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ABSTRACT. The kinetic properties of thbag oxidase fromThermus thermophilugrere investigated by
stopped-flow spectroscopy in the temperature range-af6°C. Peculiar behavior in the reaction with
physiological substrates and classical ligands (CO and)@Ms observed. In the Qeaction, the decay

of the F intermediate is significantly slowek' (= 100 s! at 5°C) than in the mitochondrial enzyme,
with an activation energg* of 10.1 + 0.9 kcal mot™. The cyanide-inhibitethas oxidizes cytcs,, quickly

(k~ 5 x 16 M1 s 1 at 25°C) and selectively, with an activation energy of 10.9 &+ 0.9 kcal mot?,

but slowly oxidizes ruthenium hexamine, a fast electron donor for the mitochondrial enzymessCyt
oxidase activity is enhanced up to 8C and is maximal at extremely low ionic strengths, excluding
formation of a high-affinity cyts,,—bag electrostatic complex. The thermophilic oxidase is less sensitive
to cyanide inhibition, although cyanide binding under turnover is much quicker (seconds) than in the
fully oxidized state (days). Finally, the affinity of reducbe; for CO at 20°C (Keg= 1 x 10° M%) was
found to be smaller than that of beef heast (Keq = 4 x 10° M~1), partly because of an unusually fast,
strongly temperature-dependent CO dissociation fromag¥t of bas (kK = 0.8 s vsk = 0.02 st for

beef heartaaz at 20 °C). The relevance of these results to adaptation of respiratory activity to high
temperatures and low environmental ©nsions is discussed.

The bas cytochromec oxidase ofThermus thermophilus By several different techniques [FT-IRL5), RR and EPR
HB8 (ATCC 27634) is one of the two terminal oxidases (16, 17), and CD and MCD 18) both static or combined
expressed by this thermophilic, Gram-negative eubacterium.with flash photolysis], prior studies clearly showed that the
This enzyme, although belonging to the hengepper cyt a3;—Cug of bas has peculiar ligand binding properties,
oxidase superfamily, shows several peculiar properties. Firstleading to the conclusion that this site will reveal significant
isolated by Zimmermann et all), its amino acid sequence structural differences as compared with other members of
(2) revealed very low homology20% identities) with most ~ the heme-copper oxidase superfamil§4—22). Remarkable
terminal oxidases, and it was suggested to belong to thedifferences were found in the binding of carbon monoxide
Sox-Bcluster @, 4) together with other phylogenetically (CO) to the reduced cyds—Cug site: an unsually high IR
distant oxidases already partly characterized [sucBas frequency of the FeCO complex 15), a much higher
ABCD of Sulfolobus acidocaldariug5—7) and aas of affinity of Cug™ for CO (K > 10* M%), and a much slower
Acidianus amhialens (8—10)]. Our interest in thebag intramolecular ligand transfer to cy:®t (k = 8 s'1) as
oxidase is justified by the fact that the X-ray structure of compared to those of the mitochondrial enzyn2g)( In
this enzyme is being investigated1j and may soon be particular, an IR study with thda;—CO complex 15
available, and the three-dimensional structure of its physi- showed that under photostationary illumination CO is
ological substrate, cytochroness,, has been solved g, 13), guantitatively transferred to Gt even at room temperature,
revealing unique features which may account for the high whereas in beef heart oxidase after photodissociation, the
thermostability {4) and the highly selective interaction with  lifetime of the C™—CO complex is only 1.5xs (24). These
its oxidase 12). studies suggest an unusually low affinity of CO for ferrous
cyt ag in the bacterial enzyme and demand a more complete
LinTc'gch-nth%?é ii%%gﬁg% it;y Na;;"oor‘]’;fgig;roLfiTr‘];?[‘g?I'tgtledeiiCeip\:ivf;?&e kinetic investigation extended to physiological temperatures.
was partially supported by MURST of lItaly (Progetti )l/\iazionali di Likewise, cyanide blndlr_Wg to oxidizetns (16, 17) demands
Ricerca, ex-40%) and by the Deutsche Forschungsgemeinschaft to G.Bhours to days (depending on the age of the enzyme) and

(Bu 463, r?—2)- J hould be add 4 Dioart g yields a one-electron reduced adduct with reducedgghd
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In this paper, we explore with stopped-flow techniques Superdex 200 (Pharmacia) in 50 mM Tris-HCI (pH 7.6)
and over a wide temperature range-@& °C) the kinetic containing 0.1% dodecyB-p-maltoside. The purifiecbas
behavior ofbag in the reaction with substrates (oggs, and oxidase was concentrated by ultrafiltration (Centricon 100000,
0O,) and ligands (CO and CN. The Q reaction was found  Amicon), desalted by passing it through a Sephadex G-25
to be remarkably sensitive to temperature, being below 30 column, shock frozen in liquid nitrogen, and stored-a%4
°C unusually slow for a terminal oxidase; we postulate that °C. Immediately before spectroscopic investigation, the
this atypical kinetic behavior may provide an explanation sample was thawed and diluted to the required concentration
for the thermophilicity obas. The reaction with cytss, was in 100 mM Tris-HCI (pH 7.6) containing dodecy}-p-
found to be fast, selective, and, interestingly, maximal at very maltoside. More details and a protein chemical characteriza-
low ionic strengths, suggesting no formation of a high- tion of the enzyme will be published with the X-ray data
affinity complex withbag, contrary to horse heart cgtwith (T. Soulimane and G. Buse, unpublished results).
bovine andParacoccus denitrificansoxidases 25—27). The concentrations of cytss, and bag were determined
Finally, we demonstrate that in thag oxidase the low CO by using the following extinction coefficients:ssyed= 21.1
affinity displayed by cy®s®" (i) is due to an unusually fast  mM~1 cm ! and e16,0x= 152 mMt cm™, respectively.
thermal dissociation of the ligand and (i) is partly compen-  Spectrophotometric and Polarographic Measuremed@
sated by an atypical large CO affinity of gu From this tjtrations were monitored by a double-beam spectrophotom-
peculiar behavior, we infer that in thermophilic oxidases eter (Jasco V-570). The samples were contaimea 1 cm
Cus* may act as an efficient “trap” for Opresent only at  |ight path sealed cuvette, where the gas phase in the cuvette
low concentrations in the physiological environment due to was reduced as much as possible.
the reduced gas solubility at high temperatures. The reduced minus oxidized spectrum of hemevas
MATERIALS AND METHODS obtained as the diﬁ(_argnce between the spectrum of dithionite-

