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ABSTRACT

CD spectra and difference-CD spectra of (a) two DNARNA hybrid duplexes
(poly[r(A)d(U)J and poly[r(A)@d(T)]) and (b) three hybrid triplexes (poly-
[d(T)*r(A)'d(T)1, poly[r(U)"d(A)-r(U)J, and poly[r(T)@d(A)r(T)D) were ob-
tained and compared with CD spectra of six A*U- and AT-containing duplex and
triplex RNAs and DNAs. We found that the CD spectra of the homopolymer du-
plexes above 260 am were correlated with the type of base pair present (A¶U
or AT) and could be interpreted as the sum of the CD contributions of the
single strands plus a contribution due to base pairing. The spectra of the
duplexes below 235 rm were related to the polypurine strands present (poly-
[r(A)J or polyld(A)]). We interpret the CD intensity in the intermediate 255-
235 nm region of these spectra to be mainly due to stacking of the consti-
tuent polypurine strands. Three of the five hybrids (poly[r(A)d(U)J, poly-
[r(A)'d(T)], and poly[d(T)*r(A)d(T)J) were found to have heteronomous con-
formations, while poly[r(U)d(A)*r(U)] was found to be the most A-like and
polyCr(T)d(A)'r(T)1, the least A-like.

INTRODUCTION

The structure and function of DNA*RNA hybrids in biological processes

have been much less well studied than those of DNA and RNA. Yet, hybrids are

involved in the key biological processes of replication and transcription.
(1) DNARNA hybrids are required as primers during replication of both pro-

caryotic and eucaryotic genomes,1'2 and are intermediates in the reverse

transcription of retroviral RNA.1-3 (2) Hybrids may also be intermediates

during DNA synthesis by unique mitochondrial DNA polymerases that have a

great deal of sequence homology with known reverse transcriptases.4'5 (3)
There is an exploitation of hybrids in genetic experiments with mRNAs being

used as probes of gene location and size in viral and cloned DNAs,6 and

with DNA inhibitors being used to control translation.7'8 (4) The lability
of some hybrid sequences such as oligo[d(A)'r(U)] may help add to the disso-

ciation of RNA messengers from their DNA templates during transcription.9'10
The secondary structure of a DNA-RNA hybrid was first investigated by

Milman et al.,11 who obtained fiber-diffraction data of fd phage DNA plus its
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transcribed RNA. The authors found that the hybrid duplex had diffraction
patterns characteristic of the A conformation (i.e. 11 base pairs per helical

turn, C3'-endo furanose conformation12). Fiber data for poly[r(I)"d(C)]'3
indicated that the hybrid was isostructural with its RNA analogue, poly-

[r(I)r(C)], and was in the A' conformation (12 base pairs per helical turn,
C3'-endo furanose conformation12). From these data, it has been considered

virtually canonical that all DNA"RNA hybrids have the secondary structure of

the A family. Various studies of hybrids have now demonstrated that not all

are A-form. Gray and Ratliff14 have shown that CD spectra of poly[d(A-C)-
r(G-U)] and poly[r(A-C)d(G-T)] are intermediate to CD spectra of their

respective DNA and RNA counterparts. A study by Zimmerman and Pheiffer15
showed that the homopolymer hybrid poly[r(A)'d(T)] can have two distinct
secondary structures (A' or B-like). The authors suggested that the B-like
conformation found in wet fibers is actually heteronomous, i.e. the two

strands of the duplex maintain different conformations.15 Specifically, they

suggested that the poly[r(A)J RNA strand has an A-like conformation, while
the polyld(T)] DNA strand has the sugar pucker of the B conformation. Arnott

et aZ.16 have proposed that the homopolymer hybrids poly[d(A)*r(U7] and

poly[d(I)-r(C)J might also have heteronomous secondary structures. In both

instances, the DNA strand has the B-form C2'-endo deoxyribose pucker, while

the RNA strand has the A-form C3'-endo ribose pucker.16
Fiber diffraction techniques have led to a determination of the confor-

mations of regular, triple-stranded complexes of homopolymer purines and
pyrimidines (poly[r(U)r(A)"r(U)], poly[r(U)"d(A)r(U)], poly[d(C)-d(I)
d(C)J, and poly[d(T)9d(A)*d(T)]).17'19 The consensus concerning these tri-
plexes is that they can form if the second polypyrimidine strand binds
through Hoogsteen base pairing in the major groove of a Watson-Crick base-
paired duplex.20 All three strands of such triple-stranded structures have
been shown to be A-form, albeit with reduced base tilt,'9 with the second

polypyrimidine strand running antiparallel to the first polypyrimidine
strand.'8 Raman spectroscopy of poly[r(U)9r(A)r(U)J suggests that the con-

formation of ribose in the two pyrimidine strands may differ, with C3'-endo
pucker in the central duplex and C2'-endo pucker in the third added strand.21
Triplex structures composed of monomeric22 or dimeric23'24 rA or dA with

poly[r(U)l can also form at high concentrations of salt.

