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Abstract: FTIR spectral changes of bovine cytochrome ¢ oxidase (CcO) upon ligand dissociation from
heme az; and redox change of the Cua-heme a moiety (CuaFe,) were investigated. In a photosteady state
under CW laser illumination at 590 nm to carbonmonoxy CcO (CcO—CO), the C—O0 stretching bands due
to Fe,s*"CO and Cug'*CO were identified at 1963 and 2063 cm™, respectively, for the fully reduced (FR)
state [(CuaFe,)®"Fe s Cugl'] and at 1965 and 2061 cm™ for the mixed valence (MV) state [(CuaFez)®"-
Fe.#*Cug!*] in H,O as well as in D,O. For the MV state, however, another band due to Cug!*CO was
found at 2040 cm™?, which was distinct from the a/f conformers in the spectral behaviors, and therefore
was assigned to the (CuaFe,)* Fe,s*"Cug!™CO generated by back electron transfer. The FR-minus-oxidized
difference spectrum in the carboxyl stretching region provided two negative bands at 1749 and 1737 cm™?
in H,O, which were apparently merged into a single band with a band center at 1741 cm™* in D,O.
Comparison of these spectra with those of bacterial enzymes suggests that the 1749 and 1737 cm~! bands
are due to COOH groups of Glu242 and Asp51, respectively. A similar difference spectrum of the carboxyl
stretching region was also obtained between (CuaFes)®TFe,s? Cugl™CO and (CuaFe,)® Fe s Cusl™CO.
The results indicate that an oxidation state of the (CuaFe) moiety determines the carboxyl stretching spectra.
On the other hand, CO-dissociated minus CO-bound difference spectra in the FR state gave rise to a
positive and a negative peaks at 1749 and 1741 cm™1, respectively, in H,O, but mainly a negative peak at
1735 cm™tin D,O. It was confirmed that the absence of a positive peak is not caused by slow deuteration
of protein. The corresponding difference spectrum in the MV state showed a significantly weaker positive
peak at 1749 cm~ and an intense negative peak at 1741 cm~* (1737 cm~' in D,0). The spectral difference
between the FR and MV states is explained satisfactorily by the spectral change induced by the electron
back flow upon CO dissociation as described above. Thus, the changes of carboxyl stretching bands induced
both by oxidation of (CuaFe,) and dissociation of CO appear at similar frequencies (~1749 cm™1) but are
ascribed to different carboxyl side chains.

Introduction Cua, hemea (F&), hemeas (Fess) and Cuw, in the order of
electron transfer. Although four electrons are transferred from
cytochromec to CcO to reduce one oxygen molecule bound to
Feysto water, four protons are translocated across mitochondrial
inner membranes against a gradient of proton concentration.
Although the number ratio of electrons to protons transferred
is 1:17 every electron transfer is not always accompanied by
T Department of Photoscience, The Graduate University for Advanced tranSIOC_atlon of a prOton' The timing of the proton release and
Studies. a coupling mechanism between electron and proton transfers

* Center for Intergarative Bioscience, Okazaki National Research Insti- gre under debafe? Because carboxyl side chains of proteins
tutes.

§ Department of Life Science, Himeji Institute of Technology.

(1) (a) Wikstrom, M.; Krab, K.; Saraste, NLytochrome Oxidase; A Synthesis (4) Sone, N.; Hinkle, P. CJ. Biol. Chem 1982 27, 12 600.

Terminal oxidases in respiration chains perform an active
proton transport through energy transducing membranes during
the catalytic reduction of dioxygen2 The enzyme for mam-
malian and bacterial cases is named cytochromadase (CcO)
and generally contains four redox-active metal centers called.

Academic Press: New York, 1981. (b) Chan, S. I.; Li, P.Bibchemistry (5) Mitchel, H. Proc. Natl. Acad. Sci. U.S.A998 95, 12 819-12 824.

199Q 29, 1-12. (6) Jasaitis, A.; Verkhorsky, M. I|.; Morgan, J. E.; Verkhovskaya, M. L.;
(2) Malmstrom, B. G.Chem. Re. 199Q 90, 1247. Ferguson-Miller, S; Wikstrom, M. Biochemistryl999 38, 2697-2706.
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are most likely candidates for proton carriers, it is quite
important to find the redox- or ligation-coupled protonation/
deprotonation of carboxyl groups in mechanistic studies of
proton pumping.

cytochromebos, which was attributed to Glu288.For a bovine
heart enzyme, two peaks were found at 1745 and 1737 cm
for the oxidized forn?%2931 Previously, we investigated the
ligand-induced protonation/deprotonation of the bovine enzyme

X-ray crystallographic analysis has been completed for CcOs with IR spectroscopy for CO photolysis from zeand pointed

from bovine hear$,® Paracoccus denitirifican$? Thermus
thermophilust! and recently, a pathway of proton translocation
is discussed from the structur&sBecause an orientation of
carboxyl side chain of Asp51 of the bovine enzyme is different

out the occurrence of deprotonation of a carboxyl side chain,
which gives a band at 1737 crhin D,O at a room tempera-
turel” In contrast, Rich et &*3°measured a similar photolysis-
difference spectrum for a bovine enzyme igCHsolution and

between the fully reduced and oxidized states, this residue wasexplained the observed frequency shift from 1749 to 1742%cm

thought to play a key role in proton pumpitgand the pathway
through Asp51 is named ‘H-chanhé& On the other hand, two
other pathways are proposed from mutagenesis studiéa on
denitrificans CcO1*15 One includes Lys354— Thr351 —
Tyr280 (K channell and the other includes Asp124 Glu278

(D channel}** In all of these proposals, protonation/deproto-

in terms of a status change of a protonated carboxyl side chain.
Mantele and co-workerg,who examined. denitrificansCcO

at 268 and 84 K, observed a single negative peak for the mode
at 1746 cm! (1740 cnt! in D,O) upon CO photolysis, that
may simply indicate deprotonation, and ascribed it to Glu278
on the basis of mutagenesis. Woodruff and co-woréfs

nation of carboxyl side chains has been considered to serve agxamineck. coli cytochromeboz and found a shift of peak from

a possible gate for proton translocation.
IR spectroscopy is a powerful tool to investigate protonation/