reduced minus oxidized CHas. The spectrum of F was

Materials Ascorbate, tetramethyl-phenylenediamine  gptained by addition of 5 mM D, to oxidized beef heart
(TMPD), and ruthenium(lIl) hexamine were from Sigma (St. aa; according to Vygodina et al2g), since this protocol
Louis, MO). Dodecyl f-p-maltoside was from Biomol  \as unsuccessful withas.

(Hamburg, Germany). Stock solutions of CO or NO (Air  pgjarographic measurements were carried out using a

Liquide, Paris, France) were prepared by equilibrating magnetic bar-stirred cell containing a Clark-type €ec-
degassed buffer with the pure gases ([N mM and [CO] trode.

= 1 mM in solution at 20°C). All the experiments were
performed in 0.1 M Tris (pH 7.6) and 0.05% lauryl maltoside
(unless otherwise specified). Cyanide-inhibiteds was
prepared by incubating the enzyme for 5 days at@%vith

3 mM NaCN.

Enzyme PurificationFermentation of . thermophilusiB8
(ATCC 27634) has been performed at the Gesellschiaft fu
Biotechnologische Forschung (GBF) Braunschweig. For the
expression of the cytochronugs, andbag oxidase, the cells
were grown at 70C in 100 L of culture medium using a
stainless steel jar fermenter under 0.05 ¥ hin™! (volume
of air per volume of medium per minute). The cells were
harvested in the early to middle exponential growth phase
and stored at-80 °C. Cytochromecss, was isolated by
washingT. thermophilugells with a high salt concentration
in Tris-HCI (pH 7.6) and further purified according to the
methods described in ref2. The bas-type cytochromec
E)élgjr?ecg?ssvszpﬁ:\?vs; ﬁgrggg ;)La:feivogr%(;;q}, rit(-)lg gl of pzogsition (SVD) algorithm according to Henry and Hofrichter
(pH 7.6) containing 200 mM KCI, and 800 mg of lysozyme (9.
was added. After a 60 min stirring period, the suspension RESULTS
was centrifuged. For the solubilization of the respiratory
complexes, the pellet was resuspended in 500 mL of 100 Electron Entry into baOxidase The kinetics of eT from
mM Tris-HCI (pH 7.6), adjusted to 5% Triton X-100, stirred reduced cytss; to bas, previously inhibited by cyanide, was
for 3 h, and centrifuged at 1776@dBeckman JA-10 rotor,  followed at 25°C as a function of substrate concentration.
10 000 rpm) at £C. The supernatant was diluted with 5 L As already reported1¢), the formation of the cyanide
of H,O and chromatographed on a DEAE-Biogel Agarose complex starting from oxidizedas; demanded prolonged
column (Bio-Rad) in 0.1% Triton X-100 and 10 mM Tris- incubation with cyanide (several days at4%) and resulted
HCI (pH 7.6). Fractions containing thiea; oxidase were in a one-electron reduced enzyme, with cyanide bound to
pooled, concentrated, and rechromatographed twice onreduced cygs [already characterized by RR studié$,(17)].
Fractogel EMD TMAE-650 (S) (MERCK); the detergent Upon mixing this cyanide-bounidas with reduced cytssy,
0.1% Triton X-100 was changed to 0.05% dodefyb- fast oxidation of cytcss, was observed at 418 nm as an
maltoside. Fractions containinga; oxidase were again  absorbance decrease. The time course followed within the
collected, concentrated, and purified by gel filtration on experimental error an exponential decay, and the resulting

Time-Resaled Spectroscopystopped-flow experiments
were carried out with a Durrum-Gibson thermostated instru-
ment equipped with a single-wavelength apparatus (DX.17MV,
Applied Photophysics, Leatherhead, U.K.) or with a diode
array (TN6500, Tracor Northern, Madison, WI). The single-
wavelength stopped-flow instrument has a dead time bf
ms and a light path of 1 cm and can work in a sequential
mixing mode, allowing two sequential mixing events with a
preset delay time in between. The diode array apparatus can
acquire as a function of time up to 80 spectra of 1024
elements, with an acquisition time of 10 ms per spectrum,
and has a 2 cnlight path

