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ABSTRACT. Structural and chemical changes in theiRtermediate oParacoccus denitrificansytochrome

c oxidase have been investigated by attenuated total reflection-Fourier transform infrared spectroscopy.
Prior studies of R minusoxidized (O) IR difference spectra of unlabeled, universéily-labeled and
ring-ds-tyrosine-labeled proteins (lwaki, M., Puustinen, A., WikstroM., and Rich, P. R. (2004)
Biochemistry 43143706-14378). provided a basis for band assignments to changes in metal centers and
the covalently linked HisTyr ligand of Cw and highlighted a structural alteration of the protonated
Glu278 in the R intermediate. This work has been extended to equivalent measurements on enzymes
with 13Co15N-labeled and ring=Ce-labeled tyrosine and witFCs'5Ns-labeled histidine. Histidine labeling
allows the assignment of troughs at 1104 and 973amreducedminusO spectra to histidine changes,
whereas tyrosine labeling moves otherwise obscured tyrosine bandshifts to 14%Aand 12871284

cm~L. Py minusO spectra reveal bands at 1506, 1311, and 1094'émthe oxidized state that are
replaced by a band at 1519 chin Py. These bands shift with both tyrosine- and histidine-labeling,
providing evidence for their assignment to the covalentHigr and for its chemical change inyP
Comparisons of isotope effects on the amide | regionsyiminusO spectra demonstrate that amide
carbonyl bonds of tyrosine and histidine are major contributors. This suggests a structural alteration in
Pu that is centered on the His27®ro277Glu278-Val279-Tyr280 pentapeptide formed by the His

Tyr covalent linkage. This structural change is proposed to mediate the perturbation of the IR band of the
protonated Glu278 headgroup.

Atomic resolution structures of mitochondrial and bacterial oxygen 6). This species has been termag t® distinguish
cytochromec oxidases 1—3) have provided a wealth of it from a related 607 nm form, & which is formed
structure/function information. Nevertheless, major questions transiently when oxygen reacts with the fully reduced enzyme
remain as to the chemical nature of important intermediates (7—10). Alternatively, both | and F can be formed by the
and the sites and dynamics of the associated protonationreaction of oxidized enzyme with J@,; the reaction with
changes that provide the coupling mechanism. Two centralthe first HO, produces R, and this reacts with a second
intermediates are the 607 nm (610 nm Raracoccus H>0, to produce F11-13).
denitrificang peroxy (P} and 580 nm ferryl (F) intermediates In both R, and F, the ©-O bond is broken, and henzg
that are formed transiently in the forward reaction of fully is in the ferryl state 14—19). This O-O bond breakage
reduced cytochrome oxidase with oxygen4, 5). A 607 requires four electrons. In the case qf Brmation, only
nm state can also be formed as a relatively stable species bywo electrons have been donated into the enzyme from
the reaction of oxidized enzyme at high pH with CO and external sources. The third electron is provided by the
formation of the ferryl state of hema, and the fourth is

T This work was funded by grants from the BBSRC (grant code thOUght to arise from a site within the protein that can form
BBC51715X1 to P.R.R.) and the Academy of Finland (programs 44895 a radical, although one is not observed by EPR spectroscopy.

and 42739 to M.W. and A.P.). i ; ; i i
*To whom correspondence should be addressed. Tiet) 20 7679 However, the radical is most likely located primarily on the

7746. Fax: {-44) 20 7679 7096. E-mail: prr@ucl.ac.uk. covalent His-Tyr ligand to C (2, 20, 20—24), and spin
* University College London. coupling with C@?" could account for its EPR silenc2g,
$ University of Helsinki. 26). The transient Pstate observed in flow/flash studies of

"Present address: Finnish Institute of Occupational Health, : : :
Topeliuksenkatu 41, 00250 Helsinki, Finland. fully reduced oxidase differs fromyPbecause the radical

1 Abbreviations: (ATR)-FTIR spectroscopy, (attenuated total reflec-  Sit€ is either not formed or is re-reduced rapidly by electron
tion)-Fourier transform infrared spectroscopy; O, fully oxidized; R, fully transfer from ferrous hema; subsequent proton uptake
reduced; P, 607 nm speciesi,R stable P species formed when mixed-  converts R to the F intermediate7(-10).

valence enzyme reacts with oxygem; B transient P species with one . . .
more electron in the vicinity of the binuclear center in comparison to ~ Fourier-transform infrared (FTIR) transmission spectros-

that of Ry; F, a 580 nm ferryl species that is isoelectronic with P copy, in combination with electrochemical and photochem-
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ical techniques, has been used extensively to probe redox-chamber that allowed buffers to be perfused over the film

and ligand-induced structural changes in individual cofactors
and amino acids in cytochrome oxidase and related
oxidases?7—35). Attenuated Total Reflection (ATR)-FTIR
spectroscopydb, 37) has provided access to the IR features
of the Ry and F intermediates of bovine and bacterial
oxidases §8—40). Effects of H/D exchange30), ring-ds-
tyrosine- @1) and universal®N-labeling @2) were used to
aid interpretation of details of the,AminusO spectra. These
studies are extended here to effects¥f**N-labeled and
ring-3Ces-labeled tyrosine anéfCs'°Nz-labeled histidine.

MATERIALS AND METHODS

Mutagen Mutagenesi3.o construct a histidine auxotroph
in P. denitrificansMR3 strain @3), an overnight culture was
diluted into LB medium (optical density at 690 nm of 6.2
0.3) and grown with aeration for 2.5 h to an @pof 0.9
before treatment with the mutagen N-methyhhtro-N-
nitrosoguanidine (5@g/mL) for 15 min @4). Enrichment
of mutants was achieved by growing mutagenized cells that
had been diluted 1:10 and left overnight on succinate minimal
medium fa 3 h to an ORy of 0.9, after which time the
cells were incubated with penicillin (16 mg/mL) for 1 h. Six
mutants unable to grow without added histidine in succinate
minimal media were found from 3000 colonies.

