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bstract

teins is of critical importance in probing the underlying energetic basis for
Understanding the thermodynamics of ligand binding in metallo-pro

he reaction mechanism. However, many kinetic events occurring subsequent to ligand binding/release are on a time scale outside of that accessible
sing traditional calorimetric techniques thus making the construction of thermodynamic profiles for early kinetic events difficult. Photothermal
ethods have enjoyed considerable success in probing photo-triggered reactions on timescales ranging from ∼ns to >ms. These techniques,

ncluding photoacoustic calorimetry (PAC) and photothermal beam deflection (PBD), have been applied to obtain both molar volume and enthalpy

Abbreviations: 2-MeIm, 2-methylimidazole; BjFixL, Bradorhizobium japonicum FixL; Cbo, cytochrome bo3 from E. coli; CcO, cytochrome c oxidase
rom bovine heart; CD/MCD, circular dichroism/magnetic circular dichroism; COMVCcO, CO-mixed valence cytochrome c oxidase; CTAB, cetylmethylammo-
ium bromide; ET, electron transfer; EPR, electron paramagnetic resonance; EXAFS, extended X-ray absorption fine structure; Fe(II)4SP, FeII meso-tetrakis(4-
ulphonatophenyl)-porphyrin; FeIIPPIX, Fe(II) protoporphyrin IX; FTIR, Fourier transform infra-red; HbA, human hemoglobin A; hhMB, horse heart myoglobin;
OMO/LUMO, highest occupied molecular orbital/lowest unoccupied molecular orbital; Mb, myoglobin; MP-11, microperoxidase-11; PAC, photoacoustic calorime-

ry; PBD, photothermal beam deflection; RbCcO, Rb. sphaeroides cytochrome c oxidase; SmFixL, Sinorhizobium meliloti FixL; swSMb, sperm whale myoglobin
∗ Corresponding author. Tel.: +1 813 974 7925.

E-mail address: rlarsen@cas.usf.edu (R.W. Larsen).

010-8545/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2006.08.018

mailto:rlarsen@cas.usf.edu
dx.doi.org/10.1016/j.ccr.2006.08.018


1

c
p
p
©

K

1

1

c
c
m
l
c
a
i
U
m
s

F
t
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hanges for a wide range of biological processes including ligand binding to metallo-proteins. Here we review the progress made to date in utilizing
hotothermal methods (PAC and PBD) to probe the thermodynamics of small molecule binding to heme proteins ranging from simple globin-type
roteins to the more complex heme/copper oxidases.

2006 Elsevier B.V. All rights reserved.

m deflection; Heme; FixL; Cytochrome c oxidase; Myoglobin; Transient spectroscopy
eywords: Photothermal methods; Photoacoustic calorimetry; Photothermal bea

. Introduction

.1. Iron porphyrins

Metallo-porphyrins represent a diverse class of coordination
omplexes that can perform an extraordinary array of complex
atalytic reactions depending upon the nature of the central
etal. The catalytic activity of these molecules depends, to a

arge extent, on the electronic structure of the porphyrin macro-
ycle and the spin/coordination state of the central metal. In the
bsence of a metal the porphyrin ring adopts a D2h symmetry that

s responsible for two dominant optical transitions in the near
V–vis region of the optical spectra (Figs. 1 and 2). The four
olecular orbitals that are involved in the prominent optical tran-

itions are the highest occupied molecular orbital (HOMO) (au

ig. 1. Structural diagram of both free-base and metallo-porphyrin illustrating
he difference in porphyrin symmetry.
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ig. 2. Molecular orbital diagram (left) and molecular states for free-base por-
hyrin with D2h symmetry.

ymmetry), the HOMO-1 (b3u symmetry), LUMO (b2g symme-
ry) and the LUMO + 1 (b1g symmetry) [1–3]. This gives rise to
11Ag ground state and 11B1u, 11B2u, 21B1u, and 21B2u excited
tates with oscillator strengths 0.02, 0.07, and 1.15 (sum of the
scillator strengths for the 21B1u ≤ 11Ag and 21B2u ≤ 11Ag tran-
itions) [4]. The high oscillator strength transitions give rise to
he B-band (more commonly referred to as the Soret transition).
he difference in oscillator strength between the Q and B bands
rises from the addition of the transition dipoles between one
lectron states in the B-band and a near cancellation of the one
lectron dipoles in the Q-band due to strong configuration inter-
ction.

Metalloporphyrins essentially raise the symmetry of the por-
hyrin from D2h to D4h but the salient features of the absorp-
ion spectra are retained between the free-base and metallated
orms of the macrocycle. Under D4h symmetry the lowest occu-
ied MOs of the porphyrin are of a1u and a2u symmetry with
degenerate set of orbitals with eg symmetry make up the

UMO. The porphyrin optical spectrum for these systems is
est described using a four orbital model originally proposed by
outerman that involves extensive configuration between the
early degenerate a2u and a1u HOMO orbitals and the degen-
rate set of e∗

g LUMO orbitals (see Fig. 3) [5,6]. The ground
tate of the D4h porphyrin �-system has an electron configura-
ion . . .(a2u)2(a1u)2 producing an 1A1g state. The excited elec-
ron configurations . . .(a2u)2(a1u)1(egx)1, . . .(a2u)2(a1u)1(egy)1,
. .(a )1(a )2(e )1, and . . .(a )1(a )2(e )1. These configu-
2u 1u gy 2u 1u gx
ations interact via the two electron repulsion term H′ = e′2/rij

iving rise to the energy level diagram shown in Fig. 3 where A′
1g

s the average energy splitting of the a2u and a1u orbitals and A′′
1g
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ig. 3. Diagram showing the four orbital model used to describe the optical
pectrum of metallo-porphyrins with D4h symmetry.

s the matrix element that couples the excited electron configu-
ations (e.g., 〈(a2uegx)|H|(a2uegx)〉). Transitions between these
tates give rise to the B and Q band transitions and accurately
eflects the difference in molar extinction coefficient.

Introduction of a transition metal atom to the porphyrin core
esults in shifts in the relative energies of the a2u/a1u orbital
nergies thus effecting the A′

1g matrix element and the B and
band positions [1–3,6]. In addition, the 3d orbitals of the

etal can also interact directly with porphyrin molecular orbitals
f the same symmetry. Since the metal orbitals transform as
1g (3dx2−y2 ), a1g (3dz2 ), b2g (3dxy), eg (3dxz, 3dyz) in D4h,
nly the eg (3dxz, 3dyz) orbitals can mix with the porphyrin
∗
g (�-orbitals) (see Fig. 4). Occupancy of the metal 3dxz and
dyz orbitals can then influence the electronic properties of the
etalloporphyrin.
The catalytic versatility of iron-porphyrins has been exploited

y nature to perform a wide variety of chemical processes. This

ersatility is due to: (1) the broad range of reduction potentials of
he central iron that can be readily modulated by axial ligands, (2)
acant d-orbitals on the central iron atom that can mediate a wide

ig. 4. Molecular orbital diagram for the porphyrin �-system (top) and transition
etal atomic orbitals (bottom).
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ange of metal–ligand–porphyrin ring interactions essential for
atalytic enhancement, (3) the ability to form coordinatively sta-
le interactions between protein donated amino acids (e.g., His,
ys, etc.) and the heme iron, and (4) the ability of the heme

ron to back donate electron density into anti-bonding orbitals
n small gaseous ligands such as CO and O2.

.2. Heme proteins: structure and function

Heme proteins are one of the most widely distributed met-
lloprotein in nature [7–10]. Heme proteins participate in elec-
ron transfer (cytochromes), oxygenation (mono-oxygenases),
ydrogen peroxide degradation (peroxidases, catalases), small
olecule sensing (FixL, PAS domain sensors, and HemAT sen-

ors), transcription regulation (CooA type proteins), energy
ransduction (heme/copper oxidases, cytochrome bc1, etc.),
xygen transport and storage (hemoglobins and myoglobins)
nd polymer synthesis/degradation (lignan peroxidase, etc.).
eme proteins contain an iron protoporphyrin IX active site

or a derivative of this macrocycle) and are coordinated to
he protein via amino acids containing lone pairs of electrons
uch as histidine, methionine, tyrosine or cystein (some �-
ype interactions may be involved in histidine coordination).
he structures of the various hemes found in nature are shown

n Fig. 5.
The versatility of the heme group is exploited through the

tructural nature of the protein matrix. The nature of the proximal
eme ligand can influence the degree of electron back donation
nto �-accepting ligands (in the six-coordination site), while
esidues making up the distal heme pocket strongly influence
he orientation of bound ligands in the sixth coordination site as
ell as the lability of ligands such as dioxygen through H-bond

nteractions, hydrophobicity, etc. Distal heme pocket residues
ay also serve as substrate binding sites for proteins such as

lant peroxidases and cytochrome P450 and are designed to place
he substrate in a specific orientation and at a specific distance
rom the heme active site to facilitate rapid and stereo-specific
hemistry. The protein tertiary structure also provides conduits
or ligand access to and from the heme active site. These ligand
hannels provide ready access from the solvent to the distal
eme pocket and can be modulated by conformational changes
esulting in ‘gated’ ligand access.

To fully understand the complexity through which heme pro-
eins perform their physiological function as well as the subtle
tructural nuances that ultimately determine the specific chem-
stry performed by these proteins requires complete kinetic,
tructural and thermodynamic profiles for the physiological pro-
ess under conditions as close to physiological as experimentally
ossible. To date a plethora of physical methods have been
tilized to probe heme proteins with the most widely utilized
eing optical (including optical absorption, circular dichroism
CD) and magnetic circular dichroism (MCD) [11]), vibrational
including FTIR and resonance Raman [12,13] and magnetic

pectroscopies (most notably EPR [14]). A vast majority of
he kinetic and thermodynamic information available for ligand
inding process in heme proteins has been obtained primarily
rom optical studies.
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ig. 5. Ribbon presentation of the structures of several classes of heme protein
ray.

.3. Optical methods to study heme proteins

By far the most widely used method for structure/function
tudies of heme proteins has been optical absorption spec-
roscopy. Equilibrium optical absorption is routinely utilized
o determine the oxidation state and/or the nature of the axial
igation in heme proteins and is especially useful in determin-
ng these properties in newly discovered heme proteins (such as
ixL and the HemAT class) as well as in heme protein mutants.
f greater utility is the use of time resolved optical spectroscopy

o probe heme protein kinetics under more physiological con-
itions (see reference [15] for a recent review). In this type of
xperiment a perturbation is made to the protein (photolysis of
ligand, photoinjection of an electron, rapid solution heating,

apid pH jump, etc.) and the subsequent relaxation of the protein
s monitored by following the changes in the heme spectra as a
unction of time. A classic example of this type of experiment is
he photolysis of CO from CO bound human hemoglobin (HbA)
15–18]. Deoxy HbA exhibits a Soret maximum at 430 nm while
hat of the COHbA is found at 415 nm. Early studies moni-
oring the changes in absorbance as a function of time after
ull photolysis of CO bound HbA revealed five kinetics steps
f ∼40 ns (geminate recombination), ∼1 �s (tertiary structural
hange), ∼20 �s (quaternary structural changes associated with
he transition between high affinity (R) state and low affinity

T) state), ∼200 �s (quaternary structural transition together
ith CO binding) and ∼4 ms (CO recombination to the T-like
uaternary structure). Further monitoring of the isosbestic point
etween the equilibrium deoxy and CO bound spectra as a func-

g
c
m
c

elices are shown in red, �-sheets in blue and turn and random coil elements in

ion of time subsequent to photolysis has allowed for the kinetic
omplexity of the R–T transition to begin to be understood. In
similar way the photolysis of CO bound myoglobin (COMb)
as revealed only two phases of CO recombination; a gemi-
ate recombination phase (kgem = 3 × 108 s−1) and a diffusion
ontrolled rebinding phase (k1 = 7.6 × 105 M−1 s−1). Photolysis
xperiments on a large number of Mb mutants have now pro-
ided important details on the structural subtleties of the distal
eme pocket in modulating ligand affinities [19].

Kinetic ligand binding studies have proved enormously suc-
essful in probing structure/function relationships in heme pro-
eins. Fast kinetics studies have also been extremely useful in
robing other reactions, such as electron transfer. For exam-
le, these studies have begun to illuminate the complex mech-
nism of dioxygen reduction and active proton transport in
eme/copper oxidases found in nearly all aerobic organisms.
n higher organisms these enzymes contain two heme chro-
ophores and at least one copper ion (see later sections for
more detailed description of this class of enzymes). One heme
nd one copper ion together constitute a dioxygen reduction site
hile the remaining heme (and Cu ion in heme/copper oxidases

rom higher organisms) catalyze electron transfer from the sub-
trate to dioxygen bound at the heme/copper binuclear center.
ne of the most successful strategies for probing the pathways
f electron transfer as well as the kinetics/dynamics of the dioxy-

en chemistry has been to use the so called flow-flash method
oupled with absorption spectroscopy [20,21]. In this experi-
ent the enzyme is reduced with four electrons (in the bovine

ase) and CO is bound to the dioxygen reduction site. Under
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hese conditions dioxygen binds to the binuclear center with a
ate constant equal to that of the CO dissociation rate from the
eme (0.03 s−1) [22]. The fully reduced CO bound form of the
nzyme is then rapidly mixed with oxygen saturated buffer and
xposed to a short laser pulse which photodissociates the CO on
femtosecond time scale. The subsequent oxygen binding and

ntramolecular electron transfer within the enzyme is then moni-
ored by probing changes in the heme optical absorption spectra.
hese studies have shown that the initial two electron reduction
f dioxygen (formation of the so-called P-intermediate) occurs
ith a rate constant of roughly 3 × 104 s−1 which is followed by
roton uptake with a rate constant of ∼1 × 104 s−1 [23–25]. Fur-
her electron transfer forming an oxyferryl species at the heme of
he binuclear center occurs with a rate constant of ∼5 × 103 s−1.
he fourth electron is then transferred with a rate constant of
500 s−1. The use of enzyme reconstituted into phospholipid

esicles together with pH sensitive dyes has further allowed for
he kinetics of active proton transport to be determined [24].

