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ABSTRACT: We have investigated the kinetic and thermodynamic properties of carbon monoxide binding
to the fully reduced quinol oxidase (cytochroraes) from the hyperthermophilic archaedkcidianus
ambialens After flash photolysis of CO from hema, the complex recombines with an apparent rate
constant of~3 s71, which is much slower than with the bovine cytochromenxidase ¢80 s1).
Investigation of the CO-recombination rate as a function of the CO concentration shows that the rate
saturates at high CO concentrations, which indicates that CO must bind transiently befGre binding

to hemeas. With the A. ambvalensenzyme the rate reached 50% of its maximum level (which reflects
the dissociation constant of the §G0) complex) at~13 uM CO, which is a concentratiorr 10° times
smaller than for the bovine enzyme 11 mM). After CO dissociation we observed a rapid absorbance
relaxation with a rate constant of1.4 x 10* s™1, tentatively ascribed to a heme-pocket relaxation associated
with release of CO after transient binding togCiThe equilibrium constant for CO transfer from £io
hemeas was ~10* times smaller for theA. ambvalensthan for the bovine enzyme. Thel(® times
smaller Cg(CO) dissociation constant, in combination with tk&0* times smaller equilibrium constant

for the internal CO transfer, results in an apparent dissociation constant of theah@@) complex

which is “only” about 10 times larger for th&. ambvalens(~4 x 10-2 mM) than for the bovine (0.3

x 1073 mM) enzyme. In summary, the results show that while the basic mechanism of CO binding to the
binuclear center is similar in thA. ambvalensand bovine (andR. sphaeroidésenzymes, the heme-
pocket dynamics of the two enzymes are dramatically different, which is discussed in terms of the different
structural details of thé&. ambvalensquinol oxidase and adaptation to different living conditions.

The hyperthermoacidophilic crenarchaedkcidianus chondrial cytochrome oxidase, although its homology is
ambiwalens is a member of theSulfolobalesthat grows very low (14% identity, 32% similarity). Subunit Il is totally
optimally at ~80 °C and pH 2.5 1, 2). When grown dissimilar from most of the others known and as all quinol
aerobically using colloidal sulfur as an electron source, it oxidases lacks any metal-binding motifs. Thus, the purified
expresses a very simple membrane-bound respiratory systemi. ambbalens enzyme contains three redox-active metal
having A-type hemes as the major chromophores. It is sites, heme and a binuclear center consisting of heme
constituted by a succinate dehydrogenase with a novetiron and Cu (4, 5). It has been postulated that caldariella quinone,
sulfur clusters compositiorB) that feeds electrons into a  the physiological electron donor, is in vivo tightly bound to
pool of caldariella quinone, a quinone specific of the the enzyme, providing the fourth redox active cen®r (
SulfolobalesThis quinone then donates electrons to the only
terminal oxidase present, a quinol oxidase (cytochramg
to which all membrane bound hemes are associatef)(
The gene locci encoding for this oxidase contains five open
reading frames ). The enzyme is purified with four
subunits, the largest of which has a molecular mass of 65
kDa (product of thedoxB gene) and contains the ligands
bound to the redox-active cofactors hemehemeas, and
Cug! (6). Thus, it is analogous to subunit | of the mito-

High-resolution structures of cytochromeoxidase from
bovine heart 7—9) and Paracoccus denitrifican$10, 11)
have been determined. As was found previously from
mutagenesis studied?), they show that, in the binuclear
center, Cy has three histidine ligands and the heagéon
has a (proximal) histidine as an axial ligand. At the distal
hemeas side, ligands such as,@nd CO bind.

1 Abbreviations and definitions: Gu copper B;z, time constant
T Supported by grants to P.B. from the Swedish Natural Science (in exp(—t/7)), i.e., a rate constank,= 1/r; kea andkag, rate constants
Research Council and The Swedish Foundation for International Co- for CO transfer from Cgl to hemeas and from hemeaz to Cuk,
operation in Research and Higher Education (STINT) and to M.T. from respectivelyKga = ksd/kag, €quilibrium constantk,,, second-order CO-
Praxis XXI (BIO1075/94 and 36/97) and the European Union G-Project binding constant to Gy kor, CO dissociation from Gy Kco 4,

on Biotechnology of Extremophiles (Bio-4-CT96-0488). dissociation constant of the hemedf0O) complex;Kq, dissociation
* Goteborg University. constant of the hema;(CO) complex;Eo, enzyme concentration; [X],
§ Universidade Nova de Lisboa. concentration of X in units of mol/L; [C@]and [CO] concentrations
I Stockholm University. of added and free CO, respectivelyEf < [CO]Jo, then [CO} = [CO].
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Dynamics of theA. AmbvpalensQuinol Oxidase

In the functionally well-characterized membrane-bound
bovine andRhodobacter sphaeroidegtochromec oxidase

the catalytic reaction involves electron transfer from a water-

soluble cytochromec to a dinuclear Cp site, bound in
subunit I, followed by consecutive intramolecular electron
transfer to a low-spin hema and to the binuclear center
hemeaz—Cus, Where oxygen binds and is reduced to water.
The electron current from cytochroneeto O,, through the
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important for understanding the reaction of the enzyme with
O..

The data show that the CO-binding properties differ
dramatically between th&. ambvalensand bovine (andR.
sphaeroidesenzymes. In thé\. ambvalensenzyme, after
flash photolysis of CO from the fully reduced enzyme, CO
recombines with a rate constant B s, i.e., ~25 times
slower than with the bovine enzyme. The CO-recombination

enzyme, drives pumping of protons across the membranekinetics saturates to 50% at about A8l and 16 mM for

(for a review see e.g. ref3).

Quinol oxidases lack the Gsite and electrons enter from
the quinol, which binds to the enzym#4j. In the ubiquinol
oxidase (cytochrombos) from E. coli, the ubiquinol-binding
site is likely to be found at the interface of subunits | and Il
(15). In this enzyme electrons are donated from ubiquinol
to the low-spin hemd® (cf. hemea in the bovine enzyme)
and then to the oxygen-reducing binuclear center hesne
Cus (16, 17).

