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Abstract
We examined the anion binding behavior of the Mg(Mn) site in cytochrome c oxidase to test a possible
role of this center in proton pumping. Rhodobacter sphaeroides grown in a Mn(II)-rich medium
replaces the intrinsic Mg(II) ion with an EPR-detectable Mn(II) ion without change in activity. Due
to its close proximity and a shared ligand, oxidized CuA is spin-coupled to the Mn(II) ion, affecting
the EPR spectrum. An examination of both bovine and R.s. oxidase crystal structures reveals a
hydrogen-bonding pattern in the vicinity of the Mg(II) site that is consistent with three water ligands
of the Mg(Mn) center when CuA is oxidized. In the reduced structure, one water molecule in the
vicinity of the CuA ligand, E198, moves closer, appearing to be converted into an ionically bonded
hydronium ion, while a second water molecule bonded to Mg(Mn) shows evidence of conversion to
a hydroxide. The implied proton movement is proposed to be part of a redox-linked export of a
pumped proton from the binuclear center into the exit pathway. To test the model, cyanide and azide
were added to the oxidized and reduced forms of the enzyme, and Mn(II) CW-EPR and ESEEM
spectra were recorded. Addition of azide broadened the CW-EPR spectra for both oxidized and
reduced enzyme. Cyanide addition affected the Mn(II) CW-EPR spectrum of reduced cytochrome
c oxidase by increasing Mn(II) zero field splitting and broadening the spectral line shapes but had
no effect on oxidized enzyme. ESEEM measurements support a differential ability of Mn(II) to bind
cyanide in the reduced state of cytochrome c oxidase. This new observation of anion binding at the
Mg/Mn site is of interest in terms of accessibility of the buried site and its potential role in redox-
dependent proton pumping.

Cytochrome c oxidase is a proton pump, and this pumping activity is a property of other
members of the heme–copper oxidase superfamily (1,2). Despite an extensive body of work
using site-directed mutagenesis to examine enzymatic function in detail and the availability of
a number of crystal structures, no model has been able to explain how all the members of this
structurally diverse family of oxidases are able to pump protons (3-7). A recent examination
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of high-resolution structures has led us to a focus on the role of water in the facilitation of
proton movement (8). Herein, we test a model of how the Mg/Mn site in all eukaryotic and
some bacterial heme–copper oxidases may augment the proton pumping mechanism (9).
Oxidases that contain a CuA–Mg site are part of the superfamily, and the inclusion of Mg(II)
appears to aid their efficiency; i.e., the proton pumping stoichiometry of CuA–Mg-type
oxidases appears to be closer to one than in other types (10-12). A role for the CuA–Mg site in
pumping would suggest that the CuA redox potential should have a pH dependence, but the
relationship between the redox potential of CuA and the bulk pH is quite complex. The redox
potential of CuA appears to be insensitive to bulk pH, but oxidase releases stoichiometric
amounts of protons upon CuA oxidation (13,14). Studies of cytochrome c oxidase vesicles
using flash injection of electrons show that the changes in membrane potential during the
transfer of electrons from CuA to heme a have two components (15,16). The major component
is due to vectorial electron transfer, and the second component is due to intraprotein proton
relocation step(s) (inside to outside) that adds to the electrogenicity of the electron transfer
step, as indicated by electrometric techniques (15-21).

An examination of Rhodobacter sphaeroides (R.s.) and bovine oxidase crystal structures
(Figure 1) has led us to propose that changes in the positions and protonation state of two water
molecules, W1Mg and W1E198II,1 are linked to the redox status of CuA and thereby facilitate
a gated exit pump (9). In Figure 1 we show the bovine structures before and after CuA undergoes
reduction (oxidized 2DYR and reduced 2EIJ). W1Mg is in the sixth coordination position on
the Mg(II) ion and is part of a water chain connecting the binuclear center to the external bulk
solvent. W1E198II is close to the enzyme surface. In the oxidized enzyme both W1Mg and
W1E198II are best modeled as neutral water molecules (Figure 1A). Upon CuA reduction
(Figure 1B) a proton appears to be gained by W1E198II as evidenced by a change in the O–O
distance between W1E198II and the E198II carboxyl from 3.7 Å (oxidized) to 2.6 Å (reduced).
The reduced structure is also consistent with loss of a proton from W1Mg leaving a (1−)OH
ligated to the Mg(II) ion, as indicated by an increase in the ionic character of the waters around
this ligand (Figure 1 inserts). It should be noted that very similar distance and structure changes
are observed in the reduced (Qin et al., unpublished) and oxidized (22) structures of R.s.
cytochrome c oxidase (9).

