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Abstract

To provide insights into the unusual properties of 29,59 nucleic acids(iso nucleic acids), that includes their rejection
by Nature as information molecules, modeling studies have been carried out to examine if they indeed possess the
stereochemical ability to form helical duplexes and triplexes, just as their 39,59 linked constitutional isomers. The
results show that the formation of helical duplexes with 29,59 linkages demands a mandatory displacement of the
Watson and Crick base pairs from the helical axis, as a direct consequence of the lateral shift of the sugar–phosphate
backbone from the periphery towards the interior of the helix. Thus, both duplexes and triplexes formed with a 29,59-
sugar–phosphate backbone possess this intrinsic trait, manifested normally only in A type duplexes of DNA and
RNA. It was found that only a 10-fold symmetric parallel triplex with isomorphous TØAT triplets is stereochemically
favorable forisoDNA with ‘ extended’ nucleotide repeats, unlike the 12-fold symmetric triplex favored by DNA. The
wider nature of a 12-fold triplex, concomitant with mandatory slide requirement for helix formation inisoDNA,
demands even larger displacement, especially with ‘extended’ nucleotide structural repeats, thereby violating symmetry.
However, a symmetric triplex possessing higher twist, can be naturally formed forisoDNA with a ‘compact’
nucleotide repeat. Two nanosecond molecular dynamics simulation of a 29,59-B DNA duplex, formed with an intrinsic
base pair displacement ofy3.3 A, does not seem to favor a total transition to a typical A type duplex, although˚
enhanced slide, X-displacement, decrease in helical rise and narrowing of the major groove during simulation seem
to indicate a trend. Modeling of the interaction between the chimericisoDNAØRNA duplex andE. coli RNase H has
provided a structural basis for the inhibitory action of the enzyme. Interaction of residues Gln 80, Trp 81, Asn 16
and Lys 99, ofE. coli RNase H with DNA of the DNAØRNA hybrid, are lost when the DNA backbone is replaced
by isoDNA. Based on modeling and experimental observations, it is argued that 29,59 nucleic acids possess restricted
conformational flexibility for helical polymorphism. The inability ofisoDNA to favor the biologically relevant B
form duplex and the associated topological inadequacies related to nucleic acid compaction and interactions with
regulatory proteins may be some of the factors that might have led to the rejection of 29,59 links. � 2002 Elsevier
Science B.V. All rights reserved.
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Fig. 1. Schematic representation of(a) 39,59 linked and(b) 29,59 linked nucleic acids(iso nucleic acids).

1. Introduction

It is abundantly clear that the paradigm molec-
ular recognition interaction manifested in the Wat-
son and Crick base pairing scheme supports a wide
variety of chemical scaffolds, including even those
without the sugar–phosphate moiety. Surprisingly,
the stability of some of these duplexes has been
shown to be even higher by 1–58C per base pair
compared to DNA and RNA duplexes. This has
led to the proposition that optimization, rather than
maximization of duplex stability, was perhaps the
selection criterion adopted by nature to settle the
backbone chemistry of informational molecules
w1x. It is recognized that the ability to form a
duplex, the structural vehicle for information stor-
age and transmission, represents the mandatory
first step for any molecule to serve as an infor-
mational moleculew2x. While it is known that this
can be satisfied by a variety of backbone scaffolds
w1–8x, it is pertinent to ask to what extent the
geometry and topological features of some of these
duplexes become relevant, especially in view of
the observation that many of these scaffolds exhibit
structural features nowhere close to the helical

duplexes described for DNA and RNA. This brings
into focus the question whether there was also an
additional selection criterion related to the optim-
ization of topological and geometrical features for
the selection of the backbone chemistry of the
informational molecule. This argument is not
unreasonable in view of the known stringent requi-
rements of DNA to be able to undergo several
orders of compaction and flexibility required for
interaction with regulatory proteins. It is, therefore,
to be expected that only certain geometries for the
double helix, such as B DNA, can alone facilitate
this. Thus, optimization of both duplex stability
and helix topology must have been the guiding
factors for settling the chemical etiology of nucleic
acids. In this context, it is intriguing to see why
nucleic acids with 29,59 linkages (Fig. 1), the
constitutional isomer and also the closest chemical
mimetic of the naturally occurring 39,59 linked
nucleic acids, were not used by nature as infor-
mational molecule. Surprisingly, it was believed
for long that they do not support Watson and Crick
associations, and this impediment was considered
to be the sole factor for their rejectionw9–11x.
However, in recent years, it has been conclusively
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Fig. 2. Preferred conformations for the repeating structural units in 29,59 (a, b) and 39,59 (c, d) nucleic acids for the commonly found
C39endo and C29endo sugar puckers. Equatorial linkages(C39–O39yC29–O29) lead to thecompact form (P«Ps5.9 A), while axial˚
linkages lead to theextended form (P«Ps7 A). An inverse relationship between nucleotide shapes and linkage type is clearly˚
discernible.

