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ABSTRACT: The concatemer junction is a conserved sequence of
8 bp, which is strategically located at the junction between the
head-to-tail repeats of genomic DNA in T7 and related
bacteriophages. The RNA polymerase pauses at this site to recruit
the machinery necessary for cleavage of the concatemer into single
genome DNA. During pausing, the transcription bubble collapses
and the transcription RNA—DNA hybrid is shortened to only 3 bp.
This work addresses the question of the role of the nucleic acid
components of the transcription elongation complex in this
collapse of the transcription bubble. The nucleic acid structures
investigated are the DNA—DNA duplex structure present at the
concatemer junction when the DNA is not transcribed and the
RNA—-DNA hybrid formed when the concatemer junction is
transcribed. The structural energetics of each base pair in the two
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structures is characterized using imino proton exchange and nuclear magnetic resonance spectroscopy. The results show that S
bp in the DNA—DNA duplex at the concatemer junction site are significantly more stable than the corresponding base pairs in
the RNA—DNA hybrid that forms when the site is transcribed. Because of their energetic preference for the DNA—DNA duplex,
these S bp favor the collapse of the transcription bubble. Four of the 5 bp with enhanced stability in the DNA—DNA duplex are
located in the downstream half of the concatemer junction site. This location suggests that only after the entire concatemer
junction is transcribed can the RNA—DNA hybrid accumulate sufficient structural destabilization to trigger the dissociation of the
RNA and the switch of the DNA template strand from the hybrid structure to the DNA—DNA double-helical structure.

n T7 and related bacteriophages, the DNA is replicated as

head-to-tail repeats of the genome, also called conca-
temers."”* To form mature phage particles, the concatemers
are cut into single genomes and then packaged. This process
relies upon a conserved sequence of 8 bp that is located at the
junctions between adjacent genomes (also called concatemer
junction or the CJ site). The processing of the DNA also
requires transcription by T7 RNA polymerase because the
polymerase pauses downstream of the CJ site for tens of
seconds.® It has been proposed that, during the time window
provided by the pause, the enzyme recruits the proteins
necessary for cleaving the concatemer into single-genome
DNA.*

The base sequence in the CJ site is HATCTGTT (5’ to 3’ in
the DNA nontemplate strand). At the position labeled H, the
allowed bases are A, C, and T. The remaining base sequence is
strictly conserved; ie., any base substitutions or mismatches
abolish the pausing of T7 RNA polymerase.” Transcription can
also terminate at a position 6—8 bp downstream of the CJ site.
The extent of termination is determined by the intervening
base sequence; namely, termination is enhanced as the AT
content of the sequence immediately downstream of the CJ site
increases.” The base sequence HATCTGTT is also found in
other systems, such as the Escherichia coli rrnB operon, the
human prepro-parathyroid hormone gene, and intergenic
junctions of the vesicular stomatitis virus DNA. In these
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cases, transcription terminates near the sequence HATCTGTT
even in the absence of an AT-rich sequence downstream from

t.57° The base sequence HATCTGTT differs from those in
other transcription terminators in an important way. The most
common transcription terminators, generally called class I
terminators, consist of a base sequence with inverted symmetry,
which forms a hairpin in the RNA transcript, followed by an A-
rich sequence in the DNA template strand. In contrast, the base
sequence HATCTGTT does not exhibit any features that may
result in the formation of a secondary structure in the RNA. To
highlight this difference and to distinguish them from hairpin-
forming class I terminators, the CJ and its related sequences are
generally called class II transcription terminators.

The molecular mechanisms involved in transcription pausing
and/or termination at the CJ site and other class II
transcription terminators have been extensively investigated
by several laboratories.”'”'! The largest structural change that
occurs during transcription through the CJ site is the collapse of
the transcription bubble. Generally, the transcription bubble
encompasses ~8—10 bp with ~8 bases of the DNA template
therein being involved in the RNA—DNA hybrid.>'> This
geometry is maintained for thousands of bases, as the
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Figure 1. (A) Base sequences and numbering of base pairs in the DNA—DNA (top) and RNA—DNA hybrid (bottom) duplexes investigated. The
base pairs in the CJ site (bold) are numbered 1—8. The G-C/C-G base pairs added at the ends of each duplex to prevent fraying are labeled a—c/a’'—
c’. (B) Structures of A-T/A-U and G-C base pairs. The imino proton in each base pair is circled.

