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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(ll) 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 understanding of the structural properties of metaHBINA
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 classeéThe first class arises due to
the high negative charge of polynucleotides, which attracts
poorly localized “atmospheric” cations in a nonspecific mariner.
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 ligaAds.
The substitution-inert ion hexammine Co(lll) has recently found
elegant use as a probe of such sht&snally, 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.
Site bound ions are the primary targets of structural character-

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 moleculeSor
many highly structured RNA molecules, the secondary structure
(i.e., Watsonr-Crick helices) forms in moderate concentrations
of monovalent salt, but addition of divalent cations is necessary .
for formation of the globular tertiary structufeDetails 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 forhand the mechanism by which
specific metal ion sites modulate the balance between RNA
secondary and tertiary structutreMost naturally occurring
catalytic RNA molecules rely on metal ions for catalytic as well
as structural purposes under normal conditithghus, an

* To whom correspondence should be addressed.

*Texas A & M University. ization of metal ior-RNA interactions, but the always-present
* Current address: Department of Chemical Physics, Weizmann Institute
of §SC|ence, Rehovot 76100, Israel. (5) (a) Pyle, A. M. InMetal lons in Biological Systems: Interactions of Metal
Current address: Beckman Coulter, Inc., 4300 N. Harbor Boulevard, lons with Nucleotides, Nucleic Acids, and Their Constituestgel, A.,
Fullerton, CA 92834-3100. Sigel, H., Eds.; Marcel Dekker: New York, 1996; Vol. 32, pp 4&20.

(1) (a) Saenger, WPrinciples of Nucleic Acid Structur&pringer-Verlag: New (b) Feig, A. L.; Uhlenbeck, O. C. Ithe RNA World2nd ed.; Gesteland,
York, 1984; pp 20%+219. (b) Misra, V. K.; Draper, D. EBiopolymers R. F., Cech, T. R., Atkins, J. F., Eds.; Cold Spring Harbor Laboratory
1998 48, 113-135. Press: Cold Spring Harbor, New York, 1999; pp 2819.

(2) Tinoco, 1., Jr.; Bustamante, Q. Mol. Biol. 1999 293 271-281. (6) Doherty E. A.; Doudna, J. AAnnu. Re. Biochem.200Q 69, 597-615.

(3) Cate, J. H.; Hanna, R. L.; Doudna, J. Mat. Struct. Biol.1997, 4, 553— (7) Laing, L. G.; Gluick, T. C.; Draper, D. El. Mol. Biol. 1994 237, 577—
558. 589.

(4) (a) Wu, M.; Tinoco, ., JrProc. Natl. Acad. Sci. U.S.A998 95, 11555~ 8) Anderson C. F.; Record, M. T., JAnnu. Re. Phys. Chem1995 46,
11560. (b) Silverman, S. K.; Zheng, M.; Wu, M.; Tinoco, I., Jr.; Cech, T. 657—700.

R. RNA1999 5, 1665-1674. (9) Kieft, J. S.; Tinoco, I., JrStructure1997, 5, 713-721.

834 VOL. 124, NO. 5, 2002 = J. AM. CHEM. SOC. 10.1021/ja0112238 CCC: $22.00 © 2002 American Chemical Society



Structure Analysis of Metal lon Ligation

sea of nonspecifically bound ions must be carefully accounted
for in the interpretation of experimental results.

Beginning with classic studies on tRNA systeths 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 diaksis solution
EPR}? or to the nucleic acid component, such as circular
dichroism or ultraviolet melting? 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 WM#A*1° Such studies,
although they locate Mt 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
ions2® 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 spir-echo envelope modulation (ESEEM)and
electron spir-echo-electron nuclear double resonance (ESE-
ENDORY?to the analysis of metal ion sites in mononucleotides
and RNA. By overcoming inhomogeneous line-broadening
effects, spir-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
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ligands and nearby regions of bound macromolectii&pecif-
ically, the information contained in ESEEM and ESE-ENDOR

spectra includes the chemical identities of interacting atoms via

the nuclear Larmor frequencies, as well as quantitation of

T+1(us)

Figure 1. lllustrative simulated ESE-ENDOR and ESEEM dai@) 3P
ENDOR powder pattern line shapes corresponding t8=ar = 1/, system
with an axially symmetric hyperfine interaction dominated by the scalar
(isotropic) term. Simulation parameters: Microwave frequency, 10.2 GHz;

the corresponding hyperfine coupling constants and (for nuclear static field strength, 3500 Gdiso, 2.5 MHZ; Agip, 1.0 MHz (point-dipole

spinl > ;) nuclear quadrupolar coupling constaetgQ and
asymmetry parameters The ligand hyperfine coupling is
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(22) (a) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.; Houseman,

A L.P; Telser JBiol. Magn Reson1993 13, 151-217. (b) Thomann
H Bernardo MBIO| Magn. Reson1993 13, 275-322.

