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ABSTRACT. Cytochromec oxidase (COX) fronR. sphaeroidesontains one Cd ion per enzyme that is

not removed by dialysis versus EGTA. This is similar to COX frBaracoccus denitrificanfPfitzner,

U., Kirichenko, A., Konstantinov, A. A., Mertens, M., Wittershagen, A., Kolbesen, B. O., Steffens, G. C.
M., Harrenga, A., Michel, H., and Ludwig, B. (199BEBS Lett456, 365-369] and is in contrast to the
bovine oxidase, which binds €areversibly. A series oR. sphaeroidesnutants with replacements of

the E54, Q61, and D485 residues, which form thé&'@aordination sphere in subunit I, has been generated.
The substitutions for the E54 residue do not assemble normally. Mutants with the Q61 replacements are
active and retain the tightly bound €a their spectra are not perturbed by added*CGar EGTA. The
D485A mutant is active, binds to €areversibly, like the mitochondrial oxidase, and exhibits the red
shift in the hemea absorption spectrum upon €abinding for both reduced and oxidized states of heme

a. The Ky value of 6 nM determined by equilibrium titrations is much lower than that reported for the
homologous D477A mutant ¢faracoccus denitrificansr for bovine COX Kq = 1—3 uM). The rate of

C&* binding with the D485A oxidasek§, = 5 x 10° M1 s71) is comparable to that observed earlier for
bovine COX, but the off-rate is extremely slow1072 s71) and highly temperature-dependent. e

/Kon ratio (190 nM) is about 30-fold higher than the equilibrikgmof 6 nM, indicating that formation of

the C&"-adduct may involve more than one step. Sodium ions reverse theihiced red shift of
hemea and dramatically decrease the rate of Chinding to the D485A mutant COX. With the D485A
mutant, 1 C&" competes with 1 Nafor the binding site, whereas 2 Naompete with 1 Ca for binding

to the bovine oxidase. This finding indicates that the aspartic residue D442 (a homoldRjuspbheroides
D485) may be the second Nainding site in bovine COX. No effect of €abinding to the D485A
mutant is evident on either the steady-state enzymatic activity or several time-resolved partial steps of the
catalytic cycle. It is proposed that the tightly bouncd?Cplays a structural role in the bacterial oxidases
while the reversible binding with the mammalian enzyme may be involved in the regulation of mitochondrial
function.

Cytochromec oxidase (COX) is the terminal enzyme of as revealed first by analytical methods-8) and confirmed
mitochondrial and bacterial respiratory chains that reducessubsequently by X-ray diffraction studies of the crystal
molecular oxygen to water and conserves the free energy ofstructures $—13). Zr?* is bound to the nuclear-encoded
this exergonic reaction in the form of a transmembrane proton subunit Vb in the bovine COX9j, and Mg* or Mn?* is

electrochemical potential gradient (reviewet;-3). The located at the interface between subunits | and Il, close to
catalytic core of the enzyme is comprised of four redox- the propionate groups of henag (9, 14—16).
active metal centers (hen@ hemeas, Cus, and Cu). In Recent crystallographic studies have drawn attention to

addition, COX contains a number of nonredox metal ions, the presence and potential significance of a “novel cation-
binding site” in subunit | of COX, which can bind to &a
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Cytochrome Oxidase as Ca-Binding Protein

R. sphaeroides

Bovine

Ficure 1: Location of the C& binding site in Subunit | of COX
from bovine mitochondria anBhodobacter sphaeroides

identified with bound N& in the X-ray structure of the
bovine COX, whereas in the oxidases Bfaracoccus
denitrificans (12) and Rhodobacter sphaeroid€$.lwata,
personal communication), the site is complexed t&"Céhe
cation binding site appears to be missing in the quinol
oxidase members of the heme-copper superfar2y énd

in some bacterial cytochromeoxidases such asa; from
Thermus thermophilug4).

The positions of this site in Subunit | of the bovine and
R. sphaeroide€OX are shown in Figure 1. In both oxidases,
the cation is located at the periplasmic periphery of the
protein, close to hema. There are some subtle differences
between the structures of the bacterial and mitochondrial
cation-binding sites, but generally, they are very similar.
Despite the similarities between the structures of the cation-
binding sites in bovine and bacterial COX, theGanduced
spectral shift is not observed in the oxidases from either
denitrificansor R. sphaeroidef?2). The explanation for this
became apparent after tRedenitrificansoxidase was shown
to retain bound Cd even after prolonged incubation with
excess EGTAZ5). Since the endogenous €as irreversibly

bound to these bacterial enzymes, the addition of exogenous,

cation has no effect.

There are no significant effects of €aor Na" reported
on the electron transfer or proton pumping activities of
bovine COX, and the functional significance of the cation-
binding site in COX is not known. The physical chemistry
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Ficure 2: Coordination sphere of tightly bound €aion in R.
sphaeroidesCOX.

theP. denitrificansCOX have been examined by two groups
(25, 39). The results are not in total agreement. Pfitzner et
al. (25) showed that D477A mutation resulted in the loss of
the tightly bound C& by the enzyme. In contrast to the
wild-type COX, the D477A mutant demonstrated reversible
binding of C&", with a Kyq of about 1uM and with a
concomitant red shift of the absorption spectrum of hame
Morover, competing effects of Naor H™ on C&" binding
were resolved. This behavior of tiffe denitrificansD477A
mutant is, thus, analogous to that of the native bovine COX.
Interestingly, replacements of other residues in thé"Ca
coordination sphere of COX fro. denitrificans such as
Q63A or E56A, did not result in loss of the tightly bound
C&" (25). At the same time, Riistama et aB9) reported
that in the Q63A or E56Q mutants Bf denitrificansCOX,
the C&"-induced shift can be observed, suggesting that the
endogenous Cais lost in these mutants. However, the’Ca
contents of their preparations were not determirzg). (
Along with theP. denitrificansoxidase, the agtype COX
from R. sphaeroide$ias been widely used for elucidation
of the COX structure and mechanism and is one of the best
characterized enzymes within the heme-copper oxidase
superfamily 2, 40, 41). Site-directed mutagenesis has been
applied systematically to genera® sphaeroidesnutants
in the functionally important domains, including the redox
and nonredox metal-binding sites in the enzyel(d, 42).
The current work reports the initial step of our studies on
the novel cation binding site in COX fromR. sphaeroides
The structure of this site, based on the 3D model ofRhe
sphaeroide<OX and kindly provided by Dr. So Iwata and
r. Peter Brzezinski, is shown schematically in Figure 2. A
series of mutants in the amino acid residues forming the
C&"-binding site in subunit | of the enzyme was generated.
Replacement of D485 in the. sphaeroide€0OX (homolo-
gous to D477 irP. denitrificang results in loss of the tightly
bound C&", whereas replacement of Q61 (a homologue of

and mechanism of interaction between the cation and theQg3 inP. denitrificang does not. Accordingly, the addition

binding site have not been explored in any detail. It is known
that C&" plays an important role in the structure and
mechanism of heme-containing animab{28), bacterial
(29, 30), fungal 31—33), and plant peroxidase84—37) as
well as in Photosystem 113@8). By analogy, it can be
speculated that CG& might participate in the oxygen/
peroxide/water chemistry catalyzed by hemeHowever,
the cation-binding site in COX is clearly associated with
hemea, not hemeas.

of exogenous Cd to EGTA-treated enzyme brings about a
red shift of the heme absorption spectrum in D485A but
not in Q61(L,A). These data corroborate the results reported
by Pfitzner et al. 25) with the P. denitrificansoxidase and
confirm a specific role of the conserved aspartic residue D485
(D477 inP.denitrificans D442 in bovine COX) in the cation
binding site.

