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Abstract—Molecular dynamics is used to investigate the structural properties of the cationic DNA analogue deoxynucleic guanidine
(DNG), in which a guanidinium group replaces the phosphate moiety of DNA. This study examines the DNG duplex dodecamers
d(Ag)»°d(Tg),» and d(Gg);>'d(Cg),», as well as their DNA counterparts. Watson—Crick base-pairing is maintained in the solvated
DNG duplex models during the 5 ns simulations. The idealized DNG dodecamers assume many parameters characteristic of the
corresponding native DNA, assuming B-DNA conformations. Several helical parameters are rather unique to DNG, including
buckle, slide, inclination, propeller, and X-displacement. Fewer transitions in backbone torsions occur in the DNG duplexes com-
pared to those of the DNA, which may result from the greater rigidity of the sp> hybridized guanidinium group verses the flexible sp®
phosphate group. The DNG helices have exceptionally shallow major grooves and very deep minor grooves. The major and minor
groove widths of DNG are narrower than those of the respective DNA counterparts.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In the search for effective antisense and antigene agents,
much attention has focused on structural DNA ana-
logues due to their potential to be highly sequence spe-
cific while maintaining binding affinity and resisting
nuclease degradation. A common theme among many
of these analogues involves preservation of the natural
nucleobases while modifying the sugar rings and/or
phosphodiester backbone to obtain a neutral single-
strand, therefore increasing cellular uptake and elimi-
nating the repulsion caused by two negatively charged
strands. Many different structures have been explored,
incorporating a wide range of chemistry. The amino-
ethyl glycal group of peptide nucleic acids completely re-
places the phosphate and furanose moieties of natural
oligonucleotides, creating a neutral species, which has
shown high binding affinity for single-stranded DNA.!
Replacement of the phosphodiester oxygens of DNA
by sulfur, methyl groups, or amines yields analogues
such as phosphorothiolates, methylphosphonates, and
phosphoramidates, respectively.> Other backbone deriv-
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atives include acetals,® borano phosphates,* heterocy-
cles,® locked nucleic acids,® methylene-methyliminos,’
morpholinos,® and ureas.’

Deoxynucleic guanidine (DNG), in which a guanidi-
nium group replaces the phosphodiester backbone of
DNA (Fig. 1), has been designed to exploit DNA’s nat-
ural negative charge by employing a cationic comple-
mentary strand, therefore enhancing duplex binding
affinity while maintaining Watson—Crick base-pairing
and specificity. Synthetic, thermal denaturation, bind-
ing, and exonuclease digestion studies have shown that
DNG binds to complementary DNA strands with high
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Figure 1. Repeating unit and torsional definitions of (a) DNA and (b)
DNG.
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affinity and specificity and resists nuclease degrada-
tion.!® Spectral observations of complementary DNG
hexamers in solution suggest the formation of DNG du-
plexes with melting temperatures below 5 °C (similarly
to DNA hexamers).!!

Molecular dynamics (MD) has proven to be a power-
ful tool in elucidating structural and motion details of
nucleic acids, proteins, and other biomolecules.
Advances in force field development, the evaluation of
long-range electrostatic interactions, and computing
power have allowed for multi-nanosecond simulations
incorporating explicit solvent and counterions.'> While
some limitations still exist (i.e., ion convergence, lack
of polarizability due to semi-empirical force fields), the
technology continues to become more reliable and pre-
dictive,'? encouraging investigations into biomolecular
properties that are difficult or inaccessible to study
experimentally.

