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Abstract: Volume changes associated with CO photodissociation from fully reduced cytochromeaa3 have
been determined using photoacoustic calorimetry (PAC). Analysis of PAC data reveals two intermediate steps
in the photodissociation reaction with volume changes of+6.8 and+6.9 mL/mol occurring on time scales of
<50 ns and∼1.5 µs, respectively (T ) 22 °C). The value of∆V for the fast process can be attributed to
conformational dynamics associated with photoinduced transfer of CO from the high-potential hemea3 to the
high-potential CuB site, while the slower phase reaction occurs on a time scale consistent with the thermal
dissociation of CO from CuB. It is speculated that these volume changes may be linked to movement of Glu-
242 as part of a proton shuttle mechanism in heme/copper oxidases.

Introduction

Cytochromec oxidase (CcO) represents a unique class of
biomolecules that is capable of converting redox free energy
into usable potential energy that is stored across a membrane
barrier.1-3 Thus, CcO operates as a molecular machine in a
fashion similar to that of other protein-based transducers such
as rhodopsin and bacteriorhodopsin.4,5 Physiologically, CcO
catalyzes the terminal step in the respiratory chain of a wide
range of aerobic organisms including fungi, eukaryotic and
prokaryotic bacteria, plants, and mammals. The preponderance
of CcO containing mitochondria in critical mammalian tissue
such as heart, liver, and brain exemplifies the enzyme’s
importance in maintaining health and well-being of higher
organisms. Cytochromec oxidase is a 13-subunit enzyme (three
in most bacterial enzymes) that catalyzes the four-electron
reduction of dioxygen to water according to the following
reaction:

where Hm
+ and Hc

+ designate protons derived from the matrix
side and cytosolic side of the inner-mitochondrial membrane,
respectively. Cytochromec oxidase carries out this catalytic
process using five redox-active metal centers consisting of two
heme A chromophores, three copper ions, and two additional
metal sites (believed to play regulatory roles in catalysis)
distributed between the largest three subunits of the enzyme.
The reduction of dioxygen takes place at a binuclear cluster
consisting of one heme A chromophore (designated cytochrome

a3) and one copper ion (designated CuB). The two remaining
metal centers (designated cytochromea and a binuclear CuA)
have reduction potentials near that of cytochromec and mediate
electron flow from ferrocytochromec to the binuclear center.

The recent crystal structures of the bovine enzyme as well
as that fromParacoccus denitrificanscoupled with site directed
mutagenisis studies withRhodobacter spheroidieshave shed
considerable light onto the mechanism of redox-linked proton
translocation.6-10 A picture is now emerging in which subunit
I of the enzyme contains a number of channels capable of
transporting protons, oxygen, and water. In addition, mutagenisis
studies indicate independent pathways for protons actively
transported to the cytosol (from the matrix) and protons
consumed for dioxygen reduction.6,10In all cases, conformational
dynamics are required to form these channels, consistent with
previous models which suggest that the enzyme complex must
undergo an ordered sequence of conformational transitions to
complete its catalytic cycle.2,11,12 The binding of dioxygen to
the two-electron-reduced binuclear center appears to induce a
conformational change in the enzyme that “activates” the proton
pump cycle.2 Additional conformational changes are then
required to modulate (“gate”) both electron and proton transfer
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as well as to physically transport the protons through the
enzyme. Such conformational changes are required to ensure
favorable kinetics for proton translocation and must be linked
to a change in oxidation state of one or more of the four redox-
active metal sites contained within the enzyme complex. These
conformational changes are likely to occurtransientlyduring
the catalytic cycle of the enzyme and in some cases may
represent the rate-limiting step in the overall reaction.

There is now considerable evidence for steady-state confor-
mational changes in CcO after ligand binding and electron
transfer. Recent studies of CcO involving high-pressure optical
spectroscopy of steady-state enzyme turnover have revealed
large volume changes associated with conversion between
various intermediates.13-16 Volume changes as large as 76 mL/
mol have been observed and attributed to the uptake of water
molecules by the enzyme.14,15 In addition, we have observed
conformational differences between P-state and F-state enzymes
consistent with previous fluorescence experiments.17,18Although
these observations shed some light on the relationship between
conformational dynamics and proton transport in CcO, no
systematic conformational study on physiological time scales
have been undertaken.

