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Abstract: Metal ions play key structural and functional roles in many nucleic acid systems, particularly as
required cofactors for many catalytic RNA molecules (ribozymes). We apply the pulsed EPR technologies
of electron spin-echo envelope modulation and electron spin-echo-electron nuclear double resonance to
the structural analysis of the paramagnetic metal ion Mn(II) bound to nucleotides and nucleic acids. We
demonstrate that pulsed EPR, supplemented with specific isotope labeling, can characterize ligation to
nucleotide base nitrogens, outer-sphere interactions with phosphate groups, distances to sites of specific
2H atom labels, and the hydration level of the metal ion. These techniques allow a comprehensive structural
analysis of the mononucleotide model system MnGMP. Spectra of phenylalanine-specific transfer RNA
from budding yeast and of the hammerhead ribozyme demonstrate the applicability of the methods to
larger, structured RNA systems. This suite of experiments opens the way to detailed structural
characterization of specifically bound metal ions in a variety of ribozymes and other nucleic acids of biological
interest.

Introduction

Because nucleic acids are polyanions, interactions with cations
are central to their chemical and biological properties. Divalent
metal ions often have particularly potent and specific effects
on the structure and stability of folded RNA molecules.1 For
many highly structured RNA molecules, the secondary structure
(i.e., Watson-Crick helices) forms in moderate concentrations
of monovalent salt, but addition of divalent cations is necessary
for formation of the globular tertiary structure.2 Details of the
roles played by bound metal ions in RNA structure have recently
begun to emerge, including the way in which clusters of divalent
ions may form a charge-neutralizing core around which large
RNA tertiary structures can form3 and the mechanism by which
specific metal ion sites modulate the balance between RNA
secondary and tertiary structure.4 Most naturally occurring
catalytic RNA molecules rely on metal ions for catalytic as well
as structural purposes under normal conditions.5,6 Thus, an

understanding of the structural properties of metal ion-RNA
complexes is critical to the unraveling of the mechanism of
action of ribozymes and other functional RNAs.

It is useful to think of metal ions bound to RNA as falling
into three approximate classes.2,7 The first class arises due to
the high negative charge of polynucleotides, which attracts
poorly localized “atmospheric” cations in a nonspecific manner.8

Second, in folded RNA structures, numerous phosphate groups
in proximity may form pockets of highly negative electrostatic
potential, in which hydrated metal ions may become localized
without taking on specific RNA-derived inner-sphere ligands.2

The substitution-inert ion hexammine Co(III) has recently found
elegant use as a probe of such sites.9 Finally, highly structured
RNA molecules may form specific sites that replace one or more
aqua ligands in the first coordination sphere of the bound ion
with ligands from the RNA itself. The latter two classes can be
usefully distinguished due to a greater specificity for one or a
small number of ionic species in the case of partial dehydration.7

Site bound ions are the primary targets of structural character-
ization of metal ion-RNA interactions, but the always-present
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sea of nonspecifically bound ions must be carefully accounted
for in the interpretation of experimental results.

Beginning with classic studies on tRNA systems,10 a wide
variety of biochemical and biophysical techniques has been
brought to bear on metal ion sites in RNA. Bulk binding curves
for cations may be analyzed using techniques sensitive to the
metal ions themselves, such as equilibrium dialysis11 or solution
EPR,12 or to the nucleic acid component, such as circular
dichroism or ultraviolet melting.13 Site-specific information on
the nucleic acid may be obtained by observing the broadening
of specific NMR resonances at substoichiometric levels of
paramagnetic metal ions such as Mn2+.14-19 Such studies,
although they locate Mn2+ binding sites within the molecular
framework, generally give little direct information on the
specific structure and ligation of the metal site. Although some
information is available from fluorescence studies on lanthanide
ions,20 what is needed to complement the above techniques is
a generally applicable, site-specific spectroscopic method for
analyzing cation sites looking out from the metal ion itself, rather
than looking in from the nucleic acid.

In this work, we report the use of the pulsed EPR techniques
of electron spin-echo envelope modulation (ESEEM)21 and
electron spin-echo-electron nuclear double resonance (ESE-
ENDOR)22 to the analysis of metal ion sites in mononucleotides
and RNA. By overcoming inhomogeneous line-broadening
effects, spin-echo EPR techniques allow the measurement of
weak hyperfine and quadrupole interactions and thus the analysis
of paramagnetic metal ion interactions with magnetic nuclei of
ligands and nearby regions of bound macromolecules.23 Specif-
ically, the information contained in ESEEM and ESE-ENDOR
spectra includes the chemical identities of interacting atoms via
the nuclear Larmor frequenciesνn, as well as quantitation of
the corresponding hyperfine coupling constants and (for nuclear
spin I > 1/2) nuclear quadrupolar coupling constantse2qQ and
asymmetry parametersη. The ligand hyperfine couplingA is

divided into a scalar or isotropic portionAiso, which is related
to the extent of spin delocalization onto the nucleus, and (for
axial symmetry) a dipolar or anisotropic portionAdip, which is
directly related to the metal-nucleus distance in the point-
dipole approximation. The form of the spectrum depends on
the relative magnitudes and signs ofνn, e2qQ, Aiso, andAdip.

