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Effective sequence-specific recognition of duplex DNA is possible by triplex formation with 
natural oligonucleotides via Hoogsteen H-bonding. However, triplex formation is in practice 
limited to pyrimidine oligonucleotides binding duplex A-T or G-C base pair DNA sequences 
specifically a t  homopurine sites in the major groove as T .A-T and C ’ -G-C triplets. Here we 
report the successful molecular dynamics modelling of novel unnatural nucleosides that recog- 
nize the T-A DNA base pair by Hoogsteen interaction. These X’T-A triplets were placed 
within (T . A-T), triplexes of A-type or B-type starting configuration. These triplex structures 
underwent energy minimization and 300 ps molecular dynamics simulation with counter-ions 
and solvent. The same procedures were applied to unmodified (T. A-TI,, triplexes and their 
trajectories compared to those of the central triplet modified triplexes of similar starting 
configuration. The phosphodiester backbone dihedrals, 1-dihedrals, and H-bonding distances 
of the central and adjacent triplets of the modified and unmodified triplexes show similar 
average values and deviations from starting configurations. This indicates that these X . T-A 
triplets do not induce any significant perturbations for the duration of the simulation. 

Keywords: DNA triplex; Hoogsteen; novel nucleosides; molecular dynamics. 

BACKGROUND 

The ever increasing knowledge of gene sequences has made DNA a suitable 
drug target. It has become worthwhile to consider sequence selective ligands 
such as DNA triple helix forming oligonucleotides (TFOs), as one of the 
more promising routes. Effective sequence-specific recognition of duplex 
DNA by triplex formation is facilitated via major groove Hoogsteen 
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14 J .  H. ROTHMAN AND W. G. RICHARDS 

H-bonding to the duplex Watson-Crick base pairs. Oligodeoxynucleotide- 
implemented triple helix formation furnishes one of the most versatile 
methods for sequence-specific recognition of double helical DNA[ 1,2].The 
ability to target a broad scope of DNA sequences, the high stabilities of the 
triplex structure, and the sensitivity to single-base mismatches make this a 
powerful method for binding exclusive sites within large segments of duplex 
DNA. Since, statistically, the base sequence of a 17-mer oligonucleotide 
occurs just once in the sequence of the human genome, extremely selective 
intervention ought to be possible [3]. However, that approach is severely 
limited if we restrict attention to natural nucleotides since triplex formation 
is limited to pyrimidine TFOs binding duplex A-T or G-C base pair DNA 
sequences specifically at homopurine sites in the major groove parallel to 
the homopurine strand as T .  A-T or C+ .G-C triplets. Helix-coil transition 
melting temperature, UV mixing curve, and 'H NMR experiments all give 
credence to these homopolymeric structures [4-71. However, the construc- 
tion of homopolymeric triplex structures structurally and configurationally 
analogous to T . A-T and C + . G-C via TFOs binding in the major groove of 
a T-A or C-G duplex parallel to the homopyrimidine strand have yet to be 
experimentally confirmed. 

Application in D N A  Duplex Recognition 

Relying solely upon the recognition inherent in the T 'A-T and C+ .G-C 
triplets, the utilization of natural TFOs has been successful in mimicing 
repressors and the construction of artificial restriction enzymes. [8,9,10] For 
example, TFOs have been successful in achieving single or double site 
specific cleavage of yeast and human chromosomal DNA. [ 1 I] Sequence- 
specific inhibition of DNA binding proteins such as prokaryotic modifying 
enzymes and eukaryotic transcription factor have been successful at mi- 
cromolar TFO concentrations. [12] TFOs have also been shown to be 
useful as competitors for DNA-binding proteins and as site-specific DNA 
damage or cleavage reagents. [9,10,13] Suppression of gene expression via 
triplex formation has potential as demonstrated by suppression of human 
c-myc gene transcription with nanomolar TFO concentrations 1141. Suc- 
cessful suppression of transcription has also been implemented by blocking 
the promoter region thereby inhibiting the binding of the eukaryotic tran- 
scription factor [ 151. Also depending upon natural nucleotide triplet 
scheme, alternate strategies of TFOs binding in the major groove have 
attempted to recognize T-A and C-G base pairs. Modelling of CGG trip- 
lexes is consistent with experimental results indicating antiparallel TFO 
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MD OF NOVEL HOOGSTEEN-LIKE BASES 15 

orientation with respect to the purine [15,16,17]. Simultaneous binding of 
the pyrimidine TFO to purines on alternate strands of the duplex has been 
engineered by connecting TFOs in 3'-3' fashion via a crossover link [18]. In 
this manner the TFO pyrimidine is expected to bind the purine strand in 
both parts of the major groove. However, this approach lacks specificity 
due to the binding deficit in the crossover region. In light of the adaptability 
portrayed in these examples, this method demonstrates potential to be a 
universal solution for DNA recognition. 

Triplex Conformations from 'HNMR and Molecular Dynamics Results 

Design studies such as these rely heavily upon structural data from experi- 
ment. The first DNA triplex models were derived from the Arnott fibre 
diffraction data [19] where the triplex configuration is considered to be 
similar to A-DNA with C3'-endo sugar puckers. At present, there are still 
no reports of crystal diffraction studies of DNA triplex. In hope of a more 
complete understanding of the triplex structure and energetics, molecular 
dynamics studies have been performed [20,21]. These studies have found 
specific time-averaged behavior of the triplex systems to be consistent with 
'H NMR NOE solution structure data [22]. However, ' H  NMR solution 
studies [23,24,25] and molecular dynamics [20] both report structural devi- 
ations from the fiber diffraction model [19]. Recent solution IR spectros- 
copy studies [26,27] of T.A-T triplex and solution NMR studies [28] of 
various triplex oligonucleotide systems suggest that many of the nucleotide 
residues have sugar puckers nearer to a C2' -endo configuration which 
would be in better agreement with a B-DNA type conformation. Conse- 
quently, in light of these new findings a more appropriate model T.A-T 
triplex has been devised [29,30] in which all three strands have the same 
phosphodiester geometry and C2'-endo sugar pucker that characterizes B- 
type DNA geometry. Recent molecular dynamics simulations [31] of T.A-T 
DNA triplexes from both the A-type and B-type starting configurations 
show similar trajectories which converge to a structure that is structurally 
equidistant from, but not very similar to either of the initial A-type or 
B-type structures. Although it may be difficult to produce an accurate 
representation of a time-averaged helical unit from these dynamics simula- 
tions, the resultant convergence to similar structure suggests available 
configurational pathways between A-type and B-type DNA triplex confor- 
mations. Unfortunately, overwhelming proof or rejection of the preference 
of one type of conformation over the other is not evident. 
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16 J. H.  ROTHMAN AND W. G. RICHARDS 