(23) Britt, R. D. In Advances in Photosynthesis: Biophysical Techniques in
PhotosynthesjsHoff, A. J., Amesz, J., Eds.; Kluwer Academic Publish-
ers: Amsterdam, 1995; pp 23253.

distance, 3.2 A); line shape convolved with Gaussian broadening function,
half-width 15 kHz. (b) Same as (a) but wiffy, set to 0.0 for purely dipolar
coupling. Individual powder pattern line shapes are shown as dashed lines.
(c) Three-pulse?H ESEEM time-domain spectra for tfge= 1, | = 1,
weakly coupled case. Quadrupolar couplatgQ, 0.22 MHz; asymmetry

n, 0.1;2H resonance frequency, 2.0 MHz (3050 G); spatho delayr,

251 ns;Aiso, 0.0 MHz. Dashed lineAgp = 0.26 MHz (3.6 A). Solid line:
Agip = 0.45 MHz (3.0 A). Dotted line: cube of dashed line, corresponding
to three equivalentH atoms at 3.6 A.

divided into a scalar or isotropic portiohso, Which is related

to the extent of spin delocalization onto the nucleus, and (for
axial symmetry) a dipolar or anisotropic portiégi,, which is
directly related to the metanucleus distance in the point
dipole approximation. The form of the spectrum depends on
the relative magnitudes and signs16f €2qQ, Aiso, and Agip.

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 simulattl ESE-ENDOR
spectra for a phosphate group ligated in an inner-sphere fashion
to Mn(ll), 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 dist&R 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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In this report, using a complex of Mh with guanosine 5
monophosphate (MNGMP) as a model system, we derive a
complete and consistent structural picture by analyzing interac-
tions with 1N, 15N, 3P, and?H nuclei of the nucleotide, as

IS‘ </ /I\II\H well as?H nuclei in?H,0 solvent. These experiments are shown

cl) N NH, to be easily generalizable to large RNA systems of biological
0=pP-0 o interest, as is demonstrated using phenylalanine-specific transfer

(')- RNA (tRNAPh9 from budding yeast. In a preliminary account

of this work, we demonstrated the utility ¥N and>N ESEEM
to identify binding sites in a hammerhead ribozyme construct
by comparison with MNnGMP®2

Figure 2. Available ion ligation groups in RNA. Chemical structure of a  Materials and Methods

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}t2ydroxyl oxygen.

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 wittN and*3C was isolated front.

experimental data with simulations provides both the scalar . grown on labeled minimal medit#hand was a kind gift of the

hyperfine coupling constant and the peintipole Mn(ll)—*'P laboratory of Dr. Thorsten Dieckmann. Labeled mononucleotide was

distance. desalted on ais-boronate affinity column (Bio-Rad Affigel 601). The
For ESEEM experiments, by contrast, raw data are obtained hammerhead ribozyme enzyme/substrate complex labeledthitat

in the time domain by varying timing parameters in two-pulse all guanosine residues in the enzyme strand was prepared using in vitro

(primary echo) or three-pulse (stimulated echo) smoho transcription as previously describ&dGuanosine Smonophosphate

sequences. Modulations in the echo intensity are observed atsamples were 5 mM nucleotide, 1 mM MnQunlabeled sample) or

frequencies characteristic of hyperfine-coupled niélgise- 2.5 mM nucleotide, 1 mM MnGl(isotopically labeled sample). For

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,

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 (GMIé:) was prepared by overnight treatment at 60
°C with 4 equiv of triethylamine idH,0 2’ Excess reagent was removed
by repeated evaporation to dryness fréifO. Essentially complete

exchange of H8 with negligible deuteration elsewhere was confirmed
using*H NMR. The control sample for this study was treated in the
same fashion as the GMiR-except for the omission of the overnight
gase incubation. The yeast tRRIAsample was 0.5 mM in tRNA, 0.2

information difficult to obtain from ESE-ENDOR data. Figure
1c shows simulated time-domain ESEEM traces for sidgle
nuclei coupled to an electron splfy-ion at two distinct distances
as solid and dashed I|ne§. These traces are easily dlstlngwshemM in MnCl,, 200 mM in NaCl. and 10 mM in sodium cacodylate
by the depth of modulation. It can also be noted that, for the b ;
. . ) uffer pH 7.0. GMP and tRNA samples were cryoprotected with 0.4

more d's_tan_t nuc_:leus (das_hed line), the modulation decgys_ MOT& sucrose prior to freezing and storage in liquid nitrogen.
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 aniso'tropic'c.oupling in experiments were performed using standard metié8land Fourier-
the latter cas&a Thgrefore, ESE_EM modula’FIO_n arising from transformed using iterative reconstruction of the instrumental dead-
several relatively distant nuclei can show initial modulation (imez ESE-ENDOR spectra were collected using the method of
depth similar to that from a single nearby nucleus, but these \jims 30 Al spectroscopy was performed at 4.2 K. ESEEM simulations
two cases are cleanly distinguished by the differing time course for the electron spits = Y, nuclear spirl = ¥, case were performed
of modulation decay (Figure 1c, solid and dotted traces). in the frequency domain according to the analytical expressions of Lai

