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15N labeling [38]. These measurements assign this high-affinity Mn2+ to 
the A9/G10.1 site, consisting of a Mn2+ 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-SRp or A9-SSp) on the specific 
coordination environment of Mn2+ in the tHHRz A9/G10.1 site. We use 
EPR, ESEEM, and Extended X-Ray Absorption Fine Structure (EXAFS) 
spectroscopies to determine the Mn2+ coordination environment with 
either an Rp or Sp thiophosphate at A9. Although it is more thiophilic 
than Mg2+, Mn2+ does not rescue activity in the A9-SRp hammerhead 
ribozyme. We are able to show that Mn2+ binds to this site, but does not 
coordinate the sulfur ligand in the A9-SRp isomer. By contrast, Cd2+ 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 Cd2+ 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 Mg2+, but that coordination of a more 
thiophilic metal ion can rescue activity. Both Mn2+ and Cd2+ are 
commonly utilized for PS-rescue, based on their higher thiophilicity 
compared to Mg2+. For the hammerhead A9 site, PS-rescue with Cd2+

has been reported [24,25]. We first ascertained the ability of Mn2+ 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-SRp) 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 Rp substitution 
(A9-SRp) has eliminated activity, whereas the Sp isomer maintains wild- 
type rates (inset, Fig. 2a). Cd2+ rescues activity in the A9-SRp hammer-
head (Fig. 2b) at concentrations in which Mn2+ does not support 
detectable cleavage. These Cd2+ rescue data are consistent with a simple 
interpretation that metal ions bind to the pro-Rp position of the tHHRz 
A9 5′ phosphodiester. The activity studies also demonstrate that Mn2+ is 
not able to effectively rescue the A9-SRp 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 Mn2+ EPR spectroscopy 

EPR spectroscopy was used to address the initial question of whether 
Mn2+ is able to occupy the A9/G10.1 site with a phosphorothioate 5′ to 
A9. For Mn2+ 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]. Mn2+ EPR spectra at this fre-
quency are dominated by the MS = ±1/2 manifold of the S = 5/2 spin 
system interacting with the I = 5/2 55Mn nuclear spin, giving rise to six 
central transitions. The sixth-line feature highlighted in Fig. 3 reflects 
additional structure due to ‘forbidden’ ΔMS = 1, ΔMI = 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- 

field splitting parameters, but instead is due to decreased line-
broadening, suggesting that the Mn2+-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 Mn2+ in buffer, duplex RNA, or a mutant ribo-
zyme in which all conserved core nucleotides are replaced by U [35,39]. 

The low temperature Mn2+ EPR spectra of A9-SSp and A9-SRp 
compared to wild type tHHRz and Mn2+ in buffer are shown in Fig. 3a, b, 
and c. The distinctive Mn2+ EPR spectral feature is still observed in both 
A9-S samples, although it is diminished in intensity in A9-SRp in com-
parison to wild type (Fig. 3b). This Mn2+ 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-SRp and A9-SSp samples is consistent with Mn2+

populating the tHHRz A9 site in the presence of phosphorothioate 
substitutions. 

It might be expected that the more thiophilic Cd2+ would have a 
greater affinity than Mn2+ for the A9-S site. Displacing Mn2+ by Cd2+

would result in a Mn2+ EPR signal characteristic of the unbound ion and 
lacking the distinctive lineshape feature. Addition of 1 equivalent of 
Cd2+ to the A9-SRp hammerhead indeed effects a complete loss of the 
hammerhead-related Mn2+ EPR signature (Fig. 3d), consistent with 
Cd2+ 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 Mn2+ EPR signal remains 

Fig. 2. Activity of the wild type and A9-phosphorothioate substituted tHHRz. 
a) Single-turnover rate profile of WT, A9-SSp and A9-SRp with added Mn2+ in a 
background of 1 M Na+, pH 7.0. Inset shows rate constants at 5 mM Mn2+. b) 
Single-turnover rate profile of A9-SRp with added Cd2+ in a background of 10 
mM Mn2+, 1 M Na+, pH 7.0. Line is drawn for presentation. 