A-tracts, defined as a segment of DNA containing at
least four sequential A base-steps, have been an inten-
sely studied motif in nucleic acid research.'*?° The
combined results of X-ray crystallography, NMR, fiber
diffraction, electrophoresis, and MD studies have eluci-
dated the nature of the structure, hydration, and ionic
properties of A-tracts. While A-tracts have been associ-
ated with local helix curvature,'* crystallographic and
MD studies have suggested that the A-tract itself is
rigid and relatively straight'> and the bending occurs
at pyrimidine/purine steps adjacent to the A-tracts.'®!”
A-tracts assume structures associated with B-DNA and
are characterized by a narrow minor groove,'® high
base-pair propeller,'® and localized water spines.!®2°

G-tracts, in contrast to A-tracts, have been shown to
have wide minor grooves>'2* and narrow major
grooves,?* the latter of which cationic activity is local-
ized. Numerous experiments have established the ten-
dency of G-tracts to undergo a B-DNA — A-DNA
transition in solution.?*?® This transition has been
attributed to a decrease in water activity accompanied
by an increase in cation occupation at the major
groove.”

A previous MD study from this laboratory examined
the structural properties of the DNA-DNG duplex
d(Ap)g'd(Tg)s and the DNG-DNA-DNG triplex d(Tg)s
d(Ap)gd(Tg)s.® The study concluded that Watson—
Crick hydrogen bonds in both structures and Hoogstein
hydrogen bonds in the triplex stayed intact. The struc-
tures assumed a mixed A/B-DNA form, showed a nar-
row minor groove and high propeller, and the
combined anionic/cationic strands lead to a more com-
pact structure compared to a DNA duplex.

This laboratory is in the process of studying DNG and
its self-association, as the properties of such helices are
important to understand. The structural features of ide-
alized DNG'DNG duplex models d(Ag);,d(Tg);» and
d(Gg)»°d(Cg),» are examined in this study, including
the stability of Watson—Crick base-pairing, backbone
and base conformations, major and minor groove

widths, and helical properties. The DNA equivalents
of these dodecamers are also studied for comparison.

2. Methods
2.1. Setup

The CHARMM?27 all-atom nucleic acid residue topol-
ogy and parameter files3!3? were used for the DNA sim-
ulations. Parameters for DNG were obtained based on
similar structural groups found in amino acids (most
notably arginine). The partial atomic charges (Table
S1) of the DNG backbone were evaluated with the
CHelpG option (Breneman scheme) at the MP2/6-
311 + G(2d,p) level using GAussiaN03®? for the model
compound ethyl-iso-propyl-guanidinium (Fig. 2). The
initial dodecamer structures d(Ap);»'d(Tp);> and
d(Gp)>d(Cp);» were constructed using the nucleic acid
builder of QUANTA98,>* selecting B-DNA as an initial
conformer. Using QuaNTA98, DNA was modified to
the respective DNG molecule by replacing the phos-
phate groups (-O—(PO,)-0-) with guanidinium groups
(-NH-C(=N'*H,)-NH-). The 5'-terminals of DNG
were given amine groups, while hydroxyl groups were
added to the 3'-terminals. Appropriate hydrogen atoms
were built using QUANTA98. Sodium ions were added 5 A
away from the phosphorous atoms of DNA, while chlo-
ride ions were added 5 A away from the guanidinium
carbons of DNG to achieve neutral systems. The para-
meters for Na* and Cl~ are from the cHARMM27 force-
fields.3!32 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. ¢27b4).3

2.2. MD details

The minimized systems were solvated in an orthorhom-
bic box (44.67 A x 64.06 A x 43.74 A) of 4116 pre-equil-
ibrated TIP3P*¢ water molecules. Solvent molecules that
had an oxygen atom within 2.8 A of a solute heavy atom
were deleted, leaving 3691-3742 waters depending on
the dodecamer. Periodic boundary conditions were
applied. Images were generated using the CRYSTAL mod-
ule of cHARMM. Electrostatic interactions were treated
with the particle mesh Ewald method®”3® as imple-
mented in cHARMM,>® using a real space cutoff of 10 A
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Figure 2. (a) Ethyl-iso-propyl-guanidinium used as a model compound
to explore the partial charges of (b) a guanidinium linker between two
DNG nucleotides.
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(with Lennard—Jones interactions truncated at the same
distance), a convergence parameter (k) of 0.36 A~ and
a sixth degree B-spline interpolation. The solvent was
then minimized for 100 SD steps and 1000 ABNR steps
while the solute was kept fixed. All constraints were then
released and the entire system was minimized for 2000
ABNR steps.

