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ABSTRACT: Deciphering the role of individual metal ions in RNA catalysis is a tremendous challenge, as
numerous metal ions coat the charged backbone of a folded RNA. Metal ion specificity switch experiments
combined with quantitative analysis may provide a powerful tool for probing specific metaRbiA
interactions and for delineating the role of individual metal ions among the sea of metal ions bound to
RNA. We show herein that Mri rescues the deleterious effect of replacing th©® of the guanosine
nucleophile (G) by -NH (Gnn,) in the reaction catalyzed by thieetrahymenaroup | ribozyme (E), and

the Mr#™ concentration dependence suggests that a single metal ion is responsible for rescue. This provides
strong evidence for a metal ion interaction with tHeriety of G in this ribozyme (referred to asdy
confirming and extending previous results in a bacteriophage group | introgrEBipA.-S., Pettersson,

E., Sjtberg, B.-M., and Stinmberg, R. (1997Nucleic Acids Res. 2%48-654]. Toward understanding

the >1(P-fold catalytic contribution of the '20H of G, we have determined the individual reaction steps
affected by M and quantitated these effects. §7Irhas only a small effect on binding of\@, to the free
ribozyme or ribozymeoligonucleotide complexes that lack the reactive phosphoryl group. In contrast,

Mné+ increases the binding of\g, to the ribozymeoligonucleotide substrate (&) complex 20-fold and
increases the binding of S to the@yn, complex by the same amount. These and other observations
suggest that M plays an integral role in the coupled binding of the oligonucleotide substrate and the
guanosine nucleophile. This metal ion may be used to align the nucleophile within the active site, thereby
facilitating the reaction. Alternatively or in addition,dMnay act in concert with an additional metal ion

to coordinate and activate th&®H of G. Finally, these experiments have also allowed us to probe the
properties of this metal ion site and isolate the energetic effects of the interaction of this specific metal
ion with the 2-moiety of G.

Divalent metal ions are essential for the structure and there at an RNA active site? Which ribozyme groups provide
function of RNA. Numerous metal ions typically coat an additional ligands for each metal ion? How much does each
RNA to neutralize the backbone charges and stabilize tertiary metal ion contribute to catalysis? Which reaction step(s) do-
contacts, facilitating the folding of RNA into specific three- (es) each metal ion affect? And finally, how does each metal
dimensional structures (e.g2—19 and references cited ion exert its catalytic role?
therein). In addition to these structural roles, specific active ~ We have combined the approach of metal ion specificity
site metal ions also directly participate in the chemical switch with quantitative kinetic and thermodynamic analysis
transformations catalyzed by many RNA enzymes (8@, to address these questions with the well-characterlzgd
26). However, the sea of metal ions bound to RNA presents rahymenaribozyme (E)! This ribozyme, derived from the
an enormous challenge to deciphering the role of individual self-splicingTetrahymenagroup | intron, catalyzes a trans-

metal ions in RNA catalysis. esterification reaction in which an exogenous guanosine
Specific metal ion ligands have been identified by metal
ion specificity switch experiment2Q—32). These experi- ! Abbreviations: E is theTetranymenaibozyme; S refers to the

ments exploit the preference of nitrogen and sulfur ligands oligonucleotide substrate CCCUCIJar CCUCUAs, without specifica-

i ; i tion of the sugar identity; P refers to the oligonucleotide product
tﬁ Inter?ﬁthmoée Strolngly with Sﬁﬂ m%tal Ir?ns.asuc.p asz_Mn CCCUCUWy or CCUCUWy, without specification of the sugar identity;
than with hard metal ions, such as MgThe identification P1 is the duplex formed between the internal guide sequence (IGS) of

of metal ion ligands provides a starting point for deciphering the ribozyme and the oligonucleotide substrate or produgt, @nd
the role of metal ions in RNA catalysis, yet a number of Gy refer to deprotonated and protonatedathinoguanosine, re-
questions remain unanswered: How many metal ions areSPectively; Gi refers to G, or Gy, without specification of the
protonation state of the-amino group; and Grefers to G or G. The
parentheses in %), E¢G), and other complexes denote that ribozyme
T This work was supported by NIH Grant GM49243 to D.H. forms both with and without the bound substrates are described; e.g.,
* To whom correspondence should be addressed. Phone: 650-723-E(-S) refers to both E and the & complex. The individual oligonucle-
9442. Fax: 650-723-6783. E-mail: herschla@cmgm.stanford.edu.  otide substrates and products used in this study are defined in Chart 1.
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Ficure 1: Metal ion interactions in the transition state of the
Tetrahymenaibozyme reaction. The dashed lines (---) depict the
partial bonds between the reactive phosphorus and'tb&ygen

of S and the 3oxygen of G, andd-’ depicts the partial negative
charges on the'axygens of S and G. Mis the metal ion that
interacts with the 3oxygen of U(-1) of S identified by Piccirilli

et al. 0), Mg is the metal ion interacting with thé-gnoiety of G
identified by Weinstein et al.26), and M is the metal ion
interacting with the 2moiety of G identified by Sjgren et al. in

a bacteriophage T4 group 1 intro22) and extended to the
Tetrahymenaibozyme in this work. Recent results suggest that
Ma, Mg, and M: are three distinct metal ions (Shan et, al
submitted).

nucleophile (G) cleaves a specific phosphodiester bond of

an oligonucleotide substrate (S) that mimics thefiice site
(eq 1;33—35).

CCCUCUA, + Gy, — CCCUCU,,, + GpAs
(S) (P)

Metal ion specificity switch experiments have identified
metal ion interactions with the'-3eaving group oxygen of
S and with the 30H of G in the Tetrahymenaibozyme
reaction [Figure 1, M and M, respectively 20, 23], and
a metal ion interaction with the’®OH of G has been
identified in a self-splicing group | intron from bacteriophage
T4 (22). In this work, the metal ion interaction with this-2
OH group has been extended to thetrahymenaibozyme
(Figure 1, M). Further, investigation of the well-character-
ized Tetrahymenaibozyme allowed dissection of the effect
of Mc on individual reaction steps. This has further allowed
the affinities of M for the ribozyme and ribozymsubstrate
complexes to be determined, the effects ot Wb be
distinguished from those of other metal ions, and the
energetics of the interactions ofdWvith the 2-moiety of G
to be quantitated.

(1)

MATERIALS AND METHODS

Materials. Ribozyme was prepared by in vitro transcription
with T7 RNA polymerase as described previousB6)(
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Chart 2
abbreviation oligonucleotide substrate or product

-5 -3 -1 +1 +2 +4
rSA; rC rC rC rU rC rU rA rA rA rA rA
-1d,rSA; rC rC rC rU rC dT rA rA rA rA rA
-1d,rSA4' rC rC rU rC dT rA rA rA rA rA
dSA; dC dC dC dU dC dT dA dA dA dA dA
-1f,,dSAs dC dC dC dU dC f,T dA dA dA dA dA
rP C rC rC U C rU
P’ rC rC U 1C rU
rSMe IC rC rC U rC rUpe

ar =2-0OH; d= 2'-H; f, = 2',2-F;; Me = P(Q,)-OCHs.

University or were gifts from L. Beigelman (Ribozyme
Pharmaceuticals Inc.). Oligonucleotide substrates (Chart 1)
were 3-end-labeled using/f3?P]JATP and T4 polynucleotide
kinase and purified by electrophoresis on 24% nondenaturing
polyacrylamide gels, as described previousB6,( 37.
Oligonucleotides for inhibition studies were purified by ion-
exchange HPLC.'2Aminoguanosine (§) was a gift from

F. Eckstein.

General Kinetic MethodsAll reactions were single-
turnover, with ribozyme in excess of labeled oligonucleotide
substrate (S*). Reactions were carried out at°’@0in 50
mM buffer (NaEPPS or NaHEPES), with a background of
10 mM MgCk and varying concentrations of MnGQir ZnChL
unless otherwise specified. Each rate and equilibrium con-
stant was determined at a series ofilooncentrations, and,
in some cases, the Mg concentration was also varied.

Reactions were followed and analyzed essentially as
previously described 33, 38. Briefly, ribozymes were
preincubated for 30 min in 10 mM Mg&and 50 mM buffer
at 50°C and cooled to 30C, and Md@*, Mn?*, and Zi*
were added to obtain the desired metal ion concentrations
prior to initiating the reaction by addition of S*<(0.1 nM).

Six 2 uL aliquots of the reaction mixture were removed from
20 uL reactions at specified times, and further reaction was
guenched by addition of 4L of stop solution [90%
formamide with EDTA in>2-fold excess of total divalent
metal ion (26-200 mM), 0.005% xylene cyanole, 0.01%
bromophenol blue, and 1 mM Tris, pH 7.5]. Oligonucleotide
substrates and products were separated by electrophoresis
on 20% polyacrylamide/7 M urea gels, and their ratio at each
time point was quantitated with a Molecular Dynamics
Phosphorimager.

Reactions were followed foe 3t1,, except for very slow
reactions. Good first-order fits to the data, with end points
of >90%, were obtained (KaleidaGraph, Synergy Software,
Reading, PA). The slow reactions were typically linear for
up to 20 h, and an end point of 95% was assumed to obtain
observed rate constants from the initial rates.

Following the Binding and Reacity of Neutral Gu,.
Analysis of the metal ion interaction with deprotonatéd 2
aminoguanosine (f,) could be obscured by protonated 2
aminoguanosine (,@.;), which is a strong inhibitor of the
ribozyme reaction and weakens the binding af (89). Com-

Oligonucleotides were made by solid phase synthesis andparison of the pH dependences of the reaction bf 2

supplied by the Protein and Nucleic Acid Facility at Stanford

aminoguanosine (@ relative to that of G indicated that the
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binding and reactivity of @, in 10 mM Mgt can be
followed above pH 7.9 [Under these conditions (10 mM
Mg?*, 30 °C), Gun; deprotonates with aly of 6.1 in
aqueous solution and withKp values of~7.0 and 7.5
in the EGy and ES'Gy complexes, respectively39)].
Varying the pH from 7.9 to 8.5 does not significantly change
the binding of G, the binding of S to EGy, or the rate of
reaction of G relative to G, suggesting that thé&-@mino
group is predominantly deprotonated. With §7Inb0und,
the pK, of the 2-amino group is below 5 in the -B-Gy
complex @9); this allows the dissociation constant of S from
the ES-Gyw, complex to be determined at lower pH.