L.M. Hunsicker-Wang et al.                                                                                                                                                                                                                   



+

+ +

+

+
+

+

–
+

+

η 

+

+

+ −

+
+

+

+

+

+
+ +

+

+
+

+



+

+

γ
+

+

’

+


–

+

+

’

>

+

>

’ 

+

+

≥
+

+

= – −



–

–

+

γ

+
′

>

–

′

γ

γ

γ

σ

Δ

σ Δ

−
−

−

−

−
−

−

−

−
−

−

−

−

−

−

= – −

γ γ

− −

−

σ

Δ

σ Δ

–

γ

−

−

−
−

−
−



+

γ

–

γ
−

+

–

+

–

–
+

+

+
+

+ +
+ +

–

+

+

Δ =
+

+

– Δ =

+

–

+

+



+

= –
−



+
+

–



+
+

+

+ + +

+

+
+

+

+
+

+

–
+

+ –
+

+

+
+ +

+ +

+

+

+

+
+

+ +

′

′

−

–

+ +
+ +

+

¨ μ 

– –

–

+

+

–



–

γ

– μ + – μ

=
=

–

μ

× ×
×

+

× −

× −

+

′ ′

+ +



–

–

–

–

–

ł ´

–

–
′ ′

–

http://ssrl.slac.stanford.edu/exafspak.html
http://ssrl.slac.stanford.edu/exafspak.html
https://doi.org/10.1016/j.jinorgbio.2022.111754
https://doi.org/10.1016/j.jinorgbio.2022.111754
https://doi.org/10.1021/cr400476k
https://doi.org/10.1021/cr400476k
https://doi.org/10.1039/9781849732512-00197
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0015
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0015
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0015
https://doi.org/10.1016/j.ymeth.2009.07.005
https://doi.org/10.1016/j.ymeth.2009.07.005
https://doi.org/10.1016/j.ccr.2020.213624
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1021/jacs.9b13524
https://doi.org/10.1006/jmbi.1997.1586


