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Tertiary Structure Stabilization Promotes Hairpin Ribozyme Ligdtion
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ABSTRACT. The hairpin ribozyme catalyzes a reversible RNA cleavage reaction that participates in
processing intermediates of viral satellite RNA replication in plants. A minimal hairpin ribozyme consists
of two helix—loop—helix segments. These segments associate noncoaxially in the active folded structure
in a way that brings catalytically important loop nucleotides into close proximity. The hairpin ribozyme

in the satellite RNA of Tobacco Ringspot Virus assembles in the context of a four-way helical junction.
Recent physical characterization of hairpin ribozyme structures using fluorescence resonance energy transfer
demonstrated enhanced stability of the folded structure in the context of a four-way helical junction
compared to minimal hairpin ribozyme variants. Analysis of the functional consequences of this modification
of the helical junction has revealed two changes in the hairpin ribozyme kinetic mechanism. First, ribozymes
with a four-way helical junction bind'®leavage products with much higher affinity than minimal hairpin
ribozymes, evidence that tertiary interactions within the folded structure contribute to product binding
energy. Second, the balance between ligation and cleavage shifts in favor of ligation. The enhanced ligation
activity of hairpin ribozymes that contain a four-way helical junction supports the notion that tertiary
structure stability is a major determinant of the hairpin ribozyme proficiency as a ligase and illustrates
the link between RNA structure and biological function.

The hairpin ribozyme belongs to the family of small A v ‘ z sz
catalytic RNAs that cleave RNA substrates in reactions that N _dock, 2\ A<
generate products withH-Bydroxyl and 2,3 -cyclic phosphate m\ﬁ Kundock = ng )

termini (reviewed inl). RNA-catalyzed ligation, a simple

reversal of the cleavage reaction, joins these termini to form B s
phosphodiesterg). In contrast to the hammerhead ribozyme dfﬂ
that favors cleavage over ligation by more than 100-f8ld ( =
4), the hairpin ribozyme is a better ligase than it is a nuclease.
Hairpin ribozyme rate constants for product ligation a#0-

fold higher than rate constants for substrate cleavage when
the ribozyme is saturated with cleavage produs}si( vivo, Ficure 1: Models of hairpin ribozyme structures in extended and
hairpin ribozyme sequences are found in satellite RNAs of docked conformations. (A) A minimal hairpin ribozyme consists

; P : of four helical regions, H1 through H4, and two unpaired loops, A
plant viruses where ligation serves to generate circular and B. The arrow marks the reactive phosphodiester in loop A.

templates for rolling circle replicatioré¢-8). _ The two essential Htloop A—H2 and H3-loop B—H4 elements

A minimal hairpin ribozyme consists of two hetitoop— associate noncoaxially within the folded tertiary structure. (B) The
helix segmentsg, Figure 1A). Most helical regions tolerate  hairpin ribozyme sequence of JsTRSV includes two additional
base pair substitutions without loss of activity while alter- Phelices, H? alnl(-jiﬂﬁ’ thit CLezate %fOHUSr_‘}’WiV hBe'iCH"iA'fJ'UI“C“O”tbet‘A"ee“
atons of many loop nucleotides inerfere with catalysis, % 2SSenEl HEIo0P 12 and i loop B B slements
evidence that unpaired nucleotides serve critical structural pajrs of coaxially stacked helices and loops A and B are in close
or catalytic roles. The solution structures of isolated loop A proximity is consistent with distances between helix termini
and loop B domains have been characterized by NWR ( measured by FRET2(—24, 45).
11), but no high-resolution structural data are yet available
for the complete ribozyme. Results of mutagenesis, cross-
linking, and chemical protection studies suggest that the two
helix—loop—helix elements adopt a noncoaxial structure that
brings loops A and B into close proximitl2—17, Figure
1A). The two loops have been proposed to interact through — - :
a “ribose zipper” motif {8) involving four 2-hydroxyls (L5). ! Abbreviations: &)ST_RS\_/, negative strand of the satellite RNA

- . o . of Tobacco Ringspot Virus; FRET, fluorescence resonance energy

FRET! experiments recently have provided additional physi- ransfer; R, ribozyme; LR, ligated ribozyme'Rs 5 ribozyme; S,

cleavage substrate;RB 3 cleavage product; HEPESI-(2-hydroxy-
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cal evidence of “docking” of the two helixloop—helix
segments in the folded tertiary structure and have identified
specific structural features that influence the equilibrium
between extended and folded stat&8<23).
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Ribozyme Tertiary Structure and Ligation

In the natural context of Tobacco Ringspot Virus satellite
RNA, the hairpin ribozyme is associated with two additional
helices that are interposed between the two essentiathelix
loop—helix elements to create a four-way helical junction
(9). FRET and comparative electrophoretic mobility studies
support a model of the folded four-way helical junction that
places the two essential helifoop—helix elements in an
antiparallel orientation with loops A and B juxtaposex,(
24, Figure 1B). The equilibrium distributions of extended
and docked conformations of hairpin ribozymes with dif-
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cleavage and ligation reactions were prepared through T7
RNA polymerase transcription of partially duplex synthetic
oligonucleotide template9). [o-3?P]-labeled 5ribozyme
RNA used for self-ligation reactions was prepared by T7
RNA polymerase transcription dglll-linearized plasmid
templates in reactions that included-{?P]ATP. To increase
the yield of 5 ribozyme that results from self-cleavage of
the primary transcript, transcription reactions were incubated
at 50 °C for 5 min before fractionation. The' 5ibozyme
fragment was then purified by denaturing gel electrophoresis.

ferent junction structures have been compared through time-Cleavage substrates andl @eavage product RNAs were

resolved FRET Z3). These studies show that the active,
docked conformation is more stable, ®¥L kcal/mol, in the
context of a four-way helical junction relative to the docked
conformation of a minimal ribozyme that contains only the
essential helixloop—helix segments.

synthesized chemically and deprotected as previously de-
scribed B) or were supplied by Dharmacon Research, Inc.,
and deprotected using the procedure recommended by the
supplier. [3-32P]-labeled substrate RNAs were prepared by
reaction with T4 polynucleotide kinase and¥PJATP. All

The current work focuses on the functional consequencesRNAs were gel-purified by denaturing gel electrophoresis

of the enhanced tertiary structure stability that is conferred
by the natural four-way helical junction. Previously, hairpin
ribozymes with a four-way helical junction were found to

and purified as sodium salts by DEAE-650M chromatogra-
phy (Toyopearl). RNA concentrations were determined by
assuming a residue extinction coefficient of &610° M1

display reduced cleavage rates and low reaction extentsC* at 260 nm or calculated from the specific activity of

relative to minimal hairpin ribozymes2{, 22). Detailed

the [0-*?P]ATP used for labeling.

analyses of cleavage and ligation reactions mediated by a Kinetic and Equilibrium AnalyseReactions were carried

hairpin ribozyme with a four-way helical junction show that
an apparent drop in cleavage activity instead reflects two
changes in the kinetic mechanism. First, ligation rate
constants increase 6-fold. Enhanced ligation activity is
consistent with our previous finding that reaction conditions
that stabilize RNA structure tend to promote ligation more
than cleavage 26). Second, ribozymes with a four-way
helical junction bind 3 cleavage products with-50-fold
higher affinity relative to minimal hairpin ribozyme se-
guences, under standard conditions including 10 mM MgClI
at 25 °C. An apparent loss of cleavage activity can be
explained by a change in the partitioning of the ribozyme
product complex between ligation and product dissociation.
In the context of a four-way helical junction, only 5% of all
cleavage events are followed by product dissociation while
~95% are reversed by rapid re-ligation of bound product.
These results point to the inextricable link between RNA
structure and biological function.

