeat all the simulations (Mizuno et al., 2013; Takeshita et al., 2013).



Fig. 2. (a) Configuration of ss-DNA with four DNA nts (5′-AGTC-3′) and 5′-AMP before adsorption (initial state). (b) Allophane single particle with amorphous structure and modeled
allophane (m-All) fragment having a perforation with six (OH)Al(OH2) groups. The incompatible dimensions of the wall perforation (length of 20.07 and width of 4.18 Å) of m-All and
the size of 5′-AMP (lengths of 8.24 and 10.45 Å) are constructed. (c) pH variation of active sites from acid to alkaline through PZC. For the visualization of the dihedral angle (ϕ), the
deoxyribose and adenine have been shaded light blue and pink, respectively, in the inset of (a). Atom colors: O (red), H (white), C (gray), N (blue), P (pink) Si (light gray) and Al
(light pink).
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2.4. Adsorption enthalpy

The heat of formation using PM6, in which the dominant interac-
tions are electrostatic, as is the case here, also calculated the adsorption
enthalpy. Taking the adsorption enthalpy (ΔHads) between either ss-
DNA having four DNA nts andm-All or 5′-AMP andm-All was extracted
Fig. 3. Extracted configuration from the final simulation snapshot of adsorbed 5′-AMP
(cylinder model) by m-All (stick and ball model) on the acid side (a), on the PZC (b),
and on the alkaline side (c). (d) Two bond distances for P\O⋯H\O bonds (2.10 and
3.04 Å) on the acid side. Color-coding is the same as in Fig. 2.
from the final simulation snapshot. The ΔHads values are calculated by
using the following equation.

ΔHads ¼ ΔHcomplex− ΔHss‐DNA=50‐AMP þ ΔHm‐All

� �
ð1Þ

where the ΔHcomplex value is the heat of formation (in kcal/mol) of the
complexes (such as ss-DNA–m-All or 5′-AMP–m-All) after adsorption,
ΔHss-DNA/5′-AMP is the corresponding ss-DNA or 5′-AMP, and ΔHm-All,
which are the isolated components, respectively.
3. Results and discussion

3.1. Surface charge characteristics

The surface charge characteristics of allophane are very different
from that of ss-DNA. Allophane has a variable or pH-dependent surface
charge, because the (HO)Al(OH2) groups, exposed at surface defect
sites, can either acquire or lose protons depending on the pH of the am-
bient solution. They become +(OH2)Al(OH2) by acquiring protons on
the acidic side of the point of zero charge (PZC), and become (OH)
Al(OH)− by losing protons on the alkaline side (Fig. 1a) (Yuan and
Wada, 2012). The PZC of AK70 was (pH) ~6. In the pH range of 5–7,
both positively and negatively charged species are present on the sur-
face of allophane particle. They are able to adsorb cations and anions
at the same time (Yuan and Wada, 2012).

The phosphate groups of DNA molecules possess a negative charge
(PO2

−). The zeta potential values for the surface of the DNA are negative
over the entire pH range from 2 to 11 and even more smaller
negative (~−40 mV) at a lower pH value, which may be attributed by
the acquiring protons to the phosphate groups on the acidic side. Fur-
thermore, the values decrease with increasing continuously to attain
−90 mV at pH 7.0. Beyond pH 7.0, the zeta potential values increase
again, presumably due to the twodifferently charged substituted purine
groups (Schellman and Stigter, 1977).



Table 2
Heat of formation, adsorption enthalpy of complexes, and dihedral angles of adenine against the plane of 2-deoxyriboses after the complexation of 5′-AMP–m-All.

pH Active sites Heat of formation/kcal/mol ΔHcomplex − ΔHm-All ΔHads Dihedral anglea

m-All 5′-AMP Complexes kcal/mol kcal/mol ϕ/°

Acidic +(OH2)Al(OH2) −1394.4 −248.3 −1755.0 −360.6 −112.3 154.1
PZC (OH)Al(OH2) −3531.1 −3820.8 −289.7 −41.3 132.9
Alkaline (OH)Al(OH)− −4984.1 −5096.7 −112.6 135.7 90.9

a The angle ϕ of 5′-AMP is 113.3° in the initial state.
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3.2. Adsorption capacity of ss-DNA and morphological feature

The adsorption capacity of ss-DNA decreases with increasing pH
(Fig. 1b and Table 1). The adsorption isotherms were fitted by the
Freundlich equation (r2 ≥ 0.95) (Matsuura et al., 2013). Kf is the rel-
ative adsorption capacity of the adsorbent and N is the adsorption in-
tensity, which describes the shape of the isotherm. The adsorption
isotherms exhibited a marked curvature, with slopes (1/N) signifi-
cantly b1.0, indicating a convex up curvature, or L-type isotherm.
The slope of the isotherms steadily decreased with increasing ad-
sorptive concentration because the vacant sites became less accessi-
ble with the progressive covering of the adsorbent surface (Giles
et al., 1960).

