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ABSTRACT. We have probed the electrostatic environment of the active site ofgtrahymenagroup |
ribozyme (E) using protonated’-aminoguanosine (,@;), in which the 2-OH of the guanosine

nucleophile (G) is replaced by an -Igﬂ-group. At low concentrations of divalent metal ion (2 mM
Mg?"), GNH; binds at least 200-fold stronger than G a§G with a dissociation constant af1 M from
the ribozymeoligonucleotide substra:t@NH; complex (ES-GNH;). This strong binding suggests that the

—NHj, group interacts with negatively charged phosphoryl groups within the active site. Increasing the
concentration of divalent metal ion weakens the binding gf.Go E:S more than 18fold. The Mr¢*
concentration dependence suggests that thle metal ion that interacts with thé-@oiety of G in the
normal reaction, is responsible for this effectc lsind G\,H; compete for binding to the active site; this

competition could arise from electrostatic repulsion between the positively chargejjahtﬂ-INb and,
possibly, from their competition for interaction with active site phosphoryl groups. The reactive phosphoryl
group of S increases the competition betweeg and G\,H;, consistent with a network of interactions
involving Mc that help position the reactive phosphoryl group and the guanosine nucleophile with respect
to one another. The chemical step with bour}g@s at least 16fold slower than with G or ,. These
results provide additional support for an integral role of M catalysis by thel'etrahymenaibozyme,

and demonstrate the utility of the -I\IH'noiety as an electrostatic probe within a structured RNA.

An RNA enzyme can utilize a variety of functional groups suggested to allow precise positioning of substrates and
that differ in charge and polarity for building its active site catalytic groups within this RNA active sit€?—25 and
and interacting with its substrates. The backbone of RNA is references cited therein). The interactions within the ri-
composed of negatively charged phosphoryl groups; this bozyme core presumably form an interconnected network
results in repulsive interactions, but also creates numerousto achieve precise positioning. Such a network could also
potential binding sites for metal ions and other positively limit rearrangements within the active site, increasing the
charged groups (e.®;-15and references cited therein). The consequences of electrostatic interactions (€629 and
2'-hydroxyl groups and functional groups on the bases of references cited therein).

RNA also provide hydrogen bond donors and acceptors that  |n this work, we have substituted a protonated amine for
can interact with each Other, with metal ons, and with polar the 2_hydroxy| of the guanosine Substrate[\ﬁ_@) to probe
groups on bound ligands (e.§. 4, 6, 8, 9, 1+14, 16-21, the electrostatic environment within the active site of the
and references cited therein). The ring moieties of the bases‘l’etrahymenaribozyme (E)t This ribozyme catalyzes the
are nonpolar, creating the potential for hydrophobic interac- transesterification reaction shown in eq 1, in which an
tions with each other and with bound ligands (el@, 21, exogenous guanosine nucleophile (G) cleaves a specific
and references cited therein). phosphodiester bond of the oligonucleotide substrate (S) to
The energetic effects of electrostatic interactions betweengenerate a shorter oligonucleotide product @—32).
functional groups within an RNA also depend on the ability
of the RNA to position these groups and_to limit active site L Abbreviations: E is the L-21Scd ribozyme: S refers to the
rearrangements. Theetrahymenaroup | ribozyme makes  gjigonucleotide substrate with the sequence CCCUGUsithout
extensive interactions with its substrates, which has beenspecification of the sugar identity; P refers to the oligonucleotide

product, CCCUCU, without specification of the sugar identity. The
individual oligonucleotides used in this study are defined in Chart 1.
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CCCUCUA; + Goy —~ CCCUCL,, + GAs (1) Chart B

(S) P) Abbreviation Oligonucleotide
Replacement of the' DH of G with 2-H decreases the rate -5 -3 1o+ 82+
of the chemical step more than old (33, 34, and ISAs i€ 1C 1€ rU 1€ rU rA 1A A TA A
unpublished results). A metal ion interaction with this 2 -1d,rSA;4 rC 1C rC rU rC dT rA rA rA rA rA

OH group has been identified and characterized [Figure 1,
Mc (1, 39]. Mc may facilitate the reaction by helping to
deprotonate and activate the@H of G for nucleophilic P rC rC rC rU 1C rU

attack and by aligning the guanosine nucleophile within the ., _ 2-OH: d= 2-H: m = 2-OCHs.

active site {).

Results with the positively chargedG suggest the  substrate (S*), and were carried out at 30 in 50 mM
presence of both negatively charged ph0§phoryl groups andbuffer. The buffers used were the following: sodium acetate,
a metal ion near the'2noiety of G, and provide additional pH 4.4-5.6; NaMES, pH 5.47.0; NaMOPS, pH 6.47.1;
evidence for a network of active site interactions that involves NaHEPES, 6.87.5; NaEPPS, pH 7:58.5; NaCHES, pH
Mc, the 2-moiety of G, and the reactive phosphoryl group. 8.3—9.0. Ribozymes were preincubated in 10 mM MgCl
The results herein were also necessary to establish condition&nd 50 mM buffer at 50C for 30 min @30, 39, cooled to
that allow investigation of the metal ion interaction with 30 °C, and adjusted to the desired metal ion concentrations
deprotonated "2aminoguanosine (G,) in the preceding  prior to initiation of the reaction by addition of S*<(Q.1

-3m,rSA; iIC IC rCmU rC rU rA rA rA rA rA

paper (). nM). For reactions carried out above pH 8.0, the preincu-
bation was carried out at pH 7.5 to avoid degradation and
MATERIALS AND METHODS diluted 10-fold into the appropriate buffer at 3G (39).

Materials. Ribozyme was prepared by in vitro transcription Reactions were followed and analyzed as described previ-
with T7 RNA polymerase as described previousB6)( ously 30, 31, 38 see also 1).
Oligonucleotides were made by solid phase synthesis and Réactions were followed for 3t;, except for very slow
were supplied by the Protein and Nucleic Acid Facility at reactions. Good flrs_t—order f|ts. to the data, with end points
Stanford University or were gifts from Dr. L. Beigelman ©f =290%, were obtained (KaleidaGraph, Synergy Software,
(Ribozyme Pharmaceuticals Inc.). Oligonucleotide substratesR€2ding, PA). The slow reactions were typically linear for
were 3-end-labeled using/£32PJATP and T4 polynucleotide ~ UP to 20 h, and end points of 95% were assumed to obtain
kinase and purified by electrophoresis on 24% nondenaturing®PServed rate constants from the initial rates. _
polyacrylamide gels, as described previousB7)( 2- Determination of the Rate Constant for the Chemical
Aminoguanosine was a gift from Dr. F. Eckstein. Step: ESGx— Products (§). Rate constants for reaction

