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Identification of the Hammerhead Ribozyme Metal lon Binding Site Responsible
for Rescue of the Deleterious Effect of a Cleavage Site Phosphorothioate
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ABSTRACT: The hammerhead ribozyme crystal structure identified a specific metal ion binding site referred
to as the P9/G10.1 site. Although this metal ion binding site 20 A away from the cleavage site, its
disruption is highly deleterious for catalysis. Additional published results have suggested thiad-Ee

oxygen at the cleavage site is coordinated by a metal ion in the reaction’s transition state. Herein, we
report a study on Cd rescue of the deleterious phosphorothioate substitution at the cleavage site. Under
all conditions, the C# concentration dependence can be accounted for by binding of a single rescuing
metal ion. The affinity of the rescuing €dis sensitive to perturbations at the P9/G10.1 site but not at

the cleavage site or other sites in the conserved core. These observations led to a model in which a metal
ion bound at the P9/G10.1 site in the ground state acquires an additional interaction with the cleavage site
prior to and in the transition state. A titration experiment ruled out the possibility that a second tight-
binding metal ion I((Efd < 10uM) is involved in the rescue, further supporting the single metal ion model.
Additionally, weakening C# binding at the P9/G10.1 site did not result in the biphasic binding curve
predicted from other models involving two metal ions. The large stereospecific thio-effects at the P9/
G10.1 and the cleavage site suggest that there are interactions with these oxygen atoms in the normal
reaction that are compromised by replacement of oxygen with sulfur. The simplest interpretation of the
substantial rescue by €dis that these atoms interact with a common metal ion in the normal reaction.
Furthermore, base deletions and functional group modifications have similar energetic effects on the
transition state in the Cd-rescued phosphorothioate reaction and the wild-type reaction, further supporting
the model that a metal ion bridges the P9/G10.1 and the cleavage site in the normal reaction (i.e., with
phosphate linkages rather than phosphorothioate linkages). These results suggest that the hammerhead
undergoes a substantial conformational rearrangement to attain its catalytic conformation. Such
rearrangements appear to be general features of small functional RNAs, presumably reflecting their structural
limitations.

The hammerhead ribozyme is a small RNA motif derived phosphate and thesMitrogen of G10.1, referred to herein
from several plant satellite RNA and viroid genomes that as the P9/G10.1 metal ion binding site [Figure IA}, Gee
catalyzes phosphodiester cleavage to give products with aalso refs8—10]. Although catalysis of the hammerhead
2',3-cyclic phosphate and a-Bydroxyl group [Figure 1, ribozyme is greatly enhanced by divalent metal ioh$, (
panels A and B 1—3)]. Despite numerous mechanistic 12), the P9/G10.1 metal ion was not expected to have a large
investigations and the determination of several X-ray crystal impact on catalysis because its binding site-R0 A away
structures of ribozyménhibitor and ribozymesubstrate  from the cleavage sité’¢-10). However, replacing thpro-
complexes, the catalytic mechanism has remained elusiveRp oxygen at the P9 phosphate with sulfur resulted in% 10
(for review, see, e.g., ret$—06). fold decrease in ratelg). This deleterious effect could be

The crystal structure of the hammerhead revealed a metalrescued by addition of Cd, a thiophilic metal ion, and
ion binding site that involves thpro-Re oxygen of the P9 analysis of the rescue led to the suggestion that in the
transition state this Cd ion acquired one or more additional
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FIGURE 1. The structure and metal ion binding sites of the hammerhead
ribozyme HH16. (A) The secondary structure of th&Eomplex. The
boxed bases depict the conserved c8jegnd numbering is according

to Hertel et al. 74). The cleavage site is marked with the arrow. The
phosphate substrate used herein conthaé instead ba C at the 3

terminal residue (see Experimental Procedures). (B) A two-dimensional

Wang et al.

rescue of the cleavage site thio-effect. The results reported
herein strongly suggest that the P9/G10.1 metal ion indeed
interacts with the scissile phosphoryl group, identifying the
binding site for a catalytic metal ion. This implies that the
hammerhead must undergo a substantial conformational
rearrangement to achieve its catalytic conformation.

EXPERIMENTAL PROCEDURES

Materials. Ribozyme and substrate oligoribonucleotides
were prepared by solid-phase synthe$®,(and sulfurization
was performed by standard metho#@6)( The sequences for
ribozyme and substrate are shown in Figure 1A. Figure 1C
introduces the nomenclature used to refer to the ribozyme
and substrate variants at positions P9, G10.1, and P1.1 (the
cleavage site). Abasic and phenyl-containing ribozymes were
prepared previously2(l, 22). The sequence of the phospho-
rothioate substrate differed from the phosphate substrate in
the 3-terminal nucleotide, wit a C and U, respectively.
Independent experiments have shown that the presence of
U or C at this position has no effect on cleavage rate or
CcP* affinity (kobs and KdCd values were within 5% for the
U-and C-containing substrate, for both GNand S/NO
reactions; data not shown). Ribozymes with 7-deazaG10.1
also contained a'2leoxyribose substitution at this position.
Independent control experiments showed that removal of the
2'-OH group at G10.1 to give deoxyG10.1 has at most small
effects (<3-fold) on the cleavage rate and negligible effects
on the Cd" affinity for O/N-O and O/NS.

Stereoisomers of the S/N ribozyme and of the cognate
phosphorothioate-containing substrate were separated by
reversed-phase HPLQY), and stereoisomers of ribozyme
S/C and the mismatched phosphorothioate-containing sub-
strates G16.2U and C17pyr were separated by ion-exchange
HPLC (Dionex Nucleopac, PA-100 column, eluted with a
20 to 1000 mM NacCl gradient in 10 mM Tris-HCI, pH 9.3,
and 10% ethanol). ThefRhio-substrates were contaminated
with ~3% phosphate or &hio-substrate, whereas the
contamination of the Rthio-ribozyme amounted to 20%,
as judged by the burst in product formation with Mas
the only divalent metal ion present. These contaminants were
accounted for in obtaining the rate constants from single-
turnover kinetic experiments (see below).

Stereoisomers at the P9 position were assigned by
comparing the band pattern of the oligoribonucleotides after
cleavage with stereoselective nucleases, RNase T1 and snake
venom phosphodiesterase, which preferentially cleave a R
phosphorothioate linkage, and P1 nuclease, which prefers
the S-stereoisomer. These assignments agree with previously
published data on thio-effects in the hammerhead ribozyme

1 Abbreviations: BisTris-propane, 1,3-bis[tris(hydroxymethyl)meth-

representation of the tertiary structure observed in crystal structuresylamino]propane; Tris, tris[hydroxymethyllaminomethane; Pipes, pip-

(7—10). Domain | comprises a U-turn involving residues C3, U4, G5,

erazineN,N'-bis[2-ethanesulfonic acid]; Mops, 3{morpholino]-

and AB. (C) Sites of metal ion rescue (see text) and the three-letter propanesulfonic acid; Mes, Mmorpholinojethanesulfonic acid; HPLC,
nomenclature used herein to describe modifications at these pos't'ons-high-performance liquid chromatography; EDTA, ethylenediamine-

The metal ion is represented by the black sphere. For the nomenclature

the first two letters correspond to the ribozyme (P9/G10.1) and the

last letter corresponds to the substrate (P1.1). Phosphate linkages ar

referred to as O, whereas S describes gplidsphorothioate; G at
position 10.1 is denoted by N, for the; Nitrogen, whereas 7-deazaG,
in which the N is replaced with a-€H group, is denoted by C. For
example, the unmodified-B complex is described as O, whereas

tetraacetic acid; £, ribozymesubstrate compledeCd, apparent
gdissociation constant for €dfrom the ES complexkmax the cleavage
rate in the presence of saturating?€dmutant ribozymes are denoted
by the residue that is modified: pyr, 4-pyridinone; X, abasic nucleotide;
e.g., A9X refers to a ribozyme with an abasic residue at position 9; S
refers to phosphorothioate linkagété the named residue, i.e., P9S

the complex with phosphorothioate substitutions at the P9 and the refers to the ribozyme with a phosphorothioate linkage between G8

cleavage site is referred to as S8\

and A9.
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(13—15). The cleavage site stereoisomers (P1.1) were Scheme 1

assigned based on differential reactivity and previous ster- kG

eochemical assignment$4—16). EsS+Cd”" ——— E-s+Cd™
Substrates were'&nd-labeled using/f*?P]JATP and T4

polynucleotide kinase and were purified by electrophoresis

on a nondenaturing 24% polyacrylamide gel. EDTA was Products Products

omitted in the gel purification and subsequent storage to o ) o

prevent contamination with low amounts of metal chelator. S€quénce indicates that this conformation is likely to be a

