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An RNA 28-mer (Rz28) was obtained as a major product by in vitro transcription with T7
RNA polymerase of a promoter-template DNA, which contains a sequence for the enzyme
component, RNA 24-mer (Rz24), of a mutant hammerhead ribozyme system. Sequence
analysis and enzymatic probing study showed that Rz28 has 4 extra nucleotides at the
3’-terminus, the sequence of which is complementary to that of the 5'-terminal sequence of
Rz24, and forms a stable hairpin structure. NMR studies using a '"N-guanine-labeled
derivative suggested that Rz28 contains tandem G:A pairs that are not of the side-by-side
type which is found in the crystal structure of hammerhead ribozyme complexes. Compari-
son of the HMQC spectra of '*"N-guanine-labeled Rz28 and Rz24 suggested that Rz24 also
contains the same type of tandem G:A pairs.
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The active domain of a hammerhead ribozyme consists of
three double-stranded stems (stems I, II, and III), two
internal loops (residues 3-9 and 12-14) that contain most of
the conserved bases for the ribozyme and a bulge (residue
17) (1-3) (Fig. 1a). A ribozyme system can be divided into
two components, a substrate and an enzyme. The enzyme
catalytically cleaves the substrate RNA at the bulge-stem [
junction (shown with an arrow in Fig. 1) in the presence of
Mg?* ions through intramolecular transesterification of the
3'-5" phosphodiester, producing a 2’,3'-cyclic phosphate
diester. The mechanism of catalysis for hammerhead
ribozymes has been studied by many means, mostly with
chemical and biochemical techniques. Structural studies by
NMR (2, 4, 5) and X.ray crystallography (6, 7) have been
reported. The NMR studies revealed that hammerhead
ribozymes indeed take on the secondary structure expected
for the hammerhead motif. The X-ray studies revealed that
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stems III and II form a continuous helix and stems I and IT
are positioned side by side and relatively close to each
other. At the junction of co-linear stems III and II, side-by-
side type tandem G:A base pairs (Fig. 2b) are observed.
Some metal ion-binding sites are also found in the crystals.
However, the precise molecular mechanism of hammer-
head ribozyme action is unknown.

Stem II can be replaced by a loop (8, 9) or non-nucleotidic
linker (10, 11). Since a small system is preferable for
elucidation of the solution structure of hammerhead ri-
bozyme by NMR, to simplify the spectrum, we designed a
mutant ribozyme (Fig. 1b) in which stem II of the parent
ribozyme (2, 12, 13) (Fig. 1a) is replaced by a UUUU loop
and examined its properties (14, 15). It turned out that the
mutant ribozyme has a reduced activity because of a lower
affinity for Mg?* ions, but shows cleavage activity compa-
rable to that of the parent ribozyme in the presence of 100
mM MgCl,. In the course of these studies, we found that in
the transcription reaction by T7 RNA polymerase to
synthesize the 24-mer enzyme component (Rz24) (Fig. 1c),
a longer RNA is obtained as a major product. The longer
RNA was identified as a 28-mer (Rz28) (Fig. 1d) with 4
extra nucleotides added at the 3'-terminus of Rz24, the
sequence of which is complementary to that of the 5'-termi-
nal 4 nucleotide sequence of Rz24.

In this paper, we report a structural study of Rz28,
mainly by NMR using a '*N-guanine labeled derivative for
signal assignment. Rz28 appears to take a hairpin structure
much more stable than that of Rz24. Elucidation of the
conformation of Rz28 may provide a basis for understand-
ing the conformation of Rz24. Both RNA oligomers have a
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sequence which can form a tandem G:A base pair at the
junction of a double-helical stem and a loop. The NMR
study revealed that Rz28 forms a stable hairpin structure
containing tandem G:A pairs, which are not of the side-by-
side type as found in the crystal structure of hammerhead
ribozyme complexes, at the junction of the stem and loop.
Comparison of the 2D HMQC spectra of !*N-guanine-
labeled Rz28 and Rz24 suggested that Rz24 also contains
tandem G:A base pairs of the same type.

