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SUMMARY

Recent studies indicate that RNA function can
be enhanced by the incorporation of conforma-
tionally restricted nucleotides. Herein, we use
8-bromoguanosine, a nucleotide analog with
an enforced syn conformation, to elucidate the
catalytic relevance of ribozyme structures. We
chose to study the lead-dependent ribozyme
(leadzyme) because structural models derived
from NMR, crystal, and computational (MC-
Sym) studies differ in which of the three active
site guanosines (G7, G9, or G24) have a syn
glycosidic torsion angle. Kinetic assays were
carried out on 8BrG variants at these three gua-
nosine positions. These data indicate that an
8BrG24 leadzyme is hyperactive, while 8BrG7
and 8BrG9 leadzymes have reduced activity.
These findings support the computational
model of the leadzyme, rather than the NMR
and crystal structures, as being the most rele-
vant to phosphodiester bond cleavage.

INTRODUCTION

Recent advances in structure determination have led to

dramatic increases in the numbers of high-resolution

RNA structures, including RNA enzymes or ribozymes

[1]. This has the potential to deepen insight into the chem-

istry of RNA enzymes. However, RNA has a tendency to

adopt multiple conformations [2]; as such, the catalytic

relevance of any RNA structure is best supported when

biochemical and structural data are in agreement. Al-

though this has been largely accomplished for some

RNA enzymes [3, 4], structure-function discrepancies

exist with regard to others [5, 6]. In the case of the ham-

merhead ribozyme, much of the discrepancy between

structure and function has been lifted by recent crystallo-

graphic studies on an RNA construct with stronger native
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interactions [7]. This success story demonstrates that the

choice of ribozyme construct plays a vital role in acquiring

catalytically relevant data. Sterics can also play a major

role in attaining a high fractional population of a catalyti-

cally relevant conformation [8]. Thus, it is possible that

a conformationally restricted nucleotide, properly placed

within an RNA enzyme, could accelerate catalysis.

Although global large-scale RNA misfolds can perturb

RNA function significantly [2], less is known about the im-

pact of local heterogeneity on function. Nucleotides have

seven dihedral angles plus two sugar puckers, which lead

to enormous conformational flexibility [9]. Of these angles,

the glycosidic bond is of particular functional importance

because it dictates how the nucleobase functional groups

will be oriented. The typical anti conformation, in which the

base is oriented away from the sugar, occurs in Watson-

Crick helices. The rarer syn conformation, in which the

base is oriented over the sugar, is found in UNCG tetra-

loops [10] and G quartets [11] and is often localized to

functional regions of RNA molecules such as the catalytic

centers of ribozymes [3, 12, 13] and the binding sites of

aptamers (S.E. Krahe and P.C.B., unpublished data).

One approach for testing the functional relevance of

a nucleobase orientation is to lock its conformation by

using an analog with reduced conformational flexibility.

The syn conformation is preferentially adopted by 8-

bromoguanosine (8BrG) because the steric bulk of bro-

mine disfavors its residence over the ribose sugar [14].

Indeed, 8BrG has been used to probe the syn conforma-

tion in G quartet [11] and UNCG [15, 16] motifs. Successful

applications of 8BrG to these smaller systems suggested

that this nucleotide analog might be useful for probing

nucleobase orientations within a larger functional RNA,

such as a ribozyme.

The leadzyme is an �30 nt RNA that undergoes self-

cleavage in the presence of Pb2+ ions [17] and has been im-

plicated in lead toxicity in vivo [18]. Because of its small

size and simple fold, the leadzyme has lent itself to a large

number of mechanistic, thermodynamic, and structural

studies [12]. However, despite 15 years of structure-func-

tion analyses, a consensus has yet to be reached on its
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Figure 1. Secondary Structures of Lead-

zyme Constructs

(A–D) The numbering of active site bases is kept

uniform and is done according to previous

studies [23]. The active site loop is boxed, and

the cleavage site is indicated with an arrow.