The D485A mutant COX fronR. sphaeroidefias been
further exploited in this work to study in detail interaction

Site-specific mutagenesis has been used in recent studiesf cations with the binding site. Reversible binding ofCa

to provide an insight into the structure/function of theCa
Na/H* binding site. Mutants in the C&binding site of

with both the reduced and oxidized forms of D485A COX
has been demonstrated. Using the red shift of the reeme
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and y-absorption bands as an indicator, we performed of ferrocytochromec at 550 nm using a Shimadzu UV-

equilibrium titrations of C& binding with the use of
appropriate C& buffers and and investigated the rapid
kinetics of the reaction. Despite very high affinity (6 nM),
C&*" binding to the site is surprisingly slow as compared to
typical cellular C&*-binding proteins such as calmodulins.
Na' competes with C4 for the binding site in the D485A
COX, as in bovine COX and thP. denitrificansD477A
mutant oxidase. However, while 1 €acompetes with 2
Na' in bovine COX @2), our data reveal 1:1 competition in
theR. sphaeroide®485A mutant, indicating that one of the
two Nat binding sites is lost in the mutant bacterial enzyme

2101PC instrument. Reaction conditions were as follows:
50 mM potassium phosphate, pH 6.5, 0.02% dodgeyt
maltoside, and 250 uM ferrocytochromec.

Metal Content Analysisvietal content was determined by
using an Inductively-Coupled Plasma Atomic Emission
Spectrometer at the Microanalytical Laboratory of the
University of Illinois, Urbana, IL. Cytochromaas; oxidase
samples were approximately 2éM in 50 mM HEPES
adjusted with Tris-base to pH 8.0 and 0.1% dode®/e-
maltoside. Three separate measurements were taken and
averaged. Blank dialysis buffer was used as a control.

and pointing to the role of the conserved aspartate D442 Cation-Induced Absorption Spectrum Shixperiments

(homologous to D477 irP.denitrificansand D485 inR.
sphaeroidelin formation of this second Nabinding site
in bovine COX.

were carried out in 50 mM buffer (MESTris or HEPES-
Tris, pH 8, if not indicated otherwise), containing dodecyl-
B-p-maltoside (0.020.1%) and different concentrations of

Steady-state enzymatic turnover of the D485A mutant with EGTA. In most experiments, the enzyme was prereduced

or without bound C# did not reveal any modulation of the

with 5 mM ascorbatet- 0.1 mM TMPD in the presence of

enzymatic activity of the enzyme by cation binding. Fur- 1 mM KCN. Care was taken to avoid Nan the solutions.
thermore, C#& binding has no affect on several time-resolved In particular, pH was adjusted with Tribase rather than
partial steps of the catalytic cycle in single-turnover experi- with KOH, which is significantly contaminated with sodium.
ments. The D485A mutant COX exhibits noticeable instabil- Titrations of the absorption shift with €awere performed
ity in both the reduced and oxidized states, losing heme with calcium—EGTA buffer. Typically, increased amounts
absorption upon standing at room temperature, thus showingof C&" were added to COX in a HEPESis buffer, pH
that D485 and Cd contribute to maintaining the enzyme 8, containing 210 mM Tris—EGTA. Concentrations of free
structure. C&" at given concentrations of EGTA, added?Cand pH
MATERIALS AND METHODS were calculated using theKp value for EGTA of 8.23 at

pH 8 (44) either manually or with the use of Internet-
Materials.All chemicals used were of reagent or analytical

available programs “Bound and Determined v. 4.35”, written
grade. DodecyB-p-maltoside was obtained from Anatrace. by S.Brooks, and “WinMAXC, v. 2.05", written by C.Patton,
Ni2*—NTA agarose was obtained from Qiagen. Dithionite

Stanford University.

and horse heart cytochronae(type VI) were from Sigma. Stopped-Flow Rapid Kinetics MeasuremeR&pid mixing
DNA oligonucleotides were synthesized by the University kinetics measurements were made with the Biosequential SX-
of lllinois Biotechnology Center (Urbana, IL) or by Operon 17MV stopped-flow reaction analyzer from Applied Photo-
Technologies, INC. physics at 20°C. For stopped flow on-rate studies, HR|

Site-Directed Mutagenesi®485A was constructed with  enzyme in 50 mM HEPESTris, pH 8.0, 0.05% dodecyl
QuickChange site-directed mutagenesis kit (Strategene).maltoside, 1 mM KCN, 0.1 mM TMPD, 5 mM potassium
Q61L, Q61A, E54L, E54A, and E54L/Q61L were created ascorbate, and 0.1 mM EGTA were rapidly mixed with equal
by cassette mutagenesis. A unique restriction site BsrGl wasvolume of solution containing 50 mM HEPESTis, pH 8.0,
introduced via QuickChange method to facilitate the mu- 0.05% dodecyl maltoside, 1 mM KCN, 0.1 mM TMPD, 5
tagenesis. The mutant oligonucleotide cassettes were firstmM potassium ascorbate, 0.1 mM EGTA, and varying
phorphorylated then introduced into a region flanked by Xbal amounts of C& (in excess over EGTA). The data were
and BsrGl unique restriction sites. Double and triple mutants processed with Pro-K or MATLAB global analysis programs
involving D485A (D485A/Q61L, D485A/E54L, D485A/  or imported into Origin 4 (Microcal) software for analysis
Q61L/E54L, D485A/Q61A, and D485A/E54A) were con- and preparation of the figures.
structed by digesting the single or double mutants with Xbal ~Resonance Raman Measuremeiitse Raman spectros-
and EcoRI then inserting the mutant fragment into the copy measurements employed a CW-H&d laser (Liconix,
corresponding DNA region on the D485A mutant plasmid. Santa Clara, CA) for the 441.6 nm excitation wavelength
Silent mutations were created for all mutants to facilitate and a CW Kr-ion laser(Spectra Physics, Mountain View, CA)
the mutagenesis process. All mutations were verified by for the 413.1 nm excitation wavelength. The details of the
DNA sequencing and checked for any mistakes that might procedure have been described elsewhé&. (The 2 mm
have occurred elsewhere during amplification. path length sample cells were custom designed for strict

Protein Preparation.Wild-type and mutant cytochrome anaerobic measurements and for recording both resonance
c oxidase, modified by a six-histidine affinity tag, was Raman spectra and optical absorption spectra. Protein
purified from R. sphaeroidesis described previousiyg). samples for the Raman measurements wer@l@ 50 mM
In addition, the enzyme was dialyzed against 50 mM HEPES Tris buffer, pH 8. Reduction of the oxidase samples was
adjusted to pH 8.0 with Trisbase, 0.02% dodecyl-p- achieved by injecting a slight excess of an equimolar quantity
matoside, and 4 mM EGTA for 10 h. The dialysis continued of buffered dithionite solution into the Raman cell under
another 10 h in 50 mM HEPES adjusted to pH 8.0 with strictly anaerobic conditions. To ensure the stability of the
Tris—base and 0.02% dodecgtp-maltoside. protein in a particular state, we measured optical spectra were

