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ABSTRACT in many biological systems (3-5)mang the uridine modifica-
tions, 2-thiouridine @J) and its C-5 derivatives are found
predominantly in the wobble position of tRNAs (3). Féy st
has been shown that sulfur substantially stabilizes'tbad?
sugar conformation at the nucleoside and dinucleotide level
(6-9). It has also been shown thathBribothymidine (3T)
stabilizes tRNAs from extreme thermophi{&6—12), presumably
through stabilization of the'-8ndo sugar conformation. Direct
evidence for this in intact tRNA was not obtained, and the
stabilizing properties of28) have not been confirmed for
oligoribonucleotides mainly due to the synthetic difficulties
involved in site-specific incorporation ofsand 8T. Methods
for U incorporation involving base protection add additional
synthetic steps to the phosphoramidite chemistry and therefore
have not received wide use. Early attempts to incorpotite s
phosphoramidite without base protection into RNA using the
conventional reagents in the automated solid-phase phosphor-
amidite method have failédi3,14). As described prieusly, the
difficulty can be overcome in a straightforward fashion by using
tert-butyl hydroperoxide instead ofivater for the oxidation step
in solid phase oligonucleotide synthgdi5—17). In the present
study, we have used this method to synthesize oligonucleotides
containing 38U and characterized the resulting RNA stabilization
using NMR, UV and CD spectroscopy.

As part of our project to investigate the influence of RNA

, - R o modification on codon—anticodon interaction, we synthesized the

and N proon e indiatie of e S ., RNA Sequence GBUUC as the minimal model.he centa
in our model system is comparable to the 20 °C pynmll_dmes form the anticodon trlnl,_lcleotlde' modeled .after
stabilization observed by Grosjean and co-workers for tRNA™Y® and the GCs at the end were inserted in order to impart
2-thiolation in a codon—anticodon model system reasonable stability for the duplex fqrmed with the complementary
composed of two tRNAs with complementary anticodon strand GAmAmAmCm. The selection of the complementary
sequences [Houssier, C., Degee, P., Nicoghosian, K. strand GAmMAMAMCm instead of GAAAC was favored since the

and Grosjean, H. (1988) J. Biomol. Struct. Dyn ., 5 2'-O-methyl containing sequence did not aggregate at the low
1259-1266]. C ' ' ’ 7 77 temperature necessary to form stable duplex, whereas aggregatior

was a problem in the case of GAAAC. TheC2methyl
containing complementary strand also added stability to the RNA
INTRODUCTION duplexeq18,19). The sequencdJBUC was used as a control
Transfer RNAs are unique among the naturally occurring RNA®r comparison with 4J, and experiments with @$UUC

in that a very high percentage of the nucleosides are chemicaiiglped to establish that only?Us and not 4U, stabilizes
modified (1,2). Degpite the wide distribution of modified Watson—Crick base-pairs in RNA duplexes. The observation that
nucleosides, with few exceptions, the functional role of many &U modification improves codon—anticodon fidelity in the wobble
the modified nucleosides is unknown. Reviews published iposition of tRNAs(20) is eplained by our observations of
recent years delineate the potential role of the modified nucleosidgnificant duplex stabilization upon substitution of U wild.s

In order to understand the effect of 2-thiouridine (s~ 2U)
substitution on RNA structure and the potential for
stabilization of tRNA codon—-anticodon interactions
through s 2U-34 modification, a pentamer RNA sequence,
Gs2UUUC, was synthesized and characterized by NMR
spectroscopy. The single strand contains the UUU
anticodon sequence of tRNA LS with flanking GCs to
increase duplex stability. Regiochemical effects of
uridine thiolation were determined by comparing the
structure and stability of the 2-thiouridine containing
oligonucleotide with an identical sequence containing
4-thiouridine (s 4U) and also the normal uridine nucleo-
side. Circular dichroism spectrum indicated an A-form
helical conformation for Gs 2UUUC which was further
confirmed by 2D ROESY NMR experiments. The duplex
stability of the three pentamers complexed with a
2'-O-methyl-ribonucleotide complementary strand,
GmAMAMAMCH, Was determined by UV thermal melting
studies and by H NMR spectroscopy. The duplex
containing s 2U has a Ty, of 30.7 °C compared to 19.0 °C
for the unmodified control and 14.5 °C for the s 4U
containing duplex. The results from UV experiments
were corroborated by imino proton NMR studies that
show proton exchange rates, chemical shift differences,
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MATERIALS AND METHODS spectra were acquired using a PE Sciex (Norwalk, CT) API IlI

uadrupole mass spectrometer.
UV spectroscopy d P P

Samples for UV melting studies contairéix 104 M of each Synthesis

duplex at one of two different salt concentrations, 100 mM NacCl

and 1 M NaCl, in 25 mM phosphate buffer, 0.5 mM EDTA, pH 7.0Thin layer chromatography was performed with Merck silica gel
The Ty, experiments were done on an HP 8452A spectrophot60F-254 and Merck silica gel 60F (230-400 mesh) was used for
meter equipped with a 890090 Peltier temperature control unitash chromatography. Chemical reagents were purchased from
the temperature was increased #€ increments with a 1 min Aldrich except where noted and used without further purification.
equilibration time. Measurements were repeated three times fopectral grade acetonitrile (Baxter) was used for HPLC.

