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ABSTRACT. The infrared spectra of parallel-stranded (ps) hairpin duplexes with mixe{>¢C composition

and either isolated or sequentiabé@Gpairs were studied in comparison with antiparallel-stranded (aps)
duplexes and a corresponding set of molecules with hypoxantbia&abase analogue lacking the exocyclic
amino group. The ps duplexes showed the characteristic bands for +8©@Zand C4=04 stretching
vibrations of thymine residues itnans-Watson-Crick AeT pairing at 1683 and 1668 cth The latter

band was superimposed on the stretching vibration of the free@®&6group of guanine. Substitution of
guanine by hypoxanthine inhibited the formation of ps hairpin duplexes whatever the sequence,
demonstrating that in the H-bonding between G and C the 2-94blip is necessary for stabilizing all of

the investigated ps duplexes. This result is in agreement with a mottaingfWatson-Crick GsC base

pairs with two H-bonds [N2K{G)—N3(C) and N1H(G)}-02(C)]. HowevertransWatson-Crick AeT

and GC base pairs with two H-bonds are not isomorphous, which may explain the decreased stability of
the ps, but not the aps, duplexes upon increasing the numbesTdG4C steps. Molecular modeling
studies performed on two of the ps duplexes reveal the existence of propeller twist for avoiding a clash
between the N2(G) and N4(C) amino groups, and favorable stacking of sequer@idlaSe pairs. The
optimized hairpin ps duplexes invariably incorporateeCtase pairs with two H-bonds, regardless of
the initial structures adopted for the force field calculations.

Classical right-handed double-stranded DNAs and RNAs nature of the @C base pairs. Two theoretical models have
belonging to the B and A families are formed by two been proposed farransWatson-Crick GeC base pairing,
antiparallel strands hybridized viasA and GC Watson- featuring either one or two H-bonds between G andL@ (
Crick base pairs. The latter are isomorphous, leading to very 11); the base pairs with two H-bonds are not isomorphous
regular double-helical structures. Experimental data have (Figure 1, models b and f). Recent energy minimization
confirmed the feasibility of reversing the sense of the double calculations suggest that the energy differences between ps
helix from right-handed to left-handed while maintaining and aps duplex models based exclusively 8@ Base pairs
Watson-Crick base pairing 1, 2). More recently, it has  arise mainly from base stackindl). Furthermore, ps
been demonstrated that one can also invert the relativeduplexes featuring one H-bond between G and C are
orientation of the two strands, thereby obtaining parallel- presumed to be less stable than those with two H-bal®)s (
stranded (ps) double-stranded DN&—6). Ps duplexes Experimental demonstrations of ps duplexes incorporating
containing only AT base pairs or incorporating fewsG both AT and GC (up to 40%) base pairs have been reported
base pairs have _been studied by Rgman spectro_s@pay(q (13, 14). More recently, thermodynamic studies of ps hairpin
FTIR! (8) to elucidate the base pa|r|ng_conf|gurat|ons. Both duplexes have shown important differences in stability
methods hqve shown thaiR base_ pairs are of thm:_;ms correlated with the distribution of thesG base pairs within
Watson-Crick H-bonded type, in agreement with the AT tracts (A.K.S. and T.M.J., unpublished data). The
theoreticql model proposed initially for ps-DNA duplexes manner in which the G baseé are distributed within the
by Pattabiramand). _However, t_he low G.C content Of such sequence (consecutive or scattered) is reflected in the number
molecules £12%) did not permit conclusions regarding the of steps between & and AT base pairs, and thus the
magnitude of the potential destabilizing effects exerted by
* Correspondence should be addressed to this author at URA CNRSthese steps. We have investigated by FTIR spectroscopy

,%fg’r?égn'vers't@a”s Xill, 74 Rue Marcel Cachin, F-93017 Bobigny, 5 v/ thermal denaturation a series of oligomers compris-

