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ABSTRACT: A stopped-flow fluorescence spectroscopic assay for RNA folding was used to monitor the
association of a multicomponent ribozyme derived from group Il introm.aifn the presence of Mg,
association of a short fluorescein-labeled oligonucleotide substrate with intron domain 1 (D1) resulted in
a unique fluorescein emission enhancement, which reflected ribozyme folding and substrate binding. It
was found that substrate binding follows a simple bimolecular encounter modekswéhproaching the

rate of simple duplex formation. TH&; between substrate and D1 was determined to be 11 nM, which

is in close agreement with they obtained through oligonucleotide cleavage assays requiring catalytic
domain 5 (D5). Ribozyme variants D13 and D135, which contain D3 and/or D5 attached to D1 in-cis,
bound substrate with very simil&ty values, suggesting that D1 can fold independently and contains all
residues important for ground-state binding to substrate. Both stopped-flow fluorescence assays and
chemical modification footprinting data showed that, in all three ribozymes;*Mes required and
sufficient for folding. The rates of substrate association and the fraction of active ribozyme showed
similar [Mg?*] dependencies, indicating that folding and substrate binding in these three ribozymes are
the result of similar processes involving specific, weakly bound™gns. The apparent binding constants

for the Mg ions were found to be approximately 70 mM in each case. Together, these data show that
D1 is an independent folding unit with respect to substrate binding and that specffiddng are required

for the formation of a distinct tertiary structure in group Il introns.

The catalytic function of a large RNA molecule depends that certain individual RNA domains can fold independently,
on correct formation of its tertiary structure (Pyle & Green, serving as building blocks, or nucleation points for tertiary
1995). Although the secondary structures of most catalytic structure formation (Doudna et al., 1991; van der Horst et
RNA molecules are known, understanding of their detailed al., 1991; Murphy & Cech, 1993; Zarrinkar & Williamson,
tertiary structures is limited. The large sizes of many 1994; Doudna & Cech, 1995; Michels & Pyle, 1995; Pan,
catalytic RNA molecules render them difficult to study using 1995). This has led to an important view that the folding
conventional techniques of NMR or X-ray crystallography pathway of an RNA can be defined by its independent
(Pley et al., 1994; Cate et al., 1996; Varani et al., 1996). In folding domains and the interactions between them (Pyle &
addition to a general lack of structural data, little is known Green, 1995). Thus, identifying these independent folding
about the pathways of RNA folding and the thermodynamic units is the first step in understanding folding of an RNA.
forces that stabilize a unique three-dimensional form (Draper,  Self-splicing group Il introns have been found in the
1996). One feature that makes this problem more tractableorganellar genes of plants, lower eukaryotes and prokaryotes
is that many large RNA molecules can be divided into (Michel & Ferat, 1995). The group Il intron secondary
domains that can spontaneously assemble into a functionaktructure can be arranged into a set of six domains (Michel
structure (Doudna & Cech, 1995; Michels & Pyle, 1995; Pan, et al., 1989), of which domain 1 (D1and domain 5 (D5)
1995). These domains can function in-trans as individual are strictly required for catalytic activity (Pyle, 1996).
molecules that, when in a complex, recapitulate catalytic Domain 3 (D3) is not required (Koch et al., 1992; Michels
activity of the parent molecule. Many studies have shown
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Scheme 1 the advantage that components can be manipulated indepen-
dently with ease, both in-trans and in-cis. This allows one
’ K, Mg* to study the interactions between domains by varying their
- > concentration and structure.
D5 —_— Unlike proteins, where one can monitor an intrinsic
fluorophore such as tryptophan, many RNA transcripts do
& Pyle, 1995), but it greatly enhances catalytic activity not contain natural bases with a unique luminescence
(Podar et al., 1995; Michels et al., 1997). In many RNA signature. Certain cellular RNA molecules have been post-
molecules, the apparent pattern of phylogenetic covariationstranscriptionally modified in such a way that the lumines-
between domains can be used to predict the overall tertiarycence properties of specific nucleotides have been enhanced
organization of the molecule (Michel & Westhof, 1990). The (Leonard & Tolman, 1975). For example, the modified base
group Il intron represents a particularly interesting and 4-thiouridine absorbs and emits at longer wavelengths than
challenging RNA folding problem because there are no A, G, C, or U (Shalitin & Feitelson, 1976). It was the
phylogenetic covariations in WatselCrick base pairing  presence of 4-thiouridine in natural tRR&that facilitated
between the different catalytically important domains. In- many studies on tRNA folding (Kayne & Cohn, 1974;
stead, interdomain architecture appears to be stabilized by anolfson & Kearns, 1975; Milder et al., 1989). However,
network of unusual tertiary interactions involving backbone unless one wants to incorporate 4-thiouridine randomly or
residues and unusual badease tertiary contacts (Chanfreau at every U position, it is difficult to place it at a specific
& Jacquier, 1994; Costa & Michel, 1995; Abramovitz et al., position in an RNA molecule that has been transcribed in-
1996). Although few of these interactions have been vitro. In addition, RNA is very sensitive to UV damage at
identified at this time, one approach to their characterization the wavelengths that induce intrinsic luminescence. There-
is the division of the parent RNA into separate domains. fore, luminescence studies of large RNA transcripts require
These individual domains can be manipulated as separatehe addition of an extrinsic fluorophore that absorbs and emits
molecules, varying structure and concentration to probe thelight in the visible spectrum and does not damage the
energetics of tertiary interactions. transcript through photochemical processes. An appropriate
In an effort to understand structure/function relationships fluorescent label must be identified and placed in an
in group Il introns, a minimal ribozyme system was devised informative position that does not disrupt the natural structure
in which D1 and D5 were separated from the intron and of the RNA (Kierzek et al., 1993; Tuschl et al., 1994).
reacted, in-trans, with oligonucleotide substrates (Michels During the studies described herein, a fluorescein label was
& Pyle, 1995). The individual D1 and D5 RNAs bind and incorporated at the'%nd of the oligonucleotide substrate.
function together to carry out cleavage of RNA and DNA By following emission enhancement of this unique fluoro-
linkages (Griffin et al., 1995) within oligonucleotides that phore, the interaction between substrate and D1 variants was
base pair to a set of “guide-sequences” within D1 (Scheme tracked, allowing information on D1 folding to be derived.
1). With this assay, the following questions have been ad-
Detailed kinetic analysis of the reaction in Scheme 1 dressed: Can D1 fold independently and bind substrate or
revealed that, in the presence of D5, tagbetween D1 and  does folding require the presence of other domains? How
a short oligonucleotide substrate is 6.3 nM (Michels & Pyle, do metal ions promote the folding of D1? What is the role
1995). Because D1 includes the guide sequences, knowrof D1 in folding of the entire intron?
as exon binding sites 1 and 2 (EBS1, 2), it is likely that a
primary function of D1 is the recognition of substrate. MATERIALS AND METHODS
However, in the secondary structure of D1, the two EBS  Preparation of 5 Fluorescein-Labeled Oligonucleotide.
regions lie far apart from each other (vide infra). To form The sequence of the substrate oligonucleotide’ iS8G
the substrate binding site, the two EBSs must be brought GUGGGACAUUUUC GAGCG, with the underlined posi-
together and be correctly aligned through the participation tions representing intron binding sites 2 and 1 (IBS2 and
of other structural elements. This is supported by the IBS1), respectively, and “™ indicating the cleavage site.
observation that D1 deletion mutants containing only the All oligonucleotides used in these experiments were syn-
EBS1 and 2 sites cannot bind substrate with high affinity thesized on an Applied Biosystems 392 DNA/RNA synthe-
(P.Z2.Q. and A.M.P., manuscript in preparation). This implies sizer. 5 Fluorescein labeling was carried out as the last
that one or more folding events is a prerequisite for substratecoupling of the solid-phase synthesis, using the fluorescein
binding and that the D1 folding problem can be linked dye phosphoramidite (FAM) from Applied Biosystems, Inc.
experimentally to the kinetics of substrate binding. (ABI). Deprotection of the oligonucleotide was carried out
To this end, a fluorescence spectroscopic assay wasaccording to standard procedures (Wincott et al., 1995).
developed for studying the interactions of substrate with Purification of the FAM-labeled substrate oligonucleotide
group Il intron ribozymes. Using relatively simple instru- (FAM-S) was carried out by reverse-phase HPLC on a
mentation, fluorescence can be rapidly monitored under Waters HPLC system fitted with a diode array detector, using
physiological conditions at low concentrations of sample a Nucleosil C18 column (250 mm 4.6 mm) from Altech
(Lakowicz, 1983). Together with a stopped-flow apparatus, Associates, Inc. The gradient was run at 1.0 mL/min and
luminescence can be used to track ribozyme/substrateran from 10% to 30% buffer B in 30 min, with buffer A
interactions directly and in real time (Bevilacqua et al., 1992). being 0.1 M triethylamine acetate (TEAA, from ABI) and
The transribozyme system composed of D1, D5, and buffer B being 100% acetonitrile. FAM-S was identified
oligonucleotide substrate (S) was used for these first studiesby the concurrence of absorbence peaks at 260 and 490 nm
of D1 folding. In addition to being kinetically well- and eluted at around 22% buffer B. After the acetonitrile
characterized (Michels & Pyle, 1995), the system also haswas evaporated by speedvac, fractions containing FAM-S
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were precipitated with 0.3 M NaCl and<3volume of 100%
ethanol at—20 °C overnight. The oligonucleotide was
resuspended in 10 mM Nfmorpholino]propanesulfonic
acid (MOPS), pH 6.5, 1 mM EDTA, and stored-aR0 °C.

