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Abstract
Intrinsic transcription termination sites generally contain a tract of adenines in the DNA template
that yields a tract of uracils at the 3’- end of the nascent RNA. To understand how this base
sequence contributes to termination of transcription, we have investigated two nucleic acid
structures. The first is the RNA-DNA hybrid that contains the uracil tract 5’-rUUUUUAU-3’ from
the tR2 intrinsic terminator of bacteriophage λ. The second is the homologous DNA-DNA duplex
that contains the adenine tract 5’-dATAAAAA-3’. This duplex is present at the tR2 site when the
DNA is not transcribed. The opening and the stability of each rU-dA/dT-dA base pair in the two
structures are characterized by imino proton exchange and nuclear magnetic resonance
spectroscopy. The results reveal concerted opening of the central rU-dA base pairs in the RNA-
DNA hybrid. Furthermore, the stability profile of the adenine tract in the RNA-DNA hybrid is
very different from that of the tract in the template DNA-DNA duplex. In the RNA-DNA hybrid,
the stabilities of rU-dA base pairs range from 4.3 to 6.5 kcal/mol (at 10°C). The sites of lowest
stability are identified at the central positions of the tract. In the template DNA-DNA duplex, the
dT-dA base pairs are more stable than the corresponding rU-dA base pairs in the hybrid by 0.9 to
4.6 kcal/mol and, in contrast to the RNA-DNA hybrid, the central base pairs have the highest
stability. These results suggest that the central rU-dA/dT-dA base pairs in the adenine tract make
the largest energetic contributions to transcription termination by promoting both, the dissociation
of the RNA transcript and the closing of the transcription bubble. The results also suggest that the
high stability of dT-dA base pairs in the DNA provides a signal for the pausing of RNA
polymerase at the termination site.
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Introduction
Transcription is the first step in gene expression. The transfer of base sequence information
from the DNA to the nascent messenger RNA occurs through a transient RNA-DNA hybrid
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structure in which RNA bases form complementary pairs with bases in the DNA template
strand. The hybrid generally contains 7-9 base pairs.1, 2 Its formation requires separation of
the two DNA strands, through at least 12 base pairs, into a transcription bubble. The
transcription process is initiated by binding of RNA polymerase to the promoter of the
corresponding gene(s). During the subsequent RNA synthesis, the polymerase remains
bound to the DNA and to the nascent RNA. This elongation complex maintains its high
stability as it advances through thousands of base pairs at speeds up to 100 base pairs/s. The
stability of the complex is, however, lost at the DNA sites where transcription must end. At
these sites, the elongation complex disassembles by the release of the RNA transcript and
the dissociation of the polymerase from DNA. Transcription termination sites are mostly
found at the end of operons.3 They are also present near promoters and between genes in an
operon. In the latter case, the termination sites function as regulators of gene expression:
they dictate whether or not transcription of the downstream genes will occur.

In prokaryotes, transcription termination sites are generally classified according to their
requirements. Factor-dependent (or Rho-dependent) sites require auxiliary factors, such as
Rho protein, to terminate transcription in vitro. In contrast, at intrinsic (or Rho-independent)
sites, termination is triggered solely by signals encoded in the base sequence and in the
structure of the RNA and DNA. In E. Coli, about half of the transcription termination sites
belongs to this class.3

Intrinsic transcription termination sites share two base sequence motifs: a dGC-rich
sequence with hyphenated inverted symmetry and a dA-rich tract in the DNA template
strand (Figure 1a).4 The two motifs work in concert with each other to induce termination.
5-10 The GC-rich sequence acts in the RNA transcript where it forms a hairpin. The hairpin
disrupts the hybrid downstream from it and alters key contacts of the RNA polymerase with
the nucleic acid framework. The second motif exerts its action through the RNA-DNA
hybrid. When the polymerase reaches the termination point, the hybrid generated by the dA-
rich tract consists of consecutive rU-dA base pairs. Such hybrids are very unstable, as
demonstrated previously by optical melting experiments.11 The instability of the hybrid
weakens the conformational constraints for the upstream formation of the hairpin and allows
for ready release of the RNA transcript.

