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ABSTRACT: Prior studies of the metal ion dependence of the self-cleavage reaction of the HDV genomic
ribozyme led to a mechanistic framework in which the ribozyme can self-cleave by multigte ity
independent and -dependent channels [Nakano et al. (Bd@dhemistry 4012022]. In particular, channel

2 involves cleavage in the presence of a structurat™gn without participation of a catalytic divalent
metal ion, while channel 3 involves both structural and catalytié™Nlons. In the present study, experiments
were performed to probe the nature of the various divalent ion sites and any specificity for Mg
series of alkaline earth metal ions was tested for the ability to catalyze self-cleavage of the ribozyme
under conditions that favor either channel 2 or channel 3. Under conditions that populate primarily channel
3, nearly identicaKqs were obtained for Mg, C&", Ba&?", and S#', with a slight discrimination against

C&". In contrast, under conditions that populate primarily channel 2, tighter binding was observed as ion
size decreases. Moreover, [Co(BPT was found to be a strong competitive inhibitor of Mdor channel

3 but not for channel 2. The thermal unfolding of the cleaved ribozyme was also examined, and two
transitions were found. Urea-dependent studies gavalues that allowed the lower temperature transition

to be assigned to tertiary structure unfolding. The effects of high concentrationstabriNdne melting
temperature for RNA unfolding and the reaction rate revealed ion binding to the folded RNA, with
significant competition of N& (Hill coefficient of ~1.5—1.7) for a structural Mg ion and an unusually

high intrinsic affinity of the structural ion for the RNA. Taken together, these data support the existence
of two different classes of metal ion sites on the ribozyme: a structural site that is inner sphere with a
major electrostatic component and a preference fof'Mgnd a weak catalytic site that is outer sphere
with little preference for a particular divalent ion.

Metal ions play a variety of roles in the folding of complex folding of many RNAs 6), and monovalent ions can be site
RNA structures and in the catalytic activity of ribozymes. bound, with several examples of dehydratedighs known
Divalent ions have long been recognized as necessary for(7—9).
the tertiary folding of RNA under physiological ionic The ribozyme from hepatitis delta virus (HDVdccurs
strengths. For example, yeast tRRIArequires 3-6 Mg?" in closely related genomic and antigenomic forrh€){ and
ions for proper tertiary folding at low ionic strength—3), a crystal structure is available for the cleaved form of the
and pseudoknots typically require delocalized divalent metal genomic ribozymeX(1, 12). The ribozyme adopts a complex
ions to fold efficiently @, 5). One of the primary reasons tertiary structure involving nested pseudoknots and a buried
divalent metal ions are required is to neutralize the close active site. The ribozyme can accelerate the rate of cleavage
approach of negatively charged phosphates that occurs upomf a phosphodiester bond between positierisand+1 and
compaction of the RNA molecule. Metal ions can be gives 3-hydroxyl and 23-cyclic phosphate termini. The
thermodynamically bound at specific sites, “site bound”, or mechanism for self-cleavage provided an example of general
kinetically labile, “diffuse” or “delocalized”§). In addition, acid—base catalysis by a ribozymé&3 14), and general
site-bound metal ions can remain fully hydrated, “outer acid—base catalysis has subsequently been suggested in the
sphere”, or can become partially or fully dehydrated, “inner mechanisms of the ribosom#&5) and the hairpin ribozyme
sphere” 6). Monovalent ions have also been shown to play (16). A cytosine residue (C75 in the genomic ribozyme, C76
important roles in both the secondary and tertiary folding of in the antigenomic ribozyme) near the scissile bond has been
RNAs. For example, high concentrations of monovalent ions, shown by kinetic studies to have &pnear neutrality 13,
typically 0.1 M or greater, can induce the proper tertiary
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Scheme 1: Proposed Proton Transfers in Bond Cleavage  Scheme 2: Three-Channel Mechanism for Ribozyme

Cleavage
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MATERIALS AND METHODS

Materials. Unless otherwise noted, the ribozyme and
solutions were prepared, and the RNA was renatured as
described 20, 24). All experiments used the G11C mutant
of the —30/99 ribozyme which leads to fast monophasic
folding due to destabilization of the Alt P1 misfol@5).
Reactions were promoted with the AS30/—7) antisense
oligonucleotide, which acts to resolve the Alt 1 misfoldl),
and were initiated by addition of divalent ion or a divalent

14) and has been implicated as the general acid in the
reaction, acting to protonate thelridging oxygen 14, 17,

18) (Scheme 1). NMR studies provided evidence that this
pKa is not shifted in the product form of the ribozyme,
suggesting that it may shift in the transition state or in a
h_igh—energy ground state of a properly folded precursor ion/Na- mixture, as appropriate.
ribozyme (9).

A pentahydrated metal hydroxide has been implicated as  Kinetic Methods and Data Fittingln general, kinetics
the general base in the reaction under near-physiologicalMethods followed those previously describ@0)( Plots of
metal ion conditions to deprotonate the@H nucleophile qleavage rate versus d|v_alent ion concentration were fit to
(14, 20) (Scheme 1). Additionally, proton inventory studies linear or logarithmic versions of the Hill equation (eq 1a,b)
provided evidence for two proton transfers in the reaction

(17). Brognsted studies of exogenous base rescue of a C76- Kt M] *H/K

deleted antigenomic ribozyme indicated that approximately Kobs = W (1a)
half of this proton is transferred in the transition ste2é)( d

likewise, Brgnsted studies of the metal dependence of the P

reaction for the genomic ribozyme indicated that half of a |OQM= —aylog [M] + aylogK,  (1b)
proton is transferred to the general base in the transition state bs

(20). a- andB-values similar to these have been found for
cleavage of RNA by the protein enzyme, RNase2g)( where [M] is the concentration of a given iokus is the

To assess the contributions of metal ions to folding and observed rate constartyax iS Kobs at saturating ion concen-
catalysis in the HDV genomic ribozyme, we examined self- trations,oy is the Hill constant, which is a lower limit for
cleavage over a wide range of Ktgon concentrations using  the number of ions taken up by the RNA, aKd is the
a metal-buffered system in the presence of high ionic strengthapparent dissociation constant for ion binding to the RNA.
(1 M NaCl) (20). The data could be described with a  Data for the three-channel model were fit according to
multichannel kinetic model in which each channel involved Scheme 2, with three linked equilibria. Binding of the
a different role for Mg" ions. Multichannel models have  structural and catalytic Mg ions is shown as sequential on
subsequently been applied to the hammerhead ribozZ88e ( the basis of previous studiegQ), and the binding of the
Surprisingly, the HDV ribozyme was found to cleave inthe two Na' ions is treated as cooperative, although the Hill
absence of participating divalent metal ions (channel 1), coefficient reveals a measure of actual cooperativity.
|nd|pat|ng thatdlv_alent ions are not absolutely necessary for keps is the weighted sum of the rate constants for each
folding or catalysis of the ribozymel4, 20). Channel 2 of channel
the mechanism involves a structural ¥Mdon, while channel
3 involves both §tru<;tural and cat_aly'uc Kfgions. Assess- Kype= Kify + Kof, + Kof )
ment of the contributions of these ions to the rate of cleavage
in 1 M ionic strength gavez125-fold for the structural ion
and only~25-fold for the catalytic ionZ0). However, these
studies did not provide insight into the nature of the divalent
metal ion sites or any specificity toward Ny