From these observations, we postulate the formation of two salt pairs,
H+−W1E198II/(1−)E198II and (1−)HO−W1Mg/Mg(II), upon the reduction of CuA. We suggest
that this disproportionation occurs because most of the anionic charge on the carboxylate group
of E198II shifts from the Mg(II) ion toward the hydronium. When CuA is oxidized, E198II is
an anionic ligand toward the Mg(II) ion, but upon the reduction of CuA and the ensuing
formation of the E198II/(1+)H3O salt, E198II becomes neutral toward the Mn(II) ion (9). That
being the case, it should be possible to replace the hydroxide ligand of the Mg(II) ion with a
weak acid, such as cyanide (eq 1).

(1)

However, although weak acids like cyanide are generally good at replacing anionic ligands
like hydroxide (eq 1), they are generally poor at replacing water ligands (eq 2). A

1We will use the amino acid sequence of the bovine oxidase as our default. Residues from subunit II are identified with the notationII.
Water molecules are identified by the prefix W(number) and the subscripted amino acid, heme, or metal that they are bonded to. If water
molecules have been either identified or presumed to be protonated (hydronium) or deprotonated (hydroxide), they are further prefixed
as H+− or as (1−)HO−, respectively. Thus, the protonated water that is bonded to the carboxylic acid group of residue E198 of subunit
II in the structure 2EIJ, HOH2291, is rendered as H+−W1E198II.
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(2)

somewhat analogous situation occurs with the differential binding of cyanide to ferri/
ferromyoglobin, where cyanide can replace hydroxide anions but is a very poor at replacing
neutral water molecules (23-29).

To test this hypothesis, that W1Mg switches between a neutral water ligand and an anionic
hydroxide ion in response to the reduction of CuA, we prepared R.s. oxidase that was purified
from R.s. grown in the presence of Mn(II) so that we could monitor an EPR-detectable Mn(II)
atom in the Mg(II) site. We then probed the aqueous ligands of Mn(II) with deuterium, cyanide,
and azide under reduced and oxidized conditions.

The results of our studies support the hypothesis, providing evidence that cyanide binds to the
Mn(II) ion of the CuA–Mg(Mn) site when CuA is reduced but not when CuA is oxidized.

MATERIALS AND METHODS
Modeling the Hydrogen-Bonding Structure in Cytochrome Oxidase

The arrangement of hydrogen bonding of the water molecules from bovine and R.s. crystal
structures was determined manually using the package Accelrys ViewerPro.

Spectroscopy
All samples consisted of 90 μM R.s. oxidase, 100 mM K+-HEPES, and 4 mM KCl, pH 7.0.
Sodium azide and cyanide were added to a final concentration of 5 mM, and the samples were
reduced using 10 mM dithionite after the sample had been deaerated using three vacuum/argon
cycles.

CW-EPR
CW-EPR spectra were recorded on a Bruker ESP300E X-band EPR spectrometer equipped
with a TE102 cavity and an Oxford model 900 liquid helium cryostat. Sample conditions were
as folllows: sample temperature, 4.5 K; microwave frequency, 9.46 GHz; microwave power,
50 μW; 100 kHz magnetic field modulation frequency; 13 G field modulation amplitude; 327
ms conversion time. CW-EPR simulations were done using the XSOPHE program available
from Bruker.