* University of Paris XIIl. ing two decameric sequences connecteebbvia nonnucle-
_SDepartment of Molecular Biology, Max Planck Institute for otide linkers, and thereby constrained to fold back into ps
Biophysical Chemistry. hairpins. The sequences were designed with variable
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transform infrared. their influence on the formation and stability of the ps
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Ficure 1: Models for base pairing icis-Watsonr-Crick andtransWatson-Crick conformation. Reproduced with permission from ref
(11). (a) cisWatson-Crick AeT pair, as observed in a canonical antiparallel DNA double-helix, with two H-bonds between NtH(A)
O4(T) and N6H(A) —O4(T). (b)transWatson-Crick AeT pair with two H-bonds between NIH(AN3H(T) and N6H(A)—02(T) instead

of O4(T) in cisWatson-Crick AeT. (c) cisWatson-Crick I¢C pair with two H-bonds between N1IHAN3(C) and O6(1)-N4H,(C). (d)
cisWatson-Crick GeC pair with three H-bonds between N1H(@Y3(C), N2H,(G)—02(C), and O6(G)}N4H,(C) as observed in a canonical
antiparallel DNA double-helix. (eransWatson-Crick GsC pair with a single H-bond between N1H&)N3(C). (f) transWatson-Crick
GeC pair with two H-bonds between N1H(6D2(C) and N2H(G)—N3(C).

duplexes. Control experiments were performed on oligomers 3-d(TTATAIIIAT)-L-d(ATCCCTATAA)-3 '; ps-N9, 3-d(T-
with the same sequences in the conventional aps orientationTIAITAIAT)-L-d(ATCTACTCAA)-3 '; aps-N2, 5d(CT-

In thetransWatson-Crick GeC base pair model with one  GAGTAGAT)-L-d(ATCTACTCAG)-3; aps-N6, 5d(AATA-
H-bond (Figure 1e), sites N1H(G) and N3(C) are linked, TCCCTA)-L-d(TAGGGATATT)-3; aps-N7, 5d(AACT-
whereas in the model with two H-bonds (Figure 1f) the CATCTA)-L-d(TAGATGAGTT)-3; aps-N8, 5d(AATATC-
connected sites are N1IH(6D2(C) and N2H(G)—N3(C). CCTA)-L-d(TAIIATATT)-3'; aps-N9, 5d(AACTCATCTA)-
Hypoxanthine is a guanine analogue lacking the exocyclic L-d(TAIATIAITT)-3"; in which L represents the linker
amino group at position 2. Therefore, to determine the -PO(CHCH,0);P-.
involvement of the amino group in the H-bonding pattern,  Ps-N1, ps-N3, and aps-N2 were purchased from Genset.
i.e., to distinguish between the alternative secondary struc-Ps-N2 was synthesized by the Bioengineering Center of the
tures, we used oligonucleotides in which the guanines wereRussian Academy of Science. The other oligonucleotides
substituted by hypoxanthine. In addition to the systemati- were synthesized by BioTez Berlin-Buch GmbH. To remove
cally lower stability of the ps duplexes compared to the excess salt, all these oligonucleotides were purified and
corresponding aps references, substitution of guanine bydesalted using an Ultra-Mc filter (Millipore).
hypoxanthine has a destabilizing effect in the case of both  yy—visible SpectroscopyOligonucleotide concentrations
the ps and aps duplexes. In fact, the ps structures do nokyere determined fronfpe at pH 7 and 8CPC, measured
form at all. The FTIR and UV data are consistent with the with a Kontron Uvikon 942 Spectrophotometer_ For dena-
presence ofransWatson-Crick AsT and GC base pairs  tyration experiments, oligonucleotides were dissolved to a
with two H-bonds in all the ps duplexes formed. A 2 ;M strand concentration in 10 mM sodium-cacodylate
molecular modeling calculation was performed on two of pyffer, pH 7, 100 mM LiCl. The temperature of the cell

the molecules containing a low or high number 6fTAGeC holder was varied (0.18C/min) by a circulating Huber water
steps. The energetically most favorable structures in both path controlled by a PD415 temperature programmer. Melt-
cases contained exclusivelysG base pairs with two H-  ing temperatures T¢,) were determined from the first
bonds, in agreement with the experimental data. derivative of the melting curves. We use the term “duplex”

in reference to paired intramolecular hairpin conformations
MATERIALS AND METHODS of the oligonuclotides.

