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ABSTRACT: The structures of f)?and F intermediates of bovine aR@racoccus denitrificansytochrome

¢ oxidase were investigated by perfusion-induced attenuated total refle€t@mier transform infrared
(ATR-FTIR) spectroscopy. Transitions from the “fast” oxidized state to th@PF states were initiated

by perfusion with buffer containing either CO/oxygen opQd. Intermediates were quantitated by
simultaneous monitoring of visible absorption changes in the protein film. For both bovin®.and
denitrificansoxidase, the major features of the IR difference spectrumyof€re similar when produced

by CO/oxygen or by KO, treatments. These IR difference spectra were distinctly different from the IR
difference spectrum of F that formed with extended treatment wi@,Fsome IR bands could be assigned
tentatively to perturbations of henag ring modes and substituents, and these perturbations were greater
in Py than in F. Other bands could be assigned to surrounding protein changes. Strong perturbation of the
environment of a carboxylic acid, most likely E-242 (bovine numbering), occurred,iarfel relaxed

back in F. A second redox-sensitive carboxylic acid was also perturbed in the bqyimtePmediate.
Further consistent signatures qjf ih both oxidases that were absent in F were strong negative bands at
1547 and 1313 cmt in bovine oxidase (1542 and 1314 chin P. denitrifican$ and a positive band at
approximately 1519 cri. From comparison with available IR data on model compounds, it is suggested
that these reflect changes in the covalent tyrostmstidine ligand to Cp. These findings are discussed

in relation to the oxidase catalytic cycle.

Structures of both mitochondrial and bacterial cytochrome to support the suggestioi3—17) that the O-O bond is
c oxidases have been solved at atomic resolutlerj and already broken in P, so that this species also has an Fe(IV)
provide a wealth of structure/function information. Neverthe- O Cus(ll) structure, including magnetic circular dichroism
less, major questions remain as to the chemical nature of(MCD) data (L8), Raman data on the ireroxygen stretch
important intermediates and the sites that are involved in frequency {9—21), and the observation of release of half
associated protonation reactions. The catalytic cycle is of the labeled oxygen as water when P is formed i@y,
thought to include “peroxy” (P) and “ferryl” (F) intermediates (22).

(cf. ref 4). These species were first described in reversed The P and F intermediates can be generated in stable forms
electron transfer studies using coupled mitochondsje6) by chemical manipulation. Reacting the two-electron-reduced
and have since been observed in the forward reaction of fully (“mixed-valence”) enzyme with Oresults in a 607 nm
reduced cytochrome oxidase and its homologues with  species, originally called compound @3. Incubation of
oxygen {{—10). In the visible region P and F are character- oxjdized enzyme with CO and oxygen at high pH results in
ized by distinct peaks at 607 nm and near 580 nm, the same specieg4), presumably by a two-electron reduc-
respectively, but in the Soret region both exhibit a similar tion by CO, followed by reaction of the mixed-valence
red shift relative to the oxidized (O) statelj. P and F can  product with oxygen. More recently, this species has been
be formed from O when the enzyme has reacted with oxygentermed R, to distinguish it from a related 607 nm P state,
after receiving from an external donor 2 or 3 reducing pg, that is formed transiently when oxygen reacts with the
equivalents, respectivelyL®). Spectroscopic features of F  fully reduced enzyme256—28). Pk differs from Ry in that

are characteristic of an Fe(I#O Cus(ll) ferryl compound.  the binuclear center contains an additional electron that is
P was suggested initially to have a peroxide structure, but adonated by hema (7, 29). Oxidized enzyme can also react
number of studies have now provided very strong evidence with H,0, to produce R and F. Extents, rates, and the ratio
of products depend on pH and:®, concentration13, 16,