(A) The two-piece leadzyme construct used in

this study. The 50 end of the substrate strand

was radiolabeled with 32P, designated with an

asterisk. (B–D) Active site features of previously

published leadzyme structures: (B) X-ray crys-

tallography [21, 22], (C) NMR spectroscopy

[23], and (D) MC-Sym calculations [24]. The

syn base in each structure is boxed. Other

features unique to each structure include an

A+�C wobble in the NMR structure and a base

triple in the MC-Sym structure involving a

G24-C6 reverse Watson-Crick pair and an

asymmetric G24-G9 pairing to the Hoogsteen

face of G24. This triple accounts for the stability

of the syn conformation of G24 in the MC-Sym

structure.
catalytically active conformation. In particular, while bio-

chemical experiments have established G9 and G24 as be-

ing essential for catalysis [17, 19, 20], their orientation

in three published structures differs greatly. Strikingly,

a single syn G is located at three different positions within

the active site (Figure 1): G9 in three of four ‘‘precatalytic’’

X-ray crystal structure conformations [21, 22], G7 in the av-

eraged NMR structures [23], and G24 in an MC-Sym model

[24]. The differences observed in these glycosidic torsion

angles suggest that at least two of the structures are non-

catalytic. Herein, we site specifically incorporate 8BrG at

each of the three putative syn positions in the leadzyme

and characterize the cleavage kinetics of each variant.
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RESULTS AND DISCUSSION

Kinetics of 8BrG Leadzyme Variants

All kinetics experiments were carried out under single-

turnover conditions. To facilitate site-specific incorpora-

tion of 8BrG by chemical synthesis, a two-piece leadzyme

construct (Figure 1A) was used. This construct is a true

enzyme in which the enzyme strand is unchanged during

the reaction. In the presence of 300 mM Pb2+ (pH 7.0),

the wild-type leadzyme reacted to over 80% completion,

with a kobs of 1.0 min�1 (Figure 2A). This rate constant is

comparable to values obtained on a similar two-piece

system (kobs of 0.74 min�1 in 200 mM Pb2+) [20].
Figure 2. Effect of 8BrG Substitution at G7, G9, and G24 on Leadzyme Single-Turnover Kinetics

(A) Reaction profiles of 8BrG-modified leadzyme variants in 15 mM HEPES (pH 7.0) and 300 mM Pb2+. Observed rate constants (kobs) of 1.0, 0.33,

0.043, and 4.3 min�1 were determined for wild-type (circles), 8BrG7 (diamonds), 8BrG9 (triangles), and 8BrG24 (squares) variants, respectively.

The inset shows time points out to the first 30 s.

(B) Reaction profiles of wild-type (circles) and 8BrG24 (squares) leadzymes in 10 mM MES (pH 6.0) and 300 mM Pb2+. Observed rate constants (kobs)

of 0.33 and 4.5 min�1 were determined for wild-type and 8BrG24, respectively.

(C) Dependence of kobs on Pb2+ concentration for wild-type (circles) and 8BrG24 (squares) leadzymes in 10 mM MES (pH 6.0). Slopes of 2.1 and

11 mM�1min�1 were found for wild-type and 8BrG24, respectively. Data beyond 1.5 mM Pb2+ were biphasic and thus were not included in the fit;

the faster of the two rate constants is shown at 2.0 and 2.5 mM Pb2+ for visualization purposes only.
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Table 1. Experimental Kinetics Data and Analysis of 8BrG-Substituted versus Wild-Type Leadzyme Reactivity

Kdih 9
a Kdih 24

a Qb Qrel
c

kobs rel
d;

300 mM Pb2+, pH 7.0 (kcat/KM)rel
d, pH 6.0

Wild-type 3 3 5.33 1 1 (1.0 min�1) 1 (2.1 mM�1min�1)

