
Biochemistry 1995, 34, 7593-7602 7593 

A Continuous Wave and Pulsed EPR Characterization of the Mn2+ Binding Site in 
Rhodobacter sphaeroides Cytochrome c Oxidase? 
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ABSTFL~CT: The ligation environment of the tightly bound Mn2+ in cytochrome c oxidase from Rhodobacter 
sphaeroides has been characterized by electron paramagnetic resonance (EPR) and electron spin echo 
envelope modulation (ESEEM). The EPR data show that the Mn2+ is six-coordinate and located in a 
highly symmetric binding site. Analyses of X- and Q-band EPR spectra show that the zero field splitting 
parameter D is 115 f 25 G (0.0107 f 0.0023 cm-') in the fully oxidized enzyme and 125 f 15 G 
(0.01 17 f 0.0014 cm-') in the fully reduced enzyme. For both redox forms of the enzyme the value of 
E is 1 2 5  G (0.0023 cm-l). By comparison with crystal structures of Mn2+ binding proteins, the structural 
changes at the Mn2+ binding site upon redox state change of the enzyme are estimated to be 1 0 . 2  A in 
ligand bond lengths and 1 1 0 "  in bond angle. This analysis indicates that little modification occurs at the 
Mn2+ site upon redox change at the other metal centers. Considering the proximity of the Mn2+ site to 
heme a and heme a3-CuB [Hosler, J. P., Espe, M. P., Zhen, Y., Babcock, G. T., & Ferguson-Miller, S. 
(1995) Biochemistry 34,7586-75921, we interpret these results to imply also that there is no large protein 
conformational change near the heme a and heme a3-Cu~ sites upon a change in their redox states. 
Multifrequency 3-pulse ESEEM results provide direct evidence for a nitrogen ligand to the Mn2+, which 
is assigned to a histidine by comparison with ESEEM studies of Mn2+-bound lectins [McCracken, J., 
Peisach, J., Bhattacharyya, L., & Brewer, F. (1991) Biochemistry 30, 4486-44911 and specifically to 
His-411 in subunit 1 on the basis of mutagenesis studies (Hosler et al., 1995). From these results a 
partial model of the Mn2+ binding site has been constructed. 

Cytochrome c oxidase, a multisubunit integral membrane 
protein, is the terminal oxidase of the respiratory chain in 
mitochondria and in many aerobic bacteria. This enzyme 
catalyzes the reduction of oxygen to water and couples these 
electron-transfer processes to the transport of protons across 
the membrane to establish a membrane potential [reviewed 
in Babcock and Wikstrom (1 992)]. 

The aa3-type cytochrome c oxidase from bacteria sources 
has a simpler structure than the eukaryotic enzyme, but shows 
strong sequence homology and is functionally equivalent 
(Ludwig, 1987; Saraste, 1990), making it a useful model for 
structure-function analysis. The enzyme contains four 
redox-active metal centers: heme a, heme a3, and CuA 
located in subunit I and CUB located in subunit 11. These 
subunits are highly homologous to the mammalian enzyme 
(Hosler et al., 1993). Additional non-redox-active metal 
centers are present in cytochrome c oxidases, but their roles 
are not clear and their content varies in different species. 
Beef heart oxidase contains one zinc and one magnesium 
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per enzyme monomer (Einarsdottir et al., 1985; Buse & 
Steffens, 1991). Metal analysis on aa3-oxidase from Para- 
coccus denitrijkans also reveals magnesium and, in addition, 
tightly bound substochiometric manganese (Buse & Steffens, 
1991). Tightly bound Mn has been observed in several 
bacterial oxidases (Numata et al., 1989; Lauraeus et al., 1991; 
Hosler et al., 1992), but not in cytochrome c oxidase from 
eukaryotes (Buse & Steffens, 1991; Einarsdottir et al., 1985). 

Although enzyme-bound Mn is not redox active, previous 
studies have shown that the Mn EPR spectrum is dependent 
on the oxidation state of the enzyme (Seelig et al., 1981; 
Haltia, 1992). Upon reduction of the enzyme, the EPR' 
spectrum changes by acquiring a more axial line shape and 
a narrower line width. The change in the EPR spectrum of 
Mn has been proposed to reflect a significant conformational 
change in the enzyme (Haltia, 1992). 

Our studies on site-directed mutants of Rhodobacter 
sphaeroides cytochrome c oxidase have demonstrated that 
the conserved residues His-411 and Asp-412 of subunit I 
are likely ligands to the Mn (Hosler et al., 1995). Previously, 
these residues have been shown to be close to both the heme 
a3-CuB center and heme a (Hosler et al., 1994). Evidence 
has also been provided which suggests that Mn is binding 
to the site which is otherwise occupied by Mg in cytochrome 
c oxidase (Hosler et al., 1995). While the relevance of the 

I Abbreviations: EPR, electron paramagnetic resonance; ESEEM, 
electron spin echo envelope modulation; FWHM, full width at half- 
maximum; zfs, zero field splitting; CW, continuous wave: EXAFS, 
extended X-ray absorption fine structure; ENDOR, electron nuclear 
double resonance. 
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Mn binding site and its location with respect to the other 
metals in subunit I is now more clear, the structure of the 
binding site itself remains to be fully defined. 

This paper details an EPR and ESEEM study of the Mn 
binding site in Rb. sphaeroides cytochrome c oxidase, taking 
advantage of our ability to prepare the enzyme with levels 
of Mn ranging from zero to near stochiometric. In particular, 
the ligation environment of the Mn has been examined in 
the oxidized and reduced enzyme to determine the extent of 
the structural perturbation that occurs at the Mn binding site 
with changes in the redox state of the enzyme. By using 
ESEEM we have also observed a nitrogen ligand to the Mn, 
consistent with mutational analysis (Hosler et al., 1995). 
These results were used to construct a partial model of the 
Mn binding site. 