1731 to 1724 cm! in D,0O, which was assigned to Glu286.
Heberle et af? stressed different behaviors in the carboxyl

deprotonation of carboxyl groups and has been extensively stretching region of IR spectra between bacterial and mammalian

applied to terminal oxidasé&.3? Its combination with an IR-

enzymes. Thus, the observations reported are not always

transparent electrode revealed the redox dependent frequencgonsistent. It is the aim of this study to finalyze the IR

shifts of protonated carboxyl group®;2! from 1748 (oxidized)
to 1734 cnm! (reduced) forP. denitrificansCcO, which was
attributed to Glu278? and from 1745 to 1735 cm for E. coli
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269 1069-1074
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Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikaws&&8encel 996
272 1136-1144
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experimental part on the protonation/deptrotonation behaviors
of bovine CcO caused by redox change of the-Gamea or
ligand dissociation from hemeg. Here occupations of electrons
by Cuy and hemea are not distinguished and accordingly, the
reduced and oxidized forms of this moiety are denoted ag-(Cu
Fe)®" and (CuFe,)®", respectively.

Materials and Methods

CcO was purified from bovine heart as described previotfsiynd
stored at—80 °C until use. The enzyme was dissolved in 50 mM
potassium phosphate (Wako Pure Chemicals) buffer (pH 7.4) containing
0.2% (w/v) n-decyl{3-D-maltoside (Anatrace). To prepare the fully
reduced CO-bound enzyme, CcO was reduced by addition of a small
amount of dithionite (Wako Pure Chemicals) undep br CO
atmosphere. Mixed valence CO-bound form was prepared by overnight
incubation of oxidized CcO with CO in the complete absence 04O
room temperature as report&d®Solvent exchange from the,& buffer
to the O buffer was performed through several repetitions of dilution
by D,O buffer followed by concentration of the solution.

For thorough deuteration, the enzyme was incubated.@® uffer
for 7 days at 7C in one hand, and was subjected to enzymatic turnover
in the DO buffer containing the detergent at pD 7.4 on the other. The
enzymatic turnover experiment was performed in an Eppendorf tube
containing CcO, horse cytochronee(Sigma) and sodium ascorbate
(Wako Pure Chemicals) with the concentrations of 400 200 uM,
and 100 mM, respectively, for CO photodissociation measurements.
In the case of photoreduction experiments, L80phenazine metho-
sulfate (Wako Pure Chemicals) and 100 mM NADH (Oriental yeast)
were used instead of cytochromend ascorbate, respectively. Under
this condition, CcO was reduced immediately. Accordingly, fresh air
was introduced into the tube every 30 min while the tube was kept
with a Vortex fa 3 h atroom temperature. After the reaction, CcO
was washed with the same buffer three times using Centricon, and then
subjected to IR measurements. Although this sample contained a small
amount of remaining cytochromg the difference spectra between
photodissociated and CO-bound forms were not affected by it. To see
the IR spectral changes in the early stage of the deuteration process,

(33) Yoshikawa, S.; Choc, M. G.; O'Toole, M. C.; Caughey, W.JSBiol.
Chem.1977, 270, 4270-4279.

(34) Brzezinski, P.; Malmstrom, B. G:EBS Lett.1985 187, 111-114.

(35) Kim, Y.; Shinzawa-Itoh, K.; Yoshikawa, S.; Kitagawa, J.Am. Chem.
So0c.2001 123 757-758.
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the concentrated enzyme solution was diluted by 10-fold volume of
the DO buffer and its IR spectra were measured without concentration
using a high sensitivity measurement system with a specifically
improved preamplifier.

IR spectra were measured with a Shimadzu FTIR 8100A or JASCO
FT/IR-610 spectrometer with a MCT detector as reported previdusly.
To detect an absorbance change as small a5 4@ strove to reduce
noise levels of the FT/IR-610 spectrometer through replacement of its
preamplifier with an audio MC head amplifier (Nihon Audio, MC-
20). This efforts appreciably raised S/N ratios and enabled us to measure
a spectrum with S/N ratios as high as 20 0002 (x 10°° Abs) in
100 scans. The spectra presented are an average of 20 records and one
record consists of 200 scans. In all measurements, the optical pathway
was kept in a vacuum (inside the interferometer of FT/IR-610) or purged
with Nz gas and the sample temperature was maintained € 20he
spectral resolution was 4 crh

The sample was introduced to the airtight IR cell, which consists of
two Cak, windows with variable thickness between 6 andu@®0, with
a gastight syringe without contaminating air. The pump light for T J

amide |
SHOH

Absorbance

T T T 1
. . 2000 1800 1600 1400, 1200 1000
photodissociating CO from carbonmonoxy CcO (CeCO) was Wavenumber / cm |

generated with an Arion laser (Spectra Physics, model Stabilite 2017)- Figure 1. Absolute IR absorption spectra of fully reduced bovine

pumpeq dye laser (Spectra. Physics, Model 375) operating with cytochromec oxidase at 20C. (A) H,O solution at pH 7.4 measured with
rhodamine 6G (Tokyo Chemical Industry) and its wavelength was g cell of 18.0um thick; enzyme concentration, 0.98 mM. (ByDsolution
adjusted to 590 nm. The laser output with ca. 100 mW was guided to at pD 7.4 measured with a cell of 17.2n thick; enzyme concentration,
the sample point with an optical fiber and focused to 5¢nom the 0.72 mM. Both are an average of 5 spectra of 100 scans. Insets show the
CaR, window except for the variation experiments of laser power, in 100 fold expanded spectra in the 1700750 cn1* region which were
which a laser power was reduced by placing a neutral density filter corrected by subtracting the eleventh order polynomial function fitted to
- ) . ... the baseline.

between the entrance of the optical fiber and the laser. Laser irradiation
to a sample under this condition yielded a photosteady state in which . . .