In an effort to characterize the divalent metal ion sites, i ot 242
we have probed the effect of changing the metal ion under Q=1+ [Na’] n Mg™] n Mg™] 3)
conditions that populate primarily channel 2 or channel 3. KS Nat Kasr  KastKd cat
We used a series of mono-, di-, and trivalent metal ions at ‘
various concentrations and measured their effects on catalysisgo that
and RNA unfolding thermodynamics. Our data support two
different classes of metal ion sites on the HDV ribozyme: 122
an inner-sphere structural site and an outer-sphere catalytic = [Na"]7Kq nar
site. Q

where the weight for channeis f;, the fractional occupancy.
The fractional occupancy of each channel is defined in terms
of the partition functionQ

(4a)
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B [|\/|92+]/Kd£tr Scheme 3
=g “o LY
N IT= U
[l\/lgZJ’]Z/KC,,SUKd,Cat UV melting profiles were obtained at 260 nm on a Gilford
3T Q (4c) Response Il spectrophotometer, using a 0.5 cm cuvette and
0.1-0.5uM RNA. The RNA was renatured prior to melting
Thus, in the absence of Mg as described2d). Representative samples were melted at
0.1 and 0.5x4M, and identical results were obtained,
k [Na*1Z/K3 e consistent with melting of a monomeric RNA species.
bs = e (5) Heating and cooling curves were superimposable in both Na
14 [Na']7KG na and Mg@" (for pH 7.0 melts), consistent with reversibility
and thermodynamic equilibrium. The heating rate was
and when [N&] < Kgna approximately 1°C/min, and the data were smoothed over
five points before the first derivative of absorbance was
log ks~ 2 l0g [Na + Iog(kllKﬁyNaF) (6) calculated with respect to temperature. First derivatives were

normalized by dividing by the absorbance at the lowest
and the slope of the steep portion of a lkgs versus log temperature after smoothin@6). (Low temperature was
[Nat] plot should approach 2 when the binding of the sodium chosen since absorbance at high temperature can reflect
ions is cooperative. differences in hydrolysis of the RNA backbone, especially
Likewise, under M§" concentrations wherein channel 2 in the presence of divalent ions.) The buffer was 25 mM
dominates the reactiok (> k;; see Results and Discussion). HEPES (pH 7.0) (or pH 8.0 for urea dependence experi-
ments), and the pH was adjusted at room temperature. At

|<2[|\/|gz+]/|<d st pH 8.0, only forward melts were used due to hydrolysis at
bs = T o o (7) high temperatures.
1+ [Na’] + (Mg“'] Melting of the cleaved ribozyme revealed two unfolding

transitions which were consistent with unfolding of tertiary

KS Nat Kd,str : .
' and secondary structure (see Results and Discussion). In an

Therefore, this leads to iy ap Of effort to obtain thermodynamic parameters for the transitions,
’ PP the data were fit to linked equilibria for a sequential unfolding
Kgapp= Kol + [Na+]2/K§,Na+) @) model (Scheme 3) involving native (N), intermediate (I), and

unfolded (U) species; these appear to correspond to tertiary,
secondary, and primary structure, respectively.

In general, the data were fit according to the methods of
Draper, Giedroc, and co-workers, 26, 27). Scheme 3 can
be described with a partition function of

which is of the form expected for cooperative binding of
two Na© ions competitively inhibiting binding of one
structural Mg" ion.

The equations from the kinetic model for Scheme 2 were
derived with the assumption that the three channels are in Q=1+K;+ KK, 9

rapid equilibrium. There are several observations that support i
this. (A) Metal ions typically bind rapidly to nucleic acids, @and the absorbance can be defined as the suttAoandB

and their translation along a nucleic acid has no significant AAK;  (AA+ AA)KK,

barrier @). Of course, binding of a metal ion to a final folded AA = (10)
state can appear slow if binding either requires or induces a Q Q

conformational change of the RNA with a significant barrier. By — By \[AH.K; + (AH, + AH,)KK,
However, the experiments herein involving™Nampetition B=By+ (AH TAH )( o)

were donen 1 M NaCl such that the ribozyme should be 1 2

largely prefolded into the correct conformation. (B) Binding (11)

constants for the inner- and outer-sphere metal ions areAA; is the total hyperchromicity, andA; and AA; are the

similar to those expected from the literature, as pointed out fractional hyperchromicities for transitions 1 andRis a

in the text. (C) Binding constants for the inner-sphere metal baseline function, an&, and By are the sloping lines for

ion inferred from cleavage studies are in good agreementthe upper and lower baselines, respectively, with the

with those from melting experiments. Nevertheless, we do intermediate treated with an enthalpy-weighted baseline. The

not have proof that channels are all in rapid equilibrium. As slopes and intercepts of the upper and lower baselines were

such, binding constants for metal ions should be viewed asdetermined independently by linear least-squares fits of the

apparent. low- and high-temperature portions of the data and were held
Thermodynamic Methods and Data Fittinghe RNAs constant during the actual fit. The baselines were chosen to

used in UV melting studies were of the self-cleaved G11C minimize 2 of the fit. Thus, only six parameters were

ribozyme from+1 to 99. This species was prepared by adjusted in the fit, namelyAH®, Ty, and AA for the first

allowing the ribozyme to react to completion in the presence and second transition&H?® and Ty; for the ith transition

of AS(—30/—7) and Md* (24). Cleaved RNAs were purified  were determined from the van't Hoff relationship

by denaturing 5% PAGE and eluted in Tk)l The RNA AH.

was ethanol precipitated, washed with 70% ethanol, and K. = exp{—'(i — 1)] (12)

stored in TE at-20 °C. ' R\Twi T
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where R is the ideal gas constant an@l is absolute native RNA. Note that this model does not take into account
temperature. Curve fitting of absorbance versus temperatureany cooperativity (positive or negative) between binding of

data was to the sum of egs 10 and 11, wWithBy, By, Ky, multiple ions.

and K, defined parametrically using Kaleidagraph v3.5  This formalism was developed for the two-state transition
(Synergy Software)AS was obtained fronTy; = AHI/AS, of F < U. For a three-state system (Scheme 3), these
and AGg7; was fromAGsz; = AH; — 310.13\S. equations can still be applied to one of the two transitions if

The mrvalue of theith transition,m, was calculated as  that transition is well isolated from the other or if the data
the slope of aAGg7;(urea) versus urea concentration plot on are treated with coupled equilibria. For our purpose$, 1/
the basis of the relationship for the first transition in Scheme 3 was plotted versus metal

ion concentration and fit to eq 15 withy = 1 andZy as
AGj,(urea)= AGs,; + m[urea] (13) defined in eq 17.

