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ABSTRACT. Antisense compounds are designed to optimize selective hybridization of an exogenous
oligonucleatide to a cellular target. Typically, Watse@rick base pairing between the antisense compound
and target provides the key recognition element. Uridine (U), however, not only stably base pairs with
adenosine (A) but also with guanosine (G), thus reducing specificity. Studies of duplex formation by
oligonucleotides with either an internal or a terminal 2- or 4-thiouridid¥ @ s*U) show that 8J can
increase the stability of base pairing with A more than with G, whilé san increase the stability of

base pairing with G more than with A. The latter may be useful when binding can be enhanced by tertiary
interactions with a“4J-G pair. To test the effects ofld and $U substitutions on tertiary interactions,
binding to a group | intron ribozyme from mouse-deriviedeumocystis cariniwas measured for the
hexamers, r(AUGACU), r(AUGACW), and r(AUGAC4U), which mimic the 3end of the 5exon. The
results suggest that at least one of the carbonyl groups of tteer8inal U of r(AUGACU) is involved

in tertiary interactions with the catalytic core of the ribozyme and/or thio groups change the orientation
of a terminal U-G base pair. Thus thio substitutions may affect tertiary interactions. Studies of trans-
splicing of 3 exon mimics to a truncated rRNA precursor, however, indicate that thio substitutions have
negligible effects on overall reactivity. Therefore, modified bases can enhance the specificity of base
pairing while retaining other activities and, thus, increase the specificity of antisense compounds targeting

cellular RNA.
Antisense oligonucleotides on the order of-2D nucle- H Y
otides long are typically used to target a single site in cellular /° """ HN '\, (‘J{N .
RNA. Due to the intrinsic high stability of base pairs, these YRR\ W TR Nﬁ
. . - . U NN A \ N
oligonucleotides may also bind strongly to partially comple- ’ N R K \OH N G\ N,
mentary sequences, thus reducing specificity-4). Se- LAY == R
gquences that can hybridize to form one or more uridine- HN
guanosine (U-G) or thymidine-guanosine (T-G) wobble base H
pairs are particularly problematic because U-G and T-G y o
wobble base pairs can be thermodynamicaBy € and OneeeH=N N
sterically (7) similar to uridine-adenosine (U-A) and thymi- / ' ﬁ </S_2U<N-H ----- Q Neg,
dine-adenosine (T-A) WatserCrick base pairs. /szu Noeweo A YN ,N—<\ 3 \ 7«
A related specificity problem is presented by codon- o =N ; S-o-HN _G_ R
anticodon recognition in translation. Many tRNAs alleviate e N
this problem by having anticodons containing 2-thiouridine H
(sU)! instead of U 8, 9). It is thought that because of the s
reduced hydrogen-bonding potential of sulfur compared to .. al n
oxygen (0), U-G wobble base pairs are destabilized / \| {s_4u<N—H ..... o N
relative to U-G wobble base pairs, b8UsA Watson-Crick {/STU<N_H ..... N4 A\ N N N 3
base pairs are as stable as U-A pairs (see Figure 1 for /N—< Ny ROR O G\ “a
hydrogen-bonding schemes). In additiofy §avors an anti, R 0 =N
C3 endo, gauche conformation for nucleotides in the N

. Ficure 1: Hydrogen-bonding schemes of U-A Watsd@rick base
T This work was supported by NIH grants Al45398 to D.H.T. and 1 pairs and U-G wobble base pairéUsand $U represent 2-thio-

R0O3 TW1068-01 to R.K. and D.H.T. - I . o f
*To whom correspondence should be addressed. Phone: (716) 275_ur|d|ne and 4-thiouridine, respectively. Modified functional groups

3207. Fax: (716) 473-6889. E-mail: Turner@chem.rochester.edu. are in bold.

* Current address: Department of Chemistry, University of Kentucky, ; inh ; ;
Lexington, KY 40506. anticodon loop, which is thought to impart thermodynamic

s Polish Academy of Sciences. stability to the anticodonrcodon interactionX1—14). This
1 Abbreviations: U, 2-thiouridine; 4U, 4-thiouridine. allows tRNA anticodons containingls to at least partially

