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. Thionucleotides, especially 4-thiouridine and 6-thioguanosine, are photosensitive molecules that

. photocrosslink to both proteins and nucleic acids, and this feature is a major reason for their application
in various investigations. To get insight into the thermodynamic and structural contributions of
6-thioguanosine to the properties of RNA duplexes a systematic study was performed. In a series of RNA
duplexes, selected guanosine residues located in G-C base pairs, mismatches (G-G, G-U, and G-A), or 5
and 3’-dangling ends were replaced with 6-thioguanosine. Generally, the presence of 6-thioguanosine
diminishes the thermodynamic stability of RNA duplexes. This effect depends on its position within
duplexes and the sequence of adjacent base pairs. However, when placed at a danglingend a
6-thioguanosine residue actually exerts a weak stabilizing effect. Furthermore, the structural effect of
6-thioguanosine substitution appears to be minimal based on NMR and Circular Dichroism (CD) data.

RNA contains many modified nucleotides performing various biological functions, and thionucleotides con-
stitute one group of these modified nucleotides. The following thionucleotides can be found among the

. 112 entries of the RNA modification database (http://mods.rna.albany.edu): 2-thiocytidine, 2-thiouridine,

. 4-thiouridine, 5-methyl-2-thiouridine, 2-thio-2’-O-methyluridine, 5-methoxycarbonylmethyl-2

: -thiouridine, 5-aminomethyl-2-thiouridine, 5-methylaminomethyl-2-thiouridine, 5-(isopente-
nyl aminomethyl)-2-thiouridine, geranylated 5-methylaminomethyl-2-thiouridine and geranylated
5-carboxymethylaminomethyl-2-thiouridine. In addition to the thionucleotides listed above, there are also five
2-methylthio-N6-substituted derivatives of adenosine. The biological functions of some of these thionucleotides
are discussed in several reviews'?,

In addition to naturally occurring thionucleotides, various synthetic analogues have been devised to achieve
specific goals. One family of these analogues is constituted by 6-thioguanosine derivatives. Thionucleotides, espe-

. cially 4-thiouridine (s4U) and 6-thioguanosine (s6G), are photosensitive molecules that photocrosslink to both
© proteins and nucleic acids, and this feature is a major reason for their application in various investigations®°. In
: the context of duplex RNA, it has been shown that 4-thiouridine efficiently crosslinks to nucleotides in the oppo-
. site strand’. Photophysics and photochemistry of these crosslinking processes on the level of nucleosides and oli-
. gonucleotides is very well documented®®. The application of 6-thioguanosine to photocrosslinking is somewhat
. less established. Nevertheless, there are several reports on inter- and intramolecular photocrosslinking of RNAs
* containing 6-thioguanosine®!!2, Thionucleotides, particularly 6-thioguanosine, undergo photo induced oxida-
. tion. Aside from inter- and intramolecular photocrosslinking of RNA, photocrosslinking of RNAs and proteins
. hasalso been reported®'>'%. 6-Thioguanosine was found to be a useful tool for structural and functional studies of
RNAs including activity of ribonuclease P!, interaction of cap analogs'®, triplexes formation'® and RNA sequenc-
ing and population dynamics'”%.

It is important to evaluate whether the substitution of uridine with 4-thiouridine and guanosine with
6-thioguanosine influences the structure and stability of RNA. Studies of RNA duplex formation by oligonucle-
otides with either an internal or a terminal 4-thiouridine showed an increase in their thermodynamic stability
and indicated that the presence of s4U increases the stability of base pairing with guanosine more than that with
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adenosine’. In contrast, for the same set of oligonucleotides modified with 2-thiouridine (s2U), it has been
shown that s2U increases the stability of base pairing with adenosine more than that with guanosine. This corre-
lation indicated that s2U preferentially pairs with adenosine over guanosine. To the best of our knowledge, there
are no extensive studies concerning the contribution of s6G to the thermodynamic stabilities of RNA duplexes.
However, it was previously reported that the incorporation of 2’-deoxy-6-thioguanosine diminishes the thermo-
dynamic stability of DNA duplexes®. Extending these studies to RNA duplexes is important because there are
several reports on the application of 6-thioguanosine residues for inter- and intramolecular photocrosslinking of
RNAs and photocrosslinking of RNAs and proteins®!'2. For example, derivatives of 6-thioguanosine have been
incorporated into RNA via transcription with the 5/-O-triphosphate of 6-thioguanosine (s6GTP)?.. A mixture
of GTP and s6GTP was used for transcription, which resulted in the incorporation of a single s6G into target
RNA. Incorporation of a single s6G into RNA did not change the overall structure of large RNAs; however, a local
structural rearrangement is possible.

