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ABSTRACT

Binding of divalent metal ions plays a key role in the structure and function of ribozymes and other RNAs. In turn, the
energetics and kinetics of the specific binding process are dominated by the balance between the cost of dehydrating
the aqueous ion and the energy gained from inner-sphere interactions with the macromolecule. In this work, we
introduce the use of the pulsed EPR technique of 2H Electron Spin-Echo Envelope Modulation (ESEEM) to determine
the hydration level of Mn 21 ions bound to nucleotides and nucleic acids. Mn 21 is an excellent structural and func-
tional mimic for Mg 21, the most common divalent ion of physiological interest. Comparison of data in D 2O and H2O,
with aqueous Mn 21 as a reference standard, allows a robust and precise determination of the number of bound water
molecules, and therefore the number of RNA-derived ligands. Examples of applications to the mononucleotide mod-
els MnGMP and MnATP, as well as to the paradigmatic RNA system tRNA Phe, are shown.
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INTRODUCTION

The structure and function of nucleic acids are depen-
dent on the identity and manner of binding of associ-
ated cations+ In particular, most catalytic RNA systems
use specifically bound divalent metal ions both to sta-
bilize three-dimensional structure and to participate di-
rectly in catalysis (Pyle, 1993; Feig & Uhlenbeck, 1999)+
The thermodynamics of specific cation–RNA associa-
tion are dominated by the balance between the free
energy required to partially dehydrate the aqueous ion
and that gained from ligation to functional groups on
the RNA (Draper & Misra, 1998; Misra & Draper, 1998,
2001)+ Therefore, the extent of dehydration of divalent
cations bound to RNA is a key parameter in the ener-
getics of the binding process, as well as a central con-
sideration in the structural effects and catalytic roles of
bound ions+ This parameter, however, has proven dif-
ficult to measure directly in solution+ The luminescence
of lanthanide ions such as Eu31 and Tb31 (Horrocks &
Sudnick, 1979, 1981) has been used for hydration analy-
sis in systems including tRNA (Draper, 1985) and the
hammerhead ribozyme (Feig et al+, 1999)+ Such ions,

however, are relatively poor mimics for the presumed
physiologically relevant species Mg21+ Indeed, Tb31 is
an inhibitor of the hammerhead ribozyme (Feig et al+,
1998), and lanthanides are not known to support catal-
ysis in any ribozyme system+ In contrast, the paramag-
netic metal ion Mn21 is capable of replacing Mg21 in
most ribozymes, including the large and complex group I
ribozyme and RNase P (Pyle, 1993)+ Mn21 is an ex-
cellent structural mimic for Mg21 on fundamental con-
siderations of inorganic chemistry as well, although the
increased preference of Mn21 for nitrogen and sulfur
ligands may lead to changes in site structure in some
cases (Bock et al+, 1999)+

In principle, Mn21 EPR spectra contain sufficient in-
formation to determine hydration levels based on line
splittings arising from hyperfine couplings to solvent
nuclei (1H, 2H, or 17O;Reed & Markham, 1984)+ Inhomo-
geneous broadening of Mn21 EPR signals, however,
renders such splittings undetectable in conventional con-
tinuous-wave EPR spectra (but see Reed & Poyner,
2000, and references therein)+ Pulsed EPR techniques,
in contrast, can overcome the effects of inhomogeneous
broadening via the formation of spin echoes (Britt, 1995;
Prisner et al+, 2001)+ In the electron spin-echo enve-
lope modulation (ESEEM) experiment, an electron spin
echo is formed by a series of two or three high-power
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microwave pulses, and the amplitude of the echo is
monitored as the interpulse delay is increased+ The
echo intensity is modulated by oscillations observed at
frequencies characteristic of magnetic nuclei coupled
to the unpaired electron spin (Mims & Peisach, 1981)+
Because the modulation depth increases with the num-
ber of coupled nuclei in a well-understood manner (Ke-
van, 1979), the number of water molecules bound to a
paramagnetic ion can be determined from 2H ESEEM
spectra recorded in D2O solvent+ If the Mn21 ion is
assumed to be six-coordinate octahedral, the number
of macromolecular ligands that have displaced inner-
sphere aqua ligands in the bound complex is then simply
the difference between six and the measured hydration
number+ This technique was first used by Peisach and
coworkers to distinguish Mn21 monohydrate from di-
hydrate when bound to Staphylococcal nuclease (Ser-
persu et al+, 1988)+ In this report, we demonstrate
appropriate methodologies for the use of 2H ESEEM to
determine reliably and precisely the hydration level of
Mn21 ions bound to nucleotides and nucleic acids, for
which highly hydrated metal ions will be common+ In an
earlier publication (Hoogstraten et al+, 2002),we showed
preliminary results in a mononucleotide system; here,
we present full details of the method’s capabilities and
pitfalls, and we demonstrate its applicability to macro-
molecular systems using yeast tRNAPhe+