A combined analysis of ESEEM and ESE-ENDOR data can
provide information on the number, type, and spatial distribution
of magnetic nuclei in the neighborhood of the paramagnetic
ion. For example, Figure 1a shows simulated31P ESE-ENDOR
spectra for a phosphate group ligated in an inner-sphere fashion
to Mn(II), a case in which the scalar coupling dominates. For
such data, the scalar hyperfine coupling determines the distance
between the centroids of the two ENDOR lines, whereas the
width of each individual powder pattern line shape is controlled
by the dipolar component. For more distant31P atoms, the scalar
coupling will be negligible, and the two powder patterns will
overlap, as shown in Figure 1b. In either case, a comparison of
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Figure 1. Illustrative simulated ESE-ENDOR and ESEEM data. (a) 31P
ENDOR powder pattern line shapes corresponding to anS) I ) 1/2 system
with an axially symmetric hyperfine interaction dominated by the scalar
(isotropic) term. Simulation parameters: Microwave frequency, 10.2 GHz;
static field strength, 3500 G;Aiso, 2.5 MHz; Adip, 1.0 MHz (point-dipole
distance, 3.2 Å); line shape convolved with Gaussian broadening function,
half-width 15 kHz. (b) Same as (a) but withAiso set to 0.0 for purely dipolar
coupling. Individual powder pattern line shapes are shown as dashed lines.
(c) Three-pulse2H ESEEM time-domain spectra for theS ) 1/2, I ) 1,
weakly coupled case. Quadrupolar couplinge2qQ, 0.22 MHz; asymmetry
η, 0.1; 2H resonance frequency, 2.0 MHz (3050 G); spin-echo delayτ,
251 ns;Aiso, 0.0 MHz. Dashed line:Adip ) 0.26 MHz (3.6 Å). Solid line:
Adip ) 0.45 MHz (3.0 Å). Dotted line: cube of dashed line, corresponding
to three equivalent2H atoms at 3.6 Å.
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experimental data with simulations provides both the scalar
hyperfine coupling constant and the point-dipole Mn(II)-31P
distance.

For ESEEM experiments, by contrast, raw data are obtained
in the time domain by varying timing parameters in two-pulse
(primary echo) or three-pulse (stimulated echo) spin-echo
sequences. Modulations in the echo intensity are observed at
frequencies characteristic of hyperfine-coupled nuclei.21 Use-
fully, the depth of modulations is related to the number of
coupled nuclei, since the modulation pattern due to multiple
coupled nuclei is simply the product of that expected from the
individual couplings. ESEEM thus provides a method to count
the number of atoms in a class of identically coupled nuclei,
information difficult to obtain from ESE-ENDOR data. Figure
1c shows simulated time-domain ESEEM traces for single2H
nuclei coupled to an electron spin-1/2 ion at two distinct distances
as solid and dashed lines. These traces are easily distinguished
by the depth of modulation. It can also be noted that, for the
more distant nucleus (dashed line), the modulation decays more
slowly with time in comparison to the closer nucleus (solid line).
This effect arises because of the dispersion of modulation
frequencies resulting from the greater anisotropic coupling in
the latter case.21a Therefore, ESEEM modulation arising from
several relatively distant nuclei can show initial modulation
depth similar to that from a single nearby nucleus, but these
two cases are cleanly distinguished by the differing time course
of modulation decay (Figure 1c, solid and dotted traces).

Nucleotide residues in RNA and DNA contain a variety of
potential metal ligands, including backbone phosphate groups,
heterocyclic base nitrogen atoms, ring carbonyl groups, and (for
RNA) 2′-hydroxyl groups (Figure 2). Outer-sphere, or water-
mediated, ligation to nucleotide groups is also important owing
to the tendency of metal ions bound to nucleic acids to retain
a large fraction of their waters of hydration. Because of its high
nucleophilicity, the N7 atom of guanosine is a particularly
favorable ligand for Mn2+.1a,24Phosphate and nitrogen ligation
can be analyzed in natural isotopic abundance samples by
measuring31P and14N hyperfine coupling interactions, respec-
tively. Such data may be complemented by uniform or specific
15N labeling. Examples of these interactions are given below.
Analysis of carbonyl or 2′-hydroxyl ligation will require13C
isotopic labeling and is deferred to another place.

In this report, using a complex of Mn2+ with guanosine 5′-
monophosphate (MnGMP) as a model system, we derive a
complete and consistent structural picture by analyzing interac-
tions with 14N, 15N, 31P, and2H nuclei of the nucleotide, as
well as2H nuclei in2H2O solvent. These experiments are shown
to be easily generalizable to large RNA systems of biological
interest, as is demonstrated using phenylalanine-specific transfer
RNA (tRNAPhe) from budding yeast. In a preliminary account
of this work, we demonstrated the utility of14N and15N ESEEM
to identify binding sites in a hammerhead ribozyme construct
by comparison with MnGMP.25