General Kinetic MethodsAll reactions were single-  from the ES:Gx complex (G = G or Gy) were determined
turnover, with ribozyme in excess of labeled oligonucleotide With the oligonucleotide substrate r&Ar -1d,rSA (Chart
1). Values olké3X were determined with ribozyme saturating
with respect S ([El= 50—200 nM;K$ < 0.1 nM) and with
saturating G (2 mM,; KSX < 500uM under the conditions
investigated; Figures 2, 4, and 5 below). To ensure that the
chemical step was rate-determining, the oligonucleotide
substrate -1d,rS&was used at pH 5:28.5 38, 40. There
is a change in the rate-limiting step for the reaction of §SA
above pH 6 40 and unpublished results). Replacing the 2
OH of U(—1) (Chart 1) with 2-H slows the chemical step
~10-fold but has no effect on other reaction stepg, (4.
Below pH 5.2, however, the reaction rate of -1d,g3g\too
slow to be accurately determined. To span a wider pH range,
the all-RNA substrate rSfwas used from pH 4.4 to 5.6. At
intermediate pH, reaction rates were determined with both
substrates in side-by-side experiments (see Figure 3 below).
These experiments showed that the chemical step fog rSA
is ~700-fold faster than that for -1d,rSAThe observed rate
constant with -1d,rSAwas therefore multiplied by 700 to
Ficure 1. Model of transition state interactions within the allow use of the data from both substrates in the-pate
Tetrahymenaibozyme active site. The dashed lines (- - -) depict profile of Figure 3. The following strongly suggest that the

the partial bond from the reactive phosphorus to th©H of G . : ‘e
and the 3oxygen of the U¢ 1) residue of S. The'2OH of U(—1) chemical step is rate-determining for both substrates over

helps stabilize the neighboring incipierit@yanion in the transiton  the investigated pH range: (i) the reaction rate has a log-
state 87 and Yoshida et al., in preparation), and tHehgdroxyl linear dependence on pH; (i) thio substitution of thre-R-
group of A207, which bridges the exocyclic amino group of G and oxygen of the reactive phosphoryl group slows the observed
the 2-OH of U, may help orient this'20H (53, 58-60). There  ate of reaction 24-fold (data not shown), consistent with

are three distinct metal ions at the ribozyme active site (Shan et . . .
al., submitted). M interacts with the '3anion of S 61). Mg interacts the effects observed in model studies of reactions of

with the 3-moiety of G £2). A third metal ion, M, interacts with phosphate diesters and with previous investigations of the
the 2-moiety of G @, 35). Tetrahymenaibozyme @0, 42.
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Determination of the Equilibrium Dissociation Constants to trace amounts of *GA$0.1 nM *GA; 0.2—1 uM E-P;
of G and Gi. Equilibrium constants for binding of G to the  K$” ~ 300 M (43 and R. Russell and D.H., unpublished
(E-S). complex (see Figure 7 below) were determined with results)]. The value d&; was obtained from the dependence
rSAs or -1d,rSA with ribozyme saturating with respectto S of the observed rate constant of the reverse reackgg)(
([E] = 50—200 nM; Kﬁ < 0.5 nM). As described in the  on G concentration using eq 4b, derived from eq 4a.
preceding section, the all-RNA substrate gSé&as used .
below pH 5.6, and -1d,rSAwas used from pH 5.2 to 8.5. EeP + *GA 0 o EeS + *Goy (4a)
Within the range of pH used for each oligonucleotide
substrate, the chemical step is rate-determining with both
saturating and subsaturating G, as described previo88ly (
40) and in the preceding section. Thus, the dissociation
constant of G from B5:G, K§ (Scheme 2), is equal 165,

tGX

EeP+Gy + *GA

the concentration of G that provides half the maximal rate Kobsd = ko X K (4b)
(kmaxy) in the dependence of the observed rate of reaction K + [Gx]
(kobsg On G concentration (eq 2; sed88 for detailed
discussions). Determination of the pkof 2-Aminoguanosine in Solution
and in the ESGy Complex.The different reactivities of
[Gy] ) Gyy; and Guw, in the reaction: ES-Gx — products provide
Kabsa™ Kmax X [G,] + K% 2) a S|gnal for deprotonation of the -NHyroup in the ES-Gy

complex (Figure 3 below). Values oK§yappN, the negative

Equilibrium constants for binding of 2aminoguanosine  logarithm of the observed equilibrium constant for depro-
(Gn) to the (ES). complex at pH 5.6-:8.5 were determined ~ tonation of G in E:S:Gy, were obtained from the pH
analogously from the concentration dependence of the dependence of the rate of the chemical step wijhréative
observed rate of reaction with -1d,r${eq 2). Below pH to G, ket The data were fit to eq 5, which was derived
5.6, however, the rate of the reaction with subsaturating G from Scheme 1 under Resul t;Zst the observed rate of
is too slow to be accurately measureq,. Was therefore used  reaction of G relative to G at each pH, arkg’ g andkf?‘gﬁ
instead as a competitive inhibitor of the reaction of G (eq are the pH-independent rate constants for reaction\oihG
3a). Under these conditions,y@inds to ES* to form a  the protonated and deprotonated state, respectively, relative
ternary complex that reacts with a negligible rate (Figure 3 to G. As described under Results, these are appatént p
under Results), but prevents the binding and reaction of G. values because protonation of tHea2nino group is coupled
With subsaturating G (510 M), the inhibition constantis  to dissociation of a metal ion from site C.
equal to the dissociation constant of @om E:S:Gy (Ki =

K$"). Values ofK; were determined from the dependence of K%5'=

rel

the observed rate constaktysg on Gy concentration using E-S-Gy i

eq 3b, derived from the reaction scheme in eq 3a. At Onmp o 2300 4 | Gref H7]

i i Keref X —E5G + Kol X “sa = )
intermediate pH, both methods were used, and the values of K; appN +[H ] K appN +[H"]

S obtained were the same, within experimental error.
The pH dependence of the observed binding constant of

Gy for E-S, K, allowed determination of the equilibrium
constant for deprotonation of the —Igﬂ-group of free @,

KSN (44). As varying the pH does not significantly alter the
binding of G, it was unnecessary to correct the effects of
pH common to G and (G (see Figure 4 and Results). The
data were fit to eq 6, which was derived from Scheme 3
under Resultst Yosq IS the observed binding constant of
(3b) Gy at a particular pH, anéiGNHZ and KG””s are the binding