ESEEM
Pulsed EPR measurements were made on a Bruker E-680X spectrometer operating at X band
and equipped with a model ER 4118X-MD-X5-W1 probe that employs a 5 mm dielectric
resonator. The temperature was maintained at 4.5 K using an Oxford Instruments liquid helium
flow system equipped with a CF-935 cryostat and an ITC-503 temperature controller. ESEEM
data were collected using a three-pulse (stimulated echo) sequence, 90°−τ−90°−T−90°, with
90° microwave pulse widths of 16 ns (fwhm). An integration window of 24 ns was used to
acquire spin–echo amplitude, and data set lengths were 512 points. The conditions were chosen
so as to suppress the contribution of matrix (bulk water) protons to the signal; the success of
the suppression is evident in the absence of a broad feature centered around 14–15 MHz in the
ESEEM spectra (30,31). Deuterium contributions to ESEEM spectra were often elucidated
using the ratio method introduced by Mims (30,31) together with processing tools provided
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by Bruker. Three-pulse ESEEM data were normalized by dividing each data set by its
maximum amplitude. The normalized 2H ESEEM data were then divided by the corresponding,
normalized 1H ESEEM data, resulting in ESEEM data dominated by the 2H. The time domain
data which resulted from the ratio method were tapered with a Hamming window function and
Fourier transformed. ESEEM spectra were obtained by taking the absolute value of the real
part of the transforms. Simulations of ESEEM spectra were accomplished with MATLAB
scripts written in-house.

ESEEM Simulation
We combined the simulation strategy of Ashtashkin and Raitsimring (32) for a S = 5/ 2 spin
system with the density matrix formalism developed by Mims (30,31) to compute time domain
ESEEM functions for deuterium. The expressions developed for the average electron spin
operators in the presence of a weak perturbation due to the zero-field splitting interaction (eqs
17 and 18 of ref 32) were used in the nuclear spin Hamiltonian to model the electron–nuclear
hyperfine coupling. After combining nuclear Zeeman and quadrupole terms, the Hamiltonian
matrices for electron spin manifolds being considered were diagonalized, and the resulting
eigenfrequencies and eigenvector coefficients were used to compute the ESEEM function, for
the specific EPR transition being considered, according to the recipe provided by Mims (30,
31). Subspectra were combined using the weightings given in the caption for Figure 4C. The
deuterium hyperfine interaction was considered axial with principal values of Axx = Ayy = −0.34
MHz and Azz = 1.16 MHz that were gleaned from the results of ENDOR studies of Mn
(H2O)6

(2+) (33). The deuterium nuclear quadrupole interaction was taken as axial and a value
of e2qQ/h = 0.2 MHz was used. Simulations for multiple coupled nuclei were generated using
the spherical model approximation to the product rule (34).

RESULTS
CW-EPR spectra of Mn(II)-enriched R.s. oxidase, in the fully oxidized and reduced states,
were essentially identical to those previously obtained by our group (35) (Figure 2). The biggest
difference between the CW-EPR spectrum of the Mn(II) center in R.s. oxidase studies and
those using the Paracoccus denitrificans (P.d.) oxidase is that the R.s. enzyme has a much
greater degree of Mn(II) incorporation (>70%) than the P.d. enzyme (<10%).

In the CW-EPR spectrum of the oxidized enzyme (Figure 2A, top spectrum), the Mn(II) center
is spin coupled to CuA, resulting in an enrichment of the fine structure of the Mn(II) signal.
Reduction of CuA (Figure 2B, top spectrum) eliminates this dipolar coupling and leads to a
simpler line structure, more typical of Mn(II) model compounds (35, 36).

Figure 2A also shows a comparison of the CW-EPR spectra of oxidized R.s. oxidase in the
presence of the externally added ligands, cyanide and azide. Addition of cyanide to the oxidized
enzyme had no effect on the line shape of the Mn(II) CW-EPR signal, but it did give the typical
heme-a3/CN CW-EPR spectrum (37) (data not shown). Interestingly, azide broadened the Mn
(II) CW-EPR line shape, indicating that it might be coordinated to the Mn(II) ion itself.