Materials and Methods

All buffers, reagents, and nucleotides were purchased from Sigma
at the highest purity available and were used without further purification,
except as noted. GMP labeled with15N and13C was isolated fromE.
coli grown on labeled minimal medium26 and was a kind gift of the
laboratory of Dr. Thorsten Dieckmann. Labeled mononucleotide was
desalted on acis-boronate affinity column (Bio-Rad Affigel 601). The
hammerhead ribozyme enzyme/substrate complex labeled with15N at
all guanosine residues in the enzyme strand was prepared using in vitro
transcription as previously described.25 Guanosine 5′-monophosphate
samples were 5 mM nucleotide, 1 mM MnCl2 (unlabeled sample) or
2.5 mM nucleotide, 1 mM MnCl2 (isotopically labeled sample). For
all mononucleotide samples the only monovalent salt was that provided
by the buffer, 10 mM sodium cacodylate at pH 7.0. GMP deuterated
at the C8 carbon (GMP-d1) was prepared by overnight treatment at 60
°C with 4 equiv of triethylamine in2H2O.27 Excess reagent was removed
by repeated evaporation to dryness from1H2O. Essentially complete
exchange of H8 with negligible deuteration elsewhere was confirmed
using 1H NMR. The control sample for this study was treated in the
same fashion as the GMP-d1 except for the omission of the overnight
base incubation. The yeast tRNAPhesample was 0.5 mM in tRNA, 0.2
mM in MnCl2, 200 mM in NaCl, and 10 mM in sodium cacodylate
buffer pH 7.0. GMP and tRNA samples were cryoprotected with 0.4
M sucrose prior to freezing and storage in liquid nitrogen.

Pulsed EPR spectroscopy was performed on a laboratory-built 8-18
GHz spectrometer previously described.28 Two- and three-pulse ESEEM
experiments were performed using standard methods21,23 and Fourier-
transformed using iterative reconstruction of the instrumental dead-
time.29 ESE-ENDOR spectra were collected using the method of
Mims.30 All spectroscopy was performed at 4.2 K. ESEEM simulations
for the electron spinS) 1/2, nuclear spinI ) 1/2 case were performed
in the frequency domain according to the analytical expressions of Lai
et al.31 as implemented in Mathematica 3.0 (Wolfram Research). For
the I ) 1 case, simulations were performed in the time domain using
numerical diagonalization of the spin Hamiltonian as described.32 Time-
domain simulations were apodized using a squared-cosine window and
then Fourier-transformed to the frequency domain. ESE-ENDOR
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Figure 2. Available ion ligation groups in RNA. Chemical structure of a
guanosine nucleotide residue within an RNA chain with possible ion ligation
groups indicated. (a) Backbone phosphodiester oxygen; (b) aromatic ring
nitrogen lone pair; (c) carbonyl oxygen; (d) 2′-hydroxyl oxygen.
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simulations were performed using matrix diagonalization as described,33

including theτ-dependent Mims suppression effect.22

Results

Directly Ligated 14N and 15N in Complexes of Mn(II) with
GMP and the Hammerhead Ribozyme.In an earlier report,
we used14N and15N ESEEM as a fingerprint for direct ligation
of Mn(II) to aromatic ring nitrogens in GMP and the ham-
merhead ribozyme.25 Here, we analyze this interaction in more
detail using frequency-dependent ESEEM spectroscopy along
with 15N ESE-ENDOR. The combination of these techniques
allows the extraction of the full hyperfine tensor for the
interaction as well as the nuclear quadrupolar parameters for
the 14N ligand, yielding detailed information on the structure
of the complex.

The desired hyperfine parameters can be most directly derived
from observed ESE-ENDOR powder patterns for the nuclear
spinI ) 1/2 case, corresponding to15N labeling of the nucleotide
base. In our MnGMP samples, the GMP moiety is isotope-
labeled with both15N and 13C, and the interpretation of15N
ESE-ENDOR at X-band is complicated by the presence of13C-
derived powder patterns at overlapping frequencies (not shown).
Therefore, we analyzed the powder patterns visible in the Mn-
hammerhead ribozyme complex for which all guanosine residues
on the ribozyme strand are15N-labeled,25 and we applied the
resulting parameters to the interpretation of further data in
MnGMP. Under the conditions used (1 M NaCl), this ham-
merhead construct binds exactly one Mn(II) ion with high
affinity.34 This site has been studied extensively using EPR,
phosphorothiate substitution, and NMR,35 and the binding site
was identified as a guanosine heterocycle nitrogen using
ESEEM.24 All features in the MnGMP15N ESE-ENDOR spectra
which are resolved from13C patterns are identical to those in
the ribozyme (not shown), as are those in14N and15N ESEEM,
supporting the congruence of these two sites.

Figure 3 shows ESE-ENDOR spectra of the Mn(II)-
hammerhead ribozyme complex collected using the method of
Mims30 at two different values of the static magnetic field,
corresponding to two different maxima in the six-line Mn2+ EPR
spectrum. For this case, the lower frequency (ν-) ENDOR line
occurs very close to zero frequency and is not observed. The
data are fit well with an axially symmetric hyperfine coupling
tensor withAiso ) 4.2 ( 0.1 MHz andAdip ) 0.9 ( 0.1 MHz
and contributions from the centralS) ( 1/2 spin manifold only.
(As indicated, the analysis is complicated somewhat by the
presence of a strong distant23Na peak). If it is assumed that
Adip arises only from dipole-dipole interactions, this result
corresponds to a point-dipole distance between the Mn(II) ion
and the interacting15N of 2.1 ( 0.1 Å, representing a direct,
inner-sphere ligation of the ring nitrogen to the Mn(II) ion.
Although this distance estimate will not be quantitatively
accurate due to violations of the point-dipole approximation
and nondipole-dipole contributions to the anisotropic hyperfine,

the data are clearly sufficient to distinguish direct coordination
of 15N from outer-sphere or indirect interactions.