processive RNA polymerase transcribes the DNA at speeds of
up to 200 bases per second. However, at the CJ site, the
transcription bubble undergoes a drastic conformational
change: as the elongation complex moves 3 bases past the
end of the CJ site, the upstream part of the bubble closes up,
leaving behind an RNA—DNA hybrid of only 3 bp.'" The
collapse of the transcription bubble has major consequences for
the functional integrity of the elongation complex. For example,
the conformation of the complex changes such that the contacts
of the enzyme with the upstream DNA template duplex are
changed.'""® Furthermore, the elongation complex is greatly
destabilized, and the RNA transcript is often released.""'*
This work addresses the question of the role of the nucleic
acid framework in transcription pausing and/or termination at
the CJ site. Specifically, this work aims to characterize the
energetic properties of the two structures formed at the CJ site,
namely, the template DNA double helix and the transcription
RNA—DNA hybrid. The goal is to determine if the energetic
properties of these two structures may favor the closing of the
upstream part of the transcription bubble at the expense of
shortening the RNA—DNA hybrid. A role of the nucleic acid
scaffold in pausing and/or termination at the CJ site has been
first suggested by the finding that both template and
nontemplate DNA strands are required for transcription
termination.> Recent genetic and biochemical analyses of
various RNA polymerases have reinforced this suggestion. The
CJ base sequence is present at concatemeric junctions of the
genomes of other phages, such as Sp6.*'' The RNA
polymerase from the Sp6 phage also pauses and terminates at
the CJ base sequence in the same way that T7 RNA polymerase
does.”'* However, only 20% of the amino acids that could
contact the DNA in Sp6 polymerase are the same as those in
T7 polymerase.'’ Mutations of these conserved amino acids
have no effect on the direct recognition of the CJ site by the
enzyme.'" These findings, therefore, suggest that the pausing of
the RNA polymerase at the CJ site does not result solely from
specific interactions of protein side chains with nucleic acid
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bases. Instead, they suggest that features of the nucleic acid
scaffold, induced by the CJ base sequence, may also contribute
to the pausing of all these RNA polymerases at the site.

The nucleic acid structures investigated in this work contain
the transcription termination/pausing CJ base sequence
TATCTGTT/UAUCUGUU (Figure 1). The same base
sequence has been used in previous biochemical and functional
characterizations of the CJ site.'®'' The first structure
investigated is the DNA—DNA duplex present at the CJ site
when the DNA is not transcribed. The second structure is the
transcription RNA—DNA hybrid duplex that forms at the CJ
site. Three G-C/C-G base pairs are added at each end to
increase the stability of the duplex structure and to prevent the
effects of fraying upon the base pairs within the CJ site.

B EXPERIMENTAL PROCEDURES

Materials. The DNA and RNA strands were synthesized on
an automated DNA synthesizer using solid support phosphor-
amidite chemistry. They were purified on Glen-Pack DNA/
RNA purification cartridges. The counterions were replaced
with sodium ions by repeated centrifugation in Centricon YM-3
tubes using 0.5 M NaCl, followed by repeated centrifugation
against water. The concentrations of DNA and RNA strands
were determined using extinction coefficients calculated as
described by Cantor and co-workers.”> The strands were
annealed by equilibrating the corresponding oligonucleotides in
a temperature bath at 90 °C for 10 min and slowly cooling
them at room temperature. The concentrations in the final
NMR samples were 1.4 mM for the DNA—DNA duplex and
1.1 mM for the RNA—DNA hybrid duplex. All NMR samples
were in 10 mM phosphate buffer with 0.5 mM EDTA and 1
mM triethanolamine in a 90% H,0/10% D,O mixture at pH
8.2 & 0.1 (at 20 °C). The proton resonances of triethanolamine
were used to measure the pH of the sample directly in the
NMR tube as we have described previously.'®

Methods. NMR Experiments. The NMR experiments were
performed on a Varian INOVA 500 spectrometer operating at
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Figure 2. NMR resonances of imino protons in the DNA—DNA duplex (top) and in the RNA—DNA hybrid duplex (bottom) at 20 °C.