EXPERIMENTAL PROCEDURES

Plasmid Templates for Transcription dffibozyme RNAs
The plasmid pTLR26 that encodes a self-cleaving hairpin
ribozyme variant with a two-way helical junction, LR26, was
described previously26). Sequences encoding H5 and H6
were inserted into pTLR26 to create pTLR46, the template
for transcription of 5R4. The insertion was accomplished
through PCR amplification of the hairpin ribozyme cassette
using the HPL3 primer described previously and a primer
analogous to the HPL4 primer described previously but

out at 25°C in 50 mM NaHEPES, pH 7.5, 10 mM Mg§&l

0.1 mM EDTA that was prepared using a standardized
solution d 1 M MgCl; (Sigma) unless otherwise indicated.
pH was adjusted appropriately for each reaction temperature.
No significant change in kinetics or equilibrium parameters
was detected in reactions carried out in NaHEPES buffers
compared to reactions carried out in the Tris-HCI buffers
used previouslyZ5, 28). Reaction components were com-
bined immediately before use.

Rate constants an&yS values were determined for
intermolecular cleavage reactions in experiments with 0.1
nM [a-32P]substrate and various concentrations of ribozyme
in 10-fold or greater excess as described previous|2§).

Self-cleavage rates were measured in puldease experi-
ments as described previousBH]. Ligated ribozyme, LR24,
was first prepared by combining 50 nM-f?P]5R2 with 1
uM 3'P24 and incubating at 18C for =30 min. Ligated
ribozyme, LR43, was prepared in a similar reaction with
[0-32P]-labeled R4 and 0.3uM 3'P3. Ligation reactions
were then diluted 100- or 400-fold in reaction buffer
equilibrated at the appropriate temperature, and the fraction
of R was measured after various times. Comparison of
cleavage rates and extents in reactions with different dilution
volumes confirmed that rapid dissociation and dilution of
3'P drove cleavage to completion after dilution. Samples
were removed at intervals, quenched by 5-fold dilution into
8 M urea, 25 mM EDTA, 0.0002% bromophenol blue,
0.0002% xylene cyanole, and fractionated on denaturing gels.
Bands corresponding to ligated ribozyme ardibozyme
RNAs were quantitated by radioanalytic imaging (Molecular

containing additional nucleotides that encode the H5 and H6 pynamics). Cleavage rate constants were computed from fits
sequences and extending 15 nucleotides beyond the insertiong: fraction BR = e ket after normalization to the fraction

Plasmid sequences were confirmed by dideoxy sequencingof ligated ribozyme at the start of the cleavage time course.

using conventional procedure®6j. Plasmids were propa-
gated inE. coli strain DH%.

Preparation of RNAsRibozyme, 5ribozyme, substrate,
and 3 product RNAs were prepared and labeled with as
previously described5( 25, 27, 28, and references cited
therein). Briefly, ribozyme RNAs used for intermolecular

The sum of cleavage and ligation rate constakigion
+ Koeavagd Was measured as described previoushp)(
Briefly, 5 nM [a-3?P]-labeled 5R2 or BR4 was combined
with 5 or 25uM 3'P8 in 50 mM NaHEPES, pH 7.5, 0.1
mM EDTA and allowed to equilibrate at € for =10 min
to allow SR-3'P28 complex formation. Two microliters of
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the RNA solution was then combined with 4B of reaction A
buffer at the appropriate temperature. Samples were removeds
at intervals, quenched, fractionated, and quantitated as
described above. Observed ligation rates were determined s
by computing the fit to: fraction LR= €kbs, igaiof, Reactions ¢
with 5 or 25uM 3'P8 gave the same observed ligation rates g B
and the same fraction of ligated ribozyme at equilibrium, %,
evidence that the concentration 0P8 was sufficiently high H4§E
to saturate Sribozyme complex formation during the initial A

. . . R4 + S42 (S44) R
binding reaction.

Ligation rate constants at temperatures from 15 t6@5 B o
were calculated from the difference between mean cleavage
rate constants measured in putehase experiments and the
mean sum of cleavage and ligation rate constants measured
in two or more ligation reactions. At temperatures below 15
°C, slow product dissociation interfered with direct measure-
ment of self-cleavage rates. Therefore, ligation rate constants
between 0 and 10C were calculated from the difference
between the sum of cleavage and ligation rates measured 0 2 i 6 s 10
directly in ligation reactions and cleavage rate constants that Kobs, cleavags/[R] (min'! pM"T)
were extrapolated from cleavage rate constants that had beegigure 2: Cleavage activity of a hairpin ribozyme with a four-
measured at higher temperatures based on the temperatur@ay helical junction. (A) Substrate cleavage reactions include
dependence. Values used for thermodynamic calculations aresubstrate binding, cleavage, and product dissociation steps and, in
the mean and range of self-cleavage and self-ligation ratesih® reverse direction, product binding, ligation, and substrate

. . dissociation steps. Intramolecular helices H3, H4, and H6 and loop
obtained from two or more experiments. Errors calculated g'orm within R4 RNA. Intermolecular helices H1, H2, and H5
for thermodynamic parameters reflect the standard errorand loop A form upon substrate binding gsoduct RNA associates
derived from computed linear fits of Arrhenius and van't with the ribozyme through H2 and H5 whilé Broduct RNA
Hoff plots and an estimated error of 10% in cleavage rate associates with the ribozyme through H1. S42 dR2RNAs form

S livat 1 sequences with two base pairs. S44 alfRIRNAs form H1
0,
constant measurements and of 20% in ligation rate ConStam's_'equences with two additional base pairs (outline font). (B) Eadie
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measurements. Hofstee plots of the ribozyme concentration dependence of
Apparent equilibrium dissociation constants foR%'P Kobs,cleavage Rate constants of 0.4% 0.023 and 0.036: 0.0014
complexes were determined from the fraction@®fP]5R min~! were determined frongintercepts for R4-mediated cleavage

of S42 @) and S44 Q), respectivelyKyS values of 48+ 4 nM

32 L . X .
converted to¢-**P]LR after ligation reactions with various for S42 and 2.7 0.3 nM for S44 were determined from the slopes.

excess concentrations of BRNA were allowed to reach
equilibrium, as described previouslg5). The fraction of
5'R converted to LR by the end of a ligation reaction is the
product ofKed™, that is, Kigation/Keeavage @nd the fraction of
5'R bound by 3, or [3P]/([3'P] + K4*P). Kaaps ¥ values
were determined by computing the fit to fraction LR=
(LRsa)([5'R-3PJ/([5'R-3'P] + Kgaps ") Where LR—., is the
fraction of ligated ribozyme at equilibrium and L&is the
fraction of ligated ribozyme at equilibrium with a saturating
concentration of ®.

