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ABSTRACT: Consecutive GU pairs at the ends of RNA helices provide significant thermodynamic stability
between -1.0 and-3.8 kcal/mol at 37 �C, which is equivalent to approximately 2 orders of magnitude in the
value of a binding constant. The thermodynamic stabilities of GU pairs depend on the sequence, stacking
orientation, and position in the helix. In contrast toGUpairs in themiddle of a helix thatmay be destabilizing,
all consecutive terminal GU pairs contribute favorable thermodynamic stability. This work presents
measured thermodynamic stabilities for 30 duplexes containing two, three, or four consecutive GU pairs
at the ends of RNA helices and a model to predict the thermodynamic stabilities of terminal GU pairs. Imino
proton NMR spectra show that the terminal GU nucleotides form hydrogen-bonded pairs. Different
orientations of terminal GU pairs can have different conformations with equivalent thermodynamic
stabilities. These new data and prediction model will help improve RNA secondary structure prediction,
identification of miRNA target sequences with GU pairs, and efforts to understand the fundamental physical
forces directing RNA structure and energetics.

The power of RNA to regulate gene expression holds the
promise of revolutionizing therapeutic approaches to disease and
investigations of genomic biology (1, 2). Realizing the full
potential of RNA silencing requires knowledge of the funda-
mental physical forces that stabilize RNA duplex formation. The
efficacy of small RNA binding to mRNA target sites correlates
with the stability of miRNA-mRNA duplexes and can be
predicted by using thermodynamic parameters of RNA motifs
and computer algorithms (3-7). An exception to this observation
occurs with the idiosyncratic GU base pair, the thermodynamic
stability of which is poorly predicted. Even a single GU base pair
added to the 50 region of the miRNA can decrease silencing
activity (4). For example, in luciferase assays in HeLa cells,
changing a single GC pair to a GU pair abolished translational
repression by endogenous let-7 (4). Similarly, changing an AU
pair to a GU pair reduced the level of translational repression by
CXCR4 siRNA from 12- to 6-fold even though the predicted free
energies of the miRNA-mRNA duplexes were the same (4).
Therefore, improved thermodynamic parameters for GU base
pairs are necessary for improving predictions of siRNA target
sites and designing new therapeutics.

Previous studies of the thermodynamic stabilities of consecu-
tive terminal mismatches and dangling ends demonstrate sig-
nificant improvement in the prediction of duplex stabilities with
new parameters that included the additional stabilities of up to
three nucleotides stacking on the 30 end of a helix (8). The sequence
identity of the 50 nucleotides does not contribute significant
additional thermodynamic stability, butGUpairs are the exception
to this observation. Previous studies of single GU pairs at the

ends of helices (9) show favorable thermodynamic stabilities,
while duplexes with single internal GU pairs are unfavorable
relative to duplexes with equivalent Watson-Crick pairs (10).
Tandem internal GU pairs are energetically unfavorable (from
0.3 to 1.3 kcal/mol) with one context-dependent exception in the
case of 50GGUC/30CUGG (-1.1 kcal/mol) (11-14). GU pairs
adjacent to internal loops show idiosyncratic stabilities (15-17).
The physical basis of these idiosyncratic thermodynamic stabil-
ities may be the ability of GU pairs to adopt many different
stable hydrogen-bonded conformations. GU pairs can formwith
either one or two hydrogen bonds in many different orientations;
four representative examples from the isostericity matrices of
Leontis and Westof are shown in Figure 1 (14, 18). The thermo-
dynamic stabilities and structures of GU pairs show idiosyn-
cratic, sequence-dependent, non-nearest-neighbor effects.

To gain further insight into non-nearest-neighbor effects and
GUbase pairs, terminal single, double, triple, and quadruple GU
base pairs are analyzed using UV optical melting and one-
dimensional proton NMR. All terminal GU motifs add stability
to the duplexes and are more stable than predicted. Using
thermodynamics data and linear regression, a new model was
developed for predicting the stabilities of terminal GUbase pairs.

METHODS

Oligoribonucleotides were purchased from Dharmacon and
deblocked with acetic acid to remove the protection group on its
20-hydroxyl as per the manufacturer’s instructions. Greater than
90% oligomer purity was confirmed using 32P labeling and gel
electrophoresis.

Oligonucleotides were resuspended in 1 M NaCl, 10 mM
sodium cacodylate, 0.5 mMNa2EDTA (pH 7) melting buffer. As
noted in Table 1, some oligonucleotides were also melted in 0.15
M KCl, 10 mM MgCl2, 10 mM sodium cacodylate, 0.1 mM
Na2EDTA (pH 7) melting buffer. Ten different oligonucleotide
concentrations over a 100-fold range were used in a Beckman
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Coulter DU800 spectrophotometer at wavelengths of 280 and
260 nmwith a heating rate of 1 �C/min.Melting curves were fit to
a two-state model with Meltwin (12, 19). The inverse of the
melting temperature was plotted against the log of the total
strand concentration according to the following equation:

1

TM
¼ R lnðCTÞ

ΔH�
þ ΔS�
ΔH�

ð1Þ

where R is the gas constant (20). If the thermodynamic param-
eters for the duplexes derived from plots of TM

-1 versus ln(CT)
and from the average of curve fittings agree within 15%, then the
results are consistent with the two-state transition model (21).
The thermodynamic parameters listed in Table 1 are consistent
with the two-state model.

