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Sequence elements outside the hammerhead ribozyme
catalytic core enable intracellular activity
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The hammerhead ribozyme (HHRz) is a small, naturally occurring ribozyme that site-specifically cleaves RNA and has long been
considered a potentially useful tool for gene silencing. The minimal conserved HHRz motif derived from natural sequences
consists of three helices that intersect at a highly conserved catalytic core of 11 nucleotides. The presence of this motif is
sufficient to support cleavage at high Mg?* concentrations, but not at the low Mg2* concentrations characteristic of intracellular
environments. Here we demonstrate that natural HHRzs require the presence of additional nonconserved sequence elements
outside of the conserved catalytic core to enable intracellular activity. These elements may stabilize the HHRz in a catalytically
active conformation via tertiary interactions. HHRzs stabilized by these interactions cleave efficiently at physiological Mg+
concentrations and are functional in vivo. The proposed role of these tertiary interacting motifs is supported by mutational,
functional, structural and molecular modeling analysis of natural HHRzs.

Previous analysis of numerous mutant HHRz variants! has indicated
that the length and sequence composition of the three stem-loops are
not important for in vitro catalysis, provided that the conserved cat-
alytic core and the three-way junction are preserved. The catalytic
activity of such minimalist HHRzs is strongly dependent on Mg?*
ions, with the optimal cation concentration exceeding 10 mM. At
physiological Mg?* concentrations (0.1-0.3 mM)?, these minimalist
HHRzs are almost inactive, whereas natural HHRzs are apparently
functional. The objective of this study was to determine which
sequence or structural features, if any, enable natural HHRzs to be
functional at low Mg?* concentrations.

RESULTS

Catalytic activity of natural vs. minimalist HHRzs

The intracellular activity of various cis-cleaving HHRzs was evaluated
using a reporter gene expression assay” (Fig. 1a). Cis-cleaving HHRzs
were cloned into a unique site within the 3'-untranslated region (3’
UTR) of bovine growth hormone (BGH) directly downstream of the
reporter gene, secreted alkaline phosphatase (SEAP). The presence of
an active cis-cleaving HHRz in the 3" UTR leads to the cleavage of the
SEAP mRNA, resulting in the loss of protein expression. When HHRz
from satellite RNA of tobacco ringspot virus (sTRSV)* was inserted,
expression of SEAP was reduced (Fig. 1b). By contrast, insertion of
HHR15 (one of the minimalist HHRzs that cleaves to completion in
vitro with a k., of 1 min~! at 10 mM Mg?") or a double mutant of the
STRSV ribozyme (G5-C5; C17-G17) had no effect on SEAP expres-
sion. In each case, SEAP mRNA levels (Fig. 1b, gray bars) closely
matched SEAP protein levels (Fig. 1b, black bars), indicating that

ribozyme activity suppressed reporter gene expression.

The intracellular performance of sSTRSV and HH15 is representative
of two ribozyme classes: all natural ribozymes tested reduced SEAP
expression efficiently, whereas none of the more than 20 minimalist
HHRzs tested were active (data not shown). In vitro cleavage kinetics
of HHRzs from sTRSV, lucerne transient streak virus (vLTSV) and
peach latent mosaic viroid (PMLVD)*79, as well as one of the standard
minimalist HHRzs, HH2 (ref. 7), were compared under conditions
approximating intracellular Mg?* concentrations (0.1 mM). All three
natural HHRzs demonstrated efficient cleavage at 0.1 mM MgCl,,
with initial rates (k) varying from 0.7 min~! to 1.4 min~! (Fig. 1c
and Table 1). By contrast, the minimalist cis-cleaving HH2 exhibited
very low activity, with an initial rate of 0.02 min~".