MATERIALS AND METHODS 

Cytochrome c oxidase was purified from Rb. sphaeroides 
by a procedure described previously (Hosler et al., 1992). 
Adventitious Mn was removed by washing the enzyme with 
EDTA (Hosler et al., 1995). For EPR studies the enzyme 
was in a buffer containing 1 % lauryl maltoside, 50 mM KH2- 
PO4, and 2.5 mM KCl at pH = 7.2. The stoichiometry of 
bound Mn is controlled by the manganese concentration in 
the growth medium for the cells (Hosler et al., 1995). The 
enzyme concentration of purified cytochrome c oxidase was 
determined from the absolute absorbance at 605 nm by using 
an extinction coefficient of 40 mM-' cm-I. Reduced enzyme 
was generated by adding freshly prepared aqueous Na2S204 
to a final concentration of 10 mM and incubating the sample 
for 10 min at 4 "C. For EPR experiments approximately 
200 pL of sample (30-100 pM) was loaded into a 4-mm 
O.D. quartz EPR tube and frozen and stored at 77 K. A 
sample size of approximately 75 pL was used for the pulsed 
EPR experiments. The beef heart oxidase sample is 200 pM. 

In the EPR spectra of the oxidized enzyme (Figure 1A,C), 
the signals arising from heme a and CUA were removed by 
subtracting the EPR spectrum (acquired at 10 and 110 K) of 
oxidase isolated from Rb. sphaeroides, grown in the presence 
of 0.5 pM Mn. Under these growth conditions there is no 
EPR-detectable Mn bound to the oxidase [Figure 1 in Hosler 
et al. (1995)l. 

EPR. X-band EPR spectra were recorded on a Bruker 
ER200 series spectrometer by using a TEKQ cavity. Sample 
temperature of 110 K was achieved with flowing N2 gas that 
was cooled with liquid nitrogen. The EPR cryostat was 
home-built and based on the Bruker design. Rapid N2 flow 
rates were used to minimize thermal gradients in the sample. 
For data collected at 10 K an Oxford ESR-9 liquid He flow 
cryostat was used. The g-values were determined by direct 
measurement of the magnetic field and microwave frequency 
by using a Bruker ER035M NMR gaussmeter and an EIP25B 
frequency counter. Q-band EPR spectra were recorded on 
a Bruker ESP300 spectrometer (Dr. R. Hille, Dept. of 
Medical Biochemistry, Ohio State University) equipped with 
an ER035M gaussmeter and a Hewlett-Packard 5352B 
microwave frequency counter. 

ESEEM. The pulsed EPR experiments were performed 
on a home-built spectrometer described elsewhere (Mc- 
Cracken et al., 1992). The ESEEM data were collected by 
using the three-pulse (90"-z-90"-T-90") stimulated echo 
sequence. The time z between the first and second micro- 
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wave pulses was set to an integer multiple of the proton 
Larmor precession period, to suppress the ESEEM from 
"matrix" protons. The time T between the second and third 
pulses was scanned from an initial value of z + 40 ns to 5 
ps with an interval between data points of 5 ns. All three 
pulses had the same width (15 ns FWHM) and power. The 
data were acquired at 2 K by using a liquid helium immersion 
system. This temperature was chosen since better echo 
signallnoise ratios were obtained; other than changes in 
signallnoise, the spectra recorded at 2 K were the same as 
those obtained at 4.2 K. The acquisition rate was 30 Hz, 
and each time point was the average of 30 events. The 
remainder of the experimental conditions are listed in the 
figure captions. The ESEEM spectra were obtained by 
Fourier transformation and the dead-time reconstruction 
technique of Mims (1984). 

EPR Analysis. The EPR spectrum of Mn2+ has been 
studied in detail (Reed & Markham, 1984) and can be 
described by the Hamiltonian 

K= gpHSz - gNpNHIz + ASzIz + 
D[S: - 3S(S + l)] i- E ( S 2  - S;) + IAsHFS (1) 

where g and A ,  the j5Mn hyperfine coupling constant, are 
assumed isotropic. D and E are the zero field splitting (zfs) 
tensor parameters. The last term in eq 1 describes the 
superhyperfine coupling between the unpaired electrons and 
spatially close nonzero spin nuclei. The zfs parameters D 
and E provide insight into the symmetry of the Mn2+ ligation 
sphere. Large D values and E/D ratios are characteristic of 
a less symmetric site. For Mn2+, S = 5/2 and there are five 
fine structure transitions arising from transitions between the 
six electronic states, MS = f5 /2 ,  f3 /2 ,  f1 /2 .  Each of the 
five fine structure transitions is split into six lines from 
hyperfine coupling to the j5Mn nucleus, I = 5/2 (m1 = f 5 /  
2, f3 /2 ,  f1/2),  and there are 30 allowed transitions. The 
energies of the MS = f 5 / 2  and f 3 / 2  states are dependent to 
first order on D and E, and thus on the angle of the applied 
magnetic field relative to the molecular axis system (Reed 
& Markham, 1984). In frozen solution samples, as studied 
here, all molecular orientations are present. The angular 
dependence of the M S  = f 5 / 2  and f 3 / 2  states results in 
line shapes that can cover several thousand Gauss; the 
intensities of these EPR transitions are weak and commonly 
difficult to observe in CW-EPR experiments of powder 
samples. The energies of the MS i- f 1 / 2  states are not 
dependent on D and E to first order and show only a small 
angular dependence. The MS = - 1/2 - +1/2 transition is 
therefore much more intense than the other fine structure 
transitions and is the dominant signal in a powder sample. 
For Mn2+ in cytochrome c oxidase, this is the only fine 
structure transition observed in the EPR spectrum. 

In addition to the allowed transitions, there are forbidden 
transitions of the type IMs, m1) - IMs - 1, m1 f 1). There 
are two forbidden transitions between each allowed transition. 
The amplitudes of the forbidden transitions, relative to the 
allowed transitions, increase with increasing D and E and 
decrease at higher microwave frequency where the electronic 
Zeeman term dominates the spin Hamiltonian. Increasing 
the microwave frequency from X-band (9 GHz) to Q-band 
(35 GHz) then simplifies the EPR spectrum. 

