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ABSTRACT: The structure of the PM intermediate ofParacoccus denitrificanscytochromec oxidase was
investigated by perfusion-induced attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy. Transitions from the oxidized to PM state were initiated by perfusion with CO/oxygen buffer,
and the extent of conversion was quantitated by simultaneously monitoring visible absorption changes. In
prior work, tentative assignments of bands were proposed for hemea3, a change in the environment of
the protonated state of a carboxylic acid, and a covalently linked histidine-tyrosine ligand to CuB that
has been found in the catalytic site. In this work, reduced minus oxidized difference spectra at pH 6.5 and
9.0 and PM minus oxidized difference spectra at pH 9.0 were compared in unlabeled, universally15N-
labeled, and tyrosine-ring-d4-labeled proteins to improve these assignments. In the reduced minus oxidized
difference spectrum,15N labeling resulted in large changes in the amide II region and a 9 cm-1 downshift
in a 1105 cm-1 trough that is attributed to histidine. In contrast, changes induced by tyrosine-ring-d4

labeling were barely detectable where the isotope-sensitive bands are expected. Both isotope substitutions
had large effects on PM minus oxidized difference spectra. A prominent trough at 1542 cm-1 was shifted
to 1527 cm-1 with 15N labeling, and its magnitude was diminished with the appearance of a 1438 cm-1

trough with tyrosine-ring-d4 labeling. Both isotope substitutions also had large effects on a 1314 cm-1

trough in the same spectra. These shifts indicate that the bands are linked to both a nitrogenous compound
and a tyrosine, the most obvious candidate being the covalent histidine-tyrosine ligand of CuB. Comparison
with model material data suggests that the tyrosine hydroxyl group is protonated when the binuclear
center is oxidized but deprotonated in the PM intermediate. Positive bands at 1519 and 1570 cm-1 were
replaced with bands at 1504 and 1556 cm-1, respectively, with tyrosine-ring-d4 labeling, are characteristic
of υ7a(C-O) andυ(C-C) bands of neutral phenolic radicals, and most likely reflect the formation of the
neutral radical state of the histidine-tyrosine ligand in PM.

Structures of mitochondrial and bacterial cytochromec
oxidases have been determined at atomic resolution (1-3)
and provide a wealth of structure-function information.
Nevertheless, major questions about the chemical nature of
important intermediates and their associated protonation
changes remain. The catalytic cycle is thought to include
“peroxy” (P)1 and “ferryl” (F) intermediates (cf. ref4) that
were first described in reversed electron transfer studies using
coupled mitochondria (5, 6), and which have been observed

as transients in the forward reaction of fully reduced
cytochromec oxidase with oxygen (7-10). In the visible
region, P and F of the bovine enzyme are characterized by
distinct peaks at 607 nm (610 nm inParacoccus denitrifi-
cans) and near 580 nm, respectively, but in the Soret region,
both exhibit a similar red shift relative to the oxidized (O)
state (11).

P or F can be formed from the O form when the enzyme
has reacted with oxygen after receiving from an external
donor two or three reducing equivalents, respectively (12).
For example, reaction of the two-electron-reduced (“mixed-
valence”) enzyme with O2 results in a 607 nm species,
originally called Compound C (13). Incubation of the
oxidized enzyme at high pH with CO and oxygen results in
the same species (14), presumably by a two-electron reduc-
tion by CO, followed by reaction of the mixed-valence
product with oxygen. This species has been termed PM to
distinguish it from the related 607 nm P state (PR) that is
formed transiently when oxygen reacts with the fully reduced
enzyme (15-18). PR differs from PM in that the binuclear
center contains an additional electron that is donated by heme
a (7, 19).
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Spectroscopic features of F are characteristic of a ferryl-
cupric compound. P was suggested initially to have a
peroxide structure, but a number of studies have now
provided very strong evidence (20, 21) that the O-O bond
is already broken in P so that this species also has a ferryl-
cupric structure, including magnetic circular dichroism data
(22), Raman data on the iron-oxygen stretch frequency (23-
25), and the observation of release of half of the labeled
oxygen as water when P is formed with18O2 (26). Formation
of a ferryl-cupric species from the oxidized ferric-cupric
state involves breakage of the O-O bond with four electrons.
For the F species, three are provided by an external reductant
and one is from the ferric iron. In the case of PM formation,
two electrons are provided from external sources and a third
is from ferric iron. The fourth electron must come from
within the protein, possibly from the covalent histidine-
tyrosine ligand to CuB, which would form a radical state (2,
27-32). However, this supposed radical cannot be detected
by EPR spectroscopy (33, 34), presumably due to spin
coupling with oxidized CuB, and its protonation state also
remains uncertain.

