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ABSTRACT. A pH-dependent polarity change at

the hermgepper binuclear center of thaas-type

cytochromec oxidase fromRhodobacter sphaeroiddsas been identified by low-temperature FTIR

difference spectroscopy. “Light’-minus-“dark” FTI

R difference spectra of the fully reduced&@yme

adduct were recorded at a range of pH, and the dominance of different populations of bouada@D,

B, was found to vary with pH. An apparenKpof about 7.3 for the transition was obtained. Thand

p forms are differentiated by different polarities at the hermoepper binuclear center of the enzyme,
sensed by the stretching frequencies of CO bound either to the hgfRe or to Cy. Several site-

directed mutants in the vicinity of the hemeopper center are shown to favor either ¢her the forms

of the enyzme, suggesting that what is being monitored is an equilibrium between two conformations of
the reduced form of the oxidase. Recent resonance Raman evidence has been presented demonstrating
that theot and forms of theR. sphaeroidesxidase exist at room temperature; therefore, the pH-dependent
change in the polarity in the vicinity of the hemeopper center may be functionally significant.

Cytochromec oxidase is an integral membrane metal-

Experimentally, there is ample evidence for groups whose

loenzyme which contains four metal centers: two copper pK,values are coupled to the redox state of the metal centers

centers (Cn,Cus) and two iron porphyrins (hema, heme
ag). Cytochromec transfers electrons, via G@and hemea,

to a binuclear center consisting of hemgand Cy, where
dioxygen is reduced to water. Reduction of dioxygen is
coupled to the translocation of one"hber electron across

of the enzyme. Such evidence comes from the pH depen-
dence of the electrochemical properties of the metal centers
(Moody & Rich, 1990), from the measured proton uptake
accompanying reduction of the hemeopper center (Hdlle

& Nilsson, 1992; Mitchell & Rich, 1994; Oliveberg et al.,

the lipid bilayer, creating a pH and voltage gradient across 1991; Verkhovsky et al., 1995), and from proton release
the membrane. The mechanism by which electron transferaccompanying the reversed electron transfer from hame
within cytochrome oxidase is coupled to proton movement to hemea (Adelroth et al., 1995; Halle et al., 1994).

through the enzyme is still largely unknown. However, the

Clearly, protonation/deprotonation events coupled to the

recently reported structures of the oxidases from bovine chemistry occurring at the hemeopper center must be

(Tsukihara et al., 1995) and froParacoccus denitrificans
(lwata et al., 1995) will greatly facilitate efforts to determine
the catalytic mechanism.

central to understanding how this enzyme functions (Iwata
et al., 1995). Hence, it is to be expected that the properties
of the heme-copper binuclear center may be sensitive to

Several authors have suggested that distinct redox-sensitiv®H 1N the range of the i values of groups coupled to or

conformational states of the enzyme must exist in order to

regulate proton input and output during active proton
translocation (Chan & Li, 1990; lwata et al., 1995; Larsen
et al., 1992; Wikstifm, 1981; Wikstion et al., 1994). This

idea has led to several proposed mechanisms of proton

electron coupling, each linked to conformational changes near

one of the metal centers (Chan & Li, 1990; lwata et al., 1995;
Rousseau et al., 1993; Wikstroet al., 1994; Woodruff,
1993). Current opinion favors the hemeopper binuclear
center as the most probable site of coupling (lwata et al.
1995; Wikstian et al., 1994).
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near the metal centers. pH-dependent changes in the
characteristics of the fully oxidized form of the oxidase are
well-known (e.g., slow/fast states) (Baker & Palmer, 1987;
Brown et al., 1993; Moody et al., 1991; Palmer et al., 1987;
Papadopoulos et al., 1991), though there is little understand-
ing of the nature of these pH-induced changes in terms of
the structure, or their relevance to catalysis. In the current
study, a pH-dependent transition that affects the polarity in
the vicinity of both the hemeag Fe and Cy is demonstrated
using Fourier transform infrared (FTIRYpectroscopy of CO

" ligated to the fully reduced oxidase.

