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ABSTRACT: The ligand-binding dynamics and the reaction with @ the fully (five-electron) reduced
cytochromecaa; from the thermohalophilic bacteriuRhodothermugR.) marinuswere investigated.

The enzyme is a proton pump which has all the residues of the proton-transfer pathways found in the
mitochondrial-like enzymes conserved, except for one of the key elements of the D-pathway, the helix-
VI glutamate [Glu(I-286)R. sphaeroidesiumbering]. In contrast to what has been suggested previously

as general characteristics of thermophilic enzymes, during formation & tharinus cag—CO complex,

CO binds weakly to Cg} and is rapidly ksa = 450 s1) trapped by irreversibleKg, = 4.5 x 1C®) binding

to hemeas. Upon reaction of the fully reduced enzyme with, @ur kinetic phases were resolved during

the first 10 ms after initiation of the reaction. On the basis of a comparison to reactions observed with the
bovine enzyme, these phases were attributed to the following transitions between intermediates (pH 7.8,
I1mMQO): R—A(t=8us),A— P (t=35us), R— F (t = 240us), F— O (r = 2.5 ms), where

the last two phases were associated with proton uptake from the bulk solution. Oxidation of heme
observed only during the last two reaction steps. The slower transition times as compared to those observed
with the bovine enzyme most likely reflect the replacement of Glu(I-286) of the helix-VI motif -XGHPEV-

by a tyrosine in theR. marinusenzyme in the motif -YSHPXV-. The presence of an additional, fifth
electron in the enzyme was reflected by two additional kinetic phases with time constand aind

~720 ms during which the fifth electron reequilibrated within the enzyme.

Terminal oxidases are found in nearly all aerobic organ- electron-transfer chain has been extensively studied in the
isms on Earth where they constitute the last components ofpast few years. In addition to the dehydrogenases, the chain
the respiratory chains and transfer electrons to molecularcontains a recently characterized complex Ill, which is a
oxygen. The enzymes are integral membrane proteins thatmultiheme cytochrome 3], a high-potential iron-sulfur
have in common ligands, which bind a heme group and a protein (HiPIP) as an electron carrié; 6), and two terminal
copper ion forming a binuclear centet which Q is bound oxidases, a cytochronubhy; (3) and a cytochromeaa; (6).
and reduced to water. In most oxidases characterized to date, The R. marinuscytochromecaa; has three redox-active

the protons needed for this reaction (substrate protons) arecofactors in subunit I: heme, and the binuclear center
taken up specifically from one side (N-side) of the mem- ¢onsisting of hemeas and Cuw. In addition, subunit I
brane. In addition, the hem@:opper QX|dases conserve part  contains two cofactors: Guand a redox-active C-type heme
of the energy released in the-@duction chemistry to pump (3, 7). Thus, in contrast to many well-characterized terminal
protons across the membrane [for review, ske?f]. oxidases, th&. marinusenzyme has a total of five redox-
Rhodothermus marinuis a thermohalophilic bacterium  gctive metal sites. Cytochroneaa; uses the HiPIP as an
which grows optimally at 65°C. Its membrane-bound  gjectron donor and transfers the electrons to molecular
. __oxygen, which is reduced to water. In addition, it has recently
TThese studies were supported by grants from The Swedish
Foundation for International Cooperation in Research and Higher been demonStrat.ed that _the_ enzyme pumps protons across
Education (STINT) and The Swedish Natural Science Research Councilthe membrane with a stoichiometry ofL H*/e™ (6, 8).

(to P.B.), and by FCT-Portugal Grant 36560/99 (to M.T.). M.M.P. is ; ; _
recipient of PRAXIS XXI Grant BPD/22054/99. In other members of the oxidase family, two proton

* Corresponding author. Fax:-+H46)-8-153679; E-mail: peterb@ conducting pathways (the D- and K-pathways) have been
dbb.su.se. characterized in detail and shown to transfer pumped protons
: Stockholm University. from solution toward the output side of the enzymes and
Universidade Nova de Lisboa. bstrat t f lution to the bi | ter [f

1 Abbreviations: WT, wild type; Ci copper A; Cy, copper Bir, substrate protons from solution to the binuclear center [for
time constant [exp{t/7)]; binuclear center, hema; and Cu; R, the review, see §)]. A comparison of the primary structure of
fully reduced binuclear center; A, the fully reduced binuclear center subunit | from theR. marinus cytochromecaa with the
‘t’)V.'th 02 bound to Fg; P, the peroxy intermediate formed at the  yyrae_dimensional structures of cytochrooexidases from

inuclear center upon reaction of fully reduced cytochranosidase I :
with O, (Fe,**=0?", Cus2—OH"); F, oxo-ferryl intermediate; O, fully Paracoccus denitrificangnd bovine heart shows that all

oxidized binuclear center. residues found to be important in the D- and K-pathways
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are conserved, with the exception of a glutamate [Glu(l-286), [see (3)]. In cases where reduction of heragvas observed,
Rhodobacter sphaeroidesimbering] 6, 7). This residue has  the mixed-valence state was restored by titration with
been shown to play a key role in proton transfer through the ferricyanide.