Bacterial Growth and Enzyme Purification. P. denitrificans
was grown in succinate minimal medid5j. For universal
15N-labeling growth media containé@N-ammonium chlo-
ride (ICON Isotopes) as the sole nitrogen source. Labeling
with 13C¢*N-, ring-+*Cs- and ring-d-labeled tyrosines (ICON
Isotopes) was achieved as described in ref48). (Then 40
mg/L of 3C¢!®Ns-labeled histidine (ICON Isotopes, 98:98
atom%) was used in the growth medium and a labeling extent

of 99% was estimated by mass spectrometry analysis of the

isolated enzyme. Purified cytochroneceoxidase 47) was
dissolved in 20 mM TRIS-HCI and 0.05% wjfs~dodecyl
maltoside at pH 7.8 and stored at 77 K until required.

Film Preparation. Production of stable films for ATR-
FTIR measurements required the depletion of detergent
content so that the sample became sufficiently hydrophobic.
The preparation of ATR-ready materials and rehydrated film
on the ATR prism (3-mm diameter silicon, 3-bounce, SensIR
Europe) were essentially as described previou38 48).
In brief, 10-20 uL of oxidase (106-200 uM stock) was
diluted in 20 mM potassium phosphate buffer at pH 8.0 and
pelleted by centrifugation. The pellet was homogenized in
the same buffer containing 0.01% w/v sodium cholate and
0.01% wi/v octyl glucoside and again pelleted by centrifuga-
tion. This was repeated four times with detergent-free 20
mM phosphate buffer and finally with 1 mM phosphate
buffer. The resultant ATR-ready material was dispersed in
5 uL of distilled water and deposited on the ATR prism.
After drying with a gentle stream of\yas, the protein film
was rehydrated with a buffer solution (50 mM CHES, 50
mM potassium phosphate, 200 mM KCI at pH 9.0).

For exchange into deuterium oxide D), all buffers for
the preparation of ATR-ready material and its rehydration
were prepared in D at the required pD as described
previously @9) and assuming pB= pH meter readingt
0.4 49).

Visible Spectra During Reduction/Oxidation and Inter-
mediate FormationThe rehydrated film was covered by a

surface and visible absolute and difference absorption
changes to be recorded synchronously with IR changes, as
detailed in 88, 39). Quantitation of forms was assessed from
visible spectra using the relative extinction coefficients given
for bovine oxidase ing0) and assuming that the,Bpectrum

of P. denitrificansoxidase is uniformly red-shifted by 3 nm
relative to bovine oxidase. As described in previous work,
oxidase films were scanned with a visible beam in the
500—-700 nm range versus a clean prism surface as back-
ground to produce absolute visible spectra. The resulting
fully reduced (R)minus oxidized (O) difference spectra
exhibited the characteristic peak at 606 nm. Quantitation
versus absolute spectra indicated that more than 90% of
the sample was redox-active. For generation of the P
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 that is characteristic of theyPintermediate 39) and
guantitation versus reducedinusoxidized difference spectra
indicated 76-90% conversion to y in all cases (data not
shown).

IR Difference SpectraATR-FTIR spectra were recorded
with a Bruker ISF 66/S spectrometer fitted with a liquid
nitrogen-cooled MCT-A detector. All frequencies quoted
have an accuracy te-1 cnmt. Degassed buffer (50 mM
CHES, 50 mM potassium phosphate and 200 mM KCI) at
pH 9.0 or pD 9.0 89) was used as perfusant throughout. In
order to ensure that the oxidase was in the fast oxidized state
(51, 52), 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. The ferricyanide-containing buffer
was then switched to buffer alone to minimize ferricyanide
contributions to Rminus O IR and visible spectra. To
measure | minusO spectra, a reference spectrum of the
oxidized state was recorded during perfusion with buffer at
pH 9.0 containing 0.2 mM ferricyanide. Generation gf P
was then induced by switching to an identical aerobic buffer
that had been bubbled briefly with CO. Because of the
difficulty of CO removal from samples that had been exposed
to CO/oxygen, new samples were used for each run, and
spectra from 6-8 different samples were averaged (equiva-
lent to 160 006-220 000 for RminusO or 24 006-32 000
for Py minus O, averaged interferograms) to produce the
spectra shown. All measurements were made at room
temperature with a flow rate of 1.5 mL/min.

Sample Quality ControlAs in previous studies3Q, 48),
sample integrity at the end of the experiment was assessed
by the generation of the CO-ligated reduced state by
perfusion with buffer containing dithionite and CO. The CO
stretch band region was deconvoluted into a set of Gaussian
components in order to assess the percentage af them
in which the CO ligated to ferrous henagiron has a CG-O
stretch frequency of 1965 crhwith a halfpeak width of 7
cm L. All oxidase samples also contain smaller amounts of
broaderf forms (63), whose structural variance remains
unclear. In our preparations, the levels of the8serms were
independent of pH and always less than 25% of the total
integrated area.
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Ficure 2: Absolute ATR-FTIR spectra of histidine. Absolute ATR-
FTIR spectra of the imidazole form of unlabeled (A) &f@s'Ns-
labeled (B) histidines (200 mM) were measured yOHblack) or
D,0O (red) media. Sample pH/D had been adjusted to pH 7.5 and
pD 8.0 for unlabeled histidine and pH 8.0 and pD 8.1 for labeled
histidine.). For quantitative purposes, the 0.08& scale bar is
IR EFEE ' s equivalent to an extinction coefficient of 17 Mcm! at 1000

F. ring-d,-Tyr-O"

1600 1400 120 1000 cmL. (The values for other frequencies may be calculated from
its direct proportion to wavenumber.)
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Ficure 1: Absolute ATR-FTIR spectra of tyrosine. Absolute ATR- .