established w12–20x that the sugar–phosphate
backbone scaffold, even with 29,59 linkages, sup-
ports Watson and Crick paired duplex structures,
suggesting that factors other than the mechanistic
aspect of duplex formation, per se, may be respon-
sible for nature’s rejection of 29,59 links. It is also
known that 29,59 isomers even complex with the
39,59 strands to form duplexes and triplexes, and
they exhibit unusual propertiesw19–26x. Some of
these include the selective preference of 29,59
DNAy29,59 RNA (isoDNAyisoRNA) for complex-
ation with RNA as opposed with DNA, lowT forn

the helical complexes, and an usually high stability
for isoDNAØRNA chimeric complex concomitant
with the latter’s strong resistance toE. coli RNase
H cleavagew20,25–27x. An attempt has been made
here, from stereochemical investigations, to pro-
vide a structural basis for some of these and to
offer clues for nature’s rejection of 29,59 isomers
in favor of 29,59 isomers.

2. Methods

Our earlier studies have clearly brought out the
fundamental differences that exist in the shapes of

the repeating nucleotides in 29,59 and 39,59 nucleic
acidsw16,17x. These have led to the description of
the nucleotide structural repeat in terms of compact
and extended conformation in order to unify the
description and generation of nucleic acid helices
independent of the type of linkage and without
recourse to sugar pucker-based semantics(Fig. 2).
These have greatly facilitated modeling of duplex
and triplex helical complexes, comprising not only
exclusively 29,59 linked strands, but also chimers
formed by the complexation of 29,59 and 39,59
strands. These concepts are used here to build
helical structures of 29,59 isomers as well as their
complexes with 39,59 isomers. Wherever necessary,
they are subjected to stereochemical refinement
using the Linked Atom Least Squares method
(LALS) w28x. Such procedures are extensively
employed to arrive at structural models from dif-
fraction patterns of nucleic acids and polynucleo-
tides w29–31x. Molecular dynamics simulations
were carried out using the force field of Cornell
et al. w32x embodied in the Sander module of
AMBER 4.1 suitew33x, taking into account explicit
solvent counterions, with complete realization of
the long range electrostatics using the Particle
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Fig. 3. Stereoplot of the superposition of extended nucleotide repeats in 39,59 (gray) and 29,59 nucleic acids(black). Shift of phosphate
location leads to shift in base pairs necessitating slide andX-displacement for base pairs in 29,59 linked nucleic acids(see text).

Mesh Ewald(PME) methodw34x. All the protocols
conforming to state-of-the art methodology have
been followed. A database for the nucleic acid
building block with 29,59 links has been created.
Partial charges and force field atom types were
appropriately modified to obtain proper geometry
and stereochemistry at 29,59 sugar–phosphate link-
age. Water and counterions were added to the
DNA using the LEaP module. The system was
initially subjected to equilibration, followed by a
production run using standard proceduresw35x.
The results were analyzed using the various mod-
ules available withAMBER 4.1, the Dials and
Windows interface to Curvesw36x and a recent
version of Curves(Ver. 5.1) w37x. Molecular
dynamics simulations were either run on an SGI
Octane workstation or Pentium III PC on a RedHat
linux 6.2 platform.
Using the 11-fold model DNAC29endo

ØRNA hybrid duplex obtained from fiberC39endo

diffraction data as the initial modelw38x,
DNA ØRNA, DNA ØRNA and iso-O49endo C39endo

DNAØRNA hybrid duplex models have been
obtained through constrained energy minimization
using theAMBER 4.1 suite w33x. The docking of
the hybrid duplexes withE. coli RNase H and the
subsequent interaction studies were carried out
using the graphics interface of Insight IIw39x on
an Octane SGI workstation.

3. Results and discussion

3.1. Molecular dynamics of 29,59 B DNA duplex

Our earlier investigations have revealed that a
29,59 B DNA helical duplex structure is not ster-
eochemically feasible without a mandatory slide
of at leasty2.2 A and a concomitantX-displace-˚
ment (X-disp) of y3.3 A for the base pairsw17x˚
(values of slide andX-disp calculated using Curves
are higher byy0.5 andy0.8 A, respectively,˚
compared to values of slide ofy1.7 A and X-˚
dispsy2.5 A obtained using other nucleic acid˚
analysis programs). This is because of the lateral
shift of the sugar–phosphate chain link from the
O39 to the O29 atom of the sugar(Fig. 3) to
facilitate 29,59 linkage, which leads to natural
sliding of the base pairs towards the interior of the
helix. This results in reduced intra-strand adjacent
base overlap compared to B DNA and this might
be one of the reasons for the observed lowerTm

for theisoDNA duplex fragmentsw13,14,25x. Link-
age change also causes the phosphates to move
away such that the major groove expands concom-
itant with compression in minor groove. Their
magnitudes correspond to 14 and 4.7 A(5.8 A˚ ˚
subtracted to account for the van der Waal’s radii
of the phosphate groups), respectively, compared
to the values of 11.7 and 5.9 A found for ideal B˚
DNA. A typical homopolymer isoDNA duplex
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Fig. 4. Stereoplot of LALS generated 29,59 B DNA duplex viewed perpendicular(top) and parallel(bottom) to the helix axis. Least
values of slide(y1.7 A) and X-displacement(y2.5 A) needed for stereochemical feasibility are used. Duplex is made up of˚ ˚
extended(P«Ps7.2 A) C39endo nucleotide repeats with a(g , g ) phosphodiester conformation. Note the central hole down they y˚
helix axis, a trait of the A-type helix and the base pairs perpendicular to helix axis, a trait of the B-type duplex.