Selected duplexes were analyzed by one-dimensional imino
proton NMR using a 500 MHz Varian VNMR spectrometer.
Oligomers were dissolved at 0.4 mM RNA in 10 mM NaCl, 10
mM sodium phosphate, 0.5 mM Na2EDTA (pH 6), and 10%
D2O. The watergate 3414 pulse sequence in the Biopack software
was used for water suppression (22).

Linear regression analysis was used to determine a model for
predicting the thermodynamic stabilities of GU terminal motifs.
Excel and the linest function were used for the analysis. Data
from previous studies of single terminal GU pairs (9, 11, 23) and

the new data in Table 1 are included in this regression. Statistical
significance is determined from the T and P tests in Excel.

RESULTS

Table 1 presents 30 new thermodynamic measurements of
RNA duplexes containing consecutive terminal GU pairs. The
additional stability derived from the consecutive terminal GU
pair motifs ranges from -1.0 to -3.8 kcal/mol at 37 �C; the 2.8
kcal/mol difference in free energies is approximately 2 orders of
magnitude in a binding constant at 37 �C. The thermodynamic
stabilities per nucleotide in consecutive terminal GU pair motifs
range from -0.2 to -0.6 kcal/mol. The sequences are listed by
number of GU pairs and then increasingly favorable free energy
for the terminal pairs. All possible combinations of GU pair and
neighboringWatson-Crick pair orientations have beenmeasured
for single and tandem terminal GU pairs. To compare duplexes
with different core stem helices, we calculated the free energy of
the terminal motif with the following equation:

ΔΔG�terminal motif ¼ ðΔG�duplex with terminal motif

-ΔG�duplex without terminal motif Þ=2 ð2Þ
All the duplexes with more than one GU pair are more favorable
than previously predicted (11, 24).

FIGURE 1: Examples of GU pair conformations with one or two hydrogen bonds (18): (A) cis Watson-Crick-Watson-Crick, (B) trans
Watson-Crick-Watson-Crick, (C) cis Hoogsteen-sugar edge, and (D) trans Hoogsteen-sugar edge.



10576 Biochemistry, Vol. 49, No. 49, 2010 Nguyen and Schroeder

Current predictions of miRNA-mRNA interactions under-
estimate the thermodynamic stability of duplexes containing
consecutive terminalGUpairs. Three tandem terminalGUmotifs,
50GUU/30CGG,50GGU/3CUG,and50AGU/30UUG,arepredicted
to occur in duplexes formed by the microRNA let-7 binding to
target sequences in the 30 untranslated regions (UTR) of the RAS
andHMGAmRNA (25-27), which are genes involved in cancer
regulatory pathways. These miRNA-mRNA interactions are
underestimated by 0.6, 0.7, and 1.4 kcal/mol, respectively (Table 1,
footnotes k and l).

Because GU pairs are known to bind metal ions (28-31), five
duplexes were also measured in buffer containing MgCl2. No
change in thermodynamic stability was observed for any of the
duplexes.A buffer consisting of 0.15MKCl and 10mMMgCl2 is
more representative of physiological buffer conditions (32). Thus,
thesemeasurements will be applicable to predictions ofmiRNA-
mRNA target recognition and specificity under biological
conditions.

To measure the contributions of hydrogen bonding and stack-
ing to the stability of terminal GU pairs, a duplex with two GU

Table 1: Thermodynamic Parameters of RNA Duplexes with Terminal GU and AU Pairsa

TM
-1 vs ln(CT/A) melt curve fits

GU pair sequenceb
-ΔΔG�37c

(kcal/mol)

-ΔG�37predictedd

(kcal/mol)

-ΔG�37
(kcal/mol)

-ΔH�
(kcal/mol)

-ΔS�
(eu)

Tm
e

(�C)
-ΔG�37

(kcal/mol)

-ΔH�
(kcal/mol)

-ΔS�
(eu)

Tm
e

(�C)

1 50UUGCAGi 1.0( 0.2 3.3( 0.1 4.2( 0.2 37.2( 3.8 106.5( 12.8 25.3 4.3( 0.3 35.5 ( 6.6 100.4 ( 22.2 25.7

1 50UAUGCAUGi 1.0( 0.1 6.4( 0.1 6.4( 0.1 62.3( 3.1 180.1( 9.0 41.0 6.5( 1.3 57.7 ( 2.9 165.1 ( 8.3 41.4

1 50GAUGCAUUi 1.2( 0.1 7.0( 0.1 6.8( 0.1 62.9( 3.1 180.8( 9.0 42.6 6.8( 1.4 60.8 ( 3.0 174.0 ( 8.7 42.9

1 50GUGCAUf,j 1.4( 0.1 4.8( 0.1 5.1( 0.1 47.5 ( 2.4 136.9( 7.7 33.1 5.1( 0.1 47.0 ( 3.6 135.0 ( 11.5 33.4