The functional groups exposed on thewall perforations of allophane
shall be protonated with a lower pH value of the ss-DNA medium. The
phosphate groups of ss-DNA possess a negative charge (PO2

−) that
bind directly to the protonated +(OH2)Al(OH2) groups through an
electrostatic interaction leading to an increased adsorption. On the con-
trary, the (OH)Al(OH2) groups possess a negative charge through
Fig. 4. (a) Extracted configuration from the final simulation snapshot of ss-DNA (5′-AGTC-3′) (c
the configuration of ss-DNA before (upper) and after (lower) adsorptions. m-All has been hidd
Color-coding is the same as in Fig. 2.
deprotonation with an increase in the pH of the medium. Thus the
adsorption ability of allophanes is highly depended on the interactions
of phosphate and (OH)Al(OH2) groups through protonation and depro-
tonation with a varying pH.

Transmission electron microscopy (TEM) offers a qualitative under-
standing of the adsorption structure through direct visualization. Before
adsorption on AK70, the ss-DNA exhibits a helical configuration with a
width of ~10 nm (Matsuura et al., 2013). A single ss-DNAmolecule iso-
lated from entangled molecules is highly flexible and continuous over
lengths of several micrometers. After the adsorption of ss-DNA mole-
cules on AK70 at pH 7.0, typically discrete ss-DNA, ~300 nm in length,
accompanied by clustered allophane particle with a width of ~20 nm
on the surface of ss-DNA molecule was observed (Fig. S2a), which pos-
sibly represented individual ss-DNA molecule adsorbed on AK70 sur-
face. Interconnected discrete chains associated with the condensation
of the allophane clusters could also be observed (Fig. S2b). The intersti-
tial spaces of the cluster may play an important role in the adsorption of
ss-DNA molecules. The clustered allophane particles may lead to the
formation of network structure as well as bundled thicker strand.
ylindermodel) adsorbed bym-All (stick and ball model) on the acidic side. (b) Close up of
en to increase clarity. (c) Two P\O⋯H\O distances (1.88 for (T)-nt and 3.25 Å for (G)-nt).



Table 3
Heat of formation and dihedral angles of bases against the plane of 2-deoxyriboses of ss-
DNA before and after adsorptions.

Molecules Heat of formation/kcal/mol Bases ϕ/°

ss-DNA
(initial state)

−662.0 A: adenine
G: guanine
T: thymine
C: cytosine

123.6
144.3
84.5
125.7

ss-DNA–m-All
(pH acidic)

−4785.3
(−3390.9)a

[−2729.0]b

[−1364.5]c

A
G
T
C

132.1
99.6
85.7
131.1

ss-DNA–m-All
(PZC)

−6485.3
(−1993.2)a

[−1178.5]b

[−589.3]c

A
G
T
C

90.1
94.8
65.2
104.4

ss-DNA–(H2O)4
(pH 7)

−1289.1
(−1053.0)a

[−389.9]b

[−97.5]d

A
G
T
C

124.9
98.9
72.6
114.1

a The value (in kcal/mol) in the parenthesis is calculated from (ΔHcomplex − ΔHm-All).
b The value (in kcal/mol) in the bracket is an adsorption enthalpy (ΔHads) calculated by

Eq. (1).
c The value (in kcal/mol) in the bracket is an adsorption enthalpy (ΔHads) per one

bonding.
d The value (in kcal/mol) in the bracket is an adsorption enthalpy (ΔHads) per onewater

molecule.
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For the aforementioned discussion, the numerical value of 1/N indi-
cates that adsorption capacity is only slightly suppressed at lower equi-
librium concentrations. This isotherm does not predict any saturation of
the ss-DNA by the clustered allophane particles: thus infinite surface
coverage is predicted (Hasany et al., 2002). This reasoning is consistent
with the adsorptionmorphologies as expected. The formation of the in-
teraction between PO2

− groups of ss-DNA and AK70 surfaces has been
revealed by Fourier transform infrared (FTIR) analysis (Matsuura et al.,
2013).
3.3. Adsorption enthalpies of 5′-AMP and ss-DNA on m-All

To understand the generic adsorption in terms of the electrostatic
attraction between AK70 and negatively charged phosphate (PO2

−)
groups along the backbone of the DNA single strand and/or 5′-AMP,
themolecular structures of 5′-AMPand ss-DNA (Fig. 2a)were proposed.
For the generation of accurate model amorphous structure allophane
single particle (m-All) (Fig. 2b and inset), the CRU ((OH)3Al2O3SiOH)
was built and its geometry optimized by energy minimization. Here
we compare our results obtained from the simulation of the systems
having positively charged (+(OH2)Al(OH2)), negatively charged ((OH)
Al(OH)−) sites and (OH)Al(OH2) as a neutral site on the PZC (Fig. 2c).