Fourier transform infrared (FTIR) spectroscopy has been
used extensively to probe structural changes in individual
cofactors and amino acids in proteins. Light-induced per-
turbation has been exploited to provide intricate atomic detail
of systems such as bacteriorhodopsin (35, 36) and photo-
synthetic reaction centers (37, 38). Introduction of spectro-
electrochemical cells (39), together with induction of redox
changes with photochemicals, has allowed extension of FTIR
redox difference spectroscopy to cytochromec oxidase (40-
45), complex I (46), thebc1 complex (47), and other redox
proteins (48). Interpretation of oxidase redox IR difference
spectra has been aided by mutagenesis (41, 44) and studies
of effects of labeling with [13C]propionate (49), ring-d4

tyrosine (50), and [15N]histidine and15N global labeling (51).
An alternative to transmission methods is attenuated total
reflection (ATR)-FTIR spectroscopy (52, 53), a method that
has been applied to various proteins, including rhodopsin,
bacteriorhodopsin (54), the nicotinic acetylcholine receptor
(55), cytochrome oxidase (56-60), thebc1 complex (61, 62),
and reaction centers (63). Its flexibility has allowed the IR
features of the PM and F intermediates of bovine and bacterial
oxidases to be probed (58, 59). These studies are extended
here by studies of effects of pH and isotope labeling on redox
IR difference spectra of cytochromec oxidase fromP.
denitrificans.

MATERIALS AND METHODS

Bacterial Growth and Enzyme Purification. P. denitrificans
was grown in succinate minimal medium (64). For universal
15N labeling, growth media contained [15N]ammonium
chloride (ICON Isotopes) as the sole nitrogen source.
Tyrosine-ring-d4 (ICON Isotopes) labeling was achieved as
described in ref29. Cytochromeaa3-type oxidase was
prepared from unlabeled and labeled cultures as described
in ref 65. It was dissolved in 20 mM Tris-HCl and 0.05%
(w/v) â-dodecyl maltoside at pH 7.8 and stored at 77 K until
it was required.

Film Preparation. Production of stable films for ATR-
FTIR measurements required depletion of the detergent
content so that the sample became sufficiently hydrophobic.

Oxidase (10-20µL from a 100-200µM stock) was diluted
in 20 mM potassium phosphate buffer (pH 8.5) and pelleted
by centrifugation. The pellet was homogenized in the same
buffer containing 0.02% (w/v) sodium cholate and 0.02%
(w/v) octyl glucoside and again pelleted by centrifugation.
This was repeated four times with detergent-free phosphate
buffer. Finally, the “ATR-ready” material was dispersed in
10-20 µL of distilled water and stored if necessary at-80
°C. Film preparation and rehydration on the ATR Si prism
(3 mm diameter, three bounce, SensIR Europe) were es-
sentially as described previously (59).