It should be noted that for the urea dependence experi-
ments an upper baseline could be reasonably well defined,
llowing thermodynamic parameters for both transitions to
e obtained. However, with increasing Nand Mg+
concentrations in the absence of urea, the extraordinary
stability of the ribozyme precluded a good upper baseline
from being obtained. In these cas&sof the first transition
was estimated from the maximum of the first derivative; this
unfolded (U) RNAs involved in a two-state transition are appears reasonable since th?‘ quima of the two t'ransitions
considered. (Note that we consider the simple two-state Fwerg well-resolyeq even at high Ilgahd concentration.
< U transition and later extend this to Scheme 3.) The It is worth pointing out the connection between Schemes

observed equilibrium constant for unfoldincd is then 2 and 3. N in Scheme 3 refers collectively to all four states
involving R in Scheme 2, and the states involving | and U

In Kyps=INK,+In 3, — In % 14) are not shown explicitly since the kinetic experiments were
at temperatures well below tAg for N. However, as pointed
wherekK, is the observed equilibrium constant in the absence out in the text, states involving | may be important in the
of the ligand and, andZ; are binding polynomials for the  kinetic mechanism, especially in monovalent ioB8)( since
unfolded and folded states, respectively. A useful form of the precursor ribozyme may have more unfavorable interac-
this equation can be reached by applying the van't Hoff tions than the cleaved ribozyme. Implications for this

whereAGgsy;(urea) is the observed free energy for transition
i at a given urea concentration anglis a thermodynamic
parameter that describes the dependence of free energy oﬁ
urea concentratior2g).

The dependence ofy on metal ion concentration was
analyzed according to the formalism previously developed
(5, 27, 29). Briefly, a set of coupled equilibria was used in
which all possible ligand-bound forms of the folded (F) and

equation in the absence of ligand, usifig the Ty in the possibility are considered in the text.
absence of the ligand, afid, theTy at ligand concentration
L BACKGROUND
UT, = UT,— RIAH, In(Z/Z,) (15) Analysis of the binding of metal ions to nucleic acids is

complicated by the wide variety of ion sites and binding
whereAH, is the unfolding enthalpy in the absence of ligand. Mmodes possible, some of which obey mass action and some
As described by Laing and co-worke&7}, the functional of which do not (e.g., diffuse ions). Moreover, if the specific
forms of X, and3; depend on whether the metal ions bind ion-free state of the RNA does not have tertiary structure,
to F only or to both F and U. If the ions bind nonspecifically the contributions of ions to site binding and to folding are
to F and U, then plots of I{ versus In [L] are expected to  typically coupled, leading to the highly cooperative binding
be sigmoidal; however, if binding is specific to F, such plots 0f multiple ions ). This scenario makes classification of
are expected to decrease indefinitely with metal ion con- the mode of binding of a few structural or catalytic ions
centration at high metal ion concentrations and have a slopedifficult, if not impossible. In contrast, binding of ions of
of —neR/AH,, wherene is the number of ions bound to F RNAs with preformed tertiary structure at high monovalent

7). salt concentrations is typically noncooperative, allowing the
opportunity to characterize the mode of ion bindifg Thus,
d(1/T)) R it is imperative to identify solution conditions under which
m = _”F(A_HO) (16) an RNA molecule is largely folded and the filling of only a

few metal ion sites occurs.

For this equation, the enthalpies for ion binding to the folded ~ Experiments for the genomic HDV ribozyme conducted
and unfolded state®yH; andAH,, are assumed to be zero. Wwith metal-buffered solutionsil M NaCl 20) suggested
As described, this assumption can introduce small errors inconditions that might be tried for examining the structural
some instance<2{). and catalytic metal ions separately. Conditions were sought
The case of ion binding to F only appears to apply to our for which small Hill coefficients occur for filling the
data. Fortunately, under these conditicBscan be consid- structural or catalytic site. For probing the structural site,
ered to be unity. For specific binding of Mgto independent  this condition was fulfilled by reaction conditions under
sites on F which channel 2 dominates and the catalytic ion is not
involved. In particular, conditionsfd M NaCl and pH 7.0
=01+ Kf[Mngr])nF a7) were found to give divalent ion binding isotherms well
described with anoy of 1, suggesting binding of one
whereK; is the association constant for fgbinding to the structural ion 20). In contrast, raising the pH to 8.0in 1 M
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NaCl increased the affinity of the catalytic ion and decreased Bat may be because the larger ions, even at saturating
the affinity of the structural ion such that distinctly coopera- concentrations, are unable to induce proper local folding of
tive binding behavior was observed with ap of 1.85 @0). the ribozyme at the structural site. In addition?Band S#*

This was interpreted in terms of a model in which a structural have the highestins for their aqua ions32), making them
Mg?* ion is ~125-fold more effective than NaCl (even at a especially poor general bases in the classical sense, although
concentration of 1 M) at stabilizing the functional tertiary knaxdoes not display a monotonic relationship with thép
structure, and the catalytic ion binds only to the folded of the aqua ion [13.82, 13.18, 12.70, and 11.42 fof'Ba
tertiary structure (see sequential ion binding model in SchemeSr?*, C&", and Mdg", respectively 82)], suggesting any

2) (20). Of practical relevance to the studies here, conditions underlying metal ion Ka effect may be hidden.

of 1 M NaCl and pH 7.0 seemed optimal for testing the  To test the catalytic site further, we examined the effect
nature of the structural metal ion. Results with various of adding transition metal ions to the reaction. In the presence
divalent metal ions and Co(N§#3* support this notion (see  of 10 mM MnChk or CoCb, the rate was appreciable at 0.77
below). and 0.34 min?, respectively (Table 2). 2n ions were also

For probing the catalytic site, the of unity condition ~ able to support slow reactivity (0.011 mif). The effects of
was fulfilled by keeping the structural site saturated at all Mn*", Co*", and Zi#* on the reaction were qualitatively

metal ion concentrations tested. Since the structural site isconsistent with previous report8Q). In contrast, 10 mM
competitively inhibited by Na (see below), this was Ni** and Cd" did not lead to detectable reaction. This may

achieved with a background of low ionic strength. At low be because these ions tend to interact directly with the bases

ionic strength, an additional concern becomes the occurrence2nd may misfold or unfold the ribozym@g).

