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ABSTRACT


High frequency EMR of metalloprotein samples offers considerable potential for providing improvements in characterization of metal centers. For those metal ions that are studied at low temperature, linewidths may be frequency dependent, depending on the terms that limit the widths. Here we examine apparent EMR line widths and line shapes in some representative metalloprotein samples at two frequencies: ~9.2 GHz (X-band) and ~94 GHz (W-band). Samples of the same size were measured at both frequencies. The samples include cupric ion in lactoferrin, high spin ferric ion in diferric transferrin and high spin ferric heme in catalase. For the approximately ten-fold increase in EMR frequency, the observed line widths increased ten-fold or less for the samples chosen. Distributions in one or more spin Hamiltonian parameters can account for these line width dependencies on EMR frequency in the lactoferrin and transferrin samples, while molecular heterogeneity is a likely contributor to the catalase frequency-dependent linewidth. These measurements over frequencies differing by a factor of ten also contributed new insight for simulation of the EMR spectra of di-ferric transferrin. 


Electron Magnetic Resonance (EMR) spectra of metalloproteins in crystals or frozen solutions show strong sensitivity to small structural changes near the metal sites. Multiple sites, or distributions of them, are evident in the EMR spectra obtained at low temperatures where the sample state is a frozen aqueous solution, with or without cryoprotectants [1]. The origin of the multiple sites  is of interest because in some cases it can be attributed to conformational flexibility, or to equilibria, in a metal ion environment [2, 3]. Understanding the origin of line widths in the EMR spectra contributes to interpretations of this kind.  Experiments by continuous wave (cw) EMR at two frequencies, ~9.2 GHz (X-band) and ~94 GHz (W-band),  were conducted to examine the apparent frequency-dependence of EMR line widths of representative metalloproteins. The samples in small capillaries for W-band measurements were also used to obtain the X-band spectra, so that a qualitative comparison of the response to the same number of spins could be made for the two spectrometers.


In low temperature EMR measurements of metal ions in proteins, distributions in effective g-factors (g-strain) or in zero field splitting parameters frequently determine the observed line width. A number of other factors may contribute to the line shape also, so that the apparent line width dependence on frequency of measurement may be greater than, or less than, linear with frequency within a given range and at a given temperature. In the simplest case of a "g-strain" dominated shape, line widths increase linearly with the frequency of measurement. A simple statement cannot be made about the effect of distributions in zero field splitting on frequency dependence of line widths, but the increase in width of high-spin ferric metmyoglobin EMR spectra between 1 and 285 GHz has been studied in detail [4, 5] and the higher frequency linewidths have been attributed to g-strain and to distributions in zero field splitting. Another possible contribution to linewidths is from so called "looping transitions". Looping transitions occur when energy levels have avoided crossings, a case that is found when the microwave frequency is on the order of zero field splittings. In these transitions, the separation of levels near a resonance does not diverge with field, and the line width is so broad that the transition at selected angles in an oriented sample may actually disappear [6]. At the other extreme, when the operating frequency is much greater than the zero-field splitting in an S>1/2 system, observed line widths may decrease relative to those at lower frequency because distributions of zero-field parameters contribute to a decreased extent. This effect has been seen in Mn+2 samples and has been used to an advantage in identifying oxygen (17O) ligands  to manganese in a protein by EMR at 140 GHz [7,8]. Increases in spectral resolution with increasing frequency are also observed when dipolar, or other field-independent terms, dominate the line shapes in the low-frequency spectra [9]. It is the purpose of this paper to examine the frequency dependence of apparent EMR line shapes for representative metal ion sites in proteins over the decade in frequency from X- to W-bands. 