Enzymatic Actiity AssaysCytochromec oxidase activity measured for each sample before and after Raman measure-
was monitored spectrophotometrically by following oxidation ments.
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Table 1: Characteristics of tHe. Sphaeroide€OX Mutants in the

Cation Binding Site

turnover Ca content spectral

preparation (e”/sp (mol/mol of COX) shift?
WT 1500 0.80 mol/mol no
D485A 16006 <0.1 mol/mol yes
D485A/Q61A 1000 nd yes
D485A/Q61L 1000 nd yes
Q61L 800 0.85 mol/mol no
Q61A 850 nd no
E54L inactive nd nél
E54A/D485A inactive nd nd
E54L/ Q61L inactive nd nd
E54L /D485A/Q61L inactive nd rid
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2The enzyme turnover rate was also measured with addition of 1 [ ..~

mM EGTA-Tris or 1 mM CaC}. No significant differences in the
activity were observed. The C&"-induced spectral shift of hema
(addition of 10.5 mM C#&" in the presence of 10 mM EGTATris)
was measured in 50 mM HEPESTis buffer, pH 8.0, with 0.1%
dodecyl maltoside with M COX reduced by 5 mM ascorbate and
0.1 mM TMPD in the presence of 1 mM cyanideAbnormal
absorption characteristics of herae

Electrometric Measurementbime-resolved electrometric
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Ficure 3: Absorption shift induced by Ca and EGTA in the
D485A mutant of COX fromR. sphaeroidesExperiments have
been carried out in standard 1 cm cuvettes. The D485A COX, in
50 mM Tris—MES buffer, pH 8, with 0.050.1% dodecyl maltoside
was reduced by 5 mM ascorbate0.1 mM TMPD in the presence

of 2 mM KCN (except for trace b in panel B, where 1001 K+—

640 500
Wavelength, nm

measurements of membrane potential generation by phos{erricyanide and 4ug/mL of polyL-lysine have been added to

pholipid vesicle reconstituted COX were carried out as
earlier 46—48) using the Tris-bipyridyl complex of Ru(ll)
(RuBpy) as a photoactive electron donor to they @adox
center of COX 49).

RESULTS

In COX from R. sphaeroidesC&" is coordinated by six
oxygen atoms (Figure 2). Five of the ligands are provided
by amino acid residues in the cytoplasmic loop connecting
transmembrane helixes | and II. Of these five ligands, two

provide for the oxidized cyanide-inhibited complex). (A) Reduced-
minus-oxidized spectra of D485A in the presence of 2 mM EGTA
(dotted line) and after subsequent addition of excesd Glid
line). (B) Difference spectra of the €ainduced shift. The
difference spectra show the effect induced by addition of 10.5 mM
Ca&" to COX preincubated in the presence of 10 mM FGTA.
COX concentration was 2.0M for spectrum a and 4.4M for
spectrum b. The spectra are normalized to concentration of the
enzyme. (C) Reversibility of the henzered shift (a). Difference
spectrum induced by the addition of 2 mM THEGTA to the
D485A oxidase (M) showing the reversal of the red shift induced
by adventitious C#; (b) spectrum a was taken as baseline, and
C&" was added to a final concentration of free?Caf 61 nM; (c)

bonds (to a carboxylate oxygen and the peptide carbonyl) spectrum b was taken as a baseline and 50 mM &5 mM

are donated by E54, while Q61 coordinates'Caia the
amide oxygen. Two more bonds are provided by peptide
carbonyls of G59 and A57. The sixth position in the?Ca
coordination sphere is occupied by an immobilized water
molecule (cf25) which, in turn, is hydrogen bonded to D485.
The structure of the binding site is almost identical to that
described for COX fronP. denitrificans except that in the
latter it is histidine rather than alanine in position 59 (residue
57 in R. sphaeroidgsthat donates one of the backbone
carbonyls 12, 25).

N&SO,) was added.

and accordingly, the Q61(L,A) mutants do not display the
C&*-induced red shift. These findings agree with the data
of Pfitzner et al. 25) regarding theP. denitrificansQ63A
COX (equivalent to Q61A irR. sphaeroidgsbut disagree
with ref 39, which describes a C&induced shift for the
same Q63A mutant dP. denitrificansCOX.

In contrast to Q61L, the mutants of th sphaeroides
oxidase with the D485 replacement show substantial loss of

Mutants were generated with replacements of each of theCa*t upon dialysis versus EGTA (Table 1). Accordingly,
three amino acid residues (D485, E54 and Q61) whose sideafter removal of the endogenous Cathe D485 COX

chains participate in Ca binding. In addition, double and

displays a C#-induced red shift of the absorption spectrum.

triple mutants in those residues were obtained. Some Ca&*-Induced Red Shift of the Spectrum of the D485A

characteristics of the mutants are summarized in Table 1.

The wild-type enzyme contains about 1 equiv of tightly
bound C&" after extensive dialysis versus EGTA, in
agreement with the data obtained with COX frolh
denitrificans(12, 25). The mutant in which E54 was replaced
by leucine (E54L) did not assemble properly, and multiple
mutants containing an E54L or E54A substitution (E54A/
D485A, E54L/Q61L, E54L/D485A/Q61L) also did not
assemble properly, were devoid of enzymatic activity, and

Mutant.

Figure 3 shows the absorption changes induced by the
addition of C&" to D485A COX from R. sphaeroides
pretreated with EGTA to remove the endogenous'CaA 1
nm red shift in the position of the-absorption band induced
by C&" can be directly seen in the reduced-minus-oxidized
spectrum (Figure 3A), but the effect is much better revealed
by the difference spectra of the cation-induced absorption
changes (Figure 3B,C). The €anduced absorption changes

revealed strongly modified spectral characteristics. These E54are observed with COX, in which herags reduced (Figure
mutants were not further investigated. The mutants in Q61 3B, curve a) or oxidized (Figure 3B, curve b), both in the
and D485 have activity and spectroscopic characteristicsa-band and in the Soret. The difference spectra are typical

similar to those of the wild-type COX. The Q61L mutant
retains bound Cd, which could not be removed by EGTA,

of a small red shift of the hema spectrum. In the case of
the reduced hema (curve a), the Cd-induced absorption
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changes are similar to those previously described for bovine 6 —— 17—
COX and for mutant forms of the. denitrificansenzyme 24

(18, 22, 25, 39). The differences in the line shape of the I CaC|2 (21 nM free Ca2) A
C&*-induced spectral changes between the reduced and
oxidized samples are in agreement with attribution of the
spectral perturbation to henae The C&"-induced red shift

of hemea can be fully reversed by the addition of excess
EGTA (Figure 3C, curve a) and then restored by adding more
C&" (Figure 3C, curve b).

Studies of C& Binding under Equilibrium Conditions.
The Cé&"-induced absorption changes in tResphaeroides
D485A COX develop at concentrations of the cation much
lower (nM range) than those observed previously with either . . . . . .
the bovine oxidase or with tHe. denitrificansD477A mutant 0 10 20 30 40 50 60
(corresponding to D485A iR. sphaeroidgs Consequently, time, s
the cation binding site of D485A appears to be saturated by
adventitious C& even in the absence of added?Cée.g.,
Figure 3C, spectra a and b). Therefore, equilibrium titrations B
of C&" binding to theR. sphaeroide®485A required the
use of a high-affinity C& buffer, such as EGTA (fc.8.23 598 612
at pH 8,44). Typically, increased amounts of €awere
added to COX in HEPESTris buffer, pH 8, containing
2—-10 mM EGTA.