10.1021/bi991187d CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/18/1999



16656 Biochemistry, Vol. 38, No. 50, 1999 Testa et al.

discriminate between codons that contain A and those thatand purified by thin-layer chromatography on Baker Si500F
contain G 9, 15). Presumably, antisense compounds that TLC silica gel plates 30).
contain 8U instead of U could also help discriminate between 5’ AUGAC($U)3' and BGAG($U)GAG3. The 4-thiouri-
targets that contain A and those that contain G. This could dine was obtained by conversion of uridine into 4-thiouridine
enhance the specificity of antisense oligonucleotides for their (31). Solid-phase synthesis, deprotection, and purification
intended target. were conducted as described above féU-sontaining
Another way to increase the specificity of antisense oligonucleotides except that standard iodine treatment was
compounds for their target is to take advantage of binding used in the oxidation step.
enhancement by tertiary interactions (BET4) {6), which Optical Melting Cures. The thermodynamics of base
depends on the three-dimensional folding of the target. This pairing for each duplex was measured by thermal denatur-
strategy will sometimes rely on the presence of U-G wobble ation experiments with a Gilford 250 UWis spectropho-
base pairs, since U-G wobble base pairs are often involvedtometer equipped with a Gilford 2527 thermoprogrammer.
in tertiary interactions {7—20). Specificity can be further ~ Denaturation was followed by monitoring the absorbance at
enhanced by exploiting the catalytic activity of target RNAs 280 nm while increasing the temperature of the oligomer
for the design of oligonucleotide suicide inhibitogl). This ~ solution by 1°C/min. The buffer for measurements with
approach has been used to target a group | intron in GAGUGAG sequences was 1.0 M NaCl, 20 mM sodium
Pneumocystis carinii21). In this case, suicide inhibition is ~ cacodylate, and 0.5 mM N&DTA, pH 7.0. The buffers
facilitated by formation of a terminal U-G wobble base pair. for measurements with AUGACZ sequences were H15Mg
Thus, there are situations where specificity is favored by the buffer consisting of 50 mM Hepes (25 mM NaHepes), 15
formation of U-G rather than U-A base pairs. On the basis MM MgCl;, and 135 mM KCI at pH 7.5, a buffer that
of the pairing schemes in Figure 1, U-G should be more optimizes the extent of self-splicing of tiie carinii group
stable than U-A when U is replaced by 4-thiouridin&(s I intron (4), and H12Mg3Mn buffer, which is the same as
To determine the effects on specificity from substituting H15Mg buffer, except that the 15 mM MgLis replaced
U with £U or U at an internal position of a helix, the By 12 mM MgCb and 3 mM MnC}. Melting curves were
thermodynamics of duplex formation were measured for fit t0 @ two-state non-self-complementary model to quantify
5 GAGUGAG3 with either SCUCACUC3or5CcUCGCUC3,  the thermodynamic parameters of each dupB$3). Each
where the bold, underlined U is either UUs or ¢U. To moIecu_Ie was analyzed over a concentration range of
determine the effects on specificity from substituting U with aPproximately 70-fold (typically 151000 «M), and ther-
<U or €U at a terminal position, the thermodynamics of Modynamic parameters were also obtained from plots,of
duplex formation were measured fotABJGACU3' with vs log(Cr/4), whereTy, is the melting temperature ait is
either 3GGUCAU3 or 5AGUCAU3, where the bold, the total oligonucleotide concentratioB4j. In most cases,
underlined U is either U,zgj’ or fU. The BAUGACU3/ the enthalpy change determined from the two analysis
5'GGUCAU3 duplex mimics the helix formed durina self- methods_ agreed within 15% consistent_with the two-stat_e
splicing by theP. carinii group I intron @, 21). The effect assumption. Some transitions are not quite two-state by this
of thio substitution on tertiary interactions for this case was Critérion. In such cases, however, free-energy changes
tested by measuring the binding ofABIGACU3' to the derived frome‘l VS Iog(CT/4)_ plots are still reliable35).
group | intron ribozyme. The effect on reactivity was tested 1NUS, comparisons are restricted to free-energy changes.

by measuring reaction of BUGACU3' with a truncated The sequences’GGUCAU3 and 3GAG(sU)GAG3

rRNA precursor containing the group | intron. exhibit self-complementary duplex formation in the same
temperature range, but at less than 10% of the total duplexes

MATERIALS AND METHODS formed @, 16, 32). Therefore, the contribution of the

homoduplexes to the thermodynamic stability of the hetero-

Unmodified oligoribonucleotides and the P-8/4x ribozyme duplex is negligible. Nevertheless, the reported duplex
were synthesized and purified essentially as descriid (  stabilities are considered upper limits.

5'AUGAC(8U)3 and BGAG(SU)GAG3. The 2-thiouri- Band-Shift Gel Electrophoresi€ompetitive band shift
dine was obtained by condensation of the silylated derivative assays were conducted by competition witrefd labeled
of 2-thiouracil with 1-O-acetyl-2,3,5-ti®-/3-p-ribofuranose 5 exon mimic 5AUGACUS3' for binding to the P-8/4x
in the presence of Sngl(22). The 2-thiouridine was  ribozyme in H15Mg and H12Mg3Mn buffers essentially as
converted to 50-dimethoxytrityl-2-O-tetrahydropyranyl- described 16). Direct band-shift assays withAUGACU3J'

2-thiouridine @3) and then into a ‘3phosphoramidite24). were conducted in H12Mg3Mn buffer essentially as de-
For unmodified bases, phosphoramidites with the-Q scribed 4).
protected bytert-butyl-dimethylsilyl were obtained from Glen Synthesis of '3End and Internally Labeled Precursor.