Kinetic simulations were carried out using Kinetics
Simulation 1.0 software (IBM Almaden Research Center,
1995).

substrate binding. Two cleavage substrates, S42 and S44,
are identical except for 3erminal nucleotides that participate

in forming H1, the intermolecular helix that joins the ribo-
zyme and the 'Tleavage product (Figure 2A). S42 associates
with the ribozyme to form an H1 sequence with two base
pairs. Two additional '3erminal cytosine residues allow S44

to form four base pairs in H1 (Figure 2A, shadow font).

S44 cleaves with a rate constant of 0.036 ™iand a
KwS value of 2.7 nM (Figure 2B, open circles). These kinetic
parameters are about 10-fold below the rate constarddd
min~! and theKyS value of ~30 nM that are typical of
intermolecular cleavage reactions with minimal hairpin
ribozymes under similar conditionS)( The low rate constant
RESULTS T

for S44 cleavage is similar, however, to the cleavage rate of

Intermolecular Cleaage KineticsIntermolecular cleavage ~ 0.038 min* recently reported for another hairpin ribozyme
kinetics were examined for a hairpin ribozyme variant, R4, variant that also contains a four-way helical juncti@2)(
that contains a four-way helical junction (Figure 2). The Inintermolecular reactions with minimal hairpin ribozymes
sequence of R4 resembles that of a minimal hairpin ribozyme under standard conditions, ligation 4s10-fold faster than
variant, R2, that we have characterized previoughy 28). cleavage when the ribozyme is saturated with cleavage
The R2 and R4 sequences incorporate changes from theproducts §). The 3 product associates with minimal ri-
commonly studied-{)sTRSV-derived hairpin sequence that bozymes to form the H2 helix with only four base pairs
were designed to minimize incorrect folding and facilitate (Figure 1A). Consequently, concentrations that are saturating
mechanistic studie$(25, 30). In the R4 sequence, a stem  for substrate binding typically are far below saturation for
loop structure that contains five base pairs and is capped bybinding of the 5 cleavage product, and cleavage is driven
a stable tetraloop, H6, is inserted between the two essentiaby rapid dissociation and dilution of &leavage products
helix—loop—helix domains. Additional 3terminal nucle- (5). Cleavage is driven by rapid product dissociation even
otides allow a helix with four base pairs, H5, to form upon when 3 products remain bound in stable H1 sequences with
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as many as eight base paiB.(Due to the presence of four A L. ¢ an S an

additional intermolecular base pairs in the H5 sequence of S 8 86 8 g6 8

R4, however, Sproduct RNAs are expected to bind R4 with LS sao §¢ &< &g &<

much higher affinity and dissociate much more slowly than KU GC cleaage  §UnEE  gont ANEE

5' products that bind to minimal ribozymes through the H2 ge ey T g e gon” &€ e

helix alone. The slow rate observed for R4 cleavage of S44 W 7% ¢ 7% A%

could be explained if both'5and 3 cleavage products y o %e g v § A g § he oy

dissociate at rates that are slower than or on the same order 3 ¢ & H1 g A f g 3 gA &

as ligation rates. If this is the case, a significant fraction of b % por2, e % Ugation  “6:¢ A

cleavage events would be followed by rapid re-ligation of g¢ 56 €8 o6 gg o6

bound products, causing observed cleavage rates to fall Pas " . AAAG*

(Figure 2A). R4-*S42 R4-*5'P R4-“544
To learn whether slow product release limits observed S44 B

cleavage rates, cleavage reactions were carried out with a 1.0 Chase

second substrate, S42, that forms an H1 sequence with two A

fewer base pairs. Calculations based on empirically deter- :O's l

mined free energy parameters for RNA helic84) (show L6

that the loss of two base pairs from the H1 sequence reduces %

product binding affinity by~5.7 kcal/mol and accelerates o4+

product dissociation more than 15 000-folf).(If slow 2 °

cleavage of S44 results from partitioning of cleavage products 027

between dissociation and re-ligatioriP32 could dissociate 0.0

fast enough to avoid re-ligation, causing observed cleavage ' 5 5 10 15 20 25 30 35

rates to rise. Consistent with this prediction, cleavage time, min

reactions with R4 and S42 display more typical kinetic

parameters with &geavagevalue of 0.45 min! and aKy® FiGURE 3: Pulse-chase experiment demonstrates tHe¥4aunder-

value of 48 nM (Figure 2B, closed circles). goes rapid ligation. (A) Reaction scheme used to monitor activity

i ; ; of the R45'P-3'P4 complex. The reaction was initiated by com-
A pulse-chase experiment was carried out to confirm that bining R4, at a concentration of 500 nM, with a trace amount (0.1

a hairpin ribozyme with four base pairs in H1 is not oy ot (5 32p]S42. After 18 min, 34 RNA was added at a final
catalytically impaired and that products of S44 cleavage concentration of 750 nM, and ligation activity was monitored from
undergo rapid ligation (Figure 3). First, R4 and-{&P]S42 the appearance of F52P]S44 over time. Asterisks indicate thé-[5

were combined to initiate a cleavage reaction. After cleavage *P] label. (B) The amounts of {5°P]S42 @) and [3-3P]S44 O)
of [5'-32P]S42 was nearly complete,F3t, the 3 product of are shown as a function of time. Lines represent calculated fits.

. - - The fit calculated for [S42]/([S42} [S44] + [5'P]) = e Kous.cieavade
S44 cleavage, was added (Figure 3A). Within minutes, giesi. = 0.14+0.007 for S42 cleavage. The appearance of S44

virtually all of the 3% present in the 'Sproduct of S42  over time was best fit by a double exponential equation for which
cleavage was converted to'{$3P]S44, the product of'B4 individual parameters are poorly defined.

