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ABSTRACT 

 When dissolved in a bulk solvent, bilirubin efficiently removes singlet molecular 

oxygen, O2(a
1g), through a combination of chemical reactions and by promoting the O2(a

1g) 

→ O2(X
3g

-) nonradiative transition to populate the ground state of oxygen. To elucidate how 

such processes can be exploited in the development of a biologically useful fluorescent probe 

for O2(a
1g), pertinent photophysical and photochemical parameters of bilirubin encapsulated 

in a protein were determined.  The motivation for studying a protein-encapsulated system 

reflects the ultimate desire to (a) use genetic engineering to localize the probe at a specific 

location in a living cell, and (b) provide a controlled environment around the 

chromophore/fluorophore. Surprisingly, explicit values of oxygen- and O2(a
1g)-dependent 

parameters that characterize the behavior of a given chromophore/fluorophore encased in a 

protein are not generally available.  To the end of quantifying the effects of such an encasing 

protein, a recently discovered bilirubin-binding protein isolated from a Japanese eel was used.  

The data show that this system indeed preferentially responds to O2(a
1g) and not to the 

superoxide ion.  However, this protein not only shields bilirubin such that the rate constants 

for interaction with O2(a
1g) decrease relative to what is observed in a bulk solvent, but the 

fraction of the total O2(a
1g)-bilirubin interaction that results in a chemical reaction between 

O2(a
1g) and bilirubin also decreases appreciably.  The rate constants thus obtained provide a 

useful starting point for the general design and development of reactive protein-encased 

fluorescent probes for O2(a
1g).  
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INTRODUCTION 

 It is acknowledged that reactive oxygen species (ROS) play an important role in 

maintaining cell homeostasis and in the signaling events that occur as a result of a 

perturbation of the cell.1-5  As such, there continues to be an extensive effort to develop 

fluorescent molecules that can selectively detect a given ROS under a wide range of 

conditions in living systems.6-10  Of particular interest in this regard are protein-encased 

fluorescent probes that can be localized in a specific cellular domain through genetic 

engineering.11, 12 

 We have long been interested in one particular ROS: the lowest energy excited 

electronic state of molecular oxygen, singlet oxygen, O2(a
1g).

13  As with other ROS (e.g., the 

superoxide ion, H2O2, the hydroxyl radical), O2(a
1g) has been implicated as an important 

intermediate in biological processes that range from cell death (apoptosis and necrosis) to cell 

proliferation (stimulated mitosis).13-16   

 Unlike other ROS, O2(a
1g) has the unique feature that it can be directly and 

selectively monitored via its characteristic 1275 nm O2(a
1g) → O2(X

3g
-) phosphorescence 

in time-resolved experiments, including those performed at the level of a single cell.13, 17, 18  

Nevertheless, these experiments are not trivial and are generally performed under special 

conditions that facilitate the detection of this weak optical signal.13  Thus, there is a significant 

incentive to develop biologically compatible fluorescent molecules that selectively respond to 

the presence of O2(a
1g) with a corresponding change in their fluorescence spectra.  The use 

of a genetically-encoded probe is certainly a good way to achieve the goal of spatial 

localization in or on a cell.  Carrying this latter point further, a protein-encased probe has the 

added advantage that its local environment, and hence its photochemistry and photophysics, 

will always be the same, irrespective of where in a cell it is placed.   
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 4

Although there has been a reasonable effort dedicated to the design, development and 

characterization of discrete molecular probes for O2(a
1g),

19-25 the study of genetically-

encodable systems that are selective for O2(a
1g) has lagged.  In our view, the further 

development of such systems is limited by the lack of kinetic and photophysical data that 

characterizes and quantifies the general O2(a
1g)-relevant behavior of protein-encased 

chromophores/fluorophores.   