comprising G«C base pairs and formed with
extended C39endo nucleotide repeats is shown in
Fig. 4. Since the structure possesses the intrinsic
traits of an A-type duplex, namely, slide(y2.2
A) and X-displacement(y3.3 A), it is felt that˚ ˚
this may correspond to an intermediate conforma-
tion of A and B type duplexes, and the structure
may perhaps favor an A type duplex by seeking
optimal values for slide and displacement with
concomitant sugar repuckering. This argument is
supported by the observation of an A type duplex
for an isoDNA fragment from NMR studiesw18x.
In order to examine the possibility of a B́A
transition of isoB DNA and to obtain a detailed

insight into the nature of conformational flexibility
towards helical polymorphism of 29,59 linked
nucleic acids, a 2-ns molecular dynamics simula-
tion (MDS1) has been carried out onisoB DNA.
A 2-ns MD simulation in the presence of 1 M
NaCl (MDS2) was also carried out since it has
been shown that high salt stabilizes Watson and
Crick association in iso nucleic acids
w13,19,23,25x.

3.1.1. Analysis of the MD trajectory and structural
features
Fig. 5 shows the nature of variation of slide and

X-displacement(X-disp) during the 2-ns MD sim-
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Fig. 5. Variation of helical and base-pair parameters of the central decamer duplex taken at 10-ps intervals over the 2-ns MD
simulation. A large variation in slide andX-disp is evident(values of slide andX-disp calculated using Curves are higher byy0.5
andy0.8 A, respectively, compared to those obtained using other nucleic acid analysis programs). A preference for higher twist˚
over the first nanosecond and stabilization of the twist values between 358 and 388 in the final 750-ps. Also note the preference for
low values of rise over a short interval of time. A and B represent values corresponding to idealiso A DNA and iso B DNA
structures, respectively.

ulation (MDS1). Both of these exhibit large vari-
ation, with slide varying fromy2.4 to y3.2 A,˚
and displacement fromy2.5 to y4.5 A. These˚
values, especially the higher ones, however, do not
persist for a long enough duration of time to
suggest a clear B́ A transition. Also, they are
not accompanied by base pair inclination(with
respect to the helical axis) and repuckering of the
sugar to affect acompact C29endo structural repeat,
which is required to facilitate a complete B́A
transition.
The helical twist shows a preference towards

higher values(40–438) during the initial 1000 ps,
and this is accompanied by lower values of slide

(y2.6 A), suggesting a more tightly wound duplex˚
structure. During the final 750 ps, the helical twists
follow a downward trend and finally stabilize at
values between 368 and 388, corresponding to a
10-fold isoB DNA-like duplex with slightly larger
values(y3.0 A) of slide. A low helical rise(2.8˚
A) was observed at approximately 150 and 1500˚
ps, and although indicative of a possible trend
towards an A-type helix, the inclination angles
(58) are not large enough. Moreover, these trends
last only for short intervals of time.
Helix grooves show marked variation, with the

major groove width exhibiting larger variations
(6–16 A) than minor groove width(4–6 A) (Fig.˚ ˚
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Fig. 6. Variation of end-to-end distance of the central decamer
duplex, major(M) and minor(m) groove widths over the 2-
ns MD simulation(MDS1) of iso B DNA. Narrowing of the
major groove at approximately 260–400 and 1400–1625 ps
concomitant with a reduction in end-to-end distance, indicates
the traits of the A-form duplex. A and B represent values cor-
responding to idealiso A DNA and iso B DNA structures,
respectively.

Fig. 7. Superposition of the central decamer duplex of 44 structures over the time period 1400–1625 ps(MDS1). LargeX-displace-
ment, narrow major groove width and reduced end-to-end distance, which are traits of the A-form duplex, can be seen although the
repeating nucleotide retains theextended C39endo nucleotide conformation.