30, 31). At high pH, the reaction produces, fnitially, and
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external reductant. In the case afi,Fhowever, only two w/v sodium cholate and 0.02% w/v octyl glucoside and again
electrons have been provided from external sources. The thirdcentrifuged at 1000@f), for 1 h. The sample was then
electron must come from within the protein, most probably washed twice with 3 mL of 20 mM potassium phosphate,
from the covalent tyrosinehistidine ligand to Cg(ll), which pH 8.5, and once with 2 mM potassium phosphate, pH 8.5,
would form a radical state3e—38). However, this supposed in each case by resuspension followed by centrifugation at
radical cannot be detected by EPR spectrosc@8y 40), 5000@.y for 30 min. Finally, the “ATR-ready” detergent-
presumably due to spin coupling with gU), and its depleted samples were dispersed inte-20 uL of distilled
protonation state also remains uncertain. Furthermore, it iswater and could be stored if necessary-&80 °C. For
possible that tryptophans can act as radical sites, and suctdeuterium oxide exchange, the above protocol was used with
radicals have been detected by EPR under some condition®,0 buffers at pD 8.5 and assuming pbpH meter reading
(40). + 0.4 65). Film preparation and rehydration on the ATR Si
Fourier transform infrared (FTIR) spectroscopy has been Prism (3 mm diameter, 3 bounce, SensIR Europe) with ATR-
used extensively to probe structural changes in individual ready oxidase were essentially as described previo6s)y (
cofactors and amino acids in proteins. Light-induced per- ATR-FTIR Measurement$he rehydrated film was cov-
turbation has been exploited to provide intricate atomic detail €red by a chamber that allowed buffers to be perfused over
of systems such as bacteriorhodopsii, (42) and photo- the film surface and simultaneous recording of visible
synthetic reaction centerdg, 44). Introduction of spectro- ~ absolute and difference absorption changes by optical fiber
electrochemical cells46), together with induction of redox  delivery of a collimated visible light beam through the film
changes with photochemicals, has allowed extension of FTIRthat was reflected from the prism surface, as detailed in ref
redox difference spectroscopy to cytochrorreidase 46— 61 Before a transition was initiated, the monochromator was
51), complex | 62), and other redox protein§3, 54). An stepped through the required wavelength range| avalues
alternative to transmission FTIR methods is the technique were recorded. After making a transition, the sample was
attenuated total reflectiorFourier transform infrared (ATR- ~ rescanned, and absorbance changes were computed as log
FTIR)! spectroscopy55, 56) which allows measurement of  |J/l. Quantitation of species was assessed using the relative
FTIR changes of the sample while an aqueous solution is extinction coefficients given for the bovine oxidase in ref
perfused over its surface. The ATR-FTIR method has already 11 and assuming that theyFform of the P. denitrificans
been applied to various proteins including rhodopsin, bac- oxidase is red shifted by 3 nm. ATR-FTIR spectra were
teriorhodopsin%7), the nicotinic acetylcholine receptdss), recorded simultaneously with a Bruker ISF 66/S spectrom-
cytochrome oxidases@—61), and reaction center§®), and eter, fitted with a liquid nitrogen-cooled MCT-A detector.
its flexibility extends the types of transitions that can be All frequencies quoted have an accuracy #d cmi.
analyzed by FTIR spectroscopy. Such flexibility has allowed Typically, interferograms at 4 cr resolution were averaged
the IR features of thePintermediate of bovine oxidase to in batches of 2086300 over 2740 s, and batches were then
be obtained 1). This study has been extended here to further averaged to provide final spectra. Where necessary,
include the F intermediate and a comparison gfdhd F baseline corrections due to protein swelling/shrinkage were

spectra in bovine anBaracoccusoxidases. made.
Generation of Intermediate®egassed buffer of 30 mM
MATERIALS AND METHODS CHES, 70 mM potassium phosphate, and 200 mM KCI at