FTIR spectra of neutral (A, C and E) and deprotonated forms (B, 10 the present analyses are the downshifts of the Tyr-OH
D and F) of unlabeled (A and B), ringCs-labeled (C, D) and v(CC) andv(CO), v(CC) bands from 1518 and 1248 cin
ring-d-labeled (E, F) tyrosine (100 mM) were measured in 1 M (Figure 1A) to 1481 and 1224 cthin ring-*Cq-labeled
HCl or NaOH (black) 01 M DCI or NaOD (red). For quantitative (Figure 1C), and to 1414 and 1225 chin ring-ds-labeled
purposes, the 0.0AA scale bar is equivalent to an extinction Fiqure 1E) tvrosines. Simil hifts are seen ODMedi
coefficient of 467 Mi-cr-L at 1400 cm™. (The values for other  (Figure 1E) tyrosines. Similar shifts are s 1a.
frequencies may be calculated from its direct proportion to The equwalent bands of the terS|nate forms that are labeled

wavenumber.) in Figure 1 have similar isotope shift patterns (Figure 1B,
D, and F).
RESULTS AND DISCUSSION Absolute IR properties of the neutral imidazole form of

histidine are shown in Figure 2. The solution spectra of the

Isotope Effects on Model Tyrosine and Histidine Spectra. jmiqazole forms are complicated because there is an equi-

Absolute ATR-FTIR spectra af-tyrosines and -histidines librium mixture of species protonated at the, Mr N

were mea!s“fed With the same ATR prism in bogOand nitrogen. Key bands in relation to the present work are those
D20 !“ed'a to prOV|de' refergnce data_ for analysgs of the arising primarily from the C5N1 (C5Nistretch at 1106 crt
protein spectra. Tyrosine (Slgma—AIdrlch) and its |_sotop|c (N, protonated) and 1090 cth (N, protonated) and more
forms (Icon Isotopes) were dissolved to 100 mM in 1 M complex ring modes at 991 and 961 ¢hFigure 2A). These

H(D.)CI or 11 Mlg\laOH(D). Unlabeled histidin(_e (Sigma-  pands and other primary features of all three protonated forms
Aldrich) and**Cs'*N5-His (Icon Isotopes) were dissolved to ¢ 1o headgroup, together with the shifts on deuteration,

200 mM in distilled water or deuterium oxide {O) to which are well documenteds@, 57—59). All four of these bands
NaOH(D) or H(D)CI had been added to provide the required 4o g expected stror;gly downshifted!#6515Ns-labeled
PH/PD. A 10uL aliquot of each sample was placed on the pigtidine to, respectively, 1080, 1071, 960, and 940-cm
prism, and absolute absorption spectra were recorded (eaCQFigure 2B). Such isotopic shifts have been exploited to

the average of 1000 interferograms). In all cases, the spectr rovide some of the assignments in the protein spectra
of solvent were recorded separately and subtracted to produc escribed below

the spectra shown.

Figure 1 shows spectra of tyrosine and tyrosinate variants equced Minus Oxidized IR Difference Spectra
in both HO and DO media. These vibrational spectra are
well understood in terms of contributions from the amino  Fully reduced (Rminusoxidized (O) IR difference spectra
and carboxylic amino acid moieties, together with the bands at pH 9.0 were recorded by re-reduction after an initial
arising from the functional headgroup4-57). Spectra of reduction/reoxidation cycle to ensure that the proteins were
the fully labeled"*C4*>N material have been omitted because in the fast, unligated stat&2?) as described previous|¢®).
the additional effects on the carboxylic and amino groups An overview of the resulting set of spectra is presented in
are not relevant here. The key features to note in relation Supporting Information (Figure S1). For ease of comparison,
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FIGURE 3: Isotope effects on the 1860560 cm* region of R~ FIGURE 4: Isotope effects on the 186560 cn™ region of By
minusO difference spectra. Spectra were recorded as described inminusO spectra. Spectra were recorded as described in Materials
Materials and Methods, with transitions between fully reduced and and Methods, with the transition generated by switching from an
oxidized states induced by alternating perfusion of a buffer aerobic buffer at pH/D 9.0 containing 0.2 mM potassium ferri-
containing 3 mM sodium dithionite with an aerobic buffer. All  cyanide to an identical one that had been briefly gassed with CO.
isotopically labeled enzymes were measured 0 hedia. Spectra  All isotopically labeled enzymes were measured igDHmedia.

are unlabeled in bO buffer (A, black) or RO buffer (B, purple), Spectra are unlabeled in,8 buffer (A, black) or in DO buffer
universalsN-labeled (C, brown):3Cq!5N;-histidine-labeled (D, red), (B, purple), universat*N-labeled (C, brown);*Cq'*Ng-histidine-
13C415N-tyrosine-labeled (E, blue), rin§Cs-tyrosine-labeled (F,  labeled (D, red),’*Co'*N-tyrosine-labeled (E, blue), rin§Cs-
pink), and ringe-tyrosine-labeled (G, green) forms at pH/D 9.0. tyrosine-labeled (F, pink), and ringy-tyrosine-labeled (G, green)
Typically, the spectra shown are averages of60 redox cycles, ~ forms. Typically, spectra from-68 different samples were aver-
each an average of 2000 interferograms from8@lifferent samples. ~ aged, each of which was derived from 4000 averaged interfero-
Where necessary, small baseline drifts due to swelling/shrinkage 9rams. Where necessary, small baseline drifts due to swelling/
of the protein were subtracted. The frequency positions of markings shrinkage of the protein were subtracted. The frequency positions
are identical to those in trace A unless otherwise labeled. For of markings are identical to those in trace A unless otherwise
comparison, trace A (unlabeled,®, gray) has been overlaid on labeled. For comparison, trace A (unlabeledOHgray) has been
the spectra of labeled materials. overlaid on the spectra of labeled materials.