Nucleotide residues in RNA and DNA contain a variety of et al3 as implemented in Mathematica 3.0 (Wolfram Research). For
potential metal ligands, including backbone phosphate groups,thel = 1 case, simulations were performed in the time domain using
heterocyclic base nitrogen atoms, ring carbonyl groups, and (for numerical diagonalization of the spin Hamiltonian as describ&ime-
RNA) 2'-hydroxyl groups (Figure 2). Outer-sphere, or water- domain simulations were apodized using a squared-cosine window and
mediated, ligation to nucleotide groups is also important owing then Fourier-transformed to the frequency domain. ESE-ENDOR
to the tendency of metal ions bound to nucleic acids to retain
a large fraction of their waters of hydration. Because of its high (25) Morrissey, S. R.; Horton, T. E.; Grant, C. V.; Hoogstraten, C. G.; Britt, R.

e o . D.; DeRose, V. JJ. Am. Chem. S0d.999 121, 9215-9218.

nucleophilicity, the N7 atom of guanosine is a particularly (26) (a) Batey, R. T.; Inada, M.; Kujawinski, E.; Puglisi, J. D.; Williamson, J.
favorable ligand for MA™.1224Phosphate and nitrogen ligation

R. Nucleic Acids Resl992 20, 4515-4523. (b) Nikonowicz, E. P.; Sirr,
. . . A.; Legault, P.; Jucker, F. M.; Baer, L. M.; Pardi, Nucleic Acids Res.
can be analyzed in natural isotopic abundance samples by
measuring'P and'N hyperfine coupling interactions, respec- (27) Huang, X.; Yu, P.; LeProust, E.; Gao, Kucleic Acids Res1997 25,

Pulsed EPR spectroscopy was performed on a laboratory-bti8 8
GHz spectrometer previously descrilldwo- and three-pulse ESEEM

1992 20, 45074513.
. . pe 4758-4763.
tively. Such data may be complemented by uniform or specific (28) (a) Sturgeon, B. E.; Britt, R. [Rev. Sci. Instrum1992 63, 2187-2192.

15 i i H i (b)Sturgeon, B. E.; Ball, J. A.; Randall, D. W.; Britt, R. D.Phys. Chem.
N labeling. Examples of these interactions are given below. 1604 98, 128711883,

Analysis of carbonyl or 2hydroxy! ligation will require’3C (29) Mims, W. B.J. Magn. Reson1984 59, 291—306.
P f R R (30) Mims, W. B.Proc. R. Soc. London, Ser. ¥965 283 452—-457.
isotopic labeling and is deferred to another place. (31) Lai, A.: Flanagan, H. L. Singel, D. J. Chem. Phys1988 89, 7161

7166.
Britt, R. D.; Zimmermann, J.-L.; Sauer, K.; Klein, M. P. Am. Chem.
Soc.1989 111, 3522-3532.

—_ o

(24) Streicher, B.; Wallis, M. G. IRibosomal RNA and Group | IntronSreen,
R., Schroeder, R., Eds.; R. G. Landes: Austin, TX, 1996; pp-1X23.

(32
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simulations were performed using matrix diagonalization as desciibed,

Q

including ther-dependent Mims suppression effétt. E i By (a)
[=%

Results E __
g

Directly Ligated 1N and 15N in Complexes of Mn(ll) with 2 ] ~d
GMP and the Hammerhead Ribozyme.In an earlier report, z B y
we used“N and'>N ESEEM as a fingerprint for direct ligation A

of Mn(ll) to aromatic ring nitrogens in GMP and the ham- UL

merhead ribozymé& 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 1N 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
spinl = 1/, case, corresponding &N labeling of the nucleotide 20 25 3.0 35 40 45 50 55 60 65
base. In our MNnGMP samples, the GMP moiety is isotope- Radio Frequency (MHz)
labeled with both!>N and 13C, and the interpretation fN @