Data Analysis Data analysis was performed with the
software MATLAB (MathWorks). Spectral deconvolution
was achieved starting from reference spectra by using the
“left division” option, provided by MATLAB. Spectral
analysis was performed by using the singular value decom-
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Ficure 1: Electron transfer between ays, andbas. Rate constants
relative to the exponential fit of cydss, oxidation, as monitored at
418 nm (isosbestic for cyb reduction) after mixing at 25C

cyanide-inhibitedbag (1 #M) with reduced cytcss; at different

concentrations (from 0.6 to 18/4M) in two different stopped-
flow experiments: @) 2 mM Tris (pH 7.6), 0.1% lauryl maltoside,
and 50 mM NacCl and@) 0.1 M Tris (pH 7.6) and 0.05% lauryl
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FiGUre 2: Effect of temperature on electron transfer between cyt
Css2andbas. Time courses observed at 418 nm after mixing reduced
cyt Css2 (11 uM) with bas (2 «M) at increasing temperature$ €

6, 15, 25, 35, and 48C; traces from the top right to bottom left).
(Inset) Arrhenius plot of the oxidation of cyiss, Yyielding an
activation energye* of 10.9 + 0.9 kcal mot?.

maltoside. From linear regression of the data, we obtained a UP to 50°C (Figure 2), which (as far as we know) has not

bimolecular rate constaktof 4.6 x 10° M~1 s7L. (Inset) Number
of electrons entering into cyanide-inhibitéds as a function of
cyt css2 concentration.

rate constant was plotted as a function of @y concentra-

been attempted before. As expected, the rate of intermo-
lecular eT constantly increased at higher temperatures,
yielding an activation energlg* of 10.9 4- 0.9 kcal mot™.

This result is a clear indication that the agt, binding site

of bag is structurally highly thermostable and evolutionary

tion in Figure 1. Regression analysis of these data yields agesigned to allow T even at high temperatures. If linearity

bimolecular rate constank & 4.6 x 10° M~ s71) smaller
than that typical for horse heart cgtand beef heartas
oxidase at a similar ionic strength and®@ [k ~ 1 x 1¢°
M~! s71 (30)]; this difference is likely to be accounted for
by an experimental temperature (2%) far from the
physiological temperature fobas (>70 °C, see below).
Nevertheless, the relatively fast cgds, oxidation (despite

of the Arrhenius plot shown in Figure 2 is assumed, the

calculated second-order rate const&hfdr eT between cyt

Css2 and bag oxidase at 70C would be 5x 10" M~ sL,
Interestingly, we found that ruthenium hexamine, an

efficient positively charged electron donor for beef heart

oxidase, is in contrast a poor electron donorlfes oxidase.

At a concentration of 500M, ruthenium hexamine reduces

the nonphysiological temperature) further supports the cytbin the cyanide complex only atkiof 0.9 s at 20°C

proposal that cytss, is the substrate fobas oxidase 12).

(not shown). On the contrary, TMPD at the same temperature

We notice that the regression line in Figure 1 does not go 1,55 an apparent bimolecular rate constant(2.9 x 10°

through the origin ofy-axis. For a simple binding process,

M-t s not shown) essentially identical to that reported

this would indicate a significant dissociation rate constant ¢4, peef heart oxidase. When these results are taken into
of the complex, whereas in this case, since the reaction iSyccount together with the peculiar charge distribution found
muc_h more complicated, an unequivocal interpretation fqr on the surface of cytss, (13), it is not totally immaterial to

the intercept cannot be given. Therefore, from the data in gypect some relevant differences in the charge distribution

Figure 1, we extracted only information on the apparent
bimolecular rate constant of the forward reaction.

A partially unexpected result came from the analysis of
the amplitude of the reaction. The number of electrons
transferred per enzymatic functional unit (inset of Figure 1)

within the cytc binding site ofbas.

Effect of Temperature and lonic Strength on the Ati
of ba. We examined the cytss, oxidase activity otbag in
the temperature range of-B5 °C, by measuring the time
course of oxidation of cytss,. The results indicate that up

is, under all conditions, considerably less than two (a value to ~60 °C the enzymatic activity is enhanced, with an
expected, in analogy to beef heart oxidase, if complete activation energye* of 11 + 1.4 kcal mot?, showing that

reduction of Cy and cytb occurred). Since the redox
potentials of cytss, [230 mV (31)] and Cw of uncomplexed
ba; [250 mV, as determined at pH 8 in the isolated.Cu
domain B2)] are quite “normal”, in cyanide-bounidas the
redox potential of the Gu-cyt b pair may be drastically
lowered. This hypothesis, though far from being proven, is
consistent with the finding that in these experimentsooigt
only partially reduced€75%), as inferred from the absorp-

at higher temperaturdsa; is not only reduced by cytss,
but also fully competent in catalysis (not shown). In these
experimentshag proved to be highly thermostable, showing
identical activity before and after incubationrfd h at 50
°C.

More surprising is the effect of ionic strength on the
activity of bag oxidase. In these experiments, the ionic
strength was increased from very low to 152 mM by addition

tion changes recorded at 410 nm, a wavelength isosbesticof KCI (or MgSQs, not shown) and the activity of 1 nidas

for cyt css» (not shown).

