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ABSTRACT: A shift in the spectrum of hema induced by calcium or proton binding, or by the proton
electrochemical gradient, has been attributed to interaction 8f @aH" with the vicinity of the heme
propionates in mitochondrial cytochrorgseoxidase, and proposed to be associated with the exit path of
proton translocation. However, this shift is absent in cytochrenmxidases from yeast and bacteria
[Kirichenko et al. (1998FEBS Lett. 423329-333]. Here we report that mutations of Glu56 or GIn63

in a newly described Ca/Na* binding site in subunit | of cytochrome oxidase fromParacoccus
denitrificans[Ostermeier et al. (199Proc. Natl. Acad. Sci. U.S.A. 940547-10553] establish the C&
dependent spectral shift in henae This shift is counteracted by low pH and by sodium ions, as was
described for mammalian cytochromexidase, but in the mutaftaracoccusnzymes Nais also able

to shift the heme spectrum, albeit to a smaller extent. We conclude that ti¥é-@auced shift in both
Paracoccusand mitochondrial cytochromass is due to binding of the cation to the new metal binding
site. Comparison of the structures of this site in the two types of enzyme allows rationalization of their
different reactivity with cations. Structural analysis and data from site-directed mutagenesis experiments
suggest mechanisms by which the cation binding may influence the heme spectrum.

Cytochromec oxidases of mitochondrial or bacterial origin  centrations of sodium ions, though Nigself was not capable
catalyze the reduction of o water at a bimetallic heme  of inducing the shift. Saari et al7Y showed that an analogous
iron (ag)—copper (Cy) center in subunit | of the membrane- spectral change was induced in isolated bis-imidazole heme
bound enzyme. This reaction is coupled to proton translo- A by calcium, though in this case with low cation specificity.
cation across the mitochondrial or bacterial membrdje (  This latter effect was prevented by esterification of the
Subunit 1l contains the binuclear &wwenter, which is the  propionate groups of heme A, indicating that the effect of
primary acceptor of electrons from cytochromand donates ~ C&* (and H") in situ may be exerted by interaction of the
electrons to hemea in subunit |, from which they are ion with the vicinity of the propionate carboxyl(s) of heme
transferred to the ©reduction site. The enzyme also contains a. Due to the sidedness of the calcium effect, it was also
tightly bound metals that are not redox-active. Ana¥igr concluded that the propionate(s) of heenmust be located
Mn?* binding site is close to the henag propionate groups,  on the P side of the membrane, not far from the membrane
and Zri#* is bound to the nuclear-coded subunit Vb in the surface. However, the major interest in the calcium-induced

mitochondrial enzyme2]. effect comes from the finding that it is also caused by proton
Nearly 30 years ago Wikstno found that the optical  binding, presumably to the same site, at a high electrochemi-
spectrum of ferrocytochroma is red-shifted by +2 nm cal proton gradient. Thus, this metal binding site shows the

upon “energization” of isolated mitochondria by ATP (see properties and location expected from an acidic site involved
refs3—5). It was shown subsequently that this spectral shift in the exit “channel” of the proton pumg).
can be mimicked by calcium ions, which are bound to the A new metal binding site was recently reported in the
enzyme from the positively charged (P) side of the membrane crystal structures of cytochroneeoxidase from bottPara-
(6), and that the latter phenomenon is also seen in isolatedcoccus denitrifican§10) and bovine heart mitochondria)
cytochromec oxidase. The same spectral change could also (Figure 1). This site, which was proposed to bind eithet'Ca
be induced by H ions (7), and thus proton binding from  or Na (10, 11), is situated on the P side membrane border
the P side of the membrane, driven by the electrochemical of subunit I, and appears well accessible since the other sub-
proton gradient, seemed a plausible explanation for the spec-units are not blocking it. It is formed by residues on the top
tral shift, which was found to be induced by ATP hydrolysis, of transmembrane helix | of subunit I, and in the loop
respiratory activity, or electrical diffusion potenti@)( The following it, with possible additional contacts from the loop
Ca*-induced shift was reported to be highly specific for this between transmembrane helices XI and XII. The identity of
cation (and for H), but Mkrtchyan et al. §) found subse-  the ion cannot be definitely determined from the present
quently that it could be reversed or prevented by high con- crystal structures. IrP. denitrificans the authors prefer
coordination with C&" whereas Na is preferred in the
- —  structure proposed by Yoshikawa et dll) In the latter
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Ficure 1: Location of the cation binding site in the two-subupétracoccugytochromec oxidase. The site is at the end of the transmembrane
helix I of subunit |, close to the periplasmic membrane surface. Subunits Il and IV (not shown) would be located on the opposite side of
the enzyme relative to the metal binding site. (A) Shows the positions of subunits | (black) and Il (blue) and hemesithbright red