8BrG9 0.022 3 186 0.029 0.043 (0.043 min�1) ND

8BrG24 3 0.022 1.4 3.9 4.3 (4.3 min�1) 5.2 (11 mM�1min�1)

a Kdih is the nucleobase preference for the anti conformation. It is the ratio of the concentrations between the anti and syn confor-

mations. These values are assigned on the basis of experiments conducted on 8BrG-substituted olignonucleotides, as described in
‘‘Effect of 8BrG Substitutions on Ribozyme Activity.’’ Errors in the numbers 3 and 0.022 in Kdih are 10%–20% each, based on pre-

viously published error values [15, 16]. When propagated, this leads to conservative estimations of overall errors for the partition

function of 6%, 18%, and 30% for 8BrG24, wild-type, and 8BrG9, respectively. These errors are small compared to the relative

kinetic values in the last two columns, which show 5- to 23-fold effects. Errors in the kinetics constants in the last two columns
come from the statistics of nonlinear curve fitting and were typically under 10% error.
b Q is the sum of the weighted population of the nonnative conformations and is calculated according to Equation 6.
c Qrel values are normalized inversely with respect to the wild-type.
d In order to make comparisons between 8BrG and wild-type leadzyme, observed rates (in parentheses) are normalized with

respect to the wild-type data to give kobs rel and (kcat/KM)rel values.
When 8BrG was substituted at position 7, there was

a 3-fold decrease in kobs to 0.33 min�1 at 300 mM Pb2+

(pH 7.0) (Figure 2A; Table 1). This modest effect suggests

that G7 has a slight preference for adopting an anti confor-

mation, consistent with the crystal and MC-Sym struc-

tures. Alternatively, it is possible that position 7 prefers

the syn conformation but that the bromine interferes with

folding. However, this scenario seems unlikely, as there

is ample room to accommodate bromine at G7 in the

NMR structure (not shown). Moreover, the 8BrG kinetics

results are consistent with in vitro selection experiments

[19, 20], which showed that the identity of the nucleotide

at G7 is not critical for activity.

When 8BrG was substituted at position 9, there was

a 23-fold decrease in kobs to 0.043 min�1 at 300 mM

Pb2+ (pH 7.0) (Figure 2A). This large inhibitory effect

suggests that G9 has a strong preference for an anti con-

formation. These kinetics results are consistent with both

the NMR and MC-Sym structures wherein G9 is anti,

although G9 is anti for different reasons (see below). In

the precatalytic crystal structure, G9 is syn, suggesting

that this position does not represent a catalytic conforma-

tion of the leadzyme.

When 8BrG was substituted at position G24, there was

a 4-fold increase in kobs to 4.3 min�1 at 300 mM Pb2+ (pH

7.0) (Figure 2A and inset), with the actual rate enhancement

varying from 3- to 30-fold depending on lead concentration

and pH (see ‘‘Ribozyme Kinetics’’ in Experimental Proce-

dures). The observed rate acceleration strongly supports

G24 preferring a syn glycosidic torsion angle for catalysis.

One possible explanation for the rate enhancement is that

the 8Br substitution preorganizes the active site into

a catalytic conformation (see ‘‘Effect of 8BrG Substitutions

on Ribozyme Activity’’ for models and analyses). Remark-

ably, the MC-Sym model is the only structure that

proposes a syn conformation for G24 [24]. In this structure,

the syn conformation of G24 is stabilized by a triple inter-

action involving two other essential nucleotides, C6 and

G9 (see Results and Discussion and Figure 4D).
Chemistry & Biology 14,
The Leadzyme 8BrG24 Variant Is Hyperactive

Enhancement of leadzyme function by the 8BrG24 substi-

tution was tested by additional kinetics analyses, includ-

ing comparing the dependence of kobs on Pb2+ concentra-

tion for wild-type and 8BrG24 ribozymes. The pH was

lowered to 6.0 for these experiments to slow the rate of

the reaction [19] (Figure 2) and to drive it to completion

(at higher pH, lead hydroxide and polyhydroxides can

interfere with reaction analysis [19]). Between 50 and

1500 mM Pb2+ concentrations, reaction profiles for wild-

type and 8BrG24 leadzymes were single exponential

and proceeded to 90% completion (Figure 2B). Moreover,

over this range of Pb2+ concentration, plots of kobs versus

Pb2+ concentration for wild-type and 8BrG leadzymes

were linear, with y intercepts of zero (Figure 2C). The

slopes of the two lines were 2.1 and 11 mM�1min�1

for wild-type and 8BrG24, respectively, consistent with

�5-fold catalytic stimulation by a syn G24. Slopes of

kobs versus substrate concentration are generally inter-

pretable in terms of a kcat/Km parameter (see next section).