Concentrations of radiolabeled substrates were determined&irPin- The inability to separate stereoisomers of the phos-

from specific activity. Concentrations of nonradioactive Phorothioate-containing G1.1U substrate by HPLC is pre-

oligonucleotides were determined from absorbance usiag sum_ably dug to thi§ conformation, so these reactions were
=32 x 10 and 1.6x 10°F M~ cmi ! for ribozymes and  Carried out with a mixture of isomers. About half of the reac-

substrates, respectively. tive thio-substrate reacted similarly to the normal oxygen-
MgCl,, CdCh, and CaCl were from Aldrich &99.99%). containing substrate, and half exhibited a substantial thio-
Stock solutions were made with water and storee 20 °C effect when M§" was the only metal ion present, consistent

no longer than three months. BisTris-propan@9%) was with previous observations for the matched substrade-(

purchased from Sigma. 16). ) ) ) ) o

Methods. (1) KineticsAll reactions were single-turnover Experiments using oligonucleotides containing phospho-
and were carried out at 25C essentially as described roth|o_ate subsptunons within t_he conserved core were carried
previously (.3, 23). A trace amount of labeled substrate (final Ut With the mixture of stereoisomers of P3S, P4S, and P6S.
concentration<0.1 nM) and a large excess of ribozyme {50 The kl!’]etICS could_ be fit with a single _exponentlal and an
600 nM) were heated together at 95 for 2 min in 50 mM gndpomt of~75% in a_II cases, suggesting that both stereo-
BisTris-propane-HCI or Tris-HCl at the experimental pH and 1SOMers behaved similarly. Never.theless, small_dn‘ferences
then equilibrated for 15 min at 2 to allow formation of N Kebs would not be detected without s.eparadtmn of the
the ribozymesubstrate complex. Increasing the ribozyme isomers. Thus, there is an uncertainty in #§" values
concentration from 50 to 600 nM did not change the cleavage oPtained, which is estimated to be 2-fold.
rate constarkoss indicating that the substrate was fully bound () Apparent Dissociation Constants for £d The de-
to the excess ribozyme. The reaction was initiated by addition Pendences df,,s on the concentration of Gt up to 2 mM
of metal ions and 69 aliquots were removed at specified Were well described by binding of a single stimulatory’Cd
times and quenched with 86% formamide and an excess ofion (Scheme 1, egs 1 and 2), except for cases noted below.
EDTA. The B-labeled cleavage product was separated from cd -
substrate on 20% acrylamide/7 M urea gels, and the fraction _ Kg [Cd™]
of cleaved substrate at each time point was quantitated using Kons = ko KCd [Cd2+] ke KCd [Cd2+] (1)
a Phosphorimager (Molecular Dynamics). For fast reactions d d
the time courses were followed to completion, and as KCd o
observed previously for HH16L8, 23), the data fit well to | = d [Cd™] 2

. . . . . Og kobs Og ko cd 2+ kc cd ot ( a)

a single-exponential function with endpoints 6f80%. Kg® + [Cd™'] Kg® + [Cd™]
Values ofkyps for the R-isomer were obtained by fitting the
time courses with the sum of two independent single
exponential equations to account for th20% contamination log Kops = Iog[ Ko+ ke
by the $-isomer and/or phosphate-containing substrate, as
described previously1@). For slower reactions, the time
courses were followed for up to 10 days and the values of Equation 2b shows that, on a letpg scale kops increases
konsWere obtained from the initial rates, assuming an endpoint linearly with increasing concentrations of €dat Cd*
of 80%. Product formation increased linearly with time, and concentrations beIodeCd. Linear (nonlogarithmic) plots
independent control experiments showed that the ribozymeare also presented in order to facilitate comparisonKof
is fully active after these incubation times. In all cases, good values (eq 1). The data were fit using Kaleidagraph (Synergy
fits to the appropriate kinetic model were obtained, vitth Software;R? > 0.99). Competition of the rescuing &dwith
> 0.99 (Kaleidagraph, Synergy Software). the background metal ion was observed, so the observed

A subset of the abasic ribozymes (C3X, G5X, G8X, and dissociation constantﬂs{gd, are apparent values. For ribo-
A15.1X) gave lower endpoints with increasing concentrations zymes containing phosphorothioate substitutions at the P9/
of Cc?*. In these cases, initial time points, with linear time G10.1 or the cleavage site, the cleavage rate in the absence
dependence, were fit and an endpoint of 75% assumed, whichof C?" varied between experiments by up to 10-fold.
would account for a Cd-dependent partitioning of the  However, addition of 1 mM EDTA did not change the
ribozymesubstrate complex between reaction and formation cleavage rate, suggesting that the variability is not due to
of an inactive complex. In contrast, native gel analy2y) ( contamination of heavy metal ions but results from larger
with the G1.1U oxygen- and sulfur-containing substrates errors when the cleavage rate is very sloal(Q* min?)
indicated that the endpoint of 40% for these substrates arisesand the reaction is not followed to completion. Furthermore,
from the presence of an unreactive conformer of the between individual experiments there was some variation in
substrate, which does not exchange with the active confor-the observed data at the highesfCdoncentrations. Above
mation over the experimental time scale, so the endpoint of 2 mM CcP*, a second phase was sometimes observed that
40% was used in kinetic analyses. Analysis of the mutant resulted in a stimulatory effect of 2-fold or inhibitory effect

2+
[CKdCd ]]: [Cd™] <Kg" (2b)
d
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Scheme 2 Scheme 3
K&l x P
ES+Cd ——— E*S+Cd” —— Products T
2 ki
M"?d “ J[K‘Cd Cdy+E*S
EeS-Cd? — Eus.Cd®sCd Kay m x Kz
Kg* Ko K3
P<+—2E-S Cdy*E*S+Cdy—2»P
of up to 2-fold, apparently depending on the age of th&"Cd Ko m x Kgq
stock. However, the effect oNdCd values is small because E+S+Cd,
these dissociation constants were substantially smaller than Ky
2 mM and thus well separated from these secondary effects.
Furthermore, even though some variation K§® was P
observed from experiment to experiment, the relative values Binding Catalysis
of Kffd between the ribozymsubstrate complexes under Independent et A Kok, = ko x ko,
comparison did not change. Finally, these effects at hight Cd Cooperative W om et B« yk:m Ko x ko
concentrations were observed independent of the sulfur Anticooperative WomeA C  koko< kelk x koke

substitutions, suggesting that these effects are not involved
in rescue of the deleterious effects from the sulfur substitu-  (4) C* Titration. To test for the existence of a potential
tions. Thus, these variations at high concentrations are notsecond tight-binding metal ion, a titration experiment was
expected to affect the conclusions drawn herein. carried out with the S/Ns complex. This complex was
Side-by-side experiments in N&ipes, N&-Mops, and  chosen because it has both phosphates of interest replaced
BisTris-propane at pH 6.5, as well as with N&les and  with phosphorothioates so that it would be most likely to
BisTris-propane at pH 6.0, suggest that buffer specific effects reyeal the involvement of a potential seconc®Cin in the
on the observe®S® are less than 2-fold. rescue. This experiment was carried out in 10 mM?Mg
CcP* concentration dependences with the phosphorothio- and 50 mM Tris-HCI buffer, pH 7.5, with varying concentra-
ate-containing ribozymes (except for P9S) and some of thetions of Cd* as described above, except thatA@ of a
abasic ribozymes reproducibly gave modest inhibitio8@%6) stoichiometric ES complex was used. The fraction of the
above 2 mM Cé'. These concentration dependences were complex containing Rphosphorothioates at both P9 and
therefore fit to a model analogous to that in Scheme 1, but P1.1 is calculated to be 18\, as the thio-substrate stock
with a second metal ion that is inhibitory and can bind to contained~97% of the R-isomer, but the ribozyme stock
the ES and ES'CP" complexes (Scheme 2, eq 3). These contained 20% contamination from the-iSomer (see
above). A control experiment using 50 nM ribozyme and

_ [Cd?"] 80 pM of the thio-substrate was carried out side-by-side with
Kobs = Ko [Cd2+] ©) the titration experiment.
{chd+[cd2+]}[1+ — ] (5) Simulations of Metal lon BindingWe explored
K| theoretical models in which two metal ions give 2d
concentration dependences consistent with the observed
fits gave values oR? > 0.98, and the higher Cd affinity binding data, which as noted above, fit well to a single
was assigned to the stimulatory metal ion. The errd&is binding curve. Scheme 3 depicts a general kinetic scheme

andK§S for reactions that were inhibited is about 2-fold and for binding of two metal ions, and eq 4 describes the
thus significantly higher than the uncertainty-020% for a

reaction in which no inhibition is observed. Fits to eq 1 for [Cd?'] [Cd*"] [Cd*"]?
a single metal ion gaviS? values within the 2-fold error ko kg Ky th Ky, tk MKy K,
range, but the fits were markedly wors& (=~ 0.94). Kobs = o o Yo 4)
Representative plots are available as Supporting Information. 1+ [Cd™] + [Cd™] + [Cd™]

(3) Control for DesulfurizationThe 3-cleavage products Kal Kz MKy Ky

from phosphate and phosphorothioate substrates migrate

slightly differently on denaturing acrylamide gels (20% predicted dependence of the observed rate constant on the
acrylamide/7 M urea, data not shown), providing strong Cc?t concentration. Binding of the metal ions in the ground
evidence that the product does not arise from cleavage ofstate can be independent (casa k 1), mutually enhancing
the phosphate substrate after desulfurization. In the presencécooperative, case llm < 1), or mutually weakening

of C#*, a second band that runs slightly faster formed from (anticooperative, case llln > 1). Simulations were carried
the product of the phosphorothioate-containing substrate, butout with m = 1, 0.1, or 10, representing caseslll,

not from the phosphate substrate. This was shown both byrespectively. Similarly, the interdependence of the two metal
the kinetics of formation of this band and also by generation ions in catalysis can also be described as independent,
of this band from the phosphorothioate product upon addition cooperative, or anticooperative (Scheme 3, cases A, B, and
of C#*. Thus, formation of this band apparently arises from C, respectively). If the metal ions are independent in their
CdPf-catalyzed hydrolysis of the cyclic phosphorothioate stimulatory effect, the product of their individual rate
product after its formation in the ribozyme-catalyzed reaction. enhancements equals the observed rate enhancekaént (

In kinetic experiments, both bands were appropriately x ki/k, = ka/ko; case A), whereas cooperative and anticoop-
quantitated as products of the hammerhead reaction. erative effects give products of the individual rate enhance-
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Table 1. Cd" Rescues the Deleterious Effect of Phosphorothioates
at P9/G10.1 and at the Cleavage Site

Kobs (Min—1)
b
E-S complex, 10 mM Mg?* @ 10 mM C&*
P9/G10.1P1.1  —CcP*" 2 mM C* —Cc?+ 2 mM Cc*
O/N-O 0.045 0.64 5. 1073 1.8
O/N-Sg, 1.1x10° 0.58 5.4x 10°° 0.92
O/N-Ss, 0.021 0.33 2.8 108 0.98
Sk/N-O 1.6x 104 1.2 3.3x 10 1.8
Ss/N-O 0.046 1.2 3.4 1078 2.6

@ Reactions were performed side-by-side in 50 mM BisTris-propane,
pH 6.5, 25°C. P Reactions were performed side-by-side in 50 mM
BisTris-propane, pH 6.9, 25C. C" (2 mM) is saturating because it
is more than 8-fold above the§kvalue. The subscripts “Rand “S”
refer to the substitution of thpro-Rp or pro-Sp oxygen by sulfur.

