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Mechanistic Characterization of the HDV Genomic Ribozyme: Assessing the
Catalytic and Structural Contributions of Divalent Metal lons within a Multichannel
Reaction Mechanisin
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ABSTRACT: Hepatitis delta virus (HDV) uses genomic and antigenomic ribozymes in its replication cycle.
We examined ribozyme self-cleavage over eight orders of magnitude &f dbgcentration, from=10-°

to 1071 M. These experiments were carried out in 1 M NaCl to aid folding of the ribozyme and to control
the ionic strength. The concentration of free ¥gons was established using an EDTA-¥Mduffered
system. Over the pH range of-®, the rate was independent of ktgconcentration up to G M, and

of the addition of a large excess of EDTA. This suggests that in the preséthdd dlaCl, the ribozyme

can fold and cleave without using divalent metal ions. Brgnsted analysis under these reaction conditions
suggests that solvent and hydroxide ions may play important roles as general base and specific base
catalysts. The observed rate constant displayed a log-linear dependence on intermediatenbtntration

from ~10~7 to 10* M. These data combined with the shape of the pH profile under these conditions are
consistent with the binding of at least one structural divalent metal ion that does not participate in catalysis
and binds tighter at lower pH. No evidence for a catalytic role foPMgas found at low or intermediate

Mg?* concentrations. Addition of Mg to physiological and higher concentrations, fronTdf 10°* M,
revealed a second saturable divalent metal ion which binds tighter at high pH. The shape of the pH
profile is inverted relative to that at low Mg concentrations, consistent with a general atidse catalysis
mechanism in which a cytosine (C75) acts as the general acid and a hydroxide ion from the divalent
metal ion, or possibly from solvent, acts as the base. Overall, the data support a model in which the HDV
ribozyme can self-cleave by multiple divalent ion-independent and -dependent channels, and in which
the contribution of M§" to catalysis is modest at approximately 25-fold. Surface electrostatic potential
maps were calculated on the self-cleaved form of the ribozyme using the nonlinear P@stamann
equation. These calculations revealed several patches of high negative potential, one of which is present
in a cleft near N4 of C75. These calculations suggest that distinct catalytic and structural metal ion sites
exist on the ribozyme, and that the negative potential at the active site may help shi.tfoe pl3 of

C75 toward neutrality.

The hepatitis delta virus (HDV)ibozyme is a small, self-  transcripts into unit-length monomers during replication (see
cleaving RNA that is responsible for processing nascent viral Figure 1 for secondary and tertiary structures). The cleavage
reaction leads to products with-Bydroxyl and 2 3-cyclic

t Supported in part by a fellowship from the Alfred P. Sloan Phosphate termini. A number of investigations of the

Foundation and a Camille Dreyfus Teacher-Scholar Award to P.C.B. cleavage mechanism have been performed3], and a

* To whom correspondence should be addressed. Phone: (814) 863- 3 ;
3812. Fax: (814) 863-8403. E-mail: pcb@chem.psu.edu. crystal structure of the self-cleaved form of the genomic

“Present address: High Technology Research Center, Konanfibozyme is available4, 5). The crystal structure shows the
University, 8-9-1 Okamoto, Higashinada-ku, Kobe 658-8501, Japan. proximity of the N3 of cytosine 75 (C75) and the leaving

1 Abbreviations: AS1{30/—7), antisense oligomer complementary _ . .
to nucleotides-30 to—7; C76, antigenomic counterpart to C75; EDTA, group 3-oxygen of G1. This formed part of the basis for a

ethylenediaminetetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-pipera- Proposed mechanism in which C75 acts as a general acid to
zineethanesulfonic acid; G11C, ribozyme used in these studies with aprotonate the scissile-FO5 bond in the transition stat@)

G to C change at position 1+30/99, G11C ribozyme beginning at . . . -
position —30 and ending at position 99; HDV, hepatitis delta virus; In addition, reactivity-pH profiles and substitution of an

MES, 2-(N-morpholino)ethanesulfonic acid; [Mg(OH)pr [Mg(H20)s- adenine at position 75 revealed Kjmnear neutrality that

(OH)]", hydrated magnesium hydroxide; NLPB, nonlinear Poisson  can be assigned to C75. Negative linkage between proton
Boltzmann; TE, 10 mM Tris and 1 mM EDTA (pH 7.5); Tris,

tris(hydroxymethyl)aminomethaney, Hill constant; o, Brgnsted binding to C75 a_nd ”bozyme binding of a catalytic Mg
coefficient for general acid catalysj$; Bransted coefficient for general ~ supports protonation of C75 in the reactant state and a general

base catalysid(., observed acid dissociation constati.; observed acid role for C75 in bond cleavag®2)( Similar experiments
dissociation constant for the catalytic kKigon; Kqepora-mg, conditional

dissociation constant for all forms of uncomplexed EDTA anc?Nig on the _antigenomic ribozyme also demonstrat_e(ﬂ(@rrear .
Kamy, dissociation constant for Mg and EDTA~; K4, Observed neutrality that can be assigned to C76 (C76 is the antige-

dissociation constant for the structural Mdon; k;, observed cleavage  nomic counterpart to C75), and an inactive C76U mutant
rate constant for channel kops Observed rate constant for cleavage; '

KT/e, wherek is the Boltzmann constarik,is the absolute temperature, ~ Was rescued by imidazole, further supporting proton transfer
ande is the charge on a proton. by C75/76 ().
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Ficure 1: Various structures of the genomic HDV ribozyme. (A) Secondary structure of the HDV genomic ribozyme used in this study.
The positions of bases relevant to the results are noted in color. The cleavage site betvteamdU51 is denoted with an arrow. Flanking
sequences are in lowercase and extend from positi®® to —1 and from position 85 to 99, as given elsewhelr@) (Position 11 has a G

to C change, which is a fast-folding variant that exhibits single-exponential cleavage kinetiza(munpublished experiments of D. M.
Chadalavada and P. C. Bevilacqua). (B) Crystal structure of the self-cleaved form of the ribegyBases highlighted in the secondary
structure are shown using the same colors. Also shown is the U1A protein which was used to facilitate crystakfigafioann with

WebLab ViewerLite (MSI). (C) Hydrogen bonding of the bases in the C41-containing base quartet. The distance of 2.9 A between N3 of
C41 and 06 of G73 suggests the existence of a hydrogen bond and therefore protonatiorbof N3 (

The proposed mechanism also requires a general base witlthat leads to rate acceleration while maintaining the same
a K, of >9. One possibility is that hydrated magnesium pH dependence of the reaction without the catalytic divalent
hydroxide serves this role2) since the K, for a water metal ion. The data also provide evidence for catalytic
molecule coordinated to Mg is 11.4 @). However, the participation of solvent and hydroxide ions in the absence
crystal structure does not provide evidence for well-ordered of a catalytic Mg@" ion, and evidence that general base and
metal ions near the active sitd,(5). Nevertheless, the specific base catalysis are important in the mechanism. These
absence of a bound magnesium ion in the structure does notesults are interpreted in the context of a mechanism in which
rule out its participation in the reaction. For example,?¥g  the HDV ribozyme can self-cleave by a minimum of two
could require the scissile phosphate as a ligand or a cage talivalent metal ion-independent and two divalent metal ion-
decrease its off-rate, Mg could bind tightly only in the dependent channels.
transition state, or the catalytic Migmay be kinetically labile
and not crystallize readily. Support for a bound metal ion at EXPERIMENTAL PROCEDURES
the cleavage site was also provided from a specificity switch
of the reaction from Mg or C&" to Mg?" only upon
changing the cleavage site to a3’ linkage (7). The —30/99 ribozyme was 'Eend-labeled with*?P, and

Despite the apparent involvement of a Mdon in the the reaction was initiated with saturating ASB0/~7) as
general base-catalyzed portion of the mechanism at thedescribed previously?( 10). A G11C change was present
physiological salt conditions o1 mM Mg?" (8), at high in all constructs, as this is a fast-folding ribozyme that reacts
ionic strengths the reaction can proceed in the absence ofaccording to a single exponential (refs and 10 and
divalent metal ions3). This result added the HDV ribozyme  unpublished experiments of D. M. Chadalavada and P. C.
to the group that includes the hairpin, hammerhead, and VS1Bevilacqua). NaCl ¥ 99.0%) was purchased from VWR as
ribozymes 9), those that are able to cleave in the absence 5 ppm heavy metals. HEPES>99.0%) was from EM
of divalent metal ions. The ribozyme self-cleavage mecha- Science as RNase-free an@.001% heavy metals, and MES
nism under such conditions remains enigmatic. Possible roles(>99%) was from Sigma as RNase-free. To avoid precipita-
of solvent and hydroxide ion are poorly defined, and alternate tion of the EDTA at low pH, buffer/EDTA mixtures were
roles of divalent metal ions in folding are unexplored in the prepared as 2 solutions immediately prior to use. The pH
HDV ribozyme. of a 0.25 M stock of buffer was determined using a glass

To characterize the reaction further, we have carried out electrode. The ionic strength of 6:3.0 M due to the
an extensive investigation of the Mgdependence of the presence of NaCl is expected to decrease theqb these
self-cleavage reaction of the genomic HDV ribozyme. The buffers by~0.16 unit (L1). This correction is small relative
concentration of Mg™ was tightly controlled by stringent  to the error in the values ofia at high ionic strengths.
treatment of the reagents with Chelex resin, and by titration  To help remove contaminating polyvalent metal ions from
of Mg?" and EDTA over a large range of free Kig solutions, the metal-chelating resin Chelex 100 (Bio-Rad)
concentrations in the presendelavl NaCl. Our data support ~ was used. Chelex 100 is a resin of styrene divinylbenzene
binding of a noncatalytic divalent metal ion, or several ions, copolymers containing iminodiacetate anions. Approximately

Materials
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0.25 g of the resin was poured into a column, and the sodiumwhere Ky3 and Kas are defined forKgepra-mg as the
form of the resin was generated as described previo@gy (  transitions from the 2to 3~ and from the 3 to 4~ species

All solutions except those containing divalent metal ions were of EDTA, respectively. Terms involvingka; (=2.0) and
passed through a Chelex column just before use. In particular,pKs,, (=2.7) were omitted since the land neutral species
water, NaCl, EDTA/HEPES, and EDTA/MES mixtures were of EDTA are not significantly populated at the pH values
treated with Chelex. For low-EDTA concentration experi- that were usedl{). The values of K43 and K4 of EDTA
ments, ribozyme and AS130/—7) were placed in Eppen-  were determined separately at various ionic strengths by
dorf tubes into which a small amount of Chelex resin had monitoring the pH change upon addition of 10% HCI to a
been poured. The tubes were shaken, heated a€36r 1 10 mM EDTA solution (80 mL, initial pH of>11) at 37

min to sequester polyvalent metal ions, and stored in the °C. The pH value was monitored with a glass electrode that
presence of a small amount of resin. In addition, all was calibrated about the EDTASpof interest. The measured
Eppendorf tubes were washed with Chelex-treated water priorpH was fit to eq 3

to use.

