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ABSTRACT: Proton exchange and nuclear magnetic resonance spectroscopy are being used to characterize the
kinetics and energetics of base-pair opening in two nucleic acid double helices. One is the RNA duplex 5'-
r(GCGAUAAAAAGGCC)-3'/5-1(GGCCUUUUUAUCGC)-3', which contains a central tract of five AU
base pairs. The other is the homologous DNA duplex with a central tract of five AT base pairs. The rates and
the equilibrium constants of the opening reaction of each base pair are measured from the dependence of the
exchange rates of imino protons on ammonia concentration, at 10 °C. The results reveal that the tract of AU
base pairs in the RNA duplex differs from the homologous tract of AT base pairs in DNA in several ways. The
rates of opening of AU base pairs in RNA are high and increase progressively along the tract, reaching their
largest values at the 3'-end of the tract. In contrast, the opening rates of AT base pairs in DNA are much lower
than those of AU base pairs. Within the tract, the largest opening rate is observed for the AT base pair at the
5'-end of the tract. These differences in opening kinetics are paralleled by differences in the stabilities of
individual base pairs. All AU base pairs in the RNA are less stable than the AT base pairs in the DNA. The
presence of the tract enhances these differences by increasing the stability of AT base pairs in DNA while
decreasing the stability of AU base pairs in RNA. Due to these divergent trends, along the tracts, the AU base
pairs become progressively less stable than AT base pairs. These findings demonstrate that tracts of AU base
pairs in RNA have specific dynamic and energetic signatures that distinguish them from similar tracts of AT

1857

Department of Chemistry and Molecular Biophysics Program, Wesleyan University, Middletown, Connecticut 06459, United States

base pairs in DNA.

Homopolymeric runs of adenines are overabundant in the
genomes of eukaryotes (/). Their properties have been extensively
characterized, revealing the important role played by the base
sequence in the structure and dynamics of the DNA double
helix (2, 3). The structure of these adenine tracts is distinct from
that of canonical B-form DNA: the helix has a shorter helical
repeat, the base pairs are highly propeller-twisted, the minor
groove becomes progressively narrower along the tract, and
additional bonding between bases may occur through bifurcated
hydrogen bonds across the major groove. At the global level,
adenine tracts repeated in phase with the helical repeat induce the
curvature of the double helix (2). The unusual structural features
of adenine tracts also give rise to large variations in DNA
dynamics. For example, NMR' measurements have shown that
the AT base pairs in the interior of the tract open much less
frequently than AT base pairs in generic DNA base sequen-
ces (4—6). These structural and dynamic features have been
correlated to the mechanical properties of the tracts and to the
participation of the tracts in chromatin organization (3).

Characterization of adenine tracts in other structural contexts
has lagged behind that in DNA. Do adenine tracts in other
structural contexts, such as RNA duplexes or RNA—DNA
hybrids, maintain the unusual structural and dynamic properties
observed in DNA? The full answer to this question is not yet
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known. Early optical melting experiments have shown that RNA
and RNA—DNA hybrid duplexes containing tracts of adenines
are significantly less stable than their homologous DNA counter-
parts (7). Similarly, our laboratory has recently found that the
stability of individual dA-rU base pairs in the adenine tract of a
RNA-DNA hybrid is greatly reduced relative to that of dA-dT
base pairs in DNA. Moreover, the location of the base pair in the
tract affects its stability differently in DNA and in the RNA—
DNA hybrid (8).These results have suggested that the properties
of adenine tracts depend on the structural context in which the
tract is placed. To gain further insight into this dependence, in the
present work, we have characterized the opening kinetics and the
stability of individual base pairs in the RNA duplex shown in
Figure 1. The RNA contains a tract of AU base pairs that extends
from the 6th to the 10th position of the duplex. GC/CG base pairs
are added at the ends to increase the stability of the duplex and to
prevent the effects of fraying upon the AU base pairs of interest.
The results for the RNA duplex are compared to those for the
homologous DNA duplex that contains a tract of AT base pairs
(Figure 1). The base sequence of the DNA duplex is present in the
A tR2 intrinsic transcription termination site, previously studied
by our laboratory (8).