Nonnatural Base Design 

Much effort has gone into the design of nonnatural nucleotide bases for 
TFOs, especially those that aim to bind specifically to T-A or C-G base 
pairs via Hoogsteen H-bonding with the same parallel orientational geo- 
metry as the known T.A-T and C"G-C natural triplexes. [32-361 Un- 
natural bases have also been devised for a triplex RNA starting structure as 
analysed by molecular mechanics [37]. Due to the significant conforma- 
tional freedom of DNA, automated ligand design routines are not well 
suited to binding sites that need not remain close to their starting geometry 
for optimal binding interactions. Nonnatural bases may bind with compar- 
able energetics with respect to known stable triplets, but are allowed confor- 
mational latitude without energetic penalty to the host triplex. These 
changes within the target structure may easily eclipse or extend van der 
Waals contact limits for the ligand design search parameters. 

In this paper we report the modelling of X.T-A triplets where X is a 
Hoogsteen-binding unnatural nucleotide centrally placed within a host T.A-T 
1 lmer triplex. Different Hoogsteen bases were devised for X.T-A triplets in 
the A-type or B-type triplex configuration. As a first step, triplets composed 
of novel Hoogsteen nucleosides designed to bind in the major groove of 
T-A or C-G base pairs should show structural stability enclosed within a 
known stable triplex structure. A successful base should demonstrate favor- 
able stacking and Hoogsteen interaction energy and a comparable energy 
minimized phosphodiester backbone and nucleotide geometry to that of the 
known natural triplets. 

Previous energy minimization results of unnatural Hoogsteen bases X2, 
X3, X4, and X5 ( ( E )  4-( 1-(2-deoxy-~-D-ribofuranosyl)-l-buten-3-yne) imi- 
dazol-2-one, ( E )  4-( 1-(2-deoxy-fi-D-ribofuranosyI)- 1-buten-3-yne) thiazol-2- 
one, ( E )  4-(1-(2-deoxy-~-D-ribofuranosyl)-1-buten-3-yne) 1-N-methyl, 
5-methyl imidazol-2-one, and ( E )  4-( l-(2-deoxy-fi-D-ribofuranosyl)-l-ethene) 
1-N-methyl, 5-methyl imidazol-2-one (Figures la, 1 b, 2a, 2b respectively) in 
a centrally placed X . T-A triplet have shown successful triplex conforma- 
tional binding preferences [38]. The unnatural Hoogsteen X-bases, X2 and 
X3, which incorporate a 1-buten-3-yne linker show more favorable binding 
energies within an A-type X .T-A triplet configuration than a B-type where- 
as the unnatural Hoogsteen base, X5, which incorporates an ethenyl linker 
shows a slight binding preference in the B-type triplet configuration. The 
structural viability of an X .T-A triplet was initially assessed by energy 
minimization of the entire triplex structure. The resulting energies were 
subsequently compared to those of a centrally placed T .  A-T triplet within 
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the same (T .  A-T)l I triplex. The configuration and energetics of thc cncrgy 
minimized structures were then assessed with rcspcct to any significant 
structural or energetic perturbations imposed upon adjacent nucleotides 
due to replacement of the central T'A-T triplet by the X . T - A  triplet. 
Further testing includes comparison of time dependent structurc of the 
control (T.A-T), I triplex to that of the (T.A-Tj,(X.T-A)(T.A-T)S triplex 
through molecular dynamics. Assessing the triplet's stability and cffccts 
upon thc rest of thc triplex should be facilitated by exposing the generation 
of any deviations. In order t o  reduce unchecked 1-dihedral angle rotation 
during molecular dynamics simulations. methyl groups are incorporated 
into the azalone ring structure of XZ thus creating X 4  (Fig. 2a). and with thc 
ethenyl linker. X5 (Fig. 2b). 

Structural perturbations caused by the test triplct to the entire triplex 
structure with respect to the control triplex should be more easily exposed 
through dynamic simulation. By demonstrating that the test triplet does not 
inducc a n y  or minimal perturbation into the rest of the triplex structure 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



18 J.  H. ROTHMAN AND W. G. RICHARDS 

02 

FIGURE 2a Hoogsteen Base X4. 

0 2  

CH3 

FIGURE 2b Hoogsteen Base X 5  

with respect to the triplex without this triplet, there is greater probability 
that i t  will be successful experimentally. Here we report the successful 
molecular dynamics modelling of novel unnatural nucleosides, X4, ( E )  
4-( 1-(2-deoxy-fi-D-ribofuranosyI)- 1-buten-3-yne) 1 -N-methyl, 5-methyl 
imidazol-2-one (Fig. 2a), and X5, ( E )  4-( 1-(2-deoxy-fi-D-ribofuranosyl)- 1- 
ethene) 1-N-methyl, 5-methyl imidazol-2-one (Fig. 2b) that bind the major 
groove of a T-A base pair in the center of a T .  A-T 1 lmer triplex for the 
A-type and B-type starting configurations, respectively. 

METHODS 

General 

All minimizations and dynamics calculations were performed on a Silicon 
Graphics Power Challenge XM with two processors. The AMBER 4.1 [39] 
suite of programs were used for the molecular minimizations. dynamics, and 
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MD OF NOVEL HOOGSTEEN-LIKE BASE.S 19 

analysis. Visualization and interactive modelling were performed using 
QUANTA [40]. 