on the right and hemag in pink on the left) in the membrane. (B) A view of the TAla" site (green dot) close to the protein surface.

Kirichenko et al. 12) recently suggested that the La containing thectaDIl gene encoding subunit 114) was
induced shift in hemais the result of binding of the cation moved into M13mpl18 and used as a template. After
to this newly described metal binding site, but no experi- mutagenesis, the mutants were cloned into a derivative of
mental evidence for this suggestion is available. These the broad-host strain plasmid pBBR1MC5) containing
authors reported that the €ainduced shift is absent in  a streptomycin marked g), thectaDII gene, and its promoter
cytochromec oxidases from bacteria and yeast, and proposedregion. TheE. coli strain SM10 transformed with this
that this specificity is due to interaction of €awith species- expression plasmid was allowed to conjugate wiRh
specific ligands that account for the perturbation of heme denitrificansstrain AO1, from which the chromosomal copies
in the mammalian enzyme. Since the metal binding site is of the ctaDIl and its isogenectaDI are deleted, and where
nevertheless quite similar structurally in the bacterial and the ccoN gene, which encodes subunit | of the alternative
mammalian cytochrome oxidases, we undertook a site- cbhs cytochrome oxidase, is inactivatetf. Mutations were
directed mutagenesis study of it in tRaracoccusenzyme confirmed by DNA sequencing (ALFexpress DNA se-
to explore whether it can be modified to exhibit the?Ga  quencer, Pharmacia) throughout all processing stages, as well
dependent spectral change. In the absence of such direcas from fermentor cultivations.
evidence, this site cannot be assigned as the one specifically Bacterial Growth and Enzyme Purificatiowild-type and

responsible for the cation-induced spectral shift. mutant strains oP. denitrificanswere grown at 32C under
strong aeration in a 30 L fermentor using succinate (50 mM)
MATERIALS AND METHODS as carbon source in the minimal mediutv) that was not

supplemented by extra &a Streptomycin (2%g/mL) was
Site-Directed Mutagenesighe system for in vitro mu-  also used in fermentor cultivations. Cells were harvested in
tagenesis is based on the method by Vandeyar et 3)l. A the exponential growth phase, and the yield w&® g of
1.8 kb Xba —Hindlll or a 1.6 kb Pst—HindlIl fragment cells/25 L.
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helix I helix II helix XI helix XII

] — —— —

B. taurus IRAELGQPGT-----—-—---—————————————————— LLGDDQIY HFLGLSGMPRRYSDYPD-AYTMWNT
* X *A

P.sativum IRMELARPGDQI--------=--——=—-——————————— LGGNHQLY HFLGLSGMPRRIPDYPD-AYAGWNA

S.cerevisiae IRLELAAPGSQY-—---—-----"-"-"-"—"-"—"—"—"———————— LHGNSQLF HFLGINGMPRRIPDYPD-AFAGWNY

— —— —— —

P.denitrificans MRMELQHPGVQYMCLEGARL--------—— TIADASAECTPNGHLW HFLGRQGMPRRYIDYPV-EFAYWNN
* ¢¢ O *A

R.sphaeroides MRMELMAPGVQFMCAEHLESGLVKGFFQSLWPSAVENCTPNGHLW HFLGRQGMPRRYIDYPE-AFATWNF
E.coli MRSQQALASAG--—=—---—----—-——————————— EAGFLPPHHY YALGFMGMTRRLSQQIDPQFHTMLM

Ficure 2: Protein sequence alignment of the two sides of the metal binding site in mammalian, yeast, and bacterial cytookicase.