Research. The synthesis of oligoribonucleotides was per-Precursor was internally labeled as describéyl After
formed on an Applied Biosystems 392 solid-phase synthe- transcription, the unincorporated[3?P]JATP was removed
sizer using the manufacturer’'s suggested protocol for RNA by a Chromaspin P-10 column (Clon-Tech) and the tran-
synthesis, excefiert-butyl hydroperoxide was used instead scripts purified on a 5% polyacrylamid® M urea gel. The

of the standard iodine treatment in the oxidation step to avoid full-length precursor was removed from the gel via the crush
oxidation of 2-thiouridine 2Z5). The oligonucleotides were  and soak method, ethanol precipitated twice to remove any
deprotected as previously describ@6-29), desalted using  salts, and stored at20 °C in sterile water.

Sep-Pak C18 cartridges (Waters), and then treated for 6 h The 3 end labeled precursor was synthesized via addition
with 0.01 M HCI (pH 2) to remove the tetrahydropyranyl of a-[3?P]3 deoxyadenosine (cordycepin) to the precursor's
group. The solutions were neutralized with dilute ammonia 3 end by yeast poly(A) polymerase. In a typical reaction, a
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Table 1: Thermodynamic Parameters for Base Pdiring

1/Tw vs log(G/4) Parameters curve fit parameters
oligonucleotide —AG$; (kcal/molf —AH° (kcal/molf —AS (euf Tu(°C)¢ —AG$; (kcal/molf —AH?° (kcal/molf —AS (eup Tu(°C)
5 AUGAC(U)/UACUG(R)5'
U-A 492+ 0.21 451+ 4.9 129.6+ 16.2 26.3 5.02- 0.18 43.1+ 4.0 122.8+12.8 26.5
(4.89) (43.1) (123.2) (25.6)
SU-A 5.12+0.03 453+ 15 129.4+ 4.9 27.7 5.25£ 0.15 42.8+ 4.2 121.1+13.8 28.0
s'U-A 4.63+ 0.67 38.3+ 7.3 108.5+£ 25.1 22.3 5.09+ 0.38 325+ 7.2 88.5+24.4 23.8
U-G¢ 4.96+ 0.07 446+ 1.8 127.8+£ 6.0 26.4 4.9H 0.07 46.4+ 2.3 133.8+ 7.6 26.5
(4.92) (44.7) (128.3) (26.3)
FU-G 5.06+ 0.03 444+ 1.1 126.7+ 3.8 27.0 5.08t 0.07 425+ 2.4 120.7+ 7.7 26.8
s'U-G 6.61+ 0.04 52226 147.0+ 8.4 375 6.58t 0.16 49.6+ 2.8 138.8+ 8.9 37.3
U-G® 5.16+ 0.13 46.13t 4.1 132.1+ 134 28.1 5.22+ 0.18 48.7+ 7.8 140.4+25.2 28.9
SU-Ge 5.01+0.10 37.7+24 105.4+ 8.1 25.0 4.8H4 0.14 42.7+ 3.8 122.1+12.1 254
stU-Ge 6.40+ 0.13 453+ 54 1255+ 17.3 36.1 6.5G: 0.08 45.5+ 8.0 125.8+25.6 36.8
5GAG(U)GAG/CUC(R)CUCS'
U-A 9.71+ 0.05 70.5£ 1.5 196.0+ 4.7 51.6 10.03t 0.19 80.14+-4.7 226.1+14.8 51.2
(9.12) (64.1) (177.1) (50.2)
SU-A 10.824+ 0.09 69.5+ 1.6 189.2+ 4.9 57.4 11.6Gt 0.43 82.3+ 3.7 228.1+10.7 57.3
s'U-A 10.184+ 0.07 66.5+ 1.3 181.6+ 3.8 55.0 11.0H0.47 81.0+ 4.6 225.7+14.4 55.1
U-G 7.78+ 0.05 64.2+1.9 181.8+ 6.1 43.1 8.00t 0.28 70.3+4.9 200.8+ 149 43.6
(8.69) (60.4) (166.7) (48.7)
SU-G 7.44+0.01 63.9+-1.4 181.9+ 4.5 41.5 7.46+ 0.08 61.8+ 3.7 175.1+11.8 41.7
s'U-G 10.80+ 0.18 71.3+-2.9 195.0+ 8.9 56.8 10.4# 0.25 64.94+ 3.3 175.4+9.8 57.0

aUnless noted, AUGAQ sequences were in H15Mg buffer consisting of 50 mM Hepes (25 mK),N& mM MgCh, and 135 mM KCI at pH
7.5. GAQUGAG sequences were in 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5 mNEN@A, pH 7.0. R represents the purines A or G. U
represents U or thio derivatives of U. Values in parentheses are predictédVidNaCl based on a nearest neighbor mo@é, 37. ® The error
was calculated as describegP{-54). Significant figures are given beyond error estimates to allow accurate calculafilgreof other parameters.
¢ Calculated for 10* M oligonucleotide concentratiorfRef 4. € Measured in H12Mg3Mn buffer, which is the same as H15Mg except that the 15
mM MgCl; is replaced by 12 mM MgGland 3 mM MnC}.