D-pathway in other oxidases [see, e.d.0){. Homology- Preparation of the Fully ReducedO ComplexThe buffer
modeling studies of th& marinusenzyme showed that a  concentration in the enzyme stock solution was reduced to
tyrosine residue [Tyr(I-256)R. marinusnumbering] could <10 uM by repetitive dilution with 100 mM KCI, 0.05%
structurally replace the glutamate. In the model, the phenol dodecyls-p-maltoside at pH 7.5 and reconcentration using
group of this residue is very close to the spatial position of a 50K-centrifuge filter (Millipore, Bedford, MA). The sample
the carboxyl group of the glutamate residue in tRe was then placed in a modified anaerobic cuvette. After
denitrificans and the bovine enzymes,(7). Thus, the addition of 5uM PMS (phenazine methosulfate), the cuvette
tyrosine may be a functional substitute of the glutamate was repetitively evacuated on a vacuum line and flushed with
residue in the proton pathway. A serine residue [Ser(I-257), N,. To reduce the sample, 2 mM sodium ascorbate was
R. marinus numbering], consecutive in sequence to the added, followed by replacement of gy CO.

tyrosine and positioned in the model between Y(I-256) and  Reaction of the Fully Reduced Enzyme with @he

the binuclear center, may also be involved in proton transfer. kinetics of electron and proton transfer during reaction of
A comparison of the sequence of tRemarinuscytochrome  fylly reducedR. marinusenzyme with Qwere studied using
caa to those of other terminal oxidases has shown that this the flow-flash technique. The fully reduced-CO complex was
YS motif, in a helix-VI amino acid stretch, -YSHPXV-  mixed with an Q-saturated buffer solution (see figure
substituting for -XGHPEV- in the mitochondrial-like en- |egends) at a ratio of 1:5. Carbon monoxide was flashed off

zymes, is common to several other terminal oxidaseg)( in about 100 ms after mixing using a 10 ns50 mJ laser
In this study, we have investigated the kinetics of the flash at 532 nm. Absorbance changes associated with the
reaction steps during oxidation of the fully reduced reaction were followed spectrophotometrically at various

marinus cytochromecaas by molecular oxygen using the wavelengths. In the proton-uptake measurements, the mixing
flow-flash technique. The kinetics of proton uptake/release buffer in the flow-flash apparatus was replaced by a solution
from/to the bulk solution were studied using pH-sensitive 0of 100 mM KClI, 0.05% dodecyB-p-maltoside, and phenol
dyes. Internal electron-transfer reactions and proton-coupledred at 48uM. The exhaust from the flow-flash apparatus
electron transfer in the absence of oxygen were investigatedwas collected in an anaerobic cuvette flushed withfd¥
after flash photolysis of CO from the mixed-valence enzyme buffer capacity calibration with HCI [seel4)].

in which hemeag/Cug are reduced and hemesandc, and Thermal CO Dissociation from the Fully Reduced Enzyme
Cua are oxidized [seel(1)]. In addition, the dynamics of = The CO-dissociation kinetics (monitored at 430 nm) were
the ligand-binding pocket were studied by investigation of measured by mixing the fully reduced-CO complex with an
the kinetics of CO recombination after flash photolysis of O.-saturated buffer solution in a stopped-flow apparatus. The
the ligand from the fully reduced enzyme. The results are reaction of the fully reduced enzyme with @3 irreversible
compared to those obtained with the mitochondrial-type and rate-limited by the dissociation of CO.

enzymes and with enzymes from other thermophilic pro-
karyotes. RESULTS

Flash Photolysis of CO from the Fully Reduced Enzyme.
MATERIALS AND METHODS Figure 1A shows the absorbance changes at 445 nm after
. o . pulsed illumination of the fully reduced enzym€O
Protein Purification Rhodothermus marinusas grown  compjex at 1 mM CO. After the increase in absorbance (at
and cytochromeag; was purified as described ir3,(6). t = 0), attributed to CO-dissociation, there is a decrease with
Recombination of the Fully Reduced-CO Complex at rate constants df ops= 26 000 st andkgyps= 100 si. The
Different Solution CO Concentration$he sample solution  faster component is attributed to transient binding of CO to
was transferred into a locally designed pressure cell in which Cug after dissociation from hemas while the slower
the CO gas pressure over the sample surface can be varieccomponent is attributed to CO recombination to reduced
The enzyme was reduced by addition of 200 dithionite. heme a; (see Discussion). The same CO-recombination
The reactions after pulsed illumination of the sample were kinetics were observed in the pH range -6&5.

