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ABSTRACT: Potential metal interactions with the cleavage site of a minimal hammerhead ribozyme (mHHRz)
were probed using 31P NMR-detected Cd2+ titration studies of HHRz constructs containing a phos-
phorothioate (PS) modification at the cleavage site. The mHHRz nucleophile position was replaced by either
a 20-F or a 20-NH2 in order to block cleavage activity during the study. The 20-F/PS cleavage site mHHRz
construct, in which the 20-F should closely imitate the atom size and electronegativity of a 20-OH,
demonstrates low levels of metal ion association (<1 ppm 31P chemical shift changes). This observation
indicates that having an atom size and electrostatic properties that are similar to the 20-OH are not the
governing factors in allowing metal interactions with the scissile phosphate of the mHHRz. With a 20-NH2

substitution, a large upfield change in 31P NMR chemical shift of the phosphorothioate peak (Δ∼3 ppmwith
6 equiv of added Cd2+) indicates observable Cd2+ interactions with the substituted site. Since a 20-NH2, but
not a 20-F, can serve as a metal ligand, these data suggest that a metal ion interaction with the HHRz cleavage
site may include both the scissile phosphate and the 20 nucleophile. Control samples in which the 20-NH2/PS
unit is placed either next to the mHHRz cleavage site (at U16.1), in a duplex, or in a amUPSU dinucleotide
show much weaker interactions with Cd2+. Results with these control samples indicate that simply the
presence of a 20-NH2/PS unit does not create a strong metal binding site, reinforcing the possibility that the
20-NH2-moderated Cd-PS interaction is specific to the mHHRz cleavage site. Upfield chemical shifts of both
31P and H-20 1H resonances in amUPSU are observed with addition of Cd2+, consistent with the predicted
metal coordination to both 20-NH2 and phosphorothioate ligands. These data suggest that metal ion
association with the HHRz cleavage site may include an interaction with the 20-OH nucleophile.

The hammerhead ribozyme (HHRz)1 is a self-cleaving ribo-
zyme that catalyzes the reversible attack of a 20-OH on the
proximal 30-phosphodiester bond, resulting in a 20,30-cyclic
phosphate and 50-OH products. The HHRz consists of three
base-paired stems with a three-helix junction of conserved
nucleotides forming the active site (1-3). Originally discovered
in viroids and satellite viruses where the HHRz functions in
genomic processing during rolling circle replication (1, 4, 5), the
HHRz motif has since been found in a variety of genomes
including a recent discovery of a discontinuous HHRz motif in
mouse (6, 7). The function of the HHRz in higher organisms is

currently unknown. One of the earliest discovered ribozymes, the
HHRz has been the subject of manymechanistic studies aimed at
understanding the bases for RNA-directed catalysis.

As a negatively charged biopolymer, RNA structure and
function depend strongly on cations. The precise contributions
of metal ions to ribozyme catalysis are of great interest to the
RNAcommunity, and numerous studies have been performedon
HHRz constructs to determine the metal requirements of this
ribozyme. Many studies have been performed on minimal, or
“truncated”, HHRz (mHHRz) domains that contain the con-
served core surrounded by three base-paired stems (Figure 1).
Native “extended” HHRz’s (exHHRz) contain additional inter-
nal or terminal loops in stems I and II that mediate tertiary
contacts, resulting in a more active ribozyme (reviewed in ref 7).

Substitution experiments have been used as one approach to
discern roles for cations in ribozyme function. Both mHHRz’s
and exHHRz’s have appreciable activity in very high concentra-
tions (1-4 M) of monovalent cations, including NH4

+, indicat-
ing that cation-supported RNA structure and electrostatic
neutralization are large contributions to HHRz activity (8, 9).
However, for both HHRz constructs it has been suggested that
a more efficient divalent ion-dependent reaction channel exists
in which a coordinated metal ion plays a specific catalytic
role (10, 11). In the mHHRz, activity in 4 M Na+ or Li+ is only
50-fold lower than Mg2+-dependent reaction rates. With the
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exception of two key phosphorothioate substitutions that are
discussed below (11), the monovalent-dependent activity has a
similar response to many active-site substitutions. Thus, the
contribution of many important groups to catalysis is the same
whether catalysis is supported bymonovalent or divalent cations.
There is, however, an added beneficial interaction that can only
be satisfied with divalent ions and an inner-sphere interaction.

In the case of the exHHRz, which can reachg100 times faster
single-turnover rates inMg2+ or other divalent cations than does
the mHHRz, activity supported by monovalent cations is lower
by 2-3 orders of magnitude than maximum rates with divalent
cations (10, 12). Preliminary phosphorothioate studies also
indicate sensitivity to direct metal coordination at specific sites
in the exHHRz (13). While these data indicate that the HHRz is
not an obligate metalloenzyme, it is likely that at physiological
ionic strengths HHRz catalysis occurs predominantly via diva-
lent cation-based mechanisms as appreciable rates in their
absence are only achieved in >∼4 M monovalent ions. In
physiological levels of monovalent cations, both types of HHRz
constructs are dependent on divalent metal cations for global
folding and catalysis, but the onset of activity occurs at lower
divalent concentrations for the more stabilized exHHRzs (14).

The most likely additional role for divalent cations in HHRz
catalysis has been predicted based on thiophosphate interference
(“metal-rescue”) experiments. In these experiments, a phos-
phorothioate substitution replaces a nonbridging oxygen with
sulfur, resulting in a lower affinity for hardmetals such asMg2+.
If the metal-RNA interaction is important for catalysis, the
Mg2+-dependent rate is significantly altered upon sulfur sub-
stitution of the putative ligand. The addition of a thiophilic metal
such as Cd2+ would then be expected to rescue catalysis by
coordinating to the sulfur substitute. Working with the mHHRz,
Wang and co-workers (11) found that under single-turnover
conditions and a constant background of 10 mM “hard” ions
(Ca2+ or Mg2+), Rp phosphorothioate substitutions at both the
A9 and scissile phosphate positions result in loss of activity that
can be substantially rescued by the addition of Cd2+. Moreover,
the Cd2+ dependence of activity in constructs containing
Rp phosphorothioate substitutions at both of these sites fits best
to amodel in which a singlemetal ion bridges between them. This
“bridgingmetal”model is based on apparent affinities of rescuing
metal ions in mHHRz constructs harboring single or double

substitutions at the putative metal binding sites as well as the
ability of a single Cd2+ equivalent to rescue a dual PS substitu-
tion under stoichiometric conditions. Because the apparent
affinity of the rescuing metal ion is sensitive to substitutions at
the A9 site but not the cleavage site, the model further predicts
that a single rescuing metal ion is bound to the A9 phosphate/
G10.1 imino N7 in the ground state of the mHHRz and that this
same metal makes a bridging contact with the scissile phosphate
only further along the reaction pathway, in the transition state of
the reaction and potentially in an unstable intermediate that is
only transiently populated before reaction.