6). Narrowing of the major groove, concomitant
with a reduction in the end-to-end distance of
duplex (see Fig. 6), occurs during 260–400 and
1400–1625 ps, indicating a possible trend towards
an A-type duplex, though there is no concerted
increase in the inclination angle of the base pairs,
decrease in rise or repuckering of the sugar pucker
from C39endo to C29endo conformation to provide
a compact structural repeat. Recent NMR studies
have confirmed that it is thecompact C29endo
nucleotide repeat that forms structural repeats in
A-type duplexes foriso nucleic acidsw40x. Super-
position of the snapshots of the duplexes at regular
intervals between 1400 and 1625 ps is shown in
Fig. 7.
Though variations in groove widths, helical and

base pair parameters seemingly indicate a trend
towards A-type duplex, no definitive assertions
may be made to invoke a total B́A transition as
these variations do not last for sufficiently long
duration of time.
Analysis of the trajectory shows that the struc-

tural repeat retains theextended nucleotide confor-
mation throughout the simulation with the sugar
puckers remaining in the C39endo domain and the
backbone torsionś -(C29–O29), b(C59–O59) and
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Fig. 8. RMSd vs. time(ps) plot for (a) the central decamer
duplex and(b) 14-mer duplex with respect to the average
structure(bold lines) and starting structure(dotted lines), for
structures taken at 1-ps intervals over the 2-ns MD trajectory
(MDS1).

g(C49–C59) torsions largely favoring the preferred
gauche , trans and gauche conformationaly q

domains, respectively. The phosphodiester P–O29

(z) and P–O59 (a) conformations remain in the
(g , g ) domain throughout the simulation. In ay q

few cases, it goes over to(g , g ) conformationy q

when a switches togauche with concomitantq

switch ing from gauche to trans, conforming toq

the well-known long range correlation betweena

andg observed in DNA and RNA duplexesw41–
43x.
The root mean square deviation(RMSd) for the

central decamer of all the structures taken at 1-ps
intervals over the 2-ns simulation is between 0.6
and 2.7 A and between 1.9 and 3.2 A from the˚ ˚
average and starting structures, respectively(Fig.
8). Higher RMSd is due to drastic variation in
slide andX-disp, as well as narrowing of major
groove widths during the course of the simulation.
Average duplex structure over the 2-ns MD simu-
lation (MDS1) is shown in Fig. 9. The large slide
(y2.8 A) andX-displacement(y4.2 A) (traits of˚ ˚
an A-form duplex) and stacking interaction are
similar to that found in A DNA, while tiltless
bases are reminiscent of a B-form duplex. The
structure represents more of an intermediate duplex
between A and B DNA forms, similar to the
average structure observed in the MD simulation

of d(C G ) w44x, which has A-type base stacking,4 4 2

but anextended C29endo nucleotide repeat.
Analysis of the 2-ns MD simulation in 1 M

NaCl shows that the 29,59 B DNA duplex is
comparatively more stable. Variation in slide and
X-disp is comparatively less, although there is a
tendency towards higher values of slide compared
to the minimum value ofy2.2 A required for the˚
formation of 29,59 B DNA. Minor groove widths
fall within the broad range observed earlier, while
slight narrowing of major groove widths(11–12
A) is also seen. RMSds of the central decamer,˚
taken at 1-ps intervals over the 2-ns MD simula-
tion, is between 0.6 and 2.0 A and between 1.3˚
and 2.9 A, from the average and starting structure,˚
respectively. These are much less compared to
those observed in the absence of high salt(MDS1),
indicating higher stability.

3.1.2. Hydration
Hydration pattern around theiso B DNA duplex

shows that, on average, anionic oxygen atoms are
individually hydrated by three waters along the
vertices of a trigonal pyramid due toextended
nucleotide repeat(P«Pf7.2 A). Hydration sites˚
for guanine are seen at approximately N3 and N2
(minor groove side), O6 and N7(major groove
side). For cytosine, hydration sites are observed at
approximately O2 and N4. These are similar to
those observed for B DNAw45,46x.
Results from both the MD simulation(MDS1

and MDS2) on 29,59 B DNA confirm the manda-
tory requirement of slide cumX-disp. Although a
tendency for a B́ A transition is manifested
through the narrowing of the major groove, an
increase in slide andX-disp, and a decrease in
helical rise during the course of the simulation,
other concerted changes, such as base pair incli-
nation and flipping of sugar pucker from C39endo
to C29endo to provide a compact form for the
nucleotide repeat required to invoke a total transi-
tion to A form are not evident. Thus, the average
structure from the NM simulations of 29,59 B DNA
retains the qualitative features of the initial model
but with enhanced values for slide andX-displace-
ment, features of the A form duplex.
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Fig. 9. Stereoview of the average structure for the central decamer duplex over the 2-ns trajectory(MDS1) viewed perpendicular
(top) and parallel(bottom) to the helix axis. The structure represents more of an intermediate between the A and B type helix.
Note the large slide(y2.83 A) andX-displacement(y4.2 A) (traits of the A-form duplex) and stacking interaction similar to that˚ ˚
found in A DNA. Tiltless bases and extended nucleotide conformation are reminiscent of the B-form duplex.