The rate of cleavage (k) of the two types of HHRzs was then deter-
mined as a function of Mg?* concentration (Fig. 1d and Table 1) (at a
Mg?* concentration >200 UM, the cleavage rates of natural HHRzs
were >2.5 min~}, too fast to measure manually). The k,,, of natural
HHRzs reached the benchmark value of 1 min~! at [0.07 mM Mg?*
(defined as [Mg?'].q), whereas the [Mg?*] 4 of HH2 was >10 mM?.
The catalytic efficiency of natural HHRzs at submillimolar concentra-
tions of Mg?" correlates well with their vigorous intracellular activity,
whereas the poor in vitro cleavage of minimalist HHRzs at 0.1 mM
Mg?" is consistent with their lack of intracellular activity.

Structural difference between natural and minimalist HHRzs

Both natural and minimalist ribozymes contain the catalytic core of 11
conserved nucleotides, and both cleaved to completion in the in vitro
assay at 10 mM Mg?". The major structural difference between the two
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Figure 1 In vitro, in vivo, and mutational analysis of natural HHRzs. (a) Schematic representation of the reporter gene expression assay used to evaluate
intracellular in vivo function of HHRzs in tissue culture3. (b) Transient gene expression assay conducted using plasmids carrying no HHRz (control), sTRSV
(WT, wild type), HH15 (minimalist HHRz) or mutant HHRz within the 3" UTR of the SEAP gene. SEAP protein (black bars) and mRNA (gray bars) levels
produced by each plasmid were normalized to the control. (c) /n vitro cleavage kinetics of STRSV (circles), PMLVD (squares) and minimalist HH2 (triangles)
at various time points in 0.1 mM Mg?2* at pH 7.0. (d) Mg?+ dependence of HHRz activity. Observed rate of cleavage (kq) is plotted as a function of [Mg?+]
for sSTRSV (circles), PMLVD (squares) and HH2 (triangles). Error bars indicate standard deviation from the average of three independent measurements.

(e) Schematic representation of sSTRSV HHRz showing the 11 unpaired nucleotides in loops | and Il that were subjected to point mutation. Nomenclature
follows ref. 30. (f) kyys values measured at 0.1 mM Mg2* for each point mutant, showing the increase (open bars) or decrease (solid bars) in catalytic activity
relative to wild-type sTRSV HHRz (gray bar) performance.

types is that minimalist HHRzs lack the loops capping helices I and II.
To test the influence of the nucleotide composition of loops I and II on
HHRz activity at low Mg?* concentrations, a set of sSTRSV HHRz
point mutants was generated by systematic substitution of each of the

Table 1 Kinetic parameters of HHRz cleavage reactions

Change in activity [Mg?*]ess

Ribozyme Kops (Min1) (fold) (mM)
STRSV 1.20 1 0.07
VLTSV 1.40 0.90 ND
STRSV+LT-1 0.16 7.50 ND
STRSV+LT-2 0.05 26.7 ND
STRSV+LT-1&2 1 1.20 ND
PMLVD 0.71 1.70 0.06
STRSV+PL-1 0.11 10.90 0.93
STRSV+PL-2 <0.01 >100 >5.0
STRSV+PL-1&2 0.41 2.90 0.04
HH2 0.02 50 >10.0

Measurements were made at 37 °C in 50 mM Tris-HCI, pH 7.0, and 0.1 mM MgCl,,.
Change in activity calculated by k. of chimeric HHRz divided by k,; of sSTRSV. In
each case, the [Mgz"]eff represents the concentration of MgCl, required to produce a

Kops value of 1 min~!. ND, not determined.

NATURE STRUCTURAL BIOLOGY VOLUME 10 NUMBER 9 SEPTEMBER 2003

11 unpaired nucleotides in loops I and II with cytosine (C5 was substi-
tuted with guanosine; Fig. le). Mutations at 8 of the 11 positions
yielded a reduced cleavage rate (k,,,) (Fig. 1f), whereas substitution at
positions 5, 7 and 9 increased the cleavage rate as compared with that
of the wild-type ribozyme (Fig. 1f, open bars). This mutational analy-
sis demonstrates that the specific nucleotide sequence of loops I and II
of sSTRSV is critical for enabling catalysis.