Y_@+cx1W*%wH+m+dx1@*W§

1+ 10°PH PKa

Methods (3)

To work at low concentrations of Mg, it was necessary
to use mixtures of MgGland EDTA. The first two methods  wherea andc are the slopes andlandd are the intercepts
sections describe steps necessary to perform these experief the acidic and basic baselines, respectively, gl the
ments. volume of HCI added. The value ofKp; for EDTA was

Determination of I§ epra-mg and pKseora The conditional also estimated by monitoring the change in the extinction
dissociation constanKqeora-mg, is defined for the equilib-  coefficient at 225 nm as a function of the amount of HCI
rium between free Mg, all ionization states of EDTA not  added and fitting to an equation similar to eq 3.
complexed with Mg", and the M§"—EDTA* complex Metal-Buffered Systernio achieve reliable low concentra-
(13); thus, Kgepra—mg is @ function of pH. Values for tions of free M@*, a metal-buffered system was used in
Kaeota-mg at ionic strengths of upot1 M NaCl were which the majority of the Mg was present as a complex
determined at 37C by the change in absorbance at 225 nm with EDTA (15). In all cases, the concentrations of #g
(AA25) upon Mg* addition to 1 mM EDTA in the presence and EDTA were both in excess over that of the ribozyme.
of 25 mM MES (pH 4.6-6.5) or 25 mM HEPES (pH 7.0  This approach allowed addition of Mgin excess over the
and 7.5). The absorbance of EDTA was measured in the far-concentration of contaminating metal ion so that the total
UV region using a 0.5 cm cuvette and a Beckman DU 650 concentration of Mg~ could be known reliably. An ad-
spectrophotometer. A wavelength of 225 nm was chosenditional advantage is that EDTA binds most heavy metals
because HEPES buffer shows a significant absorbante at tighter than Mg* (13), so working with EDTA-Mg?*
< 220 nm.Kgepta-mg Was obtained from fitting to eq 1 for ~ complexes ensures that any unidentified heavy metals are

formation of the 1:1 Mg —EDTA* complex chelated. Since the estimated concentrations of the contami-
nating polyvalent metal ions were2 uM (as Mg*) after
APgps= APgs od [(IMg* ], + [E], + Kg) — treating the solutions with Chelex resin (see Results), the

o 5 o concentration of added Mg was no less than aM. In
\/([Mg la + [El; + Ko™ — 4[Mg™ ] [E]J/(2[E]} (1) general, 1 mM EDTA was used, although 100 mM EDTA

, , was necessary to generate low values of {M@complexedat
whereAAgzs maxis the maximum absorbance change at 225 45 50, and 6.0, and 0.1 mM EDTA was used to generate
nm occurring upon saturation of the EDTA with Ktgand values of [MF*]uncomplexedbetween 10* and 103 M at pH

[E]: and [Mg?*]a are the concentration of total EDTA and 7.0 8.0, and 9.0. The concentration of uncomplexedMg

added Mg", respectively. All curve fitting herein was a5 calculated using eq 4, wheie representqenra-g-
achieved by a nonlinear least-squares method using Kaleida-

Graph (Synergy Software). 2+ — 2 _ _
The values 0Kgepra—mg at pH 8.0 and 9.0 were too small IMG™ Luncompiexed™= M9 ™ 1o — [El, — Ky +
to determine in the presence of contaminating polyvalent J(IMg?*, + [E], + Ko — 4[Mg® 1[E])2 (4)
metal ions (see Results); therefokg,epra-mg Values were
estimated using the relationsii enra-mg = Kamv/o*™ (13). Absorbance Titrations of Mg Binding to RibozymeThe
Kawmy is the dissociation constant for Migand EDTA, changes in absorbance at 260 and 280 nm were determined
and is not a function of pH at pH values significantly below upon titration of a 0.2:M solution of the self-cleaved form
the K, of Mg(H,0)s of 11.4. % = [EDTA*]/[EDTA], of the ribozymem 1 M NaCl and 25 mM HEPES (pH 7.0)

where [EDTA] represents the concentration of all ionization with small volumes of the same solution also containing

states of EDTA not complexed with metal ion/ is a MgCl,. The RNA was renatured by heating at 8D for 2

function of pH and represents the fraction of EDTA that is min before being used. The absorbangewas fit to eq 5

functional for Mg+ binding. Accordingly, the value of

Kqgeora—mg could be estimated at high pH from the knowledge _ (cpMg + d)
4 4= yd— A= (apMg+b) -

of a*~ and a plot of logKgepta-mg Versus logn*~. a*~ was 1 + 10PHPKa—PMO)

calculated at a given pH according to eq 2

®)

wherea andb are the slope and intercept of the low-pMg
o = 1 (2) baseline, respectivelg,andd are the differences in the slopes
Kaa—pH KaztpKas—2pH . ; .
1+ 10PFae PH 4 1 QP as"Prad and intercepts of the low- and high-pMg baseline, respec-
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Scheme 1
pKaZ
c41H+Rc75H+ # c41H*Rc7s
g
Channel 17 PKa2
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kow[OH']
Kaolv l Channel 1

P

tively, ay is the Hill constant, andKy is the apparent
dissociation constant. pMg was chosen as<hgis to allow
fitting to eq 5, which is similar to eq 3.

Kinetic MeasuremenisThe B-end-labeled RNA was
renatured at 58C for 10 min in TE and then kept at room
temperature for 10 min. For low-EDTA concentration
experiments, ribozyme and AS180/—7) were treated with

Biochemistry, Vol. 40, No. 40, 200112025

Scheme 2
2KU'L Mg(str, K& Mg(str) Mg(cat)
[]] C75Ht Mg™<— c41H*hc75Ht Mgz+ s C41H* C75H*
l/ﬁ k, k;
P P P
Channel 1 Channel 2 Channel 3

treated as being important at high pH as gauged by the
plateau of the ratepH profiles at high pHksay is the rate
constant for the solvent-catalyzed portion of the reaction (see
Discussion), andon- is the rate constant for the specific
base-catalyzed portion of the reaction. The second equation
used to fit this set of data (eq 8) was derived from the entirety
of the model in Scheme 1. The additional features for eq 8
are an inactive, doubly protonated state of the ribozyme,
which occurs with a Ka; (Scheme 1) that appears to be
assignable to C41 (see Discussion), and a second singly
protonated state in which C41 is protonated and C75 is

Chelex and were used as EDTA-free solutions. The antisensq,nprotonated. This final term is significant only whapKa

oligomer AS1(-30/—7) was added at a saturating concentra-
tion of 10 uM, followed by 25 mM MES (pH<6.5) or 25
mM HEPES (pH>6.5) containing variable concentrations
of EDTA. (All concentrations are final.) The solution was
incubated at 37C for 2 min, and a zero time point was
removed. The cleavage reaction was initiated by addition of
divalent ion, NaCl, or a divalent ion/NaCl mixture at 3Z.

All reagents were prewarmed at 3€, and the final RNA
concentration was~0.3 nM. Aliquots were removed at

(=pKaz — pKay) is small. The values ofi; and s, were
assumed to be independent of each other in the absence of
data to suggest otherwise.

_ ksolv+ kOH* X 100H_14
- 1+ 100Ka1—PH + 100H—pKa2 + 10°Ka1_pKa2

kobs (8)

For both eqs 7 and 8, data were fit to lkgQ, using the

known times, and the reaction was quenched by addition of l0garithm of eq 7 or 8.

an equal volume of a formamide solution containing EDTA

Description and Data Fitting for the Multichannel Model.

(pH >10) at a concentration at least 2 times greater than the The dependence of 10§, on Mg?* concentration was

total divalent ion concentration. These aliquots were im-
mediately frozen on powdered dry ice and stored20 °C

described with the following set of equations. These were
derived from Scheme 2 in which the ribozyme can self-cleave

until they were needed. Reaction mixtures were separateddy three major channels separated by binding of structural

on a 10% polyacrylamide gel contaigirr M urea. Prior to

and catalytic M§" ions. Binding of structural and catalytic

room temperature but were not heated to avoid further
reaction. The fraction RNA cleaved at each time point was
quantitated on a Phosphorimager (Molecular Dynamics).
Data were well fit by a single-exponential equation (eq 6)

f=A+ Bexp(-ksd) (6)

wheref is fraction reaction andks is the observed rate

since structural ions are presumably required for forming
the catalytic site. This model is also supported by observed
cooperative binding of metal ions at high pH (see Results
and Discussion). It remains possible that the plateau behavior
that is observed is caused by a change in the rate-limiting
step at high Mg" concentrations rather than saturable metal
ion binding; however, observation of multiple plateaus and
cooperative Mg" binding under certain conditions (see

constant for the self-cleavage reaction. The reactions wereResults) argues against this possibility. The species shown

single-exponential with no burst (i.eB ~ —A) and pro-
ceeded ta=80% completion. An initial rate approximation
(f = kond) was used to determing,sfor slow reactions when
completion was not reached.

Data Fitting for the Reactions without bBalent lons.
Reactivity—pH profiles were fit to eqs 7 and 8 to obtaiKp

protonated in Scheme 2 for each channel are those believed
to be the most rapid; however, each species is in equilibrium
with a bank of two singly protonated states and a doubly
unprotonated state, omitted for clarity. Channel 1 (Scheme
2) is really composed of two channels, chanrigrid channel

1" (Scheme 1); however, at constant pH, channel 1 can be

values in the absence of the catalytic magnesium ion. Themodeled with a single rate constdat wherek; = kqps from

higher K, pKa2 in Scheme 1, appears to be assignable to
C75 (see Discussion). Equation 7 was derived from the
kinetic model in Scheme 1 assuming only channhetiannel

1", and K, contribute.