The three metalloproteins employed in this study are di-cupric lactoferrin, di-ferric transferrin and bovine liver catalase. Copper lactoferrin has been the subject of numerous EMR [10] and x-ray crystallography studies [11]. The two copper binding sites have slightly different symmetry [11]. The line widths of this copper protein have been studied carefully at three low frequencies (2-9 GHz), so that an extrapolation to the W-band frequency can be made and tested.  Ferric holo-transferrin has overall structure similar to that of lactoferrin. The iron binding sites each contribute two-components to the EMR spectra, which, at X-band, have been the subject of analysis by simulation [12]. It was concluded that the apparent breadth of the X-band line shapes ( 80-500 MHz) arises from distributions in zero field splittings. Recently, the relaxation times of ferric transferrin complexes were measured directly and the results indicated that the relaxation-determined line widths were 1 MHz or less in the range 5 to 30 K, confirming that the apparent shapes are not relaxation determined [13]. The zero field splitting of ferric iron in transferrin is on the order of the X-band quantum (0.3 cm-1) [14,15], so substantial differences in shape and effective g-values are expected between X- and W-band spectra. Lastly, catalase was chosen as an example of a heme protein containing high-spin ferric iron. Little shift in g-values for the features of EMR of heme proteins are expected between X- and W-band because the zero-field splittings for heme are relatively large (7-10 cm-1). Information on frequency-dependence of line widths was obtained in a study, at EMR frequencies from 70 to 372 GHz, of another heme protein, high spin methemoglobin [16], and at 1-285 GHz of metmyoglobin [5]. Although the data of the earlier paper were interpreted as a linewidth dependence on the square of the frequency [16], the more recent study of metmyoglobin concludes that at least three different line-broadening mechanisms prevail in different ranges of EMR frequency [5].

MATERIALS AND METHODS


Copper lactoferrin was prepared either from human apolactoferrin (Sigma, St. Louis) or from the apoprotein made by dialysis of human ferric-lactoferrin (Calbiochem, San Diego) into 2 changes of 100 volumes of 0.1 M citric acid,  pH 2.0 to remove iron [17]. Natural abundance copper (0.9 to 1.1 equivalents per metal ion site, see text) was added as the nitrate salt (1 mM) to 0.24 mM apo-transferrin in buffer A ( 25 mM TRIS-HCl, 0.1 M potassium chloride,  50 mM sodium bicarbonate, pH 7.4). For substitution of 65Cu, copper oxide (Isotec, Miamisburg, OH) was dissolved in 0.1 M HCl to give 10 mM 65Cu-cupric chloride and 0.9 equivalents per metal ion site were added to 0.24 mM apo-transferrin. Excess metal ion was removed by passing the solution through a Chelex column (Biorad, Hercules, CA), followed by dialysis overnight into buffer A; and the sample was concentrated (Minicon B15; Amicon, Beverly, MA) to about 2 mM in protein (4 mM in copper). Di-ferric transferrin was obtained from Sigma as the holo-protein and was dissolved in buffer A, passed over Chelex and concentrated, similarly to the preparation of cupric-lactoferrin. Bovine liver catalase as a precipitate (Sigma) was used directly for EMR studies.


Lactoferrin and transferrin samples were concentrated 2-3 times for EMR studies when 0.1 to 0.5 ml of the protein (~2 mM) in buffer A was dialysed against two changes of 40 volumes of a 1:1 (v:v) mixture of glycerol and buffer A. They were loaded by syringe into quartz capillaries of 0.9 mm OD, 0.5 mm ID (Wilmad, Buena, NJ), closed at one end. Catalase samples were loaded into the capillaries as a suspension and the precipitate was concentrated at the bottom of the tube using a table-top centrifuge, and the excess liquid was removed. The tops of all EMR capillaries were sealed. For X-band measurements, the 0.9 mm capillaries were placed within a thick-walled 3 mm quartz tube.


W-band spectra were recorded in Tallahassee during and after installation of a Bruker ELEXSYS E 600 cw EMR system (Bruker Analytik, Karlsruhe, Germany) operating at a resonance frequency of 94 GHz. The heterodyne microwave design uses an intermediate frequency at X-band. The resonator is a TE011 cylindrical cavity. The magnetic field was generated by a 6T split-coil superconducting magnet (Bruker-Magnex, Karlsruhe, Germany and Abingdon, UK ). Spectra were obtained with sweeps of the superconducting magnet; and a "current jump method" was used to obtain linear field sweeps [18]. The accuracy of the magnetic field was determined by recording the spectra of a manganese oxide standard, or the sample, with increasing and decreasing field sweeps under the conditions of each experiment. Temperature was controlled and measured with an Oxford Instruments ITC503 temperature controller equipped with an automatic gas flow controller ( Oxon, UK). Values of "g" cited in the discussion are effective g-values calculated using geff = h / eBres where  Bres is the field at which a spectral feature is observed.


