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Abstract: The IR signature of binding of formate to the heme as;-Cug binuclear site of bovine cytochrome
¢ oxidase has been obtained by perfusion ATR-FTIR spectroscopy. The data show unequivocally that
formate binds in its anionic form despite its binding being electroneutral overall. The bound formate can be
distinguished from free ligand by the binding-induced sharpening and downshifting of vibrational bands.
Formate ligation also causes shifts of vibrational modes of heme as and its substituents and perturbation
of histidine residues. The association of the accompanying protonation change with a carboxylate or tyrosine
can be ruled out and may involve a histidine metal ligand or, more likely, a simple displacement into the
bulk phase of a hydroxide ligand to heme az or Cug, a reaction which would account for stoichiometric
proton uptake and maintenance of net charge within the binuclear center domain.

Introduction examined by visible, EPR, and magnetic circular dichroism
spectroscopies. The results show that formate binds only to the
oxidized binuclear center, causing the hesé& become more
high spirf? and leading to an unusual EPR signajjat 1271314
whose features can be simulated only with the assumption of
very weak spin coupling between heragand Cw'® and are
suggestive of formate acting as a bridging ligand between the
metal centers. A similar higly value feature is found in the
unreactive “resting” form of €0 that tends to form spontane-
ously at low pH%16-18 again indicative of a bridged structure

Cytochromec oxidase (€O) is the terminal enzyme of the
mitochondrial and many bacterial respiratory chains. It catalyzes
the four-electron reduction of dioxygen to water and is coupled
to generation of a protonmotive force that can drive ATP
synthesis. Atomic structures have been determinedd@rf@m
bovine heart, Paracoccus denitrifican3 Thermus thermophi-
lus,® andRhodobacter sphaeroidéd he catalytic site that binds
dioxygen is formed from hemas and Cw. In its oxidized state,
this binuclear center has a propensity to change ligation . .
properties to form a variety of relatively unreactive states. of some kind. To date, however, no atomic structures are

However, the catalytically relevant state is the “fast” form that avallabl_e for either forma_te-hgated or “resting” forms Ot@ .
can be identified by rapid reducibility of both hemes, a Soret and their structures are still poorly understood. Formate binding

absorption maximum at 424 nm, and rapid reactivity with is also known to be electrostatically neutral as anion binding

ligands such as carbon monoxide, cyanide, azide, and fofrifate. (PKa 3.74) is accompanied by the loss of proton from the

It has been proposed that one or both metals are ligated bysgrrgunding T“ed‘””"? though again the internal protona_ltion
hydroxide ions in this “fast” form of oxidized €82 and direct site involved is not known. Here we address these questions by

evident for hydroxide ligation of hema; has been provided glre_ct observstlon c}f b'_nd'r_'ngf foc:mate to thzblnu?leafrl sm_a of
by Rama®® and EPR! studies. Formate ligation has been POVIN€ @O by perfusion-induced attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy.

(1) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.;

Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikaws&5&encel 996 Materials and Methods
272, 1136-1144. . . . . .
(2) \wata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376, 660~ Cytochrome oxidase was isolated from bovine heart mitochondria
669. ) in the oxidized “fast” forn7. After removal of excess detergent, a thin
® .‘?ﬁ;']'mla”% I'EI".\,Aggs‘?,z(gquf;rgglgg/,l%ﬁP., Bartunik, H. D.; Huber, R 1 (0,05 mg protein total) was deposited on the surfata 8 mm
(4) Svensson-Ek, M.; Abramson, J.; Larsson, Girifoth, S.; Brzezinski, P
Iwata, S.J. Mol. Biol. 2002 321, 329-339. (12) Babcock, G. T.; Vickery, L. E.; Palmer, G.Biol. Chem1976 251, 7907
(5) Nicholls, P.; Petersen, L. C.; Miller, M.; Hansen, F.Bochim. Biophys. 7919.
Acta 1976 449, 188-196. (13) Brudvig, G. W.; Stevens, T. H.; Morse, R. H.; Chan, SBibchemistry
(6) Moody, A. J.Biochim. Biophys. Actd996 1276 6—20. 1981, 20, 3912-3921.
(7) Moody, A. J.; Cooper, C. E.; Rich, P. Biochim. Biophys. Actd 991, (14) Schoonover, J. R.; Palmer, Biochemistry1991, 30, 7541-7550.
1059 189-207. (15) Hunter, D. J. B.; Oganesyan, V. S.; Salerno, J. C.; Butler, C. S.; Ingledew,
(8) Babcock, G. T.; Wikstnm, M. Nature 1992 356, 301—309. W. J.; Thomson, A. JBiophys. J.200Q 78, 439-450.
(9) Mitchell, R.; Mitchell, P.; Rich, P. RBiochim. Biophys. Actd992 1101, (16) Brunori, M.; Colosimo, A.; Sarti, P.; Antonini, E.; Wilson, M. FEBS
188-191. Lett. 1981, 126, 195-198.
(10) Ogura, T.; Hirota, S.; Proshlyakov, D. A.; Shinzawa-Itoh, K.; Yoshikawa, (17) Baker, G. M.; Noguchi, M.; Palmer, @. Biol. Chem.1987, 262 595—
S.; Kitagawa, T.JJ. Am. Chem. Sod.996 118 5443-5449. 604.
(11) Branden, M.; Namslauer, A.; Hansson,.OAasa, R.; Brzezinski, P. (18) Palmer, G.; Baker, G. M.; Noguchi, NChem. Scr1988 28A, 41—-46.
Biochemistry2003 42, 13178-13184. (19) Mitchell, R.; Rich, P. RBiochim. Biophys. Actd994 1186 19—26.

2386 = J. AM. CHEM. SOC. 2004, 126, 2386—2389 10.1021/ja039320j CCC: $27.50 © 2004 American Chemical Society



Formate Ligation in Cytochrome ¢ Oxidase ARTICLES

444

AA
0.2

A. oxidised B. reduced

1576
1448

412

C. reduced minus oxidised
} 606

|
583

1533

D. formate-ligated minus unligated

450 500 550 600 650
Wavelength (nm)

Figure 1. Visible absorption spectra of a film of bovinecO on an ATR
prism: (A) aerobically oxidized; (B) fully reduced on perfusion with 3 mM
sodium dithionite; (C) reduced minus oxidized difference spectrum (B minus

A); (D) formate-ligated minus unligated oxidized state after washing out §J g
of free formate. Spectra were measured in 0.1 M potassium phosphate and |4ttt b L
0.2 M KClI at pH 6.5 and at room temperature. 1591
AA

) - . ) . G. H2COOK 1581 . F.H'COOK, pH6.5 Iu_um

diameter silicon ATR microprism (three bounce version, SensIR pD 6.5 / 1353
. . . . 1384

Europe) as described previousiThe hydrophobically attached protein S
film was rehydrated in a buffer of 0.1 M potassium phosphate and 0.2 1541

M KCI at pH 6.5, and a chamber was then mounted over the protein __JU&LS@ H. H*COONa, pH 6.5

film that enabled switching of perfusant buffers. Visible/near UV optical
changes were monitored at the same time as IR difference spectra with 1719 1214 I H*COOH
a scanned beam that was passed through the sample and collected afte 1582 1392 pH26
reflection off the top of the prism surface as described previolisly.

Fully oxidized GO was generated from the dithionite-reduced state
by perfusion of aerobic buffer containing 1 mM potassium ferricyanide
for 1 min, followed by aerobic buffer alone. This ensured that the Figure 2. Perfusion-induc_ed ATR-FTIR difference spectra of a film of

enzyme remained in the reactive “fast” form, and subsequent perfusion bovine (2O on an ATR prism. IR spectra were recorded synchronously

. - B S with corresponding visible difference spectra of Figure 1. Upper panel:
with buffer containing 10 mM potassium formate for 3 min induced | oqyuced minus oxidized difference spectra in (AXOHmedia at pH 6.5,

maximal formate binding. Once bound, free formate could be omitted (B) D,0 media at pD 6.5, (C) formate-ligated minus unligated difference
from the perfusate without measurable dissociation fra®,@llowing spectra after washing away of free formate igCHmedia at pH 6.5 with
measurement of binding-induced difference spectra without interference H**COOK, (D) DO media at pD 6.5 with HFCOOK, and (E) HO media
from free formate. To regenerate the unligated oxidized state, the &t PH 6.5 with HCOONa. Where necessary, a baseline correction was