1 50UCCGGGh 1.5( 0.1 6.5( 0.1 7.4( 0.1 47.7( 2.4 129.8( 6.5 48.5 7.4( 1.5 47.4 ( 2.4 129.0 ( 6.5 48.6

1 50UGGCCGh 1.6( 0.1 7.3( 0.1 8.6( 0.2 53.0( 2.7 143.3( 7.2 54.7 8.3( 1.7 49.8 ( 2.5 133.7 ( 6.7 54.9

1 50GGCGCUh 1.9( 0.1 8.0( 0.1 8.4( 0.2 56.4( 2.8 154.7( 7.7 52.9 8.4( 1.7 55.9 ( 2.8 153.0 ( 7.7 53.0

1 50GCCGGUh 2.4( 0.1 8.5( 0.1 9.2( 0.2 58.2( 2.9 158.1( 7.9 57.0 9.3( 1.9 59.3 ( 3.0 161.2 ( 8.1 57.0

2 50UUUGCAGG 1.3( 0.2 3.2( 0.2 4.8( 0.2 46.1( 3.7 133.1( 12.3 31.1 5.0( 0.4 40.7( 6.1 115.2( 20.5 31.8

2 50UUAUCGAUGGf,j 1.5( 0.1 4.9( 0.1 6.8( 0.1 61.1( 4.5 175.0( 14.4 43.2 6.9( 0.1 57.0 ( 7.0 161.5 ( 22.8 44.0

2 50GUUGCAGUg,l 1.6( 0.2 5.8( 0.1 5.4( 0.1 45.2( 3.7 128.3( 12.1 35.2 5.5( 0.2 46.2( 5.2 131.3( 16.7 35.6

2 50GGAUGCAUUU 1.8( 0.1 7.4( 0.1 8.0 ( 0.1 74.4( 2.7 214.2( 8.4 46.8 7.9( 0.1 67.9 ( 7.4 193.7 ( 23.3 47.3

2 50UGAUGCAUUG 1.8( 0.1 7.4( 0.1 8.1( 0.1 75.4( 3.9 216.9( 12.3 47.2 7.9( 0.3 67.6( 10.9 192.7( 34.4 47.4

2 50GUAUCGAUGUf,j 1.9( 0.1 5.8( 0.1 7.5( 0.1 63.4( 4.0 180.2( 12.7 46.4 7.7( 0.3 64.4 ( 10.4 183.0 ( 32.8 46.9

2 50GGUCUAGAUU 2.1( 0.1 7.5( 0.1 9.1( 0.1 89.0( 2.0 257.8( 6.2 49.2 8.6( 0.1 75.6 ( 2.9 216.0 ( 9.5 49.6

2 50GUCGCGGUl 2.2( 0.1 5.8( 0.1 8.0( 0.1 57.8( 1.0 160.5( 3.3 50.0 7.9( 0.1 54.3 ( 3.4 149.6 ( 10.9 50.5

2 50GUGAUCGU 2.4( 0.2 3.2( 0.1 6.0( 0.1 47.1( 4.2 132.5( 13.7 39.2 6.1( 0.3 53.2( 9.5 152.0( 30.5 39.5

2 50UGUCGAUG 2.6( 0.1 4.4( 0.1 6.3 ( 0.1 68.8( 1.4 201.4( 4.5 39.8 6.3( 0.1 60.5 ( 2.0 174.7 ( 6.6 40.1

2 50UGGAUCUG 2.6( 0.1 4.6( 0.1 6.5( 0.1 66.1( 2.6 192.2( 8.3 40.7 6.4( 0.2 56.2 ( 4.7 160.4 ( 14.9 41.2

2 50UUGUCGACGGf 2.9( 0.3 8.9( 0.1 12.0( 0.2 83.8( 3.7 231.4( 11.0 62.3 11.2( 0.1 71.9( 1.1 195.7( 3.7 62.7

2 50GGCAUGUUf,k,j 3.0( 0.1 4.9( 0.1 6.7( 0.1 69.1( 2.4 201.0( 7.7 41.7 6.7( 0.1 65.4( 3.9 189.1( 12.5 42.0

2 50UGCUAGUG 3.2( 0.1 5.1( 0.2 7.4 ( 0.1 74.9( 1.8 217.7( 5.9 44.2 7.2( 0.1 64.5 ( 2.6 184.5 ( 8.7 44.7

2 50UGCCGGUGf,j 3.8( 0.2 8.5( 0.1 11.9( 0.2 81.6( 2.7 216.8( 6.8 59.1 11.0( 0.2 69.4( 0.8 188.1( 2.4 62.9