ST
S 110

kobs (7)

In this model, specific base catalysis by hydroxide ion is

eq 8. In addition, major channels 2 and 3 are also likely
composed of additional channels. Channel 3 is assigned a
rate constant oks, and the data are consistent with the
relationshipks ~ Kpmgon+ x 10P%acrs 114 where [Mg(OH)T
represents [Mg(kD)s(OH)]*, kgor* is the intrinsic rate
constant in the presence of fully functional [Mg(OH)]
pKacrsis the K, of C75, 11.4 is the i, of the hydrated
Mg?" ion, and 18acrs 14is the fraction of ribozyme in the
functional form in the plateau region of the pH profil@ys
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Scheme 3
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ki to be determined.

2+]

Mg™] , \ M)
Kd,str Kd,strKd,ca
[Mgz+] < Kd,strande,cat (138.)

log K,ps~ loglk; + k;

At subsaturating but somewhat higher Mgoncentra-
tions, the order of the reaction with respect to g
concentration is of interest. For conditions in which [N
< Kd,str < Kd,cah and Kd,str(kllkz) < [MQH] < Kd,ca(kZIK?»),

is the weighted sum of the rate constants for each channel€ds 9&9d reduce to eq 13b

kobs = Kify + If, + Kofs (9a)
where k is the rate constant for channeland f; is the
fractional occupancy of channgl

The fractional occupancies of each channel are as follows:

K

fl — d,strKd,czi_ s (gb)

Kd,strKd,cat+ Kd,ca[Mg ] + [Mg ]
— Kd,ca{Mgz+]

f2= 2+ 7z (90)

Kd,strKd,cat+ Kd,ca[Mg ] + [Mg ]
M 2+72
= Mg (90)

Kd,strKd,cat+ Kd,ca[Mgz+] + [M92+]2

For a given pH, typically only a subset of the variables in
egs 9a-9d could be determined with confidence. Because
of this complication, data were fit in one of two ways. Either
log kopsVersus M@" concentration was fit using the logarithm
of eqs 9a-9d, orkypsVversus higher M concentrations was
fit to the Hill equation (eq 10)16)

_ krnax[Mg 2+] (IH/Kd(XH
1+ [Mg /K ™

kobs (10)

where oy is the Hill constant andKy is the apparent
dissociation constant. The Hill constaat;, gives a semiem-
pirical index of cooperativity; if the binding of two Mg
ions is perfectly cooperative, theay is 2, and if no
cooperativity occursey is 1. These ions could belong to
the same or to different classes of metal binding sites.

An alternate multichannel mechanism is considered in
Scheme 3, in which the ribozyme is assumed to form a
significant amount of a cleavage-inactive conformér,TRe
equilibrium constantKynioq is defined as [R/[R]. The
observed values df; andKy ¢ are related to their intrinsic
values,k, (shown for channels 1 and 2 in Scheme 3) and
K'qstr by the relationships

k2 = kl(l + Kunfold)

K'd,strz Kd,sn/(l + Kunfold)

Limiting Values of the Multichannel Modélo determine
the value ofk;, the logarithm of eqs 9a9d was used and
the low M@ concentration limit was taken (eq 13a). In these
limits, the symbols «” and “>" mean approximately 10-
fold different. Each plot of lodss versus Mg" concentration
had a M@" concentration-independent portion that allowed

(11)
(12)

k
log ks~ log[Mg**] + IogK—2

d,str

(13b)

and the slope of a loBs—log[Mg?*] plot should be unity,
representing binding of the structural metal ion and oc-
cupancy of channel 2.

On the other hand, if [MY] < Kgcat < Kast then two
portions of the M@"-dependent plot need be considered.
Under conditions in whichKy ca(ko/ks) < [Mg?'] < Kyt
egs 9a-9d reduce to eq 13c

Iog kobs”t‘/ 2(Iog[Mgz+]) + Iog[ksl(Kd,strKd,ca)] (130)

and the slope of a lolg,,s—log[Mg?*] plot should approach

2, representing cooperative binding of the structural and
catalytic metal ions and occupancy of channel 3. However,
under conditions in which [MA] < Kgcat < Kast it is
possible thaKg si(ki/kz) << [Mg?"] < Ky cafko/ks). When these
conditions are met, channel 2 is the major contributdgte
and the slope of a log.ns—log[Mg?*] plot will approach
unity as per eq 13b.

In addition to considerations of the Nigconcentration
dependence of the reaction, multiplateau behavior may be
observed. Under conditions in whith sy < [Mg?"] << Ky cas
binding of the structural metal ion should level offKf; s
(ki/kz) < [Mg?"] < Kgcako/ks). Simulations were carried
out using Excel to study the shape of the curves and the
value of the Hill constant under various limiting solution
conditions (see Results).

Consideration of Error in the Brgnsted Analysifhe
Brognsted coefficient3, for general base catalysis was
calculated from the Brgnsted equation [lkg= £(pKa) +
log Gg] using rate constants for water and hydroxide ion,
and K, values for their conjugate acid$q). The termksg is
the observed rate constant in a certain base, Ggds a
constant specific to the reaction being studied. The slope of
the line, 3, was calculated as [lo&gr/kson)]/ ApKa Which
is {log[(2.8 x 103 M~ min~%)/(0.0034 min%/55 M)]}/(15.7
— —1.7)= 0.44. The error irkoy- was estimated to be (2.8
+ 2.2) x 10° M~ min~?, and the error irksyy to be (6.2+
2.5) x 10°° M~ min?! (see the legend of Figure 3). A
conservative estimate of error can be obtained from the
following simple analysis. If the maximum ko~ and the
minimum inksyy are consideredh can be calculated as 0.47.
Likewise, the minimum irkoy- and the maximum irksoly
gave af value of 0.39. Thus, the error jhis estimated to
be 0.44+ 0.05. Despite uncertainty in the values lQf,
andkon-, § is a fairly robust parameter because the logarithm
of k is taken, and the values that are used are separated by
a large difference in ..
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Ficure 2: Effect of N@EDTA concentration ok, Experiments
were carried out at pH 5.08), 5.5 (v), 6.0 (a), 7.0 (#), and 8.0
(m) with Chelex 100-treated reagentsdah M NaCl and in the
absence of added divalent metal ion. The inset shows tHE)0
mM NaEDTA data in detail.
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Ficure 3: Effect of pH onk,,s in the absence of added divalent
metal ions. ReactivitypH profiles observeciia 1 MNaCl, 1 mM
EDTA solution Q) (2) and in a 1 MNaCl, 100 mM EDTA solution
treated with Chelex 1008 are shown. Data foa 1 M NacCl, 1
mM EDTA solution were fit to eq 7 (- - -R2 = 0.988) to give the
following values: fKq2 = 5.6+ 0.1,ksoy = 0.026+ 0.004 mirr?,
andkoy- = (3.14 1.2) x 10* M~ min~1. Data fo a 1 M NacCl,
1 mM EDTA solution were also fit to eq 8«; R? = 0.995) to
give the following values: K, = 4.3+ 0.3, K5z = 5.3+ 0.2,
Ksov = 0.048+ 0.017 mirr?, andkoy- = (6.5+ 3.0) x 10* M1
min~1. Data fa a 1 M NaCl, 100 mM EDTA solution were fit to
eq 8 (—; R = 0.958) to give the following values: K3; = 5.6 +
0.3, Ka2= 6.6+ 0.3, ksoy = 0.0034+ 0.0014 min?, andkoy- =
(2.8 £ 2.2) x 1 M~ min~L. Data fo a 1 M NaCl, 100 mM
EDTA solution could not be well fit to eq 7. Observelyvalues
for fits to eq 8 are provided in the figure.

Structural Models and Program&lectrostatic potential
calculations were carried out using numerical solutions to
the nonlinear PoisserBoltzmann (NLPB) equation. Cal-
culations were carried out using a modified form of DelPhi
that utilizes a finite difference multigridding algorithrg
19). This approach was recently used in reports of NLPB
calculations on RNAZ0—22). Structural coordinates were
obtained from the Protein Data Bank (PDB) for the hepatitis
delta virus ribozyme (PDB entry 1cx0%) fragment | of
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5S rRNA (PDB entry 364d)23), and the P4P6 domain of
the Tetrahymenagroup | intron (PDB entry 1gid) 24).
Hydrogen atoms were added using REDUQRB)(and bound
metal ions and water molecules were omitted from the NLPB
calculations.

In general, calculations were performed in a fashion similar
to that published previoush2(0). Each atom was placed in
a medium with a low dielectric constant{ = 2) defined
by the solvent accessible surface-enclosed volume, which
was obtained using a probe radius of 1.4 A. The solvent was
treated as a continuum with a dielectric of 80, containing a
1:1 electrolyte. A 2.0 A ion exclusion radius (Stern layer)
was added to the surface of the RNA to approximate a
hydrated sodium ion. A salt concentration of 0.15 M was
used in the calculations, except for the-H#26 domain, which
had to be calculated with a salt concentration of 0.25 M for
the solution to converge2(). Atomic radii and partial
charges were defined using the cvff9l parameter set from
DISCOVER (MSI). Calculations were performed using a 65
x 65 x 65 cubic lattice, and potentials were calculated using
a two-step focusing procedur@). Initial potentials were
approximated analytically at lattice points on the boundary
of the grid using the DebyeHickel equation 27), and
solutions were obtained for 0, 0.05, 0.10, and 0.15 M salt
using boundary conditions interpolated from the previous
step. Potentials were iterated to a convergence<dfx
10 %kT/e. Three-dimensional structures and electrostatic
potentials were rendered using GRASEB)( Figures are
displayed using scaled potentials ranging linearly from
—40kT/eto 4kT/eto accommodate the large negative charge
of the ribozyme.

RESULTS

Effect of High Concentrations of BABDTA on the Reaction
Rate.The genomic and antigenomic HDV ribozymes self-
cleave in a variety of divalent metal ions. The ribozyme has
equal or somewhat greater activity in €ahan in Mg™,
and is also active to varying degrees in?BaSP*, Mn?*,
Cc?t, and other divalent metal ion2,(7, 29). The metal
ion promiscuity of the ribozyme indicates that caution should
be exercised in removing trace amounts of polyvalent metal
ions from the solution.