The ends and beginnings of the transmembrane helices (black bars) and the loops between them forming the pocket are shown. Amino
acids involved in the ligation of metal are also marked: carboxylic acids Glu56 and Asp#&afacoccuqdGlu40 and Asp442 in bovine

enzyme) £); the conformationally important proline 60 and glycine 61ParacoccugPro44 and Gly45 in bovine enzyme$)( tyrosine

478 inParacoccugqTyr443 in bovine enzyme)a(); and glutamine 63 iflParacoccugO).

Bacterial membranes were prepared by lysozyme treatment Spectrophotometry For the cation-induced spectral
and osmotic lysis of cells1®). The level of expression of  shift measurements, the enzyme preparations were diluted
cytochromec oxidase in these membranes was insufficient in 0.05% DM, 20 mM Tris-HCI, pH 7.8, and concentrated
for spectroscopic experiments. To isolate the enzyme, salt-again to minimize the Nacontent. Optical spectra were
washed membranes were solubilized with 1% (w/v) dodecyl recorded with a Shimadzu UV-3000 spectrophotometer,
maltoside (DM)(Anatrace) in 20 mM Tris-HCI, pH 7.8, 0.2 which has been updated with a computer connection.
mM PMSF. After ultracentrifugation, the supernatant was Concentrations of cytochronmeesg preparations were deter-
applied to a DEAE-Sepharose FF (Pharmacia) column equili- mined spectrophotometrically from reduced minus oxidized
brated with 50 mM NacCl, 20 mM Tris-HCI, pH 7.8, 0.5 mM difference spectra using th&e(605-630) of 23.4 cm?
EDTA, and 0.025% DM. Elution of cytochromaa; was mM~1 (20).
done with a 56-300 mM NaCl gradient in 0.05% DM, 20 The C&*-induced spectral shift was measured in 50 mM
mM Tris-HCl, pH 7.8, 0.5 mM EDTA. The cytochron®s-  js-tris-propane (BTP; pH 8), 0.5 mM EGTA, 0.02% DM,
containing fractions were pooled and concentrated using supplemented with 1 mM KCN, zM cytochromec, 10uM
pressure dialysis (Amicon, YM-100 membrane), and diluted ty\pp and 4 mM ascorbate. The final enzyme concentration
to lower the N& concentration before the second column 55 adjusted to 1,6M, except for the cation concentration
[Q_-Sepharose FF (Pharmacia)], which had_ been eq“"'brateddependence measurements, in which case it was13In
with 100 mM NaCl, 0.05% DM, 20 mM Tris-HCI, pH 7.8, he |atter case, the background sodium concentration was
0.5 mM EDTA. The enzyme was eluted at the end of the .5 15 mM, as measured by flame photome®3).(The
NaCl gradient (1& bed volume) from 100 to 400 mM. After 556 |ine spectrum was recorded in the presence of EGTA
SDS-PAGE analysis, fractions containing pure three-subunit ,¢qr which 2 mM CaGlor NaCl was added to measure the
cytochromeags were pooled and concentrated as above, and yitference spectrum. Hyperbolic curve-fittings to determine
finally using Centricon-50 concentrators (Amicon). the apparent dissociation constants fot'Gand Na binding

Activity MeasurementsOxygen consumption was mea- \yere done with Microcal Origin 4.0 (Microcal Software,
sured using a Clark-type oxygen electrode. The reaction ).