Qin and Pyle

were heated at 95C for 1 min in MOPS, pH 7.5. To avoid
damaging the RNA, no Mg was present during this heating
process. After cooling the RNA solution to room temper-
ature for two minutes, salts were added and the RNA was

The concentration of the oligonucleotide was determined by incubated in the following manner: Indicated amounts of

absorbance at 260 nm in a Perkin ElImer Lambda 6 UV/vis
Spectrophotometer. The extinction coefficient is 25&80°
M~1 cm™1, which takes into account the absorbance of
fluorescein at 260 nm.

Preparation of RibozymesD1 and D5 were transcribed
as described previously (Griffin et al., 1995; Michels & Pyle,
1995). Ribozyme D135 (584 nts) was transcribed from
plasmid pT7D135 linearized witBcd. This plasmid was

ribozyme (D1, D13, or D135 at final concentration-2200
nM) were added to a solution €L buffer) containing 1 M
KCl, 0.1 M MgCl,, and 0.08 M MOPS, pH 7.5. This mix
was incubated at 42C for 20 min. At the same time,
FAM-S (final concentration 10 nM) was incubated ix 1
buffer at 42°C for 20 min. Binding was then initiated by
rapid mixing in the stopped-flow apparatus or in a cuvette
for steady-state measurements.

constructed from plasmid pJD20 using Kunkel mutagenesis Steady-state emission spectra were measured in an Aminco-

(Kunkel et al., 1991). Mutagenesis first replaced domains
2 and 4 with short stem loops. Thé Bxon was then

removed and replaced with a T7 RNA polymerase promoter,

so that the resulting RNA transcript starts at the first
nucleotide of the aip group Il intron. Finally, a restriction
site for Scd was created between D5 and D6 to remove D6
from the RNA transcript. Ribozyme D13 (528 nts) was
transcribed from plasmid pT7D13 linearized wianHI.
This plasmid was constructed from plasmid pT7D123
(Griffin et al., 1995; Michels & Pyle, 1995) by replacing
domain 2 with a short stem loop using Kunkel mutagenesis.

Concentrations of each ribozyme were determined spectro-

scopically from absorbance at 260 nm, using an extinction
coefficient of 1x 10* M~* cm™! per nucleotide.
Oligonucleotide Cleaage Kinetics. Oligonucleotide sub-
strate was ‘3end-labeled witl¥?P using T4 RNA ligase (New
England Biolabs) and radioactive cytiding 53-bis(phos-

phate) (pCp, MEN). Single-turnover reactions under saturat-

Bowman series 2 (AB2) luminescence spectrometer (SLM-
Aminco). Luminescence of samples was measured in a 1
mL volume, and the temperature of the sample cell was
maintained at 42C with a circulating water bath. The
excitation wavelength was set at 490 nm. Stopped-flow
measurements were done in an SLM-Aminco MilliFlow
reactor, which was mounted on an SLM 48000S spectro-
photometer. A xenon lamp was used as the light source,
and the excitation wavelength was set at 490 nm. The
emission signal was passed through a KV515 long-pass glass
filter (from Schott Inc.) and measured with a photomultiplier
tube (PMT). The observation cell (approximately 3R)

and driving syringes (2.5 mL) were maintained at@2with

a circulating water bath. Reactants that had been pre-
incubated under various conditions were loaded separately
into the driving syringes. Reactions were initiated when the
two components were driven and mixed into the stopped-
flow observation cell by high-pressure gas. Data collection

ing ribozyme concentrations were carried out as describedwas triggered by an electronic signal as motion of the stop

previously (Griffin et al., 1995).

Chemical Modification and Rerse Transcription.In a
procedure adapted from published work (Inouye & Cech,
1985; Pyle et al., 1992), approximately 2 pmol of D1 in 200
uL of buffer (0.08 M MOPS, pH 7.5, 0.5 M KCl or 0.1 M
MgCl, as appropriate) was incubated at 42 for 30 min
with or without 500 nM unlabeled substrate. Then 815
of dimethyl sulfate (DMS, Sigma) was added, and the
reaction was incubated at 42 for 10 min. Reaction was
stopped by addition gf-mercaptoethanol to 200 mM final

concentration and ethanol precipitation. For reverse tran-

scription, synthetic DNA primers weré Bnd-labeled with
T4 kinase. For detection of modification sites, 0.5 pmol of
modified D1 and 0.8 1.0 pmol of primer were dissolved in
7 uL of water and heated at 98C for 1 min. The
temperature was gradually (overl h) reduced to 40C,
and then 0.5:L of 10 mM dNTPs, 2uL of 5x buffer (250
mM Tris-HCI pH 8.5, 40 mM MgCJ, 150 mM KCl, and 5
mM dithiothreitol), and 0.%L of AMV reverse transcriptase
(25 unitsiL, Boehringer Mannheim) were added. The
reaction was incubated at 86 for 1 h and was then stopped
by addition of an equal volume of quench buffer containing
7 M urea. Dideoxynucleotide sequencing of unmodified D1

syringe was arrested by the adjustable stop, which was set
at 90-100 L to ensure reproducibility. The dead-time of
the stopped-flow apparatus was determined to be 5 ms. Each
measurement was repeated at least three times.

