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1 Introduction

Little is known about RNA dynamics, even though it is likely that dynamics
are important for both folding and function, The ribozyme, L-21 Scal, derived
from the group 1 intron of Terrahymena thermophila (Zaug et al. 1988; Kay
and Inove 1987) provides an excellent system for studying dynamics, since its
secondary structure is known (Michel and Dujon 1983: Burke et al. 1987, Cech
et al. 1994} and a geod model is available for its three-dimensional structure
(Michel and Westhof 1990). Moreaver, spectroscopic probes have been devel-
opcd thal arc sensitive to binding of substrate by this ribozyme (Sugimoto et
ak 1989b; Bevilacqua et al, 1992; Kierzek et al. 1993). This permits detection of
imtermediates and measurement of rate constants for various interconversions.
The effects of substitutions and of solution condilions on these rate constants
give insights into relationships between structure and dynamics and function.
The RNA wotion most intensively studied thus far in this system is docking of
substrate into the catatytic core of the ribozyme (Bevilacqua et al. 1992, 1993,
1994 Li ct al. }995; Li, Profenno and Turner. unpubl. results). This chapter
reviews the mothods and results of these studies, and discusses some future
perspectives.

2 Fluorescent Probes of Dynamics

The most commonly used spectroscopic technigues lor studies of RNA dy-
namics are absorption (LeCuyer and Crothers 1994) and fluorcscence
{Bevilacqua et al. 1992; Kierzek ct al. 1993) These technigues have several
advantages: they can detect movement in the absence of chemical reaction;
they permit rapid collection of many time points with high precision afler
initiation of a change, and the time resolulion is limited only by the time
required for initiation of the change. Thus, in principle, processcs as fast as ms
and ns can be probed by rapid mixing (Johmson 1992) and temperature-jump
{Turner 1986) experiments, respectively,
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Fluorescence is particularly useful for studies of the group I nbozyme.
singe it can be used with fow concentrations of ribozyme where solubility and
aggregation are not problems. Since the ribozyme ts not naturally flucrescent,
the origin of any flucrescence change is localized te the site of the Suorescent
probe. Two proven fluorescent probes, pyrene {pyr} and epsilon A {EA}, are
shown in Fig. 1. The fuorescence of pyrene-labeled subsirates, e,
pyrCCUCU, is enhanced by as much as 20-fold upon binding to ribozyme
{Bevilacqua et al. 1992; Kierzek e1 al. 1993} probably due to dimninished
guenching by cviosine and wracil {Kieezek et al 1993). This guenching is
apparenily due to electron transfer (£ Conanor et al. 1994; Nelzel er al. 1963;
Manoharan et al. 1996). The fluorescence of £A can change by twofold upon
inding {Sugimolo et al. 198%k). Fig. 2 provides an example of the wealth of
data avaifable from a single shot in a rapid mixing apparatus employing
Auorescence detection. In this experiment, pyrCCUCUA was mixed with
the group I nibozyme, L-21 Scal, in the presence of pG. Collection of a total of
560 sme poinds over {wo separate fime windows of 10 and 190s permitied
detection of three separate fluorescence transients. This indicates at ieast four
states of the Auorcscent probe in solution, consistent with the proposed
mechanism shown is Fig. 2 {Bevilacgua et a1 1994}, As discussed below, the
first step of the mechanism is base-pairing of substrate with the miernal
guide sequence of the ribozyme. The second step is docking of the rewly
formed helix into the catalylic core of the riborvme, and the third step is
reaction 16 give the products pyrCCUCU and GA Rates for all three steps can
be determined from analysis of this single trace {see Fig. 2). Rate constanis for
all three steps can be obtained from similar measurements as a fonction
of subsirate conceniration combingd with related chase experiments in
which dissociation of complex is followed by rapidly mixiag preformed com-
plex with a large excess of an unlabeled oligopyrimidine substrate {Bevilacqua
et al. 1994),

