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ABSTRACT

Phosphorothioate modifications have widespread use in the field of nucleic acids. As substitution of sulfur for
oxygen can alter metal coordination preferences, the phosphorothioate metal-rescue experiment is a powerful
method for identifying metal coordination sites that influence specific properties in a large RNAs. The A9/G10.1
metal binding site of the hammerhead ribozyme (HHRz) has previously been shown to be functionally important
through phosphorothioate rescue experiments. While an A9-Sg;, substitution is inhibitory in Mg?*, thiophilic Cd*"
rescues HHRz activity. Mn?" is also often used in phosphorothioate metal-rescue studies but does not support
activity for the A9-Sg, HHRz. Here, we use EPR, electron spin-echo envelope modulation (ESEEM), and X-ray
absorption spectroscopic methods to directly probe the structural consequences of Mn?* and Cd?* coordination to
R, and S;, phosphorothioate modifications at the A9/G10.1 site in the truncated hammerhead ribozyme (tHHRz).
The results demonstrate that while Cd%* does indeed bind to S in the thio-substituted ligand, Mn®* coordinates to
the non-sulfur oxo group of this phosphorothioate, regardless of isomer. Computational models demonstrate the
energetic preference of Mn—O over Mn—S coordination in metal-dimethylthiophosphate models. In the case of the
tHHRz, the resulting Mn?* coordination preference of oxygen in either R, or S, A9 phosphorothioates differentially
tunes catalytic activity, with Mn—O coordination in the A9-Sg, phosphorothioate enzyme being inhibitory.

1. Introduction

particular phosphate oxygen [1,4,5]. A premise of PS-rescue experi-
ments is that sulfur substitutions of phosphate oxygens to create phos-

Establishing the influence of specific metal sites on RNA function is
challenging due to the polyanionic nature of the biopolymer and large
number of nonspecific cation interactions [1,2,3]. The phosphorothioate
(PS) metal-rescue experiment (PS-rescue) is a powerful method for
identifying metal coordination sites that influence specific properties in
large RNAs. In a PS-rescue experiment, a single phosphate oxygen is
changed to sulfur and subsequent changes in metal ion specificity are
monitored, testing the hypothesis that a metal ion binds directly to that

phorothiolates (bridging oxygen) or phosphorothioates (non-bridging
oxygen, Fig. 1A) are proposed to decrease the affinity of hard metals
such as Mg?* for the substituted group, resulting in decreased activity of
the ribozyme if that metal-oxygen interaction is important for ribozyme
function. If the addition of a thiophilic metal such as Cd?' rescues
catalysis, there is strong evidence for inner-sphere metal ion coordina-
tion at that site. Phosphorothioate substitutions are stereospecific,
resulting in Rp- and Sp- isomers that further pinpoint the identity of the
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Fig. 1. Truncated hammerhead ribozyme (tHHRz) used in these studies. a)
Secondary structure representation with the enzyme strand in blue, the sub-
strate strand in gray, the conserved core nucleotides in aqua, and A9 and G10.1
shown in red. Cleavage site denoted by arrow at right. Inset shows a phos-
phorothioate, with substitution of a non-bridging phosphodiester oxygen with a
sulfur as R, or S, isomers. b) The tHHRz crystal structure PDB 1HMH with
substrate strand in blue and enzyme strand in green. The sphere represents a
metal ion at the A9/G10.1 site. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

potential metal ligand.

Phosphorothioates are also important in oligonucleotide therapeu-
tics, where they provide protection from cellular nucleases as well as
influence cellular uptake [6]. Few studies have reported the structural
consequences of PS-substitution [7-11] or the structural impacts on
metal coordination [12-14]. In ribozyme PS-rescue studies, Mn2" is
sometimes used as the ‘thiophilic’ rescue metal. Although Mn?* is more
thiophilic than Mg2*, the selectivity of Mn?" for a thiolate ligand in the
midst of oxo-donor options is not clear [14], in particular in the context
of complex RNA structures.

Here, we use spectroscopic methods to directly probe the structural
consequences of Mn?" and Cd?" coordination to R, and S, phosphor-
othioate modifications at a known metal site in the truncated
hammerhead ribozyme (tHHRz). The results demonstrate that while
Cd>* does bind to sulfur in the thio-substituted ligand, Mn** coordinates
to the non-sulfur oxo group of this phosphorothioate, regardless of
isomer. The resulting Mn?" coordination preference dramatically tunes
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catalytic activity in the tHHRz.

The Hammerhead ribozyme (HHRZ) is one of the earliest-discovered
ribozymes and has been the subject of many mechanistic studies aimed
at understanding RNA-directed catalysis at the molecular level [17,18].
This self-cleaving RNA motif (Fig. 1a) was originally discovered in plant
viroids, where it functions in genomic processing during rolling circle
replication [19,20].

The HHRz motif has since been discovered in other genomes
including a discontinuous motif in mouse [21]. The function of the
HHRz in higher organisms is unknown. The HHRz active site is created
by a conserved core of nucleotides that is surrounded by three helices
and has been studied in vitro as a truncated (tHHRz) as well as in an
extended form, the latter of which preserves important tertiary in-
teractions between helical stems I and II [18,22].

The HHRz catalyzes attack of a 2’-OH on its proximal 3'-phospho-
diester bond, resulting in a cyclic phosphate and 5’-OH products. As
with most ribozymes, the in vitro reaction is sensitive to ionic conditions
and at moderate ionic strength the HHRz reaction is enhanced by the
presence of divalent cations [1,18,22,23]. Several lines of evidence
demonstrate that a metal ion bound at the ‘A9/G10.1 site’ modulates
hammerhead ribozyme activity [24,25,26,27,28,29]. Across numerous
PS-inhibition studies, only thiophosphates placed 5 to A9 and to the
cleavage site were shown to inhibit activity in Mg?"and have their ef-
fects be rescued by thiophilic Cd®". These results suggested both the A9
and cleavage site as potential metal ligands important to hammerhead
activity [24,25]. For the tHHRz, substitution of the A9 phosphate with
an R,-phosphorothioate (A9-Sgp,) results in at least a 500-fold reduction
in the rate of catalysis in the presence of Mg?" whereas Mg?* —
dependent activity for the S, isomer (A9-Sgp) is relatively unaffected.
Addition of Cd®", in a background of Mg*" or Ca®", rescues A9-Sg,
catalytic activity, supporting the idea that the modified phosphate is
part of a functional metal site [24,25].