In an effort to determine whether the observed difference

in the slopes was due to effects on kcat, Km, or both, we

examined the effect of higher Pb2+ concentrations on

kobs. Unfortunately, reaction profiles for 8BrG24 and

wild-type leadzymes were biphasic at Pb2+ concentra-

tions above 1.2 mM. The absence of simple saturation

behavior precluded a determination of individual kinetic

constants (see Experimental Procedures); nevertheless,

the linear dependence of kobs on Pb2+ concentration at

subsaturating concentrations of Pb2+ clearly showed

rate enhancement in the presence of G24 with an enforced

syn conformation. A minimal kinetic model that is consis-

tent with the data is presented in the following section

(see Figure 3).

Effect of 8BrG Substitutions on Ribozyme Activity

Figure 3A presents a simple kinetic model that accounts

for the effect of a conformational pre-equilibrium on the

observed rates of ribozyme cleavage. In all cases, even
23–30, January 2007 ª2007 Elsevier Ltd All rights reserved 25
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Figure 3. Kinetic Models for Ribozyme

Cleavage

(A and B) Various conformations of the ribo-

zyme are depicted as ‘‘R,’’ and the product of

the reaction is depicted as ‘‘P.’’ (A) A general

model for ribozyme cleavage. Rnative repre-

sents the functional fold that can undergo

catalysis via kchem, whereas R0 is a catalytically

inactive fold (which may be stable relative to

Rnative) that needs to be resolved. (B) A model

specific for the leadzyme in which the native

state binds Pb2+ and proceeds to product for-

mation (boxed region). In this scheme, the ribo-

zyme, R, exists in four possible conformations with differing torsion angles at G9 and G24. The torsion angles for G9 and G24 are denoted in super-

script and subscript respectively (RG9
G24). On the basis of the 8BrG kinetics data, only one of the four conformations, Ranti

syn , is poised to bind Pb2+ and

form products. Inactive states can adopt the reactive state, Ranti
syn , by rotating a torsion angle to the correct conformation (Kdih).
though a two-piece ribozyme is used, only a single R state

is shown; this is because saturating single-turnover con-

ditions were used, as described in the Experimental

Procedures. The ribozyme is assumed to have two con-

formations, Rnative and R0, which represent catalytically

active and inactive states, respectively. These states are

related by a conformational equilibrium constant, Kconf =

[R0]/[Rnative], in which the native ribozyme is chosen as

the reference state; accordingly, large values of Kconf

reflect decreased reactivity. The intrinsic rate constant

for chemistry is kchem, which can be attained when the

ribozyme is natively folded. In this analysis, Rnative is in

rapid equilibrium with R0, which is reasonable if Rnative

is more likely to decompose than to form products;

indeed, the conformational equilibrium constants consid-

ered for 8BrG substitution involve simple rotations about

the glycosidic bond, which are likely to be rapid, and

observation of single-exponential behavior at all Pb2+

concentrations further supports this model. According to

the model in Figure 3A, the observed rate constant, kobs,

is the product of the rate-limiting step for the reaction,

kchem, and the fraction of molecules having the native

tertiary fold, fnative [25]:

kobs = kchem 3 fnative: (1)

This leads to a simple functional form

kobs = kchem=ð1 + KconfÞ; (2)

where Kconf is the ratio between nonnative and native state

concentrations, as defined earlier. Thus, as the nonnative

ribozyme population grows, Kconf increases, and, as a

consequence, kobs decreases.