Figure 2B shows the effect of dithionite reduction on the Mn(II) CW-EPR spectra of oxidase
pretreated with either cyanide or azide.2 In the reduced enzyme, upper trace, the Mn(II)
spectrum is typical of that seen previously (35). However, when cyanide is present and the
CuA center is reduced, the CW-EPR spectrum is altered. To understand these changes, we
undertook spectral simulations of the Mn(II) CW-EPR spectra using the XSOPHE program

2The same Mn CW-EPR spectra are generated if the addition sequence of azide/cyanide and then dithionite is reversed and azide/cyanide
is added to the reduced oxidase. This latter method was not used as it is possible to cause some oxidation of the sample on the addition
of an aliquot of the ligand.
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distributed by Bruker. Using a spin Hamiltonian that consisted of isotropic electronic Zeeman,
zero-field splitting, and isotropic 55Mn hyperfine terms (eq 3)

(3)

we were able to simulate the spectrum of reduced cytochrome c oxidase (Figure 2B, top) using
the following parameters: |D|, 140 G; E/D, 0.20; g-value, 2.00; aiso, 96.5 G. A Gaussian line
shape model that included D- and E/D-strain was employed in our simulations. Line shape
parameters that provided satisfactory simulations of the spectra were as follows: intrinsic line
width, 8.0 G; D-strain, 20 G; E/D-strain, 0.03. Simulations are shown along with the
experimental spectrum in the Supporting Information, Figure S1. The spin Hamiltonian
parameters used for these simulations compare well with those found for reduced cytochrome
c oxidase from P.d., where D = 120 G and E/D = 0.18 provided satisfactory predictions (35).

The addition of cyanide to reduced oxidase leads to an increase in |D| from 140 G to 170 G.
This accounts for the skewing of the individual line shape features of the central fine structure
transition toward lower field. Our simulations also showed that E/D = 0.20, unchanged for that
determined above for reduced, untreated cytochrome c oxidase, and that line shape parameters
showed a modest increase in D-strain, 30 G, and E/D strain, 0.05 (see Figure S1).

In the presence of azide (Figure 2B, bottom) there appears to be both a broadening of the fine
structure and the superimposition of another broad line shape. The new broad feature appears
in a region where oxidized CuA is found, and so it is conceivable that the change is partially
due to the oxidation of CuA. But this can be ruled out because of the following: (1) We have
used a large excess of dithionite (10 mM), and addition of further dithionite has no effect on
the line shape. (2) The reduced plus azide spectrum differs greatly from that of the oxidized
plus azide (Figure 2). At Mn enrichment levels used (>70%), the signal of the oxidized CuA
is much smaller than that seen in the reduced plus azide sample. (3) It is very unlikely that
azide can act as an oxidant, from a chemistry standpoint.

The broadening of the intrinsic line width upon azide addition is in line with what we reported
above for cyanide addition. However, the skewing of the central fine structure transition line
shapes that was observed for cyanide addition was not observed for azide-treated cytochrome
c oxidase. We conclude that the Mn(II) zero field splitting parameters, D and E, are unchanged
by azide addition to reduced cytochrome c oxidase.

The data presented in Figure 2 show that both cyanide and azide are capable of perturbing the
Mn(II) CW-EPR spectrum, and this interaction is influenced by the redox status of the oxidase.
It does not however show that these extrinsic anions are binding to the Mn(II) ion. There are
six ligands to the Mn(II) ion, H368, D369, E198II, and three water molecules, W1Mn, W2Mn,
and W3Mn, and it is possible that any of these ligands could be displaced by either cyanide or
azide without altering the X-band CW-EPR spectrum because ligand hyperfine couplings for
Mn(II) are typically small when compared to the inhomogeneous line widths of the central fine
structure transition. Electron spin–echo envelope modulation (ESEEM) spectroscopy was used
in an attempt to measure weak ligand hyperfine interactions and, thus, report on coordination
chemistry at the Mn(II) ion that results from cyanide addition.

The ESEEM spectra shown in Figure 3 were recorded at 3700 G to avoid potential contributions
from CuA or heme a. In addition, the sample concentration, <100 μM enzyme, and the pulse
sequence repetition rate used for these measurements would severely limit the amplitudes of
any of the CW-EPR signals except those from Mn(II). The conditions used also suppress
ESEEM signals from weakly coupled protons. Each ESEEM spectrum was obtained by ratioing

Sharpe et al. Page 5

Biochemistry. Author manuscript; available in PMC 2009 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the time domain data sets against parallel data collected for a control sample in an attempt to
remove the ESEEM of the coordinating histidine. This division procedure is essentially the
same as performing a difference spectrum in optical spectroscopy; however, it should be noted
that because our ESEEM spectra are absolute value spectra, all contributions are rendered
positive in amplitude, so both the disappearance and appearance of a spin–spin interaction
generate spectral peaks, there are no troughs.