3.1.3. Structural characterization of 29,59 DNA
triplexes
It is well known that Watson and Crick DNA

and RNA duplexes support a third strand along
their major groove, stabilized by Hoogsteen or
reverse Hoogsteen base pairsw47x. That this idea
has developed into an important strategy for gene
regulation is well documentedw48,49x. A symmet-
ric structural model for the 12-fold DNA triplex
w50x comprising TØAT base triads(Fig. 10) and
with extended C29endo nucleotide repeats(P«Ps
6.8 A) for all the chains has been proposed,˚
consistent with a number of experimental evidenc-

es w51,52x and MD simulation studiesw53x.
Attempts to generate such a symmetric 29,59 DNA
triplex with TØAT triplets (see Fig. 10) using the
linked atom least squares(LALS) approach and
by using extended C39endo nucleotide structural
repeats(P«Ps7.2 A) (see Fig. 2) show that only˚
a 10-fold triplex(ts368) is stereochemically fea-
sible (Fig. 11). In this structure, Watson and Crick
base pairs exhibit a displacement ofy3.3 A from˚
the triple helical axis that is identical to that needed
to form a stereochemically feasibleiso B DNA
duplex. Due to this, the duplex and the triplex
helical axes ofisoDNA coincide. In other words,
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Fig. 10. Schematic diagram of TØAT base triplets showing the
geometry and symmetry(47). The Hoogsteen AØT pair is relat-
ed by a pseudorotational symmetry. The radiusr of the helix
with respect to C19 atom is 7.3 A,us69.58 andX-disp dsy˚
2.5 A.˚

iso B DNA duplex is already pre-organized to
facilitate the formation of a triplex due to displaced
Watson and Crick pairs(X-dispsy3.3 A) from˚
the triple helical axis and expanded major groove
width of 14 A. It is to be recalled that both of˚
these features occur subsequent to the formation
of triplex in the case of DNAw50,53x. In other
words, iso B DNA duplex need not undergo
conformational changes to accommodate a third
strand along its major groove unlike B DNA. The
isoDNA triplex is stabilized by interactions
between the methyl groups of one thymine and
the adjacent thymine of the Hoogsteen strand(Fig.
12). The inherently less stable nature of 29,59 B
DNA duplex, due to significantly lower intra-
strand base stacking caused by the slide between
adjacent base pairs, may be the reason for the
observed single transition of 29,59 DNA triplex
upon denaturation in contrast with the correspond-
ing DNA triplex w54x. Reduced base stacking
interaction in theisoDNA duplex, as implicated
from modeling studies, derives support from ther-
modynamic studies, which show that the free
energies ofisoDNA duplexes are half as compared

to those of the corresponding DNA duplexesw15x.
Moreover,isoDNA triplexes are found to be ther-
modynamically less stable than the corresponding
DNA triplexes due to lower enthalpyw54x, which
could be a consequence of reduced base stacking
interaction in the duplex component of the former.
Attempts to generate a 12-fold(ts308) sym-

metric triplex for isoDNA with the extended
C39endo repeating nucleotide is found to be ster-
eochemically unfeasible due to poor backbone
geometry and severe steric overlap involving phos-
phate and adjacent sugar. This situation can be
eased by increasing the value of slide() y3.3
A). This causes widening of the helix, resulting in˚
a large diameter for the triplex, and which in turn,
calls for higher displacement of the Watson and
Crick base pairs. These changes result in violation
of conditions (see Fig. 10) required for the for-
mation of a symmetric triplex. Moreover, it is
found that the displacement should be in a direc-
tion normal to the line joining the two C19 atoms
of the two thymines(of Watson and Hoogsteen
strands) rather thanX-displacement associated with
the Watson and Crick pairs of the TØAT triplet.
Such a triplex possesses a ribbon-like structure
and necessarily results in a large void at the center.
This also causes a dissimilar conformation for the
adenine strand(highly extended with P«P)8 A)˚

compared to the two thymine strands. In fact, such
a triplex structure with a large void and comprising
C29endo nucleotide repeat has been reported for
isoDNA triplex w55x. Our modeling studies further
show that an 11-fold symmetric triplex foriso-
DNA, without the need for such large displace-
ment, is also found to be feasible withcompact
C29endo nucleotide repeats(P«Ps6.1 A) (Fig.˚

13). The structure has anX-displacement ofy3.4
A and a base pair inclination of 7.38. It should be˚

mentioned that it is not known if the 29,59 nucleic
acid triplex will have the same helical parameters
as DNA and RNA triplexes. It is possible that a
symmetric 10-fold parallel symmetric triplex is
favored by 29,59 DNA comprising TØAT triplets, in
view of the ease with which it can be formed. In
any case, it is clear from the present study that
29,59 links cannot form a triplex structure that is
identical to that formed by DNA with 39,59 links.
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Fig. 11. Stereoplot of symmetric 10-fold parallelisoDNA triplex viewed perpendicular to the helical axis(top) and viewed parallel
to helix axis(bottom), formed by TØAT triplets with extended C39endo nucleotide repeat.