 In mechanistic studies to investigate the behavior of O2(a
1g), it is often useful to add 

a molecule that can selectively quench or deactivate O2(a
1g).  In bulk solution phase systems, 

the molecules often used in this regard are sodium azide and 1,4-diazabicyclo[2.2.2]octane 

(DABCO), both of which efficiently promote the O2(a
1g) → O2(X

3g
-) non-radiative 

transition.26, 27   Alternatively, the well-known H2O/D2O solvent isotope effect on the lifetime 

of O2(a
1g) can be used in this same way.13, 26  For functioning biological systems such as a 

living cell there is great incentive to develop an analogous O2(a
1g)-perturbing system that 

can be specifically localized in a given intracellular spatial domain.  To this end, a 

genetically-encodable system that selectively deactivates O2(a
1g) will likewise be quite 

useful in a way that complements the fluorescent O2(a
1g) probe described above. 

 With these points in mind, and with the desire to establish a useful quantitative 

framework for discussions of protein-based O2(a
1g) probes, we set out to capitalize on a 

recent report describing the isolation and characterization of a bilirubin-binding protein 

isolated from a Japanese freshwater eel (Anguilla japonica).28  The Japanese word for this 

freshwater eel, unagi, is well known to those who patronize sushi bars worldwide and was 

used to derive the moniker for this protein: UnaG.28  Structures for both bilirubin and the 

UnaG-encased bilirubin are shown in Figure 1. 
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 5

 

Figure 1.  (A) Bilirubin drawn in a conformation that allows for favorable intramolecular 

hydrogen-bonding.  (B) Illustration of the UnaG-encased bilirubin, where 

bilirubin is shown in green.  (C) Corresponding illustration of the UnaG-encased 

bilirubin that also shows the van der Waals surface of the protein and the entry 

channel (red circle) through which externally-produced O2(a
1g) must diffuse to 

encounter bilirubin.  The latter illustrations are derived from the crystal structure 

reported for holoUnaG.28 
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 The photochemistry and photophysics of bilirubin has long drawn the attention of the 

scientific community, principally given the accepted photodynamic treatment for neonatal 

jaundice which is characterized by locally high concentrations of bilirubin in lipophilic 

domains of the body (i.e., photolysis renders the bilirubin more hydrophilic which, in turn, is 

more readily excreted by the body).29, 30  Of particular relevance to the present study are 

reports that bilirubin efficiently removes O2(a
1g) from bulk solvents (i.e., chloroform, 

ethanol/D2O) with an overall rate constant in the range 2-3 × 109 s-1 M-1 (i.e., rate constant for 

the sum of the reactive and non-reactive channels for O2(a
1g) removal).31, 32    The rate 

constant for the O2(a
1g)-mediated decomposition of bilirubin that results in a loss of bilirubin 

fluorescence (i.e., reactive O2(a
1g) removal) was determined to be 4 × 108 s-1 M-1 in 

chloroform.31  These data from bulk solvents are consistent with the known antioxidant 

properties of bilirubin in mammalian systems.33  Moreover, the quantum yield of bilirubin 

fluorescence has been reported to increase from ~ 10-3 for the free solvated molecule to ~ 0.5 

for the UnaG-encased molecule.28, 34  Thus, this information bodes well for the potential use 

of UnaG-encased bilirubin as a model to better elucidate selected kinetic and photophysical 

aspects pertinent for the development of a protein-based probe for O2(a
1g) that can also 

locally perturb O2(a
1g) concentrations and thereby alter cell response to the production of 

O2(a
1g). 

 From a practical perspective, given that bilirubin is endogenously produced by many 

mammalian cells, this protein-dependent O2(a
1g) probe could be readily generated without 

the external addition of a chromophore/fluorophore.  Indeed, the dissociation constant 

reported for UnaG-encapsulated bilirubin is quite small (KD = 98 pM) indicating efficient 

noncovalent binding.28   Thus, it is likely that one could indeed discriminate between the 

ambient and protein-bound intracellular populations of bilirubin.  Carrying this latter point 
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 7

further, we note that protein-encased biliverdin has recently been used as a O2(a
1g) probe in 

cell experiments.35  Biliverdin is an oxidized form of bilirubin (i.e., hydrogenation/reduction 

of a double bond in biliverdin yields bilirubin33).  Although this bodes well as a specific 

practical example, pertinent rate constants and photophysical parameters were not determined 

for the biliverdin system,35 only increasing the relevance of our present study on protein-

encapsulated bilirubin. 