Crystallographic and spectroscopic studies of mHHRz’s have
consistently identified a metal ion coordinated in the “A9/G10.1
pocket” consisting of the A9 pro-R phosphate oxygen and theN7
imino group of G10.1. In crystal structures of mHHRz’s, the
active site is somewhat open and the A9 site is located >10 Å
from the cleavage site scissile phosphate (7). In the “bridging
metal” model (11), it is proposed that the mHHRz exists
predominantly in this open structure and must undergo a
significant conformational change to form a more compact
structure representing the catalytically active and thermodyna-
mically unstable intermediate form of the HHRz that has
important functional groups primed for catalysis. In the unstable,
active-form intermediate, the A9 metal ion is brought into
proximity for bridging contact with the scissile phosphate.
Potential roles for the critical bridging metal ion include stabiliz-
ing the active conformation and/or lowering the free energy of the
negatively charged phosphorane transition state (11).

31P NMR spectroscopy in combination with phosphorothio-
ate substitutions can be used as a tool to identify and investigate
the properties of potential RNA metal ligands (15-18). A single
nonbridging oxygen phosphorothioate substitution results in
two∼60 ppmdownshifted 31P peaks corresponding to theRp and
Sp stereoisomers of the phosphorothioate (17, 19). Coordination
of Cd2+ to sulfur will cause an upfield chemical shift of the
relevant stereoisomer peak, allowing for specific identification of
metal-RNA interactions (15-17, 19). Such behavior is found in
31P NMR spectra of an A9 phosphorothioate in the mHHRz
(reproduced in Figure 2A), which confirmed the A9/G10.1 site
as a relatively high-affinity metal binding site (17). By contrast,
NMR studies to date probing cleavage site P1.1 phosphor-
othioates have found little evidence of this site being a metal

FIGURE 1: (A) Sequence of truncated HHRz (trHHRz) used in this study. Nucleotides in blue identify the substrate strand, and nucleotides in
green represent the enzyme strand. The conserved core is shown in red, and an arrow identifies the cleavage site (CS, between nucleotides C17 and
G1.1. (B) 20 nucleophile substitutions used in this study, in combination with phosphorothioate substitutions. (C) X-ray crystal structure of an
all-RNAmHHRz (PDB 1MME) (48) showing the location of the phosphodiester groups 30 to C17 (CS) and U16.1 examined in this study using
31P NMR spectroscopy.
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ligand (17, 20). For such spectroscopic experiments, the activity
of the mHHRz has been blocked by one of a variety of
20 substitutions at the nucleophile. Specifically, previous unsuc-
cessful attempts to observe metal interactions with the mHHRz
scissile phosphate by 31P NMR spectroscopy have employed
20-deoxy and 20-OMe nucleophile substitutions (17, 20). Overall,
results from these previous spectroscopic studies are consistent
with the predictions of the “bridging metal” model: in ground-
state mHHRz structures, metal coordination is observed at the
A9 site but not at the cleavage site. In the context of the model,
spectroscopic evidence for the interaction of a metal ion with the
scissile phosphate would be unlikely, as this coordination event is
only proposed to happen in either a thermodynamically unstable
intermediate or the transition state.

Studies of ribozyme structure generally require repression
of catalytic activity, and this is often achieved by substitution
of the nucleophile. mHHRz activity can be repressed by 20-H,
-OMe, -F, or -NH2 nucleophile substitutions (21). Previous
NMR studies of metal interactions with the P1.1 phosphate in
the mHHRz employed 20-H and 20-OMe substitutions to block
activity (reproduced in Figure 2A) (17, 20). These studies
reported only small chemical shifts upon addition of up to several

molar equivalents of Cd2+, indicating that the P1.1 phosphate
has a very low affinity binding site in these substituted constructs
and consistent with the model in which a metal interaction with
the scissile phosphate does not occur in the dominant ground-
state structure. However, an alternative that bears consideration
is that a lack of spectroscopic observation of the metal-scissile
phosphate interaction could be due to changes in the characteri-
stics of the 20 functional group. The chemical and structural
properties of these substitutions differ from those of the natural
20-OH, in particular with respect to potential metal coordination
or hydrogen-bonding capabilities that may be required to
stabilize metal interactions. For example, although a 20-OMe
substitution is thought to have similar effects on sugar pucker as a
20-OH (22, 23), the 20-OMe is larger, is more hydrophobic, and
does not participate as strongly in hydrogen bonds or metal ion
coordination. Similarly, a 20-deoxy substituent removes hydro-
gen-bonding and metal coordination properties at that site.

In this paper we report results of 31P NMR spectroscopy
experiments that probe Cd2+ interactions with a minimal HHRz
construct containing a phosphorothioate substitution at the
scissile phosphate in combination with either a 20-NH2 or 20-F
substitution in the nucleophile position to block HHRz catalysis.
A 20-F is expected to have a similar atomic radius and electro-
static properties to a 20-OH and to favor a C30 endo sugar
pucker (23), but it is not expected to be available for metal
coordination or strong hydrogen bonding (24). By contrast, a
20-NH2 substitution is expected to be available for both hydrogen
bonding and metal coordination and favors the 20 endo sugar
conformation thought to be required for in-line attack by the
nucleophile in the ribozyme reaction (22, 23). We find, surpris-
ingly, that the 20-NH2 substitution is permissive formetal binding
to the mHHRz scissile phosphate, whereas the 20-F substitution
does not result in observable metal coordination. Recognizing
that close placement of amine and thioate ligandsmight create an
“artificial” chelate site with inner-sphere Cd2+ coordination that
would increase apparent affinities significantly above the back-
ground level, control studies are presented that monitor metal
interactions in constructs in which the 20-NH2/PS substitution is
placed in a dinucleotide, in a duplex, and in the mHHRz at a site
adjacent to the cleavage site. The Cd-thiophosphate interaction
at themHHRz cleavage site appears to beg10-fold stronger than
in these control constructs containing the same 20-NH2/PS
substitution in different contexts. Preliminary results from
1H NMR spectroscopy of a U(20-NH2)PSU dinucleotide are
consistent with a model in which both the phosphate and
20 nucleophile can coordinate a single divalent metal. Taken
together, the dependence of metal interactions on 20 nucleophile
identity provokes the suggestion that metal coordination to the
HHRz scissile phosphate may also involve the 20 nucleophile
position. Integration of these results with the existing “bridging
metal” hypothesis is discussed. In general, the results highlight
the potential sensitivity of metal ion association with ribozyme
active sites upon substitutions within the putative coordination
environment.

