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ABSTRACT
Electron transfer, ET, and proton-coupled electron transfer, PCET, reactions are
central to biological reactions involving catalysis, energy conversion and energy storage.
The movement of electrons and protons in either a sequential or concerted manner are
coupled in a series of elementary reaction steps in respiration and photosynthesis to
harvest and convert energy consumed in foodstuffs or by absorption of light into high
energy chemical bonds in the form of ATP. These electron transfer processes may be
modulated by conformational dynamics within the protein matrix or at the protein-protein
interface, the energetics of which are still not well understood. Photoacoustic calorimetry
is an established method of obtaining time-resolved reaction enthalpy and volume
changes on the nanosecond to microsecond timescale. Photoacoustic calorimetry is used
here to probe 1) the energetics and volume changes for ET between the self-assembled
anionic uroporphyrin:cytochrome c complex and the role of the observed volume changes
in modulating ET within the complex, 2) the enthalpy and volume change for the excited
state PCET reaction of a tyramine functionalized ruthenium(II) bis-(2,2’-bipyridine)(4carboxy-4’-methyl-2,2’-bipyrine) meant to be a model for the tyrosine PCET chemistry
carried out by cytochrome c oxidase and photosystem II, 3) the enthalpy and volume
changes related to carbon monoxide and tryptophan migration in heme tryptophan
catabolic enzyme indoleamine 2,3-dioxygenase.

ix

CHAPTER 1:
ELECTRON TRANSFER AND PROTON-COUPLED ELECTRON TRANSFER
IN BIOLOGY

Introduction
Proton coupled electron transfer PCET is defined as a reaction occurring between
at least two chemical species, of which an electron donor (D) and acceptor (A) undergo
electron transfer (ET) as well as of which either D or A undergoes proton transfer (PT)
from one or to one of the redox active species. The two processes may occur in concert,
with no resolvable intermediate (PCET), or by a step-wise mechanism characterized either
by an initial ET step followed shortly after by a PT step (ET/PT), or vice-versa (PT/ET).
An illustration of the three mechanisms for a general bimolecular PCET reaction
→

is depicted in figure 1.1 where the horizontal lines represent PT steps and are

thermodynamically driven by the pKa’s of the reacting species, the vertical lines indicate
ET steps which are dependent on the redox potentials of the reacting species and the
diagonal lines represent the concerted process.
The coupling of redox chemistry with the movement of protons is a recurring theme
in systems of biological origin. These reactions are indispensable in enzymatic energy
production, many metabolic reactions involving carbon activation, and elimination of
1

peroxides and other reactive oxygen species (ROS) to name a few. By coupling electron
and proton transfer events the formation of high energy intermediates can be avoided,
lowering the overall driving force for a given reaction.1-3

Figure 1.1. General reaction scheme for electron-proton transfers showing the stepwise reactions ET/PT and
PT/ET as the horizontal and vertical routes and the concerted reaction as the diagonal route.

Photosystem II
For example, photosystem II (PSII), a transmembrane protein of the photosynthetic
pathway (figure 1.2) occurring in plants, algae and cyanobacteria, employs proton-coupled
electron transfer (PCET) reactions in a number of elementary reactions in order to facilitate
the oxidation of two molecules of water to dioxygen and the reduction of a plastoquinone
(PQ) to its quinol form, PQH2. The ET reactions are coupled to active proton translocation
against a potential gradient ultimately driving the synthesis of ATP.4 Photonic energy is
harvested via absorption of a photon followed by a series of energy transfer steps to
generate a metastable excited state of chlorophyll a, commonly referred to as P680, which

2

rapidly reduces a nearby pheophytin (Phe). The newly formed Phe anion-radical then
reduces one of two proximal plastoquinones (PQA).4,5 Back transfer of the electron from
Phe to P680 is prevented by the neutralization of the oxidized P680 via oxidation of a
nearby tyrosine residue whose high energy intermediate is thought to be circumvented by
a concomitant deprotonation step, either by a stepwise or a concerted mechanism (figure
1.3).6 Although the fate of the phenolic proton of tyrosine Z of the D1 polypeptide is still
uncertain, it is believed that the tyrosine radical generated reverts back to the neutral,
protonated form by deprotonation and oxidation of a nearby water-bound to a Mn4 cluster.
Cytochrome C Oxidase
Cytochrome C oxidase (CcO), also a transmembrane protein of the mammalian
electron transport chain (figure 1.4), catalyzes the four electron reduction of molecular
oxygen to water which is also coupled to active proton transport across an electrochemical
gradient which drives ATP-synthase yielding energy in the form of ATP. Electrons injected
into CcO by the electron carrier cytochrome C serve to reduce heme a of CcO followed by
reduction of a nearby heme a3/CuB cluster. After a two electron reduction of the a3/CuB site
(generating a ferrous heme a3 and cupprous CuB) and uptake of two protons, dioxygen
binds to the ferrous heme a3 iron (figure 1.5).7,8 Here, a concerted four electron reduction
of dioxygen (two electrons from the Fe2+, one from CuB+, and one presumed to originate
from a nearby tyrosine residue which may also donate its phenolic proton to the closest
lying oxygen of the bound dioxygen) results in the formation of an ferryl iron, Fe4+=O, a
negatively charged hydroxyl coordinated to CuB2+, and a tyrosyl radical.9,10 The neutral
protonated tyrosine is thought to be regenerated through via deprotonation of a nearby
glutamate and injection of a third electron.8,9

3

Figure 1.2. Schematic of the photosynthetic reaction centers in the thylakoid membrane of the chloroplast.

Figure 1.3. Left Panel: Proposed elementary reaction steps in PSII. Right Panel: Arrangement of cofactors
in PSII of Thermosynechococcus elongatus (PBD code 4FBY) showing chlorophyll P680, Chla, pheophytin,
Phe, redox active tyrosine, Tyrz, redox active tyrosine on subunit D2, Tyrd, and oxygen evolving complex,
(Mn)4.

4

Figure 1.4. Schematic of the reaction centers of Complexes 1, 3 and 4 of the electron transport chain (NADHubiquinone oxidoreductase, Cmplx 1, Cytochrome bc1, Cmplx 3, Cytochrome c oxidase, Cmplx 4).

Figure 1.5. Left Panel: Catalytic O2 reduction reaction steps in CcO. Right Panel: Arrangement of the
cofactors in CcO (heme a, a, heme a3, a3¸ redox active tyrosine, Tyr244, and CuB).

Catalase
Proteins involved in active proton transfer are only one type of biomolecules
utilizing PCET steps in order to perform their physiological function. Catalases are a class
5

of enzymes involved in the conversion of peroxides to water and dioxygen.11 Reduction of
a molecule of H2O2 results in the formation of an oxyferryl heme -cation radical referred
to as Compound I (Cpd I), and a molecule of water. Compound I then oxidizes a second
H2O2 to yield the original ferric heme, a second molecule of water and dioxygen.12 This
second process is mediated by a distal histidine residue acting as both a base (extracting a
hydrogen atom from the peroxide) and acid (donating the acquired hydrogen as a proton to
the newly formed hydroxyl a the oxyferryl oxygen) to yield the dioxygen molecule and a
second water molecule.13 In this way the process occurs by a hydrogen transfer step
followed closely, if not simultaneously, with a PCET step. It should be noted that the
reaction may still occur in the absence of the distal histidine (or other
protonatable/deprotonatable) residue by two hydrogen transfer steps.13
Indoleamine 2,3-Dioxygenase
There has been some speculation that at least one PCET reaction is utilized by
human indoleamine-2,3-dioxygenase (hIDO).14 This protein is involved, and is the rate
limiting step, in the catabolic breakdown of L-tryptophan (Trp).15,16 This enzyme catalyzes
the insertion of dioxygen into the indole ring of tryptophan to generate L-formylkynurenine (figure 1.6). It has been proposed that the initial step in the Trp-hIDO reaction
is deprotonation of the indole ring nitrogen by a nearby basic group in the active-site
followed by electrophilic insertion.17
Several biomimetic models have been devised to model the mechanisms involved
in the systems described above; in particular, interactions involving those amino acids and
prosthetic groups involved in the individual steps (e.g. tyrosine, histidine, glutamic acid,

6

quinones, etc.).3,6,7,18-25 For example, Hammarström and co-workers have examined PCET
in a system involving covalently-linked tyrosine Ru(II) tris-(2,2’-bipyridyl), Ru(II)(bpy)3,
derivatives to model the tyrosine radical chemistry of PSII (which is also similar to the
mechanism generating a tyrosine radical in CcO).23 Collman and co-workers have
synthesized functionalized copper chelating metallo-porphyrins analogous to the hemeCuB active site of CcO exhibiting activity towards dioxygen as well as peroxides.19,20,26

Figure 1.6. One of the proposed hIDO dioxygen insertion reaction mechanism.

Marcus Theory of Electron Transfer
The rate of ET (kET) has been described semi-classically as being dependent not
only on the driving force of the reaction (∆Gº, determined by the relevant redox potentials
of the reacting species) but also on the reorganizational energy () occurring in response
to the charge separation, and the degree of electronic coupling between the reactants and
products (HRP) in the transition state:27-29
7

°

1.1

/

The reorganizational energy, , is the sum of an inner-sphere reorganizational energy, i,
which is dependent on the nuclear displacements (∆Qkj) within the reactants and products
and their respective force constants, fj:
∑

Δ

1.2a

,

and an outer-sphere (or solvent) reorganizational energy, o, dependent on the radii of the
interacting redox pair, rD and rA (donor, D, and acceptor, A, radii respectively), the distance
between the reactants/products, d, and the optical, Dop, as well as static, Ds, dielectric
constants of the solvent:

1.2b.

The general reaction for an interacting D and A undergoing ET can be expressed as
:

:

1.3

where K1 and K2 are association constants for the binding of the D and A before and after
ET, respectively, and kobs is the rate constant for the ET reaction. However, for biological
ET reactions the kET forward or back reactions may be modulated (or “gated”) by protein
dynamics. Expansion of reaction 1.3 including the non-ET step yields
:

:

8

∗

:

1.4.

The kobs for gated ET reactions are rate-limited by the conformational change.30 For interprotein redox reactions, dynamics at the protein-protein interface may also play a role in
modulating forward and/or back ET.
Proton-Coupled Electron Transfer
The rate constant for PCET reactions between electron and proton donors and
accepters is also dependent on the free energy (obtained from knowledge of the redox
potentials of the reactants as well as the vibrational energies of the reactant state, μ, and
product state, ν), ΔGμνº, the reorganization energy involved in the formation of the
products, λμν, and the electronic coupling between the reactant and product states, Vμν.
Unlike kET however, it is also dependent on the vibrational overlap between reactant and
product states, <χν|χμ>. Formally, kPCET is given as 31,32

|

|

4

⁄

1.5

where P is a Boltzmann factor describing the distribution of populated vibrational states
and the summations are over the initial and final vibrational states. For coupled ET/PT (or
PT/ET) reactions where the ET and PT steps are kinetically distinct processes, the PT step
is the rate-limiting step due to the increased mass of the proton over an electron. However,
PCET rates lie between typical kET and kPT rates.1,31,32
For the purpose of this work, attention is given to elucidating the enthalpy and
volume changes associated with reactions of the types described above (i.e. ET and PCET).
In chapter 3, the role of the protein-protein interface in modulating ET is considered in a
self-assembled complex between cytochrome c and an anionic free-base porphyrin,
9

uroporphyrin. Chapter 4 focusses on tyrosine PCET chemistry using a tyraminefunctionalized ruthenium(II) tris-(2,2’-bipyridine) metal coordination complex as a model.
In chapter 5, protein dynamics related to ligand migration out of the protein active-site are
probed for the tryptophan-catabolizing protein, human indoleamine 2,3-dioxygenase.
Traditionally, these parameters (ΔHrx and ΔVrx) are obtained using Arrhenius and
Eyring treatments of the steady-state equilibrium constants for the reactions of interest or
rate constants for the forward and back half-reactions of interest as a function of
temperature (for ΔHrx) and/or pressure (for ΔVrx). These approaches are experimentally
limited to reversible reactions with spectroscopic, electrochemical, or other experimentally
observable physical signal. Irreversible reactions restrict access to only the forward rate
constants and therefore only the activation enthalpy and volume changes. Traditional
calorimetric methods (utilized to obtain enthalpies) are limited in their lack of resolution
for fast, sub-millisecond, processes – a time-window in which many of the reactions of
interest take place. Photothermal measurements such as photoacoustic calorimetry (PAC)
circumvent these limitations.33 The photoacoustic calorimetry technique will be covered
more thoroughly in chapter 2 and is the unifying method for this work.
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CHAPTER 2:
PHOTOACOUSTIC CALORIMETRY
Interaction of Light and Matter
The probability of absorption of electromagnetic radiation at a given frequency by
a chromophore is governed by Fermi’s Golden Rule1

→

Ψ

Ψ

2.1

where Ψn is the molecular wavefunction describing the initial and final states, i and j, before
and after absorption of the radiation, and μ is the perturbation inducing the transition from
i to j. For simple molecules, absorption of electromagnetic radiation induces a transition
from the electronic ground state to a higher lying electronic state according to the selection
rules for electronic transitions.
Radiationless vibrational relaxation, or internal conversion, due to solvent
rearrangement and nuclear reorganization in response to the newly formed excited state
electronic density as well as vibrational coupling between the Franck-Condon state and
other lower lying excited states populates the lowest singlet excited state and is the origin
of the Stokes shift between the absorption and emission maxima.2-4 By Kasha’s rule,
relaxation of the excited state via a radiative pathway occurs from the lowest vibrational
level of the lowest excited state with unimolecular rate constant, kr.5
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Figure 2.1. A Perrin-Jablonsky diagram describing the various fates of the excited state
generated by absorption of electromagnetic radiation.6

Other relaxation processes may effectively compete with radiative relaxation from the
excited state such as non-radiative relaxation from the S1 to the ground state, S0, and
intersystem crossing (ISC) between molecules populating a lower lying spin-forbidden
triplet manifold each with their own corresponding rate constants, knr and kISC respectively
(figure 1.1).2,7-9 The quantum yield for each of the competing processes is defined as the
ratio of the rate for that given process to the sum of all the competing processes:
Φ

2.2

where the sum of the quantum yields is unity.

13

For emissive states, the fluorescence lifetime, τfl, is inversely proportional to the
sum of the competing decay rates and therefore directly proportional to the quantum yield
of fluorescence:
2.3a
Φ

2.3b.

The second and third terms in equation 2.3a are rate constants for non-radiative transitions
from the S1 state; knr being the rate constant for internal conversion populating the ground
state S0 and kISC is the rate constant for the spin-forbidden Tn←S1 intersystem crossing
populating a triplet manifold. The probability of intersystem crossing into a triplet manifold
from a singlet is also dictated by Fermi’s Golden Rule described earlier and is proportional
to the degree of spin-orbit coupling of the two states and inversely proportional to the
energy gap between the states:
| |∝

Ψ
|

∙

Ψ
|

2.4

where L and S are the quantum mechanical wave functions for the angular momentum and
spin multiplicities respectively, Es and ET are the energies associated with the singlet and
triplet states involved, and ζ is a constant and is dependent on the field unique to the
molecular system.10 Therefore, the decay of the triplet state involving intersystem crossing
from the T1 to the ground state S0 is slow (>10-7 s) compared to fluorescence and internal
conversion for the transition S0←S1. The lifetime of the triplet state is the sum of the nonradiative, spin-forbidden, intersystem crossing rate for the S0←T1 transition and the rate of
phosphorescence for the same transition.
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2.5
The Photoacoustic Effect
Toward the end of the nineteenth century Alexander Graham Bell noted that gases
and solids enclosed in a glass cell produced an audible sound upon illumination by a pulsed
light source.11 Bell found that the intensity of the sound produced was greater in highly
absorptive samples. It was William Henry Preece whom later suggested that the resulting
sound from the illuminated sample was due to subsequent heating of the surrounding
medium after illumination.12 In other words, the heat released from thermal relaxation of
an illuminated sample is deposited into, and absorbed by, the surrounding medium
generating the observed acoustic sound. The origin of this phenomenon is discussed further
below.
The Origin of the Photoacoustic Signal
Photoacoustic Calorimetry, or PAC, has been described in detail in a number of
reviews.13-16 What follows is a brief summary of the origin of the PAC signal and the
experimental methodology used to obtain photoinitiated reaction enthalpies and volume
changes. As discussed earlier, upon absorption of electromagnetic radiation the excited
state will depopulate via a number of pathways either radiative or non-radiative in nature.
Non-radiative transitions such as internal conversion and intersystem crossing result in
thermal heating of the immediate surrounding medium raising the temperature of the
illuminated solution. The temperature change is accompanied by a proportional volume
change which is partially dependent on the magnitude of the thermal expansion coefficient,
β (unit, K-1), of the medium:
15

2.6a
where V is the illuminated volume. Upon integration and rearranging equation 2.6a can be
rewritten as17,18
∆

∆

2.6b

The magnitude of the temperature change (typically less than 10-4 K)19 is related to the
thermal heat exchange between the photoexcited molecule and the surrounding media via
the specific heat of the medium, Cp, and its density, ρ:
2.7

such that after integrating equation 2.7, solving for ΔT and substitution into equation 2.6b
the change in volume can be obtained according to:
∆

2.8.

The change in volume due to the temperature differential within the illuminated
volume produces a pressure wave that can be detected by use of a pressure sensitive
piezoelectric transducer or high frequency microphone. The change in local pressure in the
illuminated volume resulting from the temperature change can be described by considering
the ratio of the isothermal compressibility, κ, and isobaric expansivity, β:
2.9.

Integration of equation 2.9, solving for Δp and substitution of ΔT obtained from equation
2.7 yields
16

∆

2.10.

The total observed volume change giving rise to the photoacoustic pressure wave
has two components:
Δ

Δ

Δ

2.11

a thermal component, ΔVth, that is directly related to endothermic or exothermic heat of a
given process,
Δ

2.12

and a second component, ΔVchem, which arises from structural reorganization of the
reactant molecules and/or solvent cage due to bond breaking/forming, isomerization,
electrostriction, solvation/desolvation of small ligands, conformational dynamics, etc.
The magnitude of the observed photoacoustic (PAC) signal is given as
ΦΔ

2.13

where Ea is the number of Einsteins absorbed by the sample, and K is an instrumental
parameter that relates the pressure incident upon the piezoelectric transducer to voltage and
is sensitive to the geometry of the experimental setup, diameter of the incident pulse, and
the sample/transducer interface, and so varies from sample to sample. To eliminate the
dependence on K photoacoustic signals are obtained for a calorimetric reference whose
quantum yield for non-radiative decay is unity (i.e. all of the absorbed photon energy is
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deposited as heat under identical conditions as the sample signals). The magnitude of the
reference signal is then

2.14.

where Ehv is the energy of the incident light. Reference compounds of the type just
described include [5,10,15,20-tetra-(4-sulphonatophenyl)porphyrin]Fe(III) (or Fe4SP),
indigo carmine (or IC), brilliant blue G (or BBG), and black ink (No. 4001, Pelikan), just
to name a few.14,20,21 Taking the ratio of the sample signal to reference signal and
multiplying by Ehv yields a linear expression:
ΦΔ

2.15

Two Temperature Method
At a given temperature Tβ=0 at which the value of the thermal expansivity of the
solvent is zero, the thermal contribution of the total volume change is zero (ΔVth = 0).
Therefore the observed signal is purely due to volumetric changes associated with a
reaction. Photoacoustic signals are obtained for the sample at the β=0 temperature of the
solvent and a temperature where β≠0. The β≠0 temperature is chosen so that frequency
shifts in the sample signal due to differences in the sound velocity in the medium are
minimized. A PAC signal is also obtained for the calorimetric compound at Tβ≠0. The ratio
of the amplitude of the sample signal at Tβ=0 to that of the reference signal at Tβ≠0 is
multiplied by (Cpρ/β) at the Tβ≠0 to yield the ΦΔVchem for the reaction:
ΦΔ

2.16.
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The heat of reaction can be obtained by subtracting the product ratio on the right side of
equation 2.16 from the ratio of the amplitude of the sample signal and reference signal at
Tβ≠0:

2.17.

