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ABSTRACT: Perturbations of precleavage equilibria in RNA-cleaving ribozymes can be exploited to control
cleavage kinetics. In the targeted ribozyme-attenuated probes (TRAP) design, antisense and attenuator
sequences are appended onto the catalytic core of a ribozyme or deoxyribozyme. The attenuator anneals
to conserved bases in the catalytic core to form an inactive conformation, which is activated upon binding
of a sense strand oligonucleotide to the antisense module. In this work, the apparent Michaelis-Menton
constant K, for the binding of the RNA substrate to the ribozyme is shown to be within a factor of 2

for a number of constructs whose observed cleavage rates varied by several 100-fold. These observations
rule out models of allosteric regulation based on modulation of substrate binding affinity, instead favoring

a model in which regulation arises from equilibration between the active and inactive conformations of
the TRAP. Free energies of formation for isolated helices that are exchanged during this reequilibration
were determined from the concentration dependence of optical melt data. These values established that
the thermodynamic stabilities of sersantisense duplexes and of the attenuator-core duplexes correlate
with observed rates of cleavage. Notably reduced cleavage rates are observed for TRAP ribozymes with
extended antisense sequences, suggesting that tight binding of attenuator to the core is assisted by a long
antisense portion. A construct with a 25-nucleotide antisense showed greater than 730-fold activation
upon annealing with a 20-nucleotide DNA sense strand oligo, representing the greatest activation observed
to date for the TRAP design.

Allostery has long been recognized as a powerful mech- proximal module (“antisense”) acts as a flexible tether.
anism for real-time regulation of enzyme activity in response Binding of a “sense” strand to the antisense straightens and
to changing concentrations of cellular components. Allosteric stiffens the tether, preventing attenuation and activating
ribozymes and deoxyribozymes are nucleic acid enzymes thatcleavage of substrate RNA. This design makes cleavage of
have been engineered or selected in vitro to be eithera target RNA by the ribozyme dependent upon the presence
activated or repressed upon binding a given effector mol- of a third RNA strand that acts as activator. One possible
ecule, such as an organic species, a peptide, a protein, or aapplication of this design is to induce cell killing by cleaving
oligonucleotide L, 2). As sensors, these molecular switches an mRNA for an essential protein, but only do so in cells
have been decorated with fluorescent dyes for the detectionthat express an RNA that indicates a pathological state, such
of small organic analytes3( 4) and metal ions §). As as viral RNA or a tumor-associated mRNA. The specificity
potential therapeutic agents, their abilities to cleave a targetof cleavage and activation can be programmed in inter-
MRNA can be similarly governed by effector molecules, and changeable modules without some of the sequence constraints
at least one such design has shown efficacy inside mam-that accompany some other allosteric ribozyme designs, so
malian cells 6). long as internal structure does not interfere with attenuation

TRAP! ribozymes are targeted ribozyme attenuated probesor activation.

(7). In the TRAP design, two sequence modules are appended A thorough understanding of the parameters that govern
onto one end of a known (deoxy)ribozyme. The distal module Trap reactivity would aid in the design of allosteric
(“attengator”) contains sequences _that can base pair with theribozymes for gene therapy, biosensors, and other applica-
catalytic core of the ribozyme (Figure 1). In the case of {ons \We have proposed that TRAP kinetics are primarily
hammerhead TRAP ribozymes, this pairing shuts down goyemed by the relative stabilities of the activation and
cleavage of the RNA target by the hammerhead. The jienyating helices), but other mechanistic models are also
: possible. For example, while the TRAP design is not intended
YOTUES'SI m%gﬁi‘g’:tif‘fxgﬁge%b%N!{HBG;6:]”5 %‘;‘?‘g‘r {ij”l?a?e Bgs'ggfcnh to affect substrate binding affinity, formation of a productive
fellowship from the Royal Thai Government to V.S. E'_S _complex could, in principle, be limited by dgcreased

* Corresponding author: tel: 812-856-4977; fax: 812-855-8355; affinity for the RNA substrate by the attenuated ribozyme.
E-mail: dhburke@indiana.edu. This would result in lower concentrations ofEcomplex,