EXPERIMENTAL PROCEDURES

Materials. The DNA and RNA strands were synthesized
using solid-support phosphoramidite chemistry on an automated
DNA synthesizer. 3-"’N-labeled 2/-O-tom-protected uridine
phosphoramidite was prepared as described previously (8) and
was used for the synthesis of '"N-labeled RNA strands. The
DNA and RNA strands were purified by reverse-phase HPLC on

Published on Web 01/20/2011 pubs.acs.org/biochemistry



1858  Biochemistry, Vol. 50, No. 11, 2011

A.
RNA Duplex
1 2 3 4 5 6 7
5-r(6 C G A U A A
3’- (¢ G C U A U U
DNA Duplex
1 2 3 4 5 6 7
5= d(G C G A T A

3'- (C G c T A T T

H
R N }Je—H-"-Q CHy/(H)
AN N4
L 7TN AT
N—c A Ne-{HIN, TU G—H
N © \
N=—C2 //Q—t
Noood N

Huang et al.

A A A G G C C) -3
U U G)r -5’

A A A G G C c)y =37
T

T T C C G G)d -5
H
H N, —-—-H—N/4 H
\Cfé N Qs//oa ) —Q-,/
VAP 7 N\
Y—c/ G MfHY-N € G—H
7N _/ © \. "/
N=—C //Cg Ny
Sed N,

FIiGuRE 1: (A) Base sequences and numbering of base pairs in the two nucleic acid duplexes investigated. (B) Structures of AT/AU and GC base

pairs with the imino protons highlighted.

a PRP-1 semipreparative column (Hamilton) in 50 mM triethy-
lamine acetate buffer with a gradient of 5—32% acetonitrile in
46 min at 60 °C. The counterions were replaced with Na™ ions by
repeated centrifugation in Amicon Ultra-4 centrifugal filter units
using 0.5 M NaCl, followed by repeated centrifugation against
water.

The final NMR samples contained 0.1—0.8 mM duplexes in 10
mM phosphate buffer with 18 mM sodium ions and 0.5 mM EDTA
in 90% H,0/10% D-0 at pH 7.8 £ 0.1 (at 10 °C). The samples also
contained 0.5 mM triethanolamine, which was used to measure the
pH of the sample directly in the NMR tube as we have described (9).

Methods. NMR Experiments. The NMR experiments
were performed at 10 °C on a Varian INOVA 500 spectrometer
operating at 11.75 T. One-dimensional spectra were obtained with
the jump-and-return pulse sequence (/0) and, for '"N-labeled
samples, with the fast heteronuclear single-quantum coherence
(fHSQC) pulse sequence (/1) to edit the resonances of protons
attached to '°N. The "H—"H NOESY spectra were obtained with
the Watergate pulse sequence (/2) with a mixing time of 250 ms.

The proton exchange rates were measured using the method of
transfer of magnetization from water. In these experiments, the
exchange was initiated by inverting selectively the water magne-
tization using a Gaussian 180° pulse (5.8 ms). A variable delay (1)
was allowed following water inversion for exchange to occur.
A weak gradient (0.21 G/cm) was applied during this delay to
prevent the effects of radiation damping upon the recovery of
water magnetization to equilibrium. At the end of the exchange
delay, a second Gaussian pulse (2 ms) was applied to bring the
water magnetization back onto the z-axis. Twenty-five values of
the exchange delay 7, in the range from 1 to 800 ms, were used in
each experiment. For the unlabeled samples, the observation was
with the jump-and-return pulse sequence. For the "N-labeled
samples, the observation was with the fHSQC pulse sequence.
The obtained exchange rates were independent of the pulse
sequence used for observation. The highest exchange rates that
can be measured reliably using these methods are ~70—90 s~
at 10 °C.