each duplex, and the melting transitions were determined from

the first derivative of the absorbance versus temperature cureO-(4,4-Dimethoxytrityl)-2-thiouriding4). 2-Thiouridine (3.25 g,
Thermodynamic parameters were determined from UV melting2.5 mmol, 1 equiv.) was dried by evaporation from dry pyridine

curves using the MeltFit prograf2l). (2 x 15 ml), then dissolved in 30 ml of dry pyridine under Ar
atmosphere. To this was added-dirhethoxytrityl chloride (5.0 g,
CD spectroscopy 15 mmol, 1.2 equiv.) and the reaction mixture was stirred

overnight at room temperature. Solvent was remave@cuo
Samples for CD spectroscopy were prepared at a concentratiomafl then coevaporated with toluene to remove residual pyridine.
[(B5UM in 25 mM phosphate buffer, pH 7.0, containing 100 mMrhe residue was dissolved in 100 ml of methylene chloride and
NaCl and 0.5 mM EDTA. The CD experiments were done on éxtracted with saturated sodium bicarbonate followed by sodium
JASCO J-720 CD spectrometer, and the temperature wasloride. The solvent was dried over anhydrous sodium sulfate,
controlled with a Neslab RTE-110 refrigerated water bath andsalvent removed and the residue was purified by flash chromatogra-
flow-through CD cell. The temperature was allowed to equilibratghy, using chloroform:methanol (95:5) to yield 5 g (70%) of

for 5 min at each temperature. compoundt as a slightly yellow foam. m.p. 95— 1H NMR
(DMSO-¢5) 12.70 (s, 1H), 8.00 (d, 1H), 7.30 (m, 9H), 6.90 (d, 4H),
NMR spectroscopy 6.50 (d, 1H), 5.60 (d, 1H), 5.40 (d, 1H), 5.20 (d, 1H), 4.10 (m, 3H),

NMR experiments for the nucleoside derivatives were done usilflgé';r7 %g;ingfg(mﬁﬁégf 1BGI\S5S) found: 561.1708 (calculated

a Bruker AC200, 200 MHz NMR spectrometer. All NMR

experiments on RNA oligonucleotides were carried out using 5-0-(4,4-Dimethoxytrityl)-2-O-(tert-butyldimethylsilyl)-2-

Varian Unity 500 MHz NMR spectrometer and a Nalorac ID50@hiouridine(5). Compoundt (2.8 g, 5.0 mmol, 1 equiv.) was dried
indirect detection probe. The NMR samples contaifdiM by evaporation from dry pyridine 215 ml), then dissolved in
RNA in 400pl of 25 mM phosphate buffer, pH 7.0, containing45 ml of dry pyridine under Ar atmosphere. To this was added
100 mM Nacl, 0.05 mM EDTA (for single strands) and in{220 imidazole (1.4 g, 20 mmol, 4 equiv.) aed-butyldimethylsilyl

of 50 mM phosphate buffer, pH 7.0, containing 200 mM NaClkhloride (0.9 g, 6 mmol, 1.2 equiv.). The solution was stirred for
0.1 mM EDTA (for duplexes). Shigemi (Allison Park, PA)9 h atroom temperature. Solvent was evaporated and then further
microsample NMR tubes were used for the 2@0duplex coevaporated with toluene to remove the residual pyridine. The
samples. Samples in,D were prepared by twice lyophilizing, residue was then dissolved in 100 ml of methylene chloride and
then redissolving the agueous samples in 99.980@Dd finally  extracted with saturated sodium bicarbonate followed by sodium
redissolving in either 400l (for single strands) or 220 (for ~ chloride. The organic layer was separated and dried over
duplexes) of 99.996%40. 2D TOCSY, ROESY, PECOSY and anhydrous sodium sulfate. The solvent was remavedcuo
heteronuclear COSY experiments were collected as hypercompfixe crude product which was a mixture of botarzl 3isomers

data sets using TPPI-States phase cy(@Rpand processed with was subjected to flash chromatography. Thés@mer was
Varian VNMR software. The ROESY experiments were colseparated and solvent evaporated to yield 0.65 g (50%) of
lected using a time-shared spinlock field 8600 Hz(23,24). compound5 as a white foam. M.p. 110-145; 1H NMR

The P, acquisition, data were collected with 4096 total dat§DMSO-ck) 12.70 (s, 1H), 8.05 (d, 1H), 7.30 (m, 9H), 6.90 (d, 4H),
points and 400 increments were zero-filled to 2048 total points6.50 (d, 1H), 5.45 (d, 1H), 5.30 (d, 1H), 4.20 (m, 3H), 3.75 (s, 3H),
in F1. PECOSY (25) spectra werellected with WALTZ-1631P  3.40 (m, 2H), 0.90 (s, 9H), 0.10 (d, 6H); FAB MS, found
decoupling and a decoupler field strengthiffO Hz to minimize  675.2526 (calculated forsgHs4N2075,Si1, MH™: 675.256).

sample heating. The PECOSY data were collected with a spectral ) . ) )

width of 2300 Hz, centered at the water frequency, with 4096 da?O-(4.4-Dimethoxytrityl)-220-(tert-butyldimethylsilyl)-2-

points collected inFdomain and 40Q increments zero-filled to  thiouridine-3-(cyanoethyl - N,N-diisopropylphosphoramiditég).