' Abbreviations: TRAPs, targeted ribozyme attenuated probes; E, 5 thereby a lower observed rate of cleavage. Displacement
active form of enzyme; E*, attenuated (inactive) form of enzyme; S, .
substrate:ky,e Observed cleavage raté!, apparent Michaelis of the attenuator from the core would then activate cleavage

Menten constantky, dissociation constant. by restoring affinity for the substrate. Similarly, the length
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Ficure 1: Hammerhead TRAPs. (A) Schematic representation of TRAP activation through binding of a sense strand oligonucleotide.
Green and red lines correspond to strands that interact in the “off” state (E*). Pairing of a sense activator with the antisense (blue line)
should activate the hammerhead (E) to cleave its substrate (S). The cleavage site in the substrate strand is shown as a block arrow. Structural
features involved in allostery are indicated.) (Bucleotide sequences of TRAPs and activating oligos used in determinatidjy fufr

cleavage substrate. Following the color scheme used in panel A, attenuator sequences and their binding target in the core shown in lower
case, cleavage substrate in large bold with cleavage site indicated. The longer attenuator corresponds to that of HH8A.10, the shorter one
to that of HH8A.8, and HHB8A carries no attenuator.

of the antisense segment could limit the attenuator’s ability of apparentk,,s Single turnover reactions were conducted
to reach the core, thus affecting the kinetic behavior of the as above, but with ribozyme (2V) in excess of substrate
attenuated TRAP. (0.2 uM). Activating oligonucleotide of @M, if used, was
The present work examines the effects of substrate bindingadded prior to the heating and refolding steps. Experimental
affinity, duplex thermodynamics, and antisense length on Kobsvalues (average of at least two independent experiments)
precleavage equilibria and kinetics for hammerhead TRAP were determined from the slope of the intial values in a plot
ribozymes. We find that affinity for substrate is not signifi- of In(fraction uncleaved) vs time, using the linear range after
cantly affected by attenuation or activation, that cleavage any short burst phase (usually corresponding to less than 10%
rates correlate directly with thermodynamic stabilities of of total material).
activating duplexes and inversely with those of attenuator Thermodynamic Analysi€oncentration of each RNA or
core duplexes, and that flexibility and length of the antisense DNA strand was calculated from UV absorbance (260 nm)

segment strongly influence observed cleavage rates. at 25°C. There was no apparent melt behavior when oligos
were heated separately in the standard kinetic buffer.
EXPERIMENTAL PROCEDURES Therefore, we take the Z& absorbance data to reflect that

of the single-stranded state. RNA/DNA and RNA/RNA
duplexes were heated to 9C, and then allowed to cool
slowly to room temperature on the bench top for 5 min in
macon (Lafayette, CO). Ribozymes were transcribed in vitro the buffer as described above. Absorbance Versus tem_perature
from synthetic templates, radiolabeled, and purified as melting curves were measured at 260 nm with a})heatlng rate
described 7). of O.SC’/ml_n over _th_e temperature range 285 _C on a
Cary100 Bio UV*visible spectrophotometer equipped with
a Peltier heating/cooling accessory and a temperature probe.
Melting temperature T,) was obtained as the maximum
value in plots of dAbs(260)/dT v3. Note thatTy, as the
maximum in first derivatives only applies to largeéd values
(for a two-state transition)8], a criterion that is amply met
y the data presented here. The dependendg oh strand
oncentration was analyzed to yielsH and AS for the
transition from duplex to single strand involving non-self-
complementary sequences:Td/= RAHIn C+ (AS— R
In 4)/AH, whereC is the sum of molar concentrations of
each strand andR is the gas constant9). AGysc was
calculated fromAGysc = AH — TAS Errors of the

Ribozymes, RNA Substrate, and Oligonucleoti@@¢A
and RNA oligonucleotides were chemically synthesized by
Integrated DNA Technologies (Coralville, 1A) or by Dhar-

Determination of Apparent Michaelis-Menton Constants
(Ki) and First-Order Rate Constantsq}. For K}, deter-
mination, multiple turnover reactions were carried out with
excess substrate (3200 nM) over ribozyme (1 nM).
Activating oligonucleotides, when used, were at saturating
concentrations in the range of 40 nM tauM. Ribozyme,
end-labeled substrate and activator (if used) were heated a
90 °C for 1 min in 50 mM Tris-HCI, pH 7.5 and slowly
cooled to room temperature on the bench top for 5 min.
Reactions were initiated by the addition of Mg@ a final
concentration of 10 mM. Aliquots were removed at appropri-
ate time intervals and quenched with stop buffer (50 mM