the high (1806-1560 cn1?), middle (1586-1260 cnm?), and cm ! peak (Figure 3A) has been associated primarily with
low (1280-900 cn1?) frequency regions of these spectra hemea, whereas the 1641 crhtrough and 1631 cni peak
are expanded and overlaid on unlabeled spectra in Figure 3have been associated with hemge(60). As expected for
5, and 7. Spectra of the unlabeled enzyme i®tnd DO, amide | bands, only small changes are evident with H/D
universally'®N-labeled and ringl-tyrosine-labeled materials ~ exchange (Figure 3A and B) or univer$al-labeling (Figure
(traces A-C and G) are consistent with previously reported 3C), and no changes occur in ring-labeled tyrosine samples
data on cytochrome oxidase from denitrificans(28, 32, (Figure 3F and G). However, in samples in which the amide
41, 48, 60) but have improved signal/noise and an extended bond atoms of histidine (Figure 3D) or tyrosine (Figure 3E)
spectral window. Similarities with spectra of related oxidases are labeled, quite marked bandshifts are seen, demonstrating
from other sources are also evideR9,(42, 61, 62). Spectra that the amide bonds of these residues have a significant
D—F have not been reported previously. Comparisons of contribution to the net amide | bandshifts. A similar
spectra allow improved assignments of bands to amide /1l bandshift, which resulted in the appearance of a 1604*cm
backbone changes, cofactors, and specific amino acids, adand, has been reported in the reducathus oxidized
detailed below and summarized in Table 1. spectrum of 1:C-Tyr-labeledbo type oxidase §3).

Amide I/l Changes.Spectra of proteins are typically The 1586-1500 cm! amide Il regions are shown in
dominated by amide | and Il changes in the 170600 and greater detail in Figure 5. Again, no significant effects of
1570-1500 cn1? regions, respectively. The prominent 1660 tyrosine ring labeling are seen (Figure 5F and G), although
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FiGURE 5: Isotope effects on the 1580260 cni? region of R FiGURE 6: Isotope effects on the 1580260 cnt? region of Ry

minusO difference spectra. Experimental conditions, color codes, MinusO difference spectra. Experimental conditions, color codes,
and alphabetical symbols are the same as those in Figure 3. Foi@nd alphabetical symbols are the same as those in Figure 4. For
comparison, trace A (unlabeled,®, gray) has been overlaid on ~ comparison, trace A (unlabeled.®, gray) has been overlaid on
the spectra of labeled materials. the spectra of labeled materials.

some decreases are seen in materials with labeled tyrosind683 cn* are both candidates because of their H/D
or histidine amide bonds (Figure 5D and E), consistent with SENsitivity. o .

the amide | effects above. Much more dramatic effects are AS noted above, itis clear that the 1580600 cm™ region
observed with universal®N-labeling (Figure 5C), which has major nonamide Il contributions. Strong redox-dependent
could be consistent with a large amide Il contribution to Pands of heme appear in this regidv), and Raman data
changes in this region. However, roughly half of the band indicate that thei'>N-induced downshifts are less than 2
intensity remains, and in contrast to amide 11 behavior, the €M * (72)- Combining this with the observed isotope effects

effects of H/D exchange (Figure 5A and B) are relatively S€€n in Figure h5" it is evident that he$e bands are major
small. This indicates that the region is dominated by other con.trlbutors to this region. Indged, Gorbikova et &) have
major contributors such as hemes (see below). assigned the two major positives labeled as 1547 and 1523

cm ! mainly to reduced hemes and a;, respectively. A

Heme-Associated Banddeme prosthetic groups have a ange of other redox-sensitive heme ring IR bands can occur
range of vibrational modes across the IR ranges studied here(42’ 64-69, 71, and the clearest of these are tH¥-

and many of these are redox—dependléntr(67). Some good  sensitive positive bands at 1365 and 1352°Em

model heme A Raman data are availaltig, 69), although Specific Amino Acid$2rotonated carboxylic acids absorb
equivalent IR data of a heme A model compound have not strongly in the 17561700 cntt region 64). The Rminus

yet been reported. In bovine oxidase, the formyl group of O spectrum of the unlabeled enzyme exhibits a change at
hemeas shifts from 1676 to 1661 cnt on reduction, the 1747/1738 cm! (Figure 3A and 28, 32, 42, 48, 60, 71)),
formyl group of hemea shifts from 1650 to 1620 cmt, and  which appears from its symmetry to arise from perturbation
the vinyl groups of the reduced hemes have a posit/€C  of a single group. Work from several laboratories with mutant
vibration at 1616-7 cm* (35, 65, 66, 69—71). Such shifts  forms of bacterial oxidases has shown clearly that features
must contribute to the amide | region but are obscured by in this region arise predominantly from the protonated form
the larger amide | changes. It seems likely that shifts of of the equivalent of Glu278@, 31, 62, 73, 74). The 5 cnt?
C=0 stretches of protonated heme propionic acid(s) will also downshift on H/D exchange and insensitivity to all other
contribute around 17061680 cm! because at least one of labeling (Figure 3B) further confirms its carboxylic acid
the four has been suggested to be protonated at pH 7 with aorigin (32, 39, 41, 75). The same region of the equivalent
band at 1676 cnt (33). The positive bands at 1696 and IR difference spectrum of bovine oxidase has bands that must
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FiIGURE 7: Isotope effects on the 128@00 cnt! region of Rminus

O difference spectra. Experimental conditions, color codes, and

alphabetical symbols are the same as those in Figure 3. For

comparison, trace A (unlabeled,®, gray) has been overlaid on
the spectra of labeled materials.

arise from the perturbation of at least two carboxylic acid
groups 82, 71, 75), and it is possible that the redox-linked
carboxylic region of thé. denitrificansoxidase also reflects
change of more than one resids),

Any shifts of the 1518 cmt v(CC) band of tyrosines in
the RminusO spectra of Figure 5 are masked by the much
stronger amide Il band changes. However, the troughs at
1454 cmrtin ring-13C-labeled (Figure 5E and F) and at 1437
cmt in ring-ds-labeled (Figure 5G) proteins should arise
from the same downshifted tyrosine band (cf. Figure 1). A
further tyrosine signature is that arising from th€CO),
v(CC) band 41, 54, 55), which appears at 12841287 cnit
in the tyrosine ring-labeled samples (Figure-5E), perhaps
arising from a downshift of the 1308 crhtrough seen in
the unlabeled material (Figure 5A).