K +[GN constants of ¢, and G\IH;” respectlvely

k
EeS* + G —— products (3a)

Ki | £Gn

EeS*Gy + G

Kobsd = Ko X

Equilibrium constants for binding of to the (ES) Kb bsd—

complex at low pH (5.0) were determined with the oligo- KGN Ht
nucleotide substrate -3m,rgA&Chart 1), which binds E to KSNHz —2 4 KSNH; % _H1 (6)
form a stable open complex (see Figure 7 below). Inhibition KSY + [H1] KSY + [HT]
methods analogous to those described above were used (eq

3a,b). Determination of the Dissociation Constants of iignd

Equilibrium constants for binding of &to the ribozyme Mn2t. Mg?t and Mr#t (M?") weaken the binding of Gto
oligonucleotide product complex {E) were determined E-S atlow pH, providing a signal for binding of these metal
using G or Gy as a competitive inhibitor of the reverse ions to the ES and ES-Gy complexes. The affinity of G
reaction (eq 4a), assGcan bind to EP and prevent binding  follows metal ion concentration dependences for an effect
and reaction of Blabeled GA (*GA). The inhibition constant, from a single Mg" or Mn?* (Figure 4B,C below). The
Ki, is equal to the dissociation constant of Bom E-P-Gx following suggest that the metal ions studied herein achieve
under conditions such thatE is subsaturating with respect equilibrium binding prior to the chemical step so that the
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concentration of M@ or Mn?" required to obtain half of its effect on the binding of neutral\g, (1). This framework

the observed changk},, equals the dissociation constant also summarizes the equilibrium constants for deprotonation
of the metal ion from the ribozymsubstrate complexes (see of the NI—[;F group in solution and in the -5-Gy complex;

also refl): (i) the reaction rate is not affected by the time these constants were necessary to determine reaction condi-
of preincubation with metal ions prior to initiation of the tions for investigation of the binding and reactivity o[”ﬁ
reaction, nor by the order of addition or dilution of metal herein and of Gy, in the preceding paper. The last section
ions and other reaction components; (ii) reactions follow of the Results explores the effect of the oligonucleotide
good first-order kinetics without observation of any burst or substrate on the repulsive interactions betwee\piand

lag phase; (iii) theKl,2 value for ES is the same at pH 4.4
and 5.0, despite the10-fold difference in reaction rate.

The apparent dissociation constant of Wfrom the ES
binary complex, KE%®® was obtained from the M
concentration dependence of the equilibrium binding constant
of Gy at low pH? The data were fit to eq 7, which was
derived from Scheme 5 under Resultsg';bsd is the ob-
served binding constant of\Gt a particular MA" concen-
tration, andK? ’;“3 and Kb wvn are the binding constants oG
with zero and saturatlng Mh, respectively.

Kb obsd—
[Mn*'] Keg™"
[Mn2+] _|_ KMI"I ,app

GNH+
b app

KEN
b,Mn X [Mn2'] + Kl\EA_rgapp

(7)

The dependence of the dissociation constant @f G
(K$Y on the concentration of Mg or Mn2* at low pH
allowed determination of the dissociation constant oMg
or Mn2* from the ES-Gy ternary complexKye .2 The
data were fit to eq 8, also derived from Scheme% in which
Kd,Obsd is the observed dissociation constant of @ a
particular concentration of the metal ion being varied Mg
or Mn?%), KGN is the dissociation constant ofyGvith the
metal site unoccupled arl(ﬁM is the observed dissociation
constant of g with the varied metal ion saturating.

Kdobsd
M
G M e Kesa
d,M d
[M*] + KEsg, [M*] + KEsg,
RESULTS

We first present evidence thath,i is catalytically

Mc.
G nH; 1S at Least 16-Fold Less Reacte than G in the
Chemical StepThe 2- NH group of ka; has no lone pair

electrons and therefore cannot interact with a metal ion. We
first asked how this modification affects the reactivity of the
guanosine nucleophile. The rate constant of the reaction E
S-Gy — products Kf”) was measured from pH 4.4 to 8.5
with saturating G (Figure 3A, closed symbols). The
chemical step for G has a steep dependence on pH, with a
slope of 2 below pH 7.5, and becomes less steep at higher
pH. To isolate the effects of pH that arise from protonation
of Gy, the pH dependence of the rate of reactionS'E —
products was determined in parallel. The chemical step for
G is log-linear with pH with a slope of 1 (Figure 3A, open
symbols), consistent with previous observatiof@).(

The rate effect that stems specifically from protonation
of Gy was analyzed from the pH dependence of the rate of
reaction of Gy relative to G (Figure 3Bk; ). The reaction
of Gy is more than 16fold slower than G at the lowest pH
(4.4). As the reaction rate continues to decrease at low pH,
the chemical step for @ is at least 16fold slower than
G (Scheme 1kc’r“g‘|3) The relative reactivity of @increases
log-linearly with pH with a slope of 1 below pH 7.2 (Figure
3B); at higher pH, the relative reactivity of\Gevels off at
a rate within 5-fold of the reaction of G, corresponding to
reaction of Gin, (Scheme 1Kz = 0.2; see alsd). Fitting
the pH dependence & to the model in Scheme 1 gives
an apparent g, value of (K> = 7.5+ 0.3 for deproto-
nation of the 2—NH§ group in the ES:Gy complex at 10
mM Mg?" (the K, is apparent because protonation of the
2'-amino group is coupled to dissociation of a WMdgpn from
the ribozyme, as described below).

GNH; Binds More Strongly to £ than G and G,

Equilibrium constants for binding of (Gand G (&) to the
E-S complex (Scheme ZKbGX) were determined from pH

|nact|ve The next section describes results that suggest that

NH+ binds stronger than G andw@. The ability of Mg?*
and’ Mi?* to weaken the binding of @ to the ES
complex is then described, along with evidence that the metal
ion at site C is responsible (Figure 1,cM The thermody-
namic framework of Figure 2 summarizes the effect of M
on the binding of q;,H; to E-S described in this section and

2The binding constant:", or the dissociation constar¢S™ (=1/
KbGN), is used in plotting and describing the experimental results,
depending on whether the-& or ES-Gy complex is the focus of
discussionKg" monitors the association process:SE+ Gy — E-S:
Gy, such that plots ol(f‘N versus metal ion concentration directly give
the metal ion dissociation constant from th€SEEomplex. On the other
hand,K$" monitors the dissociation process:SEGy — E-S + Gy,
such that plots oKffN versus metal ion concentration directly give the
metal ion dissociation constant from theS=EGy complex @4).

