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ABSTRACT:. The 2-OH group in the ribose sugars of an RNA molecule plays an important role in guiding
tertiary interactions that stabilize different RNA structural motifs. Deoxyribose,' @2 by 2-H,
substitution in both the single-stranded and the duplex part of an RNA backbone has been routinely used
to evaluate what role the-®H plays in different tertiary interactions that guide an RNRNA contact.

A deoxyribose substitution not only has the effect of removing a hydrogen bond donating group, but also
introduces a sugar moiety with a preference for-&2do pucker in a backbone of predominantly-C3

endo sugars. This study evaluates the effects of a single deoxyribose substitution in both single-stranded
and double-helical forms of RNA oligomers. A single-stranded, nonrepetitive 7-mer oligoribonucleotide
(7-mer RNA) and four different variants having the same base sequence but with a single deoxyribose
sugar at different positions in the strands have been studied by ultraviolet (UV) absorption, circular
dichroism (CD), and Fourier transform infrared (FTIR) spectroscopy. Duplexes were formed by association
with the complementary strand of the 7-mer RNA. The results show that both RNA and DNA single
strands have preorganized conformations with spectral properties resembling those of A- and B-form
helices, respectively, with RNA being more heterogeneous than its DNA counterpart. A single deoxyribose
substitution perturbs the structure of the RNA backbone, with the effect being more pronounced in the
single-stranded than in the duplex structure. The perturbation depends on the positiori-bf gub&titution

in the strand.

The essential difference in the sugg@hosphate backbone Interactions between RNA molecules may be based on
between RNA and DNA is the presence of thé-Rydroxyl sequence recognition in which two RNA molecules form
groups in the ribose sugars that can act as hydrogen bondase pairs, and/or structural recognition involving tertiary
donors. These '20H groups play a dominant role in interactions between RNA motifs. Tertiary interactions
modulating the hydration pattern in RNA moleculés ), between different structural domains of catalytic RNA
that in turn determine the flexibility of RNA structure®)( molecules guide the folding of their three-dimensional
The 2-OH in the RNA backbone also fine-tunes the different structures into their active conformations, and are also
stereo-electronic effects that guide the sugar pucBed)( necessary for stabilization of the enzyrsbstrate complex
The sugar conformations in an RNA molecule depend to a of ribozymes. Many of these interactions involve the
large extent upon interactions with the local environment participation of the ribose’2DOH groups which are involved
guided by forces such as hydrogen bonding, changes injn various intra- and intermolecular interactions with chemi-
sugar-phosphate backbone torsion, and base stacking in-cal groups in nearby nucleotides, either through direct
teractions. Even though RNA duplexes are frequently found hydrogen bonding or mediated by water bridges6). The
to have C3endo conformation or N-type sugar pucker, ayailability of chemical groups for hydrogen bonding will
S-type sugars with CZndo conformation are also found in - depend on the local stereochemical arrangement of the groups
single-stranded regions of some RNA hairpin loop ( with respect to the '20H of a ribose, which in turn will
depend on the sugar pucker at that particule®B position.
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duplex (7). The presence of two ribose sugars at each end MATERIALS AND METHODS

of a DNA duplex or two ribose sugars near the center of a ) ) ) . )
DNA duplex induce A-helical conformation in the duplexes  SYynthesis of Oligonucleotideghe oligoribonucleotides (7-
as seen in their crystal structur@. (However, the structures M€ RNA and 7-mer RNA complementary strand) and the
of these chimeras deviate from a regular A-geometry, and single deoxyribose substituted 7-mer RNA variants (ssd_G451,
their conformations depended on the position of ribose SSdU452, ssdU453, and ssdC454) were prepared with the
substitution in the duplexes. Heterogeneous sugar puckerdi-Phosphonate method as describi@, (2]) except that a
other than N- and S-types were found not only at the ribose  POlyStyrene solid support2g) was used and the HPLC
deoxyribose junctions but also away from them. purification was instead done as follpws: flrs_t by ion
2'-H substitution in both single-stranded and the duplex €Xchange chromatography on a semipreparative Dionex
part of an RNA backbone has been routinely used to evaluate'\““:leo!Dac PA-100 column using a ﬂ.OW rate of 3 mL/_mln
what role the 20H groups play in different ribozyme tertiary and a linear gradlenF 0f-6120 mM I|th|yr_n perchlorate n-
interactions 9—16). A single 2-H substitution in the active 20 mM aqueous sodium acetate containing 10% acetonitrile

core of a ribozyme derived from a group | intron has been (pH 5:5) during 45 r_nin. The co_llected _fractions were
shown to have strong deleterious effect on cataly&®. Iy_ophlllzed, an(_j the residues were dissolved in 0.1 M_ aqueous
This single deoxyribose substitution was made in the ‘triple fi€thylammonium acetate (1 mL) and further purified by
helical’ domain of that ribozyme. The triple helical domain reversed phase HPLC ona Hypefs" ODgrb (_:olumn u3|0ng