ATR-FTIR Measurements.The rehydrated film was cov-
ered by a chamber that allowed buffers to be perfused over
the film surface and visible absolute and difference absorp-
tion changes to be recorded synchronously with IR changes,
as detailed in refs58 and 59. Quantitation of forms was
assessed from visible spectra using the relative extinction
coefficients given for the bovine oxidase in ref11 and
assuming that the spectrum of the PM form of P. denitrificans
oxidase is uniformly red-shifted by 3 nm relative to the
bovine one. ATR-FTIR spectra were recorded simultaneously
with a Bruker ISF 66/S spectrometer, fitted with a liquid
nitrogen-cooled MCT-A detector. All quoted frequencies are
accurate to(1 cm-1. Typically, 2000-3000 interferograms
at 4 cm-1 resolution were averaged over 270-400 s before
Fourier tranformation into spectra and batches of spectra were
further averaged to produce the spectra that are shown.
Where necessary, baseline corrections due to protein swelling
and/or shrinkage were made.

Generation of Difference Spectra. Degassed buffer [200
mM CHES, 20 mM potassium phosphate, and 200 mM KCl
(pH 9.0) or 200 mM potassium phosphate and 200 mM KCl
(pH 6.5)] was used as the perfusant throughout. To ensure
that the oxidase was in the “fast” oxidized state, a cycle of
reduction and reoxidation of the protein film was first
performed by perfusion with buffer containing 3 mM sodium
dithionite followed by one containing 1 mM potassium
ferricyanide. To generate PM, this was followed by perfusion
with buffer at pH 9.0 containing 1 mM ferricyanide and
which had been bubbled briefly with CO gas. Due to the
difficulty with the removal of CO from the sample that was
once exposed to CO and oxygen, new samples were used
for each run. To improve the signal-to-noise ratio, typically
individual spectra were calculated from 4000 averaged
interferograms, and spectra from six different samples were
averaged to produce the spectra that are shown. All measure-
ments were taken at room temperature with a flow rate of
1.5 mL/min.

Sample Quality Control.As in previous studies (59), the
major criterion used to assess sample integrity was to
generate at the end of the experiment the CO-ligated reduced
state by perfusion with buffer containing dithionite and CO
and to ensure that these absolute spectra contained predomi-
nantly the form due to CO bound to the hemea3 iron at
1965 cm-1 with a half-peak width of 7 cm-1 and with only
smaller amounts of broaderâ forms (66). These different
forms were quantitated at the end of experiments by the level
of formation of the reduced CO compound and deconvolution
of the bands due to bound CO into a set of Gaussian
components whose areas were integrated to provide relative
concentrations. The levels of theseâ forms were independent
of pH and always less than 25% of the total integrated area.
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RESULTS AND DISCUSSION

Visible Spectra during Reduction and Oxidation and
Intermediate Formation.Oxidase films were initially reduced
with a perfusion buffer containing 3 mM sodium dithionite
and scanned versus a clean prism surface as a background
to produce reduced state absolute visible spectra (not shown).
Samples were scanned again after reoxidation with an aerobic
buffer containing 1 mM potassium ferricyanide. The resulting
reduced minus oxidized difference spectra are shown in
Figure 1. Unlabeled,15N-labeled, and Tyr-ring-d4 (Yd4)-
labeled oxidases all exhibited the characteristic peak at 606
nm at both pH 9.0 and 6.5. Although a “slow” form (67) of
theP. denitrificansoxidase has yet to be identified, it is clear
that the chloride-ligated state (68, 69) does form. This
“pulsing” procedure ensured that the samples were predomi-
nantly in the fast CO-reactive oxidized form, even if some
formation of the chloride-ligated state or conversion to slow
forms had occurred during sample handling, and so maxi-
mized the extent of reactivity with CO/O2 to form PM in the
subsequent steps (67). Quantitation versus absolute spectra
indicated that more than 90% of the sample was redox-active.

For generation of the PM intermediate, background spectra
of the fast oxidized form were recorded and the buffer was

changed to one that had been bubbled briefly with CO gas.
All forms over several minutes developed a band in their
difference spectra at 610 nm (Figure 1) that is characteristic
of the PM intermediate (59). Quantitation versus reduced
minus oxidized difference spectra indicated approximately
90% conversion to PM in all cases.