: . . . applied to eliminate the contribution of protein swelling/shrinkage. Lower
enzyme was reduced by perfusion with buffer containing 3 mM sodium . b .
N ) . . . . panel: ATR-FTIR absolute spectra of 10 mM3a80O0K in H,O media at
dithionite, causing the formate to dissoci&tefter which the oxidized, pH 6.5 (F) and in BO media at pD 6.5 (G), 10 mM RCOONa in HO

unligated state was regenerated as above. FTIR spectra were recordeghedia at pH 6.5 (H), and 10 mMCOOH in distilled water at pH 2.6
with a Bruker IFS 66/S spectrometer equipped with a liquid nitrogen (I). All spectra were measured at room temperature, and absorption due to
cooled MCT-A detector and configured for ATR measurements. buffer and solvent has been subtracted.
Typically, three to four cycles of measurement with five different
samples were recorded and averaged, with each measurement beingjons. These spectra, and the derived reduced minus oxidized
the average of 2000 interferograms. All measurements were made atspectrum (Figure 1C+=1B minus 1A), exhibit peaks/troughs
room temperature with a resolution of 4 thnFor experiments in D, characteristic of “fast” oxidized @.24 The corresponding
all media for sample preparation and manipulation were replaced by reduced minus oxidized IR difference spectrum, measured
equivalent 5(232 media and with pD adjusted using pB pH meter simultaneously with these visible spectra, is shown in Figure
reading+ 0.42? At the start of experiments, by which time the sample 2, traces A (HO media) and B (BO media). This spectrum is
had been exposed to,0 for at least 10 h, the extent of H/D exchange S . 28 8nd 90
was estimated to be 90% by calculation according to ref 23. very similar to those reported previously at pH8.8n

and argues strongly against pH-dependent conformersOf C
Results and Discussion in this pH range. This similarity extends to the troughs at 1748

Figure 1 shows the visible absorption spectra of th® @Im
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and 1736 cm! that have been assigned tentatively to protonation az or with one oxygen ligated to henag and the other to Gi3*
and/or conformational changes of subunit | residues Glu242 andThe narrowing of the 1576/1533 crhpeak in comparison to
Asp51, respectively? 27 Other features of reduced minus the equivalent band of the free form indicates steric and en-
oxidized IR spectra of bovine and other forms ofGChave vironment constraints within the binding site, and H/D insen-
been discussed extensively elsewh8rs 31 sitivity of 1576 cnt! suggests that the bound formate is beyond
Formate binding was initiated by perfusion of “fast” oxidized the influence of bulk water. The lack of any positive band in
CcO with 10 mM formate for 3 min. After this treatment, free  the 1726-1710 cnr? region that would correspond to the car-
formate was removed by switching to formate-free buffer boxylic stretch of protonated formic acid (Figure 21) demon-
without measurable loss of the formate-induced difference strates unequivocally that the ligand is bound as an anion. If it
spectrum. The features at 412, 434, 536, 583, and 640 nmis assumed that the extinction coefficients of formate remain
(Figure 1D) are consistent with reported formate-ligated minus the same in bound and free forms, the amount of bound formate
unligated fast oxidized difference spectrand their persistence ~ can be estimated to be equivalent to 58@ in solution by
in the absence of formate is consistent with the lack of comparison of the areas of the CO@ode at 1576'%¢C form)/
reversibility of binding?! Quantitation relative to the redox 1533 ¢3C form) cnm! measured in €0 and model compounds.

spectrum of Figure 1C using extinction coefficients\afy1 4430 If the CcO (rough monomer dimensions of 100 A diameter
= 34.5 mM ! (formate minus unligated) anles46-416 = 209.6 120 A height) were packed to a maximum density with no
mM~1 (reduced minus oxidize#f)indicated a yield of 90% of  solvent spaces, the concentration eOwvould be around 1.76
the formate-ligated form. mM. Since the extent of formate ligation was roughly 90%