The above are just two examples of the utility of optical
pectroscopy in unraveling kinetic complexity in heme contain-
ng proteins and enzymes. By coupling these methods together
ith site directed mutagenesis a more detailed picture of struc-

ure/function relationships in these proteins can be obtained.

.4. Activation parameters and thermodynamics of ligand
inding

Although the use of optical spectroscopy has been primarily
ocused upon unraveling the often complex kinetics involved
ith heme protein chemistry, similar methods can also be

mployed to obtain important information concerning the ther-
odynamics associated with heme protein reactions. Probing

he thermodynamics of metalloprotein function is a critical com-
onent in understanding structure/function relationships. In the
ase of heme proteins, ligand binding, electron transfer, etc. pro-
ide at least part of the free energy required for catalysis and/or
elevant conformational changes.

Ideally, in order to have a firm understanding of the reaction
athway in heme proteins a complete thermodynamic profile is
equired. Such a profile would map the magnitudes and time
cales of thermodynamic changes (including enthalpy, volume,
nd entropy changes). There are a number of methods avail-
ble for determining reaction enthalpy and entropy changes
ut these are typically equilibrium techniques (such as equi-
ibrium binding titrations as a function of temperature (reaction
nthalpies/entropies) and pressure (reaction volumes)). Reac-
ion kinetics can also reveal information concerning the thermo-
ynamic profiles. Knowledge of the thermodynamic properties
f transition states between various intermediates within an
nzymatic or ligand binding cycle can be utilized to construct the
ppropriate thermodynamic profile. This can be accomplished
y monitoring the various reaction rates as a function of tem-
erature or pressure and then fitting the data to the following

xpressions:

n

(
kobsh

kbT

)
= −�H‡

RT
+ �S‡

R
(1) w

t

ig. 6. Diagram showing volume and enthalpy profiles that can be obtained
tilizing time-resolved photothermal methods.

here kb is Boltzman’s constant, h the Planck’s constant, kobs
s the observed rate constant, and T is the absolute temperature)
nd:

RT

(
δ(ln(kobs))

δP

)
T

= �V ‡ (2)

here R is the universal gas constant, T the temperature and
is the applied pressure [26,27]. The slope of the line in Eq.

1) gives the activation enthalpy while the intercept provides
he entropy of activation. Likewise, the slope in Eq. (2) gives the
ctivation volume. Determining the activation parameters for all
f the pathways involved in a chemical reaction allows for the
onstruction of a complete thermodynamic profile (see Fig. 6).
he difficulty, however, arises from the fact that the activation
arameters cannot always be determined in both the forward and
everse directions. Thus, to obtain the complete profile requires
he knowledge of �H‡/�V‡ in one reaction direction as well as
he overall �H/�V for the given reaction step which requires
etermining �H/�V for transient species along the reaction
oordinate.

.5. Steady-state thermodynamics

Equilibrium thermodynamic parameters can be easily
btained using the relationship between the Gibbs free energy
nd the equilibrium binding constant for various ligands (the
an’t Hoff equation) [28]:

◦
∂(ln K)

∂(1/T )
= −�H

R
(3)

here K is the ligand association constant, T the temperature, R
he gas constant, and �H◦ is the reaction enthalpy. Similarly, the
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hange in molar volume for a given reaction can be determined
rom the pressure dependence of the equilibrium constant [26]:

d(ln K)

dP
= �V ◦

RT
(4)

here P is the pressure. The equilibrium constant can be read-
ly determined using the difference in the absorption spectrum
etween the ligand bound and unbound forms of the protein. For
simple ligand binding reaction:

+ L ↔ P : L (5)

eq = [P : L]

[P][L]
. (6)

sing �Aabs at a wavelength giving a maximum difference
etween the bound and unbound forms of the protein the fraction
f ligand bound protein can be expressed as:

= [P : L]

[P] + [L]
. (7)

ubstituting the equilibrium constant gives:

= [L]

(1/Keq) + [L]
. (8)

lotting Y as a function of ligand concentration allows for the
etermination of Keq [29]. The fractional concentration of lig-
nd bound protein can also be monitored using Eq. (8) as a
unction of temperature/pressure to obtain the equilibrium ther-
odynamic parameters.
Using optical spectroscopy to probe thermodynamics of lig-

nd binding in heme proteins have yielded a plethora of infor-
ation regarding distal heme pocket modulation of ligand selec-

ivity, binding affinity, catalytic activity, etc. Despite the success
f these methods they are limited in probing only conforma-
ional changes/dynamics that effect the heme electronic state
nd cannot probe enthalpies/molar volume changes for very fast
rocesses in which both forward and reverse rates cannot be mea-
ured (i.e., photolysis reactions, etc.). Photothermal methods
ncluding photoacoustic calorimetry, photothermal beam deflec-
ion, thermal lensing and transient grating spectroscopies have
he advantage of being able to directly measure changes in heat
s well as molar volume changes on fast timescales. Thus, these
ethods have the ability to probe conformational dynamics and

ther photochemical processes since they do not rely on changes
n optical properties of any specific chromophore.

. Theory behind photothermal methods

.1. General background

Photothermal methods including photoacoustic calorimetry
PAC) and photothermal beam deflection (PBD) are proving to

e powerful techniques for determining the magnitudes and time
cales of molar volume and enthalpy changes associated with
hysiological events in proteins including folding/unfolding,
lectron transfer and ligand binding [30–37]. We have employed

w
p
p
a
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hese methods to investigate nanosecond/millisecond thermody-
amics associated with ligand photolysis from heme model sys-
ems, ligand binding to myoglobin and heme copper oxidases,
nd to the folding/unfolding of apo-myoglobin and several pho-
ochemically ‘caged’ peptides [38–52].

The physical principle behind both PAC and PBD is that a
hoto-excited molecule dissipates excess energy via vibrational
elaxation to the ground state accompanied by thermal heating
f the surrounding solvent [53,54]. Consider a region of solvent
lluminated between x = 0 and L that contains a population of

olecular ‘heat sources’. The response of the solvent to the heat
mpulse can be described mathematically by the classical heat
quation:

(
∂2T

∂x2

)
+
(α

k

)
g(x, t) = ∂T

∂t
, 0 < x < L, t > 0 (9)

(x, t = 0) = F (x), T (x = 0; t) = T1, T (x = L, t) = T2

here α is the thermal diffusivity, k the thermal conductivity,
(x,t) the heat deposited per unit volume and F(x) is a function
epresenting the initial solution temperature [54]. The solution
o Eq. (9) is of the form:

(x, t) =
∫

F (x′)G(x, t; x′, τ = 0) dx′

+
(α

k

)∫
g(x′; τ)G(x, t|x′, τ) dx′ dτ

+ α

∫
(T1)

∂G

∂x′

∣∣∣∣
x′=0

dτ − α

∫
(T2)

∂G

∂x′

∣∣∣∣
x′=L

dτ

(10)

here the integration limits over x′ are from x′ = 0 to L and
ver τ are from τ = 0 to t, G(x,t|x′,τ) represents the temperature
esponse at point x and time t resulting from an instantaneous
eat source released at point x′ and time τ. Each integral is associ-
ted with a non-zero heating term including the initial condition,
he energy generation, and terms for the boundry conditions.
onsidering the region being heated (and moving to cylindrical
oordinates), the Green’s function that solves the second integral
n Eq. (10) is:

(r′, r, t) = (4πkt)−1 exp

[
−(r2 + r′2)

4Dt

]
I0

r′r
2Dt

I0
r′r

2Dt
(11)

here D = k/Cpρ, ρ the solution density and Cp is the solution
eat capacity. I0 is a modified Bessel function of the first kind.
he heat release function g(r,t) is given as:

(r, t) =
(

αEa

h̄ω

)
I(r)
∑

i

dQi(t)

dt
(12)
here α is the absorption coefficient, Ea the total energy per
ulse, �ω the energy per photon, I(r) the normalized pump
ulse intensity distribution and Qi(t) is the total heat released by
bsorbing species i at time t. For a laser pulse with a Gaussian
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ntensity distribution,

(r) =
(

2

πω2
0

)
exp

(
−2r2

ω2
0

)
(13)

here ω0 is the full width at half maximum of the pump pulse.
valuating Eq. (10) using Eqs. (11)–(13) gives the temperature
hange per excitation pulse as a function of the distance from
he center of the Gaussian distribution as a function of time:

(r, t) =
(

2αEa

πρCph̄ω

){
exp[−2r2/(8Dt + ω2

0)]

8Dt + ω2
0

}
. (14)

or solvents such as water, the heating described by Eq. (14)
auses a rapid volume expansion within the illuminated volume
esulting in both an acoustic wave and a change in solution
ndex of refraction.

.2. Photoacoustic calorimetry

In the case of photoacoustic calorimetry, the rapid change in
olution temperature results in changes to the solution volume
f the illuminated cylinder. The change in pressure at some point
ue to changes in solvent volume can be described by:

= 2πfaνa �xρ (15)

here fa is the frequency of the sound wave, νa the acoustic
elocity, �x the volume displacement in one dimension, and ρ

s the solvent density [55,56]. The change in volume of a cylinder
f radius R and length l due to an adiabatic, isobaric expansion
an be written as:

R2l − π(R + �R)2l = βV �T (16)

here β is the volumetric expansion coefficient. Using Eq. (14)
nd assuming a point source of heat (i.e., r = 0 in Eq. (14)) then:

R2l − π(R + �R)2l = βV

(
2αEa

πρCph̄ω

)
(17)

nd for �R 
 R:

R =
(

β

Cpρ

)(
αEaR

πh̄ω

)
. (18)

he �R term in Eq. (18) is directly proportional to �x in Eq.
15) such that �x = B �R, where B is a proportionality constant.
ubstituting Eq. (18) into Eq. (15) gives:

= B2faνa

(
β

Cp

)(
αEaR

h̄ω

)
(19)

or a fixed excitation system the fa and R terms can be included
n the proportionality constant B giving:(

ν β
)

= B
a

Cp

(αE0) (20)

here E0 is the total energy of the excitation pulse normalized
o the photon energy.

m
w∣∣∣∣
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The pressure change results in the generation of an acoustic
ave in solution that is governed by the following wave equation:

2Ψ (r, t) −
(

1

ν2
s

)
∂2Ψ (r, t)

∂t2 = −4πh(r, t) (21)

here νs is the speed of sound in the medium, Ψ (r,t) the wave
mplitude at the observation coordinates r and t, and h(r′,t) is a
eat source function [55]. The solution to this equation is of the
orm:

(r, t) =
(

1

4π

)∫
dt′′
∫

dr′ g(r, r′, t, t′)h(r, t′) (22)

here g(r,r′,t,t′) is a Greens function that solves the wave equa-
ion for the given impulse heat function. At r′ = 0 (point source)
he impulse function can be written in terms of a heat function
s: h(r′,t′) = δ(r′)f(t′), where δ denotes the Dirac delta function
nd f(t′) describes the temporal behavior of the heat source. The
olution to Eq. (22) gives the acoustic wave amplitude as:

(r0, t) = f (t − (r0/νs))

4πr0
. (23)

here the r0/νs term is a propagation delay term and the 1/r0 is
n energy conservation term associated with spherical emitters.
or a single heat source transient with a lifetime τ, f(t′) can be
ritten as (h0 e−t′/τ /τ) ϑ(t′) where ϑ(t′) is a Heaviside unit step

unction. The wave amplitude can now be written as:

(r0, t) =
(

h0

4πr0

)(
e−t′′/τ

τ

)
ϑ(t′). (24)

The acoustic wave described by Ψ (r0,t) represents the wave
mplitude observed at the transducer. The transducer response
o the wave amplitude is that of an under-damped oscillator with
n impulse response given by:

(t, t′′) = A sin(ν(t − t′′)) e−(t−t′′)/τ0 (25)

ith an amplitude A, a characteristic oscillation frequency ν

nd a relaxation time τ0. The transducer response (piezoelectric
rystal) is found by the convolution of the impulse response,
(t,t′′), with the acoustic amplitude, Ψ (r0,t′′) giving:

(t) =
∫ t

−∞
G(t, t′′)Ψ (r0, t

′′) dt′′ (26)

valuation of Eq. (26) gives Eq. (27) for the transducer response:

(t) =
(

h0A

4πρ0

)(
ντ

1 + ν2τ2

)

×
{

e−t/τ − e−t/τ0

[
cos(νt) −

(
1

νt

)
sin(νt)

]}
(27)

here τ is the lifetime of the heat evolving process. Eq. (27) can
e used to model the relationship between the lifetime of the
eat evolving process and the amplitude at the transducer. The

aximum transducer amplitude can be determined for cases in
hich τ 
 1/ν and for cases in which τ 
 1/ν:

Vmax

(
t 
 1

ν

)∣∣∣∣ ≥
(

h0A

4πr0

)
e−t/τ0 (28)
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Vmax

(
t 
 1

ν

)∣∣∣∣ ≥
(

h0A

4πr0

)(
1

νt

)
(e−t/τ + e−t/τ0 ). (29)

In practice, the impulse heat sources are the molecules that
e wish to probe. Photo-excitation of these molecules results

n a transition from the ground electronic state to some higher
xcited state governed by Fermi’s Golden Rule. Subsequent to
xcitation, the molecules may relax via emission of a photon
fluorescence), inter-system crossing to an excited triplet state
r non-radiative decay back to the ground state. In addition,
xcited state molecules may undergo photochemical processes
esulting in changes in molecular structure and/or bond cleav-
ge/formation which can alter the molecular dimensions of the
olecule(s) (i.e., changes in van der Waals volume) as well

s alter the charge distribution of the molecule(s) in question
giving rise to electrostriction effects). The measured acoustic
ignal can be described as per Eq. (30), where S is the acous-
ic signal (equivalent to the acoustic amplitude described in
qs. (28) and (29)), K an instrument response parameter, Ea the
umber of Einsteins absorbed, Φ the quantum yield for the pho-
ochemical process, and �Vth and �Vcon are the solution volume
hanges due to thermal expansion and solvation/molecular struc-
ural changes [54–56]. The solution volume changes due to heat
eturned to the solvent subsequent to excitation are described by
he relationship in Eq. (31).