IR Difference Spectra during Reduction and Oxidation.
Reduced minus oxidized IR difference spectra in preparations
at pH 9.0 and 6.5 were recorded by re-reduction after the
reduction-reoxidation transition described above. The result-
ing spectra of the unlabeled enzyme (Figure 2A) are
consistent with previously reported data on oxidases from
P. denitrificans(41, 45, 56) and similar to spectra from other
sources (42, 50, 58, 59, 70, 71). The spectra were remarkably
insensitive to pH change from pH 9.0 to 6.5, except for small
differences around 1715 and 1675 cm-1 that were observed
consistently in unlabeled and labeled proteins (Figure 2B,C).

The spectra are dominated by changes in the 1700-1600
and 1570-1500 cm-1 regions where amide I and II backbone
changes occur, respectively, but some bands in these regions
can also be tentatively assigned to vibrations of the heme
rings and their substituents, including positive hemea3 formyl
bands in the 1661-1641 cm-1 region that are obscured by

FIGURE 1: Perfusion-induced visible difference spectra ofP.
denitrificanscytochromec oxidase. The figure shows reduced minus
oxidized difference spectra for unlabeled (A),15N-labeled (B), and
Yd4-labeled (C) forms at pH 9.0 (black) and pH 6.5 (red). These
represent the difference between spectra recorded during perfusion
with 3 mM sodium dithionite and a background recorded during
perfusion with 1 mM potassium ferricyanide and are the average
of 10 redox transitions. Also shown (blue) are PM minus O
difference spectra induced by CO/O2 perfusion. Background spectra
were recorded during perfusion with 1 mM ferricyanide, and sample
spectra were recorded after perfusion for 5 min with the same
aerobic buffer that had been bubbled briefly with CO. Data are the
average of six transitions, each from a fresh sample. Trace A at
pH 9.0 was taken from ref59.

FIGURE 2: R minus O ATR-FTIR difference spectra. Spectra were
recorded concurrently with the corresponding visible difference
spectra of Figure 1. Spectra are of the unlabeled enzyme at pH 9.0
(A) and 6.5 (B), the15N-labeled enzyme at pH 9.0 (C) and pH 6.5
(D), and the Yd4-labeled enzyme at pH 9.0 (E) and pH 6.5 (F).
Typically, spectra shown are averages of 60 individual spectra, each
an average of 1000 interferograms, from six different samples. Trace
A was taken from ref59and includes an extended region at 1200-
1000 cm-1. Where necessary, small baseline drifts due to swelling
or shrinkage of the protein were subtracted.
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overlapping amide I changes, a positive hemea formyl band
at 1631 cm-1, and a heme vinyl band at 1616-1617 cm-1

(56, 72-75). Small but consistent pH-sensitive and isotope-
insensitive changes can be seen around 1680 cm-1 (see also
Figure 3). It seems likely that these are due to changes of
heme propionic acid, at least one of which has been
suggested to be protonated at pH 7 and with a band at 1676
cm-1 (49). Likely heme ring mode changes are also evident
at 1440-1400, 1365-1350, and 1250-1210 cm-1 (48, 51,
56, 73-77).

Important in this context is the 1750-1700 cm-1 region
where protonated carboxylic acids absorb strongly. The R
minus O spectrum in the unlabeled enzyme showed a change
at 1746/1736 cm-1 (Figure 2 and ref59) that appears from
its symmetry to arise from perturbation of a single group.
Work from several groups with mutant forms of bacterial
oxidases has shown clearly that features in this region arise
predominantly from the protonated form of the equivalent
of Glu-278 (41, 44, 71, 78, 79). Its insensitivity to Yd4

labeling and to a pH change between pH 9.0 and 6.5 is
consistent with reports of Hellwiget al. (50) and, together
with its 5 cm-1 downshift on H-D exchange (59) and the
insensitivity to15N labeling shown here, is consistent with
this assignment and indicates that its pK is above 9 in both
reduced and oxidized states (45, 59, 80). The same region
of the equivalent IR difference spectrum of bovine oxidase
has bands that must arise from perturbation of at least two
carboxylic acid groups (45, 56). It is possible that the redox-
linked carboxylic region of theP. denitrificansoxidase also
reflects change of more than one residue (41), with indica-
tions of an additional isotope-insensitive positive change
around 1715 cm-1 appearing in the pH 6.5 difference spectra
of Figure 2.