The exact role of the A9/G10.1 metal site in HHRz catalysis is un-
resolved. Critical roles for nucleobases in the HHRz reaction, and po-
tential roles for metals to influence nucleobase pK,, have been discussed
[28-32]. Original X-ray crystallographic structures of the tHHRz
(Fig. 1b) exhibit an ‘open’ conformation wherein the A9/G10.1 metal
site is distant from the cleavage site [26,27]. Nonetheless, based on early
double-phosphorothioate substitution studies on the tHHRz, a model
was proposed in which the metal bound at the A9 site also adopts the
cleavage site scissile phosphate as a ligand in the activated form of the
ribozyme [24]. Subsequent structures of extended HHRz constructs that
maintain tertiary interactions between Stems I and II show a closer
proximity of the A9/G10.1 site to the cleavage site [28,32], and the
distance is further reduced in the structure of a vanadate-substituted
transition state analogue [29]. Mechanistic modeling suggests a model
in which the A9/G10.1 metal ion may undergo ligand exchange to
activate the cleavage site phosphodiester bond [30]. In the extended
HHRz construct, both the A9 and cleavage site are still sensitive to
phosphorothioate substitution [22], and thermodynamic analysis of
Cd?* rescue of the scissile phosphorothioate supports a ground-state
metal interaction [33]. While the exact role of the A9/G10.1 metal
site in the mechanism of the HHRz is not completely resolved, this metal
site is functionally important.

We have previously pursued direct detection of metal ions in the
hammerhead ribozyme by magnetic resonance spectroscopic methods,
including EPR spectroscopy with paramagnetic Mn?* [34-36] and 3P
NMR in conjunction with phosphorothioate substitutions [14]. In the
tHHRz a high-affinity metal site can be uniquely populated by Mn**
with an apparent Kq < 10 pM even in a background of 1 M competing
monovalent Na* ions. Mn?* occupying this site has a characteristic EPR
lineshape feature [34,35]. Hyperfine couplings between the Mn?" and
ligand 3'P and 'H nuclei were observed by electron-nuclear double
resonance (ENDOR) spectroscopy [35]. Electron spin echo envelope
modulation (ESEEM) spectroscopic measurements identified *N/!°N
couplings [36,37] ascribed to the G10.1 nucleobase through site-specific
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15N labeling [38]. These measurements assign this high-affinity Mn%* to
the A9/G10.1 site, consisting of a Mn?* chelated by A9 phosphodiester
and G10.1 imino N ligands, with four aqua ligands. With these spec-
troscopic signals, we can follow the molecular details of metal coordi-
nation at this important ribozyme cation site.

Here we employ spectroscopic methods to determine the effect of a
phosphorothioate substitution 5' to A9 (A9-Sg, or A9-Sg,) on the specific
coordination environment of Mn?* in the tHHRz A9/G10.1 site. We use
EPR, ESEEM, and Extended X-Ray Absorption Fine Structure (EXAFS)
spectroscopies to determine the Mn?* coordination environment with
either an R, or S;, thiophosphate at A9. Although it is more thiophilic
than Mg?*, Mn®" does not rescue activity in the A9-Sgp, hammerhead
ribozyme. We are able to show that Mn?* binds to this site, but does not
coordinate the sulfur ligand in the A9-Sg;, isomer. By contrast, Cd*" does
bind to sulfur in this isomer and supports activity. These data suggest a
new basis for inhibition by thiophosphate substitutions in which a metal
ion may ligate to the alternate oxygen ligand of the phosphorothioate,
forcing a structure that does not support activity. The results demon-
strate that a simple switch of metal ion ligands can govern RNA catalysis,
and reinforce the importance of using the more thiophilic Cd** for
ribozyme phosphorothioate interference studies.

2. Results

The basis of a phosphorothioate (PS)-rescue experiment is that the
sulfur substituted into the non-bridging oxygen position is a poor ligand
for a functionally-important Mg?*, but that coordination of a more
thiophilic metal ion can rescue activity. Both Mn?* and Cd?*" are
commonly utilized for PS-rescue, based on their higher thiophilicity
compared to Mg>*. For the hammerhead A9 site, PS-rescue with Cd**
has been reported [24,25]. We first ascertained the ability of MnZ* to
support activity with a phosphorothioate substitution at the A9 position
of the tHHRz. Activity studies were performed in a background of 1 M
NaCl, which has previously been used for spectroscopic experiments
[34-36,38]. Substitution of the phosphate 5’ to A9 with an Rp phos-
phorothioate (A9-Sgp) has a dramatic negative effect on Mn2*- depen-
dent cleavage activity (Fig. 2a), as has previously been observed in the
presence of Mg2* [24,25]. Monitored at 5 mM Mn2*, the Ry, substitution
(A9-Sgp) has eliminated activity, whereas the S, isomer maintains wild-
type rates (inset, Fig. 2a). Cd?* rescues activity in the A9-Sg, hammer-
head (Fig. 2b) at concentrations in which Mn®" does not support
detectable cleavage. These Cd*" rescue data are consistent with a simple
interpretation that metal ions bind to the pro-R;, position of the tHHRz
A9 5’ phosphodiester. The activity studies also demonstrate that Mn?* is
not able to effectively rescue the A9-Sgj, substitution in the tHHRz. This
could be due to a loss of Mn coordination at this site, or a change in
ligands. To understand the influence of metal coordination at the A9
metal site on activity, we employed spectroscopic techniques to examine
metal coordination at this site in the tHHRz.

2.1. Low temperature Mn?* EPR spectroscopy

EPR spectroscopy was used to address the initial question of whether
Mn?* is able to occupy the A9/G10.1 site with a phosphorothioate 5' to
A9. For Mn?* bound in the high affinity site of the unaltered tHHRz, the
low temperature EPR spectrum has a subtle but reproducible spectral
signature that is most obvious as a change in the sixth line of the de-
rivative lineshape (Fig. 3a) [35,39,40]. Mn?" EPR spectra at this fre-
quency are dominated by the Mg = +1/2 manifold of the S = 5/2 spin
system interacting with the I = 5/2 >*Mn nuclear spin, giving rise to six
central transitions. The sixth-line feature highlighted in Fig. 3 reflects
additional structure due to ‘forbidden’ AMg = 1, AM; = 1 transitions that
arise in the presence of zero-field splitting. A multifrequency EPR
analysis of this lineshape change in comparison with Mn-nucleotide
models [40] resulted in the conclusion that the sharpening of this
feature in the Mn-HHRz sample is not due to significant changes in zero-
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Fig. 2. Activity of the wild type and A9-phosphorothioate substituted tHHRz.
a) Single-turnover rate profile of WT, A9-Sg, and A9-Sg,, with added Mn?" in a
background of 1 M Na™ pH 7.0. Inset shows rate constants at 5 mM Mn*". b)
Single-turnover rate profile of A9-Sg, with added Cd®" in a background of 10
mM Mn?", 1 M Na®, pH 7.0. Line is drawn for presentation.

field splitting parameters, but instead is due to decreased line-
broadening, suggesting that the Mn?"-ribozyme environment is more
homogeneous than that of model systems. A more homogeneous metal-
ligand environment may be due to exclusion of solvent and ordering of
bound aqua ligands in the ribozyme environment. At a 1:1 ratio of Mn:
RNA, this lineshape change is only observed in the hammerhead samples
and is not observed for Mn?* in buffer, duplex RNA, or a mutant ribo-
zyme in which all conserved core nucleotides are replaced by U [35,39].