is an RNA structural motif in the catalytic core of a self- @ flow rate of 1 mL/min and a linear gradient of-@5%
splicing group I intron, which is formed by nucleoside triple  2cétonitrile in 0.1 M aqueous triethylammonium acetate (pH
interactions of single-stranded regions J6/7 and J3/4 in the®-2) during 40 min. The collected fractions were lyophilized,
major and minor grooves of P4 helix and P6 helices and subsequent removal of remaining triethylammonium
respectively. It is a crucial motif required for the correct acetate was performed by redisso_lyiljg the oligoqucleotides
orientation of the helices in the three-dimensional structure " distilled water (5 mL) and _Iyophlllzmg the solutions; the
of the intron (.8). procedure was repeated 3 times.

To be able to understand the different factors guiding _ The oligodeoxyribonucleotides (7-mer DNA and 7-mer
recognition and formation of RNARNA contacts, it is  DNA complementary strand) were obtained from Kebo Lab,
important to know the effects of a deoxyribose sugar Stockholm, Sweden.
substitution in an RNA backbone. Is it only a removal of ~ Sample PreparatiorStock solutions of single strands were
one hydrogen bond donating group, or does the introduction prepared by directly dissolving dry and desalted oligomers
of a sugar with a preference for S-type puckering in a into double-distilled sterilized water. Concentrations were
backbone of predominantly N-type of sugars have a signifi- determined spectrophotometrically at 260 nm and°€5
cant effect in perturbing the local geometry? using extinction coefficients for single strands calculated by

To answer this question, we have studied a single-strandednearest-neighbor analysi23j: 7-mer RNA and all four
7-mer RNA having the same base sequence as the J6/7 and-mer RNA variants (0.7% 10° M~* cm™?); 7-mer RNA
3-end bases of the P6 helix of a self-splicing group I intron complementary strand (0.69 10° M~* cm™*); 7-mer DNA
(Figure 1a, i). This 7-mer RNA has been shown by us to (0.74x 10° M~* cm™); 7-mer DNA complementary strand

associate with a 23-mer RNA in the presence of2Mtp (0.66 x 10 M~* cm™1). Concentrations of stock solutions
model the interactions in the triple helical domain of a self- ranged between 1 and 9 mM in single strands. The final
splicing group | intron from bacteriophage TtdB pre- sample solutions were prepared using 10 mM sodium

mRNA (19). Association was inhibited when only one cacodylate buffer, 0.1 mM EDTA, pH 7.0. Sample concen-
deoxyribose sugar was substituted at a crucial position in trations for UV and CD experiments ranged between 10 and
the 7-mer RNA single strand as in ssdG451 and ssdU45320 uM in single strands, while the FTIR concentration was
(20) (Figure 1a, ii and iv). This implies that a single setto 10 mM in single strands. All samples contained 10
deoxyribose sugar is sufficient to perturb RNRNA Mg?*/single strand. The corresponding duplexes were formed
interactions that guide the formation of the triple helical by annealing the single-stranded 7-mer RNA or its different
domain. We have synthesized four different variants of the variants with the complementary strand of 7-mer RNA in a
7-mer RNA (ssdG451, ssdU452, ssdU453, and ssdC454;1:1 stoichiometry. Duplex stock concentrations ranged
Figure 1a, i-v), with identical base sequence but each between 1 and 3 mM in double strands, and the samples
having a single deoxyribose sugar at a particular position in were prepared using the same buffer system as for the single
the single strand. The nucleotide numbers used in the textstrands. A concentration of approximately 44 in double
correspond to those in the original group | intron sequence. strands was used for UV and CD experiments, while the
We have further extended our studies to duplexes formedFTIR concentration was set to 10 mM in double strands.
with the complementary strand of the 7-mer RNA, to see All duplex samples contained 20 Kgduplex.

