
Appl. Magn. Reson. 31, 321-341 (2007) Applied 
Magnetic Resonance 
�9 Springer-Verlag 2007 
Printed in Austria 

Multifrequency Pulsed EPR Studies of Biologically Relevant 
Manganese(II) Complexes 

1". A. Stich l, S. Lahiri l, G. Yeagle l, M. Dicus l, M. Brynda l, A. Gunn l, 
C. Aznar ~, V. J. DeRose 2, and R. D. Britt j 

Department of Chemistry, University of Califomia-Davis, Davis, California, USA 
2 Department of Chemistry, University of Oregon, Eugene, Oregon, USA 

Received September 13, 2006; revised October 7, 2006 

Abstraet. Electron paramagnetic resonance studies at multiple frequencies (MF EPR) can provide 
detailed electronic structure descriptions of unpaired electrons in organic radicals, inorganic complexes, 
and metalloenzymes. Analysis of these properties aids in the assignment of the chemical environment 
surrounding the paramagnet and provides mechanistic insight into the chemical reactions in which 
these systems take part. Herein, we present results from pulsed EPR studies performed at three dif- 
ferent frequencies (9, 31, and 130 GHz) on [Mn(II)(H20)6] 2+, Mn(II) adducts with the nucleotides 
ATP and GMP, and the Mn(II)-bound form of the hammerhead ¡ (MnHH). Through line shape 
analysis and interpretation of the zero-field splitting values derived from successful simulations of 
the corresponding continuous-wave and field-swept echo-detected spectra, these data are used to 
exemplify the ability of the MF EPR approach in distinguishing the nature of the first ligand sphere. 
A survey of recent results from pulsed EPR, as well as pulsed electron-nuclear double resonance 
and electron spin echo envelope modulation spectroscopic studies applied to Mn(II)-dependent sys- 
tetas, is also presented. 

1 Mn-Containing Biological Systems 

M a n g a n e s e  opera tes  as a cofac to r  in numerous  prote ins ,  se rv ing  bo th  ca ta ly t ic  
and structural  ro les  [1-4] .  M a n y  M n - d e p e n d e n t  e n z y m e s  take advan tage  o f  the 
rich r edox  chemis t ry  ava i lab le  to the meta l ,  access ing  the + 2 ,  + 3 ,  + 4 ,  and per-  
haps e v e n  the + 5  ox ida t ion  states dur ing their  turnover .  Fo r  example ,  M n - s u -  
pe rox ide  d i smutase  ( M n S O D ) ,  wh ich  de toxi f ies  the cel l  o f  the supe rox ide  radi-  
cal 02% cyc les  b e t w e e n  the Mn(I I )  and Mn(I I I )  ox ida t ion  states v i a  the p ing-  
pong  type  m e c h a n i s m  shown b e l o w  [5-9] .  

M n ( I I I ) S O D  ~ + O 2- + H + - -  Mn(II)SODH,- o + 02, 

M n ( I I ) S O D  •2~ + 0 2 -  + H + ~ M n ( I I I ) S O D  ~ + H202. 

( l a )  

( l b )  
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Other examples of such mononuclear redox-active enzymes include the man- 
ganese peroxidase responsible for lignin degradation by white-rot fungus [10- 
12]; a unique Mn-dependent form of  lipoxygenase [13-16]; oxalate decarboxy- 
lase [17, 18]; as well as an extradiol catechol dioxygenase [19-21]. 

In order to help minimize kinetic and thermodynamic penalties associated with 
electron transfer events and the execution of  chemical reactions, two or more 
metal centers can be coupled together to provide active sites capable of con- 
ducting multiple electrons while still operating within a physiologically acces- 
sible range of reduction potentials [22]. Only three such examples of  redox-ac- 
tive polynuclear Mn enzymes are known: Mn-catalase that disproportionates hy- 
drogen peroxide [23-26]; a Mn form of  ribonucleotide reductase (Mn-RNR) [27, 
28]; and, arguably the most recognized Mn-dependent enzyme, the photosynthetic 
core of green plants, algae, and certain cyanobacteria termed photosystem II 
(PSII) [29, 30]. Through a series of photoinitiated electron transfer events, oxi- 
dizing equivalents ate stored on the tetranuclear Mn core of PSII - the oxygen- 
evolving complex (OEC) - which then extracts four electrons (and four protons) 
from two substrate water molecules to yield molecular oxygen. 

In addition to the redox-active Mn-dependent enzymes described above, there 
exist several classes of proteins that employ one or more divalent metal ions in 
non-redox-active roles. Instead, these systems use the metal center in one of  two 
ways: (i) as a Lewis acid, useful in polarizing substrate bonds for hydrolysis or 
in mediation of nucleophilic attack of substrate; and (ii) to stabilize tertiary struc- 
ture. Such enzymes tend to be promiscuous, functioning with virtually any di- 
valent metal ion bound in the active site. Conveniently, this allows for the sub- 
stitution of electron paramagnetic resonance (EPR) silent metals such as Zn(II) 
and Mg(II) with the paramagnetic Mn(II) ion, thus opening avenues for a broad 
range of studies by EPR spectroscopy [31, 32]. 

Mn(II) ions also serve a s a  valuable probe of  the Mg(II) binding sites in 
nucleic acids as well as catalytically relevant MZ+-binding sites found in nucleic 
acid polymerases and nucleases. A particularly interesting case is the identifica- 
tion and study of  Mg/Mn sites in ribozymes [33]. These ions influence both 
folding of  the RaNA molecule and the catalytic activity [34]. In comparison with 
protein-metal binding sites, far less is known about the bonding properties and 
homogeneity of the metal sites in R.NA. Yet a s a  paramagnetic substitute, Mn(II) 
allows detailed investigations of these properties in RNA by EPR methods [35]. 