The reaction of several cytochrom@&nd quinol oxidases
with O, has been investigated in detail using various
spectroscopic techniques. However, it is difficult to study
the binding dynamics of the Jigand to the reduced enzyme

the A. ambvalensandR. sphaeroidesnzymes (11 mM for
the bovine enzyme2@)), which reflects transient binding
of CO to Cw during CO recombination with hena and
shows that formation of the G(CO) complex saturates at
~10 times lower concentration for thé. ambvalens
enzyme than for th&. sphaeroidesnzyme. In addition, the
results indicate that the transfer of CO fromg3a hemeag

is ~1C® times slower in theA. ambbalensthan in theR.
sphaeroidesaind bovine enzymes.

MATERIALS AND METHODS

Cell Growth and Enzyme Purification. A. amblens
(DSM 3772) cells were grown as described in 3&f and

because the enzyme is oxidized and the first partly reducedthe quinol oxidase was purified as previously descrit®d (

oxygen intermediate is formed very rapidly after binding of
O, to the binuclear center (withir50 us in the bovine and
R. sphaeroidesnzymes 18)). In addition to Q, the reduced

The protein concentration was determined using the pyridine
hemochrome methodB{). The enzyme concentration was
verified from the reduced-minus-oxidized difference spec-

binuclear center also binds other ligands such as carbontrum using an absorption coefficient of 23.2 mMem ! at

monoxide. Even though CO is not a natural ligand to
cytochromec oxidase, it can serve as a tool for investigation
of the dynamic properties of the binuclear center. The-CO

hemeas; bond is photolabile, and thus, the complex can be

605 nm (2.

Kinetic Measurements of CO Dissociation and Recombi-
nation. The enzyme stock solution was washed on a PD-10
column (Pharmacia) to replace the 400 mM potassium

photolyzed. Under anaerobic conditions, following flash- phosphate (pH 6.5), 0.1% dodegiie-maltoside buffer, in

induced dissociation of CO from the reduced enzyme the

ligand rebinds again to henae. Thus after a short laser flash,

which the stock solution was stored, by 50 mM potassium
phosphate at pH 7.8, 0.1% dode@yb-maltoside. The

both the CO-dissociation and -recombination kinetics can enzyme solution was transferred to a modified anaerobic

be investigated. In the bovine cytochrormexidase such

cuvette, the concentration was adjusted to abett@uM

investigations have provided abundant information on the (depending on experiment; see figure legends), phenazine
structure and dynamics of the binuclear center and also of yethosulfate (PMS) was added at a concentration 15
protein conformational changes coupled to ligand binding ang the mixture was then repeatedly evacuated on a vacuum

and dissociationl(9—23). These types of investigations have

line and flushed with B\ To reduce the enzyme, sodium

attracted additional attention recently as it is thought that ascorbate at 2 mM was added to the enzyme solution,
the proton-pumping machinery could be closely associatedfollowed by replacement of Nby CO. The concentration
with the binuclear center and may involve changes in the of enzyme with CO bound to hensg was estimated from

coordination of metal ligand24—26).

the absorbance difference spectrum reduced CO minus

In this work we have investigated the CO-dissociation and reduced using\e*4>*= 67 mM~* cm™* (33). The fraction of

-recombination kinetics in the quinol oxidase frof

the hemeag?"(CO) complex was found to be about 60%,

ambivalens The results are compared to those obtained from which did not change with temperature in the range-30

studies of theR. sphaeroidesytochromec oxidase as well

as to those obtained previously from studies of cytochrome

c oxidase from bovine heart and from the thermophilic
bacteriumThermus thermophiluécytochromebas). In the

°C.
Direct Measurements of Thermal CO-Dissociation Kinet-

ics. The solution of the reduced cytochromexidase-CO
complex was transferred anaerobically to one of the drive

bovine enzyme, after flash-induced dissociation of CO from syringes of a locally modified stopped-flow apparatus

reduced hemes, CO binds transiently to Guin a few

(Applied Photophysics, DX-17MV). The other syringe was

picoseconds, after which it dissociates and equilibrates with filled with the same buffer solution supplemented with 0.05%

the bulk solution with a rate constant of abeu x 1P s™*
(22, 23, 27). The subsequent rebinding of CO to heme
takes place through GuThe transient binding of the ligand
to Cus “on the way” to hemes is not unique to CO but has
also been suggested for, @8, 29). Thus investigation of

dodecylg-p-maltoside, equilibrated with air. The enzyme:
air-equilibrated-solution mixing ratio was 1:1, giving ap O
concentration in the experiment (after mixing) of 128l

The temperature of the samples in the syringes and the
cuvette was controlled by a flow of anaerobic, thermostated

the thermodynamics and kinetics of the CO reaction is also water.
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‘ ‘ associated with dissociation of CO. It is followed by a slower
CO recombination decrease in absorbance, associated with recombination of CO
] with the fully reduced enzyme. At 1 mM the CO-recombina-
tion absorbance change displayed a single recombination
phase with a rate of 3.& 0.2 s, which is about 25 times
slower than with the bovine cytochrorags at the same CO

A ambivalens concentration{80 s ). The CO-recombination rate was the
same at pH 5 and 9 as well as for the enzyme in the native
membranes (data not shown).

