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Fig. 3. Normalized CW X-band spectra of Mn(Il) in H,O, 1:5 mixture of Mn(II) and GMP, 1:1.2

mixture of Mn(Il) and ATP, and 1:1.2 mixture of Mn(II) and HH ribozyme. Instrument conditions:

w = 9.68-9.70 GHz; time constant, 82 ms; conversion time, 41 ms; modulation frequency, 100 kHz;
modulation amplitude, 1 G.

This may indicate that the ligand field around the Mn(Il) ion bound to the mac-
romolecular ribozyme 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 of 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 of microwave energy at X-band (D < gfB,) or that the ZFS param-
eters are significantly distributed to due sample inhomogeneity (D-strain).

Pulsed EPR 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 of Fig.
4. All spectra appear as a sextet of rather broad (full width at half-maximum of
about 50 G) peaks centered at g = 2.00 again resulting from the *Mn hyper-
fine-split central EPR transition. This feature sits atop a broad Gaussian-shaped
absorption attributed to the four unresolved underlying outer transitions, a pat-
tern that is basically replicated for the data collected at 30 and 130 GHz (Fig.
4). However, with increasing excitation frequency, the manifolds of outer transi-
tions become dispersed over a larger field range. The central transitions, mean-
while, remain intense and become narrower due to the mitigation of second-or-
der line broadening from ZFS contributions. The insets in Fig. 4a and b afford

Pulsed EPR Studies of Mn(II)

Fig. 4. Normalized electron spin ED-FS EPR spectra of Mn(ll)-containing samples (described in legend of Fig. 3) acquired at 6.0 K using X-band (a), Ka-

band (b), and D-band (c) frequencies. Insets in panels a and b highlight the sextet of EPR transitions between the central my; manifold (|+1/2) < |—1/2)) and

illustrate the effect increased microwave power B, has on the intensity of the forbidden transitions (indicated by the asterisks). Instrumental conditions werw

thw following. X-band: 1, = 9.36 GHz; repetition time, 8 ms; sweep width, 3500 G; H = 10 G; 10 echoes per point; ¢, = 15 ns; ¢, = 30 ns; 7= 210 ns.

Ka-band: v, = 30.758 GHz; repetition time, 5 ms; sweep width, 4000 G; H = 3 G; 10 echoes per point; ¢, = 30 ns; ¢, = 60 ns; 7= 220 ns. D-band: v, = 130

GHz; repetition time, 2 ms; H =3 G; 100 echoes per point; ¢, = 50 ns; ¢, = 100 ns; 7= 300 ns.
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a closer examination of the central transitions and illustrate the power depen- El

dence of the forbidden transitions (indicated by the asterisks). While the X-band =

data are too encumbered by the presence of forbidden transitions to visually dis- s

tinguish any meaningful properties of the central transitions, the spectra taken [ o 2

using a frequency of 30 GHz are nearly free of any forbidden transition inten- 8 - © «

sity in this region, and only by increasing the power from 136 to 343 mW do 3 gt ?

they become significantly intense. As with the results from the corresponding o \S

CW EPR experiments, the intensity of the forbidden transitions is greatest for o P & <

Mn(II)ATP, again suggesting that this species has the largest ZFS of the four igr © 5&“

studied. Further evidence to this effect is gained by observing that the total e {’éfg

line width of the set of outer transitions is broadest for Mn(II)ATP at all three o F =8 k]

frequencies. S o E E o8

D-band EPR data for aqueous Mn(II) and both Mn:nucleotide adducts are @ 2 2 < 2 é;’

completely devoid of any forbidden transition intensity (Fig. 4c) at all powers o -2 = ro g

used (data not shown). This is as expected since D would have to be on the § @\é

order of 1200 MHz to appreciably contribute forbidden transition intensity given o Fg%
the large value of the electron Zeeman term (Eq. (4)). Very surprising, however, Lo o =8
is the presence of what appear to be forbidden transitions in the D-band spec- S © g ER

trum of MnHH (indicated by the # symbols in Fig. 4). Alternatively, these fea- = T‘,g

tures could be attributed to resolved members of the hyperfine-split outer transi- ; © A f

tions. This latter explanation is more plausible due to the appearance of a sixth . o i §

peak to the low-field side of the first member of the central transition, as op- = ) S 8

posed to five expected peaks for forbidden transitions (Sect. 2). This observa- 3 ;,

tion suggests that binding of a Mn(Il) ion to the high-affinity site in the ribozyme g s

