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Abstract

Molecular dynamics has been employed to analyze the counterion and water atmospheres around the deoxynucleic guanidine (DNG) duplex
G12°Cyy. These features are compared to those of DNA G,-C,. The chloride counterions of cationic DNG demonstrate fewer penetrations and
only fleeting residence times in the minor groove, as opposed to the multi-nanosecond visits seen by sodium ions in DNA minor grooves. The
10ns simulations also show the differences in hydration patterns between the DNG and DNA duplexes.
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1. Introduction

Deoxynucleic guanidine (DNQG) is a positively charged DNA
analogue in which the natural phosphate moiety is replaced with
a guanidinium group (Fig. 1). By substituting the negatively
charged phosphates of one duplex strand, not only is the
electrostatic repulsion between the two strands eliminated (as is
seen with neutral analogues such as peptide nucleic acids and
methylphosphonates), but the opposite charges of a DNG-DNA
duplex dramatically increases the stability compared to native
dsDNA [1]. This laboratory has previously shown via synthetic,
thermal denaturation, binding, and exonuclease studies that
ssDNG binds to complementary ssDNA and RNA with high
affinity and specificity, while being resistant to nuclease degra-
dation [1-3]. The combination of these properties renders DNG
an ideal candidate as a potential antisense/antigene agent.

Further studies of DNG have involved its self-association and
the properties of dsDNG [1,4]. Understanding how DNG binds
with itself addresses a fundamental property of the species which
must be understood considering the species has potential in vivo
applications. Furthermore, this laboratory has begun to inves-
tigate the potential of DNG in non-biological, material related
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fields, requiring a deeper comprehension of the complex’s
structural details. Initial spectral observations of complementary
DNG hexamers in solution indicate the formation of DNG
duplexes with melting temperatures below 5°C (as is seen with
DNA hexamers) [1]. Molecular dynamics (MD) has been
employed to help examine the finer details of dsSDNG oligomers.
Previous 5ns simulations [4] of DNG duplexes d(Ag)>-d(Tg)1»
and d(Gg),-d(Cg);, suggest relatively straight, stiff B-DNA-
like structures, properties which are thought to result from the
greater rigidity of the sp® hybridized guanidinium backbone
versus DNA’s flexible sp> phosphate backbone. The dsDNG
oligomers were also suggested to have the unique properties of
deep minor grooves and very shallow major grooves, accom-
panied by large slide and X-displacement helical values.

Due to the polyionic nature of nucleic acids, their structural
conformations, stability, and biological properties are heavily
influenced by the surrounding solvent and ion atmosphere. While
experimental techniques (X-ray crystallography, NMR) have
revealed much about the intricacies of solvent and counterion
effects on nucleic acids, MD has proven to be a powerful tool in
augmenting these methods. MD has the ability to analyze time-
dependant variables on an atomic scale and monitor trajectories
of individual particles over multiple nanoseconds, making it well
suited to examine such properties as the dynamic nature of
solvent and counterions around DNA. The reliability and
predictability of MD simulations has been markedly enhanced
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Fig. 1. Repeating unit of (a) DNA and (b) DNG.
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with advances in computing power, force field development, and
the treatment of long-range electrostatic interactions. Some
limitations still exist though: a report from the Beveridge group
demonstrates how ion motions are the rate-determining step in
the total convergence of oligonucleotide simulations [5]. The
report suggested that while the structural parameters of nucleic
acids are stabilized within 3—5ns of MD, ion convergence may
take > 100ns, which is currently a computationally prohibitive
timescale for most studies. Despite this slow ion convergence,
numerous <10ns MD reports have presented analyses of the
counterion atmospheres around DNA [6—8]. So while the 10ns
simulations presented in this report may not achieve full ion
convergence, a general view of the counterion activity around
G1,°C;, dsDNG and dsDNA may be compared.