Our laboratory has been working toward defining the energetic contributions of individual
base pairs from the RNA transcript and the DNA template to the destabilization of the
elongation complex at transcription termination sites. The system studied is the tR2
terminator of bacteriophage λ shown in Figure 1. This terminator has been a model system
for investigations of the molecular mechanisms of intrinsic transcription termination.5, 8, 10,
12 The methods of choice in our work are nuclear magnetic resonance (NMR) spectroscopy
and proton exchange. The combined use of these two techniques allows us to define the
stability of each base pair in several structural states of the nucleic acid framework involved
in termination of transcription at the λ tR2 site. In a previous paper, we have reported the
structural energetic maps for the two homologous RNA-DNA hybrids formed by the GC-
rich sequence.13 In the present work we report our results on the RNA-DNA hybrid formed
when the dA-rich tract is transcribed, and on the homologous DNA-DNA duplex present in
the template when the DNA is not transcribed. The RNA-DNA hybrid investigated,
henceforth-abbreviated rU-dA RNA-DNA hybrid, is shown in Figure 1b. The main interest
of the work is on the rU-dA base pairs of the molecule, which reproduce the hybrid formed
at the tR2 site just before the termination point (Figure 1a). The rG-dC/rC-dG base pairs are
added at the ends of the duplex to increase the stability of the structure and to prevent the
effects of fraying upon proton exchange in the rU-dA base pairs of interest, while
maintaining the base sequence context upstream from the hybrid.
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Results
Assignment of the Imino Proton Resonances in the rU-dA RNA-DNA Hybrid

Characterization of the stabilities of individual base pairs in nucleic acid structures by NMR
spectroscopy relies upon observation of the imino proton in each base pair (Methods section
and Figure 1c). The NMR resonances of the imino protons in the rU-dA RNA-DNA hybrid
investigated are shown in Figure 2. The spectrum exhibits severe overlap especially for the
resonances of rU-dA base pairs, which are of interest in the present work. Due to this
overlap, the methods generally used for resonance assignments, such as 1H-1H NOESY, are
of limited value in this case. To circumvent this problem, and assign the uracil imino proton
resonances, we have constructed RNA-DNA hybrid molecules in which the N3 atom of
single uracil bases was 15N-labeled. The 15N-labeled uracil was placed at each of the
following positions: 5, 6, 7, 8, 9, and 11. The 15N-edited spectra of these six singly labeled
hybrids are shown in Figure 3. As one can see, the resonance of (rU-dA)5 is the only uracil
resonance that is resolved (14.14 ppm). The imino proton resonances of (rU-dA)6 and (rU-
dA)11 both occur at 13.95 ppm, while those of (rU-dA)7 and (rU-dA)8 occur at 13.88 ppm.
The resonance of (rU-dA)9 is at 13.12 ppm and, in the unedited spectrum, overlaps with
other imino proton resonances (Figure 2).

The imino proton resonances of (rA-dT)10 and of guanines were assigned from 1H-1H
NOESY and from uniform 15N-labeling, as detailed in the Supplementary Data.

Imino Proton Exchange in the rU-dA RNA-DNA Hybrid
The exchange rates of the imino protons in the rU-dA hybrid were measured on the singly
labeled samples illustrated in Figure 3 and on a triply labeled sample. In the latter sample,
the uracils at positions 6, 8, and 9 were labeled with 15N. The resonances of the labeled
uracils were observed in the 15N-edited spectrum (Figure 4a), while those of the remaining
uracils (i.e., positions 5, 7 and 11) were observed in the 14N-edited spectrum (Figure 4b).
This triply labeling strategy allowed us to measure the exchange rates of all uracil imino
protons on the same sample.

The exchange rates were measured as a function of the concentration of ammonia (Methods
section). The dependence of the exchange rates on the concentration of ammonia base,
shown in Figure 5, was analyzed according to the exchange model presented in the Methods
section. For all rU-dA base pairs, the exchange is fast even at low ammonia concentrations.
As the ammonia concentration is increased, the exchange rates become higher than ~80-90
s-1, and cannot be measured by the NMR transfer of magnetization technique. The
equilibrium constants of the base-pair opening reactions were obtained by fitting the
exchange rates as a function of ammonia base concentration to Eq. 7 (Methods section). The
obtained values are reported in Table 1.