P Y P y He—Cd laser (Kinnmon Electrics, Model CD4805R), was lead with

about 80% of the enzyme were photodissociated. Although the absolute . ) .
0 y P g an optical fiber to the sample point, where the laser power was about

spectra were varied with every measurement due to changes of refractive T .
index and water absorption, differences between CO-bound and 39 mW. Normally, the sample was irradiated for 30 s and then subjected

. - to IR measurements. The duration time was determined by a trial and
-dissociated states were stably reproduced except for the-1i6@D . -

. ; . error method, and 30 s was the shortest duration sufficient to reduce
cm ! region of HO solutions. Therefore, the results are represented in

terms of the light (laser irradiated)-minus-dark (no irradiated) difference the sample completely. Anaerobic laser |rrad|§t|on ylelded the fully
) L ) ) . educed CcO and that under CO atmosphere yielded the fully reduced
spectra; the positive and negative peaks reflect the CO-dissociated an

-rebound states, respectively. O-bound form.

Since the difference spectrum in the 16400 cnt! region of Results
H.O solution was somewhat distorted due to hedfingy laser . . oL .
irradiation (not for the BO solution due to the absence of solvent band), Ligand Dissociation in the Fu_IIy Reduced_ StateFigure 1
a very thin cell (thickness+ 6 um) was used and the heating effect Shows the absolute IR absorption spectra in the 2000 to 1000
was corrected in the following way; the light-minus-dark difference M * region of CcO in HO (A) and DO (B). Inclined baselines
spectrum was observed for CO-unbound CcO in the same IR cell andat lower wavenumbers are due to absorption by C8&&ong
its absorbance at 590 nm was determined using the laser light from absorption bands are present around 1650 (amide ), 1550
the optical fiber. This light-minus-dark difference spectrum is purely (amide I1), 1440 cm?! (amide II), 1640 (HOH bendingduon)
caused by laser heating and should be proportional to absorbance agng 1220 cmt (dpop). The tail part of the amide | band was
590 nm for i_ndividual samples. Accordingly,_a_factor to be multiplied  fitted with an eleventh order polynomial function and its
was determined from the absorbance of individual samples at 590 N g ¢4 ction from the observed spectrum revealed the presence
and this difference spectrum multiplied by the multiplication factor was . 1 d trated
subtracted from the individual light-minus-dark difference spectra of weak absorp.tlon around' 1750700 cm* as demonstra
observed for the CO-bound form. When the difference spectrum thus by the 'r_'set' Wh'_Ch are provided by protonated carboxyl groups.
obtained has an inclined baseline, it was corrected by subtraction of a TN€ main peak is located at 1743 and 1741 tfor HzO and
polynomial function fitted to the experimental baseline curve. D20 solutions, respectively, and their absorbances are roughly

To measure the redox difference spectra under an identical cell ON€ hundred’s of that of amide I. The presence of this band is
condition, we adopted the method of photoreduction using flavin and €asier to identify for the BD (B) than HO (A) solutions owing
EDTA, in which flavins are photoreduced by laser irradiation in the to the frequency shift of the water deformation mode. The
presence of EDTA! and the photoreduced flavins reduce CéThe integrated intensity ratio of this band to that of amide | suggests
concentrations of flavins (riboflavin was used) and EDTA werg.®D that eleven carboxyl groups per molecule are contained in this
and 23 mM, respectively. For £ solutions, the EDTA-containing  hand, indicating that 7% of the total number of aspartates (Asp)
enzyme solution was left standing for an overnight before laser g, glutamates (Glu) are protonated at pH 7.4. The peak

irradiation. Regarding the mixed valence state, the EDTA-containing frequencies are higher than those of free aspartic and glutamic
enzyme solution was incubated with CO for an overnight for bof@ H acids383

and DO solutions. The irradiation light at 441.6 nm, obtained from a

(38) Venyaminov, S. Y.; Kalnin, N. NBiopolymer199Q 30, 1243-1257.
(36) Rahmelow, K.; Huebner, WAppl. Spectrosc1997 51, 160-167. (39) Chirgadze, Y. N.; Fedorov, O. V.; Trushina, N.Blopolymer1975 14,
(37) Tollin, G.J. Bioenerg. Biomembd995 27, 303—309. 679-694.
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Figure 2. Light-minus-dark difference spectra of fully reduced CcO in
H,0 (A) and DO buffer solutions. The D and DO spectra were obtained
with cells of 6 and 2@:m thick, respectively, whereas spectra are normalized
with the 1963 cm? band of Fe-bound CO. The;B spectrum was corrected

T T 1
1600 1400 1200 1000

-1
Wavenumber / cm

T T
2000 1800

Figure 3. pH dependence of the light-minus-dark difference spectra of
fully reduced CcO in HO solutions. The cell of &m thick was used and
thermal effects were corrected as mentioned in Materials and Method. The
inset shows the expanded spectra of (A) through (D) in the carboxyl

to remove the thermal artifact from the raw spectra as mentioned in Materials stretching region.

and Method. Inset; Aand B represent the expansion of A and B in the
designated frequency region.

Figure 2 shows the light-minus-dark difference spectra of fully
reduced CcGCO in H,O (A) and DO (B). A negative peak
at 1963 cnm! and a positive peak at 2063 ciare due to the
C—O stretching of Fg?tCO and Cgl*tCO, respectively? In
our previous measuremenifsthe 2063 cm! band of CgCO
was identified only for RO solutions, but improved S/N ratios

in the pH range between 6.6 and 9.0. Therefore, this carboxyl
group must be placed under so hydrophobic environment that
it can be protonated even at pH 9.0. IaMsolutions, on the
other hand, the behavior was complicated. The positive peak
was shifted to a lower frequency with significantly reduced
intensity, while the negative peak appeared clearly. This is the
reason we reported only the negative peak fg®Bolutions in

the previous study’ If deuteration of the carboxyl side chain

of the present experiment revealed the presence of this band inn question is very slow, then the positive peak of the deuterated

the photosteady state of,8 solution, too. A small negative
peak at 1919 cmt is due to Fgxrbound 13CO of natural

component may be canceled by the negative peak of remaining
undeuterated component, and as a result the intensity of the

abundance. The spectra in the carboxyl stretching region arepositive peak in the deuterated spectrum might appear weaker

expanded by five times in the inset'(And B). It is apparent

than that expected from the negative peak of deuterated

that a positive and negative peaks appear at 1749 and 174Ilcomponent. If so, then the spectrum inwould depend on

cm™1, respectively for the KD solution (&) and at 1743 and
1735 cmt? for the D,O solution (B). Note that the positive
peak for the RO solution is significantly weak. The intensity
of the negative peak is 2810% less than that expected for one
COOH group per CcO molecule, if the absorption coefficient
of free Glu or Asp®%%is used for estimation.