50GUCGGUG 2.7( 0.1 0.0 ( 0.1 3.3( 0.1 61.9( 2.1 188.9( 7.1 25.4 3.5( 0.2 56.9 ( 2.7 172.0 ( 9.1 25.7

3 50GGUCGCGGUUf 2.6( 0.1 5.8( 0.1 8.8( 0.1 66.5( 1.3 186.0( 4.1 52.5 8.6( 0.1 59.4 ( 1.9 164.0 ( 6.1 52.9

3 50GUGAUGCAUUGUn 2.6( 0.2 7.0( 0.1 9.7( 0.2 93.7( 4.5 270.9( 14.0 50.9 9.2( 0.2 79.3 ( 6.1 225.9 ( 19.1 51.4

3 50UGUGGCCGUG 2.7( 0.6 7.4( 0.1 10.9( 0.6 66.2( 6.8 178.3( 20.2 63.4 10.6( 0.7 62.0( 7.2 165.6( 21.3 64.0

3 50UGUCGGUGf 2.8( 0.3 0.0 ( 0.1 3.5( 0.2 57.3( 3.4 173.5( 11.4 25.5 3.7( 0.3 53.4 ( 5.5 159.3 ( 18.7 26.1

3 50UUGGCGCUGG 3.1( 0.2 8.0( 0.1 10.8( 0.2 76.9( 3.0 213.1( 9.1 59.2 10.1( 0.2 65.3( 1.4 177.8( 4.3 59.6

3 50UUGGCUGG 3.2( 0.2 2.2 ( 0.2 5.2( 0.1 49.1( 1.5 141.7( 5.0 34.0 5.3( 0.2 45.9 ( 4.6 130.9 ( 15.2 34.7

3 50GGUGGCCGUU 3.3( 0.6 7.3( 0.1 11.0( 0.6 66.4( 6.9 178.6( 20.7 64.2 10.5( 0.5 57.4( 6.5 151.5( 19.3 65.1

3 50UUGCUAGUGG 3.4( 0.1 5.1( 0.1 7.9 ( 0.1 71.9( 3.3 206.5( 10.5 46.7 7.7( 0.1 64.7 ( 3.6 183.8 ( 11.4 47.1

3 50GUGGCUGUf,n 3.6( 0.1 2.2( 0.1 6.0( 0.1 52.3( 1.2 149.1( 6.2 39.2 6.1( 0.1 50.4( 5.4 142.9( 17.5 39.5

3 50GUGCUAGUGUn 3.7( 0.1 5.1( 0.1 8.4( 0.1 74.0( 2.6 211.3( 8.1 48.9 8.2( 0.1 66.8( 4.2 189.0( 13.3 49.3

4 50UUGUCGGUGGf 2.7( 0.2 0.0 ( 0.2 3.3( 0.2 64.0( 3.6 195.6( 12.3 25.8 3.6( 0.2 57.4 ( 1.8 173.2 ( 6.3 26.3

4 50GUGUCGGUGUf 3.1( 0.1 0.0( 0.1 4.0( 0.1 65.3( 2.3 197.5( 7.7 29.3 4.2( 0.2 59.6 ( 3.3 178.6 ( 11.1 29.6

4 50UGUGGCUGUGf,n 3.5( 0.2 2.2( 0.1 6.0( 0.1 55.5( 4.0 159.8( 13.1 38.5 6.0( 0.2 50.3( 3.8 142.7( 12.1 39.2

4 50GGUGGCUGUUf,n 3.6( 0.2 2.2( 0.2 6.1( 0.1 59.6( 1.4 172.5( 4.6 39.0 6.1( 0.1 50.3( 2.2 142.6( 7.4 39.7

50AUCGAUAm 4.1( 0.1 5.2 ( 0.04 6.1( 0.1 56.6( 2.0 162.8( 6.3 39.4 6.2( 0.1 54.2 ( 3.8 154.9 ( 12.4 39.9

50UAUCGAUAm 4.6( 0.1 6.5( 0.03 7.1( 0.1 61.8( 3.0 176.2( 9.7 44.4 7.2( 0.2 61.8 ( 4.9 176.3 ( 15.6 44.6

50UUAUCGAUAAm 5.7( 0.1 8.4( 0.03 9.2( 0.1 82.3( 3.7 235.8( 11.4 50.8 8.9( 0.1 72.6 ( 2.7 205.5 ( 8.8 51.2

aSequences are ordered first by type of terminal base pair, terminal motif, and then in increasing thermodynamic stability. RNA sequences were melted in 1
M NaCl, 10 mM sodium cacodylate, 0.5 mMNa2EDTA (pH 7) buffer. Italicized sequences have a 15% difference between the melt curve fits and van’t Hoff
plots and are borderline two-state. Errors associated with ΔH�, ΔS�, and ΔG� are (10, (10, and (2%, respectively. bBold letters represent the terminal GU
motif or terminal AU base pairs. cFree energy values are calculated with values from the plots ofTM