The inset in Fig. 2a shows the conformation of 5′-AMP before
adsorption by m-All. Taking the corresponding configuration between
5′-AMP and the active sites of m-All the stable configuration based on
theminimization of the total energy was extracted from the final simu-
lation snapshot (Fig. 3a–c). Clearly, the active site of (OH)Al(OH2)
groups significantly alter the conformation of 5′-AMP with a varying
pH as compared to the corresponding structure in the initial state. The
conformation is conserved over the duration of MO simulation, indicat-
ing that the minimization of the total energy regarding the heat of for-
mation is arisen from adopting this new configuration consisted of the
base (adenine), 2-deoxyribose (sugar) and the phosphate group.

The calculated results show that the adsorption enthalpy (ΔHads)
value of the complexation on the acidic site is strongly attractive as
comparedwith that of the complexation on the PZC (Table 2). However,
both complexations are more stable than the isolatedm-All itself. Natu-
rally those values are much greater than that of the cohesive energy
(~5 kcal/mol) in case of the physical adsorption (Okada et al., 2005).
On the other hand, theΔHads value on the alkaline side shows a positive
value, indicating that the strong repulsive force is generated between
phosphate group in 5′-AMP and (OH)Al(OH)− active site.

The calculation results of the energies appear somewhat qualita-
tive, as the heat of formation does not directly relate to a heat of ad-
sorption. In this regard, the difficulty in MO simulation of the present
system and limitations of the model and methods may have been
arisen. This discussion is beyond the objective of this paper, and it
will be reported separately by using MO simulation equipped with
the newest semiempirical method such as PM7 with dispersion
function.

On the acidic side, PM6 predicts the bond distances to be 0.210 and
0.304 nm for two P\O⋯H\O bonds (Fig. 3d). This does not involve the
formation of an inner-sphere complex through a ligand-exchange reac-
tion between (OH)Al(OH2) and phosphate groups ((HO)2OP_O for 5′-
AMP), which was proposed by Hashizume and Theng (2007).

For the visualization of the dihedral angle (ϕ) between 2-
deoxyribose and adenine, the deoxyribose and base have been shaded
light blue and light pink, respectively (inset in Fig. 2a). The estimated
angleϕ of the base against the plane of the 2-deoxyribose exhibits a cer-
tain inclination of 113.3° in the initial state (Table 2). On the acidic side
(at a lower pH), the inclination of the dihedral angle shows a large value
(154.1°), then the angle decreases up to 90.9° (much smaller than that
of the initial state) on the alkaline side (at a higher pH). These values
display the extent of the differences caused by the stabilized structure
after adsorption on m-All. Those structures can be discerned from the
heat of formation that may be calculated in terms of the difference
between ΔHcomplex and ΔHm-All values (Eq. (1)), displayed in Table 2.
The strong complexation might affect the conformation of the phos-
phate group and hence the base–sugar distance and the excluded vol-
ume correlation.

Another interesting feature is that the defect site on the PZC exhibits
another complexation between purine and O–Al group of m-All
(Fig. 3b). For the case of adenine without the phosphate group, this im-
plies the evidence for some possibility of the interaction between ade-
nine ring and allophane particles via the combination of electrostatic
forces. The results have been demonstrated in our previous paper
(Iyoda et al., 2012).

Fig. 4b (upper) shows the proposed conformation of the ss-DNA
with four DNA nts (5′-AGTC-3′) before adsorption. After complexation
with m-All, the strand undergoes some extent of the elongation and
then the configurations of the bases, 2-deoxyribose and the phosphate
backbone are altered (Fig. 4a, b (lower) and angles ϕ in Table 3). As
expected, the DNA strand interacts strongly with the active site on the
acidic side. As seen in greater enthalpy (−3390.9 kcal/mol) calculated
from(ΔHcomplex−ΔHm-All), the positively charged+(OH2)Al(OH2) hav-
ing a large ion size might alter the structure of the DNA strand because
of themore stable complexation (Table 3). These results confirm the im-
portance of the complexation in changing the DNA structure. For this
reason, the repositioning of the individual nucleotide before and after
adsorptions by the active site on the acidic side (Fig. 4b) could be ob-
served. The addition of the positively charged +(OH2)Al(OH2) to the
ss-DNA leads to a significant increase in ΔHads (−2729.0 kcal/mol) as
well as ΔHcomplex (−4785.3 kcal/mol) (Table 3) on the acidic side. The
enhanced interaction gained through complexation adds considerably
to the adsorption of ss-DNA to the allophane particle. As mentioned
above, with PM6 (not PM7) the trends obtained are reasonable.