 We therefore set out to characterize and quantify selected aspects of the interaction 

between bilirubin and O2(a
1g), focusing on the effects that encapsulation of bilirubin in the 

UnaG protein have on this interaction. 

 

EXPERIMENTAL SECTION 

Chemicals.   9,10-Anthracenediyl-bis(methylene)dimalonic acid (ADA) (Fluka), Aluminum 

(III) phthalocyanine tetrasulfonic acid (AlPcS4) (Frontier Scientific), potassium superoxide 

(Sigma Aldrich), and D2O (> 99.9% D, Euriso-Top) were used as received.  Bovine Serum 

Album (BSA) fraction V crystalline (≥ 99%) was obtained from Merck Millipore, while BSA 

fatty-acid free (≥ 99%), Human Serum Albumin (HSA) (≥ 97%), HSA fatty-acid free (≥ 96%), 

and Rat Serum Albumin (RSA) (≥ 99%) were obtained from Sigma-Aldrich and used as 

received. 

 The D2O-based phosphate buffer was prepared by dissolving one PBS tablet (Sigma-

Aldrich) in 200 mL of D2O to yield a 10 mM phosphate buffer solution with 2.7 mM KCl and 

137 mM NaCl at pD 7.8.   The D2O-based citrate (20 mM, pD 6.4) and N-cyclohexyl-3-

aminopropanesulfonic acid, CAPS, (5 or 50 mM, pD 10.7) buffer solutions were prepared 

using the respective powders obtained from Sigma-Aldrich.  (Note: pD = pH + 0.4)   
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Expression and Purification of UnaG.  The UnaG plasmid was obtained as a gift from A. 

Miyawaki (RIKEN Brain Science Institute, Wako-City, Japan).  The sequence encoding the 

UnaG protein, inserted in the vector pGEX-2T, was transferred to a pT7 vector36 as a fusion 

protein containing ubiquitin (UB) preceded by a six Histidine tag (H6) and a Factor Xa 

cleavage site (FXa) between UB and UnaG. The new plasmid T7H6-UB-FXa UnaG was 

transformed into competent E. coli BL21 AI cells (Invitrogen), plated on 2xTYE-agar plates 

containing carbenicillin (100 µg mL-1) and grown overnight. The UB-UnaG fusion protein 

was expressed in the dark from a single colony in 2xTYE medium supplemented with 

carbenicillin (100 µg mL-1).  Expression was induced by addition of arabinose to 0.2% w/v. 

Cells were harvested after 4 h of expression and lysed by sonication in 50 mM Tris–HCl (pH 

8), 500 mM NaCl, 25 mM imidazole and a cocktail of protease inhibitors (Sigma-Aldrich). 

The insoluble protein extract was collected by centrifugation, resuspended in the same buffer 

supplemented with 4M Urea. The soluble extract was loaded into a Sephadex G-25 column 

(GE-Healthcare) to remove urea. Fractions containing the fusion protein were digested with 

FXa (100:1 w/w) for ~ 48 h at 30 ○C, after which ~ 80% of the fusion protein was cleaved, as 

observed by SDS-PAGE. The digestion mixture was loaded into a Ni-NTA agarose column 

(Qiagen) to remove all ubiquitin and non-cleaved fusion protein and thereafter onto a 

benzamidine-Sepharose 6B CL column (GE HealthCare) to remove FXa. The UnaG protein 

eluted in the flow-through fraction from the columns in 50 mM Tris–HCl (pH 8), 500 mM 

NaCl, 25 mM imidazole. Samples were concentrated using a 50 mL AMICON stirred 

ultrafiltration cell equipped with a 10 kDa cut-off membrane. 