The low temperature Mn?" EPR spectra of A9-Sg, and A9-Sgp
compared to wild type tHHRz and Mn?" in buffer are shown in Fig. 3a, b,
and c. The distinctive Mn?* EPR spectral feature is still observed in both
A9-S samples, although it is diminished in intensity in A9-Sg;, in com-
parison to wild type (Fig. 3b). This Mn?* EPR feature is present in wild
type tHHRz samples for which ENDOR and ESEEM experiments [35,36]
have shown phosphate and nitrogen coordination respectively, and its
observation in the A9-Sg, and A9-Sg, samples is consistent with Mn?*
populating the tHHRz A9 site in the presence of phosphorothioate
substitutions.

It might be expected that the more thiophilic Cd%* would have a
greater affinity than Mn2" for the A9-S site. Displacing Mn%* by Cd?*
would result in a Mn?* EPR signal characteristic of the unbound ion and
lacking the distinctive lineshape feature. Addition of 1 equivalent of
Cd?" to the A9-Sg, hammerhead indeed effects a complete loss of the
hammerhead-related Mn?>* EPR signature (Fig. 3d), consistent with
Cd?* replacing the Mn2" ion at this phosphorothioate-substituted site.
When the same experiment is performed using the wild type hammer-
head lacking the sulfur substitution at A9, the Mn?* EPR signal remains
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Fig. 3. Low temperature Mn?" EPR spectra of wild type, A9-Sgp, and A9-Sgp
tHHRz with 1 equivalent of Mn?". a) Full, low temperature EPR spectra of Mn?"
in buffer and wild type ribozyme in a ratio of 1:1 Mn:HHRz. Black arrows
denote spectroscopic signature feature, gray arrows denote lack of feature.
Enlarged comparison of sixth line in b) wild type (black), A9-Sg, (red), and
buffer (blue) c) wild type (black), A9-Sg;, (green), and buffer (blue) and d) wild
type (black), 1:1:1 Mn:Cd:wild type (purple), and 1:1:1 Mn:Cd: A9-Sg,, (red). All
samples in 5 mM TEA, pH 7.8 1 M Na™, 20% v/v ethylene glycol, 10 K, 0.063
mW. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

unaffected by addition of Cd?* (Fig. 3d). These competition experiments
suggest that in the absence of sulfur substitution at the A9 pro-R; site,
Mn?* has a higher affinity for this site than does Cd%".

2.2. ESEEM spectroscopy: Mn?" coordinates nucleobase ligands in A9-Ssp,
and A9-Sg, tHHRz samples

If Mn?* binds to the A9/G10.1 site even upon A9 phosphorothioate
substitution, Mn2* coordination to the N7 position of G10.1 should also
be observed. ESEEM (Electron Spin Echo Envelope Modulation)
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spectroscopy is particularly sensitive for detecting weakly coupled,
quadrupolar nuclei such as previously observed for Mn?*-N7 guanine
(or adenine) interactions [36-39,41]. ESEEM spectroscopy was there-
fore used to detect nitrogen coordination to Mn?" in the A9-Sg, and A9-
Srp phosphorothioate-substituted tHHRz. The Fourier transformed (FT)
data for 2-pulse and 3-pulse ESEEM collected on tHHRz A9-Sg;, and A9-
Srp samples are shown in Fig. 4a, in comparison with data for Mn?* in
the wild type tHHRz run under the same conditions. The 2-pulse FT
spectra of all three samples show four low frequency features at around
0.6, 1.9, 2.8, and 5.2 MHz. As previously determined for WT tHHRz,
these features are attributable to modulation from guanine *N in-
teractions [36] that were assigned to G10.1 through °N labeling
[36,38], and were previously modeled with hyperfine (Ajs, ~ 2.3 MHz)
and nuclear quadrupole (equ ~ 3 MHz, n ~ 0.4) parameters similar to
those observed for Mn-guanine model systems [41]. The similarity of
ESEEM spectra in Fig. 4 indicates that Mn?* coordination to nitrogen in
the tHHRz is largely unchanged upon phosphorothioate substitution.
The A9-Sgp, sample exhibits slightly lower modulation depth of the time-
domain spin echo modulation that is likely due to a decreased metal ion
population at that site compared to the wild type or A9-Ss, hammer-
heads (Fig. S1). Three-pulse data for Mn?* bound to the A9-Sg, and A9-
Srp samples similarly show ESEEM features previously attributed to Mn-
guanine in the tHHRz and that are not observed in Mn?* — buffer control
samples (Fig. 4b). The 3-pulse ESEEM data show an additional small
peak at ~4 MHz that is assigned as 23Na from weakly coupled Na* ions
present in the 1 M Na ™ buffer [37,41,42].

2.3. EXAFS spectroscopy: Mn?" does not coordinate sulfur in either A9-
Ssp or A9-Sgp tHHRz

EXAFS spectroscopy was chosen to explore Mn?" ligands in the
hammerhead A9-S samples in an effort to determine the proximity of
sulfur to the Mn?" ion. EXAFS spectroscopy measures the effect of
neighboring atoms on the metal ion X-ray absorption coefficient, an