In this report, we performed extensive studies to obtain detailed information on the influence of s6G on
the thermodynamic stabilities of RNA duplexes and selected guanosines located in G-C base pairs, mismatches
(G-G, G-U, and G-A), and 5’ and 3’-dangling ends were replaced with 6-thioguanosine. Together, eleven
6-thioguanosine containing RNA duplexes were investigated. The influence of s6G on the thermodynamic
stability of RNA was obtained by comparison with unmodified duplexes with guanosine at the same position.
Generally, the presence of 6-thioguanosine diminished the thermodynamic stability of RNA duplexes, however,
this effect depended on its position within duplexes and the sequence of adjacent base pairs. Furthermore, the
structural effect of 6-thioguanosine substitution appeared to be minimal based on NMR and Circular Dichroism
(CD) data.

Materials and Methods

Materials. Guanosine that was used for synthesis and most other reagents (acetic anhydride, isobutyryl
chloride, 2,4-dinitro-1-fluorobenzen, tert-butyldimethylsilyl chloride and Lawesson’s reagent) were purchased
from Sigma-Aldrich. Dimethoxytrityl chloride and 2-cyanoethyl N,N,N’,N’-tetraisopropylphosphorodiamidite
were purchased from ChemGenes. Solvents were used at the highest available purity and dried with molecular
sieves, if necessary. The chemical stepwise synthesis of 3/-O-phosphoramidite of the protected 6-thioguanosine is
described in detail in Supplementary Materials.

Oligonucleotide synthesis. Oligonucleotides were synthesized on a BioAutomation MerMade12 DNA/
RNA synthesizer using 3-cyanoethyl phosphoramidite chemistry?** and commercially available phosphoramidites
(ChemGenes, GenePharma). The synthesis was conducted using a standard RNA protocol, except that milder
conditions were used for oxidation (0.02 M iodine in pyridine/water, 95/5v/v). For deprotection, 6-thioguanosine
oligoribonucleotides were treated with a mixture of isoamylamine/pyridine (2/1v/v) for 24 hours at room tem-
perature??*, Silyl-protecting groups were cleaved by treatment with triethylamine trihydrofluoride. Deprotected
oligonucleotides were purified by silica gel thin layer chromatography (TLC) in 1-propanol/aqueous ammonia/
water (55/35/10v/v/v), as described in detail previously®.

UV melting experiments. Thermodynamic measurements were performed for nine different concentra-
tions of RNA duplex in the range of 107~107°M on a JASCO V-650 UV/Vis spectrophotometer in buffer con-
taining 1 M sodium chloride, 20 mM sodium cacodylate, and 0.5 mM Na,EDTA (pH 7). Oligonucleotide single
strand concentrations were calculated from the absorbance above 80 °C, and single strand extinction coeflicients
were approximated by a nearest-neighbor model. The extinction coefficient of 6-thioguanosine was considered
the same as for guanosine?. Absorbance vs. temperature melting curves were measured at a wavelength of 260 nm
with a heating rate of 1 °C/min from 0 to 90 °C on a JASCO V-650 spectrophotometer with a thermoprogrammer.
The melting curves were analyzed, and the thermodynamic parameters were calculated from a two-state model
with MeltWin 3.5 software?. For most sequences, AH® derived from Ty, ! vs. In(C/4) plots was within 15% of
that derived from averaging the fits to individual melting curves, which was expected if the two-state model is
reasonable.

CD spectra. CD spectra were recorded on a JASCO J-815 spectropolarimeter using 1.5 mL quartz cuvettes
with a 5mm path length. Oligonucleotides were dissolved in a buffer containing 1 M sodium chloride, 20 mM
sodium cacodylate and 0.5mM Na,EDTA (pH 7.0) to achieve a 20 uM sample concentration. All samples were
denatured for 3 min at 90 °C and then slowly cooled to room temperature overnight before data collection. The
measurements were taken at 5°C in the 205-350 nm wavelength range with a 1 nm data point interval. CD curves
were established as an average of three CD measurements. The buffer spectrum was subtracted from the sample
spectra.