Figure 3B presents a more complex version of the

kinetic model in Figure 3A, which is appropriate for the

leadzyme. This model provides explicit consideration of

the glycosidic torsion angles of G9 and G24. (G7 is not

considered in this model because its conformation has

a smaller effect on kinetics; moreover, the identity of the

nucleotide at this position is relatively unimportant ac-

cording to in vitro experiments [19]—A, G, and U are toler-

ated equally, and C likely leads to a misfold—and G7 is po-

sitioned away from the active site in the MC-Sym model
26 Chemistry & Biology 14, 23–30, January 2007 ª2007 Elsevie
[24].) In addition, the intrinsic rate constant for chemistry,

kchem, is left unchanged by the bromine substitution,

which is reasonable given that the 8 position of G24 is

pointed into solution in the MC-Sym model. On the basis

of the activity studies with 8BrG-substituted leadzymes,

the native state is denoted as Ranti
syn � Pb2 + , in which G9

is anti, G24 is syn, and Pb2+ is bound. Only ribozyme mol-

ecules that are natively folded (where both G9 is anti and

G24 is syn, or Ranti
syn ) are considered to be poised to bind

a Pb2+ ion in a catalytically active fashion, with an intrinsic

dissociation constant, Kd,Pb2+. According to this model,

ribozyme molecules depicted in the three other states

(where G9, G24, or both have nonnative glycosidic confor-

mations) do not bind a Pb2+ ion in a catalytically active

fashion. A consequence of these nonnative conformations

is that Kd,obs for Pb2+ binding increases (Equation 5),

where nonnative states are related to the native, cleav-

age-ready state by conformational equilibrium constants,

Kdih, defined below.

One notable feature of the model depicted in Figure 3B

is that the intrinsic constants Kd,Pb2+ and kchem (boxed re-

gion) do not change in value as different 8BrG-substituted

ribozymes are considered. As such, substitution of 8BrG

changes the relative population of the nonnative Pb2+-

free states, but not of the native Ranti
syn to Ranti

syn � Pb2 + states.

This model is consistent with the notion that RNA can exist

in many states, one of which can be ‘‘captured’’ by

another species to go on to serve a functional role [26].

The presence of nonnative glycosidic conformations at

G9 and G24 can be described by expanding the relation-

ship in Equation 2 to give

kobs =
kchem

�
Pb2 +

�
Kd; intr

 
1 + Kdih24 +

1

Kdih9

+
Kdih24

Kdih9

!
+ ½Pb2 + �

; (3)

where Ranti
syn was chosen as the reference state, and the

conformational equilibrium constant, Kdih i, is the ratio of

the concentrations of the anti and syn conformers of the

G9 or G24 nucleobase. Equation 4 is similar to a general

hyperbolic kinetic equation:

kobs =
kchem

�
Pb2 +

�
Kd;obs +

�
Pb2 +

�: (4)
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From Equation 4, we define an observed binding

constant, Kd,obs, for Pb2+ as

Kd; obs = Kd; intrQ; (5)

where

Q = 1 + Kdih24 +
1

Kdih9

+
Kdih24

Kdih9

: (6)

The Q value in Equation 6 is a partition function that enu-

merates the conformational heterogeneity of the Pb2+-free

ribozyme population. Quantitatively, a low Q value would

represent a higher fractional population of the reference

state Ranti
syn , whereas a higher Q value would represent

occupancy of nonnative Pb2+-free states. The larger Q

value would result in a larger Kd,obs, as shown by the pro-

portionality in Equation 5.

As stated earlier, kinetic behavior was multiexponential

at high Pb2+ concentrations, which precluded attainment

of saturation conditions and, therefore, Kd,obs values. As

such, most of the analyses are expressed in terms of

subsaturating Pb2+ concentrations. According to Equa-

tion 4, this is equivalent to kchem/Kd,obs, or kcat/Km, behav-

ior. kcat/Km is often referred to as the ‘‘specificity

constant’’ [27], and, in this case, ratios of kcat/Km for differ-

ent leadzyme variants describe the reactivity of one

variant relative to another under otherwise identical

conditions of lead concentration (Table 1).