Multi-temperature Method
For aqueous solutions the Cpρ/β term is sensitive to temperature such that
photoacoustic waveforms collected for the sample and reference as a function of
temperature yields the heat of reaction as the y-intercept of a plot of the sample to reference
amplitude ratios, φ, as a function of Cpρ/β, and the reaction volume change as the slope
(see figure 2.3).
Estimation of Solvent Properties
In cases where the solvent properties Cpρ/β are unknown, such as for solvent
mixtures or for aqueous solutions containing high solute concentration, where the sample
solution properties differ significantly from neat water (or neat solvent for mixtures) the
unknown solvent properties can be estimated by comparison to neat solvent. This is done
by measuring the amplitude of a suitable reference in both the neat solvent and solvent
mixture using the following relationship between the two signals:
2.18a

where R(unk) and R(neat) are the magnitudes of the reference compound in the solvent
mixture and neat solvent, respectively, at a given temperature, T, and κT is the isothermal
19

compressibility which can be estimated from the adiabatic compressibility, κS, according
to

2.18b

where the second term on the right hand side of the equality corresponds to the properties
of the neat solvent. The adiabatic compressibility, κS, is related to the sound velocity in the
mixture by
2.18c
where u is the sound velocity in the solvent mixture.16
Kinetics and Signal Deconvolution
For processes occurring within the response time of the transducer (~20-50ns for a
2MHz transducer) the observed photoacoustic signal of the sample is indistinguishable in
frequency from the photoacoustic signal of the calorimetric reference and the total heat
release within the 20ns response time of the detector, Qprompt, is simply the sum of the
enthalpies for the individual processes occurring within the integrated time window (0 to
~20 ns):
∑ Φ ΔH

2.19

where Φi is the quantum yield for the given process.13,16,22 The time-dependent response of
the detector is modeled as an underdamped oscillator of the form23
/

/
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cos

sin

2.20

where the first bracketed term on the right is a constant, ν is the characteristic frequency of
the detector having a relaxation time of τ0, and τ is the lifetime of the transient. For
transients of lifetime, τ, less than 20-50ns (for a 2 MHz transducer) the frequency of the
sample signal overlaps that of the reference compound. The amplitudes between the sample
and reference signals, however, differ by a magnitude proportional to the heat of reaction
and reaction volume change according to equation 2.15.14

Simulated Amplitude, i ( < 50ns)
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Figure 2.2. Simulated photoacoustic signals for a process with φ = 0.5 and τ < 20ns (red
line), a second process of φ = -0.2 and τ < 20ns (blue line), and the sum of the two processes
with φ = 0.3 with overall τ faster than the response time of a 2MHz transducer (green line).
These are compared to a simulated reference wave (black line, φ = 1.0 and τ < 20ns).
As shown in Figure 2.2, processes occurring with lifetimes faster than the
response time of the detector (~ 20ns) are indistinguishable in frequency but distinct in
amplitude, and the resulting amplitude of the PAC signal for a sample with multiple
processes with τ < 20ns is a sum of the individual amplitudes for each process. Therefore,
the total heat of reaction and volume change corresponding to “prompt” reactions of τ less
21

than ~20ns can be obtained from a ratio of the sample and reference amplitudes (taken
practically as the sum of the absolute voltage values at the maxima and minima of the initial
acoustic wave normalized to the optical density at the excitation wavelength) as a function
of temperature (or Cpρ/β) and fitting the data to equation 2.15. As an example of the data
analysis for processes occurring in < ~20 ns, figure 2.3 displays the PAC signal for the
generation of a free-base uroporphyrin triplet state upon photoexcitation in water along
with the corresponding data analysis yielding Q and ΔV for the same reaction.
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Figure 2.3. Left Panel: Overlay of photoacoustic signals of aqueous solutions of a
calorimetric reference (black line) and free-base uroporphyrin (red line) demonstrating the
lack of frequency shift for processes faster than ~20ns and slower than ~15μs
corresponding to formation and decay of the porphyrin singlet state and formation of the
porphyrin triplet state. Right Panel: Plot of sample/reference amplitude ratios as a function
of temperature dependent Cpρ/β depicting the linear relationship between the two
parameters; the line represents a best fit to the data using equation 2.15.

For kinetic processes with a lifetime between ~20ns and ~15μs, the sample signal
is frequency shifted relative to the calorimetric reference signal (see figure 2.4. The timedependent sample signal, S(t), is treated as a convolution of the instrument response
function, R(t), (equation 2.20) and a heat decay function, H(t), corresponding to each
kinetic event:24
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2.21a
⁄
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2.21b
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Figure 2.4. Left Panel: Overlay of photoacoustic signals of an aqueous solution containing
a calorimetric reference (black line), ruthenium(II) tris-(2,2’-bipyridine) (red circles) and
the best fit using the deconvolution algorithm. The lifetime extracted from the
deconvolution for the second phase was ~590ns corresponding to the 600ns decay of the
excited state observed with time-resolved emission. Right Panel: Plot of sample/reference
amplitude ratios as a function of temperature dependent Cpρ/β using best fits to the data
extracted using equation 2.15. The resulting enthalpy (and volume) changes for the prompt
and slow phase were 46±1 kcal mol-1 (-2.8±0.2 mL mol-1) and -45±2 kcal mol-1 (3.0±0.2
mL mol-1, respectively, correspond to the formation and decay of the excited state lying 47
kcal mol-1 above the ground state.

In practice, the deconvolution procedure utilizes the calorimetric reference signal as the
instrument response function, R(t). Initial estimates of the amplitude, ϕi, and lifetime, τi, of
each kinetic event are optimized by a Simplex program (developed in the Larsen
laboratory) and the ‘goodness of fit’ are evaluated using both the chi-square and
autocorrelation.24 The 1/τ factor in equation 2.21b is a normalization factor to remove the
dependence of the amplitude, φi, on the lifetime. Once obtained, the amplitudes are plotted
as a function of Cpρ/β to obtain the reaction heat and volume change for the ith kinetic
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process. The enthalpy change, ΦiΔHi, for the given ith kinetic process is the negative Qi
value:
ΦΔ

2.22.

Figure 2.4 depicts a representative set of data at 20º C for the formation (τ < 20ns) and
decay (τ ~600ns) of the triplet metal-to-ligand charge transfer state of ruthenium(II) tris(2.2’-bipyridine) in water.
The photoacoustic signals are, however, insensitive to processes occurring on
increasingly long timescales (τ > ~15μs). By conservation of energy the sum of the heat
components deposited back into the solvent in the three time regimes (< ~20ns, ~20ns~15μs, and > 15μs) must be equivalent to the absorbed energy, Ehv:
2.23.
Therefore, those metastable states or processes of lifetimes > 15μs are not observed and
should be considered as stored energy.
Instrumentation
Steady-State Absorption and Emission. Steady-state absorption measurements were
obtained using a Shimadzu UV-2401 PC UV-Vis spectrophotometer. Steady-state
emission spectra and fluorescence polarization measurements were obtained with an ISS
PC1 photon counting spectrofluorometer equipped with a Xe-arc excitation source and
excitation/right-emission side monochromators. A four side polished 1cm2 quartz cuvette
(3-4mL total volume) of wavelength range 400-800nm transmission was used for all
measurements.
24

Time-Resolved Fluorescence. Fluorescence lifetime measurements were carried out by
either the pulse method in the time domain or by the phase and modulation method in the
frequency domain.7,25-27 In the pulse method, the second or third harmonic of a Continuum
Minilite II Nd:YAG laser (532nm and 355nm respectively) was directed onto the face of
the sample cuvette and the resulting emission decay was collected at a right angle relative
to the incident pulse with an Electro-Optics Tech ET-2030A amplified silicon photodiode
and digitized using a Tektronix TDS7404 4GHz digital oscilloscope (Figure 2.5).

Figure 2.5. Experimental setup for time-domain fluorescence lifetime experiments.

In the phase and modulation method, fluorescence lifetime decays were obtained
in the laboratory of Professor Jaroslava Mikšovská at Florida International University
(Miami, FL) using a ChronosFD spectrofluorometer equipped with 377nm and 470nm
light-emitting diodes (LED) as excitation sources. Low bandpass filters were used to filter
out the excitation light and collect only that light emitted from the sample. Rhodamine B
in ethanol was used as a reference with a fluorescence lifetime ~1.7ns.
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Figure 2.5. Transient absorption experimental setup. Details given in text.

Transient Absorption. Transients were obtained by directing the second harmonic
(532nm) of a Continuum Minilite II Nd:YAG laser (5-7ns FWHM operating from 1 to 20
Hz) onto the face of a 1cm2 quartz cuvette (3-4mL total volume) illuminated by a Xe arc
lamp (Thermo Oriel model 66902). The resulting transmitted light was focused onto a
Jobin Yvon H10-D UV monochromator and imaged onto an Oriel 70680 photomultiplier
tube. The signal was amplified twice using a Melles Griot (13AMP005) wide-bandwidth
difference amplifier and a Standford Research Systems (SR445) DC-300 MHz amplifier.
The amplified signal was digitized and recorded on a Tektronix TDS 7404 4GHz Digital
Phosphor Oscilloscope triggered by a refracted fraction of the excitation pulse on the face
of a New Focus, Inc Visible Nanosecond photodetector (Figure 2.5).
Photoacoustic Calorimetry. In the photoacoustic calorimetry experiment an incident 5-7ns
pulse generated by a Continuum Minilite II (frequency doubled or tripled, <100μJ)
Nd:YAG laser is directed onto the face of a 1cm3 quartz cuvette mounted in a

26

thermoregulated cell holder (Quantum Northwest FLASH 200) and the resulting pressure
wave is detected by a 2MHz PZT piezoelectric crystal coupled to the cuvette face by a thin
layer of vacuum grease. The signal is amplified (Panametrics) and digitized using a 50MHz
oscilloscope (PicoScope) running on a dedicated desktop PC (Figure 2.6).

Figure 2.6. Experimental setup of the photoacoustic calorimetry experiment.
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CHAPTER 3:
GATING IN ELECTRON TRANSFER

Introduction
A majority of metabolic processes in biology rely on electron transfer, ET,
reactions. These reactions can either occur between electron donor and acceptor groups of
fixed distance and orientation within the same protein matrix (intra-molecular ET) or
between two transiently interacting species (inter-molecular ET) which are subject to a
larger number of degrees of freedom relative to the intra-molecular case. These reactions
depend not only on the distance and orientation between the two interacting
groups/proteins but also on dynamics within the protein matrix and the interface between
the two interacting groups/proteins (a process known as ‘gating’).1 Fluctuations in the
protein matrix and/or interaction interface modulate, or gate, the rate of ET by perturbing
the distance, orientation, dielectric, and overall free-energy for the reaction.2
Of the known biological pathways involving electron transfer, the electron
transport chain, ETC, of the respiratory cycle remains at the forefront of those pathways
most studied. Within the ETC a number of electron transfer steps, beginning with the
harvesting of high energy electrons in the form of NADH and/or succinate, are coupled to
movement of protons across a membrane potential leading to the conversion of O2 to water
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and the harnessing of the energy released from that reaction in the form of ATP. Electrons
entering the electron transport chain via NADH-ubiquinone oxidoreductase (complex I) or
succinate-ubiquinone oxidoreductase (complex II) make their way to cytochrome bc1 (also
called cyctochrome c reductase, complex III). This is done by way of a two electron, two
proton reduction of ubiquinone at complexes I and II to yield ubiquinol which is then
oxidized at complex III. The harnessed electrons are shuttled between cytochrome c
reductase (complex III), CcR, to cytochrome c oxidase (complex IV), CcO by cytochrome
c, Cc.
It has been suggested that ET reactions between binding partners such as Cc, CcO,
Cc peroxidase (CcP), and cytochrome b2 (Cb2) are coupled to conformational perturbations
in the electron donor, the acceptor, or both.2-4 It has also been speculated that these
conformational dynamics comprise the rate-determining factor for reactions of this type.
For example, ET rates between Cc and bacteriochlorophyll P840 were observed to decrease
under increasingly viscous conditions and was attributed to perturbation of either local
dynamics at the protein-protein interface or global protein dynamics.5 Cross-linking of Cc
and CcP in the area of the native docking site was shown to disrupt ET entirely, presumably
by altogether limiting the interfacial dynamics.6 In addition, selective mutations of surface
lysines, shown to be the site of interaction between Cc and other binding partners, were
observed to significantly perturb ET rate between yeast iso-1 Cc and bovine CcO.7
Cytochrome C is a small (~12kDa) soluble protein with a 6-coordinate low spin
ferric heme proximally coordinated by a histidine-18 and distally coordinated by
methionine-80 as a prosthetic group.8 This heme lies within a solvent exposed cleft
containing a patch of four positively charged lysine residues made up of Lys13, 27, 72, and
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86 (bovine numbering) – that is believed to be the docking site for both CcR and CcO. 7,9
Redox reactions of Cc at negatively charged surfaces have indicated at least two
conformationally distinct heme-environments.10-12 The first of the two consists of the
“native” solution structure: a six-coordinate low-spin heme proximally coordinated by His18 and distally coordinated by Met-80. The second is a “non-native” structure thought to
be comprised of a 5-coordinate high-spin heme, or 6-coordinate high-spin heme (where the
distal ligand is water) or 6-coordinate low-spin heme (where the distal ligand is either His33 or some other strong field neighboring residue) and is believed to be structurally
analogous to the encounter complex between fully oxidized Cc and Cc oxidase.7

Figure 3.1. Left Panel: Structure of ferric Cc with Lys13, 27, 72 and 86 comprising the interprotein binding
site indicated in dark red (PDB structure 1AKK). Right Panel: Structure of free-base UroP.

Previous studies have shown anionic water-soluble porphyrins such as tetra(4carboxyphenyl)porphyrin, 4CP, Coproporphyrin I dihydrochloride, CoproP, and
Uroporphyrin I dihydrochloride, UroP, electrostatically bind to the positively charged
lysine-rich docking site of Cc.13-18 It was found that in the case of UroP and CoproP,
quenching of the free-base porphyrin singlet state emission by the ferric heme of Cc is
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heterogeneous such that fluorescence lifetime decays were poorly fit to discrete
exponential functions.13,15 Moreover, Stern-Volmer plots of the steady-state emission data
also resulted in poor fits to traditional Stern-Volmer models of emission quenching.15,16
The heterogeneity of the fluorescence data was attributed to a distribution of
conformational states at the porphyrin-protein binding interface dependent on the
conformational flexibility resulting from a greater number of degrees of freedom between
the UroP/CoproP propionic acids (compared to the phenyl-carboxylates of 4CP) and Cc
lysine residues.14,15
In this study, photoacoustic calorimetry, steady-state and time-resolved emission
are used to probe the energetics for ET between UroP and Cc. Volume and enthalpy profiles
are compared to free-energy profiles derived from the Rehm-Weller formulation. From
these data inferences are made for the role of the observed conformational changes in
regulating the back rate of ET.
Materials and Methods
Bovine Cytochrome C (Cc3+), hematin from bovine blood (Hm3+), hexadecyltrimethylammonium bromide (CTAB), imidazole, and hepes were purchased from SigmaAldrich and were used without further purification. Free-base uroporphyrin I
dihydrochloride, UroP, was purchased from Porphyrin Products, Inc. Cc3+ stock solutions
were prepared in 6mM hepes buffer titrated to pH 7 using 1M HCl or 1M NaOH solutions
and their concentrations determined using ε528nm of 11,200 M-1 cm-1.19 Pelikan 4001
brilliant black ink used as a calorimetric reference was commercially obtained. UroP and
Hm3+ stock solutions were prepared in dilute NaOH and their concentrations determined

32

using ε552nm of 18 300 M-1 cm-1 (in 0.1N HCl) and ε386nm of 85 000 M-1 cm-1 (in 0.1N HCl)
respectively.20,21 UroP/Cc samples for PAC experiments were prepared in 6mM hepes
buffer at pH 7 where the concentrations of UroP and Cc3+ were 20μM each. Sample
solutions containing UroP and Hm(Im)2 were prepared in 6mM hepes buffer at pH 7
containing 5mM CTAB, 30μM Hm3+, 6mM imidazole, and 20μM UroP. The ionic strength
of sample solutions was adjusted by addition of aliquots of a saturated NaCl aqueous
solution. The samples where then purged with Argon for ~5min in 1cm2 quartz cuvette
before experiments.
Steady-State Measurements. Steady-state absorption spectra and optical densities at the
excitation wavelength were obtained using a Shimadzu UV-2401 PC UV-Vis
spectrometer. Steady-state emission and polarization measurements were obtained on an
ISS PC1 photon counting spectrofluorometer. Fluorescence spectra were corrected for
inner-filter effects using:
.

.

3.1

where Fobs is the observed emission spectra, aexc is the optical density of the sample at the
excitation wavelength, aem is the optical density of the sample at the emission wavelength,
x and y are the pathlengths of the excitation and emission beams within the sample cuvette
respectively, and Δx and Δy are the slit widths for the emission and excitation
respectively.22
Time-Resolved Fluorescence. Fluorescence lifetime data was obtained in the laboratory
of Dr. Jaroslava Mikšovská at Florida International University by phase-modulation
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fluorometry on an ISS ChronosFD equipped with a 377nm excitation LED diode laser
using Rhodamine B in EtOH (τfl = 1.7ns).23
Photoacoustic Calorimetry. The theory behind PAC was summarized in Chapter 2 of this
thesis.24-28 The experimental design of the PAC instrument has also been previously
described in detail and is also outlined in chapter 2 of this thesis.25,29 Samples containing
20µM UroP and 20µM Cc3+ at varying concentrations of NaCl were made anaerobic by
sealing the cuvette with a rubber septum cap and parafilm and purging with argon for ~5
minutes. Each acoustic waveform was the result of 40 averaged pulses. Pelikan black ink
purchased commercially was used as a calorimetric reference.
Results
Free-Base Uroporphyrin and Cytochrome C. Evidence has suggested that increased salt
concentrations can perturb protein stability (i.e. native protein conformations).30-34
Therefore, the stability of the tertiary structure of Cc3+ in the presence of NaCl was
monitored by 1) the presence/loss of the low extinction methionine-80 and heme-iron
coordination charge-transfer absorption band at 695nm and 2) the tryptophan-59
fluorescence at 350nm (with 280nm excitation).35,36 As evident from figure 3.2, the
absorbance values at 695nm and emission intensity at 350nm are nearly identical in the
absence and presence of 120mM NaCl indicating that the salt concentrations used in these
experiments causes little perturbation to the native solution structure of Cc3+.
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Figure 3.2. Steady-state emission of Trp59 of Cc3+ in the absence (black) and presence (red) of 120mM NaCl
in 10mM hepes at pH 7; sample was excited at 280nm and Cc3+ concentration was 20µM. The inset shows
the absorption spectra of the same in the range of the iron-Met80 charge-transfer band.