It has been demonstrated that, at cryogenic temperatures,
CO bound to hemeg in fully reduced cytochrome oxidase

1 Abbreviations: FTIR, Fourier transform infrared; CO, carbon mon-
oxide; PCR, polymerase chain reaction; MES, N2ajorpholino)-
ethanesulfonic acid; BIS-TRIS, [bis(2-hydroxyethyl)amino]tris(hy-
droxymethyl)methane or 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)-1,3-propanediol; HEPESI-(2-hydroxyethyl)piperazing¥'-2-
ethanesulfonic acid; TRIS, tris(hydroxymethyl)aminomethane; CHES,2-
(N-cyclohexylamino)ethanesulfonic acid.

0 © 1996 American Chemical Society



Polarity Change at Cytochrome Oxidase Active Site Biochemistry, Vol. 35, No. 29, 199®447

can be photodissociated to form a stables€GO adduct A
(Alben et al., 1981; Fiamingo et al., 1986). This phenom- (//—”/ak"
enon allows “light’-minus-“dark” difference spectra to be pH =90
obtained in which both hemes Fe—-CO and Cyg—CO f AA:0.00ZJ
stretching modesv¢-o) are clearly observed. In both

mammalian andR. sphaeroidesytochromec oxidases, u
multiple populations of CO bound to the fully reduced
enzyme, referred to as andg forms, have been identified
(Fiamingo et al., 1986; Shapleigh et al., 1992a). Relaxation
rates of the Cg—CO adduct back to hema; following
photodissociation previously demonstrated coupling between
hemeas; Fe—CO and Cg—CO in a or § forms (Fiamingo

et al., 1986). The form of Cus—CO (2061 cm?) relaxes

to the o form of hemeaz Fe—CO (1964 cm?), and theS

form of Cus—CO (2037 cm?) relaxes to theg8 form of heme

a3 Fe—CO (1947 cm?). The differences in the stretching
frequencies of CO reflect the polarity of the environment
sensed by CO in each case, and clearly the polarities near
both the heme; Fe and Cy are equally influenced by the
structural differences of the andj forms of the oxidase.

In the current study, it is shown that the and g forms pH=6.5
interconvert in a pH-dependent equilibrium. Furthermore, 8A =0.002]
the a/p ratio at any given pH is altered by point mutations
in the vicinity of the heme copper center, suggesting that
the local changes on polarity sensed at the binuclear center
may be coupled to a more global protein conformational
change.
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Sample Preparation.Wild-type and mutant cytochrome  Ficure 1: FTIR “light’-minus-“dark” difference spectra of fully-
¢ oxidase, modified by a six-histidine affinity tag, was reduced enzymeCO adduct after reconstitution of purified enzyme

o ; ; ; into phospholipid vesicles over a range of pH values. All spectra
purified from R. sphaeroidesas described previously were recorded at 12 K, except that at pH 8.0, which was recorded

(Mitchell & Gennis, 1995). Purified enzyme, in 5% cholate, 5’35 k For this reason, the band associated withoti@s C—O

was reconstituted into proteoliposomes by extended dialysisat pH 8.0 exhibits less structure. Buffers used were as follows: pH

in the presence of 40 mg/mL soybean phospholipids (asolec-6.0, MES; pH 6.5 and pH 7.0, BIS-TRIS; pH 7.5, HEPES; pH 8.0,

tin) in 50 mM buffer at a range of pH (see Figure 1 for TRIS;and pH 9.0, CHES. The positive and negative peaks represent

details). AtpH 5.5 and below, proteoliposome preparations EH? Ci C~0 and Fg; C-O stretching frequencies, respectively.
S L N e spectra represent the average of 512 forward scans and 512

were unsuccessful, resulting in precipitation of lipids; hence, \oyerse scans. recorded at 0.5-émesolution.

no data were collected below pH 6.0. The dialyzed samples

were reduced with dithionite anaerobically in the presence 359-Ala, and Phe-420-Val were constructed by extension of

of CO. The proteoliposomes were collected by centrifuga- a single mutagenic oligonucleotide on a single-stranded DNA

tion at 320000 for 2 h, and overlayed with CO-saturated template (Shapleigh et al., 1992b; Vandeyar et al., 1988).

glycerol for extraction of residual water. The extracted Phe-387-Ala, Phe-391-GIn, Gly-398-Ala, and Tyr-422-Phe

proteoliposome pellets were then pressed between twe CaFwere constructed using the two-step PCR method described

windows at a thickness of 4@m for spectral analysis. The by Landt et al. (1990). All mutations were verified by DNA

formation of the reduced CO complex was verified by sequencing.