NMR spectroscopy of RNA duplexes. For the acquisition of NMR data, all RNA duplexes were dissolved
in a 10 mM sodium phosphate buffer (pH 6.8) containing 150 mM sodium chloride and 0.1 mM Na,EDTA. To
ensure that the RNA was uniquely present in the duplex form, samples were further washed with the same buffer
on an Amicon centrifugal filter with a 3kDa molecular weight cutoft (any excess single-stranded RNA would pass
through the pores of the Amicon membrane). NMR data were collected on a Bruker AVANCE III 700 MHz spec-
trometer, equipped with a QCI CryoProbe. 1D proton NMR spectra as well as 2D 'H-"H NOESY spectra were
measured in H,0/D,0 (9/1, v/v) at 25°C and 5°C. An additional set of NOESY spectra was acquired in 99.990%
D,O (Sigma Aldrich) at 25°C to facilitate the assignment of nonexchangeable protons. All the observable imino
and amino protons as well as the nonexchangeable aromatic and anomeric protons were assigned using standard
methodologies?, as described in the Supplementary Materials and exemplified in Figs S1-S3.
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Results and Discussion

Chemical synthesis of the protected derivative of 3/-O-phosphoramidite 6-thioguanosine and
oligoribonucleotides containing a 6-thioguanosine residue. Several approaches for the synthesis
of protected 6-thioguanosine are described in the literature, and the major difference between them concerns
the S-protecting group used during synthesis. 2,4-Dinitrophenyl®, 2-cyanoethyl*® and 2-[(2-ethylhexyl) oxycar-
bonyl] ethyl®! were all applied previously for the protection of the sulfur atom; in this study, the 2,4-dinitrophenyl
group was used (Scheme S1). Guanosine was converted with acetic anhydride into 5/,3/,2’-O-triacetylguanosine,
followed by a reaction with isobutyl chloride to obtain the N4-isobutyryl derivative. Acyl-protected guanosine
was converted into a 6-thioderivative by treatment with Lawesson’s reagent. Treatment under mild conditions
with a methanol and aqueous ammonia mixture resulted in the formation of N2-isobutyryl-6-thioguanosine.
This derivative was converted into 5'-O-dimethoxytrityl, followed by treatment with 1-fluoro-2,4-dinitroben-
zene to obtain 5'-O-dimethoxytrityl-N2-isobutyryl-6S-(2,4-dinitrophenyl) guanosine. A subsequent reaction
with t-butyldimethylsilyl chloride resulted in the formation of a mixture of 2’- and 3’-silyl isomers. After sep-
aration, the 2/-O-silyl derivative was converted into 3’-O-phosphoramidite by treatment with 2-cyanoethyl
N,N,N’,N’-tetraisopropylphosphorodiamidite?**2.

Thermodynamics of duplexes containing 6-thioguanosine. Two sets of RNA duplexes were selected
as templates for our study. In both of these sets, either guanosine or s6G residues were placed, one residue at a
time, in various sequential contexts, including the internal and terminal base pairs within the duplex as well as
5'- or 3/-dangling ends (Table 1). The internal position of the s6G residue was also involved in mismatches with
U, Gand A.

6-Thioguanosine at the internal position. The effect of a nucleotide modification depends on its posi-
tion within an RNA duplex. Modifications that contribute to stabilization and destabilization of duplexes are the
most effective when placed in the center of an RNA duplex?>3-3>. Moreover, the magnitude of this stabilizing or
destabilizing effect is dependent on the sequence and arrangement of 5'- and 3’-adjacent base pairs. In this study,
$6G-C pairs were placed in four arrangements of A-U and G-C in 5'- and 3’-adjacent base pairs (see duplexes
M10, M12, M14 and M16 in Table 1).

We found that replacing G with s6G in a base pair with C always destabilized RNA duplexes and the effec-
tiveness of the destabilization was dependent on the sequence and arrangement of adjacent base pairs. The
thermodynamic stability (—AG°®s;) of the reference duplexes M9, M11, M13 and M15 were 13.74, 13.37, 10.28
and 10.19 kcal/mol, respectively. The replacement of guanosine with 6-thioguanosine at the central position
in duplexes M10, M12, M14 and M16 significantly diminished their thermodynamic stability to 11.10, 10.89,
8.53 and 7.61 kcal/mol, respectively. The changes in the thermodynamic stability (AAG®;;) of duplexes for
5'UGA/3'ACU, 5’ AGU/3'UCA, 5'CGG/3'GCC, and 5’GGC/3'CCG (where G corresponds to 6-thioguanosine)
6-thioguanosine arrangements were 2.58, 1.75, 2.48 and 2.64 kcal/mol, respectively. Thus, for three among the
tested arrangements, the destabilizing effect of 6-thioguanosine was consistently around 2.5-2.6 kcal/mol, while
for the fourth one, containing an adenosine residue 5'-adjacent to 6-thioguanosine, the destabilizing effect was
around 30% weaker.