The exchange rates were calculated from the dependence of the
intensity of the imino proton resonance of interest on the
exchange delay 7. This dependence is expressed by the equa-
tion (/3):

I(1) =1+ [1(0) —1° — AJle~ Rkt 4 ge=Rur (1)

where I° is the intensity at equilibrium, /(0) is the intensity
immediately after the first selective pulse on water, ke is the
exchange rate, and R, is the longitudinal relaxation rate of the
observed proton. The factor 4 is defined as

]W(O) kex 0
—1|l=—]I 2
<R1 +kex _le> ( )

I
where I,(0) and [, are the intensities of the water proton
resonance after the inversion pulse and at equilibrium, respec-
tively, and Ry, is the longitudinal relaxation rate of water
protons. I(0), L, and R,, were measured in separate experi-
ments (/3) at each ammonia concentration investigated. An
example of the calculation of the exchange rates is provided in
Supporting Information.

Imino Proton Exchange in Nucleic Acids. Our character-
ization of the two nucleic acid duplexes relies upon the exchange
of imino protons (Figure 1) with solvent protons. This process
occurs via a structural opening reaction that brings the imino
proton into an open state. In this state, the hydrogen bond
holding the imino proton is broken, and the imino proton is
accessible to proton acceptors present in the solvent, for example,
NH; (14). The exchange rate observed experimentally depends on
the concentration of proton acceptor B as (14, 15)

A =

kex _ kQPkB[B] (3)

kcl + k B [B]
where ko, and k are the opening and the closing rate of the base
pair containing the imino proton and kg is the rate constant for
the transfer of the imino proton to the acceptor B, in the open
state of the base pair. The rates of opening and closing define the
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equilibrium constant of the opening reaction:

kop
Koy =— 4
op kcl ( )
This equilibrium constant is related to the free energy change in
the opening reaction by

AGep = — RT In Ky (5)

where T is the absolute temperature and R is the universal gas
constant.

Two kinetic regimes for imino proton exchange can be
distinguished depending on the concentration of proton accep-
tor. In the EX1 regime, the concentration of proton acceptor is
high such that kg[B] > k and, as eq 3 shows, the exchange rate
equals the rate of base-pair opening. At low proton acceptor
concentrations (namely, kp[B] < kg, EX2 regime), the exchange
rate is simply proportional to the concentration of proton
acceptor:

kex = Koph[B] (6)

In the present work we have used ammonia base (NHs) as the
acceptor in imino proton exchange. The rate constants for the
transfer of imino protons to NH; at 10 °C are 4.1 x 10°M™'s™!
for thymine and 8.8 x 10° M~' s~ for guanine and uracil (16).
Increasing concentrations of ammonia base were obtained by
titrating the sample with small volumes of a stock ammonia
solution (0.5 or 3 M). The concentration of ammonia base
was calculated from the total ammonia concentration C, and
the pH as

10 PK
INHL = o o= 1p=% @

The pH was measured at each ammonia concentration, directly
in the NMR tube, using the proton resonances of triecthanola-
mine (9). The pK value of ammonia at 10 °C is 9.73 (17).

RESULTS

The NMR resonances of the imino protons in the two nucleic
acid duplexes investigated are shown in Figure 2. In the DNA
duplex, the resonances were previously assigned by this labora-
tory (8).” The imino proton resonances of the RNA duplex were
assigned using site-specific '°N-editing and "H—"H NOESY. The
ISN-editing experiments were carried out on six RNA duplexes in
which a single uracil base, labeled with "N at the N3 position,
was placed in each of the following positions: 4, 6, 7, 8, 9, and 10.
The edited spectra (Figure 3) provide the position of the
resonance of the labeled uracil in the spectrum as follows: AUy
at 13.98 ppm, AU¢ at 12.88 ppm, AU; at 13.55 ppm, AUy at
13.61 ppm, AUy at 13.74 ppm, and AUy, at 13.90 ppm. The
imino proton resonance of the remaining uracil (UAs at 13.22
ppm) is assigned from its NOESY connectivity to the resonance
of AUy (Figure 4). Sequential NOESY connectivities are also
observed for the other uracil imino proton resonances whose
chemical shifts are sufficiently different from each other, for

