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ABSTRACT: Alternating polypurine sequences exhibit remarkable polymorphism. In this study, we report
that dGAdGT sequences form parallel stranded duplex DNA at neutral pH. Using two model hairpins,
3-d(GTy-55-T4(AG)s-3 (I) and 3-d(GTy-55-T4(AG)s-3' (ll), containing 35' linkages which direct
parallel strand formation, we systematically explored the spectroscopic and thermodynamic properties of
parallel stranded d(GA)(GT),. The parallel stranded hairpins are remarkably stable structures with
Tu's of 41.5 and 47.5C (in 0.4 M NaCl) for the shorter and longer hairpins, respectively. The van't
Hoff enthalpies of 80.7 and 114 kJ mélare relatively low but are comparable to a parallel stranded
d(GA), duplex. On the basis of the spectroscopic and electrophoretic characteristics, we conclude that
parallel strand formation is not restricted to hairpin systems, but also readily occurs in unconstrained
dimeric duplexes with the appropriate sequence homologies. Both melting curves and electrophoretic
analyses of parallel stranded heteroduplexes in which the sequence enforces specific base pairing
demonstrate that G-G and A-T base pairs are formed in d(@&3T), segments.

In parallel stranded (PSPNA, a recent addition to the Polypurine regions, notably d(GA)epeats, are abundant
family of duplex DNA structures, the two complementary in eukaryotic DNA (L6). These repeats are located pre-
chains have the same polarity, and the bases form reverselominantly in noncoding regions, introns, aritB5flanking
Watson-Crick or Donohue base pair§<{3). The sequence regions. Polypuringolypyrimidine stretches in chromatin
requirements and stability of PS DNA have been investigated are hypersensitive to single strand specific nucleases, indica-
in several laboratoriesl{ 4—8). AT base pairs form PS tive of a non-B-DNA duplex conformation. Some of these
DNA most readily while single GC base pairs embedded in sequences are highly conserved and are required for biologi-
AT tracts generally destabilize the resulting duplex (  cal processesl{—21). It has been known for some time
Germann et al., unpublished results). Parallel strandedthat oligonucleotides containing d(GAgpeats are inefficient
duplex structures are not restricted, however, to reverseagents for either triplex formation or antisense approaches,
Watson-Crick pairing. Homooligomeric polyribopurine or  partly due to the inherent tendency of these sequences to
polyribopyrimidine PS duplex structures were first observed self-associate22). These observations have provided an
under acidic conditions1Q, 11). In recent years, many impetus for the study of d(GA)equences which exhibit a
examples of PS duplexes have been reporfednd refer- surprising polymorphismg; 23—26). The unusual behavior
ences cited therein). Other reports demonstrated that oligo-of d(GA), sequences has led to several proposed structures
and polydeoxynucleotides are also capable of forming PSranging from single-stranded helice®4), antiparallel du-
duplexes at low pHX2, 13). The sequence requirement for plexes £7), and multistranded structureg§) to parallel
the formation of PS structures was further relaxed by reports stranded duplexes5( 25). Parallel strand disposition of
that some mixed sequences, again under acidic conditionsalternating d(GA) sequences was established from pyrene
could also from parallel stranded structuréd, (15). fluorescence quenching, while additional structural informa-
tion such as base pairing and dinucleotide repeat was deduced
¥ This work was in part suoported by arants from the NIH from_chemical mpdification ;tudies, model building, and QD
GMODEEAOL to MW G, o NaERC o 3 s studies ). This observation prompted us to examine
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In this investigation, our goal was to study the nature of
the interaction of d(GA) sequences with d(GT)tracts. 3'-d(GT)3-5'5"-T4 (AG)3-3" I
Given the conformational variability of d(GAjkequences, 31-d(GT)4-5'5"'-Tq (AG) 4-3 ' 11
it is preferable to first investigate a well-defined model ‘ . ,
system which will provide unambiguous results, and sub- 3'-d(GR)4-575"-T4(AG)4-3 T
sequently study less constrained systems. This approach has | 5'-4(G&)7G v
proven useful in the characterization of several parallel 5'-d(GT) 7G \Y
stranded duplex DNA structure$, @, 29, 32, 33). We will 5'-d(GT)7GA4 VI
demonstrate that parallel d(GIJ(GA), structures can form
intramolecularly. However, we have also found that PS >'~d(GR)76T4 Vit
heteroduplexes are not confined to hairpin systems containing 5'-dTq (GA) 7G VIII
unnatural linkages, but also form from unconstrained du- 5' -GAAAGAGAAATAT IX
plexes. 5'-dTTTTGTGTATAT X
5'-dTTTGTGTTATAT XI
MATERIALS AND METHODS