MATERIALS AND METHODS

Preparation of RNA—Except for Tris-HC], all solutions
were treated with diethyl pyrocarbonate to inactivate trace
ribonucleases, and autoclaved. The RNA oligomers, Rz24
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Fig. 1. Structure of the hammerhead ribozyme complexes and

related oligonucleotides. (a) The parent ribozyme complex, (b) the
mutant ribozyme complex with deletion of stem II, (c) the enzyme
component (Rz24) of the mutant ribozyme complex, (d) the major
product oligonucleotide in the transcription with T7 RNA polymerase
(Rz28).
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and Rz28, were synthesized by in vitro transcription with
T7 RNA polymerase using fully double-stranded promoter-
template DNA. The DNA oligomers were synthesized using
a DNA synthesizer (model 392, Applied Biosystems). T7
RNA polymerase was prepared from Escherichia coli BL21
cells carrying the plasmid, pAR1219 (16). Transcription
reaction was carried out at 37°C for 6 h according to the
procedure of Milligan et al. (17) with some modification.
The reaction mixture comprised 2 xM DNA promoter-
template, 0.1 mg/ml T7 RNA polymerase, 7.5 mM each
NTP, 35 mM MgCl,, 40 mM Tris-HCI (pH 8.1), 5 mM
DTT, 2 mM spermidine, 0.1% Triton X-100 (v/v), and 80
mg/ml PEG8000. For the preparation of *N-G-labeled
oligomers, uniformly labeled *N-GTP, which was pur-
chased from Nippon Sanso (Tokyo), was used. After tran-
scription, the crude RNA was subjected to preparative
denaturing (7 M urea) 10% polyacrylamide gel electropho-
resis. The product oligomers were located by UV shadow-
ing, isolated from the gel by electro-elution, and desalted
by using Centricon (exclusion molecular weight 3,000)
(Amicon). For sequence analysis, the oligomers were
labeled by kination of the 5’-terminal OH with T4 polynu-
cleotide kinase (Takara Shuzo, Kyoto) and [y-3?P]ATP
(about 6,000 Ci/mmol). The labeled RNA was subjected to
partial alkaline hydrolysis (18) and partial digestion with
RNase T,, RNase U,, RNase phyM and Bacillus cereus
RNase (Pharmacia). The digestion products were separated
by denaturing 20% polyacrylamide gel electrophoresis and
identified by comparison of the product bands. The yield
and concentration of RNAs were calculated from the UV
absorbance at 260 nm using the molar absorption coeffi-
cients of the component nucleotides.

Limited Digestion of Rz28 with Secondary-Structure-
Specific RNases—After dephosphorylation with alkaline
phosphatase, Rz28 was labeled at the 5'-terminus by
phosphorylation with T4 polynucleotide kinase and [y-
2PJATP. The labeled Rz28 was subjected to limited
digestion with double-stranded-RNA-specific RNase V,
and single-strand-specific mung bean nuclease. For diges-
tion with RNase V,, Rz28 was dissolved in 20 mM Tris-HCI
buffer (pH 7), 0.2 M NaCl, annealed by heating at 90°C for
3 min and cooling gradually to 37°C, and incubated with the
enzyme (0.02 unit/ 1) and 10 mM MgCl, at 37°C for 15 min
(19). For digestion with mung bean nuclease, Rz28 was
dissolved in 30 mM sodium acetate buffer (pH 7), 50 mM
NaCl, annealed in the same manner as described above, and
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ﬁ/
N/ \ N
_ \ Fig. 2. Mode of G:A base pairing.
N (a) head-to-head type, (b) side-by-
H side type.
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incubated with the enzyme (0.2 unit/«1) and 1 mM ZnCl}, at
37°C for 15 min (19).

Measurement of CD-Temperature Profile—CD-tempera-
ture profile was recorded on a J-720 spectropolarimeter
(JASCO, Tokyo). The Rz28 samples (1 and 10 M) were
prepared in 10 mM sodium phosphate buffer (pH 7.5), 100
mM NaCl, and annealed by heating at 90°C for 3 min and
cooling gradually to 5°C. The temperature was raised from
5 to 80°C at a rate of 50°C/h, and the ellipticity at 265 nm
was monitored.