ESE-ENDOR at X-band is complicated by the presencé®f | | (®) (c)
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 aféN-labeled?> and we applied the
resulting parameters to the interpretation of further data in
MnGMP. Under the conditions used (1 M NacCl), this ham- rrrryrrrryprrrrprrrr T

merhead construct binds exactly one Mn(ll) ion with high 2500 3000 3500 4000 4500

affinity.3* This site has been studied extensively using EPR, Magpetic Field (G)

phosphorothiate substitution, and NMRand the binding site Figure 3. 15N ESE-ENDOR of Mn(ll) bound to the hammerhead ribozyme.
was denifed a5 a_guanosine heterocycle nitogen using HTS FSE T ST B PO M e
ES_EEM'24 All features in the MNGMP*N ESE'ENDOR SpeCtr‘? stran)(liz.5 Data were acquired at X-ba?ld (10.3 MHz) with a spatho de?/ay
which are resolved fromd3C patterns are identical to those in ¢ of 120 ns and static magnetic fields of (a) 3430 G and (b) 3870 G.

the ribozyme (not shown), as are thosé4x and>N ESEEM, Corresponding simulations usitfgs, = 4.2 MHz andAg; = 0.9 MHz are
; ; shown with dashed lines. Simulations were convolved with a Gaussian line
supportlng the congruence of these two sites. shape & = 40 kHz) to represent line-broadening effects. (c) Field-swept
Figure 3 shows ESE-ENDOR spectra of the Mnfl) ESE-EPR spectrum of the Mn(thammerhead sample with the fields used
hammerhead ribozyme complex collected using the method of for ENDOR data acquisition indicated.

Mims® at two different values of the static magnetic field,

corresponding to two different maxima in the six-line MEPR the data are clearly sufficient to distinguish direct coordination
spectrum. For this case, the lower frequency) ENDOR line of N from outer-sphere or indirect interactions.

occurs very close to zero frequency and is not observed. The The 15N hyperfine tensor determined above implies that, at
data are fit well with an axially symmetric hyperfine coupling X-band frequencies of ca-910 GHz, molecules at a subset of
tensor withAigo = 4.2 £ 0.1 MHz andAgi, = 0.9 + 0.1 MHz orientations with respect to the static magnetic field will fulfill
and contributions from the centr@= =+ 1/, spin manifold only. the “exact cancellation” conditiod&/2 ~ v,, wherev, is the

(As indicated, the analysis is complicated somewhat by the nyclear Larmor frequency, with consequent dramatic enhance-
presence of a strong distafifNa peak). If it is assumed that  ment of ESEEM modulation for bot®N and 14N 3136 These
Agip arises only from dipoledipole interactions, this result  gffects are visible in the X- and P-band ESEEM spectra for
corresponds to a poirtdipole distance between the Mn(ll) ion 15— MnGMP shown in Figure 4a and b. Simulations performed
and the interacting®N of 2.1+ 0.1 A, representing a direct, \yith the analytical formalism of Singel and co-work&rssing
inner-sphere ligation of the ring nitrogen to the Mn(ll) ion.  {he hyperfine values derived from ESE-ENDOR reproduce the
Although this distance estimate will not be quantitatively ya¢5 quite well overall. We note that the predicted sharpening
accurate due to violations of the poirdipole approximation at the lower-frequency edge of the X-band ESEEM line shapes,
and nondipole-dipole contributions to the anisotropic hyperfine, which intensifies to a near singularity at 3890 G corresponding

to the precise exact-cancellation condition, is not fully observed,

20 25 3.0 35 40 45 50 55 6.0 65
Radio Frequency (MHz)

ESE-ENDOR Amplitude

ESE Amplitude

(33) Randall, D. W.; Sturgeon, B. E.; Ball, J. A; Lorigan, G. A.; Chan, M. K.;

Klein, M. P.; Armstrong, W. H. Britt, R. DJ. Am. Chem. S04995 117, presumably due to a distribution in hyperfine constants, slight
11780-11789. ; ici

(34) Horton, T. E.: Clardy, D. R.: DeRose, V.Biochemistryl 998 37, 18094- hyperfine rhonr_lblcny, or other effects_. The general agreemgnt
18101. between predicted and observed line shapes over a wide

(35) (a) Morrissey, S. R.; Horton, T. E.; DeRose, VJJAmM. Chem. So2000Q
122, 3473-3481. (b) Hunsicker, L. M.; DeRose, V. J. Inorg. Biochem.
200Q 80, 271-281. (c) Maderia, M.; Hunsicker, L. M.; DeRose, V. J. (36) (a) Mims, W. B.; Peisach, J. Chem. Phys1978 69, 4921-4930. (b)
Biochemistry200Q 39, 12113-12120. Flanagan, H. L.; Singel, D. J. Chem. Phys1987 87, 5606-5616.
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Figure 4. Multifrequency®>N ESEEM of MNnGMP. Fourier-transformed
two-pulse ESEEM spectra at 9.2 GHz (a) and 14.5 GHz (b) féNa-3C-
MnGMP sample. Two independent field values (maxima in the six-line
Mn(ll) EPR line shape) are shown for each frequency band. Simulations
according to the formalism of Singel and co-workéngsing parameters

derived from ESE-ENDOR data in Figure 3 are shown as dashed lines.