. . . . Ficure 1: Sequences of d(GJ)and d(GA) oligonucleotides
Synthesis and PurificationOligodeoxynucleotides were  investigated in this study.

synthesized using phosphoramidite chemistry-DBIT
phosphoramidites were prepared as described previdlsly (  cuvette holders. Absorbance was measured at 260 nm once
Gel Electrophoresis Synthesis products were purified a minute, and the temperature was increased at@ssin.
under denaturing conditions on a 15% polyacrylamide gel The concentration-independent melting curves of the DNA
(5% cross-linking) m 8 M urea, TBE (90 mM Tris-borate duplexes were analyzed using a two-state model in which
and 5 mM EDTA, pH 8.3). Bands containing the product the absorbances of the helix and coil forms vary linearly
were visualized by UV-shadowing, excised, eluted by with temperature. The thermal behavior of the two states is
diffusion, and desalted on a Sephadex G-25 column. Purifieddescribed by, the absorbance at 0 K, and the temperature
oligodeoxynucleotides were analyzed on native polyacryla- coefficients (i.e., Ay = an + BuT andAc = oc + fcT),
mide gels (pH 8.3, 90 mM Trisborate, 15 mM MgGJ). where the indices H and C refer to helix and coil forms
The samples were applied in 14 of running buffer respectively, and is absolute temperature.
containing 10% sucrose. Native polyacrylamide gels (15 or
20% with 5% cross-linking) were run at°€ and 10 V/cm, A=A(1-0)+A0 (D)
and bands were visualized by UV-shadowing or autorad-
iography. Gels were also stained withufjy/mL ethidum  The degree of transitior®, for a hairpin to coil transition
bromide in 50 mM NaCl at 4C. is given byK/(1 + K), whereK is the equilibrium constant
Concentration DeterminationThe concentrations of the  for the helix—coil transition for intramolecular hairpin
oligonucleotides were determined from the absorbance of structures. In addition to a 6-parameter fit of the absorbance
the mononucleotides at 9C in 5.0 M NaCIQ, pH 7.2 @4). versus temperature, we have also analyzed the differentiated
[E(r) dpA, 15500 M cm™%; dpC, 6980 M* cm™%; dpG, melting profile, which results in the 5-parameter fit described
11200 M cm™%; dpT, 9360 M?! cm™Y. Calculated in our earlier work 6). Entropies for the hairpin denatur-
oligonucleotide extinction coefficients at 260 nm under these ations are calculated frolyS = AHO/Tw.
conditions were as follows: I, 1.7% 10° Mt cm™3; I, Circular dichroism spectra were recorded on a Jasco
226x 1PMtecm % 1V,1.98 x 1P M~tecm% V, 1.55 J-500C spectropolarimeter, equipped with thermostated cu-
1M tem % VI, 2.17 x 10 M~tem™L; VI, VNI, 2.36 x vette holders and interfaced to a 386PC. The circular
1M tem L IX, 1.65x 1PMtemt; X, XI, 1.28 x 1P dichroismAe (M~ cm™) is expressed per M nucleotide.
M-t cm™.
Chemical Modifications 3P-Labeled VI and VIl were ~ RESULTS AND DISCUSSION
incubated in 20 mM Tris-HCI, pH 7.0, with either 10 MM Description of the Systemd o clearly establish what type
MgCl. (duplex form) or 1 mM EDTA (single-strand form).  of structures are formed by d(GFI(GA), sequences, we
For heteroduplex reactions, the second strand was added imave utilized hairpins as model systems, exploiting the ease
a 4-fold excess to yield 0.2 OD/ml duplex in the reaction of intramolecular duplex formation. The parallel strand
mixture. All modification reactions were done at@ under orientation is enforced by the use of &%'5linkage at the
the following conditions: DEPC, 10% (v/v) for 30 min; stem-loop interface. In such a system, concentration-
DMS, 0.05% for 20 min. Potassium permanganate reac- independent behavior is due to the presence of either single

tion: 1ul of a 1:10 dilution of a fresh 100 mM KMn©in strands or intramolecularly formed structures. The latter
3 M tetraethylammonium chloride was added to.d0 of constitutes strong evidence for PS hairpin formation, if the
oligonucleotide solution for 20 min3g). Following pre-  sequences also migrate similarly to previously characterized
cipitation, the oligonucleotides were cleavedli M piperi- hairpin structures of comparable size on nondenaturing gels.