EPR Simulations. The Q-band simulation routine used 
was developed by Dr. G. Reed (Markham et al., 1979). The 
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FIGURE 1: EPR spectra of Rb. sphaeroides oxidase in the fully 
oxidized (A and C) or fully reduced (B and D) forms. For the 
oxidized samples the signals from cyt u and CUA have been 
subtracted (see Materials and Methods). Conditions (A and B): 
microwave power, 20 mW; microwave frequency, 9.592 GHz; 
modulation, 12.5 Gpp; temperature, 110 K; (C and D) microwave 
power, 2.0 mW; microwave frequency, 9.467 GHz; modulation, 
12.5 Gpp; temperature, 10 K. 

energy levels were calculated to third order by using 
perturbation theory. The input parameters were g-value, Mn 
hyperfine coupling, D, E, and line width. The hyperfine 
coupling and g-values are isotropic. Both allowed and 
forbidden transitions are calculated for the MS = -112 - 
+1/2 transition. The errors reported for the simulation results 
were determined from visual inspection of the simulated and 
experimental data. 

RESULTS 

X-Band EPR. The g = 2.0 region of the low-temperature 
EPR spectrum from oxidized Rb. sphaeroides cytochrome c 
oxidase contains signals from heme a and CUA. When Mn2+ 
is bound to the enzyme, its EPR signal is also observed in 
the g = 2.0 region [Figure 1 in Hosler et al. (1995)l. X-band 
EPR spectra of oxidase-bound Mn2', from both the oxidized 
and reduced forms at 10 and 110 K, are shown in Figure 1. 
For the oxidized enzyme, the EPR signals from CUA and 
heme a have been removed by subtracting the EPR spectrum 
from Rb. sphaeroides oxidase sample that contained no 
detectable Mn (see Materials and Methods). Previously, the 
Mn2+ signal could only be observed with the overlapping 
CUA signal present (Seelig et al., 1981; Haltia, 1992; Hosler 
et al., 1992). In the reduced enzyme, heme a and CUA are 
diamagnetic and yield no EPR signal, and only the signal 
from Mn2+ is observed. In all cases, only the central fine 
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structure transition from Mn2+ is detected. The differences 
in the EPR spectra at the two temperatures are likely to be 
the result of changes in the zfs parameters. Temperature 
dependencies in D and E have been observed for inorganic 
complexes of Mn2+ (Drumheller & Rubins, 1986; Marcos 
et al., 1990). 

By using the splitting observed in the highest field peak 
and the intensity ratio of forbidden and allowed transitions 
in the X-band EPR spectrum at 110 K [Shaffer et al., 1976; 
see Weltner (1983)], we calculate D to be approximately 
150 G (0.014 cm-I) for Mn2+ in the oxidized enzyme. In 
contrast to D, there are no simple approaches for determining 
the value of E. However, insight into the ratio of E to D 
can be obtained from the line shape of the EPR spectrum 
(Reed & Markham, 1984). The Mn2+ EPR spectrum from 
Rb. sphaeroides oxidase shows a line shape similar to that 
observed for a creatine kinase complex with bound Mn2+ 
(Reed & Leyh, 1980). With similar line shapes the two 
proteins should show a similar value of E/D for Mn2+. The 
values of D and E are slightly larger for creatine kinase, but 
the value of 0.2 for EID is a good approximation for oxidase- 
bound Mn2+. The value of E for oxidase-bound Mn2+ in 
the oxidized form is x 3 0  G (0.0028 cm-I). The Mn2+ EPR 
spectrum of the reduced enzyme shows slightly larger 
forbidden transitions than the oxidized enzyme, indicative 
of a small increase in the value of D upon reduction. In 
addition, the highest field peak has collapsed compared to 
that observed for the oxidized enzyme, consistent with a 
decrease in EID and a likely decrease in E (Reed & 
Markham, 1984). The X-band data from oxidase, with only 
minor differences between the oxidized and reduced forms, 
show that there is little structural change at the Mn binding 
site with oxidation state changes of the redox-active metals. 

Q-Band EPR. The g-values and 55Mn hyperfine coupling 
can be more easily determined at Q-band because of the 
decreased intensity of the forbidden transitions. In addition, 
with data from a second microwave frequency and the ability 
to simulate the Q-band data, the zfs parameters D and E can 
be more accurately defined. The Q-band EPR data collected 
at 150 K are shown in Figure 2A,B for the oxidized and 
reduced enzyme, respectively. The g-values are the same 
for both redox forms of the enzyme (Table 1) and are 
consistent with previously reported values of protein-bound 
Mn2+ (Reed & Markham, 1984). The value of the Mn 
hyperfine coupling (Table 1) is indicative of a six-coordinate 
ligation environment consisting of "hard" ligands such as 
oxygen and nitrogen (Misra & Sun, 1991). The Mn 
hyperfine coupling does, however, change upon reducing the 
enzyme. The decreased hyperfine coupling in the reduced 
enzyme is indicative of less unpaired spin density on the 
metal and more on the ligands; this can be accomplished by 
increasing the covalency of one or more of the ligands in 
the reduced enzyme. 

The values of D and E for the oxidized enzyme, deter- 
mined by simulation of the Q-band EPR results, are 
consistent with the X-band data, yielding D = 115 k 25 G 
(0.0107 f 0.0023 cm-') and E = 25 f 15 G (0.0023 & 
0.0014 cm-I), with EID = 0.22 (Table 1; Figure 2C). For 
the reduced form, the simulation reveals D = 125 f 20 G 
(0.0117 f 0.0014 cm-') and E = 45 f 5 G (0.0042 f 
0.00047 cm-') (Table 1; Figure 2D). The small increase in 
D observed upon reducing the enzyme is consistent with the 
X-band results. There is a discrepancy in the value of E, 



7596 Biochemistry, Vol. 34, No. 23, 1995 Espe et al. 

11.8 12 .0  1 2 . 2  1 2 . 4  

Magnetic field (kG) 
1 1 . 8  12.0 1 2 . 2  1 2 . 4  

Magnetic field @G) 
FIGURE 2: Q-band EPR spectra of (A) fully oxidized and (B) fully reduced Rb. sphaeroides oxidase and simulations of Q-band EPR 
spectra from (C) oxidized and (D) reduced enzyme. The simulation parameters are listed in Table 1. Conditions: microwave power, 1 
mW; microwave frequency, 34.115 GHz; modulation, 5 Gpp; temperature, 150 K. 