. Thermal CO Dissociation from the Fully Reduced Enzyme.
0.0 0.5 1.0 L5 2.0 The dissociation rate of CO from hemag" was measured

by mixing the fully reduced-CO complex of the enzyme with
an Q-containing solution in a stopped-flow apparatus.
Dioxygen binds rapidly and irreversibly to the reduced
enzyme (because Qs trapped by rapid oxidation of the
enzyme;

7 = 100us; Gilderson et al., unpublished results). Therefore,
the oxidation rate of the enzyme is limited by the CO-off
rate. Upon mixing of the reduced-CO complex with, O

CO dissociation biphasic kinetics was observed at 445 nm. Since we assume
that CO must dissociate before any reaction can take place
0 5 10 after mixing of the enzyme and,B3olutions, the faster of

the two phases was taken as being associated with dissocia-

) ) _tion of CO from hemeas. Its rate was found to be 12 0.2
Ficure 1: (A) Flash-induced absorbance changes associated W|ths_1 at 22°C. This rate is similar to that found with tHe

dissociation and recombination of CO frofn ambvalensquinol . L

oxidase andR. sphaeroidesytochromec oxidase. (B) Absorbance  thermophiluscytochromebas (0.8 s™* (34)), but it is about
changes associated with reaction of the fully reduteaimbbalens 50 times slower than that found with the bovine enzyme
quinol oxidase with @ A solution of the ascorbate-reduced enzyme (0.023 s? (35)).

o mixed ‘{"'th o _‘E"Be‘}‘;"“br?‘ted b”.fgler SO'U“:?” na Stofpﬁfd' CO-Recombination Characteristics as a Function of CO
r:&'fj(?e%pzrﬁzsfng with Dis gsggrf]‘gi'o E)e et br;" the Co_ ConcentrationThe CO-recombination characteristics were
dissociation rate from hemes (ks = 1.2 + 0.2 s1). The investigated at different CO concentrations in the range 0.25
absorbance difference corresponds to the difference in absorbancgtM to 1 mM. Figure 2A shows the CO-recombination rate
of the reduced enzymeCO complex and the oxidized enzyme. as a function of the CO concentration for theambbalens

Experimental conditions: (A, B) ZM enzyme, 50 mM potassium i i i i
ohosphate, pH 7.8, 0.1% dodegib-maltoside. 1 mM CO. 22 quinol oxidase andR. sphaeroidegsytochromec oxidase.

1°C: (A) 2 mM sodium ascorbate, 1 mM CO; (B) after mixing As seen in Figure 2A, with both the quinol gnd cytochrome
with a mixing ratio of 1:1 1 mM sodium ascorbate, 0.5 mM CO, C oxidases, the rate does not increase linearly with CO
125uM O,. concentration, as has been found with myoglobin, but the
) ) ~ CO-recombination rate saturates at high CO concentrations,
The laser and observation equipment have been describegs has been found with the bovine cytochrocexidase.

in detail elsewherel). o o However, the CO concentration at which the rate saturates
Measurements of the CO-Recombination Kinetics and s ~103 times smaller for theA. ambialensenzyme than
Extent of CO Binding to Hemesas a Function of CO  for theR. sphaeroidesovine @2) andE. colienzymes36;

Concentration.A 3-mL four-window fluorescence cuvette  see also re87). The saturation behavior has previously been
was filled with an enzyme solution, and the cuvette was aitrihuted to transient binding of CO to guprior to

closed using a rubber septum. Care was exercised to avoiqntramolecular transfer of CO from Guo hemeas (see
trapping of air between the liquid and the rubber septum. piscussion).

Excess dithionite was added to reduce the enzyme, which  rigyre 2B shows the amplitude of the kinetic phase

was confirmed from an absorption spectrum in the range ggsociated with CO recombination for the ambialens

400-700 nm. Aliquots of a CO-saturated buffer solution qyinol oxidase. This amplitude reflects the enzyme fraction
containing 1 mM CO and-1 mM dithionite were added to  \yith CO bound to hemeag?*. For theA. ambbalensenzyme
the enzyme solution. After each addition, flash-induced 5 gissociation constant of (& 1) x 103 mM was

absorbance changes at 445 nm were recorded. determined, as compared to 0<310-2 mM for the bovine
For measurements at CO concentratioismM a locally enzyme 85, 50).
Qesigned pressure cell was used. The CO pressure was varied Rapid, CO-Concentration-Independent Absorbance Changes
in the range 0.£5 MPa. after CO DissociationWhen measured on a shorter time
RESULTS scale, a faster component was observed after dissociation of
CO from the fully reduced enzyme (Figure 3). It displayed
Recombination of CO with the Fully Reduced Enzyme after a rate constant of (1.4 0.5) x 10* s™1. Upon addition of
Flash PhotolysisFigure 1 shows absorbance changes at 445 Stigmatellin, an inhibitor which presumably binds to (and
nm after pulsed illumination of the fully reduced-CO blocks) the quinone-binding site, the rate of tieabsor-
complex of the quinol oxidase (cytochronsss) from bance change was slower and displayed a rate constant of
Acidianus ambialens The initial increase in absorbance is (6 & 2) x 10° st (not shown).

- flash
]

445

0.5 R. sphaeroides

normalized AA

s/

0.0 f J

mixing of
23-CO+ 0y

’

AAY (arbitrary scale)

time (s)
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Ficure 2: (A) Apparent CO-recombination rat&.fs see eq A2) as a function of the CO concentration of added CO (G®the A.
ambivalensquinol oxidase andR. sphaeroidesytochromec oxidase. The lines represent a fit of eq A2 with the data (cf. the parameters
indicated in the graph). (B) Amplitude of the flash-induced CO dissociation absorbance change at 445 nm as a function of CO concentration.
The line represents a fit of eq A5 with the data (cf. the parameters indicated in the graph). Experimental conditions were the same as those
in Figure 1A, except that the CO concentration was varied as indicated.

0.005 iﬂash 0.02 - ® ps-phase 1
| © CO recombination j
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) < 77777777
< 000 - —~We oS
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-0.010 -0.02 - 1
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B wavelength (nm)
0010 WMWWNWWW FIGURE 4: Kinetic difference spectra of the CO recombinatian) (
. and the us relaxation @) absorbance changes. Experimental
2 conditions were the same as those in Figure 1A.
S 00s
perature dependence of the CO-dissociation and -recombina-
tion rates ksg and kops See Discussion and Appendix), as
0000 M well as the rapid absorbance relaxatioms (relaxation)

following CO dissociation in the range-35 °C. The CO-
recombination experiments were done using a CO concentra-
0,015 C tion of about 1 mM, i.e., in a range in which the recombi-
nation rate is independent of the CO concentration (cf. Figure
{ 2). Consequently, we did not have to account for the change
~ in CO concentration (dissolved CO) with temperature. The
\

|

0.010

activation energies for the CO recombination, CO dissocia-
tion and for theus-relaxation (not shown) were 66, 63, and
40 kImol™1, respectively. The solubilized enzyme was stable
0.000 | for at leas 1 h at 50°C. With the bovine enzyme the
activation energy for CO dissociation from hemeavas~90
0 10 200 300 kJmol! (data not shown), i.e., larger than with tide