Biochemistry, Vol. 38, No. 43, 19994367

1 J

kobs (min.‘)

10781
0

0% 10° 10" 107

[Cd™] (M)

Ficure 2: The affinity for C&" rescuing the thio-effect at the
cleavage site in a Mg background is not affected by the
phosphorothioate substitution. Reactions of €@INO) and O/NS

(®) were carried out in 50 mM BisTris-propane, pH 6.5, and 10
mM Mg?*, 25°C, with varying concentrations of €d Data were
plotted on a log-log scale and the lines represent nonlinear least-
squares fits for binding of a single rescuing?Cdon (eq 2) and

: Cd _
ments that are larger and smaller than the observed ratedive apparent values ;™ = 509 and 28Q:M O/N-O and O/N

enhancement, respectively (cases B and C).
For the simulations, each ground-state model (casé$) |
was combined with each transition-state model (case€A

S, respectively. Thd(dCd values of 282 and 244M, respectively,
reported in Table 2 were obtained from five to six independent
experiments, including the experiment shown here. As described
in the Experimental Procedures, at the highest@odncentrations

and eq 4 was used to simulate the expected dependence ofariations of the experimental data between individual experiments

rate on Cé" concentration. For example, IC represents the

resulted in variations of th&S® values. The uncertainty in the

case in which the metal ions bind independently and have observedKS® value is especially large for OH® in a Mg*-

anticooperative effects in catalysis. We obtaihkget, from
the experimental data and assigned various valuds/ke
and ko/k,, spanning 3 orders of magnitude. Further, we
assigned values df4; andKg, covering 3 and 4 orders of
magnitude, respectively and, using eq 4, calculated"Cd

concentration dependences on the cleavage rate constant fo

these cases (Excek250 calculated concentration depend-
ences). The resulting curves were plotted with the experi-
mental data to assess which classes of models could provid
reasonable fits to the observed data.

RESULTS

background, because the rate enhancement thét @dvides is
only ~10-fold.

observed dependence is consistent with a simple model in

which rescue is achieved by binding of a singleCibn 2

his can be seen in the ledog plot of Figure 2, in which

the log of the rate constant increases linearly with slope 1

over a range of Cd concentration of nearly 4 orders of
agnitude. The simplest interpretation of these data is the

oss of an important interaction with a Mfgion when the

pro-R, phosphate oxygen at the cleavage site is substituted

with a sulfur. This loss can then be rescued by the addition

of a single Cd" ion that interacts directly and stereospe-

Figure 1C summarizes the three-letter shorthand nomen-Cifically with the R-phosphorothioate at the cleavage site

clature used throughout the Results to describe the ribozyme the reaction’s transition state. The O and O/NS
and substrate variants used in this study. Unless notedcomplexes follow the same dependence of*@wbncentra-

otherwise, phosphorothioates have $kereochemistry.
Characterization of C# Rescue of the Cleage Site
Phosphorothioate SubstitutionVe first confirmed the
observations of Scott and Uhlenbeck concerning the R
phosphorothioate at the cleavage sit®)(with the ham-

tion with apparent C affinities of 282+ 131 and 214+
60 uM, respectively (Table 2).

The absence of a significant increase in the apparent
binding affinity upon introduction of the cleavage site
phosphorothioate introduced the possibility that the rescuing

merhead construct HH16 used in this study. Consistent with C&F" does not interact with the cleavage site in the ground
the previous results, this phosphorothioate substitution at thestate. However, the precision of this comparison is compro-

cleavage site slowed the chemical stef0*fold in the
HH16 reaction, and the addition of 2 mM &dcompletely
alleviated this deleterious effedton.s/kon-o = 2.4 x 1074
and 0.9 in 10 mM M§" in the absence and presence of 2
mM added Cé&", respectively; Table 1). There was no
significant thio-effect from the Sphosphorothioate at this
position and the Cd concentration dependence with this
substrate was the same within error as that with wild-type

mised by the small rate enhancement upod*Ginding to

the O/NO complex of only~10-fold and by the additional
small effects at the highest &€dconcentrations (see Ex-
perimental Procedures). We therefore sought other conditions
in which C&* binding to the wild-type O/NO complex
would give a larger signal. With a background of 10 mM
Ca2t, the rates of reaction of the O/@ and O/NS complex

substrate (data not shown), again consistent with the previous 2Although in some experiments the data at the highest'Cd

results (5, 17, 18, 25).

To better understand the nature of this rescue, we
investigated its C# concentration dependence. A constant
background of 10 mM Mg was maintained, and the effect
of C#* on reaction of the O/N8 complex was compared to
that on the O/NO complex in an attempt to learn about the
Cc?* ion or ions responsible for the rescue (Figure 2). The

concentrations reveal small stimulatory or inhibitory effects relative to
the concentration dependence expected from an effect by a singfle Cd
ion, these small effects were common to all ribozysubstrate
complexes investigated side-by-side (see Experimental Procedures).
Thus, these effects appear to be independent of the rescue, which occurs
at lower Cd™ concentrations and follows a concentration dependence
expected for rescue by a single metal ion (see Results). To maximize
the precision of the comparisons all comparative data shown were
obtained in side-by-side experiments.
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P9/G10.1 Site
Cleavage Site Cleavage 3

Table 2: Modifications at the P9/G10.1 Site, but Not the Cleavage
Site, Affect the Apparent Cd Affinity 2

Helix |

Kgd (uM) neic R} | AN
(20 A) &
E-S complex; [Mg?'] (mM) [Ca*"] (mM) \
P9/G10.1P1.1 10 100 10 100 Domainl 3K \)
OIN-O 282+131 =10 104 4400 /& poman!
OIN-S 214+ 60 >10* 133 2800 Helix Il
SIN-O 73+ 24 =10 36 840 Ground State Active Transition
S/N-S 79+ 26 >10¢ 28 1400 Conformation Conformation State
0/C-0 b b b b FiGURE 4: Model for the hammerhead reaction involving a large
O/C-S =10* =10 =10 =10 conformational change that brings together the cleavage site and
SICO b b 2500 b P9/G10.1 metal ion in the active conformation. The ribozyme is
SICS 4300 210" 2400 z10¢ shown in black, the substrate in gray, and the metal ion is
aReactions were performed in 50 mM BTP, 26. Different pH represented as a black sphere. The cartoon of the ground state

values were used with different background metal ions to ensure that conformation is based on the crystal structures, which show the
the rates of reactions could be reliably measured. Control experimentsMetal ion at the P9/G10.1 site20 A away from the cleavage site
showed that pH did not affect the observed valuesk§f (see (7, 8). The proposed transition state interaction of the metal bound
Methods). Errors are reported as standard deviations from five or six &t the P9/G10.1 site with thero-Re phosphoryl oxygen atom at
independent experimem.stCd values could not be determined be- cleavage site therefore requires a large conformational change. This

cause of the small rate enhancement observed upon addition?of Cd mode_l also iI_Iustrates the speculative propos_al that domain I
remains relatively unchanged whereas domain | rearranges in

(010 mM). forming the catalytically active structure (see Discussion).
A experiments had provided evidence for binding of a func-
tionally important metal ion to the P9/G10.1 sitE3), we
10° tested whether Cd bound at that site was responsible for

rescuing the deleterious effect of the cleavage site phospho-
rothioate. Indeed, analysis of the €descue of a phospho-
rothioate substitution at the P9/G10.1 site (8Nand of

the large effect of this metal ion on reactivity had led us to
propose that the metal ion at this site adopts at least one

Kobs(mMin-')
g,

00" 10° 100 10? additional ligand in the transition stat&3).
[cd*] (M) We investigated the affinity of the d rescuing the
cleavage site phosphorothioate using hammerhead variants
B with a 7-deazaguanine residue at position 10.1, with @n R
; * phosphorothioate at position 9, and with both substitutions
e © together (Figure 1C). These residues were shown biochemi-

cally (13, 21) and structurally 7, 8) to provide ligands to
the metal ion at the P9/G10.1 site, so perturbations at this

Kaorm

il * site would be predicted to change the affinity of a metal ion
bound there in the ground state. The?Caoncentration
o dependence of the cleavage rate was determined with the
0 100 200 300 6oo0  10* thio-substrate and the normal substrate for each of these
[Cd™’] (um) ribozyme variants in backgrounds of 10 and 100 mM?Mg

FIGURE 3: The affinity for the C&" ion rescuing the thio-effectat ~ and 10 and 100 mM Ca. In each case, the results were
the cleavage site in a €abackground. The reactions were carried consistent with a single Gdion providing rescue according

out in 50 mM BisTris-propane, pH 6.9, 10 mM €a25 °C and to Scheme 1. The results are summarized in Table 2 and are
varying concentrations of Gdwith O/N-O (O) or O/N'S @). Data yaqcrined below. Representative data are shown graphically

were plotted on a loglog scale (A) or were normalized and plotted h St fth - . d
on a linear scale (B). The curves represent nonlinear least-squared© convey the precision of the comparisons (Figures 5 an

fits for binding of a single rescuing Gtlion (egs 1 and 2a) and  6). The remainder of the plots are available as Supporting

give apparent values dfS® = 104 and 13%M for O/N-O and Information.
OIN-S, respectively. If the rescue of the cleavage site phosphorothioate

substitution were due to a metal ion bound at the P9/G10.1

were increased 350- and“Hdld, respectively, by the addi-  site in the ground state, the affinity of the rescuing?Cd
tion of 2 mM Cd* (Table 1). We therefore investigated the would be decreased by exchanging therfitrogen ligand
Cd?* concentration dependence of the reaction rate for the at G10.1 with a hydrophobic methylene group. Figure 5
O/N-O and O/NS complexes in the presence of 10 mMMCa  shows that this prediction is meg,sfor the O/GS complex
(Figure 3). The C# dependence fit well to a single binding  increases linearly with Gd concentration, showing no sign
curve and the affinity of the Cd rescuing both O/ND and  of saturation even at 6 mM Gt the highest concentration
O/N-S was identical (Table ZKdCd = 104 and 133M, re- added, whereas the rate of the G8\reaction levels with
spectively), consistent with rescue by a single metal ion that Kgd = 280uM, as discussed earlier.
does not interact with the cleavage site in the ground state. The second ligand of the P9/G10.1 metal ion site was also

