This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Nucleosides, Nucleotides and Nucleic Acids

MICIEOS.idES} Publication details, including instructions for authors and subscription information:
Niucleotides http://www.informaworld.com/smpp/title~content=t713597286

STRUCTURAL, DYNAMIC, AND ENZYMATIC PROPERTIES OF MIXED

a/B-OLIGONUCLEOTIDES CONTAINING POLARITY REVERSALS
M. W. Germann?; J. M. Aramini®; B. W. Kalisch® J. H. van de Sande®

* Department of Microbiology and Immunology, Kimmel Cancer Institute, Thomas Jefferson
University, Philadelphia ® Department of Medical Biochemistry, University of Calgary, Calgary,
Canada

s Ecbiow
JOHN A STYETI

Online publication date: 31 March 2001

WOLLUME 24 MNUMBER 4 i)

To cite this Article Germann, M. W. , Aramini, J. M. , Kalisch, B. W. and van de Sande, J. H.(2001) 'STRUCTURAL,
DYNAMIC, AND ENZYMATIC PROPERTIES OF MIXED o/B-OLIGONUCLEOTIDES CONTAINING POLARITY
REVERSALS', Nucleosides, Nucleotides and Nucleic Acids, 20: 4, 493 — 499

To link to this Article: DOI: 10.1081/NCN-100002324
URL: http://dx.doi.org/10.1081/NCN-100002324

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.conlterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597286
http://dx.doi.org/10.1081/NCN-100002324
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 59 26 January 2011

Downl oaded At:

NUCLEOSIDES, NUCLEOTIDES & NUCLEIC ACIDS, 20(4-7), 493—499 (2001)

STRUCTURAL, DYNAMIC, AND
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MIXED «o/B-OLIGONUCLEOTIDES
CONTAINING POLARITY REVERSALS

M. W. Germann,* J. M. Aramini,! B. W. Kalisch,>
and J. H. van de Sande?

! Department of Microbiology and Immunology, Kimmel Cancer
Institute, Thomas Jefferson University, Philadelphia 19107
2Department of Medical Biochemistry, University of Calgary,
Calgary, Alberta, Canada T2N 4N1

ABSTRACT

We employ NMR structure determination, thermodynamics, and enzymatics to
uncover the structural, thermodynamic and enzymatic properties of a/8-ODNs
containing 3’-3" and 5’-5' linkages. RNase H studies show that «/8-gapmers that
are designed to target erbB-2 efficiently elicit RNase H activity. NMR structures
of DNA - DNA and DNA - RNA duplexes reveal that single a-anomeric residues
fit well into either duplex, but alter the dynamic properties of the backbone and
deoxyriboses as well as the topology of the minor groove in the DNA - RNA
hybrid.

INTRODUCTION

Interest in antisense ODN therapy has generated a flurry of modifications to
bases, sugars and backbones in order to enhance the potential therapeutic properties
of ODN’s designed to inhibit gene expression at a translational (mRNA) level (1).
Desirable properties of potential antisense ODNs include: high nuclease resistance,
high affinity and selectivity towards the intended target mRNA, cellular uptake,
synthetic feasibility and RNase H cleavage of the mRNA in complex with the
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ODN. However, with very few exceptions, most modifications result in ODNs that
ablate RNase H action. This has led to the design of chimeric ODNs containing
nuclease resistant components and segments that elicit RNase H activity (2).

Research on alpha-anomeric ODNSs as potential antisense agents established
their ability to form stable hybrids with complementary 8-DNA and B-RNA
sequences (3), resistance to nuclease degradation (4), and inhibition of mRNA
translation and viral growth in an RNase H-independent manner (5). Moreover,
chimeric «a/B8-ODNs, featuring phosphodiester linkage reversals (6,7) have been
shown to support RNase H mediated mRNA destruction in vitro (8,9). Recently,
such constructs were reported to selectively inhibit growth in two cervical carci-
noma cell lines as well as in tumor bearing mice (10).