= KEa(�Vth + �Vcon) (30)

Vth =
(

β

Cpρ

)
Q (31)

he �Vcon accounts for physical changes in van der Waals vol-
me and/or solvation changes subsequent to photoexcitation.
he contributions from �Vth and �Vcon to the total signal, S, can
e differentiated by examining the temperature dependence of
he acoustic signal. Furthermore, use of a calibration compound
n which �Vcon = 0 enables the instrument response parame-
er, K, to be eliminated by taking a ratio of the sample signal
o the calibration signal. Letting F(T) = (β/Cpρ) (β = coefficient
f thermal expansion of the solvent (K−1), Cp = heat capacity
cal g−1 K−1), and ρ = density (g mL−1)) gives Eq. (32) for the
signal/reference) ratio, φ, scaled to the energy of the absorbed
hoton. A plot of φEhν versus 1/F(T) gives a straight line with a
lope equal to �Vcon associated with a change in conformation
nd an intercept equal to the heat evolved (Q). Since Q is the
mount of heat released to the solvent associated with a reaction
tep, (Ehν − Q)/Φ = �H for the reaction.

= �VReference =
(

β

Cpρ

)
Ehν (32)

S

R

)
Ehν = φEhν =

(
Q +

(
Cpρ

β

)
�Vcon

)
(33)

or reactions which involve multiple steps with time scales
etween ∼50 ns and ∼15 �s (for 2 MHz transducers), the indi-

idual contributions of �Vcon and Q for each kinetic step can
e resolved (in this case, �H = −Q/Φ). For a two step reac-
ion the observed time dependent acoustic signal results from a
onvolution of a time dependent volume source, H(t), with an �
mistry Reviews 251 (2007) 1101–1127

nstrument response function, T(t) as described in Eq. (34) and
35) with ki = 1/τi. Deconvolution of the signal involves estimat-
ng the parameters in H(t) and convoluting the test H(t) with T(t)
acoustic signal of the reference compound). The parameters
ssociated with H(t) are varied until an appropriate chi-square
alue is obtained.

(t)obs = H(t) × T (t) (34)

(t) = φ1 exp

(−t

τ1

)
+
[

φ2k2

k2 − k1

]

×
[

exp

(−t

τ1

)
− exp

(−t

τ2

)]
(35)

.3. Photothermal beam deflection

Photothermal beam deflection detects changes in the refrac-
ive index subsequent to excitation by measuring the intensity
f a probe laser beam that passes through the sample and is cen-
ered on a position sensing diode (the wavelength of the probe
aser is outside the absorbance range of the sample). The pump
aser (initiating the photochemistry) then passes nearly collinear
ith the probe laser. The magnitude of the resulting deflection
f the probe laser on the position sensor is a measure of the
efractive index change due to point source heating. The effect
f temperature on the solution refractive index is given by:

(r, t) = n0 + �n(r, t) = n0 + ∂n

∂T

∣∣∣∣
T ambient

T (r, t) (36)

or a Gaussian light beam passing through the spatially varying
efractive index (variation due to the point source heating) is
iven by:

⊥n(r, t) = d

ds

(
n0 dr0

ds

)
(37)

here �⊥n(r,t) is the gradient of the refractive index perpen-
icular to the direction of the beam propagation (s) and r0 is a
ector representing the path of the probe beam (i.e., displace-
ent) perpendicular to the original propagation path. Since the

isplacement is small,

dr0

ds
∼ φ =

(
1

n0

)(
∂n

∂T

)∫
path

∇⊥T (r, t) ds (38)

sing the expression for the temperature change induced by a
oint heat source (Eq. (14)) in Eq. (38) gives the angle of probe
eam deflection from the direction of incidence:

=
(

8αEaz

πρCph̄ω

)(
∂n

∂T

)
(r)

×
[

exp[−2r2/(8Dt + ω2
0)]

(8Dt + ω2)
2

]∑
Qi(t). (39)
0

The change in refractive index can also be written in the form:

n = �nth + �npl + �nvol (40)
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here the first term relates refractive index changes to changes
n solvent density (due to heating), the second term relates to
he ‘population lens’ which involves changes in refractive index
ue to the photo-production of new species in solution which
ffect the refractive index and the last term relates to changes
n molar volume/solvation of the photoexcited species. The �n
erm in Eq. (40) relates directly to the angle of beam deflection
iven in Eq. (39). The first term can be evaluated by assuming
hat (dn/dT) does not vary over the transient heating temperature
hange:

�nth =
∫ (

dn

dT

)
dT

�nth ∼
(

dn

dT

)
�T

(41)

sing Eq. (14) for the �T term and assuming: (1) a point heat
ource (r = 0) and (2) no thermal diffusion on the observation
ime scale gives:

nth ∼
(

dn

dT

)(
Q

ρCp

)
(42)

here Q is the thermal energy released to the solvent
Q = αEa/hν).

The �nvol term can be expressed as:

nvol =
∫ (

dn

dV

)
dV =

∫ (
dn

dε

)(
dε

dρ

)(
dρ

dV

)
dV. (43)

he (dn/dε) term can be found using the fact that n2 = ε giv-
ng (dn/dε) = (2n)−1. The corresponding (dρ/dV) term is eval-
ated using an ideal gas approximation in which ρ = N/V giv-
ng (dρ/dV) = (d(N/V)/dV) = −N/V2 = −ρ/V. The (dε/dρ) term is
erived from the Claussius–Messotti equation:

dε

dρ

)
= (ε − 1)(ε + 2)

3ρ
(44)

here ε is the solvent permittivity and ρ is the density [57].
ubstituting into Eq. (43) gives:(

dn

dε

)(
dε

dρ

)(
dρ

dV

)

= −
(

1

2n0

)( −ρ

Vsolv

)(
(ε − 1)(ε + 2)

3ρ

)

=
[

(ε − 1)(ε + 2)

6Vsolvn0

]
(45)

here n0 is the refractive index of the unperturbed solvent. Inte-
rating Eq. (45) gives (using dV ∼ �V since the volume changes
nduced by excitation are small):∫ (

dn

dε

)(
dε

dρ

)(
dρ

dV

)
dV

∫

= (ε − 1)(ε + 2)

6Vn
dV

= (ε − 1)/(ε + 2)

6n

∫
dV

V
∼ (ε − 1)(ε + 2)

6n0(�V/V )
. (46)

0
V
f
s

mistry Reviews 251 (2007) 1101–1127 1109

inally, the ‘population lens’ term, �npl is given as:

npl = (n2
0 + 2)

2
αi

(18n0ε0) �N
(47)

here ε0 is the vacuum permittivity, N the number of excited
olecules per unit volume, and αi is the polarizability of

he excited species. The population lens is related to changes
n the absorption of the photoexcited molecules through the
ramers–Kronig transform. Thus, if the sample being probed
sing photothermal deflection exhibits an absorption change at
he probe wavelength, then the corresponding refractive index
ill also change and contribute to �n. In practice, the probe
avelengths are specifically chosen to be far from any antic-

pated absorption changes within the photoexicted molecules
hus making the �npl term negligible. Substituting Eqs. (43)
nd (46) into Eq. (40) gives Eq. (48) for the overall change in
eflection amplitude.

Sample deflection

= AEaΦ

{(
dn

dT

)(
1

ρCp

)
Q + (ε − 1)(ε + 2)

6n0(�V/V )

}
(48)

here A is an instrument response parameter, Ea the number of
insteins absorbed, Φ the quantum yield for the photochemical
rocess being investigated, Q the amount of heat returned to the
olvent subsequent to excitation and �V is the molar volume
hange associated with any photo-induced chemistry. It can be
ecognized that [(ε − 1)(ε − 2)]/(6n0) is actually V(dn/dV) and
hus Eq. (48) can be simplified to:

Sample deflection

= AEaΦ

{(
dn

dT

)(
1

ρCp

)
Q +

[
V

(
dn

dV

)]
�V

}
(49)

s with PAC, the instrument response parameter A can be elim-
nated by taking a ratio of the sample deflection to the deflection
f a reference molecule in which �V = 0 and all of the absorbed
hoton energy is converted to heat within the laser pulse (i.e.,
= Ehν). In this case the reference deflection can be written as:

eference deflection = AEaΦ

[(
dn

dT

)(
Ehν

ρCp

)]
(50)

he ratio of sample deflection to reference deflection is then:

S

R

)
Ehν = Φ

{
Q +

(
Cpρ

(dn/dT )

)(
V dn

dV

)
�V

}
(51)

ince the (dn/dT) term is temperature dependent for water the
alues of Q and �V can be found by measuring deflection
mplitudes for both sample and reference as a function of T,
caling to the photon energy and plotting versus [Cpρ/(dn/dT)].
he V(dn/dV) term is relatively constant over the temperature

anges used in the PBD measurements. For example, at 10 ◦C
0 = 1.334 giving a value for ε of 1.78 and a V(dn/dV) value of

.37 and at 35 ◦C n0 = 1.332 giving a value for ε of 1.77 and a
(dn/dV) value of 0.36. Thus, the molar volume change obtained

rom the (S/R)Ehν versus Cpρ/(dn/dT) can be determined from
lope/[V(dn/dV)] ∼ slope/0.365.
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The parameters for individual reaction steps are analyzed by
tting the data to Eq. (52) where the α′

is are effectively equal to
he (S/R) ratios given in Eq. (51) for each intermediate step:

= α0 +
∑

αi

(
1 − exp

[−t

τi

])
(52)

here the τi are the lifetimes of the individual reaction steps
nd the αι values are the corresponding normalized deflection
mplitudes (see Fig. 8).

.4. Instrumentation for PAC and PBD

.4.1. PAC
Photoacoustic calorimetry instruments vary in their design

nd what follows is a description of the instrument currently used
n our laboratory (Fig. 7, top). In our laboratory, acoustic waves
re generated from excitation of a sample by either 532 or 355 nm
aser pulses (frequency doubled/tripled Continuum Minilite I,
-switched Nd:YAG laser, 6 ns pulse, ∼100 �J pulse−1). A
cm × 1 cm quartz cuvette containing 1 mL of a sample is placed

n the center of an Panametrics V103 detector housed in a Quan-
um Northwest variable temperature cell holder. The optical
ensity at the excitation wavelength is typically between 0.1
nd 0.6. The temperature can be controlled to within 0.02 ◦C

ig. 7. Schematic diagram of both photoacoustic calorimtery and photothermal
eam deflection instruments. Details are discussed in the text.
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hich is essential for minimizing the uncertainty in the φEhν

ersus (Cpρ/β) plots. Contact between the cuvette and either
etector is facilitated by a thin layer of vacuum grease. The
coustic waves created by photochemical reactions in the sample
esult in compression of the crystal and generation of a volt-
ge that is amplified (ultrasonic preamplifier from Panametrics)
nd recorded by a NI 5102 15 MHz Oscilloscope controlled by
irtual Bench-Scope software (National Instruments). It is also

mportant to note the photolysis power should be kept as low
s possible to stay within a linear energy calibration range. It is
ssumed that the calorimetric reference absorbs only one photon
uring the duration of the laser pulse. Absorption of additional
hotons would result in a miss-calibration of the sample acoustic
ignal.

.4.2. PBD
The experimental setup of our PBD instrument is shown

n Fig. 7, Bottom and is an adaptation of the PAC instrument
escribed above. Nearly co-linear pump and probe beams are
ounter propagated through the center of the sample cuvette.
he pump beam is the 532 nm/355 nm output of a Nd:YAG laser

Continuum Minilite I, 6 ns pulse, ∼100 �J). The probe beam
s a continuous wave diode laser (Edmond Scientific, LDL 175,
20 nm, 3 mW) and its position is fixed with a pine hole (0.5 mm)
laced before the sample cuvette. The mirror behind the sam-
le is used to center the probe beam such that the intensity is
istributed equally upon both sides of a split photodiode bicell
etector (Centronic LD2-5T coupled with an Analog Devices
D844 amplifier operating in a difference mode) which is fed

nto a 200 MHz amplifier of our own design. The generated
eflection signal is then digitized by a National Instruments NI
102 15 MHz Oscilloscope controlled by Virtual Bench-Scope
oftware (National instrument).