Perturbations of the P9/G10.1 Binding Site Affect?Cd  altered by replacing thero-Re phosphoryl oxygen between
Rescue of the Cleage Site Thio-EffectAs previous G8 and A9 with sulfur to give the S/N hammerhead. The
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10° 00 The increase in affinity of-4-fold was less than the 100-
fold C®* affinity increase observed with'4denosine
monophosphorothioate compared to monophosphat2gyef
see also re?7). This modest increase in €dbinding affinity
for the ribozyme with the P9 phosphorothioate and the
e incomplete Cé" rescue for SINS (ksn-/komn-o &~ 0.01 at
m-sLHa—g—g—u saturating C&'; Figure 6A) are consistent with geometrical

8 40  10*  10? . L . . .
v [Cd:] (M) constraints within the P9/G10.1 metal ion site that influence

Ficure 5: The apparent affinity for the metal ion rescuing the affir!i'Fy and reactivity (see Discussio_n)..Alternatively or
cleavage site thio-substitution decreases when thathbgen ligand additionally, the .absence Of a Iarge binding prefergnce for
at the P9/G10.1 site is removed. Reactions were carried out in 50the phosphorothioate-containing ribozyme could arise from

mM BisTris-propane, pH 6.5, and 10 mM Ffg 25°C, andvarying  a smaller intrinsic effect on Cd affinity from sulfur

concentrations of CGd with O/N-S (O) or O/C'S (@). To allow TP ; ; ;
direct comparison, the binding curve for O8ishown here, was substinfion in a phosphate diester (RNA) than In the

obtained side-by-side with the data for G&in a different ~ eference phosphoryl compounds AMP and ADB, (27).
experiment than that shown in Figures 2 and 6. The lines represent Model for Cd* RescueThe change in the apparent affinity
nonlinear least-squares fits for binding of a single rescuing’Cd  gf the C&* ion that rescues the cleavage site thio-effect with
ion (eq 2a) and give apparent valuesiqf’ = 240 and=10000  changes at the P9/G10.1 site suggests that the rescuing metal
#M for O/N-S and O/CS, respectively. ion binds at this site, as depicted in the model of Figure 4.
A Conversely, the absence of an effect on thé'Caffinity
from the cleavage site phosphorothioate suggests that the
cleavage site interaction is not made in the ground state, also
depicted in Figure 4. All of the Cd concentration depend-
1072 ences are consistent with the involvement of a single rescuing
I metal ion, suggesting that there is a large-scale conforma-
£ e o tional transition that allows the metal ion bound at the P9/
G10.1 site to interact with the cleavage site phosphoryl group
ke in the reactive conformation and in the subsequent transition
O e e w0t 10t state. Such a large-scale conformational change is consistent
[cd*'1 (M) with the available biochemical and structural data, as
described in the Discussion.

Further Tests of the Single Metal lon Model for Td

Kobs (Min-1)

10° —

obs (MiN-1)

1 Rescue.

% (1) CcP* Affinity is Unchanged by Other Perturbations in
c the Conseved Core.The effects on the affinity of the res-
£ 05F cuing Cd* ion could arise directly from perturbations of
¢ °© the P9/G10.1 site as depicted in Figure 4 or, alternatively,
result from an indirect effect of this site on another site. This
alternative model was of particular concern as substitution
of G10.1 to 7-deazaguanine weakens binding of the rescuing
o ) ) Cc?*, a deleterious effect that could arise directly or
FiGURe 6: The apparent affinity for the metal ion rescuing the jnqirectly, and because the P9 phosphorothioate substitution
cleavage site thio-substitution increases whenpiteeRr oxygen . - .
at P9 is replaced by sulfur. Reactions were carried out in 50 mM gave only a modest Increase in _apparen?*Cafﬂmty. It_ .
BisTris-propane, pH 6.5, and 10 mM Nig 25 °C, and varying was therefore important to determine if effects on the affinity
concentrations of Cd with O/N-S (O) or S/N'S (@). Data were of the rescuing metal ion were localized to the P9/G10.1
plotted on a log-log scale (A) or were normalized and plotted on  sjte or if effects were also observed elsewhere in the
a linear scale (B). The lines represent nonlinear least-squares f'tshammerhead core. To accomplish this, we determined the

for binding of a single rescuing €dion (egs 1 and 2a) and give " -
apparent values kS = 280 and 83:M for O/N-S and SINS, Cd?* concentration dependence of the cleavage rate of the

respectively. The arrows indicate that the values obtained are uppeftNio-substrate with hammerhead variants containing abasic

<

0 100 200 2000 8000
[Cd*'] (uM)

limits (see Experimental Procedures). residues throughout the catalytic cor2l(22) and with
stronger intrinsic affinity of C&f for sulfur than for oxygen \F/)zg%notiscontalnlng phosphorothioate substitutions at several

(26, 27) would be expected to increase the affinity of the ) ) o _ )
rescuing C&" ion. Figure 6A shows the Ct dependence The results with abasic substitutions are summarized in
of the reaction rate for the S/8 and O/NS complexes in  Figure 7. The appareit;® for all abasic ribozymes, except

a background of 10 mM M. To facilitate direct compari-  G8X, A9X, and G10.1X, is between 100 and 48@, within

son, these rate constants have been normalized and replotte@ror of the wild-type value of 28@M.® The U4X, G5X,

in Figure 6B. Even though the rescue is incomplete (see U7X, and A13X ribozymes were modestly20%) inhibited
Discussion), the apparent Edaffinity is greater for the S/N ~ above 2 mM Cé&", leading to a higher uncertainty in these

S complex than for the OA$ complex, as expected. The KdCd values (see Experimental Procedures). For G8X and
affinity increase of~4-fold observed in the 10 mM Mg G10.1X, only limits KdCd > 2.5 and 2.7 mM, respectively)
background was also observed in backgrounds of 10 and 10Qcould be obtained, as no saturation was observed even at
mM Ca&" (Table 2), establishing the generality of this effect. the highest C# concentrations. The lower limit for A9X
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400uM | _
190 uM ' :
450 uM \ :—G
|
420uM w1 e /
240 uM \\AmA” C,
u \ G12 G T
.__C C11.1 | |
T ] o C
/G@ . U, "N 500 M
>2700 uM Gy A N\ 2oou
>1000uM \ 400puM
160 uM

>2500uM  ,o0 .

wild-type: 280 uM

Ficure 7: The affinity for the metal ion rescuing the cleavage site phosphorothioate substitution is affected only by ablation of bases at
the P9/G10.1 site. Reactions of a series of ribozymes containing single abasic residues were carried out in 50 mM BisTris-propane, pH 7.5,

and 10 mM Mg, 25 °C, with varying concentrations of €d Values odeCd were obtained from Cd concentration dependences as
described in the Experimental Procedures, and representative plots are available as Supporting Information.

(KdCd > 1 mM) was obtained by fitting the data below 1.5 phenyl at position G10.1 did not rescue affinity (data not
mM Cd?* to a single metal ion model. Up to 1.5 mM € shown), further reinforcing the view that the metal ion
only slight curvature was observed and above 2 mM interacts with G10.1 via the Mitrogen. Surprisingly, abla-
inhibition prevented a more precise determination of the tion of residues G12 and A13 which form reverse Hoogsteen

KS’, as the affinity of the inhibitory metal was very similar base pairs with G8 and A7) did not have a significant
to the affinity of the stimulatory metal. Th&S® value effect on the apparent affinity of the rescuing?Cibn. One

obtained from fitting to a model that includes an inhibitory ©€XPlanation for this result is that the stacking interactions
metal ion is higher than the lower limit given here. The that are formed by G8 and A9 are sufficient to position the

maximal rates obtained from these concentration depend-Phosphodiester backbone to allow metal binding.
ences are presented and interpreted below. The absence of an effect of base ablation oA Gdfinity

G8 and A9 neighbor the phosphate ligand of the P9/G10.1 for most residues shows that the Ccaffinity does not
metal ion binding site and G10.1 provides theligand of change widely with substitutions throughout the hammerhead

the metal ion (Figure 1C). Removal of G8 and A9 is expected conserved core. On the contrary, changes in affinity are
to disrupt local stacking interactiong(and could thus result ~ localized to the P9/G10.1 site. These observations substan-
in defective C&' binding. This interpretation is strongly tially strengthen the conclusion that the changes in apparent
supported by the fact that a hammerhead mutant that has ffinity for the rescuing C# from perturbations in the P9/
phenyl residue at position 9, and therefore can support G10.1 site arise because this site is directly responsible for
stacking, has wild-type Cd affinity (data not shown) and  the rescue (Figure 4). _ _ N
its reactivity is increased more than 100-fold relative to the ~ To further test whether the small increase irt Calffinity
abasic residue at A2 and data not shown). In contrast, a observed for the S/N ribozyme was due to binding to the
P9/G10.1 site, the Cd affinities for ribozymes containing