whether the perturbing effects of a singlel2 substitution UV and CD Experimentsthe UV melting profiles were
would increase or decrease when put into a more definedobtained at 260 nm using a Cary 4 UV spectrophotometer
structure of a duplex. For comparison, we also studied the equipped with a thermoregulator (Eurotherm 808) connected
equivalent 7-mer DNA and 7-mer DNA duplex having the to an ethylene glycol water circulating bath (Lauda RM®6).
same base sequence as the corresponding 7-mer RNASThe temperature was continuously increased at an increment
except with T replacing U in the DNA strands. The of 0.5°C per minute. A quartz cuvette of 0.2 cm path length
techniques used were ultraviolet (UV) absorption, circular was used for the measurements. CD spectra were recorded
dichroism (CD), and Fourier transform infrared (FTIR) on a Jasco 720 spectropolarimeter using the same samples
spectroscopy. as in the UV melting studies. The spectropolarimeter was
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fitted with a thermoelectrically controlled cell holder, and a) 5-Aue-G-G-U-U-C-Aiss-3° ss7TRNA (i)
experiments were performed af@. All measurements are 5-A-G-dGys;-U-U-C-A-3"  ssdG451 (i)
the average of 9 scans. 5-A-G-G-dU,sU-C-A-3°  ssdU452 (i)
FTIR Experiments.FTIR spectra were recorded at 5-A-G-G-U-dU4s5-C-A-3"  s5dU453  (iv)
room temperature using a Perkin-Elmer Spectrum 2000 . .
spectrometer equipped with a MIRTGS detector. Resolution SV-A'G'G-U'U'dC“S“jA'S 350C454 (V?
was set to 2 cmt, 32 interferograms were recorded, and a 5-A-G-G-T-T-C-A3 SS7TDNA — (vi)
strong Norton Beer apodization function was used for ) ) .
performing the Fourier transformation. Data processing was b A ds7TRNA i)
limited to multipoint baseline correction, where care was ) . .
taken to achieve a smooth baseline with no abrupt nicks. In gﬁgdgkkgjg dsdG4s1 (i)
the case where an overlapping shoulder was present adjacent 5-AG-G-dU-U-C-A3  dsdUds2 (ili)
to a peak, the peak positions of the composite bands were 3.U-C-C - A-A-G-U-5'
determined by taking the second derivative of the baseline- 5-A-G-G-U-dU-C-A-3" dsdU453  (iv)
corrected spectra. The second-derivative extreme points are 3"-U-C-C-A - A-G-U-5'
not significantly affected by where baseline points are put 5 -A-G-G-U-U-dC-A-3" dsdC454  (v)
in, giving band shifts only within the resolution (2 c). 3-U-C-C-A-A-G-U-5
However, intensity ratios between bands within the same 5-A-G-G-T-T-C-A-3° ds7DNA  (vi)
spectrum are very sensitive to what set of baseline points 3"-T-C-C-A-A-G-T-5’

has been chosen, so to be able to compare band ratioFicure 1: (a) Single-stranded model sequences of (i) 7-mer RNA
obtained from one spectrum to that of another, the same sefnucleotides 449455 in bacteriophage TdrdB pre-mRNA), (ii—
of baseline points were used for both spectra. The baselineY) different 7-mer variants (each named by the position of the
. . . deoxyribose-substituted nucleotide marked in boldface), and (vi)
points chosen in the two nonsubstituted RNA systems (the 7_er pNA. (b) Double-stranded model sequences formed by
single- and double-stranded RNA, respectively) were used addition of an all-RNA complementary strand to (i) 7-mer RNA
as a basic set of point positions for multipoint baseline and (ii~v) different 7-mer variants, and (vi) by addition of an all-
correction for all the single-stranded and double-stranded DNA complementary strand to 7-mer DNA.
RNA variants, whereupon only minor baseline point adjust-
ments due to bandshifts had to be done. coil transition, respectively. The standard deviation was
FTIR spectra were recorded in both®iand DO using obtaineq from repeated measurements on threle. different
the same buffer system as mentioned above, with Samp|epreparat|_ons of the same sample. The hypochromicity values
concentrations of 10 mM in single strands or double strands. ©f the single strands (ss) (ss7RNA, ssdG451, ssdU452,
The pD value for the BD solution is the pH value measured SSAdU453, ssdC454; see Figure 1) and double strands (ds)
in the corresponding #D solution. Sample stock solutions, (dS7RNA, dsdG451, dsdU452, dsdU453, and dsdC454) only

buffer, and MgC} were deposited on demountable ZnSe showed slight variations, varying between 310.2% and
windows in sets of maximum 2L droplets at a time. 3.7+ 0.3% for the single strands and between 18.2.4%

Between every addition, the solution was evaporated to @nd 15.1+ 0.5% for the double strands. As expected, the
dryness under a gentle flow of dry nitrogen. Finally, the dried Single strands have lower hypochromicity values due to less
sample was redissolved into AL of H,0O or DO and base stacking than their corresponding duplexes. Certain
sandwiched between the two ZnSe windows. The spectrom-differences in melting pointT) values are seen for the
eter sample chamber was continuously purged with dry air duplexes. Thoe ds7RNA shows maximum stability withna

to remove water vapor. Each spectrum was measured severd?f 38.64 0.9°C whereas the variant duplex deU452°Sh°WS
times with fresh samples to ensure the reproducibility of the @ Minimum thermal stability with &, of 34.4+ 0.9 °C.
spectral bands irrespective of any possible differences in All the other RNA variants also showed slightly less thermal

sample handling. stability as compared to ds7RNA.
Figure 2a shows the overlaid CD spectra of all single-
RESULTS stranded 7-mers (RNA, DNA, and the four different variants).