In this short review, we describe first the basic theory underlying the com- 
plex spectra of Mn(II)-containing systems. Then follows a survey of the current 
efforts throughout the community to explore the electronic and geometric struc- 
ture of these biosystems by EPR spectroscopy and the related spectroscopic tech- 
niques of  electron-nuclear double resonance (ENDOR) and electron spin echo 
envelope modulation (ESEEM). Finally, we present results from our recent ap- 
plication of multifrequency, especially high-frequency, EPR spectroscopy now 
available at the California EPR Facility (CALEPR) in the study of  aqueous 
Mn(II), Mn(II) coordinated by EDTA, and Mn(II)ATP and GMP complexes as 
models for the high-affinity metal binding site present in the hammerhead (HH) 
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ribozyme. Comparisons of  spectral line shapes in each data set suggest unique 
properties for the high-affinity metal binding site in the ribozyme. 

2 Spin Physics for Mn(II) 

The d 5 Mn(II) ion exists in a high-spin (S = 5/2) ground state electron configu- 
ration in all but a few cases ~, and as such, corresponding inorganic and protein 
complexes are amenable to smdy by EPR spectroscopy. The theoretical frame- 
work that describes the origin of  EPR spectra of  Mn(II)-containing systems is 
well described elsewhere [31, 36-41] and only briefly summarized below. The 
energies of  each spin level are understood in terms of the following effective 
spin Hamiltonian 

~~e~ = PB0gS + S~d + SDS. (2) 

The first term describes the Zeeman effect whereby the applied static magnetic 
field B 0 interacts with the unpaired electrons, breaking the Kramers degeneracy. 
While generally, the matrix of  g-values can exhibit significant anisotropy (i.e., 
differences from the free electron g-value = 2.0023), such is not the case for 
nearly all high-spi n mononuclear Mn(II) systems. The five half-filled 3d-orbitals 
make all ligand-field excited states spin-forbidden and thus preclude spin-orbit 
coupling (SOC) of orbital angular momentum into the ground electronic state. 
Furthermore, metal-to-ligand charge transfer excited states for Mn(II) complexes 
are normally too high in energy and the SOC constant for the corresponding 
ligand atom is too small to significantly contribute to changes in g. Nonethe- 
less, with increasing magnitude of  the applied magnetic field - as in a high- 
frequency EPR experiment - even small anisotropy (<200 ppm) in g can be 
resolved [42]. Not affected, however, by the higher field is the hyperfine A in- 
teraction between the unpaired electrons and nuclear spins. For 55Mn (I = 5/2), 
this second term in Eq. (2) is manifested in the experimental spectrum by a six- 
fold (2I + 1) splitting of each EPR transition. Contributions to the A-tensor val- 
ues include an isotropic term Als o determined by unpaired electron density local- 
ized at the nucleus and an anisotropic dipolar t e rm Adi p reflecting the through- 
space interaction of  the electron and nuclear spins. However, Adi ~ is negligible 
for most Mn(II) complexes due to the near spherical distribution of  electron 
density amongst the five 3d-orbitals. In addition to the contributions from the 
55Mn nucleus, the hyperfine term in Eq. (2) can be expanded a s a  summation 
over all other magnetic nuclei within the vicinity of  the unpaired electron, each 
with its own A-tensor. Resolution of  this "superhyperfine" interaction allows 
insight into the distribution of  unpaired spin density about the molecule, thus 

Mn-phthalocyanins are known to possess an intermediate-spin quartet ground state, while Mn(II) 
ions in CN- rich environments tend to be low-spin S = 1/2. 
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providing detailed structural information. Yet for Mn(II)-containing systems, these 
couplings tend to be small, within the line width of  an EPR feature and require 
advanced spectroscopic techniques such as ESEEM or ENDOR to be observed 
[43, 44]. 

The final tema in Eq. (2) describes the energy level splitting that occurs in 
the absence of  an applied B field, when multiple unpaired electrons interact with 
each other. This term can be expanded (to first order) a s a  function of  two 
empirical parameters, D and E, 

( ) E-, ~2 SDS-  ̂- = D S~. S($3 + 1) + ~-(S.7 + _)-  (3) 

These so-called zero-field splitting (ZFS) parameters are understood in temas 
of a crystal-field induced lowering from cubic (or higher) symmetry of the Mn(II) 
ion as illustrated in Fig. 1. Distortions (compressions of elongations) or signifi- 
cant changes in the strength of  bonding along a unique molecular axis break the 
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Fig. 1. Energy level diagram for the high-spin 55Mn(II) ion (I = 5/2) in a spherically symmetric (left), 
axially distorted (center), and rhombically distorted (right) ligand field. The five rigorously allowed 
EPR transitions (Aro s _ 1) are shown. The different classes of  spectral features for a generic Mn(II)- 
containing system ate indicated on the simulated spectrum presented in the inset. *, Forbidden tran- 

sitions; O, central transitions; #, outer transitions. 
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degeneracy of  the m s = 1_1/2), 1+__3/2), I+5/2) Kramers doublets causing the en- 
ergy of these levels to shift by D m  2, where D is known as the axial ZFS pa- 
rameter (Fig. 1, center panel). Additional inequivalence in the bonding descrip- 
tion of the equatorial ligand set induces further shifting of  these energy levels 
by a function of E, the rhombic ZFS term (Fig. 1, right-hand side). Such rhom- 
bic distortion also mixes spin states that differ by ms___2, providing a mechanism 
for the "double quantum" transitions often observed in EPR spectra of  highly 
distorted Mn(II) complexes [31, 45]. 