0, 0, 0,

EBLA(‘)’ r?enl\gl tL)jILeea’ar%((j)g) S;UirOIZEé g5a/r01 Oglysczrrr?l’Ieg'\?vg’rethermodynamic parameters were propagated using standard
P - 070 Xy y . P methods from the uncertainties in the slope s#idtercept
analyzed by denaturing (7 M urea) 12% PAGE. Cleaved and . ,

: o . in plots of the equation above.
uncleaved substrate bands in the gels were quantified using
the ImageQuant software from Molecular Dynamics. Initial pEgyLTS
velocities were determined for each substrate concentration
from a best-fit line, typically based on six data points  Attenuation Does Not Interfere with Substrate Binding.
obtained over the first 10% of the reactid{j, values were  Substrate cleavage by hammerhead TRAP ribozymes is
determined from best-fit lines in Eadie-Hofstee plots of repressed due to the presence of an attenuator sequence

vol[enzyme] vs {/[enzyme])/[substrate]. For determination capable of base pairing with the catalytic core. To determine
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0.0040 A Table 1: Michaelis-Menton Constants for Substrate-Hammerhead
HHBA.8 TRAPS
0.0030 - - -
hammerhead activator oligoK}, (nM)2 Kob® (Min=1) Krel®
0.0020 1
A HH8 none 31+:10 0.6+0.1
0.0010 A HH8A none 63+ 4 0.63+ 0.02 1
HH8A 8A(RNA) 35+9 1.184+0.03 2
00000, 666,01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 HHB8A.8 none 45:13  0.0024+0.0002 1
0.40 HHB8A.8 8A(DNA) n.d. 0.45-0.01 190
HHB8A.8 + 8A(RNA) HH8A.8 8A(RNA) 121+ 35 0.65+ 0.02 270
0.30 HHBA.8 8A+8(DNA) 26+5  0.86+0.07 360
Yo 0 HH8A.10  none 3915  0.0005+0.0001 1
[R] ’ HHB8A.10 8A(DNA) n.d. 0.0074t 0.0005 15
010 < HHBA.10 8A(RNA) 96+39 0.13+0.08 270
0.00 HH8A.10 8A+10(DNA) 84+20 0.88+ 0.02 1760
% 4 5 3 2 aK: values obtained from Eadie-Hofstee plots as in Figure 2.
1.0 bValues ofkops from measurements of single-turnover reactions (8).
08 - = HHBA.8 + (8A+8) ¢ Relative cleavage rates normalized to rate observed in the absence of
06 - activating oligo for a given ribozyme.
04 -
02 - + 4 nM. As the single-turnover cleavage rate of HH8A is
00 | . ‘ ‘ ‘ indistinguishable from that of HH&/Y, the A-rich antisense
0 5 10 _vo/r] 15 20 25 segment has no effect on either equilibrium substrate binding
18] or on cleavage kinetics. Single turnover cleavage rates for

Ficure 2: Determination of apparent Michealis-Menton constants HHB8A.8 and H.HSA']'O are reduced by approximately 300
(K.) using Eadie-Hofstee plots, in which initial cleavage rates 1000-fold relative to that of HH8 (Table 1j) Nevertheless,
normalized to ribozyme concentration/(R], in units of mirr?) K}, values measured for these species were-43 and 39
are plotted as a function of this normalized rate divided by substrate +- 15 nM, again similar to that of HH8. Annealing of

concentration intM. Data are plotted for HH8A.8 alone (top), for ; SMini
HHBA.8 in the presence of sense strand oligo 8A (middle), and attenugt_or to the catalytic core therefore does not diminish
the affinity of attenuated ribozyme for substrate.

for HH8A.8 in the presence of anti-attenuator oligo88\(bottom).

