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ABSTRACT: Trinucleotide repeat expansion diseases (TREDSs) are correlated with elongation of CNG DNA
and RNA repeats to pathological level. This paper shows, for the first time, complete data concerning
thermodynamic stabilities of RNA with CNG trinucleotide repeats. Our studies include the stability of
oligoribonucleotides composed of two to seven of CAG, CCG, CGG, and CUG repeats. The thermodynamic
parameters of helix propagation correlated with the presence of multiple N-N mismatches within CNG
RNA duplexes were also determined. Moreover, the total stability of CNG RNA hairpins, as well as the
contribution of trinucleotide repeats placed only in the stem or loop regions, was evaluated. The improved
thermodynamic parameters allow to predict much more accurately the thermodynamic stabilities and
structures of CNG RNAs.

At present, almost 20 neurological diseases result from hairpins formed by 10 and 30 repeats of CAG and CTG
dynamic expansions of CNG (where N is A, C, U, and G) indicates that increasing the length of the oligonucleotides
trinucleotide repeatslj. The pathological effect of those three times results in the enhancement of free energy by 40%
expansions can be related to biological processes involvingonly (14). In the cells of the patients with fragile X syndrome
CNG DNA and RNA, as well as proteins obtained during disease (FRAXA), the concentration of 0.18 mM aluminum
elongation of expanded CNG RNA tracks. The source of salt was found. This is very interesting that CCG tracks,
trinucleotide neurological diseases could also be associatetexpansion of which is correlated to FRAXA, can form a very
with the structural changes of the CNG DNA and RNA  strong complex with aluminum salt. The formation of the

tracks. So far, the investigations have mostly been focusedcomplex dramatically changed the initial structure of CCG
on prOteinS, whereas CNG DNA and CNG RNA mOIeCUIeS, DNA, presumab'y to Z_form, which was confirmed by

in particular, were much less intensively studiett5). circular dichroism spectralF).
Recently, it has been shown that for expended CUG RNA At present, the studies concerning the structure of RNA
tracks the pathogenesis process can be related to abnormal P ' 9

pre-mRNA splicing. Processing of pre-mRNA can be altered with CNG trinucleotide repeats are very limited. Several
by the regulation and localization of CUG-binding proteins kr_10wn C!\IG RNAs contammg_mpre than 10 CNG RNA
2 3) trinucleotide repeats formed hairpins; however, the slippery

A better understanding of the structures of DNA and RNA of the stem was observed as well. The formation of hairpins
containing CNG repeats and, particularly, structural changesby CGG RNA tninucleotide repeats was also suggested, based

: : : : the cleavage pattern by T1 and S1 nuclea$ésZ1).
resulting from the expansion of trinucleotide repeats to the on .
pathological level may be crucial for designing an effective On the ather hand, it was found that the (Cl_g}@)olecgle
therapy ). adopts A-type RNA structure. Moreover, the formation of

the structures similar to pseudoknots or triplexes was

It was reported that CNG DNA molecules can adapt to . X i
dsuggested, based on a spectroscopic analysis and mobility

various secondary structures such as hairpins, intra- an d 4 aeBl. The th q ) | ¢
intermolecular triplexes, tetraplexes, and parallel duplexes on nofn enaturef gebJ. The thermodynamic analyses o
(5—10). A very common phenomenon occurring in these RINVA fragments formed by 5, 10, 15, 20, 35, and 69 CUG
molecules is the possibility of slipping of opposite strands '€P&ats have shown that these molecules can adopt linear or
and, as a consequence, formation of the slippery DNA (s- linear and/or branched hairpin structures. The analysis of the
DNA) (11—13). The most important is the formation by CNG ~ Melting process of (CAGy and (CAG}s provided similar
DNA of a structured hairpin, often accompanied with the conclusions Z2).

slippery of the opposite strand of a hairpin stebi+{13). In this paper, the thermodynamic parameters of helix
The analysis of thermodynamic stability of CNG DNA propagation correlated with the presence of multiple N-N
mismatches within CNG RNA duplexes were determined.

* This work was supported by Polish State Committee for Scientific Moreover, the total stability of CNG RNA hairpins, as well
Research (KBN) Grant PZB-KBN 059/T09/14 to R.K. and NIH Grant  as the contribution of trinucleotide repeats in the stem and/
1R03 TW1068 to R.K. and D. H. Turner. E.K. was a recipient of a g |oop regions, was evaluated. The improved thermody-
fellowship for young scientists from the Polish Science Foundation. . .

* To whom correspondence should be addressed. Phone: (061) 8521@mic parameters allow to predict much more accurately the
85-03. Fax: (061) 852-05-32. E-mail: rkierzek@ibch.poznan.pl. thermodynamic stabilities and structures of CNG RNA.

10.1021/bi0502339 CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/22/2005




10874 Biochemistry, Vol. 44, No. 32, 2005 Broda et al.

EXPERIMENTAL PROCEDURES EDTA, and 10 mM phosphate buffered at pH 6.6. One-
dimensional exchangeable proton NMR spectra were re-
corded on Bruker AVANCE 600 MHz spectrometer using a
pulsed-field gradient watergate to suppress the water signal
(30). The data were multiplied by a 1.0 Hz line broadening
exponential function and Fourier transformed with Bruker
XwinNMR software. In total, 64128 scans were collected

Synthesis and Purification of Oligoribonucleotid&3li-
goribonucleotides were synthesized on an Applied Biosys-
tems DNA/RNA synthesizer, usingrcyanoethyl phosphor-
amidite chemistry Z3). For the synthesis, standard and
modified [inosine (1), purine riboside (P), 8-bromoadenosine
(Br.A.)] ohgonuc_:lgotldes,,commerCIaIIy_ avallabl_e phosphora- for each FID. The chemical shifts were indirectly referenced
midites containing the '20-tert-butyldimethylsilyl groups, relative to DSS 20)
were used. The phosphoramidite of 8-bromoguano$ie ( '
was synthesized according to the previously published pegyTs
procedure 24). The details of deprotection and purification
of oligoribonucleotides were described previous?)( Understanding the structure and thermodynamic stability