Materials The oligonucleotides studied by FTIR were Vibrational Spectroscopy FTIR spectra were recorded
as follows: ps-N1, 3d(CTATAGGGAT)-L-d(ATCCCTAT- using a Perkin-Elmer 2000 spectrophotometer. The tem-
AG)-3; ps-N2, 3-d(CTGAGTAGAT)-L-d(ATCTACTCAG)- perature of the samples was controlled and monitored
3'; ps-N3, 3-d(CGTATAGGAT)-L-d(ATCCTATACG)-3; between 2 and 8%C using a Specac temperature controller;
ps-N6, 3-d(TTATAGGGAT)-L-d(ATCCCTATAA)-3'; ps- 15 scans were usually accumulated. FTIR spectra were
N7, 3-d(TTGAGTAGAT)-L-d(ATCTACTCAA)-3'; ps-N8, analyzed with the Galaxy Grams 386 program. The data
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Ficure 2: FTIR spectra, recorded in,D solution at 5°C, of (a) ps-N6 in the presence of 2*liucleotide; and (b) aps-N6 in the presence
of 1 added Li/nucleotide. Left panel: domain containing absorptions of in-plane base double-bond stretching vibrations. Right panel:
domain containing absorptions characteristic of sugar conformations.

treatment included multiple point base line correction and gradient was<0.05. The color images were generated with
spectral normalization using the integration of the phosphatethe SCHAKAL92 program of E. Keller (University of
symmetric stretching vibration at 1086 chas an internal  Freiburg, Germany).

standard. To obtain the intramolecular duplexes, the stock

solutions at pH 7 (measured with a MI4152 microcombina- RESULTS AND DISCUSION

tion probe from Microelectrode Inc.) were annealed at 80 .
Comparison of the IR Spectra of 8NA and ApsDNA.

°C for 10 min and then cooled immediately to°@. The . lof N sh h ¢
oligonucleotides were studied in the presence of Lictz1 ~ Figure 2 (left panel) shows the FTIR spectra of ps-N6 and
aps-N6 (spectra a and b, respectively) in the region of the

Li™ added per nucleotide) at a strand concentration of 9 mM. ; o
P ) in-plane double-bond stretching vibrations of the bases. The

The sample solutions were deposited (in the cold room, 4 ded at f he f : f
°C) between ZnSe windows. Deuteration experiments Werespgct_ra Were recordec _at 5:. to favor the ormatlon 0
hairpin duplexes. Striking differences were found in the

erformed by drying the samples under nitrogen, &C4 X T . :
an redissol\)//ing%n%D P ¢ carbonyl stretching vibrations of the thymine and guanine
Force Field Calculations Models of the ps-N1 and ps- residues depending on the relative orientations of the DNA
strands. The absorption bands of the ps-N6-DNA spectrum

N2 structures without the linker were generated using the . . X .
NAMOT program @5). For both sequences, model variants Were assigned by comparison with aps-N6-DNA and with
the spectra of ps-DNAs with sequences containing only A

were considered in which thesG base pairs had either one
or two H-bonds at the outset of the minimization procedure and T @).

performed with AMBER 5.0 16). For each variant, we The aps-N6 spectrum (Figure 2b) exhibited the well-known
generated start structures with a combination of 5 different carbonyl stretching bands of classicatWatson-Crick base
initial values for the average twist and 5 different initial Pairs (L7). The C4=04 stretching vibration of thymine was
values for the average rise, giving rise to a total of 25 located at 1664 cnt while those of the C202 group of
different structures. A total of 100 different structures were the same residues and of the=886 of the guanine residues
minimized. A distance-dependent dielectric constant of 4 Were superimposed at 1689 ch(Figure 2b).

and a nonbonded cutoff distance of 25 A were used. All  Inthe ps-N6-DNA spectrum, the broad band at 1689%tm
structures were minimized until the rms value of the energy disappeared, being replaced by a new band at 1683 cm
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Table 1: FTIR Bands Observed at’& between 1750 and 1550 cin
FTIR bands (cm?)