followed spectrophotometrically at 445 nm. Measurements  The rates of the two components were determined at

were made at various CO pressures in the range@NPa,  djfferent solution CO concentrations ranging from 1 to 40
and the amount of dissolved CO in the solution was mM (Figure 1B,C). Both rates increased with increasing CO
calculated using Henry’s law. concentration, but only the rate of the slower component

Preparation of TweElectronReducedMixedValencé (kob9 saturated at high CO concentrations (Figure 1B). The
CO Complex The oxidized enzyme was transferred to a relative contribution of the faster component to the observed
modified anaerobic cuvette. The atmosphere in the cuvetteabsorbance changes decreased with increasing CO concen-
was exchanged by repetitive evacuation on a vacuum linetration (Figure 1D).
and flushing with N. Finally, N, was replaced by CO. The Thermal CO Dissociation from the Fully Reduced Enzyme.
incubation with CO results in formation of the mixed-valence The CO-dissociation kinetics from heragwere measured
CO complex 12) with heme ag/Cus reduced and heme by mixing the fully reduced-CO complex with an,O
a/Cun/hemec oxidized. The reduction level was determined saturated buffer solution in a stopped-flow apparatus. Since
from the optical absorption spectrum and by inspection of the CO ligand obstructs binding of ,Go hemeas, the
flash-induced electron transfer after flash photolysis of CO irreversible reaction of the fully reduced enzyme withi®
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Ficure 1: (A) Absorbance changes at 445 nm after pulsed
illumination of the fully reduced-CO complex. The increase in
absorbance is associated with CO dissociation. The following
decrease is biphasic with two observed rate constdfys énd
kob9 @s shown in the graph. Experimental conditions: 100 mM
Hepes-KOH, pH 7.5, 0.05% dodecy$-p-maltoside, 2uM cyto-
chromecaa; (~1 M reacting enzyme), 200M sodium dithionite,
1 mM CO, 22+ 1 °C. (B, C) Observed rates of CO-recombination
(kob9 and the fast phasek'(py) as a function of the bulk CO
concentration. (D) Relative contribution of the amplitude of the
rapid phaselong to the sum of amplitudes of the two phaskgy
andkgpg. In B—D, the CO concentration was varied in the sample
solution by applying an increasing pressure of CO over the sample

surface in a pressure chamber. Measurements were first done a
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FIGURE 2: Absorbance changes monitored at 430 nm upon mixing
the fully reduced CO complex and an-@aturated buffer solution

in a stopped-flow apparatus (at 0). Since the CO ligand obstructs
binding of G, to hemeag, the irreversible reaction of the fully
reduced enzyme with Qs limited by the CO-dissociation rate. A
biphasic change in absorbance was observed. The faster of the two
components was taken to be associated with dissociation of CO
from hemeas. Experimental conditions: 100 mM Hepes, pH 7.8,
0.05% dodecyp3-p-maltoside, 22+ 1 °C, 3.5uM enzyme, 0.3 mM
sodium ascorbate, 0.2 mM CO, 1 mW,.O

repeated at different measuring-light intensities because the
measuring light itself can dissociate CO from the complex,
thus increasing the dissociation rate. Extrapolation of the rate
to zero measuring-light intensity gave a CO dissociation rate
of ~0.1 s* (not shown).

Internal Electron Transfer in the Absence of @ mixed-
valence-CO complex (reduced binuclear center and oxidized
Cua, hemea, and hemec) was prepared. The CO ligand
increases the apparent midpoint potential of heagge
stabilizing its reduced state. Figure 3 shows absorbance
changes at 445 nm after flash photolysis of CO (increase in
absorbance dat= 0). After the rapid increase in absorbance,
associated with CO-dissociation from hemg there is a
fast decrease in absorbance that can be resolved into two
phases (Figure 3A) with pH-independent (in the range-6.5
8.5) time constants of3 us (3.3 x 1 s %) and~22 us
(4.5 x 10*s™1), respectively. The gs phase is attributed to
a fractional electron transfer from heragto hemea as a
result of a lowered apparent redox potential of heafter
CO dissociation. Assuming the same heraeand a;
absorption coefficients (reduced minus oxidized states) for
the R. marinusas for the bovine enzymes, about 25% of
hemea was reduced during the 8 phase. The following
22 us phase is attributed to a fractional electron transfer from
the hemeag/hemea equilibrium to Cu. No absorbance
changes were observed at 550 nm; i.e., hemeas not
feduced after flash photolysis of CO. The time constants for

the lower CO concentrations, and the pressure was then increaseddoth electron-transfer reactions are in good agreement with

during the experimen®). To ensure that the gas and liquid phases
were at equilibrium during the measurements, when the highest
pressure was reached, it was then decreased, and two addition
measurements were performed at the lower pressieSliie solid
lines are fits of the data to eqs—B (see Discussion) and the
parameter values are given in Table 2.