RESULTS

Data treatment

For the determination of hydration level, we perform
three-pulse (stimulated-echo) ESEEM spectroscopy un-
der conditions such that signals arising from 1H are not
observed (see Materials and Methods)+ Modulations in
time-domain ESEEM spectra taken in D2O solvent thus
arise from three sources: (1) magnetic nuclei on the
macromolecule, largely 14N and 31P in the absence of
isotopic labeling; (2) outer-sphere and distant solvent
2H nuclei; (3) 2H nuclei on inner-sphere waters of hy-
dration, the signals of interest for the present purpose
(Fig+ 1)+ Mathematically, the experimental modulation
function is the product of the various contributions; there-
fore, the contribution of interest may be isolated by
taking the quotient of the experimental data with data
obtained on control samples containing the undesired,
interfering contribution(s) (Mims et al+, 1990)+ As dis-
cussed in more detail in Materials and Methods, we
use a total of four samples for this purpose:Mn21 com-
plexes with the nucleic acid of interest in both D2O and
H2O solvent, and Mn21 complexes with diethylenetri-
aminepentaacetic acid (DTPA), a chelating agent that
leaves no inner-sphere sites occupied with aqua li-
gands (Hoard & Stezowski, 1984; Serpersu et al+, 1988),
again in both D2O and H2O solvent (Fig+ 1)+

The isolation of 2H ESEEM arising from inner-sphere
solvent ligands is illustrated in Figure 2A, which shows
raw ESEEM data in H2O and D2O for hexaquo Mn21,
along with the D2O/H2O ratio+ Couplings to solvent 2H
give rise to strong modulations with an approximate
period of 500 ns, corresponding to the 2H nuclear fre-
quency at this magnetic field+Data for the outer-sphere-
only MnDTPA complex is shown in Figure 2B, and
Figure 2C shows the final processed modulation curve,
representing pure inner-sphere 2H ESEEM in hexaquo
Mn21+We note that, although all samples in D2O show
modulations at the 2H resonance frequency, the inner-
sphere modulations in Figure 2C damp out much more
rapidly than the outer-sphere modulations in MnDTPA,
in accordance with expectations based on the greater
anisotropy of short-range hyperfine couplings (Kevan,
1979)+ The rapid damping of final data thus provides a
valuable check on the success of the DTPA-ratio pro-
cedure for removing outer-sphere contributions+An ap-
proximate quantitation of the effect of distance on
damping is obtained by observing the time at which the
echo modulation nulls and reappears with reversed
phase (Kevan, 1979; arrow in Fig+ 2C), which in this
case (and neglecting the effects of isotropic hyperfine
components), leads to an estimate of 3+0 Å for the
Mn-2H distance, in good accord with the value of 2+8–
2+9 Å observed using 1H ENDOR of Mn21 in frozen
aqueous solution (Tan et al+, 1993)+ The observation of
this phase reversal at the appropriate delay provides
strong evidence that inner-sphere 2H contributions dom-
inate the final processed data+