observing a shift in the Soret peak in the visible spectrum

to around 434 nm, as well as a broadening of ¢hband RESULTS AND DISCUSSION

toward 590 nm. The mutants Thr-359-Ala, Phe-391-GIn W p i o

gy - FTIR “light-minus-“dark” difference spectra of purified
Gly-398-Ala, and Tyr-422-Phe were purified and reconsti- cytochromec oxidase reconstituted into phospholipid vesicles
tuted into proteoliposomes as described above whereas th%t pH 6.0, 6.5, 7.0, 7.5, 8.0, and 9.0 are shown in Figure 1.
mutants Pro-358-Ala, Phe-387-Ala, and Phe-420-Val were o spectra demonstrate clearly a pH-dependent shift
examined in cytoplasmic membrane preparations as previ-pveena (1964, 2061 cm?) and 3 (1947, 2037 cm?)
ously described (Shapleigh et al., 1992a). More detailed forms. Band are:'al ratios for herag Fe—CO :’;md Cu—CO

studies of these mutants will be described separately. yield similar results, indicating that both metal centers are
FTIR SpectroscopyFTIR spectroscopy was performed equally affected by the titration. Note that the extinction
as previously described (Shapleigh et al., 1992a) using 0.5¢oefficients of thex and/ forms may not be identical. An
cm! resolution and the average of 512 forward scans and apparent K, of about 7.3 was obtained for the transition
512 reverse scans without any further manipulation of the (Figure 2). This is an operationally define&pvalue and
data. reflects the pH of the samples af@ prior to concentration
Site-Directed MutagenesisSite-directed mutants were and cooling. Furthermore, the fit of the data to a single
constructed using two separate methods. Pro-358-Ala, Thr-titrating residue is far from perfect, perhaps reflecting the
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FiGURE 2: Plot of the pH dependence afandj forms of the Cy T o b oa m
and Fgs C—O stretching modes for wild-type cytochrome oxidase AA:O,OOQI
u F387ApH8.0 AN

and the mutants Thr-359-Ala and Gly-398-Ala. Peak areas were

obtained by cutting out and weighing peaks manually. TKeqf aa=0001 |
each of the data sets was approximated with a Henderson
Hasselbach titration of a single protonatable group.

Y422F pH8.0

involvement of more than one group being titrated. This e

will require further study. The main point is that at pH 8.0
the oxidase is predominantly in tleform, whereas at pH
6.0 the enzyme is predominantly in tBdorm. The above
results clearly identify two distinct, pH-dependent states (
andp) of the CO-bound binuclear center. It should also be
noted that there is a clear splitting of theCug C—0 peak

in all spectra recorded at 12 K, indicating additional

Absorbance
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heterogeneity at this site. This splitting does not, however, 0 7% s zm 0 190 0 000 050 2100
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appear to change with pH.
PP e g . P . . Ficure 3: FTIR “light”-minus-“dark” difference spectra of fully-
In addition to the wild-typ&R. sphaeroideexidase, several  reqyced enzymeCO adducts of Thr-359-Ala and Gly-398-Ala

site-directed point mutants have been examined. The resultcytochrome oxidase mutants reconstituted into proteoliposomes at
ing spectra are presented in Figure 3. Peak positions andhe indicated pH. Panel A, Thr-359-Ala proteoliposomes at pH 6.0,
turnover numbers for all mutants are summarized in Table MES, and pH 8.0, TRIS; panel B, Gly-398-Ala proteoliposomes

: . _atpH 8.0, TRIS, and pH 6.5, BIS-TRIS; panel C, wild-type, Tyr-
1. In panels A and B of Figure 3, the spectra of Thr-359 422-Phe, and Phe-391-GIn proteoliposomes at pH 8.0, TRIS; Panel

Ala and Gly-398-Ala are presented at two representative pH p " wildtype, Phe-387-Ala, Phe-420-Val, and Pro-358-Ala inner
values. The Thr-359-Ala mutant is partially active 20 membrane samples at the indicated pH. The spectra represent the
35% of wild-type rate), and this residue is within one of the average of 512 forwards scans and 512 reverse scans, recorded at
center (lwata et al., 1995). Thr-359 is located below the e LS P = . ”