6-thioguanosine at terminal positions. 6-Thioguanosine was also introduced in 5’- and 3/-terminal base
pairs. Replacement of G with s6G at these terminal base pairs in duplex pairs M5-M6 and M7-M8 resulted in the
destabilization of RNA duplexes by 1.07 and 1.09 kcal/mol, respectively.

In general, the presence of 5- and 3’-dangling ends stabilizes RNA duplexes®*-3%. This effect is particularly
strong for 3’-terminal dangling ends, and the stabilization effect depends on the identity of both the dangling
end and the 5’-adjacent base pair. In this study, the addition of 5'- or 3’- unpaired guanosine to the reference C1
and C2 duplexes resulted in the formation of M1 and M3 duplexes with thermodynamic stabilities (—AG®;;)
of 10.41 and 10.98 kcal/mol, respectively. This finding indicates that due to the presence of 5’- or 3’-dangling
ends, the stability of M1 and M3 duplexes increased by 0.15 and 1.02 kcal/mol, respectively. Alternatively, placing
6-thioguanosine at the 5'- and 3’-dangling ends led to the formation of M2 and M4 duplexes with thermody-
namic stabilities of 10.96 and 11.70 kcal/mol, respectively (the stability of M2 and M4 duplexes increased by
0.70 and 1.74 kcal/mol relative to C1 and C2, respectively). Therefore, it can be concluded that replacing guano-
sine with 6-thioguanosine contributes to the stability of RNA duplexes by 0.55 and 0.72 kcal/mol for 5'- and
3’-dangling ends, respectively.

It is postulated that the thermodynamic effects of dangling ends are related to their stacking ability
Stacking interactions of a terminal base pair (considered as 5'- and 3’-dangling ends) and hydrogen bonding of
terminal base pairs both contribute to the thermodynamic stability of a terminal base pair. Comparisons of the
stabilization effects of 6-thioguanosine on 5'- and 3’-dangling ends with the destabilization effect of a terminal
s6G-C base pair suggest that weakened hydrogen bonding is responsible for the overall destabilization effect of
the terminal s6G-C base pair®. A compensation between the effects of stacking and hydrogen bonding is very
often observed in RNA¥.