The corresponding formate-ligated minus unligated ATR- by quantification from visible spectra (Figure 1) and with the
FTIR difference spectra (after exchange to formate-free perfu- @ssumption that eachcO has a single formate binding site, it

sant) are shown in Figure 2, traces @ formate in HO), D may be deduced thatoO in the rewetted state occupies roughly
(2C formate in BO), and E £C formate in HO). For one-third of the IR-accessible volume of the protein film. These
comparison, the lower panel of Figure 2 shows the absolute IR relative values seem reasonable given that protein packing is
spectra of'2C formate in HO (trace F),}2C formate in RO imperfect, with inevitable spaces that will be occupied by solvent
(trace G),13C formate in HO (trace H), and?C formic acid in and lipid. Future comparisons with comparable ratios for other

H.O (trace I). The bands at 1581 and 1353 &im the formate bound ligands will provide a novel means of determination of
spectrum (Figure 2F) have been assigned to the antisymmetricigand/protein relative stoichiometries.

and symmetric carboxylate (COPstretching modes, and the Other features can be assigned to perturbations of ferric heme
1384 cnt! band has been assigned to CH deformatfom ag and surrounding protein that are induced by formate binding.
formic acid itself (trace 1), these bands are replaced by ones atAlthough the 16961620 cn1* region is often dominated by
1719 and 1214 cnt that can be assigned to thé¢C=0) and amide | changes, the peaks/troughs at 1692/1677, 1662/1651,
¥(C—0) carboxylic band3 H/D exchange (Figure 2G) causes and 1612 cm' can be assigned tentatively to changes pri-
a 10 cnrt upshift of the antisymmetric COOstretching band, ~ marily in the vibrational modes of the propioriitformyl, and

but has little effect on the symmetric COGtretching or CH  Vinyl?®3¢73 substituents of hemas. Changes in the 1560
deformation bandsl3C substitution (Figure 2H) causes a 40 1520 cnT* region are generally dominated by amid& land
cm~t downshift of the antisymmetric COOstretching band ~ heme ring band® The trough/peak at 1233/1216 chis also

and a 23 cm® downshift of the CH deformation band. in a region where heme ring changes are expetted.

After binding of formate to €O in H,O media, prominent When experiments were performed in®media, difference
peaks were observed at 1576, 1376, and 1346'dfFigure  SPectra (Figure 2D) were dominated by a trough at 1549'cm
2C). They were little affected by H/D exchange (Figure 2D) and an accompanying peak at 1448 énBuch a shift is indi-
but shifted to 1533, 1374, and 1337 chwhen 13C-labeled cative of a shift of the amide Il band caused by additional H/D
formate was used as ligand (Figure 2E). Hence, the 1576 andéXchange. This irreversible band shift occurred regardless of
1346 cn! bands can be assigned to the antisymmetric and the length of preincubation inD media and suggests that the
symmetric COO stretching, and the 1376 crhband can be weak anion formate might act as a catalyst for H/D exchange
assigned to CH deformation modes of ligated formate. The 230 Of parts of the protein structure that are otherwise resistant to
cm-1 frequency difference between the antisymmetric and H/D exchange. However, the extent of changes was less than
symmetric COO bands of formate indicates that both oxygen 1% of total amide Il and did not obscure the underlying changes
atoms of formate are ligated, either as a bidentate ligand to hemeFaused by ligand binding at the binuclear center.

A point that is likely to be relevant to the chemistry involved
(26) Hellwig, P.; Soulimane, T.; Buse, G.; Mele, W.FEBS Lett1999 458 in the proton/electron coupling mechanism is the nature of the
83-86 protonation site that changes when the formate binds in order
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Heberle, JFEBS Lett.2001, 505, 63—67. 45-52.
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to maintain electroneutrality. The IR data show definitively that
the bound ligand is in its anionic form. Hence, the charge-
compensating protonation change that is linked to formate
binding!® must arise from a change elsewhere in the structure.
Scrutiny of the structure indicates that glutamic acid (E242),
tyrosine (Y244), or histidine (H290, H291, H376) residues that
are directly involved in the binuclear site are possible alternative
candidates. Changes in the 1760710 cn1? region can in
general be attributed to carboxylic groups. In bovingOCa
heterogeneous peak/trough at 1749/1741 ‘cappears in CO
photolysis spectrd*142a more complex pattern is found in
cyanide photolysis spectfd,and a pair of troughs occurs at
1748 and 17376 cnr ! in reduced minus oxidized difference
spectrd® 2?7 that are H/D sensitive (Figure 2A). The band
changes above 1740 chhave been associated with perturba-
tion or deprotonation of Glu242 in response to CO photolysis
or hemea redox change. The peak/trough at 1748/1741%cm