) . i ) pH 9 (buffer A) was used as perfusant throughout. To ensure

Protein Preparation “Fast” cytochrome oxidase was that the oxidase was in the fast oxidized state, a cycle of
prepared from bovine heart by the method described in ref requction and reoxidation of the protein film was first
63and was dissolved in 0.1 M potassium phosphate, 0.1 M performed by perfusion with buffer containing 3 mM sodium
potassium borate, and 0.1% w/v Tween-80 at pH 8.5. dithionite/3 mM KOH, followed by one containing 1 mMm
Cytochrome oxidase fronParacoccus denitrificansvas potassium ferricyanide. To generatg Rlone, this was
prepared as in red4 and was dissolved in 20 mM Tris-HCI  followed by perfusion with buffer A containing 1 mMm
and 0.05% w/v dodecy-maltoside, pH 7.8. This enzyme  ferricyanide and which had been bubbled briefly with CO
preparation was found to be fast by criteria previously gas. To generate F, the sample was first perfused with buffer
outlined 63). Both enzyme preparations were stored at 77 A ajone, followed by one containing freshly added 0.5 mM
K until required. H,0.. The HO, treatment resulted in sequential formation

Film Preparation Production of stable films for ATR-  of Py and F, as has been described in detail elsewHege (
FTIR measurements required depletion of detergent content16, 30). The HO, perfusion could be repeated reproducibly
so that the sample became sufficiently hydrophobic. Oxidasetwo to three times on the same sample by reperfusion with
(10—20 uL, 100—200uM stock) was diluted 200 times in  the same buffer sequence. However, such recycling proved
20 mM potassium phosphate buffer at pH 8.5 and pelleted difficult with the CO/oxygen-perfused sample due to dif-
by centrifugation at 1000@Q, for 1 h. The pellet was ficulties in CO removal, and in this case new samples were
homogenized in 3 mL of the same buffer containing 0.02% used for each run. All measurements were done at room

temperature with a flow rate of 1.5 mL/min.

1 Abbreviations: ATR-FTIR spectroscopy, attenuated total reflection- Le\(e_ls of R" and F |ntermed|at§s Wer? q‘ﬂa”t'tatec?' from
Fourier transform infrared spectroscopy. The nomenclature of enzyme the visible difference spectra using extinction coefficients
forms is O, fully oxidized; R, binuclear center reduced; P, 607 nm (mM~1.cm™?) derived from bovine data (reviewed in r&f)
species; R, a stable P species formed when mixed-valence enzyme of reduced minus oxidized, 25.7 at 60621 nm: R, minus
reacts with oxygen; & a transient P species with one more electron in . ! ) ! .
the vicinity of the binuclear center in comparison tg; ¥, a 580 nm oxidized, 10.4 at 607630 nm and 1.9 at 588630 nm; and
ferryl species that is isoelectronic with.P F minus oxidized, 4.0 at 580630 nm and 1.9 at 667630
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nm. The same values were assumed for Baacoccus

X h ) bovine P. denitrificans
enzyme, except that the spectrum of theiRtermediate is 606 606
red shifted by 3 nm relative to boving,P AA
Sample Quality ControlThe major criterion used to assess T 0.02

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 predominantly the narrow band (half-peak
width 6-8 cm!) at 1963 cm* (bovine) or 1965 cmt® (P. A.R-O
denitrificang due to CO bound to the hensg iron, with
only smaller amounts of alternativ8 forms ©66—68).
Different forms were quantitated by integration of areas under 607
the bound CO peaks, and for both enzymes, titefmms
were always less than 25% of the total enzyme. B. Py, -O (CO)

RESULTS

. . . . I C. Py-O (H;0,)
Visible and Difference Spectra during Reduction/Oxidation

and Intermediate Formatiori.he prism surface was scanned
asl, before sample deposition. Oxidase films were initially
reduced with a perfusion buffer containing 3 mM sodium
dithionite/3 mM KOH and, once stabilized in the fully
reduced state, were scanned to produce reduced state absolu
visible spectra (not shown). Samples were then reoxidized
with an aerobic buffer containing 1 mM potassium ferri-
cyanide, and the difference between these and the scans of

the reduced films are plotted as reduced minus O difference Wavelength (nm)

spectra in Figure 1, traces A and E. This “pulsing” procedure Ficure 1: Perfusion-induced visible difference spectra of bovine
ensured that the samples were predominantly in the fastandP. denitrificanscytochromec oxidases. All reagents were in
CO-reaciive oxidized formé), even if some conversion to ieet {1 FEEEE [ 2 5 i iterence between spectra fecorded
“Slow'., forms had OCC.u.rred during th_e extensive sample during perfusion with 3 mM sodium dithionite and 3 mM KOH
handling. Absolute visible spectra in the reduced and yersus a background recorded during perfusion with 1 mM

oxidized states (not shown) indicated that more than 90% potassium ferricyanide. Spectra are the average of 10 transitions.
underwent reduction and reoxidation. Traces B and F: | minus O difference spectra induced by CO/