14 1
a N H 2-pulse
3
= 4 Wild type
S
£ | M vy
£ — A9-Sg,
- e — buffer
L N S N S B m o e o ol
2 4 6 8 10 12 14 16
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b) [ | 14N
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2 v
};_ Wild type
Té‘ -
g | A9Sg,
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1 2 3 4 5 6 7 8 9 10
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Fig. 4. ESEEM spectra of 1:1 Mn?*: tHHRz for wild-type, A9-Sg,, A9-Sgp
samples, and Mn**-buffer control. a) Frequency domain showing *N and 'H
features in 2-pulse experiment comparing wild type, A9-Sg;, A9-Sgy,, and buffer.
b) 3-pulse experiment showing the '*N region of wild type, A9-Sgp, A9-Sgp, and
buffer. Modulation due to **Na in the buffer indicated by arrow. All samples in
5 mM TEA, pH 7.8, 1 M Na™, 20% v/v ethylene glycol, 9.4 GHz, 3360 G, 4.2 K.
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effect that is sensitive to the distance, number, and type of neighboring
ligands [43,44]. Since S has a larger scattering coefficient than O as well
as longer metal-ligand bond lengths, the direct coordination of sulfur to
Mn*" and potentially second-sphere P, S, and O interactions should be
detectable in an EXAFS experiment. EXAFS data at the Mn K-edge were
obtained on Mn?* in WT, A9-Sgp, and A9-Sg, tHHRz samples. For com-
parison, EXAFS data were also obtained for model compounds Mn-ATP,
Mn-GMP, and Mn-ATP-yS. In addition, Cd K-edge EXAFS data were
obtained on Cd** bound to WT, A9-Sgp and A9-Sg, tHHRz samples.

Peaks in the EXAFS Fourier transform (FT) spectrum represent
scattering from groups of atoms at a given average distance R (A) from
the metal ion. For the wild type tHHRz, the Mn?" Fourier transform (FT)
spectrum is dominated by a first-shell interaction at ~2.2 A with a
smaller feature(s) around 3 A (Fig. 5a). These data are best fit assuming a
coordination environment with six light-atom scatterers (O or N) at a
distance of 2.18 10%, three light-atom scatterers (C, N or O) at 3.06 Aanda
heavier scatterer (S or P) at 3.49 A (Fit 4; Table 1). Inclusion of the 3.49
A (S, P) shell does not significantly improve the goodness-of-fit value (f*)
and the high Debye-Waller factor (DW) indicates that the shell has only a
small contribution to the total EXAFS amplitude (cf. Fits 2,4; Table 1) for
the WT tHHRz. This shell is included as a reference point for fits of A9-
Ssp and A9-Sg,, data (vide infra). If the Mn?" coordinates to the guanine-
N7, then the nitrogen (N7) along with putative water ligands [36] would
contribute to the 2.2 A shell. The ~3 A shell would consist of C5, C6, and
C8 from the guanine. The phosphodiester, bound in an end-on fashion
through one oxygen, would result in a metal-phosphorus distance of
3.6-3.7 [o\, which is not easily observed in these EXAFS data [45].

If Mn?* binds to sulfur in the A9-S samples, a change in the first shell
of scattering atoms is expected. Substitution of an oxygen ligand by a
sulfur ligand, which should have a longer Mn-ligand distance, is ex-
pected to increase R by ~0.2 A. The higher Z sulfur scatter should also
slightly increase the peak amplitude. These effects are not observed in
either of the A9-S samples. The Mn?* EXAFS data of A9-Sgp exhibit a
first-shell FT feature at ~2.2 A that is like that of WT (Fig. 5b). The A9-
Ssp data are best fit assuming a similar coordination environment as wild
type ribozyme with six light-atom scatterers at 2.21 A, and three carbon
atoms at 3.06 A (Fit 8, Table 1). As with the WT sample, inclusion of a
sulfur or phosphorus shell at 3.4 A provides a slight improvement in f°,
though the DW factor is higher than would be expected. However, the FT
feature appearing at >3 A is larger for A9-Sg, than for the wild type data.
This increase is modeled as a decrease in the DW factor of both of the
outer shells (cf. Fits 4,8; Table 1). The decrease in DW factor values may
be explained by differences in the relative disorder of the sites, or by the
presence of a non-coordinating S from the phosphorothioate.

The Mn?" EXAFS data of A9-Sg;, also shows a large FT feature at
~2.2 A, but has a more dominant feature at >3 A (Fig. 5¢). The best fit
for the A9-Sg;, data requires 2 heavy atom scatterers in the outer shell at
~3.4 10\, in addition to the six O/N first-shell scatterers at 2.20 A and
three outer shell carbons at 3.01 A (Fit 12; Table 1). In this case, the
improvement to f* upon addition of the (S,P) outer shell is significant
and the DW factor clearly indicates the importance of this shell to the
total fit (cf. Fits 10,12; Table 1). A model that is consistent with these
data includes a mode of coordination for the phosphorothioate that has
both the sulfur and phosphorus at ~3.4 A from the Mn?".

None of the fits for Mn EXAFS of the A9-Sg, and A9-Sg, tHHRz
samples include sulfur coordination in the first shell. Thus, these data
are conclusive that sulfur is not a direct ligand to Mn>" in A9-Sg;, or A9-
Srp- Because of multiple contributions to the second shell of scatterers at
>3 A, detecting S at this distance is less certain. However, comparison of
the A9-Sg, and A9-Sg,, data suggests that the S is within 3.5 A of Mn?* in
the A9-Sg,, sample.

2.4. EXAFS spectroscopy of Mn-nucleotide model complexes

Fig. 5d shows the EXAFS data for a 10:1 ATP:Mn (1 M Nat) complex,
which provides a model for Mn-phosphate coordination. The best fit for
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Fig. 5. Mn EXAFS Fourier transforms (over the range of k = 2-11 10\’1). (a) wild
type ribozyme (solid) and the calculated spectra for Fit 4, Table 1 (dashed), (b)
A9-Sgp ribozyme (solid) and the calculated spectra for Fit 8, Table 1 (dashed),
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Table 1 (dashed).
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Table 1

Curve-fitting results for Mn EXAFS data on tHHRz and Mn-ATP model com-
pound. Shell defines a set of like atoms at the same distance. N is the number of
scatterers per metal. R, is the metal-scatterer distance. 6as2 is the mean square
deviation in Rys. AE, is the shift in E, for the theoretical scattering functions, and
f is a normalized chi-squared error.