MATERIALS AND METHODS

Oligonucleotides. Hammerhead ribozyme RNA oligomers
shown in Figure 1 with their respective modifications were
purchased from Dharmacon (CO) and deprotected according to
manufacturer’s instructions. Deprotected RNA was purified by
denaturing gel electrophoresis on 20%/7 M urea polyacrylamide

FIGURE 2: Cd2+-inducedphosphorothioate 31P chemical shift changes
in themHHRz and control samples. (A)Rp orSp PS substitutions 5

0 to
A9 (blue, red) or at the cleavage site (CS) with a 20-OMe nucleophile
substitution (yellow, green) and in a control duplex (purple, gold).Data
reproduced from Maderia et al. (17). (B) Rp or Sp PS substitutions in
the HHRz with a 20-NH2 substitution (20-NH2/PS) at the cleavage
site (CS, red and blue) or at U16.1 (green and pink). Also shown are
data for a control duplex (20-NH2/PS) (purple and gold) and a
dinucleotide amUPSU (brown and green). All RNA concentrations
are ∼300-500 μM.
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gels and electroeluted from the gel slice. Eluted RNAwas dialyzed
against 5 mM triethanolamine (TEA; pH 7.0) and 100 mM Na+

for at least 48 h with several reservoir changes, concentrated
(Centricon-3; Millipore), ethanol precipitated, and resuspended
into buffer to form a stock solution. Substrate strand RNAwith a
20 substituent at the U16.1 nucleotide was deprotected and used
without further purification. Oligonucleotide concentration was
determined by UV absorbance at 260 nm and extinction coeffi-
cients provided by the manufacturer. Control RNA duplexes
consisting of the HHRz substrate strand with a phosphorothioate
substitution indicated by an asterisk (50 ACGCUC*GCUCG-
CG 30) and its unmodified complement were also obtained from
Dharmacon, as were amUPSU dinucleotides.
Separation of Phosphorothioate Isomers. Phosphorothio-

ate-substituted RNAs consisting of a mixture of phosphorothio-
ate diastereomers,Rp and Sp, were separated using reverse-phase
HPLC (Akta purifier; Amersham Biosciences) on a C18 column
(5 μm 6.3/250; Amersham Biosciences) fitted with a guard
column (Upchurch, Oak Harbor, WA) (17, 25). For oligomers,
a stationary phase of 0.1 M ammonium acetate and a mobile
phase of 80%acetonitrile/20%0.1 ammonium acetatewere used.
For the separation of the dinucleotide diastereomers, a more
volatile buffer system composed of a 10 mM triethylammonium
acetate stationary phase and a mobile phase of 70% acetonitrile/
30% triethylammonium acetate was employed that allowed for
removal of the buffer by lyophilization or rotoevaporation. All
buffers were filtered using a 20 μM filter flask and degassed by
bubbling through helium for 30 min before use. Gradients were
adjusted based on the size of RNA, with larger RNAs typically
requiring a more shallow gradient.

The configurations of separated phosphorothioate diastereo-
mers were determined by digestion with phosphodiesterase I
(Crotalus adamanteus venom; USB) (25). While the Rp phos-
phorothioate linkage is cleaved, the uncleaved Sp phosphor-
othiaote linkage results in a dinucleotide which can be indentified
using HPLC separation. Typical digestion mixtures contained
4.0 nmol of RNA, 0.1 M Tris (pH 8.5), 0.3 mM dithiothreitol
(DTT), 0.3 mM MgCl2, 0.1 unit of snake venom, and 8 units of
calf alkaline phosphatase (USB). Reactions were incubated at
37 �C for 8 h.
NMR Spectroscopy. All NMR samples were placed in

Shigemi D2O matched quartz tubes (Shigemi Inc., Allison Park,
PA). All samples contained at least 400 μMRNA in a volume of
200 μL. 31P NMR spectra of the substrate strand containing a
phosphorothioate at the cleavage site were collected first, and
then a 1:1 substrate to enzyme hybrid was formed by heating the
sample to 90 �C for 90 s followed by bench cooling. Cd2+ was
then added to the sample. Experiments were performed in 5 mM
HEPES (pH 8.5) and 100 mM Na+. This pH was chosen to
ensure deprotonation of 20-NH2 substitutions.

31P NMR experi-
ments were performed at 15 �C unless otherwise indicated.

For metal cation titrations, a metal stock solution was made in
deionized H2O or D2O, and the appropriate volume was added
directly to the NMR sample tube. Control experiments indicated
no change in pH in the buffer systems employed. In order to
prevent nonspecific degradation of the RNA in the presence of
metals, no additional heating steps were used.MgCl2 andMnCl2
metal stocks were purchased from Sigma. CdCl2 and Cd(NO3)2
were purchased from Alfa Aesar. All were 99.9%+ purity.

1H-decoupled 31P NMR spectra were recorded at 202MHz on
a Varian Unity spectrometer with a 5 mM broad-band probe. A
pulse sequence of a 500ms delay, 30� pulse, followed immediately

by an acquisition of 0.4 s, was used. At least 10000 transients
(approximately 8 h) were collected for each sample. Unless
otherwise noted, samples were suspended in a buffer of 5 mM
HEPES (pH 8.5) and 100 mM NaCl. An external reference
solution of trimethyl phosphate (TMP) or phosphoric acid was
used. Where appropriate, the equilibrium dissociation constant
(Kd) of the metal-RNA interaction and the total shift for a fully
bound RNA-M2+ complex ([4]T) were found by fitting to a 1:1
binding model (eq 1) (26).

Δobs ¼ ½Δ�T
2½MC�T

�
ðM þ ½MC�T þ KdÞ

-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM þ ½MC�T þ KdÞ2 - ð4M ½MC�T

q �
ð1Þ

[MC]T and M are the total concentrations of model compound/
RNA and added metal, respectively, and 4obs is the observed
change in chemical shift for each data point.