In Figure 5 we show X- and P-badtN ESEEM spectra for
the MnGMP complex (left), along with simulations calculated
using hyperfine constants derived frdfN ENDOR data and
€29Q = 3.2 MHz,» = 0.30 (center), and simulations witkso
= 2.1 MHz,Agip = 0.4 MHz,€20Q = 2.9 MHz, = 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 fiéhM 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
guantum” 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-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;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

Within each panel, the two experimental traces and the two theoretical tracesy 5 nsitions to the central manifolds and the contributios of

are on the same scale, but the vertical scale between data and simulation

is arbitrary.

%/2 effects to fine details of the spectra. Fully rigorous ESEEM
simulations for theS = 5,, | = 1 case are nontrivial and are

frequency range, however, increases our confidence in thedeferred to another place. The current analysis, however, does

hyperfine values reported above.

give chemically useful estimates of the quadrupolar parameters

Scaling the above results by the respective gyromagnetic (see Discussion). In summary, the combination of ESEEM and

ratios predicts a hyperfine tensor for the Mnd#N interaction
in MNGMP with Aiso = 3.0 MHz andAgi, = 0.6 MHz. The!‘N

ESE-ENDOR for both!*N and N systems has allowed
improved analysis of the parameters relating to the molecular

ESEEM patterns will also be affected by the nuclear quadrupolar structure of Mr-N ligation in this complex relative td“N

tensor for the spin-#*N nucleus. For ar8 = /5, | = 1 spin
system with purely isotropic hyperfine coupling near the exact
cancellation condition, the Fourier-transformed ESEEM spec-

ESEEM alone, although some ambiguities remain.

Site Identification Using Deuterium Labeling. The covalent
structure of GMP (Figure 2) contains several chemically similar

trum is characterized by three sharp lines whose frequenciesaromatic ring nitrogen atoms, any one of which could give rise

uniquely define the quadrupolar paramet&gQ andy for the
spin-1 nucleus, along with a “double-quantum” peak arising
from the noncanceled electron spin manifold at higher fre-
quency3® N ESEEM has been performed for Mn(ll) bound

to data such as that in Figures-8 if directly ligated to Mn-

(I). Although the N7 site is the most plausible ligand on
chemical ground$24we desired a direct experimental deter-
mination of the precise site of ion ligation. We therefore

to imidazole moieties in several systems, and frequency-domainperformed?H ESEEM on a complex of Mn(ll) with GMP

spectra substantially more complex than the simple four-line
exact cancellation picture have been obsef/ethis added
complexity is attributed to anisotropic contributions to the
hyperfine tensor and/or contributions from the outer electron
spin manifolds ofS = 5, Mn(ll). For ligation of Mn(ll) to the

labeled with?H at the H8 position (MNGMRY,), analyzing the
results by comparison with the known Mn@$H distance in
MNnEDTA.3° As described in the Supporting Information, this
procedure gave a value of 36 0.1 A for the Mn(Il)-2H
distance, consistent with ligation to the N7 but not the N3 of

imidazole-like nitrogen of a guanosine ring, we have attempted the nucleotide. Site-specific isotope labeling in combination with

to simulate the!N ESEEM patterns using an algorithm that
takes both isotropic and anisotropic hyperfine interactions into
account, albeit neglecting nonsplifh-effects3?

(37) (a) McCracken, J.; Peisach, J.; Bhattacharyya, L.; Brew@&idehemistry
1991, 30, 4486-4491. (b) Espe, M. P.; Hosler, J. P.; Ferguson-Miller, S.;
Babcock, G. T.; McCracken, Biochemistryl1995 34, 7593-7602. (c)
Buy, C.; Girault, G.; Zimmermann, J.-IBiochemistry1996 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.
Biochemistry200Q 39, 2340-2346.
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ESEEM allowed an unambiguous determination of the exact
site of metal ligation. In agreement with the ESEEM dak,
CW-ENDOR of MNnGMPéd; previously revealed the loss of a
signal with 1.7 MHz splitting as compared to that of unlabeled
MnGMP 352

(38) Reijerse, E. J.; Keijzers, C. B. Magn. Reson1987, 71, 83—96.
(39) de Beer, R.; de Boer, W.; van't Hof, C. A.; van Ormondt, Acta
Crystallogr. 1973 B29, 1473-1480.
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Figure 5. Multifrequency*N 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 spho delays. Top to bottom,z = 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(ll) EPR spectrum. Top to bottom, 3420
G and 206 ng, 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 $rafy, | = 1 spin systerf? with collinear hyperfine and quadrupolar tensors

and parameters of (b,e,Wso = 3.0 MHz, Agip = 0.65 MHz,€2qQ = 3.2 MHz, 7 = 0.30; or (c,f,i)Aiso = 2.1 MHz, Agip = 0.40 MHz,€%qQ = 2.9 MHz,

n = 0.4.