3The affinity of G for the ES complex weakens below pH 5.6,
probably due to disruption of ribozyme structure at low pH. Above
pH 5.6, binding of G is strengthened by bound S, whereas this coupled
binding of G with S is lost at lower pH1(and D. S. Knitt and D.H.,
unpublished results). However, the loss of coupling between G and S
at low pH is not expected to affect the pH dependencepbi@ding,
because binding of (G, is not coupled to S binding [10 mM Mg
(1)]. Thus, the weakening of the affinity of G below pH 5.6 was not
corrected in analysis of the pH dependence qfthding to obtain
the binding constant for ,@ﬁ (Scheme 3). Correction of this effect
would render the binding constant fomﬁ that was obtained a lower
limit for the binding of Q\W to the intact ribozyme active site. The
following strongly suggest ‘that the analysis without this correction is
appropriate: (i) the data fit well to eq 6, which is derived based on
this assumption; (ii) the solutionkp of Gy (pKS) obtained from this
fit is consistent with the previous determinatiotb); (iii) the pK, of
the ES-Gy complex (K 5o") obtained from this analysis is in good
agreement with the value determined in independent experiments (see
text).
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Ficure 2: Thermodynamic framework summarizing the effect of theZMg MnZ™ bound at metal site C (N@ and MrEJr respectively)
on the binding of @w (thick arrows in foreground) or g, (thin arrows in background) to the {&). complex. Equilibrium constants for
binding of G\,W and for binding of Mé+ and MrﬁJr to the ES- GNH+ complex (numbers in yellow and pink, respectively, in the foreground)

were determined with the oligonucleotide substrate srf@hart 1) and are described under Results. Determination of the equilibrium
constants for deprotonation of th&g@oup in solution and in the ‘5-Gy complexes (numbers in green) is also described under Results.

The equilibrium constants for binding ofy, and binding of M@* and MrﬁJr to the ES and ES-Gyn, complexes were determined and
described in the preceding papd).(—, not determined.

4.4 1o 8.5 under the conditions used in Figure 3; the binding Below pH 5, Gy binds to the ES complex 25-fold more
constants are shown in Figure 4. strongly than G. Binding of (pweakens with increasing pH
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FIGURE 3: E-S Gy is less reactive than ‘B:Gyu, in the

chemical step. (A) pH dependence of the rate constant of the

reaction: ES-Gx — products kcx) for Gy (@, W) and G (O, O) at

10 mM Mg, determined as described under Materials and

Methods. Reactions were followed with r$£®, O) and -1d,rSA

(m, O0). To correct for the effect of the'H substitution on the rate

of the chemical step and allow direct comparison with the reaction

rates of rSA, the rate constants for -1d,rgAvere multiplied by

700, a factor determined from side-by-side measurements with both

substrates at intermediate pH (see Materials and Methods). (B) pH

dependence of the reactivity ofyGelative to G ke = kSV/KS,

with rSAs (@) and -1d,rSA (m). Values ofk® and k> are from

part A. The line is a fit of the data to eq 5, derived from Scheme

1 (see Materials and Methods), and givé§ " = 7.5 (10 mM
Mg?).

and levels off above pH 7.5 (closed symbols), whereas the
binding of G to ES does not change significantly from pH
5.6 to 8.5 (open symbolg)These data suggest thah,%

4The binding constant of @1; is apparent becauseN% binding is

coupled to dissociation of a Mg ion from site C (see Figure 2); in
contrast, a Mg" ion is bound at site C in both the-& and ES-Gy,
complexes at 10 mM M (1), and this is denoted by the subscript
‘Mg’ in the binding constant for ., (Scheme SKS“%) Similarly,
the K, of the NH; group in ES-Gy observed under these conditions
is an apparent o, value because protonation is coupled to 2¥Mg

dissociation (Scheme 1 and Scheme RS B>").
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Ficure 4: pH dependence of the binding of G ang @ E-S,

KSX. Equilibrium binding constants forGand G were determined

at 10 mM Mg@" from the dependence of the observed rate of

reaction on G or G concentratiorll{, ) or from inhibition methods

(®) (see Materials and Methods). The solid line is a fit of the data
of Gy to eq 6, derived from Scheme 2 (see Materials and Methods),

and gives p(G“ = 6.1+ 0.2 for deprotonation of wa in solution,
and KbG“;*F‘,sp = 67 andeGR;g = 3.6 mM* for binding “of Guny and

Gnw, to E+S, respectively. The dashed line highlights that binding
of G is constant above pH 5%.

Scheme 1
GNH2
MOEeSeGp, + H' T products
ESeG
PRampp || 7-5
Ginn
c,rel
EeS+GnHi + Mg products
(10 mM Mg?
Scheme 2
Kex
E-:S+ Gy =—E-SGy
6 — g — SO
[E-S][C«]
Scheme 3
KGNH2
Mg.EOS + GNH2+ H+ 26 M_1 Mg'E'S’GNH2 + H+
B6m
pKSN 6.1 pKE’;Sp;)GN 7.4
b
MI"Ees + GNH; s E'S°GNH§ + Mg
67 mM™!

(10 mM Mg>*)

binds more strongly than G oryg, to E:S. A fit of the pH
dependence of the binding ofy@o the model of Scheme 3
(Figure 4, solid line) gives binding constantsl‘()j‘“”%p =67
mM~! and KGN“é = 3.6 mM, respectively’. This fit also
gives a [K; value of 6.1+ 0.2 for deprotonation of @# in
solution (Scheme 3,|‘f3a”) the same as the squtloerof
6.2 determined directly for the’-amino group within a
dinucleotide 45). This solution K, and the 19-fold stronger
binding of GNH; than Gn, predict that %H; deprotonates
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with an apparent g, value of p(EaSEN =7.4in the ES'Gy w
complex [Scheme 3KES oV = KJ' x (KowgKphs) = osl
10761 x (3.6/67)= 1074 pKE ot = —log KEso" = 7.4]. ol
This is the same, within error, as the value ¢, = 2
7.5 obtained independently (Figure 3). < 0.4 -
Mg?" and Mrf* Weaken the Binding of ,@H The 0.2 ‘\.
stronger binding of ﬁw than G and G, described above o

[ ) L s
[ 20 40 200 400

was surprising, as prewous studies showed that metal site (Gl (M)
N.

