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ABSTRACT: Nuclear magnetic resonance spectroscopy and proton exchange have been used to
characterize two RNA—DNA hybrids from the tR2 intrinsic transcription terminator site of phage
A. The hybrids have the same base sequence [5'-GGCGCAGGCC(T/U)(T/U)CC-3'/5-GGAAGGCC
(T/U)GCGCC-3"] but differ from each other by an interchange of DNA and RNA strands. The
opening of single base pairs in the two hybrids is characterized by measuring the rates of exchange of
imino protons with solvent protons as a function of the concentration of a proton acceptor (ammonia
base) at 10 °C. The free energy change in the opening reaction provides a measure of the stability of the
base pair, while the rates of opening and closing define the base pair dynamics. The results demonstrate
that, within the same base sequence context, dA-rU base pairs are less stable than dT-rA base pairs.
The differences in stability are enhanced when two dA-rU base pairs are located next to each other in
the hybrid structure. For the G-C base pairs, the rates of opening and closing and the stability are
affected by the base sequence context and by the nature of the sugar moiety attached to the guanine.
The dominant feature of the base sequence is the proximity of the dA-rU base pair, which destabilizes
the G-C base pair when the guanine is located on the DNA strand. Two G-C base pairs (namely, those
in the fourth and 10th positions) exhibit large differences in their opening and closing rates between the
two hybrids, while maintaining the same stability. These results provide the first demonstration that,
for RNA—DNA hybrid structures with the same base sequence, the opening dynamics and the

stability of individual base pairs are strongly influenced by the chemical nature of each strand.

RNA—-DNA hybrid structures play important roles
in the transmission and processing of biological informa-
tion (/). The hybrid between template DNA and mRNA is
the key intermediate in the expression of genetic informa-
tion. Hybrid structures between RNA and DNA strands
serve as initiation sites for the synthesis of Okazaki frag-
ments in DNA replication and as sites for the elongation of
telomeric repeats by telomerase. The complementarity
between bases in the RNA—DNA hybridization reaction
is also the basis for a variety of applications, such as
identification of specific sites of genomes by in situ hybri-
dization, the antisense technology, and microarray gene
expression profiling.

The numerous biological roles of RNA—DNA hybrids
have prompted great interest in characterization of the
structures and the physical properties of these duplexes.
Crystallographic, spectroscopic, and molecular dynamics
studies have demonstrated that the structures of hybrids
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encompass a large domain in the conformational space,
close to the canonical A-form, but often incorporating
features of the B-form (2—11). Thermodynamic analyses
have revealed that the stability of hybrid structures
is strongly influenced by the base sequence (/2—14).
Furthermore, the stability depends on the nature of the
bases in each strand. This property has first been demon-
strated for RNA—DNA hybrid duplexes with polypurine
and polypyrimidine strands: the hybrid with a polypurine
DNA strand is significantly less stable than the hybrid
with a polypurine RNA strand (/5—177). Molecular dy-
namics simulations have shown that the nature of each
strand also affects the fluctuations of the bases and the
phosphodiester backbone: the fluctuations are enhanced
when the polypurine sequence is present in the DNA
strand (/7). Together, these strand-specific alterations
in stability and molecular flexibility may contribute
to the recognition and cleavage of RNA—DNA hybrids
by RNase H (10, 11).

The work presented in this paper addresses the question
of the stability and dynamics of individual base pairs in
RNA—DNA hybrids of mixed, but homologous, base
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3989

FIGURE 1: Basesequences of the DNA template and the mRNA transcript in the tR2 intrinsic transcription termination site of phage 1. The bases

in the two GC-rich dyadic sequences are shown in bold.
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FIGURE 2: (A) Base sequences and numbering of base pairs in the RNA—DNA hybrids investigated in this work. The DNA strands are in regular
font, and the RNA strands are in italic font. The base pairs from the two GC-rich dyadic sequences are shown in bold. In hybrid I, the base pairs are
numbered in the 5’ — 3’ direction of the DNA strand. To emphasize the similarity in base sequence, in hybrid IT, the base pairs are numbered in the
opposite direction (5 — 3’ in the RNA strand). (B) Structures of the G-C and A-T/A-U base pairs. The imino proton in each base pair is circled.