. Photothermal studies of CO binding to heme model
ystems

Thermodynamic studies of interactions of synthetic heme
odel complexes with small gaseous ligands such as O2, CO,

nd NO have significantly advanced our understanding of ligand
ecognition and structure-function relationship in heme proteins.
o mimic the active site of dioxygen-carrying hemoprotein,
umerous approaches have been taken to synthesize high-spin
ve-coordinate FeII porphyrins with a nitrogen-based aromatic

igand [58–60]. These approaches include: (i) “chelated hemes”
ith covalently attached axial imidazole to the heme periph-

ry [60]; (ii) “picket fence hemes” having steric shielding on
ne face of the porphyrin ring [59]; (iii) “heme base mix-
ures” with base to be a sterically hindered ligand, such as
-methylimidazole [58]. Binding of diatomic ligands to such
omplexes has been extensively studied by laser flash photolysis
n a femto- to millisecond timescale and those studies provided
description of events localized near the heme group [59]. Sub-
equent to photolysis of iron-ligand bond, iron atom quickly
oves (τ < 1 ps) out of the porphyrin plane, which is followed

y a porphyrin ring doming. On the picosecond to nanosecond
imescale, the free ligand may either rebind to the heme iron in
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ig. 8. Schematic presentation of heme model complexes: (H2O)FeII4SP is sho
Panel C); MP-11 is shown (Panel D).

geminate recombination process or move out from the solvent
age. In the later case, the subsequent rebinding from the bulk
olvent occurs on the microsecond to millisecond timescale.

To obtain insight into the thermodynamics of ligand rebind-
ng we have applied PAC, PBD and transient absorption spec-
roscopy to construct complete thermodynamic profiles for CO
ssociation to several heme model complexes (Fig. 8). First we
ave studied Fe(II) protoporphyrine IX (FeIIPPIX) in cetyl-
ethylammonium bromide (CTAB) micelles [39]. Since the

imension of the CTAB micelle is similar to that of myoglobin,
nd each micelle contains a single FeIIPPIX molecule [61,62],
he FeIIPPIX in CTAB micelle system represents a very simple
odel to mimic myoglobin. Subsequently, we have investigated
O binding properties to a water soluble FeII meso-tetrakis(4-

ulfonatophenyl)-porphyrine (FeII4SP) having a water molecule

(H2O)FeII4SP) or 2-methylimidazole ((2-MeIm)FeII4SP) in
he position of axial ligand [48]. We have also determined ther-

odynamic parameters for CO association to a natural chelated
eme, microperoxidase -11 (FeIIMP-11). MP-11 is an 11 residue

s
w
b
(

(Panel A); (2-MeIm)FeII4SP in (Panel B); FeIIPPIX in a micelle is depicted in

eme-binding peptide with the heme covalently bound to the
eptide via a thioether linkage and coordination through a his-
idine residue [63]. Photolysis of CO heme complexes show no
vidence for geminate recombination and displays a quantum
ield of unity [60].

Steady state UV–vis absorption spectra, specifically Soret
and and visible Q bands, are characteristic of the spin and coor-
ination state of heme. FeIIPPIX in CTAB micells is found to
e four-coordinate as judged from the Soret band with three
axima at 409, 420, and 440 nm. Upon CO binding, FeIIPPIX

ndergoes a transition to low-spin six-coordinate with a water
olecule to be the sixth ligand. Its absorption spectrum has the
aximum of the Soret band located at 403 nm and two visi-

le bands at 530 and 563 nm. On the other hand, FeII4SP in
ater or in the presence of 50 mM 2-MeIm has an absorption
pectrum characteristic of the high-spin five-coordinate heme
ith a broad visible band centered around 560 nm and the Soret
and situated at 426 and 433 nm for (H2O)FeII4SP and for
2-MeIm)FeII4SP complex, respectively. Saturation with CO
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Fig. 9. Typical photoacoustic trace for CO photodissociation from (CO)(2-
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Fig. 10. Plot of S/R Ehν vs. (Cpρβ) for CO photodissociation from (CO)FeII4SP,
(CO)(H2O)FeII4SP and (CO)FeIIMP-11 complexes.

Table 1
Volume and enthalpy changes for CO dissociation from heme model complexes
determined by PAC

�V (mL mol−1) �H (kcal mol−1)

FeIIPPIX 3.1 ± 0.3 −10 ± 1
(CO)(H2O)FeII4SP 18.0 ± 1.0 20 ± 4
(
(

(
e
i
t
t
than 100 ms and then the signal decays back to the base line
due to heat diffusion from the illuminated region. On the other
hand, the sample trace shows two distinct phases. Initially, there
eIm)FeII4SP and reference (FeIII4SP in 50 mM Tris buffer pH 7) at 22 ◦C. The
ample is shown as a solid line and the reference as dashed line. The absorbance
f sample and the reference was 0.35 ± 0.02 at 532 nm.

esults in the blue shift of the Soret band to 415 nm and 417 nm
or the (CO)(H2O)FeII4SP, and (CO)(2-MeIm)FeII4SP com-
lex, respectively, in agreement with the formation of the low-
pin six-coordinate heme. The absorption spectrum of FeIIMP-
1 exhibits a Soret band at 416 nm and two visible peaks at 520
nd 550 nm indicating that the heme in FeIIMP-11 is low-spin
ix-coordinate with the proximal ligand to be His18 and the dis-
al ligand likely to be the terminal amino group of the same

olecule and/or aggregation of different FeIIMP-11 molecules
63]. The absorption spectrum of CO bound FeIIMP-11 exhibits
Soret band at 412 nm and two visible bands at 529 and 613 nm

n agreement with the presence of the six-coordinate low spin
eme with CO being the distal ligand.

Reaction volume and enthalpy changes associated with CO
issociation from the heme complexes were determined by PAC.
ig. 9 shows the overlay of acoustic traces for CO photo-release
rom (CO)(2MeIm)FeII4SP and for the reference compound at
2 ◦C. The sample acoustic trace exhibits a larger amplitude
difference between the first maximum and minimum in the sig-
al) compared to the reference trace that indicates the presence
f volume and enthalpy changes associated with ligand release.
he absence of a phase shift in the sample acoustic wave rela-

ive to the reference wave points out that the observed volume
nd enthalpy changes occurs within 50 ns. From the temperature
ependence of the amplitude of the sample trace scaled to the
mplitude of the reference trace, integrated values for the volume
nd enthalpy change were determined using Eq. (33). The plot of
Ehν versus (Cpρ/β) is shown in Fig. 10 for (CO)(H2O)FeII4SP,

CO)(2MeIm)FeII4SP, and (CO)FeIIMP-11. The slope of the
lot corresponds to the volume change and the intercept repre-
ents the amount of heat released to the solvent. The reaction
nthalpy change was then calculated using Ehν − Q = �H/Φ.
xtrapolated reaction volume and enthalpy changes for all four

omplexes are listed in Table 1.

Volume and enthalpy changes on the microsecond to mil-
isecond timescale were determined using PBD. Fig. 11 shows

typical PBD trace for CO photodissociation from the

F
t
r

CO)(2MeIm)FeII4SP 21.1 ± 0.7 17 ± 3
CO)FeIIMP-11 11.2 ± 0.9 13 ± 3

CO)(2MeIm)FeII4SP complex together with the trace for ref-
rence compound (FeIII4SP in 50 mM Tris, pH 7). The fast
ncrease in the reference PBD signal (τ < 10 �s) corresponds to
he prompt heat release due to the thermal relaxation subsequent
o laser excitation. The PBD signal remains constant for more
ig. 11. PBD trace for CO photodissociation from (CO)(2-MeIm)FeII4SP and
he reference compound (FeIII4SP). The sample trace is shown in black and the
eference trace in gray.
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Fig. 12. The plot of αi/REhν vs. Cpρ/(dn/dt) for CO photodissociation from and
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ebinding to (H2O)Fe 4SP (circles), (2-MeIm)Fe 4SP (squares), and Fe MP-
1 (triangles). αi for the fast phase is shown as open symbols and αi for the slow
hase is shown as solid symbols.

s a fast increase in the amplitude (τ < 10 �s) which is followed
y a single exponential decay on the microsecond timescale.
n a longer timescale the sample trace matches the reference

race, in agreement with the reversibility of the process. PBD
races recorded for (H2O)FeII4SP and FeIIMP-11 display sim-
lar pattern to those measured for (2-MeIm)FeII4SP. Plots of
iEhν versus Cpρ/(dn/dt) are shown in Fig. 12 and the extrap-
lated volume and enthalpy changes are listed in Table 2. The
ast phase of sample signal corresponds to the CO photodisso-
iation from the model complex and the volume and enthalpy
hanges determined from the amplitude of the fast phase match
hose observed by PAC. The slow phase represents CO rebind-
ng to the heme complexes. In agreement with the reversible
eaction, the volume and enthalpy changes determined for the
O rebinding have same absolute value but the opposite sign
ith respect to those measured for CO photodissociation. From

he fit of the slow phase to Eq. (52), the rate constants for CO
ebinding to heme model complexes were determined and cor-
espond to those measured for CO rebinding using transient
bsorption spectroscopy [64,65]. The activation enthalpy and
ntropy parameters for CO rebinding to the model complexes
ere determined using Eyring plots and are listed in Table 2.

Previous studies have suggested that CO association to heme

odel complexes proceeds through a direct association pathway
ith the ligand rebinding directly to the high-spin six-coordinate
eme or base elimination mechanism [60]. In the later case, CO

t
a
[
s

able 2
eaction and activation volume and enthalpy changes for CO photodissociation (�Vfas

�Vfast (mL mol−1) �Hfast (kcal

CO)(H2O)FeII4SP 16 ± 1 9 ± 4
CO)(2MeIm)FeII4SP 17 ± 2 10 ± 7
CO)FeIIMP-11 12 ± 3 17 ± 6

eaction parameters were determined using PBD whereas activation volume changes
Scheme 1.

issociation is accompanied by the loss of proximal base due to
ts lower affinity of unliganded heme compared to the heme–CO
omplex. Subsequently CO rebinds to the four-coordinate heme
nd is followed by base association on the millisecond timescale
26]. Our data show that no volume or enthalpy changes were
etected on ∼50 ns to ∼10 �s timescale in PAC measurements
nd only single kinetic phase was observed in PBD measure-
ents on the microsecond timescale. The rate constants and

he activation parameters determined from this microsecond
ecay match those determined for CO rebinding in TA mea-
urements suggesting that CO association to (H2O)FeII4SP,
2-MeIm)FeII4SP, and FeIIMP-11 complexes proceed through

direct association mechanism as shown in Scheme 1. This
s further confirmed by the thermodynamic data. The observed
eaction enthalpy change for those complexes is comparable
o enthalpy change determined previously for CO binding to
helated hemes (�H = 17 kcal mol−1) [60] and is consistent
ith the model in which only CO dissociates and subsequently

ebinds to the heme.
Interpretation of the observed reaction volume changes

s more complex. In general, reaction volume changes can
e described as a sum of three contributions: (i) changes
n van der Waals volume (�VvdW) due to the changes in
ond lengths and angles; (ii) volume changes due to elec-
rostriction (�Vel); and solvation volume changes (�Vsol)
hich results from differences of solvent packing around

he reactants and products [50]. In the case of CO disso-
iation from heme complexes, �Vel = 0 and therefore only
VvdW and �Vsol contribute to the observed reaction vol-

me change. The observed expansion (�V = ∼17 mL mol−1

or FeII4SP complexes and �V = ∼11 mL mol−1 for FeIIMP-
1) originates in volume changes due to the Fe CO bond
leavage and low-spin to high-spin heme transition. Previous
tudies on small complexes have estimated the reaction vol-
me change for covalent bond cleavage to be 5–10 mL mol−1

66,67]. In such cases, the transition from the low-spin to high-
pin heme accounts for roughly ∼8 mL mol−1. Comparable
alues (�V = 5–15 mL mol−1) have been reported for low-spin

o high-spin interconversion of Fe tris(2-(2-pyridyl)imidazole)
nd FeIItris(2-(2-pyridyl)-benzimidazole) in various solvents
67]. Structural changes which are associated with the spin tran-
ition involve displacement of the iron atom from the porphyrin

t and �Hfast) and rebinding (�Vfast, �Hfast and �V‡) to heme model complexes

mol−1) �Vslow (mL mol−1) �Hslow (kcal mol−1)

−17 ± 2 −20 ± 3
−18 ± 3 −16 ± 9
−11 ± 2 −11 ± 6

were determined from pressure dependence of rate constant for CO rebinding.
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changes were observed for the two phases [82]. The Authors pro-
posed that the disruption of a salt bridge between Lys45 (Arg45
in sperm whale Mb) and the heme propionate side chain takes
Scheme 2.

lane and contraction of the porphyrin ring. The volume change
ssociated with these structural changes has been estimated to be
.2–0.3 mL mol−1 [67] and therefore cannot explain the volume
hange of 7–12 mL mol−1 associated with the spin transition.
n the other hand, perturbation of the solvent molecules struc-

ure as a result of the spin transition is likely to contribute to
he positive volume change. In the case of MP-11, the presence
f a polypeptide fragment may partially reduce the solvent per-
urbation as evident from the smaller volume change determine
rom the CO dissociation reaction. Solvation of CO molecules is
ot expected to contribute significantly to the observed volume
hanges since CO is partially solvated in the heme complexes.