UV Melting of OligoribonucleotidesThe oligoribonucle- of CNG tracks is important to apply CNG RNA as
otides were melted in a standard buffer containing 1 M therapeutic target. To achieve this goal, studies of thermo-
sodium chloride, 20 mM sodium cacodylate, and 0.5 mM dynamic stability of RNAs formed by up to seven repeats
NaEDTA, pH 7.0. The oligoribonucleotide single strand of CAG, CUG, CCG, and CGG were performed. It is
concentrations were calculated from high-temperaten@&)( relatively easy to predict that the RNAs formed by many
°C) absorbencies and single strand extinction coefficients CNG trinucleotide repeats will adopt the hairpin structures,
approximated by a nearest-neighbor mod&—-27). The whereas the shorter CNG oligoribonucleotides will exist
absorbency vs temperature melting curves were measurednainly as RNA duplexes or as a mixture of both structures.
at 260 nm with a heating rate of°C/min from 0 to 90°C The most interesting were the studies on (i) thermodynamic
on a Beckman DU 640 spectrometer with a thermoprogram- stability of RNA duplexes formed by CAG, CUG, CCG, and
mer. There were nine melts for the duplexes and hairpins in CGG repeats and the influence of the nature of multiple N-N
a standard buffer at concentrations ranging from*16 106 mismatches on their stability, (ii) thermodynamic stability
M RNA. The melt curves were analyzed, and thermodynamic of RNA hairpins with CAG, CUG, CCG, and CGG repeats,
parameters were calculated using MeltWin 3.5 and Microcal (iii) equilibrium between the CNG RNA duplex and hairpin
Origin 6.0 programs. structures as a function of number and type of trinucleotide

Deconvolution of Experimental UV Melting Profiles Using  repeats, and (iv) contribution of CNG stem and loop regions,
Microcal Origin 6.0.In the melting data presented here, an and the size of RNA loops, as well as the presence of
unfolding of duplexes may take place in one or two two- unpaired ends on the overall thermodynamic stability of CNG
state unfolding transitions due to the sequence and theRNA hairpins.

presence of the mismatches. When multiple unfolding |n this study, oligoribonucleotides of the sequences G(C-
transitions are present, each transition is characterized withNG),C (n = 2—7) were used. Each oligoribonucleotide, with
its melting temperatureTf),* enthalpy (AH), entropy AS), internal CNG repeats, starts with a guanosine residue at the
and a percent of hyperchromicitpAg). A precise determi-  5'.side and terminates with cytidine at theside because
nation of all these parameters may be difficult if transitions guanosine is the last nucleotide of previous repeat, whereas
are closely spaced. The UV melting profiles were subjected cytidine is the first nucleotide of next CNG trinucleotide

to a nonlinear least-squares parameter estimatidi,ohH;, repeat. That allowed to collect thermodynamic data which
AS, and AA, for eachith two-state unfolding transition  petter reflect thermodynamic properties of long internal CNG
within the multitransition-independent unfolding model, RNAs.

using the program created in the laboratory. The programis 1 chemical synthesis and purification of the oligoribo-

an extended version of the earlier program used for the ,cjeqtides containing many guanosine residues were com-

analysis of RNA microcalorimetry dat2§, 29). _ plicated; however, the quantitative analysis of experimental
The numerical fitting of the model function which oq1ts was even more difficult. Meltwin 3.5 software, which

describes a sum of independent two-state transitions 10jq gy ally used to analyze the experimental melting curves,

experimental data was performed on the basis of a nonlineary|iows to calculate thermodynamic parameters such as

least-squares procedure using the Marquardt algorithm. Theenthalpy AH°), entropy AS’), and free energyAG°s;) by

baseline position was also used as an independent fittingy methods: fitting of the experimental and theoretical
parameter. The routine for fitting takes the baselines into e jting curves and linear correlation of melting temperatures
account by linear extrapolatlons of low- and high-temperature (1/T,) and concentration of oligoribonucleotides (IG3)
data into the transition region of the melting curve. The plots (31). In the case of CNG tracks, the analysis of the
of the distribution of residuals between the experimental and experimental data demonstrated that the melts were often
fitted curves and the value of the reducggdwere used to  portormed in a non-two-state manner; moreover, simulta-
descnb_e the appropriateness of fit of the data during the o5 melting of two CNG RNA structures was observed.
evaluation. _ _ . Tosolve the problem of simultaneous melting of two RNA
NMROAnaIyS|§OI|gonucleot|dles were dissolved in 90% g4 ctures, Microcal Origin 6.0 (Originlab) was applied to
H20/10% DO with 150 mM sodium chloride, 0.1 MM Na  yertorm a deconvolution of the experimental melting curves

and to calculate the thermodynamic parameters on the basis

! Abbreviations: Cr, total concentration of all strands of oligonucle-  of the analysis of experimental melting curves only.
otides in solution; N, any nucleotide including A, C, G, or T;, . -
melting temperature in degrees Celsius; FID, free induction decay; DSS, 1 hermodynamic Stability of CNG RNA DuplexEse UV

3-(trimethylsilyl)propionic acid sodium salt. melting analysis demonstrates that short oligoribonucleotides
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Table 1: Thermodynamic Parameters for Helix Formdtion

no. of —AH?° —AS —AG°37 Tm —AH?° —AS —AG°37 T

CNG repeats (kcal/mol) (eu) (kcal/mol) (°C)y (kcal/mol) (eu) (kcal/mol) (°C)
CAG CCG

2 40.1+ 4.2 110.1+ 13.4 6.02+ 0.07 39.8 29.3: 6.2 74.9+19.2 6.09+ 0.48 41.6

3 30.1+ 12.0 75.4+ 38.5 6.69+ 0.22 48.1 42.2+12.0 114.4 37.9 6.714+ 0.29 44.9

4 32.0+10.2 80.2+ 32.5 7.07+0.22 51.4 45.8:9.9 66.7+ 16.1 6.05+ 0.35 46.0
CGG CUG

2 50.1+ 3.9 139.5+12.4 6.78+ 0.17 44.2 49.6t 3.7 141.9+12.2 5.08+ 0.18 33.7

3 50.7+£ 3.2 134.3+9.7 9.09+ 0.45 59.5 54.9+ 6.4 147.9+ 19.5 7.01+0.31 44.3

4 58.0+ 7.6 153.0+ 23.8 10.56+ 0.20 65.6 43.9:11.1 116.7+ 35.7 7.70+ 0.13 52.2

a Solutions a@ 1 M sodium chloride, 20 mM sodium cacodylate, and 0.5 mMBEDTA, pH 7.° Melting temperatures are calculated for40
M oligomer concentration.