In order to assess the effect of nonnative glycosidic tor-

sion angles on activity, we considered appropriate values

for Kdih from experiments. These values are chosen on the

basis of whether the ribozyme is unsubstituted or 8BrG

substituted at the position of interest. Kdih for an unmodi-

fied guanosine is assigned a value of 3, which is derived

from an observed 4-fold acceleration of folding rate

upon substitution of 8BrG into position 4 of a UUCG tetra-

loop [16]; the UUCG tetraloop naturally has a syn guano-

sine at position 4 of the loop, and, according to Equation

2, the rate of folding of the native (unsubstituted) loop is

decreased by the observed 4-fold effect if an anti prefer-

ence of 3 is used for Kconf (=Kdih). The value of Kdih for

an 8Br-modified guanosine was determined from experi-

mentation as well. Kdih for 8BrG is assigned an anti prefer-

ence of 0.022. This value is assigned on the basis of the

observation that substitution of 8BrG into a GC base

pair that is in an internal helical position leads to

a DDG�37 destabilization of +2.36 kcal/mol [15].

Next, these values for Kdih were used to predict the

effect of having an 8BrG substitution at G9 and G24,

and were compared to the experimentally determined ki-

netics results. For the wild-type ribozyme, a Kdih value

of 3 was used for G9 and G24, which gives a Qwt of 5.33

(Table 1). For 8BrG9, Kdih values of 0.022 and 3 were

used for G9 and G24, respectively, which provides

a QG9 of 186. In order to make direct comparisons

between 8BrG-substituted and unsubstituted leadzymes,

Q values were normalized with respect to wild-type, to

give Qrel. For the 8BrG9 ribozyme, the QG9rel value is

0.029, which is in good agreement with the experimental

kobs rel value of 0.043 obtained at pH 7.0.
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Finally, we consider the 8BrG24-substituted leadzyme.

Here, Kdih values of 3 and 0.022 were used for G9 and

G24, respectively, which provides a QG24 of 1.4 and

a QG24rel of 3.9 (Table 1). Note that the difference in mag-

nitude is much greater between QG24 and QG9 than

between QG24 and Qwt (1.4 versus 186, and 1.4 versus

5.3, respectively). These effects arise because a steric

block is more effective at disfavoring a native state than

it is at favoring a native state. The QG24rel value of 3.9 is

in good agreement with the experimental kobs rel value of

4.3 at pH 7.0, and with the (kcat/KM)rel value of 5.2 at pH

6.0. Agreement between Qrel values and kinetic constants

for the leadzyme variants suggests that the kinetic model

in Figure 3B provides a good description of the behavior

of the leadzyme.

8BrG Kinetics Reveal Nucleobase Orientations

Relevant to Catalysis

Substitution of the leadzyme active site guanosines with

8BrG led to as much as 30-fold stimulation at position

24 (Figure 2C and ‘‘Ribozyme Kinetics’’ in Experimental

Procedures) and modest (3-fold) to substantial (23-fold)

inhibition at positions 7 and 9, respectively (Figure 2A).

This set of data is most consistent with the MC-Sym struc-

ture having catalytic relevance. Moreover, it is anticipated

that a syn G24 would be incongruent with the NMR [23]

and crystallographic structures [22], as G24 is anti in these

structures and is tightly packed (Figure 4C). Absence of

direct catalytic relevance of the NMR and X-ray structures

is not surprising given that A25 of the A+�C wobble pres-

ent in the NMR structures can be deleted and activity

increases [20], and that much of the active site of the

X-ray structure is involved in crystal-crystal interactions

[21, 22]. The results here suggest these structures must

undergo major rearrangements involving glycosidic bond

rotations to attain the catalytic conformation. Neverthe-

less, it remains possible that the NMR and crystal struc-

tures represent populated ground states on the reaction

or folding pathway. Indeed, NMR studies have shown

that leadzyme structures are dynamic, suggestive of mo-

tions that may lead to a near-active conformation [28, 29].

This flexibility is also supported by the first set of crystal-

lographic structures on the leadzyme, in which crystallo-

graphically independent structures revealed large differ-

ences in positioning of the backbone [21].