-1 vs ln(CT/A) using eq 2.
dPredicted free energy terms are

calculated using the nearest-neighbor model parameters from refs 11 and 24. According to previous rules, only the first terminal GU pair is predicted to
contribute a favorable free energy and included in the prediction. eMelting temperatures are listed for a total strand concentration of 1� 10-4 M. fSequences
were analyzed with one-dimensional imino proton NMR. gData from ref 8. hData from ref 9. iData from ref 23. jThese sequences were also melted in 0.15M
KCl, 10 mM MgCl2, 10 mM sodium cacodylate, 0.1 mM Na2EDTA (pH 7) melting buffer at 280 nm, and no change in thermodynamic stability was
observed. kPredicted to occur in the duplex formed by let-7 targeting the RAS 30 UTR (25). lPredicted to occur in the duplex formed by let-7 targeting the
HMGA 30 UTR (26, 27). mDuplexes were measured at 260 nm, the optimal wavelength for AU pair absorption. nThe duplex contains the sequence 50GU/
30UG in the third GU nearest-neighbor position.
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pairs and a 30 dangling endwas studied (Table 2). The free energy
of the tandem terminal GU pair in 50GUCGCGGU is-2.2 kcal/
mol. Adding a single G nucleotide to the 30 end, 50GUCGGUG,
changed the stability of the terminal motif by -0.5 kcal/mol.
However, adding a 50 U nucleotide to create a third GU pair in
50UGUCGGUG does not contribute any additional thermody-
namic stability and provides no evidence for stabilizing hydrogen
bonding. On the other hand, in previous research on consecutive
terminal mismatches, the thermodynamic stability of adding a G
nucleotide to create a secondGUpair, 50GUUGCAGU, to aduplex
with a single GU pair and a dangling nucleotide, 50UUGCAGU,
increased the thermodynamic stability by 0.8 kcal/mol (8).
Furthermore, a fourth GU pair adds no more stability than
three GU pairs or twoGU pairs with a 30 G. Thus, the additional
stability of a terminal GU pair depends on the distance from the
Watson-Crick core helix. In contrast, consecutive terminal AU
pairs increase in stability with each additional 30 and 50 nucleotide
added for up to four consecutive terminal AU pairs, demonstrat-
ing the energetic contributions of both hydrogen bonding and
stacking (Table 2). GU pairs show a different pattern. Near the
last Watson-Crick pair, both stacking and hydrogen bonding
apparently contribute to the free energy of the terminal GU
motif. However, as the number of terminal GU pairs increases,
the stability of each additional GU pair decreases. Duplexes with
three terminal GU pairs show less orientation dependence of the
lastGUpair than in the first pair, and the additional stabilitymay
be due largely to stacking. The fourth GU pair adds no further
stability, which is consistent with previous observations of con-
secutive terminal mismatches (8) and measurements of RNA
persistence length, a measure of the stiffness and flexibility of a
polymer (33-35).

The measurements and observations in Tables 1 and 2 lead to
new rules for predicting the thermodynamic stabilities of con-
secutive terminal GU pairs (Table 3). Previous prediction rules
considered only a single terminal GU mismatch and no addi-
tional terminal GU pairs. A second and third GU pair add-0.7
and -0.5 kcal/mol, respectively. The 50GU/30UG motif is espe-
cially stable as the third nearest-neighbor pair (Figure 2); 38
measurements for terminal GU pairs were fit with a linear regres-
sion analysis. The r2 value for the fit was 0.98. The spreadsheet
and statistics for the linear regression are presented as Supporting
Information.

The parameters for the first GU pair show the most depen-
dence on stacking on theWatson-Crick pair and the orientation
of the GU pair. A GU pair stacked on a GC or CG pair is more
favorable than one stacked on an AUorUA pair, respectively. If

Table 2: Measuring the Stacking and Hydrogen Bonding Contributions to Terminal GU and AU Pairsa

GU pair terminal GU pairs -ΔΔG�37b (kcal/mol) terminal AU pairs -ΔΔG�37b (kcal/mol)

1 þ 30 50UUGCAGU 0.8c 50UUGCAAU 1.5d

2 50GUUGCAGU 1.6c 50AUUGCAAU 2.0d

2 50GUCGCGGU 2.2 50AUCGCGAU 3.5d

2 þ 30 50GUCGGUG 2.7 50AUCGAUA 4.1

3 50UGUCGGUG 2.8 50UAUCGAUA 4.6

4 50UUGUCGGUGG 2.7 50UUAUCGAUAA 5.7

aRNA sequences were melted in 1MNaCl, 10mM sodium cacodylate, 0.5 mMNa2EDTA (pH 7) buffer. bFree energy increments are calculated from plots
of TM

-1 vs ln(CT/A) using eq 2. cValues from ref 8. dThe free energy is predicted from the INN-HB model (45) and thermodynamic stabilities of 30 dangling
ends (8). The predicted values are consistent with prior similar measurements on duplexes with slightly different stem duplexes (46).

Table 3

(A) Parameters for the First GU Terminal Motifa,b

kcal/mol kcal/mol closing pair

50 purine 50GU30/30CG50 -2.3( 0.1 50GG30/30CU50 -1.5( 0.1 GC

50AU30/30UG50 -1.6( 0.1 50AG30/30UU50 -0.8( 0.1 AU

50 pyrimidine 50CU30/30GG50 -1.9( 0.1 50CG30/30GU50 -1.8( 0.1 CG

50UU30/30AG50 -1.1( 0.1 50UG30/30AU50 -1.0( 0.1 UA

(B) Parameters for Additional GU Pairsc

second GU terminal pair -0.7 ( 0.1 kcal/mol

third GU terminal pair -0.5( 0.1 kcal/mol

50GU/30UG bonusd -0.4 ( 0.1 kcal/mol

aValues are calculated from amultiple linear regression of 38 experimentally measured free energies for two-state terminal motifs measured in 1MNaCl, 10
mM sodium cacodylate, 0.5 mM Na2EDTA (pH 7.0) buffer. bSeven sequences used in the linear regression analysis are reported in refs 8, 9, and 23. cIf the
sequence has more than three GU terminal pairs, then no additional stability is added. dThis bonus is added only if the third terminal GU nearest neighbor has
this particular sequence.