Table 2: Thermodynamic Parameters for Helix Formation with Modified Nucledtides

1/Ty vs log Cr parameters curve fit parameters
RNA —AH° —AS’ —AG°37 Tm? —AH° —AS’ —AG°37 Tm AAG®37 ATn
sequence (kcal/mol) (eu) (kcal/mol)  (°C)  (kcal/mol) (eu) (kcal/mol)  (°C)° (kcal/mol) (°C)
GCGGCGGC 56.2-2.6 161.1+8.4 6.76+0.04 43.0 48.9-3.0 135.9+9.6 6.70+0.16 43.6 0 0
GCIGCGGC 65.5-7.8 192.6+254 5.78+0.19 375 53.9-3.6 154.8+11.8 5.93+0.20 38.4 077 52
GCGGAGC 748+ 14.1 220.8£454 6.29+£0.48 39.6 63.229.1 183.4+295 6.33£ 0.27 40.3 037 -33
GCIGCIGC 46.4+3.1 132.9+10.1 5.15+0.11 335 485-7.4 139.7+24.0 5.14+ 0.12 33.6 156 —10.0

GCPGCGGC 57.1+2.6 167.0+-8.4 5.29+0.06 349 53.A5.6 155.8+18.7 5.41+0.18 35.5 129 81
GCGGMPGC 643+ 6.9 186.6+£22.1 6.39+:0.18 405 50.9£7.4 143.3+24.5 6.46+-0.29 41.8 024 -—-18
GCPGCPGC 36.5£3.6 101.2£11.8 5.09+0.17 32.1 47.4-15.2 136.8+49.6 496+ 0.26 324 174 -11.2
GC¥GGCGGC  98. 7450 280.9+154 11.53+-0.24 56.6 76.4:3.2 212.7+9.6 10.45+£0.33 57.7 —3.70 14.1
GCGGCE'GGC  74.8+24 208275 10.20+£0.12 57.0 86.3:8.3 243.3:25.2 10.80:0.53 56.6 —4.10 13.0
GC¥GGCPGGC 46.5+3.6 129.8+11.7 6.24+-0.09 408 5224 4.6 150.0+15.3 6.19+0.23 40.0 051 3.6
GCAGCAGC 35.0+1.3 94.6+ 4.3 5.69£0.03 37.1 38.A43.7 106.4+11.8 5.69£0.06 37.1 0 0

GCAGCAGC  49.1+2.7 142.2+9.0 5.03£0.10 33.0 51.4:-4.8 149.5£157 5.01+0.11 33.1 0.68 —4.0
GCAGC'AGC 449+ 17 128.2+5.7 515+ 0.31 334 525:51 153.1+16.6 496+ 0.12 32.8 073 —43
GCPAGCP'AGC  33.8+5.8 97.4+20.0 3.63:0.48 19.3 42.9-30.7 127.4+-103.1 3453133 21.7 224 -—154

a Solutions a& 1 M sodium chloride, 20 mM sodium cacodylate, and 0.5 mMBXAA, pH 7.° Melting temperatures are calculated for410
M oligomer concentration.

composed of two and three CNG trinucleotide repeats form GC),, (GCGGCPGC), and (GAPGCPGC), where | and P
duplex structures, whereas the oligonucleotides containingcorrespond to inosine and purine riboside, respectiva@dy. (
four and five CNG repeats exist as a simultaneous composi- The analysis of thermodynamic stability of the modified
tion of duplexes and hairpins. The CNG RNAs carrying six CNG RNA duplexes collected in Table 2 provided evidence
and more trinucleotide repeats predominantly form a hairpin. for the presence of hydrogen bond interactions within N-N
Table 1 presents the data containing the thermodynamicmismatches, particularly strong within a G-G mismatch. In
parameters for two to four CNG trinucleotide repeats which general, the replacement of a guanosine residue with inosine
were obtained from the deconvolution of experimental or purine riboside decreased the thermodynamic stability
melting curves and from quantitative analysis of these parts (AG°s7), and the effect depended on the position of the
of the melting curves that are related to the melting of CNG maodified nucleotide within the duple®6, 37). The stability
duplexes. (AG°37) of (GCGGCGGC), (GAGCGGCL), and (GRGCG-

The examination of the results obtained for CNG RNA GC), was—6.70,—5.93, and—5.41 kcal/mol, respectively.
duplexes formed by CAG and CCG repeats demonstratesThe deletion of the 2-amino group from guanosine resulted
their similar thermodynamic stabilities and shows that the in a decrease of free energy by 0.77 kcal/mol, whereas the
free energiesAG°s;) oscillate around-6.5+ 0.5 kcal/mol. removal of both functional groups reduced the stability of
The thermodynamic stabilities of the duplexes formed by (GCGGCGGC), by 1.29 kcal/mol. The analyzed RNA
CUG repeats (except those containing two CUG repeats)duplexes were self-complementary, and the measured ther-
were ca—7.5+ 0.5 kcal/mol. The duplexes formed by three modynamic effect resulted from the presence of two G-G
and four CGG repeats were up to 4 kcal/mol more stable mismatches within the duplex. Owing to this, a hydrogen
than those formed by CAG and CCG repeats. bond within a single G-G mismatch via the 6-oxygen

The noncanonical base pairs stabilized by hydrogen bondscontributed to the stability of ca. 0.25 kcal/mol whereas via
were found in many RNA loops3@—35). It was expected  the 2-amino group to ca. 0.38 kcal/mol. However, while
that similar interactions within the mismatches such as A-A, making conclusions, one shall consider the fact that the
U-U, C-C, and G-G might contribute to the enhancement of contribution of the same functional groups in a hydrogen
thermodynamic stability of CNG RNA duplexes. To probe bonding can be different for guanosine and inosine residues.
the hydrogen bond interactions within N-N mismatches, the For unknown reasons, the substitution of guanosine at
modified oligonucleotides were used. The thermodynamic position 6 of (GEGSGCGGC), resulted in lower destabiliza-
stabilities of the following duplexes were measured: [(6C tion of the duplex. The thermodynamic stabilitiesG°s;)
GCGGC), (GCGGCIGC),, (GCOGCIGC),, (GCPGCG- of (GCGGCIGC), and (GASGCPGC), are—6.33 and—6.46
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kcal/mol, respectively. The substitution of guanosine-6 in

(GCGGCGGC), by inosine and purine riboside destabilized A e f

the reference duplex by 0.37 and 0.24 kcal/mol, respectively.