Construction of System 

The initial starting structure of the A-type configuration (T.  A-T), triple 
helix was generated from the Arnott fiber diffraction model [19] where the 
triplet step height of 3.26 8, and a turn angle of 30.0" were used. This is 
related to placement of a Hoogsteen binding pyrimidine strand into the 
major groove of an A-DNA duplex parallel to the purine strand. The initial 
starting structure for the B-type configuration (T. A-T), I triplex was ob- 
tained from the proposed molecular mechanics model of Sasisekharan 
[29-301 based on IR [26,27] and 'H NMR studies. [23-25,281 All three 
strands have the same ribophosphodiester geometry, nevertheless the step 
height, turn angle, and strand orientation are equivalent to those of the 
A-type configuration. 

Counterion placement was achieved through non-linear Poisson-Bol- 
tzmann methods of DELPHI [41]. In this manner sodium ions were placed 
iteratively at the position of most negative electrostatic potential at a 3.58, 
distance from the surface of the triplex. This process was repeated by taking 
the previously placed ions into consideration until net neutrality was 
achieved. The triplex and counterions were then immersed in a box of Monte 
Carlo waters so that their placement was a minimum of 1.7 8, distance 
between the solute and solvent waters. Boundaries for solvation were limited 
to 9 .0a between the box edge and any solute atoms along the helix axis and 
8.0 A along the other axes. The starting system assembled contains 
1083 solute atoms including 30 sodium counterions. For the A-type 
(T . A-T), triplex simulation the starting configuration includes 3501 water 
molecules in a box of dimension 59.4 8, x 44.3 8, x 44.1 A whereas the start- 
ing configuration of the B-type (T. A-T), triplex simulation includes 3271 
water molecules in a box of dimension 57.1 8, x 44.3 8, x 43.5 8,. 

Construction of test triplet and placement in triplex 

The center triplet used for testing novel nucleotide bases was constructed by 
switching the thymine and adenine bases to the opposite Watson-Crick 
strands while retaining the X-dihedral angles initially associated with each 
strand. Initial design and visual screening of proposed Hoogsteen bases 
were performed on QUANTA [40]. For purposes of calculating charges, the 
geometries of the proposed bases were determined with MOPAC [42] using 
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20 J. H. ROTHMAN AND W. G. RICHARDS 

the AM 1 hamiltonian and MMOK force field constraint. The charges of the 
MOPAC determined structure were then procured from GAUSSIAN90 
[43] with an RHFjSTO-3G basis set run with PRECISE and EF par- 
ameters. These charges were then fitted using the CHELPG [44] method 
and scaled to the AMBER force field for natural nucleotides. 

Construction and initial data of triplexes with X .  T-A central triplets 

The placement of the unnatural Hoogsteen bases into the central triplet of 
the triplex follows the same X-dihedral angle and geometry as specified for 
the particular configurational type of the triplex. The X4 Hoogsteen base is 
installed within an A-type configuration triplex whereas the X5 Hoogsteen 
base is designated for the B-type. The solvation of the l lmer  T.A-T trip- 
lexes with X.T-A central triplets follows the same procedures for counter- 
ion placement and water addition as were applied to the (T. A-T), ,triplex. 
The assembled (T. A-T),X4.T-A(T. A-T), triplex system contains 1090 sol- 
ute atoms including 30 sodium counterions. Its starting cofiguration in- 
cludes 3518 water molecules in a box of dimension 60.7a x 43.7A x 44.0.k 
The assembled (T. A-T), XS.T-A(T. A-T), triplex system contains 1088 sol- 
ute atoms including 30 sodium counterions. Its starting configuration in- 
cludes 3269 water molecules in a box of dimension 57.1 ,& x 44.3A x 43.5 A. 

Minimization and Dynamics Procedures 

lnitially to test the viability of the triplet energy and structure, minimiz- 
ations were performed upon the triplex with distance dependent dielectric 
and implicit solvation. Energy minimizations comprising 100 steps deepest 
descent and 1000 steps of conjugate gradient method were performed to 
ensure a tolerance of structural RMS deviations less than 0.05 d. A non- 
bonded cutoff distance of 8.0A was used, and a linear distance dependent 
dielectric of 4 modelled the implicit solvation. 

Energy minimizations and dynamics of the explicitly solvated triplex with 
counter ions were performed using an 8.OA nonbonded cutoff and a pairlist 
that was updated every 10 steps. Distance and dihedral endconstraints were 
applied to H-bonds in the terminal and its adjacent triplets. Initial condi- 
tioning of the entire system consisted of 500 cycles of energy minimization 
followed by 25 ps of dynamics on the water and ions alone starting at IO’K 
to 298’K under constant pressure. This was then followed by energy mini- 
mization of the entire system for 500 cycles. Molecular dynamics then 
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MD OF NOVEL HOOGSTEEN-LIKE BASES 21 

proceeded on the entire system with starting velocities assigned at the 10" K 
initial temperature. The system was then heated to 298" K by coupling to a 
heat bath and run under constant pressure with periodic boundary condi- 
tions. The timestep was 0.02 ps using the SHAKE algorithm [45] and struc- 
tures were saved every 1 . 0 ~ s  for six serial 50ps trajectories. 

RESULTS 

Reason for Design 

In this paper we probe and analyze the conformational and energy profile 
of the Hoogsteen binding region of a T-A base pair with conformationally 
adjustable Hoogsteen bases, X4 for the A-type and X5 for the B-type start- 
ing triplex configuration. As a starting point, initial energy minimizations 
revealed minimal backbone geometry perturbation [38]. However, this 
alone is merely an indicator. By performing molecular dynamics simula- 
tions and assessing the conformational preferences of the adjustable base 
probe the further design of more purpose built Hoogsteen bases can be 
facilitated. 