To explore the effect of high temperatures on the
intermolecular eT rate between ayt, andbag, the experi-

measured in the presence of g cyt css2". As shown in
Figure 3, the activity drops upon increasing the ionic strength,
regardless of the temperature (25 or°&). The very same

ment just described was carried out at different temperaturesionic strength dependence at 26 was also observed at
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Ficure 3: Effect of ionic strength on the activity @fs. (A) Time
courses of oxidation of cytss, (1.2 uM) by bag (1 nM) at 25°C,

as monitored at 418 nm. The buffer was 2 mM Tris (pH 7.6) and
0.1% lauryl maltoside and the ionic strength adjusted (between 1.8
and 152 mM) by addition of KCI. (B) Effect of ionic strength on
bag oxidase activity (at 25 and 5C), as measured from the initial
rate of cytcss, oxidation. Interestingly, the maximal activity is
observed at the lowest ionic strength, where activity of beef heart
or P. denitrificans agis extremely low 25, 26).

higher concentrations of cgts, andbas (11.2uM and 250
nM, respectively, not shown); in this case, as expected, we
measured higher turnover numbers. This effect of ionic
strength is remarkable, being different from what is known
for the interaction between horse heart cygnd beef heart
cytochrome oxidase2f) or P. denitrificans aa (26), which
are almost inactive at very low ionic strengths due to
formation of a stable electrostatic compleX7). Thus, by
analogy, we may presume that in the case obi&enzyme,
a stable electrostatic complex with cgds, is not formed
even at low ionic strengths, a result in line with some
peculiarities in the interaction betweda; and cytcss».
Oxygen ReactionContrary to all other hemecopper
oxidases, whose LDeaction is very fast and thus investigated
with the flow-flash technique3@), the G reaction ofbas
was found to be remarkably slow, allowing its kinetic
investigation by the stopped-flow method (Figure 4). When
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FiIGURE 4: O, reaction. (A) Exponential fit of the first/ column

of the SVD output of absorption changes collected (from 390 to
465 nm) on mixingoas (5 uM), previously degassed and reduced
by 5 mM ascorbate and 5Q@M ruthenium hexamine, with air-
equilibrated buffer at 4.5C; k' = 101 s'%. (Inset) Kinetic difference
spectrum observed during the, @action ) and the fit (solid
line) obtained by summing the reduced minus oxidized optical
contribution of cytb (1.8 M) and the F minus oxidized spectrum
(1.4 uM). (B) Rate constant observed at 428 nm at differept O
concentrations (experimental conditions as described for panel A).
(C) Effect of temperature on the,®@eaction as monitored at 433
nm and 10uM O,. E* = 10.1+ 0.9 kcal mof1.

465 nm (with a 2.5 nm interval). SVD analysis of these data
clearly shows that only one optical transition is revealed with
an exponential time course proceedind’at 100 s*. The
kinetic difference spectrum is consistent with oxidation of
(1.8 uM) cyt b synchronous to the decay of (LiM) F

bas oxidase, previously degassed and reduced by ascorbaténtermediate to oxidized cyds—Cug (Figure 4A); the data

and ruthenium hexamine, is mixed at 4£& with air-
equilibrated buffer, three kinetic phases were observed: (i)
a fast approach to steady state (representing thredation),

(i) the steady-state phase, and (i) the re-reductiomaf

by excess reductants when, @ used up. Under our
experimental conditions (low temperature and ruthenium
hexamine as the electron donor), the activity a is

were fitted using the reduced minus oxidized difference

spectrum of cyb of bag and the F minus oxidized difference
spectrum of beef heart oxidase. Due to the very similar
optical features of F and P in the Soret regiB4)(we cannot
assess a priori which of the two intermediates is responsible
for observed absorption changes. Nevertheless, by analogy

with mitochondrial oxidase where the decay of F is the

remarkably slow and consistently the steady-state phase isslowest event in the £xeaction (proceeding atkaof 700—

very long (minutes). We focused on the fastest phase by
collecting optical spectra between 1 and 50 ms from 390 to

1.000 s*%; see refs35—37 for reviews), it is likely that also
in the case oba; this is the slowest process.
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The kinetics of this process was found to be independent
of O, concentration from 5 to 19@M (Figure 4B), indicating
that the eT process monitored is after (and not rate-limited
by) the much faster combination of,@ the reduced cyt
a;—Cug site. The relatively slow rate observek = 100
s 1 compared withk = 700-1.000 s? for beef heartaas
(35—37)] is likely to be due to an experimental temperature
(4.5°C) very far from the physiological temperature fbr
thermophilus(>70 °C). To explore this hypothesis, we 0
followed the Q reaction at higher temperatures and interest- 107 10° 10° 10+ 107
ingly observed that at 30C the reaction is already close to [CO] (M)
the time resolution limit of the stopped-flow apparatids (
~ 400 s%, Figure 4C); from the temperature dependence in 0-]
the range of 530 °C, we estimated an activation energy
E* of 10.1 & 0.9 kcal mot.

Effect of Temperature on CO Binding and Dissociation
The overall affinity of reducedba; for CO was estimated
by performing at 20C a static spectrophotometric titration -0,08 L )
in the Soret and visible regions. SVD analysis of the collected | 0,003 0,002
spectra reveals only one optical transition corresponding to v
CO binding to cytag?" with an overall affinity constaneq -0,12
of 1.1 x 10° ML (Figure 5A). It is interesting to notice that, 0,001 001 o1 1 10
despite the measured affinity, at room temperature and under TIME (s)

1 atm of CO about 30% of thigas seems to be unligated, as
inferred by MCD (L8). On the other hand, we also repro- 80
duced such observation by mixing at 2D in the diode array
stopped-flow apparatus dithionite-reducbes pre-equili- 60 O k_obs
brated with 1 mM CO, with a solution containing 1 mM B theoric k_off 4
NO; under these conditions, the spectrum collected 10 ms
after mixing (when photodissociation produced by the
incident light beam is negligible) shows already the optical 20 L B
features of NO bound to about 30%lud; (not shown). This ﬁ‘ H H i.