Activation Has Modest or No Effect on Substrate Binding.
whether attenuation interferes with binding of the RNA Addition of a sense strand activator oligonucleotide “8A”
substrate, we determine the affinity of the ribozyme-substrate complementary to the antisense segment, or of an oligo-
interaction by comparing equilibrium dissociation constants nucleotide complementary to both the antisense and attenu-
(Kg) of attenuated ribozymes to those of nonattenuated ator portions (such as “8A8"), stimulates cleavage by
constructs. The ribozymes chosen for this study are shownattenuated TRAP constructs to near the rate of HF8The
in Figure 1. The kinetic behavior of hammerhead HH8 has K|, values for ribozymes HH8A.8 and HH8A.10 in the
been analyzed in both single- and multiple turnover formats presence of anti-attenuator oligos-88 and 8A+10 are not
(10, 11). Hammerheads HH8A, HHB8A.8, and HHB8A.10 are significantly different from that of HH8. In contrast, ti&,
TRAP derivatives of HH8 carrying a 20-nt antisense segment values for HH8A.8 and HH8A.10 in the presence of RNA
(the “A” designation) in combination with attenuators of oligo 8A are 2-3-fold higher than the values measured for
lengths 0O, 8, or 10 nucleotides, respectively (the “.8” and the same ribozymes without activating oligo. To determine
“.10” designations). whether this effect is due to the use of 8A as the activator

Electrophoretic mobility shifts of radiolabeled substrate oligo or to the presence of the attenuator sequence in the
RNA (13 nt) on native polyacrylamide gels in the presence ribozyme K/, values were obtained for hammerhead HH8A,
of variable concentrations of HH8 gave an appatenbf which contains the same antisense sequence as HH8A.8 and
approximately 5«M (not shown). This value is more than HHB8A.10, but lacks attenuator sequences (Table 1). The
1000-fold higher than expected from previous repoit (  value of K, obtained for HH8A in the presence of RNA
11), and appears to result from dissociation of the complex oligo 8A (35+ 9 nM) is close to those observed for HH8
during electrophoresis, as longer gels gave notably lessand for HH8A in the absence of an activator oligo. The slight
shifted product than shorter gels. The native gel mobility reduction in affinity for substrate observed for HH8A.8 and
shift method is therefore unsuitable for obtaining an accurate HH8A.10 in the presence of RNA oligo 8A is thus due to
Kq for this substrate RNA. Because dissociation of both contributions from the attenuator sequences, rather than to
substrates and products is fast relative to the cleavage ratehe sense-antisense interaction. While the mechanistic basis
for most hammerhead ribozymed0(-13), the apparent  of this K|, effect is not immediately apparent, it is possible
Michaelis-Menton constant}) obtained under multiple-  that transient formation of the attenuataore duplex may
turnover conditions (substrate excess) is approximately equalforce stem Il to fray slightly to accommodate geometric
to k_i/k;. Eadie-Hofstee plots of initial rates of substrate constraints, reducing the average number of paired bases and
cleavage ¢,) gave reproducibleK;, values that serve as raising K;,. This scenario would not arise with the anti-
surrogates for the dissociation const&gt(Figure 2). attenuator oligos both because the attenuator is tied up in

Hammerhead HH8 yielded K, value of 31+ 10 nM base-paired interactions with the oligo and because#198
(Table 1), which is in close agreement with published values unpaired bases at thé &nd of the antisense segment could
of 41 and 49 nM for this ribozyme-substrate p&io,(11). provide the conformational flexibility to relieve the geometric
The K], of hammerhead HH8AIs only slightly higher at 63 constraints. In sum, the simildf;, values measured here
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Ficure 3: Thermodynamic determinations. (A) representative plot showing temperature dependence of absorbance at 260 nm of AS(R)-
8A(R) duplex in Tris-Mg@" buffer, pH 7.5 (top). Melting temperaturg&;,, of the duplex was obtained as the maximum value in plot of
dAbs(260)/dT vs temperature (bottom). (B) Thermodynamic analysis of the duplexes indicated using van't Hoff plots, using same buffer
as in A. Abbreviations are as in Table 2. Oligonucleotide concentrations were4d00M for top two plots and 210 «M for bottom four

plots.

rule out models of attenuation (or activation) based on of attenuation and with the degree of activation by appropri-
perturbations (or restoration) of substrate binding affinity. ate oligonucleotides. Preliminary data using RNA vs DNA