dine (30 min at 98C), dried, and applied to 20% sequencing The oligonucleotides studied are shown in Figure 1. Se-
gels. Autoradiograms were scanned with a Mustak 12000 quences | and Il are designed to promote intramolecular PS
Il EP scanner and analyzed using ImagePC. hairpin formation. Thé& and gel electrophoretic mobilities
Spectroscopy Ultraviolet (UV) absorption spectra and of | and Il are predicted to change gradually and predictably
thermal denaturation profiles were recorded with a Varian if hairpins are formed that only differ in the stem length.
Cary 3E spectrophotometer equipped with thermostated Sequences IVV and VI+VII are candidates or components,
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Ficure 2: Native gel electrophoretic analysis of d(G8GA),
hairpin sequences. 04, nmunit of oligonucleotides was applied
in 10 uL of running buffer to a 15% native gel and run for 14 h at
4 °C. Lane a, oligo d3o—dT,,4 single-stranded markers; lane b, 5
dTsC,As-3'; lane c, oligonucleotide II; lane d, I. Panel A: Visu-
alization of the gel by UV shadowing. Panel B: Staining of the
same gel with ethidium bromide at 4C. Panel C: Potential

Germann et al.

strong evidence for hairpin formation and therefore for
parallel stranded d(GF)d(GA).

(B) UV and CD SpectroscopyPrevious reports have
demonstrated that the spectroscopic properties of parallel
stranded DNA differ significantly from those of APS DNA
of the same sequence compositi@9,(30). This was in
fact useful for the characterization and detection of parallel
stranded DNA formation under different conditiors 83).

In the present case, comparisons of the spectroscopic
properties with the earlier parallel stranded DNA sequences
must be made with caution because of the different base
composition. In addition, with the present sequence com-

position, a corresponding antiparallel control cannot be

constructed, since antiparallel strand formation between
d(GA), and d(GT) sequences does not occur.

To aid in the characterization of the structures that may
be formed under different conditions, we have recorded
hyperchromicity profiles A85 °C/A5 °C) under different
conditions (Figure 3A). The parallel stranded hairpin I
shows 20% hyperchromicity at 270 nm, consistent with the
formation of a stacked structure. The striking similarity of
the profiles recorded in either 400 mM NaCl or 15 mM
MgCl, supports the hypothesis that the same structures were
formed under both of these conditions. As expected, the
hyperchromicity profiles differ from those of regular anti-
parallel DNA and also from previously characterized parallel
stranded duplexes containing AT base pa?8 B0). The
maxima of the hyperchromicity plots for hairpin Il were at
273 nm. Similar data were also obtained for hairpin | which
underlines the structural similarity between hairpins | and I

intramolecular parallel stranded hairpin structures formed by I and (qata not shown). In contrast, the profile recorded for the

IX, X, XI, for intermolecular PS duplex formation by d(Gi¥)
d(GA), sequences.
Hairpin Substrates (A) Gel Electrophoresis Oligonucle-

control, sequence lll, exhibitediaax at 262 nm, and differs
markedly from that obtained for the parallel stranded hairpins
I and II.

The recorded CD spectra of hairpin Il, with a positive

otides | and Il were analyzed by gel electrophoresis under maximum at 263 nm, zero-crossover at 251 nm, and a

native conditions (Figure 2, panel A). All oligonucleotides

negative maximum at 241 nm, provide future support that

showed only the presence of a single species. No bands duesequence Il forms a stable parallel stranded hairpin structure
to multimers or bands with unexpected mobilities were found that can be denatured at high temperature (Figure 3B). Both

for any of the samples.

It should be noted that the positive and negative lobes of the CD spectrum of hairpin

oligonucleotides were applied at high strand concentration Il have nearly the same intensity. The CD spectrum of

(90—110uM) which would promote intermolecular structure
formation. This is particularly relevant since it is known

that d(GA), tracts, which are an integral component of our

sequences, have been show to self-assoda@?( 25, 36).

hairpin 1l again differs markedly from that obtained for
sequence Il (data not shown).

(C) UV Melting Experiments Important information about
the thermodynamic parameters that govern the formation of

All sequences migrated faster than the single-stranded dT this novel structure can be obtained from UV melting profiles
control. Sequence | exhibits the fastest mobility on the gel (Table 1). The initial experiments, carried out in 0.4 M NaCl
while the slightly larger sequence Il migrates quite similarly solutions, established that the melting temperatures for

to 5d-TsCsAs, which runs as a hairpin structur8 33).

hairpins | and 1l are concentration independent and reversible

This indicates that oligonucleotides | and Il adopt a hairpin (Figure 3C). This further supports the conclusion that these
conformation, with the former migrating faster because of sequences form hairpin structures. The salt dependence of
the shorter hairpin stem (Figure 2, panel C). This behavior the melting (dm/d log [NaCl]= 13.5°C) is within the range

is reminiscent of previously characterized parallel stranded characteristic for parallel or antiparallel duplex DNB0Y.

hairpins with different stem length$,(32). The observed
staining of hairpins | and Il with ethidium bromide is also

consistent with a double-helical structure (Figure 2, panel salt dependence of th@y.