Optical studies have demonstrated the formation of more unusual triple-

stranded nucleic acids such as poly[d(T)*d(A)-r(U)1J,25-27 poly[d(T)"r(A)
d(T)J ,25 poly[d(T)"r(A)"r(U)1,25 poly[r(T)d(A)-r(T)J,28 poly[r(5-ethyl-U)"
r(A)*r(5-ethy -U) ,29 poly[r(U)r(2-amino-A)*r(U)1,30 poly[d(T-C)d(G-A)e
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d(C+-U) I , and poly[d(T-C)d(G-A)"d(C+-T)J.31 Triplexes such as polyLr(I)

r(A)-r(I)J19 and poly[r(U)r(A)r(I)]32 exist since hypoxanthine has the same
functional imino and carbonyl groups as uracil. Finally, it has been sugges-
ted that poly[r(5-bromo-U)"r(N6-methyl-A)-r(5-bromo-U)I adopts a novel base
pairing scheme in which the N6-methyl group of the purine rotates to alter-

nately hydrogen-bond with the C2-oxygen atoms of both polypyrimidines.33
CD investigations of hybrids and triplexes are sparse although CD spec-

tral features of the B-, A-, and Z-forms of DNAs and RNAs have been delin-
eated.34-37 As mentioned above, Gray and Ratliff14 have shown that CD spec-

tra of poly[d(A-C)"r(G-U)J and poly[r(A-C)"d(G-T)l 4re unique, with bands

inconsistent with either a pure B or a pure A conformation. CD and NMR

studies of the hybrid oligo[d(T-C-A-C-A-T)r(A-U-G-U-G-A)] and of its DNA

analogue suggest that both duplex oligomers have B-form secondary structures
at 5°C, although end effects may play an important structural role in the
conformations of these relatively short oligomers.38 A study of the hybrid
copolymer poly[r(G)-d(C)] demonstrated that its CD spectrum has features of
the Z-form at low [Na+l, those of the A-form at intermediate [Na+l, and

those of the Z-form at very high [Na+J.39 Several investigations of drug
interactions with hybrids have also suggested that the conformations of some

DNARNA hybrids are not A-form. For example, the antibiotic netropsin, which
requires the B-conformation for binding to the minor groove, shows a higher
degree of binding to poly[r(A)"d(T)1 than to poly[r(A)*d(U)J (which has a CD

spectrum unlike poly[r(A)d(T)J and is more like that expected for an A-

conformation).40 However, a CD study of the binding of the anti-tumor agent

CC-1065, which also requires the B-form, suggests that both poly[r(A)-d(T)l
and poly[r(A)"d(U)] can be induced to assume the B-conformation.41 Final ly,
it was demonstrated during a CD study of the effect of 2'-fluroribose substi-
tution for ribose that the spectrum of poly[d(I)r(C)l resembles spectra of

its RNA analogue and poly[fluro-d(I)"r(C)l, while the spectrum of poly[r(I)e
d(C)J resembles spectra of its DNA analogue and poly[fluro-d(I)"d(C)J.42

In this work, we have used CD spectroscopy to monitor the secondary
structure of AT and A"U duplex and triplex hybrids. An advantage of utiliz-

ing CD spectroscopy is its sensitivity to aspects such as base tilt, base

stacking, and nearest-neighbor frequency.34'43 However, the interpretation
of CD spectra relies largely on empirical associations of spectra with known
polymer conformations. We have assumed that the RNAs poly[r(A)-r(U)l and

poly[r(U)Or(A)"r(U)J are A-formI2,17 and that the DNA poly[d(A)-d(T)J is

close to the B-form,44945 (see conclusion no. 5), and we have relied on these
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as references for the solution structures of the other polymers.
We obtained absorption and CD spectra for two double-stranded and three

triple-stranded homopolymer hybrids at pH 7.0 and various concentrations of
Na . The duplex hybrids investigated were poly[r(A)d(U)J and poly[r(A)

d(T)], while the triplex hybrids studied were poly[r(U)d(A)r(U)], poly-

[r(T)d(A)r(T)]L and poly[d(T)*r(A)d(T)J. We compared the hybrid spectral
data with data for six duplex and triplex RNAs and DNAs. RNAs and DNAs used
for comparison were po ly[r(A)*r(U)], po1y[r(U)*r(A)*r(U)], po ly[d(A)*d(U)J,
po ly [d(U)-d(A)"d(U) ], po ly[ d(A)d(T)], and po ly [ d(T)*d(A)d(T)].

METHODS

Single-stranded homopolymers (mol. wt. > 100,000 g) were obtained from
either Sigma (poly[r(A)], poly[d(A)], poly[r(U)], and poly[d(T)]) or P-L

Biochemicals (poly[d(U)]). All polymers were dialyzed into phosphate buffer
(pH 7.0) as described previously46 to a final Na+ concentration of 0.100 M.
Extinction coefficients at 257 nm (E257) of poly[r(A)] and poly[d(A)J were
taken to be 10,00047 and 9,65078 LmolV'cm1, respectively, while the e260

values of poly[r(U)J, poly[d(U)J, and poly[d(T)j were taken to be 9,430,47
9,900,49 and 8,14048 Lmol lcm , respectively, at 0.100 M Na+, 20°C.