Sample Fit Shell Ras(A) Gas (A)? AE, f
Mn-WT 1 Mn-06 2.18 0.0054 -1.30 0.085
2 Mn-06 2.18 0.0053 -1.73 0.076
Mn-(C,N,0)3 3.08 0.0118
3 Mn-06 2.18 0.0054 -1.47 0.083
Mn-(S,P) 3.41 0.0167
4 Mn-06 2.18 0.0053 —1.80 0.074
Mn-(C,N,0)3 3.06 0.0094
Mn-(S,P) 3.49 0.0096
Mn-A9-Sg, 5 Mn-06 2.21 0.0076 -1.09 0.095
6 Mn-06 2.21 0.0074 —1.62 0.076
Mn-(C,N,0)3 3.06 0.0052
7 Mn-06 2.21 0.0076 -1.71 0.090
Mn-(S,P) 3.33 0.0079
8 Mn-06 2.21 0.0074 -1.80 0.074
Mn-(C,N,0)3 3.05 0.0050
Mn-(S,P) 3.43 0.0127
Mn-A9-Sg;, Mn-06 2.21 0.0070 -1.59 0.096
10 Mn-06 2.20 0.0069 —2.24 0.077
Mn-(C,N,0)3 3.04 0.0054
11 Mn-06 2.20 0.0069 —2.48 0.086
Mn-(S,P)2 3.32 0.0108
12 Mn-06 2.20 0.0067 —2.88 0.069
Mn-(C,N,0)3 3.01 0.0024
Mn-(S,P)2 3.36 0.0024
Mn-ATP 13 Mn-06 2.15 0.0055 —3.45 0.100
Mn-P6 3.34 0.0108
14 Mn-06 2.15 0.0054 —-2.72 0.096
Mn-P3 3.35 0.0041
15 Mn-06 2.15 0.0053 —2.45 0.096
Mn-P2 3.35 0.0012

these data assumes six (O, N) scatterers at 2.15 A and three P scatterers
at 3.34 A (Fit 14, Table 1). While the model suggests coordination to all
3 phosphates, other conformations are possible [46-49]; the EXAFS data
also accommodate fits to 2 phosphates, for example. The Mn-ATP
complex serves as a model for an expected Mn-phosphate distance of
3.3 A, which is consistent with the Mn—P distance modeled for wild type
and A9-S hammerhead samples.

EXAFS spectra for small model complexes containing Mn?* and GMP
(guanosine monophosphate) and ATP(y)S (adenosine gamma-
thiotriphosphate) were also obtained for additional comparison to the
tHHRz data (Fig. 6). In Mn-GMP, Mn?* coordinates to the imino N7 of
guanine and has a through-water interaction with the 5’ phosphate. The
FT of the Mn EXAFS results obtained on powdered Mn-GMP show
mainly a single peak that is modeled as a first shell coordination sphere
of 6 N/O backscatters at an average distance of 2.19 A (Fig. 6a and
Table 2). These data are consistent with distances expected from the
crystal structure of Mn-GMP (see Materials and Methods), and similar to
the 1st shell scatterers in Mn-tHHRz. The EXAFS results for the Mn-GMP
sample do not show any features at a distance of 3.4 A as were observed
in the hammerhead samples. This result supports assignment of the >3 A
scatterers in the tHHRz to Mn-phosphodiester coordination, and not to
multiple scattering effects from a single guanosine ring. The Mn—P
distance in Mn-GMP of 4.9 A, from the through-water interaction to the
5’-monophosphate, would be expected to have a long-range scattering
from P not observed in these EXAFS data.

As a possible model for a Mn-thiophosphate interaction, a Mn-ATP(y)S
(1:10) complex was prepared. The EXAFS results for the solution show a
strong peak at 2.2 A from an O/N shell and a somewhat broad feature at
3.4 A that is consistent with a distant P atom (Fig. 6b). The intensity of the
3.4 A feature is lower in the Mn-ATP(y)S sample than for the Mn-ATP
complex, which may be due to more heterogeneous coordination in the
ATPyS sample [49]. Consistent with prior studies, there is no direct
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Fig. 6. Mn EXAFS Fourier transforms (over the range of k = 2-11 A’l) for Mn-
model compounds and tHHRz A9-Sg;, in NaNOs. a) Mn-GMP (powdered sam-
ple). b) Mn-ATP(y)S and tHHRz A9-Sg, with NaNO3 counterion. The ATPyS
sample shows a broad feature at 3 A similar to that observed for the tHHRz A9-
Sgp hammerhead sample. Replacement of CI”~ with NO3~ counterions does not
affect Mn EXAFS spectra for the tHHRz.

Table 2

Curve-fitting results for EXAFS data obtained on Mn-model compounds, Mn-
tHHRz A9-Sg;, with NO3™ counterions, and on Cd-substituted tHHRz samples.
Shell defines a set of like atoms at the same distance. Ny is the number of scat-
terers per metal. Ry is the metal-scatterer distance. o,,> is the mean square
deviation in R,s. AE, is the shift in E, for the theoretical scattering functions, and
f is a normalized chi-squared error.

Sample Shell Ras(A) 04 (A)? AE, f

Mn EXAFS

Mn-GMP Mn-05 2.19 0.0032 2.07 0.064
Mn—N 2.09 0.0001

Mn-ATPyS Mn-06 2.16 0.0050 2.12 0.110
Mn-(C,N,0)3  3.11 0.0056
Mn-(S,P) 3.32 0.0020

Mn-A9-Sg,, (in (NO3) ) Mn-06 217 0.0021 2.42 0.129
Mn-(S,P) 3.37 ~0.0010

Cd EXAFS

Cd-WT Cd-06 2.40 0.0032 1.80 0.112

Cd-A9-Ssp Cd-06 2.41 0.0022 4.23 0.113
Cd-05 2.36 0.0033 —-1.54  0.118
cd-s1 2.59 ~0.0011

Cd-A9-Sgp Cd-06 2.42 0.0018 3.21 0.136
Cd-05 2.37 0.0028 —3.58  0.087
cd-s1 2.60 —0.0007
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evidence for the presence of a sulfur atom in the Mn?" coordination
sphere of Mn-ATP(y)S [49].

Although the Mn EXAFS data do not support direct Mn—S coordi-
nation for any tHHRz sample, a further experiment was performed to
check for the influence of high concentrations of NaCl that were used in
sample preparation. Because S and Cl are difficult to distinguish by
scattering potential, the presence of Cl ions either coordinated or nearby
may influence the EXAFS spectrum. The EXAFS FT of a Mn-tHHRz A9-
Srp sample prepared in 1 M NaNOs, as opposed to the usual 1 M NaCl
salt, is shown in Fig. 6b in comparison with the Mn-ATPyS sample. The
FT spectrum of this Mn-tHHRz A9-Sg, (NO3)™ is very similar to that of
the sample prepared in Cl- (Fig. 5¢), indicating that the counterion is not
influencing these scatterers near the high-affinity Mn?" tHHRz site.