Mononucleotide test cases:
MnGMP and MnATP

In a comprehensive structural investigation of the
MnGMP complex using ESEEM and electron spin-
echo electron-nuclear double resonance (ESE-ENDOR),
we found the Mn21 ion to take a single inner-sphere
ligand (N7) from the nucleotide, implying a pentahy-
drate structure (Hoogstraten et al+, 2002)+ This same
configuration was found for MnGMP in the crystal state
(de Meester et al+, 1974)+ MnGMP was therefore used
as a first test case for the water-counting methodology+

Figure 3 shows experimental three-pulse ESEEM data
for Mn21 ligated to GMP, treated to isolate contribu-
tions from inner-sphere D2O, at three different mag-
netic fields corresponding to maxima in the field-swept
ESE-EPR spectrum (Fig+ 3D)+ Expected curves for the
cases of one to six inner-sphere waters of hydration,
derived from experimental data for the Mn(H2O)6 com-
plex, are shown for comparison+ At each field, the data
are visually consistent with a pentahydrate structure,
judged primarily by the initial depth of 2H modulation+
Quantitative analysis of the data (Materials and Meth-
ods) yields a hydration level of 5+2 6 0+1+ These results
are fully consistent with our earlier analysis indicating a
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single nucleotide-derived ligand to the octahedral Mn21

(Hoogstraten et al+, 2002)+
Because of the biological importance of ATP and the

common use of Mn21 complexes of adenine nucleo-
tides as spectroscopic probes of enzyme active sites,
the complex of Mn21 with ATP has been thoroughly
investigated by a number of methods (Aoki, 1996; Sigel
& Song, 1996; and references therein)+ Sigel and co-
workers determined that ligation of Mn(II) to the triphos-
phate moiety of MnATP is extended into a macrochelate
structure by additional ligation to the heterocyclic nitro-
gen N7 to an extent of 17% 6 10%, but they could not
distinguish between inner- and outer-sphere ligation to
N7 (Sigel 1987; Sigel et al+, 1987)+ Using ultraviolet
probes of the aromatic ring, Mariam and Martin (1979)
estimated an occurrence of 10% for the N7 inner-
sphere complex but stated that this analysis was not
highly quantitative+ In addition, even for this well-
characterized complex, the number of inner-sphere li-
gands derived from ATP phosphates, and therefore the

hydration level of the Mn21 ion, has not been deter-
mined with precision+ ESEEM of solvent-derived 2H
provides direct structural data that bear on these ques-
tions+ For a sample containing equimolar Mn21 and
ATP, we find (Fig+ 4) a hydration level of 3+8 6 0+1, from
which we conclude that Mn21 in 1:1 complex with
ATP exists on average as a tetrahydrate+ Using 14N
ESEEM, we found no evidence for direct ligation to
nitrogen in a 1:1 MnATP complex (C+G+ Hoogstraten,
C+V+ Grant, and R+D+ Britt, in prep+), implying that all
non-aqua ligands derive from phosphate groups+ Our
data do not exclude a fraction of the complex existing
as an outer-sphere macrochelate to N7, but any inner-
sphere macrochelate is present at a level too low to be
detectable using ESEEM+

Our results lead to the model shown in Figure 5 for
the complex structure+ We note that the illustrated bi-
phosphate (tetrahydrate) coordination at Mn21 is an
ensemble average+ For example, equal quantities of
monophosphate- and triphosphate-coordinated Mn21