11.75 T. One-dimensional NMR spectra were obtained using
the Jump-and-Return pulse sequence.'” The imino proton
resonances were assigned from 'H—'H NOESY spectra
obtained with the Watergate pulse sequence'® and a mixing
time of 150 ms. The exchange rates of imino protons were
measured using the method of magnetization transfer from
water. In this method, the exchange is initiated by inverting
selectively the water magnetization using a Gaussian 180° pulse
(6.8 ms). A variable delay is allowed following water inversion
for exchange to occur. A weak gradient (0.21 G/cm) is 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 (2.2 ms) is
applied to bring the water magnetization back onto the z-axis,
and the observation is made with the Jump-and-Return pulse
sequence. We used 24 values of the exchange delay in the range
from 1 to 800 ms. The exchange rates were calculated from the
dependence of the intensity of the proton resonance of interest
on the exchange delay as we have described previously."” The
highest exchange rates that we could measure reliably using this
method are ~60—70 s

Imino Proton Exchange in Nucleic Acids. Our character-
ization of the structural energetics in the two nucleic acid
duplexes relies upon the exchange of imino protons (Figure
1B) with solvent protons. The exchange occurs in two steps.
The first step is a base pair opening reaction in which the base
containing the imino proton moves out of the double-helical
structure 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, such as
NH;.*® The second step is the actual transfer of the imino
proton to the acceptor. The exchange rate observed
experimentally depends on the rates of base pair opening and
closing (kop and kg, respectively) as>**'
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_ kopkex,open
kex - k k
cl + ex,open (1)
where ke open is the rate of exchange of the imino proton from

the open state of the base pair. This rate is proportional to the
concentration of proton acceptor B:
k = ko + ky[B]

ex,open

@)

where kg is the rate constant for transfer of the imino proton to
the acceptor B in the open state of the base pair and k, is the
rate of exchange from the open state in the absence of the
proton acceptor. The dependence of the exchange rate
observed experimentally on the concentration of proton
acceptor B is obtained by combining eqs 1 and 2 as

kop(ko + ks[B])

* 7 ky + ko + ky[B] 3)

The rate of exchange from the open state in the absence of
proton acceptor, k, is much smaller than the rate of base pair
closing, kyq (Supporting Information).'”” Hence, when the
concentration of the proton acceptor is low such that kg[B] <«
kg, eq 3 simplifies to

kee = Kop(ko + kg[B]) (4)
In this so-called EX2 regime, the exchange rate is simply
proportional to the concentration of the proton acceptor, with
the equilibrium constant of the opening reaction defined as

k

op
kc] (5)

In this work, we have used ammonia base (NH;) as the
acceptor in imino proton exchange. The rate constants for the
transfer of imino protons to NH; were calculated from the pK,

OP:
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Figure 3. Dependence of guanine imino proton resonances of the DNA—DNA duplex (left) and RNA—DNA hybrid duplex (right) on temperature.

value of the imino group (pKyy) and the pK, value of ammonia
(pKg) on the basis of the following equation:**

1

b = Keon X 1+ 027 x 10PKwm—pK+08

k

coll ( 6)
where k. is the rate of diffusion-controlled collision between
the imino group and ammonia in the open state of the base pair
(e.g, 2.6 X 10° M~ 57! at 20 °C). The following pK, values of
the imino groups were used: pK, = 9.39 for uracil at 20 °C, pK,
= 9.88 for thymine at 20 °C, and pK, = 8.93 for guanine at 40
°C.*® The following rate constants were obtained: k = 9.8 X
10® M~ s7! for uracil at 20 °C, kg = 4.2 X 10* M™' s7! for
thymine at 20 °C, and kg = 1.3 X 10° M™" s~ for guanine at 40
°C. 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,, the pH,
and the pK, value of ammonia (pKg = 9.4 at 20 °C, and pKg =
8.8 at 40 °C**) as
107 PKs

NH;| = C, X

INEG] = Go (7)
The pH was measured at each ammonia concentration, directly
in the NMR tube, using the proton resonances of triethanol-
amine.'