The duplex and triplex homopolymers were obtained by mixing the single-
stranded constituents in phosphate buffer (pH 7.0) at the cation concentra-

tions noted in Table I. An exception was poly[r(T)d(A)Or(T)J which was syn-

thesized as described below. The polypyrimidine and the polypurine solutions
were adjusted to equal concentration (+0.25x), as determined by their absorp-
tion spectra and the above extinction coefficients. Polymer concentrations
in terms of nucleotides were ca. 8.5 x 10 5 molL 1. The two solutions were

mixed to yield nine samples with pyrimidine percentages of 100, 80, 67, 60,
50, 40, 33, 20, and 0O, to + 0.5x. Samples were allowed to stand at room

temperature for 4-5 h to allow sufficient time for duplex or triplex forma-
tion. An exception was poly[r(A)] plus poly1r(U)J mixing in phosphate
buffer ([Na+J - 0.100 M, pH 7.0) where a period of 24 h was needed to effect
formation of the duplex, since it is formed by disproportionation of triplex
and free poly[r(A)].47 To avoid precipitation of poly[r(A)] at salt concen-
trations > 1.0 M,25 mixtures containing polylr(A)J were first made with phos-
phate buffer ([Na+] - 0.100 M, pH 7.0), to which buffered, concentrated solu-
tions of Na2HP04 (plus CsCl in the case of poly[d(T)r(A)*d(T)J) were then
added so that the final pH value was 7.0. Consistent with published reports,
we were unable to generate poly[d(A)"r(U),25,50 or poly[d(U)r(A)*d(U)J.49

Absorption spectra of each of the nine samples in an experiment were
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recorded at 20°C +0.5' in a Cary-Varian Model 118C recording spectrophotome-

ter. Mixing curves (not shown) for the RNA, DNA, and hybrid homopolymers

were generated by plotting the C260 of each of the nine samples as a function

of the mole fraction of polypyrimidine. Proof that the stoichiometry (poly-

pyrimidine:polypurine) of the samples was either 1:1 or 2:1 was obtained

from the mixing curves by noting the mole fraction of polypyrimidine (either

0.50 or 0.67) that yielded the greatest hypochromicity at 260 nm.

For mixtures of (a) poly[r(A)] plus polyLr(U)J at both 0.100 and 1.01 M

Na+, (b) poly[d(A)] plus poly[d(U)] at 0.88 M Na+, and (c) poly[d(A)l plus

poly[d(T)J at 1.11 M Na+, both duplexes and triplexes could be formed de-

pending on the stoichiometry of the mixtures. In these cases, only the tri-

plex could be detected at 260 nm. To distinguish the duplex forms, mixing

curves were also plotted at an isosbestic wavelength of the 1:1 mixture and

the free polypurine. (In the above cases, the isosbestic wavelengths used

were 278.5 nm, 279 nm, and 275.3 nm, respectively.) At this wavelength, a

breakpoint in the new mixing curves was detected at a mole fraction of 0.50

pyrimidine, proving that we obtained the duplex as well as the triplex form.

The e260 values for each of the duplexes and triplexes are given in Table I.

Poly[r(T)"d(A)r(T)J was made as fol lows. Ribothymidine triphosphate (5-

methyl UTP) was synthesized from rTMP using the procedure of Ott et at.51

Poly[r(T)l was synthesized on a poly[d(A)l template using 75 A262 units of

rTTP, 45 A260 units of poly[d(A)l (average length - 1,000 nucleotides), and

E. coti RNA polymerase under previously described conditions.14 After depro-
teinization, 76 A260 units of the hybrid complex were isolated and dialyzed

in phosphate buffer (0.010 M [Na+], pH1 7.0). Computer-aided curve-fitting of

the absorbance spectrum of a sample at 60°C (using 60°C spectra of poly-

ld(A)] and poly[d(T)I as references) indicated that the ratio of polyld(A)]
to poly[r(T)J was 1:1). However, the hybrid complex in 0.100 M Na+ (phos-
phate buffer, pH 7.0) could bind a 1/4 nucleotide equivalent of free poly-

ld(T)], showing that free poly[d(A)l was present and that the hybrid complex
was not double-stranded, but rather triple-stranded as described earlier.28

Thus, at 0.100 M Na+, the samples of poly[d(A)l plus synthesized poly[r(T)J
contained 75% poly[r(T)-d(A)-r(T)] and 25% poly[d(A)J. To process the ab-

sorption and CD spectra, we assumed the £260 value of poly[r(T)Wd(A)r(T)J to

be equal to that of polyCd(T)*d(A)"d(T)J, which is 530025 at 1 M Na'.

Digitized CD spectra of selected samples (100, 80, 67, 50, 33, and 0%

polypyrimidine) at 20C + 0.50 were obtained with either a Cary Model 61 or

a Jasco J500A circular dichrometer and processed with a Varian 620i or
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240 260 280
Wavelength (nm)

Figure 1. CD spectra of poly[r(A)l and poly[d(A)i at pH 7.0 (phosphate
buffer) and the cation concentrations indicated.