Photoacoustic calorimetry (PAC) is proving to be a powerful
technique for determining the magnitude and time scale of
conformational changes as well as reaction thermodynamics in
proteins and enzymes. For example, PAC has been previously
employed to investigate conformational changes associated with
ligand photolysis from hemoglobin, myoglobin, and cytochrome
P450 as well as the catalytic cycle of rhodopsin and bacterio-
rhodopsin.20-23 The physical principle behind PAC is that
photoexcited molecules dissipate excess energy via vibrational
relaxation to the ground state accompanied by thermal heating
of the surrounding solvent. For solvents such as water, this
causes rapid volume expansion resulting in an acoustic wave
that can be detected with a sensitive piezoelectric crystal based
microphone. In addition, volume changes in the system of
interest, resulting from a photoinitiated reaction also contribute
to the acoustic wave. After normalizing the signal acoustic wave
with that of an appropriate reference compound (one that is
nonfluorescent and does not undergo any photochemistry) the
following expression is obtained:

whereF(T) ) (â/CpF) (â ) thermal expansion coefficient of
water in K-1, Cp ) heat capacity in cal/g-deg-mol, andF )
density in g/mL),Q is the amount of heat released to the solvent

after photolysis, andEhν is the energy of the excitation photon.
A plot of normalized photoacoustic amplitude (φ) versus 1/F(T)
gives a straight line with a slope equal to∆Vcon associated with
a change in conformation and an intercept equal to the heat
evolved (Q). SubtractingQ from Ehν gives∆H for the reaction.

For reactions which involve multiple steps with time scales
between 10 ns and∼5 µs (depending on transducer type), the
individual contributions of∆Vcon and Q for each step to the
total amplitude can be resolved. For a two-step reaction of the
type

the observed time-dependent acoustic signal results from a
convolution of a time-dependent volume source,H(t), with an
instrument response function,T(t):

with ki ) 1/τi. Deconvolution of the signal involves estimating
the parameters inH(t) and convoluting the testH(t) with T(t)
obtained from an appropriate calibration compound. The
convoluted waveformEcalc is compared withE(t)obs, and the
parameters inH(t) are varied until a reasonable fit is obtained.

We have recently utilized PAC to probe conformational
dynamics associated with photolysis of an COFe(II)PPIX/
micelle model system and fully reduced CO-bound cytochrome
bo3 from E. coli.19 Analysis of PAC of the cytochromebo3

system revealed an enthalpy for CO photodissociation of+22.7
( 6.8 kcal/mol and an accompanying volume decrease of 5.1
( 0.9 mL/mol. The data further indicate that the enthalpy and
volume changes occur on a time scale of<50 ns. Thus, these
values represent∆H and∆V for the photoinduced transfer of
CO from the high-potential hemeo3 to the high-potential CuB
site. The observed volume and enthalpy changes are consistent
with a significant protein conformational change associated with
this reaction. In addition, no transient species are observed
between 50 ns and∼5 µs, confirming that the thermal
dissociation of CO from CuB occurs on time scales of>5 µs.
We have extended this work to examine conformational changes
associated with photolysis of the fully reduced CO-bound CcO
from bovine heart. The results demonstrate important differences
in the conformational dynamics of ligand binding in heme/
copper oxidases.

Materials and Methods

Bovine CcO was purified as described previously.24 Sodium dithion-
ite (Aldrich) and CO (Matheson) were used as received. Samples for
PAC were prepared by diluting the CcO stock solution (∼250µM) to
∼100 µM CcO in 100 mM HEPES buffer/0.1% lauryl maltoside (pH
7.5) in a 1 cmpath length quartz cuvette (total volume 0.5 mL). The
cuvette was then sealed with a septum cap. The sample was then purged
with Ar for 30 min (the sample was placed on ice during the purging)
followed by the addition of sodium dithionite. After full reduction of
the enzyme is complete (as judged by optical absorption), the sample
was purged for an additional 10 min with CO.

PAC signals associated with CO photolysis were obtained by placing
a 1× 1 cm quartz optical cuvette containing the sample on the center
of our photoacoustic detector. Contact between the cuvette and the
detector is facilitated by a thin layer of vacuum grease. The acoustic
detector is based upon a Transducer Products PZT-2H piezoelectric
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crystal (2 mm in diameter) that is silvered on each end. The crystal is
housed in an aluminum case such that one side of the crystal makes
contact with the top of the cylinder. The crystal is held in place by a
steel spring which also serves as the signal carrier to a BNC connector.
Sound waves generated by pulsed laser photolysis (Continuum SureLite
I frequency doubled Nd:YAG laser, 7ns,∼80 µJ/pulse) of the sample
result in compression of the crystal and generation of a voltage between
the two sides that is amplified and recorded using a 200 MHz transient
digitizer (Tektronix RTD710A). The trigger for the digitizer is supplied
by a photodiode sensing the laser pulse. This ensures correct timing of
the data collection. With our current detection system, volume changes
occurring on time scales ranging from 50 ns to∼5 µs can be observed.