107 + 1077

B RESULTS

The NMR resonances of the imino protons in the two nucleic
acid duplexes investigated are shown in Figure 2. The
resonances were assigned to specific bases in the two structures
using '"H—'H NOESY experiments. The 'H—'H NOESY
spectra and the procedure used for assignments are presented
in the Supporting Information. As shown in Figure 2, at 20 °C,
the imino proton resonances of thymines and uracils are well-
resolved in both structures while those of guanines are not all
resolved. Among the unresolved resonances are those from G4
and G6, which are of special interest because these two bases
are part of the CJ site (Figure 1). The resonances of G4 and G6
can, however, be resolved by increasing the temperature to 40
°C (Figure 3). Given these observations, we have measured the
exchange rates of thymine and uracil imino protons at 20 °C
and the exchange rates of guanine imino protons at 40 °C. The
obtained dependence of the exchange rates on the concen-
tration of proton acceptor (NH;) is shown in Figure 4 for
thymine and uracil imino protons and in Figure S for guanine
imino protons. The exchange rates of uracil imino protons are
expected to be higher than those of thymine imino protons.
This is because the pK, value of the imino group in uracil (9.39
at 20 °C**) is lower than that in thymine (9.88 at 20 °C**) and
thus favors the exchange of the imino proton. This fact is
reflected in the rate constants for the exchange of the imino
proton from the open state of the base pair (see Methods): the
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rate constant for uracil (kg = 9.8 X 108 M~ s™! at 20 °C) is ~2-
fold higher than the rate constant for thymine (kg = 4.2 X 10°
M™' s7" at 20 °C). Therefore, the exchange rate of a uracil
imino proton should be ~2 times higher than that of a thymine
imino proton (eq 4). This difference in the chemistry of imino
proton exchange between thymine and uracil was taken into
account in our analysis as described below.

The exchange data were analyzed according to the model for
imino proton exchange in nucleic acids discussed in Methods.
The exchange rates were fit as a function of the ammonia base
concentration to eq 3 using the following rate constants for the
exchange from the open state of the base pairs: k = 9.8 X 10°
M s7! for rU-dA base pairs, kg = 4.2 X 10° M~' 57! for dT-dA
and dT-rA base pairs, and kg = 1.3 X 10° M~" s™" for G-C base
pairs. The fits provided the rates of base pair opening and
closing (k,, and kg, respectively). The equilibrium constants of
the opening reaction, K, were calculated from the rates based
on eq S and are reported in Table 1. The rates of opening and
closing for these base pairs are reported in the Supporting
Information. This analysis was used for the dT-dA base pairs in
the DNA—DNA duplex, the (rU-dA); and (rU-dA), base pairs
in the RNA—DNA hybrid duplex, and the G-C base pairs in the
CJ site of both duplexes. For the remaining base pairs, namely,
(rU-dA),, (rA-dT),, (rU-dA);, and (rU-dA)s the exchange
rates are very high even at low ammonia base concentrations
(Figure 4). As the ammonia concentration increases, the
exchange rates become so high that they cannot be measured
accurately by the NMR transfer of magnetization technique.
For these base pairs, the data were analyzed only in the EX2
regime by fitting them to eq 4. The obtained opening
equilibrium constants are listed in Table 1.

B DISCUSSION

Our results provide a high-resolution characterization of the
energetics of individual base pairs in the DNA template duplex
and the transcription RNA—DNA hybrid at the CJ site. The
exchange of the imino proton in each base pair monitors the
transition of the base pair from its closed state inside the double
helix to the open, solvent accessible state. The equilibrium
constant for this transition, Kop provides a measure of the
stability of the base pair in its native intrahelical state. Base pairs
with high structural stabilities have small equilibrium constants.
In contrast, larger K,,, values identify the base pairs with lower
stabilities. An alternative way to present this correlation is the
free energy change in the opening reaction, AG,, which is
related to equilibrium constant K, by

AG,

p = —RT In K,

(8)
where T is the absolute temperature and R is the universal gas
constant. An increase in base pair stability corresponds to an
increase in the free energy change AG,, for opening of the base
pair.
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Figure 4. Dependence of the imino proton exchange rates for thymines and uracils in the CJ site on the ammonia base concentration at 20 °C. The
filled squares represent the results for the DNA—DNA duplex and the empty circles the results for the RNA—DNA hybrid duplex. The rates for the
DNA—DNA duplex and those for (rU-dA); and (rU-dA), in the RNA—DNA hybrid duplex were fit as a function of ammonia base concentration to
eq 3. The rates for (rU-dA),, (rA-dT),, (rU-dA);, and (rU-dA) in the RNA—DNA hybrid were fit as a function of the ammonia base concentration

to eq 4.