Free Energies of Sense-Antisense and Attenuator-Catalyticoligonucleotides gave qualitative support for this hypothesis
Core InteractionsCompetition between the sensantisense  (7), but did not evaluate free energy explicitly. Temperature-
duplex and the attenuatecore duplex is expected to be an dependent melting behaviors offer a convenient means by
important factor regulating cleavage kinetics of TRAP which to evaluate thermodynamic parameters. Because such
ribozymes. Consequently, the thermodynamic stabilities of transitions can be obscured by other melt transitions within
these two interactions should correlate both with the degreethe context of attenuated hammerheads, thermal melt transi-
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Activating Oligonucleotide Designation is observed by HH8(A10).8 (Table 3). The decline in
T T T T 5 e 8 o cleavage activity at the two longest antisense lengths may
5 TTTTTTTTTTTGTTTITTTITG 3 8A*5 result from a reduction in structural constraints as more
S Ts il ITTSTTTngmI? . 22 2 nucleotides are added, allowing the attenuator better access
Ribozyme Designation to the core and favoring the inactive attenuated conformation.
3' uacuccggAAAAGAAAAAAAAAAACAAAAAAACAAAAA - - - 5 HHB(A+10).8 Two types of activators were used to rescue the cleavage
3' uacuccggAAAAAAAAAAACAAAAAAACAAAAA - - -5 HHB(A+5).8 .. . . . .
3' UacUCCggAAAAAAAACAAAAAAACAAAAA - - - 5 HHB(A+2).8 _act|V|ty of these_z rlbozyme_s. Anneallng of oligo 8A, which
3' UacuccggAAAAAACAAAAAAACAAAAA - - - 5 HHBA.8 interacts only with the original 20-nt antisense portion, leaves
3 UacUCCGGACAAAAAAACAAAAA - -- 5 HHB(A-5)8 the 3 ends of the antisense region unpaired, permitting
3' uacuccggAAAACAAAAA - - - 5 HHB(A-10).8 evaluation of the effect of flexibility at that end. In contrast,
3'uacuccggAAAAA - - -5 HHB8(A-15).8

activating oligos 8A*2, 8A*5, and 8A*10 pair with the'3
Ficure 4: Constructs used to evaluate effects of antisense lengthterminal 20 nucleotides of the antisense, leaving 2, 5, or 10
and location of single-strandedness. Five activating DNA oligo- ,,cleotides of the 'Send of the antisense segment single-

nucleotides are shown above, aligned with their binding targets in . . .
the ribozymes below. All ribozymes are derivatives of HH8A.8. stranded (Figure 4). When 8A was added into the reaction

Attenuators are shown in lower case; nucleotides inserted into thecontaining HH8(A-2).8, single-turnover cleavage was re-
3' end of the antisense relative to HH8A.8 are underlined. stored to 0.88 mint. This 230-fold allosteric rate enhance-

ment is similar to that observed previously for HH8AR. (
Table 2: Thermodynamic Parameters for Oligonucleotide Duplexes Addition of the activating oligo 8A*2 resulted inka,ssimilar

Duplex  Designation® AH AS AG,., to the reaction activated by the DNA sense oligo 8A. For
ST (keal/mol) __(cal/(moledegree)) _(keallmol) HH8(A+5).8, the observed rate constants in the presence of
enuation Models X X
S| AUGASGCC 31 AwS-Core8  90=16 26854 -10%3 oligos 8A and 8A*5 were 0.25 and 0.33 minrespectively.

, , Single-stranded segments of 2 nucleotides at either end

5! UGAUGAGGCC 5 Atl0-Corel0  -105+7 305£20  -14=x1 . . . .

3" RCUACDCCGG 3 of the antisense therefore have little effect on activation by
Activation Models a sense—strqnd oligo. However3 the values for activated

S mmaoITIIT 2l ASSBA 9023 A0 T2 HHB8(A+5).8 in the presence of oligos 8A and 8A*5 are 555-

, and 733-fold faster than the cleavage rate in the absence of

5: UUUUUUGUUUUUUUGUUUUU 3| AS - 8A -117+8 -356 £23 -11£1 . . . .