rate-limited by the thermal CO dissociation [see, e H)](
The reaction was monitored spectrophotometrically at 430

those in theR. sphaeroidegind bovine heart cytochronte
?xidases 13) (see Figure 3A). The CO-recombination

Hinetics were biphasic. The time constant of the faster phase

(r = 50 ms) was pH-independent (not shown), and it was
followed by a slower phase with a pH-dependent time
constant of~250 ms (20% contribution) at pH 6.5 and
~1.5 s (~40% contribution) at pH 8.5 (Figure 3B).
Proton-Coupled Electron Transfer after CO Dissociation.

nm where a biphasic change in absorbance was observedn the bovine andR. sphaeroidegnzymes at high pHX7)

(Figure 2). Complex oxidation kinetics have been observed
previously (L5), and the faster of the two components was
taken to be associated with dissociation of CO from heme
as, assuming that after mixing with ho reaction can take

place before dissociation of CO. The experiment was

is observed a slower, additional electron transfer from the
binuclear center to hema coupled to proton release to the
bulk solution. The same kinetic phase was observed also with
the R. marinuscytochromecasa; (Figure 3C). The reaction
was monitored at 598 nm, which is an isosbestic wavelength
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Ficure 3: Absorbance changes at 445 nm (A, B) and 598 nm (C) < g
after pulsed illumination of the mixed-valence enzyn@O 0.0 .
complex. For comparison, in (A) data obtained with the bovine wl
andR. sphaeroidesytochromeaas are shown (normalized to the | H* taken u F
CO-dissociation change). (B) Absorbance changes associated with § 30 I P 1
CO recombination. The kinetics were biphasic where the time a0l /
constant of the faster phase waS0 ms, independent of pH (6-5 3
8.5). The graph shows only the slower, pH-dependent component. 5 10 ]
The absorbance changes are normalized to the CO-dissociation ob e — — ]
changes at= 0. (C) The absorbance changes at 598 nm are given L L
as a percent of the CO-dissociation absorbance changes-(@} 0002 04 0.6 20 40 6.0 80
at 445 nm. Experimental conditions+1 uM enzyme, 200 mM i
Hepes, pH 7.5, 0.05% dodeg§tp-maltoside, 22+ 1 °C. time (ms)

o ) _Ficure 4: Absorbance changes associated with the reaction of fully
for CO recombination and where the absorbance increase iseduced enzyme with Ofollowed spectrophotometrically at 445

mainly due to reduction of herme The time constant of the ~ nm (A), 580 nm (B), 605 nm (C), 550 nm (D), 830 nm (E), and

- A 560 nm (F) (pH dye phenol red). The fully reduced-CO complex
gioggin?cgupled electron transfer waf).42 ms (2400°3) was mixed with an @saturated solution at a ratio 1:5 about 100

; . ms before flash photolysis of CO (at= 0). Conditions after
Reaction of the Fully Reduced Enzyme with Blgure 4 mixing: 100 mM Tris, pH 7.8, 0.05% dodecgp-maltoside, 0.8
shows the time course of absorbance changes monitored atM PMS (phenazine methosulfate), 0.3 mM sodium ascorbate, 1
a number of wavelengths during reaction of fully reduced MM Oz 0.2 mM CO, 22+ 1°C, 3uM enzyme. In (F), buffer was
cytochromecaa; with O,. The wavelengths are specific to [rehplaced by 100 mM KCl, and phenol red at AW was added.
" . . e trace in (F) is the difference between traces obtained from
transitions between oxygen intermediates and redox change$,easurement in an unbuffered and a buffered solution.
of the metal cofactors. In analogy with the reaction in the
well-characterized enzymes froRa sphaeroidesind bovine changes of the pH dye phenol red were monitored at 560
heart, the oxidative part of the reaction cycle of thess nm in the absence of buffer.
enzyme fromR. marinusis assumed to follow the reaction At 445 nm (Figure 4A), the increase in absorbance=at
steps as outlined below. The time constants and amplitudes0, associated with CO dissociation, is followed by a kinetic
of the transitions were determined from a global fit to a sum phase attributed to binding of.@ reduced hema; forming
of four exponential functions from the traces monitored at the A intermediate (R— A transition, 7 = 8 us). The
422 (not shown), 445, 550, 580, 590 (not shown), 605, and following phase { = 35 us) is associated with formation of
830 nm in the time range of-6 ms (Table 1). In addition,  the peroxy (B intermediate, concomitant with oxidation of
to follow the time course of protonation changes, absorbancehemea as seen from the decrease in absorbance at 605 nm
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Table 1: Rate Constants of Electron and Proton Transfer during
Reaction of the Fully Reduced. marinus(pH 7.8, 1 mM Q) and
R. sphaeroide€Enzymes with @