Different thermodynamic effects of the substitution of

guanosine by inosine and purine riboside simultaneously at g

positions 3 and 6 of (GGGCGGC), suggested that the

structure of the duplex might not be symmetric. The
substitution of guanosines with inosines and purine ribosides ¢ M vl
at positions 3 and 6 in the (G&GCGGC), duplex resulted JUY
in similar thermodynamic stability of (AGCIGC), and H

(GCPGCPGCY),, which came to-5.14 and—4.96 kcal/mol, D

respectively. The destabilizatioNAG°37) was 1.56 and 1.74 T”“T’J\TN . : : : ‘ ‘ : ‘
kcal/mol for (GAGCIGC), and (GAPGCPGC), respec- 135 130 125 120 115 11.0 105 10.0 ppm
tively. Similar destabilization effect could suggest that within £ \oc 1- The exchangeable imino region of one-dimensidhl
I-I and P-P mismatches hydrogen bond interactions do not NMR spectra of (A) (GE'GGCGGC), and (B-D) (GC¥GGCG-
exist or are of similar type. GCGGCY), recorded at 283 K in 90% # and 10% DO with 0.1

o . mM EDTA and 10 mM phosphate buffered at pH 6.8. Spectra were
The other group of modified nucleotides used to probe taken at the following sodium chloride concentrations: 150 mM

the interactions within G-G and A-A mismatches was (A), 150 mM (B), 50 mM (C), and 0 mM (D).

8-bromoguanosine and 8-bromoadenosine, respectively. Itis . -
well documented that the presence of a bulky substituent  NMR Spectra of 8-Bromoguanosine-Modified CGG RNA

such as bromine at position 8 of guanosine and adenosineDuglexeS'LhehNMR experirgentsb\(;/_ere ;f:)%rforlmed o bg?:_erd
results in changing the conformation of the glycosidic bond un erstand the unexpecte. stability of duplexes modifie
from anti to syn (7, 38). 8-Bromo-modified analogues of with 8-bromoguanosine. Figure 1 shows the exchangeable

guanosine and adenosine were placed at position 3 or 6 angMminoregion of one-d|men5|onéig NMR spectra (9.6-14.0
simultaneously, at positions 3 and 6 of (GGCGGC), and grpm) for the sequences (_ @GCGG_C)Z and_ (GC
(GCAGCAGCY,, respectively. The data in Table 2 demon- GGCGGOGGC Fo_r poth OI'QOHUdeOt'qu _stqd|ed, one
strate that the replacement of one of the guanosines Within.()bsr?rves two ?etz of imino protons (iq?amne Imino prli)tons
a G-G mismatch by 8-bromoguanosine significantly increases'" t l:? range o 1 d'913'5 p;;m typ;:ca ror Wa:]sc;ﬁerc inth
the thermodynamic stability of the (&GZ5CGGC), duplex, GC base pairs and protons from the mismaiched sites in the

S L . _range of 9.711.0 ppm).
gﬂgntgseinséav?/:ltﬁiiu?r?edo‘lafgggs %?etgleaggrsr:gz? gff 88_é)rrgrrnn c?_ There are four possible structures of G-G mismatches that

guanosine at position 3 of the (@GCGGC) duplex involve two hydrogen bonds. Three of them require one of

enhanced the stabilitA(AG®s7) by 3.70 kcal/mol whereas the bases to be inverted either by switching the base from

at position 6 by 4.10 kcal/mol. When 8-bromoguanosine was antl to synor by reversing the direction of the Str‘."“ 80
. - It is expected that the presence of a bulky substituent such
located simultaneously at positions 3 and 6 of the duplex,

the stability was quite similar to the reference duplex o 2 bromine atom at the C8 position of guanosine that
(AAG® wgs 0.51 I?cal/mol) When 8—bromoadenosiner\)/vas influences the rotation about the glycosidic bond, disfavoring
Iaced37within ’ G@GCAGC at position 3 or 6. the the normalanti orientation of the base, will promote the
{Dhermodynamic(effect was Igzss prgnounced and a; destabi-form"’ltion of the® G(syn-G(anti) base pair8). In the case
lization (AAG°37) by 0.68 and 0.73 kcal/mol was observed, of the symmetric duplex (GEGGOGGC),, two resonances

. (10.17 and 10.71 ppm) in a region typical for mismatched
respectively (Table .2)' I-_|0wever, the placement of tvx_/o of base pairs are observed (Figure 1A). The area under each
the 8-bromoadenosines in an A-A mismatch resulted in the

destabilization AAGs7) of (GCAGCAGC), by 2.06 kcall high-field resonance corresponds to one proton indicating

. 20 : ; the formation of a stable duplex withG-G base pairs
mol. A minor destabilization effect introduced by a single involving two protons.

8-bromoadenosine suggests that the 6-amino group of" 0 duplex (GE GGCGGCGGCY), five well-resolved
adenosine does not contribute to the interactions within a resonances corresponding to six protons in the region of

A mismatch.. This qgsumption s also Supportgd_ by similar Watson-Crick guanosine imino protons (resonance at 12.46
thermodynamic stability of the duplexes containing 8-bro- ppm arises from two protons) and four high-field-shifted,

moadenosine or purine riboside simultaneously at position relatively sharp resonances arising fréfs-G base pairs
_3 or 6 (Table 2). Significant destabilization of_the dL_JpIex were observed (Figure 1B,C). Except for those signals, the
induced by the presence of 8-bromoadenosines simulta-rggonances exchange-broadened almost to the baseline in
neously at positions 3 and 6 could result from the lack of o1 the high-field and low-field regions can be distin-
interactions within an A-A mismatch or steric hmd_rancg guished. The duplex (GUGGCGGCGGC), cannot be
resulting from the presence of two 8-bromoadenosines in gymmetric if the central G-G mismatch base is involved in
an opposite site of the strands. hydrogen bonding. The analysis of NMR spectra of the
The analysis of the thermodynamic stability of CNG-type duplexes containing a single G-G mismatch indicates that
duplexes containing G-G and A-A and duplexes modified the effect of the mismatch site can propagate out of the
with inosine, purine riboside, 8-bromogauanosine, and 8-bro- adjacent base pairs to a different exte3#, 86—41). Various
moadenosine demonstrates that hydrogen bond interactionstudies concerning DNA and RNA duplexes with a single
exist within the analyzed mismatches. Particularly, the G-G mismatch have previously shown that the structure of
interactions within G-G seem to be relatively strong. the mismatch site is also context depend&# @1). The
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energies AG°s;) oscillate between-2.0 and—3.5 kcal/mol.