Even though the overall spectra of the RNA deoxy variants

UV and CD SpectroscopyV melting studies were carried ~ qualitatively agree more with the ss7RNA than with the
out on single- and double-stranded oligomers (Figure 1), all SSTDNA, there are significant differences both to ss7TRNA
having identical base sequence but with the position of the and also between the variants themselves. Figure 2b shows
single deoxyribose sugar (@H—2'-H) varying as indicated ~ the overlaid CD spectra of the corresponding duplexes.
by the nucleotide numbers. UV experiments were performed Duplex RNA and all double-stranded variants show the
in a 10 mM sodium cacodylate buffer containing 0.1 mM overall features characteristic of an A-helix, with a large band
EDTA, pH 7.0, with a magnesium content of 10 ffsingle around 245-300 nm and a large but narrower negative band
strand and 20 Mg&f/double strand. Hypochromicities were Wwith a peak at 211 nm2@, 25, and appear to have more
calculated using the formula: Afs — As)/Asd x 100 (%), similarity in conformation than the single strands. The duplex
where Ass and Ags are the single- and double-stranded DNA, on the other hand, shows the expected B-helix features,
absorbances, respectively. For the single-stranded oligomerswith a large positive peak at 280 nm and a negative band
absorbances at 15 and 8C were used a®\gs and Ags positioned around 242 nn24, 295.
respectively, while hypochromicities for double strands were  FTIR SpectroscopyFTIR spectroscopy is a sensitive
calculated using absorbanckg andAss at temperatures as  technique to probe nucleic acid conformations. Infrared
close as possible to the beginning and end of the helix-to- marker bands originating from vibrations of different chemi-
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Ficure 2: (a) CD spectra of single-stranded 7-mers-\)j RNA

and different deoxyribose substituted variants; and (vi) DNA. (b)

Double-stranded 7-mers: |v) RNA and different deoxyribose
substituted variants; and (vi) DNA. Spectra recorded &€ 4n 10

mM sodium cacodylate, 0.1 mM EDTA, pH 7.0, with a magnesium

content of 10 M@"/single strand and 20 Mg/double strand. The
CD results are presented on a per nucleotide basis.
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in D,O buffer in the 1766-1540 cnm* region. Here absorp-
tion bands due to in-plane double bond base vibrations appear
which are extremely sensitive to base stacking and base
pairing interactions. A strong band dominates the FTIR
spectra of single strands (Figure 3a) around 16B&40
cm1, assigned to an overlapping contribution of=6@4 of
free, i.e., non-base-paired, uracils or thymines (for ss7TDNA),
C6=06 of free guanines, and €02 of free cytosines2p,
27). The presence of this strong band show that the single
strands are not in any associated form under the experimental
conditions studied20). In contrast, two bands dominate the
FTIR spectra of the RNA duplex and its deoxy variants
(Figure 3b): a band around 1684 chand a band around
1653 cnl. Whereas the former has been assigned to the
C6=06 of base paired guanines and=€22 bond stretching
vibrations of uracils, the latter has been assigned t&G2
stretching vibrations of cytosines involved in base pairing
(20, 26, 28. This verified that all the RNA double strands
formed well-defined duplexes under the experimental condi-
tions studied. The spectra of all RNA duplexes are very
similar (Figure 3b). In the DNA duplex, the broad band
around 1666 cmt involves contributions of C#04 of
thymines and C202 stretching vibrations of cytosines
involved in base pairing2p, 28. The band at 1646 cm is
due to the &C, C=N ring vibrations of thymines engaged
in base pairing Z9).

The doublet in the region 166A550 cn1? is assigned
to the C=N stretching mode of guanines, whose position
and intensity are sensitive to the environment of the guanine
residues 20, 26, 27, 36-32). In case of the single strands,
this band is shifted from 1588 crhfor ss7TRNA to 1579
cmt in ss7DNA (Figure 3a). This could indicate that the
two guanines in the ss7RNA have quite different environ-
ments and/or stacking interactions as compared to that in
ss7DNA. For all RNA deoxy variants, the singlé-12

cal groups in the bases, sugars, and phosphate backbonsubstitution in the ribose backbone affects this guanine band,
appear in different frequency regions in the FTIR spectra. shifting it to lower wavenumber (1577 cr). The shift

(a) Base Frequency Region (1800500 cm?). Figure

occurs irrespective of whether thel2 substitution was done

3a,b shows the FTIR spectra of the single and double strandsn a sugar attached to a guanine residue (ssdG451, Figure
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FiGURE 3: (a) Stacked FTIR spectra showing the 178840 cnt? region of single-stranded 7-mer sequences: (i) ss7TRNA, (ii) ssdG451,

(iii) ssdU452, (iv) ssdU453, (v) ssdC454, and (vi) ss7TDNA. Concentrations set to 10 mM in single strands. (b) FTIR spectra of double-
stranded 7-mer sequences: (i) ds7RNA, (ii) dsdG451, (iii) dsdU452, (iv) dsdU453, (v) dsdC454, and (vi) ds7DNA. Concentrations set to

10 mM in double strands. All spectra recorded igCDat room temperature in 10 mM sodium cacodylate, 0.1 mM EDTA, pH 7.0, with a
magnesium content of 10 My/single strand and 20 Mg/double strand.
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Ficure 4. FTIR spectra showing the 1520440 cnt? region of

single-stranded 7-mer sequences: (i) SSTRNA, (ii) ssdG451, (iii)
ssdU452, (iv) ssdU453, (v) ssdC454, and (vi) ss7TDNA. Spectra

recorded in HO at room temperature in 10 mM sodium cacodylate,
0.1 mM EDTA, pH 7.0, with a magnesium content of 10 Mg
single strand.