15N labeling caused large changes around 1560-1480
cm-1 (Figure 3A). This is expected since the region is
dominated by amide II vibrations that are downshifted by
15N labeling. However, strong bands from heme can con-
tribute to this region (48), and Raman data indicate that their
15N-induced downshifts are less than 2 cm-1 (81). Hence,
underlying heme bands may account for the fact that large
signals remain in the15N-labeled sample. Downshifts of a
1605 cm-1 shoulder (-4 cm-1), a trough at 1434 cm-1 (-7
cm-1), and peaks at 1365 cm-1 (-4 cm-1) and 1352 cm-1

(-2 cm-1) appear. Their origins are at present unclear,
although a good case has been made recently for assignment
of the 1365 and 1352 cm-1 bands to heme modes (51).
Effects of Yd4 labeling were difficult to detect with
confidence (Figure 3B). Free tyrosine in its protonated state
has major Yd4 labeling-sensitive bands at 1599, 1518, 1455,
and 1249 cm-1 (50, 82). Small changes are evident in these
regions that might reasonably be assigned to the protonated
tyrosine component. Some similar small changes were also
reported by Hellwiget al. (50) in their Yd4-labeled protein.
No major changes in bands in the 1800-1615 cm-1 region
occurred with either isotope substitution.

Bands arising from ring C-N bonds of histidine are
expected around 1100 cm-1 (83-85), a region free of other
major amino acid contributions. A trough at 1105 cm-1 in
the unlabeled enzyme was downshifted by around 9 cm-1

by 15N labeling but was insensitive to Yd4 labeling. A similar
downshift was reported recently in equivalent redox differ-
ence specrta of oxidase fromRhodobacter sphaeroideswith
global15N and15N histidine labeling (51). This frequency is
within the 1103-1112 cm-1 range found for the C5-N1
bond of metal-bound histidine in its neutral (protonated) form
(83) and suggests, as pointed out in refs51 and56, that it
arises from perturbation of one or more of the histidine
ligands to CuB and/or hemea anda3 that are bonded through
their Nπ atoms with the free Nτ position protonated (2, 86).

PM minus O IR Difference Spectra. IR spectra were
recorded (Figure 4) synchronously with the visible spectra
that showed 90% formation of PM at 610 nm on perfusion
with CO and O2 (Figure 1). To improve the signal-to-noise
ratio, typically 24 000 interferograms obtained from six
different samples were averaged to produce the spectra that
are shown. These PM minus O difference spectra are distinctly
different from the R minus O difference spectra. PM minus
O difference spectra of unlabeled forms of bovine and
bacterial cytochromec oxidases in D2O and H2O have been
reported for the 1800-1200 cm-1 region (58, 59, 87). The
major features are in general accord, but assignments have
remained speculative. Data in Figure 4 extend the analysis
to 1000 cm-1 and to further isotope effects. Although the
1700-1620 cm-1 region will contain amide I changes, the
strong peak and trough at 1656 and 1647 cm-1, respectively,
most likely arise from hemea3 formyl perturbations (56, 72,
74) and the very sharp positive band at 1609 cm-1 most likely
arises from hemea3 vinyl perturbation (56, 72). Their
insensitivities to15N or Yd4 labeling are consistent with such
assignments (Figure 3B). We have previously suggested (59)
that the sharp H-D-insensitive band at 1480 cm-1 (59) might
represent a hemea3 ferryl feature (58), although assignment
to a tyrosine radical has also been suggested (see below).
Other bands at 1401(+), around 1330(+)/1300(-), and
1220(+) cm-1 are also likely to be redox-sensitive features