ZFS interactions intermix the mz states as well, leading to the appearance of 
formally forbidden transitions ( A m  s = +_ 1, A m  I = __+ 1) in the experimental EPR 
spectrum. In Mn(II) systems, such forbidden transitions manifest themselves as 
a set of  doublets between each central transition, [+ 1/2,m~) ~ I-1/2,m~) (Fig. 1, 
inset). 

Owing to the EPR selection rule A m  s = ___ 1, inter-doublet or "outer" transi- 
tions (I + 1/2) ~ I+3/2) and I___3/2) ~ I+5/2)) can also be observed in perpendicu- 
lar mode (B 0_1_ B1) spectra. The intensity of  these outer transitions is dependent 
in the first order on the angle between the applied magnetic field and the prin- 
cipal ZFS axis leading to significant broadening of these transitions for powder 
or frozen solution samples, whereas the manifold of central transitions remains 
intense as they are only perturbed by ZFS in the second order. Importantly, with 
respect to the outer transition intensity, any variance or strain about the ZFS val- 
ues due to sample inhomogeneity prevents resolution of  55Mn hypenŸ features 
and obscures the turning points in the spectrum [46, 47]. 

The wave function that describes any spin system with unpaired electrons 
can be directly probed by EPR spectroscopy. Experimentally determined ener- 
gies and intensities of transitions between spin levels report on the degree to 
which the [ms,ml)  eigenbasis functions are mixed by ZFS and hyperfine interac- 
tions. Using the above equations, the spin Hamiltonian parameters g, A, D, and 
E can be extracted from experimental data and then related to the ligand struc- 
ture surrounding the Mn(II) ion. 

3 Past Studies 

The diverse biological roles in which Mn takes part are the subject of  several 
excellent monographs and review articles [2-4, 22, 31], thus only a b ¡  his- 
torical perspective will be provided here highlighted by recent advances in the 
application of  EPR toward the study of biologically relevant Mn(II) complexes. 

In work pioneered by the research group of  Mildred Cohn [48-54] at the 
University of  Pennsylvania, continuous-wave (CW) EPR spectroscopy was shown 
to be highly adept at probing the geometric and electronic structure of  the Mn(II) 
ion present in ATP-dependent kinases. Through analysis of  spectral changes upon 
the addition of natural abundance and isotopically labeled substrate, product, or 
inhibitor, they gained significant insight into substrate-induced active site rear- 
rangements [51] and were able to propose models of the reaction transition state. 
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Cohn and Reed noted that interpretation of  their data was made significantly 
easier by going to higher excitation frequencies (e.g., K-band [30 GHz] and Q- 
band [35 GHz]) as the spectra took on more first-order-like properties. This 
purifying effect results from the correspondingly high applied magnetic field 
which increases the electron Zeeman splitting and attenuates the ability of  ZFS 
and hyperfine interactions to mix wave functions, a principle that is one of  the 
foundations of  the multifrequency approach. Cohn and Reed were also among 
the first investigators to appreciate the "anisotropic magnetic interactions" that 
lead to the appearance of outer transition in spectra of frozen protein solutions. 
Unfortunately, these features manifested in CW EPR data only when the ZFS 
parameters were relatively large and suffered from little strain (as in single-crystal 
data; e.g., see refs. 44 and 46). Pulsed EPR studies of  Mn(II)-containing sys- 
tems, however, do not suffer from this limitation as this absorption-mode tech- 
nique is sensitive to broad transitions that are difficult to detect vŸ the field- 
modulated acquisition mode used in CW EPR spectroscopy. A noteworthy alter- 
native to the typical field-modulated CW EPR experiment, which also gives ab- 
sorptive EPR line shapes, is the method of rapid adiabatic passage (RAP) de- 
veloped at Bell Telephone Laboratories by Weger and Feher and coworkers [55] 
and applied to the study of  biological systems by Hoffman, Hyde, Peisach, Tay- 
lor, and others [56-60]. Furthermore, ESEEM and ENDOR spectroscopies can 
probe the small hyperfine couplings between the Mn center and nearby magnetic 
nuclei, which tend to get lost within the inhomogeneously broadened line shape 
of an electron spin transition [61, 62]. 

The EPR at multiple frequencies (MF EPR) approach is well illustrated by 
recent high-field studies that precisely determined ZFS parameters for MnSODs 
from a variety of organisms [42, 63, 64]. Both Mn- and Fe-containing SODs 
possess nearly identical first coordination spheres, yet Fe-substituted MnSOD and 
Mn-substituted FeSOD (Mn-(Fe)SOD) are both inactive. Intriguingly, there ex- 
ists a cambialistic form of SOD that operates with either metal cofactor. Results 
from the 190-285 GHz CW EPR studies by Un and coworkers showed that the 
value of  Mn(II) ZFS parameters could be correlated to activity. For example, 
mutation of  a conserved glycine residue 1.1 nm from the Mn-binding site in 
cambialistic SOD resulted in a loss of  Mn-dependent activity accompanied by 
ZFS values that are more similar to those found for Mn-(Fe)SOD [42]. This 
change in the electronic structure coincided with increased activity of  the Fe- 
reconstituted form of  the cambialistic SOD. Recent magnetic circular dichroism 
(MCD) spectroscopic and computational studies of Mn- and FeSOD confirmed 
the importance of these second coordination sphere amino acids as they partici- 
pate in an extended H-bonding network that affects the protonation state of the 
axially coordinated solvent (shown in superscript in Eq. (1)) [65, 66]. This in- 
teraction is essential in tuning the redox potential of the Mn center for each half- 
reaction with superoxide. 