 

holoUnaG and apoUnaG.  To prepare holoUnaG (i.e., the protein-encased bilirubin), a 

DMSO solution of bilirubin was added to an aqueous buffer solution containing apoUnaG 

(i.e., the bilirubin-free protein) under conditions where the total amount of DMSO never 
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 9

exceeded 5% (v/v). The solution thus obtained with a 2:1 bilirubin-to-protein ratio was 

incubated for 20 min with gentle stirring.  apoUnaG fractions were likewise incubated with 

the same amount of DMSO lacking bilirubin to check for possible DMSO-induced 

denaturation of the UnaG protein.  Samples were buffer changed in PD-10 desalting columns 

(GE Healthcare) to 50 mM PBS, 5 or 50 mM CAPS buffer or 20 mM citrate buffer.  These 

buffer solutions were either D2O- or H2O-based, depending on the desired experiment.  

The following procedure was used to verify that holoUnaG was correctly folded.  

Knowing that bilirubin and apoUnaG bind in a 1:1 ratio, we estimated the expected 

concentration of holoUnaG that would result from the admixture of known amounts of 

bilirubin and apoUnaG.  Using the published value for the molar extinction coefficient of 

holoUnaG,28 we then measured the concentration of holoUnaG isolated after a buffer change 

of our bilirubin-apoUnaG mixture on a PD-10 column.  The data obtained indicate a 90% 

conversion of apoUnaG to holoUnaG.  This number is well within the expected losses on a 

PD-10 column.  This extent to which holoUnaG was recovered after the PD-10 column was 

also confirmed by comparing the relative intensities of holoUnaG fluorescence before and 

after running a PD-10 column.  These data, along with the fact that our absorption and 

emission spectra of holoUnaG match those that have been published28 indicate that our 

holoUnaG was correctly folded.  

 

Instrumentation and Methods.  Time-resolved O2(a
1g) phosphorescence measurements 

were performed upon fs pulsed-laser excitation of a photosensitizer using an approach and 

instrumentation that has previously been described.37, 38  Briefly, for the present study, the 

sensitizer AlPcS4 was irradiated at 680 nm (1 kHz repetition rate, < 1.3 mW/cm2 average 

power), and the 1275 nm O2(a
1g) phosphorescence signal monitored using a cooled near-IR 

PMT operated in a photon counting mode.  These experiments were performed using 1 cm 
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 10

path length cuvettes under conditions where the sample absorbance at the irradiation 

wavelength did not exceed ~ 0.1.  Data were obtained over an elapsed period of sample 

irradiation that did not exceed 30 s.  

 The procedure used in the kinetic competition studies to determine the reaction rate 

constant of holoUnaG with O2(a
1g) has likewise been described previously.39  The excitation 

source in these experiments was the attenuated output of a 150 W Xe lamp that had been 

passed through both a water filter and a 610 nm cut-on long pass filter.  At these latter 

wavelengths, the sensitizer AlPcS4 is the only light-absorbing molecule in the system. The 

solutions were stirred and the entire sample volume fully irradiated throughout these 

experiments.  This approach was also used in the study to examine the response of holoUnaG 

to O2(a
1g). 

 Steady-state absorption spectra were recorded either on a Shimadzu model UV3600 

UV-VIS-NIR spectrometer or a Hewlett Packard diode array spectrometer (HP8453), and 

fluorescence spectra were recorded using a Fluoromax P spectrometer (Horiba Jobin Yvon).  

Circular dichroism (CD) data were collected using a JASCO-810 CD spectrometer equipped 

with a Peltier temperature-controlled cuvette holder in 1 mm path length cuvettes, and the 

average of at least 5 independent scans was used for a given spectrum. 