Pulse-Chase ExperimentsFAM-S and D1 were incu-
bated separately inxd buffer as described above for 20 min.
They were then combined, and incubation was continued at
42 °C for 5 min to ensure complete binding. Longer
incubation times up to 20 min were checked, but binding
was found to be fully equilibrated at 5 min. This pulse mix
was then loaded into one of the driving syringes. At the
same time, the chase mix, which contains excess unlabeled
substrate in ¥ buffer, was loaded into the other syringe.
Initiation of the chase was then carried out as described
above.

Data Analysis. Data from stopped-flow measurements
were transferred into the curve fit program Kaleidagraph
(Abelbeck Software). Data from each stopped-flow mea-
surement were fit to a single exponential equation

f(t) ="fo + f (1 — €4 1)

wherefy is the emission intensity &at= 0, f; is the magnitude

was done in the same manner, except that reactions containedf the fluorescence emission enhancememtato, andkqps

a 1:10 ratio of ddNTPs:dNTPs.
Spectroscopic MeasurementSach experiment was initi-

represents the apparent rate for the binding process. Values
for kops from repeat measurements were averaged. Standard

ated with a standard preincubation procedure, designed todeviations from repeat measurements were between 5% and
ensure that the RNA reaches a homogeneous state and t@5%, with most of them below 10%.

correct RNA misfolding that can occur during cold storage
(Uhlenbeck, 1995). For the preincubation, all ribozymes

The dependence d;,s on ribozyme concentrations was
fit to a linear equation
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Kops = KorlE] 1 Kogt ) of the ko between labeled substrate and D1. As discussed
later, the value ok, from the pulse-chase experiment

where [E] represents the concentration of ribozymes D1, Matches that determined by other methods. _
D13, or D135, andk,, andk. are the on rate and off rate of Taken together, the data suggest that accurate information

S with respect to the ribozymes. The dependendggbn on interactions _bet_ween substrate and ribozyme can be

Mg2+ concentrations was fit to the eq 5 in the text. obtained by monitoring the spectroscopic properties of FAM-
S. The fluorescein emission enhancement observed upon

RESULTS combining FAM-S with D1 provides the first evidence that

. ) D1 is able to bind substrate in the absence of other domains.
Evaluating FAM-S as a Probe for Folding of DIBefore  Because D1 alone does not have catalytic activity, the affinity
ribozyme-substrate interactions could be measured spec-petween S and D1 was previously inferred by monitoring
troscopically, it was necessary to ensure that the fluorescentthe kinetics of substrate cleavage in the presence of other
probe met two basic criteria. First, upon assembly of the catalytic components, particularly D5 (Michels & Pyle,
system, the label would need to show adequate signal change1995). FAM-S therefore provides a way to study substrate
At the same time, to ensure that the information obtained binding independent of catalysis.
through the label is an unbiased representation of the system, pjssociatioAssociation Kinetics of Substrate to D1.
the label should minimally perturb activity of the ribozyme. Having shown that FAM-S behaves like a normal substrate
To address the first issue, FAM-S was preincubated in iy steady-state experiments, we were able to extend studies
reaction buffer and then combined with D1.  Upon binding, of the interaction between substrate and D1 using stopped-
the fluorescein emission intensity increased by around 15%.flow spectroscopy, which allows one to track the interaction
with no significant shift in the position of emission maxima of substrate with D1 in real time (Johnson, 1992). Under
(Figure 1a). Emission enhancement required covalent at-poth D1 excess and substrate excess conditions, the time
tachment of fluorescein to substrate and was SpecifiC to theu‘aces of emission enhancement fit well to a Sing|e expo-
ribozyme-bound form, as duplex formation between labeled nential equation (eq 1, Figure 2), indicating that association
substrate and its complementary strand did not give ri.se_to between substrate and D1 is a single-step process. That a
such an enhancement (data not shown). The emissionmylti-exponential equation did not result in best fit of the
enhancement also required the presence GfNigde infra). data suggests that the FAM-S and D1 reaction components
Taken together, these data indicate that théubrescein  pehave as homogeneous entities and that there are no folding
label behaves as an appropriate probe for monitoring intermediates evident within the experimental timescale.
interactions between substrate and ribozyme. Under D1 excess conditions, with the substrate concentration
Ribozyme perturbation by the' Sluorescein label was  fixed at 10 nM, thekys values obtained from single
checked through two experiments. First, the single-turnover exponential fits varied linearly with D1 concentration (Figure
cleavage rates for FAM-S and the wild type substrate were 2 inset). This is a strong indication that the binding of
compared. Under saturating ribozyme concentrations (100substrate to D1 can be described by a simple bimolecular
nM D1, 3uM D5), cleavage of FAM-S follows standard encounter model shown in Scheme 2 (Fersht, 1985).
pseudo-first-order kinetics. The reaction rate for FAM-S is
only 3-fold slower than that of the unlabeled substrate (Figure Scheme 2
1b). In energetic terms, this is a small rate effect, especially .
considering that fluorescein is a large probe incorporated near S+ D1 ﬁ SD1
the active site. The high level of activity indicates that the
5 fluorescein label has only minor effects on behavior of  |n this model, the rate-limiting step is the association of
the ribozyme. the two components. Under conditions where one of the
To determine whether bound FAM-S could be chased components is in excedgysWill show a characteristic linear
away from the complex and dissociate normally, a pulse dependence on the concentration of the excess component.
chase experiment was conducted in which the FAM-S/D1 The individual rates can be obtained by fitting the apparent
complex was formed and then chased by the addition of observed ratesk{,9 to a linear equation (eq 2), where the
unlabeled substrate in excess (Johnson, 1992; Kierzek et al.slope represents the on-rakgf of substrate binding to D1,
1993). This experiment was necessitated by early resultsand they-intercept represents the off-rat&.). In this
with a rhodamine-labeled substrate that was cleavable bymanner, it was determined thkt, = (3.1 & 0.13) x 107
the ribozyme (for one turnover) but which could not M~! min ! andk.,s = 0.33+ 0.15 min! (Table 1).
dissociate from the ribozyme active site (P.Z.Q. and A.M.P., Theky, of 3.1 x 10/ M~ min~tis much smaller than the
unpublished results). This contrasts with behavior of FAM- bimolecular rate of diffusional encounter (10~ min=2;
S, which showed a decreased in emission intensity with time Eigen & Hammes, 1963). However, it is very close to the
after addition of chase (Figure 1c). This indicates that the value of 16—10° M~! min™! that is typically observed for
binding of FAM-S to D1 can be reversed by addition of the formation of duplexes longer than three base pairs
unlabeled substrate, suggesting that these two substrategPorschke & Eigen, 1971; Nelson & Tinoco, 1981; Herschlag
behave very similarly. Furthermore, the decrease in fluo- & Cech, 1990). As substrate binding to D1 involves the
rescein emission during the putsehase process can be fit formation of EBSIBS helices, it is reasonable that tkg
to a single exponential equation. The rate of decay was obtained experimentally is limited by the rate of duplex
determined to be 0.2% 0.01 mim®. Control experiments  formation. Thek,, value reported here falls at the low end
show that the decay rate is independent of the concentrationof the range known for the rate of duplex formation, so it is
of the competing oligonucleotide and FAM-S/D1 complex also possible thd¢,, is influenced by additional factors, such
(Figure 1c, caption). This suggests that the rate is a measureas the possibility of intramolecular hairpin formation within
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Ficure 1: Applicability of FAM-S as a probe for D1 folding and substrate binding. (a) Steady-state fluorescence emission spectra of
FAM-S. Emission spectra of 10 nM FAM-S inx1buffer (1 M KCI, 0.1 M MgC}, 0.08 M MOPS, pH 7.5) were measured with and
without D1 (100 nM). Measurements were done in an AB2 luminescence spectrometer (SLM-Aminco) with the excitation wavelength set
at 490 nm. Each spectrum was measured three times and averaged. The background emission from the buffer was subtracted. Emission of
FAM-S showed a 15% enhancement upon binding to D1, without change in the position of emission maxima. (b) FAM-S cleavage by the
D1/D5 ribozyme. Cleavage rates for3P end-labeled wild type substrate (S) and FAM-labeled substrate (FAM-S) were compared under
standard reaction condition (1 M KCI, 0.1 M Mg{D.08 M MOPS, pH 7.5, 42C) with saturating ribozyme components (100 nM D1,