FIGURE 3: Effects of isotope labeling on R minus O ATR-FTIR
difference spectra. For ease of comparison, data at pH 9.0 from
Figure 2 have been overlaid on the R minus O difference spectrum
of the unlabeled enzyme (trace A of Figure 2, gray): trace A, blue,
15N-labeled enzyme (same as trace C of Figure 2), and trace B,
red, Yd4-labeled enzyme (same as trace E of Figure 2).
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of hemea3 (48, 56, 73-77).
Changes in the 1740 cm-1 carboxylic acid region in PM

that relax in F have been observed previously (59, 87). In
R. sphaeroidesoxidase, they appeared as a trough with no
clear associated peak and were interpreted in terms of
glutamic acid deprotonation in PM (87). In the case of bovine
andP. denitrificansoxidases (ref59and Figure 3), however,
a relatively symmetrical 1748 cm-1 trough and 1738 cm-1

peak occur. Its downshift with H-D exchange (59) and its
insensitivity to15N or Yd4 labeling (Figure 4) are consistent
with a carboxylic acid origin but, as discussed previously
(59), one that remains in its protonated state while undergoing
an environmental or conformational change upon formation
of PM. The differences with data in ref87 could mean that
its pK in the PM form is below 8.5 inR. sphaeroides, whereas
it is clearly above 9 in theP. denitrificansand bovine heart
enzymes. Assignment to Glu-278 remains most likely on the
basis of mutagenesis data (41, 44, 71, 78, 79), with the
change associated with its central role in providing a pathway
for intraprotein proton transfer for both proton translocation
and, as now seems likely, delivery of a substrate proton to
the oxygen reduction site (88-93).

In the region around 1100 cm-1, where C-N stretching
modes of histidine side chains are expected (83-85), two

peaks at 1129 and 1106 cm-1 in the unlabeled enzyme were
downshifted by 4 and 7 cm-1, respectively, upon15N
labeling, but were relatively insensitive to Yd4 labeling. Their
frequencies and isotope shifts are consistent with histidine
changes, possibly representing a 1106 cm-1 peak and 1090
cm-1 trough arising from Nπ protonation of an Nτ-metal-
ligated hisitidine and a 1129 cm-1 band arising from
protonation of a free imidazolate residue (83, 85). These
intriguing possibilities could be investigated further by
mutagenesis and specific labeling methods.

NegatiVe Features in the PM minus O Difference Spectra.
A particularly topical question about the chemistry of PM

has concerned the role of the unusual covalently linked
histidine-tyrosine ligand to CuB that has been implicated
as a proton and electron donor in the catalytic cycle (30,
94-96), with the consensus expectation that this species
becomes oxidized to a neutral radical in PM and re-reduced
in F. However, no EPR signature could be found (34), and
evidence for its existence remains indirect. Useful compari-
sons can be made with IR and Raman data on model
materials related to tyrosine and the histidine-tyrosine ligand
(97-102) and on tyrosine radical/tyrosine-OH IR difference
spectra that can be generated in photosystem II (103).
Tomsonet al. (102) reported a band at 1546 cm-1 in D2O
that is associated uniquely with the histidine-tyrosine C-N
linkage. This band, at 1549 cm-1 in cytochromebo3, together
with two others at 1483 and 1412 cm-1, was downshifted
with 15N labeling. In the same report, some rather weaker
evidence was presented that Yd4 labeling also caused a
similar downshift in the 1549 cm-1, but not the 1483 and
1412 cm-1, bands. Hellwiget al. (50) reported prominent
bands at 1547 and 1345 cm-1 in a related model material in
H2O that were lost when the phenolic group became
deprotonated. When the radical state was generated from the
deprotonated form, a band at 1303 cm-1 was lost (98),
although clear positive bands that might be assigned to the
radical were not evident. A much larger database of IR and
Raman features of neutral phenoxyl radical models and
tyrosine radicals in photosystem II and other proteins is
available (103), and these show two prominent modes of
the neutral phenolic radical,υ(C-C) at 1550-1610 cm-1