1a, ii), or up to three nucleotides away from it (ssdC454,

Figure 1a, v). In the case of the duplexes, the guanié&lC
stretching vibration band appears in the region 158850
cm™1, with a peak at 1574 cm and a shoulder around 1560
cmL. The position of this band is hardly affected by any of
the single 2H substitutions (Figure 3b).

The spectra also show a band around 1700%dffigure
3a) that is due to the G202 stretch of non-base-paired
uracils or thymines40, 27, and a band around 1625 cin
(Figure 3a,b) that is due to=8C and G=N ring vibrations
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marker band for backbone conformatio?6( 31, 37 and
arises due to the antisymmetric PGstretching mode. This
band is more sensitive to conformational changes between
the A- and B-helical forms in the phosphate backbone than
the symmetric P@ stretching mode which appears around
1090-1080 cntl. The antisymmetric phosphate stretching
vibrations are observed around 1248240 cni! for A-
helices and near 1225 cthfor the B-family helices 26,

31). For RNA molecules having some B-like character, an
overlapping contribution from ribose vibrations around 1221
cm ! makes the quantitative estimation of the B-like
character in the RNA backbone a difficult task).

Figure 5 shows the antisymmetric phosphate stretching
band for the single strands and duplexes. For the single-
stranded 7-mer RNA (ss7RNA, Figure 5a, i), a peak around
1236 cnmt and a shoulder around 1220 chare observed.

In contrast, all RNA deoxy variants show a shoulder around
1238 cm! and a peak around 1218 cin The low wave-
number shift of the characteristic marker band for A-helix
(1245-1240 cm?) to 1238-1236 cm?* could indicate an
A-like but not exactly A-helical geometry38) of the
phosphate backbone in the single-stranded RNA and its
variants. The peak at 1218 cimay have overlapping
contributions of ribose sugars and mixed B-like helical
conformation in the deoxy variants. In the case of sSTDNA
(Figure 5a, vi), the dominant peak around 1221~ &m
indicates a uniform B-like helical structure of the backbone
even in DNA single strands.

In the spectra of RNA duplexes (ds7RNA and its deoxy
variants, Figure 5b;+v), two bands appear. The one at 1241
cmtis the characteristic marker band forférm backbone
geometry, while the other around 1221 ¢nis assigned to
the vibrations of the ribose sugar. The spectrum of double-
stranded DNA (ds7DNA) shows only one broad band around

of free or base paired adenines along with a minor contribu- 1222 cnt?. This is the characteristic marker band for the

tion of some ring vibrations of free cytosine®)( 26, 3).
(b) Base-Sugar Frequency Region (156@250 cm?).
In the region 15061250 cnt?’, marker bands for the base

B-helical backbone, which in this case has no contributions
from the ribose sugar.
The antisymmetric PO stretching bands of ss7TRNA and

vibrations and base vibrations influenced by the sugar appearss7DNA were compared with their corresponding comple-

The band around 15601470 cni? is assigned mainly to
the imidazolic ring vibration of purines which depends
strongly on the N7C8H bending vibration3%-36). Any
modification in the position of the band will reflect an inter-

mentary single strands (Supporting Information). In contrast
to the antisymmetric P9 stretching band of ss7TRNA, the
1238 cm?! peak in the ss7TRNAcomp spectrum is less
pronounced than the 1220 cfpeak (Supporting Informa-

action at the N7 sites. This band also has some overlappingtion, Figure 1a ii). On the other hand, the antisymmetrig PO

contributions of ring vibrations of cytidines around 1496

stretching band of ssTDNAcomp (Supporting Information,

cm! (28, 33. Two bands are seen in the spectrum of Figure 1b ii) is similar to that of ss7TDNA, both showing a
ss7RNA and its deoxy variants (Figure 4). For ss7TRNA, there broad band with a maximum around 1221 ¢m

is a shoulder around 1489 cfand a peak at 1479 crh

The symmetric P@ stretching mode which appears

(Figure 4, i). Making a deoxyribose substitution at G451 around 1096-1080 cni! shows a large decrease in band
alters the ratio of the two bands such that a peak appears aintensity for the single-stranded deoxy variants as compared

1489 cm! and a shoulder occurs at 1481 ch{Figure 4,

to both ss7RNA and ss7DNA (Figure 6a). This occurs in

ii). The peak ratio changes significantly for the other deoxy both HO and DO buffer and is quantitatively reproducible.

variants, clearly dependent on the position ‘eH2substitu-

One possible explanation for the decrease in band intensity

tion. In the case of single-stranded ss7DNA, there is a singlein the deoxy variants is that the vibrational coupling between

broad peak in this region at 1488 ch(Figure 4, vi).

the PQ™ and the C-O stretching mode could be altered due

Overlapping contributions from additional cytidines present to an increased heterogeneity in the backbone conformation
in the complementary strand (Figure 1b) make interpretation on 2-H substitution 89). In the duplexes, there is also a

of this band in the duplex spectra more complicated.
(c) Backbone Frequency Region (1250000 cni?).

decrease in band intensity but not as large as in the single
strands (Figure 6b).