8 Contrary to what is observed for the phosphorothioate-containing phOSphorOth'_oate substitutions at P31_ P4, P6, P9, and P14
substrate free in solution, the cleavage rate levels off at 2 m&t cd ~ were determined from Cd concentration dependences of
for all abasic ribozymes except those with ablations at the P9/G10.1 the rate of reaction. Mixtures of stereoisomers were used
site. Thus, it appears that the binding affinities for?Cdeport on :
binding to this site, even though the cleavage rate does not exceed thefor 6.1” ribozymes except _P9S (see above) and P14S, Whgre
rate of the uncatalyzed reaction for some of the abasic ribozymes. the isomers were investigated separately. Of these 10 dif-
Presumably, the Cd ion is bound and sequestered at the P9/G10.1 ferent ribozymes, only the ribozyme with the-Bhospho-
Zirtgu%”foogﬁ)anjggagé;e;”ge: i"‘]\;‘t’r’]‘itsage"g\tg;le rﬁ'{:’;‘l’;‘%‘zstgg’?ﬁ:?&mrothioate at P9 had an increased?Caffinity. All the other
of the proximity of the P9/G10.1 site without relationship to the normal  11P0Zymes exhibited Cd affinities within 2-fold of the wild-
catalytic mechanism, the cleavage rates with the highly compromised type affinity (data not shown). This further supports the inter-
abasic ribozymes cannot be used to rule out the involvement of a secondpretation that the tighter Gt binding observed for the S/N
metal ion in the rescue and in the normal reaction. Nevertheless, the .; ; indi ; _
data suggest that the &daffinity for the P9/G10.1 site is determined ribozyme is due to binding of the €dion to.t_hepro Rp
by local interactions and provide no indication of a second metal ion Sulfur at P9 and not the result of a nonspecific effect upon
binding site. phosphorothioate substitution within the conserved core.
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(2) Consideration of Alternate Models That Inolve a A
Second Bound C4d lon. All of the data above are consistent
with the model of Figure 4 in which a single metal ion bound
at the P9/G10.1 site is responsible for rescuing the cleavage
site phosphorothioate substitution. There is no indication of
a second rescuing metal ion from any of the data. Neverthe-
less, under certain circumstances, two metal ions can give a
concentration dependence consistent with a single metal ion
model. It was therefore important to explore the possibility o0 e A 102
that two metal ions were involved in the rescue. As described [Cd*] (M)
below, all models involving two rescuing metal ions are
directly ruled out, with one exception, and other experiments B
indicate that the remaining model for two metal ion rescue L —
is unlikely. It should be noted that these results strongly
suggest the involvement of only a single metal ion in the
rescue of thio-effects at the P9/G10.1 and the cleavage sites,
but provide no information about the presence or absence
of other functional metal ions.

Scheme 3 shows a general two metal ion rescue model 102
that was used to simulate €dconcentration dependences (ﬁf;—g—_“ 10 100 10°
as described in the Experimental Procedures. Many of the [Cd*] (M)

models could be ruled out immediately as the simulated g re 8: A fitration experiment demonstrates that no tight binding
graphs did not provide reasonable fits to the experimental metal ion is involved in the rescue. (A) The observed data for 50
data. However, the simulations showed that if one metal ion nM S/N ribozyme and 80 pM thio-substrat®)(obtained in 50
bound tightly, with Kgd < 10 uM and did not give a mM BisTris-propane, pH 6.5, and 10 mM Migat 25°C were fit

o . by a single metal ion modet; eq 2a). The dashed line shows an
significant rate effect until a second €cbound at a lower g ample of a two metal ion model (Scheme 3) with a tight binding

affinity site, the concentration dependence could be indis- site that can fit the observed data, with= 1 M andki/k, = 50
tinguishable from that expected for a single rescuing metal andKg, = 60 uM and ky/k, = 44 and 80 pM ES complex. (B)
ion (Figure 8A). The Cd&* concentration dependences for the reactions of-S/N
. . . . . with 80 pM ES (©) or 16 uM E-S (@, titration) (50 mM Tris-
To investigate whether such a high-affinity metal ion Hcl, pH 7.5, and 10 mM Mg, 25°C). Using eq 2a, the observed
binding site exists, we performed a titration experiment. If data at both ES concentrations were fit by a single metal ion model

the concentration of ribozynﬂmjbstrate Comp|ex were h|gher (solid line). The dashed line shows data simulated for independent

Kobs (min')

kObS (min-1)
=)
W

; ot i Shtohindi binding and catalytic effects (Scheme 3, case 1A) Wth = 10
:Ean thgddlzs%%atlon ?gnstaﬂl ff[)r(';hg tlgt]::t bgdlng Cléﬁ’ uM and ky/k, = 50 and 16ch E-S. T_ighter binding ora smaller
en adde would be lirated by the +> complex, rate enhancement by the first metal ion would result in even larger

leaving little free C@" in solution. To fit the data, the model  deviations from the observed data (not shown).
requires that the tightly bound metal ion does not provide
catalysis until the second metal ion is bound. Thus, a
significant rate enhancement would be observed only when
the concentration of added &dexceeded the concentration
of E-S complex. Conversely, if there were only a single metal
ion responsible for rescue of the phosphorothioate substitu-
tions, the concentration dependence of the observed cleavage w0
rate with high ES concentration would be indistinguishable i
from the data with low ES concentration. As shown in ];”1_&1; et 100 102
Figure 8B, the C# concentration dependences with high [Cd>'] (M)

and low concentrations of-E are indistinguishable, provid- Ficure 9: A model with two metal ions that have anticooperative

ing strong evidence against a model with a secon@"Cd effects in catalysis could fit the observed data.The observed data
binding with KdCd < 10 uM. for SIN'S (O) from Figure 8A were fit to eq 2a—). Simulated

o . . data for two metal ions that bind independently and have antico-
The titration experiment ruled out most alternative two gerative effects in catalysis (case IC) with, = 10 «M, ki/k, =
metal ion models that predicted €dconcentration depend- 200, Ky, = 60 uM, ki/ko = 100 (~ - —), and two metal ions that

ences that could fit the data. The remaining class of two bind cooperatively and have anticooperative effects in catalysis
metal ion models requires anticooperative effects in catalysis, (Scheme 3, case IIC) witky = 10 uM, ki/k, = 200, Kq2 = 300
such that binding of the second metal ion reduces the “M. kalk, =100, andm = 0.1 (= ).

stimulatory effect of the first metal ion (see Experimental appropriate rate enhancements are assumed. The models can
Procedures). That is, the product of the individual rate fit the data because the similar metal ion affinities would
enhancements is larger than the observed rate enhancememtrevent the binding curve from being biphasic and the
(Scheme 3, case C). More specifically, as shown in Figure anticooperative catalytic effect of the two metal ions could
9, models with two such anticooperative metal ions that bind reduce the slope from a slope of 2, which is expected for
independently (Scheme 3, case IC) or strengthen binding oftwo metal ions with independent energetic effects on
each other (case IIC) can fit the observed data, when similarcatalysis, to the observed slope of 1. We first provide
dissociation constants between 10 and 100 and the evidence against the model involving independent binding

i
el

102} /

Kops (Min'')
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in the ground state and then provide additional data that 10"
suggest that the remaining model invoking cooperative
ground-state binding also does not hold.

As described above, for two metal ions binding indepen- _~
dently and giving anticooperative effects in catalysis (case € 190~
IC), similar Cdt affinities between 10 and 100M are
required to fit the observed data. If such a model were to
account for the observed data, the second metal ion would F
be expected to be uncovered with substituted ribozymes that = 107
changed the affinity for the P9/G10.1 metal ion. For example, =,
the large decrease in the affinity of this metal ion, e.g., by $
the 7-deaza substitution at P9/G10.1 would give a biphasic x
Cd?* concentration dependence, with the effect from the 10
second “hidden” metal ion giving a rate increase and plateau
below 1 mM Cd* (KdCd = 100/1M)- Strengthening binding 'w.t. C3 U4 G5 A6 U7 G8 A9 GI10.1C111GI2 A13 Al4 A151
of the P9/G10.1 metal ion with the P9 phosphorothioate
substitution might similarly deconvolute the single binding

curve nto & biphasio incing curve i there were a second PEVEE17, Comparsen o e Cleevade mes of ol thomymee,
. : )

C,dz involved in the rescue. However, the f@ctoncerjtra- were carried out in 50 mM BisTris-propane, pH 7.5,Z5in 10

tion dependences for the 7-deazaG10.1 and P9S ribozymesnm Mg2+ and varying concentrations of €d kyax With phos-

follow a single binding curve with a slope of 1. phorothioate substrate in Mgand saturating Cd (except for cases

The remaining two metal ion rescue model involves a noted with an arrow) is shown in the dark columns, the cleavage
i hat bind ivelv with th i h rate with phosphate substrate bound in?Mip the absence of Cd
metal ion that binds cooperatively with the metal 1on at the g shown in the light columns. Experiments with some of the faster

P9/G10.1 site and has anticooperative effects in catalysisreacting abasic ribozymes showed that with the phosphate substrate
(case IIC). The interrelationship in binding between this bound Cd" gives 5-10-fold rate enhancement, comparable to the

putative metal ion and the P9/G10.1 metal ion would have Wild-type ribozyme (O/NO). However, the slow cleavage rates
been expected to be uncovered in the experiments with ati°9ether with the small rate enhancement by*Cgrevented
determination of reliabl&S values for these ribozymes so these

least one of the abasic ribozymes. This is because ablatlondata are not shown. The dashed line represents the uncatalyzed

of at least one of the bases would have been expected tQ:jeavage rate of the phosphorothioate substrate at 10 m&t Mg
decrease the affinity of the second metal ion, and this in and 2 mM Cd*, pH 7.5, whereas the background rate for the
turn would also decrease the affinity for the P9/G10.1 metal phosphate substrate in the absence 6f"Gslshown as the dotted

ion, as the model requires cooperative binding of two line. The rates observed for the G8X, A9X and G10.1X ribozymes

. . . ! are lower limits, as they were not saturated with>Cdahis is
rescuing metal ions in ord_er to fit the data. AS_onIy base depicted by the érrows. l%/epresentativémbncentratig depend-
ablations at the P9/G10.1 site affected thé Caffinity, the ences are available as Supporting Information.
involvement of a second metal ion that binds cooperatively
with the P9/G10.1 metal ion is unlikely. substrate in the presence of 2 mMZCavere similar to the