The 15N hyperfine tensor determined above implies that, at
X-band frequencies of ca. 9-10 GHz, molecules at a subset of
orientations with respect to the static magnetic field will fulfill
the “exact cancellation” conditionA/2 ≈ νn, whereνn is the
nuclear Larmor frequency, with consequent dramatic enhance-
ment of ESEEM modulation for both15N and 14N.31,36 These
effects are visible in the X- and P-band ESEEM spectra for
15N-MnGMP shown in Figure 4a and b. Simulations performed
with the analytical formalism of Singel and co-workers31 using
the hyperfine values derived from ESE-ENDOR reproduce the
data quite well overall. We note that the predicted sharpening
at the lower-frequency edge of the X-band ESEEM line shapes,
which intensifies to a near singularity at 3890 G corresponding
to the precise exact-cancellation condition, is not fully observed,
presumably due to a distribution in hyperfine constants, slight
hyperfine rhombicity, or other effects. The general agreement
between predicted and observed line shapes over a wide

(33) Randall, D. W.; Sturgeon, B. E.; Ball, J. A.; Lorigan, G. A.; Chan, M. K.;
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Figure 3. 15N ESE-ENDOR of Mn(II) bound to the hammerhead ribozyme.
Mims ESE-ENDOR spectra for a complex of Mn(II) with a hammerhead
ribozyme construct labeled with15N at guanosine residues in the “ribozyme”
strand.25 Data were acquired at X-band (10.3 MHz) with a spin-echo delay
τ of 120 ns and static magnetic fields of (a) 3430 G and (b) 3870 G.
Corresponding simulations usingAiso ) 4.2 MHz andAdip ) 0.9 MHz are
shown with dashed lines. Simulations were convolved with a Gaussian line
shape (a ) 40 kHz) to represent line-broadening effects. (c) Field-swept
ESE-EPR spectrum of the Mn(II)-hammerhead sample with the fields used
for ENDOR data acquisition indicated.
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frequency range, however, increases our confidence in the
hyperfine values reported above.

Scaling the above results by the respective gyromagnetic
ratios predicts a hyperfine tensor for the Mn(II)-14N interaction
in MnGMP with Aiso ) 3.0 MHz andAdip ) 0.6 MHz. The14N
ESEEM patterns will also be affected by the nuclear quadrupolar
tensor for the spin-114N nucleus. For anS ) 1/2, I ) 1 spin
system with purely isotropic hyperfine coupling near the exact
cancellation condition, the Fourier-transformed ESEEM spec-
trum is characterized by three sharp lines whose frequencies
uniquely define the quadrupolar parameterse2qQ andη for the
spin-1 nucleus, along with a “double-quantum” peak arising
from the noncanceled electron spin manifold at higher fre-
quency.36 14N ESEEM has been performed for Mn(II) bound
to imidazole moieties in several systems, and frequency-domain
spectra substantially more complex than the simple four-line
exact cancellation picture have been observed.37 This added
complexity is attributed to anisotropic contributions to the
hyperfine tensor and/or contributions from the outer electron
spin manifolds ofS) 5/2 Mn(II). For ligation of Mn(II) to the
imidazole-like nitrogen of a guanosine ring, we have attempted
to simulate the14N ESEEM patterns using an algorithm that
takes both isotropic and anisotropic hyperfine interactions into
account, albeit neglecting nonspin-1/2 effects.32

In Figure 5 we show X- and P-band14N ESEEM spectra for
the MnGMP complex (left), along with simulations calculated
using hyperfine constants derived from15N ENDOR data and
e2qQ ) 3.2 MHz,η ) 0.30 (center), and simulations withAiso

) 2.1 MHz,Adip ) 0.4 MHz,e2qQ) 2.9 MHz,η ) 0.40 (right).
The choice of quadrupolar parameters in these simulations was
largely made to achieve agreement with low-frequency reso-
nances at P-band. The requirement that the hyperfine tensor
components agree with those predicted from15N ESE-ENDOR
(Figure 5b,e,h) reproduces many features of the experimental
spectrum, particularly at P-band frequencies. Serious discrep-
ancies remain, however, most notably in the X-band “double
quantum” peak, which is consistently too high by 1 MHz or
more. Relaxing this condition and reducing the hyperfine
components improves the situation somewhat (Figure 5c,f,i),
although the detailed agreement at low nuclear frequencies is
still poor, and varying the hyperfine tensor upon isotopic
substitution is poorly justified. Many of the experimental
features that we have not successfully simulated may well arise
from outer electron spin manifolds (nonspin-1/2 effects). Sub-
stantial changes in the form of the spectra can also be seen if
the angle between the principal axes of the quadrupolar and
hyperfine tensors is varied;38 we did not take this effect into
account here. In Figure 6, we show two-pulse ESEEM data for
MnGMP collected across the ESE-EPR spectral envelope,
including the broad wings which are dominated by the non-
central manifolds. The diminution and shift of ESEEM frequen-
cies at these wings support both the assignment of the major
transitions to the central manifolds and the contribution ofS)
5/2 effects to fine details of the spectra. Fully rigorous ESEEM
simulations for theS ) 5/2, I ) 1 case are nontrivial and are
deferred to another place. The current analysis, however, does
give chemically useful estimates of the quadrupolar parameters
(see Discussion). In summary, the combination of ESEEM and
ESE-ENDOR for both14N and 15N systems has allowed
improved analysis of the parameters relating to the molecular
structure of Mn-N ligation in this complex relative to14N
ESEEM alone, although some ambiguities remain.