Table 3: Thermodynamic Parameters for CNG Hairpin Formation ’ -
Due to the simultaneous presence of two RNA forms (hairpin

Rmrﬁ?f (k;ﬁ):ml) —(gus; (k_cﬁﬁmggl) (C,Tcr“)b and duplex) and the process of deconvolution of melting
curves, the experimental error of the collected data is
C(CAGEKG 29.3+4.1  86.6+12.4 245+0.30 65.2 . .
C(CAGKG 355+59 1040£17.4 322:0.53  68.0 sometimes considerable. ,
C(CAGYG 30.6+3.7 89.4+10.9 2.84-0.34 68.8 The stability of the hairpin loop and stem contributes to
C(CGGYG 19.9+45  582+135 1.86+0.29 69.0 the overall thermodynamic stability of CNG hairping2(
gggggfg gggi i-g gg-gi 2-167 %éﬁ 8-23 si-g 43). To evaluate the contribution of the CNG stem within
C(CUGYG 428472 12831215 304L055 606 the hairpin, the thermodynamic stability _dG'}CNQCNG—
C(CUGKG 39.8+58 118.6+£17.1 3.07+0.48 62.9 C-UUCG-G-CNG-CNG-C 3 was determined (italics mark
C(CUGYG 48.6+4.3 1435+-12.7 4.06+0.40 652 the nucleotides in a hairpin loop). The hairpin stem is
C(CCG)G ~ 22.5£53 125.4+316 1.78:041 637 composed of two CNG repeats on both strands and is flanked
g%gggig gizfi ‘2‘:411 1%_'0% %71'3 317_0]:::; 8:?3 gg:g by guanosine and cytidine residues to enhange the internal
C(CCGYG 27.3+6.5 80.1+9.3  2.40£049 67.2 character of CNG repeats as was explained in the case of

aSolutions ae 1 M sodium chloride, 20 mM sodium cacodylate, CNG duplexes. The resu_lt.s. in Table 4A de.m(.)nStraf[e that
and 0.5 mM N@EDTA, pH 7.bMelting temperatures are calculated th€ thermodynamic stabilitiesAG®s;) of hairpins with
for 104 M oligomer concentration. UUCG loops are, on average, 1 kcal/mol higher than those
reported for the hairpins of the same length, fully composed
data obtained for the duplex (B@GGCGGCGGC), can of CNG repeats (Table 3). The hairpin loops (UNCG stable
either reflect the loss of the duplex symmetry caused by the tertaloop) were the same for all set RNA molecules, so the
presence of a mismatched G-G pair or result from the difference in a stability reflects the interaction within CNG
coexistence of two different conformations in a slow repeats inthe stem region only. The obtained thermodynamic
exchange on the NMR time scale. To gain more insight into stability (AG°s7) of the hairpins was-3.85,—3.36,—5.21,
the structures involved, one-dimensional spectra &ClLas and—3.90 kcal/mol for CAG, CCG, CGG, and CUG repeats,
a function of salt concentration were recorded. The lowering respectively. The stabilities of hairpins, except those contain-
of sodium chloride concentration from 150 to 0 mM results ing the CGG repeat, were similar, and the order was coherent
in the lowering of an amplitude for half of the resonances with the thermodynamic stability of CNG RNA duplexes
(Figure 1D). This observation suggests that, in the duplex (see Table 1).
(GCB'GGCGGCGGC), the central G-G base pair forms Another problem analyzed concerns the contribution of
alternative base-paired structures that are in equilibrium with CNG loops to the total thermodynamic stability of CNG
intermediate exchange rate and are not introduced byRNA hairpins. The examination of the sequences of CNG
asymmetry of the duplex. However, further studies are oligoribonucleotides and some preliminary results suggested
necessary to explain the effect introduced by the central G-G a possibility of formation of two different types of hairpins
mismatch. consisting of four-nucleotide and seven-nucleotide loops. The

Thermodynamic Stability of CNG RNA Hairpiris.has thermodynamic stability was measured for two model groups
been shown that, depending on the type and number of CNGof CNG oligonucleotides: '®&AG CNG CNG CUC3 and
trinucleotide repeats, RNA molecules can exist as hairpin 5GAG CNG CNG CNG CUCS3 (italics mark nucleotides
structures, mixtures of hairpins and duplexes, or multi- in the hairpin loop). The analysis of Table 4B shows that
branched hairpinsl@, 17, 22). Of particular importance were  the thermodynamic stabilityAG°s7) of hairpins containing
the following problems: (i) a relationship between oligo- four-nucleotide CNG hairpin loops oscillates between88
nucleotide length, the nature of mismatched nucleotides, andand—3.30 kcal/mol, and it suggests that the stability of four-
preferred hairpin over duplex formation, (ii) the thermody- nucleotide CNG hairpins is strongly correlated with the effect
namic stability of CNG RNA hairpins containing four- and/ of 3'-dangling ends.
or seven-nucleotide loopd?), (iii) the evaluation of the The results presented above suggest that heterocyclic bases
individual contribution of a stem and four-nucleotide and within the four-nucleotide hairpin loops are not involved in
seven-nucleotide CNG loops on the overall thermodynamic hydrogen bond interactions. To support this assumption, the
stability of CNG hairpins, and (iv) the influence of trinucle- thermodynamic stabilities of three oligoribonucleotides,
otide 3- and 3-dangling ends as a consequence of a slippery GAGC-5XGCX3'-GCUC (X = 8-bromoguanosine, italics
of opposite strands on the thermodynamic stability of CNG mark nucleotides in the hairpin loop), were analyzed.
hairpins. 8-Bromoguanosine was placed on tHeskle or 3-side as