In summary, under all conditions, with &aand Mg+ background cleavage rates under these respective conditions,
backgrounds and with all the ribozymes investigated, all of as indicated by the dashed lines in Figure 10. Similarly, the
the data are consistent with a single rescuing metal ion. Theabasic ribozymes U4X, U7X, G10.1X, and C11.1X retained
data strongly support the involvement of a single metal ion significant activity in both cases. Thus, with the exception
in the rescue of phosphorothioate substitutions at both theof G8X and A9X, this comparison shows that the effects of
P9/G10.1 and the cleavage site. It should be recognized thatpase removal are analogous for reaction of the phosphate-
despite the strength of these results, a single rescuing metatontaining substrate and reaction of the phosphorothioate
ion is not proven by the data herein. substrate in the presence of Td

Core Functional Group Modifications He Similar Effects For the G8X and A9X ribozymes, the &drescued
in the Phosphate and €d-Rescued Phosphorothioate Reac- reaction rate with the phosphorothioate substrate is substan-
tions, Suggesting Analogous Reaction Mechanisiits. tially greater than the reaction rate with the phosphate
investigate whether the phosphate- and phosphorothioatesubstrate. Thus, ablation of the G8 and A9 bases, which flank
containing ribozymesubstrate complexes follow the same the phosphate ligand of the rescuing?Gdenhances rescue.
mechanism and involve the same molecular interactions, weThis enhanced rescue may arise because geometrical con-
compared the importance of functional groups on the straints on the binding site are relieved (see Discussion).

ribozyme in the normal reaction with the importance of these  The base pairs flanking the cleavage site and the C at the
groups for the C#-rescued reaction with phosphorothioates. cleavage site (position 17) were shown previously to be
Figure 10 compares the effect of abasic substitutions onimportant for hammerhead catalys&3(-30). We tested the

cleavage of the normal phosphate-containing substrate witheffect of base changes that abolished base pairing at these
the effect on cleavage of the-fphosphorothioate substrate positions on C&" rescue, again probing the correspondence
in the presence of saturating €d In both cases, large of the Cd'-rescued reaction with the phosphorothioate
deleterious effects were observed for C3X, G5X, A6X, substitutions to reaction of the phosphate-containing substrate
G12X, A13X, Al14X, and A15.1X. The observed cleavage and ribozyme. The Cd concentration dependences of the
rates of ~10°® min~! for the phosphate substrate in the observed reaction rate were obtained for the wild-type and
absence of Cd and~10~“4 min~! for the phosphorothioate  P9S ribozyme with the normal substrate and with the G1.1U,

E

-5

position of the abasic mutation
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Table 3: Groups Required for the Wild-Type Hammerhead Reaction Are Also Required for théR€stued Reaction with
Phosphorothioatés

A
Kobs(min™?)
cognaté G1.1U G16.2U C17pyr
P9/G10.1P1.1 —CdP*t +Ct —CdP*t +Cd?+ —Cd?*t +Cd?+ —Cd?*t +Cd?+
O/N-O 1.1 3.7 5.7x 1073 2 x 1072¢ 1.8x 1072 4.0x 1072 1.6x 103 2.4x 103
OIN-S 8x 107 7.4 <1x10° >1 x 1024 <1x10° 2.4x 1072 2x10°6 1.9x 1073
S/IN-O 1x10°3 4.3 2x 105 1.9x 102 1x 104 7.1x 102 5x 10°¢ 3.8x 103
SIN-S 1x 10+ 7.6x 102 <1x 10 >3 x 1074¢ <1x 10 7.8x 10 <1x 10 42x 104
B
Cde
el
P9/G10.1P1.1 G1l.1U G16.2U C1l7pyr
O/N-O 4x 103 1x 1072 7 x 10
O/N-S >2x 1073 3x10°3 3x10+*
SIN-O 4% 108 2x107? 9x 10
SIN-S 4% 1073 1x102 6 x 1073

aReactions at 25C in 50 mM BisTris-propane, pH 7.5, with 10 mM Mg Reactions with the phosphorothioates were carried out with the
purified Re--stereoisomer, except for G1.1U, for which the rate for thestereoisomer was obtained from reaction of the mixed isomers (see
Experimental Procedures). €d(2 mM for O/N ribozymes or 50@M for S/N ribozymes) was present for reactions designatecHb{CtP”. As
KdCd values are<350 and<80 uM for complexes with O/N and S/N ribozymes, respectively, these values are within 1&%.¢éee footnotes
andd for exceptions)” Cognate denotes that the sequence of the oligonucleotide substrate is unchanged; experiments with this substrate were
performed at pH 6.5 and the rate extrapolated assuming a log-linear pH dependence to the rate expected @Pluits bbcleavage rate versus
Cd?* concentration exhibited a small amount of inhibition at 2 mM-Csb that the highest observed rate is listed. Fits of th& €dncentration
dependencies suggest that these values are within 2-fold of the rate at saturdtingy Tk rate is a lower limit obtained at 5tM Cd?*; the use
of higher concentrations was prevented by inhibitidl Ceﬁ’ = Kobs,modifiedKobs,cognaid the presence of Cdl.

G16.2U, and C17pyr substrates, and each substrate wasequired for the normal reaction with the wild-type substrate.
investigated with and without a phosphorothioate at the Thus, the results suggest that the same catalytic interactions
scissile bond (Table 3). The cleavage rates for the phosphateare made and, specifically, that a metal ion bridges the P9/
containing ribozyme and substrate (Table 3A, €UiNagreed G10.1 and the cleavage sites in the wild-type reaction,
reasonably well with values obtained previousig,(30). analogous to the Cd-rescued phosphorothioate reaction.
Upon introduction of the phosphorothioate substitution at  Metal lon Specificity at the P9/G10.1 Sita.a background
P1.1 (cleavage site) or P9, there was a large thio-effect for of Ca* ions, the cleavage rate for the OM complex is
each of the mutant substrates, analogous to the effects forabout 30-fold lower than in a Mg background. Neverthe-
the substrate with the cognate sequence (Table 3A;@/N less, when C# is added at saturating concentrations, the
vs O/N'S and S/NO, “—Cd?*). Further, saturating Cd cleavage rates are the same within error (Table 1). The results
rescued the cleavage of the modified substrates when adescribed above suggest that the?Cibn responsible for
phosphorothioate substitution was present at either thethis effect binds at the P9/G10.1 site. Thus2Chinding at
cleavage site or the P9/G10.1 site (Table 3A, €&Nnd the P9/G10.1 site appears to completely rescue the deleterious
SIN-O, “—CcP*” vs “+CdcP""). As for the substrate with the  effect of the C&" background. This suggests that any other
wild-type sequence, the €drescued rates for the modified  sites important for structure and catalysis do not differentiate
substrates in the OA$ and S/NO complex were nearly the  between Mg" and C&". Furthermore, CH bound at the
same as the cleavage rate for @Nn the presence of Gt P9/G10.1 site appears to give~d0-fold stimulation in a
(Table 3A, O/NO vs O/NS and S/NO, “+Cd**"). Table background of M§" (Figure 2). These results suggest that
3B summarizes the correspondence of the effects of thethe catalytic activity of the wild-type ribozyme changes with
substrate modifications on the normal reaction (€@Nand the metal ion bound at the P9/G10.1 site, following the order
the Cd*-rescued reaction with phosphorothioate substitu- C®* > Mg+ > Ca*.

tions. The values ok represent the deleterious effect

from these substrate modifications in the presence of DISCUSSION

saturating C&". The similarity of 7 for the O/NO and the A Single Cé" Is Responsible for Rescue of the Phospho-
phosphorothioate-containing complexes indicates that the,qininate Substitutions at the P9/G10.1 and Glage Sites.

cleavage site base and the base pairs flanking this site aréy| of the C*+ concentration dependences of the cleavage
of similar importance in the Cd-rescued phosphorothioate

reactions as in the normal reaction. The 10-fold smaller effect “The different activity of the h Head rib -

s : : e diirerent activity o € nammernead rioozyme in m g
of th_e C_Zl_?pyr modification for S/N5 may arise because of and 10 mM C&" could also arise if the P9/G10.1 site was not saturated
the limit imposed by the background cleavage rate. with Ca*. However, the 8 10-fold C&#* affinity change from 1 to 10

In summary, the effects on the cleavage rate from removal mM Mg?" and C&" suggests +that the P9/G10.1 site is essentially
of individual bases or functional groups correlate strongly Saturated at 10 mM Mg or C&". The more than 10-fold increase in

in the phosphate and €drescued phosphorothioate reac- €K' value observed between 10 and 100 mMVgr C&" (Table
2) could result from a general electrostatic effect from increased ionic

tions, suggesting that the €drescued reaction with phos-  irength or from competitive binding at a nearby low-affinity Mgr
phorothioates uses the same groups on the ribozyme that ar€z"* site that precludes binding of €dto the P9/G10.1 site.
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rates described herein, both in Mgand C&", are consistent  complex is incomplete, witksns/kon-o ~ 0.01 at saturating
with the involvement of a single common &dion in the Cc?*. The incomplete rescue highlights the following ques-
rescue of the thio-effects at the P9/G10.1 and the cleavagetion: is there a metal ion bridging the P9/G10.1 site and the
site. The affinity of the C# ion rescuing the phosphorothio- cleavage site in the normal reaction with wild-typeSE

ate substitution at the cleavage site changes with perturba-complex, or does Cd simply exploit its high affinity toward
tions at the P9/G10.1 site but not at the cleavage site. Thissulfur to bridge these sites when phosphorothioates are
led to the model depicted in Figure 4, in which a single metal present, allowing a reaction that is not analogous to the
ion, bound at the P9/G10.1 site in the ground state, acquiresnormal reaction? We first describe observations that suggest
the pro-R, phosphoryl oxygen at the cleavage site as an the existence of the bridging metal ion in the normal
additional ligand in the transition state. Thus, prior to the hammerhead reaction and then explain how geometrical
transition state the hammerhead ribozyme appears to undergeonstraints within the metal ion binding site of the active
a global conformational change to bring the two sites from complex may result in the observed incomplete®Crbs-