Steady-state and time-resolved fluorescence. The quantum yield of fluorescence
of UroP was calculated relative to free-base tetraphenylporphyrin (TPP) in toluene
(flTPP=0.12)37 by steady-state fluorescence measurements according to the relationship

Φ

Φ

3.11

where grad(i) is the slope of the linear fit of the fluorescence intensity at the reference
maxima as a function of the optical density at the excitation wavelength, and ni is the
refractive index of the solvent medium (1.496 for TPP in toluene and 1.333 for UroP in the
aqueous hepes buffer).38 Samples were excited at 502nm and fluorescence intensities were
35

taken at 652nm (the emission maxima for TPP in toluene). The fluorescence quantum yield
for UroP was found to be 0.050.02 which is in good agreement with that reported
previously for UroP and other free-base water-soluble porphyrins.39-41
Steady-state fluorescence of UroP in the presence of concentrations of NaCl up to
120mM NaCl showed no significant spectral differences with regard to emission maxima
relative to UroP in the absence of NaCl. Emission maxima at all concentrations of NaCl up
to 120mM were observed at 617nm and 680nm and were in agreement with the maxima
observed in the absence of NaCl. The quantum yield of fluorescence for UroP in the
presence of 30mM and 120mM NaCl was estimated by the comparative method shown
above with equation 3.10 relative to that of UroP in the absence of NaCl (0.05) and was
found to be within experimental error (0.06±0.01 for 30mM NaCl and 0.05±0.01 for
120mM NaCl).
Upon addition of Cc3+ the fluorescence intensity of UroP was observed to quench
with increasing Cc3+ (figure 3.2). The observed quenching has previously been attributed
to the formation of an electrostatic complex between UroP and Cc3+.13,14,16,17 This will be
discussed further later.
The fluorescence intensity of an equimolar solution of UroP and Cc3+ was observed
to increase as a function of NaCl concentration (figure 3.3). This increase in fluorescence
intensity with the concomitant decrease in fluorescence polarization with increased NaCl
(figure 3.3) is indicative of the disruption of the electrostatic interaction between UroP and
Cc3+ with increased ionic strength of the solution. In fact, steady-state fluorescence titration
curves of Cc3+ into a solution containing 10µM UroP in the presence of 0mM, 30mM and
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120mM indicate a significant decrease in the association constant between UroP and Cc3+
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Figure 3.3. Steady-state emission (left and middle panel) and emission polarization (right panel) of UroP
with increasing concentration of Cc3+ in 10mM hepes at pH 7 in the absence of NaCl (left), UroP in the
presence of Cc3+ (approximately equimolar concentration, 10µM) at various NaCl concentrations in 10mM
hepes at pH 7 (middle and right). Samples were excited at 501nm and polarization was monitored at 617nm.

The steady-state emission data in figure 3.4 (left) was fit to a Benesi-Hildebrand
model42 based upon a one-to-one equilibrium scheme:
↔

:

where the observed change in emission is described by the equation (see appendix for
derivation):
∆

3.12.

Here I is the change in the emission intensity at 617nm (corrected for inner-filter effects
by equation 3.1), Ka represents the association constant for the equilibria shown above, Io
is the emission intensity of UroP in the absence of Cc3+ and I is the emission intensity at
infinite concentration of Cc3+. In the absence of NaCl, data fits yield an association constant
of (7.5  0.1)x105 M-1. In the presence of 30mM and 120mM fits to the observed data
indicate a reduction of the UroP/Cc3+ association by at least an order of magnitude (7.2 
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0.3)x104 M-1 at 30mM and (1.0  0.2)x104 M-1 at 120mM). The values obtained were in
very good agreement with those values obtained previously under similar conditions.16
A Stern-Volmer plot of the emission intensities at varying concentrations of Cc3+
in the absence of NaCl were non-linear showing a downward curvature consistent with
steady-state results presented by Zhou, et al 16 between UroP and Cc at pH 7.3 (4 mM ionic
strength). The downward curvature is indicative of the presence of multiple emissive
species.43-47 This will be discussed further below. Upon addition of 30mM NaCl and
120mM NaCl, the Stern-Volmer plots became increasingly linear representative of a
diffusional mechanism of quenching:
1

3.13

where Io (o) is the fluorescence intensity (lifetime) of UroP in the absence of Cc3+ and I
() is the fluorescence intensity (lifetime) in the presence of Cc3+, kq is the bimolecular
quenching rate constant for diffusional quenching and fl is the fluorescence lifetime of
UroP in the absence of Cc3+. These results were also in accord with previous observations.16
The steady-state fluorescence data were then fit to the following Stern-Volmer
model which assumes the presence of two emissive species – unbound UroP of lifetime τo
quenched at a rate kq and a bound UroP of fluorescence lifetime τ’ quenched at a rate kq’:

3.14

where kq corresponds to the diffusional quenching component between unbound 1UroP and
Cc3+, o is the fluorescence lifetime of 1UroP in the absence of Cc3+, ’ is the fluorescence
38

lifetime of the bound 1UroP, (kr+knr+kisc+kET)-1, and kq’ is the bimolecular diffusional
quenching rate of the bound species. Fits to the Stern-Volmer data yielded a kq that is
insensitive to the NaCl concentration, and kq’ and τ’ that could only be extracted at 0mM
NaCl and 30mM NaCl on the order of 7x107 M-1 s-1 with a ~2.6ns lifetime of fluorescence
and 4x106 M-1 s-1 with a fluorescence lifetime of ~2.1ns, respectively.
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Figure 3.4. Left Panel: Steady-state emission change of UroP upon addition of Cc at 0mM NaCl (squares),
30mM NaCl (circles), and 120mM NaCl (triangles) in 10mM hepes at pH 7. Right Panel: Stern-Volmer plots
of the same data. UroP concentration was <10µM and samples were excited at 501nm. Solid lines represent
best fits to data using equation 3.12 (left) and 3.13 or 3.14 (right).

The phase-modulation data of UroP in the absence and presence of up to 120mM
NaCl was best fit to a single discrete exponential function and was found to have a lifetime
of approximately 15ns, in good agreement with previous results for UroP in 5mM
phosphate buffer at pH 7.15 Upon addition of ~2μM Cc3+ in the absence of NaCl the phasemodulation data could be adequately fit using a two component function consisting of a
discrete exponential phase of approximately 11ns and a phase corresponding to a Gaussian
distribution of lifetimes centered at 1.93ns (figure 3.5, FWHM ~1.14ns). This was found
to be in good agreement with literature15 and is attributed to a diffusional component
(discrete phase) and static component (lifetime distribution) of fluorescence quenching of
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the 1UroP by Cc3+. The lifetime of the discrete phase was observed to decrease with
increasing Cc3+ whereas the distribution of lifetimes of the heterogeneous phase was
relatively insensitive to Cc3+ concentration. However, the fractional contribution of the
distribution to the total signal was observed to increase with increased Cc3+ whereas the
fractional contribution to the total signal of the discrete phase was observed to decrease
with increased Cc3+ (further evidence of the correspondence of the heterogeneous phase to
bound UroP). A Stern-Volmer analysis of the discrete phase as a function of Cc3+
concentration was observed to be non-linear demonstrating a downward curvature similar
to that observed from steady-state measurements with increasing concentration of Cc3+.
This non-linear behavior is consistent with heterogeneous quenching of the fluorophore,
UroP.43-45
In the presence of 30mM NaCl the phase-modulation data was similarly best fit to
a two component function comprising of a discrete lifetime phase and a Gaussian
distribution of lifetimes. The lifetimes of the discrete phase and the fractional contributions
to the total signal by both components were found to be somewhat sensitive to Cc3+
concentration, though less pronounced. At 64μM Cc3+ the lifetime of the discrete phase
was ~12ns and the distribution was centered at 1.67ns (figure 3.4). In addition, the FWHM
of the distribution of lifetimes (~1.45ns) was broader than that observed in the absence of
NaCl. A Stern-Volmer plot of the discrete lifetimes as a function of Cc3+ concentration
demonstrated similar behavior as the data obtained in the absence of NaCl, though the
downward curvature is less pronounced (i.e. approaching linearity).
At 120mM NaCl, the phase-modulation data was fit equally well to either two
discrete exponential phases or a single discrete exponential phase and a Gaussian
40

distribution. The Cc3+ concentration dependence on the fractional contributions of each
component to the total observed signal was observed to be much less pronounced than in
the absence or presence of 30mM NaCl. The Stern Volmer plot of the data at this
concentration of NaCl was adequately fit to equation 3.13 for a purely diffusional
mechanism of quenching.
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Figure 3.5. Left Panel: Distribution of UroP fluorescence lifetimes at 17µM and 64µM Cc in the absence
(bottom) and presence (top) of 30mM NaCl. Right Panel: Stern-Volmer plot of the discrete component of
UroP fluorescence lifetime fits at 0mM, 30mM and 120mM NaCl.

Table 3.1 Steady-state and time-resolved fluorescence data.

UroP:Cc

Ka

kq'

kq

Φfl
unbound

τfl
(ns)

(10 M )

(10 M s )

(10 M s )

τfl‘
(ns)

fb

0mM NaCl

0.05

15

7.6 ± 0.1

4.0 ± 0.4

7.3 ± 0.6

2.6 ± 0.4

0.77

30mM NaCl

0.05

15

0.75± 0.03

4.9 ± 0.8

0.43 ± 0.02

2.1 ± 1.5

0.45

120mM NaCl

0.05

15

0.10 ± 0.02

4.8 ± 0.1

-

-

0.15

10mM hepes pH7

5

-1

10

-1

-1

7

-1

-1

Photoacoustic calorimetry. The observed photoacoustic waveforms for UroP in the
presence of 120mM NaCl showed no shift in frequency relative to the calorimetric
reference indicating that the formation and decay of the porphyrin singlet state as well as
formation of the porphyrin triplet state occurs within the response time of the transducer
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(<50ns), as is expected with a fluorescence lifetime of 15ns and intersystem crossing rate
on the order of 107-108 s-1 as calculated by the ratio of the quantum yield for the formation
of the triplet state (~0.7)41 and the fluorescence lifetime (15ns). The observed total heat
released was found to be 325 kcal mol-1, similar to the heat released observed for UroP in
the absence of NaCl (35 kcal mol-1). Conservation of energy for the heat release upon
absorption by UroP leads to the expression:
1

Φ

Φ

Φ

3.15

where the first term on the right arises from the heat released during internal conversion
from the Frank-Condon state generated upon absorption of the 532nm pulse to the lowest
vibrational level of the S1 singlet state (SnS1 transition), the second term corresponds to
internal conversion or non-radiative relaxation from the lowest vibrational mode of the
lowest singlet state to the nth vibrational energy level of the ground state (S1S0 transition),
and the third term is attributed to the heat generated during the intersystem crossing process
generating the lowest triplet state T1 (S1T1 transition). Equation 3.15 can be simplified
to:
Φ

Φ

3.16

where fl is the quantum yield of fluorescence (0.05 at 0mM and 120mM NaCl), and ES is
the energy of the singlet state (taken to be the energy at the emission maxima, 46 kcal mol1

at 617nm). Substitution into equation 3.16 yields the fraction of energy stored in the UroP

triplet, TET: 20 kcal/mol. If the energy of the triplet, ET, is taken to be similar to that of
free-base protoporphyrin IX, 33-36 kcal mol-1, then the quantum yield for formation of
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the 3UroP state is between 0.56 and 0.61, which differs slightly from the 0.7 value reported
previously by other groups but in very good agreement with that found previously in this
lab (unpublished results).
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Figure 3.6. Left Panel: Overlay of photoacoustic signals for sample containing 20µM UroP (dashed) in
6mM hepes buffer at pH 7 (15 C) and a reference (solid) under the same conditions. Right Panel: Plot of the
observed amplitudes as a function of the temperature dependent solvent parameters Cpρ/β. The solid line
represents a best fit to equation 2.15.
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Figure 3.7. Left Panel: Overlay of the resulting photoacoustic signal for a 1:1 molar ratio of UroP/Cc in
10mM hepes buffer and the calorimetric reference at 26 C. Right Panel: Plot of deconvoluted amplitudes
for the four phases (squares-prompt, circles-80ns, triangles-300ns, and diamonds-1µs) scaled to the excitation
energy (53.8 kcal mol-1 at 532nm) as a function of the solvent parameters. Solid lines represent best fits to
equation 2.15.

In the presence of an approximately equimolar quantity of Cc3+ the photoacoustic
signal exhibits a frequency shift with respect to the reference under the same conditions
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(figure 3.7). Deconvolution of the signals (figure 3.7) was carried out by a Simplex leastof-squares method described previously.25 The signals were best fit to a four component fit
consisting of a <50ns prompt phase, an approximately 80ns second phase, a third phase of
200ns and a fourth 2µs phase. A summary of the total heat released for the four observed
phases are presented in table 3.2.
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Figure 3.8. Left Panel: Overlay of the photoacoustic trace of a sample containing an
equimolar ratio of UroP and Cc3+ in 10mM hepes (pH 7) in the presence of 30mM NaCl
(open circles) with the reference compound at 26 C. The dashed line represents the fit to
the data. Right Panel: Plot of the sample-to-reference amplitude ratios, iEhv, deconvoluted
from the photoacoustic traces as a function of temperature dependent solvent parameters:
prompt phase (< 20ns) shown as squares, 50-100ns phase shown as circles, 200-500ns
phase shown as triangles and 2µs phase as diamonds.

Based on previous transient absorption data under similar conditions,13,15,16 the
200ns phase was attributed to the forward ET reaction (3UroP -> heme(3+)) with a HET
of -44 kcal mol-1 and a volume contraction of 6.5 mL mol-1 whereas the 2µs phase was
assigned to the back ET (heme (2+) -> UroP+●) reaction with a HBET of 27 kcal mol-1 and
volume expansion of 4.5 mL/mol. The observed volumetric contraction upon reduction of
Cc3+ is consistent with the more compact crystal structure observed for ferro-cytochrome
c relative to the crystal structure of ferri-cytochrome c isolated from tuna48 in addition to
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various solution studies.49-53 Inter- and intramolecular ET performed by Sun, et al54 also
indicates a positive volume difference of 5 mL mol-1 between the oxidized and reduced
forms of Cc (the oxidized form being the structurally larger conformation).
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Figure 3.9. Left Panel: Overlay of the photoacoustic trace of a sample containing an equimolar ratio of UroP
and Cc3+ in 10mM hepes (pH 7) in the presence of 120mM NaCl (open circles) and the reference compound
at 20 C. The dashed line represents the fit to the data. Right Panel: Plot of the sample-to-reference amplitude
ratios, iEhv, deconvoluted from the photoacoustic traces as a function of temperature dependent solvent
parameters: prompt phase (< 20ns) shown as squares and 200-500ns phase shown as circles.

Table 3.2. Summary of results for the fits of the photoacoustic data
Prompt

UroP

UroPCc

0mM
NaCl
120mM
NaCl
0mM
NaCl ‡
30mM
NaCl
120mM
NaCl

Fast

Intermediate

Slow

Q
kcal/mol

ΔV
mL/mol

Q
kcal/mol

ΔV
mL/mol


(20C)

Q
kcal/mol

ΔV
mL/mol


(20C)

Q
kcal/mol

ΔV
mL/mol


(20C)

35  3

-0.1 
0.5

-

-

-

-

-

-

-

-

-

32  5

-0.4  1

-

-

-

-

-

-

-

66  9

-0.9  1

-36 
22

43

80 ns

44  13

-7  2

-27  7

40  5

-0.3  2

-23  4

52

75 ns

53  8

-10  2

320
ns
240
ns

31

-1.3 
0.1

57  6

-9.7 
0.7

500ns

-

-

-

-

-32  8

-

-

4.5 
0.1
3.7 
0.7

2260
ns
2250
ns

-

-

In the presence of 30mM NaCl the photoacoustic wave of a sample containing an
equimolar concentration of UroP and Cc3+ (20µM each) was found to be shifted in
frequency relative to the calorimetric reference under the same conditions. The sample
waveforms recorded at each temperature were deconvoluted (figure 3.8) and were best fit
to four components: a prompt (<50ns) phase, a 75ns phase (at 20˚C), a 240ns phase (20˚C),
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and a 2.3µs phase. In the presence of 120mM NaCl, however, only two phases were
obtained (figure 3.9) from the deconvolutions: a prompt (<50ns) phase, and a 500ns phase
(at 20˚C). The slopes and intercepts for the resulting fits of equation 2.15 to the data are
presented in table 3.2.
Free-Base

Uroporphyrin

and

CTAB

Encapsulated

Six-Coordinate

Iron(III)

(Protoporphyrin IX)[Bis-Imidazole]. As a model for the energetics/dynamics associated
with the quenching of the 1UroP or 3UroP by the six-coordinate heme of Cc3+ micellar
solutions were prepared of cationic CTAB surfactant in 10mM HEPES buffer containing
ferric hematin (or Fe(III) protoporphyrin IX), Hm(Im)23+, and excess imidazole (figure
3.10). Imidazole is known to bind to iron porphyrins such as protoporphyrin ix dimethyl
ester in the axial positions resembling the coordination sphere of six-coordinate heme-type
proteins.55 Additionally, the micellar radius (between 15-30Å) is quite similar to that of
Cc3+.56-58

Figure 3.10. Model for the association between Hm(Im)2 encapsulated in CTAB micelle and UroP.

Steady-state and time-resolved fluorescence. The association between the cationic
micelles and anionic UroP is presumed to be Coulombic in nature due to their
complimentary charges. This is supported by the observed changes in the steady-state
emission and polarization data obtained in the absence and presence of high NaCl
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concentrations for the micellar media. Specifically, the steady-state emission spectra of
UroP undergoes a slight blue shift upon addition of excess NaCl in the presence of CTAB
above the critical micelle concentration (figure 3.11 inset). The emission polarization value
of UroP decrease significantly with increasing NaCl (figure 3.11). In addition, a Job plot
(figure 3.11, right) indicates a one-to-one stoichiometry between UroP and Hm(Im)2.
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Figure 3.11. Left Panel: Emission polarization of 10μM UroP in the presence of an equimolar concentration
of Hm(Im)2 in 10mM hepes buffer at pH 7 containing 5mM CTAB with increasing NaCl concentration. The
inset shows the emission spectra of UroP in 5mM CTAB (black line) and in 5mM CTAB containing 780mM
NaCl. Right Panel: Job plot demonstrating the stoichiometry between Hm(Im)2 and UroP in 5mM CTAB
from absorption spectra of the difference between the sum of the UroP and Hm(Im)2 absorption at 400nm
and the absorption at 400nm of the mixture of the two monitored as a function of UroP mole fraction. The
total concentration was maintained at 40μM.