During dynamics, covalent bonds involving hydrogen
atoms were constrained with SHAKE.*° The leapfrog-
Verlet algorithm*! was used for integration with a time
step of 1.5fs. COM (center of mass) motion was not
removed, as significant interaction with periodic images
was not observed. Each simulation beg;m by invoking
harmonic constraints of 100 kcalmol ™' A~ to all solute
atoms, and letting the solvent equilibrate at 300 K for
30 ps under constant pressure and temperature condi-
tions, allowing the dimensions of the water box to vary
in all directions. Constraints on the counterions were
then released, enabling them to equilibrate with the sol-
vent for 15 ps under the same conditions. All constraints
were then released and nuclear Overhauser effect (NOE)
constraints were applied to the terminal base-pairs to
reduce end base-pair fraying. (Simulations which were
performed without the NOE constraints obtained simi-
lar results.) The entire system was allowed to equilibrate
in 30 ps intervals at 125, 200, and 300 K. To achieve
more stable trajectories,*? constant volume and temper-
ature (NVT) conditions were then invoked and the sys-
tem continued to equilibrate for an additional 30 ps.
After this initial 165 ps heating and equilibration period,
the production stage was carried out until the total
dynamics time reached 5 ns using the NVT ensemble.

2.3. Structural analyses

Root-mean-square deviations (rmsd) were based on all
atoms excluding the terminal base-pairs. Evaluations
of sugar puckers, nucleotide torsions, and intrastrand
phosphate-phosphate (P, - -P,,+1) and guanidinium car-
bon-carbon (C,---C,+1) distances included the central
eight base-pairs of each oligomer, while hydrogen bond-
ing analysis excluded only terminal base pairs. Helical
parameters were determined by use of FREEHELIX,*’
evaluating the central seven base steps and eight base-
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pairs of each dodecamer. Bending angles were defined
as the angle between the normal vectors of base-pairs
3 and 10 of each duplex,*** and were evaluated by
use of FREEHELIX. Groove widths were defined as the
distance between interstrand phosphorous atoms sepa-
rated by three to four Dbase-pairs, that is,
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.** In the
case of DNG, guanidinium carbons were used in place
of phosphorous atoms (Fig. 1). Canonical A and B-
DNA structures were generated with QUANTA98 for
comparison purposes. Average structures were obtained
by a least squares fitting of all oligomer atoms saved at
0.75 ps intervals from the trajectories to the minimized
structure. These averaged structures were minimized
for 500 steps of SD, and the corresponding stereo plots
were produced using MidasPlus.*®#7 The solvent-acces-
sible surface area (SASA) was estimated according to
Lee and Richards*® with a water probe radius of
1.4 A. The SASA around the major groove was evalu-
ated by considering atoms N6 of adenine, O6 of guan-
ine, O4 of thymine, and N4 of cytosine; the minor
groove by selecting N3 of adenine, N3 and N2 of guan-
ine, and O2 of the pyrimidines;*® the guanidinium group
by selecting atoms CG1, NG1, HG11, and HG12 (Fig.
S1); and the phosphate group by selecting atoms P,
O1P, and O2P.

3. Results and discussion
3.1. d(A)lzd(T)lz

3.1.1. Rmsd. The root-mean-square deviations (rmsd) of
the DNG and DNA atoms with respect to the mini-
mized structures and canonical A-DNA and B-DNA
forms are given in Figure 3a. The values for the
d(Ag)1>d(Tg),» complex with respect to the minimized
structure range from 2.44 to 5.21 A (red) and similarly
to the canonical B-DNA form (blue). The deviations
are high (7.35-9.70 A) compared to canonical A-DNA
(green), remaining about twice the distance compared
to the minimized structure. A simulation of d(Ag),»
d(Tg),» undertaken with a different initial conformation
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Figure 3. Time variation plots of rmsd for (a) d(A);»>'d(T);, and (b) d(G);>'d(C),. Shown are the DNA values with respect to minimized DNA
(black), and DNG values with respect to minimized DNG (red), canonical A-DNA (green), and canonical B-DNA (blue). Note that the red and blue