of bulk electrostatic effects in which multiple ions bind ~ Reactions were also carried out in the presence of 1 mM
simultaneously to induce correct folding of an RN@).(For Co(NHg)s** and no added divalent ion and revealed no
tRNA, which is similar in size and buried surface area to detectable reaction under similar time courses (Table 2). To
the HDV ribozyme 9), these ions bind withs of 100~ characterize Co(NgJs*" binding further, the binding affinity
170M under ionic strengths similar to those used in Figure of Mg?* was measured in the presence of increasing amounts
1A (6). The Kgs observed herein are 480 times weaker ~ 0f Co(NHs)e** (0, 0.1, 1.0, and 10 mM) (Figure 2A, Table
than this value (Figure 1A, Table 1), suggesting that both 3). Co(NH)¢*" and Mg(HO)s** have similar size and
specific and nonspecific ions are largely associated with the geometry, and Co(Ngls®* is exchange inert, making Co-
RNA before the onset of binding in Figure 1A. Moreover, (NHs)s** @ good mimic of an outer-sphere metal id¥,(
previous studies under these conditions provided evidence35). It can be seen that the sani@.x is reached or
that binding of one Mg ion and one Hi ion to C75 of the ~ approached in the presence of Co@ but that Co-
ribozyme is negatively linked and that this ktgon inverts ~ (NHa)¢*" increases the concentration of Kgrequired to

the pH profile of the reactionl1@, 20). Collectively, these reach rate saturation. This observation is consistent with
data suggest that rate profiles obtained under low ionic Previous reports of competitive inhibition by Co(et" and
strength conditions are not dominated by bulk electrostatic SUpports an outer-sphere or weakly dehydrating site for the
effects and that these conditions probe the catalytic metalcatalytic ion @4). Presumably, Co(Nks*" is unable to

ion. catalyze the reaction because it does not ionize appreciably
at pH 7.
RESULTS AND DISCUSSION The data in this section suggest that this ion is not binding

into a region of high charge density. In particular, if an inner-

Metal lon Dependence Supports an Outer-Sphere Site forsphere interaction with one or more phosphates was occurring
the Catalytic lonAs described in the Background section, ith significant ion desolvation, then one would expect
we probed the catalytic ion under conditions of low ionic affinity to decrease with ionic radius, as found for the
strength. The first experiments examined the effect of structural ion (see belowB6, 37). Also, it is expected that
changing Mg" to other group IIA metal ions. As shown in  the K4 for the ion would be significantly smaller (in the
Figure 1A, Mg*, C&", S, and B&" gave binding  micromolar range), especially at low ionic strength, instead
isotherms that were well described with@nof 1, resulting  of the millimolar range observed her27. In addition, it is
in similarKq values of 2.4, 4.8, 2.7, and 1.2 mM, respectively expected that the binding affinity would be sensitive to ionic
(Table 1). Binding was weakest for €aand tightest for  strength, whereas little or no sensitivity has been fo@@). (
Ba?* but does not show a monotonic dependence on ionic Thys, our data support this ion either remaining fully
radius or a large dynamic range iy values (Figure 1C)  hydrated as an outer-sphere or diffuse metal ion or undergo-
(compare to structural site below). Prior studies from ing dehydration but binding into a region of low charge
Nishikawa and co-workers using single time points provided density @). This latter possibility would favor the larger ions,
qualitative support for similaKgs for C&*, Mg, and St which have smaller enthalpic penalties for dehydrat&),(
under similar solution conditions30). as well as provide weak discrimination againsgCsince

The knax values for M@*, Ca&", SP*, and B&" were 3.9, C&" has a hydration number of 8 and kg Sr+, and B&*
8.7, 1.5, and 0.069 min, respectively (Table 1, Figure 1A). have hydration numbers of 8%). However, competitive
The somewhat larger value &, for C&™ than Mg is inhibition by Co(NH)s*" suggests that any dehydration is
consistent with previous studies4 31), although its origin not critical for binding.
is not understood. Previous studies showed that binding of Crystallographic studies on the cleaved form of the
the structural and catalytic ions is ordered, presumably ribozyme did not reveal a metal ion with high occupancy at
because binding of the structural ion helps to create the sitethe cleavage site, although weak electron density was seen
for the catalytic ion 20). Thus, the drop in rate for Brand nearby (1, 12). This could arise in part because metal ion



Characterizing HDV Metal lons

1 L. '}
A 't
0.08]
8t . 2+
0.06 - Ca%*
0.04}
T 6 foo2 .
£ .
E 010‘ 10° 102 10"
2 [Ba**} (M)
24t M92+ T
2} ]
Sr2+
2+
0 r - Ba'
104 103 102 10"
M>*] (M)
5 1 sl P 1
B 0.05 M 2+
0.04 g Ca2+
4 | 003 ]
0.02
0.01
E 3 i
E [Ba™] (M)
2
<5
1
0
10" 103 102 107
[M?*] (M)
Ba® sr** Ca® Mg™
c T L) L] T
3t i
25| ]
=
4
g
2l ]
15} ]
0.6 0.8 1 1.2 1.4

e (AT

Ficure 1: Reactivity in the presence of various alkaline earth metal
ions. Shown are reactivitymetal profiles at pH 7.0 for Mg
(circle), C&F (triangle), S#™ (diamond), and B (square) in0 M
(filled symbols) @ 1 M Na* (open symbols). Bd data are also
given in insets. (A) Data with no added NaCl which probe channel
3 of the mechanism. These data were fit to eq l1a wijtlset to 1.

K¢ andknax values are given in Table 1. (B) Data it M NaCl
which probe channel 2 of the mechanism. These data were fit to
the Hill equation (eq 1aXy, kmax @anday values are given in Table

1. (C) Dependence of the log of ion affinity (data from Table 1)
on the inverse dehydrated ionic radius @M NaCl (@) and 1 M
NacCl (O) conditions. Errors were propagated from values in Table
1 using standard method&3). It is coincidental that th&y values

for Mg?* are identical at the two Naconcentrations at pH 7.0
since two different sites are being probed and because tese
values are not identical under other pH conditio28) (
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Table 1: Constants for Divalent Cation Binding to the Ribozyme at
pH 7.0

M2+ Oy K min (MM) Kmax(min™1)
0 M NacCl

Mg?*+ 12 24+0.4 3.9+ 0.2

Ca* 12 48+ 1.5 8.7+ 0.9

St 12 2.7+0.8 1.5+ 0.1

Bazt 12 1.2+ 04 0.069+ 0.005
1 M NacCl

Mg+ 0.92+ 0.06 2.2+ 0.2 5.1+ 0.2

Cat 0.87+ 0.095 8.5+ 1.8 4.7+ 0.3

S+ 1.7+ 0.4 22+ 4 0.70+ 0.05

Bag*t 1p 33+ 2 0.044+ 0.001

a Data were fit witha fixed at 1 becaus0 M NaCl data were well
described by this simpler modell4). ° Insufficient data were available
to determineny, so its value was fixed at 1.