Melting of single-stranded structures, with their inherently
lower charge density, is expected to exhibit a much lower
Within the framework of

B). Previous results have established that parallel strandedcounterion condensation, the thermal denaturation of triplexes

DNA intercalates ethidium bromide readilyi,(32). In

and tetraplexes are expected to show a much highey/dl

contrast, the parallel stranded duplex structure reported forlog [NaCl] unless specifically bound cations lower the
alternating d(GA) sequences which are thermally less stableintrinsic high charge density37).
was reported to show very little fluorescence upon staining The UV melting data were analyzed using a two-state

with ethidium bromide ). Taken together, this provides

melting model (Table 1). As is evident from Figure 3D,
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Ficure 3: Hyperchromicity and CD spectra of II. Panel A: Hyperchromicity profile @M oligonucleotide 1l recorded in 400 mM NacCl,

0.1 mM EDTA, 10 mM sodium phosphate buffer, pH 7@®)(and 15 mM MgC}4, 10 mM Tris-HCI, pH 7.0 ©). Sequence Il was also
analyzed in 400 mM NacCl, 0.1 mM EDTA, 10 mM sodium phosphate buffer, pHA)ORanel B: CD spectra of 4M I, recorded under
native 5°C (@) and denatured conditions 8& (O), in 400 mM NaCl, 0.1 mM EDTA, 10 mM sodium phosphate buffer, pH 7.0. The
circular dichroismAe is expressed per M nucleotide. Panel C: Melting curves of | and 1l in 400 mM NacCl, 0.1 mM EDTA, 10 mM sodium
phosphate buffer, pH 7.0. Panel D: Deviation of the melting profile and fifig@¢urve for | and 1.

Table B
oligonucleotide
3—d(GTy—55— 3I—d(GTx—55—
T4(AG)4—3 (I1) T4(AG)s—3 (1)
0.4 M NaCP
Tu (°C) 47.5(0.5) 415 (0.7)
enthalpy (kJ molt) 114 (9) 80.7 (14)
h¢ (kJ mol?) 16.2 16.1
entropy (kJ mot! K1) 0.354 (0.03) 0.257 (0.04)
dTw/d log [NaCIF 135 nd
15 mM MgChL®
Tm (°C) 47.7 (0.4) nd
enthalpy (kJ moi?) 112 (7) nd
h (kJ mol?) 16.0 nd
entropy (kJ mot! K1) 0.349 (0.02) nd

a Ty data are the average of-2 independent measurements. Values
in parentheses indicate the standard deviation of the measurement
b 10 mM sodium phosphate, pH 7.0. The melting curves were found to
be concentration independent for the strand concentrations investigate
(3.6—-20 uM). ©Enthalpy per nearest-neighbor interactiéalt de-
pendence of the melting point determined for-6014 M NaCl.© 10
mM Tris, pH 7.0.

this model fits the data well throughout the entire melting
curve. The observedy for these hairpins is remarkably
high, at 41.5°C for hairpin | and 47.5C for hairpin Il. In
contrast, the van't Hoff enthalpy for both hairpins is rather
low at 80.7 and 114 kJ mol, respectively. A previously
characterized PS hairpin with a homooligomeric AT stem
of the same length as hairpin Il exhibits a significantly higher

enthalpy, 190 kJ mol, and slightly higheiTy, 54°C. For
a PS hairpin with an alternating AT stem the enthalpy is
slightly lower at 106 kJ mof with a much lowerTy of
32.3°C (6, 32).2 The observed low enthalpy and higk
either is an intrinsic feature of these novel structures or
alternatively may be due to multistate melting due to slipped
hairpin structures. It should be noted that we have been
unable to detect any intermolecular structures even under
very high strand conditions (data not shown).