Hewlett Packard 9816 computer, respectively. Both CD instruments were calib-
rated with d-10-cauphorsulfonic acid (Aldrich Chemical Co.) as described

earlier.52 CD spectra were smoothed as in earlier work.52 CD data are

plotted as eL-ER in units of L"(mol nucleotide)-lcm71. To generate the CD

spectrum of polylr(T) d(A) r(T)I, the 25X contribution of free poly[d(A)l was

subtracted from the molar spectrum of the poly[d(A)J-plus-poly[r(T)j complex,
and the resulting spectrum was multiplied by 1.333.

RESULTS An DISCUSSION

,g Siuale-Stranded Hosouolers
The CD spectra of poly[r(A)l and polyld(A)J from 320 to 205 nm are given

in Fig. 1. Poly[r(A)J had a spectrum composed of four, large (IeL-£RI 2 8.0
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d(U) 0.100 M -

d(T) 0.IOOM
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200 220 240 260 280 300 320
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Finure 2. CD spectra of poly[r(U)l, poly[d(U)], and polyld(T)] at pH 7.0
(phosphate buffer) and the cation concentrations indicated.

LmolFi.cm-1) CD bands, centered at 263, 247, 219, and 206 nm. The spectrum

of poly[d(A)J had a compound band of small magnitude (ISL-nRI 3.0 Lmol 1-

cm-') at 292-261 nm, a band of moderate intensity (leL-_eRl 6.0 L"mol'1
cm7l) centered at 250 nm, a large, compound CD band centered at 218 am, and

a large band at 206 nm. Increasing the [Na+J from 0.1 to ca. 1.0 H had very

little effect upon the CD spectrum of polyld(A)] (not shown), but did slight-

ly depress the CD bands of poly[r(A)] (Fig. 1). The CD spectra of both poly-

1r(A)J and poly[d(A)] showed a spectrum-wide increase in CD intensity and

band complexity relative to that of their mononucleotide components due to

the sugar-specific geometry of the stacked bases.53'54
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Figure 3. CD spectra of homopolymer duplexes at pH 7.0 (phosphate buffer)
and the cation concentrations indicated.

Changes in the CD spectra of pyrimidine mononucleotides upon polymeriza-
tion are not as great as those for the purine mononucleotides.53'54 Fur-

thermore, pyrimidines have less tendency than purines to stack in solu-
tion.55-57 An exception is poly[r(T)], vhich shovs a very large (1001)
hyperchromicity upon hydrolysis to mononucleotides.58 The CD spectra of
poly[r(U)J, poly[d(U)3, and polyld(T)] are shown in Fig. 2. All three poly-
pyrimidines had two CD bands of moderate magnitude above 230 nm, with very
slight differences between poly(r(U)J and poly[d(U)J in the intensity of the
two bands at 270 and 245 nu. The spectrum of poly[d(T)1, with CD bands
centered at 276 and 252 nu, was redshifted by 6-7 as relative to the spectra
of poly[r(U)l and poly[d(U)J. Altbough the CD spectra of poly[r(U)] and
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poly[d(U)J from 230 down to 210 nm had magnitudes of . 1.0 Lmoll-'cm l,

poly[d(T)] had a distinct CD band of small intensity at ca. 220 nm. Increas-

ing the [Na+] from 0.1 to ca. 1.0 M slightly depressed the CD bands of all

three polypyrimidines, as typified by changes shown in Fig. 2 for poly[d(T)J.
CD gf DuPlex Homonol3mers

Fig. 3 shows CD spectra of the double-stranded polymers, which for con-

venience can be divided into three wavelength regions; 300-255 nm, 255-235

nm, and 235-205 nm. Above 255 nm, the spectrum of poly[r(A)-d(U)] was the

most similar both qualitatively and quantitatively to that of the RNA (A-

form), while the spectrum of poly[r(A)"d(T)l was intermediate in both shape

and magnitude to that of the RNA and the two DNAs (B-form). In this wave-

length region, the magnitude of the CD bands of the homopolymers depended on

whether the attendant purine strand was polyLr(A)] or polyld(A)J.

In the 255-235 nm region, the spectrum of polylr(A)"d(U)J was interme-

diate to that of the RNA and the two DNAs, while the spectrum of poly-

[r(A)"d(T)] was virtually identical to that of its DNA analogue, poly[d(A)"
d(T)J. However, both hybrids actually underwent smaller CD changes on duplex

formation than did the RNA or DNAs, as will be discussed below.