The pH dependences of these spectra in th® Kolution

time.

However, the reduced intensity of the positive peak was not
changed by prolonged incubation in,@ and even after
enzymatic turnover in BD as demonstrated in Figure S1 in the
Supporting Information, where the spectra after simple incuba-
tion in D,O for one through 7 days and that after turnovers in
D,0 are depicted. The differential pattern of the 1749/1741%cm

are displayed in Figure 3, where the spectral intensities are bands for the KO solution can be interpreted by the idea that

normalized to the negative peak at 1963 ¢énSingle positive
and negative peaks were observed at 2063 and 1963,cm

the environment around a protonated carboxyl group are
changed by CO-dissociation. However, the asymmetric appear-

respectively, in the pH range between 6.6 and 9.0. The absencence of the 1743/1735 crhdifference pattern for BD cannot
of the pH dependent conformational change for the bovine be explained by such a simple idea. Rich and Brétalso noted

enzyme is consistent with the observation by Einarsdottir ét al..
Thus, a bovine CcO is distinct from a bacterial CcO which

that the carboxyl group yielding the positive peak was hard to
deuterate, although in their experiment deuteration appreciably

yielded the pH dependent two positive and negative bands for progressed after turnovers inO.

both FesCO and CyCO with apparent i§; at 7.3%2 It is also

If the carboxyl group yielding the positive peak is hard to

evident that the intensities and frequencies of the 1749/1741 deuterate, the ratio of the positive to negative peaks would not

cm~1 difference peaks do not depend on pH fagiCHsolutions

(40) Alben, J. O.; Moh, P. P.; Fiamingo, F. G.; Altschuld, R. Proc. Natl.
Acad. Sci.1981, 78, 234-237.

(41) Einarsdottir, O.; Choc, M. G.; Weldon, S.; Caughey, WJ.SBiol. Chem
1988 263 13 641-13 654.

(42) Mitchell, D. M.; Shapleigh, J. P.; Archer, A. M.; Alben, J. O.; Gennis, R.
B. Biochemistry1996 35, 9446-9450.
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be proportional to the yO/D,O ratio of solvent. So same
measurements were carried out for mixed solvents. As shown
in Figure S2, the result from the mixing ratio ob®/D,0 =

1/1 was quite close to the spectrum calculated as one-half of
sum of the spectra observed for the pug®©nd DO solutions.

The integrated intensity of the positive peak is smaller than that
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Figure 4. Light-minus-dark difference spectra in the early stage of T T 1 T T
deuteration. Each spectrum was measured at a designated time following 2100 2000 1900 _, 1800 1700
dilution by 9-folds in volume of RO buffer. The baseline in the carboxyl Wavenumber /cm

stretching region was fitted with a sixth order polynomial function and it Figure 5. Laser power dependence of the light-minus-dark difference

was subtracted from the observed spectra. They are expanded in the spectra . e
shown in the inset: Cell thickness, @n. Spectra of CcOCO. The laser power is reduced by neutral density filters

and accordingly the laser powers are represented in terms of a fraction of

. o . the maximum power (no filter). The top spectrum is the same as the 100%
of the negative Peak similarly in the. 0b$erved and calculated gpectrum, but the ordinate scale is contracted by a factor of 8 to show the
spectra, suggesting that the deuteration is complete and alreadyelative intensities of the F&CO (1963 cm?) and F&3CO (1919 cm?)

in equilibrium with solvent having a given molecular ratio of bands. The peak intensities of individual peaks are plotted against the laser
H,0/D,0 power in the inset where the intensities are fraction of those of the maximum

. . . laser power; circle: PECO, square: GsCO, triangle: COOH, diamond:
To examine the kinetic difference between the positive and gelsco.

negative peaks in the early stage of deuteration, @ $ample
was diluted with 9-fold volume of BD buffer and the diluted obtained with RO solutions (not shown). These observations
CcO was immediately incorporated into the IR cell. The light- Suggest that it is the dissociation of CO from the,fatom
minus-dark difference spectra at 10, 30, and 60 min after dilution Which triggers the spectral change of the carboxyl group. This
are illustrated in Figure 4 (AC). Because the spectra in the IS contradictory to the conclusion from the time-resolved
carboxy! stretching region are distorted, baselines were fitted Measurement by Heberle and co-work€neho noted that the
with a 6" order polynomial, and the baseline-corrected spectra trigger is binding of CO to Ca
are displayed in the inset (spectra-AC'). In spectrum A a Ligand Dissociation in the Mixed Valence Statelt is quite
negative peak is clearly seen at a frequency lower by 6lcm important tq determine whether Iiganq dissociation fromsFe
than that for the O solution but a positive peak is very weak. Causes environmental changes of a single protonated carboxyl
Laser power dependence of IR spectral intensity was exam-9roup or simultaneous protonation and deprotonation of different
ined and the results are shown in Figure 5, where the light- carboxyl groups. So we examined the mixed valence (MV) state,
minus-dark difference spectra for a variety of laser powers are Which was generated by incubation of oxidized CcO with CO.
depicted. The laser power is represented in terms of the fraction The sample was transferred to the IR cell in the complete
(%) of the maximum power, because the power was reducedabsence of oxygen, so that the CO-photodissociated enzyme
by placing a neutral density filter. The difference spectrum for could not react with a trace amount of contaminated oxygen
the maximum power is drawn with a contraction of the ordinate during the measurement. On the other hand, repeated laser
scale by a factor of 8 at the top, in which the peak at 1963 iradiation for the MV state [(CaFe)>*Fe® Cug™*] may
cm ! is not saturated. The relative peak intensities of the Photoreduce the enzyme to the fully reduced (FR) state{(Cu
Fe,sl?CO (1963 cm) to the natural abundant B#°CO (1919 F&)*"Fex®"Cug™™], because CcO is photoreducitife’® Be-
cm1) bands can be estimated by this spectrum. The negativecause the €O stretching band of kg**CO is sharp and its
peak of photodissociated B&CO at 1919 cm! can be frequency is slightly different between the FR (1963 ¢jrand
identified even with 2% of the maximum laser power but that MV states (1965 cm'),*>“® the difference spectrum between
of CugCO at 2063 cm! is already missing with 5% of the the CO-bound forms of the sample before and after the
maximum power. The difference peak at 1749/1741 tis photodissociation experiments could reveal the extent of pho-
clearly seen even with 2% of the maximum laser power. The toreduction, if any. If a trace amount of the 1963 ¢rband is
intensities of the C4CO, Fegl2CO, and Fgil3CO bands and seen, the spectrum of the FR state was subtracted from the
the valley tfﬁ) peak height of the ],'749/17,41 mands, are .. (43) Adar, F.; Yonetani, TBiochim. Biophys. Actd978 502 80—86.
plotted against the laser power in the inset. The intensity (44) Kitagawa, T.; Orii, Y.J. Biochem 1978 84, 1245-1252.
behaviors of the 1749/1741 cthbands seem to parallel roughly ~ (42) Yoshikawa, S.; Caughey, W. 3. Biol. Chem1982 257, 412-420.