37,38

6-Thioguanosine forms mismatches with G, U or Ain RNA duplexes.  Guanosine is a unique nucle-
otide that, in addition to its canonical interactions with C, also pairs with A, G and U*~*. In comparison to
canonical G-C base pair mismatches, G-G, G-A and G-U stabilize RNA duplexes much less efficiently. Indeed, the
thermodynamic stability of duplex M9 with a canonical G-C base pair and duplexes with G-G (M17), G-U (M19)
and G-A (M21) mismatches were 13.74, 10.30, 11.53 and 8.45 kcal/mol, respectively. These results show that the
presence of G-G, G-U and G-A mismatches destabilizes the canonical duplex M9 by 3.44, 2.21 and 5.29 kcal/mol,
respectively. Replacing guanosine with 6-thioguanosine results in the formation of either the fully complementary
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cr | SAGUCAGU 1710435 | 19662110 | 10044014 531 | 776440 | 21714124 | 10264015 | 527 | —
C2 | NoRGUCAS 1735450 | 2045156 | 10074022 527 | 712439 | 19744123 | 9964015 527 | —
mi | GCACUCAGT 743210 2045230 10894011 563 | 636416 | 1716£50 | 10414007 571 |0
My | ECAGUCAGU | 7554115 | 20754353 10954057 | 563 | 74437 | 20474114 | 1096018 | 566 | 0.5
M3 | DEAGUCAGG 1720468 | 19684209 (10996030 | 575 | 729438 | 1995+117 | 1098019 |57.2 |0
My | VEAGUCAGG | 4754107 | 24462604 | 11614098 | 561 | 877116 | 24514354 | 11704066 | 564 | 072
Ms | SCAGUCHAGU |g3347.8 | 22514230 134820066 | 652 | 742425 | 1982474 | 1274019 653 |0
M | SCAGUCAGU 1784610 | 2136432 12184009 | 6L1 | 69.6+25 | 186976 | 11674015 |67 | 107
My | VEAGUCAGG | 765469 | 2004+208 12794044 | 645 | 733+24 | 1958193 | 1253047 647 |0
Mg | VEAGUCAGE 776427 | 2113281 12034023 607 | 678%L6 | 1816+50 | 1144010 612 | 109
Mo | DEAGGCAGY 1802420 | 2130459 13936017 686 | 776407 | 2060421 | 1374006 | 687 |0
Mo | JERGEEAGY 684621 | 1845568 | 11176009596  |669+28 | 1801486 |1L10+016 597 | 264
iy | VEACGGAGU | 789487 | 21044258 13694075 | 679 | 757429 | 2010+86 | 13374023 |678 |0
Mz | EACEGAGU 17004858 | 18974270 | 11196044 | 591 | 639438 | 17094117 | 10894022 | 597 | 248
M3 | JEAAGUNGY 756463 | 21054197 (10346018 | 535 | 738+36 | 2048112 | 1028+0.15 | 536 |0
Mig | JCAAGUAGU 169400 | 195864 | 8672007 469 | 624427 |1738484 | 8532006472 | 175
Mis | DEAUGEAGU | 760496 | 21264300 (10124027 | 523 | 786+13 | 2206+40 | 10194005 |521 |0
Mis | JOAVEAAGY 16104358 | 17234120 | 7594011 | 425 | 622420 | 1762463 | 7614002 |425 | 258
M1y | JCAGGOAGY 1773219 21744258 | 9924011 512 |850425 | 2409477 | 10304012 514 |0
Mg | VEAGGCAGY | 6p5425 | 1757479 | 7764010 432 |621+26 | 1751484 | 7742004 |432 | 256
Mg | DEAGOCAGY 835634 | 23064104 (1203017 | 589 | 742414 | 2020444 | 11535008 |594 |0
Mo | VEAGECAGU 1731404 | 2049476 | 9554007 | 504 | 738+14 | 2072445 | 9562004 |503 | 197
M1 | DEAGECAGU | 657483 | 10424265 | 8494015 461 | 693+37 | 1963+118 | 845008 459 |0
M2 | JERGECAGU 578421 | 1648468 | 6664006 377  |585+23 | 1674474 | 663003 |375 | 182

Table 1. Thermodynamic parameters of duplex formation with s6G. *solutions: 1 M sodium chloride,
20mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7.0, bG - 6-thioguanosine, “calculated for 10*M oligomer
concentration, ‘between the duplexes of the same sequence containing G vs G.

duplex (M10) or duplexes containing s6G-G (M18), s6G-U (M20) and s6G-A (M22) mismatches with thermo-
dynamic stabilities of 11.10, 7.74, 9.56 and 6.63 kcal/mol, respectively. These results indicate that the presence s6G
in duplexes containing s6G-G (M18), s6G-U (M20) and s6G-A (M22) mismatches diminished destabilization by
3.36, 1.54 and 4.27 kcal/mol, respectively. A comparison of the destabilization effect resulting from the presence of
mismatches with guanosine and 6-thioguanosine indicated that the mismatches formed by s6G were further dest-
abilized (AAG®s;) by 0.29, 0.30 and 0.65 kcal/mol when s6G formed mismatches with G, U and A, respectively.

Circular dichroism investigations. Circular dichroism spectra were recorded at 5°C in the same buffer
as that used in UV melting experiments and at similar concentrations of RNA duplexes. All studied RNA
duplexes showed CD spectra typical of A-RNA double stranded helices**. The replacement of guanosine with
6-thioguanosine within the tested RNA duplexes containing base-paired and mismatched s6G results in red shift
of the maximum ca. 260 nm by 5-10 nm, without altering the overall shape of the spectrum (Fig. Sla-d,f,g).
Only for duplex M18, which contains s6G-G mismatch, no shift of maximum was observed (Fig. Sle). For most
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Figure 1. The CD spectra of the duplexes containing: (A) the G-C base pair in different sequential contexts
(duplexes M9, M11, M13 and M15), (B) the s6G-C base pair in different sequential contexts (duplexes M 10,
M12, M14 and M16), (C) all the G-X base pairs/mismatches in a single sequential context (duplexes M9, M17,
M19 and M21) and (D) all the s6G-X base pairs/mismatches in a single sequential context (duplexes M10, M18,
M20 and M22). X is A, G or U.