R. marinusrate R. sphaeroidesrate

reaction x 1073 (s} x 1073 (s
R—A 1200 120
A—P 28 18
P—F 4.2 7.4
F—O 0.4 0.75

aValues are from 14). After oxidation of the fully reducedR.
sphaeroidegytochromeaas, also a slower kinetic phase with a rate of

Sigurdson et al.

ess (8, 19), where the transient binding of CO to g£during
recombination of the complex is reflected in saturating
kinetics at high CO concentrations:

k,
Fedj*CuB*Jrcoi_”» Fe,s "Cuy' (CO)<=
FeCu FeCu(CO) ™
Fes” (CO)Cw" (1)
Fe(CO)Cu

where the two equilibrium constants are defineckas =

~200 s* was observed (associated with proton uptake from the bulk k_ /k.¢ andKga = kgo/Kag.

solution). This phase is not included in the tal&@his rate constant
was fixed when fitting the other rate constants.

Also with theR. marinusenzyme the CO-recombination
kinetics saturated at high CO concentrations (see Figure 1B),
which indicates that the model above (eq 1) also applies to

(Figure 4C). The transition was also monitored at 590 nm this enzyme. The CO dissociation rakgg] in the dark was

(not shown) where the signs of the R A and A— P,

determined to be~0.1 st. Assuming [COkon, Kot > Kga,

transitions are different, which facilitates the resolution of K,z and [CO]> [enzyme] (see below and Table 2), the

the A— P transition.
During formation of the next intermediate (oxo-ferryl, F,

observed CO-recombination rated) can be described by
[see also 20)]:

T = 240 us), seen as an increase in absorbance at 580 nm

(Figure 4B), there is a proton uptake from the bulk solution

(Figure 4F). A simultaneous reduction of hemis observed

as an increase in absorbance at 605 nm. The absorbance

decrease at 550 nm (Figure 4D) is associated wit5%
oxidation of hemec. It should be noted that there were no

Kol COI

B4y + kofCOl
[CO]

Ko T ksm = kop T kgt (2)

Kobs = Kag T K

absorbance changes at 550 nm with time constants corre-

sponding to the R~ A or A — P transitions, indicating
that hemec remains reduced until the P> F transition. At

where o is the fraction of CO bound to Go during the
recombination process. Thus, at saturating CO concentra-

830 nm, a wavelength characteristic of changes in the redoxtions, i.e., [CO]> Kgé, o = 1 andkops = kig + kga The

state of Cy (Figure 4E), there is a lag during the P F

graph in Figure 1B shows thdtys saturates at~450 s,

transition, which is interpreted as an electron equilibration and sincekss = 0.1 S2, Kga = Kops = 450 s1. The two rate

between heme, Cu,, and hemea that keeps Cuin the

constant¥,, andky cannot be determined individually from

reduced state (see Discussion). In the last reaction step, thgne data in Figure 1B, but their ratié2, corresponds to

O intermediate is formedr(= 2.5 ms), associated with

oxidation of heme (absorbance decrease at 605 nm), heme

¢ (absorbance decrease at 550 nm), and (@bsorbance

the CO concentration at whicko.s equals half of the
maximum rate, i.e.Kcg = 4 mM.
Pulsed illumination of the enzymeCO complex [state

increase at 830 nm). Also in this step there is a proton UptakeFe(CO)Cu] results in essentially an infinigs during ~10

from the bulk solution (Figure 4F).

An additional kinetic phase with a time constant-e20
ms followed that associated with the-+ O transition. This
phase was not observed with cytochroraa; from R.
sphaeroidesnor from bovine heart, and it is presumably

ns (i.e., the duration of the laser flash), forming state
FeCu(CO), followed by dissociation to the bulk solution.
With the bovine enzyme, the release of CO fromgQsl
detected indirectly as an absorbance change in a wavelength
range in which hemeg absorbs 19). For example, at 445

associated with redistribution of the fifth electron among the i, "5 decay in absorbance is observed after flash-induced

redox centers of th& marinusenzyme.