2048 data points imFThe proton-detected heteronuclear COSYcompound (1.0 g, 1.5 mmol, 1.0 equiv.) was dissolved in 30 ml
(26) data wereatlected with 64 transients per increment, spectredf dry THF under Ar atmosphere. To this was added DMAP
widths of 1300 and 250 Hz in,nd F, respectively and 64 t (0.035 g, 0.3 mmol, 0.2 equiv.), and_ d||sopropy_lethylam|_ne (O.5_m|,
increments; the tdata was zero-filled to 1024 points. 3.0 mmol, 2.0 equ_|_v.). The solution was _stlrred _vvhlle adding
2-cyanoethyl N,N-diisopropylphosphonamidic chloride (0.67 ml,
3.0 mmol, 2.0 equiv.). After 2 h, another 1.0 equivalent of
2-cyanoethyl N,N-diisopropylphosphonamidic chloride was
The FAB mass spectra were recorded on a Finnigan MAT 95 higldded and the stirring was continued for 5 h. The reaction was
resolution gas chromatography/mass spectrometer with Finniggunenched by adding 100 ml of ethyl acetate, the reaction mixture
MAT ICIS Il operating system. Electrospray ionization massvas extracted with saturated sodium bicarbonate followed by

Mass spectrometry



1274 Nucleic Acids Research, 1997, \ol. 25, No. 6

sodium chloride. The organic layer was separated, dried overocedure of VorbruggefB81); the hydoxyl protecting groups
anhydrous sodium sulfate and the solvent was reniovaduo  were subsequently removed with 2 M NH MeOH. The sugar
The residue was purified by flash chromatography on silica gptotection and phosphoramidite synthesis follow standard literature
to yield 0.83 g (65%) of compourttlas a white foam. The procedures (32). The-Bydroxyl was then protected by dime-
material exists as 1:1 ratio of stereoisomers about phosphordhexytritylation using DMT-CI to give compou#ddn 70% yield.
and two chemical shifts are observed for some of the resonancegatment of compourélwith TBDMS-CI gave a mixture of 2
The secondary shifts are indicated in parentheses. m.p. 120+-125and 3-TBDMS derivatives, which on purification by flash
IH NMR (Acetone-g) 11.25 (s, 1H), 8.20(8.05) (d, 1H), chromatography yielded the pureigbmer compoun8 in 50%
6.80-7.60 (m, 13H), 6.70 (s, 1H), 5.05(4.95) (d, 1H), 4.50 (nyjeld. Reaction of compourgiwith 2-cyanoethyl-N,N-diisopropyl
8H), 4.00 (m, 3H), 3.60 (m), 2.50—-2.90 (m), 0.80-1.30 (M), 0.1phosphonamidic chloride for 5 h at room temperature afforded
(d); 3P NMR (Acetone-g) 151.12, 150.94; FAB MS, found: the desired4) phosphoramidite compouldn 65% vyield. The
877.3797 (calculated forygHg1N40sS$1Si P, MH*: 877.3795).  amidite 6 was then incorporated into RNA using the modified
oxidation protocol as reportgd5), which erploys tert-butyl
Oligonucleotide synthesis hydroperoxide instead of the conventional aqueous iodine
L . . ._reagent, for the oxidation step in solid phase automated oligonucleo-
The oligoribonucleotides were synthesized on an Appliefye” synthesig33). The stepwise yield for theéls amidite
Biosystems 394 ohgon_upleoude _syntheS|zer on a_mOI s_cale oupling was >95% as evidenced by trityl assays and verified by
using 0.05 M acetonitrile solutions of Perseptive Biosearcp| ¢ Deprotection and purification were carried out following

Expedite phosphoramidites; thi&Jsamidite concentration was 1 pjished RNA protocols (28,34—36). Synthesis of the 4-triazolo-
0.1 M. Controlled Pore Glass supports were obtained from Glefjine phosphoramidite required to make the 4-thiouridine

Research, all other reagents were standard solutions (Appli taining RNA using post-synthetic modification was accom-

Biosystems, Foster City, CA). Amidites were coupled for 30 miBIished b i ;
. ; y following the reported procedures starting from the
and for the synthesis of &$JUC, thetert-butyl hydroperoxide commerdially available uridine phosphoramidig¥,38). The

(10% solution in acetonitrile) oxidation step was @ minutes. 4 _yiazolouridine phosphoramidite was incorporated into RNA
Synthesis of other sequences were carried out following thgjng the standard methods and the RNA was then treated with

standard ABI procedure. thiolacetic acid followed by the deprotection using 10% DBU/
, MeOH (37), which yielded théd containing RNA oligonucleo-
Deprotection tide. The identity of the modified nucleosides was confirmed by

The CPG-bound RNA sequences were transferred from tigéctrospray mass spectrometry on the oligonucleotide, as well as
column to a screw cap glass vial, to this was added 2.0 ml %fcheme 1

NH4OH:EtOH (3:1 v/v) and the solution kept at room temperature oOTMS
for 3 h. The supernatant was decanted, the support material [U\NH
washed with an additional 1.0 ml of WBH:EtOH and the //I“J‘\ N/gs
combined solutions heated at’&5for 6 h, then lyophilized on B20 0-_OAc SNTNSTMS g0 o
a Speed-Vac concentrator. The dried material was treated with /\;—?H mﬂe
15 ml of neat BN.3HF and the solution stirred at room B0 OBz goel yield B0 g OBz
temperature for 8 h. The reaction was quenched with 0.3 ml of 1
water and the RNA precipitated by adding 15 ml of n-butanol and g e
allowing the solution to stand at <ZDfor 6 h. The precipitated e
RNA was recovered by centrifugation and diredacuo

o
Purification and analysis 1 ﬁLNH

NH - idi
The oligonucleotides were desalted using a Waters C18 Sep-Pak fig < MG Pyndine | N/gs
cartridge following the procedure of Khare and Ort2¥). The NS 0% veld A o
GrmAMAMAMCm, GEUUUC and G8JUUC oligos were further DMTO yoﬂ
purified by anion-exchange HPLC as described by Vinayak and HO 4 OH HO . OH
co-workers (28). The RNAligonucleotides were analyzed by = =
electrospray mass spectrometry and by enzymatic digestion TBDMS-C
followed by HPLC/mass spectrometry (15,29) and also sequenced :;ﬂir?dﬁﬁg'ew
by ESI tandem mass spectrometry (30). 55% yield .
RESULTS 0 o | /t{
Synthesis of modified nucleoside phosphoramidites and [lLNH 0P P‘ooncHzoN NS
oligonucleotides N8 ———————» DMTO 0
. . - . i . DMTO o DMAP, DIEA, THF