The true nature of the counterion atmosphere around DNA
and the effects of counterions on DNA structure are topics
currently under debate, and have been reviewed in detail in
several recent articles [5,9,10]. X-ray crystallography studies
have argued both for [11] and against [12] the presence of Na" in
the minor grooves of A-tracts, however this technique is limited
for this purpose by the difficulty in distinguishing between Na"
ions and water molecules [13]. »?Na NMR experiments have
demonstrated a small presence (<5%) of Na' in the minor
grooves of A-tracts, with no related structural consequences [14].
The structural effects of ions proximal to DNA grooves remain
unclear, though, with MD simulations both supporting [15] and
opposing [5] the direct relationships of ion intrusion and groove
width or axis bending, although the majority argue against such
relationships. The counterion environment has been shown to be
sequence dependant. Cations have been demonstrated to have a
high propensity for the minor groove of A-tracts, while G-tracts
have been shown to have cationic activity localized in the major
grooves [11,16—18]. The overall view assembled from the
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collection of reports published to date are of a mobile Na" whose
highest density lies around the phosphates, but has the ability to
penetrate into the minor groove where it may stay for a period of
time. However, the length of this residency varies, with reports of
anywhere from 10 to 6000ps. This report examines the
counterion and solvent atmosphere around the DNG dodecamer
d(Gg)>°d(Cg);, by use of 10ns MD simulations, with the results
compared to the DNA equivalent.

2. Methods
2.1. Setup

A detailed description of the DNG parameters, MD setup and
execution, and structural analysis is given in a previous report
[4]. The CHARMM?27 all-atom nucleic acid residue topology
and parameter files [19,20] were used for the DNA simulations,
including counterions. The initial dodecamer structures were
constructed using QUANTA98 [21], selecting B-DNA as an
initial conformer. Counterions were added 5A from the
phosphorous atoms of DNA or the guanidinium carbons of
DNG to achieve neutral systems. These structures were energy
minimized for 500 steps of steepest descent (SD) followed by
1000 steps of the adopted basis Newton—Raphson (ABNR)
method using CHARMM (v. c27b4) [22].

2.2. MD details

The minimized systems were solvated in an orthorhombic
box (44.7x64.0x43.7A) of pre-equilibrated TIP3P [23] water
molecules, deleting those that had an oxygen atom within 2.8 A
of a solute heavy atom. Periodic boundary conditions were
applied. Images were generated using the CRYSTAL module
of CHARMM. Electrostatic interactions were treated with the
particle mesh Ewald method [24,25], using a real space cutoff
of 10A. The solvent was then minimized for 100 SD and
1000 ABNR steps while the solute was kept fixed. All con-
straints were then released and the entire system was minimized
for 2000 ABNR steps. During dynamics, SHAKE [26] was used
to constrain covalent bonds involving hydrogen atoms. The
leapfrog-Verlet algorithm [27] was used for integration with a
1.5fs time-step. The solute and counterions were initially con-
strained while the solvent was allowed to equilibrate at 300K
under constant pressure and temperature. The constraints on the
ions were then released, followed by those on the
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Fig. 2. RMSDs of non-terminal-residue DNG G, C;, atoms from B-DNA (black), A-DNA (blue), the minimized structure (green), and DNA G1,°C;, from the
minimized structure (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Stereo view of 8-10ns MD averaged DNG G,-C,. To highlight the
modified-DNA backbone, guanidinium carbons are shown in yellow and
guanidinium nitrogens are colored pink. Note the especially shallow major
groove and deep minor groove. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

oligonucleotide, and the system was gradually heated to 300K.
After the total heating period of 135ps, constant volume and
temperature (NVT) conditions were invoked to achieve more
stable trajectories [28], and the system continued to equilibrate
for 365ps. Following this initial 500ps heating and equilibra-
tion period, the production stage was carried out using the NVT
ensemble until the total dynamics time reached 10ns.