. . . O, perfusion. Background spectra were recorded during perfusion
To generate the pintermediate, baselines of the fast O witrﬁ) 1mM ferricya%ide andpsample spectra after perfugsirc))n for 5
form were recorded, and the buffer was changed to one thatmin with the same buffer that had been bubbled briefly with CO
had been bubbled briefly with CO gas. The optical difference aerobically against the background spectra that were taken under
spectra induced over several minutes (Figure 1, traces B andhe perfusion of the same buffer without CO. Data are the average
F) showed stable peaks characteristic gfitth maxima at of 10 transitions, each on a fresh sample. Traces C and : P

. s L minus O difference spectra induced by@ perfusion. Background
607 nm (bovine) or 610 nm denitrificang. Quantitation  ne s were taken during perfusion of buffer without additional

versus the reduced minus O difference spectra indicated 80 reagents, followed by sample spectra after 30 s perfusion with 0.5

90% conversion from O to\Pin both cases with no trace mM H,O,. Traces D and H: F minus O difference spectra induced
of the E intermediate. by H,O, perfusion. Background spectra were taken during perfusion

. . . . of buffer without additional reagents, followed by sample spectra
Sequential generation ofjfand F intermediates fromthe ¢ 60 < perfusion with 0.5 n?M 1Dy, Traces Cyand [? arepthe

fast O forms was achieved by perfusion of a buffer containing average of eight spectra and G and H the average of four spectra.
0.5 mM H0O, (13, 16, 30). The visible difference spectra

showed that ? was formed predominantly at first [Figure ible side reactions can occur in the reaction gD with

1, traces C (bovine) and G( denitrificang] and this was  cytochrome oxidases4(). The conditions for perfusion
converted into the 580 nm F form after more prolonged (relatively low concentration of D, and brief exposure

560 580 600 620 640 560 580 600 620 640

incubation [Figure 1, traces D (bovine) and A. (denitri-  times) were chosen to minimize such side reactions. Never-
ficang]. Because of the relative rate constants for reaction theless, in the visible difference spectra it is likely that
of H,O, with O and R states, the # generated with kD, troughs in the 608620 nm regions are due to an irreversible

inevitably contains some F intermediate. This is reflected in side reaction of loss of heme (probably hemeather than
the visible spectra of Figure 1, traces C and G, in the less hemeas) from approximately 10% of the bovine enzyme
marked troughs around 590 nm in comparison to samplesand perhaps double that in tiRaracoccusenzyme. Such
with pure Ry. Deconvolution using the extinction coefficients  side reactions themselves, in contrast to the formation of F,
in Materials and Methods indicates thai Bad formed at  are irreversible. The fact that the oxidized state of the
30—40% occupancy together with around 10% (bovine) or enzymes could be regenerated aftefOkireaction and F
20% (P. denitrificang occupancy of F. formation could be repeated several times with only a small
Quantitation of the level of F formation in Figure 1, traces loss of amplitude provides further support that irreversible
D and H, indicates that F is formed to around-6®%% side reactions are a minor component and that the spectra
occupancy in both cases. However, it is known that irrevers- reflect predominantly F formation.
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Ficure 2: ATR-FTIR difference spectra of bovine cytochrome
oxidase. Spectra were recorded concurrently with the corresponding
visible difference spectra of Figure 1. (A) Reduced minus O
difference spectrum induced by dithionite to ferricyanide transitions.
(B) Pv minus O difference spectrum on transition from ferricyanide
to ferricyanide and CO/gperfusion in bovine oxidase. Both spectra
are an average of 60000 interferograms from 20 different samples.
Where necessary, small baseline drifts due to swelling/shrinkage
of the protein were subtracted.
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ATR-FTIR Difference Spectra during Reduct@xidation.
For purposes of comparison with spectra of intermediates, Wavenumber (cm1)
reduced minus O ATR-FTIR difference spectra were re- ggype 3; ATR-FTIR difference spectra of. denitrificans
corded (Figures 2A and 3A,B) after reoxidation of the cytochrome: oxidase. Spectra were recorded concurrently with the
reduced oxidase films with ferricyanide and when the optical corresponding visible difference spectra of Figure 1. (A) Reduced
spectra showed that full reoxidation had occurred. These Minus O difference spectrum induced by dithionite to ferricyanide