FIGURE 1. Schematic of ESEEM data treatment+ Illustration of the isolation of spectral contributions of inner-sphere D2O
molecules using a ratio of ratios for four different samples (see text)+ The unknown sample (“MnRNA”) is drawn with three
solvent and three RNA-derived ligands+ The ratio of identical samples in D2O and H2O serves to remove contributions from
the macromolecule or DTPA chelate (first equality), and the ratio of data for the unknown sample to MnDTPA removes
contributions from second-shell and distant solvent, leaving pure inner-sphere 2H ESEEM (second equality)+ The left-hand
side thus corresponds to the expression in equation (1) (Materials and Methods)+ Note that ESEEM contributions from 1H
nuclei, in solvent or elsewhere, are removed by the choice of experimental parameters+
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(penta- and trihydrate, respectively) would provide in-
distinguishable experimental data from a homogeneous
biphosphate population+ Within the biphosphate case,
the present data also do not distinguish between b 2 g
ligation, as drawn, and the alternate a 2 b and a 2 g
cases+ Both types of heterogeneity, as well as further
stereoisomerism not considered here, are well known
to occur in divalent metal complexes with nucleoside
triphosphates (reviewed in Saenger, 1984; Klevickis &
Grisham, 1996)+ Nevertheless, the present estimate of
the average hydration level should be useful in inter-
preting chemical and enzymological data+ Indeed, the
results shown here have aided us in deconvoluting
data obtained on higher-order complexes of Mn21 ob-
served in excess ATP (C+G+ Hoogstraten, C+V+ Grant,
and R+D+ Britt, in prep+)+ For both mononucleotide cases,
the 2H ESEEM method has provided data of sufficient

precision to quantify the hydration level to within a single
aqua ligand per Mn21, and results consistent with other
chemical and spectroscopic data have been obtained+

Application to a structured RNA:
Yeast tRNA Phe

Phenylalanine tRNA from the yeast Saccharomyces
cerevisiae has long been a paradigm for studies of

FIGURE 2. Example of data processing+ Three-pulse ESEEM time-
domain data and corresponding ratios for Mn(H2O)6+ A: Raw data for
MnCl2 dissolved in D2O (dashed line), H2O (dotted line), and D/H
ratio (solid line)+ B: Corresponding curves for MnDTPA+ C: Curve
describing the isolated inner-sphere 2H interactions, obtained as the
ratio of the solid curves in A and B+ The arrow indicates the approx-
imate location of a reversal of phase in the modulation, from which an
apparent Mn-2H distance was calculated (see text)+

FIGURE 3. Hydration analysis for MnGMP+Determination of the num-
ber of bound water molecules in the 1:1 MnGMP complex+ The solid
line is experimental data for the complex, and the dashed lines are
the expected data for various levels of hydration (calculated from
data for Mn(H2O)6)+ A, B, and C show data collected at the field
positions indicated on the Mn(II) ESE-EPR lineshape shown in D+
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structure, biophysics, and cation interactions in RNA
(reviewed in Schimmel & Redfield, 1980)+ At low ionic
strength, tRNA molecules bind between three and six
divalent ions in a cooperative fashion (Schimmel & Red-
field, 1980; Feig & Uhlenbeck, 1999)+ This cooperativ-
ity, however, arises from coupling to the formation of
tRNA tertiary structure+ At higher monovalent salt con-
centrations, where the tertiary structure forms in the
absence of divalent ions, no cooperative binding is ob-
served, and the number of strongly or uniquely bound
divalent ions decreases significantly (Stein & Crothers,
1976; Leroy & Guéron, 1977;Walters et al+, 1977;Misra
& Draper, 2000)+At 200 mM NaCl, for example, tRNAPhe

binds one or at most two Mn21 ions with high affinity
(Leroy & Guéron, 1977)+When the molecule was crys-
tallized in the presence of Mg21 and the resulting crys-
tals were soaked in Mn21, a single high-occupancy site
with five aqua ligands and one RNA-derived ligand (the
N7 of G20) was found (Jack et al+, 1977)+ A recent
structural refinement using the same crystal form, how-
ever, revised the ligand assignments to this ion some-

what, and an additional two sites were found to be fully
or partially occupied with Mn21 (Shi & Moore, 2000),
emphasizing the difficulty of drawing comparisons be-
tween ionic conditions in the crystalline and solution
states+ Here, we used the binding of Mn21 with tRNAPhe

to test the applicability of the 2H ESEEM method to
paramagnetic metal ion complexes with large, struc-
tured RNA molecules+