lines overlap in (a).
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(canonical A-DNA) also leads to a B-type structure,
with the A — B-DNA transition occurring around 1 ns
(rmsd plot given in Fig. S2). The corresponding DNA
structure d(Ap);>'d(Tp);> shows low values ranging
1.28-3.37 A from its minimized structure (black). The
magnitude of these deviations is not surprising, consid-
ering that minor changes in helical and structural
parameters can lead to relatively large rmsd values in
nucleic acid simulations, as explained by Cheatham
and Kollman.*

3.1.2. Watson—Crick base pairing. The Watson—Crick
hydrogen bonds remain intact throughout the simula-
tions. For both DNG and DNA duplexes, the
NI---N3 distance (2.9 £0.1 A) stays tighter than the
N6---04 distance (3.0 £0.2 A). While DNA duplex
melting occurs on time scales in the microsecond to mil-
lisecond range,*-°! it is likely that significant geometric
or steric barriers to DNG duplex stability would lead
to quicker melting periods. The results of this simulation
suggest that such barriers do not exist to the extent that
melting is not observed in the low nanosecond range.
This helps to support the spectral data, which suggests
a 1:1 complexation of complementary DNG hexamers.!!

3.1.3. Sugar pucker. Figures 4 and S2 give stereo views
of d(A);>d(T);» helices in which structural differences
between DNG and DNA can be observed. The sugar
pucker values obtained for both the d(Ag);»d(Tg)»
and d(Ap)»d(Tp);» structures are in the C2’-endo
region (155 % 15°). These values are similar to those
reported in fiber diffraction studies of poly(dAp)-po-
ly(dTp).'®32 However, while the DNG favors C2'-endo,
the DNA simulation shows transitions from C2'-endo to
C3’-endo (20 £ 15°), which generally last for about
150 ps, but can last up to 370 ps. MD studies on
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Figure 4. Stereo view of the d(Ag);»'d(Tg),, helix. Superimposed are
the minimized (green), 2-3 ns (red), and 4-5 ns (blue) averaged MD
structures.

d(Ap)spd(Tp)s!” and the A-tract regions of
d(CGCGA(CG) and d(CGCA4GCG)" report sugar
puckering values of Cl’-exo (~130° for the A-strand
and ~115° for the T-strand).

3.1.4. Backbone and glycosyl conformations. The transi-
tions between B-DNA substates have been suggested
to play a role in complex formation and biological func-
tion, as reviewed by Winger et al.>> The B-DNA
substates By and By are defined by torsions ¢ (C4'—
C3'-03’-P) and { (C3'-03’-P-05’) of the sugar—phos-
phate backbone. This definition is applied to DNG, with
torsions defined by ¢ (C4'-C3'-NG3-CG1) and { (C3'—
NG3-CG1-NGS5) (Figs. 1 and S1). Throughout the
course of the d(Ag);»-d(Tg);, simulation, both the A,
and T, strands have ¢ values, which generally favor a
trans (208 £ 12°) conformation, but fluctuations in the
T strand to gauche™ (260 £ 15°) last up to 250 ps. ¢
holds steady as trans (175 £ 11°). Conformer By is char-
acterized by ¢ and { values of trans (120-210°) and
gauche™ (235-295°), respectively, while the Bjp con-
former corresponds to ¢ and { values of gauche™ (210—
300°) and trans (150-210°).33 Based on these definitions
and the values ¢ and { from MD, the DNG duplex exists
closer to the By conformer designation. Torsion o
(NG3-CG1-NG5-C5') remains gauche™ (355 % 12°),
and y (NG5-C5'—C4'—-C3') prefers gauche™ (67 * 8°).
The glycosyl torsion y (O4’-C1'-N1-C2 for pyrimi-
dines, O4'-C1'-N9’—C4 for purines) adopts a high anti
(273 £ 11°) conformation. The backbone of three
d(Ag)1>d(Tg),» nucleotides is shown in Figure 5.

