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ABSTRACT: Mutation of tyrosine-288 to a phenylalanine in cytochromec oxidase fromRhodobacter
sphaeroidesdrastically alters its properties. Tyr-288 lies in the CuB-cytochromea3 binuclear catalytic
site and forms a hydrogen bond with the hydroxy group on the farnesyl side chain of the heme. In
addition, through a post-translational modification, Y288 is covalently linked to one of the histidine ligands
that is coordinated to CuB. In the Y288F mutant enzyme, the “as-isolated” preparation is a mixture of
reduced cytochromea and oxidized cytochromea3. The cytochromea3 heme, which is largely six-
coordinate low-spin in both oxidation states of the mutant, cannot be reduced by cytochromec, but only
by dithionite, possibly due to a large decrease in its reduction potential. It is postulated that the Y288F
mutation prevents the post-translational modification from occurring. As a consequence, the catalytic
site becomes disrupted. Thus, one role of the post-translational modification is to stabilize the functional
catalytic site by maintaining the correct ligands on CuB, thereby preventing nonfunctional ligands from
coordinating to the heme.

Cytochromec oxidase (CcO) is the terminal respiratory
enzyme that catalyzes the reduction of dioxygen to water
using electrons supplied by its physiological substrate,
ferrocytochromec. The redox processes are coupled to
proton translocation in which one proton for each electron
is translocated across the inner mitochondrial membrane in
the eukaryotic enzyme (1-17). In addition, an additional
(scalar) proton, per each electron, is taken up from the matrix
side of the membrane in the formation of water. The oxygen
reaction occurs at a binuclear site composed of CuB and the
heme group of cytochromea3. The reduced heme in
cytochromea3, a five-coordinate high-spin complex with a
histidine axial ligand, binds oxygen rapidly to initiate the
enzymatic reaction. Two additional redox centers, cyto-
chromea and another binuclear center referred to as CuA,
are involved in the electron transfer pathway from ferro-
cytochromec to the cytochromea3-CuB catalytic site.

Crystal structures of several forms of cytochromec oxidase
have been reported and reveal some very interesting features
(see Figure 1). The distance (d) between the iron atom of
cytochromea3 and CuB is very small and is apparently
variable. In the structure of the resting bovine enzyme
reported by Tsukihara et al. (2), the distance was 4.5 Å,
whereas in the structure of the azide-inhibited four-subunit
Paracoccus denitrificansenzyme reported by Iwata et al.

(1), the distance was 5.2 Å. For the structure of the oxidized
complex of the two-subunitP. denitrificansoxidase, Oster-
meier et al. (4) report a distance of 4.5 Å, similar to that in
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FIGURE 1: Binuclear center of the two-subunit cytochromec oxidase
from P. denitrificans(4) in the oxidized state. The coordinates (1ar1)
were taken from the Brookhaven Protein Data Bank. The residue
numbering ofR. sphaeroidesis adopted here. Shown in the structure
are hemea3, coordinated to His419, and CuB, bound to three
histidines, His-333, His-334, and His-284. The distance (d) between
the iron atom of cytochromea3 and CuB is designated by the dotted
line. The Tyr-288-His-284 cross-linking due to post-translational
modification (PTM) is also shown. It is postulated that in the Y288F
mutant the PTM is absent.
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the structure of Tsukihara et al. (2). Ostermeier et al. (4)
argued that the inconsistencies in distance in the two
structures fromP. denitrificansare real and attributed it to
a difference in either the crystal packing or the pH of the
samples (5.5 vs 8). In recent studies of Tsukihara, Yoshika-
wa, and co-workers (5) on the reduced protein, the iron-
copper distance is found to be 5.2 Å for the ligand-free form
and 5.3 Å for the CO-bound form. Also, in the new
structural analysis, the Fea3-CuB distance in the oxidized
protein is 4.9 Å (5).