2.3. Analyses

Root-mean-square deviations (rmsd) were evaluated by least-
squares fitting to the minimized structures or canonical A or B
forms, as noted, excluding the terminal base-pairs. Groove widths
were defined as the distance between interstrand phosphorous
atoms (or guanidinium carbons) separated by 3—4 base-pairs, i.c. P
(i—2)-P'(i+2) across the major groove with four base-pair
separation, and P’(i—2)-P(i+2) across the minor groove with
three base-pair separation [29]. Average structures were obtained
by a least squares fitting of all oligomer atoms saved at 0.75ps
intervals from the trajectories to the minimized structure. These
averaged structures were minimized for 50 steps of SD, and the
corresponding stereo plots were produced using MidasPlus
[30,31]. The ion and water analyses were performed with the
stand-alone version of p#raj (v.6.5) developed by Dr. Thomas
Cheatham, which is capable of processing CHARMM trajectory
files. This program was used to calculate the spatial distribution
functions (SDFs) using 0.5 A grids over the entire simulation box,
and binning atom positions from RMS coordinate fit frames at
0.75ps intervals over the last 9ns of the 10ns simulations. Bulk
water would then be expected to give 50.2 hits per grid over 9ns,
with the graphics presented here displaying water densities at 3.5
times that of bulk water and the ion densities shown at 7—12 hits
per grid over 9ns, as stated in the SDF captions. MidasPlus was
used for contouring and to overlay the SDFs on the 1-10ns
averaged structures.

The electron density isosurface was evaluated by semiem-
pirical molecular orbital calculations with PM3 parameters on
the MD averaged (8—10ns) central dimer base pairs of the G-C
sequence using the program MOPAC2002 [32], incorporated in
Fujitsu’s CAChe software [33]. Solvent effects simulated by
COSMO (Conductor-like Screening Model) were included.
Electrostatic potential on the van der Waals surface was then
generated by plotting electron density isosurface at 0.002¢/A°.
The surface was colored to reflect the electrostatic potential at
every point on the surface.

3. Results and discussion
3.1. RMSD

Analyses of the root mean square deviations (RMSD) for both
the dsDNG and dsDNA G,'C;, simulations show that stable

Fig. 4. Stereo views of the SDFs depicting regions of high counterion (red)
concentrations around the MD averaged G;,C;; structures: (a) DNG with CI™
ions and (b) DNA with Na" ions. The contour levels represent regions of at least
7 ion counts per 1/2 A* over the last 9ns of MD. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 5. Distances of counterions from their respective d(G);,-d(C),, minor groove binding partners: (a) CI~ distances from guanine H22 of DNG, and (b) Na" distances
from the closer of guanine N3 and cytosine O2 of DNA. Each color represents the trajectory of 1 of the 22 counterions per simulation. The central 10 base-pairs (BPs)
are shown for both duplexes. Ions can often be seen to associate with 2 BPs simultaneously, represented by a single color appearing in adjacent graphs at similar
distances during a particular time frame. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

trajectories were achieved well within 500ps (Fig. 2). The
RMSD of DNG from B-DNA (3.9+0.5 A, black) is much closer
than from A-DNA (8.7+0.4A, blue). The RMSDs of both the
DNG (green) and DNA (red) duplexes from their minimized
structures are similar (3.3£0.6 and 3.0£0.6A, respectively).
While the RMSDs suggest a DNG structure resembling B-DNA,
itis the geometrical conformations which define the duplex as so.

Fig. 6. Close-up stereo view of the SDF of Cl" ions around the guanidinium
functionality of the MD 1-10ns averaged G,-C;, DNG duplex, at a contour
level representing 12 ion counts per 1/2 A%, This image of residues 5—7 of the
poly-C strand shows a typical ion pattern found in the central part of the DNG
duplex, with high ion concentration found on either side of the guanidinium NH,

group.

3.2. Duplex structures

Similar to an earlier MD report [4], the modeled d(Gg),-d
(Cg)12 duplex demonstrates a C2’-endo sugar pucker with
helical parameters representative of a B-DNA structure, with

o n

Fig. 7. Major conformations of CI" pairing with a guanidinium of DNG, along
with distances from the guanidinium carbon. (The drawing is not meant to imply
that two ions are bound simultaneously.)
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Fig. 8. Distances of 22 Cl” counterions (each in a different color) from the guanidinium carbons of the central 10 base-pairs of (a) the guanine strand and (b) the
cytosine strand of d(Gg);,-d(Cg);,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

notably large slide, propeller, and X-displacement values. The 3.3. lon density distributions
minor groove of the duplex (13.1+1.4A) is slightly narrower