Table 1: EPR Parameters for Mn2+ Determined from Simulations of the 0-band EPR Data 

oxidation 
state of Mn hyperfine line 

oxidized 2.0026 & 0.00005 95.2 f. 0.2 115 & 25 G (0.0107 & 0.0023 cm-I) 25 * 10 G (0.0023 * 0.00093 cm-') 6.0 
reduced 2.0027 f. 0.00005 94.7 & 0.2 125 & 15 G (0.0117 & 0.0014 cm-I) 45 & 5 G (0.0042 + 0.00047 cm-I) 5.0 

width (G) enzyme g-value coupling (G) D E 

however, between the X- and Q-band data. The simulations 
of the Q-band data shown an increase in E upon reduction, 
whereas the X-band data suggest that E decreases. Since 
the line shapes of the X-band data are more sensitive to the 
values of D and E (Reed & Markham, 1984), we favor the 
interpretation that E decreases upon enzyme reduction. The 
increase in the asymmetry of the high-field peaks of the 
Q-band data (Figure 2B) upon reduction of the enzyme, may 
be a result of an increase in the anisotropy of g andor A, 
rather than an increase in E .  As the line-shape changes in 
the X-band spectra are indicative of a decrease in EID, and 
both the X- and Q-band data show that D increases only 
slightly upon enzyme reduction, E must be 1 2 5  G (0.0023 
cm-') in the reduced enzyme. As described previously, the 
Mn2+ EPR signal becomes more axial in the reduced enzyme 
(Seelig et al., 1981; Haltia, 1992). Our results show, 
however, that the changes are minor (AD = 10 G, and A E  
5 25 G). 

Similar to the zfs parameters, the line widths in Rb. 
sphaeroides oxidase are also dependent on oxidation state. 
Table 1 shows that in the Q-band data the line width is 
narrower in the reduced form of the enzyme. This is also 
observed in the X-band data where the line width of the 
lowest field peak decreases from 19 to 17 G upon enzyme 
reduction. The change in the EPR line width is not a 
function of saturation properties of the EPR signal, as spectra 

recorded at microwave powers well below saturation show 
the same trend in line widths. 

ESEEM. For Mn2+, in most cases, superhyperfine cou- 
plings to ligand nuclei are too small to be resolved from the 
broad EPR line widths. ESEEM is a high-resolution 
technique that allows one to measure weak ligand hyperfine 
couplings to nuclei with non-zero spin (Mims & Peisach, 
1981). Magnetic nuclei that are in the vicinity of the Mn2+ 
('6 A) give rise to a peak in the ESEEM spectrum at their 
respective Larmor frequencies. For nuclei that are ligated 
to the metal, the hyperfine coupling may be larger and the 
peaks may be split away from the Larmor frequency. 
Previous applications of ESEEM to study Mn binding 
proteins have been productive in detecting protons, nitrogens, 
and phosphorus that are part of, or close to, the binding site 
of the metal (Tipton et al., 1989; Eads et al., 1988; Tipton 
et al., 1991; LoBrutto et al., 1986; Halkides et al., 1994). In 
the ESEEM spectra of Mn2+ in Rb. sphaeroides oxidase the 
nuclei most likely to be observed are nitrogens and protons. 

Since the ESEEM spectrum is a composite from all 
paramagnetic species that have EPR intensity at the magnetic 
field position where the experiment is performed, the ESEEM 
data from oxidized Rb. sphaeroides cytochrome c oxidase 
collected at g = 2.01 may show contributions from heme a, 
CUA, and Mn2+ (Hosler et al., 1992). To identify the peaks 
originating from Mn2+, Rb. sphaeroides oxidase samples 
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FIGURE 3: Three-pulse ESEEM spectra of (A)  oxidized Rb. sphaeroides oxidase that contains no bound Mn, (B) beef heart oxidase, (C) 
oxidized Rb. sphaeroides oxidase containing 0.7 Mdenzyme, and (D) reduced Rb. sphaeroides oxidase containing 0.7 Mdenzyme. All 
spectra were collected at g = 2.01. Conditions: (A) microwave frequency, 8.885 GHz; magnetic field, 3160 G; (B) microwave frequency, 
8.890 GHz; magnetic field, 3165 G; (C) microwave frequency, 8.980 GHz; magnetic field, 3190 G; (D) microwave frequency, 8.880 GHz; 
magnetic field, 3157 G; r, 225 ns; T, 2 K. Spectra A, B, and D are single scans, and spectrum C is the average of two scans. 

containing no detectable Mn and 0.7 Mdenzyme were 
studied. For comparison, the beef heart enzyme was also 
studied. Typical three-pulse ESEEM spectra collected at 9 
GHz and identical t values of 225 ns for Mn-deficient 
bacterial oxidase and beef heart oxidase are shown in Figure 
3. For the Mn-depleted bacterial oxidase (Figure 3A), the 
spectrum taken at g = 2.01 shows low-frequency peaks at 
0.93, 1.91, 2.38, and 3.10 MHz along with a peak centered 
at the proton Larmor frequency, 13.33 MHz. A similar 
spectrum is found for the beef heart oxidase (Figure 3B), 
with peaks at 0.93, 1.91, 3.15, and 3.92 MHz and at the 
proton Larmor frequency, 13.32 MHz. These peaks are 
assigned to CUA (see below). The ESEEM spectra for the 
oxidized and reduced bacterial oxidase samples with 0.7 Mn/ 
enzyme are shown in panels C and D, respectively, of Figure 
3. The ESEEM spectra consist of three low-frequency peaks 
with complex line shapes positioned at 1.97, 3.12, and 4.92 
MHz for the oxidized enzyme and 1.70, 3.57, and 5.02 for 
the reduced enzyme. In reduced Rb. sphaeroides oxidase 
the only paramagnet is Mn2+, and thus the spectrum from 
this sample (Figure 3D) arises solely from enzyme-bound 
Mn2+. The ESEEM spectrum from the oxidized bacterial 
enzyme containing 0.7 Mdenzyme is a composite of the 
spectra from Mn2+ and CUA. 