The crystal structures also reveal that CuB has three
histidine ligands, H284, H333, and H334, consistent with
the conclusions drawn from the spectroscopic studies (7, 11,
18). (We adopt here theRhodobacter sphaeroidessequence
numbering. The corresponding residues in the bovine protein
are H240, H290, and H291, respectively, and for theP.
denitrificans enzyme, they are H276, H325, and H326,
respectively.) One of the histidines, H333, is located close
to the formyl group of hemea3 (Figure 1). Another histidine
of CuB (H284) is oriented toward a tyrosine residue, Y288
(Y244 in bovine and Y280 inP. denitrificans), whose
hydroxyl side chain is located within hydrogen-bonding
distance of the hydroxy group of the farnesyl side chain of
hemea3. This tyrosine is very highly conserved among the
heme-copper oxidases and is the terminal residue in the K
channel, which is postulated to be a proton channel that is
involved in the uptake of protons during the initial reduction
of the cytochromea3-CuB binuclear center. Thus, the
residue is postulated to play a critical functional role during
the redox process of delivering protons to the catalytic site
during the reduction of the heme-copper center. Very
interestingly, it has been shown recently that Y288 is
connected by a covalent link formed by a post-translational
modification to the adjacent histidine (H284) (4, 5). The
functional role of the post-translational modification is not
known. However, a structural role for this tyrosine was
suggested from mutation studies of this residue (18). Muta-
tion of this residue to phenylalanine in cytochromebo3

resulted in the loss of CuB (19-21).
To evaluate further the role of Y288, we have made the

phenylalanine mutant (Y288F) of theaa3 oxidase fromR.
sphaeroides. In addition to it not having the hydroxyl group,
we postulate that Y288F will not undergo the post-
translational modification and will thereby allow for the study
of the properties of the binuclear center in the absence of
the cross-link. The post-translational linkage may play
several functional roles. It may modulate the pK of the
tyrosine. It may stabilize a radical species that has been
postulated to be present during formation of certain inter-
mediates in the catalytic cycle (4, 5, 22). It may stabilize
copper in its trivalent oxidation state that has also been
postulated to be present during turnover (23). Finally, the
cross-linking may provide rigidity and a scaffolding for
maintaining the CuB ligands and stabilize the active site
geometry. If, in the absence of the cross-link, the binuclear
center collapses, it is essential to know what structural
changes occur so as to better understand the features that
lead to the unique characteristics of this catalytic center in
the wild-type enzyme.

In this report, we used optical absorption and resonance
Raman spectroscopies to examine the properties of the
Y288F mutant enzyme under a variety of conditions.

Resonance Raman spectroscopy is an extremely useful probe
for studying heme proteins since specific marker bands in
the spectra of oxidases are available that can distinguish the
oxidation and spin states of the central iron atom of each of
the heme groups (24-26). Furthermore, resonance Raman
scattering also provides very useful information concerning
the iron-axial ligand modes that have proven to be useful
for characterizing heme pocket structure and for following
oxygen reduction kinetics (8, 12, 13, 16). On the basis of
this work, we propose that one role of the post-translational
modification is to allow histidine ligands to coordinate to
CuB rather than to the heme iron atom, thereby stabilizing
the functionally active site of the enzyme.

EXPERIMENTAL PROCEDURES

Site-directed mutagenesis was used to form the Y288F
mutant of cytochromec oxidase fromR. sphaeroides(18).
TheR. sphaeroidesstrain, JS100, has a deletion of thectaD
gene which encodes the first subunit of theaa3-type
cytochromec oxidase. JS100 was transformed with the
plasmid that encodes thectaD gene, including the Y288F
mutation and an additional six-histidine tag. The cells were
grown and harvested as previously reported (27). Ni2+-
nitrilotriacetic acid agarose affinity chromatography was used
to purify the wild type and the Y288F mutant ofaa3-type
cytochromec oxidases, both containing a modified six-
histidine tag. Phosphate buffer at pH 8.0 was used instead
of Tris for Ni-NTA column chromatography. The samples
were concentrated to∼100 µm using a Centricon 100
apparatus (Amicon). PD-10 salt exchange columns (Phar-
macia Biotech) were used to remove the Ni2+ column eluent
which was replaced by a buffer of either 10 mM phosphate
or Tricine (pH 7.0) and 5% glycerol. The protein samples
were frozen in liquid nitrogen for storage. To determine
the metal content, an inductively coupled plasma optical
emission spectrometer (Perkin-Elmer) was used.

