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Abstract: The thermodynamic stability and solution conformational properties of three intramolecular triple
helices based on the sequence AGAAGA-x-TCTTCT-x-TCTTCT (x is a non-nucleotide linker) comprising a
DNA duplex and DNA, RNA, or 20MeDNA third strands have been compared. The most stable triple helix
contains the 20Me third strand, followed by the triplex containing RNA in the third strand. Comparison of
the NMR spectroscopic data for the RNA hybrid triplex with those of the all-DNA triplex shows that the
duplex parts of the structure are very similar; the major difference is that the RNA strand is characterized by
C3-endo sugars (except the two terminal residues). In the all-DNA triplaas a substantial fraction of the
trans rotamer for both of the internal adenine residues (A3 and A4), whereas in the free dipigk for

these residues. In the RNA-containing triplex, only A3 shows the presengé)pfnd in the 20Me state,

both A3 and A4 are/(g*). In addition, the 20Me triplex shows conformational heterogeneity. Thus, there
are sugar-dependent differences in the degree of distortion in the purine strand imposed by the third strand
binding. The helical parameters for the underlying duplexes are very similar in all three triplexes. However,
the helical parameters for the third strands are different for the DNA versus the RNA'-@de strands,
reflecting their different sugar conformations. The lower degree of distortion of the underlying duplex in the
presence of the'2DMe third strand is consistent with higher thermodynamic stability of this triplex compared
with the greater distortion of the duplex induced by both DNA and RNA third strands.

Introduction are two major families of conformation, one including dPudPy
dPy, dPudPyPy, dPurPydPy, dPurPyPy and the other
comprising rPudPyPy + rPurPyrPy# These results may reflect
the conformational properties of the target duplexes. It has been
shown for short duplexes that dféi®y is in the B form and
rPurPy is in the A form. In addition, the DN/ARNA hybrids
have distinct properties intermediate between A and B forms,
with dPurPy less A-like than rPaPy56

NMR studies of RNA triple helices (RIR) have indicated
that the sugar puckers are'@hdo and that these triplexes have
features most in common with an A form struct@ile.contrast,
several studies of all-DNA triplexes have shown that they adopt
a conformation more similar to the B-form, with G2ndo sugar
puckers, although with some A-like characterisfic¥ Thus,

Oligonucleotides that would target the major groove of DNA,
forming a triple helix and prevent transcription are possible
antigene agentsAs such, they would be very effective agents
for external regulation of gene activity, since this strategy
bypasses the amplification steps inherent in transcription and
translation that lead to the more traditional drug targéts.
Triplexes can be assembled from mixtures of nucleic acid
strands ranging from all-DNA to all-RNA structures. As DNA
and RNA duplexes adopt radically different conformations in
solution, there may be different global conformations of triple
helices, depending on the composition of their strands. However,
not all of the possible “hybrid” structures are stabfeOf the
eight possible combinations of DNA (D) and RNA (R) strands
of a given sequence, two of them (rPudéyy and rPurPy (5) Gyi, J. I.; Conn, G. L.; Lane, A. N.; Brown, Biochemistry1996
dPy) were unstable. Furthermore, the triplexes rPufByand 35, 12538-12548. . . _ ,
rPudPyrPy were less stable than the other four possibilities, 37’((;)3%3_3' I; Conn, G. L.; Lane, A. N.; Brown, Biochemistry1998

which were of comparable stabilifyOn the basis of the (7) Holland, J. A.; Hoffman, D. WNucleic Acids Res1996 24, 2841

observed affinity cleavage patterns, it was proposed that there2848. )
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the all-DNA and all-RNA triplexes probably do form two
distinct classes of structures. A DNA.DNRNA hybrid triplex
(DD-R) was shown to be stable, with the RNA strand in the
expected position in the major groo¥eln a recent study it
was concluded that the underlying duplex was essentially in
the same conformation for either the DNA or the RNA third
strand, and that the sugars of the RNA third strand were mixed
C2-endo/C3-endo!® Furthermore, the triplex containing the
RNA third strand was slightlyAT,, = 2.5 K) more stable than
the analogue containing a DNA third straldin contrast,
molecular mechanics calculatidfiindicated a potential energy
for the DD-D triplex lower than that for DER, and differences

in conformation. Thus, the relationship between strand composi-
tion, conformation, and stability is not clear.

One of the problems with parallel triplexes is their relatively
low thermodynamic stability at physiological pH. A simple
modification that is generally thermodynamically stabilizing is
methylation of the 20 of ribose. O2methylation of one of
the strands of an RNA duplex is slightly stabilizing or
destabilizing;®2 whereas methoxylation of a DNA strand in a
DNA duplex or the DNA strand in a DNARNA hybrid duplex
is generally stabilizing-?2The stabilization is greatest when a
DNA pyrimidine strand is methoxylatéd Methoxylation at the
C2 in the Hoogsteen strand of a parallel triple helix is stabilizing
and more so than replacing a Hoogsteen DNA strand with the
RNA analogue’® Hence, this simple modification can signifi-
cantly enhance the stability of parallel triplexes.

Although there is a considerable body of information about
the conformation of all-DNA triple helices from a variety of
methodologies; * relatively little is known about the structures
of the hybrid triple helice4.17-1923To understand the relation-
ship between strand composition, conformation and thermody-
namic stability of parallel triple helices, and the influence of
the 2-OMe modification, we have measured the pH dependence
of the thermodynamic stability of three intramolecular parallel
triple helices of the general sequence AGAAGA-x-TCTTCT-
x-TCTTCT where x is the nonnucleotide linker-QCH,)s—
OPQ,—0—(CHy)sOPG—0. We have previously analyzed the
thermodynamics and structures of the all-DNA analofftfé.