Site Identification Using Deuterium Labeling.The covalent
structure of GMP (Figure 2) contains several chemically similar
aromatic ring nitrogen atoms, any one of which could give rise
to data such as that in Figures 3-6 if directly ligated to Mn-
(II). Although the N7 site is the most plausible ligand on
chemical grounds,1a,24 we desired a direct experimental deter-
mination of the precise site of ion ligation. We therefore
performed2H ESEEM on a complex of Mn(II) with GMP
labeled with2H at the H8 position (MnGMP-d1), analyzing the
results by comparison with the known Mn(II)-2H distance in
MnEDTA.39 As described in the Supporting Information, this
procedure gave a value of 3.6( 0.1 Å for the Mn(II)-2H
distance, consistent with ligation to the N7 but not the N3 of
the nucleotide. Site-specific isotope labeling in combination with
ESEEM allowed an unambiguous determination of the exact
site of metal ligation. In agreement with the ESEEM data,1H
CW-ENDOR of MnGMP-d1 previously revealed the loss of a
signal with 1.7 MHz splitting as compared to that of unlabeled
MnGMP.35a

(37) (a) McCracken, J.; Peisach, J.; Bhattacharyya, L.; Brewer, F.Biochemistry
1991, 30, 4486-4491. (b) Espe, M. P.; Hosler, J. P.; Ferguson-Miller, S.;
Babcock, G. T.; McCracken, J.Biochemistry1995, 34, 7593-7602. (c)
Buy, C.; Girault, G.; Zimmermann, J.-L.Biochemistry1996, 35, 9880-
9891. (d) Lee, H. C.; Goroncy, A. K.; Peisach, J.; Cavada, B. S.; Grangeiro,
T. B.; Ramos, M. V.; Sampaio, A. H.; Dam, T. K.; Brewer, C. F.
Biochemistry2000, 39, 2340-2346.

(38) Reijerse, E. J.; Keijzers, C. P.J. Magn. Reson.1987, 71, 83-96.
(39) de Beer, R.; de Boer, W.; van’t Hof, C. A.; van Ormondt, D.Acta

Crystallogr.1973, B29, 1473-1480.

Figure 4. Multifrequency15N ESEEM of MnGMP. Fourier-transformed
two-pulse ESEEM spectra at 9.2 GHz (a) and 14.5 GHz (b) for a15N,13C-
MnGMP sample. Two independent field values (maxima in the six-line
Mn(II) EPR line shape) are shown for each frequency band. Simulations
according to the formalism of Singel and co-workers31 using parameters
derived from ESE-ENDOR data in Figure 3 are shown as dashed lines.
Within each panel, the two experimental traces and the two theoretical traces
are on the same scale, but the vertical scale between data and simulations
is arbitrary.
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Analysis of Outer-Sphere Phosphate Ligands Using ESE-
ENDOR. ESEEM spectroscopy has been used to analyze Mn2+-
phosphate ester ligation at the active sites of a variety of enzyme
systems involving nucleotide cofactors,37c,40 and we have

detected strongly coupled31P interactions using ESE-ENDOR
in mononucleotide complexes including MnATP (C.G.H.,
C.V.G., and R.D.B., data not shown). The MnGMP complex
shows no evidence for such inner-sphere interactions. With the
use of long spin-echo delaysτ, however, the Mims ESE-
ENDOR sequence can be optimized for the detection of
magnetic nuclei at relatively long distances. For aqueous
solutions of nucleic acids, such interactions correspond to “outer-
sphere” or water-mediated contacts with groups including31P
in phosphate. Experimental data and simulations for 600 and
1000 nsτ Mims ENDOR in MnGMP are shown in Figure 8.
We assume that the observed line shape arises exclusively from
the centralMS ) -1/2 T MS ) +1/2 EPR transition; this
interpretation is supported by the lack of ENDOR observed
when the magnetic field is set in the wings of the EPR spectrum,
where the outer transitions dominate (Figure 7b,c). For this

(40) (a) LoBrutto, R.; Smithers, G. W.; Reed, G. H.; Orme-Johnson, W. H.;
Tan, S. L.; Leigh, J. S., Jr.Biochemistry1986, 25, 5654-5660. (b) Tipton,
P. A.; McCracken, J.; Cornelius, J. B.; Peisach, J.Biochemistry1989, 28,
8, 5720-5728. (c) Larsen, R. G.; Halkides, C. J.; Redfield, A. G.; Singel,
D. J. J. Am. Chem. Soc.1992, 114, 9608-9611.

Figure 5. Multifrequency14N ESEEM of MnGMP. Comparison of experimental (left) and simulated (center, right) ESEEM of natural isotopic-abundance
MnGMP. (a,b,c) X-band (10.2 GHZ, 3420 G) three-pulse ESEEM, comparison of spin-echo delaysτ. Top to bottom,τ ) 206, 275, 343, 550 ns. (d,e,f)
Three-pulse ESEEM at 10.2 GHZ acquired at magnetic fields corresponding to three different maxima of the Mn(II) EPR spectrum. Top to bottom, 3420
G and 206 nsτ, 3670 G and 192 ns, 3890 G and 181 ns. (g,h,i) P-band (17.1 GHz) two-pulse ESEEM at fields of 5880 G (top) and 6350 G (bottom).
Simulations for corresponding experimental parameters were performed for anS) 1/2, I ) 1 spin system32 with collinear hyperfine and quadrupolar tensors
and parameters of (b,e,h)Aiso ) 3.0 MHz, Adip ) 0.65 MHz,e2qQ ) 3.2 MHz, η ) 0.30; or (c,f,i)Aiso ) 2.1 MHz, Adip ) 0.40 MHz,e2qQ ) 2.9 MHz,
η ) 0.4.

