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Abstract: We report application of electron spin-echo envelope modulation (ESEEM) spectroscopy to the
problem of metal coordination environments in structured RNA molecules. ESEEM has been used in conjunction
with 15N-guanosine labeling to identify nitrogen ligation to a Mn2+ site in a hammerhead ribozyme and in
Mn2+-model guanosine monophosphate (GMP) complexes. Hammerhead ribozyme complexes consisting of
a 34-nucleotide RNA enzyme strand annealed to a 13-nucleotide DNA substrate strand were poised in 1 M
NaCl as a 1:1 complex with Mn2+, conditions previously determined to populate a single high-affinity Mn2+

site (Horton, T. E.; Clardy, R. D.; DeRose, V. J.Biochemistry1998, 51, 18094-18108). Significant modulation
of the electron spin-echo from several low-frequency features is detected for the natural-abundance,14N-
hammerhead samples. At 3600 G, the main hammerhead three-pulse ESEEM features arise at 0.6, 1.9, 2.5,
and 5.2 MHz and are nearly identical for a Mn2+-GMP complex under the same conditions. For a ribozyme
having15N-guanosine incorporated into the enzyme strand, as well as for an15N-labeled Mn2+-GMP complex,
the modulation is completely altered and consists of one main feature at 3.4 MHz and a smaller feature at the
νn(15N) Larmor frequency of 1.6 MHz. Preliminary analysis of the ESEEM data reveals an apparent hyperfine
coupling ofA(14N) ∼ 2.3 MHz, similar to previously reported values for Mn2+ directly coordinated to histidine
and imidazole. These data demonstrate the potential for ESEEM as a spectroscopic tool for metal ligand
determination in structured RNA molecules.

Introduction

Metal ions are critical to structure and function in RNA
molecules,1 but defining precise metal ion coordination environ-
ments in RNA under solution conditions has been challenging.
Extensive studies in protein systems have established that for
paramagnetic metals, EPR-based spectroscopic techniques pro-
vide significant metal-ligand structural information.2 These
techniques have not yet been broadly applied to nucleic acids.
Here we report the successful application of electron spin-
echo envelope modulation (ESEEM) spectroscopy to the detec-
tion of a guanosine-derived nitrogen ligand to Mn2+ in the
hammerhead ribozyme.

The hammerhead ribozyme, a chemically active RNA mol-
ecule commonly constructed as hybridized “enzyme” and

“substrate” strands (Figure 1), performs a site-specific phos-
phodiester bond cleavage reaction that is highly activated by
divalent cations.3-5 Both Mg2+ and Mn2+ support hammerhead
activity by a combination of structural and chemical roles. We
have reported Mn2+ binding isotherms for the hammerhead
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Figure 1. Hammerhead ribozyme model with “enzyme” and “sub-
strate” strands. Nucleotides required for activity are indicated by
rectangles. Phosphodiester bond cleavage occurs between positions C17
and G1.1 (arrow). ESEEM experiments were performed on a complex
consisting of an unlabeled DNA substrate strand hybridized to an RNA
enzyme strand which was either unlabeled or labeled with15N at all G
positions.
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ribozyme demonstrating at least two classes of Mn2+ affinities
whose characteristics depend on the concentration of monovalent
ions.5 In 1 M NaCl, a single high-affinity Mn2+ binding site
with Kd < 10 µM is populated at low Mn2+ concentrations.
Population of a single paramagnetic Mn2+ site provides the
opportunity for ESEEM spectroscopy to examine the metal ion
ligation environment, as this pulsed EPR technique can detect
interactions between unpaired electron spins and nuclear spins
in close (<∼6 Å) proximity.2 Specifically, in the case of a Mn2+

binding site in RNA, ESEEM could be used to detect couplings
between the spinS ) 5/2 Mn2+ ion and the spinI ) 1 14N
nucleus of a base ligand. In such a case, analysis of the14N
modulation will provide detailed information about the ligand
hyperfine and quadrupole interactions, and specific15N labeling
will provide unambiguous assignment of the ligand species.

Materials and Methods

The 34-nucleotide RNA “enzyme” (Dharmacon Research, Inc.,
Boulder, CO) and 13-nucleotide DNA “substrate” strands (Integrated
DNA Technologies) were purified as described.5 Hammerhead hybrids
were formed by adding equimolar amounts of “enzyme” and “substrate”
oligomers, heating to 90°C for 3 min, and cooling slowly at room
temperature in 5 mM triethanolamine pH 7.8, 1.0 M NaCl (Alfa Aesar,
puratronic). MnCl2 (American Analytical, Ultrapure grade) and ethylene
glycol (20% v/v) were added following hybrid formation. GMP samples
were prepared in the identical buffer. ESEEM samples were 1 mM
hammerhead ribozyme hybrid:1 mM Mn2+ or 10 mM GMP:1 mM
Mn2+.