3 uM D5). The kqps Values for cleavage were (1.35 0.04) x 1072 min~t for S and (0.520+ 0.04) x 1072 min~! for FAM-S. The

difference in cleavage rates was less than 3-fold, indicating that the FAM label did not disrupt the ribozyme active site.{ChBsése
determination of FAM-S off-rate. After allowing 10 nM FAM-S and 50 nM D1 to bind for 5 min, 500 nM unlabeled substrate was added

(t = 0 on this plot). Experiments were performed as described (Materials and Methods). The units of fluorescence intensity are arbitrary
and depend on the gain setting of the PMT, which was held constant for repetitions of averaged experimental data. Five time traces were
normalized to the same arbitrary intensity and then averaged. The averaged data were fit to a single exponential equation similar to eq 1.
From this, the decay rate was determined to be 82501 mirr®. The decay rate were independent of the concentration of the competing
oligonucleotide, for 100 nM unlabeled S, the rated.24 + 0.02 mi%; for 1 uM unlabeled S, the rates 0.29+ 0.02 minm®. The decay

rate is also independent of D1/FAM-S concentration. When the [FAM-S] is increased to 20 nM, the decay rate was found tx 0e02.28

min~1. Thus, the decay rate represents the off-rate of FAM-S from D1.

the substrate. In any event, the slow on-rate is likely to be cleavage assays in which D5, the catalytically essential
the rate-limiting step for binding and it will probably mask component, was presented in-trans (Michels & Pyle, 1995).
other processes, such as conformational change(s) in D1 thatn the absence of D5, D1 loses catalytic activity, but the
occur upon substrate binding. In the case offiegahymena  fluorescence results suggest that the binding strength of D1
ribozyme derived from a group | intron, a docking process to substrate is not weakened. It is remarkable thatikihe
following duplex formation between ribozyme and substrate values measured for the S/D1 complex are so similar given
was detected by using very high labeled substrate concentrathat two completely different approaches were used in their
tion to overcome the slow duplex formation rate (Bevilacqua determination. This strong similarity provides an additional
etal., 1992). As the emission enhancement of the fluoresceinassurance that the FAM label does not radically alter normal
is limited in this system, it would be difficult to overcome behavior of the substrate.
kon with large amounts of labeled substrate. Binding Strength of D1 to Substrate Is Independent of
As ko, becomes limited by duplex formation, the strength Other Domains To further test whether D1 can fold and
of the binding interaction is determined mostly ky. The bind substrate independently, the substrate binding affinity
kot Obtained from the linear plot in Figure 2 is 0.33 min of two other ribozyme variants was measured. The first
This is in good agreement with the rate determined from variant, D13, contains domain 1 and domain 3 (D3) con-
pulse-chase experiments (Figure 1c), thereby confirming nected by a short stem loop. The presence of D3 results in
that D1/substrate association can be modeled as a bimoleculaa ribozyme with a much faster cleavage rate (Michels et al.,
collision. 1997), although D5 is still required for catalytic activity.
The dissociation constaniK{) between substrate and D1  Using the fluorescence assay, #agof substrate binding to
was determined from the relationsi = Kori/kon, and was D13 was measured to be (248 0.097) x 10’ M~ min~*
calculated to be 11 5.0 nM (Table 1). This is in close  andky = 0.12+ 0.098 mirr®. This resulted in &4 = 4.3
agreement with the 6.3 nM value obtained through kinetic + 3.5 nM (Figure 3, Table 1). Values &f,, ko, andKgy
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Ficure 2: Stopped-flow kinetics of FAM-S binding to D1.
Association of 10 nM of FAM-S with excess D1 was monitored in
a stopped-flow apparatus as described (Materials and Methods)
Data were fit to eq 1. The time trace shown was obtained using 50
nM D1, and akops0f 0.037 st was observed. Insek,psfrom repeat
measurements were averaged, and plotted against D1 concentration
Data fit very well to a linear equation (eq 2). From the fit, the
following data were obtainedky, = (3.14 0.13) x 10° M~ min~?,

kot = 0.33+ 0.15 mirr?, andKy = Koii/kon = 11 £ 5.0 nM. The

numerical values shown for emission enhancement were normalized

by subtracting each intensity at timg from the intensity at time
= 0 and then dividing this value by the absolute intensity at time
=0.

Table 1: Rate Constants of Substrate Binding for Various
Ribozymes

ribozyme  Kon (x10°M~IminH)° Ky (Min1)P Ka (NM)e
D1 3.1+ 0.13 0.33£ 0.15 11+ 5.0
D13 2.8+ 0.097 0.12+ 0.098 4.3+ 35
D135 2.2+ 0.12 0.45+ 0.15 20+ 7.1

aValues were obtained from fitting data in Figures 2 and 3.
b Standard errors were obtained using the curve fit program Kaleida-
graph (Abelbeck)¢ Ky = koi'kon. Errors calculated by propagation from
kot and ko, measurements.
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Ficure 3: Concentration-dependent binding kinetics for ribozyme
variants. Association rates of 10 nM FAM-S with ribozyme D1,
D13, and D135 were measured and plotted against ribozyme
concentration. For each ribozyme, the data fit very well to a linear
equation (eq 2). Values fdgn, ko, andKq are provided in Table
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Ficure 4: Dependence of D1 conformation on different metal ions.
Assaciation of 10 nM FAM-S and 50 nM D1 was monitored. Buffer
contained 0.08 M MOPS, pH 7.3 M KCl or 0.1 M MgCh, as
indicated. In buffer containjnl M KCI without Mg?*, no emission

gnhancement was observed. In buffer containing 0.1 M MgCI

without K+, emission enhancement was observed. Thé"NMige
trace showed maximum emission enhancement of 15% d&ggl a
of 0.039 s, which are the same as those in buffer containingW¥ig
K+ (Figure 2), suggesting that Mg alone is sufficient for D1 to
fold and bind substrate.