sequences. The two hybrids investigated correspond to
RNA—DNA hybrids formed during transcription at in-
trinsic transcription termination site tR2 of phage 4 (18).
Intrinsic transcription terminators are sites on bacterial
genomes where the nascent RNA transcript is sponta-
neously released from the DNA template, thereby ending
transcription. Termination of transcription at these sites
does not require any auxiliary proteins (e.g., rho protein).
Instead, the process relies upon structural and energetic
signals encoded in the DNA template, the RNA transcript,
and the RNA—DNA hybrids formed during transcription.
The tR2 site of phage A has been a reference model system
for investigations of intrinsic transcription termination
and its molecular mechanisms (/8—21). This site contains
two structural elements that are conserved in all intrinsic
transcription terminators: two G/C-rich sequences with
dyadic symmetry and an A-rich tract where termination of
transcription occurs (Figure 1). The RNA—DNA hybrids
that form when the two G/C-rich sequences are transcribed
are homologous to each other; i.e., the base sequence of the
RNA transcript in the upstream hybrid is the same as that
of the DNA template in the downstream hybrid, and the
base sequence of the RNA transcript in the downstream
hybrid is the same as that of the DNA template in the
upstream hybrid (with thymine in DNA and uracil in
RNA). The RNA—DNA hybrids investigated in this work
(Figure 2A) reproduce these two hybrids: the base pairs in
their central positions (fourth to 11th) correspond to the
hybrids formed by the G/C-rich sequences at the tR2
transcription termination site. Two and three G-C/C-G
base pairs are added at the ends of each hybrid to minimize
the effects of fraying upon the central base pairs of interest.
The base sequences and the design of the two hybrids allow
us to define how the interchange of RNA and DNA

strands affects the dynamic and energetic properties of
individual base pairs in the same base sequence context.

EXPERIMENTAL PROCEDURES

Materials. The DNA strands were synthesized on an
automated DNA synthesizer (Applied Biosystems) using
the solid-support phosphoramidite method. The DNA
was purified by HPLC on a semipreparative column
(Hamilton PRP-1) in 50 mM triecthylamine acetate buffer
with a gradient of 5 to 32% acetonitrile over 46 min at
60 °C. The RNA strands were synthesized by in vitro
transcription using T7 RNA polymerase (22). ['°N]GTP'
was purchased from Spectra Stable Isotopes (Columbia,
MD). The RNA was purified by electrophoresis on a 20%
polyacrylamide gel. For both DNA and RNA strands, the
counterions were replaced with Na™ ions by repeated
centrifugation in Centricon YM-3 tubes (Millipore) using
0.5 M NaCl, followed by centrifugation against water. The
final NMR samples contained 0.5—1 mM RNA—DNA
duplex in 100 mM NaCl and 0.5 mM EDTA in a 90%
H,0/10% D,O mixture at pH 8.3 £ 0.1 (at 10 °C). All
samples also contained 1 mM triethanolamine, which was
used to determine the pH of the samples directly in the
NMR tube as we have described previously (23).

Methods. (i) NMR Experiments. The NMR experi-
ments were performed at 10 °C on a Varian INOVA
500 spectrometer operating at 11.75 T. The exchange
rates of imino protons were measured by transfer of