A comparison of the enthalpy calculated per nearest-
neighbor interaction of 16.2 and 16.0 kJ mbolor hairpins
I and II, respectively, shows that very similar results are
obtained for both parallel stranded hairpins. This is the
expected result for hairpin structures differing only in stem
length and argues against alternate structures. Thermody-
namic data collected for Il in 15 mM Mgegland 10 mM

STris, the running buffer for native gel electrophoresis, are
Qlmost identical to those obtained in 0.4 M NaCl, corroborat-

ing the conclusion drawn from the analysis of the hyper-
chromicity profiles that similar structures are formed under
these conditions. It is instructive to compare the thermo-
dynamic data obtained for hairpin 1l to the parallel stranded
d(GA), duplex reported previouslp). The d(GA), duplex

is characterized by a relatively low enthalpy of-185.7 kJ
mol~* per nearest-neighbor interaction. Nearly identical data
were obtained for the parallel stranded heteroduplexes
investigated in this study (16 kJ md) despite their high

2Tu's were recalculated for 0.4 M NacCl solutions.
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Ficure 5: Stabilization and stoichiometry of heteroduplex forma-

) i ) i . tion. (Panel A) Native gel electrophoretic analysis. Lane’2P]f
FiGURE 4: Native gel electrophoretic analysis of oligonucleotides v/|+VIlI; lane 2, [}2P]-VI; lane 3, P?P]-VI+VIl. Samples were
IV—=VIl on a 20% native gel, run for 19 h at*C. Labeled samples  applied in 10uL of running buffer containing 10% sucrose. The
were applied in 1Q:L of running buffer containing 10% sucrose  concentration of labeled VI was 1¢ nmL; the second strands

at a concentration of 0.B0 nn{mL. Unlabeled complementary  in |anes 1 and 3 were present at an equimolar ratio. (Panel B)

oligonucleotides were present at a concentration of @k nn{ Stoichiometry of heteroduplex (wI) formation. Unlabeled VII

mL except for lane 8. (Panel A) Lane 2p]-d(T)4; lane 2, F2P]- was added to a solution of 6.8/ [32P]-VI. Products corresponding
IV; lane 3, %PJ-V; lane 4,%32P]-VI; lane 5, F2P]-V+IV; lane 6, to heteroduplex and unreacteH]-VI were separated by native
[¥?P]-VIH-VII; lane 7, antiparallel duplex controt{P]-V+d(CA),C; gel electrophoresis. The extent of heteroduplex formation was

lane 8, P?PJ-IV + a 10-fold excess of unlabeled V. The arrow optained from scintilation counting of shifted and unshifted
indicates that a small amount of IV remains which comigrates with pands.

the product in lane 2. The majority of2P]-1V is engaged in a

complex with V. (Panel B) Parallel stranded duplex model structure 4, lane 6). The mobility of this structure is similar to that
formed from oligonucleotides VI and V1. of an antiparallel control duplex (Figure 4, lane 7). The

_ - . . sequence alignment for the heteroduplex is shown in Figure
Tum, Which is due to hairpin formation. A similar trend was 4 panel B. This figure indicates that if the, Tail is

also observed for the entropy of nearest-neighbor interaction.jiroquced at the 'send of sequence VII, the stabilizing
Duplex Substrates(A) Gel Electrophoresis The hairpin - parallel stranded AT segment could not be formed. It is
model system clearly illustrated that d(GAYGT) canform  expected that with a'5T, tail the heteroduplex would not
parallel stranded duplex structures and provided a standarche stable, which supports the parallel strand alignment. As
for investigating unconstrained systems. Here an additional shown in Figure 5 heteroduplex formation is only observed
complication arises, due to the inherent ability of d(@A) for (VI+VII) but not for (VI+VIIl). This demonstrates that
sequences to form homoduplexes. In our initial attempt, we the proper orientation of the,Tail is important and supports
used IV and V to form a parallel stranded heteroduplex. the parallel strand alignment shown in Figure 4.
Under native gel electrophoresis conditions, we observed the  Sequences VI and VIl also allow us to address the