Kinetic ConstantsThe nomenclature used for rate con-
stants is defined in Chart £, a first-order rate constant,
Chart 2

rate constant

Gyx

reaction

E-S-Gx — products

(ke/Km)®x E-S+ Gx — products
(kd/Km)S E-Gx + S— products
kS E + S+ Gx — products

was measured for the oligonucleotide substrate -1d,rSA
(Chart 1), and was determined with ribozyme saturating with
respect to S (200 nM EK? < 0.5 nM; unpublished results)
and with saturating & (2 mM). The second-order rate
constant k/Ky,)®x was also determined for -1d,rgAvith
E saturating with respect to S as above, but with G
subsaturating (at least threeyx Gconcentrations, each
>5-fold below the dissociation constant). The second-order
rate constantkt/Km)S was determined for the oligonucleo-
tide substrate rS&(Chart 1) with saturating &(2 mM) but
with E subsaturating with respectto S (6.2nM E, Kﬁ >
10 nM; unpublished resultskS”, the third-order rate con-
stant, was determined for the oligonucleotide substrate;dSA
(Chart 1) with both E and Gsubsaturating [1630 nM E,
K3 150 nM (unpublished results); G concen-
trations were at least 5-fold below their dissociation con-
stants].

Determination of the Dissociation Constant of G angh&
(A) Binding of G and G, to E-S.Dissociation constants of
G and G, from the ES-Gx ternary complexKSx’, were
determined with -1d,rS&(Chart 1) with ribozyme saturating
with respect to S (50-200 nM K < 0.5 nM).K$*' values
were obtained by following the reaction rate with varying
concentrations of & (1—2000uM). Under the conditions
of these reactions, the concentration gft@at provides half
of the maximal rateK$%, equalsk$*', as described previ-
ously (38). The data were fit to eq 2, in whidkypsqis the
observed rate constant at a particular @@ncentration and
kmax iS the rate constant with saturating.G

[Gyl
[Gyl + K3

~

Kobsd = Kmax X 2

(B) Binding of G and Gu, to Free E. Dissociation
constants of G from the EGx binary complex,KdGX, were

Shan and Herschlag

K§ ~ 150 nM; unpublished results)]. As a control, binding
of Gx to E was also measured with another weak-binding
oligonucleotide substrate, -]dSAs (Chart 1;40 and D.H.,
unpublished results), and the vaIuesKﬁTx obtained were
the same, within experimental error (30%; data not shown).
(C) Binding of Gy, to E-P. Binding of Gyu, to the
ribozymeoligonucleotide product () complex was de-
termined by two independent methods, which yielded the
same dissociation constant o within experimental error
(20%). (1) The rate of miscleavage of P (CCCUCU) was
followed with varying concentrations of g, and fit to eq
2. In the normal reaction, the P1 duplex, formed between
the oligonucleotide and the ribozyme’s internal guide
sequence (IGS), docks into tertiary interactions with the
ribozyme core to align the phosphodiester of the normal
cleavage site, which is specified by the conservetl G
wobble pair. Miscleavage can occur when the P1 duplex
transiently docks into tertiary interactions with an alternative
phosphodiester aligned at the cleavage sitg, @2. This
miscleavage reaction can be used to probe properties of the
ground-state B° complex, as described previousk3).
Miscleavage reactions were carried out with trace amounts
of labeled oligonucleotide product ([P¥ 0.1 nM) with E
saturating with respect to P (50-200 nM IE§ < 0.1 nMV;
unpublished results) as described previoushd).( The
following observations suggest that the chemical step is rate-
determining for miscleavage and that equilibrium binding
of Gnn, to the EP complex is established prior to the
cleavage step: (i) the maximal rate observed with saturating
GnH, iS Slow (Kmax < 1074 min~2); (i) the value ofknax has
a log-linear dependence on p#3(and data not shown); (iii)
no lag phase was observed in reaction time courses. Thus,
the Ky obtained reflects the equilibrium dissociation
constant of Gu, from E-P-Gnn,. (2) Gun, Was used as a
competitive inhibitor of the reverse reaction (eq 3a), ag,G
can bind to EP, thereby preventing binding and reaction of
5'-labeled GA (*GpA). With E-P subsaturating with respect
to *GpA [<0.1 nM; 0.2-1 uM E-P; K§ > 300 uM (44
and R. Russell and D.H., unpublished results)], the inhibition
constantK;, equals the dissociation constant of3from
E-P-Gnn,. Values ofK; were obtained from the dependence
of the observed rate constant of the reverse reackigg)(
on the concentration of inhibiting ¢, according to eq 3b,
which was derived from eq 3a.

K
E*CCCUCUQH +*GoA — 2> EsCCCUCUA +*Goy  (3a)
K d:GNH2
E’CCCUCUOH‘G‘NH2
Kobsa = kg x 19 (3b)
K+ [Gnpp,)

Determination of the Equilibrium Constants for Binding of
Oligonucleotide Substrates and Productie equilibrium

determined analogously under conditions such that S is notconstant for binding of S was determined with the shortened

bound at the ribozyme active site. This was accomplished
by using the oligonucleotide substrate d8hart 1), which
binds E more weakly than -1d,rgA40), and by using
ribozyme subsaturating with respect to d320-30 nM E,

oligonucleotide substrate CCUCd{,Aecause initial experi-

ments indicated that binding equilibrium could not be
obtained prior to cleavage of the full-length substrate
CCCUCTA. This substrate binds the ribozyme very tightly,



Metal lon in Catalysis by th&etrahymenaRibozyme Biochemistry, Vol. 38, No. 34, 19990961

such that the chemical step is faster than its dissociation at (B) Binding of P to EGyn,. The dissociation constant of
the high pH and Mf" concentrations necessary to follow the oligonucleotide product from the-BEGyn, complex
reactions of G, (unpublished results). Removing a nucle- (KY) was determined using P as a competitive inhibitor of
otide at the 5terminus of S weakens the stability of the P1 the reaction of rSA(S*; eq 5a). Under conditions such that
duplex formed between the oligonucleotide substrate and the

internal guide sequence of E (see preceding section), but has . K

no significant effect on tertiary interactions between the P1 E*GiNp, + S* —— products (5a)
duplex and the ribozyme core, binding of G angu$ or P

the chemical stepd6 and references cited therein; Narlikar =P

et al., submitted; unpublished results). This allows the binding E+P+Gh,

of S to be directly measured from concentration dependences K

in kinetic experiments. Kobsa = Ko X W (5b)

(A) Binding of S to Free EThe dissociation constant of
S (CCUCdTA) from the ES binary complex,Kﬁ, was
measured with subsaturating @10 «M) and was deter-
mined using two independent methods, which yielded the
same value oKj within experimental error (40%). (1) The
observed rate constant of reactidqn{y was followed at
varying concentrations of E (0.2-50 nM) under conditions
that ensure that the chemical step is slower than dissociatio

of S (pHS<_ 7.0; Kopsa < 0;301 mirr? vs ksff = 0_'025 mirr™). equilibrium binding constant could not be obtaind8)( To
Thus, Ky is equal toKy, the concentration of E that  5y4ig this titration behavior, a shortened oligonucleotide
provides the half-maximal rate, and was obtained from a product, CCUCU, was used. Removing the @ of P
nonIinegr Ieas't-squa.res fit of the concentr.ation dep?ndenc%eakens the stability of the P1 duplex but has no effect on
to eq 4, in whichknax is the rate constant with saturating E. ey reaction steps, as described in the preceding section
for the case with the shortened oligonucleotide substrate. The
Kopsd= Knay X L (4) dependence of the obs_erved rate copstant of react_ion of S*
[E] + Kf/z (kobsg ON the concentration of P was fit to eq 5b, which was
derived from eq 5a. In these experiments, P was preincubated

(2) The dissociation constant of S was also obtained from With E for >5 min prior to addition of S*. Varying the time
the rate constants for binding and dissociation dﬁosﬁand of preincubation did not affect the observed rate constants,
k§‘ respectively, according to the relationsmﬁ)= k? /kf and the reactions followed good first-order kinetics, sug-
Tff:(’e value ofS \,Nas determined by pulsehase meﬁaSLTre- gesting that equilibrium binding between P and E was
ments as desf(f:ribed previousig3( 37, 38, 4B The k§ established prior to initiation of the reactions.

’ ’ n

value for CCUCATA was assumed to be the same as that Determination of the Affinity of Mii for the Ribozyme

for rSAs, as removal of the 'SC residue or substitution of ~and Ribozym&ubstrate Complexesis described under
the 2-OH of U(—1) with 2-H has no effect ok, in the Results, MA* alters the equilibrium constants for binding
presence of 10 mM Mg (40and Narlikar et al., submitted).  Of G, the affinity of S for EGuy, relative to that for
The values ofS, for rSAs in the presence of M were E(-(23+), and the rate of reaction of\@, relative to G. The
determined by measuringi(Km)S2 the apparent second- Mn ~ concentration dep(_endences of these changes are
order rate constant for the reaction: 4S* — products. consistent, in all cases, with the effect expected for a single

+ .
The observedk/K.)S#Pvalue for rSA is equal to@n at Mn?* (referred to asMh/lé throughout). The following

subsaturating concentrations of G, because essentially eactrongly suggest thaky,, the concentration of M re-

molecule of S* that binds E is cleaved rather than dissociatesduired to reach half-saturation, equil$#, the equilibrium
from E-S* (33, 47). dissociation constant of M#i: (i) the rate of reaction is not

The dissociation constants of S from theSESy ternary affected by _the time of incubation with_ M‘hbefore initiation
of the reaction or by the order of addition of Ktrand other
reaction components; (ii) reactions follow good first-order

E (0.2-1 nM) is subsaturating with respect to S* angqG
is saturating (2 mM), the inhibition constaldt is equal to
K. However, initial experiments indicated that the full-
length oligonucleotide product CCCUCU binds E tightly,
with a dissociation constant 0£0.1 nM (unpublished
results). Thus, addition of CCCUCU results in titration of
r"E-GNHZ even with E concentrations of0.1 nM, so that an

complexesK3, were measured using equilibrium binding
and pulse-chase experiments analogous to those described

above, except that saturating concentrations {ZmM) kinetics without a lag phase; (iii) th&y; value is not
were used. Below 2 mM M, the dissociation constant of ~ affected by alternative substrates or by (;hanglng pH, changes
S from the ES-Gyy, complex was measured at pH 7.8.5 that alter the observed rate of reaction. These observa-

to prevent partial protonation of @, (39; see also above). tions suggest that M achieves equilibrium binding prior