The genomic HDV ribozyme can also self-cleave in the
absence of added divalent metal ions, and the pH dependence
of the reaction under these conditions is of mechanistic
interest R). Previously, we compared the reaction rate in 1
and 2 mM NaEDTA at pH 7.0 in the absence of added
divalent metal ions. However, further analysis has revealed
that 1 mM NaEDTA is insufficient to complex all of the
contaminating divalent metal ions in the solution at lower
pH values (Figure 2). This appears to be due to EDTA
binding polyvalent metal ions less tightly at lower pH due
to protonation of its acetate functional grouds)

We examined the effect of large concentrations of-Na
EDTA on kyps under several pH conditions (Figure 2). At a
high pH value of 7.0 or 8.%psis independent of N&EDTA
concentration from 1 to 100 mM, consistent with the previous
study @). However, at pH<6.0, ky,sdecreases upon addition
of >1 mM N&EDTA. For example, at pH 5.0375 mM
NaEDTA was required before the rate was level with respect
to EDTA addition (Figure 2). The inhibitory effect of ha
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EDTA does not appear to be due to changes in the ionic data were to eq 7 or 8, derived from the kinetic model in
strength of the solution. These experiments were conductedScheme 1. This model incorporates four ionization states of

in the presencefol M NacCl, so the order of magnitude
increase in Na concentration upon NEDTA addition was
modest (Figure 2). Also, addition of BEDTA from 1 to
100 mM did not lead to inhibition at pH 7.0 or 8.0, under
which conditions contaminating divalent metal ions were

the ribozyme, with the active species being one of the two
hemiprotonated states. It appears that the residues involved
in protonation are C75 and C41. Protonation of C75 is
depicted in the functional species based upon a published
model in which C75 serves as the general acid and [Mg-

presumably already scavenged (Figure 2). Under similar (OH)]" as the general base under physiological salt condi-

conditions of no added Mg, citric acid added to 100 mM
did not inhibit the reaction at pH 6.0 and 1 mM EDTA (data
not shown). Citric acid mimics the functionality of EDTA

and should have all three of its carboxylates nearly com-

pletely deprotonated at pH 6.04, 30). However, citric acid
binds Mg*™ ~10(° times weaker than EDTA14, 30),

tions of ~1 mM Mg?" (2). [This issue is discussed below,
but it should be noted that kinetically equivalent models in
which C75 serves as the general base in the reaction can
also explain the datal( 32).] At low pH, the ribozyme is
shown in an inactive, doubly protonated form, and the other
residue protonated may be C41, although its identity is not

suggesting that EDTA leads to slower reaction by scavengingcritical to the conclusions drawn herein (see Discussion). The

divalent metal ions. Experiments conductadliM NacCl, 1
M KCI, or 1 M NH,CI, all in the presence of 10 mM Mggl
gave similar values ok.ps between 4.0 and 4.6 mih

doubly protonated form of the ribozyme explains the
inhibition at pH <6 (100 mM EDTA,; Figure 3). A fit to eq
7, which does not account for this low-pH feature, is also

suggesting that the identity of the monovalent cation is not shown for the 1 mM EDTA case. In all cases, superior fits

important (data not shown). Thus, the effect of EDTA
concentration on reducinkp,s at low pH appears to reflect
weaker binding of contaminating divalent metal ions to
EDTA.

Treating the solutions with Chelex resin lowered the
contaminating metal ion concentration frosil0 to 2uM
divalent ions (as M) but did not completely remove all

were obtained for eq 8.

Another feature of the model in Scheme 1 is that the active
ribozyme species can react by two Megndependent chan-
nels, channel’land channell Channel lis shown with a
first-order rate constart,y, and channel'lwith an apparent
first-order rate constarkon-[OH™]. The rate constant for
channel 1requires a general base that is present at a pH-

ions. This analysis was based upon dissociation constantindependent concentration, and Brgnsted analysis is consis-

determined for EDTA and Mg and the [, values for
EDTA, as well as fitting of the data at low EDTA
concentrations (see below). Our inability to lower the
contaminating divalent metal ion concentration further likely
reflects the poor affinity of Chelex resin for alkaline earth
metal ions versus transition metal iorf?). Moreover, on
the basis of the properties of structurally related EDTA,

tent with this being solvent water (see Discussion). Partici-
pation of hydroxide ion in channel'laccounts for the pH
independence of the high-pH portion of the reaction, since
the increase in the hydroxide ion concentration can offset
the decrease in the C75Honcentration.

Self-Cleaage aer a Wide Range of Mg Concentrations.
Addition of EDTA to solutions that were treated with Chelex

Chelex should have a weaker affinity for divalent metal ions resin still resulted in further inhibition of cleavage, especially
at high ionic strengths, making preparation of metal-free at low pH (Figure 2). This observation suggested that very
stock salt solutions problematic. It appears that under thelow concentrations of divalent metal ions accelerate the

solution conditions of no added divalent metal ion, high NaCl

reaction. We therefore examined the Mglependence of

concentration, and low pH, which are of interest to ribozyme the reaction from nanomolar to near-molar concentrations
mechanism studies, it is not possible to remove all divalent of Mg?*.

metal ions from the solution with confidence. Under such
conditions, use of a metal-buffered systeb%)(appears to

The folding of large RNAs such as the HDV ribozyme is
dependent on the presence of cations. In an attempt to

be necessary to reduce the concentration of free metal ionsdecouple the effect of divalent metal ions on catalysis from

to an acceptable level.
pH Dependence of the Reaction in 100 mMBRATA

their effects on folding, titrations were conducted in the
presence of high concentrations of NaCl, which has been

We examined the pH dependence of the reaction kinetics inshown to induce tertiary folding of large RNAS83). To
the absence of added divalent ions and the presence of 10@ontrol the concentration of free Mgin the presence of

mM NaEDTA (Figure 3). According to Figure 2, 100 mM
NaEDTA is sufficient to provide EDTA-independent kinet-
ics at pH 5-8. The pH dependence of the reaction in the
presence of 1 mM N&DTA (2) is compared to that in 100
mM Na&EDTA (Figure 3). The overall shapes of the curves
are similar, with identical values &fps obtained at high pH.
However, at lower pH, the rate is 3@0-fold slower in the
presence of 100 mM NEDTA. This difference likely
reflects the inability of 1 mM EDTA to sequester all divalent

NaCl and contaminating divalent metal ions, we first
determined the affinity of EDTA for Mg at various ionic
strengths, and then used an EDTA/metal ion buffering
system. As expected, Mg binds tighter to EDTA at high
pH and low ionic strength (Figure 4A). We also wanted to
know EDTA—Mg?" affinities at pH >7, but it was not
possible to directly determin€y epra-mg due to very strong
binding and uncertainty at low Mg concentrations. As an
alternative, we took advantage of the tdmear relationship

ions at low pH. These data also suggested that low betweerKqepra-mg @anda®~ (see Methods). To calculate~

concentrations of divalent metal ions may stimulate self-

cleavage under low-pH conditions. Similar effects of EDTA

and Mg@" binding at low pH were recently reporte81).
The shape of the pHreactivity curve in the absence of

free divalent ions is of particular interest. The fits of the

(eq 2), we determined thep values for the third and fourth

ionization equilibria of EDTA by titration and fitting to eq

3 (Figure 4B). The K, values determined at high ionic
strengths at 37C were shifted to the acidic side relative to
0.1 M ionic strength values in the literaturg4j. The plot
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FiIGURE 4: Effect of pH and ionic strength on Mg binding to NaEDTA at 37°C. (A) Absorbance change at 225 nm upon addition of
MgCl;to 1 mM EDTA at pH 5.0 @), 5.5 (v), 6.0 (a), and 7.0 #) in a 1 M NaCl solution, and at pH 5.@) without NaCl; the lines are

fits to eq 1 and giveKgepra-mg Values of 1.9+ 0.1, 0.494+ 0.02, 0.13£ 0.01, 0.0055+ 0.0029, and 0.1 0.04 mM, respectively. (B)
Determination of Kazeprain 1 M NaCl at 37°C. Lines are fits to eq 3. The HClI titration using a glass electrode gawe20p5.74 +

0.04. Values for these data correspond to the left-haagis. Similar experiments carried out between pH 7.5 and 10.75 gat®g,ap

9.02 + 0.03 (data not shown). Values foKg and [Ka4 at room temperature with 0.1 M NaCl were also determined and were in good
agreement with the literature (ré# and data not shown). The pH dependence of the absorbance change at 225 nm was converted to a
change in extinction coefficient and fit to eq 3 in which the slopes of the baselines were set to zero; this was done to reduce the number
of parameters because the slopes were too close to zero to determine accurately. This resulied @i 5.§3 + 0.08 (similar to that
obtained by the pH meter titration). Values for these data correspond to the rightHaaisd In all cases, values and errors for the slopes

and intercepts of the upper and lower baselines were reasonable. (C) Dependenc&gfplegvg on log o4~. The value ofa*~ was
calculated at each pH using eq 2 and the valueaf and K.s determined in panel B using the glass electrode method. The linear fit had

a slope of—0.92+ 0.10, within experimental error of the theoretical value-df, and an intercept of 7.0 + 0.4. The intercept gives a

Kgmy Of 100 nM at 1 M NaCl, which is somewhat larger than the value of 2 nM at 0.1 M NaCi@2%14), as expected. Using the linear
relationship of logKq epra-mg and loga®~ allowedKg epra-mg to be estimated at pkt7.0. An example for pH 8.0 is given in the figure,

and indicated with a dashed line.

of log Kgepra-mg Versus loga*~ was linear with a slope  The dependence of ldg,son pH under these conditions is
near—1, and the value dfq vy was—7.0, somewhat weaker provided in the inset of Figure 5 and in Figure 3. Addition
than at an ionic strength of 0.1 M4) (Figure 4C). Values  of intermediate concentrations of Mgfrom ~107 to 104
for Kgeota—mg at higher pH values were then determined by M led to a log-linear dependence d¢f,son Mg?* concen-
extrapolation. tration. This observation indicates that Mgs facilitating
The effect of varying the concentration of uncomplexed self-cleavage in some manner. The dependence okdrg
Mg?* on log ko in the presencefdl M NacCl is shown in on pH under these conditions is qualitatively similar to that
Figure 5. At low concentrations of Mg, between<107° seen in the absence of Kfgstimulation (Figure 5 inset).
and 107 M, the rate was independent of Ffgconcentration. This observation suggests that even though Mg stimulat-
This result is consistent with a Mgfree component to  ing the reaction it is not acting as the general base.
folding and cleavage, represented by channel 1 (Scheme 2)Apparently, Mg* ions have roles in the reaction other than
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FiGURE 5: Effect of Mg?™ on kqysin the presencefd M NacCl at

37 °C. Reactivity-[Mg?*]uncompiexeaprofiles at representative pH
values are shown: pH 5.@®}, 6.0 (), 7.0 ©), 8.0 () and 9.0
(x). The Kgeora-mg Values determined in Figure 4 were used to
determine [M@*]uncomplexedvalues according to eq 4. Reactions were
carried out with a mixture of EDTA and Mg, as described in
Methods. The data with the asterisk (*)Ks,sin the presence of
100 mM EDTA without added MgG! Estimates of free MgGl
concentration are 1.% 10710 1.9 x 10711 and 3.9x 10711 M at

pH 7.0, 8.0, and 9.0, respectively, based on value€@bra-mg
and estimates of the contaminating metal ion concentration2as
uM Mg?*. Fits are to egs 9a9d; the only parameters that could
be reliably determined from these experiments wer@nd another
rate constant, which could be, ks, or a combination of the two
depending on the pH. Values kf can also be obtained from Figure
3, andkmaxis provided in Table 1. Nevertheless, the plateau regions

Nakano et al.

of local features of the plots, and no-added NaCl data are
shown for comparison. Fits toghl. M NaCl data were either

to the Hill equation (eq 10) or to eqs 9ad derived from

the multichannel model. The Hill equation was used because
in many cases fitting of individual data sets to eqs-9d
resulted in one or more of the parameters having large error;
nevertheless, the robust parameters from fits to eg9H8a
were similar to those from fits to eq 10.