The effect of D5 on substrate binding was tested in two
experiments. First, thé,ps value was measured spectro-
scopically in the presence of excess D5 in-trans (10 nM
FAM-S, 50 nM D1, 1uM D5) and was determined to be
0.0276+ 0.0008 s?, which is nearly identical to th&mps
value of 0.0284+ 0.009 s observed in the absence of D5.
Furthermore, association of FAM-S and the ribozyme variant
D135, which has D1, D3, and D5 all connected in-cis, was
tested. It was determined that for D13¥5, = (2.24+ 0.12)

x 10" M~ min71, kot = 0.454+ 0.15 mirr?, andKyg = 20+

7.1 nM (Figure 3, Table 1). Again, these values are similar

to those of D1 alone. Taken together, these data indicate
that neither trans- nor cis-acting D5 contributes extra energy
for substrate binding.

Role of M@" in D1 Folding and Substrate Binding.
Cleavage of oligonucleotides by the D1/D5 complex requires
high concentrations of both My and K, although certain
other monovalents will substitute to a limited extent fof K
(Michels, 1997). While it was known that metal ions were
required for catalysis, it was not clear if they played an
exclusive role in chemistry, or if they played an additional
role in ribozyme folding. After all, not all ribozymes have
been reported to require divalent metal ions for folding (Heus
& Pardi, 1991; Smith et al., 1992; Pyle, 1993). It was
therefore of interest to determine the salt requirements for
D1 folding and substrate binding. When binding was
initiated in a buffer that contains only 0.1 M Mggla
fluorescein emission enhancement similar to that in MgCI
KCI buffer was observed (Figure 4) and tkg for this
process was the same as that observed in the presence of
KCI. Conversely, when the experiment was conducted in

1. The kops for each ribozyme was very similar at the same buffer containing oy 1 M KCI, without MgChk, no
concentration, resulting in similé values for all three ribozymes.  fluorescein emission enhancement was observed (Figure 4).
These data suggest that Kloes not promote folding of a
are all similar to those of D1. It seems that no extra energy D1 molecule that is competent for substrate binding. In
in substrate binding is gained when D3 is attached to D1, addition, they show that Kdoes not enhance the ability of
even though the catalytic rate is enhanced. Therefore, correctMg?™ to promote folding of the RNA. Instead, the data
configuration of the substrate binding site does not require indicate that Mg" alone is sufficient for promoting the
D3. tertiary fold of D1 and that any requirement previously
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Ficure 5: DMS modifications of D1. DMS modifications of D1

were done under various conditions as indicated, and visualized results).
by reverse transcription (Materials and Methods). Primers comple-

mentary to nucleotides 33358 (A) and nucleotides 465123 (B)

of group Il intron ai%y (with the 8 first nucleotide being position
1) were used. Lanes U, G, A, and C: dideoxy sequencing o
unmodified D1. Lane D1: primer extension of unmodified D1.
Lanes 4: primer extensions of D1 modified under different
conditions as indicated (S is 500 nM unlabeled substratejsk
0.5 M KCI, Mg?" is 0.1 M MgClh). Primer extension stops one
nucleotide before the modified base (Inouye & Cech, 1985).

Nucleotide position numbers are given on the right. Locations of

specific structural elements within D1 are indicated on the left.

Qin and Pyle

rather than K, and this type of analysis confirms results
obtained by fluorescence studies. Furthermore, chemical
modification experiments also showed a salt dependence for
modification of tertiary structural elements within D1
(Figures 5 and 6), which further supports the idea that D1
exists in different conformations in Kvs Mg*. For
example, positions 259C and 255C in the loop region of D2a,
which are part of the so-callgg+/' paired element (Figure

6) (Michel & Ferat, 1995), are significantly more protected
in Mg?* (Figure 5a). For the first time, the data also show
that some form of pairing actually extends on either side of
the knowng—p' covariation. These results indicate that the
formation of the long rangB—/' interaction requires My,
which further suggests that Mgis required in the tertiary
fold of D1. Also, in the loop region between’Dand D',
several residues (Figure 6, positions 2229) were more
protected in M@" (Figure 5a), suggesting that they are
involved in an unidentified pairing or that they are sterically
occluded in the tertiary structure. The highly conserved
(Jacquier & Michel, 1987) and catalytically essential (Harris-
Kerr et al., 1993x—a’ interaction failed to form properly

in the absence of Mg (Figures 5b and 6). This is one of
the main tertiary structural contacts required for assembly
of the substrate binding site (P.Z.Q. and A.M.P., unpublished
An effect that was apparent in all of these
experiments was that residues flanking important tertiary
structures, such as nucleotides at the edges g¢f th# and

¢ EBS1/IBS1, became more susceptible to attack in the

presence of Mg (Figure 5). This suggests that these
nucleotides have become more strained and exposed once
the intron core had folded. It should be interesting to see
how this structural transition is related to functions of D1.
Quantifying the Role of Magnesium in Folding and
Substrate Binding of D1Once it was established that ffg

Asterisks indicate sites of DMS-independent reverse-transcriptaseis required for the folding of ribozyme, it was useful to study

stops.

reported for K was related to a potential role in binding of
D5 or in the chemical step of catalysis. From a more
conservative standpoint, the data may indicate thaalkine

does not promote formation of the ribozyme fold that

the effect of varying Mg" concentrations. Fixed concentra-
tions of FAM-S (10 nM) and D1 (50 nM) were incubated
separately under different Mg concentrations, and then
binding of substrate to ribozyme was initiated in the stopped-
flow mixing chamber. Values fok,,s were extracted from

stimulates emission enhancement, regardless of whether othe time traces and plotted against Mgconcentration

not substrate is bound. This is becauserkight promote
ribozyme folding and substrate binding, but fail to form a

(Figure 7). When [Mg"] was above 25 mMkgps was the
same with or without K. However, at [M@'] lower than

fluorescein binding pocket. But the fact that the fluorescein 25 mM, high concentrations of Kquenched the fluorescent

label is not far from the binding site, and that there is good

enhancement signals, presumably due to competition between

agreement between steady-state binding parameters reporteld™ and Mg*t. In order to exclude this K interference,

herein and those reported from catalytic activity studies,

subsequent experiments were done withotit K/alues of

supports the notion that emission enhancement directly koss increased as [M{] increased (Figure 7a) and the

reflects substrate binding to a folded D1 molecule.
Chemical Modification Studies of MigDependent Fold-
ing. That substrate binding does not occur without?Mig
strongly supported by results from chemical modification
footprinting followed by reverse transcription. Dimethyl
sulfate (DMS) modifies the N1 of A and N3 of C not
involved in Watson-Crick interactions, and this results in a
stop in reverse transcription (Inouye & Cech, 1985). DMS
modifications indicate that the EBS2 site in D1 is protected
only in presence of substrate and MdFigure 5a, lane 4),
indicating that the EBSPBS2 helix forms only in the
presence of MY and not K. The same modification

percentage emission enhancement also increased as a func-
tion of [Mg?*"] (data not shown), indicating that more &
complex forms as [Mff] is raised.