' Abbreviations: NMR, nuclear magnetic resonance; d, deoxyr-
ibose; r, ribose; R, purine; Y, pyrimidine; GTP, guanosine tripho-
sphate; EDTA, ethylenediaminetetraacetic  acid; HSQC,
heteronuclear single-quantum coherence spectroscopy; fHSQC,
fast HSQC.
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magnetization from water. The water proton resonance
was selectively inverted using a Gaussian 180° pulse
(5.8 ms) followed by a variable delay for the exchange
of magnetization between water and imino protons. A
gradient of 0.21 G/cm was applied during the exchange
delay to prevent the effects of radiation damping upon the
recovery of water magnetization to equilibrium. A second
selective pulse on water was applied to bring the water
magnetization back onto the z-axis before observation.
Twenty-five values of the exchange delay in the range
from 1 to 800 ms were used in each experiment. The
exchange rates were calculated from the dependence
of the intensity of the imino proton resonance on the
exchange delay as we described previously (24). For
the unlabeled samples, the observation was with the
Jump-and-Return pulse sequence (25). For the '°N-
labeled samples, the observation was with the one-dimen-
sional (1D) version of the fast HSQC (fHSQC) pulse
sequence (26) to edit the resonances of protons attached
to °N. A modified fHSQC pulse sequence (27) was used
to filter out the resonances of protons attached to >N and
retain all other proton resonances. The highest exchange
rates that can be accurately measured by these methods
are ~70—80 s~ '. The 'H—'H NOESY spectra were
obtained using the Watergate pulse sequence (28) with a
mixing time of 250 ms.

(ii) Optical Melting. The optical melting curves were
obtained on a Beckman DUG650 spectrophotometer at
260 nm. The concentration of each RNA—DNA hybrid
was 1.5 uM in 100 mM NaCl.

(iii) Imino Proton Exchange in Nucleic Acid Duplexes.
The exchange of imino protons in nucleic acids is a two-
step process. In the first step, the base containing the
imino proton (Figure 2B) flips out of the structure into an
open state in which the barriers to exchange are removed.
In this open state, the imino proton is accessible to proton
acceptors, and the hydrogen bond in which the proton
participates breaks. The second step is the actual transfer
of the proton to an acceptor, such as OH ™ and NHj. The
exchange rate observed experimentally is given as (24, 29)

ko kexo en
ey = - PoRopen 1
« kcl + kex.open ( )

where ko, and k are the rates of opening and closing,
respectively, of the base containing the imino proton and
Kex.open 18 the rate of exchange from the open state. The
rates of opening and closing define the equilibrium con-
stant of the opening reaction:

Kop

K. =-2 2

op kcl ( )

This equilibrium constant is related to the free energy
change in the opening reaction by

AGo, = —RT In K, (3)

where T'is the absolute temperature and R is the universal
gas constant.

The rate of exchange from the open state depends on
the concentration of proton acceptor B as

kex,open = akB [B} (4)
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where kg is the rate constant for the transfer of the imino
proton to proton acceptor B in isolated nucleotides and o
is a factor that accounts for differences in proton transfer
rates between isolated nucleotides and open base pairs.
Previous studies have shown that, for nucleic acid du-
plexes, o has a value close to unity (30). The rate constant
kg is calculated from the pK, value of the imino group
(pKnp) and the pK, of the proton acceptor (pKg) as (31)

: (5)

1 +0.27 x 10 PKs +pKnu +0.8

kB = kcoll X

where k.o 1s the rate of diffusion-controlled collision
between the imino group and the proton acceptor in the
open state of the base pair.

The equation describing the dependence of the ex-
change rate observed experimentally on the concentra-
tion of proton acceptor is obtained by inserting eq 4 in
eq | (with oo = 1):

kopkn|B]

= kol “

Two kinetic regimes for imino proton exchange can be
distinguished depending on how the rate of exchange
from the open state compares with the rate of closing.
When the concentration of proton acceptor is sufficiently
high to make the exchange from the open state very fast
(Kex,open > k1, EX1 regime), the exchange is limited by the
rate of base opening. In this case, eq 6 becomes

Kex = kop (7)

At low concentrations of proton acceptor, the rate of
exchange from the open state is much smaller than the
rate of base pair closing (kex open < ko1, EX2 regime). In
this regime, the observed exchange rate depends linearly
on the concentration of proton acceptor:

kex = KopkexA,open - KOpkB[B] (8)