0.2 uM precursor solution was incubated at 30 for 20 was incubated at 37C for 1 h and stopped via the addition
min in 3 end reaction buffer (20 mM Tris-HCI, pH 7.0, 50 of a 2/3 vol of stop buffer. Reaction products were separated
mM KCI, 700uM MnCl,, 200uM EDTA, 100ug/mL BSA, on a 5% acrylamide8 M urea gel. The gel was dried, and
and 10% glycerol) with 70uCi a-[*?P]cordycepin (3 the radioactivity in bands quantified on a Molecular Dynam-
deoxyadenosine) and 500 units of yeast poly(A) polymerase.ics phosphorimager using ImagQuaNT v. 4.2a software.
After the reaction, the unincorporateg[3?P]cordycepin was

removed via a Chromaspin P-10 column (Clon-Tech). The RESULTS

radiolabeled product was purified on a 5% polyacrylamide,

s res bl T e sl rcurso s s o et o
the gel via the crush and soak method, ethanol precipitated_ "™ = R , )
twice, and stored at 20 °C in sterile water. fied SAUGACU3 with 5GGUCAU3 or 5AGUCAU3, and

Inhibition of Self-SplicingA solution containing internally by modified and unmodified 'BAGUGAG3 with 5'CU-

labeled precursor in HXMg buffer [135 mM KCI, 50 mM g/—*cucf o 5'|CéJCQCUC?3 ere q”al”“ﬁedl. by dL.JV' o
HepeS (25 mM NaHepeS), adxdmM MgC'z adjusted to pH etected thermal denaturation. The results are listed in Table

6.5 with HCI] was reannealed by heating at®5for 5 min,
cooled at room temperature for 2 min, then incubated at 37  The thermodynamic stabilities of the duplexes containing
°C. Another solution containing 60M of 5' exon mimic  the unmodified sequence8JGACUS' are the same regard-
and 2 mM pG in HXMg buffer was incubated at 3C for less of whether the'3erminal base pair is U-A or U-G. For
5 min and added to an equal volume of the above precursorduplexes containing the unmodified sequer@&UGAG3,
solution. The reaction was incubated at €7 for 1 h and however, the duplex with a central U-A base pair is 1.9 kcal/
stopped by addition of a 2/3 volume of stop buffer (16 M Mol more stable at 37C than the duplex with a central U-G
urea, 16 mM EDTA) The reaction products were separated base pair. This difference is 1.5 kcal/mol Iarger than eXpeCted
on a 5% polyacrylamide8 M urea gel. The gel was dried based on predictions36, 37).
and radioactivity in bands quantified on a Molecular Dynam-  The thermodynamic stabilities of the duplexes containing
ics Phosphorimager using ImagQuaNT v. 4.2a software. Thethe sequence 'BUGAC(s?U)3 are essentially the same
radioactivity of each band was corrected for the number of regardless of whether the &rminal base pair is?5-A or
adenines in each product. s?U-G. This is similar to the results for terminal unmodified
The dependence of sedplicing inhibition on oligonucle-  U-A and U-G base pairs. For duplexes containing the
otide concentration was tested withe®d labeled precursor  sequence 'B®8AG(SU)GAG3, however, the duplex with an
in H3Mg buffer at pH 6.5. The precursor was reannealed in s2U-A base pair is 3.4 kcal/mol more stable than the duplex
H3Mg buffer as described above. A solution containing 2 with an 2U-G base pair. The duplex with adlsG base
mM pG and serially diluted "sexon mimic in H3Mg buffer pair is 0.3 kcal/mol less stable than that with a U-G base
was preequilibrated at 3T for 5 min and added to an equal pair, but the duplex with arfld-A base pair is approximately
volume of the 3end labeled precursor solution. The reaction 1 kcal/mol more stable than that with a U-A base pair.
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Table 2: Thermodynamic Parameters for Binding to the P-8/4x Ribozyme in H15Mg and H12Mg3Mn Buffers

binding to P-8/4x binding to r(GGUCAU) tertiary stability
oligonucleotide Kd,TOTAL (nM)b _AGSZTOTAL (kcal/mol)° Kd,Bp(luM)b —AG§7,Bp(kcallm0I)° _AGg7,BET| (kcal/mol)’ Kze
AUGACUf 521+ 1.4 11.75+ 0.19 318+ 38 4.96+ 0.07 6.79+ 0.20 61 000
(13.9+ 2.6)"
AUGAC(s?U) 43.6+ 0.2 10.44+ 0.01 271+13 5.06+ 0.03 5.38+ 0.03 6200
AUGAC(s'V) 31.0+ 4.6 10.65+ 0.10 21.9+1.4 6.61+ 0.04 4.04+ 0.10 700
AUGACU®Y 225+ 2.1 10.85+ 0.06 230+ 54 5.16+ 0.13 5.69+ 0.13 10 200
(89.4+ 3.5)°
AUGAC(s?U)9 70.64+ 23.2 10.14+ 0.25 294+ 52 5.01+0.10 5.13+ 0.27 4200
AUGAC(s'U)¥ 447+ 16.5 10.42+ 0.29 30.7+7.2 6.40+ 0.13 4.02+ 0.32 700