15N-labeled GMP and GTP were prepared fromE. coli grown on
(15NH4)2SO4 (98%, Cambridge Isotopes) using slight modifications from
published procedures.6,7 Nucleotides were analyzed by HPLC (Vydac)
as >85% pure. 15N-GTP was incorporated into the 34-nucleotide
enzyme strand byin Vitro synthesis with T7 RNA polymerase,5,8 using
unmodified GMP to initiate transcription.8

Mn2+ binding to the hammerhead complex was monitored by X-band
EPR spectroscopy (Bruker ESP 300 equipped with an Oxford liquid
helium cryostat). No Mn2+ EPR signal was detected at room temperature
in the 1:1 Mn2+-hammerhead samples, consistent with all Mn2+ being
bound to the biomolecule.5 The low-temperature X-band EPR signal
exhibited small but reproducible features that are diagnostic of Mn2+

in this hammerhead ribozyme site.9 Ethylene glycol was chosen as an
appropriate cryoprotectant based on activity and Mn2+-binding assays.9

X-band ESEEM experiments were performed on a spin-echo
instrument described previously,10 with samples immersed in liquid
helium (4.2 K). Three pulse ESEEM experiments measure theT
dependence of the stimulated echo amplitude from theπ/2-τ-π/2-
T-π/2-echo pulse sequence.11 Frequency domain spectra were ob-
tained from Fourier analysis of the time domain modulation patterns
following the deadtime-backfill method described by Mims.11

Results

The 3-pulse ESEEM spectrum obtained for Mn2+ bound to
a hammerhead ribozyme complex consisting of an RNA
“enzyme” and DNA “substrate” strand exhibits significant
modulation whose frequency-domain Fourier transform spec-
trum is shown in Figure 2a. Low-frequency features at<6 MHz
are in the regime expected for14N coupled to Mn2+.13-16 A
probable source of14N ligation in nucleic acids is the N7
position of purine nucleotides and, as a comparative model,
ESEEM spectra were obtained on samples of Mn2+ with
guanosine monophosphate (GMP) (Figure 2b). The natural
abundance14N Mn2+-GMP complex exhibits modulation
frequencies identical with those observed for the hammerhead
sample. On the basis of X-ray crystallography, in the GMP
complex the Mn2+ coordination environment is expected to
include a direct ligand from N7 of guanine.17 These results
therefore suggest that the modulation identified in the hammer-
head ribozyme sample arises from direct Mn2+ coordination to
a purine N7 nitrogen.

To further identify the source of ESEEM in the ribozyme, a
hammerhead enzyme strand was prepared byin Vitro transcrip-
tion using15N-labeled GTP. The resulting hammerhead complex
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Figure 2. Three-pulse ESEEM Fourier transform spectra of Mn2+-
nucleic acid complexes: (a) natural abundance hammerhead; (b) natural
abundance GMP; (c) hammerhead labeled with15N-G in enzyme strand;
(d) 15N-GMP; and (e) DNA substrate strand. Experimental conditions
were as follows: temperature) 4.2 K; microwave frequency) 10.2337
GHz; magnetic field) 3600 G; pulse length) 11 ns; microwave power
) 3.2 W.
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contains an enzyme strand labeled with15N only in guanosines,
and an unlabeled substrate strand. The 3-pulse ESEEM observed
for this Mn2+-(15N)G hammerhead sample is completely altered
from that of the unlabeled hammerhead, showing a broad
dominant peak centered at 3.4 MHz and a peak of smaller
amplitude at the 1.6 MHz15N Larmor frequency (Figure 2c).
For comparison, the frequency-domain ESEEM spectrum for
Mn2+ coordinated to15N-GMP is shown in Figure 2d. This
sample exhibits the same frequencies as found for the15N-G
labeled hammerhead model. Finally, a spectrum of Mn2+

combined 1:1 with the isolated 13-nucleotide DNA substrate
strand, which contains five guanosines in its sequence, exhibits
only shallow modulation, and the Fourier transform lacks the
distinct peaks observed in the hammerhead and GMP complexes
(Figure 2e). This is consistent with the lack of a specific Mn2+

binding site in the substrate alone.5

Discussion

Comparison of the RNA-derived Mn2+-guanosine nitrogen
ESEEM signals reported here with those previously reported
for Mn2+-histidine14,15 and imidazole14 coordination reveals
a set of ESEEM features with similar characteristics but slightly
different frequencies, as expected for subtle differences between
the nitrogen-containing heterocycles. For example, despite small
frequency differences, the detailed ESEEM line shapes of the
Mn2+-hammerhead complex are almost identical to those
reported by McCracken et al.14 for modulation assigned to the
directly coordinated14N of a histidine ligand to Mn2+ in a
crystallographically defined site in the concanavalin A protein.18