Bands arising from ring €N bonds of the histidine
headgroup are expected in the 13A®00 cn? range b4,
57—-59) and Figure 7), a region free of other major amino
acid contributions. Troughs at 1104 and 973 érn the
unlabeled enzyme (Figure 7A) were downshifted by both
universal*®>N and3Cs!*Ns-histidine labeling (Figure 7C and
D) but were insensitive to the labeling of tyrosine (Figure
7E—F). Hence, definitive assignment of both bands to
histidine changes can be made. A similar downshift of the
1104 cm! band was reported recently in equivalent redox
difference spectra of oxidase froRhodobacter sphaeroides
with universal 5N and ®N-histidine labeling 42). This
frequency is within the 11031112 cm* range found for

Iwaki et al.

the C5N1 bond of neutral histidine bound by itsthla metal
(58). Gorbikova et al.§0) have recently associated the 1104
cm ! trough, together with a peak at 1128 cinwith
histidine ligands of oxidized Gu In addition, however,
histidine-ligated hemes usually have strong negative bands
at this position in reducenhinusoxidized difference spectra
(67, 76, 77). Hence, it may be concluded that the bands arise
predominantly from perturbation of one or more of the
histidine ligands to Cgland/or hemes and as.

Pu Minus O IR Difference Spectra

An overview of the | minusO IR difference spectra of
unlabeled and labeled proteins is given in Supporting
Information (Figure S2). For ease of comparison, the high
(1800-1560 cntl), middle (1586-1260 cm?), and low
(1290-1950 cm?Y) frequency regions of these spectra are
expanded and overlaid on unlabeled spectra in Figures 4, 6,
and 8. Spectra of unlabeled enzyme inCHand DO,
universal*®>N-labeled and ringd-tyrosine-labeled materials
(traces A-C and G) are consistent with previously reported
data on ) in cytochromec oxidase fromP. denitrificans
(39, 40, 48) but have improved signal/noise and an ex-
tended spectral window. Spectra—B have not been re-
ported previously. Again, comparisons of spectra allow
improved assignments of bands to amide | and Il backbone
changes, cofactors, and specific amino acids (summarized
in Table 1).

Amide I/ll ChangesThe 1800-1560 cm! regions are
shown in greater detail in Figure 4. Again as expected for
amide | bands, 23 cm ! downshifts are evident with uni-
versal®N-labeling (Figure 4C), and no significant changes
occur in ring-labeled tyrosine samples (Figure F and G). H/D
exchange did, however, cause a more significant change than
that expected for amide | effects with the loss of the 1656
cm™! peak and the appearance of a new positive at 1589
cm ! (Figure 4B), and these are assigned (see below) to an
arginine perturbation. Of particular note, however, were
prominent bandshifts in samples in which the amide bond
atoms of histidine (Figure 4D) or tyrosine (Figure 4E) were
labeled (cf. amide | band downshifts caused Bg'°N-
labeling in (78, 79)). Specifically,'3C¢!*Ns- labeling of the
amide bonds of histidine caused a bandshift with a peak at
1610 cntin unlabeled material to appear instead as a peak/
trough at 1573/1582 cm. ¥Cy'°N-labeling of the amide
bonds of tyrosine caused a bandshift that had a peak at 1638
cm™t in unlabeled material to appear instead as a peak at
1620 cnTl. The two bands make a significant contribution
to the total amide | changes, suggesting that amide | bonds
of both histidine and tyrosine residues are major components
of a conformational change that is associated with the P
state.

The tyrosine-specific 1638 crhband is within the expect-
ed range fop3 secondary structure. An equivalent band was
observed in bovine oxidase at 1637 ¢nand appeared to
persist in the F state30). However, the histidine-specific
1610 cm! band is at the very limit of the usual amide |
frequency range8(). Its unusually low frequency may arise
from the strained backbone structure of Tyr284is276-
Pro277, where besides the covalent-Higr bond, the amide
carbonyl of His276 is directly bonded to the ring N-H of
Pro277 and is also close to the backbones of Glu278 and
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Table 1: Summary of Bands and Their Assignmgnts

reducedminusoxidized Ry minusoxidized

frequency (cm?)

comments

frequency (crh)

comments

Amide I/ll Bands

1696(+),1683(+) possible propionic acid contributions 1678(1665¢) amide | (-hemeas formyl)
1670¢) 1656() amide | (-Arg)
1660¢) in part, Tyr and His amide I; 1647(¢)
associated with henmeredox change
1641()/1631(+) associated with hene redox change 1638() Tyr amide |
1617¢) Tyr amide | 1623¢)
1610¢+) His amide |
Heme
1696(+) heme propionic acid 1678+)/1665(+) hemeas formyl (+amide I)
1547 ) ferrous hemearing
1523 () ferrous hemegs ring 1541¢) possibly hemes (formerly assigned
to C—N bond in His-Tyr)
1365 (+) heme ring 1479¢) ferryl hemeas
1352 (+) heme ring 1233¢) ferryl hemeas
redox-dependent bandshifts due to other weak heme bands in the 1400
as formyl (1661(+)/1676()), and 1350 regions are probable, but
aformyl (1620(-)/1620() are overlapped by other components.
and vinyl (16164)) substituents
should also be present but are
obscured by larger amide | bands.
Amino Acids
1747)/1738¢) v(C=0) Glu (Glu278) 1749¢)/1738(t+) v(C=0) Glu (Glu278)
1455() or 1435() v(CC) at 1455 cm! in ring-'3C-labeled 1656(+) v guanidinium of Arg, probably
and at 1435 cmt in ring-ds-labeled Tyr Arg473 or Arg474. Most clearly
(unlabeled tyrosine band at 1518 seen at 1589%) in DO
obscured by other bands)
1284-7 v(C0O),v(CC) in ring+3C-labeled 1519¢+) His—Tyr, possibly neutral
and ringéd,-labeled Tyr phenolic radical ring
(unlabeled Tyr band uncertain)
1128¢) metal-ligated His 1506¢) His—Tyr
1104() C5N1 of His, most likely neutral, 1311¢) His—Tyr
N.-metal-ligated
973(+) His ring 1129¢) His—Tyr
1094() His—Tyr

1106(+)/1082() His, possibly proximal

ligand of hemeag

a Detailed reasons for assignments and relevant literature are provided in the text.