presence of a single species for IV and V alone (Figure 4, stoichiometry of the structure formed. Our hairpin data
lanes 2, 3). However, sequence IV exhibits a mobility that demonstrated intramolecular duplex formation which strongly
is very different from that of V. The latter migrates with a suggests a 1:1 strand stoichiometry. This was examined by
mobility similar to a single-stranded control (Figure 4, lane gel shift experiments titrating a know amount&®-labeled
1). The retarded gel electrophoretic mobility of sequence v| with increasing concentrations of VII (Figure 5). The
IV is ascribed to the formation of a parallel stranded dimer results show that 1 equiv of VI is needed for the formation
structure §, 25, 31; Germann et al., unpublished results). of a single product, the heteroduplex. Under none of the
Electrophoretic analysis of a 1:1 mixture of sequences IV gel electrophoretic conditions could we observe bands that
and V did not produce evidence for a new duplex, as might might be due to higher order structures.
be expected from our hairpin data. This implies that the (B) UV and CD SpectroscopyAs anticipated, the hyper-
homoduplex structure formed by IV is more stable than the chromicity profile of VII (Figure 5A), which forms a
parallel stranded heteroduplex with putative GG and AT base homoduplex structure withmax = 262 nm, is remarkably
pairing (Figure 4, lane 5). This was investigated in more similar to that observed for Il (Figure 3A). In contrast, the
detail by challenging a preformed;-%P-labeled IV homo- profile of VI (Amax = 270 nm) shows only very little intensity
duplex with a 10-fold excess of unlabeled V (Figure 4, lane (Figure 5A). The hyperchromicity profile of the 1:1 mixture
8). Under these conditions, we indeed observed the forma-of these sequences, withlaax 0f 272 nm, differs markedly
tion of a new product with significantly slower mobility that  from that of its constituent strands, but resembles the profiles
contains both V and IV as components. In addition, we recorded for hairpins | and Il. These observations indicate
observe a small amount of unreacted end-labeled IV (markedthat in the presence of VI the homoduplex formed by VII
with an arrow). Because no heteroduplex could be detecteddissociates to form a parallel stranded heteroduplex. This
in the 1:1 mixture while in the 10:1 mixture more than 90% is consistent with our gel electrophoretic data.
heteroduplex was observed, we conclude that the stability This is further substantiated by the CD spectra shown in
difference between the homoduplex formed by IV and the Figure 5. The CD spectra of the constituent strands VI and
heteroduplex (IV-V) is relatively small. Indeed, if both  VII are shown in Figure 5B. Particularly striking in the
constituent stands are modified to contain either A or T tails spectrum, reminiscent of an A-type structure, is the high
(i.e., VI and VII), which are known to allow parallel stranded intensity observed for VII at 265 nm and the low intensity
DNA formation, only the heteroduplex is observed (Figure at 242 nm. In addition, we observed a small negative dip at
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290 nm. Similar CD spectra were also recorded for sequence 1.3
Il and have also been reported for other d(GA@quences A
(5, 38). Not surprisingly, sequence VI showed very little s
intensity. At high temperature, under denaturing conditions,
these characteristics all disappeared, as expected.

The CD spectrum of the heteroduplex (WII) differs
noticeably from that of the constituent strands. Particularly
striking is the relatively low intensity of the CD signal at 5
°C. This is not due to melting since th&, of the
heteroduplex under these conditions is about°@4(data
not shown). Under native conditions, the positive peak near r
260 nm and negative peak at 242 nm have nearly the same e
intensity and are very similar to the CD spectrum of the
parallel stranded hairpin Il (Figure 5C). The similar hyper-
chromicity profiles as well as CD spectra of the heteroduplex 6 1
(VI+VII) compared to the hairpin Il provide strong evidence
that similar structures are formed.

(C) Base Pairing Our data demonstrate that d(G&)GT)
sequences form parallel stranded duplex DNA. The structure
and base pairing in these duplexes cannot be deduced from
the data presented thus far. In particular, we are interested -4
in determining whether GG and AT base pairs occur, or, -6
alternatively, if GA and GT base pairs are formed. Both
parallel GG and AT base pairs have been reported previously,
although not within the context of an alternating sequence 3
motif (31, 39). GA and GT base combinations, in contrast, 2
have been reported to be destabilizing if embedded in an
oligo-d(A)-oligo-d(T) stretch of a parallel stranded duplex
(39).

To resolve the question of what base pairs form in a
parallel d(GA)-d(GT), duplex, three additional sequences
(IX, X, Xl, Figure 1) were designed in which a (GJand
(GA), core is embedded within a sequence which both -3
stabilizes and enforces the alignment of the central core. The A S T R S D S S RS
function of the alternating AT stretch is to ensure proper 220 240 260 280 300 320
sequence alignment and destabilize slipped structures, thereby Wavelength [nm)]

simplifying the analysis. The two potential duplexes are - i
. . Ficure 6: Hyperchromicity profiles and CD spectra of VI and VII
shown in (Figure 6A,B). For duplex A, the central core was and the parallel heteroduplex formed from these two sequences.

designed to enable GT ?nd GA bas? pairs while for dUP|eX All samples were analyzed in 400 mM NaCl, 0.1 mM EDTA, 10
B, GG and AT base pairs are possible. The UV melting mM sodium phosphate buffer, pH 7.0. Panel A: Hyperchromicity

profile of these sequences (Figure 6) demonstrates that onlyprofiles of VIl (v), VI (<), and the 1:1 strand mixture of VI and

i i i VIl (@). Panel B: CD spectra of VII at 5w) and 85°C (V) and
duplex B, in which the core alignment allows GG and AT of Vl at 5 (#) and 85°C (<). Panel C: CD spectra of heteroduplex

base p_airing, was stable. Nondenaturing gel electr_ophoretic(vI VIl at 5 (@) and 85°C (O). The CD spectrum of the parallel
analysis of these sequences (Figure 7) also provides cleaktranded hairpin Il €) is shown for comparison. The circular
evidence for the formation of duplex B (lane 2). The dichroismAe is expressed per M nucleotide.