ESEEM results for a 1:1 complex of Mn to tRNAPhe

are shown in Figure 6+ As for MnGMP, the data are
consistent with pentahydrate Mn21 (number of aqua
ligands 5+2 6 0+2)+ In a similarly prepared sample, we
identified a single RNA-derived Mn21 ligand as a base
ring nitrogen using 14N ESEEM (Hoogstraten et al+,
2002), in agreement with the pentahydrate structure
found here+ For a macromolecule such as tRNAPhe,
additional data is necessary to specify the location of
the partially dehydrated ion within the structure+ In some
cases, specific isotope labeling in combination with
ESEEM or ENDOR spectroscopy may be of assistance
(e+g+,Morrissey et al+, 1999, 2000)+ Paramagnetic broad-
ening of lines in solution-state NMR, however, provides
the most general method for site identification (Feigon
et al+, 2001; Gonzalez & Tinoco, 2001)+ Hurd et al+
(1979) performed such studies on three class 1 tRNA
species, closely related to but not including the tRNAPhe

used here, in both excess Mg21 and high-salt, Mg21-
free conditions+ These authors concluded that the initial
tight-binding site was near the phosphate of U8, in the
region of one of the metal sites identified by Shi and
Moore (2000) as partially filled with Mn21+ It should be
noted that crystallographic mother liquors for tRNA nor-
mally include polycations such as spermine, potentially
perturbing the binding sites of divalent cations+ Al-
though sites in the elbow region of the tRNA structure,
where the folded tRNA structure forms pockets of strong
electrostatic potential, are plausible candidates for the
tight binding site at 200 mM salt that we are analyzing
here, further data is therefore necessary to identify the
exact site of ion ligation within the tRNAPhe structure+

In contrast to the situation in high-resolution NMR, no
degradation in spectral quality is seen between a mono-
mer and a large structured RNA in ESEEM, as the
experiments are performed in frozen solution where

FIGURE 4. Hydration analysis for MnATP+Determination of the num-
ber of bound water molecules for a 1:1 complex of Mn21 with ATP+
Conventions as in Figure 3+

FIGURE 5. Structural model for MnATP+ Configuration of the 1:1
MnATP complex based in part on the data in Figure 4+
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the effects of molecular hydrodynamics are negligible+
The experimental signal-to-noise ratio is limited by the
solubility of the compound under study, but this condi-
tion has not been a limitation in the systems examined
thus far due to the intrinsically high sensitivity of 2H
ESEEM+ The main challenge for a particular macro-
molecular application is therefore likely to be the re-
quirement for isolation of a single bound paramagnetic
ion (see Discussion)+ Given these conditions, however,
the results for tRNA shown here demonstrate that 2H
ESEEM gives precise and robust results for Mn21 hy-
dration whether the ligand is a mononucleotide or a
much larger system+

Choice of cryoprotectant

Because Mn21 ESEEM is performed at cryogenic tem-
peratures (4+2 K, in this work), a glassing agent or cryo-
protectant must be added to the liquid sample before
freezing to prevent solute segregation and other ad-

verse effects+ Many common cryoprotectants, how-
ever, contain hydroxylic functional groups, which can
themselves occupy coordination sites on metal ions+
Errors due to an inappropriate choice of cryoprotectant
must thus be considered+ For example, Halkides et al+
(1998) demonstrated that glycerol, a commonly used
and very effective cryoprotectant, ligates directly to
Mn21 bound in the active site of p21-ras by displacing
aqua ligands+

To address the issue of the proper cryoprotectant for
use in the experiments described here, we compared
2H ESEEM data for Mn(H2O)6 cryoprotected in three
different ways+ (Attempts to acquire data in a carefully
frozen but noncryoprotected sample failed due to the
inability to detect a reproducible spin-echo+) The effec-
tiveness of cryoprotection was judged by the rate of
echo decay in two-pulse ESEEM, the so-called “phase
memory time+” We observed the most effective cryo-
protection in 50% glycerol, followed by 20% ethylene
glycol,with 0+4 M sucrose performing significantly worse
than either (data not shown), in agreement with obser-
vations by others (Halkides et al+, 1998)+ Figure 7A
shows three-pulse ESEEM D2O/H2O ratios for these
three samples, and demonstrates a substantial de-
crease in solvent-derived 2H ESEEM modulation for
Mn(H2O)6 in glycerol, consistent with the occupation of
inner-sphere coordination sites by the cryoprotectant