In this work, we have used ammonia base (NH3) as the
imino proton acceptor in the exchange. Previous work
from this and other laboratories has shown that, due to its
small size and its lack of charge, ammonia base is the
acceptor of choice for proton exchange studies of nucleic
acids (24, 29). The rate constant for transfer of a proton to
NH; was calculated from eq 5 as 8.8 x 10° M~ s™! for
both guanine and uracil and 4.1 x 10° M~ s™! for
thymine at 10 °C. The concentration of ammonia base
NH; was calculated from the total ammonia concentra-
tion Cy and the pH as

[B] = Cy x 107PK/(107PH 4 107PK) 9)

The pH was measured at each ammonia concentration,
directly in the NMR tube, using the proton resonances of
triethanolamine (23). The pK value of ammonia at 10 °C
i8 9.73 (32).

RESULTS

Our characterization of base pair dynamics and ener-
getics in the two RNA—DNA hybrids relies upon the
exchange of imino protons with solvent protons. The
location of imino protons in the structures of the base
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FIGURE 3: NMR resonances of imino protons in the RNA—DNA hybrids investigated. Solvent conditions: 100 mM NaCl, 0.5 mM EDTA, and

1 mM triethanolamine at pH 8.3 £ 0.1 and 10 °C.
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FIGURE 4: ">N/"N editing of the NMR resonances of imino protons for a sample of hybrid II in which the RNA strand was labeled with >N at
guanines. (A) All imino proton resonances. (B) '°N editing, where the observed resonances originate from guanine imino protons in the RNA
strand. (C) '*N editing, where the observed resonances originate from imino protons of uracils/thymines and of guanines in the DNA strand.

pairs is shown in Figure 2B. The NMR resonances of these
protons in the two RNA—DNA duplexes investigated are
shown in Figure 3. The resonances were assigned to
specific protons using '°N editing and '"H—'H NOESY,
as detailed in the Supporting Information. In the NMR
spectrum of hybrid II, four imino proton resonances over-
lap: the resonance from the (rG-dC), base pair overlaps
that from the (rC-dG)y base pair, and the resonance from
the (rG-dC),4 base pair overlaps that from the (rC-dG);q
base pair. To remove this overlap and observe each
resonance separately, we have used a sample of hybrid 11
in which the guanines in the RNA strand were labeled with
ISN. N editing of the spectrum (panel B in Figure 4)

allowed specific observation of the imino proton reso-
nances of RNA guanines, including those from (rG-dC),
and (rG-dC),. "N editing of the same spectrum (panel C in
Figure 4) gave the imino proton resonances from DNA
guanines [including those from (rC-dG)y and (rC-dG)¢] as
well as those from thymines and uracils. In the NMR
spectrum of hybrid I (Figure 3), the imino proton resonance
from (dG-rC), overlaps that from (dG-rC)g. This overlap
cannot be removed by the '’N/'N editing procedure used
for hybrid II because, in hybrid I, the guanines in positions
2 and 8 belong to the same strand (i.e., DNA strand).

The rates of exchange of imino protons in the two
hybrids were measured as a function of the concentration
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of ammonia (total ammonia concentration from 0 to
600 mM). An increasing ammonia concentration does
not affect the conformation of the two RNA—DNA
hybrids, as shown in the Supporting Information. The
dependence of the imino proton exchange rates on the
concentration of ammonia base is shown in Figures 5 and
6. Figure 5 does not include the G-C base pairs in positions
2 and 8 because, as explained above, the imino proton
resonances of these base pairs in hybrid I are not resolved
in the NMR spectra. For the terminal G-C base pairs (i.e.,
positions 1 and 14), the imino proton resonances are
broadened beyond detection (Figure 3) by fraying at the
ends of the duplex structures.