At 5 mM Mn2*, however, dissociation of S is slower than t0 the chemical step, consistent with previous results that
the chemical step of G, above pH 7.9 even with the Suggest that the exchange of bound metal ions is fast rela-
shortened substrate. Because tHg @f the 2-amino group ~ five to the chemical stef47). The superscript ‘app’ ac-

in the ES-Gy complex is lowered to<5 at this Mr#t companying the&kM" values denotes that these are apparent
concentration39), the pH could be lowered to 7.2; this slows  dissociation constants of Mh at a particular Mg" con-

the chemical step, allowing equilibrium binding prior to centration, because l\@hcompetes with a Mg bound at
cleavage and measurement of the dissociation constant of Snetal site C under the experimental conditions, as described
from E:S Gy, under Results.
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In eqs 6, 8, and 10 below, the NI concentration

dependences of the relative rate and equilibrium constantsKdi2 |

for Gun, were used to obtain the affinity of Mh. In all

cases, the Mt effects specific to @, are observed well
below 1 mM Mr?t, whereas the effects of Mh at higher
concentrations are similar for reactions of both G ang,G

The use of relative rate and equilibrium constants provides

controls for these nonspecific Meffects. Further, the M

Shan and Herschlag

Mn,app
KE'S

[Mn®"] 4 K%

Gnh

— KGNHZ'

b,Mg X

[Mn®']
[Mn#*] 4 KY%2eP

GNHo
Komé X

(7)

(B) Binding of M&" to E, KY™P Mn?" increases the

concentration dependence of the rate of reaction with G is 'eactivity of Gy, relative to G in the reaction & S + Gx

the same at lower pH values (5:8.1; data not shown),
suggesting that the plateau of the reaction rates at high Mn

— products k?x), providing a signal for the binding of
MnZ" to free E. The apparent dissociation constant ofMn

concentrations (above 10 mM) does not arise from precipita- from E, Kg“vapp, was obtained from nonlinear least-squares

tion of Mn?* at high pH.

fit of the Mn?* concentration dependence &' (=

The use of relative rate and equilibrium constants in the k‘f”“zlkg) to eq 8, which was derived from Scheme 5 in the

analyses of egs 6, 8, and 10 assumes that replacir@ Mg
with MnZ" has no effect on the reaction of G and that any
additional Mr¥* ions that affect the G reaction have the same
effect on the G, reaction. The following observations

Results k5 yeqiS the observed relative reactivity ofy at
a particular MA* concentration, anks,,, andks),, are the
relative reactivities of G, with zero and saturating M,

respectively.

strongly support these assumptions (see also Results): (i)

the data are fit well by egs 6, 8, and 10, which were derived

with these assumptions; (i) over the range of Wn
concentrations that rescuéthe Gy, reaction, there is no

significant change in the rate and equilibrium constants of

the reaction of G; (iii) the M#" effect on the G reaction
that occurs at higher Mn concentrations is eliminated by
modification of the A1) residue of S without affecting
rescue of the reaction ofyg, by Mn?t (unpublished results).

(A) Binding of MiEZ™ to E+S, KY's® Mn?* increases the
reactivity of Guu, relative to G in the reaction: ‘5 + Gx
— products [k/Km)®], providing a signal for the binding
of Mn?:+ to E-S. The apparent dissociation constant of
MnZ" from the ES complex, K%*" was obtained by
nonlinear least-squares fit of the Ktnconcentration depen-
dence of k/Kmn)™® [= (k/Km)®*2(k/Kn)®] to eq 6, which
was derived from Scheme 2 in the Resulkg/K,)5is the
observed rate constant for reaction qfiGrelative to G at

a particular MA" concentration, and kl(/Km);ﬁ,"g and

(k/K, )il are the relative reactivities of @, with zero and
saturating M@*, respectively.
KMn,app
E-S
( K rel :( K)rel x
kc/ m/obsd kc/ m/Mg K'\E/I_réapp-i- [Mn2+]
[Mn*"]
(kKb (6)

KES™P+ [Mn*']

The affinity of Mr&™ for E-S was also determined from
the increase in the binding of \@, to E-S (KbGNHZ') with
added M#At (see Results). As the binding of G is the same
in the presence and absence of ¥nthere is no need to
correct for the effect of M#t on G binding. The MA"
concentration dependence IQ{EN“Z' was therefore fit to eq
7, which was derived from Scheme 4 in the Resw@g'gzs(;
is the observed binding constant ofyGat a particular MA"
concentration, andeG,’,“v'“g and Kﬁ’,“\,'”g’ are the binding con-
stants of G, with zero and saturating Mn, respectively.

2 Throughout the text, ‘rescue’ refers to the increase in the binding
and/or the rate of reaction of\, relative to G by added M.

KMn,app
E
Ky bsa= K X +
3,0bsd 3,M
97 [Mn?*] + g}napp

[Mn®']
[Mn#*] 4 KY¥™aeP

Kaan ®)
(C) Binding of ME™ to E-P, KV The affinity of

MnZ" for E-P was probed by the Mn stimulation of the
rate of product miscleavage:-E+ Gun, — P’ (K%, see
above). The apparent dissociation constant o@Minom
E-P, KY""" was determined from the Mh concentration
dependence dkS¥. As Mr?* does not affect the rate of
miscleavage by G, no Mn effect on the reaction: & +
G — P" needs to be corrected. Equation 9 was used, in which
G’;’;ﬁobsdis the rate of miscleavage byng at a particular
Mn?* concentration, anki>,, andkoi, - are the rates of
miscleavage by @, with zero and saturating M,
respectively.

Mn,app

E-P
[Mn*] + KY%2PP

GNH — 1,ONH GNH
sclz,obsd_ kmsciz,Mg X + scf’,Mn X

[Mn*]
[Mn?1] + K32

(9)

(D) Binding of Mi" to E-SGuw, Kggdr . Addition of
Mn2t decreases the dissociation of S from thesByy,
complex more than it decreases dissociation of S fro® E
and ES-G (see Results). This provides a signal for the
binding of Mrg" to the ES-Gyu, complex. Following the
analysis described above, the apparent dissociation constant
of MnZ" from E-S:Gyu,, KEe2® | was obtained from the

E:SG

Mn?* concentration depende?\che K", the dissociation
constant of S from the 5-Gyn, complex relative to that
from the ES-G complex. Equation 10 was used, which was
derived from Scheme 6 in the Result&3te, is the
dissociation constant of S from& Gy, relative to that from
E-S'G at a particular Mfi" concentration, and(i’{,‘fg'] and
Kg{fr'] are the relative dissociation constants of S with zero

and saturating Mit, respectively.
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Mn,app (A)
KS,reI _ KS,reI « E'S'GNHz N 10
d,obsd ™ d,Mg 2+ Mn,app 0
[Mn*'] + Kesa,, £
Mn?'] g 1
KS,reI % [ (10) -
d,Mn [Mn2+] + K'\E/I-g-aGphE)Hz o:E
N
(E) Determination of the Mt Specificity of Site C, K. 0-1 , , . .
The specificity of a metal site for Mn relative to Mg, 0.01 0.1 1 10
Kre! is defined by eq 11: [Mn2*] (mM)
rel
B
EMY + Mn = E™" + Mg (11a) ®
rel __ [EMn][Mgz+] _
EirvE—— (11b) g
[E"]IMn*"] 3
in which EY9 and B'" denote ribozyme forms with the metal g
site occupied by Mg and Mr?*, respectively. The apparent
dissociation constant of Mn at a particular Mg" concen-
tration, KMnaep js defined by eq 12: /)
0 L 1 7/ L -
El— EMn M 2+ 0 0.5 1 10 20
mao_ (ELZIE"D x Mn™] ] oot
[E™"]
FiGURE 2: (A) Effect of Mr?" on the reaction: B + Gx —
[E]=[E] + [E'V'”] + [EMQ] (12b) products [k/Km)®x] with Gyp, (®) and G ©). (k/Km)®x was

measured in single-turnover reactions with -1d g%8hart 1) at

. . . . pH 7.9, as described under Materials and Methods. Th& Mifiect
in which [E] denotes the total concentration of all ibozyme oy tne' G reaction was fit to a model in which a single 2

forms and E denotes the ribozyme form with the metal site stimulates the G reaction (dashed line). The data with,@ere
unoccupied. If the metal site is predominantly occupied by fit to a model in which the nonspecific Mh has the same effect

either M@t or Mn2t (see Results), eq 12a reduces to eq 13: 0N the Gy, reaction as on the G reaction and there is an additional
Mn2* that specifically stimulates theng, reaction (see text, solid

[EMg][Mn 2+] line). (B) Effect of Mr#* on the rate of reaction of g, relative to
KMn.app y  [E] < [EMg] + [EM”] (13) G: (kfKm)® = (Ke/Kin) 2/ (ke K ) ©. The data were fit to eq 6,
[E “] derived from Scheme 2 (see Materials and Methods), and give an

o . . o apparent dissociation constant KF's?*"%= 0.19 + 0.04 mM (10
Combining eq 13 with eq 11b gives eq 14, which is used to mM Mg?*) for the Mr?* ion that specifically stimulates theng,

calculate the Mf" specificity of metal site C in Table 1: reaction.

K'el [Mg2+]/KMn,app (14) otide gubstrate -1d,(SgA(Chart 1) was useq_38, 49.
Replacing the 20H with a 2-H at the (1) position slows
RESULTS the chemical step-500-fold, without significant effect on
] ) ) other reaction stepst(). Reactions were carried out in a
_ We first describe re;ults that suggest that a singlé'™Mn  constant background of 10 mM Mgto ensure folding of E
ion rescues the reaction ofyG with the Tetrahymena  4nq to minimize binding of M# to nonspecific metal sites.
ribozyme (Figure 1, M), analogous to the metal ion Low concentrations of MA (<1 mM) increase the rate
interaction observed previously in a bacteriophage T4 group of reaction with G, ~20-fold, whereas these Mn
I intron (22). To understand the role of Mn catalysis, the concentrations have no significant effect30%) on the

effects of the MA* ion bound at site C (M) on analogous reaction with G (Figure 2A). At higher concentra-
individual steps of th@ etrahymenaibozyme reaction have  tions of Mr?*, the rate of reaction with G increasest-

been isolated. These experiments are described in the secongh|d. However, the MA" effect above 1 mM is similar for
section and are summarized in the thermodynamic and kineticreactions of both 4, and G, suggesting that the restoé
framework of Scheme 1. This analysis reveals a communica-the reaction of G, is achieved at low M# concentrations
tion between Mé+ and the oligonucleotide substrate (S). and that the M#" ion affecting the reaction of G andwa,
The final section explores the group(s) on S responsible for at higher M&* concentrations is distinct from the ¥thion
this communication. rescuing the reaction of (.. To isolate the effect of Mt

A Mr?* lon Increases the Reaety of Gyn, Relative to that is specific to Gu,, the rate of reaction of @, relative
G in the Reaction: ES + Gx — Products.To determine  to G was plotted (Figure 2B). The relative reactivity of G
whether the metal ion interaction identified in a bacteriophage increases below0.1 mM Mr?+ and saturates at higher §fn
T4 group | intron R2) is conserved in th&etrahymenagroup concentration. This M concentration dependence suggests
| ribozyme, we measured the effect of Kron the rate of  that a single MA" ion binds to ES and stimulates the
reaction: ES + Gyn, — products [ks/Km) ). To ensure reaction of G, (Scheme 2). A fit of the data to the model
that the chemical step was rate-determining, the oligonucle-in Scheme 2 suggests that the Mrion that rescues the
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Scheme 1

0.26 mi

Scheme 2

(Kl Kir)3X
Mn + MIEeS + Gy

products

Mnapp
Kees

(ke/Kin) O

Mg + M EeS + Gy

products

reaction of G, (referred to as M@T) binds to ES with an
apparent dissociation constant Kt = 0.19 + 0.04
mM at 10 mM Mg". (This is an apparent equilibrium
dissociation constant because @“ﬂm:ompetes with a MRy
bound at this metal site, as described below.)