Synthesis of 2-thiouridine (Scheme 1) was achieved in high 65 % yield ipN-p O & OTBOMS
yields by the coupling of the bis silyl derivative of 2-thiouracil HO OTBDMS 2" “OCH,CH,CN

with 1-O-acetyl-2,3,5-tri-O-benzofd-b-ribofuranose following the =
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P1, P2

P3 P4

! o e
JJ“M.J GsUUUC &t Jl M ' ° Gs4UUUC

P3

P4 P1 P2
B Gs2UuuUC
m Gs2UUUC M WWMM Rl P oo ps WW/
e P
LWJ\W

L UML i .

T T HLI N B T L R L DL B i |
O T Tees 0 55 30 45 40 eem Figure 2.3 NMR spectra o) GUUUC, 8) GRUUUC and €) GEUUUC,
in 25 mM phosphate buffer, pH 7.0, containing 100 mM NaCl, 0.1 mM EDTA,
Figure 1. Proton NMR spectra at 3G for (A) GUUUC, B) GUUUC and referenced to 85% 40y
(C) GSUUUC, in 25 mM phosphate buffer, pH 7.0, containing 100 mM NaCl,
0.1 mM EDTA.

assignments for the H3s as mentioned above and also because tw
by nuclease digestion of the RNA to nucleosides followed b§f the phosphorus signals are overlapped as shown in Figure 2. A
LC/IMS (29). qualitative comparison of thé!P spectra revealed that the
resonances of @GgUUC are well separated and spread over
about 0.3 p.p.m. relative to the resonances from the other two
sequences which appear in a very narrow region. Comparison of
The 1DH NMR spectra and th&P NMR spectra of the three the spectrum for GUUUC, @9UUC and G3UUUC indicated
oligoribonucleotides GUUUC, BJUUC and G8UUUC are  that while the resonances corresponding to P3 and P4 remain
shown in Figures 1 and 2, respectively. Resonance assignmaitiaffected, the P1 and P2 resonances from tRg\@4C are
were made using 2D NMR experiments recorded a€2ahd  shifted upfield relative to the corresponding resonances from
30°C; the data is summarized in Table 1. The pttton of the GUUUC and GYJUUC.
U residue in GRJUUC was easily identified from its characteris-
tic downfield shift due to the sulfur substitution at C2. The H5 anthple 1. Non-exchangeable proton chemical shifts (p.p.m.) of GUUUC and
H6 protons of the uridines were differentiated from the cytidines2uuuc at 27¢
H5 and H6 protons by their different coupling constant (for
uridines, 3J4s_Hg [B.0 Hz and for cytidin@Jys_ng (7.6 Hz). Residue ~ H1' H2 H3 H4 H5,H5 H8 H6 H5
Also, the H5 resonance of cytidine was shifted downfield, andyyuc

NMR resonance assignments

was clearly resolved from the uridine H5 resonances and the Hgq) 587 4.80 471 437 - 796 - -
resonances (Fig. 1). For 46RJUC, sulfur substitution at C4 uE@) 502 438 465 4.44 — _ 7.82 577
resulted in a downfield shift of the H5 resonance 1o, svhile  y(3) 5.89 4.38 459 442 420,408 - 779 583
the H6 resonance experienced an upfield shift compared to othe(s) 5.89 4.38 459 4.42 421,409 - 7.84 5.87
residues. The'and 3terminal GCs were identified, respectively, c(s) 591 423 429 - 423,412 - 7.87 6.03
by their characteristic downfield and upfield shifts of theath2l GLUUUC

H3' protons; it has been reported that the downfield shift of thes(1) 5.82 479 457 434 412,381 792 - -
H2' and H3 resonances of thé rminal residue is attributed to  s?U(2) 6.33 4.39 450 441 435413 - 7.84 6.00
the absence of ring current effect and the upfield shift of the)(3) 5.87 429 456 429 4.24,406 - 7.79 5.74
corresponding resonances of the t&8rminal nucleotide is U(4) 8.86 4.34 454 439 421,409 - 7.76 579
observed due to the absence of a terminal phosphate (39). On {&&) 589 420 4.26 4.18 423,408 - 781 584

basis of all these starting points, assignment of the resonances for
the individual residues was accomplished by a combination
TOCSY, PECOSY, ROESY amtH-31P hetero-COSY experi-
ments. Assignment of most of the resonances for GUUUC atithas been well established by Lee and Tinoco that the percentage
GUUUC was achieved; however, extensive overlap of th@-endo(N-type) sugar conformation of a nucleoside in RNA is an
central uridine resonances in4@8)UC prevented complete indication of the extent of stacking for that nucleogi41).
assignment of this sequence. Increased stacking is also predictive of a tendency to form
The assignment of tH&P NMR spectra (Fig. 2) for GUUUC stronger RNA duplexes when an oligo interacts with its
and G3UUUC was done by correlating the 'HiBoton resonance complemen(42). We measured tRé,1_2 scalar couplings for
to the 3P resonances using th-31P proton detected hetero- all the residues of G8UUC from the 1D spectrum at 30
nuclear COSY experiment (data not shown). Assignment of tt{€ig. 1), where all the Htesonances are resolved. For GUUUC,
resonances for @&3UUC was made by comparison with GUUUC measurements were made using the 1D spectra as welP# the
and G3UUUC since we had difficulty obtaining unambiguousdecoupled PECOSY experiment; for*G8lUC, measurements