ligation (Figure 3B). Despite the low cleavage activity
detected with S44, therefore, the B4-3'P4 complex is  cleavage rate constant of 0.45 mimmeasured for intermo-
highly active in a ligation reaction. lecular cleavage reactions with R4 and S42 but are much
SeltCleavage Kinetics If slow S44 cleavage kinetics faster than the intermolecular cleavage rate constant of 0.036
reflect inhibition of cleavage through re-ligation of bound min~' measured for R4 cleavage of S44 (Figure 2). The H1
product and not a defect in catalysis, ribozymes with two- sequence formed by B3 binding is more stable than the
way and four-way helical junctions should display similar H1 sequence formed byR2 binding by~2 kcal/mol 31)
cleavage kinetics when' ®roducts dissociate at rates that so that product dissociation rates foP3 and 33 are
are much faster than ligation rates. Self-cleavage kinetics expected to differ aimost 40-fold. The observation that R4
were compared directly for ribozymes with four-way and S42 and LR43 cleave at virtually identical rates suggests that
two-way helical junctions using ribozyme configurations in product dissociation is much faster than ligation in both cases
which the 5 cleavage product RNA is covalently joined to and that the cleavage step and not slow product dissociation
5 ribozyme RNA (Figure 4A,B). R2 has the same H1, is rate-determining. Evidently, ribozymes with two- or four-
H2, H3, and H4 sequences a®R8, but the H5 and H6  way helical junctions self-cleave at the same rates when the
sequences of'B4 are replaced by an unstructured oligo- weak affinity of the ribozyme for '3products allows rapid
nucleotide linker in 8R2. The self-cleaving configuration product dissociation. Therefore, it appears that re-ligation
prevents differences in’ Bleavage product binding affinity — of bound 3P4 accounts for the low rate constant observed
from obscuring effects of Product dissociation on observed for R4 cleavage of S44.
cleavage rates. This experiment also demonstrates that the same product,
Self-cleaving ribozymes,of-32P]LR24 and §-32P]LR43, 3'P4, that appears to undergo re-ligation in reactions with
were first prepared in ligation reactions with-f?P]5R2 and R4 dissociates before re-ligation in reactions witRz The
3'P4 or with [0-3?P]5 R4 and 3P3. Ligation reactions were difference in partitioning of P4 between dissociation and
then diluted, and the amount ai£?P]5R2 or [a-3?P]5 R4 ligation could be explained if ligation is faster or if product
was measured over time. LR24 and LR43 self-cleaved at dissociation is slower for ribozymes with a four-way helical
virtually identical rates of 0.52 and 0.63 min respectively junction compared to minimal ribozymes. The following
(Figure 4C). These self-cleavage rates are similar to the experiments were designed to test each possibility.
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A GAAA GAAA GAAA A GCAUCU: GCAUCU ﬁ
- AA N R &~ a- A
b2 aa &S &k Ss & g8 8y gg &d
A- G- AU GC A-U GG B-A G-G J-A G-G
G-B G-C a-C G-C G-C G-C -G G-C CC-G G-C
c-6 u-A 6.8 U-A G- U-A £ A A AP £ Aﬁ é<—
A-U_G-C A-Us G-C A-U~ GC U aa GoH u ca s
wA~8f A8 $-A-330 A AA C Kiigation A AA C
G-C C-a G-C C-G G- C-G U A G-G ——— U A G-C
(R RS
N N . " B 8 N é-¢
L ’g A & Keoleavage £ ’?3 A &R k3ps,off i ‘}5 A AP Ge‘ﬁ Ry Gajﬁ A
Yy % 1 = ¢ Ge& 4 — U GG con uta &g UIA g
b AR C Y AR C Y AA U ¢@ 5G-C G-G 5G-C
4 A G-C kIigation ﬁ A GC k3'P3 on G A G C G-C G-C
4 c Y-A A c U-A ’ A c U +¢ A, G A, G
U oA §C oo 5 ogc v g % A AA 'AA
-c N - ' Ro-
&g A 8¢ A &< A 5'R2-3'P8 LR28
-G 56 cg 56
G- é-C G-¢ B AA N
AafS AnaS A %é AA G A
LR43 5'R4-P3 5 R4-P3 u-p %8 58 )
g-¢ GC Ad g
B acucu A ACUCUA acucua ﬁ:ﬁ\g:é 95 Ezé
G-C AU G-C ™ a-U G- A Y-a26-C gia~gg
8¢ t6 gc g G-¢ GG g:¢ i G-cA-U
g4 &8 g &8 48 §¥ U-a  C€-G Kiigati 5% &8
& % A é £ AG ﬁ et £ ?5 A AP €76, B Cup m cg'G G-C
H AG U kcleavage H AG SOH k3P4, off H AG SOH Lf\ G A GOH N A ‘Ea ﬁ é“
2 AA C A AA € N A AA by U AG U Keleavage u AG U
i T % il o b &h.q b s AR 8
I < Kigation U a'¢ kapa,on U G g +A A ¢ U-A UooaGg
a G-C G G-C 6. A G & V] A G:¢ A [
¢ A GG A G-C A G G-¢ W4 &€
U-A A U-A A U-A A G-C  A-U G -C
U-a ¢ U-a ¢ U-A ¢ U-A  a-U G-¢  A-U
C-G 5G C-G 5G C-G 5G U-A C-G U-A  A-U
G-C G-C G-C g-g 56-C oA &8
Apa® Aas® AaR A8 Ag-%
LR24 5'R2:P4 5'R2+P4 AR
5'R4-3'P8 LR48
C
c 0.7
T 0.6
= 2
T & 0.5
o + 544
5 e
= 5
= [Te) -
T 2 0.3
7 =
=22 i ]
=, 0.2
0.1
T T T T -
0 2 4 6 8 0075 T T T T T
time, min 0.0 02 04 06 0.8 1.0 1.2 1.4
. time, min
Ficure4: (A) LR43 self-cleavage reaction. (B) LR24 self-cleavage o ] .
reaction. (C) Self-cleavage rates of 0.£30.02 and 0.52t 0.01 Ficure 5. Self-ligation rates were measured for ribozymes with
min~t were determined for LR438) and LR24 W), respectively, ~ two-way or four-way junctions that have the same H1 sequence

from the fit to [LR]/([5'R-P] + [LR]) = e %eawst after normalization containing eight base pairs. Observed ligation rates represent the

to the fraction of ligated ribozyme at the start of the cleavage rate of approach to the equilibrium between ligation and cleavage
reaction. and equal the sum of ligation and cleavage rate constants. (A) Self-

ligation of 5R2 and 3P8, forms LR28. (B) Self-ligation of'R4

P P iyt T _and 3P8, forms LR48. (Ckobs,iigationvalues of 3.5+ 0.2 and 18+
SelfLigation Kinetics Self-ligation kinetics were com- 0" &2 0 > = ed o R3PS @) and 5R43P8 @),

pared in reactions with'R2 or 8R4 and a large 'Joroduct respectively, from the fit to [LR}/([FR-P] + [LR]) = e Kossioaiot.
RNA, 3 P8, that associates with Bbozyme RNA to form

an H1 sequence with eight base pairs (Figure 5A,B). A trace ligation rate constant of 17.6 mih Thus, self-ligation of a
amount of p-3?P]5R2 or [0-*?P]5R4 was first combined  hairpin ribozyme with a four-way helical junction is 6-fold
with a high concentration of 'B8 under conditions that faster than self-ligation of a minimal hairpin ribozyme.
promote complete saturation ofi-f?P]5R with 3P8 but

support no detectable ligation. Virtually no dissociation of Keqint = Kigation/Kcieavage (2)
the stable -*2P]5R-3'P8 complex is expected to occur on
the time scale of ligation reactiong5). After dilution of Calculation ofKed™ values from the ratio of ligation and

the [0-3?P]5R-3'P8 complex into reaction buffer, observed cleavage rate constants (eq 2) shows that a self-cleaving

ligation rates of 3.5 and 18 mitiwere determined from the  hairpin ribozyme with a four-way helical junction favors

appearance ofo[-*2P]LR28 or [p-3?P]LR48, respectively, ligation over cleavage by nearly 30-fold while a minimal

over time (Figure 5C). self-cleaving hairpin favors ligation by less than 6-fold under
The B3R-3'P8 complex undergoes ligation in a reaction the same conditions. Thus, the balance betwég@luct

that approaches equilibrium at a rate that is the sum of thedissociation and ligation shifts in favor of ligation for

cleavage and ligation rate constants (eq 1). ribozymes in the context of a four-way helical junction.
Provided that the highest activation barrier encountered
Kops,ligation= Kigation T Keleavage 1) during ligation and cleavage reactions is the same, the ratio
of ligation and cleavage rate constants (eq 2) will equal the