Absorption bands arising from the phosphate backbone (d) Furanose Frequency Region (106800 cnt?). In the

vibrations dominate the 125@.000 cm'* frequency region.
The band in the region 125200 cn! is a characteristic

spectral region between 1000 and 800 &nabsorption bands
due to sugar ring vibrations appear which are markers for
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FiGURE 5: (a) FTIR spectra showing the 1280180 cnt?! region of single-stranded 7-mer sequences: (i) ss7RNA, (i) ssdG451, (iii)
ssdU452, (iv) ssdU453, (v) ssdC454, and (vi) ss7TDNA. (b) FTIR spectra of double-stranded 7-mer sequences in the same spectral region:
(i) ds7RNA, (ii) dsdG451, (iii) dsdU452, (iv) dsdU453, (v) dsdC454, and (vi) ds7DNA. All spectra recordegDratfoom temperature

in 10 mM sodium cacodylate, 0.1 mM EDTA, pH 7.0, with a magnesium content of 13/slggle strand and 20 Mg/double strand.
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FIGURE 6: (a) FTIR spectra showing the 1150000 cnt?! region of single-stranded 7-mer sequences: (i) ss7RNA, (i) ssdG451, (iii)
ssdU452, (iv) ssdU453, (v) ssdC454, and (vi) ss7DNA. (b) FTIR spectra of double-stranded 7-mer sequences: (i) ds7RNA, (ii) dsdG451,
(iii) dsdU452, (iv) dsdU453, (v) dsdC454, and (vi) ds7DNA. All spectra recorded,d &t room temperature in 10 mM sodium cacodylate,

0.1 mM EDTA, pH 7.0, with a magnesium content of 10 Migingle strand and 20 Mg/double strand.

sugar conformation. The bands in the region-8835, 865- stranded RNA has heterogeneous sugar pucker. The single-
860, and 815800 cn1! are markers for C3endo/anti or stranded DNA, ss7DNA (Figure 7a, vi), on the other hand,
N-type sugar pucker found mostly in A-form helices. The shows one clear band at 832 ¢ina marker for S-type sugar,
band around 840830 cn? is a marker for the C2endo/ while no marker bands for N-type sugar in the regions-885
anti or S-type sugar pucker, found mostly in B-form helices 875, 865-860, and 815800 cn1?! are seen.

(38, 40-44). Figure 7 shows the sugar frequency region of  In the single-stranded deoxy variants, marker bands for
the spectra of single strands and duplexes recorded@ D both N- and S-type sugar are seen (Figure 7ay)i The
buffer. The changes in the spectral profile in this region exact peak positions are determined from second-derivative
should only be due to changes in sugar conformation. The spectra. The broad band around 825 ¢&nm the spectrum
single-stranded RNA (ss7RNA) spectrum shows a very broadof ssdU452 is composed two bands, one at 835'camd
band around 871 and 828 ci(Figure 7a, i). The 871 cnt the other at 816 cni, which are markers for S- and N-type
band indicates the presence of N-type sugar. On the othemucker, respectively (Figure 7a, iii). Additional marker bands
hand, the high wavenumber shift of the broad band aroundfor N-type sugar are seen at 880 and 865 tnin all the

828 cnt?, compared to the marker bands for N-type sugar other single-stranded deoxy variants, the broad band centered
in this region, could reflect overlapping contributions of around 828 cmt (Figure 7a) is composed of bands that are
S-type sugar marker bands that occur in the region of840 markers for both N-type and S-type sugars. The changing
830 cn1l. The presence of marker bands for both N- and shape of this band as the position dfl2 substitution is
S-type sugars in the ss7TRNA spectra suggests that singlevaried indicates that the relative contributions of N- and
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FIGURE 7: (a) Stacked FTIR spectra of the 91050 cnm! region of single-stranded 7-mer sequences: (i) ss7RNA, (i) ssdG451, (iii)
ssdU452, (iv) ssdU453, (v) ssdC454, and (vi) ss7TDNA. (b) FTIR spectra of double-stranded 7-mer sequences: (i) ds7RNA, (ii) dsdG451,
(iii) dsdU452, (iv) dsdU453, (v) dsdC454, and (vi) ds7DNA. All spectra recorded,d & room temperature in 10 mM sodium cacodylate,

0.1 mM EDTA, pH 7.0, with a magnesium content of 10 Migingle strand and 20 Mg/double strand.