The observed MR dissociation constants at 0 and 1 M
NaCl have opposing pH trends. At pH 5.0 without NaCl, an
observedy of 14 mM was obtained (Figure 6A and Table
1). In contrast, fitting of tk 1 M NaCl data to the Hill
equation resulted in Ky of 0.19 mM and a Hill constant of
0.82 (Table 1). These data are consistent with binding of
one M@ ion at 1 M NacCl, which binds tighter than that
observed without NaCl. As the pH is increased, binding of
the Mg?™ without NacCl is strengthened, while binding at 1
M NacCl is weakened (Figure 6 and Table 1). These opposing
pH trends are consistent with a model involving two or more
different Mg ions. The divalent metal ion observed without
NaCl appears to be a catalytic outer-sphere metal ion which
has negative linkage with protonation of C7%.(On the
basis of opposing behavior, the second?Mipn observed
in 1 M NaCl is proposed to serve a structural role.
Apparently, Mg@" ions can further stabilize a native ribozyme
fold only partially induced $ 1 M NaCl (see Discussion).

The data in Figure 6 show several deviations from behavior
expected for binding of a single ion. At pH 5.0 and high
Mg?* concentration, a second increase in rate occurs. This
behavior can be modeled by assuming this reflects binding
of another functional Mg ion which has &g of ~160 mM.
This value is only 10-fold weaker than th€; observed
without NaCl for the catalytic metal ion (Table 1), and is
subject to substantial error (Figure 6). Therefore, this weaker

and the slopes of the curves are interpretable as described in thddinding ion may represent the catalytic metal ion, with

text. The inset shows reactivigpH profiles in the presence of 100
mM EDTA without added MgGl (a) and at approximately zM
(v), 10 uM (x), 100 uM (W), 1 mM (#), and 10 mM @)
uncomplexed M.

catalysis, presumably to fold the ribozyme (see below). This

feature of the reaction is depicted in channel 2 of Scheme 2,

in which the ribozyme reacts with a new rate constést,
but does so without the catalytic metal ion.

Addition of higher concentrations of Mg, from 1074 to
101 M, led to saturation behavior (Figure 5). The depen-
dence of logk.ps on pH under these conditions is inverted
from that observed at low and intermediate Wgoncentra-
tions (Figure 5 inset). This change in the pH profile is
indicative of direct participation of hydroxide ion from [Mg-

modest salt dependence for ikg. Consistent with this
interpretation, there appears to be little involvement of the
catalytic metal ion at pH 5.0 and 10 mM K¥ig based upon
the leveling off ofkyys between pH 5.0 and 4.0 (Figure 5
inset).

At pH 6.0 and 1 M NaCl, the data were reasonably well
described with a Hill equation and a Hill constant of 0.84
(Figure 6B and Table 1). To test for the presence of a second
divalent metal ion, the experiment was repeated at 0.1 M
NacCl, which might strengthen binding of the divalent metal
ions differentially. Under these conditions, there appears to
be a leveling off ofk,ps centered atvl mM Mg?* followed
by an increase ikg,swWith further Mg?™ addition, showing a
Kg of ~#30 mM with a modest salt dependence. This behavior

(OH)]* or solvent in the reaction as a general base (seecould be modeled better with eqs-92d for the multichannel

Discussion). This feature of the reaction is depicted in

channel 3 of Scheme 2 in which the ribozyme reacts with a

third rate constant. These data, combined with those at
lower M@?* concentrations, suggest that Mdons can play

model than with the Hill equation (Figure 6B inset).

Due to the opposing pH trends of tig values for the
divalent metal ions, we expected the catalytic metal ion to
bind tighter than the structural ion at high pH, possibly

diverse roles in the ribozyme mechanism depending on resulting in cooperative behavior for an ordered mechanism

solution conditions, serving both to fold the ribozyme and
to catalyze bond cleavage.

Developing the Multichannel Model with Further Experi-
ments.The dependence d¢,s on Mg?t concentration was

(Scheme 2). Plots okos versus M@" at pH 8.0 and 9.0
were best described lay, values of 1.8 and 1.5, respectively
(Figure 6D and Table 1), and no indication of leveling off
was observed at intermediate Rigconcentrations. This

further examined over the micromolar to near-molar con- effect suggests that binding of the catalytic metal ion is
centration range at a series of pH values (Figure 6). The dependent on binding of the structural ion, possibly because
plots in Figure 6 are semilogarithmic to facilitate examination the structural ion facilitates creation of the catalytic metal
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dashed lineR2 = 0.998). The parameters from nonlinear least-squares fits to the Hill equation (eq 10) are provided in Table 1, and parameters
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FIGURE 6: Comparison of reactivity[Mg?*]uncomplexedprofiles at various pH values in the presence of ®).gnd 1 M NaCl @), and in

the absence of added Na@); Panels A-D are for pH 5.0, 6.0, 7.0, and 8.0, respectively. Data for 0d. v NaCl were fit to the Hill
equation (eq 10) (thick dashed line), or to a modified multichannel model equation (e§slPgsolid line) in which thek;f; term was set

to zero since very low Mg concentration data were not used in these fits. In general, the two fits yielded similar valuéead 9a-9d)
andkmax (g 10), and of on&y term (eqgs 9a9d) andK, from the Hill equation (eq 10); the exception was pH 8.0 data for which reliable
kinetic and thermodynamic constants could not be obtained for eg8due to the apparent cooperativity of ¥Mdginding. For the pH
8.0, 1 M NaCl data, a fit to eq 10 in whidly was fixed at 1 (thin dashed lin& = 0.979) is shown for comparison to the Hill fit (thick
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from selected fits to eqs 9éd are given here. The pH 5.0 datalaM NaCl and pH 6.0 data at 0.1 M NaCl revealed apparent upward
curvature at the highest Mg concentrations that were tested, which was fit by eqs@®hto the multichannel model. Fitting of the data
at pH 5.0 and 1 M NaCl resulted in the followinh valuds: = 0.53+ 0.03 mim?, ks = 0.96+ 0.7 min %, K4 s = 0.13+ 0.03 mM, and
Kd,cat= 160+ 400 mM.R? values for the pH 5,01 M NaCl data were as follows: 0.992 for the multichannel model (solid line) and 0.986
for the Hill fit (thick dashed line). At pH 6.0 and 0.1 M NacCl, the constieyivas forced to be 3.0 based on thgy values of 2.6 and 2.9

in 1 M NaCl and without NaCl at pH 6.0, respectively; fits to the modified multichannel model of eg8®eesulted in the following
values: k; = 1.6+ 0.3,Kg sy = 0.05+ 0.03 mM, andKy car= 0.03+ 0.02 mM.R? values for the pH 6.0, 0.1 M NaCl data were as follows:
0.930 for the multichannel model (solid line) and 0.865 for the Hill fit (thick dashed line). All no-added NaCl data were fit to a binding
isotherm for a single ion (solid lineR), which is eq 10 in whichuy was fixed to 1. Kinetic and thermodynamic constants for no-added
NaCl data are reported in Table 2)(

Table 1: Constants for Mg Binding to the Ribozymetal M NaCl
from the Hill Equatiol

pH aH Ka (MM) kmax (mMin~?)

45 14402 0.14+0.01(16+3)°  0.52-+ 0.01 (0.25+ 0.02p
5.0 0.82+0.16 0.19+0.05(14+£3)°  0.60+ 0.03 (0.78+ 0.06)
6.0 0.84-0.12 0.54+0.10 (9.7£2.0p 2.6+ 0.1(3.2£ 0.3
7.0 0.92£0.06 22+0.2(2.4+04P 5140.2(3.9+0.2p
8.0 1.85-0.14 4.5+0.3(0.86+£0.1P 5.2+ 0.2(4.3£0.1p
9.0 1.5+0.3 4.8+ 0.96 (NDf 5.0+ 0.4 (ND¥

aThe Hill equation is eq 10 Kinetic and thermodynamic parameters

at no-added NacCl are given in parenthe@sAll no-added NaCl data

were fit to a binding isotherm for a single ion, which is eq 10 in which

ay was fixed to 1. Not determined.

values measured without NaCl (Table 1). For example, at
pH 8.0, the observedy is only 5-fold weaker tharKy for
binding of the catalytic metal ion without NaCl, and the
observedy is likely an upper limit for the{, for the catalytic
ionin 1 M NaCl at pH 8.0. Values aiy measured between
pH 5.0 and 7.0 are between 0.82 and 0.92 (Table 1). The
value ofay measured at pH 4.5 is 1.4, which is larger than
expected (Table 1). This may due to the inhibition of
cleavage at very low pH being severe (Figure 5), possibly
resulting in cooperative binding of several structural metal
ions (see the evidence for multiple structural metal ions
below).