2.5. EXAFS spectroscopy supports Cd—S coordination in both Cd- A9-Sg,,
or A9-Sgpp tHHRz

Cd?* rescues the activity of the Rp A9 phosphorothioate-modified
hammerhead and has previously been suggested, based on 3'P NMR
studies, to coordinate to the sulfur atom in both the R, and S, isomers
[14]. Here, EXAFS spectroscopy was performed to confirm these pre-
dicted Cd—S interactions for the tHHRz. In comparison with Cd-WT
tHHRz samples, the Cd K-edge absorption energy is decreased in both
Cd- A9-Sg;, and -Sg, samples (Fig. 7a), consistent with replacement of an
O ligand with higher electron density S coordination. The EXAFS results
for the Cd-WT tHHRz sample showed an intense FT feature at 2.40 A
(Fig. 7b) that is modeled with 6 N/O atoms at 2.40 A (Table 2). This Cd-
O/N distance is ~0.2 A longer than the predicted Mn—O scatterers, as
expected for the larger Cd*" ion. The EXAFS FT features for the A9 R,
and S, isomers have a greater intensity of the peak at 2.4 A and a slight
shift to a longer average distance (Fig. 7b). The fits for both the A9-Sg,
and -Sg, samples (Table 2) suggest a shell of five O/N atoms at 2.4 Aand
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Fig. 7. Cd K-edge and EXAFS Fourier transforms (over the range of k = 2-11
A1) for wild type, A9-Sgp and A9-Sg, tHHRz. a) The Cd X-ray absorption edge
is slightly lower for the tHHRz A9-S samples (dashed). b) Longer distance and
higher amplitude for first-shell scatterers in both of the tHHRz A9-S samples
(dashed) in comparison with WT (solid).
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a S atom at 2.6 A. These results are consistent with direct coordination of
the Cd?" ion to sulfur in both isomers of the A9 phosphorothioate sub-
stitution in the tHHRz.

2.6. Computational analysis of metal-O/S coordination in a
thiophosphate model system

The spectroscopic data described above indicate that for both iso-
mers of an A9 phosphorothioate in the tHHRz, Mn?" preferentially co-
ordinates to the oxygen ligand whereas Cd*" coordinates to sulfur.
Computational modeling was used in order to further understand the
relative stabilities of Mn2t-O vs. Mn%"-S coordination in thio-
phosphates. To model these interactions, Mn?>* and Cd*" complexes
with dimethylthiophosphate (DMPS), guanine, and aqua ligands were
built and geometrically equilibrated. Consistent with prior predictions
[51-54], the S atom carries a majority of the distributed negative charge
in the uncoordinated DMPS anion (Fig. 8). As shown in Fig. 8, the
relative stabilities of Mn coordination to the O or S were assessed in
equilibrated Mn?* models. The total energy of each model includes
contributions from the Mn-O/S bond as well as hydrogen-bonding in-
teractions between the non-bonded DMPS O/S and one of the axial Mn-
aqua ligands. Mn?* coordination to O results in a markedly more stable
complex (AE = -3.6 kcal/mol), consistent with the observation that
Mn?* coordinates to the oxygen ligand in both A9-Sg;, and -Sg, tHHRz
samples.

By contrast, equilibrated thiophosphate models built with Cd“™ were
more stable with Cd—S coordination (Fig. S5, AE = -6.2 kcal/mol),
consistent with preferential soft Lewis acid, soft Lewis base interactions
[55]. This could also influence Cd-substitution in biomolecular systems
albeit in context of more constrained chelating environments [14].
Taken together, the results of computational modeling support the
experimental observation that Mn?" preferentially coordinates to the O-
ligand of a phosphorothioate.

d2+

2.7. Molecular models for metals in the phosphorothioate-substituted
tHHRz A9/G10.1 site

To investigate possible structural influences of metal coordination to
either the pro-R, or pro—S), positions of the A9 phosphorothioate in the
tHHRz A9/G10.1 site, molecular models were developed that take into
consideration the results of the ESEEM and EXAFS data for metals at that
site in the tHHRz. A minimal model consisting of G8, A9, and G10.1
excised from the tHHRz crystal structure (PDB 1HMH [26]) was con-
structed (see Materials and Methods) and energy-minimized structures
with bound metal ions and A9-Sg;, or -Ss;, substitutions were explored
(Fig. 9). The resulting structures with Mn?* ion coordinated to the ox-
ygen of WT or A9-Sg;, models (Figs. 9A, C) are similar with respect to the
disposition of the nucleobases, as is the model of Cd** bound to the S in
A9-Sg, (Fig. 9B). By contrast, when Mn is modeled bound to the
non-sulfur oxo group of the A9-Sg;, construct, the minimized structure
shows significant rearrangement due to a change in torsion angles
around the phosphorothioate bond. In the full tHHRz, this type of co-
ordination may result in a conformational change in the phosphodiester
backbone relative to wild type and A9-Sg,, and may be the cause of the
deleterious effect of the A9-Sg;, substitution on hammerhead ribozyme
activity.

3. Discussion

In order to better understand how cations influence function in
catalytic RNA, it is important to probe the cation binding sites in mo-
lecular detail. To this end, we have explored the A9/G10.1 metal ion site
in the unmodified and A9-phosphorothioate-substituted truncated
hammerhead ribozyme using several spectroscopic techniques. Previous
results from PS-rescue experiments, with rescue provided by thiophilic
Cd?*, have supported the model that functional metals bind specifically
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1.992 A
DMPS- Mn -0 Mn -S
Relative energy = -3.6 kcal/mol Relative energy = 0 kcal/mol
Non-bridging Charge Non-bridging Charge Non-bridging Charge
atom density (a.u.) atom density (a.u.) atom density (a.u.)
o -0.67 (0] -0.62 (0] -0.64
S -0.74 S -0.63 S -0.55
P 0.77 P 0.90 P 0.89
Mn 0.99 Mn 0.92

Fig. 8. Computational analysis demonstrates lower relative energy with Mn—O coordination in thiophosphate model systems. Selected bond distances and Mulliken

charges are shown.