Measurement of NMR Spectra—NMR spectra were
recorded on Bruker AM-400 and AMX-500 spectrometers
at probe temperatures between 5 and 60°C. Rz28 (1 mM)
was dissolved in 10 mM sodium phosphate buffer (pH 7.5),
100 mM NaCl containing 5% D,0. The concentration of the
'*N-labeled sample was 0.2 mM. The chemical shifts for 'H
and **N were referenced to the methyl proton resonance of
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (internal
reference) and to the resonance of '*NH,Cl saturated in
water (27.34 ppm) (external reference), respectively. 1D-
NOE experiments were carried out with selective irradia-
tion (60 dB below 5W) for 1 s; 400 free induction decays
(FIDs) with 16 K data points for 30 ppm were accumulated
and a line broadening of 10 Hz was applied. For 2D-NOESY
experiments with a mixing time of 150 ms, FIDs (704 scans
each) of 2,048 data points in the # domain were collected
for 256 data points in the ¢ domain in the phase-sensitive
mode, using the States-TPPI method (20). By zero-filling
the # domain and 90°-shifted sine-bell apodization in both
the & and ¢, domains followed by Fourier transformation,
spectra of 2,048 X512 data points were obtained. For the
HMQC experiments, the interpulse delay of 4 ms was used
and '"N-decoupling was performed according to the GARP
scheme (21) with a 90° pulse of 250 us. For 2D-HMQC
experiments, FIDs (64 scans each) of 4,096 data points in
the , domain were collected for 512 data points in the ¢,
domain in the phase-sensitive mode, using the States-TPPI
methods (20). By zero-filling the # domain and 90°-shifted
sine-bell apodization in both the ¢, and ¢, domains followed
by Fourier transformation, spectra of 2,048 x 1,024 data

points were obtained. Spectral width for *N was 100 ppm.
For all experiments, the jump-and-return pulse (22) with
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Fig. 3. CD melting curve measured at 265 nm for Rz28. Concen-
tration of Rz28 was 1 uM (—; the derivative curve, - ) or 10 M
(----; the derivative curve, ----- ) in 10 mM sodium phosphate buffer
(pH 7.5), 100 mM NaCl.
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an interpulse delay of 50 us was used for suppression of the
water resonance.

RESULTS AND DISCUSSION

Preparation of RNA Oligomers—To synthesize the
enzyme component of a mutant hammerhead ribozyme
with deletion of stem II (Fig. 1b), transcription with T7
RNA polymerase of an appropriate promoter-template
DNA was carried out. Analysis of the RNA products by
denaturing polyacrylamide gel electrophoresis showed
multiple bands in the region where the product 24-mer
(Rz24) is expected to be present. Sequence analysis of the
oligomers isolated from these bands revealed that a 28-mer
RNA (Rz28, Fig. 1d) is a major product; a 200-4] reaction
yielded 6 nmol of Rz28 (apparent turnover number, 15;
efficiency of GTP incorporation, 5%) and 1 nmol of Rz24.
These results can be explained by assuming that the
primary product, Rz24, forms a hairpin with a 5'-overhang
(Fig. 1c) and T7 RNA polymerase continues to transcribe
using the 5'-overhanging RNA segment as an alternative
template. A similar phenomenon, involving RNA template-
directed RNA synthesis, was reported by Cazenave and
Uhlenbeck (23).

Probing the Conformation of Rz28—To confirm that
Rz28 takes a hairpin structure, the effect of the oligomer
concentration (1 and 10 #M) on the melting temperature
(T) was examined by monitoring the CD intensity at 265
nm (Fig. 3). Both solutions showed almost the same 7Ti;s (at
around 40 and 70°C) suggesting that the T}, is independent
of oligomer concentration and therefore Rz28 takes a
hairpin conformation.