The ligand dissociation from FeIIPPIX in CTAB micelles
s associated with significantly smaller volume and enthalpy
hanges (�V = 3.1 mL mol−1 and �H = −10.4 kcal mol−1)
ompared to FeII4SP and MP-11 systems [39]. In the micelle,
he ligand dissociation was suggested to proceed through a base
limination mechanism as shown in Scheme 2. Transient absorp-
ion data have shown that CO photorelease is followed by disso-
iation of a water molecule occurring within 100 ns. Only a sin-
le process on longer timescales and it was proposed that CO and
water molecule rebind simultaneously to the four-coordinate
eIIPPIX [48]. The observed enthalpy change can be expressed
s: �H = �HCO + �HH2O, where �HCO and �HH2O rep-
esent enthalpy change associated with CO dissociation from
CO)(H2O)FeIIPPIX and enthalpy change for H2O dissociation
rom the high-spin five-coordinate (H2O)FeIIPPIX complex,
espectively. Using �HCO determined for CO dissociation from
CO)(H2O)FeII4SP complex, �HCO = ∼16 kcal mol−1, and the
bserved enthalpy change, �H = −10 kcal mol−1, the enthalpy
hange for H2O dissociation is estimated to be approximately
26 kcal mol−1 suggesting that water molecule dissociation

rom five-coordinate high-spin heme is enthalpy driven. In a
imilar way the observed volume change can be expressed
s a sum of two contributions, �V = �VCO + �VH2O, where
VCO is the volume change associated with CO dissociation

rom the low-spin six-coordinate complex and �VH2O repre-
ents the volume change for H2O dissociation from the high-spin
ve-coordinate (H2O)FeIIPPIX. Using �V = 3.1 mL mol−1 and
VCO = 17 mL mol−1, which was measured for CO dissocia-

ion from (CO)(H2O)FeII4SP complex, �VH2O is estimated to
e approximately −14 mL mol−1. It is unlikely, that breaking the
e OH2 bond and concomitant transition from five-coordinate

o four-coordinate heme iron would be result in such negative
olume change since the fragmentation reactions are expected to
e associated with the positive volume change [67]. On the other
and, since the dissociation takes place within CTAB micelles

t is likely that the micellar environment restricts the extent of
he volume changes which are associated with the cleavage of
e CO and Fe OH2 bonds and well as of volume changes due

o the reorganization of solvent molecules which leads to the
mistry Reviews 251 (2007) 1101–1127

mall volume change measured for CO and H2O dissociation
rom the (CO)(H2O)FeIIPPIX complex in CTAB micelle.

. Myoglobin

Ligand binding to myoglobin has been extensively investi-
ated in order to understand the mechanism of small molecule
inding in heme proteins [68]. Myoglobin, a small oxygen stor-
ge protein localized primarily in muscle cells of mammals,
ontains an iron protoporphyrin IX prosthetic group coordinated
o the protein via a proximal histidine residue. The sixth iron
oordination site is vacant in the physiologically relevant fer-
ous form and can be occupied by small diatomic molecules,
uch as oxygen, carbon monoxide, and nitric oxide. The mecha-
ism of ligand binding to the heme iron has been investigated by
ime-resolved spectroscopy [69–73], X-ray crystallography [74]
s well as with site directed mutagenesis [75–78]. Although O2
s the physiological ligand, studies involving CO is often pre-
erred since the stretching modes of CO absorb strongly in the
id-infrared region and the Fe CO bond can be photolyzed with
quantum yield of unity allowing synchronous investigation of

he rebinding reaction. It has been proposed that CO dissoci-
tion involves at least two intermediates and can be described
ccording to the Scheme 3 where [Mb:CO] represents a gemi-
ate pair with the Fe CO bond cleaved and CO located in the
primary docking site”, and [Mb::CO] describes an interme-
iate with the ligand trapped in a more distant location from
he active site which is referred to as the “secondary docking
ite” [78]. Since the crystallographic data show that the protein
atrix is tightly packed in Mb without a direct pathway con-

ecting the heme binding site to the surrounding solvent, protein
otions or fluctuations are essential for the ligand to diffuse to

nd from the active site [79]. Structural fluctuations could cre-
te transient channels that allow for specific ligand trajectories
as proposed on the basis of molecular dynamic simulations and

uch fluctuations necessarily results in change in protein volume
80].

Peters and collaborators have used PAC to investigate vol-
me changes associated with ligand dissociation from Mb more
han 15 years ago [81–83]. These Authors reported that CO
issociation from horse heart myoglobin (hhMb) is associ-
ted with an initial volume decrease of −1.2 mL mol−1 and an
nthalpy change of 7.4 kcal mol−1. This initial contraction is
ollowed by an endothermic expansion (�H = 7 kcal mol−1 and
V = 14 mL mol−1) with a lifetime of 700 ns [81]. The 700 ns

hase which had not been observed by flash photolysis tech-
iques, was also observed in the case of CO photodissociation
rom sperm whale myoglobin (swMb) although smaller volume
Scheme 3.
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ig. 13. The overlay of PBD trace for CO rebinding to deoxyMb (dark line) and
or the reference compound (gray trace) measured at 18 ◦C.

lace upon Fe CO bound dissociation accounts for the initial
olume and enthalpy changes. The subsequent 700 ns process
as attributed to CO diffusion out of the protein matrix and the
bserved volume and enthalpy changes were associated with
hanges in protein conformation [83].

Recently, Angeloni and Feis have published a detailed pho-
oacoustic study of CO photodissociation from myoglobin at
eutral and acidic pH [84]. At pH 8, ligand dissociation from
hMb was described as a three-step process. The first step,
hich occurs faster than 20 ns and exhibits enthalpy change
f 14 kcal mol−1, was associated with Fe CO bound cleav-
ge. No significant volume changes were reported for this pro-
ess. On the nanosecond timescale, two additional steps were
dentified. An exothermic process (�H = −3 kcal mol−1 and

V = −3 mL mol−1) with a lifetime of ∼80 ns was attributed
o ligand migration to a docking site on the heme proximal side.
his process is followed by a volume expansion of 19 mL mol−1

nd an enthalpy change of 6 kcal mol−1 with a lifetime of 800 ns.
his event was attributed to CO migration into the bulk solvent.
n the other hand, CO photodissociation at pH 3.5 was reported

o be a two-step process with the slower phase occurring with a
ifetime of 230 ns. The acceleration of CO release to the solvent
as attributed to the fact that at low pH a significant fraction of
yoglobin is in an “open conformation” with the distal histidine

esidue (His64) being protonated and swung out of the pocket
oward the bulk solvent.

The studies described above have focused on CO photo-
elease from myoglobin but significantly less is known about

he kinetics and energetics of structural changes which are asso-
iated with the ligand rebinding. Fig. 13 shows PBD traces for
oth CO rebinding to deoxyMb and the FeII4SP reference at
8 ◦C. The sample trace exhibits a fast increase in amplitude

w
p
v
o

able 3
hermodynamic parameters for CO photodissociation and rebinding to hhMb determ

�V (mL mol−1) �H (kcal mo

ast phase (τ < 10 (s) 9.3 ± 0.8 7.4 ± 2.8
low phase (τ ∼ ms) −8.6 ± 0.9 −5.8 ± 2.9
ig. 14. The plot of αiEhν vs. (Cpρ)/(dn/dt) for the fast and slow phase (squares
nd circles, respectively).

hat occurs faster than ∼10 �s and this phase is followed by
slow phase occurring on the ms timescale. The volume and

nthalpy changes occurring faster than 10 �s were determined
rom the temperature dependence of the fast phase amplitude
nd the volume and enthalpy changes corresponding to the slow
hase were obtained from the amplitude of the slow phase and
plot of αiEhν versus Cpρ/(dn/dt) as shown in Fig. 14. The

orresponding thermodynamic parameters are listed in Table 3
42]. The volume and enthalpy changes observed for the fast
hase correspond to the sum of the volume and enthalpy changes
etermined previously by PAC confirming that the fast phase
escribes CO photodissociation and release into the bulk sol-
ent. The slow phase exhibits a single exponential decay with
he rate constant identical to that determined for CO rebind-
ng by transient absorption spectroscopy (kobs = 5 × 102 s−1 at
mM CO and 20 ◦C) [72].

The measured enthalpy change for CO rebinding to deoxyMb
s approximately 10 kcal mol−1 smaller than that determined for
hotodissociation of Fe CO bond in heme model complexes
�H = −17 kcal mol−1) indicating that conformational changes
hat are associated with the ligand rebinding are endothermic
ith �H ∼ 10 kcal mol−1. The extent of the conformational

hange can be estimated from the observed reaction volume
hange described by:

V = VMb CO − (VMb + VCO) (53)
here �V represents the reaction volume change, VMb CO the
artial molar volume of CO bound Mb, VMb the partial molar
olume of Mb and VCO the molar volume of CO. From the value
f partial molar volume of CO in water, VCO = 35 mL mol−1 [85]

ined by PBD

l−1) �H‡ (kcal mol−1) �S‡ (cal mol−1 K−1)

n.d. n.d.
7.1 ± 0.8 −22.4 ± 2.8
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Fig. 15. Ribbon diagram of the FixL heme domain X-ray crystal structure in the
ligand free-state (PDB entry 1XJ4). The heme cofactor is shown together with
Arg206 and Arg220.
116 R.W. Larsen, J. Mikšovská / Coordinatio

nd the observed reaction volume change (�V ∼ −9 mL mol−1),
he volume change coupled to change in myoglobin volume
Vprotein = VMb CO − VMb) is estimated to be ∼25 mL mol−1.
hanges in protein volume during ligand association may reflect
hanges in hydration, packing and dynamics of the protein
atrix [86]. Alignment of the crystal structure of the deoxy and
O bound Mb provides insight into the origin of the observed

ncrease of Mb volume upon CO binding. Kachalova et al. [87]
ave reported that the most significant conformational differ-
nce between the structures of ligand-free and CO-bound Mb
ay in the orientation of the heme with respect to E and F �-
elices. Such scissor-like motion of the �-helices together with
earrangement of the heme binding pocket which includes the
winging of the distal histidine residue and passage of a water
olecule into the solvent, may account for the observed positive

olume change.

. Thermodynamics of signaling in FixL

Bacteria employ two component signaling pathways to regu-
ate diverse cellular processes in response to changes in external
nvironment. In rhizobial species, an oxygen-responsive sen-
ory/signaling system composed of two components, FixL–FixJ,
ontrols expression of the genes required for nitrogen fixa-
ion, microaerobic respiration, anaerobic nitrate/nitrite respi-
ation and hydrogen metabolism [88,89]. FixL proteins from
wo bacterial strains Bradorhizobium japonicum (BjFixL) and
inorhizobium meliloti (SmFixL) have been intensively studied
sing biochemical and biophysical techniques [90–92]. SmFixL
nd BjFixL both contain an N-terminal sensory domain and
histidine kinase domain at the C-terminal end. The sensory

omain binds a single molecule of heme (protoporphyrine IX).
n the presence of molecular oxygen, the ferrous oxyheme com-
lex inhibits enzymatic activity of the kinase domain whereas
nder anaerobic or semi-anaerobic conditions, oxygen dissoci-
tes from heme leading to the activation of the kinase domain,
ransphosphorylation of FixJ regulator and transcription of cor-
esponding genes.

To date, a crystal structure of the full length protein has not
een obtained although structures of the isolated heme domain in
he presence of various distal ligands have been resolved and pro-
ided valuable insight into the mechanism of signal recognition
93–98]. The heme domain of FixL belongs to the Per–Arnt–Sim
PAS) domain structural super-family with a characteristic �/�-
old. The heme resides between a 16-residue long F �-helix and
wo �-strands and is linked to the protein through a proximal
istidine residue (His200 in BjFixL) (Fig. 15). The most recent
odel describing signal triggering is based primarily on the crys-

al structure of deoxy and O2-bound FixL [95]. Superposition of
hese structures reveals that upon ligand binding the loop linking
he proximal F (-helix and the G �-strand (FG loop) undergoes a
hift of ∼1.6 Å. According to the model, oxygen binding to the
eme iron leads to a high-spin five-coordinate to low-spin six-

oordinate heme transition which is associated with a flattening
f the porphyrin ring. Alteration in the heme geometry causes
eakening of the salt bridge between conserved Arg220 and
eme propionate 7. Arg220 then moves into the heme binding

Fig. 16. Photoacoustic trace for CO photodissociation from CO BjFixLH140–270

(Panel A) and BjFixLH151–256 (Panel B) at 35 ◦C including corresponding ref-
erence traces. Conditions: 10 �M protein, 50 mM Tris buffer, pH 7.5, 50 mM
NaCl and 1 mM CO.
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ocket to form a hydrogen bond with the bound oxygen result-
ng in FG loop displacement whereas a second conserved Arg
esidue (Arg206) shifts to form a salt bridge with propionate 7
95]. Albeit these structural changes are believed to represents
he initial events of FixL signaling, the mechanism how changes
ithin the heme binding pocket regulate the enzymatic activity
f the kinase domain remains elusive [88].