S-type sugars changes with the position of the deoxyriboseFor RNA double helices, a singlé-Bl substitution in one
substitution. strand results in a minor thermal destabilization of the double
In the duplexes (Figure 7b), the sugar pucker shows morehelix as compared to the all-ribose ds7RNA. The CD spectra
uniformity than in the single strands. Clear marker bands of (Figure 2) show that a '2H substitution has a more
N-type sugar at 878, 864, and 813 CThare seen in the  pronounced effect on the single-stranded RNA backbone than
spectrum of the duplex ds7RNA (Figure 7b, i). The absence on the backbone of an RNA duplex. There is also a clear
of the 834 cm® band shows that for ds7RNA the riboses positional effect of this substitution in the single strands,
are in an N-type conformation characteristic of an A-helix where peak positions and crossover points in the CD spectra

backbone. The duplex DNA, ds7DNA, shows only the gare affected by the position of thé-B substitution (Figure
marker band for S-type sugar at 834 éicharacteristic of 2a).

a B-helical geometry. A '2H substitution in the sugar
attached to the G451 does not change the spectra significantl;iz
(Figure 7b, ii). However, a'2H substitution in the sugar
attached to either of the nucleotide residues 4524
(dsdu452, dsdU453, and dsdC454) results in the appearanc
?g eaﬁﬂ%ledzzgg?uaqu%?%?Zﬂgest{f—émnﬁzrsﬁgig ' stranded R.NA, DNA, and RNA deoxy va'riants were n(.)t' in
the presence of some S-type sugar in dsdU452, dsduas3@ny _assougted form under _the experimental (_:ondltlons
and dsdC454 (Figure 7b, 4iv). This difference either could studied, while the (_:orrespondlng do_uble strand mixtures all
be dependent on the nature of the base in the nucleotide oformed double-helical structures (Figure 3).

can be a sequence position dependent effect in the short The doublet in the region 166550 cnt?, that arises
oligonucleotide. However, at this stage, one cannot rule out mainly due to G=N stretching vibrations of guanines, is
the presence of other types of sugar puckering besides N-sensitive to the environment of the guanines. A shift in this
and S-type in the single-stranded RNA. For the double- band position in ss7TDNA as compared to ss7RNA indicates
stranded deoxy variants, introduction of a deoxyribose sugarthat despite similar base sequences (except that T replaces
apparently has a much less perturbing effect on the duplexU in the DNA), the two guanine residues have a quite

In this study we show that it is possible to effectively use
TIR band assignments of longer repetitive sequences to
characterize structural changes observed in short stretches
%‘ a mixed sequence of RNA and DNA. Bands observed in

e base frequency region clearly show that the single-

structure than in the single strands. different environment and/or stacking interaction in the RNA
as compared to the DNA single strand (Figure 3). A single
DISCUSSION deoxyribose substitution in the single-stranded RNA back-

In this study we have demonstrated how a single deoxy- bone alters the position and profile of this guanine-derived
ribose (2-OH—2'-H) substitution in the sugamphosphate band irrespectively of whether thé-R substitution is made
backbone of an RNA molecule can perturb both single- in @ sugar attached to a guanine residue (ssdG451) or three
stranded and double-helical structures of a short mixed RNA hucleotides away from it (ssdC454). This suggests that in
sequence. Different optical spectroscopic techniques havethis short single-stranded RNA sequence, a structural per-
been combined to highlight even small perturbations in the turbation due to a single’- substitution can spread over
structures. the RNA backbone as far as three nucleotides away. For the

UV absorption results show that single-stranded RNA double-helical RNA, a 2H substitution at any position in
(ss7RNA) and DNA (ss7DNA) in general have less base one strand of the duplex hardly affects this guanine doublet.
stacking than their corresponding duplexes (ds7RNA and The presence of a base-paired second strand in the duplex
ds7DNA), as indicated by their lower hypochromicity values. apparently imposes conformational restrictions that decrease
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the perturbing effects of '2H substitution in the RNA  single-stranded DNA is more preorganized into a B-like
backbone. helical conformation even when the sugar pucker is con-

The 1500-1470 cnt! band (Figure 4), assigned mainly cerned, as compared to the preorganization of the single-
to imidazolic ring vibrations of purines involving N7C8H stranded RNA toward an A-helical conformation. The
bending vibration, is sensitive to any interaction at the N7 changes in intensity of the N- and S-marker bands show that
sites. The ss7RNA has two bands in this region, at 1489 a 2-H substitution affects the neighboring sugar puckers,
and 1479 cm?, whose intensity ratio changes depending on particularly in the single strands. This effect is dependent
the position of the 2H substitution in the single-stranded upon the position of the substitution in the single-stranded
RNA deoxy variants. This change in band ratio indicates oligomer.
that the conformation of the single-stranded RNA changes Concluding RemarksThere are very few spectroscopic
with the position of the 2H substitution. This in turn may  studies devoted to short single-stranded RNA and DNA
alter the interaction of the purine N7 sites with the solvent, oligomers of mixed sequence. The results show that both
which manifests in the changing band ratio with position of RNA and DNA single strands have preorganized structures,
the 2-H substitution. The single broad band at 1488 tm  with DNA showing a relatively uniform B-helical conforma-
seen in the spectrum of ss7DNA could be an indication of a tion at all levels, i.e., in the base, sugar, and phosphate
more homogeneous environment for the purine N7 sites in backbone conformations. This is consistent with the recent
this single-stranded DNA backbone. work of Holbrook et al. 45 where they showed that