FIGURE 6. Hydration analysis for MntRNA+Determination of the num-
ber of bound water molecules for Mn21 bound to yeast tRNAPhe in
200 mM NaCl+ Conventions as in Figure 3+

FIGURE 7. Effect of varying cryoprotectant on ESEEM data+ A: Ra-
tio of three-pulse ESEEM data collected in D2O to H2O for Mn(H2O)6
in the indicated cryoprotection conditions+ B:Apparent hydration level
of an ethylene glycol-protected sample (solid line) assessed using
reference curves constructed via Mn(H2O)6 cryoprotected in su-
crose (dashed lines)+ Overall modulation is shallower than in Fig-
ures 3, 4, and 6 due to use of a shorter spin-echo delay t for these
experiments+
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in this case+ The curves for ethylene glycol and su-
crose, by contrast, are very similar+ For quantitative
analysis of the latter two curves, we acquired compa-
rable data for a complex of MnDTPA cryoprotected
with either 20% ethylene glycol or 0+4 M sucrose, and
used these data according to equation (1) (see below)
to derive pure inner-sphere 2H ESEEM for Mn(H2O)6 in
ethylene glycol or sucrose+ The resulting curves are
shown in Figure 7B, and are consistent with ethylene
glycol occupying an additional fraction of a coordina-
tion site on average relative to sucrose+

The above analysis indicates that 50% glycerol and,
to a lesser extent, 20% ethylene glycol, will occupy
some inner-sphere coordination sites on Mn21 in aque-
ous solution+ Because we were unable to obtain ESEEM
in the complete absence of cyroprotectant, we cannot
demonstrate rigorously that sucrose itself does not par-
tially displace waters of hydration on Mn21, potentially
distorting the results of water-counting ESEEM exper-
iments+ We consider this relatively unlikely, however,
because the constrained ring structure of sucrose pre-
cludes the chelated structure that favors binding for
unconstrained polyalcohols such as glycerol+ In agree-
ment with this contention, Halkides et al+ (1998) found
no evidence of the binding of deuterated methyl-a-D-
glucopyranoside to Mn21 using 2H ESEEM+ Although
some possibility of error remains, therefore, we con-
sider 0+4 M sucrose or similar saccharide-based cryo-
protectants a relatively safe choice for cryoprotection
in water-counting experiments, especially given
the chemically and biologically reasonable results for
MnGMP, MnATP, and Mn-tRNA obtained in the present
study+ In contrast, the use of unconstrained polyalco-
hols such as glycerol and ethylene glycol carries sub-
stantial risk of causing errors and should be avoided for
such experiments, despite the superiority of these spe-
cies as glassing agents+

DISCUSSION

Standards and calibration

For a single unpaired electron (electron spin S 5 1/2),
the number of coupled magnetic nuclei can be deter-
mined directly by numerical simulation of the ESEEM
modulation pattern (Kevan, 1979; Mims & Peisach,
1981)+ Unfortunately, the probe ion Mn21 has five un-
paired valence electrons (S 5 5/2), and exact simula-
tions are much more difficult for this case+ Therefore,
the magnitude of 2H echo modulations must be ana-
lyzed by reference to a convenient standard+ Serpersu
et al+ (1988) used the single-hydrate complex MnEDTA
to analyze Mn21 bound to Staphylococcal nuclease,
successfully distinguishing a single bound D2O (pat-
tern identical to the MnEDTA/MnDTPA ratio) from two
bound D2O (pattern the square of that seen in MnEDTA/
MnDTPA)+ The uncertainties inherent in extrapolating