Oligonucleotides

ps-N1 1683 1668 1652 1621

ps-N2 1683 1668 1652 1642(3h) 1621

ps-N3 1683 1668 1652 1621

ps-N6 1683 1668, 1665(sh) 1652 1621

ps-N7 1689 1664 1650 1629

aps-N2 1689 1673 1650 1642 1621

aps-N6 1689 1664 1650 1642 1621
Hypoxanthine Analogues

ps-N8 1689 1664 1653 1629

ps-N9 1689 1664 1627

aps-N8 1689 1664 1653 1642 1621

ash, shoulder.

and a broad band with a shoulder at 1668 Effrigure 2a).

In a previous study of ps duplexes containing onkf dase
pairs, both the G202 and C404 stretching modes of
thymine showed strong absorption bands located at 1685 anc
1668 cm?, respectively §). Accordingly, both the 1683
and 1668 cm' absorption bands of ps-N6-DNA are assigned
to C2=02 and C4=04 stretching vibrations of thymine,
respectively. We also conclude that the=€86 carbonyl
stretching band of guanine was downshifted and possibly
superimposed on the €D4 stretching vibration of thymine

-1661

1622

//
1571
1565
1524
1503

at 1668 cm?!. A similar spectral behavior of the=€0 s . fff;
groups of the thymine and guanine residues was observed & f;{?g
for all the ps-DNAs studied here having four bases, with 2 ' TT%?E&
the exception of ps-N7-DNA (Table 1). —E T 0

In relation to the two carbonyl stretching vibrations of 1750 1700 D ber (‘cégg) 1550 1500
thymine, it has been proposed previously for ps-DNA with _ : . o
only A and T bases that frequency shifts reflect the reversed FIGURE 3: FTIR spectra of ps-N1 in the domain containing

absorptions of in-plane base double-bond stretching vibrations,

engagement of G202 and C4=04 groups in therans recorded in RO solution in the presence of 2 added riucleotide,
Watson-Crick base pair compared to the canonicé- at 5-85°C.