neutral form with the N3 position already protonaféd®Metal-
bound histidine in its neutral (protonated) form is expected to
have a C5N1 band in the 1183112 cn1?! region that is
insensitive to H/D exchangéHence, it is feasible that the H/D-
insensitive 1117/1105 cm peak/trough arises from perturbation
of neutral histidine ligands. A second H/D-insensitive trough
at 1088 cm! in the formate-binding spectra could, however,
arise from an anionic histidine that is bound to a metal via its
N1 nitrogen?® becoming protonated and moving to higher
frequency when formate binds. This therefore leaves candidates
for charge compensation of an anionic histidine metal ligand
or, more likely, a hydroxide ligand to henag or Cus, both of
which are likely to be hydroxide-ligated in the “fast” oxidized
form of CcO 89 and one of which is displaced on binding of
the anionic formate to maintain a net electroneutral charge
change within the binuclear center.

in the formate binding spectrum that also appears to be H/D Conclusion

sensitive (Figure 2C,D) most likely also arises from some
perturbation of this residue. However, the lack of a major net
positive feature in this region rules out significant protonation
of a carboxylate group. Similarly, the binding spectra argue

Perfusion ATR-FTIR spectroscopy has demonstrated that the
IR signature of binding of ligands such as formate to the heme
az-Cug binuclear site of €O is feasible and quantifiable. The

against heme propionate protonation from the lack of a positive data here show unequivocally that formate binds in its anionic

band around 1700 cm 3% and tyrosinate protonation from the
lack of any prominent peak/trough around 1518/1498%h*3

form despite its binding being electroneutral overall. The bound
formate can be distinguished from free ligand by the binding-

However, changes of protonation state of metal-ligated histidine induced sharpening and downshifting of vibrational bands.

are expected to occur in the 1675130 cnt? regiorf445 and
peak/troughs at 1117/1105 and 1100/1088 trare indeed
present in the formate-binding spectra (Figure—X). The
histidine ligand to Cp, His240, cannot be a protonation site
since its N1 (N) and N3 (Nr) nitrogens are linked respectively
to Tyr244 and Cp.! However, it is possible that three other
histidine ligands that ligate through their N1 nitrogens to the
iron of hemeag (His376) or to Cyg (His290 and His291), might
provide a protonation site at their free N3 positions. Indeed,
one of these histidine ligands to gwas initially thought to

provide a protonation site when adopting an orientation such

that it became dissociated from g4 although such an
orientation is now thought unliket§ and electrostatic calcula-
tions indicate that all of these histidines are likely to be in the

(41) Dyer, R. B.; Peterson, K. A.; Stoutland, P. O.; Woodruff, W. H.
Biochemistryl994 33, 500-507.

(42) Rich, P. R.; Breton, Biochemistry2001, 40, 6441-6449.

(43) FIemmlng, D HeIIng P.; Friedrich, T. Biol. Chem2003 278 3055—
3062.

(44) Hasegawa, K.; Ono, T.-A.; Noguchi, I..Phys. Chem. 2002 106, 3377
3390.
(45) Berthomleu C.; Hienerwadel, Biochemistry2001, 40, 4044-4052.

Formate ligation also causes shifts of vibrational modes of heme
az and its substituents and perturbation of histidine residues.
The association of the accompanying protonation change with
a carboxylate or tyrosine can be ruled out and may involve a
histidine metal ligand or, more likely, a simple displacement
into the bulk phase of a hydroxide ligand to hemer Cus, a
reaction which would account for stoichiometric proton uptake
and maintenance of net charge within the binuclear center
domain.
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