Imino Proton Exchange in the Homologous DNA-DNA Duplex
We have also measured the imino proton exchange in the DNA-DNA duplex with the same
base sequence as that of the rU-dA RNA-DNA hybrid (except for the replacement of rU
with dT, Figure 6). This duplex, henceforth-abbreviated dT-dA DNA, is of interest because
it represents the state of the template when the DNA is not transcribed.

The imino proton resonances of the dT-dA DNA duplex (Figure 6) are well resolved and can
be assigned to specific imino protons using standard 1H-1H NOESY experiments. The
NOESY spectrum and the resonance assignments for this duplex are discussed in
Supplementary Data.
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The exchange rates of the imino protons in the dT-dA DNA were measured as a function of
the concentration of ammonia under the same experimental conditions as those used for the
rU-dA RNA-DNA hybrid. Representative examples of the dependence of the exchange rates
on ammonia base concentration are shown in Figure 7. In contrast to the hybrid, the
exchange of thymine imino protons in the DNA duplex is slow, i.e., exchange rates less than
10 s-1. The dependence of the exchange rates on ammonia base concentration was analyzed
according to Eq. 4 (Methods section). The equilibrium constants for the opening reactions of
the dT-dA base pairs in the DNA duplex, obtained from this analysis and Eq. 5, are
compared to those of rU-dA base pairs in the RNA-DNA hybrid in Table 1.

Discussion
The results obtained in the present work allow us to define the stability of each base pair in
the RNA-DNA and DNA-DNA duplexes investigated. The exchange of an imino proton
with solvent protons monitors the conformational transition of the corresponding base pair
from its native state inside the double helix to an open, solvent accessible state (Methods
section). The equilibrium constant of this opening reaction (Kop) provides a measure of the
stability of the base pair in its native, intra-helical state. The equilibrium constant Kop is
related to the free energy change in the opening reaction by

(1)

where T is the absolute temperature and R is the universal gas constant. Base pairs with high
structural stability are characterized by small values of the equilibrium constant Kop and
large values of the free energy change ΔGop. Alternatively, high Kop and small ΔGop values
reflect low structural stability of the corresponding base pairs.

The equilibrium constants for the opening of the rU-dA base pairs in the RNA-DNA hybrid
range from 9.8·10-6 to 497·10-6 (Table 1). The base pairs in positions 5 through 9 are
contiguous in the sequence, while that in position 11 represents a single, isolated rU-dA base
pair. It is readily seen that the opening equilibrium constants of the contiguous base pairs are
8-to 50-fold greater than that of the isolated (rU-dA)11 base pair. Accordingly, for these base
pairs, the opening free energy changes are smaller than that of (rU-dA)11 by 1.17 to 2.20
kcal/mol. Hence, contiguous rU-dA base pairs are structurally less stable than a rU-dA base
pair placed in a mixed sequence context. This finding is in agreement with optical melting
studies, which showed that the stability of RNA-DNA hybrid structures containing
contiguous rU-dA base pairs is very low.11 Our results describe this low overall stability at
the level of individual rU-dA base pairs. The most stable is the first base pair in the tract,
(rU-dA)5, while the next two base pairs, (rU-dA)6 and (rU-dA)7, have the lowest stabilities.
For the last base pairs, (rU-dA)8 and (rU-dA)9, the stability is increased by ~0.4 kcal/mol
relative to that of the preceding two base pairs. This energetic profile of the RNA-DNA
hybrid provides new insight into features of transcription termination observed in previous
mutational and biochemical studies of the λ tR2 terminator.