Figure 4A shows the absorption changes induced in the
cyanide-inhibited ascorbate MPD-reduced D485A COX
by the addition of 1.8 mM Caglin the presence of 2 mM
EGTA (21 nM free calcium, final concentration). The
response develops rapidly enough and the extinction at 612
minus 598 nm reaches a value of ca. 4 midm™1, close to
the maximal size of the response observed with the bovine
or P. denitrificansenzymes 22, 25, 39). No absorption
changes were observed under these conditions with bovine — T 7
COX (Kq for Ca2t binding of 1.3uM, 22). At concentrations
of free C&" below ~5 nM, the development of the
absorption changes was much slower and could require tens
of minutes to reach the equilibrium state. Representative
difference spectra in the-band obtained with increasing
concentrations of free calcium in the nM range are given in
Figure 4B, and Figure 4C shows a complete titration curve.
The specific absorption changes reach saturation at less than
40 nM of free C&". The data fit a model in which there is
a single site with &Ky of 6 NM and AAnax of 4.4 mM1
cm™L. There may be some minor phase (ca—26%) with
even higher affinity for C&. However, the lower concentra- o —t
tion range is difficult to study with the EGTA buffer due to 0 20 40 ) 60 80 100 120
the slow rate of development of the absorption changes and concentration of free Ca2+, nM
because the reversibility of the changes is difficult to verify. Ficure 4: Spectral shift of hema in D485A COX induced by

Therefore, the possibility of a higher affinity binding site nanomolar concentrations of free &aExperiments were carried
was not pursued. out with an SLM-Aminco 2000 spectrophotometer in 50 mM Fris

L N o MES buffer, pH 8, containing 0.05% dodecyl maltoside and 2 mM
Kinetics of C&" Binding. Association Rate Constantnk  EGTA. The F1)3485,5\ mutantg(JuM) was prgreduced by 5 mM

The rate constant of €a binding with D485A COX was  ascorbate and 0.1 mM TMPD in the presence of 1 mM KCN.
determined with the aid of rapid-mixing techniques. Figure Titrations were carried out by adding increasing concentrations of
5A shows the time evolution of the spectral changes observedC&"- (A). Time-dependence of the development of the spectral

. - L . shift of hemeainduced by 21 nM free C& (1.8 mM C&" added).
upon rapid mixing of the mixed-valence D485A COX with (B) Representative difference spectra recorded during equilibrium

70 uM CaCk. The four representative spectra shown have tjyrations of the heme spectral shift with C& /EGTA buffer. (C)
been extracted from the full spectra/time surface (1600 full- Concentration dependence of the hesrspectral shift induced by
spectrum scans/32.8 s), and the data have been normalize@&*. The data have been fit with a single-site binding curve with

to the concentration of the enzyme. The difference spectrathe indicated parameters.

show a line shape typical of the €ainduced red shift of

hemea in both the Soret and-bands, with isobestic points  from the same data set. The curve is fit well by a single
at 448 and 605 nm, respectively. Figure 5B shows the exponent withr of 3.6 s. The same rate constant is obtained
kinetics of the absorption changes in théand extracted  if the kinetics of the absorption changes in the Soret band

AA at 612-588 nm, mM-t cm-1

5 mM-icm-1 |

M

A Absorbance

560 580 600 620 840
Wavelength, nm

T T T M T

N
T

AA  =4.4mM-icm
max
K =6nM
d

AA at 612-598 , mM -1 cm-1
N
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— T (e.g., at 453 minus 438 nm, not shown) is analyzed for the
data set.
613 Rapid mixing experiments were repeated at different
- concentrations of G4. For each data set, the rate constant
of C&" binding was determined as shown in Figure 5B. The
results are given in Figure 5C. The effective rate constant
of the C&"-induced spectral shift development grows linearly
with increased CA concentration, yielding the second-order
20.0s 598 rate constant of 5.15 10> M~ s™1. This value is not
7.0 radically different (about 5.5-fold lower) from the second-
o 70 uM CaCl, |4 order rate constant of 2.8 10 M~1 cm! as determined
4 earlier by A Kirichenko and T.Vygodina for €ainteraction

500 550 00 es0 with bovine COX 60, 51). It is, however, 16-10-fold
Wavelength, nm slower than typical association rate constants foP"Ca
0.008 . . . . : . binding to intracellular C&-binding proteins with similar
affinities for the C&", e.g., calmodulins or calbindins (cf.
52, 53, and references therein).
- Dissociation Rate Constantek As shown above, the
spectral shift of hema induced by C& binding with the
D485A mutant can be fully reversed by excess EGTA
AA = 0.0062 g (Figure 3C). We have studied the kinetics of the spectral
T =36s shift reversal. Rapid mixing of 5 mM EGTA (final concen-
] tration) with the enzyme reduced aerobically by ascorbate
0.002 g + TMPD in the presence of KCN and preloaded with 50
70 uM CaCl uM Ca' is followed by extensive, slow absorption changes

2 in the Soret and visible ranges (Figure 6A). However, the
0.000 ° : 1 ~ ! . i difference spectra of the changes are not identical with those

AA mM-1 cm-1

0.006

0.004

AA at 614-598 nm

10 e, o 30 expected from simple reversal of theZanduced shift and
. - . are likely to report several processes. Moreover, there are
significant spontaneous slow spectral changes observed with
4r C n 1 the D485A enzyme even in the absence of EGTA (Figure

6B). These spontaneous spectroscopic changes show a
gradual loss of absorption in both tlee and Soret bands

sf | k=5150 M's! ; and appear to result from some instability of the mutant
oxidase. Similar instability has been observed also with the
oxidized enzyme (not shown). Overlapping the EGTA-
independent “spontaneous” absorption changes is the spectral
perturbation resulting from the reversal of the?Ganduced

shift (Figure 6A). The latter can be clearly resolved by
subtracting the spontaneous time-dependent changes occur-
ring in the absence of EGTA from those observed with
EGTA (Figure 6C). To extract the kinetics of €alissocia-

effective rate constant, s -t
|V

VAR . . tion from the overall absorption changes, we examined the
0.0 0.2 0.4 06 08 reaction using several different modes of spectrophotometric
[free Ca2+], mM measurements. First, a stopped-flow diode-array spectro-

photometer was used to collect a large spectrum/time data

FiGURE 5: Rapid kinetics of C& binding to the D485A COX from  surface in a single-beam mode of operation (as in Figure 6).
R. sphaeroidesExperiments were performed in a rapid-mixing This surface was processed subsequently by different routines
diode array spectrophotometer as described in the text. The finaltg extract the absorption changes specific fot'Giissocia-

enzyme concentration after mixing was 2. Free C&" ; L _ Iy )
concentration after mixing, 78M. 1600 evenly distributed scans 1" Second, an Aminco-SLM-2000 split-beam/dual wave

were collected during the observation period of 32.8 s. The first ength instrument was employed to collect the spectrum/time
scan in the series was taken as a baseline subtracted from alsurface in a split-beam mode with manual mixing. Since the
subsequent curves to obtain the difference spectra of tAé-Ca rate of absorption changes is slow, it is possible to sequen-
induced changes. The extent of the specifi¢'daduced absorption tially record difference spectra in the entire 350 nm