The oligoribonucleotides consisting of five and more CNG well as on both the'5and 3-sides of the hairpin loop. The
trinucleotide repeats (in the case of CCG repeats, even fouranalysis of thermodynamic stability and melting character
repeats) can form hairpins as well as duplexes. However, (relation 1M, and log Ct) of the oligoribonucleotides
when the number of repeats increases, the contribution ofdemonstrated that the monosubstituted oligoribonucleotides
CNG hairpins gradually becomes dominating. The ratio formed hairpins, whereas in the case of bissubstituted
between the CNG hairpins and the duplexes depends on theligonucleotides the duplex structure was favored. The
concentrations of both CNG oligoribonucleotides and sodium monosubstituted hairpins containing 8-bromoguanosine at the
chloride. Low concentrations of both oligonucleotides and 5'-side or 3-side of the loop were thermodynamically more
sodium chloride favor the formation of CNG hairpird). stable AAG°37) than the reference hairpin by3.25 and
The analysis of Table 3 reveals that the thermodynamic —4.27 kcal/mol, respectively (Table 4D). The stabilization
stabilities (A\G°3s7) of CNG hairpins marginally depend on a  effect AAG°37) of monobromoguanosine-substituted hairpins
number and type of CNG trinucleotide repeats and that free was twice as high as that measured for CNG duplexes
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Table 4: Thermodynamic Parameters for Hairpin Formation with CNG Trinucleotide R&peats

-AG";

Sequence and structure of CNG -AH’

0 0, b
hairpins (kcal/mol) -AS (eu) (kcal/mol) T CC)
A e N=A 382427 1109+ 7.8  3.85+028 717
Uu. G
g:g N=C 348443  1012+127  336+038 702
N> N
&g N=G 447435 12744103 5214037 77.9
Ne-aN
G-C N=U 397427 115582  3.90+022 70.7
B e N=A 384124  113.0£37.0 330099 66.2
NC_ GN N=C 245£86  729+265  1.88%0.39 62.8
G-C
A-Y N=G 344+44 10122132 3.03£0.48 67.0
N=U 36458 933172 2724047 66.3
¢ N=A 250+£77  750%23.0  1.76£0.57 60.5
e NGC N=C 488+84  1434%251  434%0.66 67.2
N, N
%:8 N=G 39.5+4.1 1174119  3.10£047 63.4
&t N=U 491423 1472469  3.46+0.16 60.5
364+39 1097116 2364026 58.5
D se NI, N2=G 344+44  1012%132  3.03+048 67.0
NI N2 N
c-G =
¢ N 613+40 1776113 6284052 724
A-U
G-¢ NI=G 701£53  2024=151  7.30+0.61 73.0
N2 =G> e . : : . .
E Gc NLLN2=0 245486  729+265  1.88+0.39 62.8
cC ¢C
C-G N1=0 Py
&8 N2 CCG 448+35  1300+10.1  4.45+033 712
&8
N1 N2 NII\I; SgG 187440  559+12.1  1.42+0.28 62.4

a Solutions ae& 1 M sodium chloride, 20 mM sodium cacodylate, and 0.5 mMBXA A, pH 7.° Melting temperatures are calculated for10
M oligomer concentration.

containing the same modification (Table 1). The larger hairpins containing a four-nucleotide loop (Table 4C). The
stability of the monosubstituted CNG hairpin cannot be duplex and hairpin were found to coexist in a solution when
simply explained by stacking of guanosine derivatives on N was uridine, whereas two different hairpin structures were
the top of the hairpin stem. If it was the case, the larger observed in the case of cytidine. Furthermore, the order of
stability of the hairpin (by ca. 1.7 kcal/mol) with 8-bromo- stabilization was different from that obtained for CNG
guanosine at the'side of loop would be expected. Presum- tetraloops. The CCG hairpil\G°37 = —4.34 kcal/mol) was
ably, several other factors might contribute to the stabilization more stable, whereas the CAG hairpix3°s; = —1.76 kcal/
effect of 8-bromoguanosinel4). mol) turned out to be less stable.

In the second group of CNG hairpins, the loop was As mentioned above, two different hairpin structures were
designed to consist of seven nucleotides. The measurementformed in the case of GAGC'6GCCG C@'-GCUC, and
of thermodynamic stability of several hairpin structures the corresponding free energies wetr8.46 and—2.36 kcal/
formed by oligoribonucleotides GAG CHG CNG CN'-G mol. Although the structures of both forms are not known,
CUC (italics mark the nucleotides in the hairpin loop) were one of the hairpins could have the expected seven-nucleotide
performed. The analysis of the data obtained for those loop, whereas the second hairpin could contain the four-
oligoribonucleotides suggests the appearance of more comnucleotide loop and CUG as thé€-@angling end. The
plex structures than was observed for the correspondingproblem of slippery of long CNG trinucleotide tracks of RNA
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and DNA was already reported befotEl{-13). Due to this
phenomenon, the hairpin with a seven-nucleotide CNG loop
can be converted into a hairpin containing a four-nucleotide
loop and a CNG unpaired fragment on the 8r 5-side.

However, there are no data available concerning the influence

of multinucleotide 5 and 3-dangling ends on thermody-
namic stability of RNA hairpins. The effect of mononucle-
otide unpaired ends on the stability of RNA duplexes is well
documented, although the data are limitd8-(47).

The results of the thermodynamic stability of model
hairpins formed by &AGCCGCGGCUCCCGS and 5CCG-
GAGCCGCGGCUC3 (italics denote the loop fragment,
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Table 5: Thermodynamic Parameters for CNG RNA Helix
Propagationn 1 M Sodium Chloride

AG°37 (kcal/mol)
5'GN single N-N AAG®37
3CN duplex duplex¥ mismatch (kcal/moly
5GA 1.70 0.90 0.55 1.15
3'CA
5CC 1.65 0.80 1.02 0.63
3GC
5CG 0.80 —0.10 —0.70 1.50
3GG
5CU 1.40 0.95 0.22 1.18

whereas bolds refer to the unpaired fragment) are collected 3GU

in Table 4E. The examination of the data indicates that the

2 Free energy of propagation df@N/3CN calculated for CNG helix

3'-CCG dangling end reveals stabilizing properties, whereaswithout contribution of first and last CNG trinucleotide repediSree

when placed at the'f#end it does not essentially change the
thermodynamic stability of the hairpin. The difference in the
stability (AAG°s7) of both model hairpins was 3.03 kcal/
mol.