Table 2: Effect 61 M NaCl and Various Metal lons okyps at pH
7.0

Kobs (Min~1)

salt —NacCl +1 M NacCl
10 mM C&* 7.0+ 04 2.44+0.2
10 mM Mg?t 3.3+0.2 4.0+:0.5
10 mM Sg* 1.24+0.1 0.164+0.01
10 mM B&" 0.068+ 0.002 0.0092: 0.0005
10 mM Mr#* 0.77+0.06 3.2+0.1
10 mM Ce* 0.34+0.03 1.440.1
10 mM Niz* <0.00002 0.029: 0.002
10 mM Ci#*+ <0.00002 <0.00002
1 mM Zn#t 0.011 3.7+0.1
1 mM PiZ" nd 0.13+£0.01
1 mM Co(NH)e®t <0.00002 0.00063 0.00021
none <0.00002 0.001@- 0.0002

aThe free concentration of metal ion is provided. FeNaCl
conditions, [EDTA] was 0.13 mM, and fekNaCl conditions, [EDTA]
was 1 mM to sequester trace ions. FeiNaCl conditions, the
concentration of metal added was not adjusted for the small amount of
EDTA present. For-NacCl conditions, the total concentration ofZn
and PB* was free concentratiofr 1 mM. Metal chloride was used
except for Pb(OAg)and CuSQ.

binding is disfavored by the positive charge on a nearby
protonated C75 or by a requirement of the scissile phosphate
for stronger metal binding, or both. The contribution of the
catalytic metal ion to rate acceleration has been found to be
modest at25-fold (20). This small value is consistent with
poor occupancy of this site, as suggested by the crystal
structure, and with thely, for the aqua ion of a group IIA

ion being far removed from neutrality.

Metal lon Dependence Supports an Inner-Sphere Site for
the Structural lonThe results in the previous section probed
the divalent ion dependence of the reaction under low ionic
strength conditions. As described in the Background section,
experiments a1 M NaCl and pH 7.0 also gave binding
isotherms withay equal to 1, and these conditions appear
to operate by channel 2 of the mechanism (Scheme 2) in
which a structural metal ion stimulates the ra26)( As per
the previous section, we first looked at the effect of changing
Mg?* to other group IIA metal ions. The binding isotherms
were reasonably well described by the Hill equation with
oy ~ 1 (Table 1, Figure 1B), with the exception of?Sr
which had aroy of 1.7. The origin of this effect on 8r is
unclear. (Insufficient data were available to accurately
determineay for Ba&?", so its value was fixed at 1.)
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FiGURE 2: Effect of Co(NH)e*" on Mg?t binding to the ribozyme at pH 7.0 in @ @ M Na*. (A) Data with no added NaCl which probe
channel 3 of the mechanism. These data were fit to eq laopiget to 1. Plots in the absend®)(and presencex) of 0.1 mM Co(NH)e>"
resulted in an observeify g of 2.4+ 0.3 mM and 7.4t 1.6 mM, respectively, anlinax of 3.9+ 0.2 and 3.5+ 0.3 mirr?, respectively.
These values are consistent with competitive inhibition and gikg~ 48 uM (=0.1 mM/[(7.4 mM/2.4 mM)— 1]), consistent with the
K; for Co(NHg)e*" determined with a Dixon plotl@). The rate in the presence of 1 mM Co(jkt" is also shown[(); although parameters
could not be reliably calculated for this data set, observed binding is significantly weaker under these conditions. (BhOah W&Cl
which probe channel 2 of the mechanism. These data were fit to a binding isotherm for a single ion. Plots in the @bsentprésence
(2) of 0.1 mM Co(NH)e*" resulted in an observefvg of 2.0+ 0.1 mM and 1.3+ 0.2 mM, respectively, aniina, of 4.9+ 0.1 and 4.9
+ 0.2 mim?, respectively. These values are consistent with the absence of ggtNEompetition h 1 M NacCl.

Table 3: Effect of [Co(NH)e]** 0on ks in the Presence of Various structural cation to the catalytic domain of RNase P RNA

Metal lons and lonic Strengths (39.

[NaCl]  [MgCl;] added [Co(NHs)e]3* As with the catalytic metal ion, the value ki« decreased
(M)? (mM) (mM) kops (Min™) significantly for SF* and B&*, although it was now similar
1.0 0 0 0.001Gt 0.0002 for Mg?" and C&" (Table 1, Figure 1B). As suggested in
1.0 0 01 0.0008% 0.0001 the previous section, the drop in rate for the larger ions may
(1)'0 18 é'o g'gg%e;z& 0.00021 be because these ions, even at saturating concentrations, are
0 10 01 221 0.1 unable to induce proper local folding of the ribozyme at the
0 10 1.0 0.240.01 active site. Similarity ofknax for Mg?* and C&" may be
0 10 10 0.064+ 0.003 because both ions can fill the structural site in a way to give
1:8 18 8.1 i‘% 8:2 a similar fold (albeit at slightly differeriys) and then react
1.0 10 1.0 5.0k 0.2 without participation of the catalytic ion in the reaction,
1.0 10 10 3.5£0.2 which has a 2-fold preference for €a(Figure 1A).

1.0 0.2 0 0.36£ 0.02 . . . .

1.0 0.2 0.1 0.63 0.06 Since the structural metal ion site appears to be inner

1.0 0.2 1.0 0.66t 0.05 sphere while the catalytic metal ion appears to be outer

20 and 1 M NaCl experiments contain 0.13 and 1 mM EDTA, SPhere, it was of interest to test whether Coghf could
respectively. compete under channel 2 conditions. Binding isotherms for

Mg?" were measured in no-added and in 0.1 mM Cog#i

Interestingly, the binding affinities for the group lla metal (Figure ZB).. In contrast to results for the fa_talytic metal ion,
ions were found to be inversely dependent on ionic radius NC COMPetition was observed by Co(§t"; in fact, a 1.5-
(Figure 1C). Since log(K) is proportional to free energy, fold increase in the affln_lty of MY was ol_:)served under
and 1t is proportional to Coulombic interaction energy, a theSe conditions. Increasing the concentration of CojiH
positive linear relationship (Figure 1C) is consistent with further to 1 or 10 mM did not substantially altkgss in 0,
Coulombic attractions being a major component of the 0-2: Of 10 MM Mg, as long a 1 M NaCl was present (Table
binding 37, 38). As described by Draper and co-workers, 3)- Absence of Co(NbJs>" competition further supports the
this trend can be explained by the Eisenman propc@l ( Structural site being inner sphere.

38) if the ion is at least partially dehydrated and bound ina  The effect of transition metals on the reaction was also
location of high charge density4,(37). This is because examined under high ionic strength conditions (Table 2).
although dehydration for a smaller metal ion is more Mn?", Co?", and Zr#* (1 or 10 mM) were able to support
penalizing than for a larger one, smaller metal ions can comethe reaction at rates similar to that of kg Although K4

into closer contact with phosphate(s), resulting in stronger values were not obtained for these ions, the appreciable rate
Coulombic interaction. Curiously, two divalent ion sites were suggests that they are able to bind to the structural metal
found on a 58-nucleotide fragment of rRNA and showed the site with good affinity, also consistent with the ability of
same behavior, one site favoring binding of smaller ions and these ions to stimulate the reaction in low ionic strength (see
the other weakly discriminating againstXC437). Recently, above). All three ions have unhydrated radii similar to?¥g
Fang and co-workers performed a similar analysis with group and have a hydration number of &j. P#*, Ni2*, and Cd"

IIA metal ions to argue for inner-sphere coordination of a were not as effective at stimulating the reaction (Table 2),
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Ficure 3: (A) Effect of NaCl concentration oRgys in the presence of 1 mM MggD.13 mM EDTA at pH 7.0. The line is a fit to an

equation that assumes an extra channel stimulated by oheéoNgnot shown in Scheme 2); although this mechanism gives a fit with a
reasonable shape, the molecular nature of the activation portion of the curve is not well understood, and the fitted parameters are therefore
not given. (B) Hill plot of Na binding for data in panel A, calculated assumiqgx= 4.3 mirm 2. Slopes 0f~0.90+ 0.05 and 1.67 0.23

were obtained for low (16200 mM) and high (0.32 M) NaCl concentration ranges, respectively, and provide estimates of the number

of sodium ions taken up by the ribozyme for activation and inhibition, respectively.