DISCUSSION

CO dissociation from hemas. Therefore, we attribute the
rapid decay K on9 With a rate constant of26 000 st at 1
mM CO (Figure 1A) to transient binding of CO to gurhe

We have investigated the dynamic characteristics of the rate of the rapid absorbance decay at 445 nm increased with

catalytic site of cytochromeaga; from Rhodothermus mari-

increasing CO concentration (Figure 1C), and the amplitude

nus and intramolecular electron and proton transfer during decreased as shown in Figure 1D, which is consistent with

reaction of the fully reduced (five electrons) enzyme with
oxygen.
Flash-Induced CO Dissociation and Recombinatidhe

kinetics and thermodynamics of CO binding to the binuclear
center have previously been used as a model for binding of
O, and to investigate the structural and dynamic properties

of the catalytic site [e.g.,16, 17)]. In mitochondrial
cytochromec oxidase, after flash-induced dissociation of CO
from hemeag, the ligand binds transiently to Gufollowed

the model in eq 1. Assuming that the absorbance change is
due to decay of state FeCu(CO), the amplitude is (assuming
kor[CO, Koft > kga, kag; See above)

Kot

MU Fcok, )

The model predicts that this absorbance change vanishes
at high CO concentrations. However, the absorbance change

by dissociation to the bulk solution with a time constant of itself most likely reflects also a relaxation in the heme pocket

~1 us (18, 19). The following equation (eq 1) has been

that controls dissociation of CO from glisee (L9)]. This

proposed to model the CO-dissociation/recombination proc- relaxation is expected to take place also at high CO
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Table 2: Comparison of Kinetic and Thermodynamic Parameters for CO Binding to the Binuclear Center (See Equation 1 and Figure 5) of
Bovine (19), R sphaeroideg20), andA. ambivalens(20) Cytochromeaas, T. thermophilusCytochromeba; (21), andR. marinusCytochrome

caa (This Work)

constant bovine R. sphaeroides Aambivalens T thermophilus Rmarinus
keg (579 0.027 0.01 1.2 0.8 0.1
Kea (%) 1030 750 1.9 8 450
Kga 3.8x 10 7.5x 10¢ 1.6 10 4.5x 10°
kot (S79) 7.9%x 10 - 1.4x 10 - 2.2x 10
kon (M~1579) 6.8 x 107 - ~10° - 5.4x 10°
Kes (mM) 11 16 ~1.3x 1072 <10! 4
eeaco FeCu(CO) FeCON thermophilughat grow at temperatures75 °C (see Figure
100 | . 5). It has been proposed that the high affinity for the ligand
sol T/ bov in the thermophilic enzymes reflects an adaptation to the low
= Rm oxygen-concentration environments in which the bacteria
s 0f —— L
£ grow [see, e.g.,A)]. R. marinusis a moderate thermo-
o 50 Tt phile, with an optimum growth temperature of 86, that

o) i L ) : )

2 -100 A Tt thrives in a narrow habitat close to marine hot springs where
-150 i A it finds a delicate balance between the optimal growth
00l Rm temperature and the oxygen concentration needed to aerobic

[COJ=1mM — b growth. However, although being a strict aerobe and ther-

reaction co-ordinate

Ficure 5: Energy diagram showing the energetics of CO recom-
bination of the fully reduced enzymes with CO. The different states

and equilibrium constants are defined in eq 1, and their values are

summarized in Table 2. Energy levels are given for a CO
concentration of 1 mM. The arrow at Tt indicates that an upper
limit of the free energy was given in2{). Enzymes are the
following: Rs, cytaa from R. sphaeroidesbov, cytaas from
bovine heart; Rm, cytaa from R. marinus Tt, cyt bag from T.
thermophilus Aa, cytaas from A. ambivalens With the Rs, bov,
and Rm enzymes, binding of CO to gis endergonic, and the
ligand is then trapped at henagby a highly exergonic transfer of
CO. With the Tt and Aa enzymes, CO bhinding togdsiexergonic,
followed by equilibration with hemes.

mophile, ligand binding to the cytochrommag enzyme
displays characteristics more similar to those of the mito-
chondrial-like enzymeso( = 0.2 at 1 mM CO, i.e., a
relatively low affinity for CO; see Table 2 and Figure 5)
than to those of the other thermophilic oxidases. Thus, the
previously proposed postulate is not general, and may simply
reflect a variability of the properties of hemeopper
oxidases.