. ambialensenzyme.

time (us)

- 3 Th hase following flash-induced CO di ati As indicated in Materials and Methods, at 22 about
IGURE 3: Theus-phase following flash-induce issociation 0 ; i hi ; i
from the A. ambbalensquinol oxidase at (A) 600 nm, (B) 610 60% of the enzyme population did bind CO. This fraction

nm, and (C) 620 nm. Experimental conditions were the same asdid not change with temperature in the range-50 °C,

A A620

0.005

those in Figure 1A. which is consistent with the temperature dependence of the
equilibrium constant for CO transfer between hemend
The kinetic difference spectrum (Figure 4) of ths- Cus (Figure 5; see Discussion).

relaxation was different from that of the CO recombination.  Formation of the Mixed-Valence Enzynwe also tried

In addition, the rate of thes-relaxation was independent of  to investigate internal electron transfer in theambbalens

CO concentration, which shows that the-relaxationis not ~ enzyme after flash photolysis of CO from the partially

associated with rapid CO recombination. reduced enzyme3g). We were not able to observe any
Temperature Dependence ofdhts Associated with CO  electron transfer, which reflects the very large difference in

Dissociation and Recombinatiofigure 5 shows the tem-  reduction potentials between the two hemgs (
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FicurRe 5: (A) Temperature dependence of CO-recombinat®n (
and CO-dissociation€) rates. The CO-recombination rate was
measured at saturating CO concentrations, and Qs+ Kag +

ksa. The CO-transfer rate from henag to Cus (CO-dissociation
rate from hemeas, ksg) was measured after mixing of the fully
reduced CO complex with an,Bolution (see legend to Figure 1
and Materials and Methods). The CO-transfer rate in the opposite
direction, i.e., from Cplto hemess (kg,, dashed line), was calculated
from a difference of the least-squares fitktgsandkag. Similarly,

the equilibrium constarg, was calculated from a ratio &g, and

kas. The temperature-independelig, was confirmed from an
independent spectrophotometric study of the fraction of the heme
a3(CO) complex formed as a function of temperature in the range
5—50 °C. Experimental conditions for measurementskgf and

kag Were the same as those in panels A and B, respectively, of Figure
1.

DISCUSSION

In this study we have investigated the kinetics of dissocia-
tion and recombination of the fully reduced-CO complex of
the quinol oxidase (cytochromass) from A. ambvalens
Both the kinetic and thermodynamic properties of these
reactions in theé\. ambvalensquinol oxidase differ dramati-
cally from those of cytochromeoxidase from bovine heart
(andR. sphaeroidés

The reactions following CO dissociation in the bovine
enzyme have been investigated in detail using various time-
resolved spectroscopic techniques. Alben et a8, @0)
showed that after flash-induced dissociation of CO from
hemeas the ligand binds to Gu At temperatures below
~140 K the CO ligand is trapped at gwhereas at higher
temperatures the binding is transient and is followed by
equilibration of CO with the bulk solution. Woodruff et al.
(22, 23, 27) investigated the kinetics of this reaction in detalil
and showed that after photolysis of the heage CO bond,
CO binds to Cy within ~1 ps after which it dissociates and
equilibrates with the bulk CO ir1.5us. Most interestingly,

Aagaard et al.

(~221 cm!) than that of the relaxed speciesq15 cn?).

The vibration relaxes to its equilibrium frequency with a time
constant of~1 us; i.e., it coincides in time with the release
of CO from Cw. Findsen et al. Z0) suggested that,
immediately after dissociation of CO from heiagthe heme
pocket is in a different conformation from that in the fully
reduced unligated enzyme. The heme pocket then relaxes to
the equilibrium conformation in aboutAs. Woodruff and
co-workers 22, 23) instead suggested that binding of CO to
Cug and hemesg is controlled by an endogenous ligand. In
the hemeag(CO) complex this ligand is bound to guJpon
dissociation of CO from hema the ligand moves and binds
to hemeag on the distal side, which allows binding of CO
to Cus. At the same time the proximal histidine£bond is
broken. The release of CO from g£yr = 1.5 us) is
accompanied by the ligand switching back from heameo

the copper with re-formation of the proximal-histidinEe,,
bond, a process which is responsible for the observed
absorbance changes in the visible range.

In a recent study, on the basis of results from picosecond
time-resolved resonance Raman experiments Babcock and
co-workers 19) found that the proximal-histidineFe,, bond
most likely remains intact after CO dissociation and proposed
that the observed hersg absorbance changes on the
time scale may be caused bystrelaxation of the proximal-
histidine-Fe,, bond after dissociation of CO. Such a
relaxation may be coupled to changes in the protein structure
because of an increase in the out-of-plane distance of the
hemeas iron (on theus time scale) as a result of the CO
dissociation 19).

Rebinding of CO to hemeg involves a transient binding
to Cus, which is reflected by the saturation of the CO-
recombination kinetics at sufficiently high CO concentrations
(22, 36). In other words, the CO from solution first
equilibrates with Cgland is then “transferred” intramolecu-
larly to hemeas, where the intramolecular transfer rate
determines the CO-recombination rates at saturating CO
concentrations. This model is supported by studies of mutant
enzymes in which histidine ligands of gun ubiquinol
oxidase fromE. coli were modified, which resulted in loss
of Cug (36). In these mutant enzymes the CO-recombination
kinetics did not saturate at high CO concentrations, but the
rate increased linearly with increasing CO concentration,
similarly to the behavior of myoglobin. The same behavior
was observed with the corresponding mutants of khe
sphaeroidesenzyme prepared in the laboratory of R. B.
Gennis (Aagaard et al., unpublished data).