a2 H15Mg buffer consists of 50 mM Hepes (25 mM Nal5 mM MgCh, and 135 mM KCl at pH 7.5. H12Mg3Mn is the same as H15Mg except
that 15 mM MgC} is replaced by 12 mM MgGland 3 mM MnC}. All measurements were done in H15Mg buffer, unless otherwise nblte
error is the standard deviation of the measuremér@slculated fromAGS; = RT In(Kq) whereR = 0.001 987 kcal moit K-t and T = 310 K,
using more significant digits than listed in this tatfleCalculated from the difference inG3; from binding to P-8/4x and r(GGUCAU). This is
the free-energy increment from tertiary interactions. The error is the square root of the sum of the squares of each individ@dleutated by
dividing theKg value for binding to r(GGUCAU) by th&y for binding to P-8/4x. TheK; value was calculated usiri§y values containing more
significant digits than those listed in this tabld&ef 4. 9 Measured in H12Mg3Mn buffef. Measured in a direct band shift assay.

Evidently, sU selectively increases the stability of this el _
internal U-A pair and marginally decreases the stability of [Mg™] ! 0 1 2 3 4 5 679 11 1313

5"Exon-Intron-3" Exon

the corresponding U-G base pair, thus increasing the differ- sExon-Intron * ,_"8_"-:-":.;:;;::: ERE

ence in stability between the two pairings. phron-3” Exon XTSI 2

In contrast to the duplexes containing the sequences
5'AUGACU3 and BAUGAC(s?U)3', the thermodynamic L ]
stabilities of the duplexes containing the sequerd&JBAC- B D AN
(s*U)3' differ depending on whether the termindlUsis z w ;" \%“i‘\ — =
forming a 4U-A or s*U-G base pair. The duplex with the 5 Aj?%
s*'U-G base pair is 2 kcal/mol more stable than the duplex 2 "] 1
with the $U-A base pair and 1.6 kcal/mol more stable than = °f AUGACs*U -
the duplex with the U-G pair. For the internal substitutions, § .lr‘\p-\ 50
the duplex with the 4J-G base pair has similar stability as E " AW __F--—-'———'—"“'_ :g
the duplex with the4J-A base pair but is 3 kcal/mol more 2 Fﬁ%ﬁ »
stable than the duplex with the internal U-G base pair. The 2 —EACT 0
duplex with an internalJ-A base pair is 0.5 kcal/mol more £ o5 o
stable than the corresponding duplex with an internal U-A oo I N .
base pair. Evidently,*8) greatly increases the stability of o #
the internal U-G wobble base pair, but only marginally ° ——— :

increases the stability of the internal U-A base pair, thus e e e e e e
largely eliminating the difference in stability between these [Me] mM
U-A and U-G base pairs. Ficure 2: The splicing of internally labeled precursor measured

Effects on Binding'SExon Mimics to the P-8/4x Ribozyme N the presence of the &xon mimics, AUGACA, AUGACS'U,

A~ U e and AUGACU, as a function of [M&]. All reactions were
The 3 exon mimic 5SAUGACU3' binds to theP. carinii completed with 1 mM pG and 38M 5' exon mimic in HXMg

group | intron ribozyme through base pairing and tertiary buffer. (A) An autoradiogram of a typical gel with AUGA&s.
interactions 4). To determine whether thio substitutions (B) Plots of trans #) and cis @) splicing products as a function

affect tertiary interactions with the ribozyme’s catalytic core, ©f [Mg?]in the presence of the indicated &on mimic.

we measured the binding of8JGACU3', 5AUGAC(sU)- .

3, and BAUGAC(s'U)3' to the ribozyme in H15Mg buffer. ground_of' 12 mM M@+. The results in Tables 1 ang 2 show
The stability of tertiary interactions was quantified by that, within experimental error, the presence of’Mhas
with ribozyme (6). The results are listed in Table 2. They MM Mg?". Thus, there is no evidence for Fnrescue of
show that BAUGAC(U)3' and BAUGAC(s*U)3' bind to the loss of tertiary interactions that occurs with the thio
the ribozyme 8- and 6-fold less tightly, respectively, than substitutions. This suggests that the carbonyl oxygens of the

5AUGACU3. terminal U are not involved in Mg-mediated tertiary
Effects of oxygen to sulfur substitutions are sometimes interactions with the ribozyme’s catalytic core.

due to disruption of Mg coordination to oxygen38—40). Reactiity of 5 Exon Mimics with the rRNA Precursor.