¨ ´ ´ ¨
ˇ

–

–

–

–

–

–

–

−

–

–

–

– –

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

+

–
+

–

+ − −

–

–

–

–

–

–

–

–

–

′

–

–

–
+

γ

–

–

–

¨ ¨ ¨ ¨

–

–

–

–

–

https://doi.org/10.1021/acs.jpcb.0c10192
https://doi.org/10.1261/rna.2199103
https://doi.org/10.1021/bi992712b
https://doi.org/10.1021/bi992712b
https://doi.org/10.1021/bi401484a
https://doi.org/10.1007/s00775-017-1519-3
https://doi.org/10.1021/bi001249w
https://doi.org/10.1021/bi4000673
https://doi.org/10.1021/bi4000673
https://doi.org/10.1002/chem.200701491
https://doi.org/10.1002/chem.200701491
https://doi.org/10.1016/0092-8674(87)90657-X
https://doi.org/10.1016/0092-8674(87)90657-X
https://doi.org/10.1146/annurev.biophys.34.122004.184428
https://doi.org/10.1146/annurev.biophys.34.122004.184428
https://doi.org/10.1093/nar/14.9.3627
https://doi.org/10.1126/science.231.4745.1577
https://doi.org/10.1038/nature07117
https://doi.org/10.1261/rna.7950605
https://doi.org/10.1261/rna.7950605
https://doi.org/10.1021/ja0541027
https://doi.org/10.1021/bi9913202
https://doi.org/10.1074/jbc.272.43.26822
https://doi.org/10.1074/jbc.272.43.26822
https://doi.org/10.1038/372068a0
https://doi.org/10.1038/372068a0
https://doi.org/10.1016/S0092-8674(00)81134-4
https://doi.org/10.1021/acs.biochem.5b00824
https://doi.org/10.1021/acs.biochem.5b00824
https://doi.org/10.1021/acs.biochem.5b01139
https://doi.org/10.1021/acs.biochem.6b01192
https://doi.org/10.1021/acs.biochem.6b01192
https://doi.org/10.1021/acscatal.7b02976
https://doi.org/10.1021/acscatal.7b02976
https://doi.org/10.1016/j.cell.2006.06.036
https://doi.org/10.1016/j.cell.2006.06.036
https://doi.org/10.1261/rna.030239.111
https://doi.org/10.1021/bi981425p
https://doi.org/10.1021/ja992989z
https://doi.org/10.1021/ja9921571
https://doi.org/10.1002/cbic.200300653
https://doi.org/10.1002/cbic.200300653
https://doi.org/10.1021/ja057035p
https://doi.org/10.1016/S0076-6879(09)68016-2
https://doi.org/10.1016/S0076-6879(09)68016-2
https://doi.org/10.1007/BF03166263
https://doi.org/10.1007/BF03166263
https://doi.org/10.1021/ja0112238
https://doi.org/10.1021/ja0112238
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0210
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0210
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0210
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0215
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0215
https://doi.org/10.1002/adma.201304891
https://doi.org/10.1002/adma.201304891
https://doi.org/10.1073/pnas.0906319107
https://doi.org/10.1073/pnas.0906319107
https://doi.org/10.1111/j.1432-1033.1987.tb11194.x
https://doi.org/10.1111/j.1432-1033.1987.tb11194.x
https://doi.org/10.1021/ja01027a041
https://doi.org/10.1021/ja01027a041
https://doi.org/10.1021/ja00808a017
https://doi.org/10.1007/BF03166212
https://doi.org/10.1016/S0162-0134(00)00079-9
https://doi.org/10.1016/S0162-0134(00)00079-9
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0255
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0255
https://doi.org/10.1021/ja00255a034
https://doi.org/10.1021/ja00255a034
https://doi.org/10.1039/P29940001055
https://doi.org/10.1016/S0166-1280(98)00309-1
https://doi.org/10.1016/S0166-1280(98)00309-1
https://doi.org/10.1021/ic00277a030
https://doi.org/10.1021/ic00277a030
https://doi.org/10.1021/bi00103a011
https://doi.org/10.1021/bi00103a011
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0285
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0285


–

–

+ =
−

–

–

–

–

–

–

– ′

–

–

–

+ –

–

https://doi.org/10.1038/35048617
https://doi.org/10.1021/ic300192q
https://doi.org/10.1021/ic701433p
https://doi.org/10.1021/ar900197y
https://doi.org/10.1017/S1355838200000649
https://doi.org/10.1021/ja973251p
https://doi.org/10.1021/bi900614v
https://doi.org/10.1093/nar/19.6.1183
https://doi.org/10.1093/nar/19.6.1183
https://doi.org/10.1042/bj1390791
https://doi.org/10.1042/bj1390791
https://doi.org/10.1063/1.1143136
https://doi.org/10.1063/1.1143136
https://doi.org/10.1021/j100100a012
https://doi.org/10.1021/j100100a012
https://doi.org/10.1103/PhysRevB.52.2995
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0350
http://refhub.elsevier.com/S0162-0134(22)00043-5/rf0350

	Spectroscopic characterization of Mn2+ and Cd2+ coordination to phosphorothioates in the conserved A9 metal site of the ham ...
	1 Introduction
	2 Results
	2.1 Low temperature Mn2+ EPR spectroscopy
	2.2 ESEEM spectroscopy: Mn2+ coordinates nucleobase ligands in A9-SSp and A9-SRp tHHRz samples
	2.3 EXAFS spectroscopy: Mn2+ does not coordinate sulfur in either A9-SSp or A9-SRp tHHRz
	2.4 EXAFS spectroscopy of Mn-nucleotide model complexes
	2.5 EXAFS spectroscopy supports CdS coordination in both Cd- A9-SSp or A9-SRp tHHRz
	2.6 Computational analysis of metal-O/S coordination in a thiophosphate model system
	2.7 Molecular models for metals in the phosphorothioate-substituted tHHRz A9/G10.1 site

	3 Discussion
	4 Materials and methods
	4.1 Separation of phosphorothioate isomers of A9-S enzyme strand
	4.2 Low temperature EPR
	4.3 ESEEM
	4.4 EXAFS
	4.5 Computational analysis of metal-O/S coordination

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