changes in the first scan is negligible. (A) Representative difference - . .
spectra extracted from the spectrum/time surface. The spectra havd@Nge, requiring about 2 min per spectrum. In this mode of

been adjusted to the same zero line by the absorption at 630 nm tomeasurements, the spectra are taken versus a reference cell
eliminate baseline shifts. (B) Kinetics of the time development of containing the same reaction mixture but without EGTA,
the absorption shift. The trace has been extracted from the samewhich eliminates contribution of the spontaneous changes
data set as in panel A. (C) Concentration dependence of the effectlveduring the measurements already. Third, the rate éf Ca

rate constant of Ca binding to the D485A COX. The experiment di iati d using the Ami SLM inst
shown in panels A and B was repeated at different concentrations 4/SS0ciation was measured using the Aminco- Instru-

of CaC}, varying the observation period. The line drawn through ment in a dual-wavelength mode (612 nm minus 598 nm).
the points was obtained by a linear fit of the data. This minimizes the problems due to slow baseline drifts and
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FicUrRE 6: Reversal of the Ca-induced spectral shift of hense

by EGTA addition to the D485A oxidase. (A) Evolution of spectral
changes following mixing of EGTA with Ca-loaded D485A COX.
5.2uM D485A COX (2.6uM final concentration after mixing) in
50 mM HEPES-Tris, pH 8.0, 0.05% dodecyl maltoside, 1 mM
KCN, 5 mM potassium ascorbate, 0.1 mM TMPD, and /84
CaCl, was rapidly mixed in a stopped-flow apparatus with an equal
volume of the same buffer, but containing also 5 mM EGTA and
no CaC}. The absorption changes were followed for 2000 s in a
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FiGURE 7: Kinetics of the EGTA-induced dissociation of Cdrom
the binding site in the D485A COX. (A) Typical kinetics traces at
20°C. Curve a: D485A COX (kM) in 50 mM MES—Tris buffer,
pH 8.0, and 0.05% dodecyl maltoside was reduced with 5 mM
ascorbate and 100M TMPD in the presence of 2 mM KCN. At
the zero time, 2 MM EGTA was added to reverse the spectral shift
induced by endogenous €a The kinetics of the reaction was
followed in a stirred 1 cm cuvette in an SLM-Aminco 2000
spectrophotometer operating in a dual-wavelength mode. Curve b:
Same as curve a, but the experiment was done with aerobically
oxidized D485A COX {3 uM), and the absorption changes (cf.
Figure 3B, spectrum b) were monitored by sequential recording of
the spectra on an Aminco-SLM every 150 s. The two curves are
given normalized to the maximaA value. The scale bar refer to
curve a. (B) Temperature dependence of thé"Q#Hf rate. The
experiment shown in panel A, curve a has been repeated at
temperatures 1035° C.

L
0 1000

(Figure 7A, trace b). The rate of €adissociation shows
quite a strong temperature dependence of 16 kcal/mgl (Q
2.5-2.7) (Figure 7B), similar to that observed for Ta
release from calmodulirb@). This slow off rate appears to
be a major factor responsible for the much tighter binding
of Ca&" to theR. sphaeroide®485A enzyme compared to
the bovine oxidase. Dissociation of Cdrom the wild-type
R. sphaeroidesenzyme, reduced or oxidized, is never
observed.

If Ca?" binding with COX were a simple single-step

diode array mode collecting 1600 spectra. Each 50th spectrum of Process, the equilibrium dissociation constant for the ligand
the data set is shown. (B) Spontaneous time-dependent spectrashould equal the ratio of the off and on rate constatts:
changes observed in the absence of EGTA. The experiment was= Kky/k,n. In bovine COX, theKy values determined by

performed was the same as that in panel A, but the buffer in the

second syringe was the same as that in the syringe with COX (i.e
containing 5«M CaCl, and no EGTA). (C) Absorption difference

equilibrium titrations and kinetic measurements are indeed

'close to each other (Kirichenko and Vygodina, unpublished,

between the samples in the experiments shown in panels A and B21). This is not the case for tie. sphaeroide®485A COX.

1500 s after mixing.

Taking a value of 5.15 10° M~1 s* for the second-order
kon for Ca?* binding (Figure 5C) and the off rate constant of

nonspecific absorption changes associated with enzymel02s! (Figure 6C), we obtain the value for the equilibrium

instability that are more difficult to avoid in case of slow

dissociation constartq = 190 nM. This is about 30-fold

reactions using a single-beam mode of operation. Having higher than the value of 6 nM determined by equilibrium
compared these three different approaches, it was found thatitrations. Such a difference cannot be accounted for by an

the kinetics of the absorption changes{As14 MiNus Asgg),

inaccuracy in the kinetic measurements or data analyses. It

whether extracted from the diode array-obtained data setsis, therefore, possible that binding of Tawith the mutant

or recorded in a dual-wavelength mode, is fairly specific for
the reversal of the Ca shift induced by EGTA. These data
have been used for evaluation of the?Gdissociation rate.
With the freshly isolated COX, the off reaction is
essentially monophasic with a rate constant of 0.66m801

s ! as measured for different preparations (Figure 7A, trace

a). This off rate is 1&fold slower than that for Ca
dissociation from the bovine COX of 0.5 s'%; 50, 51)
and 10—1C° slower than the off rates for different sites in
calmodulin B2). A similar extremely slow rate has also been
measured for Ca dissociation from the oxidized D485A

bacterial COX involves more than one step so that the
kinetically measured rates of spectral changes in the on and
off reactions reflect rate constants of partial steps that do
not give the overallk,, and ko of Ca&" binding (see
Discussion).

Effect of Sodium lons on the Interaction of the D485
Oxidase with C&'". Studies with bovine COX showed that
Na' ions compete with both Ga and protons for binding
to the enzyme. Sodium reverses the red shift of heme
induced by either C4 or protons but does not perturb itself
the spectrum of hema (21, 22). The inhibitory effect of
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' ' ' ' ' ' the group responsible for the protonation-induced red shift
Ca2* minus (EGTA+Nat) 612 of hemeais around pH 618), so no Nd-induced blue shift
is observed at pH 82@Q). It is possible that in theR.
sphaeroidexidase, the i, of the protonatable group is
higher than that in bovine oxidase, as may also be the case
for the P. denitrificansE56Q mutant 9).
Competition between Ca and Na ions for binding to
the oxidase has been studied in more detail following the
kinetics of absorption changes of the D485A mutant induced
by 300uM Ca* at different concentrations of Nan the
buffer. As shown in Figure 9A, addition of 20 mM Na
drastically reduces the rate of €abinding to the enzyme.
The same concentration oftkhas little effect; the minor
100 mM Na* minus EGTA deceleration opserve_d is possibly due to cr_osg—contamination
of the K* solution with N&. Thus, the inhibition of C&
binding is not induced simply by ionic strength and is specific
50 mM Na* minus EGTA . . for sodium ions.
560 580 600 620 640 Interestingly, th_eKd for Ca?* blndl_ng to the bovine enzyme
shows a parabolic, rather than linear, dependence on Na
Wavelength, nm concentration indicating competition of one Zavith two
Ficure 8: Na-induced blue shift in the EGTA-treated D485A  sodium ions 22). The Na-dependence of thd,, rate
oxidase. Basic conditions were the same as those in Figure 7A,constant for C# binding to the D485A mutant was