mobility of duplex B was comparable to a decamer control
duplex (lane 6). By themselves, all oligonucleotides mi- DMS methylates the N7 position of guanine unless the
grated as single strands. N7 group is shielded from the reaged#). Under single-

Chemical modification studies provide additional informa- Stranded conditions, the reactivities of the G’s were some-
tion by probing which functional groups are accessible and What lower for Vil than VI (Figure 8B). This indicates an
therefore not involved in base pairing. For these experi- intrinsic difference in reactivity for the two strand_s._ Using
ments, the thermally more stable duplex{Wl) was used. ~ |abeled VIl to monitor the heteroduplex reactivity, we
KMnO, oxidizes unpaired or unstacked T 61 C > G > observe only a modest reduction in reactivity (30%). A
A). This reagent reacts more readily with single strands than Similar result was also obtained for the accessibility of N7
double-stranded DNA and has been used to detect mis-Of G'S in d(GA), sequences3]. If VI is monitored,

1.2+

1.1778

Hyperchromicity [A85°C/A5°C]

=

AE (M-1 cm-1)
[an]
I

AE (M-1 cm-1)

TR IRTRI PR NI CRTTE FRTTHRUSTH INRTH IRNT]

matches and insertions and to characterize PS DXIAAE). approximately 40% reduction in reactivity is observed.
The reactivity of single-stranded VI is considerably higher
than for the heteroduplex (WVII) as suggested from the 3 The formation of the homoduplex of VII at low ionic strength is

amount of unreacted material as well as the protection of T dependent on the Mg concentration as was observed previously for
alternating d(GA) sequences5j. To obtain single-stranded control

?n the he_teroduplex (Figure 8A).This ?mplies that T is sequences for VI, all experiments on single stranded sequences were
involved in secondary structure formation. carried out in the absence of Kigy
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Ficure 8: Chemical modification of single strands and heteroduplex
(VI+VII). Panel A: KMnO, maodification of (lane 1) VI and (lane

2) VI+VII. Panel B: Results of the DMS modification f&¢fP-
labeled VI and VI strands, respectively. Single strands are indicated
by open columns while heteroduplex data are represented with filled
columns. Strands are numbered starting at then8l.

FiGURE 7: Potential parallel stranded bimolecular duplex structures KMnO4 reactions carried out on the heteroduplexs (V1)

for determination of GG and AT vs GT and AG base pairing. Top shows similar reactivity as {zthrough G, supporting base
panel: (A) Sequence alignment for IX and X. (B) Sequence pairing at this junction.

alignment for IX and XI. Middle panel: UV melting profile of - . . .
(IX-+XI) (@) and (IX+X) (O). The Ty of B is estimated at 17C Both UV melting studies and gel electrophoretic analysis

with a van't Hoff enthalpy of about 185 kJ mdl All samples ~ indicate that GG and AT base pairs were formed. The
were in 400 mM NaCl, 0.1 mM EDTA, 10 mM NEPQ,, pH 7.0, similar thermodynamic properties of d(GAJ(GT), and

at 92uM duplex concentration. Bottom panel: Native gel electro- d(GA), duplex formation in conjunction with the inherent
phoretic analysis of sequences described in the top panel. All sequence resemblance between these two systems prompted

oligonucleotides were applied in /A of running buffer (TBM) .
containing 10% sucrose to a 18% polyacrylamide gel. The US t0 compare the base pairing for d(GAGT), to that of

concentration of the applied labeled samples WasA&@ nn{mL the d(GA), duplex for which GG and AA base pairing was
for all lanes. Unlabeled strands were added at a 20% excess wherg@roposed §). This duplex was reported to have a dinucle-
indicated. The gel was ru2n for 17hat’@3.ZBands were Iocatgd by  otide repeat with the G in a syn and the A in an anti
&‘f)r(ﬂg)ﬁéaglhgbfﬁﬁa%g éﬁzgjiﬁénz 'é?ﬁé_é@géo\ AI'Dr- conformation (Figure 9, top). Both the syn conformation
TCGC} duplex. The mobility shift of sequenc®P-IX in the and also the dlnuclgo_nde repeat are featu_res that are exp_ected
presence of X is probably the result of cyclic capture and to show characteristic NMR spectra which would provide
dissociation (CCD) of the labeled strand with X, resulting in the additional evidence for this model. NMR structural data are
retardation of?P-1X (40, 41). In order for CCD to be observed, gyailable for a related sequence, d(CGAGAGA), recorded