medium was 50 mM phosphate buffer, pH 6.5, supplemented ) . . . .
with 0.05% DM, 2.9 mM ascorbate, 34M horse heart Computations and ModelindgPositions of helices in the
cytochromec (Sigma, type V1), 0.6 mM TMPD, and 1.1 cytochromec oxidase of Paracoccusand bovine heart
mg/mL asolectin. The rate of oxygen uptake was determined Mitochondria_marked in the protein sequence alignment
after addition of enzyme. (Figure _2) were defln_ed by the KabselSander algorithm
Proton Translocation Spheroplast treatment of the. (22) as implemented in Insight Il (Version 97.0 Molecular
denitrificanscells and the oxidamtpulse method used to ~ Modeling System, Molecular Modeling Simulations Inc.,

measure proton translocation were as described previouslyt997), and the sequences are aligned using ClustalW 1.74
(19). The reaction medium contained either 100 mM KSCN, (23). The protein database search was done with the program

100 mM KCI, 100 mM sucrose, and 3 mM MgCbr 200 BLAST (24) from the sequence databases Swissped} (
mM KCI, 100 mM sucrose, 3 mM MgGJl and 0.5-1 uM and Genbank26). Ca&" was built into the bovine heart

valinomycin, supplemented with $®0 M rotenone and mitochondrial cytochromaas structure 1) With the pro-
2.5 mM succinate. gram Insight 1l, and the structure was refined by energy

optimization using the program CHARMNM2Y). The avail-
e
! Abbreviations: BTP, Bis-tris-propane; TMPIN,N,N',N'-tetra- able C&"-bound structure for.th@aracoccusenzyme 10) .
methyl-1,4-phenylenediamine; DM;dodecyls-p-maltoside; PMSF, ~ @s Well as both structures without bound metal in the site
phenylmethylsulfonyl fluoride; kb, kilobase pair(s). were energy-minimized analogously.




C&" Binding Site in Cytochrome Oxidase
RESULTS AND DISCUSSION

According to the report by Ostermeier et a0y, there
are five metal binding ligands in the newly described metal
binding site of cytochrome oxidase fronmParacoccusThese

are the backbone carbonyl oxygen atoms from residues

Glu56, His59, and Gly61, as well as side chain oxygens from

Glu56 and GIn63. Based on sequence alignment (Figure 2),

the first three residues correspond to Glu40, GIn43, and
Gly45 in the bovine enzyme, of which, however, only Glu40
and Gly45 were reported to be metal ligandl$)( To better

understand the structural differences between the sites in the

Paracoccusand bovine enzymes, €awas built into the
bovine enzyme structure, which was then energy-optimized
(Figure 3A). TheParacoccussite was treated similarily for
comparison (Figure 3B). The calciunoxygen distances
found are comparable to the distances of 2-89.4 A
reported for calcium sites of various proteir28,(29). The
number of C&" ligands in known structures varies greatly,
but the most common complexes have & oxygenous
ligands. In addition to the metal ligands reported by
Yoshikawa et al. 11) for the bovine enzyme, the backbone
oxygen of GIn43 forms a good bond to calcium by analogy
to a histidine ligand 10) in the corresponding position of
the Paracoccusenzyme (cf. above). In addition, the side
chain oxygens from Asp442 and Tyr443 also form bonds to
the metal (Figure 3A). In th®aracoccussite (Figure 3B),
we found a good bond to calcium from the carboxylic oxygen
of Asp477, which is analogous to Asp442 in the bovine
enzyme, in addition to the ligands reported by Ostermeier
et al. (L0). This analysis shows that &acan be coordinated
electroneutraly to the site with two counter-charges from side
chain carboxyls of homologous glutamic and aspartic acids
in both theParacoccusand bovine structures.