In addition, we have analyzed their conformations in solution
using NMR, and we are able to correlate conformational
differences with the observed order of stability.

Results

Thermodynamics Figure 1A shows UV melting curves of
the all-DNA triplex (DDD) and the analogues containing either
RNA (DD-R) or 2-OMe (DD-R') Hoogsteen strands at pH 7.
Under these conditions, the melting curves are bimodal. The

(16) Soliva, R.; Laughton, C. A.; Luque, F. J.; Orozco, MAd. Chem.
Soc 1998 120 11226-11233.

(17) van Dongen, M. J. P.; Heus, H. A.; Wymenga, S. S, van der Marel,
G. A,; van Boom, J. H.; Hilbers, C. WBiochemistry1996 35, 1733~
1739.

(18) Gotfredson, C. H.; Schultze, P.; Feigon]J.JAm. Chem. So04998
120,4281-4289.

(29) Srinivasan, A. R.; Olson, W. K. Am. Chem. So&998 120,484—
491.

(20) Inoue, H.; Hayase, Y.; lwai, S.; Miura, K.; Ohtsuko, Eucleic
Acids. Res1987, 15, 6131-6142.

(21) Lesnik, E. A.; Freier, S. MBiochemistry1998 37, 6991-6997.

(22) Freier, S. M.; Altmann, K.-HNucleic Acids Resl997, 25,4429~
4443.

(23) Dagneaux, C.; Liquier, J.; Taillandier, Biochemistry1995 34,
16618-16623.
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26, 3677-3686.
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Mol. Biol. 1998 275,811-822.
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Figure 1. Thermodynamic stability of DED, DD-R’, and DDR. (A)
A(260) versus temperature. Continuous lines are best-fit regression lines
according to eq (1,2)) DD-D at pH 7.03, [0) DD-R at pH 6.92,

(O) DD-R' at pH 7.10. For clarity, only every 10th datum is shown.
(B) Dependence of T}, versus pH. The slope of the lines is (2.503
AH)Ap (see text). M) DD-D, (O) DD-R, (®) DD-R'.

transition at the lower temperature corresponds to the melting
of the triplex into duplex plus third strand, and the higher
temperature transition corresponds to the melting of the duplex
state into strands. As the pH is decreased to 5.5, the first
transition moves to higher temperature and overlaps that of the
duplex-strand transition. At neutral pH where the two transitions
are well-resolved, the melting curve can be analyzed as a super-
position of two sequential unfolding events as previously
described? from which theT,, values and van't Hoff enthalpy
changes can be determined. As the latter transition is indepen-
dent of pH (above pH 5), the melting curves at low pH can be
analyzed by holding the duplex-strand transition fixed at its high
pH values. The thermodynamic parameters for the three
molecules are given in Table 1. The thermodynamic parameters
for the triplex DDD are similar to those previously deter-
mined?®

The value of 1T, decreases linearly with pH in the range
5.5-8 (Figure 1B), and the triplexes become too unstable to
measure at higher pH values. As previously disctissibk is
a consequence of the very higiKpvalue of the protonated
Hoogsteen cytosine residues in the triplex state, reflecting the
large stabilization of the triplex by protonation. Below pH 5.5,
the value of 1T, begins to tail off as thelg, of the cytosines
in the strand state {4.5) is approached. ip is assumed to
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Table 1. Thermodynamics of the Three Tripleres
Tm(T) Tm(D)
pH (K) (K) AHT®  AHpP  AG298b
DD-D 49 333 (329.5) 191 (110) -16 50°C c11|-|5
5.54 326.8 (329.5) 161 (110) -13.4
6.10 3155 (329.5) 132 (110) -8.4 U1BH5
6.43 3054 329 120 100 -3.7
6.58 3028 3295 137 108 —24 40°C
6.85 2953 3295 155 111 1.4
7.03 291.4 3292 150 114 3.4 U17He
7.58 281 329 170 112 9.2
DD-R  5.08 340 (329.5) 158 (115) -19.4 30°C
5.64 333 (329) 133 (115) -—16.5 U16H5 U15H5
6.22 321 (329) 183 (115) -11.7 U16H6
6.45 3146  (329) 125  (115) -8.3 ‘"5”6
6.92 299.2 328.6 150 113 -0.6 2 ,c M
7.39 291.4 3288 152 110 3.6 ,
7.73 287.6 3295 130 124 5.7 7.7 63 61 59 57 55
8.39 <280 329 nd 121 >10 Chemical Shittppm
DD-R  5.08 345 (329.5) 232 (110) —23.3 ) i ) )
5.62 3382  (329.5) 216 (110) —20.3 Figure 2. NMR spectra of DBR' showing chemical exchange in the
6.17 329.1 (329.5) 216 (110) -16.2 2'-OMe strand. 1D spectra were recorded at 600 MHz at the temper-
6.64 319 (329.5) 150 (110 -11.3 atures shown.
7.10 306 329 133 110 —4.5
;'gg 332"7‘ ggg'g igg i(l)g g'g incomplete UV curves at low temperature (minimm 280
793 2905 3293 133 113 a4 K), so that lower baselines cannot be accurately defined. This
8.59 <280 329 nd 108  >11 gives rise to an erroneously low value of the directly fitfeld
at high pH values (i.e., wheil,, < 290 K). The enthalpy
de(Z'E:B)/ d(dlf:—_g)/ d(?((fﬁgzy changes calculated from the pH dependencg,cdire likely to
(kJ ,Eorl) (Kpfl) (K™Y AHne  Ap be more accurate. The enthalpy changes for the triptieiplex
DD 14 25X 104 —139<10° 116 2.00 transition are in the order DI’ > DD-R > DD-D (Table 1).
DD.R 114 2'40>X< 104 —14'6§ 104 121 197 The O2-Me derivative is substantially more stableT, ~
DD-R 113 2215« 10“ —163x 104 135 1.98 15 K) than the all-DNA triplex over the range § pH < 8,