25 . . . . . . . stimulation of RNA folding. We have observed similar
effects on the folding of the ribozyme during transcription
(40), and others have reported similar phenomena for folding
3r i of a group | intron 41—44). The basis for stimulation by
NaCl appears to be a complex mixture of effects on tertiary
< 3s| | structure destablization (see below) and on secondary
E structure (data not shown) and will be described elsewhere.
8 The slope of 1.7 at higher Naconcentration (Figure 3B)
> 4T T suggests thate2 monovalent ions are taken up by the
2 ribozyme, leading to a less reactive state. Prior dissection
a5l ] of the folding of the ribozyme in metal-buffered experiments
revealed a divalent ion-independent channel for the reaction
(channel 1 of Scheme 22Q). The inhibition by Nd can be
-5 oo — L1 explained within the context of the three-channel model
12 -1 -08 -06 04 02 0 02 04 wherein two N4 ions displace one structural Migion from
log [Na*] (M) its binding site and place the reaction into the slower reacting
FIGURE 4: Effect of NaCl concentration (0-12 M) on kopsin the channel 1 (the rate of which was not measured in this

presence of 1 mM EDTA at pH 7.0 and no added?¥Md he slope experiment). That two Naions are required for displacement
of the line is 1.57 0.10 and provides a lower limit for the number  of one Mg ion is consistent with such a site having a

of sodium ions taken up by the ribozyme for channel 1 (eq 6).  sjgnificant electrostatic component, possibly involving co-

again because these ions may misfold or unfold the ribozymeOrdlnatlon to two ph_osphate 1ons. _ _
(33). These data predict that two Naons might also be
Monavalent lons Can Compete for Binding of the Struc- required for activation of the ribozyme in trebsenceof
tural lon. Binding of the divalent ion under channel 2 divalentions. A plot of logks versus NaCl concentration
conditions was consistent with an inner-sphere site with a in the absence of added divalent metal ion (Figure 4) gave
major electrostatic component. Folding and cleavage of the @ slope of 1.57- 0.10 and was linear fra 2 M down to the
ribozyme can also be achieved in the absence of divalentlowest NaCl concentration tried of 100 mM. As described
ions (14, 20), suggesting that monovalent ions may also be by ed 6, this is consistent with the uptake of two'Nans
able to fill this site. To explore this possibility, we measured for divalent ion-independent reactivity, in accord with
the effect orkess Of increasing monovalent ion concentration Scheme 2.
in the presence of 1 mM Mg. As shown in Figure 3Akops The Kgna' for inhibition by Na™ can be qualitatively
displays a bell-shaped dependence on NaCl concentratiorassessed from these data. The increadgpithrough 2 M
with a maximum near 0.2 M NaCl. The ion dependence of NaClin the absence of Mg (Figure 4) (possibly beginning
these two phases was analyzed by a Hill plot (eq 1b) (Figureto level off above 1 M) suggests that N& binding very
3B). At lower NaCl concentrations, amy of 0.90+ 0.05 weakly and the appareH; is in the molar range. Likewise,
was obtained, consistent with a stimulatory effect upon net requirement 0&300 mM Na to inhibit 1 mM Mg?" (Figure
uptake of one ion. At higher NaCl concentrations,canof 3) also suggests that ti@ ngt IS in this range. Weak binding
—1.67 + 0.23 was obtained, consistent with an inhibitory of Na' can be understood in the greater entropy loss for
effect upon net uptake of two ions. binding of two Na ions versus one Mg ion (although this
The stimulatory effect below=200 mM NacCl, which is is partially offset by the high concentration of NaCl) and in
near physiological ionic strength3?), may be due to  the potential repulsion between the two nearby" Nans.
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Ficure 5: Effect of urea on the melting profile of the cleaved ribozyme. (A) Melting profile in 0.1 mM¥&5 mM HEPES (pH 8.0).
Data were fit (solid line) to a three-state model as described in the text (see Table 4). (B) Determinatigaloés (slope) from UV
melting data for the 1 to N transitior®) (m-value of 1.45+ 0.05 kcal mott M1, r2 = 0.997) and U to | transitiond) (m-value of 1.27
=+ 0.17 kcal mot! M~1, r2 = 0.948) in 0.1 mM M§"/25 mM HEPES (pH 8.0).

Table 4: Thermodynamic Parameters for Folding of the Ribozyme in 0.1 mRf g a Function of Urea Concentration

[Urea] —AH°; Tle —AS, *AG°37I1 my —AH°®, TM,Z —AS, *AG°372 my
(M) (kcal molt)  (°C) (eu)  (kcalmof?t) (kcal moF*M~1) (kcal moft) (°C) (eu)  (kcalmof?l) (kcal moFitM~1)
0 92.1 60.2 276.2 6.4 1.45 0.05 87.5 80.6 2475 10.8 1.270.17
1 91.4 547 2789 4.9 71.0 78.0 202.1 8.3
2 89.4 50.6 276.1 3.7 68.1 75.6 1953 7.5
3 74.2 454 2328 2.0 65.8 724 190.5 6.7
4 79.1 39.6 2529 0.7 53.8 70.3 156.6 5.2

a Parameters for transition 1 (subscript 1) correspond to the | to N transition for secondary to tertiary structure, while the parameters for transitio
2 (subscript 2) correspond to the U to | for primary to secondary transition. Erraksifnand AS® are estimated at 10% on the basis of fitting,
while errors inAG°37 and Ty are estimated at 5% and°C, respectively, and are smaller than fdd° andAS’ due to correlation oAH® andAS®
(62).