One obvious difference between the metal binding sites
is the side chain interaction by GIn63RaracoccugFigure
3B), which is missing in the bovine enzyme. GIn63 seems
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Ficure 3: Energy-minimized C& binding site in (A) bovine heart
mitochondria cytochromeoxidase and (BParacoccusytochrome

to protect the metal site against the exterior of the subunit, ¢ oxidase. The two main structures of the binding pocket are shown
thus possibly blocking easy dissociation of the cation from (see text). The ribbon shows the path of the protein backbone, and
the site. Interestingly, this residue is also found in the amino acids involved in the binding pf metal are marked. Atoms
cytochromec oxidases fron®. cereisiaeandR. sphaeroides ~ 2r€ marked as spheres: carbons (white), oxygens (black), nitrogens
Fi 2), which lack the Ca-induced spectral shiftlQ) (hatched), and calcium (cross-hatched sphere). (A) Thin lines mark
( |gur.e v . P : * _ the seven interactions found for the bovine enzyme. The backbone
On this basis, GIn63 was mutated into an alanine. We first and side chain oxygens of Glu40 at 2.49 and 2.47 A and the
confirmed that C# does not shift the spectrum of reduced backbone oxygens of Gly45 (2.46 A) and Ser441 (2.31 A) were
hemea in the wild-typeParacoccusenzyme (Figure 4; ref described as ligands by Yoshikawa et al)( In addition, the side
12). However, the GIn63Ala mutant enzyme does exhibit a Chain 0xygens from Aspd42 (2.34 A) and Tyr443 (2.73 A) and the

. . . ? . backbone oxygen of GIn43 (2.33 A) are ligated to calcium. (B) In
Ca*-induced red shift, although its amplitude in ifteband the Paracoccusstructure, there are six ligand contacts between the

difference spectrum is only 30% of that in the bovine enzyme bound C&" and residues around it. These are the backbone and
(Figure 4). side chain oxygens of Glu56 (2.46 and 2.31 A), the backbone

Amino acid substitutions were also done to the conserved ©XY9ens of His59 (2.49 A) and Gly61 (2.41 A), and the side chain
residue Glu56, which provides a side chain as well as aoxygen of GInG3 (2.45 A), as reported by Ostermeier et 0).(

: ! : - plusa bond from the carboxylic oxygen of Asp477 (2.31 A).
backbone interaction with the metal in the cytochrome

oxidases (Figure 3). In the most conservative mutation, this cation (Figure 5A), which is much higher than the
Glu56Asp, the spectral shift is very small or absent, but in reportedky of 1.3 uM for the bovine enzymel?). Another
the mutants Glu56GIn and Glu56Ala it is clearly observed difference is that Na itself also causes a qualitatively
with amplitudes approaching 60% of the shift in the bovine identical spectral shift in this mutant, with an apparkgt
enzyme (Figure 4). Oxygen consumption and proton trans- of 270uM (Figure 5B). Much higher concentrations of Na
location activities were normal in all mutant enzymes, are needed to counteract the?Ginduced shift in the bovine
indicating that the effect of amino acid substitutions is enzyme, and in that case Naauses no shift on its owd,(
restricted to the metal binding site. 12). In the Glu56GIn mutant enzyme, the maximum ampli-
Titration of the C&™-induced spectral shift in the Glu56GIn  tude of the Na-induced shift was about half of the maximum
mutant enzyme revealedka of approximately 10@«M for shift caused by Cd. If Na™ was added first at a concentra-
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FiGURE 4: Effects of Ca&" on the absorption spectra of reduced
hemea of cytochromec oxidases from bovine heart mitochondria
(Box), from wild-type Paracoccus(Pox), and from the mutants
Glu56GiIn, Glu56Ala, Glu56Asp, and GIn63Ala were determined
as described under Materials and Methods using(M5enzyme.
The difference spectrum of reduced minus oxidized harimethe
o-region for the wild-type enzyme versus Arg474Asn mutant
enzyme is also shown.