A rate constant of 2.9 mirt can be calculated for B2 self- ratio of ligated ribozyme and Bibozyme-product complex,

ligation from the difference between the measured self- [LR]/[5'R-P], when a ligation reaction at saturating concen-
cleavage rate of 0.52 mih and the observed self-ligation  trations has reached equilibrium. In practice, correspondence
rate of 3.5 min'. The same calculation gives &35 self- betweenKed™ values calculated from eq 2 and values



Ribozyme Tertiary Structure and Ligation

calculated from the fraction of ligated ribozyme at the end
of a ligation reaction is difficult to confirm experimentally.
Under most conditions, some fraction dfrbhozyme RNA

is catalytically inactive, likely due to misfolding of RNAs
into catalytically inactive conformations32, 33) or to
hydrolysis of the 23'-cyclic phosphate during purification
of the B ribozyme fragment. Consequently, calculations
based on the fraction of ligated ribozyme at equilibrium give
lower values foKe{™ because the measured amount ‘& 5
includes catalytically inactive RNA25). The average values
of 0.7 for the fraction of LR48 and 0.6 for the fraction of
LR28 at equilibrium in ligation reactions with saturating
concentrations of 88 give values of 2.3 and 1.5 for [LR48]/
[5'R4-3'P8] and [LR28]/[3R4-3'P8], respectively. Equilib-
rium constants calculated in this way are much lower than
the values of 30 and 6 that are obtained from ligation and
cleavage rate constants foR8 and 5R2, respectively, using
eq 2. This discrepancy can be explained if 26% '&%band
5'R2 RNAs are assumed to be catalytically inactive.

Stability of Ribozyme3' Product Complexed he interac-
tion between the ribozyme and Broduct RNAs defines
essential features of the catalytically active ribozyme struc-
ture. Binding of 3 product RNA generates loop A and the
intermolecular H1 sequence (Figure 4). A& substitution
of the B terminal guanosine of the Broduct RNA eliminates
detectable catalytic activity and interferes with dockigg, (

23, 34), pointing to a critical role for this nucleotide in
ribozyme assembly and catalysis.

Self-ligation is the reverse of the self-cleavage reaction
diagrammed in Figure 4. The extent of ligation at the end of
the reaction is the product of the binding equilibrium and
the equilibrium between ligation and cleavageq™. Ap-
parent equilibrium dissociation constants foR®'P com-
plexes,Kqapg ", can be calculated from the Broduct RNA
concentration dependence of the extent of ligation at equi-
librium (Figure 6).

With 3' product RNA in large excess ovanf?P]5R so
that [3P] = [3'Plows throughout a ligation reaction, the
fraction of ligated ribozyme, LR, at equilibrium depends on
the concentration of'3roduct RNA according to eq 3.

[LR] [3'P]
[LRT+ SRl Kyn |+ [3'P]

®3)

For the simple mechanism shown in Figure 4, the apparent
equilibrium dissociation constarg .ps ", is the product of
the binding equilibriumk.#* k.2, and the internal equi-
librium between ligation and cleavage of bourich8duct,
Ked™ (€q 4).

3P 3P
3P __ koff kcleavage= Kd

P kongP kligation Keqim

(4)

Kd,ap

An apparent equilibrium dissociation constaiig,aps ™,
of 5 nM was measured in self-ligation reactions witRR%
and 3P4 (Figure 4A,B, Figure 6B, Table 1). Factoring out
the contribution oKe4™ (eq 4) using the value of 30 that is
obtained from the ratio of ligation and cleavage rate constants
(eq 2) gives an equilibrium dissociation constant of 140 nM.
This value represents a weighted average of the equilibrium
binding of 3P4 to 3R4 in both docked and undocked
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FicUrRe 6: Equilibrium dissociation constants foiR53'P complexes
determined from the'B concentration dependence of the extent
of ligation at equilibrium. (A) A thermodynamic framework for
analysis of the 3product binding reaction includes the equilibrium
between docked and undocke®RFK; = [5'Rundocked/[5'Rdocked)s
product binding and dissociation fromiF5 RNA in both docked

(K2 = [5"Raocked[3'P/[5' Raocked 3 P]) and undockedd(s = [5'Rundocked
[3'P)/[5'Rundockea3d' P]) conformations, the equilibrium between
docked and undocked®3'P complexesK4 = [5'Rundockea3 P/
[5'Rgocked3'P]), and the equilibrium between LR and the docked
5R-3'P complex Ked™ = [LR}/[5'Ruocked3'P]). (B) Apparent
equilibrium dissociation constants of 148090, 5.0+ 0.17, and
550+ 53 nM were determined forB2-:3'P4 ©), 5R4-3'P4 (@),

and 3R4-3'P3 (a) complexes, respectively, from the fit to fraction
LRi=e = (LRsa) ([5'R-3'PJ/([5R-3'P] + Kgaps") where LR— is

the fraction of ligated ribozyme at equilibrium and {Rs the
fraction of ligated ribozyme at equilibrium with a saturating
concentration of ®. (C) The change in free energy expected for
formation of a simple RNA helix with the same sequence as the
intermolecular helix formed between ribozymes and cleavage
products, H1, was calculated using empirically determined free
energy parameters for RNA helix formatioBlj, giving a AGreiix
value of —6.5 kcal/mol for the H1 sequence of théRS3'P4
complex. AGzs:c undocked = RT In K3 —7.7 kcal/mol reflects
binding energy derived from base-pairing interactions and ter-
tiary interactions within the undocked complex. Therefore, the
difference betweemM\Gas:c undocked aNd AGheix Can be used to
estimate that extrahelical interactions within the-Hdop A—H2
domain of the 3R-3'P4 complexes contribute—1.2 kcal/mol to
product binding energyAGas:c gocked= RT In Kz = —10.2 kcal/
mol reflects binding energy derived from tertiary interactions
within the docked complex. The difference betwe®B:sc gocked

= RTIn K; —10.2 kcal/mol andAGzsc undocked= RT In K3
—7.7 kcal/mol gives a coupling energhAGysc = —2.5 kcal/
mol, for the energy contributed td Broduct binding by interactions
that form within the docked, but not the undockedR&3'P4
complex.
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Table 1: Stability of 5Ribozyme-3' Product Complexes
complex Kaaps ™ (NM)2 Ks*P (nM)P AGosc® AGasc f AGosc,f AAGosc g AGasc helid AAGoscy