modulation due to a single D2O to the highly hydrated
ions common in nucleotides and nucleic acids, as well
as differences in the magnetic properties (particularly
the zero-field splitting) of Mn21 bound to a strong che-
lator as compared to an RNA site, render this proce-
dure impractical for the present purposes+ Indeed, our
initial attempts to apply directly the technique of Ser-
persu et al+ to nucleic acids yielded poorly reproducible
and physically unrealistic results (not shown)+ There-
fore, we used a ratio of hexaquo Mn21 to MnDTPA (see
Fig+ 2) as a reference standard+ Ions with N bound
waters of hydration will show inner-sphere 2H ESEEM
modulation equal to the (N/6)th power of that in the
standard+ (We note that, due to the finite ionization of
Mn21-bound H2O, the average number of 2H atoms in
the first coordination sphere will be somewhat less than
12, depending on pH+ As long as the pKa of Mn21

bound in the site of interest is not significantly different
from that in Mn(H2O)6, however, the calculation of the
number of D2O ligands in the unknown sample will be
unaffected+) Using hexaquo Mn21 as a standard allows
one to distinguish among sites with four, five, and six
waters of hydration, and therefore provides a valuable
complement to MnEDTA standardization+ For ions with
intermediate hydration numbers, neither MnEDTA nor
Mn(H2O)6 may provide a fully satisfactory reference for
absolute determinations, and other types of small-
molecule chelators may prove useful+1 As an alterna-
tive, high-frequency EPR lineshape analysis for samples
in H2

17O, which has proven effective in the regime of
N 5 2 to N 5 4, can be applied (Latwesen et al+, 1992;
Bellew et al+, 1996; Bernat et al+, 1997)+ In nucleic acid
sites, however, high levels of hydration will be the norm
(Draper & Misra, 1998; Feig & Uhlenbeck, 1999; Misra
& Draper, 2001), and the procedures described in this
article will be an appropriate choice+

For macromolecular applications of 2H ESEEM, it is
crucial to isolate the binding of a single paramagnetic
ion, because the results obtained will be an average
of all Mn21 ions in the sample+ The deconvolution of
ESEEM data for multiple bound equivalents of Mn21,
although in principle possible, will in practice be quite
difficult+ The availability of solution binding curves, such
as those derived for tRNAPhe at high salt by Leroy and
Guéron (1977), is thus an essential prerequisite for the
design of ESEEM experiments+ In the present case,
the choice of 200-mM monovalent salt buffer for our
tRNA sample was dictated by the requirement for con-
ditions under which a single, unique, strongly bound
ion is present+

1We also note that the removal of outer-sphere contributions using
MnDTPA samples is not fully rigorous, due to differences in outer-
sphere geometry and zero-field splitting between Mn21 bound to
DTPA and to macromolecules+ The observation of a modulation null
at the appropriate delay (e+g+, Fig+ 2C), however, provides a valuable
check on the operational validity of this procedure for a particular
sample+
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SUMMARY AND PERSPECTIVE

In this work, we have demonstrated a robust spectro-
scopic procedure to determine the hydration level of
paramagnetic divalent cations such as Mn21 bound to
nucleotides and nucleic acids+As demonstrated by data
on mononucleotide systems as well as budding yeast
tRNAPhe, the precision of the analysis is easily good
enough to detect the gain or loss of individual waters of
hydration+ In many situations, the precise number of
waters of hydration is of key interest in sorting out the
structural, energetic, and mechanistic features of metal
ions that are critical to the function of ribozymes and
other nucleic acids+