Interestingly, the binding of Naions to the cleaved form  N) can be compared with that for tRN” Both RNAs have
of the ribozyme appears to be substantially tighter (see approximately the same number of nucleotides in their
below), suggesting that the tertiary structure may be lesstertiary structures and therefore likely bury approximately
stable for the precursor ribozyme. the same amount of surface area in folding from secondary

Melting Experiments Identify Tertiary and Secondary to tertiary structure. Similar amounts of tertiary structure are
Structure Unfolding Stepkarge RNAs with tertiary structure  also supported by recent calculatio®s. Both titrations of
typically melt in a hierarchical fashion, with tertiary structure Mg?" at fixed urea concentration and of urea at fixed’¥Mg
melting before requisite and independently stable secondaryconcentration have been used to obtaimawalue of 1.7+
structure 45—47). Unfolding of the HDV ribozyme cleavage 0.1 for tRNAP" This m-value compares well to the value
product was examined, and two major unfolding transitions of 1.45 for the HDV ribozyme. Thenvalue for tRNA"e
were observed (Figure 5), in agreement with prior melting was shown to be independent of Mgoncentration between
studies on the genomic produdgj. In an effort to assign 0.1 and 0.5 mMZ8), suggesting that the value obtained here
the first transition, we examined the urea dependence ofin 0.1 mM Mg is directly comparable. (The small discrep-
melting. These experiments were conducted at pH 8 in orderancy inm-values may be because the C41 quartet is partially
to separate the two transitions further. This appears to occurunfolded at pH 8, resulting in somewhat less surface area
because of deprotonation of a quartet involving C48) ( burial.) This result supports assignment of the first folding
As described in the Materials and Methods section, the datatransition to tertiary structure. This comparison also suggests
were fit with a three-state model involving two coupled thatm-values can be obtained by thermal denaturation and
equilibria (Scheme 3). A typical melt and fit are shown in provides a good way to judge the extent of tertiary structure
Figure 5A, the resultingtvalue plots are in Figure 5B, and  folding.
thermodynamic parameters are in Table 4. Plots of free An mvalue was also calculated for the first unfolding
energy for the | to N and U to | transitions versus urea transition in the presence of 100 mM Né&data not shown).
concentration were linear with slopes of 1.450.05 and Unfortunately, the fit to the simple two transition model in
1.27 4+ 0.17, respectively. Scheme 3 was not as good as for 0.1 mM?Mghe average

As described by Shelton et al., thevalue is proportional  x? across all urea values was nearly 10 times higher in 100
to the amount of surface area buried in the folding transition mM Na' than 0.1 mM Mg". This precluded am-value
and holds for both RNA secondary and tertiary structure from being obtained for this transition in NaCl.
transitions 28). This is similar to the case for protein folding An mvalue was also calculated for the transition for
(49). The mvalue of 1.45+ 0.05 for tertiary folding (I to secondary structure formation (U to I) in 0.1 mM RigThis
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: E——————— expected from the divalent ion-independent channel in

e | scheme2,

- —e— 10 mM Na* Interestingly, 10uM Co(NH3)e*" gave rise to only one

0-008 | —— 100 mM Na' melting transition, with aTly approximately equal to the
— secondrly for 100uM divalent ions (Figure 5). This suggests

] that Co(NH)s*" does not give rise to a stable tertiary

1 structure and supports the notion that tertiary structure is

stabilized by an inner-sphere ion. [It is unlikely that both

the secondary and tertiary structures melt in this transition

since the sharpness of the transition as assessed by the first

] derivative is the same as the secondary structure transition

1 in Mg?*, S+, and N& (Figure 6).] Although 10«M Sr*

] gave rise to two transitions, it was less effective than 100

1 uM Mg?* at stabilizing the tertiary unfoldingTy ~5 °C),

] consistent with ion selectivity for the tertiary unfolding.

SY ST T T T PO T P TR Affinity and Stoichiometry of lon Binding to the Cleal

0 10 20 30 40 50 60 70 80 90 100 RibozymeAn inner-sphere binding site is present only once

Temperature (°C) an RNA folds into its tertiary structure. One diagnostic for

) , i . ) such a site is the dependence of the melting temperature of
Ficure 6: Melting profiles for the cleaved ribozyme in the presence . . . S
of various metal ions. Melting was at 260 nm in 25 mM HEPES the tertiary structure on metal_ ion concentration. If binding
(pH 7.0) with the following salts: MgG) NaCl, SrC}, or Co(NH)s- sites for the ion(s) are present in both the folded and unfolded
Cls. Concentrations and symbols are provided in the figure. sites, then thé, will level off at high ion concentrations

since the transition will be between metal-bound states.
m-value is subject to greater error than the first because of However, if the metal ion site is present only in the folded
the difficulty of obtaining a good upper baseline at low urea state, theTy will increase indefinitely with metal ion
concentrations, the possibility of backbone hydrolysis con- concentration (see Materials and Method&))( We first
tributing to the change, and the simplifying assumption that examined the relationship betweéh, and N& in the
all secondary structure unfolds in a single transition. An absence of added divalent ions. These experiments were
mvalue of 0.94 was obtained for secondary structure conducted at pH 7.0 to help to reduce RNA hydrolysis at
formation by tRNA which was also assumed to form in  high temperatures. As indicated in the Materials and Methods
a single stepZ8). Unfolding of tRNAP"esecondary structure  section, many of these melts could not be fit to the three-
involves breaking of 21 bp, while unfolding of HDV tertiary = state model due to the absence of a good upper baseline. In
structure breaks 28 bp. (This count excludes P1.1 and thethese cases, the two transitions generally remained well
AG base pair at the top of P4, both of which likely require separated, and th&ws were estimated from the first
tertiary structure to form.) Correction of tievalue of 0.94  derivatives.
gives a value of 1.25, which is in good agreement with the ~ As shown in Figure 7A, thdys for the two transitions
value of 1.27 obtained here. were well resolved at all Nlaconcentrations. A plot of
inverseTy versus log [Nd] shows a linear decrease up to
the highest concentration attempted of 1.5 M. This profile
is consistent with these Naons binding primarily to the
tertiary structure and not the secondary structure. [The point
at 2 mM Na is above the plateau region of the plot (Figure
7B) and is similar to that at extremely low Migconcentra-

0.01 s

10 uM [Co[NH )3
100 uM Sre*

0.006 |

0.004

dAZ260/0T (normalized)

0.002 [

Them-values obtained support assignment of the melting
transitions to tertiary structure followed by secondary
structure, as expected from the hierarchical model for RNA
folding (46). These experiments help to rule out other
possibilities for the two transitions, such as melting out of

two _dlfferent secc_)ndary structures or an optically silent tions (Figure 8), suggesting that the RNA is not folded under
melting out of tertiary structure. DA : . )
) _ these conditions; this data point was not used in the analysis.]