The most informative region of the CD spectra of the duplexes was below

235 nm. In this region, the spectra of the hybrids were quite similar to

that of the RNA and thus easily distinguishable from the spectra of the

DNAs; in essence, the CD spectra of the duplexes in this region were corre-

lated with the presence of polykr(A)] or poly[d(A)J strands. This should not

have been surprising since the CD spectra of the isolated polypyrimidines
were small in this region in comparison with the spectra of poly[r(A)J and

poly[d(A)J. As a result, the spectra of the duplexes at wavelengths < 235 am

were related in both magnitude and shape to the spectra of the free polyade-

nosine strands [r(A) or d(A)]. Specifically, poly[d(A)"d(T)] and poly-

[d(A)"d(U)] had CD bands at ca. 217 nm of slightly more than one-half the

magnitude of this band in the spectrum of free poly[d(A)J, while polykr(A)-

d(U)l, poly[r(A)Id(T)], and poly[r(A)"r(U)J had CD intensities at ca. 220 nm

of a little less than one-half that of the CD of polylr(A)]. Furthermore,
poly[d(A)J and the two DRAs had low-wavelengths crossover points at ca. 210

am, while polylr(A)J, the RNA, and the two hybrids had low-wavelength cross-

over points at ca. 215 mm. These facts implied that the polyLr(A)J and poly-
[d(A)J strands retained much of their original structure in the duplexes.

To aid in the study of the secondary conforat ions of the duplexes, we

subtracted the average of the CD spectra of the single-strand constituents
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Fiaure 4. Difference-CD spectra for the double-stranded polymers whose CD
spectra are shown in Figure 3. The spectra were calculated by subtracting
the average of the CD spectra of the single-stranded homopolymer constituents
from the CD spectrum of each duplex.

from the CD spectrum of each duplex (at the same salt concentration). From

such difference-CD spectra, we derived changes in the CD of the single
strands plus the CD arising from interactions that took place on formation of

the double-stranded structures. Those changes are shown in Fig. 4. Two

wavelength regions, 300-260 nm and 250-240 nm, were especially helpful in

understanding the CD of the five duplex homopolymers.
Despite great variance in CD magnitude and spectral shape from 300-255

nm for the different duplexes (Fig. 3), all the poly[Ul-containing duplexes

had a positive difference-CD band at 300-280 nm (Fig. 4, bracket 1), while
the two polylTI-containing duplexes had a negative difference-CD band from
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290-265 nm (bracket 2). We concluded that the CD spectra of the duplex poly-
mers from 320-260 am was correlated more with the tvye of base pair vresent

WU or AT) and with the conformations of the sinle strands rather than

with the secondary structure of the resultinu duplex. In effect, at wave-

lengths 2_ 260 mm, the CD spectrum of a given duplex was determined principal-

ly by whether the polypurine strand was ribo- or deoxyribo- and was modified

by whether the polypyrimidine strand contained U or T.

In contrast to the difference-CD bands in the 300-260 nm wavelength re-

gion, difference-CD bands from 250-240 nm had intensities and shapes that

appeared reflective of the secondary structure of the duplexes. Bracket 3

shows that the RNA duplex had by far the largest positive difference-CD band,

which mirrored the greater breadth of the CD band of polylr(A)*r(U)] when

compared with the same band for the other duplexes. Bracket 4 demonstrates

that the two DRAs clustered together in this region and had large, negative

difference-CD bands. Bracket 5 shows that the hybrids, poly[r(A)d(U)l and

poly[r(A)*d(T)], held difference-CD intensities intermediate to those of the

DNAs and the RNA, despite the fact that poly[d(A)'d(T)] and poly[r(A)*d(T)]
had the same CD intensity at 248 nm. We also noted that at wavelengths . 230

nm, the difference-CD spectra of the duplexes clustered with respect to

whether they contained poly[r(A)J (bracket 6) or poly[d(A)J (bracket 7).
The 250-240 nm region of the difference-CD spectra of the duplexes ap-

peared to result from increased stacking of the polypurine strands. For

example, the CD at 248 nm of poly[d(A)"d(T)J and poly[d(A)*d(U)I (Fig. 3) was

more negative than the average of the single-stranded components (Fig. 4).
Since the CD of the duplexes below 235 nm indicated that the overall confor-

mations of the free poly[AJ strands had changed little on becoming part of

the duplexes, and since a narrow 248 nm band was unique to the poly[Al
strands, we concluded that poly[d(A)J increased its stacking within the DNA

duplexes. This was in agreement with Greve et al.,59 who studied the CD of

poly[d(A)'d(T)J and poly[d(A-T)J and suggested that the magnitude of this

band represented the extent of base stacking.
The difference-CD of poly[r(A)-r(U)] (Fig. 4> showed a lrge, positive

band at 250-240 nm due to the increase in breadth and magnitude of the

positive CD band at 292-249 nm (Fig 3). Such an increase in the CD band on

duplex formation could have resulted from increased stacking of poly[r(A)J in

the duplex. The idea that polyLr(A)l increased its stacking in the RNA is

not inconsistent with our conclusion above that increased stacking of the

polyld(A)1 strand led to an increased negative CD in the 250-240 am region,
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since poly[d(A)l does not share with poly[r(A)] the large, positive CD band.