5'R4-3'P3 550+ 50 2500 7.7 —7.4 —4.9 —2.5 —2.9 -1.0
5'R4:3'P4 5.0+ 0.2 140 —9.4 —10.2 7.7 —25 —6.5 —-1.2
5'R2-3'P4 1400+ 90 7800 —-7.0 - - - —6.5 -

a Apparent equilibrium dissociation constants were measured from'Fhedcentration dependence of ligation reaction extents (Figure 6), as
described in the text. Calculated froan aop " x Ked™ (€q 4).¢ Calculated fromAG = RTIn (K*F), whereRis the gas constari, is the temperature
in degrees kelvin, anl®F = Kgaps” x Ked™. ¢ Calculated fromAG = RTIn (K2), whereK; = [5'Ryocked[3' P[5 R*3'Puocked, @s described in the
text. ¢ Calculated fromAG = RTIn (K3), whereK3 [5'Rundocked[3'P)/[5'R*3 Pundocked, @s described in the textCalculated from the difference
betweenAGzs-c g and AGzsc,. 9 Calculation based on empirically determined free energy parameters for formation of base-paired RNA helices
(32). " Calculated from the difference betweAiG,sc y and AGasc helix

conformations (Table 1). An apparent equilibrium dissocia- overestimate the relative stability of the docked conformation
tion constantKqapg ™4 of 1400 nM was measured in self-  of the BR-3'P complex and the actull, value is as high as
ligation reactions with the minimal ribozymeR®, and 3P4 1, the contribution of this term would still be small, less than
(Figure 4B, Figure 6B, Table 1). Using eq 4 and tg™ 0.033. Likewise, the second part of this termK ", is sig-
value of 6 calculated from eq 2, an equilibrium dissociation nificantly less than 1. Therefor&gaps" is determined pri-
constant of 7800 nM can be calculated f&P& binding to marily by the first term in the denominator of eq 5 (eq 6).
the minimal BR2 ribozyme (Table 1). This value is more

than 50-fold higher than the equilibrium dissociation constant ap (1T KYK, 5
calculated for binding of the samé roduct RNA to 5R4. dapp K_int (6)
FRET experiments recently have provided evidence that ed

the hairpin ribozyme is in equilibrium between an active
docked conformation and an inactive extended fol®—(
23). Therefore, a complete thermodynamic framework for
analysis of the 3product binding reaction includes the
equilibrium between docked and undocke® 53 product
binding and dissociation from'B in both docked and
undocked conformations, the equilibrium between docked
and undocked 'R-3'P complexes, and the equilibrium
between LR and the dockedRs3'P complex (Figure 6A).
For this detailed mechanism, it can be shown that

The magnitude ofK;, the equilibrium distribution of
docked and undocked conformations ofR8, can be
estimated from time-resolved FRET measurements of a
ribozyme with a four-way helical junction similar to R4
(Figure 2A) @3). In the absence of bound substrate, this
ribozyme displayed &; value of 3.4. By assuming a value
of 3.4 forK; and a value of 30 foKeJ™, a value of 34 nM
can be calculated fd£,, the equilibrium dlssociation constant
for 3'P4 binding to docked'R4. This corresponds to a free
energy of—10.2 kcal/mol for 3 product binding within the

ILR] [3'P] docked 5R4-3'P4 complex (Table 1). Because the H2 and
— = H5 sequences form in the absence bp®duct but not in
[LRI+ SRl (1 + KK, Ky + 1 [3'P] the absence of substrate, FRET measurements of the docking
Keqint K int Keqi”t equilibrium for ribozyme in the absence of substrate likely
(5) overestimate, for docking of 3R4. If virtually all of 5R4

is in the docked conformation at equilibrium so thatis

Docking equilibria have been quantitated for a series of gyerestimated by as much as 10-folg 3 P4docked yglues
hairpin ribozyme variants with different helical junctions \would increase by only-3-fold, leading to an error of—0.5
using time-resolved FRER®). Direct application of docking  kcal/mol in the calculated binding energy. Conversely, if
equilibria measured using FRET to interpretation of func- vyijrtually no 5R4 is docked at equilibrium, underestimation
tional assays described here is limited by differences in of K, results in a proportional error in the calculatégvalue.
ribozyme sequences and the lower temperature of 3.8 Based on the thermodynamic cycle shown in Figure 6A
that was used for FRET assays. Even so, FRET measuregngd eq 7, a value of 2300 nM can be Ca|cu|ated|¢grthe
ments of the relative stabilities of docked and undocked equilibrium dissociation constant for 4 binding to the
conformations of different hairpin ribozyme variants can be yndocked conformation of B4, fromKj, K», andK, values.
used to estimate the relative contributions of interactions Thys, interactions within the undocked complex contribute

\t/)V'tZ'n docked and undockedR3'P complexes to'droduct  —7.7 kcal/mol to the 34 binding energy (Table 1, Figure
Inaing. 6C).

Analysis of reaction kinetics presented here and physical
characterization of docking equilibria using time-resolved KK, = K5K, (7
FRET 23) suggest that the second term in the denominator
of eq 5 reduces to [B]. The first part of this termKa/Ked™, The difference betweeNGysc dockes= RTIN K; = —10.2

becomes important only whefy, is large, that is, when the  kcal/mol andAGzsc undocked™ RTINK3 = —7.7 kcal/mol gives
undocked form of the "R-3'P complex predominates over a coupling energyAAGsc = —2.5 kcal/mol, for the energy
the docked form. FRET studies give a smiélj value of contributed to 3product binding by interactions that form
0.05 for a self-cleaving ribozyme with a four-way helical within the docked, but not the undockedR8-3'P44 complex
junction that resembles théRet-3'P complex 23). Assuming (Table 1, Figure 6C). Conversely, binding 0P34 stabilizes
aK, value of 0.05 and &4 value of 30, the value measured docking by the same amount.

for the BR4 self-ligation reaction (Figure 5), the value of The H1 sequence of théR4-3'P3 complex contains one
Ka/Ked™ is 0.0017. Even if FRET measurements greatly fewer G:C base pair than the H1 sequence of tRa3' P4
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complex (Figure 4A,B). An apparent equilibrium dissociation A
constantKgq aps 73 of 550 nM was measured in self-ligation
reactions with 8R4 and 3P3 (Figure 4A, Figure 6B, Table
1). The same series of calculations giveS;sc docked= — 7.4
kcal/mol andAGgsc undockes— —4.9 kcal/mol for binding of
3'P3 to 3R4 and the same coupling energy\Gzsc = —2.5
kcal/mol, for the energy contributed by docking t6°33
binding energy (Table 1).
The change in free energy expected for formation a simple
RNA helix with the same sequence as the intermolecular
helix formed between ribozymes and cleavage products, H1, a1 32 33 84 35 35 87
can be calculated using empirically determined free energy 1000/7T (K')
parameters for RNA helix formatior3{). These calculations
give AGyeiix Values of—2.9 and—6.5 kcal/mol for the H1 B
sequences of thé B-3'P3 and 5R-3'P4 complexes, respec- .
tively (Table 1).AGgsc undocked€flects binding energy derived 404
from base-pairing interactions and tertiary interactions within
the undocked complex. Although the uncertainty in this
estimate is high, the difference betwe&;sc undockegd@nd
AGreiix Can be used to estimate that extrahelical interactions
within the Hl—loop A—H2 domain of BR-3'P3 and 5R-
3'P4 complexes contribute—1 kcal/mol to binding energy
(Table 1, Figure 6C). ‘ | | 1 : : |
A potential source of error in these calculations is 33 34 35 36 37
uncertainty in the value dfed™. Error in the value oKeg" 10007 (KT)
creates the same proportional error in b&thand K3 but