C, which is situated near the-ghoiety of G in the ES-G
and ES-Gns, complexes, is occupied by a Mfgion at (8)
concentrations above 2 mM [Figure 1:NL)]. We therefore 10001 g o < /z”‘
investigated the effect of metal ions on the binding qf,G N A

to E-S. The results showed that addition of Mgr Mn?*

weakens the binding of ,\(,1E,+ to E'S and that this effect can T
be attributed to M, the metal ion that interacts with the-2 E
moiety of G in the normal reaction. &

The effects of Mg" or Mn?* at site C (M§™ and MiE", | ____. o o __
respectively) on the binding of |@\+ and G, to E'S are o
summarized in the thermodynamlc framework of Figure 2, 1
which serves as a guide for describing the determination of
individual equilibrium constants in this and the next section.
Figure 2 contains three thermodynamic cycles stacked upon ©) go
one another. The top and bottom planes are thermodynamic ®
cycles with metal site C occupied by a Rtgor Mn?", 60
respectively, and the middle plane is a cycle with site C
unoccupied. Each cycle depicts the equilibrium for binding
of GNH+ and G, to E'S (Kﬂl,3NH3 and KGN“Z, respectively) 20l ®

and the equilibrium for deprotonation of tht—:~rS¢IH3 group f N
E-S:Gy

in solution and in the ES-Gy complex (p(a and K37, o - ST

respectively). The subscript ‘Mg’ or ‘Mn’ in these equilib- [Mn®] (mM)

rium constants denotes the metal ion bound at site C, and , .

the subscript ‘0’ denotes that site C is unoccupied. The FIGURE 5 Mg?* and Mr* weaken the binding of . to the

vertical arrows that connect the top and middle planes areEE)S)C zomplex (S_@:S(;A)S)d(A) Blndlngof iN: to Efshat 2mM

the equilibrium dissociation constants of fg(KM9), and ®) and 100 mM Md™ (), determined by inhibition of the reaction

thoseq that connect the middie and bog[(?r% pl)anes the of G with GNH; at pH 4.7 (see Materials and Methods). (B) Effect

2+ ilibri i i
equilibrium dissociation constants of I@I‘Ln (KMM). The of [Mg='J on the equilibrium binding constant Of“@ (®) and G

o . . - (O) at pH 4.7 [from part A and analogous expenmeﬁt‘ﬁhe solid
subscripts in these metal ion dissociation constants deplctIlne is a fit of the data of G to the model in Scheme 4, and

10 100
Mg™] (mM)

1 1.0 1 (I)O
[Mg?*] (mM)

—

O]
[Mn?] (mM)

4

KE¥gah)

40

K™ (mM)

the ribMozymesubstrate species that binds #gor Mn¢® gives a binding constant for ,\@ of 16 mM* with saturating
e.g.,Kgs is the dissociation constant of fnfrom the ES Mg2*. The dashed curve is a fit of the data to a model in which
complex. two Mg?* ions decrease the binding oﬂ\,g-; The dashed straight

line shows that binding of G is not affected by changes if?M
The equilibrium constants for binding OfNQ* to ES and concentration. The |nsegrt shows the%\?lgoncentrgtlon dgpendencge
the effects of M on c':NH+ binding (Figure 2, th'Ck arrows) of the dissociation constant of\&rom E-S-Gy, KGN The solid
were determined by experiments described in this section.line is a fit of the data to eq 8, derived from Scheme 4, and gives
Quantitating the equilibrium constants for deprotonation of an apparent Mg dissociation constant d("E"%G =26+4mM

the 2-NH; group in solution and in the-5-Gy complexes (see Materials and Methods). The dashed line is a fit of the data to

a model involving two M§g" ions. (C) Effect of [M#*] on the
is crucial for investigation of the binding and reactivity of binding of Gy to E-S at pH 5.0 with 10 mM M@, determined by

Gy and G, in this and the preceding papet){ the experiments analogous to part A. The solid line is a fit of the data
determination of these equilibrium constants is described into eq 7, derived from Scheme 5, and gives an apparertt Mn
the next section. To complete the thermodynamic cycles anddissociation constant d¢y's**"= 0.19+ 0.03 mM and a binding
constant for G of KG = 7.6 mM! (see Materials and
5 The foll | hat the binding of ® E-S (S— Methods). The insert shows the Rinconcentration dependence

e following strongly suggest that the binding = of the dissociation constant ofyGrom E-S-Gy, K. The solid
rSAe) Obfseréfd at pH 4.7 reflects the b”:jd':g O 0;’er the;:ngre line is a fit of the data to eq 8, derived from Schame 5, and gives
range of M@" concentration investigated {200 MM). Gus, binds _
weaker to ES than G,,: in Mg?*; the binding constant for ﬁa.zz is~3 an apparent Mit dissociation constant d{E *S'Gy =36+06

B 3 mM (see Materials and Methods).

mM~* from 2 to 100 mM Mg@" (1 and data not shown), whereas the

binding constant for Gat pH 4.7 is>20 mM™! over the entire Mg"
concentration range investigated (Figure 5B). Thus, the small fraction to allow comparison with the i results, the effects of

of Gy, present at pH 4.7 (0.04,K5* = 6.1) makes a negligble ~ Mc on the binding of Gy, to E-$ are also shown (thin
contribution to the binding of Gat this pH. arrows;1).
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Scheme 4
Gy
Ko, Mg
Mg'E.S + GNH; <16 mM_1 Mg E‘S'GNH;
Mg My
Keeg |22 mM KgeseG NH >26 mM
Ko

Mg +ES + GNH; Mg+ E'S'GNHg

>1000 mM™!

(A) Mg?t Weakens the Binding of,\g;‘ﬁ More than 60-
Fold. Figure 5A shows that ,@H binds strongly to ES at
low Mg?* concentrations, with a binding constant of 1000

mM~t at 2 mM Mg; in contrast, binding of e is 50-
fold weaker at 100 mM Mg .5 The binding of Gunz
weakens with increasing [Mg] and levels off above 40 mM
Mg?*, whereas the binding of G is the same, within error,
as the M@" concentration is increased from 3 to 100 mM
(Figure 5B).

The Mg concentration dependence of the binding of
Ghz above 4 mM M@" is consistent with the effect
expected for a single Mg (Figure 5B, solid line). As the
Mg?* concentration decreases from 4 to 2 mM, the affinity
of GNH3+ increases 4-fold, twice the effect predicted for an

effect from a single Mg". This small deviation could be
caused by an effect of Mg on ribozyme structure or by
electrostatic repulsion from binding of additional kg
Inclusion of a second Mg slightly improves the fit of the
data below 4 mM M§" (Figure 5B, dashed line), but does
not significantly change the Mg and G\w binding con-
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Scheme 5

G
Kb,app

Mn -+ MIEeS + Gy Mn +EeS*Gnpt + Mg

69 mM™!