40 60

100

Keg=1.1x 10°M"

% CO COMPLEX
o
=

TT T T T T 71T 710

-0,04

AA 444nm

T T T T T

40 - | * expk_off

k (s )

confirms that there is a significant fraction bgs that is 0 e
unligated and, thus, freely accessible to NO.

The effect of temperature on the kinetics of CO binding o
to ba; was investigated by anaerobically mixing in the T(°C)

stopped-flow apparatus dithionite-redudzsg with 1004M Ficure 5: CO binding and dissociation. (A) Titration profile

; ° P obtained by SVD analysis of the spectra obtained by incubating
CO in the t_emperature range of-30 °C and monitoring dithionite-reducedag (3.9 uM) with CO (from 0.1 to 10QuM) at
the absorption changes at 444 nm. At each temperature, theg.c_The best fit yields an equilibrium constafy, of 1.1 x 106

time course of CO binding is monophasic and the corre- M-, (B) Time courses collected at 444 nm after mixing dithionite-
sponding apparent rate constant was obtained by fitting thereducedbas with 100 uM CO at temperatures from 5 to AT
traces to simple exponential decays. The raw data c:|ear|y(traces from right to left). Time courses were fitted to single-

. . . . exponential decays, and from the fraction of CO complex formed
show (Figure 5B) that on increasing the temperature (i) CO att — oo, Keq was estimated at the different temperatures. (Inset)

combination is faster and (ii) above 2& the amount of  The van't Hoff plot of estimatet., values yields a\H of —12.7
complex formed constan ecreases. This is a strong+ 0.6 kcal mot™. emperature dependence of the observe
CO complex formed tantly d Th trong+ 0.6 kcal mot. (C) T depend f the observed
indication that increasing temperature lowers the overall rate constant. The contribution kf; to the observed rate constant
binding constant for CO binding to reducbes (Keo) The at each temperature was calculated from the valu&géstimated

L . from panel B at the same temperature. Asterisks denote experi-
equilibrium constanti) at the different temperatures was mentalky values measured by mixing with 1 mM NO a solution

0 20 80

estimated from the fraction of C&bas formed att — oo, containingba,, prereduced with ascorbate (10 mM) and TMPD
neglecting the amount of bound CO with respect to total (100uM) and incubated with 10aM CO.
CO; from the temperature dependencekef we estimated This analysis estimates an overall equilibrium constant for

aAH of —12.74 0.6 kcal mot™ (inset of Figure 5B). Taking CO binding tobas at 20°C (Keg= 1.3 x 10° M%) thatis in

into account that under all conditions the apparent rate very good agreement with that experimentally measured by
constantk’ = kof[CO] + kot (Where kon and kot are the  static titration Keq= 1.1 x 10° M~%). This value is however
combination and dissociation rate constants for CO, respec-~40-fold smaller than that reported for beef heaag [Keq
tively) and thatkeq = kow/Korr, We calculated the contribution = 3.9 x 10° M~ (33)]. On the other handiKeq = KiKo,

of ko from the experimentally measured apparent rate whereK; is the affinity constant of CO for GIf andK; is
constant at the different temperatures (Figure 5B). Notice the equilibrium constant for CO transfer to cg#’>" (see
that according to this analysi&:; is expected to have a  Scheme 1). Sinck; was reported to be fdrag at least 100-
strong temperature dependendg (= 19.8 + 1.2 kcal fold larger than the corresponding value for beef heart
mol™1). oxidase (see Table 1), we expd<t for bag to be at least
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Table 1: Kinetic and Thermodynamic Parameters for CO Binding )
to bag of T. thermophilusand Beef Heartas According to Scheme 125 j
1in the Text 100 |
Keg= w .
ks K= KCuBKa3 I 75 -1
ke (s ke/Kr (M7 = 1
bovine = 50 7]
Cus 6.1x10M1st 7x10F 87M1 39x 10 1
as 1030 st 0.023  45x 10 25 7
T. thermophilus b
Cue ? ? >100M~1 1.1x 10P 0
as 8st 0.8 10
aData from this work are in bold; all other data are from 28f
4000-fold smaller than for beef heart oxidase. To test this 0,05
expectation, we measured the thermal dissociation of CO 0,025
from cyt ag?" of bag by displacing CO from reducela;
with NO (33). Thus,bas reduced with ascorbate (10 mM) E 0
and TMPD (100uM), and preincubated with 100M CO, 2 0025
was anaerobically mixed in the single-wavelength stopped- < ’
flow apparatus with 1 mM NO at 20C. In these experi- <<t, -0,05
ments, the diode array stopped-flow apparatus was not used, 0.075
since the intense white light emitted by this instrument ’

photodissociates CO from cy:>" with an apparent rate -0,1

constant (10 ) that is much higher than the intrinsic 0 2 4 6

dissociation rate constant. The absorbance decrease observed TIME (s)

at 430 nm in the displacement experiment is consistent with R ) )

that for the expected replacement of CO by NO (not shown). FIGURE 6: Onset of cyanide inhibition. (A) Time required for

Althouah the analvsis was complicated by an unfavorable complete !nhlbltlon ofbag and bovine oxidase at increasing
' g : Y phic: )y an. . concentrations of CN as measured polarographically at room

signal-to-noise ratio and by a partially biphasic behavior, temperature. The enzyme concentration was 200 nM:oBsump-

most of the reaction proceeded at a rate constaptf 0.8
s 1) that is much larger than that of beef heag; at the
same temperaturddy = 0.023 s* (33)]. It is interesting to
notice that both the high experimentally measukgd(0.8
s!) and the determine¢q (1.1 x 10° M~?) nicely meet
the previously determine®8) kinetic and thermodynamic
parameters for CO reaction witha; (see Table 1). We
therefore believe that in thiga; oxidase at 20C, the high
affinity reported for CO binding to Gif (K; > 10* M%) is

compensated by a small equilibrium constant for CO transfer

to cyt as®t (K, = 10) to yield an overall affinity about 40-

fold smaller than that reported for beef heart cyt oxidase.