The values forCp, F, andâ as a function of temperature (and therefore
1/F(T)) are known for water.25 The corresponding values ofF(T) for
the detergent/buffer system to be used (100 mM HEPES buffer/0.1%
lauryl maltoside) were determined by comparing acoustic signal
amplitudes of the calibration compound BCP as a function of
temperature in the detergent/buffer vs those for BCP in water. From
the relationship

the values of (â/CpF)buffer as a function of temperature can be found
by measuring the signal amplitude of the calibration compound in water
and buffer as a function of temperature. This equation holds providing
the compressibilty factor between the two solvents is the same. The
compressibilty factor is expressed asFνa

2 with νa being the velocity of
sound in the given solvent.26 This value is obtained from the arrival
time of the acoustic wave to the detector. In the present case,νa

water )
νa

buffer within experimental error, thus indicating similar compressibili-
ties.

Results

Figure 1 displays overlays of the acoustic wave for the
reference compound bromocresol purple (BCP) and CO-CcO

at 16°C (left panel) and 28°C (right panel). The acoustics waves
for CO-CcO show a shift in phase, relative to the reference
compound. This indicates that a process or processes occur(s)
on time scales between 50 ns and 5µs. Deconvolution of the
acoustic wave for CO-CcO using simplex software developed
in our laboratory reveals two exponential decays associated with
the CO-CcO acoustic signal. Figure 2 displays a representative
example of the deconvolution. The first decay occurs with a
lifetime shorter than the detection limit of our instrument (i.e.,
<50 ns) while the second process exhibits a lifetime of 1.3µs
at 22°C. Plots ofEhνφ1 andEhνφ2 vs CpF/â (Figure 3) (φ1 and
φ2 were obtained from eqs II and III) for the photolysis of CO
from fully reduced CcO give volume increases of+6.8 mL/
mol (∆V1) and +6.9 mL/mol for the fast and slow phases,
respectively. (The slope obtained from the slow phase data
actually represents thetotal volume change for the ligand
dissociation reaction, i.e.,∆V1+2. The volume change for the
slow phase is then obtained by subtracting the fast phase volume
change from thetotal volume change,∆V2 ) ∆V1+2 - ∆V1).
Comparison of volume changes associated with CO photolysis
from various heme proteins is given in Table 1. The values for
∆H have not yet been determined since the absorbance
contribution for cytochromea and cytochromea3 at 532 nm
(excitation wavelength) are not known.19 We are currently
working to obtain these values using hemea reconstituted
myoglobin to estimate the absorbance contributions.

Discussion

Time-resolved optical and vibrational spectroscopies have
revealed a mechanism for CO dissociation from CcO in which
CO (photodissociated from hemea3) binds first to the nearby
CuB site (t1/2 1ps<) followed by dissociation and diffusion into
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Figure 1. Overlay of the photoacoustic waves for bromocresol purple and CO-CcO at 28°C (left panel) and 18°C (right panel). Sample
concentrations are 100µM for COCcO and 1 mM BCP (100 mM Tris/0.1% laurylmaltoside, pH 7.5). The excitation wavelength is 532 nm with
an average power of∼80 µJ/pulse.

(â/CpF)buffer ) (Sbuffer/Swater)(â/CpF)water (IV)

CO Photolysis from Fully Reduced Cytochrome aa3 J. Am. Chem. Soc., Vol. 121, No. 18, 19994497



the bulk solvent (t1/2 ∼ 1-3 µs) (see Figure 4).27 Of particular
interest is the fact that formation of the CuB-CO complex
occurs at a rate 100-fold slower than that expected for a
diffusion-controlled reaction, suggesting that the protein can
limit access to the heme/copper active site. The volume changes
observed after CO photolysis from fully reduced CcO occur on
the same time scale as CO dissociation from cytochromea3/
binding to CuB (the fast phase component of the acoustic wave)

and thermal dissociation of CO from CuB (slow phase compo-
nent of the acoustic wave). Thus, it is likely that these volume
changes represent a protein conformational response as a result
of “local” events occurring at the binuclear center (since PAC
samplesoVerall volume changes). The dissociation of CO from
cytochromea3 induces structural changes to the heme group
itself including doming of the porphyrin ring, displacement of
the heme iron out of the plane of the porphyrin ring, and a
change in spin state of the heme iron. High-pressure studies
have revealed a volume change associated with porphyrin spin
state changes to be on the order of+10 mL/mol (heme Fe low-
spin to high-spin transition).28,29The binding of CO to CuB may
also contribute to the initial volume increase. Previous studies
have suggested that a ligand associated with CuB is displaced
upon CO binding to the metal.26 Within this mechanism the
displaced ligand (displaced by CO binding to CuB) binds to the
iron of cytochromea3. Time-resolved magnetic circular dichro-
ism data further indicate that cytochromea3 remains high spin
after photolysis. Such structural changes associated with the CuB

site upon CO binding would also make a significant contribution
to the observed volume change.