B; conformations are observed during the
d(Ap)12d(Tp);» simulation, with & favoring a trans
(188 £ 10°) conformation in both strands and brief
(<20 ps) spikes to gauche™ (270°) seen in some A nucle-
otides (Fig. S2). { is typically gauche™ (255 + 15°), with
occasional spikes to trans (150°) and more extended fluc-
tuations to a higher gauche™ (290 * 15°), lasting up to
370 ps. Torsion o (O3'-P-0O5'-C5’) remains gauche™
(300 £ 14°), while 7 (NG5-C5-C4'-C3’) prefers
gauche® (51 £13°). Glycosyl y is observed to be anti
(253 £ 12° with transitions to 210 £ 10° lasting up to
370 ps) in both A and T nucleotides. These results are
consistent with X-ray diffraction studies>* of poly(dAp)--
poly(dTp), which are: ¢ 145.3°, { 273.1°, a 307.1°,
7 39.4° and y as 144.5°.

Figure 5. Stereo view of the guanidinium backbone in nucleotides AS—
AT of the MD averaged (2-3 ns) d(Ag),>-d(Tg),, structure.
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3.1.5. Groove widths. The major and minor groove
widths are given in Table S2. The major groove width
for d(Ag)12 d(Tg),, varies around 17.0 0.7 A, while
the minor groove width demonstrates less steadiness
with values of 11.3+ 1.2 A. The major groove width
of d(Ap)i>'d(Tp);» adopts a range of 17.6 £ 1.6 A, and
the minor groove width is 13.1 £ 1.1 A. Both the
DNG and DNA grooves widths are characteristic of
canonical B-DNA, which has major and minor grooves
widths of 17.3 and 11.5 A, respectively. However, the
DNG minor groove shows a trend of gradually getting
wider toward the central base pairs and narrowing fur-
ther down the helix. The grooves of the d(A);>-d(T);,
helices can be seen in stereo in Figure 6. From Figure
6a, it is apparent that the DNG minor groove is narrow
and deep, while the major groove is extremely shallow.
The guanidinium groups (colored yellow and pink) can
be seen to partially orient into the major groove, simi-
larly to the phosphates of DNA (Fig. 6b).

3.1.6. Intrastrand phosphate—phosphate distances. The
DNA intrastrand (P, --P,+;) distances are evaluated
and compared to the intrastrand guanidinium carbon—
carbon (C,: - -C,.+) distances of DNG. The DNA values
of 6.8 £ 0.2 A tend to be slightly longer than those of the
DNG, which are measured at 6.7 £ 0.2 A. This differ-

(b) DNA

Figure 6. CPK stereo models of (a) d(Ag);»d(Tg);> and (b)
d(Ap)2:d(Tp);> MD averaged (4-5 ns) structures. In (a) the guanid-
inium carbons and nitrogens are yellow and pink, respectively, and in
(b) the phosphorous atoms are yellow.

ence may at least partially be accounted for by the fact
that the sp® hybridized guanidinium carbons will con-
tract the distances between the adjacent nucleotldes
more than the tetrahedral geometry of the sp> phosphate
groups.

3.1.7. Solvent-accessible surface area (SASA). Investiga-
tions of the d(A);»d(T);» duplexes show ~350 A less
SASA around the guanidinium groups of DNG com-
pared to the phosphates of DNA (Fig. S6a). This dispar-
ity may be an effect of the different geometries of the
functional groups, and could also be due to differences
in the oppositely charged functional groups’ ability to
form hydrogen bonds with water. The major groove
SASA values of the DNG remain ~400 A? above those
of the DNA (Fig. S6b). In contrast, the minor groove
SASA shows snmlar trends between the analogues, with
DNG values ~50 A2 larger than those of the DNA du-
plexes (Fig. S6c¢).