Comparing Results to Simulations of the Multichannel

site. The effect of NaCl concentration on the affinity of the Model Simulations of the data in Figures 5 and 6 were
catalytic metal ion appears to be modest when compared tocarried out using rate and binding constants similar to those
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determined from experiments. This simulation was used to difference inKy values between the two methods may be
define the expectations of the kinetics under various condi- because the HilKy values are semiempirical and reflect
tions, to test fitted values afy, and to make predictions on  averaging of the other metal ions, or because theé'Mg
the metal ion dependence of the reaction. At low pH and binding to the cleaved ribozyme is tighter than that to the
very low Mg?+ concentrations, the lop,sversus log[Mg'] ribozyme having the catalytic Mg ion. The increase in
profile is predicted to have a M¢independent portion, absorbance in the transition region may indicate that
which is dominated by reaction down channel 1 (eq 13a; preformed alternate secondary structure has to rearrange prior
compare Figure 5 and panels A and B of Figure 7). At low to tertiary structure formation.

pH and intermediate Mg concentrations, the ldgpsversus To test for divalent metal ion binding site candidates, we
log[Mg?**] profile is predicted to have a slope of 1, whichis  carried out a series of electrostatic potential calculations on
dominated by reaction down channel 2 (eq 13b; comparethe ribozyme using solutions to the NLPB equation. In
Figure 5 and panels A, B, and D of Figure 7). When these general, these calculations have been shown to give reason-
data are plotted on a semilogarithmic scale, the simulation gple descriptions of the electrostatic properties of nucleic
shows an intermediate leveling off kf,s near 1 mM Mg* acids based on comparison to a number of biophysical
followed by an increase at higher Fgconcentrations  properties, including . shifts, EPR measurements, salt
(Figure 7C; see Methods for ConditionS). Flttlng of the effects on ||gand binding, and metal ion b|nd|r@( 21)
simulated 1 mM and lower-Mg concentration data to the  To begin, we performed calculations on two RNAs that have
Hill equation gives ary of 0.96 and &g similar to that  puplished surface potential®Q), fragment | of 55 rRNA
input into the simulation (Figure 7C). These features are (23 and the P4P6 domain of Tetrahymena(24). Our
consistent with the experimental data (Figure 6A, Figure 6B calculated surface potentials were similar to those published

inse_t, and_ Table _1)- (data not shown and ref0). Inspection revealed a nearly
~ Simulations using pH 8.0 data and low Mgconcentra-  jdentical correspondence of regions of negative and positive
tions show that the lodwns versus log[Mg@‘] profile is potential, and representative sampling of the magnitude of

predicted to have a Mg concentration-independent portion, - the potential gave values similar to those published.
which is dc_)mmated by reaction down cha_nnel 1 (eq 13a, In Figure 9, the calculated surface potential for the self-
compare Figure 5 and panels E and F of Figure 7). At high cleaved form of the HDV ribozyme is shown from three

pH and intermediate Mg concentrations, there is a contri- e s rotated by 120 The refined model of the self-cleaved

bution of channclall2 to.the reactign .(Figure 7E'F'H).' This form of the ribozyme contains nine site-bound magnesium
may seem surprising given that binding of the two divalent ions near the ribozyme portion of the structuBd; these

metal ions is cooperative (Figure 6D, Table 1, and Figure .0 shown in Figure 9, although they were not included in

7G). Hovx;everr,] this 1|‘e2at_ure can dbe L?tl?nallzedh i thﬁ rafte the calculation. We found that seven of these ions are located
constant for channel 2 is considerably larger than that for iniy 5 A of regions of negative potential of less than

channel 1. This leads to a substantial fraction of the total —30kT/e. The cutoff of—30kT/e was chosen on the basis of
reaction going down channel 2 even though the occupancye gpservation that isolated A-form helices in the ribozyme,

of.the channel 2 ribozyrrTeMgH Species is relati\{ely smal! such as P2, had potentials ranging from 6-@bkT/e, similar
(FI%L:I’G 7F). A slqpe of1is t_hereforg expecte_d at intermediate to previously reported potentials for A-form RNA2Q).

Mg=" concentrations, consistent with éxperiments (COMPAre pyafarential Jocalization of metal ions to regions of excep-
F_lgure 5+and panels .E and H of Flgure 7?' Athigh pH and o5 negative potential is expected on the basis of results
high Mg?* concentrations, the rate is dominated by crlannel for other RNAs 0, 22, 34). In addition, an extensive cleft

3. S!mulanons predict that the slqpelggsversus log[M§ ,] with high negative potential was found near the active site,
profile should show no intermediate leveling off and fits to although well-resolved metal ions were not found hée (
€q 10 ShOUId give aa of 1.7, consistent with experiments (see Discussion). Overall, the electrostatic calculations
(eq 13c; compare Figure 6D, Table 1, and panels G and H o\ ea1ed numerous regions of negative potential, many of

of Figure 7). which have crystallographically resolved metal ions nearby,

Evidence for Multiple Structural Dialent Metal Ions. 54 other regions that may attract metal ions not resolved in
Mg?* titrations of the self-cleaved form of the ribozyme were o crystal structure.

carried out at pH 7.0 with absorbance detection at 260 and

280 nm in the presencd @ M NaCl (Figure 8). From UV p|ScUSSION

melting experiments at 260 nm, there is not a transition near

37 °C in the presencefal M NaCl or >0.1 mM MgChb The hairpin, hammerhead, and VS ribozymes have been
(data not shown). Data were fit to a binding model involving shown to undergo self-cleavage at high concentrations of
cooperative binding of multiple divalent metal ions, using a NaEDTA (9), and this has called into question the catalytic
modified version of the Hill equation that allows for sloping role of divalent metal ions in the chemical step of these
baselines (eq 5). Fits to both the 260 and 280 nm data wereribozymes 9, 35, 36). The recently determined crystal
optimal with anay of ~5, while poor fits were obtained  structure of the hairpin ribozyme does not have metal ions
with anay of 1 (Figure 8). If the catalytic metal ion binds at the active site, but instead reveals RNA bases that may
considerably weaker to the self-cleaved form the ribozyme, serve as general acithase catalysts3{). In addition,
then the catalytic metal may not be observed in the crystallographic results for the self-cleaved form of the HDV
absorbance titrations on the self-cleaved form (see Discus-ribozyme provide no evidence for well-ordered metal ions
sion). The observedy from the absorbance titrations was at the expected site of catalys&.(We previously reported
~0.4 mM (Figure 8), while those obtained from the that the genomic HDV ribozyme is active iL M NacCl, in
functional assay werex2 mM (Table 1). The 5-fold 1-2 mM EDTA at pH 7.0, and in the absence of added
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Ficure 7: Simulations of reactivity [Mg?*] profiles using estimated values of rate and equilibrium constants at pH 5:0)4nd 8.0

(E—H). Constants for the pH 5.0 simulation were as follovks:= 0.001 mirr, k, = 0.5 mirr?, ks = 1.0 mim?, Kq¢y = 0.13 mM, and

Kgcat= 14 mM. Constants for the pH 8.0 simulation were as follows= 0.0001 min?, k, = 0.05 minm?, k3 = 5 min~%, K4y = 6 mM,

andKy .= 1 mM. The value ok; at pH 8.0 was uncertain, so it was estimated frdgas@t pH 5.0)/10 based on this relationship fgr
(Figure 5 inset). The values &f; crat pH 5.0 and 8.0 were assumed to be similar to those published with no added NaCl (see the text for
the modest NaCl dependencekafca) (2). The value oKy srat pH 8.0 was assumed to be slightly larger thankh&om the Hill equation

(Table 1). Panels A and E show the telpg dependence di,,s (®) on Mg?™ concentration, as well as Idgf;) (O), logk.f,) (O), and
log(ksfs) (<), using egs 9a9d. Panels B and F show the dependence of fraction occupancy (open symbols) and kegstitefined as

kifilkos (filled symbols), on M§" concentration. Circles are for channel 1, squares for channel 2, and diamonds for channel 3. Panels C and
G show plots ofk.ps (NONlogarithmic) vs the higher Mg concentrations on a logarithmic axis. Fits to the Hill equation (eq 10) (thick
dashed line) and multichannel model (eqs-94d) (solid line) are shown. In panel C, the Hill fit was to the'8810-3 M Mg?2* points only;

fitted parameters were as follow&max = 0.55 mim?, Kg = 0.15 mM, andoy = 0.96 (all in good agreement with channel 2 input values).
Parameters from the Hill fit at pH 8.0 were as follows;ax = 4.9 minmr1, Ky = 2.9 mM, anday = 1.69 (indicative of cooperativity in Mg
binding). For the pH 8.0 simulation, a fit to eq 10 in whieh was fixed to 1.0 is shown for comparison (thin dashed line). Note that Hill
analysis allows the value &6 to be obtained at low pH only. Panels D and H show the-log dependence d,,s on [Mg?*] over an
intermediate M§" concentration range. At pH 5.0, the slope of the line was 0.86, simila; to panel C. At pH 8.0 and MY concentrations

between 3 and=56 uM, the slope of the line was 1.03, while at Rtgconcentrations between68 and 150Q«M, the slope of the line was
1.61, similar toay in panel G.
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FIGURE 8: Magnesium titrations with absorbance detection. Data
are for the self-cleaved G11C ribozymei M NaCl and 25 mM
HEPES (pH 7.0) at 37C. Fits to a single-ion model are shown

(- - -), as are fits to am-ion model using eq 5<). Fits to the 260

nm data @; left-handy-axis) gave a 4 of 3.41+ 0.02 and ary

of 5.0+ 0.7, while fits to the 280 nm data&( right-handy-axis)

gave a [y of 3.45+ 0.03 and anay of 5.4 + 1.4 (in good
agreement with the 260 nm data). Values and errors for the slopes
and intercepts of the upper and lower baselines were reasonable
The nature of the absorbance increase Hd mM M¢?" is unclear,

but could reflect binding of additional metal ions.

divalent ions 2), and we show here that qualitatively similar
results are obtained in 100 mM PpEDTA. These observa-
tions strongly suggest that under certain conditions, the HDV
ribozyme can cleave without the involvement of divalent
metal ions in folding or catalysis. Here we report that the
HDV ribozyme uses divalent metal ions to enhance both
folding and catalysis. Divalent metal ions appear to contribute
~3000-fold to folding and catalysis at pH 7.0. This contribu-
tion will now be partitioned between folding and catalysis
within the context of a multichannel divalent metal ion-
dependent model.