tion of 6.5 mM to saturate the Nanduced shift, further
addition of C&" induced the remaining half of the total
calcium shift, although then with thi€y apparently raised
to 1.5 mM (Figure 5C). This nonadditivity of the effects of
the two ions and the Nainduced apparent increase K

for Ca&" both indicate that Cd and Na compete with each
other for binding to the same site in the mutant enzyme,
and that the effect on hema is caused by a similar
mechanism. The ion specificity of the €ainduced shift in
the Glu56GIn mutant was also tested with high concentra-
tions of Lit, K*, Mg?", and Mr#™ (not shown), which all
reduced the effect of G4 though none of them induced
the spectral shift themselves. Of these' kias the most
effective, reducing the amplitude of the anduced shift

to 30% at 50 mM. This is in contrast to high cation specificity
found with the mitochondrial enzyme.

Figure 6 shows that the extent of the?Ginduced spectral
shift in the Glu56GIn mutant depends on pH. As observed
earlier for the mammalian enzyme)( the shift is reduced
at lower pH; the half-maximal effect is achieved at pH 6.6,
which is 0.5-1 pH unit more alkaline than the reportel p
values for the bovine enzymé,(12).

We conclude that the cation binding site found by X-ray
crystallography in the cytochromeoxidase structurel(,

11) is indeed the site through which binding of 4or Na*

or H') perturbs the spectrum of hens The chemical
identity of the cation in the native enzymes is not known
from the present crystal structures, nor under physiological
conditions. Our data suggest that it may be Wathe native
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FicurRe 5: Concentration dependence of the Gand Na-induced
spectral shift in the Glu56GIn mutant enzymeuBl Glu56GIn
mutant enzyme was titrated as described under Materials and
Methods. The size of the €& or Na™-induced spectral shift was
calculated from the absorbance difference between the wavelength
pair 599/612 nm. The data were fitted with a hyberbolic curve to
calculate the apparemy value. (A) Dependence of the spectral
shift on [C&*]. (B) Dependence of the spectral shift on [iathe
background of 0.15 mM Nahas been subtracted. (C) Dependence
of the spectral shift on [G4] in the presence of 6.5 mM NacCl.

Glu56Ala mutant enzymes without cation added is shifted
to the blue relative to wild type, and &ashifts the heme
spectrum in these mutants to the red, beyond the position of
the wild-type spectrum (not shown).

In the Paracoccusstructure, there is a unique insertion

Paracoccuenzyme used in this study, because the spectrumafter the metal ligands at the top of the transmembrane helix

of reduced minus oxidized hene of the GIn63Ala and

| and in the loop following it (Figures 1 and 2). The structural
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shift in theo-band was measured as described under Materials and [ e e T ”'I, = e haafizt |
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importance of this insertion for the metal binding site is ) ) )
probably small, because it is restrained by a disulfide bridge E'GER.E 7: Two possible paths for interaction between thé'Ca