Val279. Bovine i minusO spectra also have an equivalent amide Il origin unless the site is particularly resistant to
band at 1611 cmi, which in this case does not persist in exchange. As a result, we had sugges&® 6n the basis
the F state39). This suggests that further analyses of these of related model compound datag 81—86) that the band
bands in different intermediates may reveal more precise might arise from the covalent €N bond link of the
details of conformational changes at the active site. protonated form of the HisTyr dimer. However, the absence
The 15806-1500 cni? regions are shown in greater detail 0f effects of labeling of the rings of histidine or tyrosine
in Figure 6. As reported previousl®9, 48), the dominating ~ (Figure 6D-G) must call this assignment into question. An
trough at 1541 cm was only partially diminished by H/D  alternative possible heme origin of this band is explored
exchange (Figure 6A and B), but was downshifted to 1526 below, as are the clear tyrosine contributions to the shifts
cm* by universaf'sN-labeling (Figure 6C). In addition, no ~ around 1500 cm' that are revealed by labeling of the
significant effects on this band were observed in any of the tyrosine ring (Figure 6EG).
tyrosine- or histidine-labeled materials. Although the 15tm Heme-Associated BandSontributions of hemeas are to
downshift with universal®N-labeling would be consistent be expected and it is likely that the 1678 chtrough that is
with a significant amide Il origin, the partial decrease with seen consistently in alhPminusO spectra in Figure 4 arises
H/D exchange (despite further attempts to maximize the from the hemes formyl group @5, 69—71), possibly shifting
extent of H/D exchange) is not consistent with a wholly to 1665 cni!in a ferric to ferryl conversion. The heme A
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labeling, the possibility that a large part arises from a ferric
hemeas; band seems likely.

Bands Attributable to Cgalent His—Tyr in O-State
Oxidase A patrticularly topical question on the chemistry of
Pu concerns the role in the catalytic mechanism of the
unusual covalently linked HisTyr ligand to Cy (23, 87,

88), with the consensus expectation that this acts as a proton
and electron donor and forms a neutral radical yntfat is
re-reduced and possibly reprotonated to form the subsequent
F intermediate. However, no EPR signature could be found,
possibly because of spin coupling with the paramagnetic
Cug?" (26, 89), and other spectroscopies such as IR are
necessary. Useful comparisons can be made with IR and
Raman data on model materials that are related to tyrosine
and His-Tyr (56, 81—85), with tyrosine radical/tyrosine-

| i OH IR difference spectra that can be generated in photo-
R S system Il 65) and with the model IR spectra of the labeled

- T tyrosines and histidine (Figures 1 and 2). The spectra

presented here provide the opportunity for definitive iden-
_ 5 ) tification of some of the bands associated with this dimer
8 3 that are sensitive to isotope labeling of both tyrosine and
I

histidine headgroups.

The formation of a neutral radical inyPshould result in
negative bands due to loss of the ground state. Tomson et
al. (81) reported a band at 1546 ctnin D,O for a model

Py -minus- 0

<

i3 L I
. rr'ir;z_ dC_“T;:r 5 A AI0.0[IOZ compound that was suggested to be uniquely associated with
e e the ground state HisTyr C—N linkage. A corresponding
1250 1200 1150 1100 1050 1000 band at 1549 crt in photolyzed CO-ligated cytochrontes,

W b P together with two others at 1483 and 1412 énwas down-
avenumber (cm-) . shifted with °N-labeling. In the same report, some rather
FiGURE 8: Isotope effects on the 129®50 cnt* region of R, weaker evidence was presented that kipgyrosine labeling

minusO difference spectra. Experimental conditions, color codes, also caused a similar downshift in the 1549 but not the 1483
and alphabetical symbols are the same as those in Figure 4. For d 1412 cmt bands. Hellwi LAT d .
comparison, trace A (unlabeledo®, gray) has been overlaid on " cm' bands. Hellwig et al.41) reported prominent

the spectra of labeled materials. bands at 1547 and 1345 chin a related model material in
H,0O, which were lost when the phenolic group became

vinyl group can also have a strong positive band in the deprotonated. When the radical state was generated from the

1620-1600 cnm! region, at least in the ferrous heme state deprotonated form of a further related model compound, a

(70, 71). However, the 3 cmt downshift with universat®N- band at 1303 cnt was lost 82), although clear positive
labeling (Figure 4C) and the shift to 1573 chwith labeled bands that might be assigned to the radical were not evident.
histidine (Figure 4B) confirm that this band in thg Finus On the basis of such model compound data, we have
O spectra is predominantly an amide | shift. suggested previously that the 1544 and 131%+4 cm?!