The dependence of the imino proton exchange rates on
ammonia base concentration was analyzed according to
the exchange model presented in Experimental Proce-
dures. The results of this analysis are summarized in
Table 1. For several G-C base pairs, such as those in
positions 3—5 and 10, the exchange at the highest ammonia
concentration reaches or closely approaches the EXI
regime. For these base pairs, the exchange rates were fitted
as a function of ammonia base concentration to eq 6. The
fits provided the rates of opening and closing of each base
pair (kop and kg, respectively). The equilibrium constant of
the opening reaction (K,p) was calculated from the rates
based on eq 2. For other G-C base pairs, the exchange did
not reach the EX1 regime even at the highest ammonia
concentration investigated, e.g., (rG-dC),, (rG-dC)y, and
(rG-dC)3 in hybrid II. Similarly, for the A-T/A-U base
pairs, the exchange did not reach the EX1 regime (Figure 6)
because the exchange rates are very high even at low
ammonia concentrations. As the ammonia concentration
is increased, the exchange rates become higher than ~70—
80 s~' and cannot be measured by the NMR transfer of
magnetization technique. When the EX1 regime was not
reached, only the equilibrium constants of the opening
reaction could be obtained by fitting the exchange rates as
a function of ammonia base concentration to eq 8. The
opening equilibrium constants for each base pair in the two
hybrids are compared in Table 1 and Figure 7.

DISCUSSION

The results obtained in this work show that the imino
proton exchange rates for individual base pairs in hybrid I
differ from those of the homologous base pairs in hybrid I1I.
These differences depend on the nature of the base pair
(e.g., A-T or A-U) aswell as on the location of the base pair
in the structure.

For the A-T/A-U base pairs (Figure 6), the exchange
rates of uracil imino protons are consistently higher than
those of thymine protons. At any concentration of ammo-
nia base, the exchange rate for (dA-rU)g is 2.6-fold higher
than that for (rA-dT)e, the exchange rate for (rU-dA),; is
10-fold higher than that for (dT-rA);;, and the exchange
rate for (rU-dA),, is 27-fold higher than that for (dT-rA);».
These differences in exchange rates are due to two factors:
the different pK, values of uracil and thymine and the
stabilities of dA-rU and rA-dT base pairs. The pK, values
of the two bases at 10 °C are as follows: pK, = 9.58 for
uracil and pK, = 10.07 for thymine (33). The lower pK, of
uracil promotes the exchange of the imino proton from the
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open state of a dA-rU base pair. As a result, the rate
constant for transfer of the imino proton from the open
state (eq 5)is higher for uracil than for thymine: kg = 8.8 x
10 M ! s7! for uracil and kg = 4.1 x 10* M~ s7! for
thymine [at 10 °C, where keoy = 1.9 x 10° M~ ' s and
pK, = 9.73 for ammonia (32)]. Hence, the differences in
pK, values account for an ~2-fold increase in the exchange
rates of the uracil imino protons relative to those of
thymine imino protons. The remaining enhancements in
the exchange rates of uracil protons are due to the lower
stabilities of dA-rU base pairs. As shown in Table 1 and in
Figure 7, the opening equilibrium constants (K,,) for dA-
rU base pairs are higher than those for dT-rA base pairs:
21% higher in position 6, 5-fold higher in position 11, and
13-fold higher in position 12. Accordingly, the free energy
changes required for the opening of dA-rU base pairs are
lower than the corresponding ones for rA-dT base pairs by
0.11—1.44 kcal/mol (Table 1). These findings therefore
demonstrate that, within the same base sequence context,
dA-rU base pairs are less stable than dT-rA base pairs.
These differences in stability are largest when two dA-rU
base pairs are located next to each other in the structure
(i.e., positions 11 and 12 in the two hybrids investigated).
For the G-C base pairs, the imino proton exchange rates
are influenced by the nature of the base pair, i.e., dG-rC
versus rG-dC, as well as by the base sequence. A feature of
the base sequence that clearly affects the exchange rates of
G-Cimino protons is the proximity of A-U/A-T base pairs.
As Figure 5 shows, the exchange rates for the G-C base
pairs in positions 10 and 13 are higher in hybrid II than in
hybrid I. Similarly, the exchange rates for the G-C base
pair in position 7 are higher in hybrid I than in hybrid II.
Hence, the exchange rates increase when the G-C base pair
is located next to an A-U base pair. The only exceptions to
this trend are the G-C base pairs in position 5: their
exchange rates in the two hybrids are similar (Figure 5).
This observation suggests that an A-U base pair affects its
neighboring G-C base pair only when the guanine is
located on the DNA strand, i.c., “across” the helix from
the uracil. Another factor that influences the exchange
rates of imino protons in G-C base pairs is the nature of the
sugar moiety attached to guanine (i.e., ribose, r, or deox-
yribose, d). This can be seen for positions 3 and 4 where the
rG bases in the RNA strand have higher exchange rates
than the dG bases in the DNA strand. The base sequence
context can, however, override this effect of the sugar. For
example, at position 9, the rC-dG base pair in hybrid II has
a higher exchange rate than the dC-rG base pair in hybrid
I. This reversal in exchange rates may be due to the fact
that, in hybrid II, the (dG-rC)y base pair is located close to
the destabilizing (dA-rU);; and (dA-rU),, base pairs.
The exchange rates for G-C base pairs differ between the
two hybrids due to the kinetics of base pair opening as well
as the energetic stability of the base pairs. For some G-C
base pairs, kinetic effects alone can account for the differ-
ences in exchange rates. In these cases, the rate of opening
(kop) increases without significant changes in the equili-
brium constant of the opening reaction (K,p). The G-C
base pairs in positions 4 and 10 illustrate this case. The k,,
rates of these base pairs are larger in hybrid II relative to
hybrid I (i.e., 4-fold in position 4 and 7-fold in position 10),
but the K, values are the same, within experimental error.
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FIGURE 5: Dependence of the exchange rates of selected guanine imino protons in the RNA—DNA hybrids investigated on the concentration of
ammonia base at 10 °C. White circles represent exchange rates in hybrid I. Black squares represent exchange rates in hybrid I1. For (rG-dC),,
(rG-dC)y, and (rC-dG),3 in hybrid 11, the lines represent least-squares fits to eq 8. For the other imino protons, the curves represent nonlinear