The efficiency of transcription termination at the tR2 site is strongly dependent on the rU-
dA base pairs in the 2nd to the 5th positions of the tract.8, 10, 14, 15 Large changes in the
efficiency of termination are observed when one or two of these rU-dA base pairs are
replaced with rG-dC base pairs. These substitutions also inhibit formation of the hairpin by
the upstream inverted sequence in nascent RNA. Our present results suggest that this part of
the tract plays such an important functional role due, at least in part, to the structural
stability of the base pairs therein. Among all positions in the tract, the rU-dA base pairs in
positions 2 to 5 of the tract [i.e., (rU-dA)6, (rU-dA)7, (rU-dA)8 and (rU-dA)9 in our
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construct] have the lowest stabilities (Table 1). Therefore, these base pairs represent the sites
of the hybrid where separation of the RNA and DNA strands is energetically least costing.
This energetic cost (i.e., 4.3-4.7 kcal/mol) is much less than the costs of opening rU-dA base
pairs in mixed sequence contexts (e.g., 6.47 kcal/mol, Table 1) or rG-dC/rC-dG base pairs
(i.e., 7.8-9.75 kcal/mol13). Hence, substitutions of the rU-dA base pairs in the tract’s
positions 2 to 5 by stronger base pairs, like in the previous studies, should affect the most the
stability of the rU-dA hybrid at the site of transcription termination.

Our proton exchange results reveal that, in addition to low structural stability, the tract of
rU-dA base pairs also has unique dynamic properties. These properties are inferred from the
observation that the exchange rate of the imino proton in (rU-dA)6 is the same as the
exchange rate of the imino proton in (rU-dA)7; and the exchange rate of the imino proton in
(rU-dA)8 is the same as the exchange rate of the imino proton in (rU-dA)9. This observation
is presented in Figure 8 by plots of the exchange rates for one base pair against the exchange
rates for the other base pair at all concentrations of proton acceptor investigated (similar
plots for the other base pairs are given in the Supplementary Data). Both plots in Figure 8
have a slope equal or close to unity indicating that the exchange rates are the same over the
entire range of proton acceptor concentrations. This fact explains why the opening
equilibrium constant for (rU-dA)6 is, within experimental errors, the same as that for (rU-
dA)7; and the opening equilibrium constant for (rU-dA)8 is the same as that for (rU-dA)9
(Table 1).

In general, in nucleic acid duplexes, imino protons in adjacent base pairs exchange at
different rates.16, 17 This general observation has led to the postulate that base pairs open
one at a time, independently of the opening of their neighbors.16 Our results suggest that, in
the rU-dA tract of the RNA-DNA hybrid investigated, some base pairs may not follow this
general rule. Instead, it is likely that the exchange of imino protons in (rU-dA)6 and (rU-
dA)7 occurs in a single opening reaction involving both base pairs. Similarly, for (rU-dA)8
and (rU-dA)9, the identity of imino proton exchange rates also suggests concerted opening
of the two base pairs. These concerted opening reactions must clearly originate from specific
structural features of the tract that couple one base pair to its neighbor. The nature of these
structural features is unknown at present. Nevertheless, it is likely that the same structural
features aid neighboring bases in the RNA transcript to separate from the DNA template
strand in a concerted manner.

Further insight into the energetics of intrinsic transcription termination is provided by our
results on the dT-dA DNA duplex (Table 1). The equilibrium constants for opening of the
dT-dA base pairs in this duplex are consistently smaller than those of the corresponding rU-
dA base pairs in the RNA-DNA hybrid. When the base pair is in a mixed sequence context,
like in position 11 of the two duplexes studied here, the Kop value for dT-dA is ~ 5-fold
lower than that for rU-dA, corresponding to an increase in the opening free energy of 0.9
kcal/mol. Much larger differences are, however, observed for contiguous rU-dA/dT-dA base
pairs, namely, the Kop values for dT-dA base pairs are 160- to 5,000-fold lower than those
for rU-dA base pairs, and the corresponding opening free energies are higher by up to 4.7
kcal/mol. From these energetic profiles (Figure 9a) we conclude that, within the same tract,
dT-dA base pairs are much more stable than rU-dA base pairs.