6-thioguanosine-containing RNA duplexes, the CD spectra contained a strong positive peak in the range of 260
270nm and a weak positive peak at approximately 225 nm. Strong negative peaks were observed at approximately
210-215nm, and weak negative peaks were observed at 240 and 295 nm.

Figure 1A shows the CD spectra of M9, M11, M13 and M15 RNA duplexes containing a G-C base pair at the
center surrounded by different 5'- and 3’-adjacent base pairs. CD spectra of M9, M11 and M13 duplexes were
comparable to each other; for M15 only, the positive peak shifted by 6-7 nm to 272 nm. For the corresponding
6-thioguanosine-modified duplexes (M10, M12, M14 and M16), the strong positive peaks shifted by 5-7nm
(Fig. 1B). The maxima of the positive peaks were situated at 267, 270, 262 and 272 nm for M10, M12, M14 and
M16 duplexes, respectively. Moreover, peaks for M12, M14 and M16 were broader than the peak for M10.

The influence of the replacement of guanosine with 6-thioguanosine within G-G, G-U and G-A mismatches
was also studied. CD spectra containing G-G, G-U and G-A mismatches (Fig. 1C) and the modified s6G-G,
$6G-U and s6G-A mismatches (Fig. 1D) were comparable.

NMR analysis of s6G-containing RNA duplexes. To more thoroughly evaluate the structural conse-
quences of the G to s6G substitution, four RNA duplexes containing s6G-C pairs at internal positions (M10,
M12, M14 and M16), as well as their unmodified counterparts (M9, M11, M13 and M15), were investigated by
NMR spectroscopy. The chemical shift changes (ACS) induced by the G to s6G modification were rather lim-
ited and qualitatively very similar for all four studied pairs of duplexes. The ACS observed for the M9-M10 and
M11-M12 pairs of duplexes are shown in Tables S1 and S2, respectively. Among the assigned nonexchangeable
protons, no ACS greater than 0.15 ppm was observed. Moreover, ACS > 0.05 ppm were observed exclusively for
atoms belonging to the internal G-C base pair (pair bearing the s6G modification) and the two base pairs directly
flanking it. The ACS experienced by exchangeable protons were greater (Tables S1 and S2) but still localized in
the direct vicinity of the modified base pair. Overall, these observations strongly suggest that the structural rear-
rangements induced by s6G were minor and only limited to the closest neighboring base pairs of the modified
base pairs. Similar conclusions were previously obtained for DNA duplexes modified by s6dG**°. Figure 2a-d
shows the assigned imino proton region of the 'TH-NMR spectra of the studied duplexes. Most spectra feature
seven imino resonances, lacking only those belonging to the terminal A-U base pairs. A feature that was recurrent
for all four pairs of duplexes was a considerable broadening of the G5 imino proton upon the introduction of the
thio-modification, accompanied by a ca. 1 ppm upfield shift of this resonance (in the range of 0.93-1.27 ppm for
the different duplexes). The line broadening was severe enough that for M14, the G5 imino proton was barely vis-
ible at 25 °C, while for M12, it only became observable at 5°C (Fig. S4). This broadening can be interpreted as an
indicator of an increased rate of exchange of the imino proton with the solvent. These observations indicate that
the s6G modification weakens the G-C base pairing interactions in accordance with our thermodynamic results,
yet does not abolish them completely. Another recurring spectral feature for all studied duplexes was a consistent
ca. 0.25-0.4 ppm downfield shift of the cytidine amino proton directly hydrogen bonding to the sulfur (S6) atom
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Figure 2. The effect of the G to s6G substitution on the imino region of the NMR spectra for (a) the M9-M10
duplex pair, (b) the M11-M12 duplex pair, (c) the M13-M14 duplex pair, (d) the M15-M16 duplex pair and (e)
the M19-M20 duplex pair.

(in the range of 0.24-0.42 ppm for the different duplexes). A similar pattern of ACS, a ca. 1 ppm upfield shift of the
G imino proton and a ca. 0.25 ppm downfield shift of the C amino proton, was previously reported for a s6dG-dC
base pair in a DNA duplex*®. With our current observation of this pattern in four different RNA duplexes, we can
conclude that this pattern is a general NMR spectral ‘fingerprint’ of an s6G-C base pair in both RNA and DNA.