Mn,app

Keea 0.19 mM

Mn
KE,S,GNH:.; >3.6 mM

Gt
Kb Mn

Mg+ MrE.S + GNH%' WE.S.GNHg + Mg

<7.6mMm’
(10 mM Mg?

The ability of Mg?™ to weaken the binding of ,g# and
the affinity of this Mg* ion for the ES complex (Scheme
4, KY9 < 2 mM) are consistent with an effect from [lig
which is situated near the-thoiety of G in the ES: GNH+
complex (Figure 1B;1). To test whether M is indeed
responsible for the weakened binding o,ﬁhG, we investi-
gated the effect of added Mh

(B) M " Decreases the Binding of@ More than 100-
Fold. If Mc is responsible for the weakened binding of
G- then Mrt* should also weaken the binding ol
as Mr?* binds strongly to site C1). Further, the MA" ion
that weakens the binding of,\@ should have the affinity
characteristic of Ma" (1).

Figure 5C shows that addition of Mh does indeed
weaken the binding of @rﬁ, whereas addition of MiT has
no effect on binding of G “at corresponding pH values (data
not shown). The M#" concentration dependence suggests
that a single MA" ion binds to the BS complex and weakens

stants obtained. We therefore use the simpler model in whichthe binding of G, (Scheme 5). The fit of the data in

a single Mg@* ion weakens the binding of ,@H (Scheme
4)8

Analysis of the data of Figure 5B according to the model
of Scheme 4 allowed estimation of limits for the individual
equilibrium constants. The binding of,\@ continues to
increase at the lowest l\ifgconcentranons thus, the value
of 1000 mM observed at 2 MM Mg represents a lower
limit for the binding of Gune with the metal site unoccupied
(Scheme 4KGN“3) The continued increase ofNﬁ+ binding
at low [Mg?*] also suggests that the I@I*gresponsmle for
this effect binds to ES tightly, with a dissociation constant
of Kg& = 2 mM (Scheme 4). The effect of Mg on Gy,
binding appears to saturate at high WMgoncentration. This
could arise from saturation of a specific kgsite that
weakens the binding of @,+ or from a distinct M§" ion
(or ions) that antagonizes the effect of theMthat weakens
GNH+ binding. Thus, the binding constant forN@ ex-
trapolated to saturating Mg, 16 mM? (F|gure 5B),
represents an upper limit for the affinity ofNﬁ with
saturating Mg", KGNHB (Scheme 4). For the same reason,
although the M@* concentratlon dependence NGN“s
gives an apparent Mg dissociation constant of 26 mM for
the ternary complex (Figure 5B inseftdhis value is a lower
limit for the dissociation constant of the ¥igion that
weakens §H+ binding (Scheme 4KESGNH+)

6 Scheme 4 is a portion of the thermodynamic framework of Figure
2, presented to simplify the description of the determination of
individual equilibrium constants in the text.

Figure 5C to the model of Scheme 5 gives an apparent
dissociation constant oKye® = 0.19 + 0.03 mM for
binding of the MA™ ion to ES7 This is the same, within
error, as the affinity of M@ determined previously (
KM%®P = 0.21 mM; 10 mM Md*; 1). The agreement
between the M#t affinities strongly suggests that the metal
ion at site C is responsible for weakening the binding of
GNH3+.

The data in Figure 5C also allow estimation of the affinity
of GNH+ for E-S with Mr?* bound at site C (Scheme 5,

KS) and the affinity of Mi&* for the ES: Gy cOmplex
(Scheme 5J<ESG +) With saturating MA", the binding
constant of @ is 7 6 mmt (Figure 5C). This value is an
upper limit for Kb“h‘,l“g, the binding constant of G with
Mn2* bound at site C. This is becauseGbinds s%rongly
to E-S with Mr&" bound (Figure 2Kgz = 83 mM%; 1);
thus, the fraction of @, present at pH 5.0 (0.08,K§N =
6.1) may be responsible for a substantial amount of the
observed binding of Gunder these conditions. For the same
reason, although the Mh concentration dependence of

K™ at pH 5.0 (Figure 5C, insert) gives an observedzMn
dissociation constant of 3.6 mM, this value is only a lower
limit for K¢y, - the dissociation constant of \ih from

the ES GNH+ complex (Scheme 5).

TKEL* is an apparent Mi dissociation constant because this

Mn2* ion, Mn&", competes with a Mg bound at site C in the &
complex ().
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e
g 10°%
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10
E+S (E*S), (E*S),
10 ‘4 s s 7 8 9 FicURE 7: Two-step model for binding of oligonucleotide substrate.
S (dark) first forms the open complex [&)] by base pairing with
PH the internal guide sequence (IGSGGAGGG; white) of E to form

FIGURE 6: Determinations of the y, of the -NH. group in the the P1 duplex. The P1 duplex then docks into the catalytic core
E-S:Gy complex at 2 mM M@+ (@), 100 mM Mg* (O), and 5 via ternary interactions to form the closed complex-§J; 20,

mM Mn2/10 mM Mg+ (®) from the pH dependence of the 23, 48, 50.and references cited therein].

reactivity of G relative to G in the reaction-B-Gx — products:

ket = K/KC. Values ofk® were determined with saturating E  stant for deprotonation of the -NHgroup in the ES-Gy
(50—-200 nM) and G (2 mM) as described under Materials and complex can be determined from the pH dependence of the

Methods. The solid lines are the fit of the data to eq 5, derived ; ; ;
from Scheme 1, and give observeldpralues of ES:Gy of 8.6, rate of the chemical step of3elative 1o G kere (Figure 3

7.1, and 4.9 at 2 mM M, 100 mM Mg*, and 5 mM Mr+/10 above). The value of s " was estimated from the pH
mM Mg?2", respectively (see Materials and Methods). dependence ok at the lowest M§" concentration that

ensures folding of the ribozyme [Figure 6, closed circles; 2
Placing the results of this section in the context of Figure mM Mg?" used herein46, 47]. A fit of this pH dependence
2 (thick arrows in foreground), ,@ﬁ binds strongly to the  to the model of Scheme 1 gives an apparef yalue of
E-S complex when metal site C is unoccupled with a binding 8.6 for the NI—I group at 2 mM Mg". This value is a
constant oK% > 1000 mM™. Mg>* binds tightly to site  lower limit for pKES®", the [Ka of the -NH; group in E
Cin ES, w|th KES < 2 mM (see also refl). Binding of S-Gy with site C unoccupied, because Mds bound at site