3.1.8. Helix bending. Time variation plots for the A-tract
helical bending angles are given in Figure 7a. Slightly
more helical bending (~4°) is observed in the d(Ag),»
d(Tg);» duplex (19 £ 10°) than in the d(Ap);>d(Tp);>
helix (15 £ 7°).

3.1.9. Helical parameters. The helical parameters for
d(Ag)1>d(Tg)12, d(Ap)12d(Tp)12, and canonical DNA
are given in Table 1. The d(Ag),,°d(Tg);, helix demon-
strates negative roll (—11 * 10°), accompanied by nega-
tive tilt (—8 * 4°) and high twist (42 + 3°). Each of these
rotational base-step parameters is more similar to B-
DNA than to A-DNA. The oligonucleotide displays po-
sitive translational base-step parameters, but while the
rise values (3.3 £ 0.3 A) are characteristic of B-DNA,
the large slide values (2.4 + 0.7 A) are substantially
higher than either canonical form of DNA.

As for the rotational base-pair values of d(Ag);>'d(Tg)1»,
a significant amount of positive tip (12 * 8°) is observed,
as is sizable negative inclination (—14 * 5°), and nega-
tive buckle (—11 £ 6°). An exceptionally negative pro-
peller (—30 £ 11°) is observed, and although this value
is well below canonical B-DNA (—1°), large negative
propeller values are characteristic of A-tracts.!”->> While
none of these values are characteristic of canonical
DNA, they are each closer to B-DNA than to A-
DNA. Translational base-pair term X-displacement is
high (3.6 £ 1.2 A). The base-step parameters for the
DNA exhibit B-DNA-like characteristics in agreement
with experimental results, which show that A-tracts as-
sume a B-DNA form. The base-pair parameters, how-
ever, show more deviations from canonical B-DNA
form. The parameters are in excellent agreement with
MD studies on A-tracts as reported by McConnell and
Beveridge.!”

3.2. d(G)12d(C)y2

3.2.1. Rmsd. Figure 3b shows the collected rmsds for
d(Gg),,-d(Cg),» with respect to its minimized structure
(red) and canonical A (green) and B (blue) forms. The
rmsd of the d(Gg);»d(Cg);» helix ranges 2.09-4.54 A
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Figure 7. Bending angles of (a) d(A);>'d(T);, and (b) d(G),,-d(C);, helices for DNG (black) and DNA (red).

Table 1. Helical parameters (with standard deviations) of the MD averaged DNG and DNA structures and canonical DNA

d(A)12d(Dy2

d(G)12d(O)y2 Canonical DNA

DNG DNA DNG DNA A B
Roll (°) —-11x£10 45 -9+8 2+5 11 -3
Tilt (°) —-8+4 —-3+3 —3+4 0%2 1 0
Twist (°) 42+3 35+4 40+ 3 33+5 33 36
Rise (A) 33403 32+04 34+0.3 33+04 2.3 34
Slide (A) 24+0.7 —-03£0.5 29+0.5 —-09x0.5 -1.6 —0.2
Tip (°) 128 414 57 —-1x4 -1 0
Inclination (°) —14+5 6%5 —12+5 314 20 -5
Propeller (°) -30x11 137 —24 %10 2+8 11 -1
Buckle (°) —11%6 —4+10 —-10+6 0+9 0 0
X-Displacement (A) 3612 —-1.4%0.8 41£1.0 -2.1%1.0 —4.5 0.2

from its minimized structure, and 0.5-1.0 A higher with
respect to canonical B form. The values are substantially
higher for canonical A form (~5 A larger). The rmsd of
d(Gp)1>'d(Cp)» (black) ranges 2.34-4.78 A from its
minimized structure, generally staying lower than the
DNG duplex.

3.2.2. Sugar pucker. Sterco views of the d(G);»'d(C);,
MD averaged structures are given in Figures S3 and
S4. The sugar puckering observed for both
d(Gp)1>d(Cp)1» and d(Gg);»°d(Cg);, lies in the C2'-endo
(155 £ 12°) region. The DNG sugars remain steady
while the DNA sugars demonstrate transitions to C3'-
endo (20 = 10°). The transitions are seen in each DNA
nucleotide, the longest of which remains in the C3'-endo
domain for 460 ps.