aTm(T) is the melting temperature for the tripleduplex, Tm(D)
the melting temperature for the duplex, afHlr, AHp the van’t Hoff
enthalpies for the triplex and duplex transition, respectively: DX
the all-DNA triplex, DDR' is the 2-OMe triplex, and DDR is the
RNA triplex. AGr was calculated fromAH and T, as described in the
text. Values in parentheses were fixed in the calculation (nearly
coincident transitionsf kJ mol. ¢ d(1/T)/dpH, d(InKn2)/d(1/T)
calculated according to egs 3 and 4 as described in the Adkt.,
was calculated from the slope of the van't Hoff plap was calculated
from eq 5 as AHu2 + 2AHion)d(1/Ty,)/dpH)/2.30R).

be 2 (i.e., above pH 5.5, deprotonation of the strands is
complete), thenAH(app) can be obtained from dl{/dpH
(Table 1) using eq 4AH(app) calculated by this method is 152,
173, and 160 kJ mot for DD-D, DD-R’, and DDR, respec-

which shows that the Oz2Me group has a substantial stabilizing
influence on the triplex state. This stabilization is at least partly
enthalpic. The enthalpy change is substantially larger for the
0O2-Me strand than for the DNA strand as determined from
the van't Hoff analysis (Table 1). The, values are in the order
DD-R' > DD-R > DD-D. HoweverAG is a thermodynamically
more appropriate measure of stability. Using the experimental
values ofTy, and the derived values &H, we have calculated
AG at 298 K (Table 1); theAG(298) values are also in the
order DDR' > DD-R > DD-D. The values of AG(298)/dpH

are all similar indicating that the difference in stability remains
constant at least up to pH 8. This is as expected if Kgip
independent of the nature of the sugar, aid p> pH (cf. eq

5). It is also possible to calculateG(298) for the dissociation

tively. These values are in reasonable agreement with the van'tof THz into D + SH, from the data in Table 1. We finddG(298)

Hoff enthalpy determined from direct fitting (low pH values,
and see below) (Table 1). The enthalpy of dissociation of the

is —34, —30, and—26 kJ mot! for DD-R’, DD-R, and DDD,
respectively. This implies a stabilization by protonation of at

protonated triplex to the duplex plus protonated strand state canleast 34-40 kJ mof* (17—20 kJ mof* cytosine) compared

be calculated from the dependence of,1bn pH by noting
that atT = Tp, Kapp= 1 and usingr12 €gs 2 and 3. From the
slope of the van’t Hoff plots of In{ry2) versus 1T, we obtain
AHr2(DD+D) = 116 kJ mot?, AHry, (DD-R') = 135 kJ mot?
and AHry, (DD-R) = 121 kJ mot™. These values are lower
than those obtained from direct fitting or from the slope df,l/

with the fully unprotonated triplex. It is thought that the
hydrogen-bonding capacity of the G2H in RNA adds to the
overall thermodynamic stability of RNA versus DNA Al-
though the triplex containing the RNA third strand is more stable
than the all-DNA triplex, it is less stable than the 'O2Ze-
containing triplex. Hence, the observed order of stability for

versus pH because the latter include the ionization enthalpy of these triplex is perhaps surprising. We have therefore used high-

the protonated cytosine in the strand state, which-i8 kJ
mol~1. Hence, forAp = 2, the van’t Hoff enthalpy determined
from direct curve fitting should be-36 kJ mof! higher than
the value estimated from the pH dependenceTgf These

resolution NMR to determine the conformational properties of

these triplexes and shed some light on their stability.
Conformation of the Three Triplexes. The NMR spectra

of the all-DNA triplex DD'D have been analyzed previougfy?®

correctedAH values are comparable to the average values Although the spectra of DID and DDR show only a single
obtained by curve fitting. It is noticeable, however, that the set of resonances, the spectrum O.f. ‘BDshows qddltlonal
curve-fittedAH is apparently pH dependent, and decreases with Peaks, as shown in Figure 2. In addition, at°80the integrals

increasing pH. At the higher pH values, the fittAéH are not
consistent with the values obtained from evaluatingfihelata

of the U,C H6 and H5 of nonterminal residues in fBD are

(26) Egli, M.; Portmann, S.; Usman, Biochemistryl996 35, 8489

according to eq 3. The discrepancy at high pH arises from the 8494.
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only ~70% of those of the WatserCrick CH6 resonances.  Table 2. %4 Values for the Duplex Residues of the Three
Exchange cross-peaks involving these resonances were observelfiplexess®