The upper trace of Figure 3A shows the ESEEM difference spectrum of the Mn(II) center that
results from the addition of cyanide to the oxidized enzyme in H2O. The ESEEM data from
the oxidized enzyme in the presence cyanide were ratioed against the oxidized enzyme without
cyanide, and the result was Fourier transformed to obtain the difference spectrum. No signal
above noise level is detected, consistent with the CW-EPR data shown in Figure 2A, which
indicated that cyanide does not perturb the Mn(II) center in the fully oxidized enzyme. The
lack of ESEEM signals indicates that the conditions chosen, together with the ratioing
procedure, have fully suppressed matrix 1H interactions (expected at 15.7 MHz) and 14N
modulations from coordinating His-411 (32). The lower control trace in Figure 3A shows the
ESEEM difference spectrum that is obtained when a reduced sample in 25% D2O is divided
by the data from a reduced sample in 100% H2O. The resulting spectrum shows the interaction
of 2H nuclei with the Mn(II) center and is directly comparable with similar experiments done
previously (38). The interaction of D2O with Mn(II) generates a broad peak centered 2.4 MHz
and a smaller peak at 4.8 MHz.

In Figure 3B we show the interaction of cyanide with the Mn(II) center in reduced oxidase in
H2O buffer. These difference spectra were obtained by ratioing of reduced enzyme without
cyanide against reduced enzyme that was incubated with either 14N cyanide (top trace)
or 15N cyanide (bottom trace). Peaks were resolved using 14N cyanide, at 1.5, 3.4, and 5.2
MHz, and using 15N cyanide, at 3.7 and 5.1 MHz. We cannot assign these peaks to the direct
interactions of 14N cyanide or 15N cyanide with Mn(II), with complete confidence, as Mn(II)
is also coupled to a nitrogen atom of its histidine ligand. In their examination of the Mn(II)
center of reduced R.s. cytochrome c oxidase, Espe and coworkers observed in the ESEEM low-
frequency peaks centered around 1.7, 3.6, and 5.0 MHz (35). They concluded that their peaks
were a result of the interaction of a nitrogen atom of the sole histidine ligand, H411 (H368 in
bovine), coordinating the Mn(II) center. Because the addition of cyanide to reduced
cytochrome c oxidase leads to a 20% increase in |D|, we know that the electronic structure of
the Mn(II) center is perturbed. This could lead to small changes in ligand hyperfine coupling
for His-411, and it will lead to a slight change in the EPR resonance conditions upon which
the ESEEM spectrum is measured. Recent theoretical work by Ashtashkin and Raitsimring
shows that the Mn(II) zero field splitting parameters affect the amplitudes of the observed
ESEEM frequencies (38). Because the ratioed ESEEM spectra we obtained with both 14N
and 15N cyanide incubations show peaks that coincide with those assigned to His-411, we infer
that a portion of these signals stems from modest changes in 14N-H411 ESEEM amplitudes
and/or frequencies that occur upon cyanide binding to Mn(II), rather than just from the direct
interaction of 14N and 15N cyanide with Mn(II).

The differences in the ratio spectra of Figure 3B,C, which stem from the use of C14N vs
C15N, are best explained by contributions of cyanide-derived 14N at 1.5, 3.4, and 5.2 MHz.
The positions of the peaks at 3.4 and 5.2 MHz may be distorted by the presence of overlapping
contributions from H411 that are observed at 3.7 and 5.1 MHz for the 15N cyanide-treated
samples (Figure 3B,C, bottom traces). In this interpretation, the ESEEM from cyanide-
derived 15N is too weak to be resolved in the ratioed ESEEM spectra (see Discussion).

As an additional test of whether cyanide binds and displaces water from the Mn(II) ion, we
exchanged oxidase samples into D2O and studied the effect of cyanide addition on the ESEEM
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spectrum of coupled deuterons. If cyanide binds directly to the Mn(II) center in the reduced
enzyme and displaces a hydroxide, it should lessen the peak at 2.4 MHz that is mainly derived
from the replacement by deuterium of the hydrogen atoms of the three inner sphere aqueous
ligands bound to Mn(II). To observe changes that result from an altered interaction of Mn(II)
with its aqueous ligands upon the binding of cyanide, the experiments shown in Figure 3B
were repeated in the presence of 75% D2O (Figure 3C). All changes in ESEEM ratioed spectra
are positive; therefore, if cyanide were to displace an aqueous ligand of Mn(II), the resulting
signal would be expected to be a combination of the cyanide/H411 spectrum shown in Figure
3B and the D2O control signal shown in Figure 3A.