3" PAAARACAAARARACARRAR 5 the activating oligos, representing the greatest degree of
5, JIGRGGCCITTITIGITITE 31 AA_(8A+8) 110223 238259 135 activation yet observed for the allosteric TRAP design. In
o TCATGAGGCCTITTTTGITT 3+ this case, the increased degree of activation is due to a greatly
3' ACUACUCCGGAAAAAACAAAAA 5' AA - (8A+10) -153+8 -451+22  -18=x1

diminished cleavage rate for the unactivated ribozyme, even
aDesignations are in the form of (bottom stran@op strand). though the activated rate is still significantly below the

Abbreviations: Att8, 8-nt attenuator; Core8 and Corel0, 8- or 10-nt maximal cleavage rates.

segment from catalytic core; 8A(R), RNA version of 8A;8A(D), DNA Neither oligo 8A nor 8A*10 rescues the cleavage by

version of 8A; AS, antisense; AA, binding target for antiattenuator oligo -
including antisense and 10-nt attenuator (cf., Figure 1)+8Aand HH8(A+10).8 to detectable levels<0.0004 min*), even

8A-+10, antiattenuator oligos. Calculations for thermodynamic param- during 1-h cleavage reactions. These 20-nt oligos leave 10

eters are described in Material and Methods. nucleotides unpaired at one end or the other of the antisense.
This configuration may make it possible for the sense
tions were monitored for DNARNA and RNA-RNA antisense, attenuatecore, and stem Il duplexes to coexist,

duplexes that mimic sens@antisense and attenuaterore removing the driving force toward refolding into the active
helices in HH8A.8 and HH8A.10 (Figure 3). Comparing the conformation. To test this hypothesis, a longer activator oligo,
thermodynamic parameters summarized in Table 2 with “8(A+10),” which can pair directly with the entire 30-nt
observed cleavage rates given in Table 1 shows that TRAPsantisense sequence, was used to activate the cleavage
carrying more stable attenuators cleave substrate more slowlyreaction. In the presence of oligo 8A0), hammerhead
than TRAPs with less stable attenuators, while activator HH8(A+10).8 cleaves its substrate with,s of 0.12 minm™.
oligos that form more stable duplexes restored activity to a The value is at least 300-fold above the unactivated rate,
greater degree than oligos that form less stable duplexesalthough the actual degree of activation may be much greater.
Thus, the trends in kinetic behavior can be predicted in part  Attenuation in Ribozymes with Shortened Antisense Seg-
from the thermodynamic stabilities of the individual du- ments.To examine ribozyme attenuation in the context of
plexes. TRAPs carrying truncated antisense segments, 5, 10, or 15
Antisense Length and Flexibility Affect Clemye Kinetics nucleotides were removed from theehd of the antisense
of Attenuated RibozymeBecause the antisense segment portion of HH8A.8 while leaving the attenuator intact to yield
must tether stem 1l to the attenuatarore duplex for HH8(A-5).8, HH8(A-10).8, and HH8(A-15).8. We had
attenuation to occur, the length and conformational flexibility originally hypothesized that a very short antisense region
of the antisense segment could influence attenuation of TRAPmight not permit the attenuator to reach the catalytic core,
ribozymes. To investigate these parameters, single-turnoverthereby preventing attenuation. However, cleavage by each
cleavage rates were measured for attenuated ribozymes withibozyme is notably attenuated, with observed rates that are
antisense segments extended by the insertion of 2, 5, or 10only slightly different from that of HH8A.8 (Table 3). The
nucleotides between the antisense and attenuator of HH8A.8basis for this attenuation is unclear, although we note that
togenerate speciesHH8(R).8, HH8(A+5).8,and HH8(A-10).8 five nucleotides in the attenuator can pair with a segment of
(Figure 4). HH8(A+2).8 exhibits single-turnover cleavage stem Il (GGCCU/AGGCC) and prevent its formation. The
that is approximately 3-fold faster than that of HH8A.8, while potential for similar interaction in other constructs can be
HHB(A+5).8 is approximately 3-fold slower. No cleavage safely ignored, as in those instances the attenuator is eight
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Table 3: Initial Cleavage Rates for TRAP Ribozymes with Various Lengths of Antisense