in ROESY spectra recorded at 4C (not shown), and the DD-D DD-R DD-R' DD
chemical shifts of the minor species do not correspond to those ™ 51 nd <10 nd nd
of the duplex+ strand state. Hence, the observed exchange is G2 <10 <10 <10 8
due to two (or more) different triplex conformations. Further- A3 14 16 12 10
more H6 and H5 resonances become broader on increasing the é”é 1<410 1110 28 8-5
temperature between 15 and %G, showing increasing ex- A6 <10 <10 <10 8.5
change. T12 <10 <10 <10 <10
To determine the sugar conformations, we have recorded C11 nd nd <10 <10
DQF—COSY spectra of the three triplexes. The cross-peaks  T10 nd nd <10 nd
between Hland both H2, H2" indicated that the sugars of the T9 nd nd <10 nd
DNA residues in the WatsoerCrick strands are primarily in c8 nd nd nd nd
T <10 <10 <10 <10

the “S” conformation in all three triplexes (not shown). This | _ T i At half e o
was confirmed by detailed analysis of the sums of coupling  *Values were estimated from the width at half height of the-H3
constants, which gives values of the pseudorotation phase angI{'rﬁitotronlz'("Siecig)s(f)'.peaks in NOESY spectra. This provides an upper
Psin the range 136170 and fraction of the S stafgof >0.9

in the purine strand and 0.8 in the pyrimidine strand. There G2H3' -T15Me  A4H3' -T17Me
is little difference in the sugar conformation and equilibria in 4 .

the duplex moieties of the three triplexes, and they are all 4.8 1 AtH3"c1ame ¥ ° p/
predominantly S. Furthermore, the sugar conformations deter- e \‘@}1 m%
mined for the isolated duplex DD are similar to those in the A3H3-T16Me

triplex states, indicating that only small changes in sugar 5.2 1

conformations are induced by forming the triple helices. This - T13H3-T13Me

is in contrast to an FT-IR study of triple helices containing an
RNA third strand, where the purine strand was reported to
contain “N”-type sugarg? In DD-D, the sugars in the Hoogsteen

5.6 4 C14H1'-ClaMe ©
T16H1'-T16Me

-

Chemical Shift (ppm)

strand show a substantial fraction of the N state, especially the 6.0 o < eg

two protonated cytosine residues, though the thymines are . &
predominantly S. In contrast, only the terminal Hoogsteen 6.4 - A
residues of DER and DDR' showed COSY H1-HZ2' cross- T15H1-T15Me C17HT'-C17Me
peaks. This indicates that the riboses in‘Band DDR' are 40 39 38 37 3.6
predominantly in the N conformation, except for the terminal Chemical Shift (ppm)

residues which may exist as a mixture of N and S states. This
conclusion is supported by the observation of strong(ij2
H6(+1) NOE cross-peaks in the Hoogsteen strand of®D
and DDR’, which is characteristic of N-type sugars.

In the DDD triplex, we have previously observed that the  51gyed that this shows the presence of tticenformation for
backbone anglg for the two central A residues tyather than A3 and A424 In DD-R, A3 showed a large half width (16 Hz),
the more commony*.**2*TOCSY and ROESY spectra of the  gnd 5 splitting of the Haresonance, indicating that this residue
three triplexes were compared to determjnor the residues 150 may be trans aboyt However, the half-width for A4 is
in DD-R and DDR'. The downfield shifted H4resonance, and g1y 11 Hz, and did not show any splitting, which indicates
the splitting of the H4 resonance characteristic of the trans hat the contribution from the trans rotamer is small. This is
rotamer were evident for A3 in DIR, but not for A4. All of different from DDD. In DD-R’, the half width of A3H4 is
the other H_3—H4' cross-peaks for the deoxyribose_s appeared .12 Hz, shows no splitting, and is not downfield-shifted,
as narrow singlets. In contrast, none of the deoxyriboseoH4 jngicating that the contribution from(t) is small. In A4, no
DD-R' were unusually downfield-shifted, and these resonances significant contribution fromy(t) is evident. Hence, there is a
appeared as narrow singlets (not shown). The apparevalues gradient of conformation effects in the purine strand on forming
were estimated from the width at half-height for the singlets the triple helix that depends on the nature of the third strand,
(which is an upper limit t& ), or from the splitting in NOESY 414 the third strand containing the ®® modification does
or ROESY spectra (which gives a lower limit}) (Table 2). - not induce the same conformation in the DNA purine strand as
In addition to the coupling to H%and HS', the observed « a DNA or RNA third strand. Finally, the width at half-height
includes contributions frorlz 4, the small*Jy—_p, and the line of the purine H4resonances in the duplex DD are &all0 Hz,
width. As the deoxypurine residues are predominantly in the S indicating that all six purine residues apég™).
state,Jza < 2-3 Hz. In theg” rotamer, bottJys and*Jys: Figure 3 shows a portion of a ROESY of B®. Strong ROE
are small (3 Hz), whereas in either theor g~ rotamers, ON€  cross-peaks are present between thm@hoxy protons and the
coupling is snlall €3 Hz) and the other large {12 Hz)’ H1' of the same residue. This indicates that the methoxy methyl
Hence, fory 4 < 10 Hz, the dominant rotamer must ge. For group is preferentially oriented toward its own'Hth addition,
A3H4 and A4H4 in DD-D, the observed half-width is-14 there are significant ROEs between the methoxy protons and
Hz, which indicates that one of the two coupling constants must 1o 471 of the next residue in the same strand. and with the H3
be large; the apparent splitting wa8 Hz. We have previously ot the purine residue at m-1 in the sequence. The observed NOEs

- - can be explained by a single rotamer about the-@2 bond

27) Wijmenga, S. S.; Mooren, M. N. W.; Hilbers, C. WIMR of R .

