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Figure 1. Mechanism of CO binding to heme/copper terminal oxidases.

cytochromec oxidases (CcO) and quinol oxidases, such as
cytochromebo; (Cb0)1?1720 What has emerged from these
studies is a mechanism (Figure 1) in which CO, photodissociated
from hemeag/os, binds to the nearby Gusite with aty, < 1 ps,
followed by dissociation and diffusion of CO into the bulk solvent.

Terminal oxidases represent a unique class of heme proteinsgor povine CcO, the half-time for the dissociation of CO from
capable of transducing redox free energy into a transmembranecy, is on the order of s, but for CbO, the rate of dissociation
electrochemical gradient that is subsequently used to drive thegppears to be considerably slowrEurthermore, the bimolecular

synthesis of ATP:> These enzyme share a similar structural motif

rate constant for the formation of the £4CO complex is about

consisting of at least three core subunits and both redox active 1g-fold slower for CbO than for the bovine oxidd&elt is clear

heme and copper centers. What is particularly intriguing is the

that CO must bind to Guas a necessary step prior to binding to

considerable sequence homology among heme/copper oxidasege heme Fe, but the details of the kinetics of CO binding vary

from a wide array of aerobic organism3. The recent X-ray
structures of cytochrome oxidase from bovine heart mustle
and from the aerobic bacteriuRaracoccus denitrificartsas well

as mutagenesis results with cytochrobmg from Escherichia
coli®” andRhodobacter sphaeroidés!* coupled with data from

a multitude of biophysical techniqueé has shed considerable
light into the mechanism of enzyme function. It is clear that in

significantly among the different heme/copper oxidases.

In the present study we have employed photoacoustic calo-
rimetry (PAC) to probe volume changes associated with CO
binding to fully reduced cytochrombo; from E. coli?* Pho-
toacoustic calorimetry is proving to be powerful technique for
determining the magnitude and time scale of conformational
changes as well as reaction thermodynamics in proteins and

some manner events at the heme/copper binuclear center arenzymes. For example, PAC has been previously employed to

coupled to the proton pump mechanismt® Thus, the relation-
ship between ligand binding to the binuclear dioxygen reduction

investigate conformational changes associated with ligand pho-
tolysis from hemoglobin, myoglobin, and cytochrome P450 as

site and conformational changes within the enzyme that could \yg|| as the catalytic cycle of rhodopsin and bacteriorhodofsi.
be associated with proton uptake, either for active proton transportthe physical principle behind PAC is that photoexcited molecules

or for dioxygen reduction, is of considerable interest.

dissipate excess energy via vibrational relaxation to the ground

Time-resolved optical and vibrational spectroscopies have beengiate accompanied by thermal heating of the surrounding solvent.

employed to probe the ligand binding reactions of both the
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PEn, = (SSedBn, = Q + { AV F(T)} 0

whereF(T) = (B/Cyp) (6 is the coefficient of thermal expansion
of the solvent (K?), C, is the heat capacity (cal/(g-K)p, is the
density (g/mL)),Q is the amount of heat released to the solvent
subsequent to photolysis, aig, is the energy of the excitation
photon?223 A plot of the normalized photoacoustic amplitude
versus 1F(T) gives a straight line with a slope equal A0/;on

associated with a change in conformation and an intercept equal |

to the heat evolvedd). SubtractingQ from Ey, gives AH for
the reaction.

Figure 2 displays an overlay of the acoustics waves generated
by a reference compound (bromocresol purple) that degrades the
absorbed photon into heat only (i.e., no conformational change)

and for the photolysis of fully reduced CO-bound CbO at 4
(left panel). The fact that the two waves overlap in time indicates
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Figure 2. (left) Overlay of the photoacoustic waves for bromocresyl
purple (1 mM) and C&-Cbo (75uM) at 24°C. (right) Plot ofEn.¢ (kcal/
mol) vs Cpo/f (kcal/mL) for CO—-Cbo. Temperature range is-126 °C.

that the process that gives rise to volume/enthalpy changes after

photolysis occurs within the response time of the instrumeB0(
ns). A plot of GandSa)En VS (Coplf) (Where Siamp is the
amplitude of the CG-CbO signal (mV) and is the amplitude

of the reference signal (mV)) is shown in Figure 2, right. The
slope of the line corresponds to a volume change 51 + 0.9
mL/mol for CbO upon photodissociation of CO. The intercept
of the line is 59.5 (at FH(T) = 0) and corresponds to the amount
of energy released to the solvent as heat. Thiid, = E;,
(amount of energy absorbed) Q. However, at 532 nm, heme

b and hemeos; make roughly equal contributions to the total
absorbance. Thus, the acoustic wave fo-@DO is a combina-
tion of an acoustic wave derived from hemgeoriginating from
vibrational relaxation of the heme excited-state only, and heme
03, originating from vibrational relaxation as well as CO bond
cleavage and protein conformational change. With this in mind
the acoustic signal for CO photodissociation can be writtéh as