To separate the spectra from CUA and Mn2+, ESEEM data 
were collected at a second magnetic field position. At g = 
1.90, the EPR spectrum from Rb. sphaeroides oxidase 
containing Mn2+ shows substantial intensity from Mn2+, but 

little contribution from CUA[H = 3350, Figure 1C in Hosler 
et al. (1995)l. The ESEEM spectrum of the oxidized Mn- 
containing bacterial oxidase collected at g = 1.90 (Figure 
4A) shows changes in the line shape of the low-frequency 
peaks with increase in magnetic field strength, and slight 
shifts in their frequency maxima to 1.70,2.94, and 5.02 MHz. 
The shift of the high-frequency peak to 14.48 MHz is 
consistent with the assignment of this peak to the matrix 
protons. Electron spin echoes were not detected at g = 1.90 
for the oxidized bacterial oxidase that did not contain bound 
Mn2+ (data not shown). The spectrum in Figure 4A, then, 
arises only from oxidase-bound Mn2+. The spectrum from 
the reduced enzyme at g = 1.90 is shown in Figure 4B. 
Comparison of the data in Figure 4 shows that the enzyme 
affects only minor changes in the line shapes and frequencies 
of the low frequency modulation components upon change 
in the redox state of the oxidase. 

To determine whether, the low-frequency peaks in the 
spectra of Figure 4 arise from hyperfine coupling to nitrogen, 
multifrequency experiments were carried out. Figure 5 
shows the ESEEM spectra for the reduced Mn-containing 
bacterial enzyme acquired at microwave frequencies of 8.90 
and 11.20 GHz. At g = 1.90, this corresponds to magnetic 
field values of 3350 and 4200 G, respectively. Peaks arising 
from protons are expected to shift by 3.6 MHz between the 
two spectra of Figure 5, while for nitrogen the shift would 
be 0.6 MHz or less. Figure 5 shows that the shifts are those 
expected for hyperfine coupling to nitrogen. This is most 
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FIGURE 4: Three-pulse ESEEM spectra of (A) oxidized and (B) 
reduced Rb. sphaeroides oxidase containing 0.7 Mdenzyme. The 
data were collected at g = 1.90. Conditions: (A) microwave 
frequency, 8.980 GHz; magnetic field, 3375 G; (B) microwave 
frequency, 8.970 GHz; magnetic field, 3375 G; other conditions 
were as described in Figure 3. The spectra are the average of four 
scans. 

clearly seen for the peak at 5.1 MHz (Figure 5A) that shifts 
to 5.55 MHz (Figure 5B). 

Since electron spin echoes were not observed at g = 1.90 
for the oxidized Rb. sphaeroides oxidase lacking bound Mn2+ 
(data not shown), the peaks in the ESEEM spectrum collected 
at g = 2.01 (Figure 3A) must come from CUA. If there were 
detectable peaks in the ESEEM spectrum from heme a, they 
should still be observable at g = 1.90 (Peisach et al., 1979). 
Apparently the enzyme concentrations are too low for 
contributions from heme a to be detected. The CUA ESEEM 
spectrum from beef heart oxidase (Figure 3B) is very similar 
to that observed for the bacterial oxidase (Figure 3A) and to 
previously published data (Mims et al., 1980; Hansen et al., 
1993). While the ESEEM data from CUA have not been fully 
characterized, the low-frequency peaks likely arise from 
nitrogen hyperfiie coupling. ENDOR measurements (Stevens 
et al., 1982) have shown that CUA contains at least one 
histidine ligand, and EXAFS results suggest that there may 
be two histidine ligands (Li et al., 1987). Two histidine 
ligands to CUA are also predicted from mutagenesis studies 
of the membrane-exposed region of subunit I1 (Kelly et al., 
1993). An EPR characterization of the Rb. sphaeroides 
oxidase has already shown that the EPR signal from CuA is 
nearly identical to that observed for beef heart oxidase 
[Figure 1 in Hosler et al. (1995)l. The ESEEM results 
presented here, where hyperfine coupling to one or two of 
the ligands to CUA can be observed, provide a more detailed 
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FIGURE 5: Three-pulse ESEEM spectra of reduced Rb. Sphaeroides 
oxidase at two microwave frequencies: (A) microwave frequency, 
8.970 GHz; magnetic field, 3375 G; (B) microwave frequency, 11.2 
GHz; magnetic field, 4226 G. Both spectra were collected at g = 
1.90. Conditions: z, 300 ns (A) or 232 ns (B); other conditions 
were as in Figure 3. Spectrum A is the average of two scans. 

investigation of the CUA site. The similarity of the ESEEM 
data collected at g = 2.01 from beef heart and Rb. 
sphaeroides cytochrome c oxidase shows that this aspect of 
CUA ligation is shared between the bacterial and eukaryotic 
oxidases. 

DISCUSSION 

Characterization of the Mn Ligation Environment in Rb. 
sphaeroides Cytochrome c Oxidase. The zfs parameter D 
has been observed to be as large as several thousand gauss 
in Mn complexes (Misra & Sun, 1991) and up to 1300 G in 
Mn binding proteins (Reed & Markham, 1984). The value 
of D for Mn bound to Rb. sphaeroides cyotochrome c 
oxidase, ~ 1 2 0  G for both the oxidized and the reduced 
enzyme, is one of the lowest reported for biological systems 
and shows that the metal is located in a highly symmetric 
octahedral site. In addition, the EPR spectra, especially the 
Q-band data, give no indication that there is more than one 
type of Mn binding site present. This is consistent with the 
mutagenesis results that show a complete loss of Mn binding 
with single-site mutations of His-41 1 or Asp-412 (Hosler et 
al., 1995). 