A disadvantage of using fluorescent probes is that introduction of the
probe may periurt the system under siudy. Thas it s important to check as
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Fig- 1, Structure of the 37 end of 2 pyrepe-modificd oligomer (pyr(), and struciure of
epsifoa adencsine (€A} incorporated mto an oligomer
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many characieristics as possible against results with less pertusbing probes
such as ¥P. For example, for the pyrene-labeled substrates of the group |
ribozyime under solution conditions of SmM Mg®, 135mM NaCl, 15°C, the
following comparisons suggest that the prebe is relatively wunperturbing
(Bevilacgua et al. 1992, 1993, 1994; Bevilacqua and Turner 1991): For the

following reaction ai pH 65:
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Fig, 2. Dependence of fluorescence {F) on time afler mixing equal volomes of
pyrCCUCH A mM p( aad 1.-21 Seas 3 mM pds. Final concenirations after mixing are
248 pyrCCUCUA, 200nM 1L-21 Sca [, and SmM prG. Dals are the average of two
separate suxings. Data are it o F = F_4 Fe v+ Fev e + Foe Vs resulling in rates of
it =855, Ve =8.755. UV, = 00275, and amplitudes of B, = 039, F, = -0.12, ang
F, =-0.33. Bufler s 36mM HEPES, pH 7.5 with SmM Mgl and 133 mM NaCl. Also
shown is the minimal mechanjsm for pyrCOUCUA binding to L-21 Sca §oin the
presence of p(5. Lines indwate basc-puiring. Bodd dots indicate aucleotides that require
2°0H groups for optimal binding {Sugimoto el al. 198%a; Bevilacqus and Turner 1991,
Pyle and Cech 1991; Strobet and Cech 1993)
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CCUCUA + pG — CCUCU + GA, (13

the rates for CCUCUA and pyrCCUCUA are 0009 and (0.00145, respeg-
tively (Bevilacqua et sl 1994}, This sixfold pertarbation is modest cansidering
the total catalytic enhancement of about 10" over the uncatalyzed rate
{Herschiag and Cech 1990} {sce also Herschlag and Cech, this Vel.). For
reaciions similar to the following:

CUCU + UCGA — CUCUA + UCG, {2

(k. /K, ) for UCGA reacting with CUCLU and pyrCUCH ai pH 7.4 are both
124357, For reaction with CCUCU aad pyrCCUCU. they ars 130 aad
2200757t {Bevilacqua ei al. 1992}, Thus, pyrene does pot have large effects on
reacticns thal mimic both the first and secend steps of splicing. [n the presence
of pdG, the dissoeiztion constant for CUCU measured by equilibrium dialysis
is 25aM, whereas that for pyrCUCH measured by fluorescence defected
stopped flow is 230ni. Pulse-chase experiments indicate that in the absence
or presence of pG or pdG there is kess than a twofold change in off rate for
CUCU and pyrCUCU (Bevilacqua et al. 1993) Tertiary interactions with the
longer substrate pyrCCUCU in the absence of pdG enhance binding by 125-
fold, identical to the enhancement expecied for CCUCU in the absence of
pdG (Bevilacqua et al. 1992). Apparently, pyrene s less perturbing with
fonger substrates, where it 15 further from the sites of chemistry and tertiary
interactions. Finally, qualitative features of 1he interactions of substrate with
tibozyme that have been observed by fluorescence measurements hawe bzen
confirmed by studies with ¥P-dabeled subsirates (see below},

3 Resuls from Fluorescence Studies

The mitial Auorescence-detected stopped How suwdies of group | ribozyme
dynamics demonstrated 1hat binding of pyrCUCU, pyrCCUCH, and
pyrCUCUCU substrales ocours in two steps as shown in Fig. 3 (Bevifacqua et
al. 1992). This two-step binding was most apparent from the cbservation of
two fluorescence (ransients for binding of pyrCCUCHL A plot of the rates of
these fluorescence transients as a function of substrate concentration provides
values for k), k_,, and k, + k.., as shown i Fig. 3. The value of k. + k_, can be
partitionied into the individnat rate constaats based on the rate measured in a
chase experiment in which preformed ribozyme - substrate complex i3 mixed
with a large excess of unlabeled CCUICU as shown in Fig. 4. When k, »>= k.,
the observed dissociation rate, K, = k_k_/(k_, + K;}. Thus, with pyrCCUCU,
ali four rate constants can be determined for the mechanisim shown in Fig. 3.
A slightly different situation » observed for pyrCUCU. 1n this cuse, only a
single Buorescence transient is observed, and the apparent k, of 3.8 % 10 M-
f57t is roughly 100-fold slowsr than tha: measured for pyrCCUCU. This is
because the first imermediae formed with pysCUCTU is refatively unstabie so
that its concentration pever builds up fo an observable level. {n this case, as
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Fig. 3A,B. The dependence of rate on oligomer concesiration is shown along with
relevant mechanism and ratc equalions Ior A pyrCCUCU and B pyrCUCU. Also
shown on rate piots are features that are relsted io specific rale consiants