X-band EMR measurements were conducted on a Varian E-109 equipped with a standard E231 rectangular cavity and an Oxford ESR 9/10 cryostat and manual transfer line and flow controller.


Simulations of spectra for S=5/2 spins were made on a Silicon Graphics Unix system using a FORTRAN program developed by Gaffney and Silverstone [1,6], and earlier by Yang [12] and with modifications by Doctor [19] and Maguire [20]. The effects of distributions in zero-field splitting parameters E or D were calculated separately assuming a Gaussian distribution in either parameter. Widths of distributions reported here are half widths. Calculations of the populations of different levels included transition moments and Boltzmann factors. Both temperature and magnetic field contribute to the Boltzmann factor. As a consequence, in the calculations using parameters that characterize the ferric centers in transferrin, the Boltzmann populations of levels at a resonance are nearly equalized at X-band while the lower levels have a significant preponderance of population at W-band.

RESULTS AND DISCUSSION


EMR spectra of di-cupric lactoferrin at 40 K were obtained at X- and W-band frequencies (Figure 1) using a sample contained in the same small capillary for both measurements.  The g-parallel and g-perpendicular regions are widely separated at W-band (94.14 GHz) and splitting by the copper nucleus is resolved in the g-parallel region. In the sample containing natural abundance 65Cu (31%) and 63Cu (69%), the W-band spectrum displayed g-parallel peaks at 2.9364,  2.9215,  2.9070 and 2.8916 ± .001 T (average hyperfine separation 14.9 mT).  The assignments are consistent with values of A|| measured by others at X-band for di-cupric transferrin with isotopically pure copper isotopes (63Cu: A|| = 14.5 mT and 65Cu: A|| =15.6 mT) [21] and with the isotope ratios. The pattern in the g-parallel region of the W-band spectrum can be simulated as the sum of Gaussian lines of full-width-at-half-maximum (FWHM) of 11.0 to 12.0 mT, the mI =±1/2 lines being slightly narrower than the mI =±3/2 lines. An analysis [10] of EMR line shapes measured for copper transferrins at 2-9 GHz yielded a value of the distribution in g-values ("g-strain") of 0.0102 and a residual line width of  0.53 mT. Based on the low frequency experimental spectra of di-cupric transferrin [10], the line width (FWHM) predicted at g|| for 94 GHz is given by equation (1) and is ~12.5 mT for the mI -1/2 line. In equation (1), HR1/2 is the residual line width, and "corr." is the correlation term between the uncertainties, , in A|| and g|| [10]. 

 
(H1/2)2 = (HR1/2)2 + (mI A|| )2 + (g||  / g|| •Bres)2 + (corr.)


(1)



   = [(0.53)2 + (mI • 0.8)2 + (12.8)2 - (mI • 175.6)] (mT)2

The slightly narrower than predicted lines observed in this study may mean that g||  is smaller for lactoferrin compared to transferrin or that the presence of 50% glycerol in the sample results in less distortion in low-temperature samples. A sample of 65Cu-lactoferrin was prepared using slightly less than saturating copper for two sites and the result is shown in the g-perpendicular inset of Figure 1 (W-band). (Sub-stoichiometric amounts of copper ion give a spectrum free of the high field shoulder in the g-perpendicular region that arises from copper ion in buffer A.) The gx = 2.052 and gy = 2.058 (± .001) features are clearly resolved in the W-band spectrum. A striking aspect of the comparison of X- and W-band spectra of di-cupric lactoferrin is the shift of the spectrum of a small amount of Mn+2 impurity to a field that is completely separated from the copper signal, because of g-factor differences. Passing samples over Chelex was not adequate to remove the manganese. Some of the early analyses of copper transferrins led to the suggestion of more than one nitrogen ligand to the metal ion, although it is now known from low-frequency EMR [10] and from x-ray structure analysis [11], that the metal is coordinated to only one histidine. Manganese impurities make analysis of the g-perpendicular region of X-band copper EMR spectra difficult, but do not complicate W-band spectra. On the other hand, at the higher frequency, contributions of g-strain to the line width obscure nitrogen hyperfine and g-perpendicular, copper-nucleus hyperfine information.