Figure 6. Field dependence of ESEEM modulation in MnGMP. Two-
pulse ESEEM spectra at X-band (10.2 GHZ). Magnetic fields, top to bottom,
are 3300, 3420, 3600, 3890, and 4100 G. The inset indicates the fields
used on the ESE-EPR field-swept spectral envelope.
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interaction, essentially no electron delocalization onto the31P
is seen (Aiso ≈ 0), and a dipolar couplingAdip corresponding to
a point-dipole distance of 5.0( 0.4 Å is obtained. This distance
is compatible with the range of metal-phosphorus distances
observed for water-mediated phosphate ligation in a survey of
high-resolution RNA crystal structures deposited in the Nucleic

Acid Databank (not shown). The ENDOR data thus indicate
an outer-sphere macrochelate interaction in the MnGMP com-
plex, with the Mn2+ ion ligated directly to the base N7 and
indirectly via a water of hydration to a phosphate oxygen (Figure
8).

Quantitation of Metal Ion Hydration in MnGMP Using
ESEEM. The extent to which hexaquo Mn(II) is dehydrated
upon nucleic acid or nucleotide ligation plays a key role in the
energetics and specificity of the binding process.1 Experimental
methods for addressing this parameter in a particular structure,
however, are sparse, the best-developed being a fluorescence
lifetime measurement applicable only to lanthanides such as Tb-
(III) and Eu(III).20 Since ESEEM is capable of quantitating the
number of identical magnetic nuclei coupled to an electron spin
and can give signals from1H and2H atoms in solvent water, it
has the potential to overcome this limitation.41 We have
developed a robust and precise methodology to count the number
of first-sphere aqua ligands to Mn(II) ions bound to nucleotides
and nucleic acids using2H ESEEM.42 Application of this
procedure to the MnGMP case (see Supporting Information)
yielded a count of 5.2( 0.1 aqua ligands to the Mn(II). These
results are consistent with the analysis of this complex reported
above, in which one inner-sphere ligand, the ring N7, is derived
from the nucleotide itself (Figure 8), implying an octahedral,
pentahydrate Mn(II).

Analysis of a Unique Mn2+ Site in Yeast tRNAPhe.
Phenylalanine-specific transfer RNA (tRNAPhe) from the bud-
ding yeastSaccharomyces cereVisiaehas become a paradigmatic
system for both structure and metal binding in RNA systems
by virtue of the vast amount of structural and biophysical data
available.10-13,16,20aCrystallographic studies in Mg2+ have found
a small number of metal binding sites to be consistently filled.43

In crystals of yeast tRNAPhesoaked with Mn2+, a single bound
Mn2+ ion which had one inner-sphere RNA-derived ligand, the
N7 of guanosine 20, was found.44 A variety of solution
techniques have found tRNA to bind a number of metal ions in
cooperative fashion under low-salt conditions;6,10 however, at
150-200 mM NaCl, tRNAPhe was found by solution EPR to
bind one or at most two Mn2+ ions with high affinity.45 We
therefore chose this tRNA molecule at moderate salt concentra-
tions as an initial test of pulsed EPR’s ability to analyze specific
metal sites in relatively large RNA systems.

Figure 9 shows ESEEM and ESE-ENDOR results for our
sample of yeast tRNAPhein 200 mM NaCl. Two-pulse ESEEM
clearly demonstrates the presence of a ring nitrogen ligand with
similar hyperfine and quadrupolar parameters to those observed
in MnGMP. Again, as for MnGMP, no evidence for strongly
coupled (i.e., inner-sphere) phosphate ligands was found.
However, long-τ Mims ENDOR does reveal a powder pattern
similar to, although somewhat less resolved than, that shown
in Figure 7 for MnGMP (Figure 9b). The apparent point-dipole
distance of 4.9 Å is again consistent with a water-mediated
hydrogen bond interaction with at least one phosphate group.

(41) Serpersu, E. H.; McCracken, J.; Peisach, J.; Mildvan, A. S.Biochemistry
1988, 27, 8034-8044.

(42) Hoogstraten, C. G.; Britt, R. D.RNA. In press.
(43) (a) Holbrook, S. R.; Sussman, J. L.; Warrant, R. W.; Church, G. M.; Kim,

S.-H. Nucleic Acids Res.1977, 4, 2811-2820. (b) Quigley, G. J.; Teeter,
M. M.; Rich, A. Proc. Natl. Acad. Sci. U.S.A.1978, 75, 64-68.

(44) Jack, A.; Ladner, J. E.; Rhodes, D.; Brown, R. S.; Klug, A.J. Mol. Biol.
1977, 111, 315-328.

(45) Leroy, J. L.; Gue´ron, M. Biopolymers1977, 16, 2429-2446.