The EPR line widths of protein-bound Mn are broad, in 
many cases, due to a distribution in the magnitudes of D 
and E, which is caused by microheterogeneity in the 
structures of the Mn binding sites (Reed & Markham, 1984). 
This effect is present in Rb. sphaeroides oxidase as evidenced 
by the relatively large line widths. The line widths observed 
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in the X-band spectrum, 17-19 G, are significantly larger 
than the line widths ( < 5  G) observed for powder samples 
of some Mn2+ inorganic complexes (Beltran-Lopez & Castro- 
Tello, 1980; Kudynska et al., 1992). The EPR data show 
that the Mn binding site in Rb. sphaeroides cytochrome c 
oxidase is less heterogeneous when the enzyme is fully 
reduced. This result correlates well with previous EPR and 
optical studies of mammalian cytochrome c oxidase. Isolated 
beef heart enzyme, in its resting form, exhibits a Soret optical 
absorption maximum with strong contributions from both 
heme a and heme a3 that vary over the range from 417 to 
425 nm and between preparations, even when using the same 
purification procedure (Baker et al., 1987). EPR studies have 
revealed that there are three forms of the oxidized enzyme 
that are interconvertible and that the structural heterogeneity 
of the enzyme is associated with the binuclear center 
conformation (Brudvig et al., 1981). When studied optically, 
this heterogeneity is absent in the fully reduced enzyme 
(Babcock, 1988). 

Quantitative interpretation of the three-pulse ESEEM data 
is not currently possible owing to the complexity of the 
hyperfine coupling to an S = 5/2 paramagnet. In the EPR 
spectrum of Mn2+ in Rb. sphaeroides oxidase, only the M ,  
= -1/2 - +1/2 fine structure transition is detected, while 
the other four fine structure transitions are not observed 
owing to their weak intensity. It has recently been shown 
in other systems that in two-pulse ESEEM experiments the 
ESEEM spectra arising from the four weak EPR fine 
structure transitions can be detected (Larsen et a]., 1993; 
Coffino & Peisach, 1992). Simulations of the Q-band EPR 
spectrum from ras p21, a single Mn binding protein with 
55Mn hyperfine coupling and D values similar to those of 
the Mn in Rb. sphaeroides oxidase (Smithers et al., 1990), 
have revealed that the five fine structure transitions severely 
overlap each other (Larsen et al., 1993). Simulations of the 
two-pulse ESEEM data from this protein have shown that 
the observed spectrum is a composite of the five separate 
ESEEM "subspectra" that arise from these overlapping fine 
structure transitions (Larsen et al., 1993). As spectra are 
recorded at different field values, the relative contributions 
of the fine structure transitions will change, altering the shape 
of the composite spectrum (Larsen et al., 1993; Coffino & 
Peisach, 1992). This effect is also observable in the three- 
pulse ESEEM spectra from Mn(I1) in Rb. sphaeroides 
oxidase. The spectrum of the reduced enzyme collected at 
g = 2.01 (Figure 3D) is slightly different from the spectrum 
collected at g = 1.90 (Figure 4B). This is most clearly seen 
in the change in the relative amplitudes of the peaks at 1.30 
and 3.06 MHz. 

An understanding of the ESEEM spectra from Mn(I1) in 
Rb. sphaeroides oxidase can be obtained from comparison 
with data from other Mn binding proteins. The ESEEM 
spectra from a series of lectins, including concanavalin A 
and pea lectin, show a set of nearly identical spectra 
(McCracken et al., 1991). From multifrequency studies, it 
was shown that the peaks originate from hyperfine coupling 
to one or more nitrogens. These spectra are also similar to 
the spectrum obtained for Mn2+ in the presence of an excess 
of imidazole (McCracken et al., 1991). As the crystal 
structures of concanavalin A (Becker et al., 1975; Hardman 
et al., 1982) and pea lectin (Einspahr et al., 1986) show a 
single histidine ligand to the Mzn, the ESEEM spectra for 
these proteins were interpreted as arising from hyperfine 
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coupling to the ligating histidyl nitrogen (McCracken et al., 
1991). The ESEEM spectra from the reduced form of Rb. 
sphaeroides oxidase show a strong similarity to the spectra 
observed for pea lectin, which show peaks at 1.4, 2.0, 2.7, 
3.3, and 4.9 MHz, with similar line shapes and intensities 
(McCracken et al., 1991). The ESEEM results from Rb. 
sphaeroides oxidase are thus indicative of a histidine ligand 
to the Mn. The strong similarity between the oxidase and 
lectin data, where it is known that there is only one nitrogen 
ligand, suggests that there is only one nitrogen ligand to the 
Mn in Rb. sphaeroides cytochrome c oxidase. 

The identification of a histidine ligand to the Mn in 
cytochrome c oxidase is consistent with solved structures of 
Mn binding proteins where there is, in most cases, a histidine 
ligand (Hardman et al., 1982; Yamashita et al., 1989; 
Einspahr et al., 1986; Whitlow et al., 1991). His-411 is 
conserved in all but two of the more than 70 subunit I 
sequences now available [see Calhoun (1993)], implying that 
this amino acid performs a specific function within the 
enzyme. The six other completely conserved histidines in 
subunit I are ligands to heme a, heme a3, and CUB (Shapleigh 
et al., 1992; Hosler et al., 1993). Since the subunit I mutants 
H411N and H411A result in loss of Mn binding (Hosler et 
al., 1995), His-41 1 is assigned as a ligand to the Mn and the 
source of the peaks in the ESEEM spectra. 