MgZ" weakens the affinity of ﬁhﬂ with KGNH3 < 16 C in the ES'Gnn, complex under these conditions (Figure
mM-L A Mn2* ion also binds strongly to S|te C, witha 2 Kgke, = 2mM; 1).
dissociation constant dfy's < 40 uM for the ES complex (C) Deprotonanon ofES.GNH+W|th MgZ" Bound, p|§ SfGN_

(2). Binding of Q\W is weakened more than 100-fold upon
binding of Mr¢", with KbGNh;'g < 7.6 mM. Conversely, the

affinities of Mg** and Mgr?* for site C aria wealﬁined upon curves). The data were again analyzed according to the model

binding of Gyy;, with Ke.s., g = 26 MM andKesg, = of Scheme 1, giving an observeliapof 7.1 at 100 mM M@

3.6 mM. This value is an upper limit for K=, the [K, of the
Effect of Mc on Deprotonation of Qw To ensure that -NH,OT group in ES'Gy with Mg?* bound at metal site C,

the binding and reactivity of ﬁ_ﬁ or GNH2 were followed in because site C may not be saturated by?Min the

this and the preceding papd:),(n was crucial to determine  E-S- GNH+ complex under these conditions (Figure 2,

the equilibrium for deprotonation of the- IXIHJr group of K“E"%G i Z > 26 mM).

GNH+ and how M and the ribozyme active S|te perturb this .

eqU|I|br|um The equilibrium constants for deprotonation of (Ege Deprotonatlon of ES'GNH* with Mré Bound,

Gyy; in solution and in the ES:Gy complexes were pKESS". This pK, value was estimated from the pH depen-

therefore determined with varying concentrations of metal d€nce okerin the presence of 5 mM M (Figure 6, closed
ion. diamonds; 10 mM Mg" background). Analysis of the data

: . : P according to the model of Scheme 1 gives an apparpt p
(A) Deprotonation of §H§ in Solution The equilibrium value of 4.9. This value represents an upper limit for

constant for deprotonation of thé&-@mino group in solution KESGy th ; ; ot
: , the of the -N roup in ES Gy with Mn
has been determined above from the pH dependence of th Oap]"a at mee;T site C, a;gs%e Cpmay nothe saturated by

Gn
b'r;d'”g of G\i Wth'ctf;] g'.‘g’esflbé;f 6trl1 (;lgure 4). This M2+ in the ES Gy Complex under these metal ion
value is similar to the g, 0 or the 2-amino group
within a UpT dinucleotide determined by NMR spectroscopy concentrations (Flgure KESG W = 3.6 mM).
(45). The solution [, of GNH* is, of course, the same The Oligonucleotide Substrate Accentuates the Competi-
regardless of whether there is a metal ion bound at site C ortion between M and Gy;. In this section, we explore the
whether th|s metal site is occupied by RMgr Mn?* (Figure effects of bound oligonucleotide substrate on the competition
2, ngo aMg pKST\An_ 6.1). between M and Gy . and identify the properties of S
(B) Deprotonatlon of BG Nkt with Metal Site C Unoc- responsible for this effect. The oligonucleotide substrate binds
the ribozyme in two steps (Figure Z8—52). First, the open
complex is formed [(ES),], in which S is held solely by
base-pairing interactions with the internal guide sequence
e KEsa, " is the Mr#* dissociation constant from unoccupied metal  (IGS) of the ribozyme to form the P1 duplex. Second, the
site C, because Mg is not bound at site C in the-EGy; complex closed complex is formed [¢(S)], in which the P1 duplex
at 10 mM Mg@* (Figure 2 KESG .- > 26 mM). docks into the ribozyme core via tertiary interactions.

Analogously, the value oﬂﬁi,\,,gGN was estimated from the
pH dependence df . at 100 mM Mg" (Figure 6, open

cupied, pKs®". As described above, the equilibrium con-
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FiGURE 8: Effect of Mg?™ (A) and Mr¢* (B) on the equilibrium
binding constant of §H+ to the (ES), complex ©) and the (EP).
complex (@), determined at pH 5.0 as described under Materials
and Method$.The Mr?* concentration dependences in part B were
determined in the presence of 10 mM NMgThe lines are fits of
the data to a model in which a single metal ion alters the binding
of GNH3+, analogous to Schemes 4 and 5.

(A) Effect of M@" and Mr#* on Binding of Cf‘{,w to the
(E'S)y Complex. The results described in the previous
sections were obtained with rgAr -1d,rSA, oligonucle-
otide substrate that binds E in the closed complexS}E
To test whether docking of S influences the effect af dh
GNH+ binding, the effect of metal ions on the binding of
G NH to the (ES), complex was determined (Figure 8B).
The (ES)0 complex was formed by using the oligonucleotide
substrate -3m,rSA(Chart 1). The 20H at the -3 position
is involved in tertiary stabilization of the closed complex;
substitution of this 20H with an -OCH group disrupts
docking of S, yielding a stable open comple23(52, 53,
and references therein).

In contrast to the more than 60-fold weakened binding of
GNH+ to the (ES). complex upon binding of M#t to site C
(Figure 2, Kpw vs Kgs), the binding of Gy, to the (E
S) complex weakens less than 3-fold when Mgis
increased from 2 to 100 mM (Figure 8A, circles). Similarly,

9 The binding of G to (E:S), at low pH is stronger than at high pH
over the entire range of Mg and Mr#* concentrations investigated [

K2 > 60 mML at pH 4.7-5.0 (Figure 8)K™ < 9.1 mM* above pH
7.9 (@ and unpublished results)]; this suggests th@ﬁ;&binds more
strongly to the (ES), complex than Gu,. The binding of G to (E-S),
observed below pH 5.0 can therefore be attributed g .Gwith
negligible contribution from the small fraction of\(, that is present
(=0.04; p(GN = 6.1). Similarly, the binding of Gto E-P observed at
low pH (5.0) can be attributed to hﬁg because g—h; binds more
strongly to EP than Ggu, over the range of M and Mr*
concentrations investi(:;ated}(ﬁN > 16 mM* at pH 5.0 (Figure 8);
KbGN ~ 3.4 mM ! above pH 7.91 and unpublished results)].
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addition of up to 20 mM M#A" has only a 2-fold effect on
the binding of G\w to (E-S), (Figure 8B, circles; 10 mM
Mg?"), in contrast to the more than 100-fold weakening of
the binding of G{w to (E+S). upon binding of M&" (Figure

2, Kf,”h;'g Vs KbG“c‘,”s) Further, the binding of s weakens
only above 2 mM MA", 10-fold above the dissociation
constant for M@" (1). Thus, the effect of M on the
binding of G\w may be even smaller than observed in
Figure 8B.