Watson-Crick AeT base pair. The similar shifts observed
for the carbonyl groups of thymine in ps-DNA having all transWatson-Crick GsC pairs. However, it should be
four bases constitute evidence for the preservation of thenoticed that unpaired G bases would also have free carbonyl
same AT pairing configuration, i.e., with thymine H-bonded groups.
at position 2. The ps hairpins had sequences containing either consecu-
The formation of the second H-bond in theTAbase pair tive guanines (ps-N1-DNA, ps-N3-DNA, ps-N6-DNA) or
was evidenced by the presence of an absorption at 12841 cm separated guanines with a terminal G (ps-N2-DNA). A
in the spectra of ps-N1 and ps-N6 recorded isOHnot different behavior was seen for the sequence containing
shown). This absorption was observed at the same positionseparated guanines but without a terminal G (ps-N7-DNA).
in the aps duplexes, and reflects a stretching vibration of As mentioned above, the ps-N7 hairpin duplex was not stable
the thymine involving the CN3H groud8). Upon thermal under the conditions used for FTIR spectroscopy. The
denaturation of ps-N1 and ps-N6, the band was shifted to characteristic absorptions tthns-Watson-Crick thymines
lower wavenumbers and the relative intensity increased, at 1683 cm? and oftransWatson-Crick guanines at 1668
indicating the breakage of the N3HEFN1(A) H-bond. cm~t were not observed in the spectra of ps-N7-DNA (Table
A low-frequency shift of the carbonyl frequency of the 1). Instead, an absorption at 1689 ¢nappeared.
guanine residues was observed upon passing from aps-N6- With respect to the sugar backbone conformation, we note
DNA to ps-N6-DNA. In agreement with both models that changing the strand orientation from aps to ps did not
proposed for @C transWatson-Crick base pairs (Figure alter the sugar pucker (Figure 2, right panel). That is, the
le,f; 10, 11, 19), the C6=06 group of the guanine appears spectra of ps-N6 and aps-N6 displayed the same absorption
not to be involved in the H-bonding between G and C. located around 840 cm, characteristic of the C2ndo sugar
Therefore, the ps hairpins are expected to have free@® pucker @0). Moreover, the presence of an absorption at
groups, giving rise to an absorption around 1668 tfthe 1375 cn1tin the spectrum of ps-NG, i.e., at the same position
position of the dGMP band in dilute solutiorl@]. The as for aps-N6 (data not shown), indicated that the base
observed frequency for all ps-DNAs, except ps-N7-DNA, sugar orientation remained anti upon reversal of the strand
was 1668 cm! (Table 1). Thus, the position of the €6 orientation.
06 stretching vibration of the guanine residues in ps-DNAs  Thermal Denaturation To provide more information on
with mixed sequences is in agreement with the formation of the stability and base pairing patterns of ps-DNA, we carried
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Ficure 4: Normalized intensities of the FTIR bands versus temperatiijepg-N1; () ps-N2; ) ps-N3; ¢) ps-N6. (a) Adenine band
at 1621 cm'. (b) Guanine band at 1576 crh (c) Cytosine band at 1524 crh

out thermal denaturation experiments.

The significant band was the same as that observed for unpaired thymines

intensity changes and frequency shifts induced by temper-of single-stranded oligomers2@. The other carbonyl

ature increase in the range-85 °C are given in Figure 3
for the spectra of ps-N1-DNA. The shift of the €02
stretching mode of thymine from 1683 to 1693 ¢nupon

stretching modes (G404 of thymine, C&06 of guanine,
and C2=02 of cytosine) were superimposed at 1661 &m
and thus did not serve to characterize modifications in the

thermal denaturation confirmed the participation of the keto interactions between the bases upon thermal denaturation.

group in H-bonding. After melting, the wavenumber of this

Instead, the marked increases in the intensities of three
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Ficure 5: Normalized ratio of UV absorbances at 250 and 280 nm versus temperaturd) (z5-N6, @) aps-N6; (b) [0) ps-N7, @)
aps-N7; (c) 0) ps-N8, @) aps-N8; (d) ) ps-N9, @) aps-NO.

Posarzso= ([PasdPasd " — [PasdPasd ™) ([Aosf Aged ™ — [Asf Poad ™)-

vibrational modes involving motions of nitrogen atoms of vibrational mode used for the intensity measurements, but
the six-membered rings of A, G, and C were used. depended in the case of ps-DNA (but not of aps-DNA) on
In the spectral range between 1750 and 1500%ctine the guanine distribution in the DNA sequences (Table 2, top).
adenine residues gave only one band at 1621*dfigure These data suggest strongly thaOJairs formed in the ps
3). This mode, assigned to NI3cissoring coupled to ring  duplexes at low temperature but that the steps betweén G
C=C and G=N stretching vibrations, has been used previ- and AsT base pairs reduced the stability of the ps hairpin
ously to follow the melting of DNA duplexes and triplexes duplexes. For example, keeping the same base composition
(21, 22). In addition to the C&06 stretching band, the but increasing the number ofeA/GeC steps from 3 in ps-
guanine residues have a band at 1576cassigned to & N1 or ps-N3to 7 in ps-N2 induced a 2C decrease iffy,.
N (except C&N7) and C-N bond stretching vibration28, A further increase in AT/GeC transitions, as in ps-N7 with
24). We also used these bands to monitor the thermal 6 steps for three guanines, led to a still greater relative
denaturation of ps- and aps-DNAs. The most sensitive modedestabilization of the duplex, such that a stable secondary
to 15N isotopic substitution of cytosine was located at 1524 structure was no longer observed under the conditions used
cm1 (17), and provided local information regarding the ps- for FTIR spectroscopy. In contrast, tig, values of aps-
DNA and aps-DNA melting transitions (Figure 3). N6 and aps-N2 were very close. The lack of structural
The plots of the intensity variation measured at the isomorphism of the AT and GC base pairs in the ps
different wavenumbers versus temperature for ps-DNA duplexes (Figure 1) might account in large part for their
showed similar thermal profiles for the adenine, guanine, lowered thermal stability relative to aps-DNA, particularly
and cytosine residues belonging to the same oligonucleotidejn molecules with many sequence alternations.