length of bs degree of
hammerhead activator oligo (nt) (min~1)® activatiort
HHB8A.8 none 0.0012
HH8(A+2).8 none 0.0038&- 0.0002 1
HH8(A+2).8 8A 20 0.88+ 0.15 231
HH8(A+2).8 8A*2 20 0.76+ 0.14 200
HH8(A+5).8 none 0.00045: 0.00007 1
HH8(A+5).8 8A 20 0.25+ 0.00 555
HH8(A+5).8 8A*5 20 0.33£ 0.01 733
HH8(A+10).8 None <0.0004
HH8(A+10).8 8A 20 <0.0004
HH8(A+10).8 8A*10 20 <0.0004
HH8(A+10).8 8(At+10) 30 0.13+ 0.01 >325
HHB8(A-5).8 none 0.0009
HH8(A-10).8 none 0.0028 0.0004
HHB8(A-15).8 none 0.0013- 0.0001

a All activators here are DNA oligonucleotidesSingle-turnover cleavage rates at saturating concentrations of ribozymekJssdstan average
number from two kinetics assaysRelative to same ribozyme without activating oligdoth measurements were identical, such that systematic
error of measurement is0.00 mirm?. ¢ No cleavage detected; rate is less than the detection threshold of approximately 0.0004 min

strate is boundKg) must be approximately isoenergetic

Ke ke
A E+S = " ES= EP.P : . LD
2 with this equilibrium in the absence of substrak&), The

K*e K*es

Ky fact thatKes ~ Kgg suggests that the TRAP ribozymes can
E*+S= T E*S be thought of as undergoing a classical noncompetitive
Kg ko inhibition, and that variations on the equations describing
BE+s <= ES= EPP, noncompetitive inhibition could apply to this system.
[/K Ky [/K & Ribozymes that carry attenuators exist predominantly in
E*+S<TFE™S the E*S form (Figure 5A). Addition of an activator

FiGURE 5: Kinetic scheme for RNA cleavage by hammerhead oligonucleotide stabilizes the-& form relative to E*S
TRAP ribozymes without (A) or with (B) activating oligo. E, active  (Figure 5B). The fraction of ribozymesubstrate complex
state of ribozyme; E*, inactive state formed upon binding of the , the active ES conformation is expected to reflect the
attenuator to the core. Majority species in the equilibria are shown -
in bold. free energy difference between E and EXAGactvation),
which is expected, in turn, to be reflected in net cleavage
nucleotides in length and presumably offers a more stablerates. In this simple modeNAGactivation = AGattenuated state
interaction than this potential secondary attenuation site. The AGagiivated statt= — R T IN(KattenuatefKactivated- The thermodynamic
possibility of intermolecular inhibition was also considered, data in Table 2 correlate with several trends observed in
wherein two or more hammerhead molecules associate toTRAP ribozyme kinetics. First, the ten-base-pair duplex
form mutually inhibitory structures. Substrate cleavage by corresponding to the attenuatarore interaction in HH8A.10
HHB8(A-15).8 was not affected by doubling its concentration is more stable than the corresponding eight-base-pair duplex
from 1 uM (the concentration used in all single-turnover derived from HH8A.8, in agreement with previous observa-
assays above) to 2M, suggesting that intermolecular tions that HH8A.10 cleaves substrate more slowly than
inhibition is not responsible for the attenuation in ribozymes HH8A.8 (7). The additional stabilization energy in HH8A.10
with truncated antisense sequences. However, as the conis interpreted as maintaining the complex in the attenuated
centration of HH8(A-15).8 was further increased to 4 or 8 form a greater fraction of the time. Second, the activating
uM, cleavage rates decreased from 0.0014ialess than  oligo 8A stimulates the cleavage activity of HH8A.10 to a
0.0004 per min* (data not shown). Potential inhibitory greater extent if provided in RNA form than in DNA form
interactions among hammerhead molecules should thus bg7). We have speculated that this difference arises from a
tgken into considerqtion for applications that call for high greater stability generally observed for RNRNA helices
ribozyme concentrations. than for RNA-DNA helices (@4—17), and the values
DISCUSSION measured here suggest approximately 4 kcal/mol difference
in free energy between the two duplexes when measured in
Precleavage Equilibria. The present work examines the isolation AGasr)-sap) VS AGasr)-sar), Table 2). Third,
effects of substrate binding affinity, duplex thermodynamics, cleavage by HH8A.8 and HH8A.10 is stimulated to a greater
and antisense length on precleavage equilibria and kineticsdegree by oligonucleotides that include complementarity to
for hammerhead TRAP ribozymes. The similarities among the attenuator sequences than by oligonucleotides that are
K., values derived from Eadie-Hofstee plots demonstrate complementary only to the antisensg.(Even though all
that affinity for substrate is not affected by attenuation or stimulating oligonucleotides used in the earlier study were
activation in a way that could account for the observed 20 nucleotides in length, the anti-attenuator oligonucleotides
cleavage rates. In the kinetic schemes shown in Figure 5,carry a higher G-C content than oligo 8A. Duplexes formed
these results imply thdy ~ K}. To complete the thermo- by anti-attenuator DNA oligonucleotides 8/8 and 8A+10
dynamic cycle, the equilibrium between the active (E) and with their complementary RNA strands are considerably
attenuated (E*) conformations of the ribozyme when sub- more stable than helices involving oligo 8A (Table 2). We
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conclude that the greater kinetic activation conferred by the tion. The enhanced attenuation observed with HHBEA8
anti-attenuator oligos is due to their greater stability, and is an important factor leading to its extraordinary activation.
does not result simply from pairing with the attenuator. Application to TRAP Ribozyme Desighwell-regulated