Extent of Structural Change at the Mn Binding Site. 
Although the structure of the Mn binding site in the bacterial 
oxidase is modified upon reduction of CUA and heme a 
(Haltia, 1992), the small changes in the D and E values 
reported here indicate that the changes are minimal. From 
the crystal structures and previous EPR studies of Mn binding 
proteins, some insight into the extent of structural modifica- 
tion of the Mn binding site in Rb. sphaeroides oxidase upon 
reduction of the iron and copper centers can be obtained. 
The crystal structures of Mn binding proteins reveal some 
common characteristics within this class of proteins (Declercq 
et al., 1991; Hardman et al., 1982; Yamashita et al., 1989; 
Einspahr et al., 1986; Whitlow et al., 1991). In almost all 
cases, protein ligands to the Mn are glutamate, aspartate, or 
histidine. One or two water molecules are also commonly 
ligands to the metal, and in some cases the ligand sphere is 
completed with a backbone carbonyl. The ligand geometry 
around the metal is six-coordinate, with a near octahedral 
geometry, in the proteins characterized to date. In all cases, 
moderate distortions away from this octahedral symmetry 
occur. Bond angles between ligands cis to each other range 
form 63 to 121", and the angle between trans ligands ranges 
from 151 to 177". The bond lengths can also vary consider- 
ably. The Mn-0 bond lengths for glutamates and aspartates 
lie in the range 1.92-2.37 A, and the Mn-N distances for 
histidines cover a smaller range, 2.2-2.3 A. For bound 
water, the observed bond lengths are 2.0-2.3 A. The larger 
the variation in bond angles and bond lengths, the larger are 
the zfs parameters D and E. 

For concanavalin A (Hardman et al., 1982) and parval- 
bumin (Declercq et al., 1991), where highly refined protein 
structures have been determined, the geometric parameters 
of the Mn binding site encompass the full range of values 
discussed above. For concanavalin A, the metal ligand bond 
lengths are very nearly equal, while the bond angles cover 
the ranges described above (Hardman et al., 1982). The 
opposite is seen for parvalbumin, where the bond angles 
cover a small range and are near the values expected for 
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octahedral symmetry, while the bond lengths differ by 0.5 
A (Declercq et al., 1991). EPR studies of these proteins 
reflect these distortions with larger D and E values. Detailed 
simulations of the X- and Q-band EPR spectra for con- 
canavalin A show that D = 230 G and E = 46 G (Meirovich 
& Poupko, 1978). For paravalbumin the value of D was 
estimated to be 400 G, while E was not determined (Harshore 
& Boucher, 1974). The small changes for D and E observed 
upon redox change at the heme irons and coppers in Rb. 
sphaeroides oxidase (AD = 10 G; AE I 25 G) thus represent 
only minor changes in the structure of the Mn2+ binding site. 
From the crystal structures and EPR data of the Mn binding 
proteins discussed above, we estimate that the redox- 
mediated structural changes that occur at the Mn binding 
site in the bacterial cytochrome c oxidase are (0.2 A in bond 
length and < 10” in bond angle. These changes are cumula- 
tive over the six ligands. 

The Mn2+ X-band EPR spectra presented here for the 
oxidized and reduced Rb. sphaeroides enzyme are very 
similar to those reported for cytochrome c oxidase from P. 
denitrzjkans (Haltia, 1992). The change in the Mn2+ EPR 
spectrum in P. denitrificans oxidase in going from the fully 
oxidized to the reduced form of the enzyme is attributed to 
the Mn being in “dissimilar coordination environments” 
(Haltia, 1992). In contrast, by using a more detailed analysis, 
we have determined that the structural changes at the Mn 
binding site in Rb. sphaeroides oxidase, upon full redox 
change of the enzyme, are small, as described above. 

The positions of the peaks in the ESEEM spectrum are 
dependent on the hyperfine and quadrupole couplings. These 
values are, in turn, dependent on the Mn-NHis bond length, 
the extent of covalency in the bond, and the unpaired spin 
density residing on the Mn. Since the ESEEM spectrum is 
a composite of ESEEM “subspectra” arising from each of 
the fine structure transitions, changes in the zfs parameters 
from changes in the binding site geometry will also affect 
the ESEEM spectrum. The changes in the ESEEM spectra 
between the oxidized and reduced enzyme are minor (Figure 
4), again indicating that the structural changes that occur at 
the Mn binding site, as suggested by the EPR data, are slight. 

Mn as a Monitor of Cytochrome Oxidase Conformational 
States. It remains unresolved whether cytochrome c oxidase 
undergoes large conformational transitions upon electron 
filling or protonation events (Jensen et al., 1984; Baker et 
al., 1987) or the changes are small and restricted to local 
rearrangements near the redox-active metals (Moody et al., 
1991; Mitchell et al., 1992). Since the proposed Mn ligand 
His-411 is close to the heme a3-Cu~ center and the 
“indirect” ligand Asp-4 12 (see below) is located between 
heme a and heme a3 (Hosler et al., 1984), the Mn center 
should be sensitive to conformational changes in both of 
these redox-active centers. Haltia (1992) has concluded that 
changes in Mn coordination geometry correspond to the 
reduction of heme a and CUA but not the heme as-CuB 
center. Our results are generally in agreement with this, since 
the reduction of the entire enzyme yields a Mn EPR spectrum 
very similar to that of the mixed-valence form examined by 
Haltia. Thus, no additional structural modification at or near 
the Mn binding site is observed in going from the two 
electron reduced enzyme to the fully reduced form. The 
changes, however, that occur in the geometry of the Mn 
center upon reduction and oxidation of the redox-active 
metals of Rb. sphaeroides oxidase are small, as shown by 
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the EPR and ESEEM analyses. This suggests that any 
conformational changes that occur near the heme a or heme 
a3-Cu~ sites in cytochrome c oxidase upon redox cycling 
are not extensive. The EPR and ESEEM results cannot, 
however, exclude the possibility that there are protein 
conformational changes occumng away from the vicinity of 
the Mn binding site. 