than that of the DNA counterpart (14.0£1.1A), but the DNG Regions of high ion density around the G,°Cy, helices can be
model has an extremely shallow major groove and deep minor  effectively visualized by use of spatial distribution functions
groove (Fig. 3). (SDFs), as shown in Fig. 4. The SDFs show both similarities and
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Fig. 9. ESP plots of G,-C, DNG (a,c) and DNA (b,d) dimers. Views are looking into the minor groove (a,b) and major groove (c,d).
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Fig. 10. Stereo views of the SDFs of water (yellow) around the MD 1-10ns
averaged G,°Cy; (a) DNG and (b) DNA structures. The contour levels represent
3.5x the density of bulk water. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

differences in the counterion distribution between dsDNG and
dsDNA. The Na' concentration around the DNA duplex is
clearly most dense in the minor groove, with smaller high
concentration regions located near some phosphates and in the
major groove (Fig. 4b), supporting other MD studies of Na™ in
GC-rich sequences [10]. The ClI  counterions of DNG can also
be seen to take up residency in the minor groove, however the
densest regions are limited to the central 8 base-pairs (Fig. 4a).
High CI" concentration can also be found along the DNG
backbone of these central 8 base-pairs. Na* ions have two
electronegative atoms to potentially associate with in both the
major groove (guanine O6 and N7) and minor groove (guanine
N3 and cytosine O2), while C1 ™ ions have one potential electron
acceptor in both grooves: cytosine H41 in the major and guanine
H22 in the minor.

While SDFs are ideal for viewing regions of high ion density,
ion trajectories and residence times in the grooves can be nicely
visualized with distances vs. time plots. Fig. 5 depicts the
residence times of ions in the minor grooves of the dSDNG and
dsDNA duplexes. While the Na" ions demonstrate a propensity
to linger around the dsDNA minor groove electronegative
atoms for periods ranging from 250 to 5000ps (Fig. 5b), the
dsDNG Cl ions are much more mobile and do not display
interactions with their hydrogen electron acceptors lasting more
than 200ps (Fig. 5a). Besides the smaller ionic radius of the Na"
versus C1, the fact that Na* has two potential electronegative
partners per base-pair in the minor groove surely increases the
residence times. Simultaneous interactions of individual Na" or
Cl" ions with two base-pairs exist as well, as evidenced by
single ions residing close to two base-pairs (Fig. 5).

As shown in Fig. 4a, the densest Cl  regions lie around the
guanidinium backbone. A more detailed view of the counterion
environment is displayed in Fig. 6, a close-up stereo view, which
depicts higher levels of ion density than Fig. 4a (contour level of
12 versus 7 ion counts per 1/2A%). From this view, a region of
high ion concentration can be seen on the 3’ side and in the same
plane as the guanidinium group, with a larger region localized in
the same plane but on the 5’ side of the group. These regions result
from two possible ion pairing conformations, which are illus-
trated in Fig. 7. Cl™ associated on the 3’ end of the guanidinium
forms a single hydrogen bond to the guanidinium NH, group.
However on the 5’ side, the anion forms an additional hydrogen
bond to the guanidinium hydrogen made available due to the
conformation of the functional group. A similarly ordered ion
pairing pattern was reported previously by Mason et al. in the MD
study of guanidinium chloride solutions [34], with their reported
ion—ion distances given in Fig. 7. The report also describes the
lack of anions above and below the plane of unsubstituted
guanidinium, a pattern also observed in the current study.

The trajectories of the ClI ions in close proximity to the
DNG backbone are given in Fig. 8. Unlike the fleeting nature of
the anions when forming brief hydrogen bonds in the minor
groove (Fig. 5a), more substantial periods (up to 800ps) of ion
pairing to the guanidinium hydrogens are seen. During these
times of ion pairing, the anions can be seen to assume one of
two distinct distances from the guanidinium carbon (the
difference between the two distances is well illustrated in BP5
of the guanine strand from ~8.5 to 9.5ns, Fig. 8a). These
distances average 3.7 and 4.1 A, which represent both pairing
conformations shown in Fig. 7. Similar patterns are seen in the
cytosine strand (Fig. 8b).