Ma(cro)moljeculegs. A Practical ApproactRoberts, G. C. K., Ed.; IRL with the mgthyl group oriented toward the Hind away from
Press: Oxford, 1993. Chapter 8. the sugar ring.

Figure 3. Interactions between ORe protons and Hlin DD-R'.
The ROESY spectrum was recorded at 40 pH 5 with a mixing
time of 100 ms. Both intraresidue and cross-strand NOEs are shown.
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Figure 4. Changes in chemical shifts in the DNA duplexes on forming
the triplexes. Chemical shift differences are reported as tripdiesplex.
(m) H8/H6, @) H1', (O))H2'. (A) DD-D. (B) DD-R. (C) DD-R'.

The chemical shifts of the purine strand in DNA triplexes
report on the conformation of the nucleotides. On forming the
triplex, there are large changes in the shifts of the purine
residues, especially H8 and H#24that reflect, among other

J. Am. Chem. Soc., Vol. 121, No. 48, 199967

somewhat different. We have already shown that the conforma-
tions of the purine deoxyriboses are similar in all states (see
above). However, the torsigrn{A4) varies from mainlyt in DD-

D to mainly g* in DD-R'. This is also correlated with the
glycosyl torsion angle, such thaA4) is near—140 to—150°

in DD-D to near—110 to—12C in DD-R'. These conforma-
tional differences presumably in part account differences in
chemical shift. Indeed, in DIR', the conformation is more
similar to that in DD, and the shifts for A4 and G5 are generally
more similar to those in the free duplex. This conclusion is
supported by the relative NOE intensities for A4H84H2'
(intense in DBR' and DD, weak in DBD, DD-R). Furthermore,
the sequential HZi)—H8(i+1) and H2(i))—H8(i+1) are of
comparable intensity in DID and DDR. In contrast, in DD

R, the sequential HZi)—H8(i+1) NOEs are more intense than
those of HX(i)—H8(i+1) (not shown). Thus, the conformation
of the purine strand of DER is similar to that in DBD, and

has undergone a conformational change on forming the triple
helix. In contrast, there is less of a conformational change in
the purine strand in DER'. Hence, there is a gradation of
conformational changes in the order BED> DD-R > DD-R'.

Model Building. The solution structure of a related DNA
duplex and triplex has been determined by NMR!The DNA
duplex was shown to be a normal B-like DNA duplex with fairly
uniform nucleotide conformations along the sequence. NMR
spectra of d(AGAAGAY(TCTTCT) are consistent with a
uniform DNA structure, characterized by S type sugaf(g;’)
and strong HZi)-H8/H6(i)) NOESY cross-peaks characteristic
of y ~# —110° to —12C. In addition the sequential NOEs H2
()—H8/H6(+1) > H2'(i)—HB8/6(+1).

The well-dispersed NMR spectra of the purine strands in all
three of the triplexes made it possible to obtain a large number
of distance restraints involving the purines. In addition, the
analysis of the scalar coupling data allowed a complete
specification of the nucleotide conformations of all of the
purines. For the pyrimidine strands, the scalar data indicated
the dominant sugar pucker, and sufficient NOEs were also
observed to define the glycosyl torsion angles and provide some
information about the helical structure. We have calculated
model structures based on that of MDpreviously determined
with appropriate restraints on the nucleotide conformations as
described above. For the purines the nucleotides were strongly
constrained according to the analysis described above. The
sugars of the two pyrimidine strands were also constrained
tightly. Sequential and cross-strand NOE distance constraints
were set loosely according to the classification strong, medium,
and weak (cf. Methods). The coupling constants and observed
sequential NOE intensities are consistent with a uniform B-DNA

things, changes in the glycosyl torsion angles and the torsion Structure for the DNA duplex. In contrast, the ERDtriplex

y. Figure 4 compares the shifts of DD, DD-R, and DDR’
with those of DD. The shift differences are much larger in the

cannot be described as a standard B-like structure, both because
of the changes in the nucleotide conformations in the purine

purine strand than in the pyrimidine strand, as expected for directStrand and because the riboses in the RNA strand arei@i.

H-bonding of the Hoogsteen strand to the purine strand.
Furthermore, in DED and DDR the H8 resonances (major

We have therefore calculated structures for this molecule using
the experimental constraints on nucleotide torsion angles that

groove) show large negative changes for A3 and A4, and smallercorrespond to the state where A3 has= t andy ~ —150.

ones for G2 and G5, whereas the'lfdsonances (minor groove)
show large positive changes for G2 and G5, and small
differences for A3 and A4. These differential changes in

Thirty structures were calculated for each triplex, and they
were ordered according to potential energy and restraint energy.
The best 10 chosen on these criteria were selected for further

chemical shifts indicate conformational changes in the purine analysis. The superimposed structures are shown in Figure 5A.

strand on forming the triplex. Interestingly, the pattern of shift
changes for DED and DDR are almost identical, whereas for

DD-R' there are large differences for resonances in A4 and G5.