Di-ferric transferrin has been the subject of many EMR studies. Analysis of the sharp features at ~g=4.3 in the X-band spectra, together with spectra at Q-band (35 GHz), give an estimate of the value of the zero field splitting parameter, D, of about 0.25 cm-1 for this sharp component [14].  Mössbauer studies lead to a similar conclusion [15]. Details of the EMR spectra vary with changes in salt or glycerol in the solvent, and substantial changes are seen  when the synergistic anion is changed from carbonate to oxalate or other bidentate chelators [22]. The breadth of the spectra at X-band of di-ferric transferrin has been attributed to distributions in zero-field splittings [12]. W-band spectra of di-ferric transferrin carbonate are expected to be shifted toward g=2 because the value of D is smaller than this operating frequency. This effect is illustrated by the experimental spectrum shown in Figure 2. The region of the largest signal at W-band is centered around g=2, although shoulders are evident at higher and lower fields in spectra extending over a wider field range (see Figure 4). The three major features in the W-band spectrum, at ~ 3.260, 3.336, and 3.540 T, and the features in the inset of the X-band spectrum, correspond to transitions within a middle Kramers doublet, although  gx, gy and gz are not exactly at these turning points because of the interplay between Zeeman and zero field splitting terms in the energies. The X-band spectrum is dominated by the g ~4.3 feature. The spectrum shown was recorded using the small sample tube employed for  W-band, so the broad peaks at low field are not evident. However, X-band EMR of larger samples reveals two peaks at low field (g ~ 8-9) corresponding to transitions between the levels of the lowest Kramers doublets of two ferric sites that differ in zero field splitting parameters [12]. 


To assign the major features of the W-band EMR spectrum of di-ferric transferrin carbonate, spectra were simulated and the simulations were compared to an experimental sweep of the di-ferric transferrin signal from 2 to 5 T (Figure 3). Maxima and minima in the experimental spectrum of Figure 3 are at approximately 2.8 (max, broad shoulder), 3.2 (max), 3.4 (min), 3.54 (min), 3.7 (min), 3.9 (min) and 4.5 (min, broad shoulder) Tesla. Earlier simulations of X-band EMR of di-ferric transferrin carbonate indicated that one of the components had E/D ~1/3 and D≥ 0.23 cm-1[12]. Simulations fit  the W-band spectra only if the value of D is taken somewhat higher than 0.23 cm-1.  The steps in assignment of the features in the experimental spectrum of Figure 3 are outlined in Figures 4-7. The spin Hamiltonian used to describe this system is given in (2). Using the coordinate system indicated by this Hamiltonian, the range of E/D values is zero to 1/3 [1]. In some cases shown below, values of E/D outside of this range are used. Doing this is equivalent to reassigning the x-, y- and z-axes. For instance, the calculated spectra are identical for D=0.3 and E=0.12 cm -1 (E/D=0.4), or for D=-0.33 and E=-0.09 cm -1 (E/D=0.272).





(2)

In referring to the simulations, the six energy levels for the high-spin ferric system are numbered from lowest to highest in energy as levels 1 to 6, respectively. The most prominent experimental features at ~3.2 (max), 3.4 (min), 3.54 (min) T arise from transitions between levels 3 and 4. The field separation of these features is an excellent indicator of the D-value, but the details of this region of the spectrum point to a distribution in the value of E. Figure 4 shows a series of calculations for the central region of the spectrum shown in Figures 2, with varying widths of distributions around a central zero field splitting parameter of E=0.0933 cm-1 and with D fixed at 0.28 cm-1. Note that, in Figure 4, two of the maxima apparent in the spectrum with no distribution (upper) are missing from the lower spectra calculated with distributions in E. These maxima arise from part of the transition between levels 2 and 3 and the resonance fields for this transition are more sensitive to the value of E than are the resonance fields of the 3 to 4 transition. Simulations with a distribution in D instead of E (not shown) also broaden the part of the spectrum from the 2-3 transition, but have only a small effect on the shape of the 3-4 transition. Thus, although the central region of the spectrum allows the value of D to be estimated, it contains relatively little information about a distribution in D. Note also, that the spectrum around 3.35 T is slightly distorted by a background maganese ion signal. There may also be some residual rapid-passage contribution to the same region of this experimental spectrum taken at 40K; spectra of transferrin carbonate at 5K are absorption-like because of strong rapid passage effects.