We have previously suggested that the sharp H/D- troughs in the R minusO IR difference spectra could be
insensitive band at 1479 crhmight arise from ferryl heme  assigned to the deprotonation of the phenolic group of the
as (39, 48), although an assignment to a tyrosine radical has His—Tyr when going from the oxidized to the,Rtate 48).
also been suggested (see below). The persistence of this bandihe data in Figure 6 extend this analysis. Upon universal
in the tyrosine-labeled samples and its sensitivity to universal *>N-labeling (Figure 6C), the trough at 1541 chwas down-
15N-labeling suggests that the ferryl heme assignment mayshifted by 15 cm?, consistent with data irB() and showing
still be valid, though it is not possible to assess whether it that it is associated with a nitrogenous element. However,
remains in the labeled histidine spectrum because of over-traces D-G in Figure 6 show little or no decreases in its
lapping bands. amplitude or frequency on labeling of the headgroups of

In ferrous minus ferric model heme B spectra, redox- tyrosine or histidine. Data in ref 81 suggest that rihg-
sensitive IR bands can occur in the 155500, 1410, 1330, tyrosine labeling should downshift the 1542 thiband by
1230, and 1120 cm regions 64—69) though, unfortunately, =~ 9—13 cnt™. Labeling of free tyrosine-OH results in loss of
IR data on model ferryl heme B compounds data are not the 1518 cm® v(C—C) band and the appearance of a new
available. In the R minus O spectra, the positive}®N- band at 1414 cmt (ring-ds-labeled) or 1481 cmt (ring-
labeling-sensitive band at 1233 ch{Figure 8A) most likely B3Ce-labeled) (Figure 1). Similarly, in ¥/YpOH difference
arises from ferryl hemeas, as might some of the changes spectra of photosystem Il rindy labeling results in the
occurring around 1400 and 1350 chalthough these latter  replacement of a trough around 1490 ¢rwith one at 1428
regions have multiple weak overlapping components that cm™ (90). In the Ry minus O spectra of Figure 6, ring
prevent specific assignments. In addition, given tkg- labeling of tyrosine caused a loss of the 1506 &nough,
sensitivity of the large trough at 1541 cfand its lack of together with a prominent new trough at 1453 ¢énfring-
sensitivity H/D exchange and to histidine and tyrosine 3Cs; Figure 6E and F) or 1438 crh (ring-ds; Figure 6G).
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However, universal®N and histidine labeling also caused a
downshift of the band by approximately 10 cinHence,

Biochemistry, Vol. 45, No. 36, 2006.0881

A Raman band at 1489 crhidentified in the R, state of
bacterial cytochromebo; was tentatively assigned to a

although the new data here cannot support the previouslytyrosine radical rather than to hen). In addition, Nyquist

suggested HisTyr bond origin of the major part of the 1541
cm* trough in By minusO spectra, it is clear that a major
part of the 1506 cm' trough is from this structure. This
also appears to be true for the 1311 ¢érmough @8) because
this was also downshifted-22 to —24 cnt* with labeled
tyrosines (Figure 6EG) or —11 cnt! with labeled histidine
(Figure 6D).

et al. @0) suggested that a 1479 chband in their B minus

O IR difference spectra of cytochronmeoxidase fromR.
sphaeroidesnight arise from a tyrosine radical (together with
bands at 1587, 1528, and 1517 ¢irsee below). However,
in a previous study, we observed that the 1480 tpeak
persisted in the F state (albeit at lower intensity in the
Paracoccusenzyme), a state in which a radical should not

The Ry minusO spectra also have peaks at 1129 and 1106 occur 39). The spectra of labeled proteins, although overlap-

cm ! and troughs at 1094 and 1082 chiFigure 8A). Shifts
with H/D exchange (Figure 8B), univers&N (Figure 8C)
and ¥C4!Ns-histidine labeling (Figure 8D) are consistent
with a histidine origin (Figure 3 and54, 57—59)). In
addition, however, the 1129 crhpeak is lost, and the 1094
cm! trough is upshifted by 3 cnt with ring labeling of
tyrosine (Figure 8EG), suggesting that these bands arise
from the covalently linked histidine, whereas the 1082tm
trough should arise from another histidine, most likely the
proximal histidine that is ligated to henag and responding
to its redox state change.

ping with other changes is a problem in this region, also
tend to rule out such an origin, particularly because it is
affected by universal®N (Figure 6C) and, apparently,
histidine labeling (Figure 6D), and instead support a ferryl
hemea; (or its proximal histidine ligand) origin. Likewise,
most of the band seen near 1590¢n(40) and Figure 4)
does not appear to be associated with the-Higr dimer
because it is hardly affected by univer§¥ (Figure 4C) or
tyrosine ring labeling (Figure 4EG).

We have previously argued that a positive band at 1519
cmt and, with less confidence, a smaller peak at around

In summary, the new data support assignment of the 1506,1570 cn? in the Ry minus O spectra might be the two

1311, and 1094 cnt troughs and the 1129 crhpeak in
Pv minusO difference spectra to the ground state-Hiyr

expected bands of a neutral phenolic radical because they
were unaffected by H/D exchange and did not persist in F

structure but do not support the same assignment of the(39). The 1519 cm! band is relatively unaffected by

trough at 15431547 cm?, although such a band is seen in
protonated His Tyr model compounds. Nevertheless, the
data show definitively that this dimer is undergoing a
significant change in the O toyftransition. A key issue in

universal N labeling (Figure 6C) or*Cg'5Ng-histidine
labeling (Figure 6D) but is shifted down to 1479483 cnm?
in labeled tyrosine samples (Figure-68). The 1570 cm*
band is too weak to ascertain its behavior with confidence.

relation to this is its protonation and redox state throughout Hence, the 1519 cm band, which is not seen in the F state
the steps in the catalytic cycle. On the basis of model (39, 40), does indeed appear to be associated with the-His

compound spectra and comparisons with/YpOH differ-

Tyr dimer, probably representing one of the bands of a

ence spectra, we have previously favored the view that theneutral phenolic radical state inyP

tyrosine hydroxyl group is protonated in the O state.