Another soft metal ion, Z&t, also stimulates the reaction
of Gun, ~40-fold at low Zi#* concentrations (0.1 mM), while
the effect of ZA* on the G reaction is only 4-fold (data not
shown). Similar rescue of the reaction ofi;was observed
with the bacteriophage T4 group | intro22). However,
saturation of the Z4t effect on the reactivity of G4, could
not be obtained, as 2h inhibits the ribozyme reaction at

Shan and Herschlag

X = 2“NH,
OH
§ = CCUCATAs

3y
Ke g IH 7.9)

Ble 1 A

o LRSS
O 0,71 il

Gy i
= E-“'s
]

M 0.005
0: .25

10 mM Mg=*, 30 °C

Gnw, in the transition state of th&etrahymenaibozyme
reaction (Figure 1, ). To further understand the role of
this metal ion interaction in catalysis by tAetrahymena
ribozyme, the individual reaction steps affected by@VIn
were identified, and the magnitudes of the effects were
guantitated. The thermodynamic and kinetic framework in
Scheme 1 summarizes the results of this analysis and
provides a guide for the description in this section. Scheme
1 depicts four thermodynamic and kinetic schemes for the
ribozyme reaction. The top plane depicts reactions witd'Mg
bound at site C, and the bottom plane depicts reactions with
Mn2* bound. In each of these planes, reaction schemes for
both G and Gy, are presented, with the individual rate and
equilibrium constants for G shown in red and those fQrG

in blue; the rate and equilibrium constants that are indepen-
dent of G and G, are shown in black. Each reaction scheme
includes the equilibrium constants for binding of ® E

and ES (K¢ and Kg*, respectivel§), the equilibrium
constants for dissociation of S from& and ES-Gx (K3

and Kﬁ, respectively), and the rate constant of chemical

higher concentrations under the high pH conditions necessarystep for the ES:Gy ternary complexk:™).* The identity of

to follow the reaction of Gu,. For this reason, we focused
on Mr#t in subsequent analyses.

the metal ion bound at site C is denoted by a subscript Mn
or Mg in the rate and equilibrium constants. The vertical

Kinetic and Thermodynamic Framework for the Effect of arrows that connect the top and bottom planes represent the
Mc on Individual Steps of the Tetrahymena Ribozyme eqwllbnum_ dissociation c_onstant of I\@rh from site C
ReactionThe results of the previous section provide strong (KM"2P9,4with the superscript ‘app’ denoting that the values

evidence for a direct Mi interaction with the 2moiety of

reported are apparent dissociation constants cﬁ*l\nmthe
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presence of 10 mM MY. The actual affinity is higher, as (A) y
Mngr competes with a Mg bound at this site. The tr

subscript accompanying the K dissociation constants 0.8

depicts the ribozyme or ribozyrmubstrate species (e.g.,

KYS*P represents the dissociation constant ofMfrom £ 0.6

the ES complex). ‘g‘é’

With the exception oKy.<** and K{'s %P, each rate and 0.4
equilibrium constant in Scheme 1 was directly determined
and, in several cases, determined by two independent experi-
mental methods. The values &g and KY'%¥ were

0.2

1 iy 1 t
calculated from the thermodynamic relationships in Scheme ° 100 200 1000 2000
1, as Mt does not affect the binding of G (see below). [GnH,] (1M)
The effect of ME" on individual reaction steps is
described in the following order: (A) the binding of\G (B) 1 /L

5

to the ES complex ((SN“Z’); (B) the binding of Gy, to free
E (KbGN”Z); (C) the affinity of S for the E and #x
complexes K3 and K3'); and (D) the chemical stek¥).

Evidence that Mf;+ competes with a Mg bound at site C £E3
is presented at the end of this section (E). =
(A) A Mr¢* lon Increases the Binding ofy, to the ES
Complex.Equilibrium constants for binding of s, and G
to the ES complex (Scheme :KbGX)3 were determined at
varying Mre™ concentrations. { F—
2000
Scheme 3
K © it "
E(-S)+ Gy = E(-S)Gy 60
KX = 1K = ECSYGA = 40
[ECSG £
&g
The binding of G, to E'S is strengthened as Mihis ¥ 209 O-g=--=-0-—{Ppo___ o
increased (Figure 3A). In contrast, the binding of G is the
same, within error, with or without added Kin(Figure 3B).

1 ] 'y L :
X

The binding constant of G, as a function of MA* 05 1 s 30 20
concentration follows the dependence predicted for a single 24

Mn?* ion, as described by Scheme @igure 3C). It was [Mn™"] (mM)
not necessary to correct for the effect of Wion the binding FiGURE 3: Effect of M on the binding of G and G, to the

of G, as Mrt* does not affect G binding. The fit of the data E-S complex. (A) Gy, concentration dependence of the observed
according to Scheme 4 suggests that the?Mion that rate constants (ks9 for reaction of -1d,rSA (Chart 1) at pH 7.9

increases the binding ofy@, binds to the ES complex with ~ With E saturating with respect to S at @) 0.2 mM (a), and 20
KMap — 9 21 4 0.02 mM at 10 mM Mg (Figure 3C mM Mn?* (@) (see Materials and Methods). The rate constants
Es — Y : ’

> - o : . were normalized such thafp.y = 1 with saturating Gu,. The
solid line). Th's+'s the Sa.me’ \_N'thm error, as tnhae dissociation lines are fits of the data to eq52 and give dissociation constants for
constant of M@" determined independenti}'s*°= 0.19 Gnh, Of 280, 29, and 12¢M at 0, 0.2, and 20 mM Mg,
mM; Figure 2). The agreement of the Kiraffinities suggests respectively. (B) G concentration dependence of the observed rate
. 24 ; ; ; constants determined under the same conditions as in part A with
:Eatghedfsamef M I?n’EMSnC , Is responsible for increasing 0 (©) and 20 mM MA* (O). The lines are fits of the data to eq 2
e binding of G, to E-S. and give dissociation constants for G of 63 angkFat 0 and 20
mM Mn2*, respectively. (C) Effect of M&T on the binding constants
3The Mr¢* concentration dependence of the binding constant, of Gyu, (®) and G Q), KSX'. Values obeGX' were determined in
K, is reported instead of the dissociation constagfi*z, for parts A and B and analogous experiments. The data with @ere
convenience in plotting and describing the results. Analysis of théMn  fit to eq 7, derived from Scheme 4 (solid line; see Materials and
concentration dependence of eitt@#z or KS¥, in conjunction with Methods), and givéKpe®® = 0.21 4+ 0.02 mM (10 mM MgH).
the magnitude of the M effect, gives the affinity of MA" for both The dashed line indicates that fhas no significant effect on
E-S and ES-Gw,. However, the plot oKz versus MA* concen- the binding of G.

tration directly gives the dissociation constant of ¥ifrom E-S (1). g . o
4Two significant figures are reported for the rate and equilibrium The data in Figure 3C also give the affinities Qﬁ,.(}for

constants in Scheme 1 and Table 1 to help the reader follow the E-S at zero and saturating Mihconcentrations, Withg';‘v'l*é'
thermodynamic calculations under Results. These rate and equilibium= 3 6 mM-! and KS'R/T%’ = 83 mM, respectively. The
constants are accurate to only one significant figure, however, based _.. . 2+ :

on estimates of experimental error from the range of values obtained &ffinity of Mn¢" for E-S-Gyu, can then be calculated from
in independent experiments. the ~20-fold increase in the binding of\, and the affinity
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Scheme 4

GNH,
Ko ng?

Mn + Mg.E‘S + GNH2 Mn+ Mg.E‘S'GNH2

KMn,app

Mn.app
E*S Ki

E‘é’G NH,

GNH,

b,Mn

Mg+ Mn.E‘S + GNH2 Mg + ’\llﬁ.E‘S‘C':INH2

Scheme 5

KX
o 3,M
Mn+MIE +8 + Gy g

products

Mn,app
Ke

Gix
Mg +MN'E + S + Gy ——in

products

of Mné+ for E-S, yielding an apparent dissociation cons-
tant of KggdP = 9 uM [10 mM Mg?*; from Kgigdl

Koy IKehie') > KEe™™ = (3.6/83) x 0.21 mM = 0.009
mM].

In contrast, the data in Figure 3B,C suggest that the binding
of G to ES is not affected by M, with K5y, = 16
mM~t and KSMH' = 13 mM, respectively, when Mg or
Mn?* occupies metal site C (Scheme 1). Thus, the affinity
of MnZ" for E-S'G is essentially the same as that foiSE
with an apparent dissociation constant kKif23" = 0.26
mM [from KESEP = (KE g /Kin) x KEg™P= (16/13) x
0.21 mM= 0.26 mM].

(B) Mr?* Has Little or No Effect on the Binding of\@,
to Free E.In contrast to the 20-fold increase in the binding
of Gnu, to E-S upon addition of M, added MA* has at
most a small effect on the binding of\( to free E, with
observed binding constants of 4.2 and 9.1 MMith 0 and
20 mM Mrét, respectively (data not shown). The binding
of G to free E is also not significantly affected by
with binding constants of 2.8 and 3.6 miwith 0 and 20
mM Mn?*, respectively (data not shown).