20 A away in the ground state to within 7 A, allowing both  cue.

sites to interact with a single €d ion in the active The large stereospecific thio-effects at the P9/G10.1 and
conformation and the transition state. the cleavage site suggest that there are interactions with these

This model was tested in experiments using ribozyme 0xygen atoms in the normal reaction that are compromised
variants containing base ablations or phosphorothioateby replacement of oxygen with sulfur. The simplest inter-
substitutions throughout the hammerhead core. Effects onPretation of the substantial rescue by the thiophili¢‘ddn
binding of the rescuing Gd are localized to the P9/G10.1 is then that these atoms interact with a metal ion in the
site, with other sites having no significant effect. These normal reaction. It remains possible that the rescue could
results further support the involvement of a singlé?Cidn be indirectly mediated through the ribozyme if, as a result
that is bound at the P9/G10.1 site in the ground state. of rearrangements caused by the thio substitutions, the larger

The potential of models with two rescuing metal ions to Cdk* coincidentally were to fit better than Mgin the active
predict Cd* concentration dependences indistinguishable hammerhead conformatlon. .SUCh a mode_l would algo be
from those predicted for a single rescuing metal ion was alsoexpectecj to require an active conformation that differs
explored. Most of the alternative two metal ion models that substantially from the observed_ground-state_ structure, as the
could reasonably fit the observed data required tight binding ;rg/sézilostlructgrehsholws no ObY'OUS connection between the
of one of the rescuing Cd ions, with Kgd < 10uM. Such -1 and the cleavage site.

models were ruled out by a titration experiment carried out re;:—eocttse?;gvtr::;g?/riotrhgf ;ﬁzczgrrzél e:ezgt?clﬁl bvcggégig?e d
at a high concentration of the-& complex. The only ’ P

; . . the molecular requirements for reactions of phosphate- and
alternative class of models not directly ruled out requires the Cd*+-rescued phosphorothioate-containing ribozyme and
the second metal ion to be anticooperative in catalysis; the bstrate. The ob d lati f the effect b
effect of the two metal ions would be less than the product substrate. 1he observed correlation of the eflects on base
of the effects from each alone (Scheme 3, case C). If this removal 3?‘1 functional group mOQ|f|cat|ons V.V't.h ph'osphate
class of models were to hold, then perturbing the metal ion versus Cd'"-rescued phosphorothioate-containing ribozyme

binding sites would have been expected to affect the observed: nd substrate suggests that the catalytic conformations and

concentration dependence fordescue. However, the P9 fe?Ct'O”.meCh?”'SmS are analogous and that the metal-
phosphorothioate and the G10.1 7-deazaG sub:stitutionsb.r'd(~:!ed mt(;arapuzn k;]et\r/]veenhthe rl]D of Gloal ?]:ggtge clezvage
strengthen and weaken the apparent affinity of the rescuingS'rt]e |shmatﬁ. mt ot tt_e phosphate and t scue

Cc?* but do not uncover a second rescuingGan. Further, P %?p foro t_loa le_reac |tons. ‘ tal ion bound at th
base deletions throughout the core, which would have likely P9 /GeloulnZilt(()an?:)rlr:g:)nzgnﬁeem?mgrrleag clgtnal (s)iL'anis zfiurthgr
perturbed the binding of a second rescuingCitn, did ) . . - vy

not reveal such a site (see Results). Thus, the observation o upported by the differential ability of metal ions bound at

concentration dependences reflecting a singl& @uh, with hat _site to promote catalysisi in Fhe wild-type _ribozyme
all of the modified ribozymes under all conditions tested reaction. The cleavage rate with different metal ions at the

' i 2 2+
suggests that a single, common?Cdbn is responsible for P9/G10.1 site appears to follow the order’Cd Mg*" >

+ . .
the rescue of the effects from phosphorothioate substitutionsgfchg;r.t:aelr’gzg n;(t)rdilt():;'g duar?a4 Cr?:l ?Eougt;g ?LZ\:'O;Z
at the P9/G10.1 and cleavage sites. ; ! uctu , Inciuding

. . . difficult to reconcile without invoking a substantial confor-
Does the C#"™-Rescued Reaction with the Phosphorothio- mational change (see the following section).

ate Ribozyme and Substrate Reflect the Wild-Type Reaction? \y/a now return to the question raised above. If the wild-

Whenever properties of a molecule are inferred from studies type and Cé'-rescued reactions are indeed analogous, why
with its modified analogue, it is crucial to know whether o is C&* rescue incomplete? According to the model of
the behavior of the variant reflects the behavior of the Figure 4, the cleavage rate with €cbound at the P9/G10.1
unmpdified molecule of interest. This question is especially gjte and a phosphorothioate at the cleavage site (i.e.; O/N
pertinent to the present study, because rescue of thesS/N S) is expected to be higher than the rate with a phosphate at
the cleavage site. This is because of the greater affinity of
5 A charge-transfer band from a phosphorothioate at the cleavage CE?" for sulfur than for oxygen26, 27) and because the
site to a bound HY ion has been observed by UWis spectroscopy ~ Cc?™ phosphorothioate interaction is absent in the ground

(31). The extremely strong interaction between?Hand sulfur may — giate hut made in the transition state. However, the relative
result in binding of Hg" to the cleavage site phosphorothioate in the ) !

ground state even in the absence of such a metal ion interaction in thef€@ction rate of the O/ complex is about Ikbn-s/kom-o
ground state of the wild-type ribozynsaibstrate complex. = 0.9) with saturating C&. Thus, it appears that the ability
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of C?* to promote catalysis is compromised with sulfur studies 22) suggest that the complete base pairing face of
substitution at the cleavage site. In addition, the introduction C3 is important for catalysis, whereas onlyis engaged in
of a second phosphorothioate (S8Y further reduces the an interaction in the crystal structures. Finally, as described
relative rate about 100-fold, as noted above. A metal ion by Baidya et al., the crystal structures do not readily account
binding site within a folded RNA, especially one of forthe importance of functional groups of the cleavage site
functional importance, would be expected to have distinct base, C17 30).
geometrical constraints. Thus, the catalytic function of the  The converse observation, that certain groups engaged in
hammerhead may be compromised by substitution of 8/Mg interactions in the crystal structures do not appear to be
ion with a larger C&" ion [0.86 vs 1.09 A diameter3Q)] critical for function, is further consistent with the rearrange-
and substitution of oxygen atoms with larger sulfur atoms ments proposed in the active structure. The U-turn in domain
[1.40 vs 1.85 A van der Waals radii, 1.51 vs 1.95 A bond | appears to be stabilized by a hydrogen bond between the
lengths for P-O and P-S bond in HPO,~ and HPG;S, 2'-OH of U4 and the M nitrogen of A6 [). Nevertheless,
respectively 83, 34)]. Steitz and co-workers have shown that removal of the 20H of U4 has less than a 4-fold effect on
the metal ion binding sites of the Klenow exonuclease are catalysis 43, 44), whereas there is a larger effect of-30
perturbed by thio-substitution of the-Bridging and thepro- 100-fold from conversion of A6 to its N7-deaza variafb)
Se oxygens of the DNA substrate, substitutions that greatly Further, Q and N; of U7 hydrogen bonded to A14 and G8,
decrease the cleavage activiB5( 36). respectively. However, U7 is not conserved and can be

Given the above, it is possible that disruption of thé'Cd  removed or replaced by other bases without a large loss of
binding site could relax steric restrictions and allow*Cd  activity (46, 47, 21). Finally, although the base at U4 is
bound at the P9/G10.1 site to take better advantage of itsinvolved in several interactions within the domain | U-turn,
high intrinsic affinity for a sulfur at the cleavage site. Indeed, removal of this base has only a 15-fold effect on catalysis
this has been observed for the G8X and A9X ribozymes, (refs39and21; see also re#8). The simplest interpretation
which lack bases in the vicinity of the P9/G10.1 site. In the of these observations is that in the active conformation
presence of Cd, the complexes of these ribozymes with domain | is essentially inverted, bringing G5, C3, and C17
phosphorothioate substrate react faster than the complexeito a network of interactions within the core and placing
with phosphate substrate. A similar result is observed with U4 and U7 on the periphery.
the S/ICS complex, in which the Nnitrogen ligand is A corollary of the proposed conformational change of the
removed (unpublished data). hammerhead ribozyme is that the active structure is ther-

The Catalytically Actie Tertiary Structure of the Ham-  modynamically unstable and thus only transiently adopted.
merhead Is Only Transiently Formednlike protein cata- This lack of stability of the active structure appears to be
lysts, the hammerhead ribozyme has no active-site cleft linedrather general for small RNAs. The binding of peptides has
with multiple catalytic groups to bind and activate the been observed to change the structure of their RNA partners
substrate. Instead, the scissile bond faces solution. The datan several case€9—53). For example, the structure of RRE
presented herein suggest that the hammerhead ribozymend TAR RNA change upon binding of peptides from Rev
undergoes a large conformational change prior to catalysis.and Tat, respectively. This behavior of small RNAs is in
This rearrangement might then create an active-site pocketcontrast to that of proteins, for which conformational
akin to the active sites found in protein and larger RNA rearrangements upon ligand binding are typically limited.
enzymes 7—39). This poses the following question: how The different ability of RNA and protein to stabilize a
does the hammerhead conformation change to create arunique tertiary structure might be due to the limited structural
active site? On the basis of an analysis of the available information in nucleic acids54—56). First, nucleic acids
functional data, we propose a crude, speculative model forare composed of four side chains instead of 20 side chains,
this active conformation. It is suggested that domain | and the nucleic acid side chains lack the differences in size,
rearranges and docks onto a largely unperturbed domain lishape, polarity, and charge exhibited by protein side chains.
to give an interconnected core that forms a catalytic pocket Further, RNA can hydrogen bond to form nonstandard base
occupied by the reactive phosphoryl group. pairs, so that multiple pairing alternatives exis&7), In