The secondary conformation was further probed by
limited digestion experiments with double-strand-region-
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Fig. 4. Analysis of secondary structure of Rz28 by limited
digestion. (a) Rz28 (lane 1) was subjected to partial digestion with
alkali (lane 2), RNase T, in the presence 7 M urea (lane 3), RNase V,
(lane 4), or mung bean nuclease (lanes 5 and 6). Digestion was carried
out shortly after annealing (lane 5) or after leaving the annealed
sample at 20°C for 12h (lane 6). The results were examined by
denaturing polyacrylamide gel electrophoresis. (b) Cleavage sites
with RNase V,. (c) Cleavage sites with mung bean nuclease. The thick
arrows indicate the strong cleavage sites and the thin arrows indicate
the weak cleavage sites.
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specific RNase V, and single-strand-region-specific mung
bean nuclease (Fig. 4). These enzymes cleave RNA produc-
ing fragments with newly formed 3’-OH and 5’-phosphate
groups. Specific cleavage with RNase V, was observed in
the middle of the possible stem region (lane 4). On the other
hand, cleavage with mung bean nuclease was observed
mainly around the possible loop region (lanes 5 and 6). In
this case, when digestion was carried out shortly after
annealing as usual (lane 5), additional cleavage at A9 and
U10 (see Fig. 1d) was noted. These cleavage sites were not
observed when the annealed sample was kept at 20°C for 12
h prior to the enzyme addition (lane 6). These results may
suggest that A9 residue bulges out shortly after annealing
but is incorporated into the double helical stem during
prolonged storage. The hairpin conformation of Rz28 was
confirmed by these experiments.

The RNA cleavage activity of Rz28 was examined under
standard conditions [substrate 12-mer (1 M) and enzyme
(1 M) in 50 mM Tris-HCl buffer (pH 8) at 37°C] (15). The
substrate was cleaved to the extent of about 10% with 10
mM MgCl, and about 40% with 100 mM MgCl, in 20 min
while, in the case of Rz24, the substrate was cleaved by
about 20% with 10 mM MgCl, and by about 60% with 100
mM MgCl, in 20 min (15). This result shows that the
activity of Rz28 is lower than, but comparable to that of
Rz24. This is rather surprising because Rz28 itself shows a
T at around 70°C even in the absence of MgCl,. The T,
curve for Rz28 shows that some region in the hairpin,
probably the region around the G:A pairs, melts at around
40°C. In the reaction mixture at 37°C, the partially melted
region of Rz28 may initiate formation of an active complex
with the substrate which rapidly produces the cleaved
products.

NMR Spectra of 'SN-Guanine-Labeled Rz28—NMR
spectra in the imino proton region of Rz28, in which all the

14 13 12 1 10
Chemical shift (ppm)

Fig. 5. NMR spectra of Rz28 (0.2 mM), in which all the guano-
sine residues are '*N-labeled, in the imino proton region. (a)
Spectrum without *N-decoupling. (b) Spectrum with **N-decoupling.
(¢) 1D-HMQC spectrum. Measured in 10 mM sodium phosphate
buffer (pH 7.5), 100 mM NaCl containing 5% D,O at 5°C.
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guanosine residues are '°N-labeled, are shown in Fig. 5. The
spectrum without '*N-decoupling (Fig. 5a) contains doublet
imino proton signals due to '*'N-'H coupling of '*N-labeled
guanosine residues. The spectrum with '*N-decoupling
(Fig. 5b) corresponds to the spectrum of the non-labeled
Rz28. The 1D-HMQC spectrum (Fig. 5¢) contains only the
imino proton ('*N-H) signals of the labeled guanosine
residues: signals b-h, j, and k. The imino proton signals of
uridine residues can be identified by comparison of Fig. 5b
with Fig. 5c¢: signals a, b, 1, 1, and m; signal b contains two
resonances, one from a guanosine residue and the other
from a uridine residue.

Assignment of the Imino Proton Signals—The imino
proton signals were further assigned by analysis of 2D-
NOESY and 1D-NOE data. The 2D-NOESY spectrum in
the imino proton-imino proton region is shown in Fig. 6. A
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Fig. 6. 2D-NOESY spectrum of Rz28 (1 mM) in the imino
proton-imino proton region. Measured in 10 mM sodium phos-
phate buffer (pH 7.5), 100 mM NaCl containing 5% D.0 at 10°C. The
straight lines indicate tracing of the NOEs for sequential assignment
and an NOE between signals | and m. NOEs labeled X, Y, and Z are
those between signals a and g, 1 and k, and 1 and m, respectively.

TABLE I. Summary of the imino proton signal assignments
for Rz28.