’The numbering of base pairs in the DNA duplex differs from that
used in our previous publication. Here, the base pairs are numbered in
increasing order in the 5 — 3 direction on the DNA A-rich strand while,
in our previous publication, the base pairs were numbered in increasing
order in the 5 — 3’ direction on the DNA T-rich strand.
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FIGURE 2: NMR resonances of imino protons in the RNA duplex
(upper spectrum) and in the DNA duplex (lower spectrum) at pH 7.8
and at 10 °C. The resonances of the DNA duplex’ were previously
assigned by our laboratory (8). The assignments of the resonances of
the RNA duplex are described in the text.

example, AUg (12.88 ppm) to AU (13.55 ppm), AUg (13.61 ppm)
to AUy (13.74 ppm), and AUy (13.74 ppm) to AU (13.90 ppm).
The uracil imino protons also show the expected connectivities to
adenine C2 protons (right panel in Figure 4). The imino proton
resonances of GCyy, GCy,, and CG; are assigned from sequential
connectivities between imino protons (Figure 4), namely, AUy,
(13.90 ppm) to GCy; (12.88 ppm), GCy; (12.88 ppm) to GC,
(13.32 ppm), and GC,, (13.32 ppm) to CGy5 (13.47 ppm). The
imino proton resonances of CG, and GCjs are assigned from the
connectivities of the imino proton to adenine C2 or guanine amino
protons. The adenine C2 proton of AU, (7.58 ppm) shows a
connectivity to the imino proton at 12.11 ppm, which assigns the
latter resonance to GCs. In turn, the amino proton of GC; at
8.25 ppm shows a connectivity to the imino proton of CG, at 12.88 ppm.

The rates of exchange of imino protons with solvent protons were
measured as a function of the concentration of proton acceptor
(NH;). For the RNA duplex, the measurements were carried out on
both unlabeled and °N-labeled samples (Figures 2 and 3). Repre-
sentative examples of the results for the exchange of imino protons in
AT and AU base pairs of the two duplexes are presented in Figure 5.
The results for the remaining imino protons in AU and GC/CG base
pairs are shown in Supporting Information. For most imino protons
the dependence of the exchange rate on the proton acceptor
concentration is that predicted by eq 3. The only exception is the
AUy base pair in the RNA duplex (Figure 5). In this case, the
exchange rate increases sharply with increasing ammonia concentra-
tion and, when it becomes higher than ~70 s~ ', cannot be measured
accurately by the NMR transfer of magnetization technique.

The imino proton exchange rates were fitted as a function of
the concentration of proton acceptor to eq 3 (or toeq 6 for AUj ).
The opening rate, k,,, and the closing rate, k¢, for each base pair,
obtained from these fits, are summarized in Table 1. The table
includes also the values of the equilibrium constant, K, and the
free energy change in the opening reaction, AG,p, for each base
pair, which were calculated based on eqs 4 and 5, respectively.



Huang et al.

1860  Biochemistry, Vol. 50, No. 11, 2011
AU,
1 2 3 4 5 6 7 8 9 1011 12 13 14
/ 5’-r(6 C G A U A AAAAGGTC C) -3
/ \\/\/ 3-(C G C U* AU UUUUTCTC G G)r-5
. \ﬁ/\/\/\/\f,\/\/\,\/\/\rA_v
AU,
\ 1 2 3 4 5 6 7 8 9 10 11 12 13 14
/ 5-r(6 C G A U A A AAAGGTC C -3
V\l\/\/ 3y-(C 6 C U AU U UUUTCTC G G)r-5
"—W/\/\f\,\/‘\/\\,«\/‘ N A AN
AU,
1 2 3 4 5 6 7 8 9 10 11 12 13 14
5-r( C G A U A A A AAGGC C) -3
3-(C 6 C U A UU* U UUCC G G)r5
AU,
1 2 3 4 5 6 7 8 9 10 11 12 13 14
5'-r(6 C G A U AAA A A G G C C) =3
33-(C G C U AUUDU* U U CC G G)r-5
e A S N NV il st NSNSV o e RS S
AU,
1 2 3 4 5 6 7 8 9 10 1112 13 14
5’-r( C G A U A A A A A G G C C) -3
3-(C 6 C U AUUUUD* U CC G G5
10
9 10 11 12 13 14