Although the middle region (near g=2) of the ferric transferrin spectrum is relatively insensitive to D-distributions, the broad absorptions flanking this region contain a wealth of information about both D and E. Figure 5 gives the calculation shown in Figure 4 (distribution in E of 0.0224) over the wider field range covered by the experimental spectrum in Figure 3. The Gaussian distribution in E was calculated with eleven individual spectral components. This distribution is coarse and the individual components can be distinguished in regions of the calculation around 2.2, 2.75, 3.9 and 4.5 T. One notes immediately that the simulation has sharp features that are absent from the experimental spectrum. This suggests that a distribution of D-values, as well as of E, characterizes the experimental spectrum. To illustrate this point, the lines drawn above and below the calculated spectrum mark the resonance fields that would be observed for various combinations of E and D. A closer view of these lines is given in Figure 6, where the maxima or minima in transitions between the designated pair of energy levels is presented for eleven separate values of E at four different values of D. Transitions between two pairs of levels contribute to the high- and low-field regions illustrated. On the low-field side, the 4 to 5 transition is relatively invariant with E and contributes the sharp feature in the calculated spectrum that only used a distribution in E. On the high field side, the sharp feature is from the 2 to 3 transition. The reason that certain regions of these transitions are insensitive to E is that the magnetic field is along the z-axis of the D tensor in those regions. This angular dependence is illustrated in Figure 7 where the resonance field as a function of polar angle, theta, is shown for various values of phi from 0 to 90 degrees. Finally, the calculations in Figure 6 are used to estimate that the experimental spectrum has the characteristics, not only of a distribution of E of about± 0.02 cm-1, but also a D-distribution of about the same magnitude.

  
There are two peaks in the experimental W-band spectrum shown in Figure 2 at ~3.2 and 3.7 T that are missing in the calculated spectrum centered around D= 0.28, E=.0933 cm-1 (Figures 4 and 5). These features can be generated with a simulation centered around E/D = 1/3 and with D = 0.37 cm-1 and distributions similar to those used for the major component. The earlier analysis [12] did conclude that there were two components (one minor) with E/D near one third, but it would have been impossible to obtain evidence for a value of D as high as 0.37 cm-1 from X-band measurements alone. On the other hand, the earlier analysis concluded that there was a second major component with E/D ~0.22 cm-1. Although a simulation with this value of E/D and other parameters from the earlier analysis did not provide a good fit to the center of the spectrum (Figure 4), the possibility of a component with a ratio of E/D near 0.22 cm-1 cannot be entirely ruled out with the limited data available. In summary, W-band spectra of di-ferric transferrin carbonate are in reasonable agreement with earlier assignment of the major component in the X-band spectra [12], although the W-band data suggest that one, and possibly two, components in the spectrum have a larger value of D than previously recognized. 


 Catalase, as an example of a heme protein, also has been examined at both frequencies and at a temperatures from 8 to 40K. The low-field region of the W-band spectrum (0.5-1.5 T) of catalase was measured in several ways, including sixteen scans of accumulation with the field running alternately up and down. The latter experiment was run as a test of magnetic field control, and during the averaging, no increase in width of peaks was observed. The W-band EMR spectrum shown in Figure 8 was obtained in a single scan and was filtered by averaging 4 adjacent points. The ranges of the X- and W-band spectra shown represent almost the same range of g-values and, with this scaling by g-factor, the spectra look very similar. The two major peaks in the portion of the spectra shown are at the gy - and gx -values in spectra arising from a D-value larger than either operating frequency and with symmetry near axial (E/D = 0.021). (For reference, high spin methemoglobin has a more axially symmetric heme center and displays a single peak centered between the two catalase peaks.) Many catalase samples are known to contain damaged hemes [23, 24] and this probably accounts for the minor peaks at lower field in spectra at both frequencies. In spectra at X-band, taken at 10K, the apparent line width at gy is of 2.0 mT outer-half-width at half-height. The inset in Figure 8 shows how the X-band EMR linewidth changes with increasing temperature. These data indicate that the linewidth probably is relaxation-determined at the higher temperatures, which is consistent with studies of relaxation in other high-spin heme systems [25]. Assuming this is true for the temperature range 40-100K and that modulation of zero field splitting is the dominant relaxation mechanism, a crude lower bound of D~7 cm-1 can be estimated from the temperature dependence of the line width. The apparent outer-half width at half-height of the W-band spectrum recorded at 10K is approximately 26 mT, although since at least 3 overlapping components are evident in the spectra, this is only a rough measure. This width is roughly constant in W-band spectra between 8 and 40K. The W-band spectrum of catalase exhibits slightly better resolution of the components contributing to the lineshape than was obtained at X-band. Possible general reasons for increased resolution at high frequency might include a decreased contribution of spin-spin interaction and separation on the basis of D-value. Contributions to the linewidth from spin-spin interactions between hemes in the catalase tetramer are expected to be small because the inter-heme distances from the x-ray structure are 31.2, 45.5 and 34.6 Å [23]. A mixture of samples with D- or E-values that give slight shifts in effective g-values at high frequency is a more likely interpretation of the frequency dependence of the catalase line shapes. Calculations of spectra for E/D = 0.021, with differing D and corresponding E values, indicated that detectable shifts in line positions at W-band, compared to X-band, occur when the value of D is about 8 cm-1 or less for a spectrum with the linewidth observed. Differences in zero field splitting parameters may arise from heme heterogeneity or from the known pH sensitivity of catalase EMR spectra coupled with pH variation on freezing of samples [26]. Resolution of multiple components in X- and Q-band EMR of catalases from other sources has been observed [e.g. 27, 28].