trace a. (a) The difference spectrum induced by the depletion of : : : .
endogenous Ca induced by the addition of EGTA to the mixed- examined (Figure 9). At the high concentration of Cased

valence enzyme. The kinetics of the effect is shown in Figure 7. in this study (30uM Caf*; 5000-fold Ky), increasing the
Curve a has been taken as a baseline for the difference spectrdNa™ concentrations up to 50 mM did not significantly reduce
b—d. (b and c) Spectral perturbation induced by the addition of the amplitude of the response but induced a progressive
N&;SQ, to EGTA-treated COX to a final salt concentration of 25  jecrease in the binding rate. The plot of the time-constant
and 50 mM, respectively. The changes took about 20 min for f th fi N; tration i t boli
completion. (d) C& was added to the cuvette to a final concentra- of the reaction versus Naconcentration IS not parabolic,
tion of free C&*+ of 61 nM. but linear (Figure 9B). In the same concentration range, the
presence of Nahas no significant influence on the rate of
Na" on C&" binding with theP.denitrificansmutants in the EGTA-induced dissociation of €afrom the binding site
C&*" site has also been reportezb(39). As expected, Na in D485A (data not shown). Therefore, the effect oftNa
does not affect the absorption spectrum of the wild-type on theko, of Ca* binding is likely to imply a proportional
oxidase fromR. sphaeroidesWhen added to the D485A  effect on the equilibrium dissociation constalt, . These
mutant equilibrated with Ca—EGTA buffer (60 nM free results may indicate that one of the twoNainding sites
C&™, ca. 10« Kg), Na' ions cause a blue shift of absorption found in bovine COX is lost in th®. sphaeroide®485A
spectrum (Figure 3C), partially reversing the red shift enzyme.
induced by C&". The kinetics of the development of the Resonance Raman Spectfs proposed in reB89, Ca&*
Na-induced blue shift is characterized by the sanvalue binding might perturb the spectral characteristics of hame
of ~10® s that is characteristic of the EGTA-induced blue by affecting the strength of a hydrogen bond between the
shift (data not shown). Hence, it is likely that reaction is formyl group of hemea and a conserved arginine residue
limited in both cases by the same process &f @ssociation (R52 in R. sphaeroidgsR54 in P. denitrifican3. This

EGTA minus Ca2+

from the binding site. possibility was experimentally tested by determining the
It was recently reported that Natself induces a red shift  stretching frequency of the formyl group in the wild type
in the C&*-depleted E56Q mutant of tdenitrificans(39). and D485A oxidases. Experiments were performed with both

We were not able to observe such an effect in the D485A the reduced and oxidized enzyme with laser excitation in
mutant of theR. sphaeroidesxidase. Figure 8 shows the the Soret band (441 or 413 nm, respectively). There are subtle
results of an experiment in which &dis first depleted from differences between the resonance Raman spectra of the wild-
the D485A mutant, followed by the addition of Na type oxidase and the D485A mutant. There is an increase in
Removal of endogenous &aby excess EGTA gives rise intensity of the low-spin marker bands at 1503) @nd 1585

to a substantial blue shift of the heraeabsorption (Figure  (v,) relative to the high-spin marker at 1569 chin the

8, spectrum a). Under these conditions, the addition ef 50 oxidized state (Figure 10B), broadening of the redox-state
100 mM Na does not induce a red shift of heme a @9) marker band at 1354 cri and an increase of intensity
but, rather, a further blue shift of heme a spectrum (traces baround the 1470 cm band in the reduced enzyme (Figure
and c). Similar data have been obtained with the equiv- 10A). However, these changes are Cimdependent and may
alent mutation (D477A) in theP. denitrificans oxidase report some general perturbation of the enzyme structure
(Kirichenko, unpublished). Presumably, in the EGTA-treated induced by the mutation (c#5). The stretching frequency
COX, the cation binding site is partially occupied by protons, of the hemeaformyl group in the resonance Raman spectrum
resulting in a red shift of the hensespectrum in a fraction  of the reduced enzyme at about 1611 éns found at 1609

of the enzyme. The binding of Naeverses this partial red cm™ in the C&t-supplemented D485A mutant and shifts
shift by displacing the proton(s) but does not itself perturb slightly (by 1 cnm?) to higher frequencies upon removal of
the spectrum of hema. In the bovine oxidase, theKp of Ca&" by EGTA (Figure 10A). This can be compared to a
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Ficure 9: Effect of Na ions on the kinetics of G4 binding to the D485A oxidase. (A) Representative kinetic traces. Rapid mixing
experiments have been performed essentially as in Figure 5 a&"ac@acentration of 30@M in the presence of 20 mM NaCl or 20 mM
KCI. The final enzyme concentration was 2«®8. 500 spectral scans were collected in a 50 s observation interval with a logarythmic
sweep of the aquisition time points. The control trace has been recordeg duwirsobservation period with an even distribution of the
time points. (B) Effect of Na on the time constant of the binding of 3pM Ca2* with the D485A oxidase. The experiment in Figure 9A
was repeated at different concentrations of"N8he data are fit to a linear dependence.
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Ficure 10: Resonance Raman spectra of dithionite-reduced (A)
and air-oxidized (B) D485A oxidase. The excitation wavelengths
for the reduced and oxidized samples were 441 and 413 nm

respectively. See the text for further details.
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Ficure 11: Time dependence of the generation of membrane
potential using D485A oxidase reconstituted in phospholipid
vesicles. Laser-flash-induced photoreduction of phospholipid vesicle-
reconstituted D485A COX with RuBpy was monitored electro-
metrically. Experiments were carried out in the buffer containing
5 mM Tris—acetate buffer, pH 8, 10 mM aniline and 40! RuBpy.

Photopotential, mV

' Before flashing the sample, the oxidase was converted to the ferryl

oxo state by the addition of 1.6 mM B,.

Cua, a redox center specific for cytochrorn@xidases, and

replacement, which increases the hydrogen bonding to thehemea (39). We examined the effect of €aon the kinetics

formyl group, induciig a 4 nm redshift of the heme a-band
(45). The R52A mutation results in a 14 cishift to higher

of intraprotein electron and proton transfer in tire
sphaeroide®485A oxidase with/without bound €a Figure

frequencies, corresponding to the loss of the hydrogen bond11l shows the time course of the membrane potential

to the formyl group, and a blue shift of the of herae
absorption peak by 10 nm is observed. Thus, the I'cm
C&*-induced low-frequency shift in D485A formyl stretch

generation by th&. sphaeroidesenzyme initiated by rapid
single-electron photoreduction of the ferryl-oxo state of COX
(compound F) to the oxidized form. There were no significant

is in the expected direction and is consistent with the proposaldifferences between the results obtained with D485A enzyme
in (39). However, as the magnitude of the shift is about the loaded with Ca" or depleted of CH (Figure 11) or between
error of the measurements, a definitive conclusion cannot D485A and wild-type oxidase (not shown). The rapid

be based on these data.