To describe global conformational changes coupled to lig-
nd dissociation from the FixL heme domain, we have deter-
ined volume and enthalpy changes associated with CO

hoto-dissociation from two heme domain constructs: a com-
lete PAS heme domain, BjFixLH140–270, which begins with
hr170 and ends with Gln270; and a truncated heme domain,
jFixLH151–256. This construct has 11 residues deleted from the
-terminal end and 14 residues from the C-terminal end. Despite

he fact that CO is not a physiological ligand for FixL and the
rystal structure of CO bound FixL does not reveal significant
onformational changes within the FG-loop, enzymatic studies
ave shown that CO binding to FixL results in appreciable inhi-
ition of FixL enzymatic activity [99].

Photoacoustic traces for CO photodissociation from
jFixLH140–270 and the FeII4SP reference compound are shown

n Fig. 16, Panel A. The sample trace is shifted in phase with
espect to the reference trace indicating that CO dissociation
ccurs as a two-phase process. Deconvolution of the sample
coustic waves indicate a fast phase taking place faster than 50 ns
nd a subsequent phase occurring with the lifetime of 150 ns.
rom the temperature dependence of the amplitudes the vol-
me and enthalpy changes corresponding to the fast and slow
hases, were determined using Eq. (33) and a plot of φiEhν ver-

us Cpρ/β is shown in Fig. 17. To calculate the reaction volume
nd enthalpy changes, we used a Φ = 0.86 previously determined
y Rogers et al. [100] for SmFixLH (although this value may be
omewhat different for BjFixLH). The fast phase is endothermic

d
t
a
b

ig. 17. Plot of φiEhν vs. Cpρ/β for the fast phase (solid circle) and slow phase (ope
hase (solid square) from BjFixLH151–256.
mistry Reviews 251 (2007) 1101–1127 1117

�H = 14.0 ± 3.0 kcal mol−1) and is characterized by a small
olume contraction of −1.4 ± 0.8 mL mol−1. This phase is fol-
owed by a volume expansion of 5.3 ± 0.7 mL mol−1 associated
ith an enthalpy change of 6.0 ± 3.5 kcal mol−1. Contrary to

hese results, CO dissociation from truncated BjFixLH151–256
roceeds as a single step reaction occurring faster than 50 ns as
udged from the absence of any phase shift between the sample
nd reference acoustic traces (Fig. 16, Panel B). The correspond-
ng volume and enthalpy changes were determined from a plot
f φiEhν versus Cpρ/β (Fig. 17) and are 4.9 ± 0.4 mL mol−1 and
5 ± 4 kcal mol−1, respectively.

Interestingly the volume and enthalpy changes associated
ith the fast phase of CO dissociation from BjFixLH140–270

re similar to those determined for fast phase of CO dissocia-
ion from Mb as described in Section 4, suggesting that in both
ases this phase may reflect similar molecular processes includ-
ng Fe CO bond cleavage, low-spin to high-spin heme transition
ith concomitant changes in heme geometry and possibly ligand
ovement within the heme binding site. In the case of myo-

lobin, the negative volume change has been attributed to the
leavage of a salt bridge between Lys45/Arg45 and heme pro-
ionate group [101,102]. An overlay of the CO bond BjFixLH
tructure with the deoxyBjFixLH structure does not reveal dis-
uption of salt bridge between Arg220 and heme propionate
roup. However, Arg206 which is hydrogen bonded to the main
hain carbonyl oxygen of Asp212 in the deoxy structure was
hown to become disordered in the CO bound BjFixLH structure
98]. An increase in solvent exposure and accompanying elec-
rostriction could also account for observed volume decrease.
ther structural changes which may be either transient or simply

o not occur within the crystallized form of the protein may con-
ribute to the observed PAC signal in the solution. Such changes
re likely to include formation/cleavage of a surface exposed salt
ridge between Glu182 and Arg227 which may, in turn, change

n circle) of CO photodissociation from BjFixLH140–270 and for the single fast
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he overall surface charge distribution. An analogous salt bridge
as previously identified in the non-heme PAS protein, LOV,

nd proposed to play important role in interactions between the
OV domain and its interaction partner [101].

The initial contraction is followed by an endothermic
�H = 6.0 ± 3.5 kcal mol−1) volume expansion (�V = 5.3 ±
.8 mL mol−1) occurring with a lifetime of 150 ns. We associate
his process to ligand migration through the protein matrix or
igand escape to the surrounding solvent and concomitant pro-
ein conformational changes. The release of CO to the solvent is
xpected to be associated with positive volume change since the
O molar volume is ∼35 mL mol−1. The significantly smaller
olume change determined for the 150 ns phase suggests that
dditional conformational changes are associated with ligand
igration/release. Interestingly, the 150 ns kinetic phase has not

een observed in previous studies using optical techniques [102],
uggesting that this phase corresponds to structural changes that
re distant from the heme binding pocket. On the other hand, CO
issociation from BjFixLH151–256 does not exhibit a compara-
le 150 ns phase although the values of volume and enthalpy
hanges detected within 50 ns are close to the sum of the vol-
me/enthalpy changes measured for the fast and slow phases in
jFixLH140–270. Consequently, we consider that truncation of
1 amino-acid residues at the N-terminus and 14 amino acid
esidues at the C-terminus accelerate the release of the ligand
rom the protein. Our photoacoustic data suggest that confor-
ational changes associated with ligand release from BjFixLH

re not localized in the vicinity of the heme binding pocket but
xtend outside of the heme pocket. Key and Moffat reported [98]
hat ligand binding to BjFixLH induces changes in two β sheets
Iβ and Gβ) which propagate from the heme site towards the C-
erminal helix linking the sensory domain to the kinase domain.
hese results suggest that conformational changes associated
ith signal propagation in FixLH are complex and are likely to
e delocalized across a larger part of protein.

. Thermodynamics of ligand/electron transfer in
eme–copper oxidases

.1. General background

Heme/copper oxidases form a diverse class of respiratory pro-
eins found in nearly all aerobic organisms [103–107]. Although
hese enzymes range in molecular weight and subunit compo-
ition, several common features are found throughout the class.
he majority of heme/copper oxidases contain at least three sub-
nits (SU I, SU II, and SU III) with SU I containing the majority
f the redox active metal centers (Fig. 18, top left) including
wo heme chromophores (heme a, heme b, and/or heme o) and
t least one copper ion (Fig. 18, top right). One of the two hemes
ontains a heme iron that is six-coordinate and low spin which
unctions as a catalyst for electron transfer (ET) to the binu-
lear center. The binuclear center consists of the remaining heme

designated heme a3, heme o3, or heme b3 depending upon the
rganism), which contains a five coordinate high spin heme iron
nd a copper ion (designated CuB). In addition, heme/copper
xidases from higher organisms contain an additional binuclear

c
R
a
a

mistry Reviews 251 (2007) 1101–1127

opper cluster (designated CuA) which accepts electrons from
ytochrome c. All members of this class catalyze the four elec-
ron reduction of dioxygen to water and it is widely believed that

ost of these enzymes are energy transducing, i.e., they couple
edox free energy to the active transport of protons across a
embrane.
The overall reduction of dioxygen requires four protons to

e consumed from the interior side of the membrane to form
wo water molecules. During the reduction reaction, four addi-
ional protons are vectorially translocated against a membrane
otential from the interior to the exterior side of the membrane.
lthough the mechanism of active transport in heme/copper oxi-
ases has not yet been fully elucidated, there is now clear exper-
mental evidence that the ET steps within the catalytic cycle are
ell choreographed with proton uptake and release [108–113].
tudies using site directed mutants as well 3D structural mod-
ls have now established two proton translocating channels that
irect protons to the binuclear center [109,110]. The so-called K-
hannel begins with Lys319 proceeds through Thr316, Thr309,
er255, Tyr244 and ends at the binuclear center (bovine heart
umbering). The D-channel has an entryway on the cytoplasmic
ide formed by Asp91 and continues through Asn98 and comes
nto close proximity of the binuclear center through Glu242. It is
elieved that the K-channel is active during the first phase of the
eaction cycle in which the enzyme accepts two electrons and
akes up two protons whereas the D-channel conducts protons to
he binuclear center as well as to periplasm during the reduction
f various dioxygen intermediates.

Upon input of the first two electrons into the fully oxidized
nzyme two protons are taken up from the matrix side of the
embrane via the K-channel (Fig. 18, bottom) (O to R transi-

ions). At this point, dioxygen binds to the heme a3 group of the
inuclear center resulting in heterolytic cleavage of the O O
ond via the transfer of four electrons to the bound oxygen
P-state): two electrons being derived from heme a3 (forming
heme a3 oxyferryl intermediate) one electron being derived

rom CuB
1+ and one electron from a tyrosine covalently linked

o a histidine bound to CuB (forming a tyrosine radical). Sub-
equent ET from heme a (reduced via ET from cytochrome c
o CuA and subsequent ET from CuA to heme a) to the oxyfer-
yl heme a3 of the P-state results in reduction of the tyrosine
adical and subsequent proton transfer from Glu242 to either
he deprotonated tyrosine or a hydroxide bound to CuB form-
ng the F-state. Since each electron transferred to the binuclear
enter appears to be coupled to proton input, an additional pro-
on is taken up during the P to F transition. In addition, at least
ne proton is also pumped across the membrane at this point
n the catalytic cycle. Reduction of the F-state by subsequent
T from cytochrome c results in the formation of a hydroxide
ound ferric heme a3, the input of two protons and the pumping
f one additional proton. There is now evidence that electron
nput from cytochrome c to the binuclear center to initiate a new
urnover cycle (once the enzyme has completed a full turnover

ycle) also results in the pumping of additional protons (O to

transition). The exact mechanism through which protons are
ctively translocated across the membrane barrier is not clear
nd a number of models have been proposed [105,111–113].
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have revealed that, subsequent to photolysis of CO from heme
x3 CO binds transiently to CuB within <1 ps and thermally dis-
sociates from CuB with a rate constant that is dependent on the
nature of the enzyme (see Scheme 4). Cytochrome c oxidase
Fig. 18. Top metal center orientation within bovine he

he most recent models involve electrostatic repulsion between
rotons within proton loading sites within the enzyme and pro-
ons imported from the input channels upon electron input. In
ny event, the transfer of electrons is intimately connected with
he active transport of protons.

.2. Ligand binding in fully reduced heme/copper oxidases

The binding of dioxygen to the binuclear center represents the
nitial step in the catalytic cycle. Carbon monoxide provides an
xtremely useful probe for examining the mechanistic details of

igand binding to a wide range of heme proteins due to the high
uantum yield for photolysis and the reversibility of the reac-
ion. In the case of heme/copper oxidases CO has been used to
xamine ligand binding to the fully reduced form of the enzyme
cO. Bottom: Proposed catalytic mechanism for CcO.

s well as several mixed valence states [117–129]. These studies
Scheme 4.
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rom bovine heart muscle exhibits a thermal dissociation rate
onstant of ∼7 × 105 s−1 [127], cytochrome bo3 from E. coli
Cbo) of ∼500 s−1 [102] and cytochrome ba3 from Thermus
hermophylus of ∼35 s−1 [121].

CO-binding to fully reduced Cbo/CcO occurs on a ms time-
cale at room temperature (pseudo-first order rate constant of
100 s−1 with 1 atm CO). The activation volumes and activation

nthalpies used to construct the volume/enthalpy profiles were
etermined from Arrhenius plots (activation enthalpy, �H‡,
or CO binding of 3.13 kcal mol−1 for Cbo as compared with
.39 kcal mol−1 for CcO [115]) and the pressure dependence of
he CO recombination rate (activation volume, �V‡, is found to
e 13.3 ± 2 mL mol−1 and −9.0 mL mol−1 for Cbo and CcO,
espectively) [38,40,123].

The total volume and enthalpy associated with CO disso-
iation from heme a3 and subsequent binding to CuB as well
s the thermal dissociation of CO from CuB to the bulk sol-
ent have been determined using PAC. Analysis of the PAC data
evealed two kinetic processes taking place subsequent to pho-
olysis with the first occurring in <50 ns (�H = ± 39 kcal mol−1;

V = ± 7 mL mol−1) and a second process occurring with a
ifetime of 1.5 �s (�H = −17 kcal mol−1; �V = ± 7 mL mol−1)
hich are associated with Fe CO bond cleavage and rapid trans-

er of CO to CuB (<50 ns) and the thermal release of CO from
uB which occurs with a lifetime of ∼2 �s in bovine heart CcO.
revious studies have suggested that the enthalpy associated
ith Fe CO bond cleavage is on the order of 17–20 kcal mol−1

hile the binding of CO to the CuB site is estimated to be
n the order of −2 kcal mol−1 [48,123]. Thus, of the observed
9 kcal mol−1, ∼15 kcal mol−1 can be attributed to ligand dis-
ociation from the heme a3 iron and subsequent CO Cu bond
ormation. The origin of remaining ∼24 kcal mol−1 is not clear.
ne possibility is that binding of the CO to the CuB site results

n local structural reorganization of the CuB coordination sphere
nd/or perturbations near the heme a3 site subsequent to CO pho-
odissociation. In fact, previous time-resolved FTIR studies have
hown significant shifts in vibrational frequencies attributed to
u His bonding upon the transfer of CO from heme a3 to
uB in bovine heart CcO (Cu His ν38, 1535 cm−1 observed

or the CO–CuB complex but not observed in the CO–Fea3
pecies) occurring within the first 5 �s subsequent to photolysis
116].