G G C C) -3
cC C G G)r-5

/\/‘\/ /’/\/\/\M/\/\/\/\\/\/\\/W\

142 140 138 13.6 134 132 13.0 128 126

FIGURE 3: ""N-edited NMR resonances of imino protons for six RNA duplex molecules in which a single uracil was labeled with '>N.

N-labeled uracil in each molecule is indicated by an asterisk.
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FIGURE 4: Selected regions of the "H—'"H NOESY spectrum of the RNA duplex showing connectivities between imino protons (left panel) and

between imino and adenine C2/guanine amino protons (right panel).

DISCUSSION

Previous work from this and other laboratories has demon-
strated that the base-pair opening in DNA tracts of AT base pairs
has a unique pattern whose main features are as follows: (i) the
opening rates of the base pairs inside these tracts are much lower

than those of AT base pairs in random sequence contexts, and
(ii) for the first AT base pair in the tract (i.e., the base pair formed
by the adenine at the 5-end of an A, or an A,T, tract), the
opening rate is comparable to or higher than opening rates of AT
base pairs in random sequence contexts (4, 6, 18, 19). These
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dynamic properties have been correlated to the structure of AT
tracts (4), to the ability of the tracts to bend the DNA double helix (4),
and to the role of the tracts in the organization of nucleosomes (3).
Our present results on the DNA duplex confirm these previous
observations (Table 1). For the base pairs situated in the interior
of the tract (i.e., AT;, ATg, and ATy), the opening rates are
~3 5!, This value is ~4-fold lower than the opening rates of the
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FIGURE 5: Dependence of the imino proton exchange rates on the
concentration of ammonia base for selected AT/TA base pairs in the
DNA duplex (left panels) and the corresponding AU/UA base pairs
in the RNA duplex (right panels). The scale for the exchange rates in
the RNA duplex is 10 times larger than that in the DNA duplex. The
curves represent nonlinear least-squares fits to eq 3. The line for AU,
in the RNA duplex is a fit to eq 6.
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base pairs that are not part of the tract, TAs and AT, (ko ~ 11
s™"). For the first base pair in the tract, AT, the opening rate (17
s~ ") is higher than the rates of all other AT base pairs, within and
outside the tract. This profile for the opening of AT base pairs in
the DNA duplex is illustrated in Figure 6.

The opening kinetics of AU base pairs in the RNA duplex is
very different from that of AT base pairs in the DNA duplex. The
opening rates for most AU base pairs are higher than those of AT
base pairs: ~3-fold higher for base pairs in the fourth and fifth
positions, ~30-fold higher for base pairs in the seventh and eighth
positions, and ~45-fold higher for the base pair in the ninth
position (Table 1). These changes profoundly affect the dynamic
profile of the AU tract in the RNA duplex (Figure 6). In the first
position of the tract, the opening rate of the AU base pair in the
RNA is comparable to that of the AT base pair in the DNA. The
largest differences are seen in the interior of the tract: in the DNA,
the opening rates are low and relatively constant throughout the
tract, while in the RNA, the rates are higher and increase gradu-
ally as one advances inside the tract. The opening rates of AU
base pairs inside the tract are also 3—4-fold higher than those of
AU base pairs outside the tract (AU4 and UAs). These results
therefore demonstrate that the tract of AU base pairs in the RNA
duplex has its own dynamic signature that is clearly distinguish-
able from that of the AT tract in DNA.