The value ofAAGacivaion May be best described as the TRAP ribozyme is a potential candidate for modulating gene
sum of the free energy contributions for each component of expression in vivo. The antisense sequences of ribozymes

the structural rearrangement, such th®AGactivation = examined thus far have low propensity for forming structure
AGunfold attenuatorcore T AGtorm senseantisenseTAGreform stem 11+ other than the intended duplex with the activator. This
AG 4 coe T AGconformational constrainsAPProximate values for  simplified system is highly useful for working out the
the first and second terms are given in Table 2. The third fundamental principles of the TRAP design. Real antisense
and forth terms contribute approximatety9.6 kcal/mol sequences, however, could contain internal structures that
(calculated from mfold (http://bioinfo.math.rpi.edwzuk- interfere with binding to the sense strand or with ribozyme

erm)) and+3 to +7 kcal/mol @2, 13). The value of folding. A combination of computational structure prediction
AGconformational constraintsS More difficult to estimate, although  and screening of candidate ribozyme constructs should permit
conformational constraints in the attenuated state will application of the TRAP design to biologically relevant
contribute positive free energy that depends on antisensesequences.
length. This is most evident in the constructs with extended For some cleavage targets, high ribozyme activity will be
antisense sequences, which were markedly more attenuategequired to achieve a biological effect. These may readily
than HH8A.8 even though the helices exchanged during tolerate appreciable background cleavage activity in the
activation were identical. The trends noted above are in attenuated state while requiring vigorous cleavage in the
qualitative agreement with this analysis. To arrive at activated state. This behavior is exemplified by HH8A.8
quantitative predictions of cleavage rates from this equation, (0.0024 vs 0.65 mint, Table 1). Other cleavage targets will
it is important to keep in mind that once annealing a given exhibit a biological response upon very modest reductions
oligo converts the majority of the ribozymes into the active in their intracellular concentrations. Ribozymes for these
conformation, further stabilization of the active conformation targets should be kept more rigorously turned off in their
may have little effect. Furthermore, uncertainties in the attenuated states so as not to disrupt nontarget cells, and may
precise values of the calculate¥G values are amplified  be fully adequate if activated to a small fraction of the
when differences between them are calculated to arrive atmaximal rate of RNA cleavage. This behavior is exemplified
AAGgctivation Values. by HH8(A+10).8 (<0.0004 vs 0.13 min'). The parameters
Length and Flexibility of Antisense Alter Repressibility and described above will help guide the design of biologically
Activation of TRAP Ribozymeshere would be no allosteric  active TRAPs with the appropriate activities in their repressed
activation if the senseantisense, attenuatecore and stem  and activated forms.
III.hellces could eX|stIS|muItangoust. Their mcompgupﬂny ACKNOWLEDGMENT
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