andυ7a(C-O) at 1480-1530 cm-1. Equivalent bands should
occur in the histidine-tyrosine radical, though a Raman study
(99) has emphasized the importance of the relative orienta-
tions of the phenolic and imidazole rings in governing the
vibrational spectra of such compounds. Hence, in summary,
a number of useful guiding features are available, but much
remains to be established in terms of isotope shifts, vibra-
tional properties of the radical state, and influences of metal
chelation and relative ring orientations on spectroscopic
properties.

On the basis of model compound data, we have previously
suggested that the 1542-1547 and 1314 cm-1 troughs in
the PM minus O IR difference spectra could be assigned to
the deprotonation of the phenolic group of the histidine-
tyrosine ligand when going from the oxidized to the PM state.
The data presented here allow extension of this analysis.
Upon15N labeling, the trough at 1542 cm-1 was downshifted
by 15 cm-1, consistent with data in ref102 and showing
that it is associated with a nitrogenous element. Yd4 labeling
caused a decrease in the amplitude of the 1542 cm-1 trough
together with a prominent new trough at 1438 cm-1. Data

FIGURE 4: PM minus O ATR-FTIR difference spectra. Spectra were
recorded concurrently with the corresponding visible difference
spectra of Figure 1. PM minus O difference spectra for the transition
from ferricyanide to ferricyanide and CO/O2 at pH 9.0 were
measured in unlabeled (A),15N-labeled (B), and Yd4-labeled (C)
enzymes. Typically, spectra from six different samples were
averaged, each of which was derived from 4000 averaged inter-
ferograms. Trace A was taken from ref59and includes an extended
region at 1200-1000 cm-1. Where necessary, small baseline drifts
due to swelling or shrinkage of the protein were subtracted. For
ease of comparison, the spectrum of the unlabeled enzyme (trace
A, gray) is overlaid on traces B and C.
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in ref 102 suggest that Yd4 labeling should downshift the
1542 cm-1 band by only 9-13 cm-1, although labeling of
free tyrosine-OH results in the loss of the 1518 cm-1

υ19(C-C) band and appearance of a new band at 1416 cm-1.
In YD

•/YDOH difference spectra of photosystem II, this
labeling results in replacement of a trough around 1490 cm-1

with one at 1428 cm-1 (104). Hence, while it is not clear if
the 1438 cm-1 trough in our PM minus O spectra arises from
a shift of part of the 1542 cm-1 trough or, perhaps, from a
downshift of the trough at 1490 cm-1, it is clear that all are
associated with a tyrosine residue. The partial retention of
the 1542 cm-1 band with Yd4 labeling may arise because an
amide II component contributes to the region, because Yd4

labeling was incomplete (cf. ref50), or because this vibration
is relatively insensitive to Yd4 labeling. Both isotope
substitutions also had large effects on the 1314 cm-1 trough,
in both cases being diminished and, in the case of Yd4

labeling, causing the appearance of a new trough at 1287
cm-1. This might again find an analogy in the YD

•/YDOH
difference spectra where Yd4 labeling causes a 24 cm-1

downshift of a band at 1250 cm-1 (104). Overall, therefore,
the data support the assignment of the 1542 and 1314 cm-1

troughs to the histidine-tyrosine structure. On the basis of
pH effects on model materials and comparisons with YD

•/
YDOH difference spectra, it is most likely that the O state
has a protonated tyrosine, though we cannot at this stage
fully rule out a tyrosinate that is so strongly hydrogen bonded
by an adjacent group that the system loses its negatively
charged character. The assignment might be also supported
by the behavior of a 1351 cm-1 trough, which was down-
shifted with15N labeling and appeared to be absent with Yd4

labeling, since a 1345 cm-1 band was also reported in the
histidine-tyrosine model compound in ref50.