The volume expansion (∆V2 ) +6.8 mL/mol) observed for
the slower process (with a time constant similar to the thermal
dissociation of CO from CuB) may be attributed to perturbation
of the protein upon ligand release from the CuB site.27 This
process should have a volume change equal in magnitude but
opposite in sign to that associated with CO binding to CuB.
Therefore, if the fast phase volume change can be thought of
as the sum of volume changes associated with heme distortions
as well as CO binding to CuB (i.e.,∆V1 ) ∆Vheme+ ∆VCu+CO),
then the heme contributions would be on the order of-7 mL/
mol (i.e., ∆V1 - (-∆V2)). It should also be pointed out that
the time scale for this volume change is distinct from the Fe-
His relaxation rate determined using resonance Raman (t1/2 ∼
10 µs), indicating that the observed conformational change is
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Figure 2. Acoustic waveform of bromocresol purple (reference
compound), CO-CcO (sample wave), CO-CcO fitted to two expo-
nential decays (fitted wave), and residuals of the fit. Deconvolution
was performed using the Simplex-based parameter optimization
program developed in our laboratory. The lifetimes for the two phases
are<50 ns (fast phase,φ1) and∼1.5µs (slow phase,φ2) at T ) 22 °C.
The ø2 value for the fit is 0.025.

Figure 3. Plot of Ehνφ1 (closed circles) andEhνφ2 (open circles) (kcal/
mol) vs CpF/â (kcal/mL). The values forφ1 andφ2 were obtained for
the two exponential decays derived from the Simplex deconvolution.

Table 1. Volume Changes and Reaction Enthalpies for CO
Photodissociation from Selected Proteins

protein ∆V (mL/mol) ∆H (kcal/mol) ref

CO-Cyt P450a +1.8 2.2 21
CO-Mbb -9/+5.8 0.8/9.9 20a
CO-HbAc +23.5 18 20b
CO-Cbo -5.1 22.7 19
CO-CcOd +6.8/+6.9 - this work

a Camphor free.b Values before slash refer to formation of an
intermediate species, while values after slash refer to the decay of this
intermediate.c For the reaction (CO)4Hb f (CO)3Hb + CO. d Value
before slash refers to the<50 ns process, while value after slash is for
the 1.5µs process.

Figure 4. Mechanism of CO binding to heme/copper terminal oxidases.
For bovine CcO,k-1 ) 6.5 × 105 s-1, k1 ) 5.9 × 107 M-1 s-1, k2 )
1.1 × 103 s-1, k-2 ) 0.023 s-1, k3 > 1 × 109 s-1 (from ref 26).
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not associated with Fe-His relaxation. We speculate that the
observed conformational change may be a protein response to
changes in the coordination sphere of CuB.

Coupling between ligand binding to the binuclear center and
proton translocation has recently been suggested. Studies
utilizing FTIR spectroscopy have shown that CO binding to
the CuB site ofE. coli cytochromebo3 perturbs Glu-286, which
is located at the end of a putative proton channel (the “D”
channel).30-32 Site-directed mutagenisis of this residue in either
E. coli or R. spheroidiesresults in diminished activity and no
proton pumping activity. Interestingly, Glu-286 is not directly
linked to CuB or to any ligands of CuB. However, a bridge
between CuB and Glu-286 could be facilitated by several water
molecules providing proton conduction to the binuclear center.
It has also been suggested that Glu-286 can toggle between
different conformations, forming a gate for proton input and
output to the binuclear center. Photoacoustic results for CO
photolysis from fully reduced cytochromebo3 from E. coli
demonstrate a volume contraction associated with CO binding
to CuB. It was argued that a protein conformational change
results in a volume decrease and that this conformational change
may be responsible for the perturbation of Glu-286. This residue

is conserved in bovine heart CcO as Glu-242. The recent crystal
structure of fully oxidized bovine heart CcO reveals connectivity
between CuB and Glu-242 via Pro-241 and His-240, with His-
240 being one of the ligands for CuB.9,10 Interestingly, the
conformational response of CcO to the binding of CO to CuB

is quite distinct (-5 mL/mol for cytochromebo3 vs +6.8 mL/
mol for CcO) from that of cytochromebo3, indicating differences
in coupling between the binuclear center and Glu-242/286 within
heme/copper oxidases.

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 CuB and the accompanying
thermal release of CO from CuB. It is not known whether these
structural changes are related to the differences in the kinetics
of CO recombination in comparison with the other heme/copper
oxidases or whether this phenomenon is typical of this class of
enzyme. Such protein conformational changes may be respon-
sible for “gating” ligand access to the binuclear center or may
be related to the proton pumping mechanism. We are currently
investigating these possibilities.
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