In the A. ambvalensquinol oxidase the CO-recombination
rate displayed saturation behavior, which indicates that also
in this enzyme CO binds transiently to £prior to binding
to hemeag (after flash photolysis of henag(CO) complex).

absorbance changes in the visible range were observed om\fter CO dissociation, a transient absorbance change with a

the same time scale as the release of CO fror. Chese
absorbance changes were attributed to changes in the hem
ag environment. Consequently, the possibility was discussed

time constants of70us was observed (without stigmatellin;
eee below). The kinetic difference spectrum of the
absorbance change was similar to the difference spectrum

that a structural change in the heme pocket may be coupledof the 1.5us change in the bovine enzym22], and we

to CO dissociation from Gi This suggestion goes back to
the original observation of Findsen et &0f who used time-

therefore tentatively ascribe thes-events in thé\. ambb-
alensquinol oxidase to a relaxation of the heragpocket

resolved resonance Raman spectroscopy to show that imwhich is associated with the release of CO fronms@tter

mediately after flash photolysis of CO from herag the
Fe—proximal His vibration initially has a higher frequency

transient binding following flash-induced dissociation from
hemeas.
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Table 1: Rates and Equilibrium Constants for Reactions Associated with Dissociation and Recombination of @€ldidtius Amhialens
Quinol Oxidase and Bovine CytochroneeOxidase

A. ambvalens

determined from rate or equilib const 22 37°C bovine 20°C

O, reaction kag (79 1.24+0.2 ~3.7 0.028
CO-recomb kinetics kag (579 1.1+0.2 0.027

kea (579 1.94+0.2 ~6.9 1030

Kga 1.7+ 05 ~1.9 3.8x 10*¢

Keo™ (mM) (134 4) x 1072 ~22x 10732 110

calcdKy = K(;o_l/(l + Kga) (MM) (4.8+0.5) x 103
amplitude Kq (MM) (4+1)x 103 64+1x103° ~0.3x 10734
us-phase ratek) Koit (579 (1.4+0.5) x 10¢ ~4.5x 10* 4.7x 10°¢
koft andKco (Kon = Kcokof) kon (M1 579 (1+£0.8)x 1¢° ~2 x 10° 6.8x 107°¢

a Calculated fronKq and Kg,, not from CO-recombination kinetic8 From refs35 and51. ¢ From ref22. @ From refs35 and 50.

Scheme 1: Model for CO Binding to the Fully Reduced 30 times faster than with the bovine enzyme (see Table 1)
Binuclear Center oAcidianus ambialensQuinol Oxidase but similar to that found previously witf. thermophilus
and Cytochrome Oxidase cytochromebag (0.8 st (34)).
kon kBa Transfer Rate of CO from Guto Heme g (kgs). The
2+ + > 2+ +( e 24 +
Feay Cub + €O " Feyy Cup(CO) (7 Fey;(CO) Cup transfer rate of CO from Gito hemess (ke,) was determined

Keo= koot Kou—kna/kas from the (_ZO-recombination rateksg9 at saturating CO
concentrationskgys = Kag + ksa) andkas. The rate constant
was about a factor of 500 smaller in the ambvalens(1.9

This is consistent with recent resonance Raman studies (DasE 0-2 s?) than in theR. sphaeroide¢750 + 70 s*) and
Gomes, Teixeira, and Rousseau, unpublished data) whichbovine (1030 st (22, 23)) enzymes.
show that the heme-pocket conformation changes upon Equilibrium Constant for CO Transfer between Heme a
binding of quinone. and Cw (Kgs). The rate constants for CO transfer fromgCu
Kinetic and Thermodynamic Parameters of CO Dissocia- 10 hemeas (kss) and from hemeas to Cus (kas) Were
tion and Recombinatio©n the basis of the discussion above determined as described above. From the two rate constants,
the reactions following dissociation of CO from the the equilibrium constant for transfer of CO from £o heme
ambialens quinol oxidase were modeled using the same s (Ksa = kedkag) Was determined to be 1# 0.5 in theA.
model as for the bovine cytochroneeoxidase (Scheme 1). ambialens quinol oxidase, which is more that 1@mes
The rates constants were determined from the data in Figuressmaller than in the bovine enzyme (see Table 1).
1-3, as described in the Appendix, and are summarized in CO-Recombination Rate as a Function of [CO]: Deter-
Table 1. mination of the Dissociation Constant for gfCO) (Kco ™).
The experimentally observed characteristics of the CO While with the A. ambvalensenzyme the observed CO-
dissociation and recombination and the differences betweenrecombination ratekgs) reached about 50% of the saturation
the A. ambvalensand bovine enzymes are discussed below level at 13uM CO (Kco™%), the 50% level was reached at
in terms of the model in Scheme 1. 16 mM CO with theR. sphaeroidesnzymes (11 mM with
CO-Recombination Kinetics ). The observed CO- the bovine enzyme2Q)). As discussed above, according to
recombination rate at 1 mM CO was about 20 times slower Scheme 1 and eq A2 the observed recombination kagg (
with the A. ambbalens(3 s1) than with the bovine heart is the fraction CO bound to Gua) times the CO-transfer
(80 sY) andR. sphaeroidet50 s 1) enzymes. Accordingto  rate from Cy to hemeas (ksa) plus the rate in the opposite
the model in Scheme 1, the observed CO-recombination ratedirection kag), wherea. = [COJ/(Kco * + [CO]). Thus the
(see eq A2) is determined by the fraction of enzyme with different behavior observed with th&. ambvalens and
CO bound to Cy (o in eq A2) times the CO-transfer rate  bovineR. sphaeroidesenzymes, reflected in different
from Cus to hemeas (ksy) plus the rate in the opposite values, is due to the-10° smaller dissociation constant
direction ksg). The slower recombination kinetics with the  (Kco™*) with the A. ambbalensthan that with the bovine
A. ambvalensenzyme is due to the much smaller value of andR. sphaeroidegnzymes.
ksa (1.9 s'%) in the quinol oxidase than in the cytochrome Heme g(CO) Dissociation ConstantThe dissociation
oxidases from bovine heart aRd sphaeroideé~1000 s1). constants for the hemay(CO) complex,Kqy, was about a
Note that at 1 mM CO, the CO-recombination kinetics is at factor of 10-20 (cf. factor of~80; in ref5) larger with the
the saturation level with th&. ambvalensenzyme, i.e.kobs A. ambvalensthan with the bovind?. sphaeroidesnzyme.
= ksa + kag (se€€ eq A3), while with the cytochrome According to the model in SchemeRy = (Kco(1 + Kga)) ™t
oxidases at the same CO concentration the rate is far from(see eq A5). Thus the relatively small difference in e
the saturation level. values, as compared to the differencekien* andKg,, is
CO-Off Rate from Hemesdgkag). The CO-off rate from due to the fact tha, is essentially the ratio of the two and
heme as (ksg) was determined using two independent both are much smaller (by factors of10® and ~10
methods, either measured directly by mixing the enzyme respectively) in theA. ambvalensthan in the bovind?.
CO complex with Q or by extrapolating thé&y,sto [CO] = sphaeroidesoxidases (see Table 1). This means that the
0 (see Figure 2A). Both methods gave about the same valuesmaller equilibrium constardg, (i.e. less CO bound to heme
of 1.2 st in the A. ambvalensquinol oxidase, i.e., about az as compared to G in the A. ambbalens enzyme is