The steady-state emission spectra of UroP in 5mM CTAB (10mM hepes at pH 7)
was found to be similar to that of UroP in low ionic strength buffer, although red shifted
relative to UroP in buffer alone. The emission maxima in CTAB were observed at 622nm
and 688nm (relative to 617nm and 680nm in aqueous buffer). Upon addition of a stock
containing Hm3+ and excess imidazole the UroP emission in both CTAB and HEPES were
observed to decrease. The decrease in emission intensity observed in CTAB was
considerably more than that in the HEPES buffer alone. Stern-Volmer plots were found to
be linear (figure 3.12) with respect to increased Hm(Im)2 concentration in both solvents
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consistent with a diffusional mechanism of 1UroP quenching by Hm(Im)2 with quenching
rates (3.4 ± 0.1)x1011 M-1 s-1 and (1.3 ± 0.1)x1011 M-1 s-1 for CTAB/HEPES and HEPES
respectively. These values are summarized along with the steady-state and time-resolved
UroP/Cc3+ data in table 3.3 for comparison.
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Figure 3.12. Stern-Volmer plot of UroP quenching by Hm(Im)2 in 10mM hepes buffer at pH 7 containing
5mM CTAB (squares) and 10mM HEPES at pH 7 (circles). Solid lines represent best fits of data according
to equation 3.12.

Table 3.3. Steady-state and time-resolve fluorescence data for UroP/Cc3+ and
UroP/Hm(Im)23+ in CTAB.
Φfl

τfl
(ns)

Ka
(105 M-1)

kq
(1010 M-1 s-1)

kq'
(107 M-1 s-1)

τfl‘
(ns)

fb

0mM NaCl

0.05

15

7.6 ± 0.1

4.0 ± 0.4

7.3 ± 0.6

2.6 ± 0.4

0.77

30mM NaCl

0.05

15

0.75± 0.03

4.9 ± 0.8

0.43 ± 0.02

2.1 ± 1.5

0.45

120mM NaCl

0.05

15

0.10 ± 0.02

4.8 ± 0.1

-

-

0.15

5mM CTAB

0.28

21

??

34 ± 1

-

-

??

10mM hepes pH7

UroP:Cc

UroP:Hm(Im2)

Photoacoustic calorimetry. Photoacoustic signals of anaerobic samples containing
~30μM Hm(Im)2 and ~20μM UroP in 5mM CTAB (10mM hepes, pH 7) were shifted in
frequency relative to the calorimetric reference. Three kinetic phases were resolved upon
deconvolution: a prompt phase (< 50ns) with a ∆H of 32 kcal mol-1 and ∆V of 6.2 mL mol1

, a ~300ns phase with ΔH of -36 kcal mol-1 and ∆V of -6.3 mL mol-1 and 6 µs phase with
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a ∆H of 32 kcal mol-1 and ∆V of 6.7 mL mol-1. The results from the PAC experiments are
summarized in table 3.4 along with the UroP/Cc data for comparison.
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Figure 3.13. Left Panel: Deconvolution of the photoacoustic signal for an equimolar solution of UroP and
Hm(Im)23+ in 5mM CTAB with 10mM hepes buffer (pH 7). Right Panel: Plot of the sample-to-reference
amplitude ratios, iEhv, deconvoluted from the photoacoustic traces as a function of temperature dependent
solvent parameters: prompt phase (< 20ns) shown as squares, 300ns phase shown as circles and 6μs phase
shown as triangles.

Table 3.4. Summary of PAC data for UroP, UroP/Cc3+, and UroP/Hm(Im)23+.
Prompt
[NaCl]

UroP

Fast

Intermediate

Slow

Q
ΔV
Q
ΔV

Q
ΔV

Q
ΔV

(kcal/mol) (mL/mol) (kcal/mol) (mL/mol) (20C) (kcal/mol) (mL/mol) (20C) (kcal/mol) (mL/mol) (20C)

0mM

35  3

-0.1  0.5

-

-

-

-

-

-

-

-

-

120mM

32  5

-0.4  1.1

-

-

-

-

-

-

-

-

-

5mM

27  4

0.5  0.7

-

-

-

-

-

-

-

-

-

0mM

66  9

-0.9  1.5 -36  22

3.8  2.8

80 ns

44  13

-6.5  2.1 320 ns

-27  7

4.5  0.1 2.3 μs

UroP-Cc 30mM

40  5

-0.3  1.8

-23  4

5.4  1.8

75 ns

53  8

-10.1  2.1 240 ns

-32  8

3.7  0.7 2.3 μs

120mM

31

-1.3  0.1

-

-

-

57  6

-9.7  0.7 500 ns

-

5mM

22  9

6.2  2.5

-

-

-

36  9

-6.3  2.5 290 ns -32  12

UroPHm(Im2)

-

-

6.7  1.6 6.3 μs

Discussion
Excited state quenching of the 1UroP by Cc3+ can occur either by ET, or Förster
resonance energy transfer, FRET, due to overlap between the emission spectra of UroP and
the Q-band absorption spectra of Cc3+ in the visible region. Energy transfer from 1UroP to

49

the ferric heme of Cc is dependent on the degree of coupling between the emission and
absorption transition dipole moments of 1UroP and the Cc heme respectively and is
quantified by spectral overlap between the two as:

3.17

where IUroP represents the emission spectra of UroP and εCc is the molar extinction spectra
corresponding to Cc absorption in the emission region of UroP. The Förster distance, Ro,
at which the probability of energy transfer is 50% is given by:
0.2108

Φ

/

3.18

where κ2 is an geometrical factor and is dependent on the relative orientations of the
transition dipole moments, fl is the fluorescence quantum yield of UroP in the absence of
Cc, and n is the solvent index of refraction. The rate of energy transfer can be estimated
using:

3.19
with knowledge about the average distance between UroP and the Cc heme. The same is
true for UroP and Hm(Im)2. For UroP and Cc, the J-integral was found to be 8.8x1014 M-1
cm-1 nm4 for 1UroP and Cc3+ and 1.1x1015 M-1 cm-1 nm4 for 1UroP and Hm(Im)23+. Dockter,
et al.59 reported that for a static complex between a free-base protoporphyrin IX modified
Cc and cytochrome c oxidase (CcO) κ2 is 1-2 and r is between 23Å and 26Å. Using these
values for the static complex between 1UroP and Cc3+ kfret was estimated to be ~1.7x109 s1

for a κ2 of 2 and ~8.7x108 s-1 for a κ2 of 1. Using a shorter distance (~13Å) between 1UroP
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and the heme of Cc3+ as suggested by Larsen, et al.15, the calculated kfret is ~1.1x1011 s-1 at
κ2 of 2 and ~2.7x1010 s-1 for a κ2 of 1. These later values are in very good agreement with
the kq values obtained from the fits of the steady-state emission Stern-Volmer data for both
Cc and Hm(Im)2 (Table 3.1 and 3.3). It should be noted that similar quenching rates have
been reported for intermolecular FRET between rhodamine 6G and cresyl violet as well as
rhodamine B and indigo carmine.60 It is therefore proposed that the diffusional quenching
rate constants kq and kq’ correspond primarily to FRET between UroP and either Cc or
Hm(Im)2 (kq) or between UroP and the UroP:Cc complex and free UroP (kq’).
The change in free energy associated with the forward ET reaction can be estimated
using the Rehm-Weller equation61-63
Δ

°

/

°

/

∗

3.20

where E(UroP/UroP+) and E(Cc3+/Cc2+) are the redox potentials for UroP (0.86 V vs
NHE)16 and Cc3+ (0.26 V vs NHE)64 respectively, E* is the energy of the excited state
(taken to be the same as either ES or ET above depending on the excited state from which
the ET originates from), wp and wr are Coulombic terms describing the energy required to
bring the reactants together and to separate the products respectively. In the case of UroP
and Cc3+ the two work terms are assumed to be negligible considering: 1) the complex is
formed prior to excitation and 2) upon ET, UroP retains an overall negative charge and
Cc2+ also retains an overall positive charge such that the Ka does not vary considerably
subsequent to ET. The free energy change for ET from the singlet, 1GET, was found to be
-32 kcal/mol whereas that from the triplet, 3GET, was -23 kcal/mol. The free energy
change for the back ET reaction can be estimated in a similar fashion by
51

Δ

°

/

°

/

3.21.

Assuming E°(Cc2+/Cc3+) is not significantly perturbed and is -0.26 V, then the free-energy
for the thermal back ET, ΔGBET, is -14 kcal/mol.
At equimolar concentrations of Cc3+ and UroP approximately 77% of the free-base
UroP is bound to Cc3+ based upon an association constant of 7.6x105 M-1 observed here
which is in very good agreement with that found previously by fluorometric titrations.16,17
It has been previously observed that at the 1:1 molar ratioUroP:Cc3+ the fluorescence
lifetime decay of UroP consists of two components: a discrete exponential component of
15ns corresponding to unbound porphyrin in solution and a second component which was
fit to a Gaussian distribution of lifetimes centered 3-4ns.13 Transient absorption studies
of the complex indicated that the formation of the charge-separated state between 1UroP
and Cc3+ and the thermal back reaction occurs in less than 100ns.15 It is possible that the
observed 80ns phase in the PAC experiments corresponds to the thermal back ET reaction
for the charge separated pair generated from the singlet ET. The similarity between the
volumetric expansion observed for this phase and that of the longer 2µs supports this
possibility.
It is important to note that the molar extinction of Cc3+ at the excitation wavelength
(532nm) is large enough to act as an inner-filter for the photoinitiated process. Thus, the
total heat deposited back into the bulk solvent during the prompt phase of the PAC is
comprised of a number of components.65 The first of these contributions results from nonradiative relaxations due to absorption of the incident pulse by Cc3+, QCc. An additional
contribution results from non-radiative relaxations due to the excited state chemistry of
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UroP, QUroP, including: 1) the total energy absorbed by UroP to its lowest singlet manifold
(SnS1 transition), 2) the lowest singlet state to the ground state (S1S0 transition) by the
bound and unbound populations of UroP, 3) the lowest singlet state to the triplet manifolds
(S1T1) by bound and unbound populations of UroP, as well as 4) heat released due to
singlet ET and formation of the charge separated state (S1CS), 1QET. Thus, the total heat
release of the prompt phase can be written as:
Q

Q

Q

Q

3.22

where
αE

Q

3.22a

In equation 12,  is the fraction of the total optical density at the excitation
wavelength due to absorption by Cc3+. The QUroP term is expressed as:
Q

1

α

E

E

f 1

Φ

Φ E

f

1

Φ

Φ E

f

f

Φ E

E

3.22b

where fl’ is the fluorescence quantum yield for the bound UroP at 20μM Cc3+ taken to be
the ratio of kr (3.3x106 s-1) and (kr+knr+kisc+kET+kq’[Cc]) where (kr+knr+kisc+kET)-1 is the
center of the fluorescence lifetime distribution, fl’’ is the fluorescence quantum yield of
the unbound UroP in the presence of Cc3+ taken to be the ratio of kr and (kr+knr+kisc
+kq[Cc]), and fb and fub are the fraction of UroP found bound (0.77) and unbound (0.23) to
Cc3+ respectively. The last term in equation 3.22 is the heat released due to the forward ET
process between 1UroP and bound Cc3+ and is equal to the enthalpy change for the same
process, 1ΔHET, scaled to the quantum yield for the reaction, 1ΦET:
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Q

Φ

ΔH

3.22c.

It is assumed that at the concentrations used only the bound 1UroP undergoes ET.
The expression can be reduced to:
Q

αE

1

α E

f Φ E

f Φ E

Φ E

Φ

ΔH

3.23

such that 1QET is approximately 14 kcal mol-1 where  is 0.9 and assuming the values of
fl, Es, T, and ET do not deviate from those values given above. Previous photometric
titrations by Margalit and Schejter66,67 suggest that the enthalpy change associated with the
reduction of Cc3+ is approximately -14 kcal mol-1. This is in good agreement with the
observed ET enthalpy change corresponding to 1ΔHUroP; however the 3ΔHUroP (-44 kcal
mol-1, table 3.4) is more negative by ~ -30 kcal mol-1.
Similarly, the total observed prompt volume change, ΔVprompt, for the sample of
UroP in the presence of Cc3+ has contributions from bound and unbound UroP according
to:
ΔV

f ΔV

f

Φ

ΔV

3.24

where ΔVUroP is the observed prompt volume change of UroP in the absence of Cc3+
(negligible when scaled to the fraction unbound) and 1ΔVET corresponds to the volume
change associated with the singlet ET reaction between 1UroP and Cc3+. This yields 1ΔVET
of -1.2 mL mol-1.
For the singlet ET case, equation 3.23 assumes discrete kinetics associated with
1

UroP quenching by ET. Indeed, previous fluorescence lifetime data as well as phase
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modulation data presented here indicate that the quenching dynamics by ET are, in fact,
heterogeneous in the singlet state.15 This would imply heterogeneous energetics, as well,
for ET between the 1UroP and Cc3+. Specifically, the fbФfl’Es and, more importantly, the
1

ФET1ΔHET terms would be better expressed as distributions and becomes difficult to

dissect. However, it can be inferred that when scaled to 1-α, the fbФfl’Es term is less than 1
kcal/mol and therefore negligible such that the distribution corresponding to 1ФET1ΔHET
has an overall sum of ~ -14 kcal/mol.
The photoinduced reaction between UroP and Cc3+ was also explored as a function
of ionic strength. Ionic strength dependence observed for the prompt phase indicate an
increase in the 1ФET1ΔHET with increased ionic strength (1ФET1ΔHET ~-12 kcal mol-1 at
30mM). The prompt volume change corresponding to 1ФET1ΔVET obtained as a function of
ionic strength were ~-0.7 mL mol-1 and ~-8.7 mL mol-1 according to equation 3.24.
Comparison of the enthalpy and volume changes observed for the phases corresponding to
the forward and back reactions for 3UroP reduction of Cc3+ as a function of ionic strength
reveal a number of salient points. First, the enthalpy and volume change appear relatively
constant with increased salt concentration (within experimental error) for the forward and
back ET reaction and correspond to a 3ФET3ΔHET of ~-50 kcal mol-1 at NaCl concentrations
up to 120mM and 3ФBET3ΔHBET of ~30 kcal mol-1 (up to at least 30mM NaCl) with
corresponding volume changes of 3ФET3ΔVET ~ -9 mL mol-1 up to 120mM NaCl and
3

ФBET3ΔVBET of ~ 4.5 mL mol-1 (up to at least 30mM NaCl). The magnitude of the observed

volume change is consistent with that found previously (~ 5.0 ± 0.8 mL mol-1 for the
oxidation of Cc2+).54 Second, the values obtained for 1ФET1ΔHET and 1ФET1ΔVET approach
those for 3ФET3ΔHET and 3ФET3ΔVET with increased salt concentrations (comparing -53
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kcal mol-1 with -8.7 mL mol-1 enthalpy and volume change for singlet forward ET at
120mM NaCl with ~-50 kcal mol-1 and -9 mL mol-1 for triplet forward ET). Third, the
enthalpy and volume changes for the <100ns phase at 0mM and 30mM NaCl (each ~ 30
kcal mol-1 and 4.5 mL mol-1) are approximately equal to those for the >2μs phase attributed
to back electron transfer for the singlet ET and triplet ET reaction respectively. Last, the
enthalpy and volume changes for the forward and back ET reactions are expected to be
equal and opposite for a fully reversible process (i.e. ФBETΔHBET and ФBETΔVBET ≈ ФETΔHET and -ФETΔVET). However, they differ by approximately 20 kcal mol-1 and 3mL
mol-1.
The large differences in the magnitudes of the volume and enthalpy changes
corresponding to Cc3+ redox chemistry not only imply conformationally distinct forms of
Cc3+ and Cc2+, but also distinct forms of Cc3+ after oxidation and before the forward ET
reaction preventing re-reduction of Cc3+. This difference between a conformation of Cc3+
obstructing re-reduction and the initial conformation of Cc3+ involves a conformational
change of ~20 kcal mol-1 and ~3mL mol-1. These differences may be due to local dynamics
at the porphyrin-protein interface as well as global protein structural changes upon
reduction.
The presence of a conformational ‘gate’ is corroborated by the data obtained
between UroP and Hm(Im)23+ in CTAB. In the presence of ~30μM Hm(Im)2 in CTAB, the
enthalpy and volume changes attributed to the forward and back 3UroP ET reactions are
observed to be reversible ( -36 kcal mol-1, -6.3 mL mol-1 and 32 kcal mol-1, 6.7 mL mol-1
respectively) despite the difference in the values of the free energy for the forward (3ΔGET
~ -20 kcal mol-1) and back (ΔGBET ~-13 kcal mol-1) ET using a Eº(Hm(III/II)(Im)2) of
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280mV.68 As stated before, Sun, et al54 report that the contribution of Cc expansion to the
overall reaction volume change corresponding to the oxidation of Cc2+ is approximately 5
mL mol-1. Therefore, considering the very good agreement between the 5 mL mol-1
expansion obtained by Sun, et al and the 4.5 mL mol-1 expansion observed here, and the
similarities between the CTAB micelle and Cc dimensions, it is likely that the ~7 mL mol1

contraction and expansion observed for the reversible ET reaction between

3

UroP/Hm(Im)2 in the CTAB micelle and the contraction and subsequent expansion

observed between 3UroP/Cc are dominated by relaxations in the micelle and protein matrix
in response to reduction/oxidation of the six-coordinate heme and hence, electrostriction
due to oxidation/reduction of UroP contributes little if any to the overall volume change
for the forward and back ET reaction.
It has been previously noted that the crystal structures of ferric and ferrous tuna
cytochrome c reveal a more compact overall structure for the ferrous form of the protein.48
The observed signs of the volume changes are consistent with pressure-dependent solution
data as well.49-54 In addition, it has been proposed that rotational reorientation of UroP at
the porphyrin-protein interface may play a role in the gating of the thermal back ET.15 It is
possible that the porphyrin reorientation occurs in response to the volumetric contraction
upon Cc3+ reduction.
The redox reaction between Cc3+ and electron donor/acceptor partners, including
UroP, has been extensively investigated.6,8,10-18,54,57,67 From these studies, it is evident that
a conformational “gate” modulating ET is present. It has been shown from x-ray
crystallographic and H-NMR analysis that, though the overall structures and dimensions
of Cc are quite similar between oxidation states, distinct structural perturbations are
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observed around the area of the heme upon reduction of Cc3+.50,58,69 These small
displacements are believed to result in greater flexibility of the oxidized Cc3+ in relation to
the reduced Cc2+.
Current models for inter-complex ET in Cc involve perturbations along regions of
the protein backbone surrounding the heme centering on residues Gly41, Asn52 and I81.70
The observed displacement of the later residue is reflexive of perturbation of the Met80
ligation in the heme proximal position. The Fe-S bond of the Met80-heme coordination has
been observed to shorten upon reduction presumably due to increased electron density into
an orbital oriented along that axis.50 The observed displacement results in disruption of a
hydrogen bonding network thought to include the heme propionates, Met80, and Trp59.70
A number of other salient differences are noted upon inspection of the solution
structures of horse heart Cc3+ and Cc2+ reported by Qi, et al58 (PDB codes 1OCD and 2FRC
respectively, figure 3.14). These lie primarily in the areas involving the N-terminal helix,
C-terminal helix, 50’s-segment, and 70’s-segment of the protein. Specifically, upon
reduction of Cc3+ Gln42 and Ala43 become exposed to the solvent, the non-helical region
spanning Asn50 to Lys55 gains helical structure whereas a loss of structure is observed in
the sequences comprising a Ω-loop (Thr19 to Thr28) and the helical turn of residues Asn70
to Ile75 upon reduction of Cc3+. Perturbation of the secondary structure of the 50’s and
70’s-segments increase the separation distance between Asp50 and Lys53 (from ~5Å to
~8Å in going from Cc3+ to Cc2+) and between Glu69 and Lys73 (from ~3Å to ~9Å in going
from Cc3+ to Cc2+). The authors also note a decrease in the solvent exposed surface area
of the heme from ~15% to ~8% between Cc3+ and Cc2+.
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Figure 3.14. Solution crystal structures of equine Cc3+ (left panel, PBD code 1OCD) and Cc2+ (right panel,
PBD code 2FRC). Highlighted regions depicts conformational differences between the oxidation states in the
50’s segment (red), 70’s segment (blue), Ω-loop (yellow), and solvent exposure of Gln42 and Ala43 (circled
in black).