An additional pair of duplexes, containing either a G-U wobble base pair (M19) or its s6G-modified coun-
terpart (M20) at an internal position, was also investigated by NMR. The ACS measured for nonexchangeable
protons were comparable to those observed for the duplexes with modified G-C pairs and, once again, localized
in direct proximity of the modified base pair. This finding suggests that also for the G-U base pair, the G to s6G
substitution results in very minimal structural rearrangements. The imino protons of G and U residues involved
in the s6G-U wobble pair were both shifted by ca. 0.2 ppm downfield with respect to the nonmodified duplex
(Fig. 2e). In contrast with the results obtained for the s6G-C pair, these resonances were not appreciably broad-
ened by exchange at room temperature. However, when the temperature was increased, it became apparent that
the s6G modification considerably weakened the wobble base pair. For the modified duplex M20, the relevant
imino proton peaks became noticeably broadened at 35 °C and disappeared completely from the spectra at ca.
45°C, while for the nonmodified M19, these peaks remained narrow at ca. 45 °C (Fig. S5). This NMR observation
concurs with our thermodynamic results indicating that the s6G-U-containing duplex M20 is significantly dest-
abilized with respect to the unmodified M19.

Interestingly, contrary results were previously observed for DNA. Both NMR*® and thermodynamic stud-
ies? indicated that, for a s6dG-T wobble pair in a DNA duplex, the s6G modification actually slightly stabilized
the structure. In order to formulate a plausible explanation for this difference, the effects of s6G introduction
into G-C pairs in DNA and RNA were also compared. The DNA study by Bohon and de los Santos*” reports an
approximately 0.9 kcal/mol destabilization at 37 °C accompanied by around 3 °C decrease in T); when s6G is
introduced in the 5'TGA/3’ACT sequential context. On the other hand, our current data reveal a 2.6 kcal/mol
destabilization and around 10°C drop in Ty, when the same substitution is made in RNA. Thus, the destabilizing
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effect observed in RNA appears to be much more pronounced. Taken together, the results for s6G-C base pairs
and for the s6G-U mismatches could indicate that the s6G modification is easier to accommodate in B-form
helices (DNA) compared to A-form helices (RNA). However, much caution is required when directly comparing
these data due to different polymer types and different overall sequences.

Conclusions

6-Thioguanosine residues were placed in duplexes at central and terminal positions with various sequences and
arrangements of 5'- and 3’-adjacent base pairs, as well as, at 3’- and 5’-dangling ends. Placing the s6G residue at
the center of RNA duplexes diminished their thermodynamic stability up to 2.64 kcal/mol, and this destabilizing
effect did not substantially depend on the sequence and arrangement of 5'- and 3’-adjacent pairs. The presence of
6-thioguanosine in 5- or 3’-terminal base pairs of the duplexes reduced their stability by ca. 1kcal/mol. However,
when guanosine 5'- and 3’-dangling ends were replaced with the s6G residue, the thermodynamic stability of
RNA duplexes was enhanced by 0.5-0.7 kcal/mol. Comparisons of the influence of s6G involved in base pair
formation as well as its presence on 5’- and 3’-dangling ends suggest that replacing guanosine with s6G led to
increased stacking interactions, while diminishing hydrogen bonding strength within RNA duplexes.

The presence of the s6G modification within s6G-G, s6G-U and s6G-A mismatches also destabilized RNA
duplexes; however, this effect was smaller than the destabilization due to the introduction of G-G, G-U and G-A
mismatches themselves without s6G modification.

NMR investigations indicated that the structures of RNA duplexes containing natural base pairs and base
pairs with s6G modification were similar. This observation is consistent with the thermodynamic data and
CD spectra reported herein, as well as, with the previously reported results for DNA duplexes containing
2'-deoxy-6-thioguanosine. Taken together, our results demonstrate that the presence of 6-thioguanosine in heli-
cal regions of RNA only negligibly affects their structure. This finding is reassuring for photocrosslinking studies
in which a single 6-thioguanosine residue is usually present in the group of RNAs as its presence should not alter
the formed secondary structures.

On the other hand, in some special cases minor structural and electronic changes induced by the
6-thioguanosine substitution may significantly affect the properties of RNA molecules. For example, a
6-thioguanosine introduced at the active sites of ribozymes may be enough to affect their activity. Thus, in this
context, a G to s6G substitution could provide valuable data regarding the mechanisms of action of these types
of RNA molecules!*,
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