The antisymmetric P9 stretching mode in the region disordered DNA single strands preorganize into single helices
1250-1200 cn1t (Figure 5) is a sensitive marker band for involving only intrastrand (vertical) interactions between
conformational changes in the phosphate backbone. It actsneighboring bases, before the formation of double helices
as a reporter independent of the bases and the sugars)y association (docking) of single-helical strands. On the
allowing one to view only the changes in the phosphate other hand, the single-stranded RNA is also preorganized
backbone. The position and profile of this band in these into an A-like backbone conformation, but is more hetero-
mixed-sequence single-stranded RNA, DNA, and RNA geneous than its DNA counterpart. A single-2substitution
deoxy variants show that both RNA and DNA single strands perturbs the single-stranded structures at all levels, of which
are preorganized into A- and B-like helical conformations, the nature and extent are dependent on the position of the
respectively. The single-stranded DNA shows less hetero-substitution in the strand. One should therefore be cautious
geneity in the backbone conformation than the RNA. This in interpreting the results of experiments whereH2
is consistent with the inference drawn from the behavior of substitution is made to evaluate the role 6{0H groups in
the N7 bending vibration of the purines. The double-stranded different RNA functions including catalysis, in particular if
RNA and all its deoxy variants adopt an A-helical geometry, such substitution is made in presumably single-stranded RNA
whereas the ds7DNA adopts the expected B-helical geom-sequences. Any effect on RNA function cannot be unam-
etry. Every RNA variant contains only one deoxyribose biguously assigned to the absence of' @2 group only,
sugar, so the ribose contribution is similar when comparing since such a substitution may perturb the local conformation
all single- and all double-stranded deoxy variants. Hence, to such an extent that a crucial RNARNA interaction might
the change in ratio of the A- and B-form marker bands be significantly weakened. The presence of a base-paired
observed in this spectral region in the series of single- second strand in a double helix imposes some restriction on
stranded (Figure 5a) and double-stranded deoxy variantsthe structural perturbation caused by diZsubstitution. Also
(Figure 5b) could indicate the extent of a spreading B-like the backbone conformation of single-stranded RNA is more
character in the variants. Interestingly, the antisymmetric sensitive to changes in base sequence than the DNA. All
PO, stretching band has a different profile in the ss7TRNA these results imply that a correct RNRNA contact requires
spectrum compared with that of ssTRNAcomp (Supporting fine-tuning of the role of the base sequence, the sugars, and
Information, Figure 1a), whereas this band has quite similar the phosphate backbone conformation. In a recent work,
profiles in the case of ss7TDNA and ss7DNAcomp (Support- Silverman and Cech4@) showed that the effect of'-H
ing Information, Figure 1b). This suggests that the backbone substitution in a ribose zipper motif in the PR6 domain
conformation of a short RNA single strand is relatively more of the Tetrahymengroup | intron results only in local effects
sensitive to changes in the base sequence than its correof hydrogen bond deletion with little evidence of context
sponding DNA counterpart. The symmetric PQtretching effects. However, as mentioned by them, the generality of
mode which appears around 1690080 cm! (Figure 6) their conclusions requires further experimentation, especially
also reflects the increased heterogeneity in the RNA single when 2-OH-mediated interactions in other RNA motifs are
strands with 2H substitution, resulting in broadening and considered. Our results provide further information on the
decrease in intensity of this band. effect of 2-H substitution in RNA structures.

The changes that occur in the sugar conformation with
2'-H substitution are best reflected by the changes in the IR ACKNOWLEDGMENT
bands appearing in the furanose frequency region 4000  We thank Prof. Dr. Hartmut Fritzsche and Dr. Utz
800 cm* (Figure 7). The appearance of characteristic marker Dornberger for their invaluable assistance in FTIR handling
bands for N-type and S-type sugar in the ss7TRNA spectraand for very helpful discussions in the field of FTIR on
shows that for this short single-stranded RNA in solution nucleic acids.
there exists heterogeneity in sugar conformations. In contrast,
single-stranded DNA has a more uniform sugar pucker and SUPPORTING INFORMATION AVAILABLE
is mostly in the S-type conformation characteristic of a  One FTIR figure is available as Supporting Information,
B-helix. The results indicate that this particular sequence of showing the effects of base sequence in single-stranded RNA
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on the phosphate backbone. This material is available free 24. Johnson, W. C., Jr. (1988)ethods Biochem. Anal. 361—
of charge via the Internet at http://pubs.asc.org.
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