This suggests that the conformation of the duplex inrD&nd
DD-R is very similar, whereas its conformation in B® is

The pairwise rmsd values (all atoms) were 0476.09 A (DD

D), 0.73+ 0.24 A (DD-R) and 0.8%+ 0.38 A (DD-R)). In the
pyrimidine strands of DER and DDR’, the positions of the
bases are reasonably well determined, but there is considerable
variability in the backbone owing to the lack of restraints. This
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B

Figure 5. Comparison of solution conformations of DD, DD-R, and DDR'. Models were calculated as described in the Experimental Section.
Structures are shown as stereopairs. (A) Superimposition of 10 structures showing the lowest violations and potential energies. All three molecule

are shown in the same alignment with respect toRoking into the major groove of the DNA duplex: (Top) B2 (Middle) DD-R. (Bottom)
DD-R'. (B) Comparison of the purine strands showing the variation in the phosphate backbone: (T-@p)(Mi2idle) DD-R. (Bottom) DDR'.

A

Table 3. Helicoid Parameters in Refined Modgls strands of the three molecules leads to differences in the position
parameter DED DD-R DD-R B-DNA A-DNA of the phosphate backbone, and therefore in the widths of the
wist(L,2) deg 333 342 354 36 327 grooves formed between the Watse@rick strands and the
twist(1,3) deg 349 397 416 - - Hoogsteen strantf.

fise é I R e S Globally the three structures are similar in several key

inclination deg 3.5 30 48 -6 19 parameters. We have calculated helicoid parameters using the
program CURVE® as shown in Table 3. In all three structures,

a| ocal helicoid parameters were determined using CURVES®.1. - . . -
Values have been averaged of the central four base-triplets.Values arethe displacement of the helix axis (Dx) (Watse@rick strands)

given for the WatsonCrick duplex except for twists, which are given 1S between—3 and—3.7 A (i.e., into the minor groove) which
for both the duplex (1,2) and the Hoogsteen strand (1,3). lies between that found in B-DNA duplexes (0+td A) and

results in some backbone torsions adopting two families of é’ﬁNA du_ple>_< (__4 to—5A), and is ty_plcal of parall_el trlplgxes
conformations that are determined mainly by the force field, . - 1he inclination of the base pairs to the helical axis was
which shows that there was adequate conformational samplingfound to be small £5°), and the rise along the helix axis was
in these calculations. However, because these features are not-1—3-2 A for all three structures. The main difference in
experimentally determined, we do not consider them further. helicoid parameters was the twist angle. For the Watstrick
The DNA purine strands are defined to a similar degree in each duplex, the twist angle was on average-35" for all three
structure, and the rmsd values for each are: 50.18 A structures (i.e., 10-310.9 base-pairs per turn), but for strands
(DD-D), 0.32+ 0.2 A (DD-R), and 0.49+ 0.178 A (DDR)). 1,3, the twist angles differ significantly, with a twist of 3tor
The rmsd between the purine strands of the three structures werd>D+D, 39.7 for DD-R and 41.6 for DD-R'. Thus, for DDD,
0.96 + 0.1 A for DD-R'/DD-D, 0.86+ 0.08 A DD-R/DD-D the helicoid parameters are most close to the B-form on average,
and 0.75+ 0.12 A for DD-R'/DD-R. These rmsd values reflect  except for the x-displacement, whereas for both-REnd DD

the differences in A3 and A4 oft and v (see above), and R, the twist of the third strand is substantially larger. It is notable
demonstrate that the conformations of the chemically identical that the helical rise in these duplexes is significantly lower than
purine strands in the three molecules are significantly different in a B-DNA duplex in solution, but larger than that found in an
from one another. As previously found, the glycosyl torsion A-RNA duplex. For the third strand to remain in register with

angles are near130° except for the nucleotides for which the DNA duplex, the twist angles and helical rise must match.
is trans, whery ~ —140 to—15C. For these nucleotides, there  This seems to be achieved by a combination of a smaller rise
is a compensating changedn from near—70° (g7) to +155 in the DNA, and an increased rise and decreased base inclination
(t). As the backbone angles were not constrained, these reflectn the RNA strands, compared with the standard A conformation.
stereochemical requirements for geto t transition fory. The The rmsd values calculated for the duplexes in the three triplexes

influence of this transition on the course of backbone can be compared with the free duplex are all between 1.5 and 1.6 A.
seen in Figure 5B. As we have previously shown, the variation

in the glycosyl torsion angles and the torsiprin the purine (28) Lavery, R.; Sklenar, HCurves 5.1 Manual; CNRS: Paris, 1996.
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This is largely a result of the large displacement of the helix Scheme 1

axis in the triplexes compared with the free duplex (cf. Table Kor Ky
3). THy < TH <+ T

In DD-R', the orientation of the Oznethyl group is quite KTH2 KTHi ¢KT
well determined, and makes numerous contacts, includirig H2
H2", and H3, to the m-1 purine residue in the minor groove of DSHZ?DSH?DS
the Watsonr-Crick duplex. t t