Resonance Raman measurements were taken with enzyme
samples (20-30µM) dissolved in 100 mM phosphate buffer
(pH 7.4) containing 3% glycerol and 0.1% lauryl maltoside.
The excitation sources for the Raman experiments were the
413.1 nm line of a krypton ion laser (Spectra Physics) and
the 441.6 nm line from a He-Cd laser (Liconix). The
procedures for taking the Raman measurements have been
described in detail elsewhere (28). Briefly, the sample cell
was spun at 3000-6000 rpm to minimize local heating. The
Raman scattered light was dispersed through a polychromator
(Spex, Metuchen, NJ) equipped with a 1200 grooves/mm
grating and detected by a liquid nitrogen-cooled CCD camera
(Princeton Instruments, Princeton, NJ). A holographic notch
filter (Kaiser, Ann Arbor, MI) was used to remove the laser
scattering. Typically, several 30 s spectra were recorded and
averaged after removal of cosmic ray spikes by a standard
software routine (CSMA, Princeton Instruments). The
spectral slit width was kept at 5 cm-1. Frequency shifts in
the Raman spectra were calibrated using indene or acetone-
CCl4 as references.

RESULTS

The extent of steady-state turnover (rate of ferrocyto-
chromec reduction) of the “as-isolated” Y288F mutant is
negligible. The optical absorption spectrum of the as-isolated
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Y288Faa3 mutant (Figure 2A) ofR. sphaeroidesis different
from that of the wild-type enzyme (Figure 2B) but fully
consistent with hemea prosthetic groups. The presence of
heme a and the absence of other types of heme were
confirmed by pyridine hemochromogen analysis. The wild-
type preparation has an absorption maximum at 423 nm in
the resting (as-isolated) state, while in the reduced state, the
maxima are at 443 and 604 nm. The mutant shows a Soret
band at 423 in the resting (as-isolated) state with a very
prominent shoulder at 441 nm along with a significant
increase in the intensity of the∼605 nm band. When the
mutant was reduced by ferrocytochromec (ascorbate and
cytochromec), the bands at 441 and∼605 nm increased
slightly; however, on addition of dithionite, a completely
reduced spectrum was obtained with a slightly different Soret
band (at 441 nm) compared to the reduced spectrum of the
wild-type enzyme. The metal analysis showed that the Cu
content was 0.7 Cu atom less in the Y288F mutant than in
the wild type. Complete loss of CuB was observed in the
mutant of the same tyrosine in quinol oxidase (19-21).

The resonance Raman spectra of the Y288F mutant (A)
and the wild-type (B) enzymes obtained under the same
conditions used for the optical spectra are shown in Figure
3. The resting (as-isolated) wild-type enzyme has a spectrum
characteristic of those for other resting oxidases (spectrum
a in Figure 3B) (24-26). The electron density-sensitive
band, assigned asν4, is located at 1370 cm-1, demonstrating
that both heme groups are in their fully oxidized state. This
is confirmed by the frequencies of the line attributed to the
formyl stretching mode from cytochromea at 1643 cm-1

and cytochromea3 at 1671 cm-1. The line at 1570 cm-1

originates from the high-spin configuration of ferric cyto-
chromea3, and that at 1584 cm-1 originates from the low-
spin configuration of ferric cytochromea. The changes upon
reduction, shown in spectrum b of Figure 3B, are also typical
of those expected of oxidases, characterized by a shift inν4

from 1370 to 1357 cm-1, the appearance of the line at 1518
cm-1 from reduced cytochromea, and the shift of the
cytochromea anda3 formyl lines to∼1611 and 1662 cm-1,
respectively. In addition, the line at 1563 cm-1 signifies the
presence of five-coordinate hemea3.

A comparison of the high-frequency resonance Raman
spectra of the mutant enzyme (Figure 3A) with that of the
wild type (Figure 3B) shows significant differences. The

FIGURE 2: Optical absorption spectra of the Y288F mutant (A)
and wild type (B) ofR. sphaeroidesin the as-isolated (solid line)
and dithionite-reduced (dotted line) states in 100 mM phosphate,
3% glycerol, and 0.1% lauryl maltoside (pH 7.4). The shoulder at
441 nm in the spectrum of the as-isolated Y288F mutant indicates
that the hemes are not fully oxidized.

FIGURE 3: Resonance Raman spectra of the Y288F mutant (A)
and wild type (B)aa3 from R. sphaeroidesin the high-frequency
region. Spectra of the Y288F mutant (A) in its as-isolated (a),
dithionite-reduced (b), and ferricyanide-oxidized (c) states are
shown. For comparison and assignments, spectra of the as-isolated
(a) and dithionite-reduced (b) states of the wild-type enzyme (B)
are also shown. The excitation frequency was 413.1 nm, and the
power delivered at the sample was 6 mW. Some of the marker
bands in the wild-type enzyme are identified that are characteristic
of different oxidation states ofa anda3. The protein (30µM) used
for Raman measurements was dissolved in 100 mM phosphate
buffer, 3% glycerol, and 0.1% lauryl maltoside (pH 7.4).
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as-isolated mutant enzyme (spectrum a of Figure 3A)
displays a split electron density-sensitive marker line (ν4)
(1356 and 1369 cm-1) that indicates that the enzyme has a
mixture of oxidized (or possibly oxygenated, but see below)
and reduced hemes. Furthermore, the presence of a strong
line at 1519 cm-1 and the absence of the line at 1643 cm-1