. . . transitions (average of 60000 interferograms from 20 different
spectra are consistent with previously reported data for samples). (B) Reduced minus O difference spectrum induced by

bovine andP. denitrificansenzymes 47, 51, 59) and have jthionite to ferricyanide transitions in media (average of 1600
been interpreted in terms of changes in backbone amide I/ll,interferograms from one sample). (C), Rninus O difference
prosthetic groups and specific amino acids. Most important spectrum on transition from ferricyanide to ferricyanide and CO/
in the present context are a pair of troughs in the bovine O, (average of 24000 interferograms from eight different samples).

. . . o . (D) Py minus O difference spectrum on transition from ferricyanide
oxidase and a single trough in tRe denitrificansoxidases ;" ferricyanide and CO/Qin D,O media (average of 1600
in the 1736-1750 cn'* region that have been attributed to  interferograms from one sample). Where necessary, small baseline

carboxylic acid deprotonations linked to hemeeduction, drifts due to swelling/shrinkage of the protein were subtracted.
perturbations of heme vinyl and formyl substituents that
contribute to the 16621661 and 16171616 cni! peaks, and in the regions where formyl and vinyl and heme ring
respectively, and heme ring changes in the 1400 and-2250 bands are expected. Also noteworthy are a pair of prominent
1230 cn1! regions. troughs at 15471542 and 13131314 cm?! and a sharp
Pv minus O ATR-FTIR Difference Spectra with £Q positive band at 14791480 cm'. These features are
Perfusion ATR-FTIR spectra were recorded (Figures 2B and discussed below.
3C,D) synchronously with the visible spectra that showed Py/F minus O ATR-FTIR Difference Spectra with®4
90% formation of | at 607 nm on perfusion with CO/O  Perfusion. ATR-FTIR spectra were recorded (Figure 4)
(Figure 1B,F). To improve signal/noise, 60000 interferograms synchronously with the visible spectra recorded during
obtained from 20 different samples were averaged to produceperfusion with HO, that showed sequential formation qf P
the spectra shown. Thesg Binus O difference spectra are at 607/610 nm, followed by conversion to F (Figure 1). The
distinctly different from the reduced minus O differences. major features of the transient;hinus O difference spectra
Several key features are seen in the oxidase spectra fronproduced with this treatment are in accord with the equivalent
both sources in the 1750730 cn! carboxylic acid region ~ spectra produced by CO#Qerfusion (Figures 2 and 3),
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- bands around 14751480 and 12461230 cn1! are main-
A. Pyy minus O (bovine)

TAA N tained.
0.0001 € 8
DISCUSSION

Reduced minus Oxidized Difference Spediteese spectra
have already been reported and discussed elsewhere so that
only those features that are relevant to the interpretation of
the new spectra of the intermediates will be discussed here.
As usual, the spectra are dominated by the amide /1l changes
in the 1700-1610 and 15781500 cn1? regions, respec-
tively, but various other equivalent bands in both bovine and
P. denitrificansspectra can be tentatively assigned, particu-
larly those attributable to vibrations of the heme rings and
their substituents53, 59, 70—74), including positive heme
ag formyl bands in the 16621641 cm? region that are
obscured by overlapping amide | changes, a positive heme
aformyl band at 16361631 cm?, and heme vinyl at 1616
1617 cmL. In ferrous minus ferric heme B difference spectra,
a range of heme ring vibrational changes are observed in
the 1405-1380, 1376-1340, and 12561210 cm! regions,
and it is evident that analogous heme signals are present in
the oxidase spectra. Important in the present context is the
g 1750-1700 cn1? region, where protonated carboxylic acids
3> D. F minus O (P. denitrificans) can absorb strongly and where there is a clear difference
T between the bovine ané. denitrificansspectra. Whereas
theP. denitrificansspectrum shows evidence for perturbation
of only a single group (1746/1736 crhin H,O and 1741/
¥ Y 1730 cmt in D,O; Figure 3A,B), assigned previously to
B b E-278 of subunit | (equivalent to E-242 in boviné&)j, the
equivalent region of the bovine oxidase has at least two
IIIIIIIII|III]II]IIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII Carboxy“C ac'd groupsthatare redox_ and |Igand-SenS|tlve.