The equilibrium constants K,, in the two structures
investigated range from ~1 X 107° to 93 X 107° (Table 1).
They correspond to free energy changes in base pair opening
ranging from 5.4 to 8.5 kcal/mol. Interestingly, for five of the
base pairs in the CJ site, the stabilities in the RNA—DNA
hybrid are significantly lower than those in the DNA—DNA
duplex (Table 1 and Figure 6). For example, for the base pair in
the second position in the CJ site, the opening equilibrium
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constant in the hybrid is ~7-fold higher than that in the DNA
duplex (Table 1). This difference corresponds to a destabiliza-
tion of this base pair in the hybrid of 1.15 kcal/mol (Table 1
and Figure 7). Similarly, for the base pair in the fifth position,
the opening equilibrium constant in the hybrid is ~3-fold
higher than that in the DNA duplex, corresponding to a
decrease in stability of 0.66 kcal/mol. The exceptions to this
trend are the base pairs in the first and seventh positions. For

dx.doi.org/10.1021/bi500393q | Biochemistry 2014, 53, 4806—4813
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Table 1. Equilibrium Constants and Free Energy Changes for Base Pair Opening in the CJ Site of the Two Nucleic Acid

Structures Investigated”

DNA-DNA duplex

base pair K, (x10°) AG,, (kcal/mol) base pair
(dT-dA), 25+ 3 6.17 + 0.07 (tU-dA),
(dA-dT), 8.1+ 09 6.82 + 0.06 (rA-dT),
(dT-dA), 11+1 6.67 + 0.06 (tU-dA),
(dC-dG), 12 + 02 8.5 + 0.1 (+C-dG),
(dT-dA); 30 +4 6.06 + 0.07 (tU-dA);
(dG-dC), 12 + 04 85 + 02 (rG-dC),
(dT-dA), 144 + 07 649 + 0.03 (tU-dA),
(dT-dA), W+ 4 6.12 + 0.08 (rU-dA),

RNA—DNA hybrid duplex

K,, (x10°) AG,, (kcal/mol) AAG,, (kcal/mol)
15.5 + 0.0S 645 + 0.02 0.28 + 0.09
58.6 + 0.9 5.67 + 0.01 —1.15 + 0.07
16 + 3 64 + 0.1 —-03 + 0.2
4+2 7.7 +£ 0.3 —-0.8 + 0.4
93 +2 5.40 + 0.01 —0.66 + 0.08
3+1 8.0 + 0.2 -0.5 + 0.4
16 + 4 64 + 0.1 —-0.1 + 0.1
75 +2 5.53 + 0.02 —0.6 + 0.1

“The data for (dT-dA), (rU-dA), and (rA-dT) base pairs were recorded at 20 °C. The data for (G-C) and (C-G) base pairs were recorded at 40 °C.

the base pair in the first position, the K, equilibrium constant
in the RNA—DNA hybrid is smaller than that of the same base
pair in the DNA—DNA duplex. Hence, the (rU-dA), base pair
in the hybrid is more stable than the (dT-dA), base pair in the
DNA duplex by 0.28 kcal/mol. For the base pair in the seventh
position, the K, equilibrium constants in the two structures are
the same within experimental error, indicating that the two base
pairs, (dT-dA), and (rU-dA), have the same structural
stabilities.

The stabilities of individual base pairs measured in this work
provide new insights into the energetic forces that drive the
conformational changes at the CJ site during transcription
pausing. The changes in the RNA—DNA hybrid are schemati-
cally presented in Figure 8. Upstream of the CJ site, and within
this site, the transcription hybrid encompasses ~8 bp.'> As the
elongation complex moves 3 bases past the end of the CJ site
(bottom part of Figure 8), the upstream part of the bubble
collapses, leaving behind an RNA—DNA hybrid of only 3 bp."
Transcription may continue beyond this position despite the
short RNA—DNA hybrid. As the elongation complex moves
forward, the hybrid is gradually restored to its original size. This
restoration is directional in that the length of the hybrid
increases only on its downstream side (as indicated by the
arrows in Figure 8)."° To correlate these changes in the
transcription bubble to the base pair opening results obtained
in this work, we have used an energetic model for the nucleic
acid framework of the elongation complex. The model analyzes
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the RNA—DNA and DNA—DNA duplexes studied, in the
absence of RNA polymerase, and aims to identify the intrinsic
energetic properties of these structures that may contribute to
the collapse of the transcription bubble at the CJ site.