In this paper we present a summary of our current knowledge of the properties
of chimeric o/8-ODNs5s containing 3’-3" and 5'-5’ polarity reversals with particular
emphasis on their RNase H activation and structural/dynamic features.

RNase H STUDIES

Among the many characteristic factors in breast cancer the oncogene c-erbB-
2 is amplified and overexpressed in over 30% of early and advanced mammary
tumors (as well as in ovarian malignancies) where it coincides with poor prognosis
(11,12). The «/B-ODNs containing polarity reversals that we are using in our proof-
of-principle studies target erbB-2 mRNA (Fig. 1). This target has been tested with
six different overlapping antisense sequences, and several control sequences and
cancer cell lines (13,14). Sequences Alpha3-7 address the importance of the size
of the B-anomeric window for RNAse H activity. The design of these sequences
enables the parallel stranded orientation of the «-anomeric wings with respect to

5°-dCTCCATGGTGCTCAC DNA

5-dCTCCATGGTGCTCAC PS

3°-dCTCCATGGTGCTCAC alpha

3°-dCTCCAT-5'5"-GGT-3"3"-GCTCAC Alpha3 o

3"-dCTCCA-5"5"-TGGT-3"3"-GCTCAC Alphad %

37-dCTCCA-5"5"-TGGTG-3"3-CTCAC Alphas %

3°-dCTCC-5"5-ATGGTG-3"3-CTCAC Alpha6 ":/

3°-dCTCC-5"5-ATGGTGC-3"3"-TCAC Alpha7 <:;

5-dCTCCATGGTGCTCAC 2°-Ome4 é

5°-dCTCCATGGTGCTCAC 2°-Ome5 :g’

erbB-2 mRNA 57-rGCCGCAGUGAGCACCAUGGAGCUGGCGGCC...3” é
Figure 1. 15mer ODN sequences targeting erbB-2 mRNA. Natural S-anomeric nucleotides are =
underlined, o-anomeric nucleotides are bold and italics, and 2'-O Methyl containing nucleotides are 2

in italics only. erbB-2 mRNA: RNA target; the 15-mer used in the RNase H reactions is shown in

larger lettering.
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Figure 2. Denaturing gel electrophoretic analysis of E. coli and Mammalian RNase H substrate
properties. Reactions contain 0.3 OD/ml *2P labeled RNA and 0.87 unit RNase H (E. coli, Pharmacia,
or 1 ul rabbit reticulocyte lysate, Promega). The ODN concentration was 0.6 OD/ml. Reactions
were run at 37°C for 30 minutes, terminated with formamide and applied to a 20% denaturing
polyacrylamide gel.

the RNA target. In order to compare the efficacy of the a/B-gapmer ODNS5, control
sequences comprised of all @-anomeric nucleotides (alpha), all phosphorothioate
backbone (PS), and gapmers featuring 4 or 5 8-anomeric residues flanked by 2'-O-
methyl stretches (2’-Ome4 and 2’-Ome5) were also studied.

RNase H substrate properties of the ODN - RNA hybrids were determined for
mammalian RNase H as well as for E. coli RNase H (Fig. 2). It is readily apparent
that a 8-anomeric window of three nucleotides is sufficient to allow limited E. coli
RNase H activity. This is remarkable, since this window only contains two natural
phosphodiester linkages. As expected, increasing the window size improves the
substrate quality of the ODN as measured from the digestion of the 3P labeled
15mer RNA (control 94%, alpha 0%, Alpha3 3%, Alpha4 30%, Alpha5 80%,
Alpha6 87%, Alpha7 93%, 2'-Ome4 21%, 2’-Ome5 42%). It is evident that the
a-winged ODNs are better substrates than the corresponding 2’-O-Me sequences.
The preferred cutting site is across the 5'-5" linkage of the ODN (on the 3’ side of
the RNA with respect to the window).