several conditions must be met, inluding that the faster migrating ] . :
strand is labeled, the second strand in excess, and that the onIyunder low-pH conditions45). In this parallel stranded

transiently stable complex (a duplex containing several unpaired Nomoduplex, GG pairs form with hydrogen bonds between
bases) migrates slower than either single strand. N6—N3 and AA pairs with N6-N7 hydrogen bonds. The

) ) ) reported structure differs from the previously proposed model
These data suggest that N7 of G is not involved in base (5) in that the exocyclic amino group of G is involved in

pairing in either strand. _ base pairing. In addition, all bases are in the anti conforma-
The reactivities of A and G residues toward DEPC were tjon (Figure 9).

lowered in the heteroduplex, indicative of secondary structure  oyr data suggest that (GAIGT), may form GugGant
formation 6, 43) (data not shown). The extent of modifica- page pairs as reported by Robinson et4f, 46). The AT

tion in strands VI and VIl was 48% and 57%, respectively, pase pair can be accommodated with a similar geometry as
of the single-stranded controls for&Gs, while for Ais-As the Awi-Aani base pair; however, this places T in a syn
41% was detected. In addition, we also observed 51% grientation. Such a conformation for a pyrimidine is unusual
reactivity for Ais which is part of the A tail of the duplex  and requires experimental verification. These base pairing
(Figure 8). These data, in conjunction with the DMS results, schemes are useful for rationalizing the effect of modified
suggest that N7 of G is accessible and likely not involved pases, which in turn may refine or confirm the proposed base
in hydrogen bonding. The situation is, however, less clear pairing. For instance, the GG base pair proposed for d{GA)

for A. . . o _ . in the Rippe et al. §) model, predicts that the exocyclic
The relatively high reactivity of g in strand VI with DMS

may reflect a slight perturbation at the junction of the (T) 4One of the reviewers suggested that the higher reactivity .ef G

tract and the A_ta” in strand VI bL_Jt not VIl of the (strand VI), compared to (in the heteroduplex, may be indicative of
heterodupleX. It is noteworthy that, in both DEPC and an unpaired base.
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Ficure 9: Base pairing schemes. G-G and A-A base pairing

schemes reported for parallel stranded duplexes (5, 45). Possible

base pairing for the &Tsyn base pair in (GAY(GT), duplexes
with parallel strand disposition.

amino group is not involved in direct hydrogen bonding
between the bases. Similarly, in the case of the AA as well
as the AT base pair, N7 of A is implicated in hydrogen
bonding. Experiments to explore these predictions are
currently underway in this laboratory. The most definitive
results, however, must await the determination of either an
NMR or a crystal structure of these sequences. It is noted,
however, that d(GA)(26; Jovin, personal communication)
as well as d(GAyd(GT), sequences (Germann, unpublished
results) are notoriously difficult to study by NMR.

CONCLUSION

In light of the interest in developing antisense oligonucle-
otides with predictable and exploitable base pairing, it is

necessary to understand the polymorphic behavior of nucleic ;4
acids. Previous studies have established the extreme poly-

morphism of d(GA) sequences, particularly self-association,

which curtails the use of longer stretches of such sequences

for potential antisense applications. In this study, we
demonstrate that d(GAX(GT), sequences form parallel
stranded duplex DNA, at neutral pH, in either hairpin or
dimeric systems.

The base pairing was investigated by UV melting as well
as by gel electrophoresis studies which support G-G and A-T
base pair formation. The enthalpic stability of the parallel
stranded heteroduplex is very similar to that of the parallel
stranded d(GA)duplex.

These new findings are important in the design of novel

antisense therapeutics as these agents should be available?®:

for base pairing with the mRNA target and not engage in
self-complex formation that will reduce their efficacy.

These results also indicate that d(GM™hich in contrast

to d(GA) sequences does not self-associate, could potentially ,g

serve as probes to detect single-stranded d{@&jeats as
are present in H-DNA structures. Repetitive d(GAnd
d(GT), sequences are found throughout the eukaryotic
genome; the observation that single-stranded d{Gad

Biochemistry, Vol. 37, No. 37, 19982969

Our findings exemplify the remarkable polymorphism of
DNA and add a new member to the family of parallel
stranded-duplex DNA.
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