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). - S 13 £ §
Simulations of the CW EPR and pulsed MF EPR data for all four systems © < 2 &

were performed by direct diagonalization of the effective spin Hamiltonian given Lo £ %5

in Eq. (2) in the |mgm,) basis (see examples in Fig. 5). With regards to the CW _§ T ) ;‘E S

EPR spectra, the quality of our fits was judged based on the forbidden-to-al- ¥ 1S EZ

lowed transition intensity ratio (Eq. (4)) and the appearance of the highest-field | — - < 7; %

feature, which is known to be sensitive to the degree of rhombicity or E/D ra- 7§ & T = j = ‘é g

tio in the ZFS values [31, 38]. Unfortunately, obtaining a unique set of param- ® 5 5 5 A o

eters that precisely fit both pulsed and CW EPR data is not yet possible owing 2 o i :3:1: S §E

to several factors: (i) inability to account for B,-dependence of forbidden transi- S - :) N gf

tion intensity®; (ii) simulations of pulsed EPR data give artificially intense outer o IS = N

transitions due to the fact that the optimal pulse length 7, used to tip magnetiza- g & o E 5

tion by 90° and 180° is a function of the corresponding mg quantum number, a S o ; Fo L3 TR

property not accounted for in Easyspin [41]; and (iii) empirical differences in & _,8 = M §~

spectral line width as a function of the my quantum numbers of the donor and § 3 5‘

= o 5
« = ] r.[{;

3 We acknowledge the contribution by Coffino and Peisach [39] to this issue whereby a time-depen- 8
dent perturbation that is a function of B, 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 b
(e.g., Mn(I)EDTA) we chose to employ a direct diagonalization approach exclusively. =
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acceptor spin levels taking part in the EPR transition [40, 106]. In spite of these
inherent limitations, satisfactory simulations were achieved and the best-fit pa-
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(IT)(H,0),]** 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)(H,0)]**.
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%
smaller than that used to simulate the D-band spectrum of [Mn(II)(H,0),** —
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(Il) 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

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

Complex D (MHz) E (MHz) Reference
or source
Mn(ID)(H,0),]** with 50% glycerol 550 55 106
Mn(ID)(H,0),]** 430 140 39
[Mn(ID)(H,0),]** with 20% ethylene glycol 610 0 this study
Mn(II)ATP 580-670 0-160 51
Mn(ID)ATP 1050 300 this study
Mn(I)GMP 420 100 this study
Mn(I)EDTA 1500 500 110
Mn(IDEDTA 3000 300 this study
HH ribozyme (1 M NaCl) 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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Table 2. Spectral line widths of X-, Ka-, and D-band ED-FS EPR spectra.

Peak Full width at half-maximum (G) for:

[Mn(H,0),]** 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 11
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

induced by the frequency bandwidth of the set of excitation pulses (i.e., spec-
tral resolution) and (ii) inhomogeneous broadening due to ligand hyperfine in-
teractions, 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 experiment has a
significantly 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 only 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; < 10 uM) 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(Il) 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 heterogencous distribution of active site
conformations. Nonetheless, earlier '“N/*’N ESEEM studies took note of the fact
that data from MnHH was much more resolved than that for Mn(I[)GMP in water,
suggesting a much more ordered system is indeed present in the ribozyme. This
behavior must be attributed to the ability of the macromolecular RNA molecule
to sequester the metal binding site away from bulk solvent, thus precluding fac-
ile ligand exchange and exerting absolute control over the coordination environ-
ment of this essential metal center. Recent results from ESEEM experiments
performed by our laboratory using site-specifically labeled RNA have precisely
identified this binding site as the A9/G10.1 site [99]. The sole nitrogenous RNA-
based ligand identified in earlier studies [94, 109] is for the first time conclu-
sively 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-oc-
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tahedral Mn(II) ion coordinatively saturated and rationalizing the relatively small
ZFS constants determined from spectral simulation (Table 1).

As an interesting final example of the MF EPR approach applied to Mn(II)-
containing systems, we present pulsed EPR data for Mn(Il) 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 *Mn 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(I[)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 report. 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-
terization 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
(about 1 pl for D-band) than their low-frequency counterparts, minimizing the
expense of isotopically labeled sample preparations.
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