that was present in the resting state of the wild-type enzyme
signify that in the mutant, cytochromea is in its reduced
state. Unlike the wild-type enzyme, which has a prominent
line at 1570 cm-1 characteristic of the high-spin configuration
of cytochromea3, the Y288F mutant exhibits only a weak
shoulder in this region. Moreover, the strong band at 1584
cm-1 indicates the presence of a low-spin species in Y288F.
The observation of the shoulder at 1572 cm-1 may be due
to the presence of a small population of a high-spin species.
This is consistent with the EPR spectrum (data not shown)
which also indicates the presence of a minor high-spin
contribution. The formyl line at 1667 cm-1 in Y288F is
significantly weaker than that in the wild type. To determine
if the as-isolated Y288F mutant enzyme could be converted
to a typical resting type of spectrum, the enzyme was
oxidized with ferricyanide, and spectrum c in Figure 3A was
obtained. This spectrum is characteristic of six-coordinate
low-spin hemes with no indication of the high-spin heme
that is associated with oxidized cytochromea3 in the wild-
type enzyme. This is indicated by the line at 1570 cm-1 in
the wild-type enzyme which is completely absent in the
spectrum of the oxidized mutant. Reduction of the reoxi-
dized mutant enzyme with ferrocytochromec recovered the
as-isolated spectrum (data not shown). Thus, the mutant
enzyme is capable of accepting electrons from cytochrome
c, thereby reducing cytochromea, but no electron transfer
from cytochromea to cytochromea3 occurs.

When the Y288F mutant enzyme is reduced by di-
thionite, theν4 mode becomes a single line at 1357 cm-1,
indicating reduction of both hemes (spectrum b in Figure
3A). However, there is no line at 1563 cm-1 (other than a
weak feature at 1570 cm-1), and the formyl line from
cytochromea3 (1662 cm-1 in the reducedaa3 of the wild
type) is completely absent. With the exception of the
absence of the line from the formyl group of cytochrome
a3, the spectrum of the reduced Y288F mutant enzyme is
very similar to that of the fully reduced enzyme when the
heme is six-coordinate by a non-electron withdrawing group
such as cyanide (25). To test for the possibility of six-
coordinate character, we recorded the low-frequency spec-
trum under conditions in which the iron-histidine stretching
mode at 213 cm-1 is prominent for five-coordinate cyto-
chromea3. As seen in Figure 4, this mode is present in the
wild-type enzyme but is completely absent in the Y288F
mutant. It is likely that in the mutant the same sixth ligand
is present in the oxidized (as-isolated) and the reduced
oxidation states, giving rise to six-coordinate character in
both cases.

Since the heme appears to be six-coordinate in Y288F,
one might expect that it cannot be oxidized by oxygen.
However, we found that upon addition of oxygen to the
dithionite-reduced sample we reobtained the spectrum of the
as-isolated enzyme. The mechanism of the oxidation of the
six-coordinate heme by oxygen is not known, although
transient replacement of the sixth ligand by O2 and its
subsequent release from the ferric heme as superoxide is a

possibility. However, whereas cytochromea3 becomes
oxidized, cytochromea remains reduced.

The Fe-CO stretching frequency (νFe-CO) in the carbon
monoxy derivatives of hemeproteins is known to be sensitive
to the electronic and steric nature of the heme pocket. The
CO derivative of the wild-typeaa3 of R. sphaeroideswas
shown to have twoνFe-CO modes at 519 and 493 cm-1 at
neutral pH corresponding to two conformations of the
binuclear site which have been termed theR- andâ-confor-
mations, respectively (27). Recently, we have observed that
these two conformations are pH-dependent and hence reflect
a polarity change of the binuclear site induced by protons
(30, 31). The Y288F mutant shows only one conformer that
has aνFe-CO at 493 cm-1 at neutral pH (Figure 5). TheνFe-CO

mode remains the same in the pH range of 6.5-9, indicating
that the binuclear center lost its ability to participate in
proton-induced conformational changes.