1H NMR spectroscopy was performed on a Varian Inova
500MHz spectrometer equippedwith triple-axis gradient probes.
1H samples were run in 10mMsodium cacodylate buffer (pH7.4)
and 100 mM NaCl. 5,5-Dimethylsilapentanesulfonate (DSS)
with a chemical shift of 0 ppm was used as an internal reference.
Use of cacodylate buffers results in a residual methyl proton
resonance at 3.8 ppm (27). Double-quantum-filtered (DQF)
homonuclear 1H-1H correlated spectroscopy (COSY) and
1H-31P-COSY experiments were performed on RNA samples
that had been exchanged in D2O by lyophilization or vacuum
drying the sample, adding D2O, and repeating multiple times.
NMR spectra were processed using NMRpipe software and
VarianNMR software and visualized using nmrDraw and
Inkscape (28).
Hammerhead Ribozyme Kinetics. Cleavage activity of the

trHHRz WT and variant with a C17 20-NH2/PS (cleavage site)
substitution was measured at indicated single time points under
the conditions of the NMR experiment (∼400 μM enzyme and
substrate strands, 5 mM Hepes, pH 8.5, 100 mM NaCl) except
at 24 �C. Kinetics of the trHHRz WT and variant with a U16.1
20-NH2/PS substitution were measured in single-turnover condi-
tions (10:1 enzyme:substrate) in 25 mMMOPS, pH 7.0, 100 mM
NaCl, 1.5 μM enzyme, and 0.15 μM substrate plus a trace
amount of 32P-labeled substrate and the indicated divalent metal
ion concentrations at 20 �C. Data are plotted as fraction cleaved,
f, vs time and fit to a single-exponential rate kobs expression of
[f(t) = fT (1 - ekobst)].

RESULTS

A20-NH2, but Not 20-F, Is Permissive for Cd2+Coordina-
tion to the mHHRz Scissile Phosphorothioate. Previous
studies have probed metal interactions with the hammerhead
ribozyme cleavage site phosphodiester bond by monitoring the
downshifted 31P NMR feature that results from nonbridging
phosphorothioate substitution (17, 20). To inhibit activity, either
a 20-H or 20-OMe subsitution of the nucleophile has also been
included. Results from these 20-X/PS (X = H or OMe) samples
have yielded only small 31P chemical shift changes upon addition
of Cd2+ that are inconsistent with a strong metal site interaction
(reproduced in Figure 2A).

We first extended these studies with a 20-F substitution at the
nucleophile position of the HHRz (Figures 3 and 2B). Like the
20-H and 20-OMe substitutions, a 20-F substitution suppresses
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activity, enabling NMR experiments that test metal binding to
ligands in the active site. The 20-F is expected to more closely
mimic a 20-OH in size and electrostatics than a 20-OMe. Upon
addition of Cd2+ to this 20-F/PS doubly substituted HHRz,
however, no significant changes in the 31P chemical shift were
observed for the Sp isomer (Figures 3 and 2B). A slight upfield
chemical shift was observed when Cd2+ was added to the
Rp isomer, as was also observed in an earlier report using the
20-OMe construct (17). These data indicate that the HHRzwith a
20-F/PS scissile site has only a very weak, yet possibly stereo-
specific propensity for metal interactions.

A 20-NH2 nucleophile substitution is also expected to suppress
catalytic activity of the HHRz. Like a 20-OH, a 20-NH2 is
expected to be able to participate in hydrogen bonding and also
be an available metal ligand. Additionally, based on studies of
uridine mononucleotides, a 20-NH2 substitution is expected to
favor the 20 endo sugar pucker (22, 23). The 20 endo conforma-
tion, which would favor in-line attack, has been observed for the
C17 ribose in crystals of an extendedHHRz construct thought to
most accurately predict the active site (29-31). Studies of the
pKa of a 2

0-NH2 on various nucleobase analogues indicate that at
a pH greater than 7 the amine should be in its unprotonated,
neutral state (32-35). Single-turnover kinetic studies for both
WT and C17 20-NH2-substituted HHRz constructs, performed
in 5 mM HEPES (pH 8.5) and 100 mM Na+, showed ∼1%
cleavage over 36 h in the absence of divalent cations. With
addition of divalent metal ions, the 20-NH2 HHRz showed only
2% (in 50 mM Mg2+) to ∼6% (in 20 mM Cd2+ or 20 mM
Mn2+) product formation in 36 h, while the WT HHRz cleaved
more than 70% of its substrate under these metal conditions in
1 h (Supporting Information Figure S1). Thus, the 20-NH2/PS
HHRz retains only very weak cleavage ability that would not
interfere with an NMR study.

Upon addition of Cd2+, 31P NMR spectra of a racemic
mixture of HHRz constructs containing C17 20-NH2/PS sub-
stitutions showed significant upfield chemical shifts (Figures 4
and 2B) of both peaks. This effect was much greater than the
shifts observed for the other cleavage site PS constructs with

20-OMe or 20-F substitutions (Figure 2B), suggesting significant
metal associationwith the cleavage site containing the 20-NH2/PS
substitution. In particular, the furthest downfield peak originat-
ing at 58 ppm, which can be assigned to the Rp diastereomer
based on previous work (17), moves upfield and merges with the
Sp peak in an estimated >3 ppm upfield shift over addition of
6 equiv of Cd2+ (final concentration ∼2.2 mM Cd2+/0.1 M
NaCl). This result, in combination with the previous 31P NMR
studies on constructs that lacked a potential metal ligand at the
20 position and showed little evidence for metal binding, indicates
that the 20 position may play a role in metal association with the
cleavage site in the mHHRz.
Control Studies Establish Specificity in the HHRz Ac-

tive Site Cd2+-Phosphorothioate Interaction. Both amines
and phosphorothioate thio groups are expected to be good
ligands for Cd2+, a moderately soft metal ion (36, 37). These
two proximal substitutions in the 20-NH2/PS constructs may
therefore create a nonspecific Cd2+ binding site that recruits
metals that would not otherwise bind to the substituted position.
Furthermore, the HHRz active site is located at an RNA three-
helix junction, which may increase the effective concentration
of metal ions through electrostatic effects (17, 38-40) and
therefore enhance an otherwise weak, nonspecific interaction.
To control for these possibilities, we testedCd2+ associationwith
a dinucleotide model and with two derivatives of the mHHRz
containing the NH2/PS substitutions.

In order to test the ability of this double substitution to be a
general soft metal binding pocket outside the context of the
HHRz, a amUPSU dinucleotide containing the NH2/PS-substi-
tuted site was tested for its ability to bind Cd2+. The substituted

FIGURE 3: 31P NMR spectra of HHRz with a Rp or Sp 20-F/PS
substitution at the cleavage site. Experiments were performed in
5 mMHEPES (pH 8.5) and 100 mMNa+ at 15 �C.

FIGURE 4: 31P NMRofHHRz samples with 20-NH2/PS substitution
(mixture of PS diastereomers) at the cleavage site (C17, left) or the 50
neighboring position (U16.1, right). Data were obtained at 15 �C in 5
mM HEPES (pH 8.5) and 100 mM NaCl with initial RNA concen-
trations of 450 μM (left) and 440 μM (right).
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dinucleotide was separated into its stereoisomers by reverse-phase
HPLC. A metal titration showed less than a 0.5 ppm chemical
shift change for both isomers through addition of up to 10 equiv
of Cd2+ (Supporting Information Figure S2). Addition of 75mol
equiv of Cd2+ still only caused upfield shifts of ∼1 ppm. A fit of
the titration data to a 1:1 binding model (eq 1) indicates a Kd for
Cd2+ binding to the NH2/PS site of 22 mM for the Sp isomer and
47 mM for the Rp isomer (0.1MNaCl) (Supporting Information
Figure S3). These low calculated KD’s reflect weak metal binding
and reinforce the conclusion that the double 20-NH2/PS substitu-
tion alone does not create a high-affinity “recruiting” metal
binding pocket.