Since Mt coordinates more strongly than Rigto sulfur, Short oligonucleotides can splice in trans to rRNA precursors

any reduction in stability due to the loss of kig-oxygen containing group | introns2(1, 41—43). The effects of thio
contacts for the thio-U derivatives should be at least partially substitutions on the reactivity of r(AUGAQ) were deter-
restored by adding Mt (38—40). Thus, competitive band-  mined by measuring the dependence of trans-splicing on
shift binding assays and UV-detected thermal denaturation Mg?" concentration at 3@M r(AUGACU) (Figure 2) and
experiments were conducted with 3 mM Rinin a back- on oligonucleotide concentration at 3 mM RitgFigure 3).
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% SRR Table 3: Relative Thermodynamic Stability of Base Paiting
I )
A wr2Z2R888 8008, modified vs unmodified U-G vsU-A
R e oligo- AAGS,  relativeKs  AAGS,  relativeKq
‘\ nucleotide (kcal/moly of binding  (kcal/moly  of binding®
| 5'Exon-3"Exon - - - Intron-3"Exon
5'AUGAC(U)/UACUG(R)3
U-A 0 1.0
3'Exon - Trans-splicing % SU-A —0.20 0.72
o s'U-A +0.29 1.61
B T AUGACSs?U U-G 0 1.0 —0.04 0.94
| FU-G —-0.10 0.85 +0.06 1.10
. = ¥ s'U-G —1.65 0.07 -2.0 0.034
z = = SU-Gf +0.15 1.28
g Aa s'U-G' —1.24 0.13
2
£ o (—ALI.GACsiuﬁ_A_ © UA g’GAG(g)G/i%/CUC(R)CUCS
o ] 3 - .
3 W ot SU-A -1.11 0.17
& ot » SU-A —0.47 0.46
k] T 15 U-G 0 1.0 +1.93 23
& = A SR FU-G +0.34 1.45 +3.38 242
R AUGACT 0 s'U-G -3.02 0.007 —0.62 0.37
s x L aR represents the purines A or B.represents U or thio derivatives
2 /‘/f of U. All comparisons are based onTl/ vs log(Ct/4) parameters.
10 /' b Free-energy difference between the modified duplex and the corre-
g—%‘_':':'—'_'_ sponding unmodified duplex. Minus—) means the modification
1 10 100 1000 10000 100000 increases the stability of the dupleéxCalculated by dividing th&y of
the duplex listed to the left by thiy for the unmodified duplex. A
(57 Exon Mimic] nM number less than 1.0 indicates that the listed duplex is more stable

than the unmodified reference duplé&ree-energy difference between
the U-A and U-G containing duplexes, both modified and unmodified.
Minus (—) means the U-G base pair is more stable than thé\base

pair. ® Calculated by dividing th&q of the duplex listed to the left by

the Ky of the U—A containing duplex (wher&J is U, U or s'U). A
number less than 1.0 indicates that the listed duplex is more stable
than theU—A containing duplex! Measured in H12Mg3Mn buffer.

Ficure 3: The dependence on oligonucleotide concentration of
splicing in H3Mg buffer measured in the presence of the various
5 exon mimics. (A) An autoradiogram of a typical gel with
AUGACU. X and Y are markers for trans-spliced andeXon
products, respectively. (B) Plots of tran®)(and cis #) splicing
products as a function of concentration of the indicate@xXon
mimic.

All the reactions wer rried out in the presen £1 mM effect on the overall stability of a duplex with a U-A base
€ reactions were carried ou € presence o pair. It was determined, however, that the stability of the

PG so that r_10rma| ci_sisplicing was also possible. A”. three 5GAGUGAG3/5'CUCACUC3 duplex containing the?s-A

oligonucleotides exhibit trans-splicing of similar magnitude. base pair is 1.1 kcal/mol, or 6-fold, more stable than the

DISCUSSION corresponding duplex with a U-A base pair (Table 3). An
The effects of 2- and 4-thio substitutions of uridine (Figure increase in thermodynamic stability G{sA over U-A base

1) on the stabilities of internal and terminal U-A Watson  pairs has been reported and has been attributed to effects

Crick and U-G wobble base pairs were studied. The effects 1—4 in Table 4 (0—13, 44—46).

of these substitutions on binding and reactivity with a group  The 4-carbonyl group of U is hydrogen bonded with A in

| intron from P. carinii were also measured. a Watson-Crick U-A base pair (Figure 1). Therefore, it was
Sequence Effects on the Stability of a Terminal Base Pair. expected that replacing the oxygen with a less electronegative
For duplexes formed betweenAJGACU3 and BAGU- sulfur would destabilize a duplex having a U-A base pair (7