This model arises first because several groups in domaincontrast, proteins use electrostatic and hydrophobic interac-
| of the hammerhead core that have been shown to be criticaltions, in addition to hydrogen bonds, to create particular
for function do not appear to be engaged in interactions in environments that recognize specific side chains while
the ground-state X-ray structure®).(Removal of the base  excluding side chains that do not match the local shapes and
at G5, which is~10 A away from the cleavage site, decreases patterns of polar and hydrophobic groups. RNA’s problem
the observed cleavage rate (°-fold (21), and substituting  of limited information content is further exacerbated because
this base with inosine, which lacks the exocyclic amino secondary structure formation hides most side-chain func-
group, or 2-aminopurine, which lacks the carbonyl oxygen tional groups within the helix, whereas helices and sheets in
at G and deprotonates jJNeach reduce the cleavage rate proteins expose the side chains for interaction with one
~10-fold (40, 41). However, in the crystal structures, these another.
functional groups are not within hydrogen-bonding distance  From the above considerations it is not unreasonable that
of other residues?(. Further, removal of the'20H of G5 a small catalytic RNA such as the hammerhead would require
has a deleterious effect of300-fold, even though its a conformational rearrangement to create an active-site
hydrogen-bonding partner, the-@H at C15.2, can be pocket. Several other catalytic RNAs appear to have solved
removed without affecting catalysi2g, 42). Similarly, the the problem of achieving a ground-state conformation that
200-fold deleterious effect from substituting C3 with 2-py- is close to the active one by utilizing additional stabilizing
ridinone (unpublished results) and additional functional interactions. The HDV ribozyme uses extensive base pairing
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within a highly constrained double pseudoknot to achieve a rearrangement of this ribozynsebstrate complex was
compact fold with an active-site crevice with just 72 residues, observed which brought the cleavage site in a conformation
and the still larger group | ribozymes appear to employ consistent with in-line attackl(Q). However, the observed
peripheral elements to enforce cooperative folding to an conformational change occurred much more slowly than the
active conformation that contains a largely preformed active reaction with the normal substrate; it was not observed after
site 37—39, 58). a 30 min soak in the Cd/high pH buffer, but only after 2.5
Previous Structural Work Is Consistent with a Large h, whereas the wild-type ribozynsubstrate complex cleaved
Conformational ChangeSeveral observations from structural in the crystals with a half-time of2 min (10). Thus, there
work on the hammerhead ribozyme have led to the sugges-is no evidence that the normal reaction occurs from this
tion that the ribozyme undergoes a limited conformational slowly attained conformation. Further, it was assumed that
change prior to catalysis (8,0). However, as described the methyl substitution decreases the intrinsic reactivity of
below, a thorough analysis of these data suggests that thighe substrate, allowing accumulation of the complex in its
structural work is compatible with a large conformational active conformationX0). Whereas such a strategy can be
change, as suggested by the results herein. successful for an intermediate that is thermodynamically
A crystallized hammerhead ribozyrseibstrate complex  stable but kinetically labile§4, 65), the thermodynamically
was shown to cleave its substrate faster in the crystal thanunstableactive hammerhead conformer is not predicted to
in solution, with rate constants of 0.4 and 0.08 mjn accumulate upon decreasing the intrinsic reactivity (i.e.,
respectively [1.8 M LiSO, and 50 mM CoCJ, pH 8.5 (L0)]. increasing the free-energy barrier for reactsubsequeno
Further, for a modified substrate, a modest rearrangementformation of the intermediate). Thus, the modification is not
into a structure that allows in-line attack was obsend). predicted to change the fraction of molecules in the rear-
These results have led to the suggestion that the structureanged conformation but rather decreases the fraction of
within the crystal closely approximates the active structure molecules that partition to react from this active conformation
and that no large-scale rearrangement is required for efficientrather than revert to the stable ground-state structure. Finally,
catalysis £0). Uhlenbeck and co-workers have compiled data there is no general expectation that complexes that ac-
for a large number of hammerhead constru&9).(Their cumulate under perturbed conditions represent the active
results show near uniform cleavage rates for different species.
hammerhead ribozymes, except for constructs that apparently Ribozymesubstrate complexes with cross-links between
exhibit alternative conformational states that interfere with C2.6 in helix | and L2.4 in the loop closing helix Il remained
catalysis 23, 59—62). The construct used in the crystal- active, whereas complexes with cross-links between the 2
lographic study mentioned above appears to be such anOH of C2.1 in helix | and C11.2 or C10.4 in helix Il were
aberrant hammerheelibstrate complex, reacting with a rate inactive 66). These results have been interpreted as evidence
constant of only 0.04 mirt at pH 8.5 in the presence of 10  against a requirement for a large conformational change to
mM Mg?* (10), ~100-fold slower than other hammerheads attain the active structure from the crystal structure (&.,9.,
under these conditions [e.g., 3 min(63)]. Indeed, HH186, 66). However, the inactive cross-linked species could be
the ribozyme used in the present study cleaves its substraténactive because the cross-links constrain the helices in a
with a rate constant of10 min! under the salt and pH  geometry incompatible with the active conformation, as
conditions used for the kinetic experiment with the crystalline suggested previously, or because these cross-linkers sterically
ribozymesubstrate complex (1.8 M $$0O, and 50 mM interfere with interactions adopted in the active conformation.
CoCl, pH 8.5, unpublished results). Lowering the pH to slow The latter alternative may be especially pertinent in this case
cleavage to a measurable rate allows extrapolation to a ratebecause both inactive cross-links involved residue C2.1,
of ~500 mirr? for solution cleavage under these conditions which adjoins the cleavage site and is involved in a base
[from kops = 5 min~t at pH 6.5 assuming a leginear pH pair that provides a substantial contribution to catalysis (refs
dependences@), unpublished results]. It is possible that for 28 and 29; see also ref7). It should also be recognized
the construct used for crystallography, cleavage in the crystalthat the active cross-linked species does not specify the
proceeds faster than in solution because the crystal stabilizeslistance between helices | and Il, but rather places an upper
the normal ground-state conformation relative to the aberrantlimit of ~16 A on this distance. Substantial rearrangements
conformer [the crystal structure closely resembles the from the observed crystal structures remain possible.
structure of the original construct which exhibits standard  Are There Catalytically Important Dalent Metal lons in
solution kinetics 7)]. The observed 1¥fold slower cleavage  the Hammerhead Ribozyme Reactitm8olutions containing
rate in the crystal compared to the expected solution rate isvery high concentrations of monovalent ions and no divalent
consistent with the requirement of a substantial conforma- metal ions, the hammerhead ribozyme is only 50-fold less
tional change that is impeded or prevented by lattice contactsactive than under standard conditions with divalent metal
or the crystal environment. However, it should be recognized ions 68). From this, it was inferred that divalent metal ions
that the above arguments do not provide evidence for themight only be needed for folding. However, it is possible
substantial conformational change proposed herein, as manyhat at such high ionic strength additional interactions formed
factors can affect reactivity within the crystal environ- in the active conformation are strengthened sufficiently so
ment. that the interaction between the P9/G10.1 and the cleavage
In the same study, talo-5'-C-methyl-modification was  site is dispensable. It is also possible that, at such high
introduced at the leaving group position of the hammerhead concentrations, a monovalent metal ion at the P9/G10.1 and
substrate in an attempt to populate a rearranged, activeother sites could perform the function of a Mgon that is
conformer for observation by X-ray crystallograpHyO). normally present. Alternatively, the lower reactivity in
After soaking the crystals in 50 mM €oat pH 8.5, a modest  monovalents could reflect the absence of a functionat™Mg
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interaction. Further experiments will be required to address

these questions.

Roles for Metal lons in the Hammerhead-Catalyze
Cleavage ReactionPotential roles for metal ions in cata-

lyzing phosphodiester cleavage have been discudsea9,

70). The involvement of such metal ions in hammerhead

9.

d 10.

11.

catalysis has been proposed, and the number of metal ions 12.

involved in the reaction has been the subject of considerable
controversy (e.g.63, 71-73). The data shown herein
strongly suggest that only a single metal ion is involved in

13.

the rescue of the thio-effects at the P9/G10.1 and the cleavage 14.

sites. The main role of this metal ion presumably is to
stabilize the rearranged conformation. It could also stabilize
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Plainview, NY.

Peracchi, A., Beigelman, L., Scott, E. C., Uhlenbeck, O. C.,
and Herschlag, D. (1997). Biol. Chem. 27226822-26826.
Ruffner, D. E., and Uhlenbeck, O. C. (1990)cleic Acids
Res. 186025-6029.

15. Knoll, R., Bald, R., and Furste, J. P. (19RHNA 3 132

negative charge that may develop on the nonbridging oxygen ;4

in the transition state. It is not known if this metal ion

performs additional roles in catalysis such as aiding the 17.

deprotonation of the 'zhydroxyl group or stabilizing the

development of negative charge on theleaving group

18

oxygen atom. It should be emphasized that the results herein ;¢

provide no information about the presence or absence of
additional catalytically important metal ions. There can be
sites to which C#" does not bind under the conditions of
the experiments carried out herein or sites that give equal
reactivity whether C#, Mg?", or C&" is bound. We are

20.
21.

aware of no unambiguous experimental data that distinguish 2o

whether additional metal ions are involved in the ham-

merhead reaction.

Summary and ImplicationsThe data presented herein
suggest that the metal ion bound at the P9/G10.1 site of the

23.

24.

hammerhead ribozyme bridges this site and the cleavage site, o5

thereby stabilizing the catalytically active structure. This ob-

servation suggests a substantial rearrangement of the con-26.

served core in going from the stable ground-state conform-

ation to a transiently adopted active conformation. The lack 2r.
of thermodynamic stability observed here for the hammer- »g

head active structure may represent a general feature of small
RNAs, attributed to structural limitations of nucleic acids.
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The remaining C# concentration dependences in 10 mM
Mg?* or Ca&* from which the Cét affinities in Table 2 were

obtained, as well as representative plots of'Quncentration

29.
30.

31.
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33.
34.

dependences for abasic ribozymes are available as Supportingss,

Information. This material is available free of charge via the

Internet at http://pubs.acs.org.
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