Metal ions are known to condense around the dense negative
charge of the phosphodiester backbone of an RNA helix
(reviewed in refs (39-41)). An increase of the effective metal
concentration near the double 20-NH2/PS substitution in any
RNAhelix could potentially enhance the apparent affinity of this
site for Cd2+. We therefore tested an RNA construct composed
of the HHRz substrate strand with the cleavage site 20-NH2/PS
substitution in the context of a duplex with its complement
strand. This construct showed <1 ppm upfield chemical shift
with addition of up to 5 equiv of Cd2+ for both diastereomers
(Supporting Information Figure S4). Similar very weak Cd2+-S
interactions were found previously for 20-H/PS and 20-OMe/PS
substitutions within helices (17). Taken together, these results
also reflect a relatively weak Cd2+-sulfur interaction for phos-
phorothioates outside of the context of the HHRz active site,
regardless of the identity of the proximal 20 position.

The increased charge density at the three-helix junction of the
HHRz active site could further enhance metal concentrations in
that region (12, 17, 38-40), increasing the propensity for non-
specific metal interactions. For this reason, we tested an HHRz
construct in which the 20-NH2/PS substitution was placed one
nucleotide 50 to the scissile phosphate, at position U16.1
(Figure 1). The mHHRz construct also contained an inhibitory
20-OMe at the C17 cleavage site. 31P NMR spectra of the mixed
diastereomers of this U16.1 20-NH2/PS mHHRz control con-
struct showed less than a 1 ppm change of the phosphorothioate-
shifted peaks upon the addition of up to 6 equiv of Cd2+

(Figure 4, right). These data indicate that simply positioning a
20-NH2 near a phosphorothioate, even at a three-helix junction,
does not necessarily create a high-affinitymetal binding site in the
mHHRz. To ensure that the U16.1 double substitution does not
significantly alter the local architecture of themHHRz active site,
we tested the activity of a catalytically competent (scissile 20-OH)
mHHRz with the U16.1 20-NH2/PS substitution. Previous work
has established that the mHHRz activity is tolerant of U16.1
20-deoxy and PS substitutions (42, 43). The U16.1 20-NH2/PS
construct, as a mixture of diastereomers, demonstrated near-
wild-type catalytic activity (Supporting Information Figure S5),
indicating that the U16.1 double substitution did not negatively
alter the structure of the three-helix junction. These control
studies confirm that the observed metal interactions in the
double substituted 20-NH2/PS mHHRz are specific to the scissile
phosphate.
Cd2+-NH2 Coordination in the amUPSU Dinucleotide

Model Suggested by 1H DQF-COSY Spectroscopy. The
preceding data indicate that a proximal 20-functional group that
is able to participate in hydrogen bonding and/or metal coordi-
nation may be required for a relatively high affinity metal
interaction with a phosphorothioate at the mHHRz active site.
31P NMR spectra alone, however, do not confirm that the metal

bound to the phosphorothioate sulfur atom is also coordinating
the 20-functional group of its 50-ribose. One potential probe for
this interaction is the chemical shift of the ribose 20-H, which is
sensitive to the electronegativity of its geminal 20-functional
group (23). Metal coordination to the 20-group is expected to
change the electrostatic properties of the ligand and, therefore,
change the chemical shift of the 20-H (23, 44).

In an initial investigation of metal interactions with the
20-amine in a 20-NH2/PS binding site, we used 1H NMR to
determine the change in chemical shift of the 20-H upon the
addition of Cd2+ in separated isomers of the amUPSU dinucleo-
tide model. Assignments for the 10-H, 20-H, and 30-H ribose
protons were based on 1H-31P COSY and DQF-COSY experi-
ments (Figure 5 and Supporting Information Figures S6 and S7).
For uridine, the previously reported value for the H20 chemical
shift with a 20-OH substituent is 4.34 ppm and with a 20-NH2 is
3.56 ppm (23). Similar values of 4.4 and 3.6 ppm, respectively,
were assigned here (Figure 5). Upon addition of 40 mMCd2+ to
either the Rp or Sp dinucleotide, shifts are observed in the DQF-
COSY H10-H20 and H20-H30 cross-peaks of the 20-NH2-sub-
stituted ribose (Figure 5 and Supporting Information). Metal
coordination to the 20-NH2 would result in electron density
delocalization away from theH20, and indeed downfield chemical
shifts are observed for the 1H resonance from the H10, H20, and
the H30 positions upon addition of Cd2+. This result is consistent
with previous observations that H20 resonances move downfield
as the electronegativity of the other 20 substituents is in-
creased (23). While the ribose 1H chemical shift changes could
be due to electron-withdrawing influence of metal coordination
to the 20-NH2, they would also be sensitive to changes in ring
conformation (45). In both diastereomers of amUPSU in the
absence of Cd2+, the J1020 coupling constant appears to be larger
than the J3040 coupling constant, suggesting that the 2

0-NH2 sugar
system has a dominantly C20 endo sugar conformation (45, 46)
and consistentwith previous results fromNMRstudies of uridine

FIGURE 5: DQF-COSY spectra of amUSpU in the absence (black)
and presence (red) of 40 mM CdCl2. Data were obtained in D2O at
10 �C in 10 mM sodium cacodylate (pH 7.4) and 100 mM NaCl.
Cross-peak assignments are shown for the 20-NH2 ribose system
(solid lines) and partial assignment for the 20-OH ribose (dotted line).
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mononucleotides (23). Addition of Cd2+ does not change the
relative J1020-J3040 values (Figure 5 and Supporting Information
Figure S7). Thus, the observed chemical shift changes in the
20-NH2 ribose system upon the addition of Cd2+ do not appear
to be due to a change in the relative sugar conformation
populations. In combination with the Cd2+-dependent upfield
31P chemical shift, these 1H NMR data are consistent with Cd2+

chelation by both 20-NH2 and PS sulfur ligands in the amUPSU
dinucleotides. These data further suggest that the 31P chemical
shift changes observed upon addition of Cd2+ to the mHHRz
cleavage site 20-NH2/PS construct may also indicate 20-NH2

coordination to the metal ion.