The opening rates of AU base pairs in RNA duplexes of
various base sequences have been previously measured by Leroy
and co-workers (20). In agreement with our present results, these
authors found that, in random sequence contexts, the rates of
opening of AU base pairs in RNA duplexes are increased relative

m DNA Duplex
® RNA Duplex

5 % $
~ 60
40 J
20 i .
= = .
0 — r r
4 5 6 7 8 9 10

Base-Pair Position

FIGURE 6: Opening rates of AT/TA and AU/UA base pairs in the
two duplexes investigated. The experimental errors for the values in
the DNA duplex are smaller than the symbols. The shaded area
highlights the location of the tracts of AT or AU base pairs.

Table 1: Opening Parameters for AU and AT Base Pairs in the Nucleic Acid Duplexes Investigated at 10 °C

RNA duplex DNA duplex
base pair ko Y ka(x1077s7h Kop (x 10% AG,, (kcal/mol)  base pair kop sh kg (x1077s7h K(,ph (x10%) AGOP” (kcal/mol)
AU, 34+4 0.42 + 0.06 8+ 1 6.6+0.1 AT, 10.6 £ 0.7 0.54 +0.08 1.9+0.3 7.40+0.09
UAs 2842 0.33 +0.04 841 6.58 +0.08 TAs 11.34+0.7 0.8 +0.1 1.4+0.2 7.60 + 0.08
AU 1342 0.06 + 0.02 22+38 6.0+0.2 ATg 1742 1.7+£0.3 1.0+0.2 7.7+0.1
AU, 83+7 0.2540.03 334£5 5.794+0.08 AT, 3.0+ 0.5 1.1+£03 0.28+0.09 8.5+0.2
AUy 95+ 6 0.29 +0.02 3243 5.814+0.06 ATy 341 242 0.1+0.1 8.9+0.5
AUy 125 £ 11 0.65 + 0.07 19+3 6.10 +0.08 AT, 2.8+ 0.6 09+04 0.3+0.1 8.4+0.3
AU, - - 63+1 5.44 £ 0.01 AT 9+2 1.74£0.5 0.5+0.2 8.1+0.2

“The exchange rates in the EX1 regime are too fast to be measured by NMR (Figure 5). *From ref 8.
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FIGURE 7: Opening free energy changes for AT/TA and AU/UA
base pairs in the two duplexes investigated. The shaded area high-
lights the location of the tracts of AT or AU base pairs.

to those of AT base pairs in homologous DNA duplexes. One
RNA duplex investigated in this study contained a tract of eight
AU base pairs: (5-rGGUUUUUUUUCC-3'/5-GGAAAAAA-
AACC-3'). The base-pair opening profile for the tract was not
obtained, however, because the imino proton resonances of seven
of the AU base pairs overlapped. Instead, an apparent opening
rate was calculated from the exchange rate of the overlapped
resonance, and was found to be 2—10-fold higher than the
opening rates of AT base pairs in DNA duplexes.

In addition to opening rates, the results obtained in our work
also allow the stability of each AU base pair in the RNA to be
compared to that of the corresponding AT base pair in the DNA.
In our approach, the stability of an individual base pair is
evaluated from the equilibrium constant of the opening reaction
(Kop> €q 4) or from the opening free energy change (AG,,, eq 5).
Stable base pairs are characterized by small K, and large AG,,,
values. An increase in K,p,, and the accompanying decrease in
AG,y, reflects a destabilization of the base pair.