FIGURE 2: Example of a duplex containing the sequence 50GU/30UG
in the third GU nearest-neighbor position and all possible tandem
GU nearest neighbors. The nearest neighbors in the terminal GU
motif are as follows: first, 50CU/30GG; second, 50UG/30GU; third,
50GU/30UG; fourth, 50UU/30GG. Note that 50UU/30GG and 50GG/
30UU are equivalent nearest neighbors.
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the 50 nucleotide in the Watson-Crick pair is a purine, different
orientations of the adjacentGUpair showvery different stabilities,
and the UG pair is more stable than the GU pair. For example,
50GU/30CG and 50GG/30CU sequences have stabilities of -2.3
and-1.5 kcal/mol, respectively. If the 50 nucleotide in theWatson-
Crick pair is a pyrimidine, then either orientation of the GU pair
has the same stability. These observations are consistent with
ultrafast fluorescence spectroscopy studies of the interplay be-
tween stacking and hydrogen bonding in terminal purine-U pairs
(36). 50CG/30GU and 50CU/30GG sequences have stabilities of
-1.8 and-1.9 kcal/mol, respectively, and 50UG/30AUand 50UU/
30AG sequences have stabilities of -1.0 and -1.1 kcal/mol,
respectively. These parameter pairs are not combined tomaintain
consistency with a physical model that considers energetic contri-
butions of stacking effects.

To test whether consecutiveGUpairs could form a stable helix
in the absence of a central core withWatson-Crick pairs, a helix
composed solely of GU pairs, (50GUGUUGGUGUG)2, was
designed. The melting behavior of this duplex was observed at
260, 280, and 300 nm, and no clear transitionwas observed at 260
or 280 nm. A transition from high to low absorbance at 300 nm
was observed at 23.88 �C at 1.54 � 10-4 M RNA. This type of
transition, a decrease in hyperchromicity at 300 nm, has been
observed for terminal Hoogsteen pairs in terminal mismatches
(37). Thus, an all-GU pair helix may form but have very different
base stacking and dipole interactions. The normalized data
provide an estimate of the thermodynamic stability: -60.3 kcal/
mol enthalpy,-185.7 cal K-1 mol-1 entropy, and-2.7 kcal/mol
free energy at 1.54 � 10-4 M RNA. A similar helix of only AU
pairs, (50AUAUUAAUAUA)2, showed a transition at 260 nm
andnomeasurable change in absorbance at 300 nm.The estimated
thermodynamic stability of this all-AU duplex is as follows:
-74.5 kcal/mol enthalpy, -221.0 cal K-1 mol-1 entropy, and
-6.0 kcal/mol free energy at 9.42 � 10-5 M RNA.

Figure 3 shows imino proton spectra of helices with two, three,
or four terminal GU pairs. One-dimensional proton NMR can
reveal imino protons that are protected fromexchangewithwater
by hydrogen bonds and thus provide evidence of hydrogen
bonding within the terminal GU pairs. The terminal pair in a
helix is more flexible, and the imino protons therefore exchange
more rapidly with water and are usually not observed in proton
NMR even for terminal Watson-Crick pairs (15, 38). The imino
protons in GC Watson-Crick and GU pairs typically resonate
between 12 and 13.5 ppm and between 10 and 13 ppm, respec-
tively. The number and chemical shifts of the peaks in the imino
proton spectra are consistent with a single duplex conformation.
The number, sharpness, and chemical shifts of the imino proton
peaks show a strong sequence dependence in different GU termi-
nal motifs. The upfield peaks are sometimes weak and broad but
are indicative of hydrogen-bonded GU pairs. In contrast, imino
proton spectra of duplexes with two or three consecutive UU
pairs showed no imino proton resonances for the U nucleo-
tides (8). Surprisingly, some terminal GU motifs exhibit an odd
number of peaks (Figure 3c,d,h-j,m,n), which suggests that
different kinds of GU pairs may form. Figure 1 shows just four
examples of the many different ways GU pairs can form hydro-
gen bonds. In several cases, there is an even number of imino
protons that can be assigned to the terminal GU pairs, but the
intensity and width of the peaks are not the same, which suggests
different dynamics for the nucleotides that may transiently form
pairs or different GU pair conformations with a single hydrogen
bond. The imino proton spectra show that the conformations and

dynamics of the G and U nucleotides in terminal motifs are
sequence- and context-dependent.