In our particular study we are interested in finding the optimal placement 
of a rigid azalone structure capable of forming one H-bond with each 
Watson-Crick base and the extent to which these are maintained during the 
dynamics simulation. By connecting this H-bonding structure via a l-buten- 
3-yne linker for the A-type and an ethene linker for the B-type, some 
rotation around the azalone is allowed in a crankshaft-type motion thus 
permiting it to maintain more easily coplanarity with the bases above and 
below i t  while adjusting its distance to the Watson-Crick bases in its triplet. 
There are many variables that cannot be addressed by just one test struc- 
ture such as varying the innate structural van der Waals and electrostatic 
potentials, and iteratively exploring them would be prohibitively time-con- 
suming. However, the aim is to have optimized as many structural variables 
as best as possible by screening through iterative minimization trials of 
different test structures before probing conformational binding profiles 
through molecular dynamics. 

Analysis Outline 

In order to assess the overall comparative conformational integrity, certain 
distances and angles must be chosen which best represent the characteristics 
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22 J. H. ROTHMAN AND W. G. RICHARDS 

under scrutiny. Since little is known about the solution structure of the 
conformation of DNA triplexes except for NOE data [46,47,22] describing 
the furan conformation, the initial configurational analysis of the X .  T-A 
triplets are compared to those of the proposed A-type and B-type canonical 
configuration. 

Predicting the binding efficacity of an unnatural Hoogsteen nucleotide 
within a triplet can be assessed by direct comparison of its conformational 
similarities to those of known triplets. Using the backbone geometry of 
phosphates, furans, and pdihedral angles of the A-type and B-type T.A-T 
triplex starting configuration, comparison of the energy minimized triplet 
structures within a stable triplex is an efficient means for screening viable 
triplets. A molecular dynamics simulation is then an efficient means for 
assessing the response of the triplet’s stability and effects upon the rest of 
the triplex by exposing any conformational perturbations in the process of 
sampling more conformational space. 

The unnatural base under scrutiny must be as conformationally stable as 
the known (control) Hoogsteen base as part of a triplet within a timescale 
where the entire Hoogsteen oligonucleotide strand remains bound to the 
duplex. Starting with an energy minimized structure with ions and waters, the 
deviations of the center and its adjacent triplet nucleotide dihedral angles are 
monitored during the molecular dynamics simulation. In order to increase 
the simulation time in which the Hoogsteen strand remains bound to the 
duplex in solution, the fraying at the ends are checked by distance and 
dihedral angle constraints on the H-bonds of the outer two triplets at each 
end. These constraints are meant mechanically to approximate the effects of 
(computationally expensive) longer stretches of DNA oligonucleotides. 

Previous Energy Minimization Studies for A-type Triplex 

Of the initial bases subjected to minimization trials the azalone, X2, and 
thioazolone, X3, heterocycles attached to an 1-buten-3-yne link fulfilled the 
energetic and structural criteria (Fig. 3a,b) with respect to mimicing a natu- 
ral A-type DNA T.A-T triplet (Fig. 3c). The central placement of these 
X .T-A triplets within an A-type T .  A-T 11 mer produces a similar Hoog- 
steen interaction energy profile to that of the unmodified T.A-T 
1 I mer [38,48]. The Hoogsteen base plane stacking energies and Watson- 
Crick base interactions also remain virtually unperturbed in comparison to 
those of the unmodified T .  A-T 11 mer [38,48]. Additionally, there are no 
significant structural perturbations evident upon comparison of the energy 
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& X2.T-A Hoogsteen Interaction 

A-Type Configuration -ti' 
Hoogsteen Base X2 

FIGURE 3a 
(T.A-T), triplex from the A-type configuration. 

Energy minimized X2. T-A triplet configuration within the (T.A-T),- (X2.T-A)- 

X3.T-A Hoogsteen Interaction 

A-Type Configuration 

FIGURE 3b Energy minimized X3.T-A triplet configuration within the (T,A-T),-(X3.T-A)-(T.A- 
T), triplex from the A-type configuration. 
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24 J. H .  ROTHMAN AND W. G. RICHARDS 

minimized T .  A-T 11 mer and the X .  T-A centrally inserted T .  A-T 11 mer, 
with regard to phosphodiester backbone dihedrals and X-dihedrals of the 
base-furan bond. Upon initial molecular dynamics simulation studies of the 
X2.T-A azalone inclusive triplex, the standard deviation of the Hoogsteen 
H-bonding distances in the X2.T-A triplet was found to be much greater 
than that of the analogous Hoogsteen bond of T.A-T center triplet. This is 
due to the 1-NH amide forming H-bonds with the adjacent triplets and 
consequently tipping the azalone out of the triplet base plane for significant 
time durations of the simulation. Competition with the Hoogsteen bonding 
configuration would be minimized by preventing such unwanted interac- 
tions as in the design of X3. 

T.A-T Hoogsteen Interaction 

A-Ty p e Configuration 

FIGURE 3c 
the A-type configuration. 

Energy minimized T A T  triplet configuration within the (T.A-T), ,triplex from 
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Construction of X4 for A-type Triplet 

Although the thiazolone base X3 does not have undelegated H-bonding 
potential like X2, its Hoogsteen bonding orientation is not as optimal as X2. 
This is evident in comparing the base X-dihedrals of the associated energy 
minimized triplex structures. In order to avoid potentially disorienting H- 
bond interactions with adjacent triplets and maintain the optimal Hoogsteen 
bonding orientation by extending the base plane, a 1-N-methyl, and 5-methyl 
modification to the azalone X2 were considered next to construct X4. Mini- 
mization trials show that the X4-Hoogsteen intra-triplet interaction energy is 
108% that of the analogous interaction energy of an A-type central T.A-T 
triplet, however its' stacking interaction is only 70% due to its poorer overlap. 
These values are similar to those of an X2.T-A triplet, as well as a Hoogsteen 
base total interaction energy (which includes the intra-triplet and adjacent 
triplet interactions) of 84% to that of an A-type central T.A-T triplet (Fig. 
4a). Most importantly there are minimal structural differences upon compari- 
son of the central and adjacent triplets of the unmodified A-type (T . A-T), , 
triplex and its X4.T-A centrally modified version (Fig. 4b). 