H H aple 1: ummary o @c—o Frequencies (C servea ror
Eydroxyl grcci)L_Jp of thle h)édro;(yg':h yifarnesyl side ?ham (r)]f Mutants Which Alter the K, of the Transition betweena andf

emeas, and IS pqstu ate_ to facilitate proton transfer to the Conformers, as Well as Their Turnover Numbers

oxygenated species during turnover (lwata et al., 1995). The

Thr-359-Ala mutant at pH 8.0 is almost entirely in the mutant  a(Fe) A(Fe) a(Cu) B(Cu) tu(rgfi\)'er
form, and this predominance of tleform persists even at :

pH 6.0 where the wild-type oxidase is mostly in {fiéorm. ‘Q’gg&pe 119922'55 1199177.%N%g(g%52056 gggs.o éggo
Hence, this mutation shifts the equilibrium in favor of the T359A  1963.0 1946.0 2055/2067 ~2041 250

form of the oxidase with an approximat& pf 5.2 (Figure F387A  1964.0 1950.0 2064.5 ~2037 NA

2). The opposite pattern is observed for Gly-398-Ala, which F391Q  1963.0 NA ~ 2053/2065.0 NA 250

at pH 7.0 is predominantly in thg form, and shifts the Eﬁg\?‘ iggg'g 132;5:2821 5822'5/2025 11150%0
apparent K to around 8.1 (Figure 2). In the structure of v4o2F 19635 1948.0~2061 2035/2026 600

the Paracoccusoxidase (lwata et al., 1995), the residue

corresponding to Gly-398 is near hemag and D). The mutants in panel C, Tyr-422-Phe and Phe-391-

Itis also clear that both mutants demonstrate unique bandGin, were studied using purified enzyme, as in the previous
splittings when compared to wild type. For Thr-359-Ala, spectra. Tyr-422-Phe shows an increased degree of the
the pH 8.0 sample has a strongly spiCug C—O band,  g-form at pH 8.0 relative to wild type as well as a splitting
and the spectra of Gly-398-Ala show a clear splitting of both of the 8-Cug signal. In contrast, Phe-391-GIn lacks any
B peaks. These changes suggest that the mutations havgnhdication of thea-form, and it demonstrates a sharply split
introduced more subtle heterogeneity at the active site, in o-Cug signal.
addition to shifting the i of the a/g transition. The spectra in panel D, Phe-387-Ala, Phe-420-Val, and

Preliminary results from five additional mutants which Pro-358-Ala, were obtained from inner membrane prepara-
alter thea/p states are also presented in Figure 3 (panels Ctions. It is important to note that the inner membranes of
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Ficure 4: Helical wheel diagram of a portion of subunit | showing

the positions of residues serving as metal ligands (small italics)

and the relative positions of mutations which affect thg pf the

o/p transition. Mutants which decrease the appar&itgve shown

in white, whereas mutants which increase the appar&gtape

shown in black.

Ficure 5: Schematic model of possible pH-dependent interactions
R. sphaeroidesontain an additional cytochronoeoxidase, with CO at the binuclear center that could cause the shift between
cytochromecbhs, which is present at relatively low levels o andj forms. The position of the protonatable group (R), the

; f in specific interaction with CO, and the geometry of CO bound to
in aerobically grown cultures (Garcia-Horsman etal., 1994). the metals are drawn for illustrative purposes only. Electron pairs,