Two models could account for the absence of a®Mn
effect on the binding of G4, to E. (1) Mr?* can bind and
saturate site C in free E, but does not contribute to the binding
of Guw, In the absence of bound S. (2) @frmay bind very
weakly to free E, with a dissociation constant above 20 mM,
thereby obscuring an effect of I\ifhon Gun, binding. To
differentiate between these models, the affinity of{ifor
free E was determined by following the Kfhconcentration
dependence of the reactivity ofy(g relative to G in the
reaction: E+ S+ Gy — products k‘;x; Scheme 5). This is
possible because I\@h selectively increases the reactivity
of Gyn,, as described above.

Figure 4A shows the effect of Mh on the reaction: B-

S + Gx — products. MA" increases the rate of reaction of
Gnh, ~200-fold, whereas the effect on the G reaction is only
~20-fold. Above 1 mM M#A*, the reaction rates of (@,
and G are within 2-fold of one another, indicating that the
rescue is achieved at lower Ffnconcentrations and that
the effects of MA" on the reactions of @, and G are from
an additional MA" ion(s) distinct from MA".6 As de-
scribed with Figure 2 above, the increased reactivity @i,
relative to G, is expected to follow the concentration

Shan and Herschlag
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FiGure 4: (A) Effect of Mr?* on the reactivity of Gy, (W) and G

(@) in the reaction: E+ S + Gx — products k5%). k$* was
measured in single-turnover reactions with d8hart 1) at pH

7.9, as described under Materials and Methods. The data with G
were fit to a model in which a single Mh stimulates the G reaction
(dashed line). The data with\@, were fit to a model in which this
Mn?* has the same effect on the( reaction as on the G reaction,
and there is an additional Mh that specifically increases the
reactivity of Guu, (solid line). (B) Effect of Mr#™ on the rate of

reaction of Gy, relative to G: k' = k$¥2/kS. The data were fit to
eq 8, derived from Scheme 5 (see Materials and Methods), and

give KY"2PP= 0,284 0.06 mM (10 mM Mg") for binding of the
Mn?* that specifically rescues the reaction ofG

dependence for binding of I\@ﬁ (Figure 4B). The MA"
concentration dependence of the relative reactivity of,G
suggests that I\/fﬁ binds to E with a dissociation constant
of KE"®P = 0.28 + 0.06 mM and specifically stimulates
the Guu, reaction (Scheme 5). Thus, @nsaturates free E
well below 20 mM but does not significantly enhance the
binding of Gyu, [model (1) abovel].

Placing these results in the context of Scheme 12'Mn
binds to free E with an apparent dissociation constant of
KE™@PP=0.28 mM. In the absence of S, the fMrbound at
site C does not interact strongly withy@, with a less than
3-fold effect on the binding of G, to E (Kghie = 4.2
mM~* and KS’% = 9.1 mM1). This small increase in the
affinity of Gnu, upon binding of MA*" to site C gives an
affinity of MnZ" for the EGyn, complex that is slightly
higher than that for free E, with an apparent dissociation
constant omggzgf 0.13 mM [K“Eﬂgzgfz (Kha/Kiha) x

5Schemes 4 and 6 are portions of the kinetic and thermodynamic
framework of Scheme 1; these individual thermodynamic cycles are
repeated to aid in description of the determination of individual rate
and equilibrium constants.
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Scheme 6
Mn +MIE(eGy) + S Mn + MIEeSe(Gy)
S
K, d,Mg
Mn,app
K, Mn,app
E(-Gx) KEes(ea)
Mg +ME(sGy) + S Mg + MN'EeSe(Gy)
S
KdMn

KEMaPP = (4.2/9.1) x 0.28 mM = 0.13 mM]. Mr" does
not significantly affect the binding of G to E eitheh(g,\,,g
= 2.8 mM! and K5, = 3.6 mM). Therefore, the
affinity of Mn%+ for the EG complex is essentially the
same as that for E, with a dissociation constarkg*° =
0.22 MM K™ = (Ko /Ko x KE™P= (2.8/3.6) x
0.28 mM= 0.22 mM].

© Mré+ Increases the Binding of S to:Gyn, The
ability of MnZ" to increase the binding of @, to the ES
complex but not to free E suggests that there is energetic
communication between the oligonucleotide substrate and
MnZ*. To provide an independent test for this communica-
tion, the effect of M@" on the binding of S was investi-
gated (Scheme 6).

Figure 5A shows that Mi1 strengthens the binding of S
to the EGyn, complex, decreasing the dissociation constant
of S from ES-Gyn, 180-fold. In contrast, Mfi has only a
~10-fold effect on the dissociation of S from&or ES-G
(open symbols). Further, the effect of #non the binding
of S is similar above 0.2 mM, indicating that the preferential
strengthening of the binding of S toGuu, is achieved at
lower Mr?* concentrations. As described above, the effect
of Mn?" on S binding that is specific to boundy@ was
isolated by plotting the dissociation constant of S from E
S G, relative to that from BS-G (Figure 5B,K5™). The
value of K3™ follows the Mr#* concentration dependence
for a single MA* and gives an apparent dissociation constant
of KEg@? =10+ 2 uM (Scheme 6; 10 mM Mg). This
is the same, within error, as the value oft® determined
above from the increased binding oG to E'S by Mr?+
(Scheme 1K“E4'g,gprH ), providing strong evidence that Nih
strengthens the blznding of S toGun,-

The effect of MA" on the binding of S to E and-B is
not caused by M&. Because M@ has similar affinities
for E and ES (and also the #5 and EG-S complexes), the
thermodynamic cycle of Scheme 6 predicts that the binding
of S to E (or to EG) would not be affected by the binding
of MnZ":

Mn,app
KE S

S
Kamn _ _021_,
Kng KPP 0.28
and
Kawn _Kes€®_0.26
KGug K™ 022

(values from Scheme 1). This conclusion was confirmed by
independent experiments that showed that the effect 8t Mn
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Ficure 5: (A) Effect of Mn*™ on the dissociation constant of S
from ES @, Kjeo, E'SG (v, Kiese), and ES-Gyy, (@,
KdSES.GNH). Dissociation constants of S were determined with

ccucdtas by both equilibrium binding and pulsehase experi-
ments, as described under Materials and Methods. The effects of
Mn2* on the dissociation of S from-B and ES'G are from a
Mn2* ijon that is distinct from the M& ion that specifically
decreases the dissociation constant of S fro® Gyy, and were

fit to a model for an effect from a single Mhion (dashed and
dotted lines; see text)The solid line shows a fit of the B-Gyp,

data to a model in which this Mn has the same effect on the
dissociation of S from ES:Gy, as from the ES(-G) complexes

and there is an additional Mhion that specifically decreases the
dissociation constant of S from&Gyn, (see text). (B) Effect of
Mn2* on the dissociation of S from-B-Gy, relative to that from
E'SG: K3'™ = Kiese,, /Kigse The data were fit to eq 10,
derived from Scheme 62(solid line; see Materials and Methods),
and giveKg's®® =10+ 2 uM (10 mM Mg?*) for the Mr?* ion

that specificallyzlncreases the affinity of S in the presence of bound
Gnh,- The dashed line (barely visible) is a theoretical curve for the
effect predicted for M§", calculated from values determined in

independent experimentKg's®® = 9 uM (Figure 3) and a 12-
2
fold increase in S binding upon binding of @n[from the 23-fold

versus~2-fold effect of Mrﬁr on the binding of Gu, to E:S and
to free E, respectively (Figure 3 and data not shown), and the
thermodynamic cycle of Scheme 6].

on the binding of S to E (or ) stems from a M#f ion
distinct from Mrf:+ that interacts with the Af1) residue of
S (Chart 1f Thus, the 18-fold larger effect of Mh on the

6 The Mr¢* effect on the binding of S to EG) was eliminated when
A(+1) was replaced by a methyl group (&S Chart 1), whereas this
substitution has no effect on the ability of fnto rescue the binding
and reaction of G, (unpublished results). These experiments strongly
suggest that the additional ¥ineffect on S binding stems from a
distinct Mr?* ion that interacts with A{1) and, further, that the effects
of MnZ" and this additional M# ion are independent of one another.
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binding of S to EGyn, relative to free E and & (Figure
5A) represents the effect that stems from é@lnand the
remaining effect that is common to G angiGarises from
a distinct Mr¢* ion.

Placing these results in the context of Scheme 12'Mn
strengthens the binding of S to the-Ggn, complex,
decreasing the dissociation constant of S 18-fold, from
Kimg = 7-2 M toK3 . = 0.48 nM K3y = K3 g/18 =
7.2 nM/18= 0.48 nM; blue numbers for g,). In contrast,
the affinities of S for E and &5 are not significantly affected
by MnZ". The dissociation constants of S fromSand E
S-G are the same regardless of whether &My a Mr¢*
is b%und at site C, With§ ,, = K§ , = 4.8 nM andK§,,;
= Kimn = 0.84 nM (red numbers for G).

(D) Effect of Mri+ on the Chemical StefAddition of 1
mM Mn?* to the ES-Gywn, complex, which is more than 100-
fold above the dissociation constant for fin(Scheme 1,
K“E”.g.szF’Hz = 9 uM), does not significantly affect the rate of
the chemical step with (p,. The rate constants with and
without added MP" arekZyiz = 0.084 min and kS =
0.044 min!, respectively (pH 7.9; Scheme 1; data not
shown). The rate of the chemical step with G is also not
significantly affected by addition of 1 mM M, which is
5-fold above the dissociation constant for #rfrom E-S:

G (pH 7.9; Scheme kS, = 0.30 mir* andkS),, = 0.21

min~%; data not shown). Thus, I\@Tﬁ has no significant
effect on the reaction of @, from the ternary complex, ‘E
S'GNHZ-

(E) Mné+ Competes with a Mg lon Bound at Site CIf
metal site C is unoccupied, then the §7Iraffinity would
not be affected by changes in the WMgconcentration,
provided that sufficient M is present to fold the ribozyme
(=2 mM Mg?" used herein; ref, 50, 5). Alternatively, if
Mgt occupies site C at the concentrations required for
folding, then M@* must compete with this Mg ion, and
the observed affinity of M@ would decrease with increas-
ing [Mg?*]. The results described in this section strongly
suggest that a Mg ion occupies site C in the free ribozyme
and in all of the ribozymesubstrate complexes.

For E and ES, this was ascertained by determining the
apparent affinity of M@+ at various Md@* concentrations
by experiments analogous to those presented in Figures 3
and 4 above. The apparent affinities of frfor E+S were

obtained from Figure 6; these data and those for E (Figure
4 and data not shown) are summarized in Table 1. The

apparent affinities of Mﬁ“ for both E and ES decrease
linearly as [Md"] is increased from 2 to 50 mM. These
results are consistent with predictions from competitive
binding of Mrg" with MgZ" and suggest that the dissocia-
tion constant for binding of Mg to free E and the £
complex is less than 2 mM. Also, the high apparent affinity
of MnZ" at each M§" concentration suggests that n
binds ~40—50-fold more strongly than Mg to site C in
free E and the ES complex (Table 1KE' andKEy).