The relevance of our findings for the energetics of transcription termination is best
understood in the framework of the thermodynamic model for elongation, termination and
editing in transcription, proposed by von Hippel and coworkers.6, 15, 18 According to this
model, formation of the transcription complex from free RNA polymerase and double-
stranded DNA is driven by the following free energy change:
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(2)

where  is the unfavorable free energy change for opening of base pairs in double-

stranded DNA to form the transcription bubble;  is the favorable free energy

change for formation of the base pairs in the RNA-DNA hybrid; and the  term
includes the free energies of all interactions of RNA polymerase with the nucleic acid (NA)

components of the transcription complex. During elongation, the favorable  and

 terms outweigh the cost of opening the DNA duplex ( ), thus ensuring
the processivity of transcription. The model postulates that, at the site of an intrinsic
terminator, the favorable interactions between the RNA transcript and the DNA template

( ) are weakened, and those between the polymerase and the nucleic acid

components ( ) are perturbed. As a result, the transcription complex is
destabilized so that the RNA-DNA hybrid separates into strands and liberates the newly
made RNA, the polymerase is released, and the transcription bubble closes up.

In the framework of this thermodynamic model, our data provide the contribution of each
base pair of the double-stranded DNA and of the RNA-DNA hybrid to the destabilization of
the elongation complex at the termination site. The contributions are calculated as the total
free energy change that occurs when a base pair in the RNA-DNA hybrid opens (or “melts”)
and the corresponding base pair re-forms in double-stranded DNA:

(3)

This equation assumes that the presence of the polymerase in the elongation complex does
not affect significantly the stabilities of the base pairs in the hybrid structure. The results of
the calculations are shown in the last column of Table 1 and in Figure 9b. Clearly, transition
of a base pair from the RNA-DNA hybrid to double-stranded DNA is energetically
favorable. The free energy change in the transition varies from -0.9 to -4.7 kcal/mol. The
smallest free energy contribution is made by the isolated base pair, (rU-dA)11. The most
favorable free energy contributions (-3.7 to -4.7 kcal/mol) are made by the base pairs in the
2nd, 3rd and 4th positions in the tract, i.e., (rU-dA)6, (rU-dA)7 and (rU-dA)8. A large
contribution from these base pairs is expected since, as discussed above, these are among the
weakest base pairs in the hybrid (Figure 9a). One notes also that the contributions of these
base pairs are enhanced by the fact that, in the DNA duplex, the corresponding dT-dA base
pairs are the most stable base pairs. Hence, these base pairs should experience the largest
change in stabilization free energy upon dissociation of the RNA-DNA hybrid and re-
formation of double-stranded DNA.

Current molecular models for intrinsic transcription termination attribute the selection of the
terminator site by RNA polymerase to the hairpin formed by the inverted GC-rich sequence
in nascent RNA, and to the rU-dA hybrid formed when the downstream part of the
terminator is transcribed.8-10, 19 Our present results suggest that the base sequence of the
DNA itself could also play a role in the recognition of the termination site by the enzyme.
This suggestion is explained in Figure 10. The figure compares the opening free energies
(ΔGop) for dT-dA base pairs in two DNA duplexes: (i) the dT-dA DNA duplex studied in
the present work, and (ii) a DNA duplex recently studied by our laboratory.20 The latter
duplex (henceforth-abbreviated GC-rich DNA duplex) incorporates in positions 4 through
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12 the downstream half of the inverted GC-rich sequence and the first two dT-dA base pairs
from the dA-rich sequence of the tR2 site. As one can see, in the GC-rich DNA duplex, the
ΔGop values for dT-dA base pairs range from 5.28 to 6.2 kcal/mol. In contrast, in the dT-dA
DNA duplex, the ΔGop values are much higher, i. e., 7.4 to 9 kcal/mol. This increase is
clearly due to the tract of consecutive dT-dA base pairs in the dT-dA duplex. For example,
in the GC-rich duplex, (dT-dA)11 and (dT-dA)12 have opening free energies of 6.2 and 5.28
kcal/mol, respectively. When the same base pairs are placed in the tract of the dT-dA duplex
[i.e., (dT-dA)5 and (dT-dA)6], their opening free energies become 8.1 and 8.4 kcal/mol,
respectively (Table 1). Therefore, when several dT-dA base pairs are consecutive, their
stabilities greatly increase relative to that of dT-dA base pairs in a mixed sequence context.
Similar energetic features have been previously observed in other DNA tracts of dT-dA base
pairs21-23. The high stabilities of consecutive dT-dA base pairs could contribute to the
recognition of the terminator by the polymerase by increasing the energetic cost for
formation of the transcription bubble at this site beyond that required at a site of random
base sequence. The high cost of unwinding the DNA helix could, in turn, lower the rate of
translocation into the terminator, thus allowing the time necessary for early termination-
specific conformational changes in the enzyme and in the RNA to take place.8, 24