shows in Fig. 3, the apparent k,, = kK, kv/k_,, and the apparent ko = k. Thus
pyrCUCU provides a conventent subsirate for studymg the effects of vanous
conditions on k_,. Note, however, that if cily pyrCUCU had been sindied, the
mininal mechanism consistent with the data would have been one-step bind-
ing with an association rate much slower than expecied for helix formation.
Thus it is somretimes important to study the kinetics of a series of subsirates in
order to deduce the correct mechanism.
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Fig. 4. Scheme for chase experiment described 1 text

The disscciation constant, K, = k_ /k,, for the first step in binding
pyrCCUCY o ribozyme is 130 aM, essentially the same as the X, of 126nM
for pyrCCUCU binding to GGAGGA, an otigonucleotide mimic of the inter-
nal guide sequence of the ribozyme that base pairs with substrate. This sug-
gests that the Arst siep in binding involves base-pairing of subsirate (o the
ribozyimne (Bevilacqua et al. 1992). This had been inferred previousty from the
absalute magnitude of the association rate measured with 2P-[abeled sub-
strates {Herschlag and Cech 1990}, Both association and dissociation rates
measured by stopped Jow for pyrCCUCU binding o ribozyme, however, are
about tenfoid slower than for binding to the oliponucieotide GGAGGA. This
suggests the internal guide sequence is partially occluded in the threesdimen-
sional siracture of the riboryme so that the solid angie for approach and
dissociation of substrate is restricted {Bevilacqua ct al. 1992),

A secoud step in bindisg has been inferred from observations of
miscleavage of substrates by 4 mutast of the L-21 Scal ribozyme {Herschlag
19492}, Presumably, this secand step is docking of the initially formed helix into
the catalytic core of the ribozyme. Based on the three-dimensional model
of Michel and Westhof (1990), this doeking is = helix-bundling step.
Flucrescence-detected stopped flow provides the first measurements of the
rate constants for this RNA folding step. At 15°Cin SeM Mg®, 135 mM Na(l,
as shown in Fig. 3, the docking and undocking rsie constans, k; and k_,, for
pyrOCUCU are 2.5 and (L0257, respectively {Bevilacqua et 2l 1992). The rate
of docking s roughly HI00-fold siower than rates measured far iatramolecular
formation of secondary structure. This 5 consistent with the often used us-
sumplion that secondary structurs can be predicted withowt congidering ter-
tiary interactions {Turner ¢t al. 1988).

Measurements of the rate constants {or docking and undocking make it
possible 1o investigate the factors that aflect this RNA folding step, Thus far,
the cffecls of temperature, of extending the oligomer substrate to melude a
cleavage site, and of occupation of the G binding site of the ribozyme have
been investigated,

The effects of Temperature on subsirate docking have been studied with
pyrCLICU (Li et ab. 1995). For this substrage, 3 plot of the rale ohserved forthe
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single fivorescence lransient as a funcuon of pyrCUCH concentration pro-
vides Kok /k_, from the slope and ¥, from she inlercept {Fig. 3} Since kJk_
the association constant for the base-pairing step, it can be approximated by
the association constant for pyrCUCU binding to GGAGAA, an oligonucie-
otide mimic of the mternal guide sequence. The iatter association constant as
a function of temperature can be obtaincd from thermal melting experiments.
Thus such experimienis combined with rates for binding pyrCUCU 16
ribozyme mensured as a function of temperature can provide the temperature
cependenee of k; and k. The results of this analysis are summarized in Fig. 5.
The activation enthalpy for docking is 22 kealimol. This tndicates that docking
i not a simple diffusion process, since diffusion is associated wih activation
zathalpies of about dkcalimaol. The activation entropy for docking 5 a favor-
abje 21 eu. suggesting thal the transition state is kess ordered than the proced-
ing statc. This 15 celatively rare, since iransition states are usually more
ordered thas 1he preceding state. For example, the activation entropy of
undacking 1s an unfavorable 15eu. One possible origin for the unusual activa-
fion entropy for docking is debydration of metal ons ia the Wansition state
preceding the docked state. For exampie, Mg? binding to ATP s associaled
with & {avoerable activation entropy of 12 eu (Banvasz and Swmuelr 1972} 1t is
guitie possible that buadiing of helixes would set up specific sites for ecordina-
von of Mg™. A thiophosphate substitution study of ribozyme identified several
phosphaies importaml for reaction, inciuding some #kely (o coordinaie
Mg* (Chrislian and Yarus 19933 The enthalpy and cniropy changes ter dock-
g of pyrCUCU are 8kealimol and 37 eu, respectively {see Fig. 3). These
unfavorable enthalpy and favorable entropy chaages are also vonsistent with
dehydrativn driving docking. For example, Mg? binding to ATP is associated
with @ SH® and AS® of 3kcakmol and Z¥ew. respectively (Banyasz and Stuehr
19733,