Having ESEEM data for both stable nitrogen isotopes in the
hammerhead and GMP samples aids in further spectral assign-
ment. The fact that the large 3.4 MHz peak in the spectra of
the15N-labeled GMP and hammerhead samples is close to twice
the 15N Larmor frequency at this field (νn(15N) ) 1.6 MHz)
indicates that the measurements are obtained in a “cancellation”
regime where the magnitudes of hyperfine and external fields
are similar.19 Using the familiar first-order perturbation expres-
sionν(, endor) |νn ( A/2| to determine the hyperfine coupling
constant,A, results in a calculated coupling ofA(15N) ) 3.6
MHz [A(14N) ) 2.6 MHz]. For this cancellation regime in which
A/2 ∼ νn, the14N ESEEM frequencies in a 3-pulse experiment
generally consist of the three possible transitions between the
three nuclear quadrupole sublevels, and a higher frequency
double quantum∆mI ) (2 feature.19,20 Assuming this situa-
tion,20 the simplest analysis of the lowest frequencies shown in
Figure 2a gives nuclear quadrupole parameters ofe2qQ ∼ 2.9
MHz and η ∼ 0.4. This value ofe2qQ is reduced somewhat
from thee2qQ ) 3.26 MHz value obtained for the N714N of
guanine monohydrate,21 a reduction expected upon metal
coordination.22 From the frequency of the 5.2 MHz double
quantum feature, we estimate a hyperfine coupling ofA(14N)
∼ 2.3 MHz,20 in close agreement with the value obtained
independently from the15N ESEEM analysis.

Comparing the ESEEM arising from Mn2+-guanine coor-
dination to Mn2+-imidazole and histidine complexes,14 it is
seen that the putative double quantum features are similar and
the differences arise mainly as slight shifts of the three lowest
NQR-derived frequencies. This is consistent with a similar
Mn2+-nitrogen hyperfine coupling, but slightly different nuclear
quadrupole parameters for the ligands. Indeed, for the uncoor-
dinated ligands the reported nuclear quadrupole values (e2qQ,
η) differ slightly between the imino14N of imidazole (3.3 MHz,
0.13)22 and N7 of guanine (3.1 MHz, 0.31).21 The small peaks
at the15N Larmor frequency in the two15N samples arise from
the other nitrogens of the guanine ligand that are more distant
than the coordinated nitrogen, and the small feature in all spectra
at 4 MHz arises from weakly coupled23Na (νn(23Na) ) 4.06
MHz).19 It is also interesting to note that the14N ESEEM of
the Mn2+-hammerhead ribozyme shows better resolution than
the Mn2+-GMP model sample, consistent with less disorder
in the ligand binding of the macromolecular RNA complex.

The ESEEM signals observed here set the stage for identi-
fication of RNA-derived metal ligands through site-specific
isotopic labeling and further detailed analysis of the spectro-
scopic signals, both currently in progress. Several different metal
sites have been predicted by X-ray crystallography of the
hammerhead,23-27 the population and detailed ligation environ-
ments of which remain to be tested under solution conditions.
Of the common crystallographically predicted sites, two involve
metal-nitrogen coordination by a guanine. One potential site
in Stem II of the ribozyme involves N7 of guanine G10.1 (the
A9/G10.1 site). Despite a distance of>10 Å from the cleavage
site in the crystallographic models, activity studies have
implicated metal binding at this site to be required for
hammerhead activity.28,29 All published structures involving
divalent cations predict this site to be populated, but differences
exist in the details of the ligation environments. A second site
populated in X-ray crystallographic studies, also distant from
the cleavage site but affecting activity,27,30 involves nitrogen
coordination from position G5 in the “U-turn” of the molecule.
While these predictions from X-ray crystallography are a
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reasonable starting point in identifying the Mn2+ site under
current study, it also is entirely possible that a previously un-
identified site will be found populated under solution conditions.

In summary, these Mn2+ ESEEM experiments in the hammer-
head ribozyme and the GMP model system demonstrate the
potential of ESEEM spectroscopy as a powerful tool for
decisively assigning metal coordination environments in struc-
tured RNA molecules in solution.
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