) ) SSSHy 4—»-SSSH 4—-SSS
Discussion
least stable triplex (DED) requires the most widespread
conformational changes, both in the purine strand and in the

different conformations. The most detailed information about SU9ars of the Hoogsteen strand, which suggests that some of

conformation is available for the purine strand, as a consequencdn® Pinding energy is lost in conformational rearrangement. DD

of better spectral dispersion (and therefore more experimentaIR Is intermediate i,n both stability and the degree of conforma-
restraints) than for the pyrimidine strands, but also because it ional changes. This parallels the order of the enthalpy changes,

interacts with two strands. The Hoogsteen strand makes direct@lthough it_ is probable that there are effects other than different
contacts with the purine strand, but not with the Wats@nick conformations. For exqmple, the RNA hy.droxyllprotons are
pyrimidine strand, so that changes in conformation in the purine ©ften thought _t06 contribute to stability via their hydrogen
strand can reflect direct effects of the formation of the triple POnding capacity® The greater stability of the CZDMe in this
helix. The most extensive conformational changes from the €2S€ Suggests that this contribution may be marginal. Indeed,
duplex states occur in DID where both A3 and A4 undergo a '.[he CZ-O_Me groups make numerous van der Waals contacts
transition fromy(g*) to (1), and a change in the glycosyl N the major-minor groove and presumably affect the hydration

torsion angle from the usual B-DNA value 6f100 to—120° on this groove compared with an RNA third strand.
to —140 to—150. This is achieved with no significant change
in the sugar pucker. However, it is associated with a substantial
variation in the position of the Hoogsteen strand and the width ~ Materials. d(AGAAGA-x-TCTTCT) (DD) and d(AGAAGA-x-
of the two grooves formed between the Hoogsteen strand andTCTTCT-x-TCTTCT) (DDD) were synthesized and purified as
the two WatsorCrick strandg#24A less extensive change in ~ Previously describef x is the linker O-(CHz)s—OPQ;~O—(CHz)s—.

: : - Two analogues were prepared in a similar manner, using different
the conformation of the purine strand was observed inRID phosphoramidites for the third (Hoogsteen) strand only, namely

where only A3 ;howe_d a significant amount ). Further- [d(AGAAGA-X-TCTTCT)x-U'CU'U'C'U] (DD-R’) where C and T
more, the chemical shifts of the duplex DNA strands were Very 4o the nucleotides modified with GOMe and [d(AGAAGA-x-

similar in DD-D and DDR, indicating rather similar overall  tcTTCT)-X-r(UCUUCU)] (DDR).
conformations. In DER’, however, the amount of the(t) Methods. Thermodynamic MeasurementsUV melting experi-
conformer in the purine strands was small. Furthermore, the ments were carried out and analyzed as previously descibEue
02-Me groups in DDR' provide additional cross-strand buffer used for the melting studies was 10 mM sodium acetate, 10
constraints, as they seem to populate predominantly one rotamermM sodium phosphate, 150 mM NaCland 1 mM EDTA. This provides
Significant changes in the conformation in the purine strand Sufficient buffering power over the pH range 4.8, while maintaining
occur on forming the triplex in addition to the general changes € Sodium concentration at 150 mM and the ionic strength between
. L. . 176 and 198 mM. All UV melting curves were measured in triplicate.
in helicoid parameters common to all three-third strands (Table

. LT Thermodynamic quantities were obtained from the melting curves
3). This should cost some of the intrinsic binding energy. The 4 yitferent )r;H valugs according to Scheme 1. g

conformational changes are in the order-DD> DD-R > DD- TH, represents the doubly protonated triplex, TH the two possible
R" which is consistent with ranking of their thermodynamic singly protonated triplexes, and T the fully deprotonated triplex. DSH
stability. There are also differences in the conformations of the DSH, and DS represent the dupfestrand states, and SSSHPSSH,
Hoogsteen strands; in DD, the third strand retains substantial and SSS represent the fully dissociated (all strand) state. The absorbance

The thermodynamic properties of the three triple helices are
quite distinct from one another, which is reflected in their

Experimental Section

C2-endo character, whereas in both BDand DDR' the at 260 nm depends on tAg values of the triplexduplex and duplex-
Hoogsteen strands are locked into theé-€8do conformation. strand transitions, their van’t Hoff enthalpies, and the specific absor-
As the latter two molecules are more stable than-DLit is bance of the triplex, duplex and strand states according to eq 1, as

plausible that the optimum conformation of a triplex is in fact previously described®:

with C3-endo sugars in the third strand, but for DNA this costs _
! A(T) = + K + KoK /(1+K. ., +K la
more energy to convert from mainly S to mainly N-type sugars. (1) = (Ar + Keapgflo + KiappKetaft9/ (1 KiapgKiapnfaapp) - (18)

On this argument, DED should be the least stable triplex, &S \yhere K, Kqapp are apparent dissociation constants. As the duplex
is indeed observed. stability is independent of pH in the range 8, Kaappis also independent
The observed thermodynamic stability of the triplexes seems of pH. Ky is the apparent dissociation constant of the triplex states
to correlate with the degree of conformational differences into the duplex plus strand states. The dissociation constants are
between the triplex and duplex states. It is plausible that thesetemperature-dependent according to:
conformational differences contribute substantially to the ob-
served enthalpy changes of dissociation of the triplexes. The
most stable triplex, DER’, is formed with minimal changes in

conformation of the DNA purine strand, so that binding energy constant, andly, is the melting temperature. From simulations and

is not used to drive changes in Confo.r'matlon to optimize triplicate measurements, we estimate the precision of the fitted
contacts. The O2nethyl groups make additional van der Waals  5rameters as+0.5 K for the T, values, andt10 kJ mot™ for the

interactions that are not possible in the DNA triplex, and they yan't Hoff enthalpies.
inhibit the g*/t transition in the purines which compresses the  The enthalpy of dissociation of the protonated triplex to the duplex
minor groove of the duplex. In contrast, the formation of the plus strand state can also be calculated from the dependefgeoof

Kiq = expl(AH /R)(1/Ty, — 1/T)] (1b)

where AH is the apparent van't Hoff enthalpy chandejs the gas
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pH. Assuming that the CytN3Honize independently, then the apparent
dissociation constant for triplex to duplex strand states as given in
Scheme 1 is:

K

app= Kripao(h? + K, + K)/(° + hK, + K.?)