In summary, the results presented in this paper suggest that an intrinsic transcription
terminator uses the same base sequence, i.e., a tract of dA bases in the DNA template strand,
to specify termination in two concurrent ways. When the dA bases pair with dT, like in the
double-stranded DNA template, the stability of the resulting base pairs is higher than that in
a random base sequence. When the dA bases pair with rU, like in the transcription RNA-
DNA hybrid, the resulting base pairs are much less stable than those in a hybrid of random
sequence. The energetic balance between these alternative paired states of dA bases thus
favors the dissociation of the RNA-DNA hybrid as well as the closing of the transcription
bubble into a double-stranded DNA helix. Resolution of the structural stability at the level of
individual bases also suggests that rU-dA/dT-dA base pairs in the central positions of the
dA-rich tract are the main contributors to this energetic balance.

Materials and Methods
Materials

(3-15N)-labeled 2’-O-tom-protected uridine phosphoramidite was prepared via a 7-step
synthesis as previously described.25-27 The scheme for this synthesis is shown in
Supplementary Data. The labeled phosphoramidite was used to synthesize the RNA strands
for the six samples of singly 15N-labeled RNA-DNA hybrid, and for the sample of the
triply 15N-labeled RNA-DNA hybrid. The DNA and RNA strands were synthesized on an
automated DNA synthesizer using the solid-support phosphoramidite method. They were
purified by HPLC on a semipreparative column in 50 mM triethylamine acetate buffer with
a gradient of 5%-32% acetonitrile over 46 minutes at 60 °C. The RNA strand
containing 15N-guanine (Cambridge Isotope Laboratory, MA) was synthesized by in vitro
transcription using T7 RNA polymerase.28 For both DNA and RNA strands the counterions
were replaced with Na+ ions by repeated centrifugation in Amicon Ultra-4 centrifugal filter
units using 0.5 M NaCl, followed by centrifugation against water. The final NMR samples
contained 0.3 to 0.8 mM RNA-DNA or DNA-DNA duplex in 10 mM Na2HPO4/NaH2PO4
and 0.5 mM EDTA in 90% H2O/10% D2O at pH 7.8 ± 0.1 (at 10 °C). All samples also
contained 0.5 mM triethanolamine, which was used to determine the pH of the samples
directly in the NMR tube as we have described.29
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Methods
NMR Experiments—The NMR experiments 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 magnetization from water. The water resonance was selectively
inverted using a Gaussian 180 pulse (5.8ms) 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 described previously.17 For the unlabeled samples the observation
was with the Jump-and-Return pulse sequence.30 For the 15N-labeled samples the
observation was with the one-dimensional version of the fast HSQC (fHSQC) pulse
sequence to edit the resonances of protons attached to 15N and eliminate all other proton
resonances.31 A modified, 14N-editing, fHSQC pulse sequence was used to filter out the
resonances of protons attached to 15N and retain all other proton resonances.32 The highest
exchange rates that can be accurately measured by these methods is ~80 - 90 s-1. The 1H-1H
NOESY spectra were obtained using the Watergate pulse sequence33 with a mixing time of
250 ms.

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 hydrogen bonds in the base pair
break and the base flips out of the structure into an open state. In this state, the imino proton
is accessible to proton acceptors present in the solvent. The second step is the actual transfer
of the proton to an acceptor, for example, NH3. The exchange rate observed experimentally
is given as:16, 34

(4)

where kop and kcl are the rates of opening and closing, respectively, of the base containing
the imino proton, [B] is the concentration of proton acceptor B, and kB is the rate constant
for the transfer of the imino proton to the proton acceptor in isolated nucleotides. The rates
of opening and closing define the equilibrium constant of the opening reaction:

(5)