Construction of X5 for B-type Triplet 

Initially the construction of a Hoogsteen base for an X'T-A triplet in the 
B-type configuration, X5, was based upon properly orienting the 1-N-methyl 

In 0 ~ " ~ " ' " '  

: = -5-I '  
w Triplex/triplet-6: 

Triplex/triplet-6: 8 - 1 0 - i  
O h  
C O  
d E  E ?  - 1  5-: 

0 -20- 

.- 

C _ _ _  

- 0  m y  - Y  

1 2  3 4 5 6 7 8 9 1 0 1 1  
Triplet 

FIGURE 4a Interaction energies for each Hoogsteen nucleoside with the rest of the triplex 
with central triplets: T.A-T and X4.T-A for the A-type configuration. 
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X4.T-A Hoogsleen Interaction 

A-Type Configuration 

Y+ 
X4 Hoogsteen Base 

FIGURE 4b 
(TAT) ,  triplex from the A-type configuration. 

Energy minimized X4.T-A triplet configuration within the (T. A-T),- (X4.T-A)- 

substituted azalone portion of X4 within the B-type triplet to allow suitable 
Hoogsteen H-bonding distances (Fig. 5a) with respect to mimicing a natural 
B-type DNA T'A-T (Fig. 5b). This was accomplished by using an ethenyl 
linker to attach the substituted azalone to the C1' of the furan in a trans 
orientation. As in the comparison of the X4.T-A triplet to an A-type central 
T.  A-T triplet, data from the energy minimized central X5.T-A inclusive 
triplex indicates a similar structural geometry and a Hoogsteen base total 
interaction energy of 84% to that of a B-type central T .  A-T triplet (Fig. 5c). 
However, the X5-Hoogsteen intra-triplet interaction energy is only 65% 
that of the analogous interaction energy of a central T 'A-T triplex. Due to 
better rr-overlap than X4 its stacking interaction is 88% that of the central 
T.A-T triplet stacking interaction of the unmodified B-type 
(T. A-T), , triplex. 
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X5.T-A Hoogsteen Interaction 

B-Type Configuration 

Hoogsteen Base X5 

FIGURE 5a 
T), triplex from the B-type configuration. 

Energy minimized XS.T-A triplet configuration within the (T.A-T),- (XS.T-A)-(T.A- 

Measurement of Molecular Dynamics Simulation Results 

Measurement of the stability of the proposed X.T-A central triplets and 
any possible perturbations upon its adjacent triplets can be best determined 
from the more energy dependent structural features. Stabilities in DNA 
binding recognition can be directly associated with the effectiveness of Wat- 
son-Crick base pair and Hoogsteen base H-bonding which can be followed 
by monitoring H-bonding distance data. In the same manner the n-stacking 
interactions can be followed by monitoring base-ribose X-dihedrals. Addi- 
tionally, phosphodiester backbone dihedrals are used to monitor overall 
configurational stabilities. Comparison of serial structures through internal 
coordinates allows representations of gross structural rnis deviations with- 
out the necessity for superimposing centers of mass. 

During molecular dynamics simulations structurally and conformation- 
ally homogeneous starting structures such as these triplexes become 
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T.A-T Hoogsteen Interaction 

B-Type Configuration 

FIGURE 5b 
the B-type c ~ m t i g t i r ~ t i o ~ ~ .  

Energy minimized T.A-T triplet configuration within the (T.A-T), I triplex from 

conformationally unhomogeneous. [ 3  11 I t  is therefore more purposeful to 
use empirical parameters that describe changes in motion over specified 
portions of the structure for comparative purposes. For this reason the 
changes in  rms deviations for a specific group of dihedrals during the simu- 
lation are used as a basis to compare dynamic similarities between the 
unmodified (T.  A-T), , triplex and the related centrally substituted triplex of 
the same starting configuration. The in i t ia l  structure of a simulation serves 
as the reference i n  determining the dihedral deviations whereas correlation 
of movements between related structures with respect to simulation time 
\vould be an  unsatisfactory indicator in that i t  is sensitive to harmonic 
phase displacement. The initial siniuliition structures of the compared trip- 
lexes 31-e chosen as references due to their similar configuration after energy 
min iiniza t ion. 
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FIGURE 5c 
with central triplets: T.A-T and X5.T-A for the B-type configuration. 

interaction energies for each Hoogsteen nucieoside with the rest of the triplex 

Phosphodiester backbone 

Average phosphodiester backbone rms deviations measured over the three 
central triplets were plotted with respect to simulatioti time in order to 
follow gross structural changes in overall configuration. The rms deviation 
of the backbone dihedrals of the A-type (Fig. 6a) and B-type (Fig. 6b) 
starting configurations of the (T.A-T), triplex show ; I  slower initial in- 
crease than that of their analogous X4.T-A (Fig. 6c) and X.5.T-A (Fig. 6d) 
centrally substituted triplexes. The difference is not surprising in that the 
X’T-A triplets have not been as minimized to the same extent as the T’A-T 
triplet uni t  in the unmodified (T.A-T), ,  triplex. It  is important t o  note that 
the calculated rms deviations of the dihedrals for each htiand have similar 
profiles and values indicating that conformational str.ind dihedral devi- 
ations are occuring in unison. This is also consistent with significant inter- 
strand interactions resulting in correlated strand motion. However, these 
conclusions are meaningless unless supported by evidence indicating that 
other interstrand interactions, Watson-Crick and Hoogatcen H-bonds, and 
rr-stacking interactions remain intact throughout most of the simulation. 
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FIGURE 6a 
deviations are averaged over the three cental triplets of A-type (T.AT), , in blocks of 10 ps. 

Ribophosphodiester backbone dihedral deviation from starting configuration; 
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FIGURE 6b 
deviations are averaged over the three central triplets of B-type (T.AT),, in blocks of 10 ps. 