Modeling of loop I-loop Il interactions

The proximity of helices I and II within the structure of HHRzs
suggests possible loop I-loop II interactions. The majority of HHRzs
are embodied within the viral RNA sequence through stem III. The
sequence alignments of helix III-integrated HHRzs (Fig. 2) show that
loops I and II are usually comprised of three or four nucleotides,
exhibiting significant similarity with loops 6 and 8 of the signal recog-
nition particle (SRP) domain'!!2, Models of the interactions between
the two loops were built using crystal structures of hammerhead
ribozymes®1% and the library of RNA structures!3. Loop-loop interac-
tions analogous to those of SRP three-dimensional structures were
built for sSTRSV HHRz (Fig. 3) using the MANIP program'. Interloop
interactions arise from a trans Watson-Crick—Watson-Crick pair
between the third residue of LII (L2.3 in Fig. le) and the last residue of
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LI (L1.5 in Fig. le) together with a trans
sugar-sugar pair between the last residue of
LIT (L2.4 in Fig. le) and the 3'-end residue
(L1.7) of the loop 1 capping helix I. The
enhanced cleavage of point mutants in posi-
tions L1.5, L1.7 and L2.2 can be explained by
a formation of alternative base pairs that can
be easily modeled: the L1.5 mutant leads to a
trans Watson-Crick—Watson-Crick pair, the
L1.7 mutant to a cis Watson-Crick—Watson-
Crick pair as in sSLTSV, and we suggest that the
mutant [2.2 leads to the formation of an
additional Watson-Crick C-G pair. In 12 nat-
ural HHRzs (Fig. 2), we found five A-U pairs,
one G-C pair and one U-A pair with the
potential to act as the trans Watson-
Crick—Watson-Crick pair. Depending on the
number of base pairs in helices I and II, the
sequence and length of loops I and II vary in
order to maintain loop-loop interactions. The
models for vLTSV and PMLVD HHRzs were
built using the same architectural rules as for
sTRSV (Fig. 4a). In all models, the structure
of the ribozyme core was not altered below
the first Watson-Crick pair of helices I and II

(Fig. 3). Similar to sSTRSV, PMLVD and vLTSV also showed interloop
interactions through trans Watson-Crick—Watson-Crick and trans
sugar-sugar interactions. This observation is consistent with the cat-
alytic activity of these HHRzs at 0.1 mM Mg?>*.

To verify the existence of the interloop contacts, a set of chimeric
HHRzs based on sTRSV, VLTSV and PMLVD was synthesized.
Chimeras were generated by swapping loop I, loop II or both loop I
and loop IT of sTRSV with the corresponding loops from either vLTSV

cs Stem | LI Stem I Core Stem LIl StemlI'" Core  Stemlli'
vWTMoV+ UCCGUA GUGGAU GUGU AUCCACU CUGAUGA GuUCC GAAA GGAC GAAACGGA
sBYDV- GGUGUCUCAAGGU GCGU ACCUUGACUGAUGA GuUCC GAAA GGAC GAAACACC
Scc+ AUGCUGUAGUGGGAU GUGU GUCUCACCUGAAGA GUAC AAAA GUCC GAAACGGUAU
Scc— GCUAUAUGGGGAU GUGU GUCCCUACUGACGA GUUC AAAA GAAC GAAAUAGU
vSCMoV+ CGCUGUCUGUACUU GUAU CAGUACA CUGACGA GUCCC UAAA GGAC GAAACACCG
STRSV+ CCUGUCACCGGAU GUGC UUUCCGGUCUGAUGA GuUCC GUGA GGAC GAAACAGG
SarMV+ ACUGUC GCCGGAU GUGU AUCCGACCUGACGAUGGCCC AAAA GGGCCGAAACAGU
sLTSV+ UACGUC UGAGCGU GAUA CCCGCUCACUGAAGAUGGCCC GGUA GGGCCGAAACGUA
CChMVd+AAGAGGUCGGCACCU GACG UCGGUGUCCUGAUGAAGAUCCAUGACA GGAUCGAAACCUCUU