1700 1600 1500 1400 1300 One of these has been proposed previously to arise from
E-242 61, 59). Possible candidates for the additional

, i , perturbed group(s) are D-51 of subunit75f, which has
Ficure 4: ATR-FTIR difference spectra of bovine aid deni-

trificans cytochromec oxidase induced by D, perfusion. Spectra been ShOW” in crystal structures to _unde_rgo a redox-ll_nked
were recorded concurrently with the corresponding visible differ- conformational changa®), or carboxylic acids that comprise

ence spectra of Figure 1. (A)Pminus O difference spectrum of  the calcium binding site and which have been shown to have
bovine oxidase 30 s after transition to a buffer containing 0.5 mM different influences on henein bovine andP. denitrificans
H,0, (average of 2400 interferograms from four different samples). gxidases &4).

B) F minus O difference spectrum of bovine oxidase 60 s after : .

gra)nsition to a buffer contaiﬁing 0.5 mM_B, (average of 2400 Pu minus O IR leference Spectra P.rOduc.Ed by./OQ
interferograms from four different samples). (Cj Pninus O The first such IR difference spectrum in bovine oxidase at
difference spectrum d?. denitrificansoxidase 30 s after transition  lower signal/noise was reported recent), and the present

to a buffer containing 0.5 mM D, (average of 1200 interferograms  data extend this information. The difference spectra (Figures
from three different samples). (D) F minus O difference spectrum o gnd 3C) appear to be dominated by heme features, and

of P. denitrificansoxidase 60 s after transition to a buffer containing - - . .
0.5 mM H,0O;, (average of 1200 interferograms from three different again, several of them are consistent in the oxidase spectra

samples). Where necessary, small baseline drifts due to swelling/from both bovine and bacterial sources. The iinus O
shrinkage of the protein were subtracted. spectra produced with the CO/@eatment (Figures 2B and

3C) are the most reliable sinceyPs formed at high
occupancy and without any other products. Heme formyl
band perturbations are probable in the amide | region, though
L . . . these are overlapped by amide | changes that are not
of F which inevitably accompaniesyPormation by this consistent between the two oxidase samples. However, a very

method (see above). As the 607/610 nm forms are gy 0 hositive band at 1669611 cnt is present in both
converted predominantly into the 580 nm F forms, the ATR- 514 most likely arises from henag viny! perturbation. Other

FTIR difference spectra become distinctly different, reflecting heme ring mode perturbations appear to be present in both
the chemical transformation at the active site during this stepgpectra in the 14051380, 1376-1340, and 12501210

of the catalytic cycle. Again, several key features are seencm-1 regions that are characteristic for ferrous minus ferric
in the F minus O spectra from both sources. Most important heme B. In the R minus O difference spectra, these

in comparison to the \>minus O spectra is the loss of the  presumably reflect predominantly the hegaderric to ferryl

vinyl, formyl, and carboxylic region perturbations, the loss conversion. However, at present we have no good model
of the 15471542 cnt? trough, and the marked diminution  compound spectra that represent the IR changes expected
and shape change of the 1318314 cn1! trough, though for the ferric to ferryl conversion, especially for A-type