From eq 2, the dependence kf,s on [Mg?t] can be
separated into two parts: §ig] and the association/dissocia-
tion rate constants, andkos). Since only properly folded
D1 is capable of binding substrate and enhancing fluores-
cence emissiork,,sdepends on the folded D1 concentration,
[Efoid], rather than just the total D1 concentration, [E]. The
[Efod] increases as [MJ] increases, which results in the
formation of more ES complex and apparently tighter
binding. The other components kg,s areko andk,n. The

patterns were observed in the EBS1 region (Figure 5b, laneMg?" dependence ok, was measured by pulsehase

4). Chemical modification provides a direct structural
demonstration that substrate binding is dependent off Mg

experiments at different [Md]: at 300 mM Mg, the value
of kot was 0.43+ 0.01 min?, while at 30 mM Mg, the
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FiIGURE 6: Secondary structure of domain 1. The secondary structure of D1 is shown (Jacquier & Michel, 1987), together with the known

long-range tertiary interactions (Michel & Ferat, 1995). The HEBS, o.—a’, f—f', ande—¢' interactions are highlighted, with arrows to

indicate their polarity. The position of the-D5 tertiary interaction is

also indicated. Substrate is shown as a second molecule, with a dot

indicating the site of cleavage. Asr-¢' interaction does not form between S and D1, butdhe' interaction must be present within D1

in-cis, as shown here, or catalytic activity is severely disrupted (W. J. Michels, 1997). The D1 construct used in these studies extends to

nucleotide 425 of the intron, although these are not required for activity.

value ofky was 0.42+ 0.02 mirr? (data not shown). This
agreement ik over a 10-fold range in Mg concentration
strongly suggests thats is independent of [M§]. To a
certain degree, it is difficult to distinguish the Fig
dependence df,, from that of [Boq] because increases in
either [Boig] Or kon Will lead to apparent decreasesHg. In
addition,kon could be coupled to &y, since a conformational
change in E might affect the rate of substrate association.

despite the fact that it has been measured independently by
different laboratories under many different salt conditions.
Therefore, the evidence presented herein is consistent with
a model in which [ER] is the Mg?"-dependent term in the
expression describing,s (eq 3). As such, the Mg ions
detected through fluorescence measurements of real-time
substrate association are actually “folding” ions, which play
major roles in the ribozyme tertiary structure, rather than

This type of effect might be expected in a system like the ,q; the association/dissociation rate constants.

Tetrahymenaibozyme, where the overall rate of substrate
binding reflects a combination of terms for duplex formation

and subsequent docking (Bevilacqua et al., 1992). Nonethe-

less, modification interference data (Figure 5) show clearly
that the folding of the ribozyme (and thus the,[f term)

is dependent on Mg, while ko, is unlikely to be dependent
on [Mg?*] because it is at the known limit in rate for duplex
formation. This limit (16—1C M~! min™%) varies little,

On the basis of these arguments, a model was built to

quantitatively analyze the [Mg] dependence oksps TO
this end, eq 2 was modified as shown below:
Kobs = KonlEforal T Kot 3)

In this expression, only [&q4] is assumed to vary with
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0.07 [Mgz+]n
i [Etodd = [El ——— (4)
o.oe;E old [M92+]n+Kr,\‘,.g
0.05 [
= i where Kyg represents the apparent affinity for ffgions
g 004 involved andn represents a lower limit for the number of
2003 : ions involved and provides an index of cooperativity between
x° : Mg?* binding sites (a Hill coefficient). Substituting eq 4
0.02 ] into eg 3, one obtains the [M{] dependence ops
0.01 MG T
0% 100 200 300 400 500 Kobs = KonlEl Mg®] "k + Kot (5)
[Mg™"] (mM) Mo
0.04 Fitting the data to eq 5 (Figure 7a), the estimated values for
[ D1 areKyg =78+ 7.3 mMandn=15+0.3. Asnisa
lower limit for the total number of bound Mg ions, the
0.03 data suggest that the folding process reflected in substrate
= binding involves at least two Mg ions. The fact thah >
3 0.02 1 indicates that the ions bind cooperatively and the deviation
2 of n from an integer value (1 or 2) may suggest that the
=" Mg?* ions involved do not bind with complete cooperativity.
0.01 Because th&,,smeasured in this case is dominated by terms
: that reflect the Mg"-dependent fraction of folded molecules,
0.00 b s et experimental measurements kafs provide information on
0 20 40 60 80 100 120 140 160 the properties of specific associated metal ions.
[Mg**] (mM) Effect of Magnesium in Folding and Substrate Binding of
D13 and D135. The data up to this point indicate that D1
0.05 ; . X L
i functions as an independent folding unit with respect to
0.04 | substrate recognition. Other catalytically essential domains,
B such as D3 and D5, were observed to have little role in D1
=~ 003: folding or substrate binding. However, comparatilg
§ T values were obtained under high salt conditions (1 M KCl,
! 0.0 X 0.1 M MgCl), and one might therefore argue that contribu-
L tions from elements outside D1 are masked under this
001 E condition, since high ionic strength can compensate for loss
' of RNA structures. A better comparison might be made in
N N T the absence of KCI, using a range of Mgoncentrations,
o 100 200 300 400 500 where differences in the folding of ribozyme derivatives
[Mg®*] (mM) could become apparent. Because it has been established that

FiURE 7: Dependence on Mg of ribozyme folding and substrate  the Mg@* dependence dfs reflects the Mg" dependence
binding. (a) Association rates between 10 nM FAM-S and 50 nM 0f ribozyme folding, one could monitor the Migdependence
D1 were measured under various ¥goncentrations as described.  of substrate association with D13 and D135 in order to obtain

Data were fit to eq 5, which gavévg = 78 + 7.3 mM andn = further information on the role of catalytically essential
1.5 4+ 0.3. In fitting eq 5,kon and k. were included as M- domains in ground state folding

independent, floating variables. (b) Association rates between 10 ) : o
nM FAM-S and 50 nM D13 were plotted against Mgoncentra- To this end, the dependence lofs on [Mg='] for D13
tions, and data were fit to eq 5. The value i, = 41 + 5.3 and D135 was measured in the absence 6f #llowing

mM, with n = 1.7 & 0.4. (c) Association rates between 10 nM  the same experimental procedures as those used with D1.
FAM-S and 50 nM D135 were plotted against Mgoncentrations,  gjmjlar to the D1 casépsfor both D13 and D135 increased
ﬁ”ﬁ gagiwgrze fitto eq 5. The value Kifig = 94+ 4.1 mM, with as [Mg'] increased. The values &fys are similar for all

' - three ribozymes under the same #¥goncentrations (Figure
7b,c). When the data were fitted to egiqyg Was estimated
to be 41+ 5.3 mM for D13 and 94t 4.1 mM for D135,
respectively. These values are similar to that of D1,
Furthermore, interactions between D1 and magnesium canindicating folding and substrate binding in all three ribozymes

[Mg?*], while kot andkon are treated as Mdg-independent
variables.

be described in Scheme 3, involve a process with similar Mg requirements. Further-
more,n was estimated to be 1F# 0.4 for D13, and 1.3t
Scheme 3 0.2 for D135. Againn values for all three ribozymes are
very similar to each other, suggesting that all three ribozymes
E +nMg®" = E-nMg** ium ions i i
nvig- = e+nivig have the same number of magnesium ions involved in the

folding process and the same degree of cooperativity among
wheren represents the number of different magnesium ions them.
involved in this process. This results in the following Similarities in kops Kng, andn for D1, D13, and D135
expression: imply that these ribozymes use Ffgin analogous ways for
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promoting folding and substrate binding. The apparent domains suggests that D1 provides all of the contacts
affinity for the Mgt sites, as well as the number of necessary for maintaining the normal amount of substrate
cooperative M§' sites are very similar for all three ribozyme binding energy. Furthermore, this result indicates that
variants. Addition of catalytically essential domains does domains 3 and 5, despite their role in enhancing the chemical
not relax the degree of magnesium dependence for Dlrate of catalysis, do not form ground-state contacts to the
folding and substrate binding. This provides another piece substrate and they do not aid in formation of the substrate
of evidence that catalytically essential domains outside D1 (or exon) binding site within D1. With respect to those
have little influence on its folding. D1 itself is capable of elements important for substrate recognition, the D1 molecule
folding into the correct tertiary structure to bind substrate. constitutes an independent folding unit. All of the elements
that are essential for correctly configuring the substrate
DISCUSSION binding site are included within the D1 sequence.