Mechanistic Insights from the Balent Cation-Independent
Channels for Self-Claage.Experiments carried out in the
presence ol M NaCl and saturating EDTA revealed a pH
profile that was inverted from that observed at high
concentrations of Mg (Figure 3 and Figure 5 inset). The
pH profile was well described by the kinetic model in
Scheme 1, which requires twdpvalues for the ribozyme
and two channels in the absence of WA feature common
to the three schemes herein is protonation of C75 in the
reactant state, which allows it to act as the general acid. This
is based on close positioning (2.7 A) of N3 of C75 and the
leaving group 5bridging oxygen of G1 in the crystal
structure of the self-cleaved form of the ribozyn#, @nd
observed weaker binding of the catalytic Mdon at lower
pH, presumably due to protonation of C78.(Thus, a2
in Scheme 1 is assigned to C75. Nevertheless, it is possibl
to fit the data by assuming that C75 acts as the general bas
(1, 4), and this possibility has not been definitively ruled
out, although it would presumably require that the positioning
of C75 and G1 in the crystal structure is accidental.

In 100 mM EDTA, the ribozyme appears to be inhibited
by pH values lower than the observelpof 5.6 (Figure
3). It is of interest to consider the possible origin d¢f.p

€

Nakano et al.

Surface Potentinl 00 ~20. 000 0. 000 20.000

U1TA binding site

U1A binding site

U1A binding site

Ficure 9: Surface potential of the HDV genomic ribozyme. The
nine Mg?" ions near the ribozyme are shown, and those near the
U1A protein were omitted for clarity. The surface potential is
colored according to the scale at the top of the figure. (A) Front
view of the catalytic core. The large red channel near then8l

has potentials that range from30kT/e to —75kT/e. This may
represent the binding site of the catalytic metal ion. (B) View of
the molecule after a 12@otation of the view in panel A about the
vertical axis. Again, red patches occur near the center of the

§nolecule in clefts and cavities, as well as near the base of the

ribozyme and just above the U1A binding site. (C) View after a
120 rotation of the view in panel B about the vertical axis. Several
red patches are visible, including a significant patch just above P1.1,
which is part of the same patch in panel A.

(although the identity of this functional group is not critical
to the conclusions drawn). ThiKpis unlikely to be related
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to disruption of WatsonCrick base pairs since theKp enzyme 40). The rate-pH profile of the ribozyme observed
values for bases in WatseiCrick pairs are typically shifted  at high pH ¢&8) is most readily explained by involvement
away from neutrality (i.e., theky, values for C and A are  of hydroxide ion in the reaction (Scheme 1, channél. 1
<4.2 and<3.5, respectively38). Another unlikely possibil- Modeling of a hydroxide ion-catalyzed channel into Scheme
ity is that in the absence of [Mg(OH)] pKa: (Scheme 1) 1 provides a good fit to the data and explains the plateau of
belongs to a new general base. If under physiological saltthe rate-pH profile at high pH as being due to a change in
conditions C75 acts as the general acid and [Mg(Otag the major channel for cleavage from channetdalchannel

the general base, then it is unlikely that another RNA atom 1",

yvith a p@} near neutrality would t_)e found at the active sitg If water is reacting as the general base via chanféhén
in a position capable of performing general base catalysis.the second-order rate constant for water in 100 mM-Na
One plausible origin of the, of 5.8 is a residue involved  EpTAis6.2x 105 M-1 min-t (0.0034 miY/55 M: Figure
in formation of an inactive tertiary structure by protonation 3). For hydroxide ion in channel’l the second-o’rder rate
of a particular base. There is a base quartet in the ribozyme.gnstant is 2.8< 168 M~* min-1 (Figure 3), 4.5 x 107)-
thatinvolves C41 protonated at N3 interacting directly with ¢6|q faster than water. This leads to a Bransted coefficient,
A43 and G73 (Figure 1C3). In the absence of Mg ions, 5 o1 general base catalysis of 0.44.0.05 [=log 4.5 x
however, this quartet may be prone to misfolding. For 35715 7 —1.7)] (see Methods for an estimation of error
example, protonated C41 could interact in a similar fashion ;, B). Note that any poor folding of the ribozyme in the
with the A43-G74 pair, using the Hoogsteen face of G74. ghsance of divalent metal ions (see the next section) should
This could disrupt critical contacts between G74 and the core 4¢ta ot poth the solvent- and hydroxide-catalyzed reactions
of the ribozyme. T _ e _ equally, and thus cancel. Tigevalue from this simple model
The observed pH profile in Figure 3 is qualitatively similar g gimilar to typical values of 0.5 for proton transfers between
to publl_shed results?], although the rates at low pH were oxygen and nitrogend), and similar to thef value for
slower in the presence of excess EDTA and the caIcuIatedgenera| base catalysis by RNase40) A £ value of 0.44
PKa; was shifted toward higher values. The previously g ,ggests that the charge is nearly equally shared between
reported value for K., (Scheme 1) was 5.72), which — {ne 5cceptor and donor atoms in the transition state. This
included data to pH 4.5. Fitting of those data to eq 8 rather 54)ysis supports the conclusion that general base catalysis

than to eq 7 and including the pH 4.0 data point gives a g jmportant to the mechanism of self-cleavage of the HDV
value of 5.3 for K4, (Figure 3). The value of 6.6 at 100 ribozyme.

mM EDTA for pKa, (Figure 3) is considerably closer to | . . .
neutrality and is similar to values observed for C75 a1 Recently, a Bransted analysis was carried out by Shih and

mM Mg?* without NaCl @). These data support assignment Been for C76 of thg antigenomic HDV ribozylnﬁ)._('l_'hey.
of pKazto C75, and suggest that ionic strength is not a strong Made @ C76 deletion and rescued cleavage activity with a
determinant of a basé@value. Measurements okgvalues series of small molecules, including imidazole derivatives.

for isolated nucleosides and nucleotides are consistent withBrensted analysis gavefaof 0.51 (or ana of 0.49) and
this interpretation 9). Experiments using mutants of the furtherimplicated C75 in proton transfes)( Together with

quartet involving C41 in the absence of Mgsuggest that ~ OUr results here, the data suggest that C75 and hydroxide
one of the [Ka values may belong to C41, although no 1O metal-bound or from solvent (see the next section), may
evidence was found for aia for C75 @1). However, the act as the general acid and general (or specific) base,

minimal kinetic model necessary to fit the data in Figure 3 réSpectively. This would be similar to the mechanism of
is surprisingly complex, involving twolkg, values and two RNase A, wherein His119 and His12 act as the general acid

Mg?*-free channels (Scheme 1). Contributions of C75 and @nd base witto. and 3 values of approximately 0.5 each,
C41 may depend on the mutants tested and the rates of€SPectively 40). Shih and Been carried out a proton
channels land 1’ for a given set of conditions. For example, nventory of the reaction, and found an inventory of one
it is possible that if the rates for channékihd 1' are similar proton transfer in the rate-limiting steB)( Proton inventories
for a given condition, thenHu, could be hidden. of two have been obs_erved fqr RNase 42). The number
Assessing the Contribution of General Base Catalysis to ©f Protons detected in the inventory on HDV may be
Rate AccelerationAs the concentration of Mg increases, dependen't on different sqlutlon cond'ltlons (S. Nakano and
the pH profile of the reaction inverts (Figure 5 inset). This P+ C- Bevilacqua, unpublished experiments).
is most readily explained by the filling of the catalytic kg Assessing the Contribution of Kiglons to Rate Accelera-
site and participation of the ribozyme-bound [Mg(OH#s tion. The data presented herein are consistent with two classes
the general base. In the presence of 100 mM EDTA, and of divalent metal ions, structural and catalytic. The data were
therefore the absence of [Mg(OH)]the question arises as fit to a kinetic model involving three major channels for
to which species acts as the general base. Because the pldleavage (Scheme 2). A more complicated model involving
profile of the reaction in Figure 3 is fully described by the four major channels and random binding of structural and
kinetic model in Scheme 1, there is no need to invoke a catalytic metal ions was also considered. However, such a
general base with alfa; of >4.5, the lowest pH measured model would not predict cooperative binding of metal ions
in the experiments. One candidate for the general base undeat high pH, under which conditions the catalytic metal ion
such conditions is solvent water. Although thi,mf the binds tighter than the structural metal ions. Thus, the model
conjugate acid of water is only1.7, the concentration of  involving ordered binding of structural and catalytic metal
water is 55 M. Indeed, Brgnsted analysis has implicated waterions appears to be the simplest model consistent with the
as the general base in the H12A mutant of ribonuclease A, data, and at least one of the more complicated models appears
where H12 serves as the general base in the wild-typeto be less likely.
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Surface Potent inl

Ficure 10: Positioning of C75 in the negative cleft at the active
site. G1 and C75 are shown in stick representation with atoms
colored as follows: hydrogen in white, carbon in gray, oxygen in
red, nitrogen in blue, and phosphorus in yellow. The surface
potential is colored according to the scale at the top of the figure.
The surface was set to 50% transparency using GRASB), {0
allow visualization “through” the surface. Colors shaded on bonds

Nakano et al.

effects.) This suggests that the affinities of Mdpinding to
tRNA and to the HDV ribozyme may be similar.

The structural divalent metal ion binds tighter at low pH,
while the catalytic divalent metal ion binds tighter at high
pH (Figure 5, Table 1). Tighter binding of the structural metal
ion at low pH may be related to the pH-dependent formation
of a quartet involving a protonated C41 (S. Nakano and P.
C. Bevilacqua, unpublished experiments), and tighter binding
of the catalytic metal ion at high pH appears to be due to
electrostatic repulsion with the protonated C75 in the ground
state @). Failure to observe binding of the structural metal
ions at low NaCl concentrations in a previous stuglyrbay
reflect enhanced binding of structural metal ions under those
conditions such that they bind withk that is lower than
the concentration of Mg examined in that studyy20—70
uM). Overall, the data suggest that NaCl competes effectively
for binding of the structural metal ions, but poorly for the
catalytic metal ion.

The contribution of M@" ions tokys at pH 7.0 can be
estimated to be=3000-fold based on the rate i M NacCl
with and without saturating 10 mM Mg&{=4 min %/0.0013
min~Y) (see the Figure 5 inset). The contribution of Vg
ions can be to folding or chemistry. The data are consistent
with a multichannel model for self-cleavage, as described

represent potentials in those areas. The exocyclic amine of C75 isabove and shown in Scheme 2. However, the data are also

positioned in the negative cleft with a local potential of ap-
proximately —40kT/e. This value may be more negative if the

scissile phosphate is nearby. Negative potential near N4 could serve

consistent with Scheme 3, which differs from Scheme 2 by
having only the correctly folded ribozyme (R) in rapid

to stabilize protonation of N3 assuming significant electron donation €quilibrium with the partially folded ribozyme (R Under

from N4. The Mg ion in the lower left part of the figure is 11.5
A from the 3-oxygen of G1. The dimensions of the negative cleft
are ag\proximately 14.5 A 3.5 A with a depth of approximately
155 A

The absorbance titrations suggest that there are ap
proximately five divalent metal ions that bind to the self-
cleaved ribozyme and induce a new conformation (Figure
8). Observation of a slope of 1 rather than 5 in the kag
versus log[Mg"] plots (Figure 5) may reflect one of these
structural ions being especially important to the active
conformation. This would be similar to the phenomenon

described in the comparison of experimental and simulated
self-cleavage data at high pH where cooperative metal ion

binding occurs but only one metal ion is observed at low
Mg?* concentrations in the rate profile (Figures 6 and 7).