DISCUSSION

Potential Bidentate 20-OH/Phosphate Coordination by
Divalent Metals in the HHRz Active Site. Repressing
activity in ribozymes is a requirement for biophysical studies
that are aimed at examining structures occurring prior to the
cleavage step. Previous NMR studies of metal interactions with
the mHHRz have employed either a 20-deoxy or a 20-OMe
nucleophile substitution to block activity (17, 20). Metal-rescue
experiments have identified the pro-R nonbridging oxygen atoms
of both the A9 and scissile phosphates as catalytically important
metal ligands in this system, and the bridgingmetal hypothesis of
Wang and co-workers predicts simultaneous coordination by
these ligands in the transition state of the reaction (11). While
NMR experiments have confirmed the A9 site to be a high-
affinity metal coordination site, there has been no previous
spectroscopic evidence for metal coordination to the scissile
phosphate (17, 20). These data are consistent with a model in
which the mHHRz maintains predominantly a “ground-state”,
open structurewith a populated high-affinityA9/G10.1metal site
and infrequently samples an unstable active structure in which
the metal ion may acquire a nonbridging oxygen ligand from the
scissile phosphate (11). It is also possible, however, that the
cleavage site 20 substitutions used previously to block activity in
the spectroscopic studies may also have blocked the ability for a
metal to interact with this site.

Any substitution within the active site of the HHRZmay have
substantial positive or negative effects on metal coordination.
While some substitutions may change the geometry of potential
ligands, others may have steric and/or electrostatic effects. Even
more problematic would be a substitution that replaces a
potential metal ligand with a group having no metal binding
capabilities. In this study, we continued the spectroscopic in-
vestigation of mHHRz scissile phosphate metal coordination by
testing the Cd2+ binding abilities of mHHRz cleavage site
phosphorothioates in combination with either a 20-F or 20-NH2

nucleophile substitution. Whereas the 20-F construct failed to
exhibitmetal binding to the scissile phosphate, the 20-NH2HHRz
demonstrated 31P shifts consistent with inner-sphere metal ion
coordination.

Although a potential nucleophile, the 20-NH2-substituted
mHHRz shows a loss of divalent metal-dependent catalysis that
is not rescued by the addition of the soft metal Cd2+, indicating
that these RNA constructs are stable during 31P NMR-detected
metal titration experiments. A 20-NH2 with anRp phosphorothio-
ate at the mHHRz cleavage site exhibits up to ∼3 ppm upfield
changes in chemical shift upon addition of 6 equiv of Cd2+

(Figures 2B and 4). Similar chemical shift changes were previously
observed to result from Cd2+-phosphorothioate interactions at

theHHRzA9 position (17), a metal binding site that has also been
demonstrated biochemically (11, 47) as well as by crystallo-
graphy (48) and solution EPR experiments (49). The similar
magnitude of 31P chemical shift change observed with the C17
20-NH2/PS substitution indicates that this construct has a similar
ability to associate with metals at the scissile phosphate and that
themetal coordination and/or hydrogen-bonding properties of the
20-NH2 are a contributing factor.

The observation that, of the four 20 nucleophile substitutions
tested in spectroscopic studies, the 20-NH2 is the only functional
group that presents an available metal ligand and is the only
group resulting in observable metal interactions with the scissile
phosphate raises the possibility that metal coordination by the
native 20-OH, or a metal-related hydrogen-bonding interaction
with this position, is relevant in the context of the wild-type
ribozyme. There are several modes by which a single divalent
metal may interact with the HHRz to promote catalysis
(Scheme 1), including interactions with both the nucleophile
and a nonbridging phosphodiester oxygen atom as shown
in model C of Scheme 1 and/or with the leaving group as shown
in model B. The data presented here suggest the interactions in
model C, in which a metal ion coordinating the pro-R oxygen of
the scissile phosphate also coordinates to the nucleophilic 20-OH.
Functional and crystallographic evidence for this type of inter-
action in a ribozyme has been established for the group I intron
(reviewed in ref 50). The results of our current experiments do not
preclude interaction of an additional metal ion at the mHHRz
cleavage site. However, the inability in previous NMR experi-
ments to observe significantmetal-phosphorothioate interactions
in the absence of a metal-coordinating 20-nucleophile does
indicate that interactions such as in A or B of Scheme 1 do not
easily occur in the ground state of the mHHRz.

While 31P NMR-based results are suggestive of a bidentate
metal ion coordination to both nucleophile and scissile phosphate
in the mHHRz, further evidence for metal coordination to the
20-nucleophile would include observation of metal-dependent
shifts in signals from that position. Initial evidence for this
coordination mode is found in the 1H NMR spectra of the
dinucleotide amUPSUmodel system, obtained in the presence and
absence of Cd2+. The upfield shifts of geminal 20-H protons in
Figure 5 are consistent with coordination of the 20-NH2 by Cd

2+

in both stereoisomers of the dinucleotide, supporting a bidentate
metal binding model. Similar studies probing this interaction in
the HHRz are a goal for future experiments.
Cd2+ Interactions with the mHHRz 20-NH2/PS Clea-

vage Site Are Not Due Solely to “Recruitment”. As dis-
cussed above, substitutions in the active site of a ribozyme can
have drastic effects on the ability of a metal to specifically
coordinate RNA ligands. These effects can either be prohibitive

Scheme 1
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of a metal coordination event or stabilize a metal coordination
that is not representative of the wild-type system. In the present
31PNMRstudies, a nonbridging phosphate oxygen is substituted
with sulfur in order to differentiate the target site from all of the
other phosphodiester linkages in the RNA construct. This single
substitution replaces the relatively hard oxygen atom with a soft
metal-coordinating sulfur. For this reason, the common “hard”
divalent ion Mg2+ is replaced with “borderline-soft” (and
diamagnetic) Cd2+ in our NMR experiments to enable coordi-
nation to the substituted site. The other modification to the wild-
type system in these studies requires 20 substitutions that prevent
early steps of the HHRz reaction, allowing observation of an
uncleaved HHRz conformation. A 20-NH2 was the only sub-
stitution that supported metal binding at the mHHRz cleavage
site, andwhile this is an interesting result because it has hydrogen-
bonding and metal coordination characteristics more similar to
hydroxyl than any of the other attempted substitutions, an amine
group is also considered a “soft” ligand that, like sulfur, could
enhance Cd2+ affinities by orders of magnitude (36, 37). The
concern, then, is that by placing two soft metal ligands in close
proximity the overall enhancement inmetal binding abilitywould
recruit Cd2+ to an otherwise non-native site. This level of
artificial enhancement in the Cd2+ ion affinities could mean that
themetal coordination observed here is a artifact of the construct
and not relevant to the wild-type reaction.