1649
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albeit at lower signal/noise because of the lower occupancy
of the R, state and with interference from a small amount
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hemes, and further assignment must await such modelof a related model84), this band was shown to be present
information. Some unusual features, however, are of par- only when the compound is protonated. Hence, the negative
ticular note. The first are the changes in the 175810 cm* band at 1542/1547 cm in the Ry minus O spectra, which
carboxylic acid region where at least two features are reflect changes in the coordination sphere of the binuclear
perturbed in the bovine enzyme. Because of their overlap it center, is tentatively assigned to the loss of a band in the
is difficult to distinguish negative bands, which would imply tyrosine—histidine structure, probably as it becomes a radical
deprotonation, from shifts to give peak/troughs, which and its tyrosine proton is lost. However, no positive IR bands
implies an environmental change of groups that remain that can be attributed to the radical state of an equivalent
protonated. However, the. denitrificansspectrum (Figure  model compound have yet been published, so that we are
3C) apparently has only one group that is perturbed in this unable presently to identify positive features that might
region, and this clearly undergoes a shift to give a sym- indicate that the radical is indeed formed. As a result, the
metrical peak/trough at 1738/1748 cFurthermore, inthe  definitive assignment of this key band must await further
equivalent spectrum in f® (Figure 3D), this feature  mutagenesis and labeling studies, and these should identify
downshifts by around 5 cm, as is expected for a carboxylic  whether the radical does indeed reside on the tyresine
acid residue. Hence, it is concluded that the centrally histidine structure and whether there are other possible radical
important E-242 (E-278 iR. denitrificang is most probably  sites, such as several conserved tryptophd@swhich also
undergoing an environment or conformational change,in P have distinctive IR bands around 1460, 1415, and 1355 cm
while remaining in the protonated state, in response to the (82) and which could play a part in radical formation under
redox state change and/or the ligation state change of thesome conditions.
binuclear center. Itis also interesting to note that the pattern Py minus O IR Difference Spectra Produced byO: The
of changes in the carboxylic acid region ig Finus O is IR characteristics of the transientyPspecies that are
similar to that in reduced minus O difference spectra in both produced transiently during perfusion with® are very
enzymes, albeit with slightly different peak positions and similar to the higher quality spectra produced by C®/O
with the effects being apparently somewhat strongenin P perfusion (compare Figure 2B with Figure 4A for bovine
than in the reduced enzyme. This similarity extends to the oxidase and Figure 3C with Figure 4C fBr denitrificans
effects of DO substitution and to the more complicated oxidase). These transieni,Bpectra produced during,8,
changes in the bovine, as compared to the bacterial, enzymetreatment are distorted only by the added contribution of the
Another unusual feature of both,Mninus O spectraisa small F population and with some baseline imperfections
sharp band at 14781480 cn1! that is insensitive to H/D  due to lower signal/noise because of lower{30%) Ry
exchange in th®. denitrificansoxidase (Figure 3C,D). We  occupancy. Hence, this not only gives confidence in the
have previously suggested that this might represent a hemeaeproducibility of the bands that we have emphasized but
ferryl feature 61). A band at 1489 cm was identified in also indicates that the P states produced by the two
the Ry state in a Raman study of the reaction of hydrogen treatments are equivalent to each other, as concluded from
peroxide with bacterial cytochroméo, where it was other studies {3, 16, 30, 31). However, some differences
tentatively assigned to a tyrosine radical, rather than a heme,of more minor features may be present, for example, in the
origin (38). However, as described below, we find that the 1250-1200 cm! region, and it is possible that these small
1479/1480 cm! peak is retained, at least in part, in the F inconsistencies may arise from the small degree of side
state. Another band, at approximately 1530 émalso reactions that can occur with the®; reaction 89, 40, and
appears to be present in both thedhd F spectra and might  above). Nevertheless, it is clear that the major features that
therefore also be associated with the ferryl heme. Again, suchwe ascribe to R are consistent whether CO/©r H,0; is
assignments will be strengthened when model ferryl heme used for its formation.