This alternate oxidase also has a heroepper binuclear  rgpresented by dots on the oxygen atom, are shown to redistribute
center and demonstrates-o frequencies at 1950 crhand  in response to a change in the polarity of the pocket, decreasing
2065 cntlin light-minus-dark FTIR spectra. Spectroscopic the bond order and the stretching frequency of CO. Note that only
contributions of Cytochromebtk can be seen in the Spectrum Qne molecule. of CO is present at the binuclear center at a given
of Phe-387-Ala: a negative peak at 1950 ¢érand shoulder tane bo.u“% e'ft.her to the hemeg Fe or to Cy, although two are
at 2065 cm?. It is also important to note that the ratio of shown in the figure.
a andp forms observed in inner membrane samples is less Both o andf populations of the hema; Fe—-CO adduct
responsive to changes in pH than in purified samples. Thus,have recently been observed at room temperature using
although the spectrum of Phe-420-Val at pH 6.5 in inner resonance Raman spectroscopy offfhephaeroidesxidase
membranes shows arif ratio similar to that of the purified ~ (Wang et al., 1995), indicating that these two states of the
enzyme at this pH, a wild-type inner membrane sample enzyme do exist at physiological temperatures and are not
prepared at pH 6.5 exhibits le§gorm than does the purified  an artifact of low temperature. In addition, the resonance
enzyme (not shown). Therefore, the Phe-420-Val mutant is Raman analysis (Wang et al., 1995) suggests that inxthe
classified as favoring thé-form. Further, Pro-358-Alaalso  form the CO in the distal pocket of henag is conforma-
favors thepB form, whereas Phe-387-Ala lacks tfieform tionally constrained. This is consistent with the extremely
completely. With over 30 mutants examined using inner narrow bandwidth of the hemes Fe—-CO (2.5 cm?)
membranes and several examined in both purified and innerobserved in FTIR, which represents a highly ordered CO
membrane states, the deviations in W ratios of the population. It was suggested (Wang et al., 1995) that in the
mutants presented are reproducible and qualitatively correct,a form Cus may be closer to hemes, resulting in
although further study is warranted. The discrepancy conformational constraints on bound CO, whereas infthe
between inner membrane samples and purified enzymeform Cus may be further away from hena as a result of
reconstituted into proteoliposomes is perhaps due to differ- a conformational change, resulting in a larger bandwidth.
ences in sample preparation. The proteoliposome samplesThe current work extends this conclusion by indicating that
were prepared by 24-h dialysis at the pH of interest, whereasthis conformational equilibrium is pH-dependent, and affects
inner membrane samples were homogenized in buffer at thethe Cig—CO adduct as well as the heragFe—CO adduct.
indicated pH prior to reducing and forming the CO adduct.  That variations in pH affect equally the heragFe—CO

A summary of the effects of all mutants that alter tig and Cyg—CO states indicates that thej transition is the
ratio is shown in Figure 4. The results demonstrate that result of a local polarity change influencing both heme
numerous mutants shift theg ratio, and these mutants are and Cy. The simplest model of this transition would involve
widely distributed around the hemeopper center and are the protonation, at low pH, of an amino acid that interacts
in several different transmembrane spans. Although therewith CO on both metals. The protonated residue would
is no clear correlation between the location of the mutations withdraw electrons from the €0 bond, decreasing its bond
and the direction of the/g shift, it is important to note that  order, and shifting its stretching frequency to lower frequen-
for the majority of examples the center frequencies and bandcies, as is the case for tifeform. A schematic model of
shapes of ther andj forms are consistent throughout this this interaction is presented in Figure 5. Studies of pH-
set of mutants, and primarily the/ ratio changes. Hence, dependent shifts in the €0 stretching frequencies in
the conformational differences that manifest themselves asmyoglobin—CO and leghemoglobinCO complexes have led
a difference in the polarity at the hemeopper center appear to similar considerations of polarity effects within the heme
to be widespread and involve the interactions of numerous pocket as well as global protein dynamics (Fuchsman &
residues in the protein. Appleby, 1979; Shimada & Caughey, 1982).
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Such a protonatable residue that can interact with CO Einarsddiir, O., Choc, M. G., Weldon, S., & Caughey, W. S. (1988)
bound to either hemas or Cus would be undoubtedly near J. Biol. Chem. 26313641-13654.

; ; +~ Fiamingo, F. G., Altschuld, R. A., & Alben, J. O. (1986) Biol.
enough to influence the reaction of oxygen at the same site. Chem. 26112976.12987.

In examining the structure of the _active site for possible Fuchsman, W. H., & Appleby, C. A. (197%Biochemistry 18
residues performing this role, the highly-conserved Tyr-288  1309-1321.

appears as a reasonable candidate. The two crystal structuresarcia-Horsman, J. A., Berry, E., Shapleigh, J. P., Alben, J. O., &
of the cytochrome oxidase indicate that Tyr-288 is hydrogen-  Gennis, R. B. (1994Biochemistry 333113-3119.