Electrometric Measurements Show No Effect of'Gan
the Intraprotein Electron and Proton-Transfer Step$e
cytochromec oxidase cation binding site is missing in the
quinol oxidase members of the hemeopper oxidase

electrogenic phase associated withh€uhemea electron
transfer is not dependent onaThere is a slight accelera-
tion of the slow part of the photoelectric response induced
by EGTA in both the wild-type and D485A oxidases. This
effect may be due to EGTA-induced removal of adventitious

“superfamily” (23). On this basis, it was proposed that bound metal cations causing a change in the membrane surface pH,
Ca&" may be specifically required for electron transfer among as previously observed in bacteriorhodop&is, 65), and at
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the output proton channels of the bacterial photosynthetic Scheme 1: Possible Mechanism of?€&inding and

reaction center complexeSe@). Dissociation from the D485A Mutant from of Cytochrome ¢
Oxidase fromR. Sphaeroides
DISCUSSION kon
ca observed E-Ca
“Tightly Bound" C&" in Bacterial COX.Cytochromec % \
oxidase fronR. sphaeroidesontains one tightly bound €a E ! : .Ca
ion per enzyme molecule that cannot be removed by \ .
prolonged dialysis versus EGTA. In this respect, COX from /
R. sphaeroides similar to the oxidase frorR. denitrificans § f/@d
(12, 25) and different from mammalian COX, which binds E Ca
C&" reversibly, and easily loses the cation upon the addition
of a slight molar excess of EGTALY, 18, 20—22). the D485 (D477) residue in the “tight binding” of calcium

The inability of EGTA to remove C4 from the bacterial ~ May suggest that this residue blocks the exit pathway for
oxidases could be a true equilibrium situation reflecting a C&" from the binding domain, trapping the cation in the
very high affinity of C&* for the binding site in the bacterial ~ SIté-
oxidases (higher than that for EGTA) or, alternatively, might  Riistama et al. 39) reported a C&-induced red shift of
indicate that the cation is kinetically trapped (caged) in the hemea in the Q63 and E54 mutants of tife denitrificans
binding site. Our data indicate that both factors may oxidase, implying that these mutants lacked the endogenous
contribute to the “tight binding” of Ca with the R. Ca*. However, independent worl2%) on the mutants in
sphaeroideoxidase. the same residues, one of which (Q63A) is identical to that

Affinity of the R. sphaeroide©485A oxidase for C& used in ref39, showed that the tightly bound &ais retained,

(Kg ~ 6 nM) is surprisingly high as compared either to that consistent with the current results with tRe sphaeroides
of bovine COX @2) or to those of various mutants of tiee oxidase. Moreover, no Cainduced red shift could be
denitrificansoxidase 25, 39 (Kq values in the $100uM observed in our hands with the Q63A mutant COX frBm
range). This difference in the affinities between the mutant denitrificans(A.Kirichenko, unpublished). A possibility of
R. sphaeroidesand bovine oxidases originates largely, differences between the preparations as obtained in different
although not exclusively, in the much slower (500000- laboratories cannot be excluded. Notably, the affinity of the
fold) rate of C&" dissociation from the binding site in the P. denitrificansE56Q COX mutant for C& reported by

R. sphaeroidesnzyme. The structural reasons for these Riistama et al. 39) (Kq ~ ca. 0.1 mM) is very low as
differences in the binding energy and kinetics are difficult compared to that found for the D47#A denitrificansmutant

to deduce at this time. The bovine oxidase crystals contain (Ka ~ 1 «M) (25), theR. sphaeroide®485A mutant Kq ~
Na* and not C&" (13) and the bacterial oxidases studied 6 nM, this work) or bovine COX. It is not clear whether
are mutants whose structures have not been determined. this low affinity is a specific feature of the E56Q mutant or

The presence of one extra protein ligand t6*CéH,0/ whether it indicates a major contribution of the conserved
D485) can further increase the intrinsic affinity of the site 9glutamate to the free energy of €abinding at the site.
for Ca" in the WTR. sphaeroidesnzyme, relative to that Discrepancy between theqW/alues as Determined by

of D485A, bringingKy from 6 nM to subnanomolar range.  Equilibrium Titrations and by Measurements of Rate Con-
Consequently, Ca dissociation upon addition of excess stants. Is C&" Binding a Multistep ProcessRor a simple
EGTA could decelerate from tens of minutes in D485A to single-step reaction of Gabinding, the equilibrium constant,
hours in the WT oxidase. Thus, thermodynamic equilibrium Kg, must be equal to the ratio of the rate constarkg:=
parameters could be sufficient to explain the apparently Kori/kon. However, the equilibriuniKy for Ce?* binding with
“irreversible” binding of the cation with the WR. sphaer- the D485A mutant (6 nM) is about 30-fold lower than the
oidesenzyme. However, such arguments are less plausibleratio of thekqi/kon ratio (190 nM). This discrepancy may
in the case ofP. denitrificansCOX, in which affinity for indicate that the on and off rate constants experimentally
Ca* of the D477A mutant is about 200-fold lower than that measured in this work refer to partial reactions that do not
for the R. sphaeroidesD485A enzyme. Therefore, we fully describe the CH reaction with the enzyme. An example
propose that G4 caging within the site (i.e., hindered of a possible mechanism of €ainteraction with bacterial
equilibration with the aqueous phase), is also important for COX that will be consistent with the current data is shown
the “tight” “irreversible” binding of the cation with the in Scheme 1.
bacterial oxidases in addition to the high intrinsic affinity Note that a simple linear two-step binding schemet E
of the site for the ligand. Ca < (E—Ca) <= E*—Ca, will not account for the data.
Specific Role of the Aspartic Residue in Locking'Ca Scheme 1 implies the initial spectrophotometrically detect-
the Binding SiteCa* is coordinated by six oxygen atoms able reversible binding of the cation to the enzyme (step 1)
within the binding site in thé®. denitrificansCOX (25) and to be followed by spectrally silent protein conformational
in the highly homologousR. sphaeroidegnzyme (Figure  changes (step 2, & E—Ca*). Also the unusually slow on-
2). Our data confirm the critical role of the “remote” aspartate rates and off-rates for €a binding to the oxidase (both
residue (D485 irR. spaeroidesD477 inP. denitrificang in mammalian and bacterial), as compared to othér Gimding
locking C&*" within the binding site in bacterial oxidases proteins, are consistent with a multistep reaction requiring
(25). Mutations in other residues directly coordinated t6'Ca  some protein structural rearrangement. This rearrangement
within the site, such as Q61 (Q63h denitrificang do not may be confined to the cation binding site itself, as there
result in C&" release from the enzyme. The unique role of are no indications of a gross conformational changes in COX.
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Spectral Perturbation of Heme a is Induced by?Ca  physiological significance of the cation-binding site in
Binding to the Cation-Binding Site Realed in the X-Ray = mammalian and bacterial COX remains to be established.
StructuresThe ability to bind C&" reversibly, as revealed C&" is involved in regulation of a vast number of intra-
by direct metal content measurements, correlates with thecellular biochemical processeS7( 58) and, in particular,
red shift of the absorption spectrum of hemen the R. enhances oxidative phosphorylation, stimulating both the
sphaeroideoxidase mutants (Table 1). It is clear that the respiratory and phosphorylation components of the system
spectral shift induced by Ga must be associated with (see ref$9and60 and references therein). It is tempting to
binding of the cation to the site resolved by the X-ray propose that the reversible binding of <do the bovine
structure of the enzyme. This is also the conclusion of oxidase may be involved in physiological regulation of
previous mutagenesis studiestbe P. denitrificansnutants respiration and energy transduction. It is worthwhile to
despite certain discrepancies between the published studiesliscuss some potential venues of research of cytochrome

(25, 39). oxidase as a Ca-binding protein, for which the bacterial
Competition between Caand Na Suggests the Identity  oxidase C& -binding mutants may serve as a useful model.
of the Second NaBinding Site in Beine COX.In bovine Intracellular effects of Cd are mediated by a family of