has no effect on the calculated free energy difference betweerl” ISURE 7QET§§£erﬁU;egefgnd?\;‘°& Oéflgal"agfﬂ aEg_lggAati&n) in 50
. A m a , pH 7.5, m ggl 0.1 m .
docked and undockedrs3'P complexes. Based on similarity Arrhenius plot of the temperature dependence of the rate constants

between ligation and docking rates, it has been suggestedor ligation @) and cleavage&) gives values for the activation
that the docking step is rate-determining for hairpin ri- energy,E, of 12 &+ 0.5 and 1740.8 kcal/mol, respectively. (B)

bozyme-mediated ligation20). However, the activation  van't Hoff plot, usingKeq™ values obtained from the ratio of ligation
energy of 28.8 kcal/mol reported for dockin@of is and cleavage rate constants, gived® = —5.4 + 0.4 kcal/mol

significantly higher than the activation energy of 13 kcal/ andAS” = —11+ 2 eu.

mol measured for self-ligation of a similar minimal ribozyme of product binding energy also requires an estimate of the

se?uetnce under_ thef sa(rjne lc(:.onditio(:jZf?.(T:[he differen(ie tlﬂ t relative stability of docked and undockedR2 in the absence
activation energies tor docking and igation suggesis that a ¢, |4 3p and this information is not yet available. In

step other than dopkmg presents the hlghest energy .barnerthe absence of bound substrate, no docking was detected for
to ligation. Resolving this discrepancy will require direct

comparison of docking and ligation kinetics with the same a minimal ribozyme with the structure of R2, suggesting that

ribozyme sequences under identical conditions. If measured}?e Vfgl:ez%ﬂ(éés high enough to contribute significantly to
Kigation Values do reflect a slow docking step, however, and 92 (20, 23). o

not the rate at which the docketRs3' P complex undergoes Temperature Dependence of Clege and LigationLR43
ligation as shown in Figure 6A, actulllk{" values would self-cleavage rate constants increased from 0.25Tain15

be higher than 30, the value obtained from the ratio of °C to 4 mimr* at 45°C. Slow 3P3 dissociation prevented
ligation and cleavage rate constants (eq 2). If this is the case direct self-cleavage rate measurements at temperatures below
product binding energies would be overestimated in these 15 °C. Self-ligation rate constants increased from 3 Thin

INKax

w
(o)
1

In(kiigation/Kcleavage)
2
1

w
N
|

w
o
w
S

calculations. For example, using the 10-fold higtieg at 0°C to 18 mirr! at 25°C and became too fast to measure
value of 300,AGzsc gocked aNd AGoscundockeaValues each  at temperatures above 28. To allow calculation of self-
increase by 1.4 kcal/mol to-8.8 and —6.3 kcal/mol, ligation rates at temperatures between 0 an8d,leavage

respectively. Alternatively, actu#lled™ values might be lower ~ rate constants were extrapolated from the temperature
than the values obtained from ligation and cleavage rate dependence of cleavage rate constants that were measured
constants (eq 2) if the rate-determining steps for ligation and at higher temperatures. Arrhenius plots of these data (Figure
cleavage are not the same. Using a 10-fold loigft value 7A) give activation energiess,, of 12 and 17 kcal/mol for
of 3, AGazsc docked @Nd AGas:c undockedValues each decrease ligation and cleavage reactions, respectively. The linearity
by 1.4 kcal/mol to—11.6 and—9.1 kcal/mol, respectively.  of these plots suggests that no change in the rate-determining
Regardless of the actual value #%J™ however, the  step occurs at low temperatures and that the use of
difference betweem Gasc docked aNA AGzsoc undocked VAlUES extrapolated cleavage rate constants for calculation of ligation
remains—2.5 kcal/mol. rate constants led to no significant errors. Thermodynamic
A K, value of 0.34 can be estimated from the equilibrium activation parameters calculated frde values, reflecting
distribution of docked and undocked ribozymes with a bulged differences between ground state and transition state energies
two-way helical junction similar to’'R2 that was determined  for ligated ribozyme and for the' 5ibozyme-3' product
using time-resolved FRET28). However, detailed analysis complex, are shown in Table 2.
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Table 2: Thermodynamic Parameters for Ribozyme-Catalyzed Cleavage and Ldgation

cleavage ligation Keg f
ribozyme AGHe AH*d ASe AGH® AH*d ASe AG® AH° AS
LR4 20+ 0.02 17+ 0.8 -11+4+3 18+ 0.4 11+ 0.5 —24+2 —-2.0 —-5.4+0.5 —114+2
LR2P 20+ 0.5 17+ 1.0 —11+3 20+ 0.5 12+1 —25+3 —-0.5 —4.5+0.3 —14+1

a Calculated forT = 298 K (25°C). AG® and AH° are kcal/mol.AS’ are eu” Taken from Nesbitt et al.25). ¢ Calculated fromAG* = —RT
In(kmash/ksT) whereh is Planck’s constankg is Boltzmann's constant, arkhax is the rate constant for self-cleavage or ligationTat 298 K.
Values represent the mean and range of two or more measurefh@atsulated fromAH* = E, — RT. Errors were computed from fits to Arrhenius
plots. ¢ Calculated fromAG* = AH* — TAS'. T K¢J™ values calculated from the ratio of self-ligation and self-cleavage rate constants. Thermodynamic
parameters calculated from van't Hoff plots using°® = AH® — TAS.

is irreversible. The cleavage rate constant of 0.457in
24 observed for intermolecular cleavage of S42 by R4 and the
20 , i AGR2E.AGR4 LR43 self-cleavage rate of 0.63 mirare similar to the LR24

] y \ self-cleavage rate measured in parallel experiments and to
rate constants previously measured for intermolecular reac-
tions of minimal hairpin ribozymes under similar conditions
(5, 35). Evidently, the additional stability of the docked
] , hairpin conformation in the context of a four-way helical
OF---g-- /o T TR junction has little effect on the activation barrier for cleavage
44T LR __AGR2-AGR4 (Table 2, Figure 8). Thus, the context of a four-way helical
junction appears to decrease the free energy difference
between the 'Bribozyme complex and the transition state
FIGURES: Free energy diagram illustrating the difference between @nd stabilize ligated ribozyme relative to thertbozyme
reactions catalyzed by a minimal hairpin ribozyme (dashed lined) complex by about the same amount (Figure 8).
and a hairpin ribozyme in the context of a four-way helical junction Because self-cleavage occurs at virtually identical rates