With stigmatellin theus-relaxation was slower{170us).
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“compensated” by the larger fraction CO-bounds@arger cytochromeaas are still very different from those in the

a) in this enzyme. bovine enzyme, which may reflect adaptation to the living
CO-Recombination Rate at Low CO Concentratidhis conditions of this archaeon.

also interesting to note that at low CO concentrations eq A2 The thermophilic enzymes have in general a low activity

simplifies to the following: at mesophilic temperatures, which so far has been mainly

attributed to a higher “rigidity” of the proteins at room
[CO] 1 temperatures4@, 43); at the optimum growth temperature,
Kobs = Kap + kBaK -1 [CO] < Keo (1) the “rigidity” would be comparable to that of the mesophilic
co proteins @2, 43). Recently, it has been proposed that the
thermophilicity of the oxidases frorfi. thermophiluss a

Thekes/Kceo * values are 15¢ 10°and 5x 10° M~ s result of higher activation energies for the enzyme-catalyzed
for the A. ambialensandR. sphaeroidegnzymes, respec-  reactions §4). However, our data do not fully support this
tively (9 x 10° M™* s™* for the bovine enzyme2Q)), i.e., hypothesis. In fact, the activation energies for the processes
similar, which reflects the fact that at low CO concentrations iscussed above for the archaeal oxidase are similar to those
the smallerkea is “compensated” by the smalléco * for of the bovine one, and some are even lower for e

the A. ambialensenzyme. Thus, at low CO concentrations - ampjalensenzyme. Hence, clearly several different factors

the dependence d¢ys on the CO concentration is similar. 46 involved in determining the overall kinetic behavior. In
Occupancy of the Heme(@O) ComplexThe value of  fact, it should be stressed that tie ambbalens quinol

the equilibrium constant for QO tran_sfer be’gweeng@nd oxidase and theT. thermophilus batype cytochromec

hemeas, Kga = kedkag, Of ~1.7 is consistent with the60%  oxjdase are among the most divergent oxidases of the-heme

occupancy of the hema(CO) complex in the fully-reduced  copper superfamily. Therefore, their unusual behavior may

enzyme. Since the temperature dependencies of the COreflect adaptation strategies to high temperatures and low
transfer rates from hema to Cuk (keg) and in the opposite  oyygen availability.

direction (e=) were about the same, the equilibrium constant  £ynctional Implications Even though the transfer rates
is essentially independent of temperature (in the temperaturepenyeen Cp and heme and the dissociation constants are
range 3-45 °C). In other words, independently of the CO very different for CO and @in cytochromec oxidase, as
concentration and temperature (in the specified range) thejygicated above, an investigation of the CO-binding proper-
hemeag(CO) complex is formed in a maximum of60%  tjes reflects important functional differences between&he

of the enzyme population. ambivalensquinol oxidase and cytochronesoxidase, which
An occupation smaller than 100% for the hem¢CO)  may provide information about the kinetic coupling of events
complex was also observed with tfie thermophilucyto- (sych as electron and proton transfer) associated with O
chromebas (34, 41), but in this case there was no obvious  pinding and reduction. In addition to differences in the
correlation with theKg, value. dynamic features, the equilibrium constaKis, andKco ™t

Temperature Dependence of CO-Binding Characteristics. \yere 3-4 orders smaller in th&. ambbalensas compared
The rate of CO recombination in thle ambpalensenzyme to the bovine andR. sphaeroidesenzymes. Since the
was measured as a function of temperature inthe rang&3  issociation constant of the herag(CO) complex,Kq, is

C (see Figure 5). Since the experiments were done at @ COgssentially the ratio of the two constants, the ratio ofhe
concentration of about 1 mM, the measured CO-recombina-y5jyes in theA. ambvalens and bovineR. sphaeroides
tion rate is at saturation aghs= kag + ksa. The temperature enzymes is “only” about a factor of 10 (see Table 1). In
dependence of the CO-off rate from herag (kag) WaS  other words, an unfavorable equilibrium constant for CO
measured by mixing the reduced enzyn®0 complex with  transfer from Cy to hemeag in A. ambialensquinol oxidase
an Q-_saturat_ed _solutlon at different temperatures. The g (partly) compensated by a large fraction of CO bound to
Arrhenius activation energies &fps andk,s were about the Cus also at low CO concentrations.
same (66 and 63 kihol %, respectively). Consequently, the |t s interesting to note that many of the characteristic
activation energy fo[}he transfer of CO from .g:lazlheme features of thé\. ambialenscytochromeaa; are shared with
83 (kea) is ~65 kImol ™, as compared to-45 k3mol™ with the T. thermophiluscytochromebas, e.g., a slow CO
the bovine enzyme2g). . __ recombinationkyg, a slow transfer rate of CO from Gto