CAU3 or 5GGUCAUS, the identity of the terminal base in Table 4). It was determined, however, that &Js
pair has little effect on stability, except that tH&)sG duplex substitution increases the stability of th&sGBBAGUGAG3/
is roughly 1.5 kcal/mol more stable than the others. The lack 5 CUCACUC3 duplex by almost 0.5 kcal/mol, or 2-fold
of an effect for the other terminal modifications is probably (Table 3). This is surprising and could be due to effects 1,
due in part to the high flexibility inherent at the end of a 2, 5, and 6 in Table 4. A-form helix modeling suggests that
duplex. Therefore, the discussion of duplex stabilities will the 4-thio group is stacked upon the carbonyl group of a
focus mainly on internal modifications. The relevant com- neighboring G in 55AGS'UGAG3/5' CUCACUCS. Thus,
parisons are outlined in Table 3, the expected base pairingthe thio substitution could be partially relieving the desta-
structures are shown in Figure 1, and some of the factorsbilizing effects of electrostatic repulsion (5 in Table 4).
that may affect the stabilities of duplexes with thiolated bases Effects of 38J and $U Modifications on the Stability of
are listed in Table 4. Note that the difference between oxygenan Internal U-G Base PairThe 2-carbonyl group of U is
and sulfur hydrogen-bonding strength is only one of eight hydrogen bonded with G in a U-G wobble base pair (Figure
factors listed in Table 4. Hydrogen bonding to the substituted 1). Therefore, it was expected that replacing the 2-oxygen
atom cannot explain most of the observed changes inwith a less electronegative sulfur would have a destabilizing
stability. effect on a duplex with a U-G base pair (7 in Table 4). As
Effects of 3 and $U Modifications on the Stability of  expected, an?s) substitution decreases the stability of the
an Internal U-A Base Pair The 2-carbonyl group of Uis 5GAGUGAG3/5'CUCGCUC3 duplex by 0.3 kcal/mol, or
not hydrogen bonded with A in a Watsegrick U-A base almost 2-fold (Table 3). It is interesting that this destabilizing
pair (Figure 1). Therefore, it was expected that replacing the effect is slightly dominant over all the potential stabilizing
oxygen with a less electronegative sulfur would have little effects listed in Table 4.
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Table 4: Some Factors that Affect the Stability of Thio Substituted RNA Duplexes
stability increase ref
1 more polarizable sulfur increases stacking 44
2 less electronegative sulfur increases the acidity of the N-3 proton, thus increasing the strength of its hydrogen bond 13,45
3 U prefers the 3endo conformation which increases the rigidity of the backbone preorganizing it for duplex formation 11, 12
4 U results in a stable-SN1 stacking interaction 44, 46
5 in cases where carbonyl groups overlap, decreasing the electronegativity and increasing the polarizability of one of the
substituents with a thio substitution reduces electrostatic repulsion
6 thio substitution results in a conformational rearrangement with a more stable stacking orientation 44
stability decrease ref
7 the less electronegative sulfur forms weaker hydrogen bonds 10
8 decreasing the electronegativity of a group involved in a favorable electrostatic interaction reduces stability

The 4-carbonyl group of U is not hydrogen bonded with
G in a U-G wobble base pair (Figure 1). Therefore, it was

s*U-G and 4U-A pairs have similar stability (see right side
of Table 3). Thus, a%J substitution can be used to favor

expected that replacing the 4-oxygen with a less electrone-s*U-G pairings at both terminal and internal positions.

gative sulfur would have little effect on the overall stability
of a duplex with a U-G base pair. Surprisingly, however, it
was determined that dl$ substitution increases the stability
of the BGAGUGAG3/5'CUCGCUC3 duplex by more than

3 kcal/mol or more than 100-fold (Table 3). This large

stability increase could be due to effect 1 in Table 4, except

If the U of 5GAGUGAGS3 is replaced with&J, then the
duplex with a central®J-G base pair is about 3.4 kcal/mol,
or more than 200-fold, less stable than the duplex with a
central S8U-A base pair (see right side of Table 3). This
increases the specificity for pairing with A by 10-fold.

Comparison with Preious Reportsit has been reported

that the increased polarizability did not have such a large in a different system that’d increases the stability of an

effect on the other base pairings. Th8t <G base pairs are
substantially more stable than U-G aitd<G base pairs can,
at least partially, be explained by effect 2 in Table 4. The
N-3 imino proton of 4U is more acidic (s = 8.2) than
that of U (Ky = 9.3) or U (pK, = 8.8) (44) and, therefore,
forms stronger hydrogen bonds in a U-G base pair.