The observed affinity of Mg~ for E-S at individual
Mg?* concentrations (Table K¥s* and the increase of
~20-fold in the affinity of Gyn, upon binding of M@Jr at
each Md@" concentration also allowed calculation of the
apparent affinity of M@’ for the ES-Gyn, complex at each

Shan and Herschlag
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FIGURE 6: Mn?* concentration dependence of the binding af:G
to E-S at 2 #), 10 @), and 50 mM Mg* (a), Kg¥, determined
as described in Figure 3C. The data at 10 mMMaye from Figure
3C and are shown for comparison. The ¥Inconcentration
dependence at each Kfgconcentration were fit to eq 7, derived
from Scheme 4, and giv&}'s* = 0.044+ 0.05 and 1.1+ 0.1
mM at 2 and 50 mM Mg", respectively.

Table 1: Mrﬁ+ Competes with a Mg for Binding to Metal Site C

[Mg2]  Kgh®Pa  Kgld Kgn®Pe Kb KRR, 4 KE'
(mM) (mM) (mM) (mM)

2 0.058 35 0.044 45 0.0019 1100
10 0.28 37 0.21 47 0.0090 1100
50 1.3 38 1.1 46 0.048 1000

aObserved dissociation constant of fnfrom E at each Mg
concentration, determined from the Rtrconcentration dependence of
the relative reactivity of @, in the reaction: Et S+ Gx — products
as described under Materials and Methods (Figure 4 and data not
shown).? K™ &~ [Mg2*t][/KMnare and gives the specificity of metal site
C for Mn?* relative to M@* as described under Materials and Methods.
The subscript accompanying tiée' values denotes the ribozyme or
ribozymesubstrate complex that binds Kmat site C.c Observed
dissociation constant of M from E:S at each M@ concentration
(from Figure 6).9 Apparent dissociation constant of @Tn from
E-S'Gnh, at each M@" concentration, calculated from the following
thermodynamic relationship in Scheme KELEP = (Kghe/Kone)
x KM The value ofkM2 at each M§" concentration is from
this table, an&g\i2' andKph' are the binding constants of, with
zero and saturating Mh in Figure 6, respectively.

Mg?* concentration, as described in Table KEEZ” ).
These apparent affinities and the observed competftion of

Q\/Iné+ with Mg?* then allowed calculation of the Mh

specificity of site C in the ES:Guu, complex, as also
described in Table ]K(Ee_'S_GNH ). These calculations strongly
suggest that Mt binds~1000-fold stronger than Mg to

site C in the ES:Gyn, complex, with an upper limit of 2

uM for the dissociation constant of Nif, obtained from its

apparent dissociation constant at the lowest Mmpncentra-
tion investigated.

The absence of a Mgj concentration effect on the affinity
of G or Guu, for E(-S) suggests that Mg remains bound at
site C in the E{S)G and E(S)-Gnn, complexes (2100 mM
Mg?*; data not shown). As Mit has only a small effect on
the binding of G, to free E (data not shown; Scheme 1,
KS\iz vs KSyia), the M+ affinity and specificity of site C
in the EGnH, complex are within 2-fold of the values for
free E. Analogously, the absence of a Mreffect on the
binding of G to E and ES (Figure 3 and data not shown;
Scheme 1K, Vs Koy, andKp . vsKE 1) suggests that
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FIGURE 7: (A) Gnn, concentration dependence of the rate of
miscleavage of Pkfsc) with zero ©) and 10 mM M@&* (O) in the
presence of 10 mM M. Single-turnover reactions were carried
out at pH 7.9 with trace amounts of labeled oligonucleotide product
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error, with or without 10 mM MA", with dissociation
constants of 320 and 360M, respectively (Figure 7A; 10
mM Mg?"). Similar results were obtained from independent
experiments in which the affinity of G, for E-P was
measured by usingxg, as an inhibitor of the reverse reaction
(see Materials and Methods): dissociation constants fps G
of 260 and 280uM were obtained in the presence and
absence of 10 mM M1, respectively (data not shown).

As described above for the case with free E, the absence
of a Mr?* effect on the binding of Gy, to E-P could arise
either from weak binding of I\/@T to the EP complex or
from the absence of an interaction ofy with bound
MnZ" in the EP-Gy, complex. These two models were
distinguished by determining the affinity of I@hfor E-P
(cf. Scheme 5 for free E). The binding of r@*nto E-P can
be followed as MA" provides a 10-fold stimulation of ¢,
in the miscleavage reaction: -lE + Gx — products (see
Materials and Methods and réf3), but has no effect on
miscleavage by G. This observation suggests that the
MnZ*-Gyy, interaction stimulates the miscleavage reaction,
just as it stimulates the normal cleavage reaction. The
reactivity of Guu, in the miscleavage reaction follows the
concentration dependence expected for a singlé"Mrith
an apparent dissociation constant of 0448).06 mM for
binding of Mr&" to E-P (10 mM Mg*; data not shown).
Thus, Mr#t can bind and saturate metal site C ifPEbut
bound MrE" does not interact significantly with\@, in the
E-P-Gyn, complex. This localizes the communication be-
tween Mrg" and the oligonucleotide substrate to the reac-
tive phosphoryl group.

and excess E to ensure saturation of P (see Materials and Methods). In the previous section, we described results that suggest

Observed rates of miscleavage were normalized suchkifigt=

1 with saturating Gu,. Fits of the data to eq 2 give dissociation
constants of 360 and 32aM for binding of Gy, to E-P with O

and 10 mM M#R*, respectively (dashed and solid lines). (B)
Dependence of the rate of the reactionGR, + S* — products
[(k/Km)3] on the concentration of added inhibitor, CCUCU with
zero ©) and 5 mM M+ (O), determined in the presence of 10
mM MgCl, as described in eq 5a under Materials and Methods.
(k/Km)® values were measured with rgMs described under
Materials and Methods. Fits of the data to eq 5b, derived from the

scheme in eq 5a, give dissociation constants of 2.3 and 2.8 nM,

respectively, for binding of CCUCU to-Byn, with 0 and 5 mM
Mn2*t, respectively (dashed and solid lines).

the Mr?t affinity and specificity of site C in the 5 and
E-S:G complexes are similar to those for E antb5E

Effect of the Reacte Phosphoryl Group of S on the
MnZ"-Gy, Interaction. In the previous section, we showed
that Mr@Jr increases the affinity of (g, only when S is
bound and that Mi increases the affinity of S for By,

that Mrg" increases the affinity of S for the Gy,
complex (Figure 5). To provide an independent test of
whether the reactive phosphoryl group is required for the
interaction of MiE" with S, the effect of MA" on the
binding of P to the EGyn, complex was determined (Figure
7B). In the presence of 5 mM Mn, which is 40-fold above
the dissociation constant for site C inGxy, (Scheme 1,
Kear? = 0.13 mM), the affinity of P for the Sy,
compfex is the same, within error, as the affinity in the
absence of Mft. This is in contrast to the-20-fold stronger
binding of S to EGyw, in the presence of I\/@ii [Scheme 1,
K§mg VS K§un (numbers in blue)] and provides indepen-
dent evidence that the reactive phosphoryl group of S is
responsible for the communication between2Vand the
oligonucleotide substrate.

DISCUSSION

These observations indicate that there is an energetic Deciphering the role of individual metal ions in RNA

communication between Mh and the oligonucleotide
substrate. In an effort to identify the group(s) on the

oligonucleotide substrate responsible for this communication,

we determined the effect of Mh on the binding of G, to
the ribozymeoligonucleotide product complex;E, in which

catalysis is an enormous challenge, as a sea of metal ions
coat the charged RNA backbone (e4,,6, 7, 9, 1113,

16, 19, 52 and references cited therein). In this work, metal
ion specificity switch experiments have been used to identify
a metal ion interaction with the'2noiety of G in the

the reactive phosphoryl group of S is removed and replaced Tetrahymenagroup | ribozyme (Figure 1, b), confirming

by a hydroxyl group.

The equilibrium constant for binding of\g, to E-P was
determined by following the rate of miscleavage okRs{)
at varying concentrations of g, (see the Materials and
Methods). The binding of (@, to E:P is the same, within

and extending previous observations in a bacteriophage T4
group | intron @2).

The analysis herein relies on comparisons of the effects
of Mn2* on the reaction of G, relative to those on the G
reaction. Such a comparative approach is crucial for inter-
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pretation of the results, as effects of Mrthat are not specific ~ Scheme 7
to the modification on the 'Z2moiety of G can often arise Gorel

from metal ion sites other than site C or from technical ) ng"’wm K—“:'g~ EEAgH+H20

problems such as solubility limits of Mh. Use of relative @

reactivities minimizes complications from these nonspecific o Ko™ G,

effects, allowing metal ion effects specific to a single ligand, ® By oy —— E¥ +ho

the 2-moiety of G to be quantitatively isolated amidst the Srrel

sea of metal ions bound to this RNA. © B8, o, Kug W 0
Further, investigation using the well-characteriZBet- ° 023 T®

rahymenaibozyme has allowed quantitative analysis of the o K™ G,

energetics of the interactions ofdwvith the 2-moiety of G ® B e, = B¥ +HO

within the ribozyme active site and determination of the

affinity and specificity of metal site C in the ribozyme and  consequences of metal iefRNA interactions. In this work,
ribozymesubstrate complexes. The metal ion affinities the increase in the binding and reactivity ofuG upon
provide a fingerprint for M that allows it to be distinguished  replacement of the Mg at site C with M has allowed
from other active site metal ions and have facilitated the quantita’[ive energetic ana|ysis of the interactions @f\Mh
isolation of the effect of M on individual reaction steps  the 2-moiety of G and with the ribozyme active site.
(Scheme 1). The progression of the interactions efddng  Quantitative analyses described below reveal a 20-fold
the reactiqn pathway revealed a communication between M preference for interaction of the-RIH, group of Gy, With

and the oligonucleotide substrate. These and other observayn2* relative to Md', similar to the preference observed
tions suggest that Mplays an integral role in the coupling  jn model compounds. These analyses also indicate that metal
of the guanosine nucleophile with the oligonucleotide gjte C has a high affinity and specificity for Min with a
substrate and possibly in the alignment of the active site. issociation constant af2 uM and a preference of 1000-