The CD of poly[r(A)*d(T)J from 250-240 nm was relatively close to the

average of its constituent homopolymers (Fig. 4). This fact, along with the

characteristic poly[r(A)l CD bands evident below 235 nm in Fig. 3, implied

that poly[r(A)] and poly[d(T)J changed their respective secondary structures

relatively little upon formation of the hybrid duplex. Thus, our results for

poly[r(A)"d(T)] agreed with the finding of Zimmerman and PheifferI5 that the

two separate strands of the duplex hybrid have different secondary conforma-

tions in wet fibers, and as such constitute a heteronomous duplex.

The constituent poly[r(A)] and poly[d(U)] strands also seemed limited in

their conformational changes on forming poly[r(A)-d(U)]. Both the CD spec-

trum and the difference-CD spectrum from 280-240 rnm were less positive for

poly[r(A)"d(U)] than for poly[r(A)r(U)]. Since the CD of the duplexes below

235 nm indicated only small conformational changes in the poly[r(A)J strand,

and since poly[r(U)] and poly[d(U)] (Fig. 2) had virtually the same CD, we

attribute the spectral differences between the RNA and poly[r(A)'d(U)J to be

mainly due to structural differences between polytr(U)] and poly[d(U)J in the

respective duplexes. Both netropsin and CC-1065 require the B-form to bind

to nucleic acids, and both bind poly[r(A)-d(U)i.40'41 Poly[d(U)] may allow

the hybrid to retain some aspects of the B-form in the duplex helical struc-

ture such as base tilt or a less shallow minor groove, as is true of poly-

[r(A) d(T)J.15 Thus, poly[r(A)*d(U)] was probably heteronomous in solution.
CD of Trilplex Homoriolvmers

CD spectra of the six triple-stranded homopolymers are shown in Fig. 5.

Four of the spectra correspond to adding another polypyrimidine strand to the

dup lexes [r(A)*r(U) 1, [ r(A)*d(T)], [d(A) d(U) J, and [d(A)*d(T)i. Two trip le-

stranded polymers, poly[r(U)*d(A)Ir(U)I and poly[r(T)"d(A)r(T)J, do not

correspond to available duplexes, and an additional poly[d(U)] strand could

not be added to polylr(A)d(U)l to form the expected triplex.
Three wavelength domains characterize the spectra in Fig. 5; 300-255,

255-235, and 235-205 nm. Trip lexes composed of one polypurine and tvo poly-
pyrimidine strands are generally thought to be A-form.19 However, CD bands

in the three wavelength regions did not always offer a pattern of shapes and

intensities like that of poly[r(U) r(A)*r(U)1, a model A-form triplex.1719
Above 255 am, spectra of poly[r(U)-d(A)*r(U)I and poly[d(U)Od(A)Id(U)J resem-

bled the triplex RNA spectrum, vhile spectra of poly[d(T)*d(A)*d(T)j and

poly[r(T)-d(A)-r(T)J had compound CD bands of similar shape and magnitude to

those of the duplex DNA, poly[d(A)"d(T)J. The spectrum of the third hybrid
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Figure 5. CD spectra of homopolymer triplexes. The spectra of the six
triple-stranded polymers were obtained at pH 7.0 (phosphate buffer) and at
the cation concentrations indicated. Note that poly[d(T)"r(A)'d(T)J was
formed in 2.5 M CsCl and 0.275 M Na2HPO4, pH 7.0.

triplex, poly[d(T)r(A)*d(T)], had a band shape and intensity intermediate to

the CD bands of the other two triplex hybrids. On the other hand, in the

255-235 nm wavelength domain, the CD of poly[d(T)r(A)*d(T)] was like that of

the DNAs, while the spectra of poly[r(U)*d(A)-r(U)] and poly[r(T)-d(A)-r(T)l
were intermediate in magnitude to those of the triple-stranded RNA and DNAs.
Below 235 nm, CD spectra of all six triplexes were very similar, although
po1y[d(T)*d(A)*d(T)1 and poly1r(T)*d(A)*r(T)] differed from the others in

having their lowest wavelength crossover point redshifted by 10-12 tm.

Using difference-CD calculations, we obtained additional data for four

of the six triplexes, as shown in Fig. 6. Specifically, we subtracted 2/3
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Fiaure 6. Difference-CD spectra for four triple-stranded polymers. The
spectra were calculated by subtracting 2/3 of the spectrum of the correspond-
ing duplex plus 1/3 of the spectrum of the appropriate polypyrimidine from
the CD spectrum of a given triplex.

of the spectrum of the corresponding duplex plus 1/3 of the spectrum of the

appropriate polypyrimidine from the CD spectrum of a given triplex in the
same environment. This gave the CD changes of the third strand and its
interactions with the duplex upon formation of the triple-stranded polymer,
plus the CD resulting from any conformational changes in the duplex.

For poly[d(U)d(A)-d(U)J, the difference-CD spectrum revealed bands

peculiar to CD spectra of A-form nucleic acids,35 reflecting the many struc-

tural changes in poly[d(A)-d(U)] and polyld(U)] that apparently accompanied a
B- to A-like conformational transition. The difference-CD spectrum of poly-

[d(T)d(A)*d(T)] was similar to that of poly[d(U)-d(A)d(U)J, especially in
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having a large negative CD at low wavelengths; however, there were differ-

ences in band shape and intensity from 280-262 am. Poly[r(U)-r(A)"r(U)] had

a somewhat conservative difference-CD spectrum with bands centered at 274 and

250 nm, while the spectrum of poly[d(T) r(A)*d(T)j had very small difference-

CD bands centered at same wavelengths and of the same sign.