Much research effort has been focused on obtaining ESEEM and ENDOR 
spectra of the various states of PSII [67-75]. While the Mn(II) oxidation state 
is likely not accessed during any of the so-called S states of the water oxida- 
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tion reaction 2 [76, 77], Mn(II) ions are necessary for the in vivo photoassembly 
of the Mn cluster [78]. During this process, ah exogenous Mn(II) ion binds to 
an active site aspartate residue D1-Aspl70 in Mn-depleted PSII [79], and is then 
photooxidized by the same light-harvesting machinery used for water oxidation. 
The cycle repeats as additional equivalents of Mn(II) as well as C a  2+ and C1- 
cofactors bind to yield the fully functional OEC. Interestingly, O 2 evolution mea- 
surements indicate that the presence of bicarbonate anion enhances the rate of 
photoassembly [80]. This effect can be rationalized as carboxylate coordination 
of the Mn(H) ion is known to stabilize the corresponding Mn( I I )~  Mn(III) oxi- 
dation potential from 1.5 to 0.5 V when bound to PSII [81]. Conveniently, this 
new potential is well within the range of 1.1 V accessible by the photooxidized 
active-site tyrosyl radical (Yz). Dismukes and coworkers [82] recently presented 
two-dimensional hyperfine sublevel correlation (2-D HYSCORE, a four-pulse 
ESEEM technique) spectroscopic results that quantitate the speciation of  aque- 
ous Mn(II) ions in the presence of 13C-labeled bicarbonate. These findings yielded 
a valuable spectroscopic signature for ~3C hyperfine interactions due to exogenous 
carboxylate coordination to Mn(II) and open the door to analogous studies in 
Mn-depleted PSII. 

Similarly, Mn(II) ions have been used to probe the mechanism of metal ion 
incorporation in the homodimeric diiron-dependent RNR [83-86]. Hendrich and 
coworkers used CW EPR data acquired at X- and Q-band frequencies to show 
that binding of a single Mn(II) ion to one of the domains of apo-RNR induced 
a significant allosteric event that prevented binding of an additional equivalent 
of Mn(II) to the other domain. Significantly, this work represented the first re- 
port wherein multifrequency spectral simulations were used to quantitate Mn(II) 
signals appearing in both perpendicular and parallel mode (Aro s = 0) spectra [85]. 

Historically, ZFS parameters for Mn(II) centers have been used as an indi- 
cator of  coordination number, where large magnitudes for D imply five-coordi- 
nate systems and smaller values tend to be representative of a manganous ion 
in near-cubic geometries (e.g., O h or Td; see Sect. 2). However, a recent series 
of Q-band (35 GHz) RAP CW EPR, echo-detected field-swept (ED-FS) EPR, 
pulsed and CW ENDOR spectroscopic studies on FosA, a manganese-dependent 
glutathione transferase, nicely illustrate that the identities of each ligand and its 
corresponding electronic structure p l ayas  much, ir not more, a role in the de- 
termination of  ZFS parameters [59, 87]. Indeed, EPR spectral changes incurred 
as different substrates (inhibitors) were bound to the Mn(II) active site of  Fosa  
were correlated to changes in both coordination number as well as the nature of 
the ligand field. Importantly, this data helped point to a possible molecular mecha- 
nism by which Fosa  helps bacteria subvert the effects of  the broad-spectrum 
antibiotic fosfomycin. 

2 The Mn(II) oxidation has been invoked in the past as participating in early steps of the Kok cycle 
(S O or Si); however, recent pulsed Q-band ENDOR spectra of PSII strongly suggest that 
Mn4(III,III,III,IV) is the likely set of Mn oxidation states present in the S O state [77]. 
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Many of  the biosystems desc¡ above have been modeled by inorganic 
chemists and EPR spectroscopy serves as an essential tool in the evaluation of 
the electronic and geometric properties of  these synthetic analogues [1, 88-90]. 
In particular, Mn(II):nucleotide adducts and other metal-bound small-molecule 
constructs (e.g., Mn(II) bound to synthetic RNA) have attracted much attention 
owing to the involvement of  these species in crucial biochemical processes such 
as ATP hydrolysis [31], R.NA sequence modification [33, 91], and cellular sig- 
naling. One of  the most intensely studied of these systems is the HH ribozyme, 
a short self-cleaving fragment RNA motif involved in viroid RNA replication [92, 
93]. Though home to numerous divalent metal binding sites, the role of  these 
metals in the function of ribozymes is still under scrutiny. Certainly some of  these 
metals are needed to aid in the proper folding of the RNA and others are impli- 
cated as taking part in the phosphodiester cleavage reaction. Biochemical and 
EPR spectroscopic studies carried out by DeRose and coworkers [92, 94] found 
that only one of these sites tightly binds its respective metal ion (k d < 10 ~M), 
and that this site must be populated for "catalytic" activity. However, all avail- 
able spectroscopic evidence indirectly suggested that the high-affinity binding site 
exists between the N7 of a guanine residue (G10.1) and the phosphate oxygen 
of an adjacent adenine (A9), about 2.0 nm from the site of RNA cleavage [35, 
92, 95-98]. Only recently has this tentative assignment been confirmed through 
ESEEM spectroscopic measurements of site-specific isotope labeling of  the G10.1 
nitrogens [99]. Herein, we report results from EPR spectroscopic experiments at 
multiple frequencies to study a set of  simple nucleotide and RNA Mn(II) com- 
plexes. Spin Hamiltonian parameters derived from spectral simulations, as well 
as line narrowing and concomitant sensitivity enhancements for EPR at given 
frequencies, are discussed in terms of binding site disorder. 