Itis interesting to note that extrapolation of CO-dissocia- hemea, (ksa), @ rapid dissociation of CO from herag (kag),
tion kinetics form Cu to ~B0°C gives a time constant wh2|ch and a small equilibrium constant for transfer of CO between
is similar to that of the bovine enzyme a0 °C (~1 us): Cus and hemeg (Ke,) (34, 44, 45). Another common feature

As indicated in the introductioycidianus amhialenshas of the A. ambbalenscytochromeaas and T. thermophilus
an optimal growth temperature of about 8. Due t0  cytochromesa; andcaa; is the extremely low CO concen-
instability of thesolubilizedenzyme we were not able to do  {ration at which binding to Gusaturates (cfcot in Table
experiments above 5. However, extrapolation to 8 1, <100 and 25Q:M for the T. thermophiluscytochromes
of the c_iata obtained in the temperature ranges .dls',cusseq)as andcaas, respectively 44)). Assuming the same qualita-
above indicates that at 80C the rate and equilibrium (e pehavior of @ as of CO binding, this high affinity of
constants discussed in this work for the ambbalens CO to Cy most likely reflects an adaptation to an environ-
ment with relatively low Q concentrations at which£an

2The comparison only shows that the time constants are similar. pe efficiently trapped by the enzyme (seesgf cf. also ref
To compare the function of the two enzymes under physiological 46)
conditions, data obtained with the bovine enzyme-&%7 °C should ' . L . .
be used. Also time constants in the membrane-bound enzymes should However, despite the similarities in the behaviors of the

be used. A. ambbalensandT. thermophilu®xidases, there are several
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key differences. Whilé. ambbvalensis a thermoacidophilic ~ rate of the hemegs(CO) complex after flash-induced dis-
archaeal. thermophiluss a thermophilic bacterium and the  sociation of CO is
amino-acid-sequence homology between the proteins is very
low (~20%). Also, the archaeal enzyme is a caldariella _ ko COlo
kobs_ kaB + kBakof_f

quinol oxidase, while therl. thermophilusenzymes are k,n[COl, B

cytochrome ¢ oxidases. Furthermore, while the redox- [CO],

potential difference between the low- and high-spin hemes =1 =k,g T kg0 (A2)
in the T. thermophilusenzymes is similar to that of the Keo *+[CO],

bovine-heart enzyme, it is very different from that in the
ambialensquinol oxidase §), suggesting that the environ-
ments of the hemes are different in thethermophilusand

A. ambvpalensenzymes. Interestingly, a similar difference
between the redox potentials of the two hemes to that in the

A._ambvalensenzyme was .found in one of the terminal the on-rateKs;) times the fraction enzyme with CO at £u
oxidases fronSulfolobusstrain 7 @7). The dissociation rate of CO from henag (kag) can be

As indicated above, dissociation of CO from hemmg determined by extrapolatinigysto [CO]p = 0 in measure-
results in a heme-pocket relaxation. The synchronous proximal-ment ofkspsas a function of the CO concentration (see Figure
His relaxation and release of CO from Cindicates that 2). It was also determined independently from an experiment

where [CO} is the concentration of added CO and=
[COly/(Kco ™t + [COYp) is the fraction enzyme in state £&-
Cug*(CO).

Equation A2 shows that the observed CO-recombination
rate is the sum of the CO-off rate from herag(kis) and

there is a coupling between ligand binding togGnd the  in which the enzymeCO complex is mixed rapidly with
environment of hemas. In addition, structural data indicate ~@n Q-saturated solution (see Results), where the oxidation
that C may move upon binding of CO to henag (7). rate of the enzyme is determined kys. .
Moreover, recent time-resolved FTIR da4,(25) show that At saturating CO concentrations, i.e., [GO} Keo ™,
there is a link between events at the binuclear center and a

= + A3
protonatable amino-acid residue, glutamate-242 (in bovine Kobs = Kap T Kaa (A3)
cytochrome_c oxidase) in subunit I, involved in proton Thus bothkss andksa can be determined experimentally.
transfer during the pumping steps of cytochrooexidase Acidianus ambialensQuinol Oxidase: A fit of eq A2 to

(reviewed in ref48). As pointed out by Babcock and the A. ambbalensquinol oxidase data in Figure 2 gives
colleagues49), the transient ligand binding to @eoupled

to the heme-pocket relaxation and changes around aminok,z=1.1+0.2s" kg,=1.94+02s*
acid residues involved in proton pumping may reflect the Kga=1.7+05
fact that in cytochrome oxidase the oxygen chemistry must 2

be intimately coupled to proton transfer (pumping). KCO’l =(13+4) x 10°M
at 22°C.
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APPENDIX: DETERMINATION OF THE RATE
AND EQUILIBRIUM CONSTANTS FOR CO
BINDING co
Kops = kBH =5x 10*M*s'[CO],
(6{0]

Mechanistic ModelThe model in Scheme 1 is assumed
for binding of CO to the fully reduced enzym@3). It is
assumed that only one CO molecule can bind to the reducedi.e. the observed recombination rate increases linearly with
binuclear center. increasing CO concentration with a second-order rate
constant of 5x 10* M~1s™%, similar to that found with the
bovine enzyme (%« 10* M~1 s71 (22)).

Equilibrium Constants from Amplitude Daféhe fraction
enzyme with CO bound to hens was determined from
the amplitude of the absorbance changes associated with CO

Rate and Equilibrium Constants from Kinetic Dafhe recombination. Assuming the model in Scheme 1 and
observed CO recombination ratk,d), i.e., the formation comparable CO and enzyme concentrations, the fraction of

(R. sphaeroidesnzyme)

We assume thdtn, Ko > Kkga, Kag, @ requirement that is
fulfilled for both the A. ambvalens quinol oxidase and
cytochromec oxidase fronR. sphaeroideand bovine heart
(see below) at the CO concentrations used in this work.
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enzyme in state RET(CO)Cw*, x, as a function of the
concentration of added CO is

2. Fuchs, T., Huber, H., Burggraf, S., and Stetter, K. O. (1996)
Syst. Appl. Microbiol. 1956—60.

3. Gomes, C. M., Lemos, R. S., Teixeira, M., Kletzin, A., Huber,
H., Stetter, K. O., ScHar, G., and Aneriller, S. (1999)
Biochim. Biophys. Acta 141134-141.