The corresponding 1.5 �s phase corresponds to the ther-
al release of CO from CuB and subsequent diffusion

nto the bulk solvent. As mentioned above the enthalpy
or CO CuB bond formation is approximately −2 kcal mol−1

hile the enthalpy for solvation of CO due to entry of
O into the bulk solvent is on the order of approxi-
ately −3 kcal mol−1. Thus, in the absence of any conforma-

ional change associated with CO release would be approxi-
ately −1 to 2 kcal mol−1. The corresponding volume is esti-
ated to be ±15 mL mol−1 (approximately ±5 mL mol−1 for
etal ligand bond cleavage and approximately +20 mL mol−1
or CO solvation [123]). These values suggest that a signif-
cant conformational change accompanies CO release from
uB with �Hconf = �Hobs − �Hestimated = −32 kcal mol−1 and
Vconf = �Vobs − �Vestimated = −8 mL mol−1. Such a confor-

h
t
T
t
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ational change possibly places the binuclear center into a
ligand accepting’ state which would be associated with oxy-
en binding.

In contrast to bovine heart CcO, the PAC signals for the
O Cbo overlay in time with those of the reference compound

ndicating that all volume/enthalpy changes occur on a time-
cale faster than the detector response time (i.e., <50 ns). A
lot φEhν (kcal mol−1) versus Cpρ/β (kcal mL−1) gives a �H
f ± 23 ± 7 kcal mol−1 and an accompanying volume decrease
f 5.1 ± 0.9 mL mol−1 (for CO photolysis) [38]. The lack of a
low phase is consistent with the fact that the rate of thermal
O release from CuB is an order of magnitude slower than for
ovine heart CcO and is therefore outside the detection range of
ur PAC detector. However, the <50 ns �H/�V values are quite
istinct between Cbo and bovine heart CcO although in both
nzymes, CO photolysis results in Fe CO bond cleavage, low-
pin to high-spin transition at the heme x3 site and CO binding
o CuB. The observed enthalpy change is roughly 12 kcal mol−1

ower for Cbo while the volume change is 12 mL mol−1 lower.
his suggests that perturbations to the CuB site upon ligand

ransfer are quite distinct between the bacterial and mammalian
nzymes. In fact, previous EXAFS studies of Cbo have sug-
ested that CO dissociation from heme o3 and its rebinding
o CuB leads to an increase of the bond length between the
opper and two histidine ligands which may contribute to the
bserved volume/enthalpy change [123,125]. In addition, FTIR
tudies have shown that CO transfer to CuB results in pertur-
ations to Glu286 which is located at the end of the D-channel
or proton input [114,115]. Overall these results suggest that
O transfer to CuB induces a structural change within the binu-
lear center that is distinct from that observed in the mammalian
nzyme.

In contrast to bovine heart CcO and E. coli Cbo, phototodis-
ociation of the fully reduced carbonmonoxy bound cytochrome
a3 from Rb. sphaeroides results in ultrafast ligand transfer
etween heme a3 and CuB, which is followed by thermal disso-
iation from CuB on longer time scales as well as an additional
rocess, which has not been characterized previously, with a
ifetime of 485 ns at 18 ◦C. This process is coupled to a vol-
me expansion of 3.3 mL mol−1. From the temperature depen-
ence, an activation barrier of 4 kcal mol−1 was determined
see Fig. 19 for a summary). The enthalpy changes occurring
n <50 ns subsequent to CO photolysis from RbCcO is close
o that previously determined for CO photodissociation from
bo heme o3 (23 kcal mol−1) and bovine heart CcO heme a3

∼39 kcal mol−1) (analysis of Qa3 from Ref. [40]). Interestingly,
o volume change is observed indicating that this process in
urely enthalpy driven in RbCcO.

The ∼500 ns phase of CO RbCcO photolysis is characterized
y an expansion of ∼3 mL mol−1 and a negligible change in
nthalpy. Interestingly, this phase has not been observed in time
esolved absorbance measurements indicating that the changes
orresponding to this event do not lead to perturbations of the

eme electronic structure. From the Arrhenius plot the activa-
ion energy for this phase is found to be 4.1 ± 0.9 kcal mol−1.
he absence of any significant enthalpy change indicates that

he volume expansion is mainly entropy driven. Although the
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Fig. 19. Thermodynamic profiles for the photolysis of CO from the fully reduced
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O bound forms of bovine heart CcO (solid lines), E. coli cytochrome bo3

dashed lines) and Rb CcO (dotted lines). The ‘boxed’ species represents the
00 ns transient, only observed for CORbCcO photolysis.

recise origin of this phase is unclear it is likely that this
hase involves a relaxation following CO binding to CuB
r both.

As already mentioned, upon dissociation from heme a3 CO
inds transiently to CuB

1+ prior to diffusion out of the active
ite. Interestingly, thermal dissociation of CO from CuB does
ot result in CO rebinding to heme a3 which might be expected
ue to the close proximity of the two metal centers (4.6 Å). Thus,
O binding to CuB must trigger a conformational rearrangement
t the CuB/heme a3 site that significantly increases the energy
arrier for heme a3 ligand binding while lowering the barrier for
O diffusion out of the active site pocket. With this in mind it

s important to point out that previous EXAFS studies of Cbo
ave suggested that CO dissociation from heme o3 and subse-
uent binding to CuB leads to an increase of the bond length
etween the copper and two histidine ligands [125]. The fact
hat the 500 ns process only involves a change in volume (i.e.,
o enthalpic component) is consistent with this type of rear-
angement rather than CuB His bond dissociation. At this point
t is not clear how such a rearrangement would affect the barrier
or CO recombination to heme a3.

It is of interest to note that the <50 ns processes in bovine heart
cO and the combined <50 ns and ∼500 ns events in RbCcO are

imilar with �H ∼ 35 kcal mol−1 and �V ∼ ±5 mL mol−1 sug-
esting that conformational perturbations to the CuB site upon
O transfer from heme a3 are similar for the two enzymes but
ccur on different timescales. This is in clear contrast to Cbo
xhibits distinct dynamics upon CO binding to CuB. Since both
ovine heart CcO and RbCcO display similar thermodynamics
ubsequent to CO transfer to CuB it is unlikely that these dynam-

cs involve Glu (I-286) perturbations suggesting that this event

ust take place on a time scale between ∼50 ns and ∼2 �s at
hich time thermal dissociation of CO from the CuB site takes
lace in the bovine enzyme.
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.3. Mixed valence heme/copper oxidases

A very useful method to probe the relationship between pro-
on transport and intramolecular ET in heme/copper oxidases
nvolves photolysis of the CO mixed valence derivative of the
nzyme [126–129]. In this state, CO is bound to ferrous heme
3 (where x = a, b, or o depending upon the species) and the CuB
on is in the +1 state. The remaining metals remain oxidized
heme x/CuA for cytochrome oxidases, heme x for quinol oxi-
ases). Photolysis of the CO from the heme x3 site results in a
owering of the heme x3 reduction potential allowing for rapid
T between the ferrous heme x3 and ferric heme x (Scheme 4).

n CcO subsequent ET takes place between heme x and the
upric CuA site. The rates of intramolecular ET depend upon
he nature of the species from which the enzyme was isolated.
hotolysis of CO mixed valence CcO from bovine heart mus-
le (COMVCcO) results in rapid transfer of CO from heme a3
o CuB (∼ps) followed by rapid ET from heme a3 to heme a
1.2 ns) [131]. Further heme a3 to heme a ET occurs on a ∼3 �s
imescale and it is believed that this ET event is coupled to the
hermal release of CO from CuB since the CO dissociation rate
s also ∼3 �s in the fully reduced enzyme where heme a3 to
eme a ET does not occur. Additional ET between heme a and
uA occurs on a much longer timescale (∼75 �s).

Previous FTIR results of the photostationary state of the
OMVCcO have demonstrated pH dependent perturbations

132,133]. It was shown that the photostationary state results
n perturbations to Glu242 (attributed to deprotonation of this
esidue), redox induced shifts in heme propionate vibrational fre-
uencies and redox linked protonation of an Arg residue which
ppears to accompany ET between heme a3 and heme a. These
tudies could not resolve which ET event was associated with
he proton transfer events (i.e., the ns fast phase or the slower
hase coupled to thermal release of CO from CuB). What is of
pecific interest is the fact that the protonation state of Glu242
hich is located at the end of the D-channel and donates pro-

ons to the binuclear center during the P to F transition is directly
inked to the redox state of heme a/heme a3.

The obvious relationship between the energetics of ET
nd the active transport of protons necessitates a complete
nderstanding of the thermodynamics associated with various
T reactions within the enzyme as well as their pH depen-
ence. Fig. 20 displays an overlay of the acoustic traces for
OMVCcO and the calorimetric reference obtained at pH 6,
, and 9 [130]. The acoustic waves obtained at both pH 6 and
for CO photolysis from the COMVCcO show significant

hase shifts relative to those of the corresponding reference
ompounds. From deconvolution of the sample acoustic waves
hree kinetic events can be resolved (Fig. 21). The first occurs
aster than the time resolution of the instrument (i.e., �50 ns),
he second has a lifetime of ∼100 ns and the third occurs with

lifetime of ∼2 �s (at 20 ◦C). Analysis of the temperature
ependence of the deconvoluted acoustic amplitudes at pH 6

ives volume and enthalpies associated with the three kine-
ic phases: �H1/�V1 = +79 ± 10 kcal mol−1/+9 ± 1 mL mol−1;

H2/�V2 = −79 ± 5 kcal mol−1/−9 ± 2 mL mol−1; �H3/�V3
+54 ± 7 kcal mol−1/+8 ± 1 mL mol−1 (Fig. 22). Similar
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ig. 20. Overlay of COMVCcO and calorimetric reference acoustic signals o
CcO] = 16 �M in 50 mM HEPES buffer containing 0.05% �-d-laurylmaltoside

olume and enthalpy changes are observed at pH 8. Inter-
stingly, no phase shift is observed at pH 9. Analysis of the
mplitudes of the sample and reference acoustic waves obtained
t pH 9 reveal no significant volume change (i.e., �V ∼ 0)
nd a �H of +29 kcal mol−1. The thermodynamic profiles are
ummarized in Fig. 23.

The fact that the thermodynamic parameters for processes
ccurring in <50 ns associated with CO photolysis from the
OMVCcO are distinct from those obtained for the fully reduced

orm of the enzyme suggest that additional processes take place
n the COMV form of the enzyme. In both the COMV and
ully reduced forms of CcO, CO photolysis results in the rup-
ure of the Fe CO bond, low-spin to high-spin transition and
O CuB formation. In the case of the COMV form, it has
een shown that fast ET takes place with a lifetime of ∼1.2 ns
131]. Thus, the total volume and enthalpy changes for the
OMVCcO contain additional parameters associated with the
T between heme a3 and heme a. The thermodynamic events
ssociated with the fast ET can be directly obtained using the
arameters obtained from the fully reduced enzyme. The aver-
ge thermodynamic parameters associated with heme a3 to

eme a ET at pHs below 9 are: �HCOMV

ET = +40 kcal mol−1 and
V COMV

ET = +2 mL mol−1. These thermodynamic parameters
re nearly equivalent between pH 6 and 8. Previous studies
ave suggested that the ultra-fast ET (occurring on the 1.2 ns

t
e
i
C

d at pH 6 (top left), pH 8 (top right) and pH 9 (bottom). Sample conditions:

ime scale) accounts for only ∼16% of the total heme a3 to
eme a ET [131]. Scaling �HCOMV

ET = +40 kcal mol−1 and
V COMV

ET = +2 mL mol−1 to the ET yield gives 250 kcal mol−1

nd 12.5 mL mol−1 for the reaction. The magnitude of the
nthalpy value suggests that additional conformational pro-
esses must occur in the COMV form of the enzyme, possibly
ccompanying the ultra-fast ET, which would contribute to the
HCOMV

ET term (i.e., �HCOMV
ET = �HCOMV

ET-effective + �HCOMV
conf ).

stimates of the values of these enthalpies can be made using
he ∼2 �s data discussed below. What is notable is that the PAC
esults indicate both fast ET as well as a corresponding reorga-
ization of the heme a3/CuB active site that may be coupled to
he ET reaction.

In fully reduced COCcO photolysis results in the rapid trans-
er of CO from heme a3 to CuB within a few picoseconds.
ubsequent thermal dissociation of CO from the CuB site occurs
ith a lifetime of ∼1.7 �s as discussed previously. In the case
f the COMVCcO previous results have also suggested that
ntra-molecular ET also occurs between heme a3 and heme a
hat is coupled to CO release from CuB

1+ [126–128,130,132],
he slow phase kinetics observed subsequent to photolysis of
he COMVCcO presumably contains thermodynamic param-
ters for both the thermal dissociation of CO as well as any
ntra-molecular ET between the two hemes. Assuming that the
uB

1+ CO bond energy is the same in both the COMV and
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Fig. 21. Deconvolution of the acoustic waves for COMVCcO obtained at various
pHs. Plots show an overlay of acoustic waves for COMVCcO, calorimetric
reference, three-exponential fit and residuals. Top panel: fits for pH 6; bottom
panel: fits for pH 8.