4 Materials and Methods 

The University of  Califomia at Davis now operates several pulsed EPR spec- 
trometers that employ X- to Ku- (8-18 GHz), Ka- (30 GHz), Q- (35 GHz), and 
D-band (130 GHz) excitation frequencies. At this CALEPR facility, ED-FS EPR, 
ENDOR, and ESEEM spectra at liquid-helium temperatures can be collected at 
each of the above frequencies. An accounting of the instrumentation available at 
CALEPR follows as well as a description of the methods used for data analy- 
sis. Conditions for sample preparation of  a series of Mn(II)-containing systems 
used to exemplify these capabilities are also described. 

X-Band. Perpendicularly polarized CW X-band spectra were acquired using 
a Bruker model ECS106 with a dual-mode cavity operating in TE102 mode. Tem- 
perature control was maintained with an Oxford Instruments model ESR900 
helium flow cryostat coupled to an Oxford ITC 503 temperature controller. Pulsed 
X-band spectroscopy was performed using a laboratory-built spectrometer with 
8-18 GHz excitation frequency capabilities that has been previously described 
[100]. 
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Ka-Band.  We have recently completed construction of  a Ka-band EPR in- 
strument that operates within a 1 GHz bandwidth (30.5-31.5 GHz) in conjunc- 
tion with a GMW 1.4 T electromagnet and is diagrammed in Fig. 2. ED-FS EPR 
as well as 2- and 3-pulse ESEEM spectra can be acquired with deadtimes of 
about 100 ns. The instrument is administered by Labview 6.0 software using ah 
8-channel (400 MHz, 2.5 ns resolution) pulse programmer (Tektronix DG2030). 
Microwave power is directed through the spectrometer via copper waveguide 
(WR28). The low-power tuning arm microwaves are produced by a varactor 
tunable Gunn oscillator (Quinstar Technology). Higher-power microwaves are 
created in the pulse arm by a second Gunn oscitlator (Spacek Labs) wherein the 
frequency can be mechanically tuned over a 1 GHz bandwidth. Short pulses ate 
formed by a high-speed PIN switch (Millitech) and amplified to high power via 
a 100 W TWT amplifier (NEC Inc.). The minimum pulse widths are of  about 
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Fig. 2. Schematic of the homebuilt pulsed Ka-band microwave bridge. The numbered regions repre- 
sent common components throughout the bridge and are as follows: (1) isolator, (2) mechanical 3- 
way switch (SPDT), (3) terminator, (4) directional coupler with labeled attenuation, (5) fixed attenu- 
ator with labeled attenuation, (6) dotted line representing the frequency and phase lock loop from 
the frequency counter to the high-power pulse Gunn, (7) diode for monitoring pulse lengths and 

shapes, (8) reference arm. 
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10 ns. Microwave circulation into and out of  the sample cavity is managed by 
a five-junction TTL-driven ferrite switch (EMS Technologies). Transmission en- 
ergy may be directed into high-power terminators in the first two ferrite ports, 
or switched directly into the cavity. Ambient noise from CW TWTA is thereby 
minimized during echo detection. Moreover, the ferrite device is employed to 
protect bridge receiver circuitry, serving a s a  defense gate by terminating high- 
power microwave pulse reflections from cavity, switching only to the output port 
for expected echo signal. Along the receiver arm, the output echo signal from 
the ferrite switch is first directed into a low-noise microwave preamplifier (Spacek 
Labs) and then to a band pass filter (Spacek Labs) to remove video frequency 
transient signals. FoUowing these stages, the echo signal is passed to a homodyne 
balanced mixer (Spacek Labs). The output of  the mixer can be further amplified 
with a multistage external vŸ amplifier (Ortec). The spin echo signals are then 
integrated and averaged with a gated integrator and boxcar averager (Stanford 
Research model 250). The signal is then passed via an ADC card (National In- 
struments model PCI-6023E) to a personal computer. 

The cavity resonator is a homebuilt thick-walled brass cylindrical cavity that 
operates in the TE0~ t mode. Frequency tuning of the resonator is achieved via a 
movable bottom plate. Coupling to the resonator was accomplished through a 
brass tunable short that was centered in the bottom of  copper WR28 waveguide. 
Both the movable end plate and mnable short ar.e mechanically connected to the 
top of  the probe through thin-wall stainless steel tubing. The probe was machined 
to fit into a Janis model SVT cryostat for all experiments. 

D-Band. The D-band pulsed spectrometer is a laboratory-constructed instru- 
ment, using a commercial 130 GHz microwave bridge a n d a  probe with a TE0~ ~ 
mode cylindrical resonant cavity, both designed and manufactured by HF EPR 
Instruments, Inc. (V. Krymov, New York) [101]. The spectrometer uses an Ox- 
ford wide-bore 300 MHz nuclear magnetic resonance (NMR) superconducting mag- 
net charged to a field of 4.64 T, close to g = 2  at 130 GHz. A 900 G sweep 
range about the field set by the superconducting magnet is provided for by a 
water-cooled copper solenoid that is inserted between the magnet cryostat and the 
sample cryostat. The solenoid is made of  AWG18 rectangular magnet wire and 
controlled by an Agilent 6675A programmable power supply. Microwave and 
radiofrequency pulses are controlled by a Tektronix DG2030 word generator, and 
data acquisition is performed using a Tektronix 5054B Digital Phosphor Oscillo- 
scope operating in fast frame acquisition mode. Sample temperature control is 
achieved using an Oxford liquid-helium cryostat in conjunction with an Oxford 
Instruments ITC. Computer control is provided by laboratory-written software using 
National Instruments LabVIEW 8.0. Samples are contained in quartz capillaries 
with 0.6 mm OD, 0.5 ID with about 1 ~tl of the sample inside the EPR cavity. 