detected strongly couple€dP 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
] LI OO B p e shows no evidence for such inner-sphere interactions. With the
3200 3600 4000 4400G use of long spirecho delaysr, 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 includiy
in phosphate. Experimental data and simulations for 600 and

FT Amplitude

oo rEer e e 1000 nst Mims ENDOR in MNGMP are shown in Figure 8.
0 2 4 6 8 We assume that the observed line shape arises exclusively from
Frequency (MHz) the centralMs = —Y, < Ms = +%, EPR transition; this

Figure 6. Field dependence of ESEEM modulation in MNGMP. Two- interpretation is supported by the lack of ENDOR observed
pulse ESEEM spectra at X-band (10.2 GHZ). Magnetic fields, top to bottom, when the magnetic field is set in the wings of the EPR spectrum,

are 3300, 3420, 3600, 3890, and 4100 G. The inset indicates the fields T . . .
used on the ESE-EPR field-swept spectral envelope. where the outer transitions dominate (Figure 7b,c). For this

Analysis of Outer-Sphere Phosphate Ligands Using ESE- (40) (a) LoBrutto, R.; Smithers, G. W.; Reed, G. H.; Orme-Johnson, W. H.;

ENDOR. ESEEM spectroscopy has been used to analyz8Mn Tan, S. L.; Leigh, J. S., JBiochemistryl986 25, 5654-5660. (b) Tipton,
i ; ; i i P. A.; McCracken, J.; Cornelius, J. B.; PeisactBidchemistryl 989 28,
phosphate ester ligation at the active sites of a variety of enzyme 8 5720-5728. (¢) Larsen. R. G- Halkides. C. J.: Redfield A G. Singel,

systems involving nucleotide cofactor$;*® and we have D. J.J. Am. Chem. S0d.992 114, 9608-9611.
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Figure 7. Demonstration of outer-spheféP ligation in MNGMP using
ESE-ENDOR. (a) Mims ESE-ENDOR of MnGMP with spiecho delays

7 of (top) 600 ns, (middle) 1000 ns. Simulations including thdependent
suppression effect and usiAg, = 0.08 MHz,Agj, = 0.31 MHz accompany

the data traces; reconstructed suppressionless powder pattern is at bottol
(cf. Figure 1b). Spectra acquired at 3880 G, 10.2 GHz, RF pulse width 16
us. (b) 3P ESE-ENDOR spectra of MNnGMP as a function of magnetic
field, increasing field from top to bottom; fields used are shown on the
Mn(ll) ESE-EPR spectrum in (c).

Figure 8. Molecular model of the Mn(kD)s—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).

interaction, essentially no electron delocalization onto3ffre
is seen Qo ~ 0), and a dipolar couplindip corresponding to
a point-dipole distance of 5.8 0.4 A is obtained. This distance
is compatible with the range of metgbhosphorus distances

observed for water-mediated phosphate ligation in a survey of (44)

high-resolution RNA crystal structures deposited in the Nucleic
840 J. AM. CHEM. SOC. m VOL. 124, NO. 5, 2002

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

Quantitation of Metal lon Hydration in MNGMP Using
ESEEM. The extent to which hexaquo Mn(ll) is dehydrated
upon nucleic acid or nucleotide ligation plays a key role in the
energetics and specificity of the binding procé&xperimental
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 Th-
(111) and Eu(lll).2° Since ESEEM is capable of quantitating the
number of identical magnetic nuclei coupled to an electron spin
and can give signals frodH and?H atoms in solvent water, it
has the potential to overcome this limitatithWe have
developed a robust and precise methodology to count the number
of first-sphere aqua ligands to Mn(ll) ions bound to nucleotides
and nucleic acids usingH ESEEM#? Application of this
procedure to the MNnGMP case (see Supporting Information)
yielded a count of 5.2 0.1 aqua ligands to the Mn(ll). 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(ll).

Analysis of a Uniqgue Mrét Site in Yeast tRNAPMe,
rrI?henylalanine-specific transfer RNA (tRN% from the bud-
ding yeasSaccharomyces cersiaechas become a paradigmatic
system for both structure and metal binding in RNA systems
by virtue of the vast amount of structural and biophysical data
availablet®-13.16.205Crystallographic studies in Mg have found
a small number of metal binding sites to be consistently fitfed.
In crystals of yeast tRNA¢soaked with MA™, a single bound
MnZ2* ion which had one inner-sphere RNA-derived ligand, the
N7 of guanosine 20, was fourfi. A variety of solution
techniques have found tRNA to bind a number of metal ions in
cooperative fashion under low-salt conditidi§;however, at
150-200 mM NaCl, tRNAMe was found by solution EPR to
bind one or at most two M ions with high affinity?> 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 tRNA*€in 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 MNnGMP, no evidence for strongly
coupled (i.e., inner-sphere) phosphate ligands was found.
However, longe 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 peidipole
distance of 4.9 A 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, BiGhemistry
1988 27, 8034-8044.