For mammalian RNase H a four g-anomeric window (three natural phospho-
diester linkages) is sufficient (control 87%, alpha 0%, Alpha3 0%, Alpha4 66%,
Alpha5 70%, Alpha6 85%, Alpha7 88%, 2'-OMe4 53%, 2'-OMe5 67%). Again
we observe that the ¢-winged oligonucleotides outperform the 2'-O-Me sequences.
The preferred site of RNA hydrolysis for the mammalian enzyme is at the center
of the 8-anomeric window in contrast to what was observed for E. coli RNase H.
All gapmer constructs performed considerably better than the PS ODN for which
49% of the RNA was hydrolyzed.

MaRcEL DEKKER, INC.
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1 2 3 4 5 6 7 8 9
erbB-2 5(-d(A T G G U®P G C T C)
DNA<RNA (u a ¢c ¢c a ¢ g a g)r-5/

18 17 16 15 14 13 12 11 10

1 2 3 4 5 6 7 8 9 10
EcoRlI 57-6 C G A A TO®P C G C
DNADNA C G COuU®T A A G C G-5

20 19 18 17 16 15 14 13 12 11

Figure 3. Sequences of the self-complementary EcoRI DNA - DNA decamer duplex and erbB-2
DNA - RNA nonamer hybrid. Arrows indicate the strand polarity in the 5’ — 3’ direction, with the
unusual phosphodiester linkages in the DNA strands denoted by head-to-head (3’-3’) and tail-to-tail
(5'-5') junctions.

NMR STRUCTURES

The previous section demonstrates the need for understanding the structural
details of a-anomeric residues combined with linkage reversals. We have there-
fore determined the NMR structures of DNA - DNA and DNA - RNA systems con-
taining single a-anomeric residues inserted with 3’-3" and 5’-5’ linkages (Fig. 3)
(15,16). The DNA - DNA self-complementary decamer duplex features a central
EcoRl restriction enzyme site, while the DNA - RNA nonamer hybrid corresponds
to the core of the erbB-2 target discussed above. In both cases, thermodynamic and
spectroscopic (UV and CD) studies established that the 3'-3’-¢T-5'-5" modification
results in a surprisingly small decrease in thermostability and little change in global
structure compared to unmodified controls (16,17).

Using NOE-based MARDIGRAS-derived distance restraints and J-based de-
oxyribose ring torsion angle restraints, in vacuo structures of EcoRI DNA - DNA
and erbB-2 DNA - RNA were determined by conventional restrained molecular dy-
namics, rtMD (Fig. 4A.)* (15,16). The DNA duplex adopts an overall right-handed
B-type structure, highly superimposable with that of the unmodified control de-
camer duplex, featuring normal Watson-Crick base pairing and stacking through-
out. However, a number of local structural perturbations are evident within each
region encompassing the modifications, including increased pseudorotation phase
angle, P, of the a-nucleotide, altered sugar ring conformation in the nucleotide
following the 5'-5’ linkage, and unusual backbone torsion angles in both the 3'-3’
and 5'-5' linkages. In the case of the hybrid, the polarity reversed «T fits snugly
into an overall A-like duplex that nonetheless exhibits local B-like traits, namely
S-type puckering from T2 to «T5 and a concomitant decreased minor groove width
upstream of the 3’-3’ junction. Other sugar and backbone perturbations analogous
to those in the DNA duplex were also observed.

* Please see color insert for Figure 4.
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The final in vacuo structures are static models, after all, and do not reflect the
inherent dynamics of these molecules, in particular sugar repuckering events and
backbone mobility; this issue is addressed in the next section.