Data Analysis. The relative signal-to-noise ratio (S/N) for each instrument 
was calculated from a single ED-FS EPR spectrum (20 echoes averaged per 
data point) of a 10 gM solution of  Mn(II)C12 in water and 20% ethylene gly- 
col (v/v). "Noise" was determined by rms average peak-to-peak amplitude of  
baseline noise in the high-field wing of  the spectrum. "Signal" was determined 
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by the maximum amplitude of a central transition peak. S/N for each instru- 
ment is as follows: X-band, 8; Ka-band, 21; D-band, 38. Spectral simulations 
were performed by diagonalizing the spin Hamiltonian given in Eq. (2) in the 
rotating frame using the Easyspin package developed by Stephen Stoll at ETH- 
Zurich (http://www.easyspin.ethz.ch/) [102, 103] for MatLab 6.1 software (The 
Mathworks, Inc.). 

Sample preparation. All buffers, reagents, and nucleotides (Sigma) were of 
the highest purity available and used without further pu¡ except as noted. 
Guanosine 5'-monophosphate (GMP) and adenosine 5'-triphosphate (ATP) samples 
contained 5 mM nucleotide - 1.0 mM Mn(II)C1 z and 1.2 mM nucleotide - 1.0 
mM Mn(II)C12, respectively. Mn(II)EDTA was prepared with a slight excess of 
chelator. All samples were buffered to pH 7.0 using 10 mM sodium dimethyl- 
arsino oxide (sodium cacodylate) and cryoprotected with 20% ethylene glycol 
before being immediately (<20 s) frozen in liquid nitrogen. The 34-nucleotide 
RNA enzyme (Dharmacon Research Inc., Boulder, CO) and 13-nucleotide DNA 
substrate strands (Integrated DNA Technologies) were purified as described pre- 
viously [92, 94, 104]. HH hybrids were formed by adding equimolar amounts 
of enzyme and substrate oligomers and heating to 90 ~ for 3 min, and then 
they cooled slowly to room temperature. Mn(II)CI 2 (American Analytical, Ultra- 
pure grade) and ethylene glycol were added following hybrid formation. 

5 Results and Analysis 

CW X-Band (9.7 GHz) Studies. The low-temperamre (6 K) X-band CW EPR 
spectra of Mn(II) in H20, with GMP, with ATP, and bound to the HH/DNA hy- 
b¡ (MnHH) (Fig. 3) all exhibit the six-line pattern centered at g = 2.00 that is 
attributed to the hyperfine-split central transition (]+ 1/2) - - [ -1 /2))  of high-spin 
(S = 5/2) 55Mn(II) complexes. Closer inspection reveals subtle differences in the 
breadth and intensity of several spectral features. Most notably the highest field 
resonance (ca. 3700 G) for Mn(II)ATP is significantly broader than that for the 
other three species. Also, the intensity of the forbidden transitions (indicated by 
the asterisks in Fig. 3) relative to that of the allowed central transition is great- 
est in the spectrum of Mn(II)ATP. The following relation predicts the magnitude 
of this ratio a s a  function of D and the electron Zeeman splitting [105]. 

Iro~b _~" D ]2(512(35 m2 m'~~ (4) 

Qualitatively, this behavior suggests that the axial ZFS parameter D is largest 
for the Mn(II)ATP adduct and approximately equivalent for the other three ad- 
ducts. Interestingly, while all data were acquired under identical conditions, the 
spectral line width for MnHH is noticeably narrower than for any other species. 
This may indicate that the ligand field around the Mn(II) ion bound to the mac- 
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v-vw~ ~ 
m 

32'00 ' ' 38'00 3000 3400 3600 
Field (G) 

Fig. 3. Normalized CW X-band spectra of Mn(II) in H20, 1:5 mixture of Mn(II) and GMP, 1:1.2 
mixture of Mn(II) and ATP, and 1:1.2 mixture of Mn(II) and HH ribozyme. Instrument conditions: 
VMw = 9.68-9.70 GHz; time constant, 82 ms; conversion time, 41 ms; modulation frequency, 100 kHz; 

modulation amplitude, 1 G. 

romolecular r ibozyme is much less disordered than that for the nucleotide ad-  
ducts in solution. 

In an attempt to observe the outer transitions and thus get an independent 
estimate o f  the ZFS parameters, additional CW EPR spectra were acquired un- 
der high-power and high-receiver gain conditions [46]. Unfortunately, no such 
features were observed (data not shown) suggesting that D is much less than a 
quantum o f  microwave energy at X-band (D y gflBo) or that the ZFS param- 
eters are significantly distributed to due sample inhomogeneity (D-strain). 

Pulsed E P R  Studies. Normalized ED-FS EPR data acquired at 9.4 GHz and 
6 K for the four Mn(II) complexes are compared on the left-hand side o f  Fig. 4. 
All spectra appear as a sextet o f  rather broad (full width at half-maximum o f  about 
50 G) peaks centered at g = 2.00 again resutting from the 55Mn hyperfine-split 
central EPR transition. This feature sits atop a broad Gaussian-shaped absorption 
attributed to the four unresolved underlying outer transitions, a pattern that is ba- 
sically replicated for the data collected at 30 and 130 GHz (Fig. 4). However,  
with increasing excitation frequency, the manifolds o f  outer transitions become dis- 
persed over a larger field range. The central transitions, meanwhile, remain in- 
tense and become narrower due to the mitigation o f  second-order line broadening 
from ZFS contributions. The insets in Fig. 4a and b afford a closer examination 
o f  the central transitions and illustrate the power dependence of  the forbidden tran- 
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sitions (indicated by the asterisks). While the X-band data are too encumbered 
by the presente of  forbidden transitions to visually distinguish any meaningful 
properties of  the central transitions, the spectra taken using a frequency of 30 GHz 
are nearly free of  any forbidden transition intensity in this region, and only by 
increasing the power from 136 to 343 mW do they become significantly intense. 
As with the results from the corresponding CW EPR experiments, the intensity 
of  the forbidden transitions is greatest for Mn(II)ATP, again suggesting that this 
species has the largest ZFS of the four studied. Further evidence to this effect is 
gained by observing that the total line width of  the set of  outer transitions is 
broadest for Mn(II)ATP at all three frequencies. 