Currently, it is unclear where these metal ions bind. Possible
binding sites are suggested by the NLPB calculations, by

the crystal structures] (Figures 9 and 10), and by peripheral
metal ions mapped in the ribozymd3j. These sites are
distributed throughout the ribozyme, but the current data do
not indicate which specific sites are filled in the experiments
performed herein.

Binding of multiple divalent metal ions to RNAs with
compact tertiary structures has been observed previd@Bly (

these conditionsk, andk; are related by eq 11, which has
the limit of ky = kiKynfoig fOr large Kynsoig Values. According

to Scheme 3, channels 1 and 2 cleave with the same intrinsic
rate constank,, butk; is not observed for channel 1 because
the ribozyme spends most of its time in a partially folded

state. This model is attractive since channels 1 and 2 have
the same “inverted” pH profiles, suggesting that [Mg(OH)]
is not participating in the chemical step in either channel,
and that the rate constants for chemistry should be similar
for both channels. If the observed rate constants for channels
1 and 2 are related by eq 11, then tefor the structural
Mg?* ion should be affected bi{,nis according to eq 12,
which has the limit ofK'q s = Ky st/Kunforg fOr large Kynfolg
values, wheré&' 4 & is the intrinsic binding constant for Mg
binding to a fully formed binding site. This model suggests
that the structural Mg ion(s) binds weaker with an observed
binding constantKy s, because it has to spend part of its
free energy of binding in inducing the correct fold of
ribozyme. Evidence that a folding transition is occurring in
this process was obtained in part from the change in
absorbance upon Mg addition (Figure 8). Perhaps the
regions of high negative potential, including the active site,
fold fully only in the presence of divalent metal ions even
thouch 1 M NacCl is present (Figures 9 and 10).

The value ofKyntois can be estimated frork, andk;. An

For example, tRNA, which is about the same size as the estimate ok, was obtained from the low-pH Mg titrations,

HDV ribozyme, typically has been found to have four to
six site-bound M§" ions using NMR, ESR, calorimetry,
equilibrium dialysis, and equilibrium fluorescence titration
(33). In fact, Kq values for M@" ions site-bound to tRNA
are only 16-30-fold tighter than those found in this study,
and the tRNA studies were carried out at-13D-fold lower
NaCl concentrations3@). (Inhibition of site binding of Mg"

by NaCl is expected purely on the basis of electrostatic

with a k; of 0.5 min't at pH 5.0 (Figures 6 and 7). An
estimate ofk; was obtained fronksey (Figure 3) as 0.004
min~!, and these values provide&ansig of ~125. This value
of Kunfold is Used at pH 7 sincéoy- does not appear to
contribute substantially at pH 7 (Figure 3). The obsered
for Mg?* at pH 7.0 and 1 M NaCl is 2.2 mM (Table 1). The
above analysis suggests that the intrinsic value of thi$"Mg
binding is~18 uM (=2.2 mM/125) in the presence of 1 M
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NacCl at pH 7.0. catalytic divalent metal ion was also suggested from analysis
If Mg2* ions contribute~125-fold in going from channel ~ ©f the crystal structure of the ribozymg)( Currently, we
1 to 2 (Scheme 3), then the extra contributiokggin going are unable to conclude whether the active hydroxide species

from channel 2 to channel 3 i825-fold (=3000/125) at pH IS originating from solvent, the bound divalent metal ion, or
7.0. This value is similar to the difference in rate at 0.1 and Poth; furthermore, the major contribution may be dependent
10 mM Mg, where the curve undergoes inversion at pH 0N the X, of the metal ion and may switch with pH.
7.0 (Figure 5 inset). Thus, the actual contribution of2lg ~ However, competitive inhibition by [CO(N§E]** would
to the chemical step appears to be modest. The contributionS€em to argue that a hydrated divalent metal hydroxide is
of Mg?* to catalysis can be treated with the following IMportantunder certain conditiong)( _
Brgnsted analysis. This analysis assumes that the concentra- 1he contribution of the RNA bases to the reaction can

tions of saturating M§ and of water in the absence of Rty also be partitioned into catalytic and folding contributions.
are similar at the active site, as was done for the concentra-Substitution of C75 and C76 with A led to an300-fold

tions of histidine versus water in the H12A mutant of RNase decrease in cleavage rate for the genomic ribozyfeafd

A (40). The rate acceleration determined from the Bransted & 4000-fold decrease for the antigenomic ribozyrig (
equation isky/k, = [KaOTKMIHO]S % 10PKacrs 114 where Brgnsted analysis of the contributions of A and C suggests

K™ = 1017, KMIH:00 = 107114 B = 0.44, [Kac7s= 5.86, that the effect of the mutation on proton transfer sh'oulld be
and the 18%cr114 term accounts for the fraction of MY small because thek values of the nucleotides are similar,
not in the functional hydroxide form. The value foKgcrs as are the I§, values of the wild-type and mutant ribozymes
in 10 mM Mg and 1 M NaCl is from a fit to the Figure 5 (2). The large observed effects suggest that C75 may also
inset (data not shown), and this value is similar to that have important roles in folding, especially in the precursor

without NaCl Q). Thus, the Bransted analysis predikik form of the rib'ozyme. In addition, completion of the self-
= 101310441 0-554= 1.7, This value is only 15-fold different cleavage reactions for the C75A mutant was strongly affected

from the ky/k, ratio of 25 extracted from analysis of the by pH and M@" concentration unlike the C75 ribozyme (data

multichannel model. (The 15-fold discrepancy is small and Nt shown), consistent with the role of C75 in ribozyme
may be due to errors iky, ks, §, Or pKacrs a higher-than- folding. The inability to detect any reaction with C75U/C76U

assumed effective concentration of saturating?Mar to mutants allso. supports a role fgr C75 in folding @)
contributions from the catalytic Mg ion in charge stabiliza- although this is also consistent Wl_th a potential general base
tion or folding.) This analysis suggests that even though the 01 for C75 since the N3ig, of U is >9. Apparently, C75

pK. of [Mg(OH)]* is 13.1 units greater than that of solvent plays important roles in both catalysis and folding of the
water, it is compromised in its ability to abstract a proton POZyme. _ , ,
because it is largely in the nonfunctional fully hydrated form _ Surface potential calculations revealed an extensive nega-
at neutral pH and becaugé < 1. Consistent with this tive channel near C75 and ther@/droxyl of G1 (F|_gure
interpretation, there appears to be little involvement of the 10). In the CrYSta'_ structure, a well-defined metal ion was
catalytic metal ion at pH 5.0 and 10 mM Migbased upon not observed_m thl_s channel, although weak electron d_en5|ty
the leveling off ofky,s between pH 5 and 4 (Figure 5 inset). was seen which might represent low occupancy by a divalent

. ) ) ) metal ion 6). Also, well-resolved divalent metal ions were
The poor reactivity of [Mg(OH)] is consistent with the  ¢,,n near either end of the cleft, with one ion within 11.5

optimal K, for a general aciebase catalyst being neutrality, A of the 08 of G1 (Figure 10). The positioning of the scissile
as in C75 in the HDV ribozyme and His12 and His119 in npoqphate in the reactive conformation is currently unknown.
RNase A 40). Lack of a general base with &Kpnear  poyever, it should be near thé-Bydroxyl of G1, and this
neutrality for the HDV ribozyme can account for its®10  ight serve to further increase the negative potential at the
fold slower rate of cleavage compared to RNase2\ ( ctive site. This increase could aid binding of a new ion or
Nevertheless, there does not appear to be any reason a priotishositioning of one of the nearby ions, allowing participation
why an RNA enzyme could not have both its general acid i, catalysis. A large negative potential might also stabilize
and general base possess palues of neutrality and so react  geyelopment of a positive charge on C75 and help shift its
at a rate similar to that of RNase A. Under saturatingMg i toward neutrality. In particular, N4 of C75 is found deep
conditions, the HDV ribozyme studied herein reacts with a i, the negative cleft (Figure 10). Protonation of N3 could
half-life of <10 s, and this may be sufficiently fast that there g stapilized by electron donation from N4, which could in
is no selective pressure for this single-turnover ribozyme to {,rn pe stabilized by this negative potential.
react any faster. One possibility is that RNA folding events, Summary In the mechanisms of phosphodiester bond
especially resolving of misfolded structures (&9 and cleavage by four small ribozymes, divalent metal ions can
unpublished experiments of D. M. Chadalavada and P. C. e removed while retaining catalytic ability. Remaining
Bevilacqua), are rate-limiting during rolling circle replication. catalytic ability is within approximately 1820-fold of the
The pH profile at 10 mM Mg" is consistent with [Mg- wild-type activity for the hammerhead and hairpin ribozymes
(OH)]* acting as the general base, as previously discussed9, 35, 36, 44—46). The data presented herein can be
(2), although a related model is now considered. The above described by a multichannel mechanism in which the HDV
analysis in saturating EDTA suggests that hydroxide ion may ribozyme cleaves by the fastest channel available to it under
act as a specific base at high pH in the absence of a catalytica given set of solution conditions. Dissection of structural
contribution from Md@" ions. The pH profile observed at 10 and catalytic roles of Mg ions suggests that Mg ions
mM Mg?" is also consistent with hydroxide ion from solvent contribute approximately 125-fold to folding and 25-fold to
acting as a specific base and Mgt the active site acting  catalysis. The modest contribution of igto catalysis can
to stabilize negative charge. An electrostatic role for a be described by a Brgnsted analysis, which suggests that
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water and hydroxide ion can act as bases with little penalty. 19.

In contrast, C75 contributes more to cleavage than expected
from a Brgnsted analysis, suggesting this residue may also 20.

be important in attaining the proper tertiary fold of the
ribozyme.
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