- . a* binding site and hemain Paracoccusytochromec oxidase.
between two cysteine residues found at each end of thethe gpectral shift induced by cations could be through the loop
insertion. The overall fold of the loop that contains most of petween helices XtXII containing arginines 473 and 474, which
the metal ligands is very similar in both structures. Trans- interact with the propionates of hemeeandas. The observed effect
membrane helix | ends at the same point, and the c:onfor—;”gir%gr:'st 21'Sﬁ ?j?omeer?i%fr?dvig ttg‘z fzfrm%’ll %LO%%& PEETnt?éVhi(r:Qtein
mationally |mpor'tant prpllne 60 and glycine 61I?raracoc- . backbone ?/s mgrked with ribbons a%d carbons with empl?y black
cus (44 and 45 in bovine) are conserved (Figure 2). Itis gpheres, oxygens are red and nitrogens are blue spheres, and calcium
noteworthy that this glycine has dihedral angles i) of is the green sphere.
132.42 and—171.08 for the bovine, and 91.8%and 130.93
for the Paracoccusenzyme, so that it cannot be replaced the hydrogen bonds between Gly61 and Asp477 are strong
with other residues without changing the folding of the and stable throughout the molecular dynamic simulations
peptide backbone. Another structural restriction is caused (Figures 3B and 7), and the structure of the site is not affected
by the interaction of the backbone nitrogen of this glycine by C&". Therefore, it seems that the metal binding pocket
with the side chain of an aspartic acid (477Raracoccus in Paracoccuss so well organized that also a monovalent
enzyme; 442 in bovine enzyme) in the loop between helices cation can contact both sides. In contrast, in the bovine
Xl and XII (Figures 3, 7). In the energy-minimizeiara- enzyme the pocket is more mobile, and hydrogen bonds
coccusstructure, the lengths of the hydrogen bonds betweenbetween Gly45 and Asp442 are only found in the structure
the amino N of Gly61 and the carboxyl oxygens of Asp477 with bound C&", but not if the binding site is empty. In this
are 2.83 and 2.55 A. In the bovine structure, the correspond-situation, Na alone may not be able to induce the structural
ing distances are longer (3.31 and 3.33 A), most likely changes needed for the spectral shift (see below).
because the aspartic acid can also form a hydrogen bond The loop between transmembrane helices Xl and XII
with an arginine (Arg134) in subunit II. This latter interaction contains conserved arginines (Figure 7), which interact with
is absent fromParacoccuscytochrome oxidase, and could the propionates of hemea and a; (473 and 474 in
be one of the structural differences between the bovine andParacoccusenzyme; 438 and 439 in bovine enzyme). Of
Paracoccuenzymes responsible for the observed differences these, Arg474 is closer to the ring D propionate of heane
in the C&"-induced spectral change. whereas Arg473 is closer to the D propionate of hemé\

The metal binding pocket is formed by two main struc-
tures, viz., the top of transmembrane helix | with the loop
following it, and by the loop between helices Xl and XII
(Figures 2, 7). Binding of calcium to the pocket could bridge

change in the helix X+ XII loop may be felt by hema if,

for example, it causes Arg474 to move further toward the
ring D propionate of hema@, strengthening the hydrogen
bonding. If the effect is indeed exerted via a propionate group

these two sides of the binding site together, and thus induceof hemea, as suggested by Saari et &), (it is likely to be

a conformational change in either or both of these structures,

which may cause the spectral shift in the optical absorption
spectrum of heme. In the bovine enzyme, Nadoes not

electrostatic in nature because the propionates are not
conjugated to the heme macrocycle. The Arg4fgtbpionate
interaction is, in part, electrostati@®), but Arg474 also

cause a spectral red shift by itself, but can reverse the shiftdonates a hydrogen bond frome kb the carboxyl oxygen

caused by Cd, while Na™ does induce a spectral shift in
the presenParacoccusnutants, albeit smaller than that with
C&". These cations most likely bind to the same site, but
do not achieve identical effects. Paracoccusthe top of
the C&" binding pocket is not connected to subunit Il and

of the propionatel0). We tested this possibility by mutating
Arg474 to an asparagine. As shown in Figure 4, this mutation
causes a blue shift in the spectrum of ferrous hanvehich

is similar in position, and only some 25% larger in amplitude,
when compared to the €ainduced shift in the Glu56GIn
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mutant enzyme. This finding indicates that the positively = The structural and functional role of the metal binding site
charged Arg474 indeed influences the spectrum of heame remains obscure, however. It seems to be absent from the
shifting it to the red in much the same way as does$ Cla quinol oxidases, and its role might therefore be connected
is noteworthy that this mutation has no effect on the proton to electron transfer from cytochrontevia the Cy center
translocation efficiency of the enzyme (&fl), and that the into the low-spin heme. Alternatively, it might help to

catalytic activity is not much changed (not shown). regulate proton translocation events. Proton translocation is
Another possible mechanism for the?Ganduced spectral  known to be less tightly coupled to the,@eduction
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