A Metal lon Interaction with the '2Moiety of G in the fold relative to M@* in the ES-Gyy, ternary complex.
Tetrahymena Ribozyme Reacti@meviously, Sjgren et al. (A) Energetics of the Metal lon Interaction with the 2
observed that self-splicing of a bacteriophage T4 group | Moiety of G.Comparison of the affinities of G andyg,
intron is ~20-fold slower with Gy, than with G and that  with Mg?* or Mn?* bound at metal site C allows quantitative
the lower reactivity of Gy, is rescued by M#t and Zr¥*, evaluation of the interactions of dwith the 2-moiety of
suggesting that there is a metal ion interaction with the 2 G. The results are summarized in Scheme 7, in which
moiety of G in this intron22). An analogous metal ion inter-  equilibrium association constants are shown with superscripts
action in theTetrahymenagroup | ribozyme is suggested specifying whether the'anoiety of G is -OH or -NH and
by the increased reactivity of g, relative to G by MA"  the subscripts specifying whether figor Mn?* is bound
and Zrt* observed herein with this ribozyme. In addition, at site C. The equilibrium constants are relative to that for
the Mr?* concentration dependences for rescue of the binding binding of G with Mg" at site C, so that the value of
and reactivity of Gy, are as expected for the effect from a K,\GA%HJE' in part A is defined as equal to K, = 16
single Mr#* ion. These concentration dependences and themm-1: Scheme 1). As only the'Bubstituent of G and the
low concentration of Mt required for rescue (Scheme 1) dentity of the metal ion bound at site C are varied, these
strongly suggest that the reaction ofu3is rescued by a  relative affinities isolate the energetics of the interaction of
single Mr#* ion. This metal ion is referred to as Kin Mc with the 2-moiety of G in the ES-Gx complex.
herein. The binding of G with a MA&* bound at site C is the same,

These results provide strong evidence for a direct interac- within error, as that with a Mg at this site (Scheme 7B,
tion of Mn2* with the 2-nitrogen of Gy, in the transition  K{o+™® = K&\, "/KS\, " = 13/16~ 1; values from Scheme
state of theTetrahymenaibozyme reaction. Direct observa- 1). The Mg™ or ang at site C presumably interacts with a
tion of an interaction of Mg at site C with the 20H of G water molecule in the absence of bound nucleophile, and
is prevented, however, by the high affinity of metal site C this bound water is replaced by thé-QH group upon
for Mg?* and the requirement of a minimal Migconcentra- binding of G, as depicted in Scheme 7A,B. Because the 2
tion required for folding of this ribozyme (2 mM Mg used hydroxyl of guanosine is electrostatically similar to the
herein). Nevertheless, an analogous interaction between aydroxyl of a water molecule, no effect on intrinsic affinity
Mg?t bound at metal site C and thé-QH of G at the would be expected. The similar affinities of G with kig
ribozyme active site is likely (Figure 1, §. The 2-OH of or Mn?* bound at site C then suggest that the replacement
G contributes more than %@old to catalysis of theTet- of Mg?" by Mn?" does not cause a geometrical perturbation
rahymenaribozyme relative to a'2H (53, 54,and unpub- of metal site C that compromises binding of guanosine and
lished results), and it is difficult to imagine that alternative interaction with its 2hydroxyl group.

active site interactions with d-AH, substituent could pro- The stronger binding of @, with Mn?* bound at site C
vide the same enormous rate enhancement for the ribozymehan with Mg+ bound (Scheme 1K\ vs KENwTé') pre-

reaction. Further, the enormous catalytic contribution of the sumably reflects the different intrinsic affinities of ktnand
2'-OH of G suggests that b the metal ion that coordinates  Mg2* for nitrogen ligands relative to oxygen ligandss¢
this 2-OH, may play a crucial role in catalysis (see below). 57). with a Mg?* ion occupying site C, the affinity of G,
Energetics of Specific Metal lon Interactions within Folded for the ES complex is~4-fold lower than that of G, with
RNA.Ribozyme catalysis provides a sensitive probe for the KW' = 0.23 (Scheme 7QSW2"® = K /KS ' = 3.6/

Mg b,
binding of functional metal ions to RNA and the energetic 16 = 0.23; values from Scheme 1). This suggests that the
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Table 2: Equilibrium Constants for Association of Mgand Mrf™
with Model Compounds

log KM a Krel b

2+

Compound AAG (kcal/mol)®

Mn2+

1.00°

Mg

) NH, ¢ -151

() H,N-CH,CH,-NH,

o
) HC—<
N O

2774 250° -3.36°

2.80 29 -2.05

(o]
H;C
ic—< o
S
) P
N
8

\ N N=

(Vi)  OH
vy po

(1X) ATP*
(X) GTP*
(X1) cTP*
(Xin uTP*

o
(X1v)
X,

aKM is the equilibrium association constant for the reaction:+M

= M-L, in which M is Mg?" or Mn?* and L is the compound that
provides ligand(s) for M. Values &M are in units of M* and were
determined at 28C at ionic strength 0.1 unless otherwise specified.
From ref55, P K = KM"/KMg, and gives the specificity for association
with Mn2?" relative to Mg". °AAG = —RT In K, and gives the
difference in binding free energy for Mhand Mg*. Negative values
of AAG denote a preference for Mh 9At ionic strength 0.5.
¢ Compoundll contains two -NH groups, so that the free energy
difference for each amino groupAG') is expected to be half of that
observed: AAG' AAG/2 = —1.68 kcal/mol. LikewiseK™®" =

VK™ = 16.f At ionic strength 09 At ionic strength 2.0.

) 0.7 -0.20

6.24 91 -2.74

4.0 630 -3.92

34
2.588
474
469
476
4.68

6.6
50
44
4.1
52
47

-115
1.88¢
4.10
4.08
4.04
401

-0.98
-0.90
-0.85
-1.01
-0.94

3.65 421 3.6 -0.78

57 772 105 -2.83

interaction of Mg with the 2-NH, of G is 4-fold weaker
than with 2-OH. In contrast, the affinity of G4, with Mn?*

at site C is~5-fold higher than that of G (Scheme 7D,
Ky = KPw /K, = 83/16~ 5; values from Scheme
1), suggesting that the interaction of @frwith the 2-NH;

of G is 5-fold stronger than with'20H. Combining these
observations, (a4, binds 20-fold stronger with Mit bound

at site C than with Mg bound (Scheme 7C,D). This
corresponds to a 1.8 kcal/mol preference ofMover Mg?*

for interaction with the 2NH, group, relative to interaction
with a water ligand. This preference is similar to those
observed with several model compounds, which give free
energy preferences of 1.5-2.1 kcal/mol for interaction with
each amino group (Table 2, compourddll ).

(B) Affinity and Specificity of Metal Site Quantitative
analysis of the MA" concentration dependence of the binding
or reaction of Ggu, allowed determination of the affinity of
metal site C for MA" and Mg" in the ribozyme and
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ificity of site C for Mn2*, such that M@" binds 1000-fold
stronger than Mg, with a dissociation constant af2 uM
(Table 1).

The remarkably high affinity of metal site C suggests that
Mc interacts with multiple functional groups within the
ribozyme active site, probably with one or more inner-sphere
coordination to active site functional group(s). But what gives
rise to the high specificity of this metal site for Frrelative
to Mg?t? One possibility is that the ribozyme provides one
or more nitrogen ligands, as nitrogen ligands interact with
Mn2* in preference to Mg, whereas oxygen ligands do not
typically provide a large advantage for interacting withain
[preceding section and Table 2, compouhddl andV—VI
for nitrogen ligandsK™ = 12—630) versus compound¥
and VII =XIIl for oxygen ligands K® = 3.6—6.6)].
Alternatively or in addition, geometrical constraints within
the binding site and the larger size of Mrthan Mg+ may
allow MnZ" to interact more favorably with multiple ligands
within the ribozyme active site. The 100-fold higher affin-
ity of 1,2-dihydroxybenzene dianion for Mh relative to
Mg?* (Table 2, compoundIV) provides precedence for
significantly stronger interaction of multiple oxygen ligands
with Mn2* than with Mg*. Identification of the functional
groups on the ribozyme that provide ligands fog 80)
will be necessary for unraveling the molecular features that
give rise to the high specificity of this metal site. Further,
the high affinity and specificity of metal site C for M
introduce the possibility of future spectroscopic probing of
the coordination environment and the dynamics of the metal
site among the sea of metal ions bound to this ribozyme.

The approach described herein may provide a general tool
for quantitatively probing the binding of specific functional
metal ions to RNA and assessing the energetic effects of
individual metal ior-RNA interactions. In general, divalent
metal ions such as Mg and Mr#* can bind to the charged
RNA backbone via polyelectrolyte effects; the majority of
these metal ion sites involve outer-sphere coordination and
have low affinity and specificity, with dissociation constants
of >0.1 mM (e.g.,19, 52, 58-60,and references cited
therein). Nevertheless, strong binding of Mrio RNA has
been observed in several cases, and some metal sites also
appear to have high specificity for Mh EPR investiga-
tion of Mn?* binding to the hammerhead ribozyme suggested
the presence of several metal sites with high®Maffinity
(K[‘,"” < 4 uM; 52). Folding of the hairpin ribozyme at its
helical junction appears to involve two metal sites that bind
Mn?* at least 10-fold stronger than Mg with observed
dissociation constants in the low micromolar rangé &énd
references cited therein). Strong binding of multipleZ¥n
ions to tRNA KZ"" < 10 uM) has also been observed in
equilibrium dialysis experiments59), and proton NMR
experiments indicated that one or more metal sites, located
in the acceptor stem of tRNA, have at least 100-fold

ribozymesubstrate complexes (Scheme 1 and Table 1). This specificity for Mr?* relative to Mg@* (61 and references cited

analysis indicates that site C has a high affinity and
specificity for Mr¢™. Even in the absence of boundyG,
MnZ" binds 50-fold stronger than Mg, with a dissocia-
tion constant of<40 uM for unoccupied site C (Table 1).
In the ES'Gyn, ternary complex, the 20-fold stronger
interaction of MiZ" than M" with the 2-NH, group (see

therein). These observations indicate that the affinity and
specificity of metal sites on RNA can be substantial.
Nevertheless, to understand metal +dRNA interactions,
additional detailed structural studies will be required, in
conjunction with more information about the affinity and
specificity of metal ion sites in RNA and the energetics of

preceding section) provides an additional increase in the spectheir metal ior-ligand interactions.