but indicated a lower stability for ps-N2-DNA with isolated In the first of the two models presented in Figure 1e,f for
guanines than for ps-N1, ps-N3, and ps-N6-DNA (Figure thetransGeC base, only one H-bond is present and involves
4), the N1H site of guanine. In the second case, both N1H and

The melting temperature3{) evaluated from the deriva- N2H, sites participate in H-bonding, but the base pair is not
tive curves are summarized in Table 2 (top) together with isomorphic with AT. The role of the amino group in the
those of aps-DNAs for comparison. THg, values were  formation of H-bonds in the & base pairs is examined
similar, regardless of the nature of the bases involved in the further in the next section.
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Table 2: Melting Temperatures Obtained by FTIR and UV Spectroscopy

T (°C, +1°C)

1621 cmt 1577 cmt 1524 cmt 260 nm
Ade band Gua band Cyt band uv
Oligonucleotide
ps-N1: 3-d(CTATAGGGAT)-L-d(ATCCCTATAG)-3 51 51 51 52
ps-N2: 3-d(CTGAGTAGAT)-L-d(ATCTACTCAG)-3 39 41 42 40
ps-N3: 3-d(CGTATAGGAT)-L-d(ATCCTATACG)-3 48 49 48 46
ps-N6: 3-d(TTATAGGGAT)-L-d(ATCCCTATAA)-3 49 50 48 48
ps-N7: 3-d(TTGAGTAGAT)-L-d(ATCTACTCAA)-3 - - - 28
aps-N2: 5d(CTGAGTAGAT)-L-d(ATCTACTCAG)-3 69 70 69 68
aps-N6: 5d(AATATCCCTA)-L-d(TAGGGATATT)-3' 68 69 68 66
aps-N7: 5d(AACTCATCTA)-L-d(TAGATGAGTT)-3' - - - 67
Hypoxanthine Analogues

ps-N8: 3-d(TTATAIIIAT)-L-d(ATCCCTATAA)-3' 2 - 28 18
ps-N9: 3-d(TTIAITAIAT)-L-d(ATCTACTCAA)-3 ' - - 15
aps-N8: 5d(AATATCCCTA)-L-d(TAHIATATT)-3"' 47 - 47 45
aps-N9: 5d(AACTCATCTA)-L-d(TAIATIAITT)-3" - - - 45

aT,at 1629 cm™.

Abs. (a.u)

1 1 1 1
1650 1600 1550 1500

1
1700

1750
Wavenumber(cm™)

Ficure 6: FTIR spectra in the domain containing absorptions of
in-plane base double-bond stretching vibrations recorded,@® D
solution at 5°C of (a) aps-N8 in the presence of 1 added/Li
nucleotide, (b) ps-N8 in the presence of 2 addet/riicleotide,
and (c) ps-N9 in the presence of 2 added/hicleotide.