Figure 3C shows the ratioed ESEEM spectra obtained when 14N or 15N cyanide is added to
reduced oxidase in 75% D2O buffer against reduced enzyme in 75% D2O without cyanide.
The spectra show the same large deuterium signal at 2.4 MHz, seen in the 25% D2O/H2O
control trace (Figure 3A, bottom trace), and the same underlying peaks that are present in the
cyanide spectra shown in Figure 3B. If the ESEEM spectra of Figure 3B,C arose solely from
exchangeable deuterons and the 14N of H411, the data for C14N- and C15N-treated samples
would be identical. The differences are most likely due to the added contributions of cyanide-
derived 14N for the top traces of Figure 3B,C.

An additional way to study the proposed cyanide chemistry at the Mn site is to use ESEEM
spectroscopy on samples exchanged against 2H2O to measure the displacement of a putative
H2O or (1−)OH ligand. The amount of exchangeable 1H/2H proximal to the Mn(II) center was
probed using ESEEM in reduced oxidase in buffer solutions made in various ratios of H2O/
D2O, in the absence and presence of cyanide. Figure 4A shows the change in the 2H/Mn
ESEEM signal at various H2O/D2O ratios, in the absence (black traces) and presence (red
traces) of cyanide. Figure 4B (insert) shows the slope of the signal amplitude, as integrated
from 0.2 to 5 MHz, as a function of increasing deuterium enrichment. The difference in the
slopes of the two lines in Figure 4B is approximately 9%.

The intensity of the ESEEM signal of the 2H–Mn(II) hyperfine interaction is the product of all
the individual 2H–Mn(II) interactions. The observed loss of 2H-ESEEM amplitude that resulted
from cyanide addition was modeled using simulation of ESEEM modulation depths calculated
from first principles, as described in Materials and Methods.

We found that a change in one of the inner sphere 2H from 5 to 4 resulted in a 9.5% decrease
in intensity, whereas 6 to 4 resulted in a change of 15.5% (Figure 4C). The drop in ESSEM
signal intensity, shown in Figure 4A,B, for reduced oxidase in the presence of cyanide is
approximately 9%, and this supports the model presented above, in which cyanide replaces an
inner sphere hydroxide ligand to Mn(II) in the reduced enzyme.

DISCUSSION
In this paper we report experimental observations that indicate that cyanide can bind to the
Mg/Mn site in cytochrome oxidase when the enzyme is in the reduced state. This finding is
consistent with the model that the CuA–Mg(Mn) site is part of the oxidase proton pumping
cycle, participating in the movement of a proton from the vicinity of Mg(II) toward the outer
bulk phase (9). The model was derived from the careful examination of high-resolution crystal
structures of mammalian and bacterial oxidases in which changes in the bonding distances
were observed for waters in the vicinity of the CuA–Mg site in the reduced and oxidized forms
as depicted in the bovine oxidase in Figure 1 and reported for the R.s. oxidase previously (9).

We have shown for the first time that the Mn(II) center of oxidase is capable of binding
nonaqueous extrinsic ligands using a combination of CW-EPR and ESEEM. CW-EPR spectra
show that cyanide addition to reduced oxidase causes at 20% increase in the zero field splitting
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constant, |D|, with little or no change in the symmetry of the interaction. An increase in D- and
E/D-strain also accompanies cyanide addition to reduced enzyme and that leads to a broadening
of the central fine structure transition features.