The determination of hydration level using 2H ESEEM
is directly complementary to a number of other EPR
spectroscopic methods for investigating the ligation
structure of metal ions bound to nucleotides and nu-
cleic acids+ In the case of the vanadyl ion (VO21),Maki-
nen and coworkers have used continuous-wave
electron-nuclear double resonance (CW-ENDOR) to in-
vestigate the structure of 1H and 31P ligands (Mustafi
et al+, 1992; Jiang & Makinen, 1995)+ CW-ENDOR has
been applied by DeRose and coworkers to Mn21 ions
bound to systems including the hammerhead ribozyme
(Morrissey et al+, 2000)+ In collaboration with the DeRose
group, we have analyzed heterocyclic base nitrogen
ligation to Mn21 using 14N ESEEM (Morrissey et al+,
1999)+ Because ENDOR is not a quantitative tech-
nique in terms of ligand number, however, and some
nucleotide-derived ligand types are ESEEM silent (e+g+,
carbonyl groups in the absence of 13C labeling), none
of these studies could rigorously determine the number
of aqua ligands to the metal ion in question+ The 2H
ESEEM methods described here, therefore, are a valu-
able complement to ESEEM and CW and pulsed
ENDOR analyses of nucleotide-derived ligands+

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+ Guanosine 59-mono-
phosphate and adenosine 59-triphosphate samples were 5 mM
nucleotide, 1+0 mM MnCl2 and 1+2 mM nucleotide, 1+0 mM
MnCl2, respectively+ For mononucleotide samples, the only
monovalent salt was that provided by the buffer, 10 mM so-
dium cacodylate at pH 7+0+ The yeast tRNAPhe sample was
0+5 mM in tRNA, 0+2 mM MnCl2, 200 mM NaCl, 10 mM so-
dium cacodylate buffer, pH 7+0+All samples were prepared as
identical pairs containing all components except cryoprotec-
tant, lyophilized to dryness, resuspended in either H2O or
D2O, and relyophilized several times+ Cryoprotectant was
added upon final resuspension and dilution+ Sample volume
was 120 mL+ Except as noted, all samples were cryopro-
tected with 0+4 M sucrose (previously prepared in H2O or
D2O as appropriate) prior to freezing and storage in liquid
nitrogen+

Pulsed EPR spectroscopy was performed on a laboratory-
built 8–18 GHz spectrometer previously described (Sturgeon
& Britt, 1992; Sturgeon et al+, 1994)+ Three-pulse ESEEM
experiments were performed using standard methods (Ke-
van, 1979; Mims & Peisach, 1981)+ Fixed spin-echo delays t
were set to an integer multiple (usually 2 or 3; approximately
200 ns for the magnetic field values used here) of the 1H
precession period to remove modulation arising from 1H nu-
clei (Mims & Peisach, 1981)+All spectroscopy was performed
at 4+2 K and 9+3 GHz+ ESEEM experiments were repeated
with the magnetic field set to three different maxima of the
Mn21 ESE-EPR lineshape, typically 3090, 3340, and 3570 G
(Fig+ 3D)+

ESEEM data were normalized by setting the value at the
first maximum of the 2H modulation to unit intensity+ Re-
ported data were constructed using traces from four sam-
ples, Mn21 bound to the test molecule in H2O and D2O and
MnDTPA in H2O and D2O, combined according to

MnRNA(D2O)/MnRNA(H2O)

MnDTPA(D2O)/MnDTPA(H2O)
(1)

where MnRNA refers to the unknown sample or hexaquo
standard, to isolate modulations due to inner-sphere D2O
ligands (Fig+ 1)+ For some samples, variations in overall echo
decay rates led to ratioed data containing a slight overall
upward or downward slope+ In these cases, the final data
were multiplied by a weak decaying or rising exponential
function to obtain a horizontal trace at long time values, as
predicted by theory (Kevan, 1979), and renormalized+ Stan-
dard curves for number of aqua ligands N 5 6 were obtained
by considering Mn(H2O)6 as the test sample and treating the
data as usual+ The N 5 6 trace was numerically raised to the
power of (N/6) to generate standard curves for lower N+ For
quantitative analysis, the exponent that raised the experimen-
tal curve to the closest match with the N 5 6 curve, as judged
by agreement of the depth of the first several 2H modulations,
was determined+ Data from analyses performed on the same
samples at three different magnetic fields was used to cal-
culate the reported mean and standard error+
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