DISCUSSION

The conclusions from the optical and the resonance Raman
spectra of the Y288F mutant of theaa3 oxidase fromR.

FIGURE 4: Resonance Raman spectra of the Y288F mutant (a) and
the wild-type (b)aa3 from R. sphaeroidesin the low-frequency
region in their dithionite-reduced states. The excitation frequency
was 441.6 nm, and the power delivered at the sample was 16 mW.
The sample conditions are the same as those in the legend of Figure
3.

FIGURE 5: Resonance Raman spectra of the CO-bound Y288F
mutant ofaa3 from R. sphaeroidesin the low-frequency region.
The CO derivative was formed by passing CO gas over the fully
reduced (dithionite) protein. The excitation frequency was 413.1
nm, and the power delivered at the sample was∼1 mW. The sample
conditions are similar to those in Figure 3.
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sphaeroidesare quite clear. The as-isolated mutant enzyme
is a mixture of oxidized cytochromea3 and reduced cyto-
chromea; i.e., it is a mixed-valence species (however, not
to be confused with the frequently used mixed-valence
terminology that designates an oxidized cytochromea center
and a reduced cytochromea3 center). In the mutant,
cytochromea3 cannot be reduced by the addition of cyto-
chromec, but only by the addition of dithionite. In addition,
cytochromea3 is largely six-coordinate low-spin in both
oxidation states rather than having high-spin configurations
as in functional forms of the wild-type enzyme. We postulate
that the significant changes observed in the mutant enzyme
as compared to the wild type occur because the post-
translational modification (Y288-H284 cross-linking) does
not take place in the Y288F mutant.

We first consider the structural implications of these
observations. The cytochromea3 heme is largely six-
coordinate in both the oxidized and the reduced states of
the Y288F mutant. In the crystal structure of the resting
state of wild-typeP. denitrificans aa3, it has been suggested
that CuB may have a hydroxide ligand in addition to the three
histidine ligands, and a water molecule is attached to the
sixth coordination site of the iron atom in cytochromea3

(4). This water is not expected to remain bound to the
ferrousa3 heme and, thus, cannot account for the sixth ligand
in the reduced form of Y288F. A hydroxide ligand also
would not be expected to coordinate to the ferrous heme
iron. Since exogenous ligands can be excluded, it is likely
that in the Y288F mutant an endogenous ligand is coordi-
nated to the iron atom which would not readily dissociate in
either oxidation state. Examination of the heme pocket from
the reported crystal structures severely restricts the possible
ligands that can coordinate to the heme. In the absence of
a complete restructuring of the binuclear center, the only
potential heme ligands are the histidines that are normally
coordinated to CuB. Three histidines coordinate to the
copper, H284, H333, and H334, in the wild-type enzyme.
H333 and H334 are on the same helix and are not close to
the iron atom of the heme, so it is unlikely that they can
coordinate to the heme. H284 is the histidine that forms
the covalent post-translational modification with Y288 in the
wild-type enzyme. In the absence of the post-translational
modification, the histidine may become free to coordinate
to the heme. Thus, we assign it as the likely sixth ligand in
cytochromea3 of the Y288F mutant, although we recognize
that one of the other histidines could also serve as the heme
ligand depending on the extent of the disruption of the heme
pocket. Additional studies are needed to make a definitive
determination. Our observation that oxygen can oxidize
cytochromea3 suggests that the sixth ligand in the mutant
is relatively loosely bound and can be readily displaced.

We postulate that in the Y288F mutant, H284 or one of
the other histidines coordinates to the heme from the distal
side and loses its coordination to CuB. The effect of this is
an overall opening of the binuclear center. This relaxation
is manifested by movement of CuB away from the iron of
cytochromea3, changes in the interactions of the heme group
with its environment, and loss of CuB in ∼70% of the
molecules. The change in the relationship between the iron
of cytochromea3 and the CuB center is most readily seen by
the Fe-C stretching mode of the Fe-CO moiety, which is
pH-insensitive in the mutant and is located at 493 cm-1.