(42) Hoogstraten, C. G.; Britt, R. IRNA In press.

(43) (a) Holbrook, S. R.; Sussman, J. L.; Warrant, R. W.; Church, G. M.; Kim,

S.-H. Nucleic Acids Resl977, 4, 2811-2820. (b) Quigley, G. J.; Teeter,

M. M.; Rich, A. Proc. Natl. Acad. Sci. U.S.A.978 75, 64—68.

Jack, A.; Ladner, J. E.; Rhodes, D.; Brown, R. S.; KlugJAMol. Biol.

1977 111, 315-328.

(45) Leroy, J. L.; GUeon, M. Biopolymersl977, 16, 2429-2446.
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Figure 9. Pulsed EPR data on Mn(ll) bound to yeast tRN#(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(ll) ESE-EPR line shape 3{B)long-range
ESE-ENDOR at 3890 Gz = 600 ns, 10.2 GHz, 1@s RF pulse.

Intensity within £0.1 MHz of the 3P Larmor frequency

As expected from the chemical similarity of the systeifiy,
ESEEM spectra in MNGMP closely resemble spectra previously
obtained for Mn(Il) bound to imidazole rings, including histidine
side chains in proteing.In our case, the availability of directly
comparablé®N ESE-ENDOR data has provided an independent
determination of the hyperfine tensor for the MnffifN
interaction. Detailed simulations of ESEEM data using these
values have allowed useful estimates é8Q and 5 to be
derived, although some ambiguity remains due to neglect of
possible tensor noncollinearity and outer-manifold effects for
the S= 5/, Mn(ll) ion.

The derived values of?qQ = 3.2 MHz andy = 0.30 are
chemically reasonable for the N7 atom of the MNnGMP system.
These parameters were measured using quadrupole double
resonance as 3.26 and 0.16 MHz, respectively, in free guéhine.
Although direct measurements of quadrupolar parameters for
MnGMP are not available, the effect of metal ligation to
imidazole and derivatives has been studith general, metal
ligation to imino nitrogens was found to decreaggQ and
increasey, in accord with the differences between our results
and the NQR parameters for free guanine. Indeed, our param-
eters fall on the linear anticorrelation betwezgQ andy for
free nucleosides noted by Garcia and SAfitnd attributed to
the dominant effect of changes in 2p orbital electron density
with the gz, axis of the electric field gradient tensor located along

presumably arises from numerous long-range interactions with the nitrogen lone-pair orbital. Thus, the parameters used to

a subset of the 70 or mofP atoms in the tRNA that are not

in the first or second coordination spheres of the ligated Mn-

simulate thé“N ESEEM in Figure 5 (b,e,h) are consistent with
our understanding of chemical structure in metal complexes with

(1. The ligation pattern revealed is consistent with that observed aromatic heterocycles.

crystallographically for MA™ by Jack et al** although the EPR

In most cases, the physiological divalent ion bound to DNA

data do not distinguish the particular binding pocket of tRNA or RNA in the cell is presumed to be Mg which is relatively

occupied under our solution conditions (see below).

Discussion

In this work, we used the MNGMP metahucleotide 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(ll) 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 )@ 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 st4%eOur data

are also consistent with the thermodynamic analysis of Sige
and co-workers, who found evidence for a substantial degree

of macrochelate formation in solutidhSince 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-

silent spectroscopically (see, however, ref 50). Replacement with
the paramagnetic probe ion K however, carries the potential
risk of perturbing the interactions of interest. Nevertheless, in
terms of ionic radius, coordination geometry, and ligand
preferences, M is a good mimic of Mg" in solution, although
with a somewhat increased preference for soft ligands such as
N and S Mn2* is also the only ion that can fully replace Rty
for the large, complex group | intron and RNase P ribozymes,
which otherwise show substantial selectivity in their ionic
cofactors® Thus, in many cases of interest, Mn(ll) will be a
relatively nonperturbing substitution for Mg

A critical element in applying the methods demonstrated here
to the variety of biologically interesting metahucleic acid
complexe’ 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

Icomplexes are routir®. 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 studi: 13 Under the ionic condi-

(48) Garcia, M. L. S.; Smith, J. A. SI. Chem. Soc., Perkin Trans. 183
1401-1408.

sphere), the structural results derived with pulsed EPR provide (49) Ashby. C. I H.; Cheng, C. P.; Brown, T. . Am. Chem. S0a.978 100,

an excellent complement to such an analysis.

(46) de Meester, P.; Goodgame, D. M. L.; Jones, T. J.; Skapski, Bid€hem.
J. (London)1974 139, 791-792.