Direct evidence that cyanide affects these changes by coordination to Mn(II) comes from
ESEEM studies where the results were complicated by the above-mentioned increase in |D|
and a change in ligand hyperfine coupling to H411. Despite this complication the reproducible
difference between 14N and 15N cyanide, explained by the weaker C15N interactions, shows
that cyanide is indeed a Mn(II) ligand. This weaker interaction of 15N is a fairly common feature
of nitrogen isotopic substitution experiments in ESEEM spectroscopy because the higher spin
and nuclear quadrupole moment of 14N make it more amenable to the interference effects that
lead to modulations (31). Because the nuclear quadrupole coupling constant, e2qQ, for
cyanide 14N is in the vicinity of 4 MHz, the hyperfine coupling is most likely in the
neighborhood of 0.5 MHz for the bound anion. We are currently using the two-dimensional
ESEEM method of HYSCORE to separate contributions from cyanide- and histidyl-14N so an
analysis of the ligand hyperfine coupling can be completed.

Our use of 2H-ESEEM to quantify the change in (1−)OH/H2O binding to Mn(II) upon cyanide
addition to reduced enzyme must be viewed with caution. Although the 9% decrease in 2H
modulation intensity that was measured supports the displacement of one inner sphere deuteron
and, therefore, displacement of a (1−)OH ligand, the data were obtained by dividing normalized
three-pulse ESEEM spectra where cross terms in the quotient add additional uncertainty to the
measured amplitudes. In addition, our ESEEM data arise from EPR transitions between
multiple electron spin manifolds on Mn(II). The simulation results shown in Figure 4C have
amplitude changes of 9% and 16% for the loss of one and two deuterons, respectively.
However, we have only simulated the inner sphere aqueous ligands, and not all spins within
≈8 Å of the Mn(II) center. For this reason the overall 2H-ESEEM amplitude was ≈50% of
what we measured experimentally. This combination of experimental and theoretical data
makes the interpretation of (1−)OH displacement over H2O displacement likely, but not proven.

Our CW-EPR results also show that azide addition to cytochrome c oxidase perturbs the Mn
(II) binding site. Specifically, azide addition results in a broadening of the Mn(II) EPR spectra
for both oxidized and reduced enzyme. Unlike cyanide addition, the line shape symmetries of
the central fine structure transition are not affected, and the changes can be attributed to
increased strain in the zero field splitting parameters without actual changes to D or E/D. It is
possible that azide does not coordinate to Mn(II) but alters the protein structure in a fashion
that increases the distribution of ligation structures at the Mn(II) site.

We have shown that R.s. oxidase binds azide in the fully oxidized state and the fully reduced
oxidase can bind either azide or cyanide. Our data from R.s. oxidase are supported by
observations made by Yoshikawa and Caughey in an IR spectroscopic investigation of bovine
oxidase when they investigated the binding of both azide and cyanide to a common, nonredox,
metal site (39). They observed that the unidentified site bound azide when the oxidase was
either oxidized or reduced but that cyanide binding was only observed in the reduced oxidase.
They optically characterized this unidentified binding site with the appearance of a band at
2033 cm−1 in the reduced oxidase plus azide, minus reduced oxidase plus cyanide, difference
spectrum. Our data indicate that the center they were interrogating, with cyanide and azide,
was Mg(II).