The potential for metal ion “recruitment” by the 20-NH2/PS
site was tested using control constructs containing the 20-NH2/PS
unit in context of a dinucleotide model, an RNA helix, and a
nearby position in the mHHRz. Phosphorothioates embedded
within these control constructs all demonstrate very weak inter-
actions with Cd2+, as evidenced by <1 ppm 31P chemical shift
changes in up to∼3 mMCd2+ (Figure 2B), which is a result that
mirrors previous findings for 20-OMe/PS or 20-H/PS substitu-
tions embedded in single-strand or duplexRNA strands (17). The
observation of >3 ppm 31P chemical shift changes induced by
Cd2+ when the 20-NH2/PS substitution is placed at the mHHRz
scissile phosphate is therefore suggestive of a higher affinitymetal
binding pocket that is influenced by its local environment and not
generic binding caused solely by the introduction of 20-NH2/PS
Cd2+ ligands.
Relevance of the Cd2+-NH2/PS Active Site Metal Ion

Interaction to ExistingmHHRzActivityModels.Wang and
co-workers established through metal-rescue experiments that a
singlemetal ion is responsible formetal rescue of both theA9 and
scissile phosphorothioates despite a measured distance of greater
than 10 Å between these ligands in structural studies of the
mHHRz (11). These and other data lead to a model of the
mHHRz reaction in which the ribozyme exists predominantly in
an inactive open conformation and samples an active but
thermodynamically unstable closed conformation that brings
the two putative metal ligands close enough for a single metal
ion to bridge between them. The prediction is that this active
conformation, and thus themetal-scissile phosphate interaction,
would be difficult to observe spectroscopically due to its thermo-
dynamic instability. Thus, in the context of the bridging metal
model, the cleavage sitemetal interaction observed in this study is
surprising. Three potential explanations for these results are
described below.

One possible scenario concerning the significance of these
results is that the interaction observed in this study is adventitious
and unrelated to mHHRz catalysis. As is common with struc-
tured RNAs, both solution and X-ray crystallographic studies of

themHHRzhave predictedmultiple divalent cationbinding sites.
It is possible that the interaction observed here with the mHHRz
cleavage site is affected by the 20 sugar substituent but that it does
not represent the metal-scissile phosphate interaction that is
revealed in mechanistic studies. The fact that the interaction is
more easily observed within the mHHRz active site than in the
control samples could be ascribed to the electrostatics of the
mHHRz active site, which is expected to be in a relatively
negative electrostatic pocket (17, 38, 40). Our attempted control
for this situation, the 20-NH2/PS unit adjacent to the mHHRz
cleavage site, could have slightly different geometric and electro-
static properties that influence its ability to coordinate Cd2+

relative to the cleavage site position. Even if the metal coordina-
tion event observed here is not relevant to mHHRz catalysis, its
sensitivity to the 20 substituent still provides a demonstration of
the potential importance of ribose functional group changes on
the metal coordination properties of neighboring phosphodiester
ligands.

If the metal interaction with the mHHRz cleavage site that is
observed in these experiments is indeed related to the functional,
bridging metal ion, then its properties are subject to predictions
based on the existing model. First, it must be postulated that
the 20-NH2/PS substitution somehow stabilizes the otherwise
thermodynamically unstable “active” conformation that brings
the A9 and cleavage site metal ligands into proximity, allowing
sufficient population of the bridging metal site to be observed by
NMR. One could argue that simultaneous addition of both the
cleavage site 20-amine and the thio ligands have created a Cd2+

site with sufficient thermodynamic stability to allow partial
population of this bridging state, while at the same time inhibiting
the subsequent cleavage step. If these NMR studies are in fact
observing the functional bridging metal ion, then the apparent
affinity of the metal ion interaction with the cleavage site that is
observed by NMR should be sensitive to substitutions at the A9
site. One particular expectationwould be that theNMRchemical
shift changes should appear at Cd2+ concentrations that are
expected to fill the A9/G10.1 site. Because of the electrostatic
properties of nucleic acids and presence of a charge-shielding
counterion atmosphere, as well as possible cation-induced struc-
tural changes, metal ion association with RNA is best described
in terms of K1/2 for the observable rather than KD for an
equilibrium dissociation constant (39, 41, 51). These NMR
experiments were performed by adding equivalents of Cd2+

rather than dialyzing to a known equilibrium Cd2+ concentra-
tion, further complicating interpretation in terms of quantitative
affinities since there may be Cd2+ association with additional
sites on theRNA.Thismeans that the “free”Cd2+ concentration
is unknown but is possibly overestimated, leading to an over-
estimation of apparent K1/2 or Kd values. Thus, while these data
indicate that a 20-NH2 substitution promotes more facile associa-
tion of Cd2+ with the PS-substituted mHHRz cleavage site than
do 20-X/PS (X=H,OMe, F) substitutions, the data of Figure 2B
cannot be interpreted in terms of thermodynamic affinities for
this site. With these caveats in mind, however, one can still
compare behavior between similar NMR experiments. It is clear
that the Cd2+-thiophosphate interaction with the 20-NH2/PS
cleavage site (Figure 2B) requires higher Cd2+ concentrations
than those needed to fill the mHHRz 20-OH/PS A9 site
(Figure 2A). At similar RNA concentrations, signal changes
from the 20-NH2/PS cleavage site are >3 ppm and not saturated
by addition of 6 equiv, or∼2.7mMCd2+ (0.1MNaCl), whereas
the A9 PS-substituted mHHRz signal is saturating at ∼700 μM
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Cd2+ (0.1 M NaCl). A very approximateg4� ratio of apparent
affinities can be estimated from these data, which is broadly
consistent with the increase in Cd2+ affinity expected upon
substitution of the A9 pro-R oxygen for sulfur as measured by
Wang and co-workers.2 These are very qualitative observations,
however, and further experiments exploring additional modifica-
tions of these sites would be required before a strong link could be
drawn between the current experiments and population of the
bridging metal site in the mHHRz.

As a final scenario, it is possible that the mHHRz samples in
these NMR experiments are not sampling the thermodynami-
cally unstable intermediate that would allow simultaneous metal
ion coordination to both the A9 and the scissile phosphate but
that the results are still relevant to the active state of the ribozyme.
Even if these experiments are primarily sampling the open
ribozyme conformation, the fact that the addition of the
20-NH2 ligand makes the scissile phosphorothioate more amen-
able to metal ion coordination (than when the site includes a
20-H, F, orOMe) could be an indication of the same propensity in
the active conformation of the mHHRz. As is observed here, in
the bridging and active conformer an interaction with a 20 ligand
may strengthen metal ion association with the cleavage site
phosphodiester and thereby stabilize the active conformer and
tune reactivity in that state.3