Signal Chemical shift (ppm) Assignment Observed NOE*
a 14.20 U10 cand g
b 13.44 G4 and U7 e, f,g* i,andk
c 13.29 G11 aand h
d 13.22 G27 e*
e 12.99 G3 b
f 12.86 G23 b, i, and k
g 12.56 G8 aand b*
h 12.50 G17 c
i 12.18 Us b, f, and k
j 11.91 Gl
k 11.49 G24 b, f, and i
1 11.42 U m
m 10.89 U 1

aNOE connectivities observed in the 1D-NOE difference spectra are
indicated by asterisks.
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strong NOE peak (signal Y) is observed between signals i
(from NH of U) and k (from NH of G). This result and the
chemical shifts of signals 1 (12.18 ppm) and k (11.49 ppm)
suggest that these signals are due to a G:U base pair;
signals 1 and k can be assigned to the imino protons of U5
and G24, respectively. Starting from these signals, other
signals can be sequentially assigned; i- or k-b-e-d in the
5’-direction and i- or k-f-b-g-a-c-h in the 3 -direction (Fig.
7 and Table I). The NOEs between signals d and e, and
between signals b and g, which were not clearly seen in the
2D-NOESY spectrum, were confirmed by 1D-NOE data
(Fig. 8). When signal d was irradiated, a significantly larger
peak was observed on signal e with respect to that on signal
b, which is due to leakage of the irradiation power, whereas
the resonance frequence difference between signals d and e
is rather larger than that between signals d and b (Fig. 8a).
Irradiation of signal b gave an NOE peak on signal f as well
as on the other expected signals (Fig. 8b). The remaining
signal j did not show any significant NOE. This signal was
tentatively assigned as that of G1, the 5'-terminal residue,
since it disappeared earlier (at around 30°C) than the other
signals upon raising the temperature (data not shown).

Conformation of Rz28 Hairpin—A weak NOE (signal X
in Fig. 6) was observed between the imino protons of G8
and U10. This result suggests that the bases of G8 and U10
are stacked and the A9 base is flipped out from the
double-helical stem, and is consistent with the result of the
limited digestion experiment (Fig. 4, lane 5) with mung
bean nuclease, where the digestion was carried out shortly
after annealing. It should also be noted that a clear NOE
(signal Z in Fig. 6) is observed between signals 1 and m; both
signals are due to uridine residues (see Fig. 5). We assume
that these signals are from imino protons of uridines of the
UUUU loop (probably U13 and U16) and that the uracil
bases form a U:U base pair; the possible presence of a U:
U pair has been reported for an internal loop of a 27-nucleo-
tide duplex with 5S rRNA sequences (24).

The imino protons of G11:A18 and G17:A12 pairs show

19 18 17 16
h

14 13 12 11 10
Chemical shift (ppm)

Fig. 7. Assignments of the imino proton signals and observed
NOEs. The observed NOEs are indicated with double-headed arrows.
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chemical shifts of 13.29 ppm and 12.50 ppm, respectively.
These chemical shift values strongly suggest that the
geometry of these tandem G:A pairs is not of the side-by-
side type (Fig. 2b). Although we were not able to observe an
NOE between N1H of G and C2H of A under the conditions
examined, it is highly probable that the tandem G:A pairs
are of head-to-head type (Fig. 2a), as discussed below. It is
difficult to observe this NOE for a head-to-head G:A pair if
the G:A pair is not greatly stabilized (31-33). Tandem G:
A pairs in oligonucleotide duplexes are reported to show the
guanine imino proton signals either at 10-10.5 ppm (25-
30) or at around 12.5 ppm (26, 29, 31). The signals at
higher field (10-10.5 ppm) are assigned to guanine imino
protons, which are not hydrogen-bonded, of side-by-side G:
A base pairs. In this case, the duplexes contain common
sequences, YGAR:YGAR. The only exception is a duplex
containing YGAY:RGAR (27). The signals at lower field
(around 12.5 ppm) are assigned to guanine imino protons,
which are hydrogen-bonded, of head-to-head G:A base
pairs. In this case, the duplexes contain RGAY:RGAY
sequences. In the present case, Rz28 contains YGAY and
YGAR sequences at the junction of a double-stranded stem
and a loop. The presence of a YGAY sequence and the
location at a stem-loop junction may not be favorable for
formation of side-by-side, tandem G:A pairs, which are
most stabilized by the sequences, YGAR:YGAR, in a
duplex (27). Molecular model building analysis shows that