SUMMARY AND CONCLUSION


Table 1 gives a summary of the observed line widths of the samples studied at X- and W-band frequencies. For copper lactoferrin , the observed widths increased approximately linearly with field, as expected for a case of strain in g-factor . The increase in apparent line width of features in the di-ferric transferrin spectra was only a factor of four in W-band spectra compared to the width of comparable features in X-band spectra. For ferric transferrin, the D-value is such that the contributions from zero field terms in the Hamiltonian, relative to the Zeeman term,  are diminished at W-band compared to X-band. Therefore, the distribution of zero field terms contributes less to observed line widths as the frequency is increased. It is likely that line widths in ferric transferrin EMR spectra would decrease further at several times the W-band frequency, an effect similar to that observed for protein-bound manganese ion at 140 GHz[7]. The width of the low field signals from catalase increased approximately linearly with frequency, but no significant shifts in effective g-values were observed, indicating that the lower bound to D for this system is about 8 cm-1. At the higher frequency, some resolution of individual components in the lineshape was observed. Possible origins of the separate components include the known sensitivity of catalase spectra to pH [26] and the presence of a significant population of broken heme rings [23,24].


Data at 94 GHz have contributed to improvement in the earlier simulation of spectra of ferric transferrin. Major features in the spectra are consistent with D=0.28 cm-1  and distributions in E and D. Plots that are shown in Figure 5 and 6, of variation in resonance field for differing D and E, can be used to simplify future calculations of the effects of distributions in these parameters by taking a linear prediction approach. More exact parameters that provide a fit to the transferrin carbonate spectra can be obtained when anisotropy in the Zeeman term is determined experimentally, for instance by very high frequency EMR, and when EMR single crystal data for this protein are obtained.
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Table 1: Apparent Line Widths for Selected Metalloproteinsa


X-band line width (mT)
W-band line width (mT)

Di-copper Lactoferrin
(1.07)b
11.0 ± 1.0 





Di-ferric Transferrin
6 ± 0.5
26 ± 1.0





Catalase
4.0± 0.2
52 ± 7





a 
Line widths reported are full widths at half height. The method by which they were determined was different in the various samples. For copper lactoferrin, values reported are for the g-parallel region and the mI -1/2  line. For ferric transferrin, the spectra are too complex to allow a simple statement about linewidths at the two frequencies to be made. The values given only allow a crude comparison to be made. The outer half width at half height for the lowest field peak arising from transition in the middle Kramers doublet was multiplied by 2 to give the values in the Table. At X-band, the maximum of the peak used was at 151mT; at W-band, the maximum at 3,261 mT was used. For catalase, the value given is 2 times the outer half width at half height in the gy feature. Errors arise from uncertainties in the baseline and noise and are estimates. Spectra were obtained at 40 K for lactoferrin and transferrin samples and at 10K for catalase samples.

b
The stated linewidth is calculated for mI -1/2 using values of simulation parameters given in reference 6. These same parameters predict a value of 12.5 mT for the mI -1/2 line at 94.1 GHz.