D-band EPR data for aqueous Mn(II) and both Mn:nucleotide adducts are 
completely devoid of  any forbidden transition intensity (Fig. 4c) at all powers 
used (data not shown). This is as expected since D would have to be on the 
order of  1200 MHz to appreciably contribute forbidden transition intensity given 
the large value of  the electron Zeeman term (Eq. (4)). Very surprising, however, 
is the presence of  what appear to be forbidden transitions in the D-band spec- 
trum of  MnHH (indicated by the # symbols in Fig. 4). Alternatively, these fea- 
tures could be attributed to resolved members of  the hyperfine-split outer transi- 
tions. This latter explanation is more plausible due to the appearance of  a sixth 
peak to the low-field side of  the first member of  the central transition, as op- 
posed to five expected peaks for forbidden transitions (Sect. 2). This observa- 
tion suggests that binding of a Mn(II) ion to the high-affinity site in the ribozyme 
does not distort the ligand field to induce exceedingly large ZFS parameters, but 
rather that the distribution in Mn(II) ZFS is unusually narrow (see below). 

Simulations of  the CW EPR and pulsed MF EPR data for all four systems 
were performed by direct diagonalization of  the effective spin Hamiltonian given 
in Eq. (2) in the ]ms,m~) basis (see examples in Fig. 5). With regards to the CW 
EPR spectra, the quality of  our fits was judged based on the forbidden-to-al- 
lowed transition intensity ratio (Eq. (4)) and the appearance of  the highest-field 
feature, which is known to be sensitive to the degree of  rhombicity or E / D  ra- 
rio in the ZFS values [31, 38]. Unfortunately, obtaining a unique set of  param- 
eters that precisely fit both pulsed and CW EPR data is not yet possible owing 
to several factors: (i) inability to account for B,-dependence of  forbidden transi- 
tion intensity3; (ii) simulations of  pulsed EPR data give artificially intense outer 
transitions due to the fact that the optimal pulse length tp used to tip magnetiza- 
tion by 90 ~ and 180 ~ is a function of  the corresponding m s quantum number, a 
property not accounted for in Easyspin [41]; and (iii) empirical differences in 
spectral line width a s a  function of  the m s quantum numbers of  the donor and 
acceptor spin levels taking part in the EPR transition [40, 106]. In spite o f  these 
inherent limitations, satisfactory simulations were achieved and the best-fit pa- 

3 We acknowledge the contribution by Coffino and Peisach [39] to this issue whereby a time-depen- 
dent perturbation that is a function of B L is added to the effective spin Hamiltonian. However, as 
some systems in the present study possess ZFS constants on the order of the electron Zeeman term 
(e.g., Mn(II)EDTA) we chose to employ a direct diagonalization approach exclusively. 
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rameters are summarized in Table 1 and compared to literature values for rel- 
evant Mn(II):nucleotide adducts and proteins. 

On the whole, our simulated ZFS parameters are in fair agreement with those 
found in the literature for similar complexes. The minor disparity between the 
magnitudes of  D for [Mn(II)(H20)6] 2§ likely results from a difference in glassing 
agent [39, 40]. Indeed, Halkides et al. [107] showed that glycerol, used in pre- 
vious studies, can displace water ligands from Mn(II) centers, indicating that our 
choice of a much lower concentration of ethylene glycol (20% vs. 50% [v/v], 
respectively) may result in a more representative spectrum of  [Mn(II)(H20)6] 2+. 
More significant, however, is the difference between the two sets of  parameters 
for Mn(II)ATP. Again, this could result from our use of a different glassing agent. 
Intriguingly, satisfactory fits for the MnHH data did not require the use of  a 
large axial ZFS parameter as was perhaps implied by the presence of fine struc- 
ture in the 130 GHz spectrum (Fig. 4c). Rather, very narrow line widths - 25% 
smaUer than that used to simulate the D-band spectrum of [Mn(II)(H20)6] 2+ - 
and minimal D- and E-strain were required (Fig: 5a-c). The implications of  these 
findings are discussed below. 

The breadth of  each central transition (full width at half-maximum) for the 
set of  Mn(II) adducts studied is presented in Table 2. One notices that the line 
width of the MnHH is significantly narrower (20-30%) than that for any other 
Mn(II) species studied, just as was seen in the CW EPR data discussed above 
(Fig. 3). These spectral line widths are dominated by two effects: (i) broadening 
induced by the frequency bandwidth of  the set of excitation pulses (i.e., spectral 
resolution) and (ii) inhomogeneous broadening due to ligand hyperfine interac- 

Table 1. ZFS parameters for various Mn(lI)-protein and/or nucleotide complexes. 