SLTSV-  GACGUAUGAGACUGACUGAAA CGCCGUCUCACUGAUGA GGCCAU GGCA GGCC GAAACGUC

SCYMV+ UACUGUCGCCAGAC ~ GUGG  ACCCGGCCUGAUGA GUCC — GAAA GGAC GAAACAGUA

PLMVd-UCAUAAGUC ~ UGGGC UAA  GCCCA CUGAUGA GUCGCU GAAAUGCGACGAAACUUAUGA

PLMVd+ GAAGAGUC UGUGC UAA  GCACA CUGACGA GUCUCU GAGAUGAGACGAAACUCUUC
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Figure 2 Sequence alignment of natural HHRzs integrated through stem IIl. HHrzs are named by
origin: vWTMoV, velvet tobacco mottle virusoid; sBYDV, barley yellow dwarf virus satellite RNA; Scc,
small circular cherry RNA; vSCMoV, subterraneum clover mottle virusoid; sTRSV, tobacco ringspot virus
satellite RNA; sLTSV, lucerne transient streak virusoid; CChMVd, chrysanthemum chlorotic mottle
viroids; sCYMYV, chicory yellow mottle virus satellite RNA; PMLVd, peach latent mosaic viroid.
Structurally modeled ribozymes (Figs. 3 and 4) are indicated in red. CS, cleavage site; core, invariant
catalytic core. The residues interacting between loops 1 and 2 are in bold. Consensus sequences
(archaea and some eukaryotes) for loop sequences3! (loops L6 and L8 capping helices 6 and 8) are
shown at the bottom with interacting residues in bold and symbols (circle, trans Watson-Crick—Watson-
Crick; triangle, trans sugar-sugar) for types of base pairs.

or PMLVD (Fig. 4b; only one set of swaps between sTRSV and PMLVD
is shown). A loop I or II substitution either weakened (in the case of
STRSV+PL-1) or completely eliminated (in the case of sSTRSV+PL-2)
interloop interaction in these chimeras. The interloop interactions in
the chimeric molecule with both loops substituted (sSTRSV+PL1&2)
were similar to those of the PMLVD ribozyme. Kinetically, replace-
ment of loops I or II of the sTRSV by the corresponding loops of
vLTSV and PMLVD resulted in a 7- to >100-fold loss of activity

(Fig. 4c and Table 1) and a 10- to 100-fold

increase in [Mg?*] 4 (Fig. 4d and Table 1).

a G(i-gA 3 gy . The simultaneous replacement of both loops
mC:G\:\O\ AU Uy-eU of sSTRSV with loop I and loop II sequences
w Helix 8 m Helix 6 m from either vLTSV or PMLVD restored the
[«C=C. u-A Helix II _CE—_’? Helix|  rate of cleavage and [Mg?'].¢ to near wild-
. (c;: g EZE Helix | Sfi g:g type levels (Figs. 4a,b and Table 1). This find-
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| A | A formed tertiary interactions in the back-
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Helix Il | y_a 2:8 Finally, the intracellular activity of
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and 8 in SRP particle could be similarly modeled
in natural ribozyme (right) between helices | and
I1. (b) 2D (left) and 3D views of modeled natural
sTRSV HHRz. In 2D view, non-Watson-Crick pairs
are shown using nomenclature of Leontis and
Westhof32. Colors correspond to same regions in
both views, with catalytic core in blue.
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Figure 4 In vitro, in vivo, and structural analysis of chimeric HHRzs. (a) 2D diagrams of chimeric
HHRzs synthesized by substituting loops | and Il of STRSV (left, red) with those from PMLVD (right,
green). STRSV+PL-1 has loop | of STRSV replaced by that of PMLVD. sTRSV+PL-2 has loop Il of STRSV
replaced by that of PMLVD. sTRSV+PL-1&2 has both loops | and Il of sTRSV replaced by those of
PMLVD. To keep the length of stem Il the same in chimeric and PMLVD molecules, a G-C pair was
included at the base of loop Il (green) in the chimeras. For the same reason, an A-U pair was eliminated
from the base of loop | in STRSV+PL-1 and sTRSV+PL-1&2. Roman numerals indicate the locations of
stem loops I, Il and Il in each diagram. (b) 3D models viewing down the loop-loop contacts for the five
chimeric HHRzs. Two interloop contacts are present in natural ribozymes. In sSTRSV+PL-2, the relative
positioning of the loops prohibited contact formation, while for sSTRSV+PL-1 two weak contacts were
formed. (c) /n vitro cleavage kinetics of HHRz at various time points in 0.1 mM Mg2*, pH 7.0, for
sTRSV+PL1 (pink squares), sSTRSV+PL2 (blue circles), and STRSV+PL1&2 (red triangles). (d) Mg2*
dependence of HHRz activity. Observed rate of cleavage (k) is plotted as a function of [Mg2*] for
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sTRSV+PL1 (pink squares), sSTRSV+PL2 (blue circles), and sSTRSV+PL1&2 (red triangles). Error bars