Measurement 0f3Jy1_nx scalar couplings
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for the terminal GCs were possible from the PECOSY, but this @
data had little further utility and therefore we could not make a F2 T
meaningful comparison with the other sequences3¥heny (ppm
couplings were used to calculate the percentage of -t#1ed8 7.80
sugar conformation (Table 2). The limiting value of the sum of the
3J1-H2 and the3Jyz_Ha couplings was set to 10 Hz based on

the measurements from tA& decoupled PECOSY made at 7.84
27°C and 40C, where both thédy;_n> and the3Jyz_pa

cross-peaks were resolved for GUUUC andUBKJC. Examin-

A HealHsal He)

uliThenlon

Hé[2]

E CPo @y

7.86 H6[4]

H212]
H34] © €

=S

ation of the data in Table 2 clearly indicates that then8o 7-8839 § He[s]

conformation for the %J residue is significantly stabilized 7.904 B

compared to the comparable uridine in GUUUC. For %k s i =

residue, the Hlproton also remains resolved throughout the 7.923  _ (A)GUUUC _

entire temperature range from 15 to°@0 therefore the 7.0a4 I g5
calculation of the percentage 6fhdo pucker for this particular E I@ =

residue was straightforward at all the temperatures studied.  7-9673 Q relil 0

Below 15°C only a singlet was observed for the' hbtoton "5‘8‘“5'4"‘5[0"'4‘6"4‘2

suggesting that the sugar pucker approaches 1069d8,
although we can only state definitively that3g_H»> coupling Fl (ppm)
is less than the 1 Hz based on a comparison of thend H8/H2
linewidths. The high percentage of thieBdo sugar conformation g
He[4]
He[3]

measured for the’d residue suggests thdUsconfers conforma-
tional rigidity to the RNA structure throughout the temperature
range from 15 to 4CC.

Table 2. Percentage'3ndo (N) conformer and equilibrium constants (N/S)

at 30°C for GUUUC and GRJUUC Hels)
%N %S Keg (N/S) E

GuuuC 51 49 1.0 R (B) Gs2UUUC

GUUUC 42 58 0.7 7.947

GUUUC 41 59 0.7 3

GUUUC 41 59 0.7 7.967 He(2]

GUUUC 59 41 1.4 7.983 111 Ha[1)
Gs2UUUC 62 38 16 A — —— g i
Gs2UUUC 75 25 3.0 5.8 5.4 5.0 4.6 4.2
GgUUUC 77 23 3.3 r1 (ppm)

GUUUC 75 25 3.0

GUUUC 61 39 1.5

Figure 3.Base to sugar region of the 300 ms 2D ROESY spectrg)fati{UUC

and B) GR2UUUC. Selected assignments relevant to the stacking conformation
are shown, complete assignments are in Table 1. Cross-peaks from H6 protons
are seen as clearly resolved doublets in F2.

The percentage of'&ndo (N) conformers for the underlined nucleotide was
calculated from %S = 1003y 2/(J1 2+J3 4), %N = 100 — %S (56).

2D NMR spectra of GUUUC and G3UUUC to H1 protons are weak compared to'H#otons thereby
Although the effect of&J in stabilizing RNA structure can be suggesting the predominance of #mi conformation over the
seen from the sugar conformation determination, the helicaynconformation.

structure of the RNA can be directly determined from the The 2D ROESY spectra of both GUUUC and?@$UC
observation of certain NOE cross-peaks measured in the 2Zbown in Figure 3 did not show many sequential NOEs for
ROESY NMR experiment. Comparison of the relative intensitiell8/H6—HZ1 protons. However, intraresidue NOEs from H8/H6 to
of the cross-peaks from H8/H6 to'Hithd from H6/H8 to Hand  H1' were observed. This NOE pattern could be the result of either
H3' reveals the preferred conformation around the glycosiden A-form, or a weakly stacked structure. Hence, these NOEs
bond (43,44). Comparison of the ROESY spectfag( 3) could not be used for any rigorous comparison. The H8/H6—H2
revealed that while the residues oPI®IUC exist predominantly H3' region, which is more sensitive to the local RNA structure
in the anti conformation about the glycosidic bond, a distributiothan H8/H6—H1, was therefore used to determine structural
of syn and anti forms is seen for the residues of GUUUC, alifferences. The ROESY spectra at’@Oindicated a weakly
evidenced from the stronger cross-peak intensities from H8/H6$tacked structure for GUUUC and a more defined, stacked form
H1'. In the case of GEUUC, the observation of a strong NOE for GZUUUC where NOEs were observed throughout the
from H6 to H2 and the absence of an NOE to' itk the U  sequence for both Hand H3 to H6/H8. Observation of better
residue clearly shows th&tsis strictly in the anti conformation. stacked A-form helical structure for €6BJUC compared to
However, for other residues, although NOEs are observed fGUUUC, even at this relatively high temperature, clearly
both HI and H2 from H8/HS, the intensities of the cross-peaksndicates the stacking stabilization effect & .sin the case of
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1 2 3 4
GssUU uUC GuUuucC Gs*UUUC
Cm Am Avn Ame CmAmAmAme Cm Am Am Ame
6
30 °C
e U
25 OW
A M _
/L W/'\"\’/\MNW WMM