Specifically, three different forms of the enzyme have been
found in both bacterial and mammalian wild-type enzymes
and labeled asR, â, andδ, according to frequencies of the
Fe-C-O modes (J. Wang et al., unpublished results).
Conversion between these forms is pH-sensitive and has been
attributed to changes in the iron-copper distance. The
frequency we detect in the Y288F mutant is that which we
assign to aδ structure in which the copper atom has moved
far from the heme such that when CO is bound to the heme
it does not interact with the copper; i.e., the pocket is
completely open. These results are consistent with the FTIR
studies on the Y288 mutant in cytochromebo3 (21) where a
very broad band with multiple features was assigned to the
C-O stretching mode of the Fe-CO moiety. The loss of
the histidine ligand to the copper in theaa3 enzyme ofR.
sphaeroidescauses the disruption of the heme pocket. From
the chemical analysis, we conclude that some molecules
retain CuB whereas it is lost in others. In both cases, the
heme pocket adopts an open structure in which no residues
or atoms are as close to the heme binding site as in the wild-
type protein.

The absence of Tyr-288 in the heme pocket results in not
only the loss of the covalent cross-linking to H284 but also
the hydrogen-bonding interaction between the hydroxy group
on the tyrosine and the hydroxy group on the farnesyl chain
of heme a3. That hemea3 undergoes a change in its
conformation in the mutant is shown by the substantial
weakening of the formyl line in the resonance Raman
spectrum. This change in conformation does not result from
movement of the iron into the heme plane in its low-spin
form, since the line is always present in the time-resolved
resonance Raman spectra of the dioxygen reaction cycle
when the enzyme passes through various low- and high-spin
forms (D. L. Rousseau, unpublished results). Furthermore,
the line is also present in the spectrum of the CO adduct of
ferrous cytochromea3 (24) and in the spectra of the cyanide
adducts of both ferrous and ferric cytochromea3 (25). We
postulate that the formyl line is resonance-enhanced only
when cytochromea3 is in its native conformation. In the
Y288F mutant, an altered hemea3 conformation apparently
does not permit an extendedπ-electron conjugation to the
formyl group, probably due to a change in the orientation
of the latter.

In the resting state of cytochromec oxidase preparations
from both bacterial and bovine sources, all the metal centers
are in their oxidized forms. This is a consequence of the
enzymatic cycle in the presence of oxygen in which
following the reduction of oxygen the enzyme returns to the
resting oxidized state. However, when isolated, the Y288F
mutant is partially reduced, demonstrating that this mutant
is unable to undergo a full redox cycle. Both electronic
absorption and resonance Raman spectra of the mutant show
that the cytochromea center is reduced in the as-isolated
state as well as in the ferrocytochromec reduced state, but
cytochromea3 remains in the oxidized state. It is possible
that these observations are a consequence of a blocked
electron or proton transfer channel due to the mutation.
However, we believe that the most likely explanation that
can account for these observations is the possibility that the
redox potential of cytochromea3 is lowered below that of
cytochromec.
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Our data clearly show that cytochromea3 is six-coordinate
in both oxidation states of Y288F. Since histidine is the
most reasonable candidate for the sixth ligand, we must
consider its effect on the redox potential. Certainly, it could
be lowered to be the same as that of cytochromea which is
also a bis-histidine ligated heme. In addition, the reduction
potential is sensitive to a variety of factors, so depending
on the environment, the change in the reduction potential
could be very large. For example, in myoglobin, when
residues near the heme were mutated, changes as large as
200 mV were observed (32). Similarly, in cytochromec
when the methionine axial ligand is replaced by an imidazole,
the reduction potential is lowered by 450 mV (33). In ferric
cytochrome P450, a lowering of the redox potential of 150
mV is observed that is associated with the conversion from
the high-spin state to the low-spin state (34). A plausible
explanation of our data is that with the formation of the six-
coordinate low-spin cytochromea3, the redox potential has
been lowered below that of cytochromec. Thus, in the
Y288F mutant, the heme cannot be reduced by ferrocyto-
chromec although it can be reduced by dithionite.

When Y288 is mutated to phenylalanine, it is postulated
that the cross-linking to H284, a ligand of CuB, can no longer
occur and the structure of the binuclear center becomes
severely disrupted. It is likely that the cross-linking holds
the hemea3-CuB structure in the right configuration for the
reduction of dioxygen. Without the cross-linking of Y288
and H284, the heme pocket becomes floppy and one of the
histidines normally bound to CuB coordinates to the heme
of cytochromea3, rendering the enzyme inactive. Hence,
the post-translational modification of the tyrosine-histidine
couple is not accidental, but rather has a well-defined
function of holding the binuclear center in a proper config-
uration to facilitate rapid oxygen binding that leads to a
smooth enzymatic cycle.
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