3.2.3. Backbone and glycosyl conformations. No signifi-
cant transitions in backbone torsions for d(Gg)»
d(Cg)1, are seen during the 5 ns simulation. trans Values
of ¢ (213 £ 14°) and { (172 £ 11°) that correspond to the
By conformer are observed. Torsion o favors gauche™
(355 £ 13°) and y prefers gauche” (65 * 8°). The glycosyl
torsion y stays in a high anti (277 £ 10°) conformation.
Watson—Crick hydrogen bonding is maintained for both
d(Gg)1»d(Cg);» and d(Gp)i»d(Cp);» throughout the
simulations.

The oligonucleotide d(Gp);»'d(Cp);» adopts a B; confor-
mation during dynamics. trans Values of ¢ (188 + 11°)
are observed, but brief (<95 ps) jumps to gauche™
(260 £ 10°) occur. { generally prefers gauche™

(257 £ 14°), although for some extended periods values
of higher gauche™ (290 £ 15°) are observed for up to
460 ps, as are some brief (<80 ps) transitions to trans
(170 £ 15°). Throughout the simulation, « assumes a
gauche™ (298 + 15°) conformation and y prefers gauche”
(51 £ 13°). Glycosyl x typically stays anti (245 £ 16°),
but shifts to a lower anti (200 £ 10°) lasting up to
750 ps are also observed.

3.2.4. Groove widths. Both the major and minor groove
widths are narrower for the DNG than the DNA (Table
S2). The major groove of d(Gg),»-d(Cg);» holds steady
at 16.7+0.7 A, while the minor groove is typically
13.1 £ 1.4 A. These values are more similar to canonical
B-DNA (17.3 A major groove and 11.5 A minor groove)
than to the A-DNA form (8.3 A major groove and
174 A minor groove). The values for the
d(Gp)1>'d(Cp)» major groove vary in the 18.9 £ 1.7 A
region, comparable to B-DNA. The DNA minor groove
width lies between canonical values at 14.0 + 1.1 A.
Although the DNG major groove is narrower than that
of the DNA, neither duplex possesses a distinctly nar-
row major groove as is known to occur in G-tracts.?*
However the DNA G-tract does have a wide minor
groove compared to canonical B-DNA, a trait which
has been previously reported.>'>> The DNG minor
groove demonstrates a trend of widening toward the
middle of the helix and narrowing towards the ends.
Figure S4 gives CPK stereo views of the d(G);,d(C);»
helices, in which the DNG can be seen to have a deep
minor groove and very shallow major groove. Figure
S4a shows the guanidinium groups adopting a similar
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conformation to the phosphates of DNA (Fig. S4b), ori-
entating into the major groove.

3.2.5. Intrastrand phosphate—phosphate distance. The
intrastrand guanidinium carbon—carbon distances of the
DNGduplexareverysimilartotheintrastrandP,, - -P,,4dis-
tances. The guanidinium C,,- - -C,,4 distances observed for
DNG are 6.6 £ 0.2 A, while the P,,- - -P,,; distances of the
DNA simulationare 6.7 £ 0.3 A. No distinct variations in
DNG distances are observed, but transitions to more con-
strictedvaluesof6.0 £ 0.3 A(extendingupto420 ps)areno-
ticedforsome DNAP,,- - -P,,.; distances.

3.2.6. SASA. Analysis of the d(G);»d(C)» duplexes
shows ~350 A2 more SASA around the phosphate
groups compared to the guanidinium groups (Fig.
S6d). The SASA of the major grooves shows DNG val-
ues 375 A2 larger than those of the DNA (Fig. Sé6e).
Minor groove levels are very 51m11ar between the ana-
logues, with the DNA values ~25 A2 larger than those
of the DNG (Fig. S6f).