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 ≫ kcl, EX1 regime), the exchange is limited by the rate of base-pair
opening. In this case, Eq. 4 becomes:

(6)

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 ≪ kcl, EX2 regime). In this regime, the
observed exchange rate is proportional to the concentration of proton acceptor:
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(7)

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, good solubility, high pK, and lack of charge, ammonia base is the acceptor of choice
for proton exchange studies of nucleic acids.16, 17 The rate constants for transfer of imino
protons to NH3 (kB) were previously calculated as: 8.8 × 108 M-1s-1 for the uracil proton and
4.1 × 108 M-1s-1 for the thymine proton, at 10 °C.13 The total ammonia concentration was
varied from 0 to 150 mM for the experiments on the rU-dA RNA-DNA hybrid, and from 0
to 500 mM for the experiments on the dT-dA DNA duplex. The concentration of ammonia
base NH3 was calculated from the total ammonia concentration C0 and the pH as:

(8)

The pH was measured at each ammonia concentration, directly in the NMR tube, using the
proton resonances of triethanolamine.29 The pK value of ammonia at 10 °C is 9.73.35

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Base sequences of the DNA template strand and of the RNA transcript in tR2
transcription termination site from bacteriophage λ. The GC-rich sequence with inverted
symmetry is boxed. The sequences corresponding to the A-rich tract are shown in bold.
Transcription terminates at one of the two positions indicated by a “t”. The most frequent
termination point is at the first of these positions.
(b) Base sequence and numbering of base pairs in the RNA-DNA hybrid investigated.
(c) The structures of GC and AU/T base pairs with the imino protons highlighted.
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Figure 2.
Imino proton resonances of the rU-dA RNA-DNA hybrid in 10 mM phosphate buffer at pH
7.8 and at 10°C.
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Figure 3.
15N-edited NMR resonances of imino protons for rU-dA RNA-DNA hybrid molecules in
which a single uracil was labeled with 15N. The 15N-labeled uracil in each molecule is
indicated by an asterisk.
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Figure 4.
NMR resonances of the uracil imino protons for the rU-dA RNA-DNA hybrid
containing 15N-labeled uracil in positions 6, 8 and 9. (a) 15N-edited uracil imino proton
resonances. (b) 14N-edited uracil imino proton resonances.
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Figure 5.
Dependence of the exchange rates of individual uracil imino protons in the rU-dA RNA-
DNA hybrid on the concentration of ammonia base. The exchange rates for (rU-dA)11 are
shown separately due to the different range of ammonia base concentrations in which the
exchange can be measured. The lines represent least-squares fits to Eq. 7.
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Figure 6.
The base sequence and the imino proton resonances of the dT-dA DNA duplex in 10 mM
phosphate buffer at pH 7.8 and at 10°C.
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Figure 7.
Dependence of the exchange rates of thymine imino protons in the dT-dA DNA duplex on
the concentration of ammonia base. The curves represent nonlinear least-squares fits to Eq.
4.
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Figure 8.
(a) Comparison of the exchange rates of the imino proton in (rU-dA)7 to the exchange rates
of the imino proton in (rU-dA)6; the slope of the least-squares fitted line is 1.07±0.02.
(b) Comparison of the exchange rates of the imino proton in (rU-dA)9 to the exchange rates
of the imino proton in (rU-dA)8; the slope of the least-squares fitted line is 0.97±0.03.
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Figure 9.
(a) Opening free energy changes (ΔGop) for rU-dA/dT-dA base pairs in the RNA-DNA and
DNA-DNA duplexes investigated. The experimental errors for the values in the RNA-DNA
hybrid are smaller than the symbols.
(b) The free energy contributions (ΔΔGop) of individual rU-dA/dT-dA base pairs to the
destabilization of the elongation complex at the transcription termination site, calculated
based on the thermodynamic model (Eq. 3).
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Figure 10.
Opening free energy changes (ΔGop in kcal/mol at 10°C) for dT-dA base pairs in the GC-
rich and dT-dA DNA duplexes. Empty bars represent the values in the GC-rich duplex, and
filled bars represent the values in the dT-dA duplex. The downstream part of the double-
stranded DNA in the tR2 terminator is shown at the bottom.
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