FIGURE LEGENDS

Figure 1.
EMR spectra of di-cupric lactoferrin obtained at 40 K were recorded at X-band (9.228 GHz) and W-band (94.1402 GHz) microwave frequencies. Samples, contained in a sealed, 0.5 mm inner-diameter quartz tube, were used for measurements at both frequencies. Other instrumental parameters were, at X-band: modulation amplitude, 5 G; power, 0.2 mW; time constant,  0.128 sec; scan time,  30 min; and at W-band: modulation amplitude, 15 G; power, 3.48 W; sampling time, 0.655 sec; number of points,  2048. The sample used for the full spectrum was prepared with natural abundance copper. The g-perpendicular inset in the W-band spectrum was obtained with a separate sample to which 0.9 equivalents / metal-binding site of 65CuCl2 were added.

Figure 2.
 Portions of the EMR spectra at 40 K of di-ferric transferrin carbonate are compared at X- and W-band frequencies. Instrument parameters were, X-band: frequency, 9.228 GHz; modulation amplitude, 5 G; power, 0.2 mW; time constant, 0.128 sec ; scan time, 30 min ; and, W-band: frequency, 94.090 GHz; modulation amplitude, 10 G; power, 3.2 W; sampling time, 0.328 sec, number of points,  8192. 

Figure 3.
The same W-band experimental spectrum of di-ferric transferrin shown in Figure 2 is shown here for the range from 1 to 5 Tesla.

Figure 4.
Simulations to fit the sharper component of the W-band EMR spectrum of di-ferric transferrin carbonate are shown for several widths of distributions in E. The value of D was fixed at 0.28 cm -1 and the ratio E/D was 1/3 for the center of the distribution (the value 0.0933 cm-1 given in the figure for E is at the center of the distribution). The linewidth was set at 150 MHz, although this is not the limiting factor in the apparent widths. Calculations were done at 0.5 degree increments in polar and azimuthal angles and at field increments of 1mT. The effect of the distribution in E was calculated with a Gaussian distribution over a  family of 11 spectra in which E was incremented by 0.005 cm-1about 0.09333 cm-1. 

Figure 5.
The effect of changing E and D on the resonances near 2.7 and 4 T is demonstrated. The middle spectrum is a calculation with the follwing parameters, =94.1 GHz, T=40 K, D=0.28 cm-1, Ecentral=0.09333 cm-1, E=0.0244 cm-1, linewidth=150 MHz, 180 steps in theta and phi, 2000 pts along B between 1 and 5 T. The lines above the spectrum represent the position of the local resonance maximum of the 2 to 3 transition for a fixed D and varying values of E. The lines below the spectrum represent the position of the local resonance minimum of the 4 to 5 transition for a fixed D and varying values of E. 

Figure 6.
An expansion of regions in Figure 5 is shown to illustrate how resonance positions change with E/D for transitions between levels 2 and 3 or between 4 and 5. The values of D in the lines are 0.28 cm-1 (open circles), 0.31 cm-1 (filled circles), 0.34 cm-1 (open triangles), 0.37 cm-1 (filled triangles). The ranges of E/D for the lines are 0.24393 to 0.42250 for D=0.28 cm-1, 0.25268 to 0.41397 for D=0.31 cm-1, 0.25979 to 0.40685 for D=0.34 cm-1, and 0.26576 to 0.40089 for D=0.37 cm-1. The change in the position of the resonances as a result of changing E and D are represented by arrows showing the direction of movement with increasing D or E. 

Figure 7.
Dot plots illustrating the angular dependence of the W-band transitions between levels 2 and 3 and between 4 and 5 are shown for D=0.28 and E=0.09333 cm-1..

Figure 8.
EMR spectra of bovine liver catalase precipitate are shown at X- and W-band frequencies. Both spectra were recorded at 10K. Instrument settings were, X-band: frequency, 9.244 GHz; modulation amplitude, 12.5 G; power, 2.0 mW; time constant, 0.25 sec ; scan time, 30 min ; and, W-band: frequency, 94.195 GHz; modulation amplitude 15 G; power, 15.2 W; sampling time, 0.164 sec; number of points,  8192. Signal to noise in the W-band spectrum was increased by a factor of ~2 by application of a filter.
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