u2 us Gl U
U2 U3, U4
0°C G6 Gt 6 uz, AU al G6
e AN 2
1;....,....F...‘....,.\..|....|,,..,,..,Trm ALk waad s SR s h e Eada ey st OSSR PERRSRL
.5 14.5 13.5 12.% ppm 15.5 14.5 13.5 12.5 ppm 15.5 14.5 13.5 12.5 ppm
2
s“U Duplex ¢
U Duplex s"'U Duplex

Figure 4. Downfield imino proton region of the three duplexes as a function of temperature.

GLUUUC, cross-peaks were observed from H8/H6 th &f&d  study (aggregation of one of the strands in the duplex formation),
the intensity is less than that of the corresponding cross-peaddition of slight excess of the non-aggregating strand also
from H8/H6 to H3, indicating the sugars are predominantly in thémproved the quality of the spectry#b). The final concentration
3'-endo conformation as was also indicated by the scalar coupliafithe duplexes used for the NMR studies was 2 mM, in 50 mM
analysis. For G&JUUC, this is apparent in the lower right phosphate buffer containing 200 mM NaCl, 0.1 mM EDTA, pH 7.0.
qguadrant of Figure 3 where a strong NOE was seen from the o

H6[s2U] to H2[G1] and a very weak NOE from H8[d] to Temperature dependence of the imino proton NMR

H3[G1], indicating that4J forms an A-type stack with respect fesonances

to G1; for GUUUC, no such NOE interaction was observed. The downfield imino proton region of the three duplexes as a

Duplex formation function of temperature is shown in Figure 4. While fukand

$*U duplexes exhibited all five resonances corresponding to the
Pentamer RNA duplexes, containing either three uridines, fiwe Watson—Crick base pairs, the unmodified duplex control
single 2-thiouridine and two uridines, or a single 4-thiouridinshowed only four resonances due to the overlap of two of the
and two uridines were prepared to assess the intrinsic effect of tiraline imino resonances. The resonances foPthelsplex and
uridine thiolation on base pair formation. The duplexes wereridine duplex were assigned by 1D NOE difference experiments
generated by incremental addition of the complementary puririgpectra not shown). For trtsduplex, imino resonances from
strand to each of the three pyrimidine strands, with observatitimee three Us were nearly overlapped, therefore the precise
of marker signals from both strands in ##&NMR spectrum irradiation of the individual resonances necessary to make the
recorded at 40C. Although the exactly 1:1 complexes formedNOE assignment was not possible and the assignment was made
Watson—Crick base pairing as indicated by the imino protopurely based on the comparison wifh) sand U duplexes and
resonances at low temperature, significant broadening in tfrem the sequential disappearance of resonances due to melting
aromatic region was observed (spectra not shown); this éffects. The imino resonances from the two terminal G-C base
possibly because of the tendency of the pyrimidine strands pairs were easily identified from their chemical shift positions
aggregate at low temperature and hence a competition betweempared to the A—U base pairs and also from the broad nature
duplex formation and self-aggregation resulted in the signaf the signals. The imino resonance of tRg-#\ base pair
broadening. In order to overcome this aggregation problem,appeared downfield and th&Us-A base pair appeared upfield
slight excess of the purine strand was added to all the threempared to the corresponding resonance in the unmodified
duplexes which significantly improved the quality of the spectraJ-duplex indicating thas) forms a stronger H-bond whereas a
It has been reported earlier that in situations similar to the preseveaker H-bond is observed fdis
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Table 3. Thermodynamic data for the pentamer duplexes

Duplex AH° (kcal/mol) AS° (eu) AG°( (kcal/mal) Tm (°C)
GUUUC/GrArAmAmCm 43.22 148.2 2.8 19.0
GLUUUC/GrAmAMAMCm 46.46 152.8 438 30.7
GLUUUCIGrAmAMAMCm 43.31 150.6 2.2 14.5

UV thermal denaturation studies of duplexes and thermo- 1 . .
dynamic parameters

0.95
The UV melting studies were carried out with two different salt

concentrations, 100 mM NaCl and 1.0 M NaCl, in 25 mM ,
phosphate buffer, 0.05 mM EDTA at pH 7.0. The duplex
concentration used for melting studies &8s 104 M. The use 0.85 |
of such a high concentration was required for these sho
pentamer duplexes which exhibit very lGws at normal UV
concentrations of 3—3M. Studies on such small duplexes using £
high concentrations fof,, measurements have been reported °77 —a— U-duplex (100 mm NaCl)
earlier for pentamer length RNA and DNA homo and hetero-
duplexeq46). These concentratedistions required the use
of 1 mm UV cells, as well as measurements off the R4 of

260 nm. Hence, for théd-duplex, the observation was made at

0.8 +

sorbafite

o —o—s2U-duplex !
—a—U-duplex : Tm = 19.0 C (1 M NaCl) |
—e—s2U-duplex : Tm = 30.7 C |