3.2. Structural basis for the inhibition of E. coli
RNase H by isoDNAØRNA chimer

It is known thatisoDNA forms a highly stable
complex with RNA with aT value that is com-m

parable to that of the DNAØRNA hybrid w9,23,25x.
Interestingly, the complex is an inhibitor ofE. coli
RNase H and no structural rationale is forthcoming
to explain this, perhaps due to lack of structural
details ofisoDNAØRNA hybrid. Knowing the dis-
tinct conformational difference that exists between
the structural repeats in 29,59 and 39,59 nucleic acids
(Fig. 2), it is anticipated that the structure of this
chimer will exhibit features quite different from
the DNA–RNA hybrid and these may offer clues
for its role as an inhibitor. Therefore, the structure

of the chimericisoDNAØRNA duplex is modeled
first, followed by its interaction withE. coli RNase
H.
While modeling the structure ofisoDNAØRNA

duplex, it is assumed that RNA strand will impose
its structure on theisoDNA strand. This is justifi-
able in view of the extensive experimental evi-
dence indicating an exclusive preference for the
A-type duplex by the DNAØRNA hybrid w56–64x.
Hence, a compact nucleotide conformation is
assumed to be the helical repeat in bothisoDNA
(comprising adenines) and RNA (comprising uri-
dines) strands of the chimeric duplex. The phos-
phodiester linkage of the DNA strand in the
11-fold DNAØRNA hybrid duplex modelw38x is
modified to contain 29,59 linkages and the duplex
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Fig. 12. Stereoplot of base stacking interaction in B DNA duplex(top), 12-fold DNA triplex (middle) and 10-foldisoDNA triplex
(bottom) formed with extended structural repeat. Note the reduced stacking interaction in theisoDNA duplex. Also stabilization
interactions involving the methyl groups of one thymine and the adjacent thymine of the Hoogsteen strand is evident.

is subjected to constrained energy minimization to
obtain proper backbone stereochemistry. An A-
type 11-fold duplex so generated forisoDNAØRNA
is shown in Fig. 14. TheisoDNA strand is char-
acterized by the presence ofcompact C29endo
nucleotide repeats(P«Ps6.0 A) concomitant˚
with a (t, g ) phosphodiester conformation whiley

the RNA strand possesses acompact C39endo
nucleotide repeats(P«Ps5.9 A) with a (g ,g )y y˚
phosphodiester conformation. A general pattern
seen in iso nucleic acid duplexes, compared to
DNAyRNAs, is that a switch from 39,59 to 29,59
linkage results in an expansion of the major groove
and narrowing of the minor groove widthsw16,17x.
As a result, major and minor grooves of the
chimeric duplex have widths of 8.2 and 9.1 A,˚

respectively, compared to the values of 6.3 and
10.8 A found in the DNAØRNA hybrid w38x (Table˚
1). Incidentally, the minor groove width(9.1 A)˚
of the isoDNAØRNA duplex lies intermediate
between the values seen for ideal A RNA(11.1
A) and B DNA (5.7 A) duplexesw65,66x.˚ ˚

In order to elucidate structural features respon-
sible for the inhibitory property ofisoDNAØRNA,
a 19-mer duplex is docked with theE. coli RNase
H. Firstly an Mg ion was placed at a distance2q

of 2, 4.2, 4.5 and 4.9 A to carbonyl oxygen of˚
Asp 10, Glu 48, Asp 70, and Asp 134, respectively,
as observed in the crystal structure ofE. coli
RNase Hw67x. The hybrid was oriented along the
line linking the Mg binding site and the basic2q

protrusion such that the scissile bond(O39–P ) is11
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Fig. 13. Stereoplot of symmetric 11-fold parallelisoDNA triplex viewed perpendicular to the helix axis(top) and viewed down the
helix axis(bottom), formed with TØAT triplets andcompact C29endo nucleotide repeat.

positioned close to the Mg (;3.5 A) w70x. This2q ˚
positioning and orientation of the chimeric duplex
with RNase H is identical to the criteria suggested
based on the crystal structure ofE. coli RNase H
w68x and also consistent with earlier models of a
DNAØRNA=RNase H complexw64,69,71x. As a
consequence, the RNA strand of bothiso-
DNAØRNA and DNAØRNA duplexes exhibit com-
plete overlap, with the result that the proposed
interactions of the residues Asp 94(in the basic
protrusion region), Cys 13 (Glycine rich loop),
Gln 72 (a II helix), Lys 122, and Asn 44 with the
RNA chain (Fig. 15) remain unalteredw63,67x. It
may be pointed out that, although RNA duplex
binds to E. coli RNase H, no cleavage occurs,

thereby emphasizing that the non-cleaving DNA
strand plays a role in interaction, complex forma-
tion and cleavagew71x.