The stronger binding of g+ to the ribozymesubstrate
complex formed with -3m rSé(E -mS) than with rSA (E:
rS) at high concentrations of Mgand Mr?* suggests that
docking of S is destabilized by boundN@ This may
result in formation of the ES-G,,+ open complex, so that
the observed effects of Mg and Mr+ on Gy binding to
the ErS complex described in the previous sections represent
lower limits for the effect in the (ES). complex. As noted
above, the observed effects are also lower limits because of
potential contributions from other metal ions and because
Mn?* induces deprotonation of boundyG

(B) Effect of M§" and Mr#* on the Binding of Qs O
the EP Complex The larger effects of Mg and M7+ on
the binding of G to the (ES). than the (ES), complex
could arise from cfocklng of the P1 duplex at the ribozyme
core or from more localized interactions with the reactive
portion of S. To differentiate between these possibilities, we
measured the effect of metal ions on the binding gpﬁo
the ribozymeoligonucleotide product () complex. In E
P, the P1 duplex is stably docked at the active €& 23),
but the reactive phosphoryl group and thet&8minal A
residues are removed and replaced by a hydroxyl group
(Chart 1). The closed complex formed with rP P, is
40-fold more stable than that formed with r§Ahus, the
(E-P). complex is favored by-10?-fold relative to the (E
P), complex (10 mM Mg*"; 22 and unpublished results).
This suggests that the modest effects of?Mand Mr#t on

Ghs binding to the EP complex would not be sufficient to
d|srupt docking of rP; thus, the observed effects represent
effects within the (E~- GNH+)c complex (Figure 8<10-fold
effects).

The affinity of GNH+ for (E-P). weakens~10-fold when
[Mg?*]is increased ffom 2 to 100 mM (Figure 8A, squares),
6-fold less than the effect of Mg on the binding of §H+
to (E-S) (Figure 2,Kg\is vs Kws). The effect of Md* on
the binding of QW to (E P) could arise from the MR
bound at site C or from other Mg ion(s) within the
E-P-Gy,: complex. Surprisingly, addition of M, which
binds 50-fold stronger than Mg to metal site C in the (E
P). complex, does not weaken the binding qM.Bto (E-P)
even at concentrations as high as 20 mM [Flgure 8B, squares;
10 mM Mg*; KER®P = 0.19 mM (1)]. In contrast, M&"
weakens binding of @4+ to the (ES) complex more than

100-fold (Figure 2, KbG’,“Vl”g vs Kgw4). The substantially
smaller effect of MA" on the binding of (,“qH+ to (E-P)
than to (ES). suggests that the negatively charged reactive
phosphoryl group of S increases the antagonistic effects
between (,iH3+ and Mrft bound at site C, instead of

ameloriating their apparent repulsion.
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DISCUSSION binding of Q“H+ to E-P suggests that@H interacts with at

The abillity of a protonated amine to probe the local
electrostatic environment within a structured RNA was
explored in this work using @m an analogue of the
guanosine nucleophile in tﬁ'&etrahymenarbozyme reaction.
Catalysis provides a sensitive readout for the electrostatic
interactions within the active site, and the well-characterized
Tetrahymenaibozyme has further allowed quantitation of
these effects in individual complexes, thereby revealing
factors that influence the electrostatic interactions QLG
The results of this investigation provide information about
the electrostatic environment within theetrahymenari-
bozyme active site and allow further characterization of the
metal ion, M, that interacts with the'Zmoiety of guanosine.

least one active site phosphoryl group distinct from the
reactive phosphoryl group of S. This interaction is depicted
by the closed dots betweer}\,@ and a nearby phosphoryl
group in the model of Schemé 6- GEG,\W)

Binding of Gun: is weakened more than Z6bld upon
addition of Mgt and Mr?*, strongly suggesting that the
metal ions bound at site C anngﬁ compete with one
another for binding. In contrast, Mh at site C increases
the affinity of Gy, (1). These observations, summarized in
Figure 2, are accounted for by the model of Scheme 6. As
shown in the preceding paper, @nlnteracts with the 2
NH group of G, in the active complexM™E-S-Gnn,).
Protonation of the 2amino group to give gw prevents

These experiments also provide critical controls necessarythis favorable interaction; further, this creates electrostatic

for establishing conditions for study of\t, in the preceding
paper ().

The results herein show thatNQ binds to the (ES)
complex more than 200-fold stronger than G aiG with
K$™ < 1 uM at low concentrations of metal ion. This
remarkably tight binding suggests that the positively charged
2- NH3 group of G+ interacts with one or more nega-
tively charged phosp?woryl groups near tHenfiety of G.

In the (EP) complex, in which the reactive phosphoryl
group is removed, the binding of,\ﬁr remains more than

50-fold stronger than G and,, with a dissociation constant
of <6 uM at low metal ion concentrations. The strong

repulsion between the positively charged ;Nglroup and
Mng’, depicted by +' in the "™E:S-Gy,; complex. Thus,
this species does not accumulate: either the proton is lost
to give ME-S'Gyn, or the metal is displaced to give
E-S GNH+, depending on the pH and Mihconcentration. In
addition; G\,H+ may compete for one or more phosphoryl
groups that normally provide ligands for metal ion C in the
active complex. Such phosphoryl ligands could also con-
tribute to the strong binding of M to site C ().
Phylogenetic and low-resolution X-ray models suggest the
presence of several phosphoryl groups in the active site
region, those of residues A306, A261, A207, and CZ08 (
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55). In addition, thio substitution at these phosphoryl groups
is deleterious to intron function and can be rescued by

addition of Mr?* (5, 56, 57, consistent with ligation of active
site metal ions by these phosphoryl groups.

The ES Gws complex is at least ¥fold less reactive
than the correspondmg complex with G oz and this

species is therefore labeled ‘Inactive’ in Scheme 6. The low
reactivity of GNH+ provides additional support for a crucial

role of Mc in cataIyS|s by theTetrahymenaibozyme (,
35). Mc could coordinate to the ®H of G, along with metal
ion B, to help deprotonate and activate theC#d for
nucleophilic attack (Figure 11, 35. Alternatively or in
addition, loss of M and interaction of the -NHgroup with
active site phosphoryl groups could misalign tHeO8 of
GNH+, thereby preventing efficient reaction (Schemelp;

Previous results have indicated that there is coupled
binding between the guanosine nucleophile and the oligo-
nucleotide substrate, and that this coupling involves the

reactive phosphoryl group, thé-@hoiety of G, and M (1,
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