We performed melting experiments at low DNA concen-
trations by classical UV absorption. No significant differ-
ences were seen between s determined by UV or FTIR
(Table 2). As predicted for the melting of intramolecular
structures, th@ ;s were independent of the DNA concentra-
tion. In the case of ps-N7-DNA, melting by UV was
observed at 28C. Inasmuch as the FTIR spectra of the

ps and aps duplexeg%). We measureéysqAqgo for ps-N7

and aps-N7 as well as for ps-N6 and aps-N6. This parameter
decreased with increasing temperature for ps-N7 as well as
for ps-N6 (Figure 5), indicating the same ps character of
the ps-N7 and ps-N6 duplexes. In contrabsdAzso
increased with temperature for both aps-N7 and aps-N6. We
conclude that the intramolecular ps-N7 hairpin formed at low
concentration but that some indeterminate intermolecular
structure prevailed at the higher concentration used in the
FTIR measurements. Thg, of ps-N7 was 20°C lower
than that of the ps-N6 hairpin duplex, in agreement with the
destabilizing effect from scattering the guanines in the
sequence.

Hypoxanthine SubstitutionAs a means for establishing
the number and identity of guanine nitrogen atoms involved
in H-bonding in the pshairpin duplexes, we substituted
guanines by hypoxanthine, a base analogue lacking the N2H
group. The latter is involved in the H-bonding scheme of
Figure 1f but not that of Figure 1e. Thus, if the amino group
was not involved in the secondary structure of the ps
duplexes, the substitution of guanine by hypoxanthine should
not have perturbed their formation or stability. In contrast,
the second H-bond of the model in Figure 1f would be
disrupted. The stability and the conformation of the struc-
tures formed by the hypoxanthine analogues of ps-N6 and
ps-N7, denoted ps-N8 and ps-N9, respectively, were studied
by spectroscopic methods. In addition, we examined aps-
N8 and aps-N9, the hypoxanthine analogues of aps-N6 and
aps-N7.

The hypoxanthine substitution induced a large decrease
in hyperchromicity and of th&,, values determined by UV
spectroscopy of both ps-N8 and ps-N9 relative to the parent
ps-N6 and ps-N7AT = 30 and 13°C, respectively; Table
2, bottom). These data clearly indicated that the Ngidup
of G was important for the formation of the ps duplexes.
Lower Ty, values were also found, as expected, for the aps
hypoxanthine analogues becausedisd/Natsorn-Crick [«C
base pair has only two H-bonds instead of the three between
G and C (Table 2, bottom). As shown in Figure 5 (bottom),

concentrated ps-N7 solutions failed to reveal the existencethe Aysd/Azgo ratio versus temperature indicated the formation
of a ps hairpin duplex, we determined whether the structure of partially or fully paired aps duplexes of ps-N8 and aps-

found by UV was ps or aps.
absorption ratid\:so/Axgo is capable of distinguishing between

It has been proposed that theN8 as well as of ps-N9 and aps-N9. However, we note that

the Ty values of ps-N8 measured by UV and FTIR



16536 Biochemistry, Vol. 37, No. 47, 1998 Mohammadi et al.

Ficure 7: Top and side views (top and bottom structure,
respectively) of a @/CeG dinucleotide in the GGG block of the
ps-N1 structure after energy refinement. Color coding: guanine,
blue; cytosine, green; sugar, a; phosphate group (includingb
03), red. The H-bonds between G:HNC:02 and G:N1H2C:

N3 are shown as broken white lines. During the energy minimiza- ""? j

tion, the GC base pair readjusted so as to reduce the clash between -

the guanine and cytosine amino groups, giving rise to a noticeable

propeller twist. FiIGURE 8: Side view of the energy-minimized model of the 5

AGGGA-3/5-TCCCT-3 segment of the ps-N1 molecule. Color
spectroscopy were different, whereas those of aps-N8 werecoding: guanine, blue; cytosine, green; adenine, magenta; thymine,
very similar. We conclude that the expected monomolecular Yéllow; sugar backbone, gray; phosphates (includingan 03),

o ) red; The propeller twist of the & base pairs reduces clash between
structure (a hairpin duplex) formed in the case of aps-N8 ,0"No(G) and the N4(C) amino groups. The bottom view is the