DISCUSSION

Accurate Thermodynamic Parameters for GU Pairs Are
Important for Predictions of MicroRNAs and Design of
Therapeutic RNAOligomers. The thermodynamic stability of
the duplex formed by a miRNA and mRNA target sequence is
one factor in determining the specificity and mechanism of RNA
interference (3-5). Duplexes with perfect matches and favorable
stability follow a cleavage mechanism, and duplexes with many
mismatches and intermediate stability follow a translation in-
hibitionmechanism (3).Duplexes containingGUmismatches are
the exception to this general trend (4). This may be the result of
incomplete rules for predicting the thermodynamic stabilities of
duplexes with GU pairs and the idiosyncratic, non-nearest-
neighbor effects observed for GU pairs (9, 11-16, 39). Some
prediction programs restrict the allowed number of GU pairs
(40). This work demonstrates that previous prediction rules
underestimated the thermodynamic stabilities for duplexes with
consecutive terminal GU pairs by an average of 0.5, 1.9, 3.2, and
3.7 kcal/mol for single, tandem, triple, and quadruple terminal
GU pairs, respectively (Table 1, comparison of predicted and
experimental duplex free energies). The new rules for predicting
helices with terminal GUpairs (Table 3) will be incorporated into
RNA secondary structure prediction programs, such as RNA-
Structure, Vienna Package, mfold/unafold, and Sfold (41-44),
and will contribute to improving the prediction of mRNA target
structures and miRNA-mRNA interactions.
The Thermodynamic Stability Contributions of GU

Pairs Depend on the Position of the GU Pair in the Helix.
Previous studies of tandem GU pairs focused on GU pairs in the
middle of a helix (11-14). Tandem GU pairs in the middle of a
helix are thermodynamically unstable and have positive nearest-
neighbor free energy values (11, 24). The one exception, 50GGUC/
30CUGG, has a favorable free energy for a tandem internal GU
pair only in this particular sequence of surrounding Watson-
Crick pairs, which is a non-nearest-neighbor effect. In contrast,
all the tandem terminal GU pairs are thermodynamically favor-
able. At the end of a helix, GU pairs may have the flexibility to
adopt a conformation that maximizes hydrogen bonding and
stacking interactions but is not accommodated into an A-form
RNA helix in an energetically favorable way. Thus, the unfavor-
able stabilities of internal GU pairs may reflect an energetically
unfavorable disruption of the A-form helix.
Different Orientations of Terminal GU Pairs Have

Different Conformations with Equivalent Thermodynamic
Stabilities. The thermodynamic measurements and new predic-
tion rules show a dependence on the 50/30 orientation of the GU
pair only in the cases of a single terminal GU pair and when the
third nearest-neighbor pair has the sequence 50GU/30UG(Table 3).
The additional stability for a second and third GU pair has no
significant dependence on the orientation of the GU pair in most
cases. However, the imino proton spectra show a different number
of peaks and different chemical shifts for sequences with different
orientations of terminal GU pairs (Figure 3). This suggests that
different orientations of theGUpair may adopt different confor-
mations, but that these different conformations have equivalent
thermodynamic stabilities.

For example, in tandem terminal GU pairs, comparison of
(50UUGUCGACGG)2 and (50UUAUCGAUGG)2 (Figure 3c,d)
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shows that changing the closing Watson-Crick pair from a CG
pair to aUApair changes the number of imino protons protected
from exchange with water. The (50UUAUCGAUGG)2 helix has
an additional broad peak, which suggests that stacking on the last
Watson-Crick pair can affect the conformation of the terminal

GU pairs. Comparison of (50UUAUCGAUGG)2 with (50GUA-
UCGAUGU)2 (Figure 3d,e) shows that the orientation of the last
GU pair also changes the number of peaks in the spectrum.
(50GUAUCGAUGU)2 has no large broad peak near 11 ppm, but
only one small peak at 10.5 ppm. Although the imino proton

FIGURE 3: One-dimensional imino proton spectra at 1 �C in 10mMNaCl, 10mMNaH2PO4, 0.5mMNa2EDTA(pH6.0) buffer. Chemical shifts
are referenced to the position of the water peak, which has measured chemical shifts relative to trimethylsilyl propionate in this NMRbuffer. The
2 � 2 terminal GU duplexes: (a) 50UGCCGGUG, (b) 50GGCAUGUU, (c) 50UUGUCGACGG, (d) 50GUAUCGAUGU, and (e) 50UUAUCG-
AUGG. The 3 � 3 GU duplexes: (f) 50GUGCUAGUGU at 10 �C, (g) 50GUGGCUGU, (h) 50UUGCUAGUGG, (i) 50UGUCGGUG, and (j)
50GGUCGCGGGU. The 4 � 4 GU duplexes: (k) 50GGUGGCUGUU, (l) 50UGUGGCUGUG, (m) 50GUGUCGGUGU, and (n) 50UUGU-
CGGUGG.
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spectra for (50UUAUCGAUGG)2 and (50GUAUCGAUGU)2
are distinctly different, the thermodynamic stability for both
terminal GU motifs is similar.