(46) Dodson, E. D.; Zhao, X.-J.; Caughey, W. S.; Eliott,Bflochemistryl996
those of FgsCO but not those of YCO. The same results were 35, 444-452.
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observed MV spectrum so that the intensity of the 1963%tm
shoulder of Fg2"CO becomes zero. Thus, the light-minus-dark
difference spectra shown below are expected to reflect the effect
of CO dissociation from hemas of the purely mixed valence
state.

Figure 6(A) displays the light-minus-dark difference spectra
of MV CcO in H,O (b) and DO (c) in comparison with that of
the FR CcO in HO (a) observed under the same experimental
conditions. In the inset, the spectra in the @ stretching region
are expanded in the abscissa scale but contracted in the ordinate
scale. It is evident that the-€0 stretching band of RF¢#"CO
is shifted to a higher frequency for the MV state by 2¢ém
than that for the FR state, in agreement with the previous
reports?>:46

As demonstrated in Figure 6B, the expansion of thg-Cu
bound C-O stretching spectra in the ordinate scale revealed
the presence of two positive peaks at 2061 and 2040 d¢an
the MV state (hc'), which were shifted to 2015 and 1994 tin
respectively with3CO (not shown), while a single peak was
observed at 2063 cm for the FR state ( The 2061 cm?!
band of the MV state reflects a main component o €O,
whose frequency is lower by 2 crhthan that of the FR state.
This is in agreement with the results fé. denitrificans
cytochromeaas at 84 K, although the corresponding bands were
absent at 268K for both the-® and DO solutions?”

The presence of a CO-isotope sensitive band around 2040
cm~t was previously noticed for the FR stateRfsphaeroides
CcO in the pH region below 7.0. Therefore, pH dependence of
the CiCO band was examined carefully and the results are
summarized in Figure 7, parts A and B for the FR and MV
states, respectively, where the light-minus-dark difference
spectra at pD 6.4 (a), 7.4 (b), and 9.0 (c) are depicted. For the

AA=0.0004

| 0.0002

[to}
©
(2]
-
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2000

T
1800

T T
1600 ¢
Wavenumber /cm’

1400

T 1
1200 1000

2063

0.00002
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2000

FR state (A), there is no trace of absorption around 2040'cm
at any of pD 6.4, 7.4, and 9.0, while its presence for the MV
state (B) is evident. There was no other Fe-boundCC
stretching band except for the 1965 chband at these pH
values. Thus, it became clear that the presence of the 204D cm
band is specific to the MV state and distinct from the pH
dependent appearance of teconfomer’2 The frequency
difference of 21 cm! means a fairly large perturbation at the
binuclear center.

It is known that a part of electrons are back transferred from

Fex?™ to (CusFey)>" upon dissociation of CO from Eein the
MV state?’-49 Because localization of an electron on thesCu
and Fg atoms are not distinguished in this experiment, it is
deduced that an appreciable amount of {E&)>* would stay

in the (CiFe,)*" state in a photosteady state of the CO-bound
MV species under 590 nm irradiation. Then, (Ee.,)* Fe®t-
Cug*CO would be generated instead of the ordinary MV state,
(CuaFe,)> " Fesz? Cugl™CO. The G-O stretching frequency of
CusCO will be distinctly different between the two cases in
which Fez" or Fe,#t is present near CO; the- bond would

be weaker when Re*" is located near the oxygen atom than
the case in which Rg*" is present there, because th& @~
polar structure would be more stabilized for,§%. Therefore,

(47) Hallen, S.; Brzezinski, P.; Malmstrom, B. Biochemistryl994 33, 1467~
1472

(48) Adelroth, P.; Brzezinski, P.; Malmstrom, B. @iochemistry1995 34,
2844-2849.