Both the magnitude and position of the bands in the CD spectrum of poly-

[r(U)r(A)r(U)] and their similarity to the magnitude and position of CD

bands of poly[r(A)-r(U)] were consistent with an A-form polymer. Difference-

CD spectra of both poly[r(A)"r(U)] and poly[r(U)"r(A)"r(U)] show positive

bands at ca. 250 nm, which could have resulted from progressively increased

stacking of poly[r(A)] in the duplex and triplex RNAs. This interpretation

is supported by a Raman study2l that detected increased stacking of poly-
[r(A)] in the triple-stranded RNA relative to its stacking in the duplex.

Poly[r(U)Od(A)"r(U)] bore great similarity to poly[r(U)"r(A)"r(U)] in CD

band shape, position, and intensity, and thus, was the most A-like of the

hybrid triplexes. We deduced that the poly[d(A)] strand must have been

forced to assume structural features of the A-form by the two poly[r(U)]
strands. Conversely, poly[d(U)"d(A)-d(U)] had a CD band at 262 nm of slight-

ly lower intensity than poly[r(U)"d(A)"r(U)J], a CD band at 245 nm of the same

intensity as poly[d(T)"d(A)*d(T)] and poly[d(T)*r(A)"d(T)], and a crossover

point at 225 nm unlike four of the other five triplexes. CC-1065 will bind

strongly to poly[d(U)*d(A)-d(U)] and weakly to poly[r(U)"d(A)-r(U)],41 im-

plying that the two differ considerably in secondary structure. Thus, while

the conformation of poly[r(U)*d(A)"r(U)] was almost identical to that of the

A-form RNA triplex, poly[d(U)"d(A)"d(U)j was not completely A-like.

Since the difference-CD spectrum of poly[d(T)"r(A)"d(T)J showed little

change of the constituent heteronomous duplex and single strand on formation

of the triple-stranded structure, the overall conformation of the triplex

itself was likely heteronomous. This implied that poly[d(T)] was stacked

equivalently as a single-stranded polymer and in the triplex at 3.05 M.

The CD spectra of poly[d(T)"d(A)9d(T)J and poly[r(T)-d(A)"r(T)] showed

great similarity to one another and thus likely had very similar conforma-

tions. Netropsin and CC-1065 bind strongly to poly[d(T) d(A)Od(T)] and may

recognize, as suggested by Krueger et aZ.,41 structural features of triplexes
held in common with the B-form such as base tilt and vertical rise per resi-

due. The existence of the low-wavelength, negative band in the CD spectra of

poly[d(T)ed(A)-d(T)J and poly[r(T)"d(A)-r(T)J, and in the difference-CD spec-

trum of poly[d(T)'d(A)"d(T)] was the only suggestion that these polymers had
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A-like character. We concluded that of all the triple-stranded polymers,

poly[d(T)d(A)d(T)J and poly[r(T)*d(A)*r(T)] were the least A-like.

CONCLUSIONS

Our conclusions concerning the A-U and AT duplex and triplex hybrids

were based on analyses of both CD spectra and the difference-CD spectra, and

are enumerated below. Table I summarizes our interpretation of the solution

conformations of the various homopolymer duplexes and triplexes.

1. CD bands of the duplex spectra below 235 am gave a clear indication

that the poly[r(A)] and poly[d(A)J strands had the same conformations when

paired in the duplexes as when free in solution, except for minor changes

(e.g. in base stacking) that affected band intensities.

2. Difference-CD spectra, changes in the CD of the single-stranded

homopolymer constituents on formation of the duplexes (Fig. 4), revealed a

region of the CD spectrum to be extremely sensitive to base composition,
300-260 tm. Specifically, above 260 am, the difference-CD of a homopolymer
duplex was correlated with its constituent base pair (A-U or AT) irrespec-

tive of the sugar (ribose or deoxyribose) present in eitber strand. This

implied that in this wavelength region, the CD spectra of homopolymer KNA,

DNA, and hybrid duplexes were principally a product of the secondary struc-

ture of the component single-strands and the type of base pair they formed.

The difference-CD results for the duplexes revealed a region at 250-240

nm that was apparently sensitive to the secondary structure of the duplex

polymers. That is, the difference-CD spectra were divided into three groups

containing (a) the RNA, (b) the two hybrids, and (c) the two DNAs. In part,

this division resulted from differences in some aspect of conformation such

as stacking of poly[r(A)l and polyld(A)], with the CD of duplexes containing

poly[r(A)J being more positive and the CD of duplexes containing poly[d(A)J
being more negative than the average CD of their respective single-strands.