(gscaDEhv = [QHemeb(AHemeb/ATOT) +
Q™™ (Aemeo/Aron)] *+ AVyey M H(Cplf) (II)

whereAuemenio, iS the absorbance of henivéo; at the excitation
wavelength, Aror is the total absorbance at the excitation
wavelength, and\Vcoy is the volume change due to conforma-
tional changes. It is assumed that hetmeloes not make a
significant contribution tAAVcon. The value ofQ for each heme

is then one-half the value @ obtained from the plot in Figure

3 (sinceAnemeo/ Ator = Aemen/Ator = 0.5). The thermodynamic
parameteAH for the photodissociation of CO from Cbo is then
equal toEy,, — QHeme%s, UsingEy,, = 53.73 kcal/mol at 532 nm,
aAH of 22.7+ 6.8 kcal/mol is obtained for the photodissociation
reaction. This value is very near that obtained for the dissociation
of CO from Cr(CO} (AH = 27 kcal/mol)?” CO—myoglobin AH

= 17.3 kcal/mol}® and CO-hemoglobin AH = 18.0 kcal/mol}?

as well as the thermal dissociation of CO from chelated heme
(AH = 17.5 kcal/mol}® However, theAH value obtained for
the photolysis of C&CbO actually includes thé\H for the
thermal association of CO to @u The acoustic waves of the
CO—CbO overlap in time with those obtained from the reference
compound, indicating that the process giving riseAM occurs
within ~50 ns and that no volume changes are observed betwee
~50 ns and~5 us, the longest time period detectable by
piezoelectric-based detectors. Within this time, CO does not
dissociate from Cgi!® Thus, the reaction measured by the
photoacoustic method is

[Fe,,—~CO Cys] — [Fe, CO—Cug]

Assuming the contribution taH from heme-CO bond cleavage
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to be~18 kcal/mol (average value for heme model compounds),
then the correspondingH for CO binding to Cy is roughly 5
kcal/mol. This value is considerably higher than would be
expected for thermal association of typical metal carbonyl
complexes; suggesting that a more endothermic process ac-
companies CO binding.

Volume changes associated with this reaction includg-Cu
CO bond formation, FeCO bond breaking, low-spin to high-
spin transition (hemes) and possibly ligand dissociation from
Cug or some other alteration in the protein. Bond formation
should contribute a substantial negati®¥ due to the fact that
the bound liganetmetal complex is smaller than the correspond-
ing contact paif®3! As a corollary, bond breaking should con-
tribute a significant positive\V. Thus, the dissociation of CO
from hemeo; and the corresponding binding of CO tog3mould
have offsetting contributions to the overalV (considering only
bond formation/breaking processes). However, heme Fe low-
spin to high-spin transitions haveV values near-10 mL/mol3!

The fact that the overalAV < 0 suggests that another process
must contribute a significant negative/ to the overall reaction.
It is possible that a local protein structural change accompanies
CO binding to Cy, resulting in an overall volume contraction.
This is the case, for example, with myoglobin. Photolysis of CO
from sperm whale myoglobin results in the formation of an
intermediate species with an overall volume decreas® rtiL/
mol) and is believed to be due, in part, to the breaking of a salt
bridge between Arg-45 and the heme propionate group. The
accompanying solvation of the charged residues gives rise to
electrostriction and an overall volume decre#sérecent FTIR
datd® 15 have clearly demonstrated protein changes in CbO, in
particular at glutamate-286, that accompany the photolytic transfer
of CO from the heme Fe to Gu Hence, both spectroscopic data
and the results of the current work indicate a structural change
in the protein associated with the transfer of CO from the heme
Fe to Cg. It is not known whether this structural change is
unigue to CbO, and possibly related to the differences in the
kinetics of CO recombination in comparison with the bovine
oxidase, or whether this phenomenon is typical of the heme/copper
oxidases. Such a protein conformational change could “gate”
ligand access to the binuclear center or be related to the proton

umping mechanism. Further experimentation will be required
to make this determination.
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