The kinetics of CO dissociation from reducbkds was
investigated in the temperature range of55 °C. The

tion was sustained with 10 mM ascorbate, 1 mM TMPD, and either
6 uM cyt css, (for the bag oxidase) or 0.6«4M horse heart cyt

(for the bovine enzyme). (B) Oxidation of reduced cyg measured

at 418 nm at different delay times (from 10 ms to 10 s, traces from
the bottom to the top) in the following sequential mixing stopped-
flow experiment: bag oxidase (0.4«M) was mixed at 55C with
2.5uM cyt cs527 and 4 mM NaCN, and after a preset delay, this
mixture was mixed with 2.54M cyt css#". (Inset) Cytcss2+
oxidized after the second mixing as a function of the delay time at
20 @) and 55°C (@).

cyt ¢ instead of cytcss,. Conditions were set to achieve
identical activity for both enzymes~60 uM O, uM
oxidase! s™1). As shown in Figure 6Apas is much less
sensitive to cyanide (30-fold) than beef heart oxidase, a result
in line with the hypothesis of significant structural differences

observed dissociation rate constant is strongly dependent oryf the binuclear site.

temperature, and this finding explains the large drop in

At high cyanide concentrations{B mM), we carried out

affinity at higher temperatures. In Figure 5C, we compare g rapid mixing experiment making use of the sequential
the dissociation rate constants experimentally determined atmixing stopped-flow instrument, following the experimental

three temperatures (25, 40, and 36) with the values
calculated from the fraction of the C&ba; complex formed

design used by Wilson et al38) for beef heart oxidase.
Oxidized bag, rapidly mixed with reduced cytss, and (4

at equilibrium. The agreement among these data is a furthermM) cyanide, is mixed with a second solution of reduced

indication of the validity of the analysis described above.

Cyt Css2 after a preset delay (from 10 ms to 10 s). After the

On the basis of these results, it is likely that the structure first mixing, cytcssqinjects electrons intbag, triggering fast

of the cytaz;—Cug binuclear site ofba; oxidase displays

cyanide binding; this mixture is aged for a preset period of

peculiar features, as suggested also by the following resultstime (which allows progressive binding of cyanide) and then

on the onset of inhibition by cyanide.

Onset of Inhibition by CyanideWe measured polaro-
graphically the time required after addition of cyanide to
completely inhibit the catalytic ©consumption ofbas
oxidase sustained by cyts, in the presence of excess

probed for the residual activity, by mixing with an additional
aliquot of reduced cytss,. In such experiments, increasing
the delay time results in a larger fraction of inhibited enzyme
and consequently less ays, oxidized in the second mixing.
Figure 6B shows the time courses observed atG5y

ascorbate and TMPD; in parallel experiments, we tested thevarying the delay time from 10 ms to 10 s. When the amount
effect of cyanide on beef heart oxidase using horse heartof cyt css, oxidized in the second mixing is plotted as a
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function of the delay time (Figure 6B, inset), it is shown F intermediate. Since in beef heart oxidase the~FO
that within 10 s the inhibition is essentially complete, whereas transition was postulated to be coupled to proton pumping
cyanide at the same concentration takes several days to bind35), a pH dependence of the kinetics of this process might
to oxidizedbas. be expected also fdvas oxidase, which was very recently
proposed to be a proton pumfdj. Interestingly, the rate of
this process is strongly temperature-dependent=t 10.1

=+ 0.9 kcal mot?); at 40°C, the reaction is already too fast
to be followed by stopped-flow methods, and at°@) the
oxidation of cytb is calculated to proceed atkaof 3 x 10°

DISCUSSION

The bas oxidase fromT. thermophiluss the protein of
choice for studying the structurdunction relationships of

thermophilic hemecopper oxidases, for a number of <1 congistent with high turnover. Thus, we have evidence
reasons. The purified enzyme and its physiological substrate it for this thermophilic enzyme, the last step in the overall

Cyt Css, are highly thermostable, allowing kinetic investiga- o, requction is characterized by a high activation barrier,

tions at temperatures close to the physiological temperature,yherepy intramolecular eT to the lasi termediate occurs
(>50 °C), which is an important task if we want t0 it physiologically compatible kinetics only at high tem-

understand respiration and adaptation in thermophilic mi- heratres. In the absence of a three-dimensional structure of
croorganisms. Moreover, structural investigationbag is bas, we notice that thermophilic enzymes are generally

at an advanced stagelf, and the three-dimensional structure  .p4r4cterized by enhanced rigidity of the protein matrix and