PM6 predicts the distance between two phosphate groups through
5′- and 3′-terminal sequences to be 16.14 Å as compared to that of the
initial state (14.07 Å, displayed in Fig. 4b (upper)). Our simulation also
predicts the two bond distances for P\O⋯H\O to be 1.88 for (T)-nt
and 3.25 Å for (G)-nt, respectively (Fig. 4c). The former distance
seems to be stabilized and ismuch shorter than those of 5′-AMPadsorp-
tion due to the orientation of approach of ss-DNA to the active site and
the ss-DNA effectively pinned to the site by the two phosphate groups.
The angle ϕ for (G)-nt also is discerned from the strong adsorption by
m-All. The elongation of the phosphate backbone induces the alteration



Fig. 5. (a) Extracted configuration from the final simulation snapshot of ss-DNA (5′-AGTC-
3′) (cylindermodel) adsorbed bym-All on the PZC. Close upof the configuration of ss-DNA
before (upper) and after (lower) adsorptions. m-All has been hidden to increase clarity.
(b) Configuration of ss-DNA with four DNA nts (5′-AGTC-3′) (cylinder model) after com-
plexation with four H2Omolecules (stick and ball model) at pH 7 extracted from the final
simulation snapshot. Color-coding is the same as in Fig. 2.
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of the base–base distance and excluded volume correlation among
bases.

The strong adsorption enthalpy is a main factor in determining the
effectiveness of the interface in the complexation, accompanied by the
large exothermic per one bonding (−1364.5 kcal/mol). This value is
one order of magnitude greater than that of 5′-AMP adsorption by m-
All (−112.3 kcal/mol, displayed in Table 2). Owing to the significant
difference between ss-DNA molecular and the allophane cluster size
(Fig. 2a, b), and the incompatible dimensions of the wall perforation
and one nt, most of the nts on the phosphate backbone could not act
as the active sites.

As described earlier, on the acidic side (pH b PZC), we postulate that
the negatively charged PO2

− groups along the backbone of the ss-DNA
interact with the positively charged (+(OH2)Al(OH2)) sites of AK70
and subsequently the larger adsorption capacity of ss-DNA is led
associated with lower energy barrier as well when compared with
those on the PZC (Fig. 5a and Table 3). On the PZC, the same features
are seen in the corresponding case of 5′-AMP–m-All complexation
after adsorption. That is, the ΔHads value of the complexation on the
PZC becomes half as compared with that of the MO simulation on the
acidic site. The main difference is the phosphate backbone adopts a
more compact conformation as compared with the extended structure
of the 5′-AGTC-3′ on the acidic side. The distance between two phos-
phate groups through 5′- and 3′-terminal sequences is 12.47 Å presum-
ably due to the weak adsorption enthalpy. The visualizations in Fig. 4b
show the lying more flat on the positively charged (+(OH2)Al(OH2))
sites.

The result obtained from the complexationwith water moleculeswas
compared. The calculated result shows that the ΔHads (−97.5 kcal/mol
per one water molecule) in ss-DNA–(H2O)4 is less attractive as
compared with that of ss-DNA–m-All (Fig. 5b and Table 3). The ΔHads

value on the alkaline side could not obtained due to the convergence
problem.

4. Conclusions

In the present study, the adsorption capacity of ss-DNA (Kf) which
decreases with increasing pH due to the interaction generated between
phosphate groups of ss-DNA and functional (OH)Al(OH2) groups
through deprotonating has been demonstrated. The molecular orbital
(MO) computer simulation has been used to probe the interaction of
ss-DNA and/or 5′-AMP and AK70with active sites. For the complexation
of 5′-AGTC-3′ on m-All, our simulations predicted that the strand un-
dergoes some extent of the elongation, which induces the alteration of
the conformation of the phosphate backbone, base–base distance and
excluded volume correlation among bases. The interpretation of exper-
imental studies was supported through detailed molecular level
information.
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