Value of FAM-S as a Probe of Group Il Intron Ribozyme  That D1 is an independent folding unit with respect to
Folding. It is always informative to monitor substrate substrate binding is supported by the ¥Mglependence of
binding independent of enzyme catalytic activity, but moni- D1 folding, which is the same as that of D13 and D135.
toring binding directly and in real time has particular Domains 3 and 5 play their most important roles in the
advantages over equilibrium binding assays that depend ontransition state for chemical catalysis (Michels et al., 1997),
conventional separation techniques, many of which can affectand there is little evidence for their role in stabilizing the
the apparent off-rate of bound species, and have very limitedfolds of intronic superstructure. This is consistent with the
windows of detection. Furthermore, if binding can be observation that in oligonucleotide cleavage assays, attach-
monitored in such a way that it directly reflects the folded ment of D3 in-cis affects theckm but notKg, of D5 or D1
state of the enzyme, varying reaction conditions can provide (Michels & Pyle, 1995; Michels et al., 1997). In addition,
an abundance of additional information on conformational a recent cross-linking study showed that D3 cross-linked
properties of the enzyme. The FAM-S probe provides a within itself but not with D1 (Podar et al., 1995).
direct means for monitoring association and dissociation rate D1 as a Scaffold for Group Il Intron Assemblgroup I
constants that has all of the advantages enumerated aboventrons differ from group | introns in that no catalytic core

When the binding of FAM-S is monitored, rather than the of nucleotides is evident from the location of phylogenetically
binding of unlabeled substrate, the emission signal reflects conserved residues in the secondary structure (Michel et al.,
a change in the local environment around the fluorescein 1989). There are few conserved nucleotides in group Il
label, which correlates directly with the tertiary folding of introns and no phylogenetic covariations in base pairing
D1. FAM-S therefore provides direct evidence that folding between any of the six group Il intron domains (Michel et
and substrate binding are strongly connected. Fluoresceinal., 1989). The few WatserCrick covariations that exist
tags on nucleic acids and other biomolecules have previouslyoccur across the secondary structure of D1 (Figure 6). The
been reported to undergo environment-dependent changesverall form of the secondary structure in group Il introns
in their luminescence intensity (Cooper & Hagerman, 1990; is relatively conserved, however, suggesting that the archi-
Lee et al., 1994; Livak et al., 1995). In the present case, tecture and placement in space of the covarying base pairs
time-dependent changes in fluorescence emission enhanceare critical for the folded structure.
ment reflect the magnitude of substrate dissociation/associa- D1 is the largest intronic domain, it recognizes tHe 5
tion rate constants and the folded state of the ribozyme. By exon (or oligonucleotide substrates when presented in-trans)
using FAM-S in conjunction with stopped-flow techniques, and contains the covarying—a', f—/f', ande—¢' elements
association and dissociation kinetics have been monitoredwithin it (Michel et al., 1989). Therefore, D1 is the best
in real time. From the apparent association rakgs)( one candidate to serve as a type of core for intron folding.
obtains not onlyKq4 but also the individual rate constarks However, the sense in which it serves as a core is different
and ko Furthermore, sincéops reflects the quantity of  from the tightly packed nucleation centers revealed in studies
folded RNA molecules, it provides a way to determine the of other ribozymes. Rather than a core, D1 is more likely
dependence of RNA folding on external factors, such as theto provide a scaffold on which the other domains are hung.
concentration of added metal ions. Therefore, quantitative Within D1, the covarying elements that pair with each other
analysis ofkqs allows one to define the contributions of (notablyo—a' andS—p') are located quite far apart from
different factors in ribozyme folding. each other in the span of secondary structure. With the

In the present work, fluorescence studies of D1 folding addition of Mg", these distal contacts are made and provide
were complemented by chemical modification studies in apparent anchor points for the overall architecture of D1.
which the structure of D1 was examined directly. Chemical Once tertiary interactions form within D1, one can envision
modification footprinting/reverse transcription revealed that that the final folded structure of D1 looks like an open lattice
there are different steady-state conformations of D1, depend-that contains large holes or pockets for the association of
ing on the presence of particular metal ions and on the other domains. The other domains probably do not alter the
addition of substrate (Figure 5). In all cases, the information overall folding of D1, although each local pocket of D1 might
from chemical modification footprinting was consistent with adapt through induced fit. With all domains placed in the
conclusions drawn from fluorescence studies using FAM-S. correct positions, interdomain contacts could form rapidly,
Time-dependent chemical modification studies would be locking the intron into a folded structure.
particularly helpful in the future for revealing not only the One might ask whether all of the group Il intron domains,
different conformations of the ribozyme but also the transi- as defined by phylogenetic analysis and apparent secondary
tions between conformations. structure, are actually independent folding units or if their

D1 Behaes as an Independent Folding UniThe fact folding processes are inter-related? Of the six domains,
that D1 readily binds substrate in the absence of other domain 2 (D2) and domain 4 (D4) have little conservation
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throughout the group Il intron family. Although there is metal ions are required in the formation of ground-state
evidence for a poorly-conserved interaction between D2 andribozyme structure.

D6, many studies have shown that self-splicing introns retain  Data from fluorescence investigations and chemical modi-
most of their activity when D2 and D4 are deleted (V. T. fication indicate that D1 exists in different conformations
Chu, Q. Liu, A. M. Pyle, manuscript in preparation; under different ionic conditions. Mg is required and
Kwakman et al., 1989; Koch et al., 1992). Because only sufficient for the tertiary structure formation, in which long-
D1, D3, D5, and D6 are strictly required for the functions range interactions are formed. It is also required for the
of the intron, only they will be taken into account when formation of local structure that results in emission enhance-
considering the architecture of the group Il intron catalytic ment by the fluorescein attached to substrate. Despite its
core. Since D3, D5, and D6 are relatively small, the local large effect on the rate of catalysis,*Kseems to be
folding of each may represent simple processes that occurdispensable for tertiary structure formation. It is highly
rapidly and independently of one another. Data presentedsignificant that elements of D1 tertiary structure cannot form
here suggest that the ground-state folding of D1 is also and that substrate cannot bind in the presence ‘of Khe
independent of other domains. Thus, itis likely that the first result is surprising because the concentrations of KCI used
step of the group Il intron folding is the local folding of the in these experiments are high enough to promote simple
individual domains, which then coalesce upon the D1 lattice duplex formation (Schildkraut & Lifson, 1968; Williams et
to form the catalytic core of the intron. al., 1989) and the substrat®l interaction, theo—ao’