A comparison of the backbones of the three structures

is provided in Figure 4. NMR and crystallography struc-

tures are similar in overall shape (Figure 4A). In contrast,

the MC-Sym model has a drastically different backbone

conformation near the active site (Figure 4B). Figure 4D

shows that the triple mediated by syn G24 is at the core

of the active site. Substantiation of the syn conformation

of G24 by the experiments herein strongly supports this

major conformational restraint, although the authenticity

of other structural interactions in the MC-Sym model

has to await additional high-resolution experimental struc-

tures. Given the propensity for RNA molecules to have syn

bases in their functional domains (S.E. Krahe and P.C.B.,

unpublished data), it is possible that conformationally
3–30, January 2007 ª2007 Elsevier Ltd All rights reserved 27
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Figure 4. Backbone Superposition for the Three Leadzyme Structures

(A–D) The site of self-cleavage is depicted with an arrow. (A) Overlay of NMR (magenta) and X-ray crystallographic (yellow) structures. The site of self-

cleavage in these two structures is virtually identical; thus, only a single arrow is depicted. These two structures have similar overall geometries.

(B) Overlay of NMR (magenta) and MC-Sym (teal) structures. The site of self-cleavage is shown separately for each structure. These two structures

have quite different overall geometries. (C) NMR structure with active site nucleobases rendered in CPK. G24 (yellow) adopts an anti conformation

in the NMR structure and engages in base-stacking interactions. Changing the conformation of G24 to syn would likely disrupt this active site.

(D) Expanded view of the MC-sym structure displaying the G24-C6-G9 base triple interactions (in stick representation) that stabilize the syn confor-

mation of G24. The hydrogen bonding depicted includes the reverse Watson-Crick pair between G24 and C6 and the asymmetric pairing between

G24 and G9. The arrow points to the nucleophilic 20-hydroxyl of C6. The view is rotated 180� with respect to (B) to emphasize the importance of the

base triple in determining the structural integrity of the active site. PDB files used in this figure are 2ldz, 1nuj (strands C and D in the ‘‘precatalytic’’

conformer pdb file), and http://www-lbit.iro.umontreal.ca/structures/leadzyme.pdb for the NMR [23], X-ray [22], and MC-sym [24] structures, respec-

tively. Superposition of the structures was performed using the program O [31], and figures were prepared with PyMOL [32].
restricted nucleotides will provide a generally useful tool

for functional and structural studies on large RNAs.

SIGNIFICANCE

Numerous high-resolution structures of catalytic

RNAs have appeared in recent years, and these have

the potential to provide deep insight into function.

However, in several small ribozymes, there is discrep-

ancy between structural and functional data. Thus,

new approaches that can address structure-function

discrepancies in ribozymes are needed. The lead-

dependent ribozyme is a case wherein structures

obtained from NMR, X-ray crystallography, and com-

putational modeling reveal structural differences at

catalytically essential nucleobases within the enzyme

active site. In particular, a unique guanosine is found

in the syn conformation within the active site of each

of three leadzyme structures. In this study, we used

8BrG to decipher the correct orientation of guanosine

glycosidic torsion angles in the leadzyme in order to

determine which, if any, of these structures might rep-

resent the cleavage-active state. In contrast to a stan-

dard guanosine nucleobase, 8BrG is a conformation-

ally restricted nucleotide that preferentially adopts

the syn glycosidic torsion angle. Upon substitution of

8BrG at each of the three putative syn positions in the
28 Chemistry & Biology 14, 23–30, January 2007 ª2007 Elsevie
leadzyme, we find that 8BrG substitution in the posi-

tion of the MC-Sym syn base (position 24) leads to

hyperactivity, with as much as a 30-fold increase in

rate, whereas substitution in the position of X-ray or

NMR syn bases leads to substantial rate decreases.

Moreover, the latter two models should not have

been tolerant of a syn base at position 24 due to pack-

ing. Collectively, these data strongly support the func-

tional relevance of the catalytic core represented in the

MC-Sym computational model rather than the X-ray or

NMR structures. Results from this study show that

conformationally restricted nucleotides such as 8BrG

can be useful tools for judging the catalytic relevance

of RNA structures, as well as providing a potential

means for coaxing RNAs to crystallize in functionally

relevant states to aid in determination of experimental

structures.