Ribophosphodlester backbone dihedral deviation from starting configuration; 
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FIGURE 6c Ribophosphodiester backbone dihedral deviation from starting configuration: de- 
viations are averaged over the three central triplets of A-type (T.A-T),- (X4.T-A)-(T.A-T), in blocks 
of 10 ps. 

8 0  

2 7 0  

.- 
c 
m .- 
'0 

strand-1 backbone deviation 
strand-2 backbone deviation 
strand-3 backbone deviation 

.......... 

, .  ... . ,."._ . . . .  

1 -  1 I I I I I r 
0 5 0  100 150 200 250 300 350 

simulation time (picoseconds) 

FIGURE 6d Ribophosphodiester backbone dihedral deviation from siarting configuration; 
deviations are averaged over the three central triplets of B-type (T.A-T ),-(XS.T-A)-(T.A-T), in 
blocks of 10 ps. 
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Base-ribose 1-dihedral 

The n-stacking orientation of nucleotide bases are examined through the 
pdihedral measured along the heterocycle attachment and its Cl's attach- 
ment on the furan. The rms deviations of these dihedrals with respect to 
their starting configurations measured over the three central triplets appear 
to approach similar values at the end of the simulations for each configura- 
tion. Comparison of the A-type triplex configurations reveals that there is 
initially more X-dihedral deviation associated with the X4. T-A inclusive 
triplex than that of the unmodified A-type T .  A-T 11 mer (Fig. 7c,d) during 
the first 150ps of the simulation, but the former approaches the latter 
%-dihedral deviation by 5 ' -  10' during the remaining portion of the simula- 
tion. This type of behavior is most consistent with local restructuring during 
the initial phase of the simulation followed by slow equilibration towards 
the rms deviation values associated with the unmodified (T.A-T), struc- 
ture. However, comparison of the B-type configurations reveals that the 
%-dihedral rms deviation trajectories associated with X5 . T-A inclusive 
(T. A-T), , mer are within 5" rms deviation of each other throughout the 
entire simulation (Fig. 7a,b). This result is consistent with that either the 
X5 .T-A triplet causes minimal perturbation or the X-dihedrals of the B-type 

i 
m 
ln m 

60 

5 0  

4 0  

30 

20 

0 5 0  100 150 200 250 300 3 5 0  
simulation time (picoseconds) 

FIGURE 7a Base-Ribose %-dihedral deviation from starting configuration; deviations are 
averaged over the three central triplets of B-type (T.A-T),-(X5.T-A)-(T.A-T), In blocks of 10 ps. 
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FIGURE 7b 
averaged over the three central triplets of B-type (T.A-T),, in the blocks of 10 ps. 
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configuration are not particularily as sensitive with respect to those of the 
A-type configuration. For all triplex structures the deviation plots (Fig. 
7a-d) show that the central three triplets of each strand of a given structure 
closely follow a similar course in rms X-dihedral deviation over the entire 
course of their simulations. This evidence is consistent with concerted 
1-dihedral fluctuations within a given triplet. 

Comparison of the individual time-averaged X-dihedrals between the un- 
modified (T .  A-T), , triplex and their central triplet modified versions more 
directly show the structural similarities. As shown in Table IIa the three 
central average base-ribose dihedrals on all three strands of the A-type 
(T. A-T), triplex are well within standard deviation of the corresponding 
(analogous) base-ribose dihedrals of its central triplet modified version. The 
same can be stated for the comparison of these dihedrals between the 
B-type (T. A-T) , triplex and its central triplet modified version as seen in 
Table IIb. Although the difference in the means of all analogous X-dihedrals 
are statistically significant by t-test, the dihedral population averages of the 
compared dihedrals do significantly overlap with respect to their standard 
deviations. 
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TABLE 1Ia Simulation averages and standard deviations for specific 
X-angles for the A-type(T.A-T), and (T.A-T),-(X4.T-A)-(T.A-T), trip- 
lexes 

Strand-I Average 1-Dihedral Angle Standard Deoiation 
-- 

Specified T.A-T X4.T-A T.A-T X5.T-A 
central triplet: 
Triplet-5 30.03 33.79 12.03 14.03 
Triplet-6 33.60 23.67 12.95 20.29 
Triplet-7 30.35 32.08 14.51 17.80 

Strand-I1 Average 1-Dihedral Angle Standard Deviation 

central triplet: 
Triplet-5 12.48 15.88 24.06 19.01 
Triplet-6 36.08 38.44 17.18 16.53 
Triplet-7 37.53 28.06 20.57 18.01 

Specified T.A-T X5.T-A T.A-T X5.T-A 

Strand-111 Average X-Dihedral Anyle Standard Deoiiltion 

Specified T.A-T X4.T-A T.A-T X4.T-A 
central triplet: 
Triplet-5 43.61 49.46 14.25 21.56 
Triplet-6 24.02 53.61 12.28 20.56 
Triplet-7 38.77 34.38 15.71 13.10 

TABLE IIb Simulation averages and standard deviations for specific 
X-angles for the B-type(T.A-T), , and (T.A-T),-(X5.T-A)-(T A-T), trip- 
lexes 

Strand-I Average X-Dihedral Angle Standard Deoicition 

Specified T.A-T X4.T-A T.A-T X4.T-A 
central triplet: 
Triplet-5 31.21 33.51 16.32 15.75 
Triplet-6 12.03 19.63 12.49 16.63 
Triplet-7 29.79 37.48 12.30 14.30 

Strand-I1 Average 1-Dihedral Angle Standard Deoicition 

Specified T.A-T X4.T-A T.A-T X4.T-A 
central triplet: 
Triplet-5 30.28 7.71’ 16.26 22.74 
Tnplet-6 28.06 43.25 17.61 13.06 
Triplet-7 35.14 40.43 15.41 24.56 

Strand-111 Atlerage X-Dihedral Angle Standard Deriirtion 

Specified T.A-T X4.T-A T.A-T X4.T-A 
central triplet: 
Triplet-5 28.07 49.84 14.15 19.37 
Triplet-6 28.98 25.92 13.62 16.61 
Triplet-7 35.51 26.44 16.14 14.21 
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Hydrogen bonding 