It was also interesting to evaluate the contribution of the
loop and stem to the overall thermodynamic stability of CNG
RNA hairpins. It is known that the total free energy of the
hairpin (AG°s7 nairpin) iS @ sum of the free energy of the stem
(AG®37ster) and loop AG®37 100p fragments 42, 43). The

average penalties of loop formation were calculated on the

basis of the total stability of CNG hairpins containing four-
and seven-nucleotide loops. The free energies of four-
nucleotide CNG hairpin loop formatiorAG®s7 100y Were

energy of propagation of GN/3CN calculated for CNG helix from
contribution of every CNG trinucleotide repe&Original propagation
parameters of '&N/3CN. 9 Differences between original (column 4)
and improved propagation parameters 6GR/3CN (column 2).
¢ Propagation parameters of8-/3CC were calculated by extrapolation.

Table 6: Comparison of Experimental and Calculated Free Energies
for CUG and CAG Oligo- and Polynucleotides

AG°37 (kcal/mol)

calcd by calcd by
RNAStructure 4.0 RNAStructure 4.0
based on original based on improved exptl data

estimated to be ca. 5.6 kcal/mol. The average free energy of (CUG),

four-nucleotide hairpin loop formation was previously re-
ported to be 5.6 kcal/mo#@, 46). For seven-nucleotide CNG
hairpin loops, free energies of the loop formation were

calculated to be ca. 5.7 kcal/mol, whereas the literature data

reported 5.9 kcal/mol for the same size of a 104B, @6). It
means that the free energies of CNG hairpin loop formation
were basically the same as for random (non-CNG-type) RNA
hairpin loops of the same size.

Implication for Prediction of a Structure of RNA Com-
posed of CNG Trinucleotide Repeat TracRgcording to
the nearest-neighbor model, the total free energy of RNA

duplexes is a sum of free energies of initiation and propaga-

tion of the RNA duplex, as well as the free energy related

CNG RNA 5'GN/3CN 5'GN/3CN (UV melting
sequences parameters parameters method)
n=10 —-10.0 —-5.8 —5.7
n=15 —16.0 —-7.9 —-7.6
n=20 —-25.0 -11.0 -9.2
n=35 —46.0 —-20.4 -12.3
n==69 -112.0 —47.9 —-14.9

(CAG)
n=29 —28.8 -3.8 —-3.4
n=56 —61.0 -3.3 —-3.2

2 Free energy of propagation df@&\/3CN calculated for CNG helix
without contribution of first and last CNG trinucleotide repeats.

The improved propagation parameters f&8/3GN were
calculated on the basis of thermodynamic data of CNG RNA
duplexes and hairpins, using two different methods. In the
first method, the effects of every CNG repeat were included

to the symmetry of a duplex and the presence of an AU basej, 3 calculation. In the second, only the effects of internal

pair at the terminal positior26—27). On the basis of that
relation, thermodynamic parameters of RNA helix propaga-

CNG trinucleotide repeats were analyzed (the effects of
terminal CNGs were omitted in the calculation). The

tion related to the presence of N-N mismatches can be parameters calculated by the second approach appear to be

calculated. The values of GN/3 GN were evaluated on the
basis of the thermodynamic stability of CNG duplexes as
well as on the stability of a stem of CNG hairpins (Table
5).

more reliable, since in long CNG RNA structures the effect
of terminal CNG can be neglected because most of the
trinucleotides form internal CNG repeats. The differences
of parameters of free energy propagatio\G°s7) for 5’CN/

The measured thermodynamic stabilities of CNG duplexes GN used currently by RNA folding programs and calculated

are much lower than that predicted by existing RNA folding
programs such as Mfold or RNAstructure. At present,
thermodynamic parameters included in algorithms were

calculated on the basis of the previously reported, thermo-

dynamic effects of single A-A, C-C, G-G, and U-U mis-
matches within RNA duplexe82, 46). It is well documented
that the thermodynamic stability of RNA duplexes with

on the basis of the experiments described herein oscillate
between 0.63 and 1.50 kcal/mol (Table 5).

To test the accuracy of the improved thermodynamic
parameters, the stabilities of several RNA structures formed
by CUG and CAG trinucleotide repeats were analyZ5).(
The comparison of experimental free energies as well as
those calculated by RNAstructure 4.0 software using original

single mismatches depends on the nature of a mismatch agnd improved thermodynamic parameters is presented in
well as on a sequence of adjacent base pairs and a positioTable 6. For CUG polyribonucleotides, the experimental free

within a duplex 82).

energies and those calculated using the improved parameters
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are consistent with up to at least 20 CUG repeats. The whereas those of CUG RNA duplexes oscillate aroufich
difference becomes significant for longer RNA fragments, + 0.5 kcal/mol, except for the duplex formed by two CUG
but it is still a fewfold smaller than that calculated on the trinucleotide repeats for which the free energyG(s;) was
basis of original thermodynamic parameters. In case of only —5.08 kcal/mol. The thermodynamic stability of
molecules consisting of 29 and 56 CAG trinucleotide repeats, G(CGG}C (AG°37 was—6.78 kcal/mol) was similar to those
the free energies calculated with the improved parametersobserved for other CNG RNA duplexes, whereas the
perfectly match the experimental data. structures formed by three and four CGG repeats were more

The differences observed between the experimental freestable (in comparison to CAG and CCG RNA duplexes) by
energies of CUG-type RNA and those calculated on the basis2-3 and 3.8 kcal/mol, respectively.
of the improved thermodynamic parameters could suggest The presence of hydrogen bonds within a G-G mismatch
that longer RNA carrying more than 230 of the CUG and the contribution of both the 2-amino group and 6-oxygen
trinucleotide repeats adopt different structure than that Of guanosine to those interactions were demonstrated when
predicted for a smaller number of CUG repeats, for examp|e, the analogues of guanosine, inosine and purine riboside, were

branched CNG hairpins. applied. Moreover, the replacement of guanosine and ad-
enosine residues by 8-bromoguanosine and 8-bromoadenos-
DISCUSSION ine, respectively, visualizes the importance of the stereo