The redox reaction of Cc3+ and Cc2+ has been noted to be sensitive to electrostatic
perturbations. For example, optical titrations of ferrocyanide into a solution of Cc3+ of
varying ionic strength performed by Margalit and Schejter indicate a linear dependence of
the observed redox potential as a function of the square root of the solution ionic strength,
μ, at pH 7 according to66
°

0.225

0.775

√
√

3.25.

Under the conditions used here for the PAC measurements the reduction potential of Cc3+
calculated by equation 3.25 were 6.3 kcal mol-1 (273 mV), 6.8 kcal mol-1 (295 mV), and
7.2 kcal mol-1 (312 mV) at 0 mM, 30 mM, and 120 mM NaCl respectively. Use of the
Rehm-Weller equation61-63 to estimate the free-energy for the ET reaction from either the
singlet or triplet excited states indicate that the free-energy for the ET (either 1ΔGET or
3

ΔGET) do not vary much with ionic strength up to 120 mM NaCl (e.g. -32.5 kcal mol-1 at

0 mM NaCl and -33.4 kcal mol-1 at 120 mM NaCl for the singlet ET reaction). It is therefore
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found that 1ΔGET and 3ΔGET are approximately -33 kcal mol-1 and -23 kcal mol-1
respectively assuming the oxidation potential of UroP is 860 mV (19.8 kcal mol-1)16 and
the excited state energies of 46 kcal mol-1 for the UroP singlet state and 36 kcal mol-1 for
the UroP triplet state are invariant with ionic strength.
Summary
Electron transfer between the anionic free-base porphyrin uroporphyrin and
cytochrome c was probed by steady-state and time-resolved fluorescence as well as timeresolved photoacoustic calorimetry as a function of salt concentration. To separate the
energetics and volume changes associated with reduction of the six-coordinate heme from
that of the rest of the protein, electron transfer between UroP and Hm(Im)23+ encapsulated
within the cationic micelle CTAB was also explored. It was found that 1) an overall
contraction of Cc is observed upon reduction by either the singlet or triplet excited state
UroP consistent with previously observed crystallographic evidence as well as pressuredependence of the redox reaction, 2) the energetics and volume changes for the forward
and back ET reaction are not equal and opposite indicating a conformational change in Cc
occurring after the thermal back ET on timescales longer than ~10-15μs of ~20 kcal mol-1
and 3 mL mol-1 in magnitude. It is proposed that the differences in the enthalpy and volume
changes for the forward and thermal back ET reactions are due to a conformational change
between the reduced and oxidized state of Cc which modulates ET and whose relaxation
to the initial Cc conformation occurs on a timescale longer than 15μs.
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CHAPTER 4:
PROTON-COUPLED ELECTRON TRANSFER
Introduction
A number of biomimetic systems have been developed and synthesized to better
understand the mechanism regarding the tyrosine PCET chemistry described in chapter 1.131

In particular, quite a bit of attention has been given to photoactive metal coordination

compounds functionalized with a tyrosine moiety (or other redox active amino acid, or
biomimetic, functional groups).25,29,32 Bronner and Wenger have developed a system
comprised of a ruthenium(II) tris-(2,2’-bipyrazine), Ru(bpz)32+, hydrogen bonded to a
series of functionalized phenols.33 The quenching reaction was determined to proceed via
PCET based on kinetic isotope effects on the quenching rates of the deuterated forms of
the phenols and on the linear correlation between the observed quenching rates and the
predicted phenol O-H bond dissociation free energies. Magnuson, et al25,27,34 synthesized
a ruthenium(II) tris-(2,2’-bipyridine), Ru(bpy)32+, compound containing a tyrosine group
at the 4’ position of one of the bipyridine ligands. The flash/quench method was employed,
where methyl viologen, MV2+, or Co(NH3)5Cl were the quenching species, to monitor the
oxidation of tyrosine by Ru3+ due to negligible quenching of the Ru(bpy)32+ excited state
at pH 7 in the absence of MV2+. Reduction of Ru3+ was ascribed to PCET between tyrosine
and Ru3+ based on the dependence of the observed Ru2+ rate of recovery on pH. A similar
set of rhenium(I) based mixed ligand compound was developed by Reece, et al.29,35: one
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in which the tyrosine group was functionalized at the 4’ position of the bipyridine, bpy,
ligand and another in which the tyrosine group was appended at the carboxyl position of a
diphenylphosphinobenzoic acid, dppb, ligand. In each case, PCET was observed between
the oxidized metal, Re2+, and tyrosine. For the bpy-functionalized ligand, PCET was not
observed at pH 7, but was observed at pH > pKa for tyrosine. However, PCET was observed
at all pH in the dppb-functionalized complex and the reaction rates were found to decrease
with decreasing pH.29
In this report, the excited state metal-to-ligand charge transfer state of a
ruthenium(II)

bis-(2,2’-bipyridyl)(4-carboxy-4’-methyl-2,2’-bipyridine),

Ru(bpy)2(mcbpy)2+, derivative containing a tyramine group covalently attached at the
carboxy-site (figure 4.2), functionally similar to a tyrosine derivative of the same parent
coordination complex first reported by Magnuson, et al25, is shown to be quenched by
oxidation of the tyramine functional group under acidic or basic conditions but not at pH
7.
Photophysics of Ruthenium(II) Polypyridyl Cooridination Compounds
Coordination complexes involving d6 transition metals, such as ruthenium, and
nitrogen containing ligands have been the subject of a large body of research over the past
thirty years due to their unique photophysical properties.36-38 In particular, coordination
complexes of ruthenium and N-heteroaromatic ligands (e.g. 2,2’-bipyridine, bpy, or 1,10phenanthroline, phen) typically exhibit long-lived excited states (~100ns-~10µs depending
on the solvent environment) with appreciable fluorescence quantum yields (~0.04-0.1).
Coordination compounds of this type have been employed to probe a number of different
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inter- and intramolecular biological electron transfer, ET, reactions by either biomimetic
compounds21-24,32,39-45 or ruthenium modified proteins46,47 due to the stability and
energetics of the excited state of these ruthenium complexes.

Figure 4.1: State diagram for Ru(bpy)3, left, and steady-state absorption spectra of Ru(bpy)3 (in ethanol),
right.

The absorption spectra of [tris-(2,2’-bipyridine)]ruthenium(II), Ru(II)(bpy)3,
contains a number of transitions throughout the ultraviolet and visible regions
corresponding to ligand centered π-π* (~280nm, ε ~ 80 mM cm-1), metal centered, Laporte
forbidden d-d (~333nm, ε ~ 2 mM cm-1), and metal-to-ligand charge transfer (MLCT)
(~450nm, ε ~ 12 mM cm-1) transitions (figure 4.1). Excitation of the Ru(II)(bpy)3 via any
of these optical transitions results in the generation of a singlet MLCT state, 1MLCT, that
is strongly spin-orbit coupled to one of three lower-lying nearly degenerate triplet MLCT
states, 3MLCT. The degree of spin-orbit coupling is such that the quantum yield for the
otherwise spin-forbidden transition from 1MLCT to 3MLCT is near unity and occurs on a
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picosecond timescale.37,48-50 At room temperature the three close lying 3MLCT states are
experimentally indistinguishable and are observed to have partial singlet character.51,52
The two remaining states have been identified lying slightly higher in energy than
the three lower-lying 3MLCT states including a fourth 3MLCT of more singlet character
and a 3dd state. The degree to which these states are thermally populated is related to the
energy gap between these states and the low-lying 3MLCT. The energy gaps can be
experimentally determined by the temperature dependence on the observed excited state
decay rates via the expression:
4.1
where ko is the sum of the temperature independent radiative and non-radiative decay rates
for the transition from the low-lying 3MLCT to the ground state, k1 and k2 are the decay
rates back to the ground states from the 3dd state (~1012-1014 s-1) and fourth 3MLCT (~107109 s-1) respectively while ΔE1 and ΔE2 are the energy gaps between the low-lying 3MLCT
and 3dd (~2500-4000 cm-1) as well as between the low-lying 3MLCT and the fourth 3MLCT
(~100-1000 cm-1) respectively (figure 4.1).53,54 However, the third term corresponding to
the 3MLCT→3MLCT transition is typically only non-zero at low temperatures in glassy
matrices. Thus under solution conditions near room temperature the temperature
dependence of the observed decay rate is reduced to:
4.2.
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Biomimetic Tyrosine Functionalized Ru(II) tris-(2,2’-Bipyridine) Model
Ruthenium-based biomimetic coordination complexes have previously been
synthesized to probe ET reactions in which loss or gain of a proton is coupled to the charge
exchange.25,29,32 This coupling of the ET and proton transfer, PT, can either occur via a
stepwise mechanism (i.e. ET followed by PT, ET/PT, or PT followed by ET, PT/ET) or in
a concerted fashion, PCET, where the ET and PT are kinetically indistinguishable (see
figure 1.1 in chapter 1). Of these PCET reactions, the biological tyrosine redox chemistry
involving loss of the phenolic proton upon oxidation of the tyrosine side chain has received
the most attention. For these types of reactions, discussions regarding the mechanism of
reaction (i.e. concerted vs stepwise) revolve around the free energies involved (or required)
and little is known about the enthalpic contributions and volumetric changes that take place
upon reaction. In addition, determination of the mechanism is limited to spectroscopically
observable changes (e.g. UV-vis, IR emission, raman, NMR, EPR) which may be less
sensitive to spectroscopically silent processes. In addition, accessibility to full
thermodynamic profiles are restricted to reversible reactions, limiting one to simply the
activation parameters for the forward process of irreversible reactions. PAC presents an
elegant solution to this later problem and is discussed in more detail in chapter 2 of this
thesis. Here PAC is used to extract the enthalpy changes and potential volume changes
associated with the PCET reaction between the tyramine functional group on a Ru(bpy)32+
coordination complex (compound 3 in figure 4.2) and Ru3+ generated in the 3MLCT excited
state.
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Figure 4.2. Structures of Ruthenium (II) tris-(2,2’-bipyridine) derivatives synthesized.

Materials and Methods
All starting materials, solvents and buffers were obtained from Sigma-Aldrich
unless otherwise stated. Ru(bpy)2(dmbpy)2+, Ru(bpy)2(mcbpy)2+ and Ru(bpy)2(mbpy-L)2+
were synthesized according to literature.55,56 Stock solutions were prepared in a minimal
amount of AcCN and diluted in H2O. The concentration of citrate (pH 3), hepes (pH 7) and
CAPS (pH 11) were 10mM and the pH adjusted by additions of 1M HCl or 1 M NaOH.
Steady-state absorption spectra and optical densities used to normalize the PAC
signals were obtained using a Shimadzu UV-2401 PC UV-Vis spectrophotometer. Steadystate emission were obtained using an ISS PC1 photon counting spectrofluorometer. All
samples were sealed with a rubber septum cap and parafilm and purged with argon for ~ 5
minutes before performing experiments. Fluorescence quantum yields were calculated by
comparing the fluorescence intensities to that of Ru(bpy)32+ in acetonitrile under anaerobic
conditions using the relationship
Φ

Φ

4.3
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where flRuBPY is the fluorescence quantum yield of Ru(bpy)32+ in acetonitrile (fl
=0.061)57, ni is the solvent refractive index (1.333 for aqueous samples and 1.344 for the
reference sample in acetonitrile), and grad(i) is the slope of the integrated intensities as a
function of optical density at the excitation wavelength.
Synthesis of Ru(II) bis-(2,2’-bipyridine)Cl2. Synthesis of the bis-chelate precursor Ru(II)
bis-(2,2’-bipyridine) is well established and was carried out according to the method given
by Mabrouk and Wrighton.56 Briefly, 7.6 mmol of Ru(III)Cl3, 14.9 mmol of 2,2’-bipyridyl
and 1 mmol of LiCl were dissolved in 20mL DMF and refluxed overnight. The volume
was then reduced to approximately one-third the original volume by rotary evaporation. To
this 100mL acetone was added and the solution chilled in an ice bath. The acetone was then
removed and the solid was dried by rotary evaporation. The product was purified by
crystallization from diethyl ether.
Synthesis of 4-methyl-4’-carboxy-2,2’-bipyridine, mcbpy. The synthetic procedure of the
precursor for the functionalized bipyridine ligand has been established and is now quite
common.58 The procedure outlined by Aldridge et al55 was employed where 5.5 mmol of
4-methyl-4’-aldehyde-2,2’-bipyridine obtained from reduction of 4,4’-dimethyl-2,2’bipyridine was dissolved in 80mL of 95:5 (v/v) EtOH/H2O mixture. To this 5.8 mmol of
AgNO3 dissolved in 20mL H2O was added. Dropwise aliquots of 1M NaOH were added
over time and the solution was allowed to stir for ~24hrs. The EtOH was then removed by
rotary evaporation and the dark, insoluble solid was filtered by vacuum filtration. The solid
was washed three times with 5N NaOH and three times with H2O. Any unreacted starting
material was removed by washing three times with DCM. The pH was adjusted to pH 3
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with HCl and the product was extracted with EtOAc, dried using Na2CO3 and the solvent
evaporated by rotary evaporation.
Synthesis of Ruthenium(II) bis-(2,2’-bipyridine)(N-(4-hydroxyphenethyl)-4'-methyl[2,2'-bipyridine]-4-carboxamide)(PF6)2 and Ruthenium(II) bis-(2,2’-bipyridine)(N-(4phenethyl)-4'-methyl-[2,2'-bipyridine]-4-carboxamide)(PF6)2, Ru(bpy)2(mbpy-Tyr) and
Ru(bpy)2(mbpy-Phe). Synthesis of the Ru(II)(2,2’-bipyridine)(4-methyl-4’-carboxysuccinimide-2,2’-bipyridine) precursor was carried similar to the procedure outlined by
Peek et al.58 Briefly, 0.39 mmol of Ru(II)(bpy)2(mcbpy)(PF6)2, 1.24 mmol of 4-methyl-4carboxy-2,2’-bipyridine was dissolved in a solution containing 2mL DCM, 1mL DMF,
2.48

mmol

N-hydroxysuccinimide

and

0.99

mmol

N-ethyl-N’-

dimethylaminopyropylcarbodiimide, EDCI, under anaerobic conditions with stirring at
room temperature. This solution was allowed to react overnight and was then used for the
coupling reaction with the tyramine and phenylethylamine functional groups by adding 1.5
mmol of either tyramine or phenylethylamine. The solution was then sealed and purged
with argon and allowed to stir overnight at room temperature. The excess Nhydroxysuccinimide and EDCI were removed by successive washing with small amounts
of DCM and H2O respectively, since the hexafluorophosphate salt of the ruthenium(II)
compounds are only sparingly soluble in water. The products were then dissolved in AcCN
and crystallized from water by slow evaporation.
Photoacoustic Calorimetry. Details on the theory and experimental setup are given in
chapter 2 of this thesis.
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Results and Discussion
The steady-state absorption spectra of compounds 1, 2, and 3 show transitions
typical of tris-chelate ruthenium(II) coordination complexes much like that of Ru(bpy)3 in
water (or ethanol shown in figure 4.1). In aqueous solution at neutral pH Ru(bpy)3 displays
a primary absorption band at 286nm corresponding to the bipyridine ligand π*←π
transition and a broad metal-to-ligand-charge-transfer, MLCT, band with a maxima at
455nm. Similar transition energies and band shapes are observed for 1, 2, and 3 resembling
those of Ru(bpy)3 in water and are found to be relatively insensitive to pH.
As with the ground-state absorption spectra, the steady-state emission band shape
of the three compounds resemble that of Ru(bpy)3 however, the energy of the 3MLCT
transition to the ground state show marked differences between the compounds. At pH 7,
the emission spectra of Ru(bpy)3 shows a single maxima at 610nm (47 kcal mol-1) which
is in good agreement with literature.59 Significant shifts in the emission maxima are noted
for compounds 1-3 at pH 7 and are summarized in table 4.1. It was observed that the
emission maxima for compounds 1 and 2 are insensitive to pH and appeared at 620nm (46
kcal mol-1) and 650nm (44 kcal mol-1) respectively. For compound 3, however, the energy
of the 3MLCT state was observed to increase (blue shift) with increased pH from 650nm
(44 kcal mol-1) at pH 3 to 635nm (45 kcal mol-1) at pH 11 (figure 4.3). At pH 7 the
fluorescence lifetimes of compounds 2 and 3 are on the order of 430ns to 450ns (figure
4.4), markedly shorter than that of Ru(bpy)3 (~600ns) and similar to that of
Ru(bpy)2(dmbpy) (~450ns). The emission lifetimes observed for Ru(bpy)3 and
Ru(bpy)2(dmbpy) are in very good agreement with those reported in the literature (580ns
and 470ns respectively in water, figure 4.4).60 Emission lifetime decays are found to be
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biexponential for compound 3 at pH 3 and 11 with fluorescence lifetimes ~170ns and ~80ns
for the fast phase respectively and ~450ns for the slow phase but not at pH 7 (figure 4.4),
whereas, lifetime decays of compound 1 and 2 are insensitive to pH.
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Figure 4.3. Steady-state emission spectra of compound 3 as a function of pH: pH 3 in 10mM citrate buffer
(red), pH 7 in 10mM hepes buffer (blue) and pH 11 in 10mM CAPS buffer (black).
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Figure 4.4 Emission lifetimes of (left panel) Ru(bpy)3 (black), compound 1 (red), and compound 2 (blue) in
10mM hepes buffer at pH 7 and (right panel) compound 3 at pH 3 (10mM citrate buffer, black), 7 (10mM
hepes buffer, red), and 11 (10mM CAPS buffer, blue).

The temperature dependence of the fluorescence lifetime data for the 400ns phase
of Ru(bpy)2(dmbpy) and compounds 1 and 2 (figure 4.5) at pH 3, 7, and 11 suggests an
additional thermally accessible state other than the three closely lying 3MLCT states
described in figure 4.1. Fits to equation 4.2 of the data indicate that this state lies ~2000cm73

1

(~5-6 kcal mol-1) above the 3MLCT state and has a decay rate on the order of 108 s-1

(corresponding to a lifetime of ~1-10ns). These values are similar to those previously
ascribed to 3MLCT3dd transitions in mixed ligand Ru(II) coordination complexes.59,61,62
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Figure 4.5. Temperature dependence of the emission lifetimes at pH 7 for compound 1 (Ru(bpy)2(dmbpy),
squares), compound 2 (Ru(bpy)2(mbpy-Phe), circles, and compound 3 (Ru(bpy)2(mbpy-Tyr), triangles).
Solid lines represent best fits to equation 4.2.

The temperature dependence of the emission decay rates at pH 3, 7 and 11 for the
slower ~400ns phase of compound 3 was observed to be quite linear deviating from the
non-linearity predicted by equation 4.2. The faster ~150ns phase was also observed to be
linear for the fast phase at pH 3 and only slightly sensitive to temperature. A pronounced
non-linear temperature dependence was observed at pH 11 for the fast phase of compound
3 (figure 4.6).
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Figure 4.6. Temperature dependence of the observed emission decay rate of compound 3 for the slow ~400ns
phase (left) and fast <100ns phase (right) at pH 3 (squares), pH 7 (circles) and pH 11 (triangles).