While apparently weaker than the high-affinity A9 mHHRz
site, the Cd2+ interaction with the 20-NH2/PS cleavage site is still
significantly enhanced relative to several control samples. In
0.1 MNaCl, apparent Kd values of 20-50 mM are measured for
Cd2+ binding to the 20-NH2/PS unit in the dinucleotide models
(Supporting Information Figure S3), at least 10-fold weaker than
the interaction with the mHHRz cleavage site. Interestingly, the
weak butmeasurable Cd2+Kd values for the dinucleotidemodels

reflect slightly higher affinity for the Sp thiophosphate, while the
Sp stereoisomer of the mHHRz construct had less significant 31P
chemical shift changes upon addition of metal (Figure 2B). This
result, in agreement with the stereospecificity found in metal-
rescue experiments (11, 25, 52, 53), highlights the potential
organization of the mHHRz active site in comparison with the
free dinucleotide.
Relationship to Current Activity Models for the Ex-

tended Hammerhead Ribozyme. Recent research has focused
on exHHRz constructs whose extended stems I and II include
tertiary contacts that stabilize the formation of the active state.
New crystal structures of extended HHRzs exhibit a more
compact active site, with many interactions that satisfy predic-
tions from kinetic data obtained with the mHHRz (31, 43).
Unlike the case of the mHHRz and consistent with the predic-
tions of Wang and co-workers (11), in structures of the extended
HHRz the A9/G10.1 metal binding pocket is within a feasible
distance to the scissile phosphate to allow a metal ion to bridge
the pro-R oxygens. The bridging metal ion interaction is still not
observed in these structures, however, despite an ∼5 Å distance
between the two potential pro-R ligands.Mn2+ occupies only the
A9/G10 pocket in crystallographic studies of a precleaved
Schistosoma exHHRz with a 20-OMe substitution at the nucleo-
phile (29, 30). Based on biochemical predictions and crystal-
lographic contacts, a current acid-base model for HHRz
catalysis is proposed that includes activation of the HHRz
20-nucleophile by deprotonation by the N6 of G12 and proton-
ation of the scissile phosphate leaving group by the 20-OH of
G8 (30, 31, 54-56). In addition to being sensitive to substitutions
of G8 andG12, activities of exHHRz’s are sensitive to the nature
of added divalent cation (12, 13, 57), and active site phosphor-
othioate inhibition with rescue by Cd2+ has been demonstrated
in the extended HHRz (13). Molecular dynamics and biochem-
ical studies have also suggested ametal ion interactionwith the 20-
OH of G8, proposed to activate it as the general acid (30, 55, 58).
Taken together, these observations lead to a current model of
combined nucleobase and metal ion contributors to catalysis by
the HHRz, with details remaining to be developed.

The experiments reported here could indicate that the 20-OMe
substitution used in crystallographic studies of the exHHRz may
inhibit potential metal interactions with the nucleophile. A recent
X-ray structure of a slow-cleaving G12A sTRSV exHHRz
mutant containing a native 20-OH nucleophile shows, however,
that substitutions at the nucleophile position do not cause gross
rearrangements of the catalytic core. The G12A structure does
exhibit slight changes in scissile phosphate and nucleophile
positions in comparison with the previous Schistosoma struc-
ture (29) that contained a 20-OMe at the nucleophile position.
In a G12A structure collected postcleavage, however, densities
for two active-site Mg2+ ions are reported, one of which is near
to the 20 nucleophile (now the cyclic phosphate) and the other of
which maintains the A9/G10.1 position.While the appearance of
the new metal ion near to the 20 nucleophile in a postcleavage
structure is intriguing, this interaction is not yet predicted from
functional data and possibly is relevant only to the cleaved form
of the ribozyme or to the crystallographic state.

SUMMARY

The data presented here show that Cd2+ interactions with a
cleavage site phosphorothioate in the mHHRz are significantly
enhanced by inclusion of a proximal 20-NH2 instead of 20-H, -F,

2One estimate of expected affinities comes from the mechanistic
studies of Wang and co-workers (11), who measure activity-based
Cd2+ Kd’s for the unsubstituted mHHRz A9 site of ∼100-280 μM in
backgrounds of 10 mM Mg2+ or Ca2+, respectively. Their values for
the interaction of Cd2+with aA9-Rp phosphorothioate substitution are
∼30-70 μM, an increase of three to four times higher affinity pre-
sumably due to the sulfur-Cd2+ interaction. Since our NMR studies
are performed under different ionic strength, pH, and temperature
conditions, we cannot directly compare expected values (and as de-
scribed in the text, theNMR studies are not performed under conditions
allowing for valid K1/2 measurements). However, a rough extrapolation
might predict a similar difference of 3-4-fold between the Cd2+ affinity
for the unsubstituted and thio-substituted A9 site. This value is
qualitatively consistent with the differences in binding behavior
of Figure 2A (PS at A9) and Figure 2B (unsubstituted A9).

3Comparison with the control constructs indicates a greater propen-
sity toward Cd2+ interactions at the mHHRz cleavage site when both
20-NH2/PS positions are available to interact with the metal ion. It is
difficult, however, to relate this observation to quantitative predictions
about the “native” cleavage site state containing Mg2+ and potential
bidentate 20-OH/PO ligands. Though the Mg2+ ion would be presented
with two “hard” ligands, in the case of Mg2+ the ion would exchange a
high-affinity aqua ligand for the 20-OH, an exchange potentially driven
only by the chelate effect. By contrast, the Cd2+ ion has a much higher
affinity for amine over aqua ligands, which might significantly favor
interaction with the 20-NH2. Still, the fact that addition of a 20-NH2 was
necessary to observe the Cd2+ interaction with the mHHRz cleavage
site might suggest that, in the native state, contribution from the 20
position is also important for this interaction. As suggested by a
reviewer, one such contribution could be deprotonation of the 20-OH
along the reaction pathway, increasing negative electrostatic potential
and thereby stabilizing the bridging metal ion. Interestingly, MD
simulations (58) based on the Schistosoma exHHRz crystal structure
withMg2+ placed in theA9/G10.1 site, but startingwith a deprotonated
20-O- nucleophile, have shown much more facile formation of the
bridging metal state in comparison with simulations based on the fully
protonated nucleophile.
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or -OMe substituents. These results demonstrate an influence of
substituents at the 20 nucleophile onmetal ion coordination to the
scissile phosphate. In the case of the Cd2+-20-NH2/PS interac-
tion, the Cd2+ is proposed to directly coordinate to the nucleo-
phile position. If present in the active site of the native HHRz,
such a bidentatemetal ion coordination could allowmetal ions to
activate the nucleophile for deprotonation while also coordina-
ting the phosphate and thereby also aid in transition state
stabilization. Other potential avenues by which the 20 position
might influence metal coordination in the HHRz could be via
hydrogen bonding to a metal aqua ligand or by electrostatics
upon deprotonation. Further studies will be required to assess the
applicability of these and other metal ion binding modes to
activity in the exHHRz.
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