orientation of guanine and adenine residues within G-G and

CNG RNAs are undoubtedly a promising target for A-A mismatches. That observation is consistent with the
therapeutic treatment of trinucleotide repeat expansion results reported by Burkard and Turn@3(36, 37). The
diseases. The use of RNA as a target allows to move towardauythors, on the basis of the NMR structure of (GBA
the application of antisense strategies, various types of GCGUGC), and functional group mutation of the G-G
ribozymes, or interference RNA methods as potentially mismatch, proved that the mismatch simultaneously adopted
practical approaches. Here, systematic thermodynamic studiegs(4)syn-G(7)anti and G(4anti—G(7)synconformations and
have been performed in order to more accurately predict thethe population of both conformers depended on a position
structure and stability of CNG RNAs at pathological level. within a (GCAGGCGUGC), duplex. The stabilizing effect
The G(CNG)--C oligoribonucleotides were selected for the  of 8-bromoguanosine is presumably related to two phenom-
studies since they correspond to naturally occurring trinucle- ena. The first one concerns the presence of a bromine atom
otide repeat tracks. The presence of guanosine and cytidingst position C-8 of guanosine promoting the change of
residues at the ends of oligoribonucleotides made the fiI’Stg|ycosidiC bond conformation fromanti to syn (38). The
and last CNG trinucleotide fragment more similar to the second reason is most probably related to the observation
internal one. that G-G mismatch might exist simultaneously in two

The experimental data reported in this work have shown dynamic conformations3({). This dynamic transition of the
that the oligoribonucleotides containing up to four CNG conformations is related to some energetic penalty. Since
trinucleotide repeats predominantly existed as duplexes. The8-bromoguanosine exists predominantly in $igaconforma-
only exception was found for the G(CCfG)oligonucleotide  tion, probably only one of those dynamic structures is
for which a significant amount of hairpin structure was dominant. As a consequence, the energy related to the
detected. The shapes of melting curves of many G(GNG) conformational entropy effect within G-G now contributes
oligoribonucleotides often indicated the non-two-state char- to the overall stability of the RNA duplex.
acter of those processes. This phenomenon is quite common It has been shown that the total stability of CNG RNA
for RNA duplexes containing the structure disturbing the hairpins was mostly determined by the stability of the stems.
elements such as mismatches, internal loops, or modified The thermodynamic stability of the CNG RNA hairpin stem
nucleotides 2, 34, 48, 49). An interesting feature of CNG  was found to be similar to the stability of CNG RNA
RNA tracks is the fact that the stabilities of G(CNG)C duplexes. That correlation was particularly strongly supported
are very similar and not very much dependent neither upon by the analysis of the thermodynamic stability of the hairpins
the number of CNG RNA trinucleotide repeats nor upon the constructed in such a way that stem regions were formed by
nature of mismatches, which is contrary to the thermody- two consecutive CNG trinucleotide repeats, whereas the
namic stability of perfectly matched duplexes. The measured sequences of the loop were identical (UUCG) (Table 4A).
thermodynamic stabilitiesNG°37) of G(CAG).C, G(CUG)C, In this paper, it has been shown that stabilization effects
G(CCG)C, and G(CGG)C were—6.02,—5.08,—6.09, and of four- and seven-nucleotide CNG loops in CNG RNA
—6.78 kcal/mol, respectively. The RNA duplexes formed by hairpins were compatible to those reported in “random” (hon-
oligoribonucleotides containing Watsegrick base pairs ~ CNG-type) hairpin loops43, 46). Some differences in the
instead of N-N mismatches were at least twice more stable. stability between CNG hairpins reflect the effect ofskde
For example, the calculated free energies '@ &AG)C/ nucleotides of the loop. The nucleotide at this position can
3 C(GUCYG, 5G(CUG)LC/3C(GACKLG, 5G(CCG)YC/3C- also be considered as atpaired nucleotide (langling
(GGCYG, and 35G(CGG)C/3C(GCCYG RNA duplexes end) to the helical hairpin stem. That can be the source of
were—13.8,—13.8,—16.6, and—16.6 kcal/mol, respectively.  the stabilization effect of the nucleotide at that position. It
Moreover, the differences in stabilitAAG°37) between 55- was reported previously that the stabilization effect bf 3
(CUG)XLG/3C(GAC)C and 3G(CUGXG/3C(GACXC, as unpaired ends of '&X/G terminated RNA duplexesX(=
well as 3G(CGG)YG/3C(GCCYC and 5G(CGG}G/3C- A, U, C, and G) was-1.7,—1.2,—0.8, and—1.7 kcal/mol,
(GCCXC, were 6.9 and 8.3 kcal/mol for both pairs of respectively 45—47). The measured thermodynamic stabili-
duplexes, respectively. The free energies of CAG and CCGtties of four-nucleotide CNG hairpins were3.30, —2.72,
RNA duplexes oscillate around-6.5 + 0.5 kcal/mol, —1.88, and—3.03 kcal/mol for N= A, U, C, and G in the
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loops, respectively (Table 4B). Since thertucleotide of 35 and 69 CUG repeats, the differences were 66% and 320%,
the four-nucleotide hairpin loop can be considered a5 a 3 respectively. The comparison of experimental free energies
dangling end of the helical stem, the correlation of hairpin and those calculated using original parameters demonstrates
stability and stacking ability of the'fucleotide in the loop  the difference of 2 to almost 8 times. For CAG RNAs (29
is understandable. and 56 repeats), the free energy calculated on the basis of
The factors important for the stability of the hairpins the improved parameters matched very waAlNG®s; up to
containing seven-nucleotide CNG loops are less clear. It 12%) the experimental data, whereas the free energy
seems that CNG RNA hairpins containing seven-nucleotide calculated on the basis of original parameters differs up to
hairpin loops are formed less favorably than those composed19 times 22).
of four nucleotides. So far, there are no data concerning the The presented results demonstrate that double-stranded
thermodynamic stability of hairpins containing seven-nucle- CNG RNAs are thermodynamically very unstable and their
otide loops. However, there is relatively a lot of information  stabilities are not much dependent upon the nature of N-N
concerning six-nucleotide loopS®-52). It was shown that  mismatches and the length of trinucleotide tracks. That
the loops closed by C-C are more stable than those closedobservation may be important for understanding the many
by U-U and G-G (there are no data for the A-A closing loop) biological processes involving CNG RNAs. Any therapeutic
(50). Moreover, as published previously, the hairpins con- strategy targeted toward CNG RNA will benefit from the

taining the U loop are more stable than the foop (53). knowledge of their thermodynamic stability.
The thermodynamic data presented in Table 4C are consistent
with those two observations. ACKNOWLEDGMENT
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