The energetic changes that occur in the nucleic acid
framework of the elongation complex when the transcription
bubble collapses are (i) the favorable free energy change for the
re-formation of the DNA—DNA double helix and (ii) the
unfavorable free energy cost for the disruption of the RNA—
DNA hybrid. Accordingly, for an individual base pair, the
energetic change during the collapse of the transcription bubble
is calculated as the total free energy change that occurs when
the base pair in the RNA—DNA hybrid opens and the
corresponding base pair re-forms in double-helical DNA:

AAG,, = AG,,(RNA-DNA) — AG,,(DNA-DNA) ()
The results of the calculation are listed in Table 1 (last column)
and shown in Figure 7. The model predicts that the energetic
contribution of a base pair to the collapse of the transcription
bubble depends on its location in the CJ site. The largest
favorable contributions are made by the base pairs at positions
2, 4—6, and 8, and they range from —0.5 to —1.1 kcal/mol. For
two of the base pairs in the CJ site, namely, the base pairs in the
third and seventh positions, the contributions are negligible
within experimental error. Moreover, the base pair in the first
position of the CJ site “opposes” the collapse of the bubble by
making an unfavorable, positive contribution to the transition

dx.doi.org/10.1021/bi500393q | Biochemistry 2014, 53, 4806—4813
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the DNA—DNA duplex and the RNA—DNA hybrid duplex: (A) A-T/
A-U base pairs at 20 °C and (B) G-C base pairs at 40 °C.
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Figure 7. Free energy contributions (AAGOP) of individual base pairs
to the collapse of the transcription bubble, predicted by our model.

from the hybrid to the DNA double helix. These findings
suggest an explanation for the fact that the collapse of the
transcription bubble occurs only when the elongation complex
has moved downstream of the CJ sequence. When the first half
of the CJ site is transcribed, the hybrid would include the (rU-
dA) base pairs in the first and third positions (top, Figure 8).

4812

1 2 3 4 5 6 7 8
A TAGATCAA
O N - '
U A U I
|
T AGATCAA
| I D N N
AUCUGUL|J*
ATAGATCAA
| K 0 [ B | |
ucucuuy *
ATAGATCAA
a1 [ | I /1
C UG U U *
|
1 1
|

7

|
=TT T 11
|

7

Figure 8. Schematic representation of the progression of transcription
through the CJ site. Only the transcription hybrid formed between the
DNA template strand (red) and the RNA (green) is shown. The
vertical lines represent base pairs in this hybrid. Thicker vertical lines
identify the base pairs whose stabilities in the RNA—DNA hybrid are
significantly lower than those in the DNA—DNA duplex. The asterisk
denotes the last base that has been transcribed; the arrow denotes the
base that is going to be transcribed.

This may prevent the spontaneous collapse of the bubble
because (i) the breaking of the (rU-dA), base pair in the hybrid
is unfavorable relative to the formation of the (dT-dA), base
pair in the DNA template duplex and (ii) the adenine in the
third position on the DNA template strand does not have a
significant energetic preference for the (dT-dA) base pair in the
DNA-DNA duplex over the (rU-dA) base pair in the RNA—
DNA hybrid. As the elongation complex moves past the CJ site,
the transcription hybrid would incorporate more of the base
pairs in the CJ site that have an energetic preference for the
DNA template duplex, for example, base pairs at positions 4—6
and 8. Thus, the position where the bubble collapses, ie., 3
bases past the end of the CJ site, may represent a configuration
in which sufficient destabilization of the hybrid accumulates to
trigger the switch of the DNA template strand from the hybrid
to the DNA double-helical structure.

In summary, in this work, we have shown that, for the
majority of base pairs in the CJ site, the stabilities in the DNA—
DNA template duplex are higher than those in the transcription
RNA—DNA hybrid. These distinct energetic properties favor
the collapse of the transcription bubble that occurs downstream
from the CJ site. A similar energetic role of the nucleic acid
framework has been demonstrated recently by our laboratory
for class I transcription terminators.”> The DNA template in
these terminators consists of a base sequence with inverted
symmetry, which forms a hairpin in the RNA transcript,
followed by a tract of adenines. Transcription of the adenine
tract into a tract of wuracils triggers destabilization of the
elongation complex and the release of nascent RNA. We have
previously shown that the central base pairs in the (rU-dA)
tract of this RNA—DNA transcription hybrid are less stable
than the corresponding (dT-dA) base pairs in the DNA
template duplex by 3—4.7 kcal/mol. On the basis of these
findings, we have proposed that the central (rU-dA)/(dT-dA)
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base pairs in the adenine tract contribute to transcription
termination by promoting dissociation of the RNA—DNA
hybrid and re-formation of the template DNA double helix.
The results presented in this work suggest that a similar
mechanism may be involved in the collapse of the transcription
bubble during pausing of T7 polymerase at the CJ site. Thus, it
appears that, in spite of the significant structural differences
between class I and class II transcription terminators, the
nucleic acid structures in the two classes share similar energetic
properties.
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