of cyt Css, is available 13), revealing interesting peculiar gt packing of internal side chains, often associated with
features; in conjunction with the availability of molecular 1o absence of cavities and of internal water molecu@k (
genetic approacheg)( this seems to be an excellent system page stryctural features, besides accounting for thermosta-
to investigate. bility, may be responsible for increased activation barriers
In this paper, we have studied in some detail the effect of (see ref39 for a discussion). The finding that the slowest
temperature on the kinetics of eT and ligand bindindpaf step in the @ reaction, i.e., the decay from F to O by
oxidase, employing stopped-flow spectrophotometry. By and intramolecular eT, is unusually slow is compatible with the
large, we found several peculiarities in the room-temperature expected decrease in flexibility and dynamics of these
reactions ofboag with cyt css, Oz, CO, and cyanide, which  thermophilic enzymes.
however make sense when the experimental temperature The peculiar features of the three-dimensional structure
appl’oaches the phySi0|Ogica| range for this thermophilic of Cyt Css2 (13) are (|) a C-terminal Segment which wraps
enzyme ¢70 °C). Thus, some of the kinetic parameters of around the protein, (i) an extendgisheet shielding one
bas are unusually slow at mesophilic temperatures, whereasedge of the heme, (jii) the lack of internal water molecules,
canonical kinetic behavior is restored at higher, more gnd (iv) a peculiar dipole moment and a unique surface
physiological temperatures. We believe that this result may charge distribution. As discussed by Than et 28)(some
provide a clue to understanding enzymatic thermophilicity, of these features are probably responsible for the high
i.e., the property of thermophilic oxidases to be sufficiently thermodynamic stability of this protein and the specificity
active only at high temperature89). in the reaction withbas oxidase. Several lines of evidence
In this context, our results from the reactionbag oxidase indicating substantial peculiarities of the substrate binding
with O, are particularly significant. With the other heme  site of ba; are now briefly discussed. The kinetics of
copper oxidases, this reaction is usually too fast to be reduction ofbas by ruthenium hexamine, which is an efficient
followed by stopped-flow methods (see re3§—37 for reductant for beef heart oxidadef 1 x 1° M1 st (42
reviews) and kinetic information was obtained by the flow- to 2 x 1(° M~! s7%, depending on ionic strength], is slow;
flash approach33). According to a simplified consensus at 500uM ruthenium hexamine, reduction of dytproceeds
scheme 35), O, binding to the reduced cyd;—Cug site only at ak' of 0.9 s* compared with & of 250 s observed
yields initially compound A, which decays to P (for peroxy) for beef heartaas at a similar ionic strength (not shown).
by two-electron delivery to bound LQand then to F (for  This finding suggests some structural differences in the Cu
ferryl) upon intramolecular donation of a third electr@) domain on subunit Il, at least in terms of surface charge
the slowest step in the @eaction is the transfer of the fourth  distribution. The water soluble recombinant ilomain of
electron at &' of 700-1000 s* (at 20°C), which yields ba; was postulated to form an electrostatic complex with
the fully oxidized enzyme (O). We have shown above that horse heart cyt at low ionic strengths, as inferred from the
the latter process can be easily observed by stopped-flowperturbation of the absorption spectrum of cythen added

methods when mixing ©with reducedbas oxidase, the
reaction proceeding at & &f ~100 s at 4.5°C, independent
of O, concentration from 10 to 190M (Figure 4). Analysis

to the isolated domain3@). The significance of this
observation is however doubtful, given that the physiological
electron donor tdag is cyt cssp, as confirmed by the fast

of the corresponding optical density changes (inset of Figure intermolecular eT measured in the present stilkdy @.6 x

4A) suggests that oxidation of cjtis synchronous to the
decay of the F intermediate. In view of the complexity of
the overall scheme outlined abov&5), we cannot rule out
the possibility that the P intermediate is contributing to the

10 M~ tstat 25°C, Figure 1). In addition, we have shown
that, regardless of temperature (25 or“8l), bas displays
maximal cytcss, oxidase activity at low ionic strengths (0
mM, Figure 3), contrary to the case of oytoxidation by

observed absorption changes, given the similarity in the beef heart and. denitrificans ag, which is very slow due

optical spectra of P and F in the Soret regioBd)(
nevertheless, by analogy with the information already
available in detail for beef heart oxidas¥5¢37), we assign
the observed kinetic process at 100 ® the decay of the

to formation of the so-called high-affinity electrostatic

complex @7). Our data in Figure 3 are peculiar and unique
insofar as they show no evidence for a tight electrostatic
complex betweerba; and cytcss; at low ionic strengths,
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contrary to what was observed with horse heartceythich
forms such a complex with both the mitochondriafY and
thermophilic oxidases3@). Since the stability of this complex

Giuffre et al.

s lat 20°C), 30-fold greater than that of beef heaa [k-»
= 0.023 s* (33)]. This result allows the calculation of the
equilibrium constant for intramolecular CO transfer to cyt

is due to charge complementarity and a favorable dipole ag?" which inbag is too small K, ~ 10) to compensate for

moment, it is not surprising that no complex is formed
betweernba; and cytcss,. We also notice that the calculated
isoelectric point otbag subunit Il (d = 6.4) is higher than
that of the bovine (p= 4.6) andP. denitrificans(pl = 4.7)

the higher affinity for Cy*™ (K; > 10* M~1). The overall
affinity constant measured by static titration lwds (Keq =
1.1 x 10° MY, Figure 5A) appears to be inconsistent with
the finding that reducetla; incubated at room temperature

enzymes, and particularly that two acidic residues involved under 1 atm of CO still contairs30% of cytas?* unligated,