EXPERIMENTAL PROCEDURES

Leadzyme Design and Preparation

A two-piece leadzyme was adapted from a stable, fast-reacting lead-

zyme used in previous biochemical studies [20] and consists of a 4 3 2

purine-rich internal loop flanked by 6 base pairs on both sides. In ad-

dition, a dangling guanosine was appended to the 30 end of the sub-

strate strand to increase the stability of the enzyme-substrate complex

by an additional 1.7 kcal/mol [30]. Wild-type substrate and enzyme

RNA oligonucleotides were purchased from Dharmacon, Inc. and

were deprotected and desalted according to the manufacturer’s
r Ltd All rights reserved
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protocol. 8BrG was synthesized as a phosphoramidite and incorpo-

rated into RNA oligonucleotides as described elsewhere [15, 16]. After

desalting and purification, the molecular weight of each modified

oligonucleotide was confirmed by electrospray-mass spectrometry

(Huck Institutes Mass Spectrometry Core Facility, Penn State Univer-

sity). For kinetics experiments, leadzyme substrate oligonucleotides

were 50 end-labeled with [g-32P]ATP by T4 polynucleotide kinase

(New England Biolabs), purified by a G-25 Sephadex spin column

(Roche), and stored at a concentration of �0.5 mM in 13 TE. Solutions

of Pb(OAc)2 were freshly prepared as 103 stock solutions for kinetic

studies.

Ribozyme Kinetics

RNA self-cleavage reactions were conducted under single-turnover

conditions with �5 nM of 50 end-labeled substrate, 10 mM enzyme in

10–15 mM buffer (MES [pH 6.0]; HEPES [pH 7.0]), and 0.05–4 mM

Pb(OAc)2. Controls with up to 10,000-fold excess enzyme strand

gave similar rates, consistent with saturation in single-turnover exper-

iments. The RNA was renatured by using conditions previously

described for a two-piece leadzyme system: 70�C for 90 s and then

flash cooling on ice [20]. This mixture was preincubated at 25�C for

10 min, and the reaction was initiated with the addition of a 103 solu-

tion of Pb(OAc)2. For each time point, 3 ml aliquots were removed,

quenched in 4 ml 20 mM EDTA formamide loading buffer, and immedi-

ately stored on powdered dry ice. Reaction mixtures were fractionated

on a denaturing 10% polyacrylamide gel. RNA precursor and product

bands were analyzed with a PhosphorImager scanner and were

quantitated by using ImageQuant software (Molecular Dynamics).

Single-turnover kinetics data were initially collected at pH 7.0 and

25�C. A Pb2+ titration of the wild-type leadzyme provided a bell-

shaped dependence, with 300 mM Pb2+ providing the fastest reactivity,

in accord with previous studies [19, 20]. However, certain reactions

proceeded to only �50% completion and proved too fast for accurate

measurement by hand mixing. In addition, at higher Pb2+ and pH con-

ditions, the RNA is susceptible to nonspecific degradation, and the

free concentration of Pb2+ becomes uncertain due to polyhydroxide

formation [19, 20]. For these two reasons, the pH was lowered to

6.0 for more detailed kinetic analyses on wild-type and 8BrG24

ribozymes. Reactions under these conditions could be determined

accurately by hand mixing and were found to proceed to completion

up to much higher Pb2+ concentrations than at pH 7.0. Most of

the data at pH 6.0 were well fit by a single-exponential equation,

f = A + Be�kobst, where f is the fraction reacted and kobs is the observed

rate constant for self-cleavage; reactions were single exponential

with no burst (i.e., B z �A) and proceeded to greater than 80% com-

pletion at a low Pb2+ concentration. At a low Pb2+ concentration,

8BrG24-modified ribozymes reacted as much as 30-fold faster than

wild-type: at 200 mM Pb2+, rate constants were 2.7 min�1 and 0.09

min�1 for 8BrG24 and wild-type ribozyme, respectively (Figure 2C).

However, at pH 6.0, Pb2+ concentrations above 1.5 mM led to double-

exponential kinetics for both wild-type and 8BrG24 variants. Thus, the

data were analyzed according to a kcat/Km formalism with 1.5 mM and

lower data.
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