3.4. Electron density surface

To aid in visualization of the charge distribution, electrostatic
surface potential (ESP) maps of DNG and DNA G2 -C2 dimers
are given in Fig. 9. The most positive and negative regions of the
surfaces are in red and blue, respectively. The dimers are based on
the central base-pairs of MD averaged structures, with their
respective counterions placed in high ion density regions: Cl™
ions 3.7A from the guanidinium carbons of DNG (as shown in
Fig. 7), and Na" ions 3.2A away phosphate oxygens O1P and
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O2P of DNA. The presence of the ions neutralizes the systems,
reducing the extremes in magnitudes along the molecular surface.
Not surprisingly, the most obvious differences between the ESPs
of the dsDNG (Fig. 9a,c) and dsDNA (Fig. 9b,d) can be seen
along the backbone. In addition to the greater positive charge of
the DNG backbone, C1™ ions can be seen to be encompassed by
the electron density distribution, unlike the Na" ions of the DNA.
The ESP inside the grooves (the nucleobases) is very similar
between the DNG and DNA counterparts, although the electron-
rich regions are more pronounced in the DNA. Electron-rich
cytosine O2 and guanine N3 can be seen in the minor grooves in
the bottom base-pair as cyan and blue in Fig. 9a (DNG) and 9b
(DNA). Protruding from between these O2 and N3 atoms is
electron-poor guanine H22 (red). In the major grooves (Fig. 9¢c,d),
guanine N7 and O6 stand out as the primary electron-rich regions,
while electropositive cytosine H41 can be seen to protrude on the
opposite side of the groove. Altogether, the ESP maps reveal
small (although protruding) regions available for Cl  ion binding,
compared to significantly larger electronegative regions available
for Na™ ion binding.

3.5. Solvent density distribution

The SDFs depicting the water environment around DNG and
DNA are given in Fig. 10. Areas of well-ordered hydration can
be seen in the DNA minor groove (Fig. 10b), where the water
spine is comprised of two regions of high water density per
base-pair located proximal to cytosine O2 and guanine N2 and
N3 atoms, consistent with literature reports [35,36]. The deep
DNG minor groove is shown to be highly hydrated (Fig. 10a).
In addition to a central water spine on the floor of the minor
groove, two dense regions on either side of the central spine can
be seen proximal to cytosine O2 and guanine N2 and N3 atoms,
similar to DNA. However, the guanidinium hydrogen which
faces into the minor groove provides and extra opportunity for
hydrogen bonding, increasing the overall hydration in the minor
groove. High density water regions can also be seen around the
DNG major groove, but because the groove is extremely
shallow, the regions do not lie inside the groove. These
hydration patterns support a previous MD study [4] on G,-C,
and A;,'T;, DNG duplexes, in which the solvent-accessible
surface areas (SASA) around the grooves and backbones were
analyzed and compared to native DNA duplexes. The results
showed higher hydration levels around the DNA phosphates
compared to the DNG guanidiniums, while the DNG major
grooves were substantially more hydrated than those of DNA,
and the DNG and DNA minor grooves showed similar SASA.
The ends of the duplexes in Fig. 10 appear to be less hydrated
due to an artifact created when each snapshot is RMS fit to a
common frame. Since the ends of the duplexes are more flexi-
ble, the density around these points appears lower, a point
further discussed by Cheatham and Kollman [37].

4. Conclusion

We have reported here ion and solvation patterns of 10ns
simulations on dodecameric dsDNG and dsDNA G;,'C;,

helices. Dense Na® ion patterns are observed in the minor
groove of the DNA duplex, consistent with literature reports
[7,10]. The densest Cl™ regions around the DNG helix are
organized near the guanidinium groups, with ion activity also
seen in the minor groove. The brief (<0.2ns) residence times
of Cl" visits into the DNG minor groove are fleeting compared
to the observed Na' ion penetrations into the DNA minor
groove, which have residence times of 0.25—5.0ns. This
feature can be attributed to the two potential minor groove
electronegative atoms available for Na* ions to associate with,
as opposed to the single electron acceptor available for C1™
ions. The ion binding patterns observed around the DNG
backbone are in agreement with an MD study of guanidinium
chloride solutions [37]. A central spine of hydration in the
minor groove is the prominent solvent feature in both DNG
and DNA helixes. In addition, DNG is characterized by dense
hydration patterns on either side of this spine. Because of the
shallowness and therefore increased accessibility of the DNG
major groove, denser hydration patterns are observed here
compared to the DNA major groove. Less hydration is
observed around the DNG guanidiniums compared to DNA
phosphates.
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