least-squares fits to eq 6.
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Table 1: Base Pair Opening Parameters in the RNA—DNA Hybrids Investigated at 10 °C

hybrid I

hybrid 1T

base pair  kop (s ka(x1077s7Y) Ko (x10%)  AG,, (kcal/mol)

base pair  kop (51 ka (X105 Koy (X109 AG,, (keal/mol)

(dG-rC),
(dC-1G); 482 48403 1.0£0.1 7.774£0.05
(dG-rC);  43+03 1.8402 0244003  8.5940.07
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(dA-rU), ! " 264403 5.93+0.01
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(dG-rC)g ‘ ‘ ‘ ‘

(dC-rG)y  1.740.1 140.1 0.164+0.02  8.79+0.08
(dC-rG);y  1.5+0.1 0.940.1 0.1840.02  8.74+0.06
(dT-rA),, ! " 105401 6.4540.01
(dT-rA);, ! " 211402 6.06+0.01

(dC-rG);; 383+£0.8 0.3740.03 10.4+0.8 6.4640.04

(rG-dC), 33.2+14  0.65+0.08 5.140.6 6.85+0.07
(rC-dG);  6.6+0.7 24405 0.27+0.06 8.50£0.13
(rG-dC);  18.8+3.9 10+3 0.1940.06 8.71+£0.19
(rC-dG)s  2.640.2 2.0+0.5 0.13+0.03 8.92+£0.14
(rA-dT), ’ ! 21.84 0.4 6.04+0.01
(rG-dC), ‘ ©0.030£0.002  9.75+0.03
(rG-dQC)g ‘ ©0.03540.002 9.65 £0.03
(rC-dG), ‘ ©0.085+0.003  9.16£0.02
(rC-dG);p  9.9+18 3.5+12 0.3+0.1 8.49+0.22
(rU-dA),, ! ! 5142 5.56+0.02
(rU-dA);, ’ ! 270 +3 4.624£0.01
(rC-dG) 15 ! ! 21413 4.7440.03

“Imino proton resonance not resolved in the NMR spectrum (Figure 3). ” The exchange rates in the EXI regime are too fast to be measured by
NMR. “The EX1 regime could not be reached at the highest ammonia concentrations.