This folding framework immediately leads to two impor- interaction, and thg—f' i_nte.raction are each composed of
tant questions. First, what are the internal elements thatd.Uplexe.S' If substrate binding consisted only of the forma-
control D1 folding and what are their individual roles in tion of S|_mple duplexes between_the IBS regions of substrate
defining the D1 folding pathway? Data presented here and flexibly c_or_mected EBS regions on the Intron, t_hén K
indicate that folding of D1 is controlled by several internal would be. §ufﬁment f.OF promoting substrate association. The
elements (the EBS/IBS interactions;-a' and 8—4') and fact that it IS not sufflcu_ant supports an underlymg hypothgss
that these elements require Mdor tertiary contact forma- that D1 fold_lng into a discrete tertiary architecture is required
tion. Additional points of contact must exist within D1, and Iﬁ;;ﬁsﬂe, gﬁgi?&?&gg‘;ﬂge?ﬁfﬁ:ﬁg agt(rju[étlljriznocljebitr\wl\(ljien
it will be especially important to identify these through on association of specific MQ ion(s) y P
additional experiments. The second question is, how do Foldi d Substrate Binding R " SpecificZM
other domains interact with D1? There is evidence that the . 0 c19d @nd SUbSTate Binding require Speci kpns.
GAAA tetraloop in D5 docks into a conserved stefaop Using stopped-flow fluorescence techniques, we have shown

n ; :
structure in D1 (Costa & Michel, 1995). But this constitutes that the Mg dependenc_e of ribozyme folding can be

i . revealed through analysis of Migdependent substrate
only one of several anchor points that are required between

these two domains, since D5 contains many atoms that formaS.SOC'at'Or.] rateskdys valu?s). 'Th"e. Mg ions detec'ted n
. : this analysis are actually “folding” ions rather than ions that
tertiary contacts and most of these do not involve the

. i . contribute directly to thé,n or ks terms describing substrate
fgﬂ?&%ﬂit(?b[aggiv 'er:;nalénzgifs’MB'PBi Konforti, D tL'. interaction with the ribozyme. This finding is consistent with
/Itz, L. belgeiman, - M. FYIE, Manuscriptin =y, q 5464 that substrate binding is not simply the result of
preparation). Finally, it is important to determine if docking simple duplex formation, but depends on a particularzMg
of other domains induces changes in the tertiary folding of dependent ribozyme féld The sheer magnitude,of the
D1. Chemical modification and fluorescence resonance :

: o apparent M@" binding affinities (41-94 mM) supports this
energy transfer (F.RET) exp_erlments aré promising ap- hotion, since the M& concentrations required for simple
proaches for resolving these issues.

charge screening in duplexes (Williams et al., 1989), and
Role of M@* in the Folding of D1. In the process of RNA  even in large ribozymes (Celander & Cech, 1991; Beebe et
folding, metal ions, and Mg in particular, often play a  al., 1996), is relatively low (310 mM). However, charge
critical role (Pan et al., 1993; Pyle, 1993, 1995). Besides screening effects would not be expected to enter into this
screening the negative charges of the nucleic acid backboneanalysis because substrate and ribozyme had each been
metal ions also mediate the structural organization of many incubated with Mg" prior to stopped-flow measurements
RNA molecules (Saenger, 1984). Rtgis now known to of their association.
be important for the tertiary folding of all large ribozymes. The number of specific Mg ions (), or classes of ions,
It has been shown that RNA folding can be manipulated by involved in the folding and substrate binding was estimated
controlling magnesium concentrations, and various degreesto be at least two. There are probably other?Mipns that
of Mg?* dependence have been used to dissect certain RNAare not reflected through the substrate binding process,
folding pathways (Celander & Cech, 1991; Laggerbauer et especially those involved in interactions between D1 and
al., 1994; Zarrinkar & Williamson, 1994; Beebe et al., 1996). other domains. The specific Mgions detected in this study
Furthermore, metal ion dependence has been used as ahave rather weak apparent binding affinities, with apparent
important measure of the structural integrity of RNA Ky, values ranging between 41 and 94 mM for D1, D13,
domains. However, since Mg functions in both folding and D135. While this may represent truly weak g
and catalysis, it has not been possible to distinguish theseassociation, the large appareii, values may instead
two roles through experiments that only measure catalytic indicate that M@" binding to specific sites is coupled to other
activity. Until now, independent evidence for a Rgole processes, such as ribozyme folding. This would be
in folding of group Il intron ribozymes was unavailable. By consistent with similar effects observed in studies of other
taking advantage of the fact that folding of D1 can be ribozymes (Zarrinkar & Williamson, 1994; Beebe et al.,
monitored in the absence of other catalytic essential com-1996). Under such circumstances, Scheme 3 would be
ponents, the present study has provided evidence that specifiexpanded as shown in Scheme 4, whererepresents
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Scheme 4 Although certain aspects of D1 folding are elucidated by
Ko the Work_ presented herein, the problem_of D1 folding is

nMg?* + By =—= nMg? +E,, substantially more complex than anything that can be
revealed using FAM-S alone. A single fluorophore placed
) on the substrate will report on the local environment around

\”\ ,H/ K’ Mg the substrate binding site. But since D1 itself does not have
catalytic capability (in the absence of D5), it is unlikely that
information gained from a substrate label will represent all
of the folding events important for assembly of the active
site. Catalytic function of group Il introns requires that D1
specifically-bound Mg" (rather than those involved in  also interact with other domains, such as D3 and D5 (Koch
charge-screening), and the apparent*Maffinity is com- et al., 1992; Pyle & Green, 1994; Michels & Pyle, 1995;

PN — 2+
E nfola * nNMg == Eju*nMg

posed of two terms: Podar et al., 1995). In addition, the slow on-rate for substrate
binding is likely to mask other processes, such as confor-
K”Mg = K;\,,g(l + Kioig) (6) mational change in D1. To monitor these events, further

studies will require that fluorescent tags be placed within
D1 and on other domains. Double labeling D1 with two
fluorophores and following their interactions by fluorescent
resonance energy transfer (FRET) will be particularly useful
for tracking conformational change and elucidating the
folding pathway. Accompanied by chemical modification
studies, real-time spectroscopic studies of group Il intron
folding represent a particularly promising approach for
monitoring the dynamic behavior of this uniquely complex
ribozyme.

Given this relationship, a large unfavoratfg,y term
would lead to a weak appareig. Using the methodology
described in this manuscript, one cannot experimentally
distinguish this more complex model from the simple one
described earlier in Scheme 3. However, the detailed picture
of ribozyme folding and its relationship to specific kg
sites is an interesting subject for further study. It may be
significant that the Mg sites discovered here are similar
in apparent affinity to the weak Mg involved in the binding
of RNase P and tRNA (Beebe et al., 1996). However, the ACKNOWLEDGMENT
weak ions studied in the case of RNase P were specifically

involved in effects ork for the RNasePtRNA complex We thank Justin B. Green, Dana L. Abramovitz, Boyana
rather than the fraction of folded ribozyme as in the work B. Konforti, and Eckhard Jankowsky for helpful comments
presented here. on the manuscript. In addition, we are grateful to a reviewer

The apparent weakness of the Mdinding observed here ~ for bringing the coupled equilibria presented in Scheme 4
might seem contradict the fact that certain group Il ribozymes to our attention. We thank Qiaolian Liu for constructing
can function at low magnesium concentrations (Michels, the plasmid pT7D135 and William J. Michels for construct-
1997). However, those particular ribozyme variants are ing plasmid pT7D13.
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