Internal Electron Transfer in the Absence of C&everal
of the partial reaction steps during reaction of the fully
reduced enzyme with Qnvolve internal electron-transfer
reactions. Therefore, before discussing specific steps of the
reaction of the fully reduced enzyme with, @nd proton-

concentrations, which is the reason we observe an absorbanceoupled electron transfer, we note that the observed rates
change also at the high CO concentrations. The observedor the electron transfer between heragmdas and between

rate of CO dissociation from Guafter flash photolysis of
the enzyme CO complex is the sum of ratég,[CO] and
ko A fit of the model in eq 1 with the data in Figure 1C
giveskei = 22 000 st

For the bovine-heart enzyme, the CO-recombination
reaction is characterized by a relatively larggy, i.e., a
small affinity of CO for Cg* (. = 0.08 at 1 mM CO) 17—

19). The relatively rapid ligand binding to hema; is
maintained by a largéeg, of ~10° s In the reduced
enzyme-CO complex, in the dark, a very small fraction of
CO is bound to CgI" becauséga (~10° s71) > kag (~0.027
s1). Qualitatively, the same behavior was observed for the
R. sphaeroidescytochromec oxidase R0) (see Table 2).
However, a different situation was found with theidianus
(A.) ambivalens(20) andThermugqT.) thermophilug17, 21)
oxidases (Table 2, Figure 5). For example, for the
ambialensquinol oxidaseKc is small; i.e., the affinity of
CO for Cys™ is large . = 1 at 1 mM CO) andkg, is ~1.9

s %, i.e., much smaller than with the mitochondrial enzyme.
In addition, in the reduced enzym€0O complex, in the dark,

a large fraction of CO is bound to @U becauseks, (1.9
s = ke (1.1 ).

In conclusion, with the mitochondrial-type enzymes, the
CO affinity for Cus™ is small, but the transfer rate from gu
to hemea;s is large, while the opposite is observed for the
enzymes from the thermophiles frofn ambialensandT.

hemea and Cy were~3.3 x 10° s (sum of the forward
and backward rates) andd.5 x 10* s™%, respectively, i.e.,
similar to those observed with ti® sphaeroidesind bovine
enzymes 13).

Proton-Coupled Electron Transfer in the Absence ef O
The rapid, internal electron transfer after CO dissociation
from the mixed-valence enzyme is followed by a slower,
additional electron transfer from the binuclear center to heme
a. In the bovine andR. sphaeroidesenzymes, this electron
transfer has been shown to be coupled to proton release to
the bulk solution through the K-pathway [c8)[, where the
proton donor most likely is a water molecule that after proton
release binds as a hydroxide to hemer Cus [see 9, 11)].

A corresponding kinetic phase was also observed with the
R. marinusenzyme (Figure 3C). The hydroxide binding is
presumably reflected in the biphasic CO-recombination
kinetics, where the relative contribution of the slower
component increased with increasing pH (Figure 3B). At pH
7.5, the slow phase of the CO-recombination displayed a
rate of~2.2 s'1, i.e., much slower than CO recombination
with the fully reduced enzyme, even when considering that
the fraction of reduced binuclear center during the recom-
bination process is less than 100% [cf3(22)]. The slow
component in the CO recombination most likely reflects the
OH~ binding at the binuclear center, where the Oidust
dissociate before CO can bind.
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Reaction of the Fully Reduced Enzyme with Bfter
dissociation of CO, initially @binds to hemeg with a rate
of 1.2 x 1® s* (at 1 mM @), forming intermediate A. It
has been observed previously that with the bovine cyto-
chromec oxidase, @binds transiently to Gubefore binding
to hemeag, which suggests that CO should dissociate before
O, can bind. With theR. marinus enzyme, the CO-
dissociation rate from Gu(k.¢) was estimated to be2.2
x 10*s71, which indicates that @can bind to hemeg before
CO is released from Gu A similar situation was observed
previously with the ubiquinol oxidase (cytochrotes) from
E. coliin which heme CO dissociates from £with a rate
constant of~10° s (16, 23 while in the flow-flash
experiment @ binds to the reduced henwg with a rate of
~10Pstatl mM G [24—26; see also discussion id)].
As suggested previoush27), it is possible that the two
ligands bind independently, but the-@ bond cannot be
cleaved (during formation of JPuntil CO dissociates from
Cus because the breaking of the-@ bond involves binding
of OH™ to Cus. This scenario is consistent with the results
observed with thdR. marinuscytochromecaa;, where the
release of CO from Gi(r = 48 us) and formation of P(z
= 35 us) display similar time constants.

The F intermediate was formed with a time constant of

Sigurdson et al.

On a much slower time scale & 20 ms), we observed
further absorbance changes, presumably associated with a
redistribution of the fifth electron among the redox centers
and possibly also among different enzyme molecules.

In the R. marinuscytochromecaa;, the R — F and F—
O transitions were associated with proton uptake from the
bulk solution, as observed previously with the bovine and
R. sphaeroidescytochromec oxidases 14). In the R.
sphaeroidegnzyme, both pumped and substrate protons are
taken up through the D-pathway during oxygen reduction
[see Q)]. Thus, the transfer of the two “types of protons”
must be controlled by the enzyme so that the substrate
protons are not transferred to the binuclear center before
pumped protons are taken up. It was suggested that E(I-286)
may play the role of such a control element by switching
between two different positions in which the side chain can
provide protonic contact with the binuclear center and the
output side of the protein, respectivel§2( 33).