4. Anemiiler, S., Schmidt, C. L., Pacheco, |., Sthia G., and

Teixeira, M. (1994)FEMS Microbiol. Lett. 117275-280.
1-— 1-— (A4) 5. Giuffrg, A., Gomes, C. M., Antonini, G., D'ltri, E., Teixeira,
([CO], + E; + Kd)2 M., and Brunori, M. (1997Eur. J. Biochem. 25(883-388.
6. Purschke, W. G., Schmidt, C. L., Petersen, A., and Schafer,

where [CO} is the concentration of CO added to the enzyme G. (1997)J. Bacteriol. 1791344-1353.

solution, Ey is the enzyme concentration, ar is the 7. Yoshikawa, S., Shinzawa-ltoh, K., Nakashima, R., Yaono, R.,

dissociation constant. Yamas_hlta, E., Inoue, N, Yao, M., Fei, M. J., Libeu, C. P,
When [CO} > Eo, the added CO concentration, [GO] Mizushima, T Yamaguchi, H., Tomizaki, T., and Tsukihara,

. - . T. (1998)Science 2801723-1729.

is approximately equal to the free CO concentration, [CO],

. . . 8. Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,
and the fraction enzyme with CO bound to heeads Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,

R., and Yoshikawa, S. (199&cience 2721136-1144.
(A5a) 9. Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,

Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,
R., and Yoshikawa, S. (199%cience 2691069-1074.

Kga ([COJp+ Ey+Ky) y
1+ Kg, 2E,

x([COl) =

4[COJ,E,

_ Kgg [CO]
x(CON =17 KgaKq + [CO]

Ky = (Keo(1 + KBa))il (A5Db) 10. Ostermeier, C., Harrenga, A., Ermler, U., and Michel, H.
(1997) Proc. Natl. Acad. Sci. U.S.A. 94054710553.
At saturating CO concentrations, i.e., [COt Ky a 11. lwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995)

Nature 376 660—-669.

12. Calhoun, M. W., Thomas, J. W., Hill, J. J., Hosler, J. P.,
Shapleigh, J. P., Tecklenburg, M. M., Ferguson-Miller, S.,
Babcock, G. T., Alben, J. O., and Gennis, R. B. (1993)

limiting value for the fraction of the hema(CO) complex
formed is obtained:

Kga Biochemistry 3210905-10911
~ COl> K A6 iochemistry 32 .
Xmex =7 Kga [CO] d (A6) 13. Ferguson-Miller, S., and Babcock, G. T. (19@em. Re.
96, 2889-2907.
Maximum CO Binding to the A. amlalens Quinol 14. Trumpower, B. L., and Gennis, R. B. (199Apnu. Re.
Oxidase The equilibrium constarig, is ~1.7 from which Biochem. 63675-716. .
the maximum CO occupancy of the hemgsite, ymax can 15. Tsatsos, P. H., _Reynolds, K., _NICke|S_, E.F., He,D. Y, Yu,
be determined using eq A6: C. A., and Gennis, R. B. (1998)jochemistry 379884-9888.
16. Svensson Ek, M., and Brzezinski, P. (19Bi%chemistry 36
Yy = 0.6 5425-5431.

17. Puustinen, A., Verkhovsky, M. I., Morgan, J. E., Belevich,
N. P., and Wikstfm, M. (1996)Proc. Natl. Acad. Sci. U.S.A.
93, 1545-1548.

18. Adelroth, P., Ek, M., and Brzezinski, P. (199Bjochim.
Biophys. Acta 1367107—-117.

19. Schelvis, J. P. M., Deinum, G., Varotsis, C. A., Ferguson-
Miller, S., and Babcock, G. T. (1997) Am. Chem. Soc. 119
8409-8416.

20. Findsen, E. W., Centeno, J., Babcock, G. T., and Ondrias, M.
R. (1987)J. Am. Chem. Soc. 108367-5372.

21. Rousseau, D. L., Ching, Y., and Wang, J. (1923ioenerg.
Biomembr. 25165-176.

22. Einarsdir, C)., Dyer, R. B., Lemon, D. D., Killough, P. M.,
Hubig, S. M., Atherton, S. J., Lopez-Garriga, J. J., Palmer,
G., and Woodruff, W. H. (1993Biochemistry 3212013~
12024.

23. Woodruff, W. H., Einarsdtir, C)., Dyer, R. B., Bagley, K.
A., Palmer, G., Atherton, S. J., Goldbeck, R. A., Dawes, T.
D., and Kliger, D. S. (1991Proc. Natl. Acad. Sci. U.S.A. 88
2588-2592.

24. Puustinen, A., Bailey, J. A, Dyer, R. B., Mecklenburg, S. L.,
Wikstrom, M., and Woodruff, W. H. (1997Biochemistry 36
13195-13200.

25. Hellwig, P., Behr, J., Ostermeier, C., Richter, O. M., Pfitzner,
U., Odenwald, A., Ludwig, B., Michel, H., and Méele, W.
(1998) Biochemistry 377390-7399.

26. Morgan, J. E., Verkhovsky, M. I., and Wiksino M. (1994)

The occupancy was also determined independently from
the reduced-CO minus reduced difference spectrum and was
found to be~60% (see Materials and Methods and Results).

Determination of K for the A. amhialens Quinol Oxidase.
From a fit of eq A4 with the data in Figure 2B, the
dissociation constant was determined at two different tem-
peratures:

Ky=(4+1)x10°M (22°C)
Ky=(6+1)x10°M (37°C)

The approximat&y value can also be calculated from the
Kco andKg, values, determined at ZZ from the kinetics
(see above), using eq A5b:

Kg= (Kool + Kg)) '=13x 10 %1+ 1.7) ' M =
48x 10°M

The K4 value at 37°C is about a factor of 4 larger than
that found from a CO titration of dithionite-reducesl
ambialensquinol oxidase §).
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