A. Mn-WT A9

Fig. 9. Proposed models for A9/G10.1 metal coordination in the WT and thiophosphate-substituted hammerhead ribozyme based on EPR, ESEEM, and EXAFS
experiments: (a) Mn-wild type, (b) Cd-A9-Sg;, (S coordination), (c) Mn-A9-Sg,, (O coordination), (d) Mn-A9-Sg,, (O coordination). An altered conformation in the Mn-
A9-Sg, sample is predicted to cause a structural effect that reduces hammerhead ribozyme activity.

bind to the A9-S site. However, while activity is not significantly
changed for the A9-Sg, sample, Mn?* does not support activity when
bound to the A9-Sg;, isomer. A rationale for this apparent discordance

to the pro-R;, oxygen of the A9 phosphate, or to sulfur in the R, thio-
phosphate [14,22,24,26]. Here, we find through EPR and ESEEM ex-
periments that Mn2+, often used to rescue PS substitutions, does indeed
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between structural and functional data is provided by EXAFS data,
which show that Mn?* does not directly coordinate to the S ligand in A9-
Srp although the S appears to be held within 3.5 A of the Mn?" ion. Thus,
a simple model that fits these data is that with an R, phosphorothioate
substitution at A9, Mn?* prefers to coordinate to the nonbridging oxygen
ligand of the thio-substituted phosphate.

Although Mn?" is more thiophilic than Mg?", Mn?* is still an oxo-
philic metal ion with an estimated ~102 higher affinity for oxygen over
sulfur in a thiophosphate [55]. When an oxygen ligand is in proximity,
as in a phosphorothioate, a rigid RNA structure around the metal ion site
may be required in order to force Mn?* coordination to sulfur. It appears
that the hammerhead A9/G10.1 site, although a high-affinity metal ion
site, has sufficient flexibility to support the oxophilic nature of Mn?*.
However, Mn?" bound to the oxygen ligand of the R, thiophosphate may
cause a distortion in the RNA structure that has dramatic, negative
consequences for activity. By contrast, the EXAFS data show that the
larger and more thiophilic Cd%* ion binds to the sulfur of the R, thio-
phosphate; this interaction supports HHRz activity. These results
demonstrate that the structure around the A9/G10.1 site is critical to
hammerhead ribozyme activity, wherein a small change in metal ion
coordination can cause very large changes in chemical activity.

The results found here suggest a modification in one premise of the
popular PS-rescue experiments. It is commonly concluded that when a
PS-substitution results in a reversible knockout of Mg**-dependent ac-
tivity, the lack of activity is caused because Mg?* no longer binds to the
sulfur-substituted site. Instead, we suggest that it is also possible that the
oxophilic Mg?" ion may indeed still bind in the metal ion site, but to the
oxo ligand of the substituted site, causing an inhibitory distortion of the
ribozyme structure. Although a subtle distinction, this hypothesis may
change the molecular details of interpreting PS-rescue experiments.
There have been only a few structural characterizations of
phosphorothioate-modified nucleic acids, but these studies, including
the one presented here, demonstrate that each thiophosphate modifi-
cation must be considered as unique in PS rescue experiments [4,9-15].

The ability of Mn?" to rescue activity following phosphorothioate
substitutions in several different RNAs has been ascribed to its higher
affinity for sulfur than that of Mg [56-58]. In some cases, notably the
cleavage site of the hammerhead ribozyme, Mn?* is able to rescue ac-
tivity in a PS-substituted site [56]. Several scenarios accommodate such
results. In one scenario, the substituted site is indeed rigid with addi-
tional metal coordination sites, and it is energetically favorable for the
rescuing Mn?* to bind to sulfur, as is observed in constrained Mn-
thiolate model compounds [59,60]. Another possibility is that the sul-
fur substitution causes distortion that lowers overall metal ion affinity
for that site, but some compensating property of Mn?* such as the higher
affinity of Mn?* over Mg?* for O/N RNA sites in general [50] or phos-
phodiester ligands in particular [16,61] overcomes the negative effect.
Interestingly, both thiophilic Hg2+ [63] and Cd** [14,64] have also
been demonstrated spectroscopically to bind to the tHHRz cleavage site.
There is also a possibility that Mn?* rescue may occur due to binding to a
site other than that substituted in the PS-rescue experiment [62]. Given
these complexities as well as the prediction here that Mn?" binding to a
phosphorothioate oxygen may induce structural distortion, the distinc-
tively thiophilic Cd?* might be encouraged as a better test for a metal
site in the PS-rescue experiment.

The data presented here suggest a modification of the simple picture
of RNA metal sites that are uncovered by PS-rescue experiments, but do
not diminish the PS-rescue experiment as a powerful technique for
predicting metal ion sites in RNA. In the case of the hammerhead ribo-
zyme A9/G10.1 site, originally identified as functionally important
using phosphorothioates, we previously monitored Mn>" coordination
through EPR methods [35,36,38,40], cd*t binding to the PS-substituted
A9 site by 3'P NMR [14], and now have explored Mn?" and Cd>* co-
ordination to the PS-substituted site by EPR and X-ray absorption
spectroscopies as well as computational methods. Combining spectros-
copy with mechanistic studies has provided a more detailed picture of
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this functionally-critical metal ion site.
4. Materials and methods

RNA samples of the truncated HHRz (tHHRz) were prepared with the
sequences in Fig. 1. For spectroscopic studies, a C13 2'-OMe substitution
in the substrate strand was included to inhibit cleavage. The WT and 13-
O-methyl substrate strands, 34-nucleotide enzyme strand with a phos-
phorothioate 5’ to A9 (mixed diastereomers), and WT enzyme strand
were purchased (Dharmacon Research, Lafayette, CO) and deprotected
just before purification according to manufacturer protocols. The RNA
purification included separating the correct length of RNA on 20%
acrylamide gels, followed by electroelution, and dialysis against buffers
(5 mM TEA (triethanolamine), pH 7.8, 100 mM NaCl or 10 mM MOPS
(3-morpholinopropane-1-sulfonic acid), pH 7.0, 100 mM NaCl) as
described previously [34]. NaNOg was substituted in some experiments
to rule out an influence of CI~ on EXAFS results. Unless noted, chemicals
were obtained from Sigma.

The hammerhead ribozyme complexes were formed by heating a 1:1
complex of enzyme and substrate to 90° for 2-3 min and cooling on ice
for 30 min. Samples for EPR, ESEEM, and EXAFS were made by adding
one equivalent of Mn?* or Cd?* to the enzyme-substrate complex after
cooling. Mn** and Cd*" were added to the hammerhead as buffered
metal solutions that were made daily from 1 M stock solutions. The
MnCly; 1 M solution was purchased as 1 mL aliquots. Mn(NOs), and
CdCl, in water were prepared from salts.

The buffer used in all the spectroscopic experiments was 5 mM TEA,
pH 7.8, 1 M NaCl (or NaNOg), with 20% (v/v) ethylene glycol as cryo-
protectant. The buffer used in the activity studies was 10 mM MOPS, pH
7.0, 1 M NaCl. The activity studies were performed as described previ-
ously [34] but at lower pH to maximize the range of measurable rates as
well as enhance solubility of Cd%*.