Although the fourth GU pair adds no additional thermody-
namic stability, the addition of a fourth GU pair does change the
number, sharpness, and chemical shifts of imino protons in the
terminal GU pair motifs. There are two cases in which a triple
GU pair and both orientations of the fourth GU pair can be
compared. Duplex (50GUGGCUGU)2 (Figure 3g) shows three
imino protons, one proton resonance for the core GC pair, and
two proton resonances for a GU pair. After the addition of a
fourth GU pair, several more imino protons are observed.
Duplex (50GGUGGCUGUU)2 (Figure 3h) has seven imino
protons similar in sharpness and intensity, which accounts for
the core GC pair and three GU pairs. Duplex (50UGUGGC-
UGUG)2 (Figure 3l) has a fourthGUpair in the other orientation
and shows four strong, sharp peaks and three or four less intense,
broad peaks. The free energies for these three terminalGUmotifs
(50CUGU, 50CUGUU, and 50CUGUG) all have similar thermo-
dynamic stabilities of -3.6, -3.6, and -3.5 kcal/mol, respect-
ively, which are within experimental error (Table 1). Similarly,
(50UGUCGGUG)2 (Figure 3i) shows six imino proton reso-
nances with varying sharpness and intensities. One imino proton
resonance can be attributed to the core CG pair and five
resonances to the three terminal GU pairs. When a fourth GU
pair is added, many of the resonances become sharper. The
spectrum for (50GUGUCGGUGU)2 (Figure 3m) shows five very
sharp intense resonances and only one small broad resonance.
The iminoproton resonances for (50UUGUCGGUGG)2 (Figure 3n)
in which the fourth GU pair has a different orientation have
broad overlapping bases and are less distinct. The relative inten-
sities of the peaks also change; a group of two resonances and a
group of three resonances have similar relative intensities, while
one resonance remains very weak and broad. Thus, different
stacking orientations for the terminal GU pair may induce dif-
ferent hydrogen bonding conformations or differently protect
imino protons from exchange with water.
Base Stacking Affects the Thermodynamic Stability and

Conformation throughout theHelix and in the Special Case
of the 50GU/30UG Bonus. Three pairs of duplexes have the
same sequence but in the reverse 50 to 30 orientation. These duplexes
have different thermodynamic stabilities and imino proton
spectra, which suggests that stacking plays an important role in
the stability and structure of terminal GU motifs. For example,
(50GUGGCUGU)2 and (50UGUCGGUG)2 have terminal GU
stabilities of -3.6 and -2.8 kcal/mol, respectively (Table 1).
(50GUGGCUGU)2 shows three sharp imino proton resonances
spread over a 3 ppm chemical shift range, and (50UGUCGGUG)2
shows two strong, sharp resonances, three less intense reso-
nances, andoneweak broad resonancewithin the 2 ppmchemical
shift range (Figure 3g,i). (50GGUGGCUGUU)2 has a terminal
GU thermodynamic stability of -3.6 kcal/mol and shows eight
sharp imino proton peaks over a 3 ppm chemical shift range. In
contrast, (50UUGUCGGUGG)2 has the same sequence in the
opposite 50 to 30 orientation but has a terminalGU thermodynamic
stability of-2.7 kcal/mol and shows six broad imino proton reso-
nances over a 2 ppmchemical shift range (Table 1 andFigure 3k,n).
Similarly, when (50UGUGGCUGUG)2 and (50UUGUCGGU-
GG)2 are compared, the terminal GU thermodynamic stabilities
are -3.1 and -2.7 kcal/mol (Table 1), respectively, and they
show three strong, sharp peaks with three weaker peaks over a
3ppmrange versus six sharppeaksover a 2ppmrange (Figure 3l,m).

The most stable duplexes in each of these three cases, (50GUG-
GCUGU)2, (5

0GGUGGCUGUU)2, and (50UGUGGCUGUG)2,
all share in common the first GU pair stacking on a CG, i.e.,
50CU/30GG; the 50GU/30UG sequence in the third GU nearest-
neighbor position; and an imino proton chemical shift dispersion
of 3 ppm.

The effects of stacking and the positional dependence of the
stabilities of GU pairs are apparent in the bonus for the 50GU/
30UG sequence in the third nearest-neighbor position (Figure 2).
The bonus of -0.4 kcal/mol for the 50GU/30UG sequence is
statistically significant (Table 3B and Table 2 of the Supporting
Information) and supported by the imino proton NMR spectra
(Figure 3). The additional stability of the 50GU/30UG bonus is
most clearly demonstrated in the comparison of the terminal GU
thermodynamic stabilities of (50GUGCUAGUGU)2 versus (5

0UUG-
CUAGUGG)2 and (50GUGGCUGU)2 versus (50UUGGCUGG)2,
which are identical except for the nearest-neighbor pair in the
third position (Table 1). The 0.4 kcal/mol difference in each of the
terminal GU motifs in the self-complementary duplexes cannot
be explained by other terminal stacking effects or Watson-
Crick stem effects in these two cases. The 50GU/30UG sequence
is also exceptionally stable in internal GU pairs in the particular
sequence context of 50GGUC/30CUGG and has an unfavorable
free energy in all other internal pairs (24). Thus, favorable stabil-
ities for the 50GU/30UG sequence may result from stacking
interactions extending through the helix and beyond the immediate
nearest neighbors.

CONCLUSIONS

The thermodynamic stabilities of terminal GU pairs are
favorable and add stability up to three GU pairs extending from
a Watson-Crick stem helix. The 50GU/30UG sequence is espe-
cially stable in the third GU nearest-neighbor position. Imino
protonNMRspectra confirm the formation of hydrogen-bonded
GU pairs and suggest that terminal GU pair motifs may have
very different conformations even if the thermodynamic stabilities
are similar. The new rules for predicting the thermodynamics
stabilities of terminalGUpairs will contribute to the improvement
of RNA structure prediction programs and identification of
small RNA-mRNA interactions.
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