Complex D (MHz) E (MHz) Reference 
or source 

[Mn(II)(H20)6] 2+ with 50% glycerol 550 55 106 
[Mn(II)(HzO)6] 2-" 430 140 39 
[Mn(II)(H~O)6] 2+ with 20% ethylene glycol 610 0 this study 
Mn(II)ATP 580-670 0-160 51 
Mn(II)ATP 1050 300 this study 
Mn(II)GMP 420 100 this study 
Mn(II)EDTA 1500 500 110 
Mn(II)EDTA 3000 300 this study 
HH ribozyme (1 M NaC1) 560 35 
HH ribozyme (1 M NaCl) 550-600 130 this study 
FosA 3150 600 87 
FosA + phosphonoformate 2700 90 87 
FosA + fosfomycin 7050 660 87 
Pyruvate kinase + ATP 3640 1210 31 
Creatine kinase + ADP 840 0 31 
Myosinl  + ADP 1090 360 31 
Oxalate decarboxylase 1120 17 
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"rabie 2. Spectral line widths of X-, Ka-, and D-band ED-FS EPR spectra. 
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Peak Full width at half-maximum (G) for: 

[Mn(HzO)6] 2+ MnATP MnGMP MnHH 

X Ka D X Ka D X Ka D X Ka D 

1 >30 22 16 >30 30 14 >30 23 15 >30 20 13 
2 >30 22 16 >30 29 14 >30 21 14 >30 19 12 
3 >30 22 15 >30 28 14 >30 22 14 >30 19 II 
4 >30 21 16 >30 29 14 >30 22 14 >30 20 11 
5 >30 22 16 >30 35 14 >30 25 15 >30 21 11 
6 >30 27 17 >30 35 15 >30 30 16 >30 20 13 

tions, ZFS (and strain), and variance in the ligand conformation about the Mn(II) 
center. The former rationale cannot be affecting the line width in the X-, Ka-, 
and D-band data sets as the inversion pulse used in each expe¡ has a sig- 
nificantly more narrow bandwidth (11.9, 2.0 and 3.5 G, respectively) than that 
measured (Table 2). Yet ZFS can only contribute to broadening of  the central 
transitions to second order and any significant contribution would be minimized 
by going to higher field. This leaves onty the degree of  disorder in the ligand 
field as the dominant factor contributing to the magnitude of the line width for 
the central transitions in the D-band spectral data. Thus with respect to MnHH, 
these findings imply that the metal center exists in a highly ordered ligand con- 
formation. This conclusion is a bit surprising given the rather modest dissocia- 
tion constant (k d < 10 ~tM) measured for the high-affinity metal binding site [92], 
as well as the fact that 2H ESEEM studies of MnHH have established the pres- 
ence of  four water ligands bound to the Mn(II) center [104, 108]. One might 
assume that these factors would suggest that the ligand sphere about the metal 
center is rapidly changing, leading to a heterogeneous distribution of  active site 
conformations. Nonetheless, earlier 14N/15N ESEEM studies took note of  the fact 
that data from MnHH were much more resolved than those for Mn(II)GMP in 
water, suggesting a much more ordered system is indeed present in the ¡ 
This behavior must be attributed to the ability of  the macromolecular RNA 
molecule to sequester the metal binding site away from bulk solvent, thus pre- 
cluding facile ligand exchange and exerting absolute control over the coordina- 
tion environment of  this essential metal center. Recent results from ESEEM ex- 
periments performed by our laboratory using site-specifically labeled RNA have 
precisely identified this binding site as the A9/G10.1 site [99]. The sole nitrog- 
enous RNA-based ligand identified in earlier studies [94, 109] is for the first 
time conclusively attributed to the N7 from G10.1. Another oxygen atom, likely 
from the phosphate 5' to the adjacent adenosine (A9) also binds, making the 
pseudo-octahedral Mn(II) ion coordinatively saturated and rationalizing the rela- 
tively small ZFS constants determined from spectral simulation (Table 1). 
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As an interesting final example of  the MF EPR approach applied to Mn(II)- 
containing systems, we present pulsed EPR data for Mn(II) bound to the hexa- 
dentate ligand EDTA (Fig. 5) at X-, Ka-, and D-band frequencies. Strikingly, these 
data look nothing like the other spectra shown above as no 55Mn hyperfine struc- 
ture is visible in the X-band data and instead extremely broad features appear 
throughout the spectral range (Fig. 5a and d). Reed and Markham [31] observed 
that the X-band CW EPR spectrum of Mn(II)EDTA is broadened beyond detec- 
tion and that only by increasing the field and frequency could even the central 
transitions be seen. Upon comparison of the pulsed EPR spectra at all three fre- 
quencies, one notes that the apparent g-values for these broad features can be 
sensitive to the magnitude of  the excitation frequency (when D is nonzero), 
consistent with their assignment to the outer transitions. The ZFS parameters 
derived from spectral simulations are significantly different from those previously 
determined [110] and are noticeably larger than those for any other system studied 
in this repon. Usually such large values imply that the Mn(II) center is no longer 
in a pseudo-octahedral ligand field and is likely pentacoordinate [42, 44, 87] or 
some highly distorted tetrahedron [111]. However, NMR and X-ray crystallo- 
graphic results clearly indicate that Mn(II)EDTA is seven-coordinate with a wa- 
ter ligand occupying an apical position [112, 113]. The simulated EPR data pre- 
sented in Fig. 5 were achieved using a near-axial ZFS tensor (E/D = 0.1), a 
finding supported by the axial geometry observed in the crystal structure of  the 
Mn(II)EDTA complex [112]. As this species serves to calibrate our water-count- 
ing measurements via ESEEM spectroscopy, the MF EPR spectroscopic charac- 
te¡ of  Mn(II)EDTA presented here is essential to extending these types of  
studies to higher frequencies [98, 114]. 

In conclusion, the MF EPR approach is not only useful in determining spin 
Hamiltonian parameters for paramagnetic systems (Eq. (2)) but may also pro- 
vide clues as the degree of homogeneity associated with the binding site of  the 
metal cofactor. By going to higher field and frequency, the individual spin tran- 
sition ~ manifolds become more isolated, greatly simplifying results from the ap- 
plication of advanced pulsed techniques such as ENDOR [115-117]. As described 
in Sect. 4, high-field experiments are more sensitive and require much less sample 
(e.g., about 1 ~tl for D-band) than their low-frequency counterparts, minimizing 
the expense of  isotopically labeled sample preparations. 
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