COX, Na" competes with CA for binding to the enzyme,  C&" binding “trigger” proteins that change their affinity for
but the binding of N& does not itself induce the spectral protein/membrane targets upon’Cainding 67, 58, 61, 62).

shift of hemea (21, 22). Competition between Caand Na TheKg of 1076 M for reversible C&" binding to bovine COX
has also been demonstrated recently forRhdenitrificans (22) is within the 10°-10"° M range characteristic of the
oxidase with mutations in the cation-binding sib5,(39). intracellular C&*-regulated trigger proteins such as cal-
Specific competition between Nand C&" ions for binding modulins or annexins5g, 61). The structure of the COX
with the D485A mutant is revealed in this work as well. C&"-binding site, with one ligand (}0/D485) supplied by
The kinetic measurements suggest that” Newers the a part of the amino acid sequence far removed from the main
apparent affinity of COX for calcium by decreasing the rate binding sequence, corresponds to the class I sites found often
of C&" binding. At 0.3 mM C4&", 100-fold inhibition of in many hydrolytic enzymes$@) and has no obvious direct
the binding rate is obtained with 25 mM Nandicating that homology with the classical EF-hand. It is unlikely that large
the Na affinity (Kq) of the enzyme may be in the range of scale conformational changes of COX subunit |, analogous
0.25 mM (i.e., 1% of the enzyme is free to bind?Can the to those in calmodulins or annexins, can be induced By Ca
presence of 25 mM N3. binding.

In bovine COX, one Cd& competes with two Naions The enzymatic function of COX would be the first obvious
(22) for binding to the enzyme. This complies with charge target of calcium/sodium regulation. However, no effects
balance but raises question as to the nature of the two sodiunCa&" or Na" on the electron transfer or proton pumping
binding sites. One sodium ion is presumed to be coordinatedactivities of cytochrome oxidase have been firmly established
in the same site as €a(13), but the identity of the second  so far (L8, 22). As proposed in42), the C&"-binding site
site remained obscure. The current data may provide a hintin bovine oxidase may be involved in regulation of the exit
to the solution of this question. Protein-boundCaypically of the putative tramsmembrane proton conducting network
requires two carboxylates in the coordination sphere for (13) (protonic H- channel,41; “pore A” in ref 11) via
charge neutralization. For instance, a so-called “proximal” interaction with the nearby asp-51 residue. This aspartate
cation binding loop in different homologous peroxidases can (bovine D51) undergoes a redox-linked conformational
be empty (yeast mitochondrial cytochromperoxidase) or ~ change in bovine COX1@3) and is hydrogen bonded to the
bind K™ (ascorbate peroxidase) or €ae.g., peanut per-  hydroxyl of Ser-441, which, simultaneously, coordinates Na
oxidase) in accordance with the presence of zero, one, or(and presumably C&) with its peptide carbonyl. The
two aspartate residues in this domain (see 3&f and concerted phylogenetic appearance of the residues homolo-
references therein). In COX, the two carboxylates are gous to Ser-441 and Asp-51 of COX subunit | in the
provided by a glutamate residue (E54Rnsphaeroide£56 Echinodermatahas been pointed out in64) and may
in P. denitrificans E40 in bovine COX) and an aspartate correlate with the appearance of hormonal regulation. While
residue (D485 irR. sphaeroidesD477 inP. denitrificans the role of the H-channel in proton pumping is not supported
D442 in bovine COX). In the bovine COX, one Nis at by mutagenesis studies on the bacterial oxidadtsgb),
the cation binding site, coordinated to E40, S441, carbonyl an interesting alternative is that in the mammalian COX, the
functions of Q43 and G45, and a water molecule, while H-channel may serve to conduct protons in the reverse
according to refl3, the D442 carboxylate is free. It is direction forming aAuy+ dissipating pathway. This would
tempting to suggest that the D442 carboxylate provides the be a form of regulated attenuation of protonic potential (see
second, lower-affinity binding site for Nain bovine COX. ref 66 for a review on physiogical uncoupling), i.e., a built-
Conceivably, N& binding with this group in bovine oxidase in controlled uncoupling device within mammalian COX
will counteract Ca' binding, since coordination of the €a subunit | regulated by Ca and N4a.
should require the presence of the second carboxylate group Second, a possibility cannot be excluded that COX
(D442). This suggestion is consistent with the present datatransmits the regulatory effect of &€ao other mitochondrial
indicating that C&" competes with only one sodium ion in  proteins. Such a “passive” function of COX in the signal
theR. sphaeroideB485A mutant, i.e., one Nabinding site transduction pathway can make sense, since COX is an
appears to be lost concurrently with the replacement of D485 abundant protein in the mitochondrial membrane. Interest-
by alanine. ingly, another abundant oxidative phosphorylation enzyme,

Possible Functional Role of the Cation-Binding Site in the the mitochondrial ATP-synthase, also contains &'€a
Bacterial and Mitochondrial Cytochrome ¢ Oxidas&he binding site located, as in COX, at the outer face of the inner
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mitochondrial membranes{). The C&*-binding site of the 6.

ATP-synthase is localized in suburgdtof the enzyme, is
homologous to the Céa-binding domain of troponin and may
be part of a cGMP-stimulated voltage-sensitive cation pore 8
inhibited by C&" with cGMP-depender, in the range of
0.1-100 uM (68).

Third, it is noted that the residue S441 adjacent to D442
at the C&'/Na" binding site in the bovine oxidase is part of
a consensus target sequence for cAMP-dependent phos-
phorylation (RRY $341). Residue S441 is also a ligand toNa
in the crystal structure of the cation-binding site of bovine
COX (13) and is specifically present in the cation-binding
site of animal, but not plant, yeast or bacterial CQ22,(

64). S441 has been proposed recently to be involved in
cAMP-dependent phosphorylation of the oxidase in animal
mitochondria 64, 69) associated with modulation of COX
activity and the effectiveness of proton pumpi6g,(69, 70

and references therein). If phosphorylation of S441 is
confirmed experimentally, this finding may provide a clue
to the functional role of the C&/Na"/H*-specific cation-
binding site in the mammalian cytochrome oxidase and reveal
new, important aspects of physiological regulation of the
oxidase activity in the cell.

In the two bacterial oxidases studied frétnsphaeroides 8
andP. denitrificans,Ca" is tightly bound and not exchange-
able, although it cannot be excluded that in some other
bacterial cytochrome oxidases reversible binding of &a
may be found. The most obvious potential function of the
tightly bound C&" in this case is to stabilize the protein
structure (e.g.39). In particular, C&" may help to hold
together two separate domains of COX as it binds simulta-
neously to ligands from the helixll loop and via the fixed
water to D477 (D485) from the helix XI-XII loop. Decreased
stability of the D485A mutant is indicated by the spontaneous
time-dependent absorption changes (mainly, loss of reeme
band) observed with both the half-reduced (e.g., Figure 6B)
or oxidized (not shown) mutant enzyme. Notably, this
instability is not affected significantly by €a The spon-
taneous changes are essentially the same either in the
presence of EGTA or Ca. This is not an unexpected result,
since in the absence of a D485 residue?'Caill not be
able to bridge the helix+tIl and helix XI-XII domains and,
even when bound to the site, may not reveal its stabilizing
function.
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