PositiVe Features in the PM minus O Difference Spectra.
The model compound and photosystem II data can also guide
analyses of positive bands in terms of whether a neutral
histidine-tyrosine radical is produced in PM. A Raman band
at 1489 cm-1 was identified in the PM state produced by
reaction of hydrogen peroxide with bacterial cytochromebo,
and it was tentatively assigned to a tyrosine radical, rather
than a heme, origin (32). In addition, Nyquistet al. (87)
suggested that a 1479 cm-1 band in their PM minus O IR
difference spectra of cytochromec oxidase fromR. sphaeroi-
desmight arise from a tyrosine radical (together with bands
at 1587, 1528, and 1517 cm-1; see below). In a previous
study, we observed that the 1480 cm-1 peak persisted in the
F state (albeit at lower intensity in theParacoccusenzyme),
a state in which a radical should not occur (59). Global15N
labeling downshifted it, or perhaps split it into two bands at
1467 and 1437 cm-1, but Yd4 labeling had little effect.
Hence, although the isotope labeling (which also labels the
heme) is consistent with, but cannot yet confirm, its ferryl
origin, it seems certain that the 1480 cm-1 band is not
specific for the PM state and cannot arise from tyrosine
residues. Likewise, most of the band seen near 1590 cm-1

(ref 87 and Figure 3) does not appear to be associated with
the histidine-tyrosine dimer because it is hardly affected
by 15N or Yd4 labeling.

However, the PM minus O spectra do have a positive band
at 1519 cm-1 and a smaller peak at around 1570 cm-1 that
are unaffected by H-D exchange and do not persist in F
(59). It seems likely that the 1519 cm-1 and, with less

confidence, the small 1570 cm-1 band may well be equivalent
to the 1517 and 1587 cm-1 bands, respectively, of Nyquist
et al. (87). In addition, their positive band at 1528 cm-1 may
correspond to a shoulder at that frequency in our spectrum
(Figure 3), and to the peak at 1530 cm-1 reported in our
earlier study (59). However, this latter feature persists in the
F state (59, 87) and is therefore unlikely to arise from a
putative histidine-tyrosine radical. Distinct positive bands
in the Yd4-labeled enzyme are seen at 1504 and 1556 cm-1

and may be the downshifted positions of the 1519 and 1570
cm-1 peaks, respectively, in the unlabeled protein. The effects
of global 15N labeling are less clear due to overlapping
signals. Interestingly, theυ7a(C-O) andυ(C-C) bands of
neutral phenoxy radicals, and of neutral tyrosine radicals in
photosystem II (see above), are expected to appear in this
region. Since these bands are, moreover, unique for the PM

state (59, 87), it therefore seems likely that they do indeed
arise from a neutral radical form of the histidine-tyrosine
dimer in the active site.

CONCLUSIONS

In summary, these data provide a range of more solid
assignments for features of redox and PM minus O IR
difference spectra in terms of heme and amino acid changes.
The data strengthen the assignment of the change around
1740 cm-1 in PM minus O spectra to a protonated carboxylic
acid, which by comparison with mutagenesis data from other
laboratories (41, 44, 71, 78, 79, 87) is probably Glu-278,
the environment of which changes in PM but whose pK
remains above 9 in PM. Histidine perturbations around 1100
cm-1 are also documented for the first time. The data strongly
suggest that the covalent histidine-tyrosine linkage, although
equivocal in the crystallographic data of theP. denitrificans
enzyme (27), is indeed present, in agreement with direct
chemical analyses (105). The pK of its tyrosine hydroxyl in
the oxidized and reduced enzyme must be well above the
pK of 8.3-9.2 reported for this group in related model
compounds in aqueous media (98-100). Bands suggestive
of its conversion to its neutral radical state in the PM state
have also been identified. It should be possible to specify
further atomic details of the chemical and protonation
changes of PM and other intermediates by development of
the isotope labeling studies both in oxidase and in related
model compounds.
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