The ability of an inner sphere aqueous ligand to Mg(II) to cycle between hydroxide and water,
upon CuA oxidation and reduction, could be involved in proton pumping. We suggest that
CuA oxidation by heme a is linked to the release of this proton into the outer bulk phase and
that the CuA–Mg site is what has been previously termed a proton loading site (40). The proton
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loading site is an acceptor site for pumped protons that is positioned above the heme a3
propionates, whose existence and position have been inferred on the basis of both electrostatic
measurements (21,40,41) and theoretical studies (7). A comprehensive mechanism of proton
pumping that incorporates the role of the Cu–−Mg site has recently been published (9).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Formation of a hydroxide/hydronium ion pair upon CuA reduction, modeled on bovine oxidase
oxidized and reduced structures. A comparison of the oxidized (A) and reduced (B) structures
of bovine oxidase indicates a change in the protonation status and bonding of two water
molecules. (i) W1E198II. W1E198II is HOH2289 in the bovine 2DYR (Ox) and HOH2291 in
the bovine 2EIJ (Red) structures. The distances indicate that W1E198II switches between a
neutral water molecule and a hydronium ion upon reduction. This switch in protonation status
is accompanied by its movement of 1.1 Å toward the free carboxylate oxygen of E198II (OE2
in both structures). Upon CuA reduction H+−W1E198II becomes ionically bonded to the free
carboxylate oxygen of E198II, the bond distance shortening from 3.7 to 2.6 Å. (ii) W1Mg. There
are three waters bonded to the Mg ion, but only one can undergo deprotonation, W1Mg
(HOH2032). W2Mg and W3Mg (HOH2031, HOH2033) are pinned by the Mg(II) ion and the
carboxylate D173II (in the neutral state). A change in bond length between (1−)HO−W1Mg/
W1Mg and the Mg(II) cation is not resolved in the bovine crystal structures; i.e., it is 2.3 Å in
both structures. However, the bond lengths of W1Mg to the two nearest water molecules,
W1H291 and W1T127 (HOH2020 and HOH2054), do show a considerable shrinkage upon
reduction, 2.9 to 2.8 Å and 3.3 to 2.9 Å, respectively, due to increased ionic bonding character
as W1Mg is converted to (1−)HO−W1Mg. The bond angles and bond lengths of W1Mg to
W1H291 and W1T127 are shown in the insert of panels A and B.
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Figure 2.
The CuA redox-dependent binding of cyanide and azide to the Mn center of R.s. oxidase.
Spectra taken at 9.46 GHz, 50 μW power, 100 kHz modulation frequency, 13 G modulation
amplitude, and 327 ms conversion time. Conditions: 90 μM R.s. oxidase, 100 mM K+-HEPES,
and 4 mM KCl, pH 7.0; cyanide/azide, 5 mM; dithionite, 10 mM.
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Figure 3.
Effect of 14N and 15N cyanide on the Mn ESEEM spectra of R.s. oxidase in H2O and D2O.
Ratioed ESEEM spectra obtained for (A) oxidized oxidase + C14N/oxidized oxidase in aqueous
buffer (top trace); reduced oxidase in 25% D2O buffer/reduced oxidase in H2O buffer; (B)
reduced oxidase + C14N/reduced oxidase in H2O buffer (top trace); reduced oxidase + C15N/
reduced oxidase in H2O buffer (bottom trace); and (C) reduced oxidase + C14N/reduced
oxidase in 75% D2O buffer (top trace); reduced oxidase + C15N/reduced oxidase in 75% D2O
buffer (bottom trace). Conditions common to these measurements were as follows: sample
temperature, 4.5 K; microwave frequency, 9.68 GHz; magnetic field strength, 3700 G; pulse
sequence repetition rate, 1 kHz. ESEEM data were collected using a three-pulse (stimulated
echo) sequence of 90°–τ–90°–T–90° with 90° pulse widths of 16 ns (fwhm); tau value, 128 ns;
integration window, 24 ns. Common sample conditions were 90 μM R.s. oxidase, 100 mM
K+-HEPES, and 4 mM KCl, pH 7.0; cyanide, 5 mM; dithionite, 10 mM.
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Figure 4.
ESEEM is used to measure the displacement of D2O from the Mn site by CN. Panel A shows
the Fourier transform of the normalized three-pulse ESEEM of reduced enzyme (black) in
20%, 30%, 40%, 50%, and 75% (v/v) D2O buffer ratioed against reduced enzyme in H2O and
reduced enzyme with cyanide (Red) in D2O buffer ratioed against reduced enzyme with
cyanide in H2O. The spectra were integrated from 0.25 to 5 MHz and plotted vs % D2O of the
buffer. The points were fit with a linear function, the slope of which corresponds to the
amplitude of interacting 2H (panel B, insert). Experimental conditions were the same as in
Figure 3. Panel C shows a simulation of the ESEEM spectra of the Mn center where it is coupled
to six, five, and four deuterons, respectively. The simulation program is described in the text.
The simulation parameters are as follows: central field, 3700 G; microwave frequency, 9.72
GHz; starting T, 40 ns; τ, 204 ns; T increment, 16 ns; Axx, Ayy for 2H, −0.34 MHz, and Azz, 1.16
MHz. Relative weights of these transitions: 0.36 for |−1/2> ↔ |+1/2>, 0.20 for |−3/2> ↔ |
−1/2>, 0.20 for |+1/2> ↔ |+3/2>, 0.12 for |−5/2> ↔ |−3/2>, and 0.12 for |+3/2> ↔ |+5/2>.
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