3. CD spectra of the double- and triple-stranded hybrids generally dif-

fered from the spectra of the non-hybrid DNA and RNA polymers. These differ-

ences ref lected the type of base pairing (and cross-strand interactions) as

well as the conformations of the individual strands. We found that the

conformation of a DNAIRNA hybrid in solution can not always be determined

from a cursory examination of its CD spectrum. For example, although the CD

spectrum of poly[r(A) *d(U)1 resembled that of poly[r(A) *r(U)1, there vere

significant differences in the magnitudes of the CD bands above 235 nm that

could be interpreted in terms of structural differences in the poly[d(U)l and
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Table I.
Solution Conformtions of Romopolymer Duplexes and

Triplexes from Their CD Spectra.

Polymer Conformation8 ~~~Cation* c c
tPolyr Confortioll- Concentrationb 260

Duplexes

1. poly[r(A)r(U)J A 0.100 M Na+ 6680

2. poly[r(A)Wd(U)] heteronomous 0.100 H Na+ 7190

3. poly[r(A)"d(T)] heteronomous 0.100 M Na+ 6280

4. poly[d(A)*d(U)] B 0.88 H Na+ 6550

5. poly[d(A)d(T)J B 0.100 M Na+ 6150

Triplexes

1. poly[r(U)r(A)rr(U)] A 1.01 M Na+ 5510

2. poly[d(T)*r(A)*d(T)] heteronomous pMus 5710
2.50 M Cs+

3. poly[r(U)Od(A)Or(U)j A 0.100 M Na+ 5830

4. poly[r(T)*d(A)*r(T)] least A-like 0.100 M Na+ 5300

5. poly[d(U)*d(A)d(U)J not fully A-like 0.88 M Na+ 6020

6. poly[d(T)d(A)'d(T)J least A-like 1.11 M Na+ 5140
a H'Heteronomous" means that CD characteristics of the separate strands are
maintained in the CD spectrum of a hybrid.

b Na+ was added as Na2HPO4, except in the case of poly[d(T)r(A)-d(T)1
where Cs+ was added as CsCl buffered with Na2HP04 so that the final pH
was 7.0.

c Extinction coefficients (L-mol'l-cm'1) determined from our mixing curves
and the known values for the homopolymers (see Hethods). In the case of
poly[r(T)1d(A)r(T)], the e260 was assumed to be equal to that of poly-
[d(T)*d(A)*d(T)1, for which we used a published value (Ref. 25).

poly[r(U)] strands. This result helped lead us to the conclusion that the
solution structure of the poly[r(A)-d(U)] hybrid was actually heteronomous.

4. Hybrids and triplexes in solution do not necessarily hold the A

secondary conformation as is often assumed in the literature. In fact, of

the two duplex and the three triplex hybrids, only poly[r(U)-d(A)-r(U)], ap-

peared to have a conformation congruent with its RNA analogue. Excepting
poly[r(U)"d(A)-r(U)J, the hybrids investigated here appeared to have solution
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structures which were either heteronomous (poly[r(A)"d(U)J, poly[r(A)d(T)],
and polyld(T)r(A)d(T)]) or at least intermediate to those of the A- and B-

forms (polyld(U)d(A)d(U)]). In addition, we found that the spectrum of the

DNA polyld(T)d(A)d(T)], like that of poly[r(T)"d(A)-r(T)J, had only one

feature indicative of A-like character, a negative band at low wavelengths.

Our conclusion concerning the heteronomy of poly[r(A)d(T)l is in agree-

ment with Zimmerman and Pheiffer's interpretation of X-ray diffraction data

of wet fibers of this polymer.15 Our data, in particular the fact that the

CD spectrum of the hybrid retained features of an A-form polypurine strand,

appear to be in conflict with an NMR-derived model that employs Cl'-exco

puckers (similar to C2'-endo) on both strands of the hybrid.60 However, the

intrinsic form of the sugars is not directly detected by CD measurements.

5. We found no evidence to conclude that polyld(A)d(T)] was heterono-

mous in solution at 20C as has been suggested in a previous fiber-diffrac-

tion study.61 That is, the poly[d(A)] strand of the duplex maintained the CD

bands at both long and short wavelengths of the free polymer, which differed

from those of poly[r(A)J-containing duplexes. Our results were in keeping

with NMR results44'62'63 which indicated that the poly[d(A)| of poly[d(A)-

d(T)] was still in a B-like conformation, not A-form. However, other evi-

dence suggests that the secondary structure of this polymer may be very

sensitive to solution conditions. A study by Thomas and Peticolas64 showed

that conformational changes could be induced in poly[d(A)"d(T)l by variations

in temperature and salt concentration. A separate Raman investigation65

found that the poly[d(A)] strand took on bands associated with the A-form at

OC. Wartell and Harrell45 have observed the 816 cm71 A-form band in Raman

spectra of the polymer, but noted that the intensity of the band was not as

great as expected for a heteronomous model containing 50% C3'-endo sugar. In

sum, CD, NMR, and Raman spectroscopy indicate that the conformation of poly-

[d(A)Id(T)l in solution at 20°C is not heteronomous. The heteronomy of the

polymer may only be evident in fibers.
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