4.1. Separation of phosphorothioate isomers of A9-S enzyme strand

The chemically synthesized A9-phosphorothioate-substituted
enzyme strand (Dharmacon) contains a mixture of R, and S, di-
astereomers. The diastereomers were separated based on the technique
reported by Slim & Gait [65,14]. The separation was achieved using
reverse phase HPLC (Akta Purifier, Pharmacia) on a C18 column (5 p
6.3/250, Pharmacia) fitted with a guard column (Upchurch, Oak Har-
bor, WA). The buffer system was 0.1 M ammonium acetate stationary
phase (Buffer A) and 80% acetonitrile/20% 0.1 M ammonium acetate
mobile phase (Buffer B). The gradient was greatly extended to facilitate
the separation of the longer RNA. The elution gradient is composed of 3
parts, 0-5% B over 8 column volumes (CV), 5-12% B over 90 CV,
12-50% B over 1 CV, followed by a cleaning of the column with 2 CV
50% B, and then a re-equilibration with Buffer A. Fractions were
collected from 5.3% to 13% B and the full-length RNA eluted with two
major peaks corresponding to the R, and S, isomers at ~7% and ~ 7.6%
B respectively. The fractions from each of the separate peaks were
pooled together and reduced in volume by rotary-evaporation, dialyzed,
concentrated, and ethanol precipitated. The configuration of the isomers
(Rp versus S,) was determined by treatment with snake venom phos-
phodiesterase digestion as described previously [14,65] and verified by
activity studies since the R}, isomer is reported to show a 500 to 10,000-
fold decrease in tHHRz activity in Mg?" whereas the S, isomer shows
little effect on activity [24]. >'P NMR confirmed diastereomeric purity as
shown previously [14]. In general, the solid phase synthesis produced an
excess of Ry (~65%) versus S, (35%) isomers.

Mn-GMP crystals were prepared as previously described [66] and the
structure verified by X-ray crystallography (Dr. Joseph Reibenspies at
the X-ray Diffraction Laboratory, Center for Chemical Characterization
and Analysis, Texas A&M University). The complex crystallizes in a
monoclinic system with the space group C2. The Mn?" ion is surrounded
by five H,0 molecules at an average Mn—O distance of 2.2 A and is
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coordinated to the N7 position of the guanine residue with a Mn—N
distance of 2.250(8) A. A Mn- ATP(y)S (BioMol) complex in a 1 to 10
ratio was prepared in a 10 mM boric acid buffer at pH 8.

4.2. Low temperature EPR

EPR measurements were performed on an X-band Bruker ESP-300
spectrometer equipped with an Oxford liquid helium cryostat. Samples
of 60-75 pL 1:1 Mn2*: RNA (200400 uM RNA) were measured using
quartz capillary tubes purchased from Wilmad Glass (i.d. = 2.0 mm, o.d.
= 2.4 mm). Typical EPR acquisition parameters are 10 K, 0.063 mW
microwave power, 15 G p.t.p. 100 kHz field modulation, and 6.1 G/s
scan rate.

4.3. ESEEM

ESEEM spectroscopy was performed on a laboratory built 8-18 GHz
spectrometer described previously [67,68]. Two- and three- pulsed
ESEEM experiments were performed as previously described [41]. In the
3-pulse experiments, tau was chosen to be an integral multiple of the H
precession frequency (210 ns) to cancel weakly coupled proton modula-
tion. All spectra were taken at 4.2 K. ESEEM samples (400 pM to 1 mM)
were placed in precision quartz tubes (706-PQ-9.05) (Wilmad, Buena,
NJ).

4.4. EXAFS

EXAFS samples (1.1 mM) of ribozyme and ATP (10 mM), with 20%
ethylene glycol as a glassing agent, were frozen in polycarbonate cu-
vettes, 24 x 3 x 1 mm with a 0.025 mm Mylar window covering one 24
x 3 mm face. X-ray absorption spectroscopy data were collected at
Stanford Synchrotron Radiation Laboratory (SSRL) with the SPEAR
storage ring operating in a dedicated mode at 3.0 GeV (See Supple-
mentary Material, Table S1). The edge spectra for multiple scans ob-
tained on the same sample did not change, indicating that the samples
were not damaged by exposure to X-ray radiation. EXAFS analysis was
performed using EXAFSPAK software (www-ssrl.slac.stanford.edu/exafs
pak.html), according to standard procedures [43]. Both single- and
multiple-scattering from the Mn were used to identify and quantify co-
ordination of phosphate. Multiple-scattering paths were built by
importing the crystal structure of Mn-ATP into Chem3D (Cambridge
Scientific). The structure was edited to only the Mn?* and one phosphate
and the coordinates were imported to FEFF v. 7.02 [69] to calculate
scattering amplitudes and paths for each scattering path containing four
or fewer legs.

4.5. Computational analysis of metal-O/S coordination

Electronic structure modeling: Model systems were created in Avo-
gadro, with the phosphorothioate terminated with methyl groups. All
structures were geometrically and electronically equilibrated using a
hybrid GGA functional with a triple zeta basis (B3LYP/Def2TZVP), as
implemented in Gaussian09 [70]. Convergence was set to 4.5 x 10 *Ha
and 1.8 x 107 A for atomic forces and displacements, respectively.
Several isomers of O/S bound phosphorothioate ligands were calculated
and the lowest energy structures were compared. The Mn structures
were run as a sextet. A solvent cavity reaction field was employed to
approximate liquid water, using a polarizable continuum. Mulliken
charge analysis was performed to parse the charge density.

Molecular mechanics modeling: A molecular mechanics approach
was used to model the structural perturbation promoted by metal ions
bound at the A9/G10.1 site in the hammerhead ribozyme. Initial models
were constructed from PDB: 1HMH [26] by deleting all bases except G8,
A9, and G10.1. The Mn*" ion was modeled coordinated to the N7 po-
sition of G10.1 and the pro-R, oxygen of the A9 phosphate with four
water molecules filling out the coordination sphere. Models were capped
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with a H at the 3’ end and a methyl group at the 5" end. For phosphor-
othioate models, a single sulfur atom was substituted for one of the non-
bridging oxygen atoms of A9 phosphate in either in the R, or S, position.
Experiments were also performed with a Cd** ion replacing the Mn?*
ion in the non-sulfur and sulfur substituted A9/G10.1 models. The po-
tential of each atom was assigned with UFF and the energy of the
structure was minimized using the Smart Minimizer energy minimiza-
tion method in the program Cerius2 (Accelrys) operating under Unix.
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