(solid line). The four-way helical junction stabilizes ligated ri- for hairpin rib ith f helical
bozyme and the transition state relative to thetibzyme-product or hairpin ribozymes with two-way or four-way helica

complex so that the activation barrier to ligation decreases while junctions, the ratio of ligation and cleavage rate constants
the activation barrier to cleavage remains unchanged. changes from less than 6 for a minimal ribozyme to nearly

30. We previously found that high concentrations of cations
Ligation was favored relative to cleavage throughout the shift the internal equilibrium toward ligated ribozyme by
temperature range that was tested although the preferenceccelerating ligation and not by slowing cleavag®)(Thus,
for ligation decreased with increasing temperatufes™ tertiary structure stabilization by the context of a four-way
values calculated from the ratios of ligation and cleavage helical junction mimics the effect of high cation concentra-
rate constantsigaion/Keieavage ranged from 64 at 0C to 27 tions. The observation that both reaction conditions and
at 25°C. A van't Hoff plot of Keq™ values (Figure 7B) gives  structural modifications that stabilize the ligated ribozyme
AH°® = —5.4 kcal/mol andAS’ = —11 eu for the differences  preferentially accelerate ligation suggests that the transition
in enthalpy and entropy between thertbozyme-product  state resembles ligated ribozyme more than it resembles the
complex and ligated ribozyme. Thus, a negative (favorable) cleaved ribozyme product complex.
enthalpy overcomes a negative (unfavorable) entropy to drive 5 jink petween tertiary structure stability and the internal
the reaction toward ligation over a broad range of temper- ¢ jijiprium between ligation and cleavage has been proposed
atures. to explain the difference between hammerhead and hairpin
DISCUSSION ribozymes in thg pr_opensity to catalyze ligati@). (re(tiary
structure modifications also have been found to influence
In the natural context of a four-way helical junction, the internal equilibrium between cleavage and ligation reac-
hairpin ribozyme reactions exploit a kinetic mechanism that tions mediated by the hammerhead ribozyme. A structural
is distinct from the mechanism of minimal hairpin ribozymes. constraint imposed by circularization of the substrate RNA
The four-way junction ribozyme is a particularly efficient was shown to shift the internal equilibrium in favor of cleav-
RNA ligase. At 25°C, self-ligation of 5R4 is 6-fold faster ~ age by reducing the ligation rate constadf)(while a spe-
than self-ligation of R2, and self-ligation of R4 becomes  cific cross-linked form of the hammerhead ribozyme cata-
too fast to measure directly at higher temperatures. A self- lyzes cleavage and ligation with similar rate constants (T.
ligation rate of 40 min! at 37°C can be extrapolated from K. Stage-Zimmerman and O. C. Uhlenbeck, personal com-
the temperature dependence of ligation, and ligation ratesmunication). Thus, tertiary structure stability is a major deter-
are expected to exceed 1lsat temperatures above 4E. minant of ligation activity for both hammerhead and hairpin
The difference between ligation rate constants for ribozymes ribozymes.
with two-way or four-way helical junctions demonstrates that ~ The slow cleavage of S44 by R4 (Figure 2) reflects a
stabilization of the docked conformation lowers the activation change in the kinetic mechanism of reactions mediated by
barrier for ligation by~ 2 kcal/mol (Table 2, Figure 8). ribozymes that contain a four-way helical junction and not
In contrast to the significant acceleration of ligation, self- a defect in catalytic activity. Cleavage kinetics were simu-
cleavage rates are unaffected by junction structure providedlated based on the kinetic mechanism shown in Figure 9 to
that 3 product dissociation is much faster than ligation and test the notion that the apparent drop in cleavage rates results

Reaction coordinate
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Ficure 9: Kinetic mechanism of S44 cleavage by R4. The substrate
binding rate constant is calculated fré@avagdu® values obtained
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study might have been complicated by a change in the kinetic
mechanism if measured cleavage rate constants reflected
ligation and product dissociation steps as well as the cleavage
step. Despite a reduced activation barrier for ligatid®,

we found individualAH* and ASF values for cleavage and
ligation reactions to be the same, within experimental error,
as those measured previously for minimal hairpin ribozymes

from R4 cleavage reactions with S42 and S44. Substrate is assume25). The similarity of thermodynamic parameters of cleav-
to bind irreversibly. Cleavage and ligation rate constants were age and ligation reactions catalyzed by minimal hairpin

obtained from LR43 self-cleavage and LR28 self-ligation rates,
respectively. The'Product dissociation rate constant was calculated
from KP4 the cleavage and ligation rate constants, and the
observed cleavage rate at saturating substrate concentrations. Th
3' product binding rate constant was calculated fit&g#"* and the
calculated 3product dissociation rate constant.

from rapid re-ligation of bound product. Over the same range
of ribozyme concentrations that was used to determine kinetic
parameters for cleavage of S44 by R4 (Figure 2B), an Eadie
Hofstee plot of simulatedops cieavagevalues gaveKgeavage,app

= 0.037 min! andKy® = 2.6 nM, in good agreement with
experimentally determined kinetic parameters. Thus, simula-
tions support the conclusion that partitioning of bound
product between dissociation and ligation leads to apparent
inhibition of cleavage.

In the context of a four-way helical junction, tertiary
contacts within and between helifoop—helix domains
contribute —3.7 kcal/mol to the product binding energy
beyond that due to helical base pairs (Table 1). Despite the
difference in size and complexity, hairpin amdtrahymena
ribozymes seem to share a similar mode of product binding.
The P1 helix is the intermolecular helix that forms between
the internal guide sequence of thetrahymenaibozyme
and substrate or product RNAs. Like the two helizop—
helix elements of the hairpin ribozyme, the P1 helix is in
equilibrium between extended and docked statg®). (
Extrahelical interactions between the P1 helix and the
Tetrahymenaribozyme core contribute-—6 kcal/mol to
product binding energy (reviewed 88). Important contacts
between theTetrahymenaibozyme core and'zhydroxyls
of both strands of the P1 helix have been identified from
the loss in binding energy that results from specific deoxy-
nucleotide substitution880—42). Specific deoxynucleotide
substitutions in loop B and the ribozyme strand of loop A
also have been found to impair hairpin ribozyme cleavage
activity (43, 44), leading to the proposal that a “ribose zipper”
motif (18) mediates docking between loops A and B5)(
Functional assays developed in the current study combined
with time-resolved FRET measurements of docking equilibria
provide a way to evaluate energetic contributions of specific
functional groups to tertiary interactions within and between
hairpin ribozyme structural elements.

The Arrhenius activation energy of 17 kcal/mol measured
for self-cleavage of a hairpin ribozyme in the context of a
four-way helical junction is similar to the Arrhenius activa-
tion energy previously measured for a minimal hairpin
ribozyme @5). The temperature dependence of cleavage
reactions catalyzed by a hairpin ribozyme with a four-way
helical junction previously was reported to give a lower
Arrhenius activation energy of 13.5 kcal/matZj. This
discrepancy might stem from differences in the specific
hairpin ribozyme sequences used for the two studies.
Alternatively, cleavage rate measurements in the previous

ribozymes and ribozymes with a four-way helical junction
provides no indication of any fundamental change in the
pature of the rate-determining step or steps for reactions
catalyzed by the two ribozyme structures.
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