indicate standard deviation from mean of three independent measurements. (e) HHRz catalytic activity
in the in vivo reporter gene expression assay for the negative control (no HHRz), sTRSV, vLTSV, PMLVD,
sTRSV+PL1, sTRSV+PL2 and sTRSV+PL1&2. Black and gray bars represent protein and mRNA levels,

respectively.

active intracellularly, effectively reducing SEAP mRNA and protein
levels as compared with those of the control (Fig. 4e). By contrast,
chimeric ribozymes with only one loop of sSTRSV swapped with a loop
from PMLVD failed to cleave mRNA. When both loops of sTRSV were
replaced with corresponding loops from PMLVD, the resulting
chimeric HHRz was active in vivo. Similar intracellular results were
seen with chimeric HHRzs derived from sTRSV and vLTSV (data not
shown), indicating that the observed effect is a general phenomenon
independent of the background of the ribozyme.

DISCUSSION
Loop I-loop Il interactions and HHRz activity
Both intracellular and in vitro HHRz activity at low Mg?* concentra-
tions correlate strongly with the ability of HHRz to form tertiary inter-
actions between loops I and II, as demonstrated by mutational analysis
and predicted by molecular modeling. All HHRzs—natural and
chimeric—in which interactions between loops I and II could be mod-
eled (Fig. 4a,b) cleaved efficiently at 0.1 mM Mg?* and were functional
in vivo.

Although several crystal structures of the minimalist HHRzs are
available®10, disagreement between structural and biochemical data
exists!®. The native loop-loop interaction proposed here incorporates

NATURE STRUCTURAL BIOLOGY VOLUME 10 NUMBER 9 SEPTEMBER 2003

the core structure, as derived from X-ray data (r.m.s. deviation
between original X-ray structure and present models is [10.8 A; the
majority of the discrepancy originates from the different refinement
programs used). The tertiary interactions between loops I and II of
natural HHRzs most likely restrict their relative movements, thereby
helping to stabilize an HHRz conformational state that closely resem-
bles the catalytically active conformation. Our finding that HHRzs sta-
bilized by tertiary interactions exhibit a reduced requirement for Mg*
is consistent with the proposed biphasic HHRz folding model'®. The
second stage of the biphasic process involves folding of the catalytic
domain in which stem I rotates to enable relatively close positioning to
stem II; this stage requires an Mg?* concentration of (10 mM. This
finding is consistent with the activity profile of typical ribozymes.
Inducing an interaction between the loops on stems I and II is likely to
stabilize this active conformation, consequently lowering the Mg?*
concentration normally required to induce this change.

Very similar effects (an increase in catalytic activity combined with a
reduced requirement for Mg?*) were observed with the hairpin
ribozyme after applying a topological change at the interdomain junc-
tion from a two- or three-way junction to the natural four-way junc-
tion!7~1°, Moreover, restricting the conformational flexibility of the
minimalist HHRzs by chemically crosslinking helices I and IT has been
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shown to shift the HHRz internal equilibrium toward ligation?*2!, A

similar effect occurs with the hairpin ribozyme in the natural context
of a four-way helical junction??. The involvement of the extra tertiary
interacting elements in producing high catalytic activity at a low Mg?*
concentrations®>?* has been observed in large ribozymes such as
group I introns?’, and may be a general characteristic of RNA struc-
ture and catalysis.