The K, values are the same because the rates of closing of
the base pairs (k) also change, in concert with the opening
rates (eq 2 and Table 1). Hence, the G-C base pairs in
positions 4 and 10 in hybrid II are kinetically destabilized

relative to the same base pairs in hybrid I; their energetic
stabilities are, however, the same as those in hybrid 1. For
other G-C base pairs, the differences in exchange rates
originate from changes in both the kinetic and energetic
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FIGURE 7: Comparison of the equilibrium constants for base pair opening in the two RNA—DNA hybrids investigated. The left panel shows the
base pairs whose opening equilibrium constants are <1 x 10~ (i.e., positions 3—5, 7, 9, and 10). The right panel shows the base pairs whose
opening equilibrium constants are =5 x 107° (i.e., positions 6 and 11—13).

parameters of the opening reaction. For example, the &,
rate for (dC-rG); in hybrid I is 7-fold higher than that for
(rC-dG); in hybrid II. The corresponding increase in K, is
only 4-fold because the k rate is also increased ~2-fold
(Table 1). Another example is that of the G-C base pairs at
position 9. The k,, rate for (rC-dG)o in hybrid II could not
be determined because the exchange of the imino proton
did not reach the EX1 regime at the highest ammonia
concentrations investigated. Nevertheless, the data shown
in Figure 5 clearly indicate that the k,, rate for this base
pair should be higher than ~4 s~'. This represents an
increase of atleast 2-fold relative to the k, rate of (dC-rG)o
in hybrid I. In spite of this increase in the opening rate, the
equilibrium constant K, for (rC-dG)e in hybrid Il is 2-fold
smaller than that for (dC-dG)y in hybrid I. These opposite
changes in k., and K, are due to the fact that the k rate
for (rC-dG)y in hybrid 11 is at least 4-fold higher than that
for (dC-dG)g in hybrid I. In summary, for G-C base pairs, a
difference in stability between the two hybrids is observed
when the change in the opening rate exceeds or is smaller
than the change in the closing rate. When the change in the
opening rate parallels that in the closing rate, the stability
of the G-C base pair remains unaffected.

Differences in the stability of homologous RNA—DNA
hybrids have been previously observed in optical melting
experiments (/2, 13, 15—17, 34). In contrast to our ap-
proach presented here, which provides the stability of
individual base pairs, optical melting experiments measure
the overall stability of the hybrid duplex structure. In these
previous studies, the largest differences in stability were
observed for RNA—DNA hybrids that contained all
purine (R) and all pyrimidine (Y) bases in each strand.
Specifically, the rR-dY hybrids (i.e., purines in the RNA
strand and pyrimidines in the DNA strand) are more stable
than the homologous dR-rY hybrids (13, 15—17). Kool
and co-workers have elucidated the structural origin of
these energetic differences for a RNA—DNA hybrid con-
taining an adenine-rich strand and a thymine/uracil-rich
strand (34). Using appropriate chemical modifications of
the hybrid, they have shown that each C5 methyl group of

thymine enhances the overall stability of the hybrid by an
average of 0.17—0.27 kcal/mol (at 37 °C) relative to the
homologous hybrid in which thymine is replaced with
uracil. The origin of this effect is the methyl-induced
enhancement of the stacking of thymine onto neighboring
bases (11, 34). The ribose 2’-OH group also has a stabiliz-
ing effect but only when placed in the purine-rich strand;
for example, substitution of a dA-rU base pair with a rA-
dU base pair stabilizes the structure by 0.32 kcal/mol (34).
These findings offer important insights into the structural
origin of the differences in stability between dA-rU and
rA-dT base pairs observed in this work. They suggest that
rA-dT base pairs are stabilized relative to dA-rU base pairs
due to the presence of the C5 methyl group in thymine and
to the location of the 2'-OH group in the purine.