Figure 7. Demonstration of outer-sphere31P ligation in MnGMP using
ESE-ENDOR. (a) Mims ESE-ENDOR of MnGMP with spin-echo delays
τ of (top) 600 ns, (middle) 1000 ns. Simulations including theτ-dependent
suppression effect and usingAiso ) 0.08 MHz,Adip ) 0.31 MHz accompany
the data traces; reconstructed suppressionless powder pattern is at bottom
(cf. Figure 1b). Spectra acquired at 3880 G, 10.2 GHz, RF pulse width 16
µs. (b) 31P ESE-ENDOR spectra of MnGMP as a function of magnetic
field, increasing field from top to bottom; fields used are shown on the
Mn(II) ESE-EPR spectrum in (c).

Figure 8. Molecular model of the Mn(H2O)5-GMP complex consistent
with ESEEM and ESE-ENDOR data. Hydrogen atoms on the GMP moiety
are omitted for clarity. Figure was prepared with Chem3D (Cambridge
Scientific Computing).
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Intensity within (0.1 MHz of the 31P Larmor frequency
presumably arises from numerous long-range interactions with
a subset of the 70 or more31P atoms in the tRNA that are not
in the first or second coordination spheres of the ligated Mn-
(II). The ligation pattern revealed is consistent with that observed
crystallographically for Mn2+ by Jack et al.,44 although the EPR
data do not distinguish the particular binding pocket of tRNA
occupied under our solution conditions (see below).

Discussion

In this work, we used the MnGMP metal-nucleotide complex
as a model system to explore the structural analysis possible in
complexes of divalent ions with RNA and DNA using pulsed
EPR spectroscopy. We find the environment of Mn(II) in
MnGMP to consist of inner-sphere ligation to N7 of the guanine
ring, outer-sphere water-mediated ligation to the GMP phosphate
group, and the retention of five of the original six aqua ligands
in the first coordination sphere (Figure 7). The independent
determination of the number of H2O ligands (Supporting
Information), which yields a result fully consistent with results
based on identification of nucleotide-derived ligands, provides
an extremely valuable cross-check among the various data.
Interestingly, our solution results yield the exact conformation
of this complex found to exist in the crystal state.46 Our data
are also consistent with the thermodynamic analysis of Sigel
and co-workers, who found evidence for a substantial degree
of macrochelate formation in solution.47 Since the potentiometric
titration data reported for the MnGMP complex provided precise
thermodynamic parameters but only indirect evidence for the
nature of the important interactions (i.e., inner-sphere vs outer-
sphere), the structural results derived with pulsed EPR provide
an excellent complement to such an analysis.

As expected from the chemical similarity of the systems,14N
ESEEM spectra in MnGMP closely resemble spectra previously
obtained for Mn(II) bound to imidazole rings, including histidine
side chains in proteins.37 In our case, the availability of directly
comparable15N ESE-ENDOR data has provided an independent
determination of the hyperfine tensor for the Mn(II)-14N
interaction. Detailed simulations of ESEEM data using these
values have allowed useful estimates ofe2qQ and η to be
derived, although some ambiguity remains due to neglect of
possible tensor noncollinearity and outer-manifold effects for
the S ) 5/2 Mn(II) ion.

The derived values ofe2qQ ) 3.2 MHz andη ) 0.30 are
chemically reasonable for the N7 atom of the MnGMP system.
These parameters were measured using quadrupole double
resonance as 3.26 and 0.16 MHz, respectively, in free guanine.48

Although direct measurements of quadrupolar parameters for
MnGMP are not available, the effect of metal ligation to
imidazole and derivatives has been studied.49 In general, metal
ligation to imino nitrogens was found to decreasee2qQ and
increaseη, in accord with the differences between our results
and the NQR parameters for free guanine. Indeed, our param-
eters fall on the linear anticorrelation betweene2qQ andη for
free nucleosides noted by Garcia and Smith48 and attributed to
the dominant effect of changes in 2p orbital electron density
with theqzzaxis of the electric field gradient tensor located along
the nitrogen lone-pair orbital. Thus, the parameters used to
simulate the14N ESEEM in Figure 5 (b,e,h) are consistent with
our understanding of chemical structure in metal complexes with
aromatic heterocycles.

In most cases, the physiological divalent ion bound to DNA
or RNA in the cell is presumed to be Mg2+, which is relatively
silent spectroscopically (see, however, ref 50). Replacement with
the paramagnetic probe ion Mn2+, however, carries the potential
risk of perturbing the interactions of interest. Nevertheless, in
terms of ionic radius, coordination geometry, and ligand
preferences, Mn2+ is a good mimic of Mg2+ in solution, although
with a somewhat increased preference for soft ligands such as
N and S.51 Mn2+ is also the only ion that can fully replace Mg2+

for the large, complex group I intron and RNase P ribozymes,
which otherwise show substantial selectivity in their ionic
cofactors.5 Thus, in many cases of interest, Mn(II) will be a
relatively nonperturbing substitution for Mg2+.

A critical element in applying the methods demonstrated here
to the variety of biologically interesting metal-nucleic acid
complexes1-6 is generalization to RNA molecules of arbitrary
size. As a solid-state technique, pulsed EPR does not suffer from
the degradation of resolution observed in solution NMR as
molecular size increases, and applications to large multiprotein
complexes are routine.23 To demonstrate this advantage in
nucleic acids, we chose the paradigmatic system of yeast
tRNAPhe, whose metal-binding properties have been the subject
of detailed interdisciplinary study.10-13 Under the ionic condi-

(46) de Meester, P.; Goodgame, D. M. L.; Jones, T. J.; Skapski, A. C.Biochem.
J. (London)1974, 139, 791-792.