Fig. 22. Plot of φEhν vs. Cpρ/β or the acoustic signals obtained at pH extremes,
pH 6 and 9. The normalized amplitudes (φι) for the various phases at pH 6 were
obtained from the deconvolution of the acoustic waves as per Fig. 21.
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ig. 23. Thermodynamic profiles (molar volume and enthalpy) for photolysis
f COMVCcO at pHs < 9.

ully reduced forms of the enzyme then the thermodynamic
arameters associated with intramolecular ET can also be cal-
ulated [130]. At pHs below 9 the thermodynamic parameters
re: �HCOMV

ET ∼ 20 kcal mol−1 and �V COMV
ET ∼ 1 mL mol−1.

his also assumes that �HConf and �VConf are also equiva-
ent between the COMVCcO and CO CcO. If the observed
HCOMV

ET is 20 kcal mol−1 and this enthalpy represents 86% of
he total ET then the actual enthalpy change for the ET reaction
�HCOMV

ET ) is +23 kcal mol−1. Using this value gives �HCOMV
ET-conf

bserved in the fast phase to be +36 kcal mol−1. The 0.16 scaling
actor is used since only 16% of the total ET occurs in the fast
hase. The observed volume change is also quite small for the
T reaction which is consistent with no additional conforma-

ional change taking place. The ET reaction itself results in no
et change in charge (Fea

3+ Fea3
2+ – >Fea

2+ Fea3
3+) therefore

o electrostriction would occur and �V would be negligible.
The origin of the ∼100 ns phase is not clear. It is not observed
n the fully reduced form of the enzyme nor has such a phase
een identified in previous transient absorption studies on this
ime scale. One hypothesis is that the ∼100 ns phase represents
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ither a change in the protonation state of Glu242 or a con-
ormational perturbation to this residue or both. Previous FTIR
tudies of the mixed valence form of bovine CcO have shown
hat reverse ET from heme a3 to heme a is accompanied by
eprotonation of Glu242. This is evident by the appearance of a
rough at 1735 cm−1 in the photolyzed minus unphotolyzed CO

ixed valence difference spectrum (arising from Glu242 νC=O)
116,125]. A corresponding carboxylate peak is also observed
t 1412 cm−1. The nature of the subsequent proton acceptor has
ot been identified but a putative mechanism involves protona-
ion of an Arg residue near the near the formyl group of heme a.
he same FTIR studies have revealed vibrational stretches con-
istent with protonation of a neutral Arg (vibrational features
t 1638/1676 cm−1 in the photolyzed/unphotolyzed COMV dif-
erence spectrum). The Arg residues near the heme propionates
Arg438 and Arg439) have been ruled out since these residues
re located in a hydrophilic region of the protein making it
nlikely that any significant population of the deprotonated state
ould exists. An alternative assignment involves protonation of
rg38 which forms a hydrogen bond with the formyl group of
eme a since Arg38 is in a more hydrophobic region of the
inuclear center.

The thermodynamics associated with this phase (�H2/�V2
−79 ± 5 kcal mol−1/−9 ± 2 mL mol−1) are consistent with
eprotonation. The observed volume contraction could result
rom significant electrostriction produced within the enzyme by
he redistribution of charge (i.e., deprotonation of Glu242 and
rotonation of the neutral Arg38). In fact, charge separation in
acterial photosynthetic reaction centers from Rb. sphaeroides
s well as photosystem I (PSI) from Synechocystis exhibit vol-
me contractions on the order of −9 to −16 mL mol−1 upon
harge transfer (i.e., P870

+QA
− formation in bacterial reaction

enters and P700
+FAB

− formation in PSI) [134]. Typical val-
es for electrostriction for charge formation in water are in the
15 mL mol−1 and the lower value in CcO may reflect a lower

ielectric constant within the binuclear center. The enthalpy for
roton transfer is more difficult to interpret. Previous studies
f the photocycle of bacteriorhodopsin have revealed that pro-
on transfer from Asp96 to the retinal Schiff base (M2 to N
ransition) has an associated change in enthalpy of only approxi-

ately−5 kcal mol−1 whereas the N to O, which involves proton
ransfer from Asp85 to the ‘release’ group near the surface of
he protein has an associated enthalpy change of approximately

20 kcal mol−1 [135,136]. These enthalpies are considerably
igher than the approximately −80 kcal mol−1 observed for the
00 ns phase in the COMVCcO. It should be kept in mind that
he enthalpy changes observed for proton transfer reactions in
he bacteriorhodopsin photocycle also involve significant con-
ormational changes which are also included in the enthalpy
hanges. Thus, the intrinsic proton transfer enthalpies cannot be
solated from the total enthalpy changes. In the case of CcO it
s possible that the larger enthalpy values may represent only
he proton transfer event. In fact, gas phase proton transfer reac-

ions exhibit enthalpy changes which are much closer to the CcO
alues [137].

The assignment of the ∼100 ns phase to a proton transfer
rom Glu242 to Arg38 is supported, to some extent, by the fact

t
b
t
c

mistry Reviews 251 (2007) 1101–1127

hat this phase is not present at pHs above 9 in which the Glu242
s likely to be deprotonated. It is also of interest that the �s phase
s also absent at higher solution pH values. The pH dependence
f this phase suggests that both thermal dissociation of CO from
he CuB

1+ site and corresponding ET from heme a3 to heme a
ay be influenced by the protonation state of Glu242 indicating

hat the thermodynamics of thermally activated CO dissociation
rom CuB

1+ are coupled to the protonation state of Glu242. Thus,
lu242 may play a role in the modulation of the CuB ligand

nvironment.
We have also examined the volume and enthalpy changes

ccompanying CO photodissociation from the mixed valence
orm of Cbo [50]. An overlay of the sample and reference
coustic waves reveals a phase shift in the sample acoustic
ave similar to the low pH acoustic waves of bovine heart
cO. Deconvolution of the acoustic waves reveals two decay
rocesses, the first occurring with a lifetime shorter than the
etection limit of our instrument (<50 ns) and a second has
lifetime of ∼250 ns at 18 ◦C. The first process shows a

mall contraction of −1.3 ± 0.3 mL mol−1 and an enthalpy of
2 ± 1.6 kcal mol−1. The 250 ns process is characterized by a
ositive volume change of 2.9 ± 0.5 mL mol−1 and an enthalpy
hange of −5 ± 3 kcal mol−1. The enthalpy changes for CO dis-
ociation from heme o3 is calculated as described in reference
50]. As with bovine heart CcO, subsequent to photolysis of CO
rom heme o3 CO binds transiently to CuB within <1 ps and ther-
ally dissociates from CuB with a rate constant of 8 × 103 s−1

114]. In the mixed valence form of the enzyme photolysis of CO
s followed by electron equilibration between heme o3 and heme

which does not occur in the fully reduced enzyme. The back
lectron transfer between heme o3 and heme b occurs with a rate
onstant of 2 × 105 s−1 which is too slow to be resolved by our
AC instrument. CO photo-dissociation from the fully reduced
nzyme results in a negative volume change of approximately
5.1 mL mol−1 occurring faster than 50 ns time resolution of

he instrument suggesting that protein conformational changes
ccompany the ligand transfer between heme o3 and CuB. In
he case of the MV form of Cbo the volume decrease associ-
ted with the fast phase is ∼4 mL mol−1 smaller than volume
hanges measured for the fully reduced enzyme. This indicates
hat structural changes, which are coupled to the CO transfer
rom heme o3 to CuB, are affected by the oxidation state of
eme b. The observed enthalpy change associated with the fast
hase (�H = +32 ± 2 kcal mol−1) is significantly higher than the
nthalpy of CO dissociation from heme containing a nitrogenous
ase at the fifth coordination site (�H = 17 kcal mol−1) further
uggesting the presence of structural changes associated with
igand transfer between the heme o3 and CuB. To date there is
o evidence of the ultra-fast ET between heme o3 and heme b
hat has been observed between heme a3 and heme a in bovine
eart CcO. Thus, the 250 ns phase observed in the MV form of
bo is likely due to conformational perturbations.

Overall, the results presented in this section demonstrate

he diversity of conformational dynamics observed for ligand
inding to heme/copper oxidases despite considerable struc-
ural homology among the enzymes in this class. It is also not
lear if the differences in ligand binding dynamics are in any



n Che

w
o
i

6

m
s
i
t
e
s
t
n
p
a

t
t
a
c
s
l
s
h
t
l
i
m
m
a
W
c
c
A
t
s
T
N
t
u
s
i
h
m
i
t
m
p

m
p
c
l
s
a

s
a
c
t
p
i
o
o
w
c
p
a
a
t
i
i

i
t
d
l
i
c
t
o
s

i
o
t
p
r
c

A

f
y
a
S
o

R

R.W. Larsen, J. Mikšovská / Coordinatio

ay related to differences in proton pump mechanism between
xidases from different species. This remains an active area of
nvestigation.

.4. Conclusions and future prospects

The results presented here represent a survey of photother-
al studies of heme–ligand interactions for various heme protein

ystems that have been examined in our laboratory. These stud-
es illustrate the utility of photothermal methods in obtaining
ime-resolved thermodynamic profiles (both molar volume and
nthalpy) for fast ligand dissociation reactions as well as the
ubsequent rebinding. Both photoacoustic calorimtery and pho-
othermal beam deflection provide robust methods for obtaining
ot only molar volume and enthalpy changes for photoinitiated
rocesses but also the rates at which these processes occur over
wide range of time (∼ns to 100 ms).

Although the ability to probe global conformational/
hermodynamic changes associated with photo-triggered reac-
ions is one advantage enjoyed by photothermal methods this
lso represents a significant limitation in that the observed
hanges can not necessarily be assigned to the movement of
pecific amino acid residues or even protein domains. These
imitations can be overcome to some extent through the use of
ite-directed mutagenesis and/or different protein constructs. We
ave been working to overcome these limitations by coupling the
ime-resolved thermodynamic measurements with NPT molecu-
ar dynamics. Extended ensemble molecular dynamics (EEMD)
s capable of providing an atomistically detailed description of

olecular motions on time scales compatible with photother-
al techniques while tracking any associated volume changes,

nd thus provides an ideal complement to such experiments.
e have now tested this methodology using PAC synergisti-

ally combined with EEMD to determine the molecular volume
hange associated with the photoisomerization of aqueous trans-
B to cis-AB [138]. The NPT EEMD exactly samples both

he NPT ensemble and the associated fluctuations in the pres-
ure and temperature variables giving desired average values.
he resulting dynamics is only slightly perturbed from true
ewtonian motion and is sufficiently accurate to follow the

ime evolution of the system. During the simulation the vol-
me coordinate fluctuates over time and the average value is the
ystem volume. For non-equilibrium simulations, e.g., follow-
ng protein folding dynamics, signaling events in gas sensing
eme proteins, etc. this method of molecular volume deter-
ination can resolve time dependent volumes and, given the

nherent precision, identify intermediates that have lifetimes on
he order of nanoseconds. We are continuing to explore this

ethodology on larger protein systems and the results are very
romising.

Rapid advances in the synthesis of so-called ‘caged’
olecules (i.e., bioactive molecules containing photo-cleavable

rotecting groups) offers a great opportunity to probe the

onformational/thermo-dynamics of a much wider range of bio-
ogical processes including cell signaling, ion-transport, pH sen-
itive process (e.g., protein folding), etc. [139]. These systems
re particularly attractive for use with photothermal methods
mistry Reviews 251 (2007) 1101–1127 1125

ince release of the caged molecule occurs within the laser pulse
nd does not interfere with longer time thermodynamic pro-
esses associated with the protein/enzyme system being inves-
igated. An alternative method for rapidly initiating biological
rocesses is the laser temperature jump [140,141]. These exper-
ments involve excitation of one of the normal vibrational modes
f water (via a fast laser pulse) resulting in a temperature change
f up to∼10 K. Subsequent conformational dynamics associated
ith a given protein/enzyme can then be probed using fluores-

ence, resonance/normal Raman, IR, CD, MCD or other optical
robe. Unfortunately, the laser temperature jump method is not
menable to use with either PAC or PBD since the magnitude of
coustic wave/refractive index change is sufficiently large due
o the primary T-jump that the smaller acoustic waves/refractive
ndex changes associated with the biological processes being
nvestigated can not be resolved.

In terms of methodology, recent advances in transient grat-
ng spectroscopy, which is a photothermal method that probes
he breakdown of a transiently induced density grating pro-
uced by constructive/destructive interference of two coincident
aser pulses within a sample of absorbers provides dramatically
mproved time-resolution [142,143]. In addition, this technique
an readily identify diffusion coefficients as well as other fast
hermal processes on time scales down to hundreds of picosec-
nds. This technique has now been applied to several protein
ystems with great success.

Overall, photothermal methods have enjoyed success in prob-
ng the energetics and conformational dynamics of a wide range
f biological systems. As these techniques continue to evolve in
ime resolution and sensitivity as well as the ability to couple
hotothermal measurements to MD simulations more detailed
elationships will be developed between the change in molecular
onformation and the energetics that control these processes.
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