In R. marinuscytochromecaas, E(I-286) is not conserved.
Nevertheless, the enzyme pumps protons across the mem-
brane 8). A structural model of subunit | from tHe marinus
cytochromecaa; shows that the hydroxyl group of a helix-

VI tyrosine residue [Tyr(I-256)R. marinusnumbering] is
found near the spatial position corresponding to that of the

240 us, most clearly seen as an increase in absorbance atarboxylate group of E(1-286)3( 7). A consecutive serine

580 nm (Figure 4B). This P~ F rate is about a factor of 2
slower than with théR. sphaeroide®r bovine enzymes. In
theR. sphaeroidegytochromec oxidase, the transition was
shown to be rate-limited by intramolecular proton transfer
from E(I-286) to the binuclear cente2§ 29), followed by
rapid reprotonation of E(I-286) from the bulk solution. Thus,
the slower P— F rate in theR. marinusenzyme is consistent
with a different composition of protonatable groups/water

molecules in the D-pathways of the two enzymes (see below).

In the R. sphaeroidesind bovine enzymes, this reaction step
is also associated with rereduction of heaigy Cua. In the

R. marinusenzyme, the situation is more complicated ag Cu
is in rapid equilibrium with the bound hentgsee also 30,
31)]. This is why there is essentially no net oxidation of.Cu

residue [Ser(I-257)R marinusnumbering] may also be part

of the proton pathway. Also cytochronecag; from Thermus
thermophilus which has the same substitution pattern in
helix-VI as that of theR. marinuscytochromecaa; (34, 35),

is a proton pump. Thus, assuming that the pumping mech-
anism is the same in all oxidases, the pumping machinery is
presumably not found around E(I-286), but rather elsewhere
in the enzyme.

A more drastic example is thaas quinol oxidase from
Acidianus ambialens which is a fully efficient proton pump
(Gomes et al., submitted for publication) without having any
of the residues forming the canonical D- and K-pathways
(36). Analysis of a 3D model for this enzyme led to the
suggestion that a glutamate residue in helix-1l could be the

(no change in absorbance at 830 nm on the time scale of Fq,ctional substitute of E(1-286)2¢, 37). This conclusion
formation), and a decrease in absorbance is seen at 550 Mg 4150 supported by the observation that even though the

associated with oxidation of henoe The hemea reduction
and proton uptake from the bulk solution during F are

replacement of E(I-286) by GIn or Ala iR. sphaeroides
cytochromec oxidase results in an inactive enzyme, partial

detected as an increase in absorbance at 605/445 and 56Qctivity as well as proton pumping can be restored by placing

nm, respectively.

In the following F— O transition, a fourth electron is
transferred to the binuclear center from the hef@®i/heme
a equilibrium with a time constant of 2.5 ms, which results

another glutamate on the opposite side of the D-pathway with
the side chain at about the same location as that of the native
E(I-286) (38). Moreover, recent experiments showed that in
the P. denitrificanscytochromec oxidase, E(I-286) can be

in a decrease in absorbance at 445 and 605 nm (oxidationreplaced by an arrangement of amino acid residues which

of hemea and decay of F) and at 550 nm (oxidation of heme

resembles that found in the. marinus cytochromecaas,

c), and an increase in absorbance at 830 nm (oxidation ofresulting in enzyme that pumps protor®) The presence

Cun) and at 560 nm (proton uptake from the bulk solution).
Also this reaction is about a factor of 2 slower than with the
R. sphaeroider bovine enzymes. The “final” absorbance

of a Tyr rather than a Glu in thR. marinusenzyme (either
in helix-VI, as in the mitochondrial-like enzymes, or in helix-
II, as in A. ambivalenscytochromeaag) may be reflected in

levels in Figure 4 are not the same as those observed withthe slower P— F and F— O transition rates in thé&.

for example, theR. sphaeroidesenzyme because after
completition of the F— O transition in theR. marinus

marinusthan in, e.g., th& sphaeroidegnzyme (at the same
pH) (14, 27). Taken together, the results indicate that a chain

enzyme there is a fifth electron within the enzyme. As of water molecules and protonatable/hydrophilic residues is
indicated from the elevated absorbance levels at 445, 550,andmportant for the transfer of substrate and pumped protons
605 nm, this electron is most likely distributed within the through the D-pathway, but this chain has been arranged in
hemec/Cua/hemea equilibrium. different ways throughout evolution.
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