280 nm, while 270 nm was used for the U-duplex. Forle s | mestUdwleciTm-145C
duplex, thé\maxat 330 nm was in the measurable range and hence o 5 10 15 20 25 30 35 40 45 50
was used for th&,, measurement. Thi, data shown in Figure 5 Temperature

and the thermodynamic parameters (Table 3) derived frofpthe

data allow a quantitative measurement of duplex stabilityFigure 5. Normalized melting curves for the three duplexes; melting studies

indicating that compared to the unmodified control RNA duplexere C‘.”‘”igg OUIth“E “Nohdifergnlffsa“ ;g”ce'\r/‘l”gtgﬁ' 100 v g‘a%a”g LOM
— o_ — H acCl, In m ospnate pufrer, O.o m al .U. IThe auplex

(Tm L 1.9.'0)C’ AG..O = 2.8 kcal/mol), the duplex containing concentration WaE% x lr())"‘M; measurements were madgat 280 nm ?idrrs)

2-thiouridine stabilizes the RNA duplex structufg € 30.7C, duplex), 270 nm (for U duplex) and 330 nm (féid siuplex).

AG°g = 4.8 kcal/mol), whereas destabilization of the RNA

duplex occurs upon substitution with 4-thiouridihg € 14.5C,

AG0= 2.2 keal/mol). at position 8 in eubacterial tRNA2$ and its five modified

cD ‘ derivatives occupy position 34, the so-called ‘wobble base’ at the
Spectroscopy first position of the anticodon anéllsis found at position 55 (1).

The CD spectra of the three single strands, GUUU&J@BYC [N tRNAs having consecutive pyrimidines in the anticodon loop,
and G8UUUC were recorded at two different temperatures, 181 wobble base is modified to either the 2-thio’éd-nethyl
and 30C , in 25 mM phosphate buffer, pH 7.0, containing 100 mmlerivatives (3), presumably to provide conformational rigidity.
NaCl and 0.5 mM EDTA, and sample concentration ofil@s ~ Previous studies to understand the role of nucleoside modification
The CD spectra shown in Figure 6 for2GJUC exhibit a Wwere carried out on the nucleoside and dinucleotide levels and
response characteristic for A-form RNA at both temperaturegstablished thaf¥l preferred a 3endo sugar characteristic of
with a large positive band at 265 nm and a negative band neiform of RNA (7,9). A igid 3-endo sugar pucker was
220 nm. The negative band at 330 nm is characteristic ofagsociated with wobble restriction of the codon—anticodon
thiocarbonyl group at the C2 position of uridifég-49) which ~ interaction, leading to the ‘Modified Wobble Hypothesis’ for the
also indicates stacking in the single stranded oligonuclgdgile  S°U derivatives found at position 881). _ _

The CD spectra of @UUC and the unmodified control  Inorder to find a suitable model in which to investigate the role
GUUUC have a similar profile with a positive band at 270 nm an@f §°U in codon—anticodon interactions, Grosjean and co-workers
a transition from negative to positive at 255 nm that is moréave studied the anticodon—anticodon association between
typical of a B-form than A-forni46,50). For both GUUC and  Escherichia coflRNACIU and yeast tRNBeusing the temperature
GSUUUC, the amplitude of the positive band at 270 nm isump method. They observed that the replacement of the thioketo
decreased slightly at 3G, whereas for @&JUUC the amplitude ~ group in the wobble position of tRNY by a keto group lowered

of the positive band at 265 nm did not change when tH&e melting temperature by about’@0(20). Depite the strong
temperature was raised from 10 t6G0However, the amplitude role played by2J in stabilizing the codon-anticodon interaction,

of the negative band at 330 nm for2ZG8UC was decreased Studies to investigate modification in small model systems have
slightly on raising the temperature suggesting a partial disrupti®d¢en limited due to the difficulties involved in the chemical

of stacking at the higher temperature. synthesis of RNA containing 2-thiouridine. In the present study,
a small pentamer duplex model containifld & stabilized by
DISCUSSION 11.7°C compared to an unmodified control duplex, placing in

context the stabilization role played BJsn tRNA molecules
Uridine thiolation is among the most ubiquitous and conserveatlring the codon—anticodon interaction. Our NMR studies
modifications found in tRNAs. 4-Thiouridine is highly conservectlearly indicate that®) favors a 3endo sugar pucker as shown



Nucleic Acids Research, 1997, Vol. 25, No. 61279

by the percentage of8ndo pucker calculated from thigy1:_p> 40
couplings. The effect oP8 on the nucleoside conformation in
G£UUUC is propagated to thé &djacent uridines which leads

to stacking stabilization of the entire RNA in an A-form
geometry. Such stacking stabilization &f shad been reported
earlier for dinucleotide®) and ply-s2U (52), and our data show
that U influences the sugar conformation for the oIigonucIeotide;f ]
G<ZUUUC in a similar fashion to the effect described forat £ 4
the nucleoside and dinucleotide ley8l9). Sthilization of 8
A-form geometry was further confirmed by the CD spectrum of
the single strand which shows thaP@gUC adopts an A-form
helical conformation. It has been observed earlier that RNAs
containing the 5-methyl-2-thiouridine nucleoside have negative -1
CD bands at 320-330 nm, with a shift toward the longer
wavelength region for a well stacked oligoribonucleqd@. In 20 Bt i s el bbb L
the present study the observation of a negative CD band at longer 200
wavelength (330 nm) for @dUUC further confirms a stacked
geometry. A partial disruption of stacking at higher temperature
is shown by the decrease in amplitude of the negative band E,
330 nm when the temperature is raised frofClid» 30 C. This