3.2.7. Helix bending. The plots for helical bending are
given in Figure 7b. While the d(Gp)>'d(Cp),» duplex
remained bent by 12+6°, the DNG displayed
slightly more tendency to bend, with average values of
18 +9°.

3.2.8. Helical parameters. The DNG oligomer assumes
rotational base-step parameters of negative roll
(=9 = 8°) similar to B-DNA, tilt values (—3 *4°)
slightly lower than both canonical forms, and twist val-
ues (40 £ 3°) similar to B-DNA (Table 1). Positive trans-
lational base-step parameters are demonstrated, with
B-DNA-like rise values (3.4 £ 0.3 A) and very high val-
ues of slide (2.9 = 0.5 A). Rotational base-pair parame-
ters inclination (—12 % 5°), propeller (—24 £ 10°), and
buckle (—10 % 6°) lie moderately below canonical
B-DNA values. The adopted positive tip (5 £ 7°) is lar-
ger than both canonical forms, as is the translational
base-pair parameter X-displacement, which is consider-
ably high (4.1X1.0A). The DNA sequence
d(Gp)12'd(Cp);» assumes some helical parameters, which
lie between canonical values, but altogether which lie
closer to B-DNA. These results are in accord with previ-
ous MD G-tract studies.!’

4. Conclusions

The 5 ns MD studies show that under the applied simu-
lation conditions, models of DNG dodecamers d(Ag),»’
d(Tg);» and d(Gg);»-d(Cg);, maintain Watson—Crick
base pairing in an aqueous environment while adopting
a form similar to canonical B-DNA. Lending credence
to the DNG analysis are the results of the corresponding
DNA duplexes, which are in accord with results
presented in previous MD!7!? and experimental
studies.'®>2

Several trends are seen in the comparison of DNG and
DNA duplexes. The rmsds of the DNG duplexes tend
to be larger than those of DNA. The DNG helices display

less variations in sugar pucker, backbone, and glycosyl
torsion than the DNA. This pattern of less deviation in
the DNG parameters compared to DNA may be a direct
result of the higher rigidity of the sp hybridized guanid-
inium group versus the flexible sp> hybridized phosphate
group of DNA. This difference in backbone flexibility
may also account for slightly shorter intrastrand guanid-
inium carbon distances of DNG compared to the intra-
strand phosphate distances of DNA. Both DNG helices
favor the By substate, while the DNA counterparts prefer
B;. As can be seen in Figure 1, the atoms and hybridiza-
tion states that constitute torsions ¢ and { are not the same
between the two analogues. Therefore the properties of
these substates, such as the increased base-stacking inter-
actions of the Bj substate,>*>° may be associated with dif-
ferent ¢ and { ranges for DNA and DNG.

The simulations show more bending in the DNG helices
than in the DNA (Fig. 7). No B-DNA — A-DNA tran-
sitions are seen in either G-tract simulation, however the
DNA analogue does assume some A-DNA like helical
parameters, as has been observed in previous MD stud-
ies.”*?® The DNG guanidinium groups demonstrate
lower SASA values than the phosphates of DNA, while
the DNG major grooves show higher levels than the
DNA, and the minor grooves show similar SASA trends
to each other (Fig. S6). The DNG duplexes also display
some unique helical parameters with low buckle, inclina-
tion, and propeller values, and large slide and X-dis-
placement values.

Major and minor groove widths of each duplex are char-
acteristic of B-DNA, with the exception of the
d(Gp)1>d(Cp);» minor groove which lies between
canonical A- and B-DNA values. Both major and minor
groove widths are narrower in the DNG than the DNA.
DNG is shown to have exceptionally shallow major
grooves and deep minor grooves. The guanidinium
groups of DNG orient into the major groove, as do
the phosphate groups of DNA.

In both the DNG and DNA simulations, the A-tracts
remain slightly straighter than the G-tracts. The minor
grooves of the A-tracts tend to be narrower than those
of the G-tracts. Most other parameters are similar be-
tween the A- and G-tracts, with a notable exception
being that the G-tracts prefer several helical parameters
that are either characteristic of or close to A-DNA.
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