IR spectra become available. F minus O IR Difference Spectra Produced Oz On
Several papers have appeared recently on IR changes oprolonged incubation with $D,, the visible spectra indicate
model compounds related to the covalent histiditygosine that both oxidases form 580 nm F species to an occupancy
structure {6—81). In one study of an FTIR spectrum induced of 60—75%. Their corresponding IR difference spectra are
in forming a radical in a model histidirgohenol compound,  shown in Figure 4B,D. These two spectra are rather less

a prominent trough is seen at 1303 ¢n(77). It is feasible consistent with each other than are the $pectra and also
that the troughs at 1313/1314 chthat are present in both  are of rather lower signal/noise. Again, it is possible that
Pw minus O spectra shown here could arise from the related these small inconsistencies may arise from side reactions with
protein radical, although this trough is not completely lost H,O,, and these are likely to be more extensive than their
in the F minus O spectra. Another prominent featureyn P contributions to the HD,-generated f given the longer time

is a peak at approximately 1519 chwhich is absent in F of exposure required to form F. This is particularly true for
minus O. This region is characteristic of tyrosine species the P. denitrificansoxidase F spectra where the visible data
(82, 83), and it is possible that this might arise from a radical (Figure 1) indicate up to 20% loss of heraedue to side
more akin to that formed in tyrosine or a tyrosifigistidine reactions. Nevertheless, the spectra represent predominantly
dipeptide 76—78). One particularly interesting feature of the O to F conversion, and some important points can be
both spectra in relation to the covalent tyrosifestidine made. First, heme ring mode features in the 140380,
structure is the trough at 1542/1547 ¢mThis is because  1370-1340, and 125681210 cm regions are in general

an equivalent band has been identified as a distinguishingretained, as are the bands at 1477/1480 and 1530. dfn
characteristic of the covalent linkage between the tyrosine indeed these bands arise from ferryl heme, this would be
and imidazole rings in a related model compound and in the consistent with persistence of the ferryl state in thet®F
homologous bacterial cytochrorbes (81). In another study  transition. Second, the strong vinyl, formyl, and amide |
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perturbations that are present i &e very much diminished 5.

in F, suggesting some relaxation of structural change around
the hemes when changing frony B F. Third, the perturba-
tions of the carboxylic acid residues in the 178(r10 cm*
region seen in P are also relaxed at least partly in F. Finally,

and critically, the 1542/1547 and 1313/1314 éntroughs 7.

seen in the [ spectra are lost in F, suggesting that the species
with which they are associated has reverted back to the same

condition that it has in the O state. 8.

Interpretations in Relation to the Catalytic Cycl€hese
data, together with the previous repo8l), represent the

first insights by IR spectroscopy into the structures of the o,

key catalytic intermediatesyPand F. The data support a
model in which hemes; undergoes a redox transition from
the O to the B form and retains this redox state in F,
consistent with the widely held view that heragis ferryl

in both intermediates. However, the IR data also suggest that 11.

the heme periphery of henag, and possibly of hema, is
structurally perturbed in 2 and that this perturbation is
significantly relaxed in F. This is linked with a strong
perturbation of the protonated form of E-242 (E-278Pn
denitrificang, together with at least one other carboxylic
group in the bovine oxidase that again becomes significantly
relaxed in F. Finally, the appearance of a negative band at 4,
1542/1547 cm' (and, possibly, 1313/1314 cnr) in Py that

is lost in F is indicative of a species that is formed in the O  15.

to Py transition and lost again whenyReonverts to F. In
current views, the transition fromyRo F involves primarily

the rereduction of the radical that was generated in forming
Pu, and this radical in i is most likely on the tyrosine
histidine ligand to Cp though it is EPR-silent due to spin
coupling with Cu. In this context, and consistent with model
compound data, these bands may be suggested to beig
associated with the presence of this radical jndhd its
loss in F. Since it is reduction of this radical site that is the
primary difference betweenyPand F, it would follow that

it is the radical that causes the extensive heme periphery
and carboxylic acid group perturbations ip.t seems likely

that such structural changes will be integral to the proton-
motive action of the oxidases. Hence, the present studies
provide the basis for future IR work that could be crucial in
elucidating the structural changes and their dynamics that
provide the coupling mechanism.
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