Bands Attributable to Additional Amino Acidalthough

Unfortunately, the present data cannot provide a definitive the tyrosine and histidine changes described above appear

answer on this point. Ring labeling shifts the frequency of
the two principal tyrosine bands near 1500 and 1250'cm

to be mainly associated with the covalent Hgyr dimer, it
is possible that other nearby tyrosine and histidine residues

in a similar manner for both tyrosine protonation states, but appear in the spectra. In particular, the complex shape of

the effects on extinction coefficients are dramatically dif-
ferent (Figure 1). Although the HisTyr dimer will have
vibrational properties quite distinct from those of free

Pw minusO spectra in the region around 1100 ¢nfFigure
8), where C-N stretching modes of histidine side chains
are expected indicates multiple species, with the 1082'cm

tyrosine, it may be noted that the troughs at 1311 and 1506trough most likely arising from the proximal histidine of

cmtin the Ry minusO spectra exhibit a pattern of intensity

hemeag.

changes on ring-labeling that is closer to that seen in the A further feature in the 2 minusO data that warrants
tyrosinate, rather than the tyrosine, model data of Figure 1.comment is the appearance in the H/D spectrum of a peak
On this basis, the data would favor the tyrosine being at 1589 cm?, together with a loss of intensity around 1656
deprotonated in the O state. As a result, current results cannotm™ (Figure 4B). This change is not observed in any of the
provide a definitive assignment on this important point, and other spectra. From available data on major bands of different

further work on labeling, models and calculations will be
required to settle the point.
Bands Attributable to Caalent His—Tyr in the R, State.

amino acids, the only possible candidate for this effect is
from arginine, where the,sandvs bands of the guanidinium
headgroup in solution shift from 1672673 and 16331636

IR and Raman features of neutral phenoxyl radical models cm™ in the protonated form to 1608 and 1586 ¢mwvhen
and tyrosine radicals in photosystem Il and other proteins deuterated34, 91). Model arginine data (not shown) indicate

(55) show two prominent modes of the neutral phenolic
radical,v(C—C) at 15506-1610 cnt* andv7,(C-O) at 1480~
1530 cnt. Equivalent bands should occur in the HiByr
radical, though a Raman studg3) has emphasized the

only a 14 cm* downshift of thev,sband of the guanidinium
band with'5N-labeling, again consistent with effects seen
(Figure 4C). The most obvious candidates for the residue
concerned are the conserved arginines, Arg473 or Arg474,

importance of the relative orientations of the phenolic and which form ion pairs with the hema; propionates 1, 33).

imidazole rings in governing the vibrational spectra of such

Of these, Arg473 may be the more likely one because it

compounds, and the covalent linkage of the tyrosine to a interacts strongly with thé-propionate of hemes, whereas

metal-bound histidine may further distort such a comparison.

Arg474 interacts with the propionate of herae



10882 Biochemistry, Vol. 45, No. 36, 2006

X
1

s
79

b Pro277
A

Val2

o

I
/\,. Tyr28

P 2
L

Heme a;

QAJ\

Ficure 9: Structure of the HPEVY region and heragCus. The
diagram was extracted from the coordinates in PDB file 1AR1 of
oxidized cytochrome oxidase ofP. denitrificans(21). Residues
His276-Pro277Glu278-Val279-Tyr280 have been oriented to
highlight the covalent bond between the ortho carbon of Tyr280
and the N nitrogen of His276.

Changes in the 1740 crhcarboxylic acid region in
that relax in F have been observed previoud9, @0). In
the R. sphaeroidesxidase, they appeared as a trough with

Iwaki et al.

pentamer mediating the conformational change induced in
the glutamic acid headgroup of the same pentamer and
resulting in the observed 1749/1738 chshift. The con-
formational changes will likely affect other amino acid
headgroups in this pentamer and its surrounding residues and
might be the primary cause of many of the other headgroup
bandshifts described here. It might be noted that a similar
carboxylic shift is also observed in therfnusO difference
spectra (Figure 3), although the much more extensive amide
| changes obscure whether the same HPEVY backbone
changes are occurring. It does, however, appear that the
environmental change that affects the side chain of Glu278
is not unique to the | state but also occurs already on
reduction of the enzyme, possibly prior to its reaction with
O, to form Ry. Such structural changes are critically required
throughout the catalytic cycle in order to ensure the making
and breaking of proton-transfer pathways for correctly
orchestrated movements of substrate and translocated pro-
tons, and it is quite likely that many will be too subtle to be
discernible from X-ray analyses. Extension of the IR analyses
here to time-resolved identification of structural changes in
additional catalytic steps would provide the bridge between
the static crystal structures and the atomic details of the
dynamic mechanism of coupled proton/electron transfers.

no clear associated peak and were interpreted in terms of

glutamic acid deprotonation inyP(40). Recent IR studies

of a homologous oxidase in which a tyrosine residue
substitutes functionally for the glutamic acid and appears to
deprotonate in i? (92) have been taken to corroborate this
view. In the case of bovine ané. denitrificansoxidases
((39) and Figure 4), however, a relatively symmetrical
1749/1738 cm' trough/peak occurs. Its downshift with H/D
exchange (Figure 4B) and its insensitivity to universal

or tyrosine or histidine labeling (Figure 4€5) are also
consistent with a carboxylic acid origin. Because of its clear
peak/trough shape in these spectra, we continue to assign i
to an environmental shift of a protonated carboxylic acid
rather than to a protonation change. The differences with
data in @0) could mean that the pK of the glutamic acid in
the R, form is below 8.5 inR. sphaeroideswhereas it is
clearly above 9 in theP. denitrificansand bovine heart
enzymes. Assignment to glutamic acid Glu278 remains most
likely on the basis of mutagenesis da2®,(31, 62, 73, 74),

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, substrate proton
delivery to the oxygen reduction sit83—98). The simplest
explanation for the downshift of the band is in terms of a
stronger hydrogen bonding of the COOH group in the P
state. This might arise from a reorientation of the group itself,
or from movement of water molecules in the cavity around
the Ry state of the binuclear center that are thought to reorient
during catalysis in order to facilitate correct proton-transfer
pathways 96).

Combining the changes at the Glu278 headgroup with the
evidence that backbones of both histidine and tyrosine
contribute strongly to the amide | shifts in thg PhinusO
spectra (Figure 4), it may be proposed that a conformational
change occurs inypPthat involves the pentameric His276
Pro27#Glu278-Val279-Tyr280 (HPEVY) structure that
is formed because of the covalent link between His276 and
Tyr280 (Figure 9), with amide | backbone changes of the
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