For homologous RNA—DNA hybrids of mixed base
sequences, such as those investigated in this work, the
overall stabilities of the structures do not follow simple
trends like those discussed above for rR-dY and dR-rY
hybrids. Instead, in these cases, the stabilities are strongly
dependent on the particular base sequence of the two
homologous hybrids (/2—174). This dependence has been
rationalized using the nearest-neighbor (NN) model for
stability of duplex nucleic acids. Sugimoto and co-workers
have determined the free energies of stabilization for all 16
NN base pair sets present in RNA—DNA duplexes using
optical melting data for 41 different base sequences (35).
These NN sets predict that the overall stability of hybrid I
investigated here is ~4 kcal/mol higher than that of hybrid
I1. This prediction is in agreement with the stabilization free
energies that we obtained from the melting curves of the
two hybrids, namely, AG® = —16.8 kcal/mol (T}, = 63 °C)
for hybrid I, and AG® = —13.9 kcal/mol (T, = 59 °C) for
hybrid II. Do the NN sets of free energies also predict the
differences in opening free energies of individual base pairs
observed in this work? The answers to this question are
given in Table 2. For most base pairs, the predicted values
differ from the experimentally determined opening free
energy changes both in the magnitude of the differences
and in their direction. In spite of these discrepancies, a
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Table 2: Comparison of the Differences in Base Pair Opening Free
Energies (AAG,,) in the Two RNA—DNA Hybrids Investigated to the
Differences in the NN Free Energies (AAGny) Predicted by Duplex
Melting Data

position base pair AAG,,, (kcal/mol)* AAGnn (keal/mol)?
3 C-G —0.73 0
4 G-C —0.12 0
5 C-G 0.41 0
6 A-U/T —0.11 —-0.5
7 G-C —1.33 -1.2
8 G-C - -
9 C-G —0.37 0.7
10 C-G 0.25 1.2
1 T/U-A 0.89 0.7
12 T/U-A 1.44 0.8
13 C-G 1.72 1.3

“AAG,, was calculated from the values reported in Table 1, as
AAG,, = AGyu(hybrid I) — AG,p(hybrid II). b AAGnn Was calculated
as AAGnn = AGnn(hybrid 1) — AGnn(hybrid IT). The AGny value for
each base pair was calculated as the sum of the NN free energies for the
base pair of interest and the two base pairs adjacent to it (35).

AAG p (kcal/mol)
)
]

'
—_
1

-3 T T T T T T T T T T T
-3 2 -1 0 1 2 3
AAG yy (kcal/mol)

FiGURE 8: Correlation between the differences in base pair opening
free energies (AAG,p) in the two RNA—DNA hybrids investigated
and the differences in the NN free energies (AAGnN) predicted by
duplex melting data (35). The line represents the least-squares fit
AAG,, = (—0.1 £0.2) + (0.9 &£ 0.3)AAGNn. The position of each
base pair in the two hybrids is indicated for each point.

correlation is observed between the opening free energies
obtained in this work and the NN free energies (Figure 8).
This observation suggests that the discrepancies between
the free energy differences predicted by the NN model and
the differences in base pair opening free energies are likely
due to the fact that the former are obtained by averaging
the melting data over a large number of base sequences
[i.e., 41 sequences in the study by Sugimoto and co-wor-
kers (35)]. In contrast, the proton exchange measurements
probe the stability of each base pair in a given base
sequence context. Hence, the proton exchange data reflect
local changes in the structure induced by the nature of the
base pair and by the base sequence. Such structural
changes can have significant energetic consequences by

Huang et al.

affecting, for example, the stacking of a given base pair to
its near neighboring base pairs. Characterization of these
local structural changes, and their relationships to the
energetic differences observed in this work, awaits the
determination of the structures of the two RNA—DNA
hybrids, currently in progress in our laboratory.
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protons in the two RNA—DNA hybrids using '°N editing
and '"H—"H NOESY and imino proton resonances of
hybrid II at different concentrations of ammonia. This
materialis available free of charge via the Internet at http://
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