@)

whereh = 107PH. The two K, values could be different, as is probably
the case for adjacent CGiCtriplets'® However, for the molecules

Asensio et al.

the RNA strand, as expected for an A-like structure. These angles were
constrained during the modeling to the range -18Q0°.

Constraints on the torsion anglewere obtained from the measure-
ments of) ». The values obtained for the purine strand and for most
residues in the third strand are consistent with a dominant rotamer in
the g* region. In addition some experimental information about the
backbone angle was obtained from the H3ine widths. It is known
that if the g~ rotamer is significantly populated, the larg&e (>20

studied here, the separation between the positive charges is at least 1612) Make theZy value much larger than 20 HzIn all casess were

A. We have previously shown for similar sequences that these charges

in the 12-18 Hz range in the DNA strands and in the-281 Hz range

are delocalized and that the degree of interaction between the protonated? the RNA strand (the values are larger in the RNA due to the larger

cytosines must be smait25

As the value of the g of CN3H (pKy) in the triplex state is higlt
h> K up to pH 8. Furthermore, for an intramolecular triple helix the
value of the apparent dissociation constant is unity at Tn.. Hence,
atT = Ty eq 2 simplifies to

Koy = h¥(h?+ hK,+ K 2 (3)

Assuming that a ~ 4.5 at 298 K and\Hjon = 18 kJ mof?,2° then

Juz-na that correspond to a G&ndo conformation) which rules out
this possibility. These data were not used to create constraints in the
structure refinement. Nevertheless, the final models were in perfect
agreement with it.

The starting structure used for the modeling was the triplex structure
of DD-D previously obtained by NMR: In that structure, no constraints
in the third strand sugar conformations were imposed. This gave S
type sugars for all residues. However, the two protonated cytosine
residues in the Hoogsteen strand showed a high fraction of the N state
according to the coupling constants. We have calculated an alternative

the right-hand side of eq 3 can be evaluated at each pH, and the valuegyrcture in which these two residues are constrained to N for further

of AHtu2 determined from a van't Hoff plot of Iiry2) versus 1T,

Similarly, at pH values for whiclKy < h < K (i.e., in the range
5.5 to 8%°

d(1/T,)/dpH ~ 2.30RAp/AH (4)

where Ap is the number of protons released on dissociation of the
triplex.

AG(t) will also be pH dependent through eq 2. In the rani¢ p~
pH > pK,

AG = —RTIn(K) ~ —RTIn Ky,K2+ 2pH 2.303)  (5)

NMR Spectroscopy.NMR samples were prepared in 10 mM sodium

detailed comparison. Both of these structures should be significantly
populated in solution.

Structures were refined and energy-minimized using Discover 95.0
(Molecular Simulations Inc., San Diego) with the Amber force field.
No electrostatics were included, and no distance cutoffs were employed.
Initial models were refined against the experimental data using a
common protocol as follows. The structures were first energy-minimized
with 500 cycles of conjugate gradients, followed by 1.5 ps of
unrestrained molecular dynamics at 600 K to partially randomize the
coordinates. The restraints were then applied, and energy-minimized
(500 cycles of conjugate gradients), followed by 5.5 ps rMD at 600 K,
5 ps rMD at 450 K and 10.5 ps rMD at 300 K, and finally energy-
minimized (2500 cycles conjugate gradients). The energies and
structures were stored, along with the violations and values of the torsion

phosphate, 100 mM KCI, pH 5.0. NMR spectra were recorded at 11.75 angles.

or 14.1 T on Varian UnityPlus and Unity spectrometers, respectively.

Spectra recorded at 500 MHz, 3CG: NOESY, DQF COSY, TOCSY,

and ROESY;+ 1D atT from 5 to 60°C. Phase-sensiti¥eNMR spectra

in H,O were recorded at 8 using Watergatéfor solvent suppression.
Modeling. Cross-peaks in NOESY and ROESY experiments were

classified by visual inspection as strong—25 A), medium (23.5

A), and weak (3-5 A) and used to create qualitative constraints. When

a methyl group was involved the bounds were: Strong23 A),

medium (2-4.5 A), and weak (3.55.5 A). Those proton pairs whose

For DD-D, a total of 328 nonredundant distances and 30 torsion
restraints were used (19.9 per residue), 176 distarc84 torsions
for DD-R' (11.5 per residue) and 165 distanee$0 torsions for DD
R (11.9 per residue). In addition, planarity restraints with a very low
weight factor of 5 kcal mot* rad? were applied to each triplet at all
refinement steps. This favors overall planarity of the triplets if no
specific distance restraints cause out-of-plane tilting of particular bases.
The force constant for the hydrogen bond constraints was 25 kcat mol
A~2, 50 kcal moi* A=2 for the NOE constraints and 60 kcal mbl

NOEs were absent in the 250 ms NOESY spectrum were constrainedad 2 for the dihedral constraints.

with a lower bound of 4.5 A.
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