The H-bonding distances of the Watson-Crick and Hoogsteen interactions 
are the most important factor in determining the viability of the tested 
unnatural base in its triplet and its interactions with adjacent triplets. Re- 
cognition of the Watson-Crick base pair is not only dependent upon but 
also can be evaluated by the distance of the Hoogsteen H-bonds. The 
average distances between the H-bonding heteroatoms of the three central 
triplets of the triplexes were calculated from the simulation. Of primary 
importance i t  is necessary to show that the unmodified (T-A-T),, control 
structure maintains viable H-bonding distances throughout simulation in 
the A-type and B-type configuration. As shown in Tables 1IIa,b it is evident 
that the average Watson-Crick and Hoogsteen H-bonding heteroatom dis- 
tances for both the A-type and B-type starting configurations of the un- 
modified (T .  A-T),, triplex are all within 0.1 A of the analogous distances in 
their respective starting models. The standard deviations of the distances 
from the simulations follow these results by showing the narrow 0.1-0.2 A 
range around the optimal bonding distance. 

As shown in Table IIIa the Watson-Crick and Hoogsteen H-bonds in the 
simulations of A-type (T. A-T), , starting triplex show similar average 

TABLE Illa 
three triplets of the A-type (T.A-T)] 

Triple-5: Boiitl T y p e .  H-horidiml Iiiicrtrctioii .4reraye H-boiidiiig Standard Decicitiorr ( 4 )  
St rcrr1rl Tvpe tlisrorice ( A )  

Simulation averages and standard deviations for the H-bonds of the central 

-~ ~ 

Wat\on-Cnch 1-11 Thy-04- Ade-N6 2 95 

Hoogsteen,III I I  Thy-04-Ade-N6 2 96 
Hoopteen 111-11 Thy-N3 Ade-N7 2 88 

Watson-Cnch 1-11 Thy-N3-Ade-N1 2 91 
0.16 
0.10 
0.1') 
0.1 1 

Watson-Crick 1-11 Thv-04-Ade-Nh 2 97 
Watson-Crick I I I  ThJ-Nj-Ade-Nl , 2 87 
Hoogsteenilll I 1  Thc-04-Ade-N6 2 96 
Hoogsteen 111 I I  Thy-N3-Ade-N7 2 88 

0.14 
0.09 
0.19 
0.14 

~ ~ ~ ~ ~ 

Watson-Crick 1-11 Thy-04 Ade-N6 2 95 
Watson-Crick1 I -  l l  TlipN3-Ade-N 1 2 90 
Hoogsteen 111- 1 I Th) -OJ-Ade-N6 3 02 
Hoogsteen I l l -  I 1  Th)-N3-Ade-N7 2 84 

0.14 
0.10 
0.22 
0.12 
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TABLE IIlb 
triplets of the B-type (T.A-T), , 

Simulation averages and standard deviations of the H-bonds of the central three 

~ 

Triplet-5 Bond Type/ H-bonding Interaction Average H-bonding Sratrdard Deviation ( A )  
Strand f i p e  distance (A)  
~ ~ 

Watson-Crlck/I-lI Thy-04-Ade-N6 2.90 
Watson-Cnck/I- 11 Thy-N3-Ade-N 1 2.94 
Hoogsteen/III- I1 Thy-04-Ade-N6 2.95 
Hoogsteen/Il I- 1 I Thy-N3-Ade-N7 2.89 

0.13 
0.12 
0.17 
0.14 

Triplet-6: Bond q p e /  H-bonding Interaction Average H-bonding Stondard Deviation ( A )  
Strand Type iiistnnce ( A )  

Watson-Crick,'- I1  Thy-04- Ade-N6 2.95 0.14 
Watson-Crick/I- I I Thy-N3-Ade-N 1 2.89 0.10 
Hoogsteen/IlI-II Thy-04-Ade-N6 2.90 0.i3 
Hoogsteen/III-I I Thy-N3 - Ade-N 7 2.88 0.12 

Triplet-7: Bond T)pe/ H-bonding Interaction A r w a g e  H-bonding Standard Deviation ( A " )  
Strund Type distance (A)  

Watson-Crick/I--11 Thy-04-Ade-N6 2.94 
Watson-Cnckil- 11 Thy-N3-Ade-N1 2.91 
Hoogsteen/IIl 1 I Thy-04-Ade-N6 2.92 
Hoogsteen/III-I1 Thy-N3 -Ade-N7 2.91 

0.15 
0.12 
0.14 
0.12 

distances and deviations to those of its X4. T-A centrally inserted triplex 
version (Tab. 11Ic). Accordingly, all of the corresponding H-bonding distan- 
ces are all well within a standard deviation of each other. Of importance to 
notice is the extent of the success in which the X4 Hoogsteen base H-bonds 
to both Watson Crick bases whereas the Hoogsteen h e  in the central 
T 'A-T triplet manages to only H-bond the adenine Watson Crick base. The 
X4 base achieves a 2.948, H-bonding distance from its 3-NH to the thymine 
4-CO with standard deviation of 0.23 8, and a 2.95 A H-bonding distance 
from its 2-CO to the adenine 6-NH2 with a standard deviation of 0.278, 
while the Hoogsteen thymine of a T.A-T triplet achieves a 2.968, H-bond- 
ing distance from its 4-CO to the adenine 6-NH2 and a 2.888, distance from 
3-NH to the adenine 7-N with 0.19 8, and 0.14 8, standard deviations, 
respectively. The adjacent triplets of these two central triplets are also in 
close accordance with their H-bonding data from their simulations as seen 
in Table IIIc. 