lon Dependence of Tertiary Unfolding Supports an Inner- Fitting to egs 15 and 17 returned 145 0.1 ions binding
Sphere Structural lonThe effect of metal ion identity and  with an affinity, Kqna, of 15 mM (Figure 7). AHo in eq 15
concentration on the two melting transitions was examined. was determined at 10 mM Nausing a fit according to
Both the first and second melting transitions were stabilized Scheme 3 (data not shown); 10 mM N in the plateau
by increasing concentrations of Kgfrom 10 to 100uM region of the curve (Figure 7B), suggesting the RNA is
(Figure 6). Melts in 10 and 100 mM Naalso revealed two  folded but without significant occupancy of the binding site.]
transitions, with both transitions stabilized by increasing Na The value of 1.5 ions is similar to Hill constants obtained
concentration (Figure 6). The first transition in Mgwas  for reaction of the precursor ribozyme (Figures 3 and 4),
assigned to tertiary structure from threvalue plots, but this  supporting stabilization of the tertiary structure by"Na
could not be done for Nia(see previous section). However, Next, we examined the effect of Mgon theTy in the
experiments from Been and co-workers, in 400 mM NaCl presence and absence of 100 mM *N&ata in the
involving mutations of the C41 quartet, clearly showed that background of 100 mM Nasupported Mg" binding to a
the first transition in N& is due to tertiary structure as well  stable tertiary structure on the basis of the absence of a
(48). [Note that theTy for the first transition in 100 mM  sigmoidal curve. These data were fit to eqs 15 and 17 using
Na' of ~50 °C (Figure 6) is consistent with the reported the sameAH, and returned a value of 1.1%& 0.05 ions
value of~65 °C in higher N& of 400 mM @8).] The ability binding with an affinity, Kq sy of 21 uM (Figure 8). This
of Na* to stabilize the tertiary structure of the ribozyme is ion is tentatively assigned to the structural ion rather than
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Ficure 7: Effect of NaCl concentration on the melting temperature for the cleaved ribozyme at pH 7.0. (A) Melting curves for the wild-
type ribozyme in 0.01 M (black), 0.1 M (red), @i M NacCl (green). The two transitions are well separated in all cases. (B) Dependence
of T., the Ty in the presence of ligand, on Na@oncentration for the first transition. The fit (solid line) is from egs 15 and 17 usitgl@a

of 62.2 kcal/mol (from a three-state fit in 10 mM Neand aT, of 43.3°C and resulted in 1.5- 0.1 Na" ions bound to the ribozyme with

an apparenkKy of 14.54+ 4.5 mM. The point at 2 mM Nawas excluded from the fit.

Temperature (°C)

the catalytic one on the basis of the similarities between the 0.0033 i oo T
ion-stabilizing characteristics of this melting transition and T

that of channel 2 of the reaction (Figures 1, 2, and 6). The

catalytic site may not be sensed in this experiment since it 0.0032 - A . ]
appears to be a low-affinity site and may require the scissile

phosphate to form. 00031 | ]

Data for Mg binding in the absence of added Nare Té
distinctly sigmoidal (Figure 8). However, we are hesitant to e
interpret the shape of this curve in detail for several
reasons: folding and metal ion binding may be coupled at
low Mg?" concentrations in the absence of NaCl, a good
unfolding baseline could not be obtained at higher®Mg
concentrations, and hydrolysis of the RNA is likely to be
significant at the high melting temperatures. Nevertheless,

—

0.003

0.0029

a few qualitative conclusions can be drawn. First, the tertiary 0.0028 [ - - :
structure is extraordinarily stable in 1 mM RKfgwith an ~107 10° 10° 10 10° 10
apparentTy of 85 °C or more. Second, although the data [Mgz"] M)

preventKq s from being obtained, the downward curvature

of the plot starting at 0.&M suggests that Mg binds very Ficure 8: Effect of MgCL concentration on the melting temper-

ature for the cleaved ribozyme at pH 7.0 in the prese®@eafd

tightly in the absence of Nia Third, Na" destabilizes the
tertiary structure in the presence of fgcompare the data
between 1M and 1 mM Mg" in Figure 8), consistent

absence £) of 100 mM Na. The fit (solid line) is to 100 mM
Na'" data from eqs 15 and 17 using\&® of 62.2 kcal/mol (from
a three-state fit in 10 mM N3 and aT, of 51.5°C and resulted in

1.15+ 0.05 Mg* ions bound to the ribozyme with an appar&gt

of 20.8+ 7.2uM. The no-added Nadata were not fit since folding
and metal binding may be coupled at low Mgoncentration in
the absence of Naand hydrolysis of the RNA may be problematic
due to the highly at high Mg+ concentrations. The point labeled
“~10~™ is from a melt with 1 mM EDTA and no added Mg
The concentration of 10 is approximate for contaminating divalent
ions and is based on our previous stu@@)( The actual value is
not critical to the interpretation of the data since the curve is level
between this value and M Mg?*.

with the competitive behavior inferred from cleavage studies
on the precursor (Scheme 2). Competition of Nt binding

of Mg?" has been shown in many systems, including the
P4—P6 domain of théletrahymenaibozyme @4).

It is of interest to consider several implications of the data
in Figures 7 and 8. First, thi§, for the structural Mg" ion
measuredn 1 M NaCl from activity studies on the precursor
RNA is 2.2 mM (Table 1, Figure 1B). Application of eq 8
and the value oKyng from Figure 7 returns an intrinsic
binding constant for the structural Migion of Kg s~ 0.53 conditions (Figure 1A). Moreover, applicationl§f sy~ 0.53
uM. This value is in agreement with the quasi-binding «M and eq 8 at 0.1 M Nareturns aKg appfor the structural
constant obtained from the downward curvature of thé™g  ion of 25uM in 0.1 M Na, in good agreement with the
only plot in Figure 8. These data also support the assumptionobserved value of 24M from melting experiments (Figure
that the structural site is filled and the ribozyme already 8). Thus, these data provide consistency across the activity
folded at the hundred micromolar divalent ion concentrations experiments on the precursor ribozyme and the thermody-
required to obtain onset of activity at low ionic strength namic experiments on the self-cleaved ribozyme.
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The tertiary fold of the cleaved ribozyme appears to be binding constants measured for tRRI&n low ionic strength
unusually stable. This is evidenced byla greater than 85  (6). However, there is not a clear correlation between this
°C in 10 mM Mg" and of ~40 °C in only 10 mM Na affinity and a specific ion in tRNA™ precluding any attempt
(Figure 6). Indeed, melting data at 100 mMNgigure 6) at identifying the structural ion in HDV by comparison.
andKgyna suggest that essentially all of the ribozyme should Several divalent ions were found in the crystal structure of
be folded at 37°C, the temperature at which the kinetics the ribozyme 11, 12), and roles for divalent ions have been
were measured. On the basis of this, the expectation is thatimplicated from functional studies on the ribozyme6{
the rate for channel 1 should level off with Naoncentration 58). The present data do not speak to which, if any, of these
around 56-100 mM. However, this does not occllg,s for ions is the critical structural ion being observed. Several of
the precursor ribozyme increases with NaCl concentrationsthe crystallographic ions are in regions of high negative
beyord 1 M (Figure 4). Moreover, data in the presence of potential 0), as expected from theoretical considerations
NaCl were consistent with a model wherel M NaCl is (59—-61), and it remains likely that the inner-sphere site will
able to induce<1% of the precursor ribozyme molecules be near one of these regions. It will be of interest to try to

into the proper tertiary structure fol@@). These data suggest

identify the binding site of this ion using structurfunction

that the tertiary structure of the precursor is substantially lesscorrelation under the appropriate channel conditions.

stable than that of the cleaved ribozyme. It is worth
speculating why this might be.

The precursor ribozyme is subject to numerous misfolds
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