(49) Adelroth, P.; Sigurdson, H.; Hallen, S.; Brzezinski,HPoc. Natl. Acad.
Sci. U.S.A1996 93, 12 292-12 297.
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Figure 6. Light-minus-dark difference spectra of mixed valence €cO
CO in HO and DO solutions. (A) whole region together with the expansion
in the Feés)-bound C-O stretching region. (B) Expansion of spectra in
the Cw-bound C-O stretching region. (C) Expansion of spectra in the
carboxyl stretching region. (a ang &ully reduced (FR) state in the;B
solution (reference spectra). (b ang Mixed valence (MV) state in the
H,0 solution. (c and'¢ MV state in the DO solution. The spectra for the
H,O and DO solutions were obtained with the cells of 6 and:20 thick,
respectively.

it is reasonable that the 2040 chband arises from the electron
back-transferred species. Thus, the electron back transfer should
not be neglected in interpretation of the photosteady-state spectra
of the CO-bound MV state as will be discussed below.
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Figure 8. Fully reduced-minus-fully oxidized difference spectra of bovine
Figure 7. pD dependence of the-€D stretching spectra of Gtbound CcO in KO (A) and DO (B). The oxidized enzyme was photoreduced in
CO for the fully reduced (A) and mixed valence (B) states of bovine CcO. the presence of riboflavin (26M) and EDTA (23 mM) by laser illumination
These are a part of light-minus-dark difference spectra in which the ordinate for 30 s at 441.6 nm (39 mW). Inset shows the expanded spectra in the
scales are normalized with the 2063 (2061) éfmand. The cell path-length carboxyl stretching region. Cell thickness, 6% for (A) and 9.09um

was 20um. Spectra (a;p (b,B) and (c,¢) were observed for D solutions for (B).

at pD 6.4, 7.4, and 9.0, respectively.

containing flavin and EDTA first, and subsequently for the

The accompanied IR spectral changes in the carboxyl photoreduced one which was obtained by the 30 s laser
stretching region are depicted in Figure 6C. In contrast with irradiation to the oxidized sample. The reduced-minus-oxidized
the presence of a positive and a negative peak for the FR CcOdifference spectra thus obtained fos®(A) and DO solutions
in H,O (&), mainly a negative peak was observed for the MV (B) are shown in Figure 8, where the carboxyl stretching region
state at 1741 and 1737 cifor the HO (b) and DO (C) is expanded by 50-fold in the inset (spectraahd B). It is
solutions, respectively. While the negative peak for th®H  apparent that two absorption bands are present at 1749 and 1737
solution is broad and another peak might be present around 1734cm~* for the oxidized form in HO, which are apparently merged
cm™1, the peak frequencies of the negative peaks for th® H into a single band centered at 1742 ¢nn D,O.
and DO solutions are close to those of the FR state. The thoroughly deuterated enzyme was prepared as mentioned

These results were essentially the same in the pH rangein the Experimental and its redox difference spectrum was
between 6.6 and 9.0 (results not shown). The early deuterationexamined independently. The thorough deuteration did not yield
process was examined by 9-fold dilution of the MV CeOO another band at around 1725 thh The redox difference
with D,O buffer as done for the FR state, and the results are spectrum for an kD solution is in agreement with that reported
displayed in Figure S3, where the light-minus-dark difference by Heitbrink et ak® who emphasized that the redox difference
spectra at 5, 30, and 60 min after dilution are illustrated together spectra in the carboxyl region are distinctly different between
with the expanded spectra in the inset. As evident in Figure bovine andR. sphaeroideCcOs and much weaker for the
S3, the negative peak was immediately shifted to a lower former. The presence of two peaks for apCHsolution also
frequency by 6 cm! (A'), whereas a positive peak was absent. agree with the results of Hellwig et #.although they found
The appearance of only a negative peak for the MV state wasadditional peak at 1726 cm for a D,O solution.
reported previously foP. denitrificanscytochromeaag in both The same technique was applied to the mixed valence CO-
H,O and DO solutions’” The laser power dependence of IR bound form under CO atmosphere. In this case, photoreduction
spectral intensity was investigated for the MV state and the sameoccurs to Ci-hemea, and accordingly, the resultant state was
results as that of the FR state (Figure 5) were obtained. Thisthe fully reduced CO-bound form. The reduced-minus-oxidized
confirms that the spectral change of this carboxyl group is difference spectrum is expected to reflect the difference between
triggered by release of a ligand fromg®ut not by binding of (CuaFey)®t and (CuFey)°", whereas Fg and C are retained
a ligand to Cyg (data not shown). in the CO-bound form. The difference IR spectra thus obtained

Redox Difference SpectraBecause X-ray crystallographic  for H,O (A) and DO solutions (B) are illustrated in Figure 9.
analysis pointed out a significant structural change of Asp51 Because the €O stretching frequency of E&TCO differs
between the oxidized and fully reduced stdfese tried to between the FR and MV states, a sharp differential pattern
identify the spectral contribution of Asp51 to the carboxyl appears in the €0 stretching region, in agreement with the
stretching region in IR spectra. It is extremely difficult to prepare results given above. The spectra in the carboxyl stretching region
independently the fully reduced and oxidized samples which are expanded by 50 times in the inset (spectrar B). Again
have an identical experimental condition. Therefore, we adoptedtwo negative peaks were observed at 1749 and 1737 &on
the photoreduction technique to prepare the reduced en®/me. the HO solution, which are apparently merged into a single
An IR spectrum is measured for the oxidized CcO solution band centered at 1741 ctin D,O, although its component
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Figure 10. Comparison of the IR difference spectra in the carboxyl

Figure 9. Fully reduced-minus-mixed valence difference spectra of bovine stretching region of bovine CcO in® (left) and DO buffers (right). The

CcO-CO in O (A) and DO (B). The mixed valence CcOCO was

ordinate intensities are normalized to the intensity of photodissociate€a C

prepared by incubation of oxidized CcO under dark and CO atmosphere in Stretching peak around 1968963 cnt* (CO is incorporated into the cell

the presence of riboflavin (20M) and EDTA (23 mM). The fully reduced
form was prepared by the 30 s illumination of laser light at 441.6 nm (39
mW) to the mixed valence sample. The cell thickness was i/Zmi%or (A)

and 9.28um for (B).

bands might possibly be located at 1743 and 1739cim

after this measurement in the case of A). The combinations for difference
measurements are specified at the left side; FR: fully reduced state, OX:
fully oxidized state, MV: mixed valence state, FRCO: CO bound form of
fully reduced state. MVCO: CO bound form of mixed valence stat&; e
electron transfer; A from Figure 8, B from Figure 9, C from Figure 2, D
from Figure 6C. Electron back transfer is taken into consideration in a
parenthesis. (E) Calculated spectrg) € (C) + (B) x 0.25 and E') =

consideration of the present spectral resolution. There was no(c) + (B') x 0.25.