The H-bonding distance data from the simulations of the B-type starting 
configuration for the X5 .T-A centrally inserted triplex version are shown in 
Table IIId. As in simulations for the triplex pair of A-type starting configur- 
ation, the B-type unmodified (T. A-T),, triplex and its centrally X5 .T-A 
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38 J. H. ROTHMAN AND W. G. RICHARDS 

TABLE IIIc Simulation averages and standard deviations for the H-bonds of the central 
three triplets of the A-type (T.A-T)5-(X4.T-A)-(T.A-T')5 triplex 

Triplet-5: Bond l j p e /  H-bonding Interaction Average H-bonding Standard Deviation ( A )  
Strand Type distance ( A )  
Watson-Cnck/I-I1 Thy-04-Ade-N6 2.90 
Watson-Crick/]-I1 Thy-N3-Ade-NI 2.9 1 
Hoogsteen/l 11-11 Thy-04-Ade-N6 3.10 
Hoogsteen/III-II Thy-N3-Ade-N7 2.93 

0.13 
0.13 
0.3 1 
0.20 

Triplet-6: Bond Q p e /  H-bonding Interaction Average H-bonding Standard Deoiation ( A )  
Strand Q p e  distance ( A )  

Watson-Crick/]-11 Ade-N6-Thy-04 2.89 
Watson-Crick/[-I1 Ade-Nl-Thy-N3 2.97 
Hoogsteen/IlI-11 X4-02-Ade-N6 2.94 
Hoogsteen/IlI-I 1 X4-N 3 -Thy-04 2.95 

0.10 
0.18 
0.23 
0.27 

Triplet-7: Bond Q p e /  H-bonding Interaction Average H-bondiny Standard Deviation ( A )  
Strand Type distance ( A )  
Watson-Crick/I-II Thy-04-Ade-N6 3.03 0.22 
Watson-Crick/I-I1 Thy-N3-Ade-N1 2.94 0.15 

Hoogsteen/lll-11 Thy-N3-Ade-N7 2.90 0.12 
Hoogsteen/III-I1 Thy-04-Ade-N6 2.94 0.16 

TABLE IIId 
triplets of the B-type (T.A-T),-(XS.T-A)-(T.A-T), triplex 

Simulation averages and standard deviations of the H-bonds of the central three 

Triplet-5: Bond Typel H-bonding Interaction Average H-bonding Standard Deviation ( A )  
Strand l j p e  distance ( A )  
Watson-Crick/I-I1 Thy-04-Ade-N6 2.96 
Watson-Crick/]-I1 Thy-N3-Ade-N1 2.9 1 
Hoogsteen/I I I - I I Thy-04-Ade-N6 3.02 
Hoogsteen/III-I1 Thy-N3-Ade-N7 3.01 

0.17 
0.13 
0.27 
0.23 

Triplet-6: Bond Qpel H-hondiny Interaction Average H-bonding Standard Droiation ( A )  
Strand Type distance ( A )  
Watson-Crick/]-I1 Ade-N6-Thy-04 2.87 
Watson-Crick/I-I1 Ade-N 1 -Thy-N3 2.98 
Hoogsteen/Ill-11 X5-02-Ade-N6 3.31 
Hoogsteen/lIl- I1  XS-N3-Thy-04 3.15 

0.10 
0.16 
0.35 
0.39 

Tripler-7: Bond Type/ H-bondiny Interaction Acerage H-bonding Standard Deoiution (a) 
Strcznd Type distance (a) 
Watson-Crickjl-I1 Thy-04-Ade-N6 2.93 

Hoogsteen;llI-I1 Thy-04-Ade-N6 2.94 
Hoogsteen/IlI-11 Thy-N3-Ade-N7 2.86 

Watson-Cnck/I-I1 Thy-N3-Ade-NI 3.w 
0.13 
0.26 
0.16 
0.10 
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modified version shown similar Watson-Crick base pair average H-bond 
distances for the central and adjacent triplets. However, the average distan- 
ces of Hoogsteen H-bonds within the X5.T-A triplet are not as near to 
those of the central T.A-T triplet in the B-type triplex starting configur- 
ation simulation as the X4.  T-A triplet Hoogsteen bond distances are to 
those of the central T.A-T triplet in the A-type triplex starting configur- 
ation simulation. From the preliminary energy minimization results, this 
result should not be too surprising owing to the weaker Hoogsteen interac- 
tion energy for X5 in the X5.T-A triplet in comparison to that in the 
central T.A-T triplet of the unmodified control triplex. However, the Hoog- 
steen H-bonded interactions of the adjacent triplets are unaltered with re- 
spect to those of the unmodified (T.A-T),, triplex as indicated by average 
H-bond distances and deviations in Table IIId. 

DISCUSSION 

Although the X4 Hoogsteen base appears to be more successful as a Hoog- 
steen base designed to fit an A-type starting configuration than X5 is to fit a 
B-type starting configuration, these simulations just represent local con- 
figurational explorations of two configurations for a structure that in reality 
inevitably samples both. Whether DNA triplex in solution samples a signifi- 
cant portion of conformational space that is either A-type or B-type or 
mostly states between these two energetic minima [31] can best be 
answered by experimental studies (solution 'HNMR NOESY, UV-T,) of 
triplexes containing these X .  T-A triplets. By incorporating Hoogsteen base 
probes such as these into triplex structures that barely perturb adjacent 
triplets, comparative studies of triplex stabilities eg. UV-T, melting experi- 
ments would prove more definitive in detecting conformational preferences. 
Conformational analyses such as described in this paper are used to screen 
the configurational response of triplets in localized conformational space. 
Future studies should include sufficiently prolonged simulation times to 
allow both starting configurations to converge into a similar conforma- 
tional range. In this manner not only may a more complete conformational 
assessment be achieved, but also a more accurate knowledge of the confor- 
mational requirements needed for designing unnatural Hoogsteen bases can 
be obtained. Due to the large time investment in running long simulations 
these preliminary studies just utilize the basic homogeneous A-type and 
B-type configurations. The studies performed here are a reference point to 
guide the further design of unnatural Hoogsteen bases for recognition of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



40 J .  H. ROTHMAN AND W. G. RICHARDS 

T-A base pair. However, the final test must be synthesis and ther- 
modynamic binding studies. These simulations should provide encourage- 
ment for experimental work. 
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