Table 4.1 3MLCT energies, fluorescence quantum yields and fluorescence lifetimes for
compounds 1-3.
EMLCT
τfl
kcal mol-1
Φfl
(ns, 20ºC)
(λmax)
47
pH 7
0.053†
602‡
Ru(bpy)3
(610nm)
46
pH 7
0.11 ± 0.03
451
Ru(bpy)2(dmbpy)
(620nm)
44
pH 7
0.09 ± 0.02
428
Ru(bpy)2(mbpy-Phe)
(650nm)
44
pH 3
0.06 ± 0.01
426/140
(650nm)
45
pH 7
0.10 ± 0.02
451
Ru(bpy)2(mbpy-Tyr)
(640nm)
45
pH 11
0.08 ± 0.02
470/63
(635nm)
† take from reference 59
‡ this work
PAC analysis of the photophysics and photochemistry, including excited state
redox reactions, of Ru(II)(bpy)3 and other Ru(II)(bpy)3 derivatives have been carried out
in aqueous solution.63-66 Simplifying the Perrin-Jablonsky diagram in figure 4.1,
conservation of energy dictates the heats involved with the formation and decay of the
3

MLCT, Qform and Qdecay respectively, take the form
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Φ
Φ

4.4a
Φ

4.4b

where ΦMLCT is the quantum yield for the formation of the 3MLCT via intersystem crossing
(which has been found to be close to unity for tris-chelate ruthenium(II) compounds of this
nature)37,48-50,67, EMLCT is the energy of the 3MLCT above the ground state (see table 4.1)
and Φfl is the quantum yield of emission of the 3MLCT state.
Excitation of Ru(bpy)32+ results in a fast (<50ns) volume contraction of ~3 mL mol1

corresponding to the picosecond formation of a 3MLCT excited state and is thought to be

dominated by structural changes related to both lengthening of the Ru—N bonds and
electrostriction due to the formation of an excited state dipole.66,68,69 The observed fast
contraction is exothermic by 8 kcal mol-1. Rearrangement of equation 4.4a, and using the
EMLCT found by fluorescence allows the determination of ΦMLCT
Φ

4.4a’.

From this expression the quantum yield for triplet formation was found to be ~0.98 for
Ru(bpy)32+ which in very good agreement with the literature as mentioned above.37,48-50,67
The frequency shift observed in the sample signal (figure 4.7) is the result of an
additional ~600ns phase deconvoluted from the PAC signal corresponding to the spinforbidden depopulation of the 3MLCT to the singlet ground state whose lifetime is also in
very good agreement with the measured emission lifetime as well as literature values for
the emission lifetime.59 The 600ns phase is accompanied by a volume expansion of ~3 mL
mol-1 and an enthalpy change of ~-46 kcal mol-1 which is consistent with the relaxation of
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the excited state in the absence of any side reactions (figure 4.9).63,65,66 The quantum yield
of emission, Φfl, can be obtained by rearrangement of equation 4.4b using the
experimentally observed parameters for the EMLCT (table 4.1) and ΦMLCT:
Φ

4.5

This expression yields a Φfl ~0.022 for Ru(bpy)3 which is close to the value of 0.042 in
H2O previously reported.60,70 The decay rate observed by PAC (figure 4.8) displays a
moderate temperature dependence. Fitting the data to equation 4.2 results in a ko of (9.0 ±
2.8)x105 s-1, k1 of (5.2 ± 5.0)x1012 s-1, and a ΔE1 of 3186 ± 273 cm-1 which is in excellent
agreement with values previously obtained from time-resolved emission measurements (ko
= 6x105 s-1, k1 = 4x1012 s-1, ΔE1 = 3275 cm-1).71
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Figure 4.7. Left Panel: Deconvolution fit (dashed line) of PAC signal (circles) for Ru(II)(bpy)3 in pure water
at 34°C. Right Panel: Plot of ϕ obtained by deconvolution as a function of the thermodynamic solvent
properties of water, Cpρ/β, which are very temperature dependent.

Results similar to those observed with Ru(bpy)3 are obtained for Ru(bpy)2(dmpy)
at pH 3, 7 and 11. Deconvolution of the sample signal yielded two resolvable phases: a
prompt < 50ns volumetric contraction (ΔV of ~ -2.5 ± 0.1 mL mol-1) with ΔH of ~47 ± 1
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kcal mol-1, and a slow ~ 400ns volume expansion (ΔV of ~ -2.3 ± 0.4 mL mol-1) with ΔH
of ~ -43 ± 2 kcal mol-1. The < 50ns 47 kcal mol-1 enthalpy change is consistent with the
formation of the Ru(bpy)2(dmbpy) 3MLCT excited state lying 46 kcal mol-1 above the
ground state (figure 4.10). Rearranging equation 4.4b as described above afforded a Φfl of
0.065 which is somewhat larger than that obtained previously by steady-state fluorescence
(0.025)60 and somewhat closer to the value obtained here using steady-state fluorescence
(~0.10, table 4.1).
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Figure 4.8. Temperature dependence of the decay rates of the second phase observed by PAC for
Ru(II)(bpy)3 in water (λexc=532nm). Data was fit to equation 4.2.

At pH 3, 7 and 11 the results from deconvolution of the PAC signals for compound
2 display an exothermic prompt heat release of 19 ± 5 kcal mol-1 with a concomitant volume
contraction of ~2.6 ± 0.2 mL mol-1 followed by a slower ~400ns exothermic (~43 ± 6 kcal
mol-1) volumetric expansion of ~3.5 ± 0.9 mL mol-1. Assuming the ΦMLCT of ~0.98
obtained from the PAC results for Ru(bpy)3 and an EMLCT of 44 kcal mol-1 (from table 4.1),
a prompt heat release of 11 kcal mol-1 was expected according to equation 4.4a, close to
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the actual value obtained. Similarly, in the absence of any other excited state reaction
occurring from the 3MLCT, a heat release of ~40 kcal mol-1 was expected according to
equation 4.4b using a Φfl of 0.06, as was obtained for Ru(bpy)2(dmbpy). This was observed
experimentally for compound 2 and was found to be independent of pH. It is proposed,
then, that at pH 3, 7 and 11 the dominant reaction observed in PAC for compound 2 is the
formation (< 50ns) and decay (~400ns) of the 3MLCT and has an enthalpy and volume
profile similar to that of Ru(bpy)32+ and Ru(bpy)2(dmbpy)2+ (figures 4.9 and 4.10).

Figure 4.9. Enthalpy and volume profile for the formation and decay of the Ru(bpy)3 3MLCT excited state.
The non-radiative (thermal) processes are in black and the volumetric change in blue.

Figure 4.10. Enthalpy and volume profile for the formation and decay of the Ru(bpy)2(dmbpy) 3MLCT
excited state. The non-radiative (thermal) processes are in black and the volumetric change in blue.
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Deconvolution of the PAC signals for compound 3 at pH 3, 7 and 11 (figure 4.11)
yield energetics that are pH dependent; however, the prompt volume changes observed are
similar to those observed for Ru(bpy)2(dmbpy) and compound 2. The prompt heat release
at pH 3 is ~16 ± 4 kcal mol-1, resembling the prompt heat release for compound 2 and
therefore thought to be due to the same processes as that for compound 2 (i.e. formation of
the 3MLCT). At pH 3, the prompt phase is followed by a ~90ns exothermic phase (~5 ± 4
kcal mol-1) of negligible volume change. Much like compound 2, at pH 3 and 7, a ~400ns
exothermic phase is also observed of ~31 ± 6 kcal mol-1 with a concomitant volume
expansion of approximately 3.0 ± 1.0 mL mol-1.
At pH 11 the prompt heat release was observed to be exothermic by ~28 kcal mol1

, somewhat more exothermic than that of any of the other compounds under the conditions

used here. The overall volume change of this phase (-2.4 mL mol-1), resembled that of
compounds 1 and 2, and compound 3 at pH 3 and 7. The rate of the subsequent slow phase
was approximately 1.2 times faster than that observed at pH 3 and 7. Table 4.2 contains a
summary of the PAC data for all compounds probed.
As mentioned, deconvolution of the PAC signal of 3 at pH 7 was biphasic with a
prompt <50ns heat release of 12 kcal mol-1. Assuming that the presence of the tyramine
functional group does not perturb the formation of the 3MLCT, that is, the emission
quantum yield is the same as measured above for Ru(bpy)32+ (MLCT ~ 0.98) and that the
energy of the 3MLCT is 45 kcal mol-1 (obtained from the steady-state emission spectrum,
table 4.1) then, according to equation 4.4a, the heat of formation of the 3MLCT in the
prompt phase, Qform, is expected to be ~ 10 kcal mol-1. This is in agreement with the
experimentally observed value of 12 ± 2 kcal mol-1. Assuming also that the tyramine does
80

not significantly quench the 3MLCT, as was observed from that time-resolved emission, at
pH 7 then, according to equation 4.4b the Qdecay is predicted to be 41 kcal mol-1 which is
also in agreement with the observed value, 42 ± 5 kcal mol-1. Therefore, at pH 7 compound
3 has an energy and volume profile much like that of Ru(bpy)32+ and Ru(bpy)2(dmbpy)2+
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(figures 4.9 and 4.10).
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Figure 4.11. PAC signals obtained for compound 3 at pH 3 (left), pH 7 (middle) and pH 11 (right) at 30ºC.
Solid lines represent the reference signal, whereas the open circles represent the sample signal and the dashed
line is the best fit to the data by deconvolution.

Table 4.2. Summary of PAC data for the ruthenium complexes.
Prompt

Fast

Slow

Q
Slope
Q
Slope
τ
Q
Slope
τ
(kcal mol-1) (mL mol-1) (kcal mol-1) (mL mol-1) (ns, 20ºC) (kcal mol-1) (mL mol-1) (ns, 20ºC)

Ru(bpy)3
Ru(bpy)2(dmbpy)
Ru(bpy)2(mbpy-Phe)
Ru(bpy)2(mbpy-Tyr)

pH 2†
pH 6†
pH 7
pH 3
pH 7
pH 11
pH 3, 7,
11
pH 3
pH 7
pH 11

22 ± 3
10 ± 2
8±1
5±4
7±1
7±3

-3.5 ± 0.6
-3.5 ± 0.5
-2.8 ± 0.2
-2.4 ± 0.5
-2.6 ± 0.1
-2.4 ± 0.6

-------

19 ± 5

-2.6 ± 0.2

--

16 ± 4
12 ± 2
28 ± 2

-3.0 ± 1.1
-2.4 ± 0.4
-2.5 ± 0.6

5±4
---

-------

-------

42 ± 3
49 ± 4
45 ± 2
43 ± 2
42 ± 1
46 ± 3

2.9 ± 0.6
3.2 ± 0.8
3.0 ± 0.2
2.6 ± 0.3
2.3 ± 1.4
1.9 ± 0.3

625
570
588
386
401
479

--

--

43 ± 6

3.5 ± 0.9

401

0.6 ± 1.0
---

90
---

31 ± 6
42 ± 5
27 ± 4

3.0 ± 1.4
2.3 ± 0.4
2.6 ± 1.7

400
434
360

† taken from ref. 63
Similar ruthenium and rhenium coordination compounds bearing a tyrosine group
have previously been synthesized.25,27,29 Both sets of compounds display a luminescent
3

MLCT excited state of sufficient energy to drive the one electron oxidation of tyrosine.

However, under neutral conditions the emission lifetimes of the tyrosine-functionalized
metal bipyridine complexes showed no significant quenching.25,29 Although no published
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data is available regarding the fluorescence lifetimes of the ruthenium compounds under
acidic or basic conditions in the absence of a third party quencher such as methyl viologen
(MV2+) or Co(NH3)5Cl2+, the rhenium compound does show considerable quenching upon
deprotonation of the phenolic proton (pKa ~10)72 of the tyrosine group at pH 12.29
Emission lifetimes are observed here to be biphasic for compound 3 at pH 3 and 11
corresponding to two luminescent populations: a population whose luminescence is not
significantly quenched (kMLCT ~2.3x106 s-1 at pH 3 and ~2.1x106 s-1 at pH 11, 20ºC) relative
to that of compound 2 (kMLCT 2.3x106 s-1), and a significantly quenched population (kMLCT’
~7.1x106 s-1 at pH 3 and ~1.6x107 s-1 at pH 11, 20ºC). The quenching rate at each pH was
determined by assuming the observed rate is of the form:
4.6
in which the kq at pH 3 (20º C) was found to be ~4.8x106 s-1 and ~1.4x107 s-1 at pH 11.
Reduction of the Ru3+, formed upon generation of the 3MLCT state of 3 is due to
oxidation of the tyrosine group and gives rise to the reduced lifetime of this complex at the
two pH extremes. The oxidation potential of tyrosine, EºTry, has been shown to be pH
dependent below the pKa ranging from 1.22 V (vs NHE) at pH 3 to 0.93 V at pH 7, and
relatively constant above pH 10 at ~0.7 V.73 The driving force for the reaction is given as
∆

°

°

°

/

4.7

where EºRu(II/III) is the reduction potential of Ru3+ (1.26V vs NHE)74 and Eº’Tyr is the driving
force for the oxidation/deprotonation of tyrosine:
°

°

0.059
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4.8.

Upon oxidation of tyrosine the pKa shifts by ~12 units to ~ -2.72,75 Thus, at pH 3
the oxidation of tyrosine leading to the quenching the 3MLCT excited state is coupled to
deprotonation of the phenolic group. The reaction scheme at pH 3 can then be written as:
∙

∙

∙

4.9

At pH 11, the corresponding quenching of the 3MLCT excited state by oxidation of the
deprotonated phenol group can be expressed by:
∙

∙

∙

4.10.

At pH 3 and 11, equations 4.7 and 4.8 yield a free-energy for the reaction scheme 4.9 of ~
-5 kcal mol-1 and ~ -27 kcal mol-1 for reaction 4.10.27
Examination of the PAC data for compound 3 at pH 3 also reveals two components
with lifetimes of ~90ns and 400ns that correspond to the ~100ns phase of the emission
lifetime (~14% of the total amplitude) and 400ns lifetime (86% of the total amplitude) The
heat released in the 90ns phase can be expressed as:
Φ

Φ

Φ

4.11a

which can be rewritten as
Φ

Φ

Φ

Δ

4.11b.

Here ffast is the fractional population of the 3MLCT undergoing quenching, fl’ is the
fluorescence quantum yield for the quenched population (~0.021) which was estimated as
krτcmpd3 where kr is the radiative decay rate, 1.51x105 s-1, (calculated from the lifetime of
compound 2 and fl=krτcmpd2=0.065) and τcmpd3 is the observed fast lifetime component of
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compound 3 at pH 3, PCET is the quantum yield for the PCET (reaction 4.9) (PCET ~0.67)
calculated as kqτcmpd3 where kq was determined above at pH 3, and ΔHPCET corresponds to
the reaction enthalpy for reaction 4.9. From equation 4.11b ΔHPCET was found to be -35
kcal mol-1. In much the same way, the volume change corresponding to reaction 4.9 can be
determined by:
Δ

Φ

Δ

Φ

Δ

4.11c.

Giving a value of ΔVPCET of~1.2 mL mol-1. It was found that after scaling the observed Q
and ΔV for the slow phase to the fractional population of unquenched 3MLCT, fslow ~0.86,
the corrected Q was 46 kcal mol-1 with a positive ΔV of ~3 mL mol-1 which corresponds
to the energetics and volume change related to the non-radiative decay of the unquenched
3

MLCT according to equation 4.4b. The enthalpy and volume changes resolved by PAC

for the reaction at pH 3 are summarized in figure 4.10.

Figure 4.12. Enthalpy and volume profile for the reactions associated with the formation and decay of the
3
MLCT excited state of compound 3 at pH 3. The non-radiative (thermal) processes are in black and the
volumetric change in blue.
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Utilizing the same approach as discussed in the preceding section for the PAC data
obtained for compound 3 at pH 11 is more problematic. First, although two phases are
resolved in the emission lifetime decays, a ~60ns phase (ffast =0.55) and a ~470ns phase
(fslow =0.45) at 20ºC corresponding to quenched and unquenched populations of the 3MLCT
state, the PAC data could not be fit to three components. It is possible that because the
lifetime of the fast phase is near the detection limit of the instrumental setup (~50ns
resolution) the energetics and volume change associated with the phase would be integrated
into the prompt phase. Therefore, the heat release observed in <50ns (40 kcal mol-1) would
simply be the sum of the energetic processes in equation 4.4a and 4.11b, i.e. the formation
of the 3MLCT and the relaxation of the quenched species and concomitant formation of the
tyrosyl radical according to reaction 4.10.
Φ

Φ

Φ

Φ Δ

4.12

Solving for ΔHET associated with reaction 4.10 yielded a value of ~13 kcal mol-1 where
fl’ and ET are 0.009 and 0.84 respectively at pH 11. The significant difference in the
lifetime of the slow phase extracted from PAC (~360ns) relative to the lifetime of the slow
phase obtained from time-resolved emission (~450ns) could be indicative of an additional
non-radiative component present other than the decay of the 3MLCT. Assuming that this
non-radiative process is the charge recombination between the oxidized tyramine and
reduced ruthenium metal center, the observed heat in the slow phase would take the form:
Φ

Φ

Φ Δ

4.13.

Rearrangement of equation 4.13 using the values for ffast and fslow, ΦMLCT, Φfl, EMLCT and
ΦET given above yields a value of ~-18 kcal mol-1 for ΔHET which is approximatel equal
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and opposite to the value of 13 kcal mol-1 obtained for the forward ET reaction from
equation 4.12. Therefore it is proposed the reaction at pH 11 can be described by the
mechanism in scheme 4.1.

Scheme 4.1. Proposed reaction mechanism for the ET reaction of compound 3 at pH 11.

PCET between a covalent tyrosine and Ru(bpy)32+ similar to compound 3 described
here has previously been probed by Hammarström and co-workers by the flash/quench
method.25,27,34 The reaction was proposed to proceed according to scheme 4.2.25 The
mechanism for Ru2+ recovery and tyrosine oxidation was proposed to be PCET, and not
stepwise, based on 1) the pH dependence on the rate of Ru2+ recovery and decay rate of the
tyrosine radical, and 2) the observed rate was orders of magnitude larger than that expected
for the rate of deprotonation (which is expected to be the rate limiting step in the stepwise
PT/ET pathway, see figure 1.1 in chapter 1). 27 At pH >pKa, the rate of Ru2+ recovery was
found to be pH independent and on the order of 107 s-1.27 The reorganizational energies
obtained from the temperature dependence of the kinetic data using the Marcus equation
1.1 in chapter 1 are ~2eV (46 kcal mol-1) at pH ~7 (below the pKa of tyrosine’s phenolic
proton) and ~0.9eV (21 kcal mol-1) above the pKa (pH 10).
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Scheme 4.2. Proposed mechanism of PCET between tyrosine and Ru3+ in Ru(bpy)2(bpy-TyrOH) in reference
25.