bonded to the hydroxy group of the hydroxyethylfarnesyl Hallén, S., & Nilsson, T. (1992Biochemistry 3111853-11859.
group of hemeg in the oxidized form of the enzyme. FTIR Haé'g”‘lié?'z_”lz%';s"" P., & Malmstro, B. G. (1994Biochemistry
spectra recerded for the mutantTyr—.288—Phe showaeeyerelyHm, J Goswitz,lv. C.. Calhoun, M., Garcia-Horsman, J. A.,
disrupted binuclear center. Alternatively, one of the histidine | emieux, L., Alben, J. 0., & Gennis, R. B. (199B)ochemistry
ligands to Cdg could be involved. Indeed, it has been 31, 11435-11440.

suggested that one of the £ligands, His-333R. sphaeroi- Iwata, S., Ostermeier, C., Ludwig, B., & Michel, H. (1998ature
desnumbering), might become dissociated fromgGind 376, 660-669.

; ; Landt, O., Grunert, H.-P., & Hahn, U. (199Gene 96 125-128.
become protonated during the catalytic cycle as part of the Larsen, R. W.. Pan, L-P.. Musser. S. M., Li. Z.. & Chan. S. .

proton pumping mechanism (lwata et al., 1995). Perhaps ™ 1995)proc. Natl. Acad. Sci. U.S.A. 8923727,

the conformational change, due to protonation of this jichell, D. M., & Gennis, R. B. (1995FEBS Lett. 368148
histidine ligand, is related to the/g transition. 150.

It is worth pointing out that such a strong pH dependence Mitchell, R., & Rich, P. R. (1994Biochim. Biophys. Acta 1186
of the G-0O stretching frequency was not observed in a = 19-26. _ o
previous FTIR investigation of cytochrome oxidase from Moz%dssﬁzAis‘]” & Rich, P. R. (1990%iochim. Biophys. Acta 1015
bovine heart (Einarsdtir et al_., 1982_3). In addition, the Moody, A. 'J_, Cooper, C. E., & Rich, P. R. (199Bjochim.
homologous cytochrombos quinol oxidase has only been Biophys. Acta 1059189-207.
observed in thex form (Hill et al., 1992). More detailed Oliveberg, M., Hall@, S., & Nilsson, T. (1991Biochemistry 30
studies of these and other hemmpper oxidases will be 436-440.
required to determine if the structural features which cause Palmer, G., Baker, G. M., & Noguchi, M. (198%hem. Scr. 28A
the pH dependence observed in Riesphaeroidesxidases 41-46.

B ) . Papadopoulos, P. G., Walter, S. A, Li, J., & Baker, G. M. (1991)
are conserved among different species of cytochrome oxi-  gjochemistry 30840-850.

dase. Rousseau, D. L., Ching, Y., & Wang, J. (1993) Bioenerg.

In summary, this work reports for the first time a pH- Biomembr. 25165-176.
dependent conformational change in cytochranmxidase Shapleigh, J. P., Hill, J. J., Alben, J. O., & Gennis, R. B. (19923)
in the fully reduced form of the protein bound to CO which ShJ. '|35_‘°Le”3"-P17"I‘_|23?8_2J34§- Tecklenbura. M. M. J.. Kim. Y
sigificanty lfes the polary at the hemeopper center. TSRS, 3P Hoser, 3. Py Teekenturg, WM. % X,
Clearly, the protonation of one or more groups in the enzyme  proc. Natl. Acad. Sci. U.S.A. 88786-4790.
is coupled to changes in the physical state of the reducedshimada, H., & Caughey, W. S. (1982)Biol. Chem. 25711893~
form of the heme-copper center. The apparerjof this 11900.
pH-induced transition is 7.3 under the conditions of these ngﬁ;haﬁay Ts-h'i?g)g;vfga& (')"h-, Ylfm?\lsgll?s'h?ﬁq;o?izal\;gghb Yaéna%l‘l-
experiments. It will be particularly interesting to pursue the Yo'shikéwa, S (19955(:;6”0'6 2691069—1(’)74.' A
nature of thisu/g transition at room temperature by reSoNance \,andeyar, M. A., Weiner, M. P., Hutton, C. J., & Batt, C. A. (1988)
Raman spectroscopy and to identify the group(s) being Gene 65129-133.
titrated that is (are) responsible for these observations. Verkhovsky, M. I, Morgan, J. E., & Wikstra, M. (1995)

Biochemistry 347483-7491.
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