peak around 1725 cm for the DO solution even after

extensive deuteration. Although the relative peak intensities of of Figure 2) means that structural changes of carboxyl groups

the 1749 to 1737 cmt bands in spectrum 'Aare different from
those in Figure 8(A, the peak positions in Figure 9 are quite

close to those in Figure 8, suggesting that the difference in the

and their surroundings upon redox and ligation changes are very
limited.
Redox Dependent Changes of Carboxyl GroupsProto-

spectra of the carboxyl stretching region is associated mostly nation/deprotonation of carboxylic acid side chains is important

with the difference in the oxidation state of the \F@, moiety
irrespective of a state of henag and Cu.

to discuss a mechanism of proton pumping by CcO, but the
interpretation of results is not always straightforward. The

spectra in the carboxyl stretching region observed in this study
for H,O and DO solutions are summarized in Figure 10. X-ray
Absolute IR Spectra of CcO.The strong IR absorption due  analysis revealed that location of Asp51 is different between
to the bending mode of water and the amide | vibration of the fully reduced and fully oxidized statésAsp51 is directed
protein makes it difficult to see directly a weak absorption due toward inside and presumably protonated in the oxidized state
to protonated carboxyl acid side chains. However, curve fitting but is exposed to solvent and deprotonated in the reduced state.
using an appropriate polynomial function for the tail part of This feature is specific to bovine Cc®!12 The spectral
the strong absorption enabled us to reveal an absorption due tdifference caused by this structural change should be contained
the G=0 stretching mode of protonated carboxyl groups at 1743 in Figure 10A.
and 1720 cm! even in the raw spectra (Figure 1). This intensity A likely interpretation for Figure 10A is to assign the 1737
suggested that ca. 7% (11 residues) of the total number ofcm~! band to Asp51 as suggested by Hellwig etaltho noted
carboxylic side chains in a molecule are protonated at pH 7.4. the absence of the corresponding band for a bacterial CcO. This
When we assume that carboxyl side chains located inner sideband is expected from the X-ray structtfrto disappear in the
by one turn from both ends of the trans-membrane helices arereduced state and in fact, this is satisfied. The low-frequency
protonated owing to hydrophobic environments, twelve residues implies that the &O group is hydrogen bonded. When &C
including Asp144(l), Glu242(l), Glu474(l), Glul8(ll), Glul9- O group is hydrogen-bonded, its stretching IR absorption might
(10, Asp25(11), Asp60(111), Gluoo(lll), Glu180(lIl), Glu236(llI), be stronger than the case of nonhydrogen-bonding. One may
Asp246(lIl), and Glu99(lV) (Greek characters denote a subunit argue against this assignment by noting that the band did not
number) could be candidates on the basis of the 3D structureshift to a lower frequency in . It would be correct for an
of bovine CcO?® The spectral patterns in the 1700000 cnr?! ordinary COOH group. However, the=<€D group of Asp51 is
region were little different between @ and DO solutions, strongly hydrogen bonded with the OH group of Ser205 and
suggesting that deuteration of protein including OH, and,NH also with the peptide NH grou}s.If the C=0...H-X hydrogen
(x = 1~3) groups dose not proceed so much even4i@® Drhe bond is replaced by €0...D—X without changing the C to X
low intensity of the carboxyl peaks in the light-minus-dark distance, the hydrogen bonding would be weaker for the
difference spectra (compare the scale bars in Figure 1 with thosedeuterated form due to the zero-point energy of H{&)bond

Discussion
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and accordingly, the €0 stretching frequency would be higher than two COOH bands are overlapped fogCHsolution and

in D20 than in BO. Such a RO/H,O difference in hydrogen  exhibit a similar amount of low frequency shifts upon ligand
bonding has been in fact observed for the@stretching mode  dissociation but only a part of them can be deuterated, then the
of oxyhemoglobirt® Because the €0 stretching motion of  resultant spectrum in @ solution would yield a very weak
COOH is usually accompanied by appreciable movement of the and broad positive peak and a clear negative peak. Although
OH group, its contribution lowers the=€D stretching frequency  this band cannot be attributed to Glu242 in the case of FR state,
in D20 than that in HO, as seen for an ordinary carboxyl group. which is expected to give a band around 1737 &ror the
Whether the resultant shift of the hydrogen bondest(C  reduced state (1749 crhfor the oxidized form), the interpreta-

stretching frequency upon deuteration is toward an up- or down- tjon assuming an overlap of more than two COOH groups seems
frequency would depend on a condition. The upshift by ost likely at the present stage.

deuteration is possible in the case of a strongly hydrogen-bonded
carboxyl group.

Various bacterial CcOs show a trough near 1745%cand a
peak near 1735 cnd in the reduced-minus-oxidized difference
spectral®25The mutagenesis experimeli¥demonstrated that
these bands are due to glutamates corresponding to Glu242 o#
the bovine enzyme. The peak is located close to the trough at
1737 cm! due to Asp51 in the reduced-minus-oxidized ) - , .
difference spectrum. Because the IR band of Asp51 would be % did not yield a redox dependent difference peak in the
stronger than that of Glu242 due to strong hydrogen bond, the 1700-1800 cnm region>! Nevertheless, we keep a possibility
absorption of Asp51 would prevail over that of Glu242 to give ©Of héme propionates of hengs as a candidate of a ligation
a negative peak in the reduced-minus-oxidized difference Sensitive carboxyl group for bovine CcO.
spectrum. Judging from these considerations, it seems reasonable Ligation Dependent Changes of Carboxyl Side Chains in
to assign the 1749 cm band of the oxidized bovine enzyme the MV State. The light-minus-dark difference spectra of mixed
to Glu242, and it is shifted t6-1737 cn1? in the reduced form valence CcG-CO yielded mainly a negative peak at 1741 and
but its intensity is canceled by the peak of Asp51 and as a result,1735 cnt! for H,O and DO solutions, respectively, while a
does not appear as a positive peak. positive peak was extremely weak (Figure 10D). These frequen-