While a flsorescence transient agtributable to docking s readily apparems
when pyrCCUCU 5 raphdly mixed with ribozyme at 13°C and 3mM Mg, no
such transicnl s observed with pyrCCUCUA under the same conditions
{Bevilacgua 2t al. 1994). Rather. a single exponential fluorescence enhance-
ment is observed. Motcover, a plot of the rate of the single fluorescence
transient ebseyved for pyrCUCHA vs. pyrCUCUA concentration gives an
apparent k af 3x P M5 S0-foid faster than for pyrCUCLL Bath observa-
tions suggest that docking ingo the catalyiic core s unfavorable when A s
added to the 3 end of the substraie. This was initially surprisiog, since the
phasphodiester between U and A is the site of chemstry for the reachion
shown in Fig. 2. When preformed sibozyme- pyrCCUCUA complex is mixed
with pG, bowever. two fluorescence rransients are observed, These are attrnib-
uted to docking followed by chemnical reaction. Thus pG is able (o induce
docking. These observarions led 1o a mode] 1n which there is an unfuvorable
fertiary interaction with the termmaal pA. Addition of pG provides sufficiens
additional favorable tertiary sateractions o permut docking. The unfavorable
fertiary interachions. however, serve (o ruise the free energy of the rbozyme-
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Fig. 5. Free encrgy @ 315°C G, entrapy, 5, and enthalipy, f, verses seaction coerdinate
for pyrCUCU binding to L-21 Sca ©in S0mb HEPES, pH 7.5, with 5mM Mg(l, and
133 md Na(’l. The transilion siate between only base-paired and fully docked complex
38 repnmesenled by 2g
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subsirate complex closer 1o the free energy of the transition state for chemical
reaction. As illusuated in Fig. 6, if these unfavorable interactions are relicved
i e transition state, then this provides a catalvtic strategy for enhancing
reaction rale {Bevilacqua et al. 1994). A similar model bas been proposed
from studies of substrates labeled with #P {Narlikar ¢t al. 1593}, Such substrate
destabilization is known 1o be importznt for catalysis by proteins {Jencks 1975;
Fersht 1985} 1 has also been suggested for reaction at the 37 intron-exon
junction of the group [ ribozyme based oa equilibrium dialysis measurements.
showing that UCAGA binds more weakly than UG (Meoran et al. 1993).

Fredicied

Reaction Coordinate

Fig. 6. I'ree envrgy a1 13°CL 4, versus reection coerdinzie for pyrCCUCUA biading 16
L.-21 Sca 1 in the preseace of suturating pG in S0mM HEPES pH 7.5, with 3mM Mg
and 133mM Nalll. Shown are the free, base-paired, apd docked siaves for
pyrCCUCUA and 1he docked state for pyrCCUCU . The predicwed rce energy for the
docked state of pyrCCUCUA 3 the free cnergy expected o ihe terliary Inieraciions
sbserved with pyrOCUCU docked into (be calalvtic site of £-21 Sca | ars added to the
frec eneray for pyrCCUCUA only Base-puired to L-21 Sea | The measured free encrgy
for pyrCCUCUA docked into the catalybic site 1s higher {more unfavorable), suggest-
g substrate destabilization is a catalyiic strategy for the ribozyme (Bevlloogus e al
PO Maehidoar et wl. 19933, A similar strategy has been suggested for nbozyme resctions
mimicking splicing at the 3 end of the intron (Moran ct al. 1993}
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The dramatic effect of the presence of pG on Hhe dynamics of bisding
pyrCCUCUA 15 2 clear 1ndication of inleraction between the twe binding
sites. The first imdication of such interaction came from the chservation that
pdG enhanges the binding of pyrCCUCU by about 1kcal/mol (Bevilacqoa et
al 1992). An interacton between the two binding sies was not initially ob-
served i experunents with ¥P-labeled substrates because “coupled binding
that gives a small effect of =threefold would not have beea detected”
[Herschiag and Cech 1990, This iflustrazes two of the advantages of speciro-
scopic probes: {1) rapid collection of many data points allows high precision in
determination ot rates, and {2} separation of individual steps o the time axs
makes if easier 1o determine if some intermediate step has been affected by
sample preparution. More deiailed experiments with #P-labeled substrates
bave shown coupled binding beiween oligopyrimidine substrates and pG
(McConnell et sl 1993). Interestiagly, flzorcscence studies show thal the
coupled binding is dependent on the 2’0OH group of pG (Bevilacqua et al
1993 Y. Li. L, Profenne. R. Kierzek and B.H. Turner, unpubl. cxperiments}.
For example, compared with the absence of eofactor, pyrCUCU oinds four-