A Partial Model of the Mn Binding Site. By using the 
EPR, ESEEM, and subunit I mutagenesis results, in conjunc- 
tion with the crystal structures of Mn binding proteins, a 
partial model of the Mn binding site in Rb. sphaeroides 
oxidase can be constructed. The relatively large zfs param- 
eters for concanavlin A and parvalbumin suggest that the 
Mn2+ sites in these proteins are poor models for the Mn2+ 
site in Rb. sphaeroides oxidase. The EPR data for a series 
of plant lectins, however, show smaller zfs parameters, D = 
140-170 G (Meirovich et al., 1978). The X- and Q-band 
EPR spectra from the plant lectins are also very similar to 
the spectra of the oxidase-bound Mn2+. The lectin from pea 
has also been studied by EPR; however, the value of D was 
not determined (Bhattacharyya et al., 1985). Comparison 
of the pea lectin EPR data with the data from the other plant 
lectins suggests that the value of D for the pea lectin is 
similarily in the range of 140-170 G. The crystal structure 
of pea lectin shows small variations in bond angles that are 
close to the ideal of 90’ and 180’ (Einspahr et al., 1986). 
The bond distances are also grouped closer together and are 
close to the average for Mn binding proteins. This more 
symmetric environment of the Mn binding site in pea lectin 
correlates well with the estimated value of D. 

With the similarity in EPR and ESEEM data between pea 
lectin and Rb. sphaeroides cytochrome c oxidase, the 
structure of the Mn binding site in this lectin was used as a 
template to construct a model for the Mn binding site in 
oxidase. Ligands to the metal in the oxidase site include a 
nitrogen from the imidazole group of His-41 1 and possibly 
an oxygen from Asp-412. Since aspartates have a carboxyl 
group, this side chain may act as a bidentate ligand. In 
addition, previous studies by EPR of the closely related 
cytochrome c oxidase from P. denitrificans have shown that 
there is at least one water bound to the metal (Haltia, 1992). 
The two residues plus the water may account for as many 
as four of the six ligands. Within this context, modeling 
was done to investigate reasonable ligation environments. 

Efforts to develop a model where Asp-412 acts as a 
bidentate ligand with His-411 also as a ligand were not 
successful. No side-chain orientation allowed reasonable 
bond lengths or angles. If the ligand environment is relaxed 
so that Asp-412 is a monodentate ligand, a model with 0~~~ 
and N H ~ ~  trans to each other with an angle of 170” can be 
constructed. This bond angle is very similar to that observed 
in pea lectin. In this model, however, there is a limited range 
of orientations that the protein backbone can take to position 
the two side chains for metal ligation. Regardless of position, 
the protein backbone sterically hinders access to the metal 
over a large enough region to eliminate the possibility of 
near octahedral symmetry. This model suggests that simul- 
taneous ligation of His-411 and Asp-412 to Mn is unlikely. 
This is consistent with the known crystal structures of Mn 
binding proteins where the nearest ligating residues sequen- 
tially in the protein are two residues apart (Declercq et al., 
1991; Hardman et al., 1982; Yamashita et al., 1989; Einspahr 
et al., 1986; Whitlow et al., 1991). 
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Rb. sphaeroides cytochrome c oxidase is reporting the 
location of the Mg site found in cytochrome c oxidases. 
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FIGURE 6: A partial model of the Mn binding site in Rb. 
sphaeroides cytochrome c oxidase. While Asp-412 is shown as 
deprotonated, the actual protonation state of this residue is not 
known. Details of the model are provided in the text. 

While His-411 and Asp-412 are both important in con- 
structing the Mn binding site, they may serve different roles. 
From the ESEEM data the histidine is assigned as a ligand, 
whereas Asp-412 may serve as a hydrogen bond acceptor 
and form a hydrogen bond with the water molecule ligated 
to the metal. A model with the Nr nitrogen of histidine as 
the ligand to Mn with a bond length of 2.20 A, a Mn-OH20 
bond length of 2.15 A, and a NHis-Mn-OH20 angle equal 
to 90" yields a metal binding site with characteristics similar 
to those observed in pea lectin. The side chain of Asp-412 
can then easily form a hydrogen bond with the water, and 
there are four open ligand sites for metal binding (Figure 
6). The crystal structures of several Mn binding proteins 
show hydrogen bonds between ligand water molecules and 
aspartates or glutamates (Declercq et al., 1991; Hardman et 
al., 1982). From ESEEM studies of ras p21, it has been 
determined that an aspartate residue is indirectly coordinated 
to the Mn through a water molecule (Halkides et al., 1994). 
Such a model for the Mn2+ site in Rb. sphaeroides oxidase 
is also consistent with the mutagenesis results reported in 
the accompanying paper (Hosler et al., 1995) in that mutation 
of His-41 1 or Asp-412 causes either the loss of a ligand or 
the loss of an important hydrogen bond, both of which would 
disrupt the metal binding site and cause loss of the metal. 

Relationship of Mn  and Mg Binding by Cytochrome c 
Oxidase. The physiological role of the Mn binding site 
remains to be determined. While Mn and Mg appear to be 
competitive for the metal binding site (Hosler et al., 1995), 
it is unclear whether the competition occurs at the level of 
insertion into the enzyme or uptake into the cell. It is 
important to note that many Mg-specific binding sites in 
proteins readily exchange Mn for Mg (Reed & Markham, 
1984). In parvalbumin, the metal binding sites bind Mn more 
tightly than Mg even though the sites are occupied by Mg 
under physiological conditions (Declerq et al., 1991). In 
addition, there is both crystallographic (Declerq et al., 1991; 
Whitlow et al., 1991) and spectroscopic evidence (Latwesen 
et al., 1992; Larsen et al., 1992) that shows that substitution 
of Mn for Mg results in only a slight structural modification 
to the metal binding site. The substitution of Mn and Mg is 
consistent with their preferred ligation environments since 
both metals favor a six-coordinate, octahedral site with 
oxygen and nitrogen ligands (Martin, 1990). The proposed 
structure for the Mn binding site in the bacterial oxidase has 
the structural characteristics that would predict Mg as well 
as Mn binding. It is likely, then, that the Mn binding site in 
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