in the binding of cytc with P. denitrificansoxidase [i.e.,
Aspl135 and Aspl5926)] are absent ibas. Therefore, our
kinetic data in Figure 3 are fully compatible with available
structural information oibag and its physiological substrate,
and also suggest that “presentation” of ¢y, to the Cuy

an observation already documentdd)(and confirmed in
the present study. A possible explanation for this inconsis-
tency, based on the presence of a conformer unable to bind
CO, is supported by detection of two conformerdaf by
Mdéssbauer, RR, and FT-IR spectroscofy15, 17). As an

site may occur via the same interface identified in the alternative, Goldbeck et al18) suggested that assuming a

mammalian counterpart.
Peculiar structural features of the @g—Cug site of bag
oxidase were inferred from data obtained with different

stoichiometry of one CO per site, g+ will never be 100%
saturated with CO because of the partition with the nearby
Cug™. Our data in Table 1 indicate that this fraction would

spectroscopic techniques, both static and combined with flashbe ~10%, which may not be inconsistent with such a

photolysis [FT-IR (5), RR and EPR16, 17), and CD and
MCD (18)]. Further evidence consistent with this information

hypothesis.
This analysis of CO binding to reducéd; leads to a novel

has emerged from our data on the onset of inhibition by hypothesis accounting for {binding to thermophilic oxi-
cyanide under turnover conditions and particularly from the dases, with relevance for evolution and survival at high

reaction of the reduced enzyme with CO. CO binding to
reduced hemecopper oxidases, studied in great detail with
the beef heart enzym@3), is now known to occur in two
steps according to Scheme 1:

K,
CO + Cug'/as? <e--mme > Cug' / a3’ <ememem- > Cug’' / a2t

Co

CO binds first to Cyg* in a bimolecular low-affinity reaction
and then is transferred intramolecularly to eyt". Therefore,
binding of CO to cyias®* may be described by two coupled
equilibria, with an overall affinity constanK¢y) given by
the product of the two microscopic equilibrium constants
(Ky and K; in Scheme 1). Prior studied, 18) revealed
that CO binding tdyas oxidase is peculiar because, contrary
to the case of beef heasizg;, Cus™ has a relatively high
affinity for CO (K; > 10* M~%; see Table 1), whereas the
transfer of the ligand to cyas?" is characterized by a small
forward rate constankfé = 8 s; see Table 1). This work

temperatures. It is now widely accepted thagCmay be
viewed as the “gate” for binding of CO and: @ all heme-
copper oxidases. In this context, the unusually high affinity
of Cug™ for CO seen withhag, if extended to @, may have
physiological relevance for thermophilic oxidases. Tiae
oxidase is evolutionarily selected to work under environ-
mental conditions with low @tension, given the reduced
gas solubility at high temperature and the microaerobic
conditions in which this enzyme is preferentially expressed.
Therefore, thanks to its higher affinity, @u may be
envisaged to act under physiological conditions as a more
efficient “trap” for O,, which is present at low concentrations
in the bulk. The significance of this hypothesis would be
reinforced if the affinity of Cy* for O, was not significantly
reduced at high temperatures. In the case of CO, the overall
affinity of the thermophilic enzyme decreases from 5 to 70
°C (Figure 5B), but such an effect is predominantly due to
a large increase of the rate constant for dissociation from
cytag?t (Figure 5C). Since we expect that the dssociation
rate constant will be effectively very small because of fast
eT to bound @[which traps the ligand at the binuclear center

was carried out either at cryogenic or at room temperatures(43)], the postulated higher affinity of Ofor Cus™ may
and never addressed the determination of the thermaleffectively increase the likelihood of efficient,inding

dissociation rate constant of CO from @gt". We therefore

under physiological conditions, with obvious advantages for

extended the determination by (i) performing a static CO survival at high temperatures. Scrolling the data presented

titration of reducedba, (ii) following the combination of
CO with reducedbas over the temperature range of-30

by Woodruff 23), we notice that the two alternative oxidases
of T. thermophilugcaa; andbag) are both characterized by

°C, and (iii) measuring over the same temperature range theCO affinity for Cus™ in the range of 18-10* M~ in contrast

dissociation of CO from cyBg?" by the classical ligand
displacement method, making use of nitric oxi@3)( An
original result emerging from our study is that at 2D the
overall affinity for CO of reducedas is ~40-fold smaller
than that of beef heada;, despite the much larger affinity
for Cus™ seen with the thermophilic enzyme (see Table 1).

With reference to Scheme 1, this is due to a ligand transfer

to cyt ag?", which in thebas oxidase is thermodynamically

with the lower affinity characteristic of mesophilic oxidases
(Keq &~ 10—-100 M1). This consideration seems to confer
generality to the hypothesis discussed above, though living
unsettled the structural basis for the enhanced affinity of
gaseous ligands for Gt, an interesting problem which we
are hopeful will be understood when the structure is solved.
In conclusion, in this paper we show that th& oxidase
of T. thermophilusis characterized by several peculiar

less favorable. Such a phenomenon, previously postulatedfeatures in the kinetics of eT and ligand binding, which likely

(18), has been quantitated by directly measuring the dis-

sociation rate constant of CO from redudea (k- = 0.8

emerged during evolution in response to adaptation to high
temperatures. These peculiar kinetic properties should obvi-
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ously reflect differences in the three-dimensional structure

of the enzyme, and we believe that, once this structure will
be available, correlation of functional and structural findings
will provide some insight into the understanding of evolution
and adaptation of thermophilic hemeopper oxidases.
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