Fig. 7. A speculative medel for the interaction of pG with CCUTUA i the catalytic
site of the group | ohozyme, L-21 Scu 1. Deshied fine is & possibie hydrogen bond
petween the Z70H of pG and the R noabridging oxygen between U and A Tha arrow
shows whers the 3 oxygen of pG must attack to give 1he cleavape products CCUCU +
GA
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fold more tighily in the presence of 15 mM pdG due 1o a slower undecking
rate, bul fourfold more weakly in the presence of 15mM pG due to a slower
apparent on rate {Bevilacqua et al. 19931, Whereas pG induces enhancements
of fluorescence that caa be aributed to docking of pyrCCUCUA {Bevilacgua
er al. 1994) and CCUCUA (L. Frofennc, R Kiereek, and D.H. Turner,
ustpubl. experiments), pdG induces quenching of fluorescence, indicating 2
conformational change 10 a different state {Y. Li, L. Profenno, R. Kierzek, and
D.H. Turper, unpubl. experiments). This indicates that the 2°0H groupof G is
crucial for correct positioning of subsirate in the active site, For a wide variety
uf coaditions, pdG does not support splicing ¢ Bass and Cech 1¥88) or reactlons
of tvpe {1} and (2} shown above (Morun el al. 1993), imerestingly, an OH
group of iyrosine is important for positioning the reactive phosphadiester
bund ir the exonuckase site of Klenow [ragment {Freemont et al. 1988; Beese
and Seitz 1991} b has been sugpested that the mechanism for bond cleavage
by Klenow {ragmen: may be related to that used by groap Tintrons [Steitz and
Steitz 1993). By anzlogy with the Klenow fragment and the Michel and
Westhof {1998) model for the group | infron puised for the secoad step ol
splicing, a meodel structure that is consistent with the importance of the 270OH
group of G in positioning oligopyrimidine substrates prior 1o the first step of
splicing is presented i Fig. 7. In this model, a hydrogen bond between the
2'OH of G aad the R, nunbridging phosphale exygea al the cleavage site helps
hold she reactive phosphodiester bonrd ia place. Note, however, that models
with indirect coupling or 2 combination of direct and indirect coupling wre also
pussible.

4 Future Perspectives

1015 fikely that the folding and functioas of BN A often require farge conforma-
tionat changes. The dynamics of these changes are therefore of consideranle
inserest. Spectroscopic probes can provide much detail coneerning dynanics.
This chapter has focused oa one paréicuiar conformational change in one
particular RNA. The resulis relied on changes in 1he flunrescence of a single
flucrophore attached to substrate, It i3 alse possible, however, o usc two
different fuorophores as an energy donor-acceptar puir {Beardsley and
Camor 1971 Cardutio et al. 1988; Perkins et al. 1993 Fuschl et al. 1944},
Fluorescence crergy leansfer for such a pair s inversely proportional o the
sisth power of the distance between donor and acceptor (Torster 1959). Thus,
studies employving such pairs shoukd be exguisilely sensitive 10 dynamics thut
change the distance between the 1wo Aucrophores. Other probes, including
absorption (LeCuyer and Crothers 1994), chemival modification {Banerjee
and Turper. 1993}, and chemicul cross-linking (Wang ¢t all 1991, Wang and
Cech 1994} should also be usefil. Thus 11 should be possible tu fashion probes
for many different conformational changes in many different RNAs. The
results should lead 1o the peneral principles that govern RNA dyaamics.
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