In the absence of an external quencher, such as MV2+, where the PCET reaction is
assumed to occur according to scheme 4.3, compound 3 has demonstrated quenching at pH
<< pKa and pH > pKa of a fractional population of the 3MLCT of Ru(bpy)32+. (Note: the
supposition presented in scheme 4.3 that charge separation in the 3MLCT leading to
reduction of one of the non-functionalized bpy ligands is based on previous observations
of resonance raman spectra of Ru2+-mixed polypyridyl ligand complexes indicating that
the charge density tends to reside on the ligand of lower redox potential in the 3MLCT.)60
At pH 3 it was observed that approximately 14% of the 3MLCT generated upon excitation
was quenched with a rate constant on the order of 106 s-1. This rate is approximately three
orders of magnitude larger than that observed by Sjödin, et al.27 in the reaction described
by scheme 4.2 at pH 3. By increasing the pH to 11, where at least 90% of the tyramine
phenols are deprotonated, the fraction of 3MLCT quenched increases to ~54% as does the
quenching rate (~107 s-1). This increase in the quenching rate, attributed here to the
recovery of Ru2+, is consistent with what has been observed for the PCET step in scheme
4.2 and is on the same order of magnitude as what was observed at pH > pKa.
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Scheme 4.3. Proposed reaction mechanism for the concerted oxidation and deprotonation (PCET) of
tyramine in compound 3 to reduced Ru3+ of the 3MLCT.

A larger difference than the observed order of magnitude difference in the kq
between pH 3 and 11 is expected based on the free energies obtained from equations 4.74.10. However, equation 4.7 assumes a completely quenched excited state prior to the
PCET reaction. The Rehm-Weller equation, on the other hand, has been shown to be a
good approximation to free-energy for photoinduced electron transfer reactions.76
Recalculating the ΔGPCETº and ΔGETº at pH 3 and 11 with a modified form of equation 4.7
which includes the excited state free energy (equation 4.14), EMLCT, (EMLCT = ~1.91eV at
650nm pH 3 and ~1.95eV at 635nm pH 11):
∆

°

°

°

/

4.14

where Eº’Tyr retains its meaning from equation 4.8, yields a ΔGPCETº of ~ -2.13eV (-49 kcal
mol-1) at pH 3 and a ΔGETº of ~ -2.51eV (-58 kcal mol-1) at pH 11. Therefore, the difference
in driving force predicted by equation 4.13 (ΔΔGº ~380mV) is considerably less than that
predicted by equation 4.7 (ΔΔGº ~950mV) and could explain the difference in the Ru2+
recovery rate observed here at pH 3 compared to the rate corresponding to scheme 4.2
under the same conditions.
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A considerable difference was observed by PAC for the ΔH of the PCET reaction
at pH 3 and the ET reaction at pH 11 (-33 kcal mol-1 and 13-18 kcal mol-1 respectively).
When compared to the predicted reaction free energies an entropic contribution (TΔSº) of
16 kcal mol-1 is determined for the PCET reaction at pH 3 and 71 kcal mol-1 at pH 11 for
the ET reaction indicating a much larger entropic cost for ET over PCET.
Summary
A modified Ru(bpy)2(dmbpy) complex containing a single tyrosine-like functional
group similar to that synthesized by Hammarstrom, et al23 was synthesized as a model for
the tyrosine proton-coupled electron transfer chemistry common to the electron transport
chain, photosynthesis, and a number of metabolic pathways. Time-resolved emission and
PAC are used to probe the energetics of the excited states of the compounds synthesized.
Quenching of the 3MLCT excited state of the Ru(bpy)2(mbpy-L), where L is either TyrOH
or Phe, by reduction of the Ru3+ formed in the excited state via oxidation of the L group
was not observed for the Phe derivative nor for the Tyr derivative at pH 7. Bi-exponential
decays are observed for the Tyr compound at pH 3 and 11. The fast decay phase obtained
from the emission lifetime data at pH 3 and 11 are attributed to quenching of the
Ru3+(bpy)(bpy-)(mbpy-Tyr) excited state by: 1) oxidation of Tyr reducing Ru3+ with
concerted deprotonation of the oxidized Tyr and 2) oxidation of the deprotonated Tyr
reducing Ru3+ at pH 3 and 11 respectively. Decomposition of the enthalpy and volume
changes obtained by PAC yield a ΔH of -35 kcal mol-1 for the PCET reaction generating a
tyrosyl radical upon reduction of Ru3+ at pH 3. At pH 11, oxidation of the deprotonated
Tyr appears to occur in the PAC prompt phase (<50ns) with a ΔH of 13 kcal mol-1. The
significant difference between ΔHPCET and ΔHET for the oxidation of Tyr indicates that the
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predicted difference in driving force (ΔGPCETº and ΔGETº), is due to varying entropic
differences and that the entropic change for the ET reaction at pH 11 is larger than that of
the PCET reaction at pH 3.
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CHAPTER 5:
INDOLEAMINE DIOXYGENASE
Introduction
Human indoleamine 2,3-dioxygenase (figure 5.1, hIDO) is a 45kDa heme protein
found in most non-hepatic tissue.1-3 Its primary role is to catalyze the insertion of dioxygen
into the pyrrole ring of L-tryptophan, L-Trp, generating N-formyl-L-kynurenine which
comprises the first and rate-limiting step of the kynurenine pathway whose final product is
nicotinamide adenine dinucleotide.4,5 The overall general reaction is shown in scheme 5.1.6

Figure 5.1. Crystal Structure of the cyanide-bound form of ferric hIDO (PBD code 2D0U).

Once the ferric hIDO is reduced by an as yet undetermined source, the now ferrous
protein is primed for O2 binding and oxidative cleavage of the L-Trp pyrrole ring. It has
93

been suggested that reduction of the protein is not necessary and that it is superoxide that
primes the protein for catalysis.7 Upon binding of the L-Trp substrate, O2 is catalytically
incorporated into the C2=C3 bond of the indole side chain by a mechanism that is still not
well understood. However, it is thought that the O2 insertion occurs in a sequential manner
generating a transient oxyferryl intermediate.8,9
Recently, evidence has been presented implicating the enzyme’s role in mitigating
immunological response to tumor growth by suppressing T-cell activity.10-12 Its role in
regulating the inflammatory response may also contribute to the onset of Alzheimer’s
disease.13 In short, induction of the kynurenine pathway via hIDO (or hepatic tryptophan
dioxygenase, TDO) resulting in L-Trp depletion has broad therapeutic value.14 Despite the
growing data regarding the therapeutic implications of IDO regulation, as stated before,
the mechanism through which IDO catabolizes L-Trp is not well understood. This is not
restricted to the catabolic reaction alone, but also includes protein conformational changes
upon ligand binding, motion, and migration. Here PAC was used to probe the kinetics as
well as the enthalpy and volume changes associated with CO-photolysis from hIDO in the
absence and presence of L-Trp.

Scheme 5.1. General reaction for O2 insertion into indole ring of L-tryptophan by hIDO.
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Methods and Materials
Human indoleamine 2,3-dioxygenase (hIDO) was provided by the laboratory of
Professor Syun-Ru Yeh at the Albert Einstein College of Medicine. Samples for PAC
experiments were prepared in 100mM trizma HCl (Sigma-Aldrich) at pH 7.7. Sample
concentrations of the ferric deoxy-form of the protein were determined by using a molar
extinction of 172mM-1 cm-1 at 404nm as reported by Papadopoulou, et al.15 Sample
concentrations were ~10µM throughout. Samples for PAC were purged with argon for
approximately 10 minutes, followed by exposure to carbon monoxide before reduction by
the addition of a fresh preparation of aqueous sodium dithionite (Sigma-Aldrich); sample
concentration of dithionite was kept below 1mM.16 Saturated tryptophan, L-Trp, (SigmaAldrich) stock solutions (0.1M) were prepared under the same buffer conditions as the
samples. Tryptophan was added to the sample after argon/CO purge and reduction of
hIDO.16
Photoacoustic Calorimetry. For a full description of the PAC instrumental setup and data
analysis the reader is referred to Chapter 2. Optical densities of samples were recorded
using a Shimadzu UV-2401PC spectrophotometer and were between 0.1 and 0.2 at the
excitation wavelength (532nm). Photoacoustic waveforms for samples were collected in
the temperature range of 5° to 30° C. Freshly prepared solutions of either brilliant blue G
or indigo carmine in the same buffer conditions as the samples were used as calorimetric
references. Photoacoustic waveforms of the reference in buffer and reference in water
within the same temperature range were compared beforehand to check for deviations in
the solvent parameters Cpρ/β (Cp is the specific heat capacity, ρ the density, and β is the
thermal expansivity of the solvent medium). At the buffer and dithionite concentrations
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used there were no observable differences in reference amplitudes within the temperature
range employed indicating no significant perturbation to the thermodynamic properties of
the buffer system; therefore the Cpρ/β used to analyze the PAC data were those for water.
The quantum yield for CO-photolysis for the L-Trp bound and unbound forms of
ferrous hIDO was calculated via transient absorption by the method of Brunori, et al.17
using CO-bound equine Myoglobin (Sigma-Aldrich), COMb, as a reference since the
quantum yield of CO photodissociation from COMb is near unity. The instrumental details
are given in chapter 2 of this thesis. The total amplitude at 440nm was recorded for COMb
and COhIDO as a function of photon flux and the data fit to linear functions. The ratio of
the slopes for the fits were used to calculate the quantum yield of CO photodissociation
from hIDO, ΦCOhIDO, according to
5.1
Results
Using the method of Brunori, et al (1973) the quantum yield of CO-photolysis from
hIDO in the absence and presence of L-Trp were calculated to be 0.93 ± 0.08 and 0.29 ±
0.02 respectively (see figure 5.2 for the transient absorption traces for CO-photolysis from
hIDO and L-Trp bound hIDO observed at 440nm). The CO-hIDO recombination was
observed to be mono-exponential with a rate of ~19 s-1 in the absence of L-Trp and biexponential (fast phase of ~1200 s-1, and slow phase of ~8 s-1) in the presence of 3.5mM
L-Trp.
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Figure 5.2. Transient absorption kinetic traces for CO-rebinding to hIDO (black) and Trp-bound hIDO (red)
observed at 440nm.

The PAC of COhIDO in the absence of L-Trp displays a small frequency shift relative to
the reference signal (see figure 5.3). The sample signals were best fit to three components:
a fast prompt (<50ns) phase with a ∆H = 23 + 7 kcal mol-1 and ∆V of 11 + 5 mL mol-1, a
413 ns phase with a ∆H of -33 + 11 kcal mol-1 and a ∆V of 4 + 4 mL mol-1 and a 1.4 µs
with a ∆H of 35 + 2 kcal mol-1 and a ∆V of 1 + 2 mL mol-1.
In the presence of 3.5mM of L-Trp, the PAC signal is also multi-phasic, exhibiting
a frequency shift relative to the calorimetric reference (figure 5.4). The thermodynamic
parameters resulting from the deconvolution of the signals are similar to those for the
COhIDO in the absence of L-Trp with a prompt (<50ns) phase with an ∆H of 25 + 7 kcal
mol-1 and ∆V of 1 + 1 mL mol-1), an ~210ns phase with a ∆H of 16 + 11 kcal mol-1 and ∆V
of 1 + 2 mL mol-1, and a ~2.7μs phase with a ∆H of 34 + 10 kcal mol-1 and ∆V of 3 + 2
mL mol-1.
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Figure 5.3. Deconvolution of the photoacoustic waveform obtained for COhIDO in 100mM trizma HCl
buffer at pH 7.4 at 20°C. The solid line is the reference waveform, open circles the sample waveform, and
the dashed line is the three phase deconvolution fit of the data. (Inset) Plot of the ratio of the sample to
reference amplitudes scaled to the laser pulse energy obtained from the deconvolution of the same data as a
function of the temperature dependent thermodynamic properties of the solvent, Cpρ/β. The squares represent
the prompt (< 50ns) phase, the circles the fast ~500ns phase, and the triangles the slow ~1.4µs phase.
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Figure 5.4. Deconvolution of photoacoustic waveform obtained for COhIDO in the presence of 3.5mM LTrp in 100mM trizma HCl buffer at pH 7.4 at 17°C. The solid line is the reference waveform, open circles
the sample waveform, and the dashed line is the three phase deconvolution fit of the data. (Inset) Plot of the
ratio of the sample to reference amplitudes scaled to the laser pulse energy obtained from the deconvolution
of the same data as a function of the temperature dependent thermodynamic properties of the solvent, Cpρ/β.
The squares represent the prompt (< 50ns) phase, the circles the fast ~200ns phase, and the triangles the slow
~2.7µs phase.

98

Discussion
Crystallographic data for ferric hIDO bound to either 4-phenylimidazole or cyanide
reveal several interesting structural features. The heme is proximally bound to the protein
via His346.1 Vibrational data suggests that this His346 residue, besides being a relatively
strong coordinating ligand, is partially anionic presumably due to local interactions with
the neighboring 6-propionate of the heme and the backbone carbonyl of Leu388 through
two coordinating water molecules.6 The position of the heme is thought to be further
stabilized through interactions between Ser263 and the 6-propionate of the heme which
also interacts with nearby Arg343.1,18 This same Arg343 is involved in a salt-bridge with
Asp274 (figure 5.5) as evidenced by site-directed mutagenesis.19
Table 5.1. Summary of the observed enthalpy and volume changes obtained from photoacoustic
calorimetric measurements.
Prompt†
H
V

H

Fast
V

 (20C)

H

Slow
V

 (20C)

CO-hIDO

23  7

11  5

-33  11

44

413 ns

35  2

12

1387 ns

CO-hIDO
+ 3.5mM

25  7

11

-16  11

12

210 ns

34  10

32

2710 ns

-1

†ΔH expressed in kcal mol and ΔV in mL mol

-1

The crystal structures also indicate that the distal pocket is, in general, non-polar
where the nearest polar residue in the distal vicinity of the heme is Ser167 and lies
approximately 4 Å above the 3-methyl group of the heme. The observed position of
His303, previously thought to interact weakly with the heme-iron, is approximately 17Å
away from the heme-iron in both the cyanide and phenylimidazole bound structures.20
However, mutation of His303 in recombinant hIDO resulted in significant perturbation of
the redox potential – a difference of ~70mV from the wild type – suggesting either that the
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protein undergoes a large conformational change upon ligand binding displacing His303,
or that His303 interacts with the heme indirectly by some other mechanism.21

Figure 5.5 Depiction of salt bridge formed between Arg343, Asp274 and their interaction with the 6propionate of the heme (PBD code 2D0U).

The rear of the distal pocket is lined with a flexible loop comprised of residues
Ala260-Gly265 which are largely hydrophobic with the exception of Ser263. A
displacement of the loop by a magnitude of 1.5Å was noted between the cyanide-bound
and phenylimidazole-bound forms of the protein (figure 5.6). It has been suggested that
this loop plays a role in bringing His303 closer to the heme-iron accounting for the
observed mixed high-spin/low-spin resonance Raman signals in the ferric L-Trp unbound
protein.22
A recent docking study proposed that the unresolved twenty residue section
between Gln360 and Gly380 borders the access channel leading to the heme acting as a
conformational gate for the substrate and ligand.23 It is believed that in the unbound resting
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state of the protein the loop takes on an “open” conformation in which is largely
unstructured and that upon substrate (i.e. L-Trp) binding a “closed” conformation is
adopted. This “closed” conformation is thought to be much more structured based on
comparison to an analogous sequence in tryptophan 2,3-dioxygenase, TDO.24 Crystal
structures have been obtained for ferric unbound and ferrous L-Trp bound TDO in which
a short sequence comprised of residues Lys251-Ser258 unresolved in the ferric unbound
form (figure 5.7, left) yet clearly resolved and structured in the ferrous L-Trp bound form
a partially occluded heme binding pocket (figure 5.7, right).25

Figure 5.6. Crystal structures of (left panel) ferric phenyl-imidazole bound (PDB code 2D0T) and (right
panel) ferric cyanide bound (PDB code 2D0U) hIDO. Highlighted in red are residues A260-G265 in order
to emphasize the ligand-dependent displacement of this sequence.

It has been proposed based upon FTIR spectroscopic data that subsequent to COphotolysis the ligand populates one of three docking sites within the protein (Scheme 5.2).26
The presence of L-Trp in the active site of the protein was found to either generate a fourth
docking site for CO or perturb one of the three existing sites.26 It was proposed that
subsequent to CO-photolysis, L-Trp transiently populates a second low-affinity site and
later relaxes to the primary high-affinity site upon CO rebinding.26 Magnetic circular
101

dichroism (MCD) spectra of the L-Trp bound COhIDO complex suggest a concentration
dependent bending of the Fe-CO angle indicating L-Trp induces an increase in the polarity
of the essentially non-polar heme distal pocket supporting the proximity of the primary LTrp binding site to the heme active site.27 The proximity of the substrate is further
corroborated by resonance Raman further supporting a possible hydrogen bond between
the oxygen of CO and the L-Trp indole ring.6,26

Figure 5.7. Crystal structures of bacterial (Xanth. Campestris) TDO in it’s (left panel) ferric L-Trp unbound
form (PBD code 2NW7) and (right panel) ferrous L-Trp bound form (PBD code 2NW8). Highlighted in red
are residues Lys251-Ser258 comprising an ordered omega loop in the bound form yet disordered and, thus,
unresolvable in the unbound form as indicated by its absence in 2NW7. This loop is thought to be analogous
to the Q360-G380 unstructured sequence of ferric phenyl-imidazole and cyanide bound hIDO crystal
structures (PDB codes 2D0T and 2D0U, respectively).