(47) Sigel, H.; Massoud, S. S.; CorfN. A. J. Am. Chem. So&994 116, 2958~
2971.

(50) Grant, C. V.; Frydman, V.; Frydman, U. Am. Chem. So00Q 122
11743-11744.

(51) (a) Bock, C. W.; Katz, A. K.; Markham, G. D.; Glusker, JJPAm. Chem.
Soc.1999 121, 7360-7372. (b) Reed, G. H.; Poyner, R. R.Metal lons
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.
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tions used here, tRNA® binds 1-2 Mn?* ions with strong cific binding, unlike the spectrum of sites observed at lower

affinity.4> The picture of Mn(ll) as binding to tRNAewith a salt®® Structural information derived from pulsed EPR and
single nitrogenous ligand is consistent with an early study of binding curves derived by other means can each aid in the
Mn2* soaking into tRNA"crystals, which found a single Mh interpretation of the other and give rise to a coherent unified

bound through the N7 atom of G20 A recent refinement of interpretation.
the tRNAPMe structure found a different geometry for the most
highly occupied MA* site, howeveP? In any case, the pulsed

EPR data alone do not identify the region on the tRNA three-  Divalent metal ions are of central importance to the structure
dimensional structure in which Mn(ll) is bound. Complementary and function of many ribozymes and other nucleic acid systems.

Conclusions

paramagnetic NMR broadenitg!® or specific isotope label- ~ Nevertheless, structural techniques to analyze the ligation and
ing?® studies will be necessary to resolve this issue for a surroundings of such ions in solution are quite limited. In this
particular system. paper, we have demonstrated the utility of the pulsed EPR

The interpretation of pulsed EPR data is unambiguous only techniques of ESEEM and ESE-ENDOR to provide site-specific,
when the ion analyzed is in a single, homogeneous environmentcOmplete, and highly precise characterization of the structural
at a unique site on the nucleotide or nucleic acid. For mono- features of metal ions bound to nucleotides and nucleic acids.
nucleotides, this may be achieved by using a sufficient excessAlthough this paper has concentrated on a mononucleotide
of ligand. For our 5mM GMP, 1 mM M samples, for exam- ~ Model system, data on yeast tRRIAand the hammerhead
ple, a logK) value of 2.39 measured at 0.1 M salt predicts ribozyme prqvide assurance that genc_aralizatio_n of the spectro-
greater than 50% of Mn(ll) to exist in bound forthat the low scopic tephmques to larger systems will be stra|ghtforward. For
salt conditions used here, this number will presumably be in- &Ny particular structured RNA of interest, the main obstacle to
creased due to the substantial electrostatic component to binding®vercome will be the separation of the specific ion interactions
Indeed, we observe a dramatic decreas¥NfESEEM modu- of interest from the large number of background, nonspecific
lation in 0.2 M NaCl as compared to the conditions used above Potential metal-binding sites. As seen here for tRNA and the
(data not shown). In the case of tRRI§ we have chosen ionic hammerhead ribozyme, the careful choice of monovalent salt
conditions at which solution EPR data indicate 2L strongly conditions is critical for this distinction. We anticipate that the
bound M+ ions?® The significance of these and other metal- combination of techniques demonstrated in this paper will allow
binding data in tRNA has been questioned, with the concept of sgbstantial new_insights into t_he _structural mepha_nisms by which
“strong” versus “weak” sites criticized as an artifact of global divalent metal ions play their diverse roles in ribozymes and
electrostatic effect® In a recent careful study, Misra and Draper Other functional nucleic acids.

were able to reproduce Mg-binding data to tRNA at up to 32 Acknowledgment. This work was supported by NIH grant
mM salt using a nonlinear PoisseBoltzmann electrostatic  GMe1211 to R.D.B. The authors are grateful to Jeffrey Peloquin
model with no adjustable parametéfgut these results do not  5nq Kris Campbell for assistance with data acquisition and inter-
rule out the contribution of nonelectrostatic effects to the binding pretation, to David Randall for coding the ESE-ENDOR simu-
of other metal ions such as Mhat higher salt concentrations. |ation routine and for helpful discussions, and to Thorsten Dieck-

The direct structural data reported in this paper yield five aqua mann and his laboratory for the gift of isotopically labeled GMP.
ligands and a single RNA-derived nitrogen ligand for Mn(ll)

in the presence of a slight excess of tRNAa plausible struc- Supporting Information Available: Details on ligation site
ture for a unique site at high fractional occupancy. This result identification in MNnGMP using deuterium labeling and on
is consistent with the original interpretation of Leroy and ene ~ quantitation of the hydration of Mn(ll) ligated to GMP (PDF).
that the tight sites observed at high salt do indeed involve spe- This material is available free of charge via the Internet at
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