Ligation Dependent Changes of Carboxyl Side Chains in cies are close to those observed as negative peaks for the fully
the FR State. In the light-minus-dark difference spectrum of reduced state. The results could be interpreted in a following
CcO-CO in the FR state (Figure 10C), a clear derivative-like way. The light-minus-dark difference spectra for the fully
curve was obtained with a positive and negative peak at 1749 reduced and mixed valence states would be alike when no back
and 1741 cm* for the KO solution, respectively. The spectral electron transfer takes place. If the oxidation state gf &#ects
appearance was not altered by pH change between 6.6 and 9.Qjttle protonation/deprotonation of carboxyl groups, then the
The differential pattern could be interpreted in terms of an effect of 100% back electron transfer fromugé to (CusFey)5t
environmental change of a protonated carboxyl group. If the can be approximated by Figure 10B for theHand RO
C=0 group of COOH is hydrogen bonded in the ligand-bound  so|utions. The amount of back electron flow from.#é to
form but released from it in the ligand free form, then the C  (cy,Fe,)5* is estimated to be-25% by the intensity ratio of

(@) stretching frequenc_y wou_ld be Iower_in the ligand bound form 6 2040/2061 et bands in Figure 6B. The expected spectra
and accordingly, the light-minus-dark difference spectrum would ;, 1e carboxy! stretching region for the photosteady state of

,be Just as depicted by Figure 10C. In fact, this is the o miveqd valence CO-bound form was calculated by the sum

interpretation for the spectral ch'an.ge of Glu286 of fully reduced of Figure 10C and 25% of Figure 10B after normalization of

_cytoc_hromebo3 upon co d'SS.OC'at'OFﬁ and therefore, Glu242 their spectra with the €0 stretching band intensity of the CO-

s a likely carjdldate for bovine CCO_’ L bound form. The simulated spectrum (Figure 10E) reproduces
On the basis of t.h? results from various examlnat.|ons oH essential features of the experimentally obtained spectrum

D;0 exchange efficiency under the present experimental COnd'(Figure 10D), indicating that the apparent spectral difference

g?f?esr:r?ti(:elscg?tz(:r:n fsrestl;ﬁs’%v)e gglnuiligﬂe(\j/v:?tégf %Suyemrt];emcbetween the fully reduced (Figure 10C) and mixed valence states
. P . X . . (Figure 10D) is caused by a certain amount of electron back
incomplete deuteration and is therefore incompatible to the transfer from Fe?* to (CFe)5* and thus, protonation of
interpretation in terms of an environmental change of one ’

L g : another carboxyl groups needs not be postulated. It means that
protonated carboxyl group. To overcome this difficulty Rich 2 redox state of{hg (QE &) moiety deterr[r)ﬂnes the protonation/
and BretoRC considered overlapping of more than two carboxyl

PRITd y deprotonation of particular carboxyl groups (Glu242 and Asp51

groups, which give rise to IR absorption bands at a same . I o
frequency in a KO solution but behave differently in; they for bovine CcO). However, the Egligation sensitive carboxyl

observed a light-minus-dark difference pattern similar to Figure 9roups are different. Very recently, IR studies on the mixed
2A' for the HO solution of CcO-CO of P. denitrificans valence state of cytochronbe; was reportetf and importance

attributing it to frequency shifts of Glu242 and an unassigned °f @ redox state of cytochr_onie_z was stresseq, in agreement
residue, and noted that only one-third of the carboxyl band for With the present interpretation if cytochrorbes replaced by
H,O solution exhibited the deuteration shift in®. If more CunFe.

The ligation sensitive carboxyl side chains may include the
propionate side chain of hena. However, Hellwig et al?
noted from the mutation experiments on tRe nitrificans
enzyme that the redox dependent spectral changes in the COOH
egion purely arise from Glu278 but contain no contribution
rom heme propionates for a bacterial enzyme, at least. In fact,
the13C labeled heme propionate of &enitrificanscytochrome

(50) Kitagawa, T.; Ondrias, M. R.; Rousseau, D. L.; Ikeda-Saito, M.; Yonetani, (51) Behr, J.; Hellwig, P.; Mantele, W.; Michel, HBiochemistry1998 37,
T. Nature 1982 298 869-871. 7400-7406.
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Conclusion in the MV state were satisfactorily interpreted by consideration

The IR band due to Gibound CO was found at 2063 ¢ of back (_alectron transfer from E£" to (CunFe)°* under the
in photosteady state of FR Ce€CO under laser irradiation at assumption that the redox change offtnes not cause an IR

590 nm both in HO and BO. For the MV state, however, two spectral change in the carboxyl stretching region.

CO stretching bands were observed at 2061 and 2046.cm Acknowledgment. This study was supported by Grant-in-
The latter was ascribed to the electron back transferred speciesAid for Specifically Promoted Research to T.K. (14001004)
IR bands arising from two protonated carboxyl groups with their from the Ministry of Education, Culture, Sports, Science and
C=0 stretching modes at 1749 and 1737 ¢mere detected  Technology, Japan to T.K.

in the redox differece spectrum. Both were shifted to 1742
cmtin D;O. The former and latter were assigned to Glu242

and AspS1, respectively. There are another carboxyl grOlJpSdifference spectra of CcOCO in the carboxyl stretching region

which are sensitive to ligation to hemag and this may include ) . . . -
the heme propionate. These are protonated in the reduced statér,] HA0/D,0 mixed solvents, and light-minus-dark difference

giving rise to an absorption at 1749 and 1741-&im the CO sSpectra of mixed valence Ce€CO in the early stage of dilution

. . . . with D,O buffer. This material is available free of charge via
bound and dissociated forms in®, respectively, but part of he Internet at htto://oubs.acs.on
them could not be deuterated under the present experimentaf P-/pubs.acs.org.
conditions. The corresponding changes upon ligand dissociationJA021302Z

Supporting Information Available: Time course of the light-
minus-dark difference spectra of Ce@O, light-minus-dark
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