Photodissociation of CO from a number of hematoproteins - including horse heart
and sperm whale myoglobin (Mb)28-34, hemoglobin (Hb)35-37, cytochrome P450 (P450)38,39,
neuroglobin (Ngb)40, horseradish and soybean peroxidase (HRP and SRP, respectively)41,
lactoperoxidase (LPO)42, dehaloperoxidase (DHP)43, Heme-AT (HAT)44, and the
cytochrome c digestive product microperoxidase-11 (MP11)45 - has been probed by PAC.
PAC has also been used to probe CO-photolysis from a number of heme model systems as
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well.45,46 A summary of the photoacoustic results for many of these systems has been
recently reviewed.47

Scheme 5.2. Mechanism proposed by Nickel, et al.26

In the case of HRP, SBP, DHP, HAT and Ngb, no kinetics were observed between
50ns and 20μs (i.e. the time-window for those particular experimental setup) and formation
of the Fe:CO geminate pair as well as CO migration out of the binding pocket and into the
bulk solvent were proposed to occur within the 50ns response time of the transducer.40,41,43
Similarly, no kinetics longer than the transducer response time (~100ns) were observed by
Peters et al. for the formation of the triply bound Hb, (CO)3Hb, from (CO)4Hb.36 The
energetics and volume change associated with the fast <100ns prompt phase were
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attributed to Fe-CO bond cleavage and release of a single CO from the protein matrix to
the bulk solvent. CO release from LPO also displayed no kinetics slower than 50ns for
LPO.42 However, the energetics and volume changes observed in the prompt 50ns phase
were argued to arise from formation of the Fe:CO geminate pair and protein dynamics
occurring in response to the Fe-CO bond cleavage. CO-photorelease from HAT has also
been reported to occur on timescales less than 20ns by PAC.44 Myoglobin, on the other
hand, has been shown by PAC to undergo at least three distinct kinetic phases: two phases
occurring < 100ns are attributed to the Fe-CO bond cleavage and formation of the geminate
pair (< ~20ns)28, an ~80ns phase corresponding to population of a secondary binding site
within the protein matrix by CO28 prior to migration out of the protein and into the bulk
solvent within 700-800ns.28-34,48
Irradiation of COhIDO results in cleavage of the Fe-CO bond resulting in the
formation of a geminate contact pair between the iron of the hIDO-heme group and CO. It
is known from heme models that the Fe-CO bond cleavage involves an enthalpy change of
approximately 17 kcal mol-1 corresponding to the Fe-CO bond energy and a volume change
of 5-15 mL mol-1 due to structural reorganization of the heme group and surrounding
medium due to a low-to-high spin transition (LS→HS) of the heme-Fe(II) upon ligand
dissociation.45,46,49,50 However, it is assumed that the active sites and protein matrix of heme
proteins are flexible enough to accommodate the volume changes related to the LS→HS
transition such that the observed volume change accompanying Fe-CO bond breaking in
heme proteins is negligible. It should be noted that enthalpic contributions due to the
LS→HS transition are essentially 0 kcal mol-1.41
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The structural changes occurring in <50ns are the sum of the contributions from
Fe-CO bond cleavage and structural contributions related to protein relaxation that
accommodates the formation of the geminate pair:
5.1a
5.1b
When scaled to the quantum yield for CO-photolysis (~0.93), the enthalpy change of the
prompt phase observed for COhIDO in the absence of L-Trp was found to be ~25 kcal mol1

and given the enthalpy change for Fe-CO bond cleavage of heme model compounds (~17

kcal mol-1)45, the ΔHstruc obtained from equation 5.1 is ~8 kcal mol-1 and is accompanied
by an ΔVstruc of 12 mL mol-1.
The fact that the enthalpy changes for the 400ns and 1.4μs phases are similar in
magnitude and yet opposite in sign is significant and is indicative of a reversible process,
possibly due to a conformational switch upon CO migration out of the protein and into the
bulk solvent. A mechanism consistent with the observed thermodynamic and volumetric
data for CO photorelease from hIDO is now proposed in which the migration of CO from
the heme distal pocket occurs on a 400ns timescale and is coupled to a conformational
switch of hIDO into an “open” conformation followed by a 1.4μs relaxation of the
conformational change associated with CO-release and uptake of an H2O molecule. The
observed enthalpy change for the 400ns phase is then the sum of the structural enthalpy
change (due to the structural changes leading to the “open” conformation of hIDO) and the
enthalpy change associated with CO-solvation (~ -3 kcal mol-1). A similar analysis applies
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to the molar volume changes where the volume change for CO-solvation is ~ 20 mL mol1 51-54

.

∆

∆

∆

5.2a

∆

∆

∆

5.2b

The structural contributions to the observed enthalpy and volume change obtained from
equation 5.2 corresponding to the structural transition of hIDO resulting in the formation
of the “open” conformation for CO-release into the solvent is then ~ -30 kcal mol-1 with a
concomitant structural compression of ~ -16 mL mol-1.
If, indeed, the longer 1.4μs phase corresponds to the relaxation of the “open”
conformation of hIDO formed upon CO-release (such that the conformational switch is
fully-reversible) with an accompanying uptake of a water molecule, then the structural
contributions to the enthalpy and volume changes observed in this phase will be of the
same magnitude but opposite in sign as the structural contributions proposed for the 400ns
phase after accounting for the change in enthalpy and volume for water desolvation.
∆

.

∆

∆

5.3a

∆

.

∆

∆

5.3b

Subtracting ΔHstruc and ΔVstruc obtained from equation 5.2 from ΔH1.4μs and ΔV1.4μs in
equation 5.3 yields a difference in enthalpy of approximately 5 kcal mol-1 and volume of
approximately 19 mL mol-1. These values are similar to values corresponding to the loss
of a single water molecule from solution to the interior of the protein (ΔHvap ~11 kcal mol-
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1

and the partial molar volume of water ~18 mL mol-1).55 The overall mechanism

corresponding to these processes is summarized in scheme 5.3.

Scheme 5.3. Proposed mechanism of CO-photolysis from hIDO.

Previous studies by Sono, et al (1980) observed a dissociation constant for L-Trp
binding to COhIDO to be ~350μM. Thus at the concentration of protein and L-Trp used in
this study the protein is approximately 91% bound.16 The enthalpy and volume changes in
the presence of 3.5mM L-Trp is then the sum of the contributions from CO-photolysis from
the L-Trp unbound and bound forms of the protein. The change in enthalpy for COphotolysis from hIDO in the presence of L-Trp can be calculated as the difference between
the observed ΦΔH in the presence of L-Trp minus the observed ΦΔH in the absence of LTrp scaled to the respective fractional population:
.

.
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5.4

The volume changes can be treated in the same way. The thermodynamic parameters
associated with CO-photolysis for the prompt phase involve an endothermic process with
an enthalpy change of ~25 kcal mol-1 and a corresponding volume change of -1 mL mol-1,
an intermediate exothermic (~-12 kcal mol-1) volume expansion of 1 mL mol-1 and a slow
endothermic process of ~29 kcal mol-1 and volume expansion of 3 mL mol-1.
When scaled to the quantum yield for CO-photolysis in the presence of 3.5mM LTrp (~0.29) the enthalpy change for the prompt phase is then found to be 86 kcal mol-1
having a negligible volume change of ~-0.1 mL mol-1. Adjusting for the enthalpy change
corresponding to the breaking of the Fe-CO bond (~17 kcal mol-1) results in an enthalpy
change of 69 kcal mol-1 due to structural differences between the CO-bound and unbound
state.
Contributions to the larger enthalpy change of the prompt phase likely arise from
breaking of the hydrogen-bond (ΔH = 3-6 kcal mol-1) proposed between the bound L-Trp
and CO upon photolysis and possibly disruption of a non-solvent exposed electrostatic
interaction (likely between the L-Trp backbone and a charged residue of hIDO, possibly
Arg231). The proposed electrostatic contribution to the enthalpy change is consistent with
a number of observations. First, the crystal structures discussed earlier for the cyanide and
phenylimidazole bound ferric IDO contain two molecules of N-cyclohexyl-2aminoethanesulfonic acid (CHES) bound anti-parallel with respect to each other via
interactions between their amino groups and the 7-propionate of the IDO heme at the
proposed L-Trp high and low affinity sites of IDO.1 Secondly, the conformation of L-Trp
in the crystal structure of ferrous TDO indicates interactions between the ammonium group
of the L-Trp backbone and the 7-propionate of the TDO heme as well as between the
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carboxyl group of the L-Trp backbone and Arg117 of TDO.11 It is likely that a similar
interaction exists between the carboxyl group on the backbone of L-Trp and Arg231 of
hIDO. This can be further corroborated when comparing the enthalpy change to that of the
enthalpy of formation similar inorganic ionic species such as ammonium nitrite (~ -61 kcal
mol-1).56
Disruption of the interaction between the L-Trp carboxyl and Arg231 may then lead
to perturbation or full displacement of the L-Trp position within the hIDO binding domain
in a similar manner as that proposed by Nickel et. al.26 resulting in a more exposed distal
pocket. Therefore, the protein structural change corresponding to the “open” conformation
is coupled to depopulation of the primary L-Trp binding site to some other secondary low
affinity site, perhaps the inhibitory site, for L-Trp (where the ammonium L-Trp/heme 7propionate interaction remains intact throughout). This migration of L-Trp from the high
affinity site to the low affinity site may explain the observed differences in the enthalpy
change between the substrate-bound and substrate-free proteins for this phase, with the
enthalpy change corresponding to the L-Trp migration contributing ~21 kcal mol-1 to the
total observed ΔH200ns.
Similarities in the magnitudes of the volume change corresponding to the slow
relaxation from the hIDO “open” form between the substrate-free and substrate-bound
protein may indicate little change in the mechanism of relaxation in comparison to the Trpunbound hIDO. As a corollary, the observed difference in the enthalpy change between the
200ns and 2μs phase implies that the secondary L-Trp site likely remains populated and
relaxes back to the high affinity binding mode on timescales longer than 15μs (see scheme
5.4 below).
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Scheme 5.4. Proposed mechanism of CO-photolysis from L-Trp bound hIDO.

Summary
Photoacoustic calorimetry was used to probe the conformational dynamics between
50ns and 15μs upon CO-photolysis of CO-hIDO in the presence and absence of L-Trp. The
data obtained is consistent with a mechanism previously proposed26 and involves COmigration out of the hIDO heme distal pocket and into the bulk solvent on a timescale of
~400ns (rebinding in ~52ms) in the absence of L-Trp and ~200ns (with bi-exponential
rebinding kinetics of 122ms and 819μs) in the presence of 3.5mM L-Trp. The migration of
CO into the bulk solvent is gated by a conformational change of hIDO of approximately 16 mL mol-1 (~27 Å3). The relaxation of this conformational change occurs within 1.4μs
and is coupled with the uptake of a single water molecule from the solvent into enzyme
interior. In the presence of 3.5mM L-Trp, upon hIDO adopting the “open” conformation
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the bound L-Trp substrate migrates to a secondary low affinity binding site within 200ns
effectively decreasing the total structural change of hIDO by ~ -3 mL mol-1 (~ 5 Å3) in
response to CO-release. Relaxation from the “open” conformation seems to occur by the
same mechanism in the absence and presence of L-Trp. In the presence of L-Trp, repopulation of the high affinity site must occur after the 15μs upper time constraint of PAC.
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CHAPTER 6:
FUTURE DIRECTION

In conclusion, it is appropriate to outline some of the questions still remaining with
regards to the projects outlined and discussed in the previous chapters and other related
work that, either out of lack of time or sufficient meaningful data or both, were not included
and to provide some future direction. The following few sections are meant for just that. In
some cases, preliminary trials and some data was obtained; however, that preliminary data
exists will only be mentioned where appropriate and the data will not be included.
Electron Transfer and Cytochrome C
What is the role of water at the protein-protein interface in intermolecular ET reactions?
Evidence suggests that water may play an important role at the interface between Cc and
CcO.1 Whether the interfacial water molecules’ primary role is to stabilize the complex or
whether they somehow participate in modulating ET is still uncertain. The use of “waterin-oil” reverse micellar microemulsions has been considered as a medium to probe this
further extending the UroP/Cc system discussed in chapter 3. These reverse micellar
systems are an ideal method by which to limit or restrict the amount of water present in the
system thereby controlling hydration. A slight temperature dependence on the solvent
parameters has been observed from the PAC signals in [water]/[surfactant] ratios as low as
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18 for CTAB reverse micelles which is necessary to separate the enthalpy and structural
volume contributions. Preliminary data describing PAC results on the formation and decay
of the 3MLCT of Ru(bpy)32+ and the effect of restricted solvation on the volume changes
accompanying the formation and decay have recently been submitted for publication.
Another strategy by which to restrict hydration is by encapsulation within a sol-gel
matrix. Technologies have successfully been developed in this lab by which to probe the
enthalpy and volume changes associated with CO migration out of equine myoglobin
encapsulated in silica sol-gels by PAC.2 Bovine Cc has also been successfully encapsulated
into the same silica sol-gels. Preliminary data indicate, 1) the iron-Met80 bond is intact
suggesting the tertiary structure of the protein is not significantly perturbed, and 2) UroP
readily diffuses in and out of the sol-gel matrix.
Proton-Coupled Electron Transfer
PCET between Tyr and Ru3+ in Ru(bpy)2(mbpy-Tyr) at pH 7. Previous studies have
shown that hydrogen bonding between the phenolic proton and a hydrogen-bond acceptor
influences the rate of PCET.3 In particular, increased PCET rates have been observed with
higher phosphate buffer concentrations.4 Although, this result was observed by the
flash/quench method, it is possible that similar results may be obtained in the absence of
an external quencher and energetics may be obtained along the full pH range, including pH
7 where no quenching was observed (see chapter 4).
The flash/quench experiment performed by Hammarström and co-workers, of
which so much data kinetic and energetic results have been obtained, would also be
performed by PAC to obtain the relevant enthalpy and volume changes. These would
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require PAC of compounds 2 and 3 to be performed in the presence of a sufficiently high
concentration of a quencher such as MV2+ where generation of Ru (bpy)33+ in < 50ns. These
experiments can also be expanded to look at the enthalpy and volume changes
corresponding to the recombination reaction and recovery of the tyrosine initial state using
photothermal beam deflection (PBD), another Photothermal technique with a time window
between 15μs and ~100ms.
A number of biomimetic systems based on porphyrin platforms were also
synthesized in the last six years to probe the same tyrosine PCET chemistry as well as
tryptophan PCET chemistry by PAC. Unfortunately, these model compounds exhibited
poor solubility in water making it difficult to obtain reproducible results. Some strategies
considered recently to circumvent this limitation are the use of “oil-in-water” micellar
systems where the porphyrin is expected to partition within the hydrophobic interior of the
micelle and whose Cpρ/β have been shown to demonstrate broad temperature dependence
or a “water-in-oil” reverse micellar approach (mentioned above) where the porphyrin
remains partitioned in the organic bulk solvent and the purpose of the surfactant/water
“droplets” are simply to impart temperature dependence on the Cpρ/β of the mixture.
Indoleamine 2,3-Dioxygenase
Unfortunately, lack of protein stock limited the experiments that were performed.
As mentioned in chapter 5, preliminary results were obtained by PAC for CO-photolysis
from hIDO as a function of salt concentration to probe contributions to the observed
volume change due to electrostriction. However, not enough protein was available to
reproduce the data and run follow up experiments. PBD was considered to obtain the

116

energetics and volume changes associated with CO-rebinding. The PBD data would also
complement the transient absorption data already collected for COhIDO in the absence and
presence of L-Trp. If the collaboration continues, point mutations along the Lys251-Ser258
sequence that is unresolved in the crystal structure, the Gln360-Gly380 sequence proposed
to act as a conformational gate for substrate, as well along the Ala260-Gly265 sequence
that is displaced between the CN and phenylimidazole bound forms of the crystal structure,
as well as at Arg343 and Asp274 to probe each of their contributions to the overall volume
changes observed for the three phases resolved.
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APPENDIX 1

Benesi-Hildebrand Equation
Consider the equilibria for a 1:1 complex
Ka


A
 Q 
 AQ
[A]-[AQ]
[AQ]
[Q]

A.1

where the terms underneath the equilibria expression represent the equilibrium
concentrations of each species and:

[AQ] 

Ka [A][Q]
1  Ka [Q]

A.2.

If we describe the total absorbance, AT, as the sum of the absorbance due to free A and the
complex AQ (assuming Q does not absorb at the wavelength or range monitored) then

AT  [A] [AQ] A  [AQ]AQ

3

where εA and εAQ are the molar absorptivities of the free and bound species respectively.
Substituting equation A.2 into A.3 and rearranging
 K a [Q] 
A T  [A] A  [A] 
   A   AQ 
 1  K a [Q] 
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A.4.

Calling [A]A the initial absorbance, Ao, then
 K a [Q] 
A T  A o   A  [A] 
 
 1  K a [Q] 

A.5

The reciprocal of A.5 yields the familiar form of the Benesi-Hildebrand plot for a 1:1
complex:

[A]
1
1


A Ka [Q] 

A.6

In a similar fashion, we can relate the association (or binding) constant to changes in the
steady-state emission spectra of A; that is, assuming that the excited-state species, A*, is
emissive. We can then say that the total emission in the presence of Q is

I  [A]  [AQ] A A  [AQ]AQ AQ

A.7

where the i are the quantum yields of fluorescence for the species and the i are described
above. If we regard [A]AA to be the intensity of A in the absence of Q, Io, and [A]AQAQ
the intensity at infinite concentration of Q, I, then

1
1
1


I Ka [Q]  Io  I   Io  I 

A.8

Stern-Volmer Equation
Consider the equilibria reaction above (equation A.1) for a ground state complex of
fluorophore and quencher, then
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[AQ]  Ka[A][Q]

A.9

where the total concentration of fluorophore in solution is

ca  [A] [AQ]

A.10

then we can consider the fraction of fluorophore free in solution as

fA 

[A]
cA

A.12

Similarly, equations A.13 represents the fraction of singly bound fluorophore.

f AQ 

[AQ]
cA

A.13

The excited state fluorophore (both, free and bound) may depopulate via the following
routes:

kr
A * 
 A  h

rate  kr [A* ]

nr
A *  k
A

rate  knr [A* ]

q
A*  Q 
A  Q

k

rate  kq[A* ][Q]

kr
A*Q 
 AQ  h

rate  kr '[A*Q]

'

rate  knr '[A*Q]

'

knr
A*Q 
 AQ  

rate  kq''[A*Q]

''

q
A*Q 
A  Q

k
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'

q
A*Q  Q 
 AQ  Q

k

rate  kq'[A*Q][Q]

In the absence of quencher, the quantum yield of fluorescence of the free-fluorophore can
be expressed as

A 

kr
kr  knr

A.14

with initial intensity

Io  caAA

A.15

where εA is the molar extinction coefficient of the fluorophore; whereas, in the presence of
quencher, Q, the expression becomes

 A+Q 

kr
kr  knr  kq [Q]

A.16

in the case of purely diffusional (or collisional) quenching between a single excited
chromophore and ground-state quencher. The quantum yield of fluorescence for the singly
or doubly bound forms of the chromophore can be similarly described by

 AQ 

kr '
k r '  k nr '  k q ''  k q ' [Q]

A.17

In the presence of quencher then, the total intensity of the fluorophore in solution is given
as
I  ca  f A  A+Q A  f AQ AQ AQ 
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A.18

where εAQ is the molar extinction coefficient of the singly bound species.
If Ka is zero, i.e. no complex forms between the fluorophore and quencher, the ratio of Io
to I
Io
ca  A A

I ca  f A  A+Q A  f AQ  AQ AQ 

A.19

reduces to the traditional form of the Stern-Volmer equation for diffusional/collisional
quenching:
Io
 1  k q o [Q] 
I

A.20

We will now consider the case in which a ground-state association between the fluorophore
and quencher does form a 1:1 complex.
First Case - 1:1 Non-Emissive Complex
In the case that there is a one-to-one association of A and Q in the ground-state (Ka is nonzero) and the resultant complex, upon excitation, is non-emissive (dark) equation A.19
becomes



kr 

kr  knr 
Io


I


kr


 kr  knr  kq [Q] 

1  Ka [Q] 

which can be further reduced to
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A.21

Io
 1  K a [Q]  1  k q o [Q] 
I

A.22

where o is the reciprocal of the sum of the radiative and non-radiative decays, kr and knr
respectively.
Second Case - 1:1 Emissive Complex
In the case that there is a one-to-one association between A and Q in the ground-state (Ka
is non-zero) and the resultant complex, upon excitation, is emissive the quantum yield of
fluorescence of the complex is non-zero and the final form of equation A.19 is more
complicated. Assuming the molar absorptivities for the free and bound species do not differ
significantly at the wavelength of excitation equation A.19 becomes



kr 

kr  knr 
Io


I 



kr
kr '
K

[Q]


 '

a
'
''
'
 kr  knr  kq [Q] 
 kr  knr  kq  kq [Q] 

1  Ka [Q] 

A.22

which may then be reduced to

Io

I

1 Ka [Q] 1 kq o[Q]
1
 
1   o'  Ka [Q]1  kq o [Q] 1  kq'  '[Q]
 

A.23

if we assume kr' does not differ significantly from kr and we define ' as the reciprocal of
the sum of kr', knr', and kq''.
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