CONFORMATIONAL DYNAMICS

A more comprehensive description of the conformational dynamics of the
DNA decamer duplex and DNA - RNA hybrid was achieved using molecular dy-
namics with time-averaged NMR restraints, MDtar (19,20). In this approach exper-
imental restraints are required to be satisfied over a period of time within an rMD
run on a single copy of the molecule of interest. In contrast to conventional rtMD in
which restraints are enforced at each point in the trajectory resulting in potentially
unrealistic average structures, MDtar facilitates wider excursions in conforma-
tional space. MDtar and multiple-copy refinement approaches (21) have emerged
as successful methods for describing the conformational dynamics in nucleic acids
predicted by NMR.

MDtar calculations were performed starting from the final in vacuo rMD struc-
tures in the presence of explicit water and counterions (18). Only the NOE-based
distance restraints were applied in a time-averaged fashion; no J-based deoxyribose
ring torsion angle restraints were used in the MDtar calculations. For both duplexes,
we found much better agreement with the experimental NOE and J-data, reflected
by average distance and coupling constant violations and improved sixth-root R-
factors. The deoxyribose ring puckering behavior throughout both molecules agrees
remarkably well with that predicted by pseudoroation theory (22) on the basis of the
J-coupling constant values (represented in Fig. 4A). This is especially gratifying
for the DNA - RNA hybrid, in which the DNA strand exhibits the entire range of
puckering behavior, from high fraction of S- to high fraction of N-puckering; this
is exemplified in Figure 5, which compares the rMD and MDtar trajectories of G4,
oT5, and G6. Notice that this procedure does not introduce conformational flexi-
bility where it is not warranted. Also dynamic sugars, such as G6, exhibit a bimodal
distribution of N- and S-puckering modes with little occupancy of the intermediate
O4/'-endo state which is an artifact in the more restrictive rMD calculations.

In the region encompassing the a-anomeric nucleotides and polarity rever-
sals, the predicted dynamics were confirmed: 1) backbone torsion angles constiti-
tuting the 3’-3’ linkage are relatively static, as well as the deoxyribose rings of the
«-thymidine and preceding nucleotides in the sequence; 2) the conformations of
the backbone comprising 5’-5" linkage and the sugar are highly labile. This is re-
flected in Figure 4B above, where the large number of structures obtained from the
MDtar trajectories were distilled to representative ensembles using the PDQPRO
program (23).

CONCLUSIONS

Copyright © Marcel Dekker, Inc. All rights reserved.

The biological potential of «/8-ODNs containing polarity reversals, together
with their synthetic feasibility and features that are readily amenable for gptimjza- ﬂ
tion, make relevant the need for gaining an in-depth understanding of thexfactors 10016 B
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Figure 5. Time courses and relative populations of the pseudorotation phase angle (P) for selected
deoxyribonucleotides from 150 ps rMD (thick lines) and MDtar (black lines) calculations on erbB-2
DNA - RNA in water, following a 25 ps rMD equilibration (AMBER 4.1) (18). Values of P corre-
sponding to the N-hemisphere of the pseudorotation wheel are shaded. Relative percentages of P
represent 5° windows from 0° to 360°.

governing their stability, specificity and RNase H activity. Our RNase H enzymatic
studies on the erbB-2 system have established the efficacy of «/8-ODNs compared
to other modifications, as well as the minimum B-anomeric gap requirements for
the E. coli and mammalian enzymes. Structurally, in the case of both DNA - DNA
and DNA - RNA duplexes the 5'-5" linkage introduces a dynamic hotspot, evident
from the behavior of both the sugar puckering and backbone. The 3’-3" linkage is
static and in the case of the DNA duplex no apparent effect on the sugar puckering
is observed. This is in contrast to the DNA - RNA hybrid in which this linkage,
albeit static as well, shifts two S-anomeric sugars upstream of the 3’-3’ linkage to
essentially purely S-puckering. Together with the «-anomeric residue the modifi-
cations result in a stretch of high S-sugars on the DNA strand of the hybrid with an
accompanied reduction in minor groove width. Thus, these observations demon-
strate that such modifications enable us to locally control the sugar puckering and
the topology of the minor groove.
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