10972 Biochemistry, Vol. 38, No. 34, 1999 Shan and Herschlag

Scheme 8
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(C) Thermodynamic Fingerprint Allows Act Site Metal obtain clues to the catalytic role of this metal ion, the
lons To Be Distinguishedrhe affinities of metal ions for  effect of Mrg" on individual reaction steps was determined
specific sites in the ribozyme and ribozyraebstrate com-  (Scheme 1). The results are discussed below in the context

plexes provide a fingerprint that allows these metal ions to of the model in Scheme 8, which summarizes the interactions
pe distinguished from one anothgr. 'In this work, different of Mn? along the reaction pathway.

fingerprints have allowed Wto be distinguished from other o L | Hh
metal ions and have facilitated the isolation of the effect of MRC ﬁb'nds strr?ngb_yép E, tf’“t bouEd_Il}(%_ as at mostha
MnZ" on individual reaction steps. The effect of f#non small effect on the binding of &, to E. This suggests that

the binding of S was distinguished from the effect that stems Mntzt+ is not prealigned in the active site of the free
from another M&* ion that interacts with the A¢1) residue  ibozyme for interaction with the'zZmoiety of G or Gu,,
of S (Figure 6 and Results). Other Krions also affect the ~ and is depicted in Scheme 8 by having metal site C swung
reactivity of G and Gy, (see Figures 2 and 5), but the away from the active site in free E. Whether the JHNH
concentration dependences for theséMffects are distinct  interaction is made in the-Bwn, complex is determined by
from that of Mr§", allowing the effect of these Mn ions whether this interaction provides sufficient energy to drive
to be distinguished from the effect of §h Recently, the alignment of M@" within the active sité.For simplic-
experiments analogous to those described herein have beefly, the EGwn, complex is drawn lacking this interaction.
used to determine the fingerprints of additional active site MnZ" also does not affect the binding of S to E, suggesting
metal ions and have provided evidence for three distinct that there is no interaction between §irand S in the ES
metal ions that interact with the-atom of S and with the  complex. In contrast, MiT gives a 20-fold increase in the
3- and 2-moieties of G within the active site of the binding of Gun, to the ES complex, suggesting that I@h
Tetrahymenaribozyme (Figure 1, M—Mc; Shan et al., s aligned and interacting with the-thoiety of G in the E
submitted). _ _ S+Guw, ternary complex. This direct metal ion interaction is
Role of Mc and the 20H of G in Catalysis by the  gepjcted by the closed dots between Mrand the 2
Tetrathena Ribozyme: (A) Progression qf the Interactionsmtrogen of G, in Scheme 8. M@* also strengthens the
of Mrg" along the Reaction PathwaRReplacing the 20H binding of S to the EGyy, complex by 20-fold, suggesting

of G with Z-H reduces the rate .Of the chemical siep MOTe that Mr@r also interacts with S in the ternary complex; this
_than 1G'f0|d (53' >4,and unp_ublished results). This_effect could be a direct or an indirect interaction (see below) and
is consistent with an energetic penalty for desolvation of a
Mg?" ion and suggests that th&QH of G plays a critical
role in catalysis, probably via its associated metal ion. How- 7 The observed 2-fold effect of M#i on binding of Gy, to free E
ever, it is not obvious how this group and its associated is consistent with this metal ion interaction being made a fraction of

metal ion contribute to catalysis, as the@H of G does the time in the EGwu4, complex. This and additional unpublished
’ observations suggest that the equilibrium constant for arranging this

not directly participate in the formation and breakage of meta site with respect to thé-tmoiety of G and forming this interaction
covalent bonds. To learn about the interactions @f anid is close to 1.
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is therefore depicted by open dots betweer@vland Sin Scheme 9

Scheme 8. 5

The results suggest that the interactions off:K/Idrive a 0
conformational change of the ribozyme that positions metal Ao—éi%
site C with respect to the2noiety of G and with respect to b Mo
the oligonucleotide substrate in the ternary complex. As Mg 0 o1
described in the next section, this conformational change is )
presumably responsible for the coupled binding of S and G o o G

observed previously3g, 62, 63. Binding of Mr&" does not
affect the rate of reaction of the &Gy, ternary complex, o
suggesting that the interactions made with thendiety of ~ ©Xxygens does not affect the binding of Ej[” or the

G and the substrate in the ternary complex are maintainedénergetics of the N@T’_GNHZ interaction, providing no

in the transition state (Scheme 8; &Gy]%). Possible roles |nd|cat|qn of a direct interaction (unpublished results).
of Mc in catalysis are then discussed in the following Alternatively, the communication betweencMand the
sections. reactive phosphoryl group could be mediated by a network
of active site interactions. Identification of functional groups
on the ribozyme that provide additional ligands fog May

help elucidate such a network and could be important for
further probing the communication betweenc Mnd the
reactive phosphoryl group. Spectroscopic methods that
distinguish between inner- and outer-sphere coordination may
also help elucidate the nature of the communication between

(B) An Integral Role of M in the Coupling between S
and G. There is coupling between the oligonucleotide
substrate and the guanosine nucleophile; i.e., S and G
strengthen the binding of one anoth&8( 63 see also
Scheme 1:K§ vs K§ and Ky, vs Ko¥, (red numbers for
G)]. This coupling suggests that the binding of S or G drives
a change of the ribozyme into a conformation in which S .
and G are better aligned with respect to groups within the Mc and the reactive phosphoryl grogp. )
active site. However, when the-@H of G is replaced by (C) Role of M and the 220H of G in CatalysisRecent
-NH,, the coupling between the oligonucleotide substrate and studies suggest that two distinct metal ions interact with the

the nucleophile is lost with metal site C occupied by @Wg 3~ @nd 2-moieties of G, referred to as Mand M,
[Scheme 1: KgMg ~ Kcsng, (blue number for Gy,) and respectively (Figure 1; Shan et al., submitted). An appealing

Kﬁ% ~ KbG,%']- This loss of coupling presumably arises model is that M also interacts with the'3DH of G (22),

from the weaker interaction of Mg with the 2-NH, group acting in concert with M to deprotonate the '®H at

relative to 2-OH (Scheme 7A,C). The stronger interaction physiological pH a}nd_activate it for nL_JcIeop'hiIic att'ack
of Mn?* than M@"* with the a;nino group (Scheme 7C,D (Scheme 925). Activation of a nucleophile by interaction

Table 2) would then allow coupling to be restored, as was with two metal ions has been proposed for a different RNA

indeed observed upon replacement of QVIg)y M2+ enzyme based on molecular dynamics simulatié$) énd

s s for several protein enzymes (e.§5—67). This mechanistic
[Scheme 1:Kj\,, vs K3\, (blue number for Gy, and model remains to be tested.

Kewiz vs Kpyie]. Thus, M is intimately involved in the

coupllng between the oligonucleotide substrate and the positioning of the guanosine nucleophile and the organization
guanosine nucleophile. of the ribozyme active site (see al68—70 and references

A role of Mc in the coupling between S and G is further cited therein). As described above, in addition to a direct
supported by the observation that the interaction ofMn  coordination to the ‘2nitrogen of Gy, MnZ” also interacts,
with Gww, and the oligonucleotide requires the reactive directly or indirectly, with the reactive phosphoryl group;
phosphoryl group, as the reactive phosphoryl group was alsothese interactions drive a conformational change on the
shown to be required for the coupled binding between ribozyme that allows coupling between S and G. These
oligonucleotides and guanosingg. In addition, previous  results strongly suggest thatdvinay be used to align the
work showed that below 18C, the guanosine nucleophile  guanosine nucleophile with respect to the reactive phosphoryl

can bind as strongly to E as to theSscomplex, suggesting  group and possibly with respect to other catalytic groups
that the rlbOZyme exists in a conformation with active site within the active Site, thereby fac|||tat|ng the reaction.

groups already aligned to interact with S and G in the binary
complexes at low temperature, as in theS¥ ternary

Alternatively or in addition, M may play a role in the

But does a contribution of Mto active site alignment

i o L remain at low temperature, where the ribozyme appears to
complex at hl_ghgr temperaturéd). S'm”?rly' Mré In- no longer require the energy from interactions oféVln
creases.the bln.dlng of s, t_o free E at 0°C, 3“9963“”9 with Gnw, and S to drive the transition to an aligned
that the interaction of I\/@T with Gyn, can be made evenin  conformation (Scheme 8)? The effect of replacing the 2
the absence of bound S at low temperature (unpublishedyy group of G by 2H remains more than $dold at 0°C
results). Thes_e parallels between_ the interactions oan (unpublished results), suggesting thag M still crucial for
and the coupling of G with S provide strong support for an catalysis at low temperature. Although it is possible that M
integral role of M in the coupling between the oligonucle-  plays no role in alignment beyond its involvement in coupling
otide substrate and the guanosine nucleophile. at the higher temperatures, a larger or additional roles of
How does M communicate with the reactive phosphoryl Mc would not have been exposed. This is because replacing
group? The simplest model would be a direct coordination the 2-OH of G with -NH, and the Mg@* at site C with Mi*
of Mc to one of the nonbridging oxygens of the reactive modulates the strength of the interaction of With the 2-
phosphoryl group. However, thio-substitution at each of these moiety of G but do not remove this metal ion or disrupt its
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Scheme 10

interactions with other groups. Indeed, the remarkably high
affinity of site C for Mr#" suggests that Mis situated within

a network of interactions in the ribozyme core; this network
may be critical for alignment of other active site metal ions
and functional groups required for efficient catalysis.

Finally, the results herein allow evaluation of catalytic
models in which the 20H of G acts as a general base or
proton shuttle to help deprotonate thengdroxyl group. The
2'-NH, group of Gyu, contains only a single lone pair of
electrons, and this lone pair interacts with- Meaving no
electron pair to accept a proton from the@H (Scheme
10). Nevertheless, the reactivity ok is within 5-fold of
G, strongly suggesting that théf2inctional group of G does
not act as a general base or proton shuttle.

General ImplicationsThe approach described herein, use
of metal ion specificity switch combined with quantitative
analysis to obtain thermodynamic fingerprints for individual
metal ions, may provide a general approach for studying the
role of metal ions in RNA function. Thermodynamic
fingerprints provide a powerful tool for identifying and
distinguishing distinct metal ions. The ability to distinguish
between active site metal ions then facilitates the isolation
of the energetic effect of individual metal ion interactions,
providing clues to the mechanism of action for each metal
ion and facilitating tests of mechanistic proposals. Thermo-
dynamic fingerprints also provide a readout of the energetic
consequences of metal i RNA interactions, allowing the
structural and energetic properties of individual metal sites
within folded RNA to be probed. Finally, the fingerprints
obtained for M and other active site metal ions (Shan et
al., submitted) will facilitate the identification and study of
functional groups on the ribozyme that provide additional
ligands for each metal ion.
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