3.2.1. Interaction of E. coli RNase H with
DNA 9 RNA hybridO4 endo

It has been proposed that an intermediate value
for the minor groove width for the DNAØRNA
hybrid duplex concomitant with O49endo pucker
for the sugar residues of the DNA strand is crucial
for RNase H activityw64,72,73x. These observa-
tions are supported by recent studies, which incor-
porate constrained O49endo sugars into the DNA
strand of DNAØRNA hybrid w72,73x. However, no
details concerning the interactions of the enzyme
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Fig. 14. Stereoplot of an 11-foldisoDNAØRNA, duplex(top) viewed perpendicular to the helix axis,(middle) adjacent base pair
overlap to illustrate base stacking interaction and(bottom) isoDNAØRNA duplex viewed down the helix axis. TheisoDNA strand
has acompact C29endo, nucleotide repeats and(t, g ) phosphodiester conformation while the RNA chain hascompact C39endoy

nucleotide repeats and(g ,g ) phosphodiester conformation. Note the shift in the position of the phosphate group towards they y

interior of the helix in theisoDNA strand.

responsible for differentiating DNA fromO49endo

DNA in the DNAØRNA hybrid are available.C39endo

It is needless to point out that knowledge of such
information is important for the better understand-
ing of the structural basis ofE. coli RNase H
action, since these would facilitate the design of
oligonucleotides that will elicit RNase H action,
important in the antisense approach of gene
expression.
In order to delineate the role of O49endo nucle-

otide repeat in the DNA chain of the DNAØRNA
hybrid and its anticipated effect in increasing the
minor groove width, thereby enhancing the specific

enzyme–substrate interactions, we have modeled
an 11-fold DNAØRNA hybrid duplex, as well as
its interaction withE. coli RNase H. Modeling
studies show that the presence of O49endo sugars
in the DNA strand instead of C39endo sugars
results in a decrease in the minor groove width by
approximately 0.9 A(Table 1). However, more˚
importantly, the occurrence of an O49endo sugar
pucker in the DNA chain renders the anionic
oxygen atoms of the phosphate to orient towards
the exterior. This permits them to be more easily
accessible to the surface of the protein compared
to DNA ØRNA hybrid duplex, wherein, theC39endo
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Table 1
Major (M) and minor (m) groove widths in DNAØRNA
hybrids andisoDNAØRNA chimer

Hybrid typea M (A)˚ m (A)˚ Reference

DNA ØRNA hybridC39endo 6.3 10.8 w38x
DNA ØRNA hybridO49endo 8.1 9.9 Present work
isoDNAØRNA hybrid 8.2 9.1 Present work
isoB DNA duplex 14.0 4.5 w17x
B DNA duplex 11.7 5.7 w66x
A RNA duplex 4.2 11.1 w65x

Eleven-fold hybrid duplex with helical parameter ofns11,a

hs3 A and ts32.78. 5.8 A is subtracted from the P«P sep-˚ ˚
aration to account for the van der Waal’s radii of the phosphate
groups.

Fig. 15. Stereoplot of the interaction of DNA (gray)ØRNA (black) hybrid, andisoDNA (black)ØRNA (black) with the E.O49endo( )

coli RNase H. Only the portion of the protein involving the glycine rich loop, the basic protrusion region and other amino acid
residues in the protein–DNAØRNA, (isoDNAyRNA) interface alone are shown for clarity. The residues and different regions of the
protein chain involved in interaction with the DNA and RNA strand are indicated. Note the absence of interaction involving the
isoDNA and RNase H as compared with the DNA strand(see also Table 2).O49endo

anionic oxygen atoms point into the mouth of
major groove, thus making them less accessible to
the protein surface. This, together with the
increased intra-nucleotide P«P separation(6.7 A),˚
facilitates better interaction of the DNA strand
with the enzyme(Table 2). As a result, Asn 16
(of the glycine-rich loop), Lys 99 (in the basic
protrusion region), Gln 76, Gln 80, Trp 81(which
forms a kink between helicesaII and aIII ) are
involved in hydrogen bonding with the anionic
oxygen of the P and P phosphates of the10 12

DNA backbone(Fig. 16). It is clear fromO49endo

Table 2 that these interactions are not conspicuous
in the case of DNA ØRNA hybrid. The inter-C39endo

acting phosphates are located nearly at the center
of the 19-mer hybrid duplex. Involvement of the
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Table 2
Comparison of interaction of DNA ØRNA, DNA ØRNA and isoDNAØRNA hybrid duplexes withE. coli RNase HC39endo O49endo( ) ( )