(@)

14 13 12 1 10
Chemical shift (ppm)

Fig. 8. 1D-NOE difference spectra for Rz28 (1 mM). Measured in
10 mM sodium phosphate buffer (pH 7.5), 100 mM NaCl containing
5% D,0 at 10°C. (a) and (b), NOE difference spectra; (c) normal
spectrum. The irradiated signals are indicated at the top of the
spectra. Observed NOEs are indicated by the name of the signals (Fig.
6).
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Fig. 9. 2D-HMQC spectra of Rz28 (0.2 mM) (a) and Rz24 (0.04
mM) (b), in which all the guanosine residues are *N-labeled, in
the imino proton-imine nitrogen region. Measured in 10 mM
sodium phosphate (pH 7.5), 100 mM NaCl containing 5% D,0 at 5°C.

the Y1IG2A3R4:Y4'G3'A2'R1’ segment is stabilized by two
columns of vertical stacking interactions, Y1/G2/G3 /Y4
and R1’/A2'/A3/R4 in the duplex.

Comparison of NMR Spectra of '*N-Guanine-Labeled
Rz28 and Rz24—2D HMQC spectra of **N-G labeled Rz28
and Rz24 are shown in Fig. 9. In these spectra, a correlation
signal is observed at the cross point of the chemical shifts
for an imino proton (‘H) and an imino nitrogen (*°*N) that
are directly bonded. Deletion of the 3’-terminal segment,
25 to C28, of Rz28 results in a loss of the G27 residue as
well as hydrogen-bonds of the G1, G3, and G4 residues for
Rz24; these changes should eliminate the cross peaks
corresponding to the hydrogen-bonded imino proton signals
d, j, e, and b, respectively, which are observed for Rz28.
Comparison of the 2D HMQC spectra of Rz28 and Rz24
(Fig. 9, a and b, respectively) suggests that the spectrum of
Rz24 can be explained by these changes. The proton
chemical shifts for signals k and f (Fig. 9), which are due i
the 3'-terminal and penultimate residues of Rz24, G24 and
G23, seem to be affected considerably by the loss of the
3'-terminal segment of Rz28. These results for Rz24 in
turn confirm the signal assignments for Rz28.
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CONCLUSIONS

The secondary structure of an RNA oligonucleotide (Rz28),
which contains a sequence of the enzyme component of a
mutant hammerhead ribozyme system, has been examined
by enzymatic and NMR methods. The results reveal that
Rz28 forms a hairpin structure which contains tandem G:A
pairs at the junction of a stem and a loop. The G: A pairs are
assumed to take on a head-to-head type arrangement (Fig.
2a) rather than a side-by-side type arrangement (Fig. 2b).
Rz24, which is the enzyme component without an extra
sequence in the 3'-terminus, is also assumed to take on the
same base-pair conformation. The presence of such tandem
G:A pairs is not known for hammerhead ribozyme systems.
Side-by-side type tandem G:A pairs are found in the
crystal structure of hammerhead ribozyme systems (6, 7).
The presence of G: A pairs of this type was also reported for
the enzyme components of hammerhead ribozyme systems
in the absence of Mg?*, based on an NMR study (34, 35). It
should be noted that, in these NMR studies, stem II is
closed with a “tetranucleotide loop” which can form a very
stable hairpin.

However, the side-by-side tandem G:A pairs, in which
the 2-amino groups of guanine residues and 6-amino and N7
groups of adenine residues are involved in hydrogen-
bonding, seem not to be necessary for catalytic activity of
hammerhead ribozymes (36-40). Replacement of A9 with
purine riboside or 7-deaza-A (36-39), and of G8 with
inosine (37-40) does not profoundly reduce the substrate
RNA cleavage rate. On the other hand, it is known that
replacement of a guanosine with an inosine in DNA du-
plexes containing side-by-side tandem G:A pairs markedly
reduces the stability of the duplex (25). Therefore, it is
very likely that G:A pairs, which are not of the side-by-side
type, play a role in the catalytic activity of hammerhead
ribozymes. Further study on the effects of interaction with
the substrate component and Mg?* ions in the present
system is needed to clarify this point.
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