is in agreement with the ROESY spectrum of\@$UC  gyplex stability at the base pair level, the thermodynamic data
recorded at 3UC (Fig. 3b), where the only sequential NOE is(Taple 3) extracted from the duplex melting curves furnished
from H6[£U] to H2[G1], while no sequential H@-1)-H6(n)  quantitative data on the stability of the three pentamer duplexes.
NOEs between other uridines are observed, indicating that therey comparison of the thermodynamic data for the three duplexes
is less stacking at the higher temperature. HoweveB3C  indicates that while the duplex containing tRe sesidue is
exhibits better stacking than the unmodified control GUUUC ogtapilized by 2.0 kcal/mol, thés containing duplex is destabilized
Gs'UUUC, even at 30C as shown by NMR and by CD. The py 0.6 kcai/mol relative to the unmodified control duplex. The
general A-form helical geometry is retained at’@0for  observed trend can be explained by a combination of effects that
GLUUUC, and is quite evident from the CD band at 265 niiesylt from sulfur modification of uridine. The reasons for the
which has the same amplitude atGQas it does at IC. stabilization trend uporfld substitution include a preference for
The observation of well separated phosphorus resonancesHg 3-endo sugar pucker, stacking stabilization due to the more
the31P spectrum (Fig. 2) of BIUUC relative to GUUUC and polarizable thio group, and increased acidity of the N-3 imino
Gs*UUUC is also an indication that &HJUC exhibits structure proton (stronger H-bond)53). The destalization upon $U
in solution. The shielding effect experienced by the resonances&ibstitution is due to the lack of steric factors favoring'tea@o
and P2 (flanking the’s residue in GRJUUC) could result from  pucker, and a weaker Watson—-Crick base pair due to the
better stacking in solution compared to GUUUC arfUG&/C  replacement of the hydrogen bond accepting oxygen by a weaker
where the backbone experiences more conformational averagingdrogen bond accepting sulfur at C4. Although fheisino
Similarly, in the'H NMR spectrum of GJUUC, the H3proton  hydrogen is more acidic (pK = 8.2) comparec?td @K = 8.8)
of the 2U residue was shifted upfield (4.50 p.p.m.) compared tand U (pK = 9.3) and is expected to form a stronger hydrogen
the corresponding resonance from the comparable unmodifigdnd, the acidity effect is counterbalanced by the weak hydrogen
uridine (4.65 p.p.m.) of GUUUC, which again could be due to theond accepting property of the sulfur at C4 involved in
shielding effect of the sulfur in the better stacked structure &ffatson—Crick base pairirf§3). This is furtherigpported by the
G<UUUC. 2-Thiouridine is known to have the rigide®ido  fact that the imino resonance of the #Jdbase pair appeared
sugar characteristic of A-form RNA (8) and thigaribonucleo-  upfield (14.5 p.p.m.) compared to the corresponding resonance
tide containing an’®) residue exists in a well stacked conforma<from the A-U (14.8 p.p.m.) base pair from the unmodified duplex
tion in which the adjacent phosphates P1 and P2 and the hihereas the imino resonance for theAHs shifted downfield
proton of the & residue experience a net shielding effect.  (15.2 p.p.m.). This indicates that tRe sesidue forms a stronger
The A-form geometry observed for the?BBUC single-  hydrogen bond compared to uridine whereas a weaker hydrogen
stranded RNA is expected to result in a stabilized RNA dupleond is observed for thél$ residue. The observed upfield shift
when combined with a complementary strand. It has been showhthe imino resonance of the Asbase pair is not an intrinsic
that modified nucleotides which stabilize tieeBdo sugar lead property of 8U, but rather reflects the base-pairing geometry. The
to effective stabilization of duplexes when complexed with 8*U8-A14 reversed Hoogsteen base pair identified by NMR in
complementary strand (42). NMRudies and UV melting several tRNAs has an imino resonance at 15.0 p(p4h. The
experiments coupled with thermodynamic analysis establish&&NA data support our observations with thiolated duplexes since
that 2U containing RNA forms a very stable duplex structurdor an $U-A reversed Hoogsteen base pair the pyrimidine
whereas substitution witAld leads to destabilization of the RNA hydrogen bond acceptor is O2. The argument we have made for
duplex compared to the unmodified control duplex. The relativiie stabilizing effect o) in Watson—Crick base pairs would be
stability of the three duplexes is also seen from the meltingpplicable to 4J paired with A in a reversed-Hoogsteen
behavior of the imino proton resonances; the order of the obsengebmetry. ThetJ imino proton is more acidic than in U, the 02
trend of duplex stability is?8-duplex > U-duplex >%J-duplex.  oxygen is a good hydrogen bond acceptor, and the polarizable
While these experiments provided a qualitative description of tleilfur at C4 promotes stacking with neighboring bases.

30

20

50 300
Wavelength [nm] 350

gure 6.CD spectra for GUUUC, GgUUC and G8UUUC at 10 and 3(C.
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It has been suggested that stacking of the sulfur with N1 ofl&
neighboring nucleoside is possible in the casétsntaining 12
oligomers while such stacking is not possible for tfid s 1
containing oligomer, and that this explains the extreme stability
observed for poly%J compared to poly4s) and poly-U52,53). 18
The stacking stabilization resulting frofsmodification, the
sugar conformational effect, and a shift in imino proton acidity ar®
all effects that work synergistically to stabilize RNA structure.

Investigation of the effect oPld on duplex RNA structure is 20
a necessary step for extending the published data?dn s
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