(47) Sigel, H.; Massoud, S. S.; Corfu`, N. A. J. Am. Chem. Soc.1994, 116, 2958-
2971.

(48) Garcia, M. L. S.; Smith, J. A. S.J. Chem. Soc., Perkin Trans. 21983,
1401-1408.

(49) Ashby, C. I. H.; Cheng, C. P.; Brown, T. L.J. Am. Chem. Soc.1978, 100,
6057-6063.

(50) Grant, C. V.; Frydman, V.; Frydman, L.J. Am. Chem. Soc.2000, 122,
11743-11744.

(51) (a) Bock, C. W.; Katz, A. K.; Markham, G. D.; Glusker, J. P.J. Am. Chem.
Soc.1999, 121, 7360-7372. (b) Reed, G. H.; Poyner, R. R. InMetal Ions
in Biological Systems: Manganese and its Role in Biological Processes;
Sigel, A., Sigel, H., Eds.; Marcel Dekker: New York, 2000; Vol. 37, pp
183-207.

Figure 9. Pulsed EPR data on Mn(II) bound to yeast tRNAPhe. (a) Two-
pulse ESEEM at 10.2 GHz. Magnetic fields, top to bottom: 3300, 3416,
3600, 3892, 4100 G. The highest and lowest field correspond to the poorly
resolved shoulders of the Mn(II) ESE-EPR line shape. (b)31P long-range
ESE-ENDOR at 3890 G,τ ) 600 ns, 10.2 GHz, 16µs RF pulse.
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tions used here, tRNAPhe binds 1-2 Mn2+ ions with strong
affinity.45 The picture of Mn(II) as binding to tRNAPhe with a
single nitrogenous ligand is consistent with an early study of
Mn2+ soaking into tRNAPhecrystals, which found a single Mn2+

bound through the N7 atom of G20.44 A recent refinement of
the tRNAPhe structure found a different geometry for the most
highly occupied Mn2+ site, however.52 In any case, the pulsed
EPR data alone do not identify the region on the tRNA three-
dimensional structure in which Mn(II) is bound. Complementary
paramagnetic NMR broadening14-19 or specific isotope label-
ing25 studies will be necessary to resolve this issue for a
particular system.

The interpretation of pulsed EPR data is unambiguous only
when the ion analyzed is in a single, homogeneous environment
at a unique site on the nucleotide or nucleic acid. For mono-
nucleotides, this may be achieved by using a sufficient excess
of ligand. For our 5 mM GMP, 1 mM Mn2+ samples, for exam-
ple, a logKM

M value of 2.39 measured at 0.1 M salt predicts
greater than 50% of Mn(II) to exist in bound form;47 at the low
salt conditions used here, this number will presumably be in-
creased due to the substantial electrostatic component to binding.
Indeed, we observe a dramatic decrease of14N ESEEM modu-
lation in 0.2 M NaCl as compared to the conditions used above
(data not shown). In the case of tRNAPhe, we have chosen ionic
conditions at which solution EPR data indicate 1-2 strongly
bound Mn2+ ions.45 The significance of these and other metal-
binding data in tRNA has been questioned, with the concept of
“strong” versus “weak” sites criticized as an artifact of global
electrostatic effects.53 In a recent careful study, Misra and Draper
were able to reproduce Mg2+-binding data to tRNA at up to 32
mM salt using a nonlinear Poisson-Boltzmann electrostatic
model with no adjustable parameters,54 but these results do not
rule out the contribution of nonelectrostatic effects to the binding
of other metal ions such as Mn2+ at higher salt concentrations.
The direct structural data reported in this paper yield five aqua
ligands and a single RNA-derived nitrogen ligand for Mn(II)
in the presence of a slight excess of tRNAPhe, a plausible struc-
ture for a unique site at high fractional occupancy. This result
is consistent with the original interpretation of Leroy and Gue´ron
that the tight sites observed at high salt do indeed involve spe-

cific binding, unlike the spectrum of sites observed at lower
salt.45 Structural information derived from pulsed EPR and
binding curves derived by other means can each aid in the
interpretation of the other and give rise to a coherent unified
interpretation.

Conclusions

Divalent metal ions are of central importance to the structure
and function of many ribozymes and other nucleic acid systems.
Nevertheless, structural techniques to analyze the ligation and
surroundings of such ions in solution are quite limited. In this
paper, we have demonstrated the utility of the pulsed EPR
techniques of ESEEM and ESE-ENDOR to provide site-specific,
complete, and highly precise characterization of the structural
features of metal ions bound to nucleotides and nucleic acids.
Although this paper has concentrated on a mononucleotide
model system, data on yeast tRNAPhe and the hammerhead
ribozyme provide assurance that generalization of the spectro-
scopic techniques to larger systems will be straightforward. For
any particular structured RNA of interest, the main obstacle to
overcome will be the separation of the specific ion interactions
of interest from the large number of background, nonspecific
potential metal-binding sites. As seen here for tRNA and the
hammerhead ribozyme, the careful choice of monovalent salt
conditions is critical for this distinction. We anticipate that the
combination of techniques demonstrated in this paper will allow
substantial new insights into the structural mechanisms by which
divalent metal ions play their diverse roles in ribozymes and
other functional nucleic acids.
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