Interactions DNA ØRNAC39endo DNA ØRNAO49endo isoDNAØRNA
(A)˚ (A)˚ (A)˚

Asp 94(OD «O1P) (RNA) P1 1 3.4 3.4 3.4

Gln 72 (NE «O 9) (RNA)2 2 2.9 2.9 2.9
Gln 72 (NE «O 9) (RNA)2 4 2.8 2.8 2.8

Lys 122(NZ«O P) (RNA) P1 9 3.4 3.4 3.4

Cys 13(O«O 9) (RNA)2 2.7 2.7 2.7
Cys 13(O«O 9) (RNA)3 3.0 3.0 3.0

Asn 44(OG«O 9) (RNA)2 2.9 2.9 2.9
Asn 44(ND «O 9) (RNA)2 2 3.3 3.3 3.3

Arg 138 (NH «O P) P (DNA)2 2 1 5.5 5.0 6.4
Asn 16(ND «O P) P (DNA)2 1 9 5.9 3.4 3.9

Lys 99 (NZ«O P) P (DNA)1 10 5.0 3.0 4.3

Gln 76 (NE «O 9) (DNA)2 3 5.0 3.4 4.2
Gln 80 (NE «O P) P (DNA)2 1 12 5.2 2.7 4.3

Trp 81 (NE «O P) P (DNA)1 1 12 4.9 3.5 3.7

NE , NZ, ND correspond to the amino group of the side chains.P corresponds to the phosphates of the DNAyRNA chain.2 2

Numbering of phosphates for the DNA(isoDNA) and RNA chain are from the 59 side.

phosphate groups in the preferential interaction of
E. coli RNase H with DNAØRNA hybrid has been
suggested from enzyme–substrate affinity studies
w74x. Our studies seem to provide a structural basis
for these arguments.
Site directed mutagenesisw71x of Cys 13, Asn

16, Asn 44, Asn 45 and Gln 72 or His 124 by Ala
is found to reduce the binding affinity of the
substrate toE. coli RNase H. Also, replacement
of Lys 122 by Asn and Arg 138 by Cys reduces
the binding affinity to some extent. Reduction in
binding affinity due to the mutation of Lys 122,
Asn 16, Gln 72, Cys 13 and Asn 44 by Ala can
be clearly interpreted as being due to loss of
interactions (mostly hydrogen bonds) involving
the side chain of these residues with the DNA or
RNA backbone(see Table 2). On the other hand,
interactions involving the residues Asn 45 with
the RNA chain, as well as His 124 and Arg 138
with the DNA backbone are not clear as the
distances of these residues from the hybrid duplex
are greater than 5 A. It is possible that the nature˚
of their interactions may become clear when both

the protein and the DNAØRNA hybrid are allowed
to flex.

3.2.2. Interaction of isoDNAØRNA chimer with E.
coli RNase H
As mentioned earlier a switch from 39,59 to 29,59

linkage is associated with a change in the sugar
pucker preferencew16,17,40x as well as a lateral
shift of the sugar–phosphate backbone from the
periphery towards the interior of the helix, which
in turn, causes shrinkage of the minor groove
width by approximately 1.7 A(9.1 A) in the˚ ˚
isoDNAØRNA duplex. Interaction studies carried
out similar to the above show that the prominent
interactions involving Asn 16, Gln 76, Gln 80, Trp
81 and Lys 99 with theisoDNA backbone are
totally lost(Fig. 15). As discussed above, all these
interactions are found to be critical in the
(DNAØRNA)=RNase H complex(Table 2). It
may be remarked that although theisoDNAØRNA
hybrid also has a groove width(9.1 A) interme-˚
diate between A and B DNA duplexes, its struc-
tural features are quite different from that of the
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Fig. 16. Stereoplot showing the interaction involving the DNA (black)ØRNA (gray) hybrid with E. coli RNase H(see alsoO49endo( )

Table 2).

DNAØRNA hybrid, and it is these geometrical and
topological features that are responsible for the
inhibitive action onE. coli RNase H.

4. Conclusions

The results from the present analysis have
shown that change of linkage chemistry from 39,59
to 29,59 in nucleic acids brings forth stereochemical
changes that have significant influence on the
ability of formation of equivalent duplex and
triplex structures known in nucleic acids with 39,59
linkages. They introduce conformational and top-
ological constraints on the helical structures
formed with 29,59 linkages and also contribute
towards lowering their stability by reducing stack-
ing interactions. NMR investigation on 29,59 RNA
w40x and 29,59 DNA fragments w18x shows that
they favor A type duplexes. These, along with the
observations made from the present study that the
formation of a 29,59 duplex or a triplex demands

mandatory slide and displacement, the traits of the
A-type duplex, argue in favor of A type duplexes
dominating 29,59 nucleic acids. This is understand-
able, since this facilitates better interstrand base
stacking interactions compared to the B-form(for
isoDNA), which do not facilitate strong intra-
strand stacking due to the mandatory requirements
of slide and displacement. These indicate that 29,59
nucleic acids lack the ability for helical polymor-
phism. This is in sharp contrast to DNA, which is
known to be highly flexible and capable of exhib-
iting high conformational polymorphism. Linkage
change also imposes certain topological constraints
in relation to groove dimensions. All of these,
together with the fact that 29,59 links do not support
the biologically relevant B form and the conse-
quent related inadequacies, could have been the
contributing factors towards their rejection. The
structural changes caused by 29,59 linkages in the
DNA chain clearly explains why it acts as an
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inhibitor to E. coli RNase H when theisoDNA is
complexed with RNA.
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