In summary, this study demonstrates that tertiary interactions
between the nonessential and peripheral loops capping helices I and IT
are responsible for conferring the intracellular activity of natural ham-
merhead ribozymes, and are also required for artificial HHRz func-
tionality in an intracellular environment. The topology of the junction
in the hairpin ribozyme, and the loop-loop tertiary contacts in the
hammerhead and large ribozymes, although nonessential and periph-
eral, seem to reduce the conformational space available to the struc-
tural elements, thereby promoting folding and the associated decrease
in the requirement for divalent cations. Further structural and kinetic
studies are needed to evaluate whether the conformational changes
caused by these tertiary interactions induce additional conformational
changes at the catalytic site capable of enhancing ribozyme activity.

METHODS

Transient reporter expression assay. The transient reporter expression assay
was based on an adeno-associated viral vector plasmid containing the SEAP
gene cloned between the CMV promoter and BGH 3' UTR. HHRzs were cloned
into the Xbal and Sall sites within the 3’ UTR. Recombinant plasmids (50 ng
per well) were transfected into subconfluent HEK 293 cells grown in 96-well
plates using Lipofectamin 2000 (Invitrogen). Protein level using the Great
EscAPe SEAP assay kit (Clontech) and mRNA level using the branched-DNA
assay?® (Bayer) were quantified 24 h after transfection. For each HHRz con-
struct, protein and mRNA levels were measured from three independent trans-
fections; error bars indicate standard deviation from the average of triplicates.

HHRzs sequence and synthesis. HHRzs were synthesized by T7 transcription?’
in the presence of [0-*2P]UTP from synthetic DNA templates in the presence of
25- to 27-mer antisense DNA oligonucleotides complementary to the catalytic
core. Full-length HHRzs were purified by PAGE under denaturing conditions.
Cleavage rate was measured by incubating HHRzs in 50 mM Tris-HCI, pH 7.0,
with indicated concentrations of MgCl, at 37 °C. Reactions were stopped by
adding three volumes of 95% (v/v) formamide containing 30 mM EDTA.
Cleavage products were resolved with 10% (w/v) PAGE under denaturing con-
ditions and quantified by phosphoimager analysis. k,, values were calculated
according to the equation F, = F, + F,(1 — ek), as described?®.

The HH15 sequence was 5'-GGGAGCCCCGCUGAUGAGGUCGGGGA-
GACCGAAAGGGACUUCGGUCCCUACGGGGCUCCC-3'. Three extra G-C
base pairs were added to all ribozymes (sequences in Fig. 2) to ensure efficient
in vitro transcription.

Structural modeling. All modeling and three-dimensional drawings were done
using MANIP'* and DRAWNAZ?®. The coordinates for the modeled structure of
the sSTRSV ribozyme have been deposited in the Protein Data Bank (accession
code 1P66).
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CORRIGENDA AND ERRATA

Corrigendum: Sequence elements outside the hammerhead ribozyme
catalytic core enable intracellular activity

Anastasia Khvorova, Aurélie Lescoute, Eric Westhof & Sumedha D Jayasena
Nat. Struct. Biol. 10,708-712 (2003).

Figure 4e in this paper contained mistakes. The labels for the fourth, fifth and sixth sets of data should be sSTRSV + PL1, sTRSV + PL2 and
STRSV + PL1&2, respectively. We apologize for the inconvenience this may have caused.

Erratum: Pulling geometry defines the mechanical resistance of a

B-sheet protein

David J Brockwell, Emanuele Paci, Rebecca C Zinober, Godfrey S Beddard, Peter D Olmsted, D Alastair Smith, Richard N Perham &

Sheena E Radford
Nat. Struct. Biol. 10, 731-737 (2003).

A mistake was introduced during production of this paper. This mistake was on page 731, line 4 of the second paragraph in the ‘Results’ section.

The correct sentence should read: “The parent (127); homopolymer has been described and is composed of five copies of a mutated C47S C63S
domain”!2” We apologize for any inconvenience this may have caused.
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