Effects of Substitutions at Non-Hydrogen-Bonded Posi-

tions. It is interesting that the two internal thio substitutions
resulting in the largest increase in stability over the unmodi-
fied base pairs &J-A and $U-G) are to the non-hydrogen-

internal U-Am (where Am is 20 methyl A) base pair in a
duplex by 2 kcal/mol, while &) decreases the stability of
an internal U-Am base pair by approximately 0.5 kcal/mol
(13). For our results,%) increases the stability of an internal
U-A base pair in a duplex by 1 kcal/mol, whil#isincreases

the stability of an internal U-A base pair by approximately
0.5 kcal/mol. The small differences in results could stem from
buffer conditions, sequence dependencies, the difference in
U-A and U-Am base pairs, or other factors. Thus thio
substitutions may alter specificities in a context dependent

bonded carbonyl groups (Figure 1). In both cases, the thio manner, suggesting they should be tested on a case-by-case

substitution increases the acidity and therefore hydrogen-

bonding strength of the imino proton. If the thio substitutions
do not significantly alter the conformations, then these

basis.
Thermodynamics of Binding to the P-8/4x Ribozyhte
results on simple helices suggest thi san be employed

substitutions also reduce the electronegativity and increaseto favor U-G over U-A base pairing. Since U-G base pairs

the polarizability of the substituent in the minofsA) or
major ($U-G) groove of the resultant duplex. These results

suggest that non-hydrogen-bonded carbonyl groups of uri-

are known to sometimes form tertiary interactions, the
enhanced specificity forfs-G base pairing could be helpful
in using binding enhancement by tertiary interactions (BETI)

dine, in the major and minor grooves, may be destabilizing totarget RNA. Forexample, thééxon mimic, SAUGACU3Z,

to duplexes. Alternatively, or in addition, the thio substitution

of a P. carinii group | intron binds to a derived ribozyme

may increase the partial negative charge on the remainingthrough base pairing and tertiary interactiofis On the basis
carbonyl group thus increasing the strength of the hydrogenof studies of other group | intronsl7—20, 47—50), one

bond it forms.

Differential Effects of Modified Uridines on U-A and U-G
Base Pairs The stabilities of terminal U-A and U-G base
pairs are essentially the same, as expecsdThis is also
true if the terminal U is replaced witi?d. If the terminal U
is replaced with4J, however, the4J-G base pair is 2 kcal/
mol, or 30-fold, more stable than the duplex with*aJsA
base pair (see right side of Table 3). Apparent§ s
specifically enhances the stability of this terminal U-G base
pair, while leaving the stability of the corresponding terminal
U-A base pair essentially unchanged.

The $U substitution also specifically enhances the stability
of the BGAGUGAG3/5'CUCGCUC3 duplex with a central
U-G base pair relative to the GAGUGAG3/5'CUCACUC3
duplex with a central U-A base pair. With unmodified U’s,
the duplex with the central U-A pair is more stable by 2
kcal/mol. With $U, however, the duplexes with central

important feature of the helix formed is a terminal U-G
wobble base pair because the exocyclic amino group of this
wobble base pair makes tertiary contacts with the catalytic
core. To see if thio substitutions could enhance the specificity
of a 5 exon mimic binding to the ribozyme, the binding of
5 AUGAC(s?U)3 and BAUGAC(s*U)3' to the ribozyme was
measured. From the base pairing results in Table 1, we would
expect BAUGAC(s?U)3' to have a dissociation constant
similar to BAUGACUS3'. Binding to the ribozyme, however,

is less favorable by about 1.3 kcal/mol, or 8-fold. Considering
the stronger base pairing of this mimic with its complement
in the ribozyme (35GUCAU3), the tertiary interactions are
reduced by 1.4 kcal/mol, or 10-fold (see Table 2). Similarly,
5'AUGAC(s'U)3 binding to the ribozyme is less favorable
by 1.1 kcal/mol, or 6-fold, compared with AJGACU3'.
Considering the stronger base pairing of this mimic with its
complement, the tertiary interactions are reduced by almost
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3 kcal/mol, or nearly 100-fold. the context will likely differ in additional ways from those
There are at least two possible ways that thio substitutionsstudied here. Thus, it will be necessary to determine the

can interfere with tertiary interactions. The 2- and/or 4-car- effects of thio substitutions for each case.

bonyl oxygens may be involved in tertiary interactions with  These results suggest that there is a thermodynamic basis

the ribozyme’s catalytic core. If so, the failure of the addition for enhancing specificity of antisense-target interactions by

of Mn?" to clearly restore tertiary interactions lost with the using certain modified bases in the antisense compound. This

sulfur substitutions (see Table 2) suggests that the tertiaryis likely not only the case with U, but also with G (which

interactions do not involve carbonyl oxygeMg?" contacts. can base pair with U, A, and C) and A (which can base pair

Hydrogen-bonding contacts, however, are possible. Indeed,with U and G). Sophisticated nucleic acid synthesis methods

the Strobel model of the €U wobble base pair in the have opened up the possibility of designing any number of

catalytic core of th@ etrahymena thermophilgroup I intron base derivatives that are better suited for their intended

suggests that the 2-carbonyl oxygen of U is in the proximity application than the canonical bases.

of other functional groups with which it could hydrogen bond

(50). Substitution with 3 could directly decrease the ACKNOWLEDGMENT
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