The free energy changes for opening of AU base pairs in the
RNA duplex are compared to those for AT base pairs in the
DNA duplex in Figure 7. For the positions outside the tract,
the AU base pairs are slightly less stable than the AT pairs (i.e.,
the AG,, values in the RNA duplex are smaller than those in the
DNA duplex by 0.8—1 kcal/mol, Table 1). Inside the tract, the
differences in stability between AT and AU base pairs in
homologous positions are enhanced. In the DNA duplex, the
AG,, values are higher than those outside the tract, indicating an
increase in base-pair stability. In contrast, in the RNA duplex, the
AG,,, values decrease relative to those outside the tract. Due to
these divergent trends, as one advances within the tracts, the AU
base pairs become progressively less stable than the AT base
pairs. The largest difference is attained at the central eighth
position where the AU base pair is ~3 kcal/mol less stable than
the AT base pair. It is interesting to note also that the lower
stabilities of AU base pairs in the RNA result from changes in
both base-pair opening and base-pair closing reactions (eq 4).
For example, for the AU; base pair in the RNA the opening
equilibrium constant, K, is ~120-fold higher than that of the
AT} base pair in the DNA (Table 1). This increase is due to an
~30-fold increase in the opening rate, k,p, and to an ~4-fold
decrease in the closing rate, k. Similar changes are observed for
all the other AU base pairs, with the exception of the first base
pair in the tract. As discussed above, the opening rate of AUy in
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the RNA is comparable to that of AT4 in the DNA (Table 1).
Yet, the closing rate of AUy is ~30-fold lower than that of ATg.
The closing rate is related to the lifetime of the base pair in the
open state (7,p) by

ko = (8)

Top

Hence, the lower stability of the first AU base pair in the RNA
tract is solely due to an increase in the lifetime of the base pair in
the open, extrahelical state.

The differences in dynamics and stability of individual base
pairs that we observed between RNA tracts of AU base pairs and
DNA tracts of AT pairs must originate from specific structural
features of these tracts, which affect base-pair opening reactions.
Molecular dynamics simulations have characterized base-pair
opening transitions in atomic detail (2/—23). During opening, the
base unstacks from neighboring bases and swings out of the helix
through either the major or the minor groove. In the resulting
extrahelical state, all hydrogen bonds, in which the base partici-
pates in the native structure, are broken. Several structural
features of AT tracts in DNA can affect their opening. First,
the high propeller twists of AT base pairs enhance the stacking
interactions between adenine bases in one strand and between
thymine bases in the other strand (24—26). Second, the narrow
minor groove allows formation of a spine of hydration that
bridges the thymine of one strand to the adenine of the opposite
strand (25, 27). Third, according to some crystallographic
structures, bifurcated hydrogen bonds can form across the major
groove, between the adenine in one strand and the adjacent
thymine in the other strand (24—26, 28). These structural
characteristics of AT tracts are expected to lower opening rates
and enhance base-pair stability, in agreement with our results for
the DNA duplex.

The structural basis for the higher opening rates and the lower
stability of tracts of AU base pairs in RNA is not yet fully
understood. This is due, at least in part, to the paucity of
structures that have been solved for these tracts in RNA. One
factor that contributes to the lower stability of AU base pairs,
relative to AT base pairs, is the absence of the C5 methyl group in
uracil. The C5 methyl group of thymine improves the base-
stacking energy of adjacent AT base pairs at A-A and A-T steps,
as previously demonstrated by other laboratories (29, 30). An
additional explanation is provided by the recent NMR structure
of a 44-nucleotide RNA responsible for dynein-mediated locali-
zation of the Drosophila fs(1) K10 transcript. This RNA was
found to fold into a stem—loop structure (37). One of the helices
in the stem contains a tract of five AU base pairs and assumes the
A’-form conformation (32, 33). In this conformation, the major
groove is wider and more accessible than in the canonical A-form.
Furthermore, the base stacking is very different from that in
canonical A- and B-forms: there is continuous stacking of the
adenine bases on one strand, while the stacking of uracil bases on
the other strand is greatly reduced. The latter feature should
enhance the opening dynamics and lower the intrahelical stability
of the uracil bases, as we observe here for the RNA duplex.

In summary, in the present work, we have shown that tracts of
AU base pairs in RNA possess dynamic and energetic features
that distinguish them from homologous AT tracts in DNA. The
opening of AU base pairs within the tracts is faster and
energetically less costly than that of AT base pairs. The kinetics
of opening also exhibits a strong dependence on the position of
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the base pair in the tract, with the AU base pairs at the 3'-end of
the tract being the most labile. These properties provide dynamic
and energetic signals that may be used in the folding of RNA
sequences containing AU tracts and in the binding of ligands to
these tracts.
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