but probably not the ps-N8 analogue. same as the top view but as a ball-and-stick model.
In agreement with the above findings, the FTIR spectra

of ps-N8 and ps-N9 also failed to indicate the formation of hypoxanthine-containing oligonucleotides, whatever the se-
a ps hairpin duplex (Figure 6). The spectra lacked the quence. We conclude that the model with one H-bond
characteristic band of the €02 stretching vibration of  (Figure 1e) proposed for sequences with isolated guanines
thymines engaged itransWatson-Crick pairing at 1683 in a previous studyl(0) did not apply to our molecules, even
cmL In the case of ps-N8, the 1689 cinband (also in the case of ps-N7 (despite the absence of a FTIR
observed in the aps-N8 spectrum) could be assigned to thespectrum), judging from the effects of the hypoxanthine
H-bonded carbonyl groups of the hypoxanthine residues, butsubstitution in ps-N9. All FTIR spectra recorded in the
not to free C606 groups. The adenine band was shifted region of base double-bond vibrations were similar for
to higher frequencies and its intensity enhanced in ps-N8 assequences having consecutive or separate guanines (ps-N1,
compared to aps-N8, possibly indicating the presence of somegps-N2, ps-N3, and ps-N6). Thus, up to a content of 40%
unbound adenine residues in the ps-N8 structure at low GeC, we observed that the ps hairpin duplexes either did
temperature. The ps-N9 spectrum, even at low temperature not form at all or featured & base pairs with two H-bonds.
resembled more a melted DNA spectrum than of ps-N8. The Features of this structure (Figure 1f) are further elaborated
relative intensity of the 1689 cm band of the associated in the next section.
guanines was decreased, all the carbonyl stretching vibrations Model Building and Energy Minimization of the 4Rk
were mainly superimposed at 1664 ¢imand a strong free  and PsN2 Duplexes A systematic exploration of start
adenine band was observed at 1627 tm structure parameters (helical twist and rise) was adopted, a
The various experimental approaches provided consistentminimization strategy intended to explore systematically the
evidence for the absence of ps hairpin duplexes with energy lansdcape of DNA conformational states. One can
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thereby overcome energy barriers between local minima that 5. Rippe, K., Ramsing, N. B., and Jovin, T. M. (19&ipchem-

cannot be crossed by standard minimization procedures. After
energy minimization, the structures with the most favorable
energies contained onlysG base pairs with two H-bonds.
This finding was independent of the initial H-bonding scheme

and the initial sequence (either ps-N1 or ps-N2). frhas

Watson-Crick base pairs were similar in all low energy
structures, regardless of whether they occurred in blocks as
in ps-N1 or were isolated as in ps-N2. The@Gbase pairs
exhibited a distinct propeller twist, thereby avoiding clash 10.
between the N2(G) and N4(C) exocyclic amino groups

located on the same side in thansWatson-Crick GsC
configuration (Figure 7). A regular stacking of the@Gbase

pairs in the ps-N1 structure was found in the low-energy
structures (Figure 8). Comparing these results to those from
earlier model building of isolated & base pairs in ps-DNA
structures10) is not straightforward since thesG base pairs

in the current models were not flanked by homoadenine and/ =

14.

or thymine sequences. The situation of the singl€ Base

pair described in 0) will be reinvestigated with the

multistructure minimization method employed here.

Summarizing Remarks FTIR and UV spectroscopic
measurements have demonstrated that ps hairpin duplexes

are formed in sequences containing up to 408 Gase

pairs. We have shown thaG base pairs are formed. When

the guanines are substituted by hypoxanthine, the ps structure

is no longer evident, indicating that two H-bonds are required

for its stabilization. The existence of propeller twist and a 17

regular stacking of @ base pairs in the & blocks has

been proposed by molecular modeling with force field
techniques. Scattering the guanines in a mixed sequence
leads to a destabilization of the ps duplex. However, this
effect is not due to a change in the H-bonding scheme of

the GC base pair.
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