 Illustrations and computer-based analyses of the UnaG protein were performed with 

the UCSF Chimera package.  Chimera is developed by the Resource for Biocomputing, 

Visualization, and Informatics at the University of California, San Francisco.40    

 

RESULTS AND DISCUSSION 

1.  Absorption, fluorescence and CD spectra of bilirubin, apoUnaG and holoUnaG  

 Absorption and fluorescence spectra of free, solvated bilirubin and of bilirubin 

encased by UnaG (i.e., holoUnaG) are shown in Figure 2.  Also shown is the absorption 
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 11

spectrum of the UnaG protein that lacks bilirubin (i.e., apoUnaG).  The data recorded were 

independent of whether a PBS (20 mM, pH 7.4) or a CAPS buffer was used (5 mM or 50 mM, 

pH 10.3).  Identical data were likewise recorded when these buffers were prepared with D2O 

instead of H2O (pD 7.8 and 10.7, respectively).  
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 12

 

Figure 2.  Absorption (solid lines) and emission (dotted lines) spectra, normalized to yield the 

same intensity at the band maximum, for bilirubin (panel A) and holoUnaG (panel 

B).  Also shown in panel B is the absorption spectrum of apoUnaG (dashed line).  

These fluorescence spectra were recorded upon irradiation into the bilirubin 

absorption band at  = 440 nm (free bilirubin) and  = 495 nm (holoUnaG).  The 
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 13

bilirubin and holoUnaG absorption spectra shown in panels A and B are plotted 

together in panel C to better illustrate the differences between the two (bilirubin = 

solid line; holoUnaG = dashed line). 

 

 The effect of the encapsulating protein is perhaps most clearly seen by the pronounced 

shift in the maximum of the bilirubin absorption band from ~ 440 to 495 nm.  (Note that the 

absorption band with a maximum at ~ 280 nm, assigned to tryptophan and tyrosine residues in 

the protein, does not shift upon binding bilirubin.)  These changes suggest that different 

environment-dependent conformational/configurational isomers of bilirubin may be involved 

in the transition.29, 30  In contrast, there is not a particularly large protein dependent change in 

the bilirubin fluorescence spectrum (Figure 2).    

The quantum yield of bilirubin fluorescence has been reported to increase from ~ 10-3 

for the free solvated molecule to ~ 0.5 for the UnaG-encased molecule.28, 34  The latter likely 

reflects the geometric constraints of the protein enclosure that inhibit conformational changes 

in the chromophore which facilitate nonradiative deactivation channels.   

Fluorescence spectra recorded upon irradiation of both apoUnaG and holoUnaG at 

290 nm, where the principal absorbing chromophores are tryptophan and tyrosine residues in 

the protein, show a small bilirubin-dependent red shift (~ 5 nm) in the emission band 

maximum suggesting only a slight bilirubin-dependent perturbation of the electronic state 

energies of these amino acid residues (Figure 3).  This conclusion is consistent with the 

observed lack of a bilirubin-dependent change in the absorption band centered at ~ 280 nm 

(vide supra, Figure 2).  In contrast, the intensity of the emission assigned to these amino acid 

residues decreases appreciably upon the incorporation of bilirubin into the protein (Figure 3).  

This observation may reflect energy transfer from the excited states of the amino acid residues 

to bilirubin.  This interpretation is reasonable given that there are four tyrosine residues that 

are less than 3.5 Å away from bilirubin and one tryptophan residue that is ~ 7 Å away from 
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bilirubin.    Unfortunately, experiments to test this hypothesis are confounded by the fact that 

it is difficult to irradiate at ~ 280-300 nm (i.e., populate the protein excited state) without 

concurrently populating the bilirubin excited state and thereby directly producing bilirubin 

fluorescence (i.e., bilirubin also has a small absorption at ~ 280-300 nm).  On the other hand, 

data collected from bilirubin bleaching experiments are consistent with this energy transfer 

hypothesis (vide infra).  

 

 

Figure 3.  Fluorescence spectra recorded upon irradiating apoUnaG and holoUnaG at 290 nm 

where the principal absorbing chromophores are tryptophan and tyrosine residues in 

the protein.  The apoUnaG spectrum is shown as a solid line.  The holoUnaG data 

are presented in two different ways: (1) scaled such that the intensity of the band 

maximum is the same as that for the apoUnaG data to best show the spectral shift 

(dashed line) and (2) unscaled to show the intensity difference between the holo 

and apo samples (dotted line).   

 

CD spectroscopy provides information about a protein’s secondary structure by 

probing the difference in absorbance of left- and right-circularly polarized light.  This 

difference depends on the alignment of the asymmetric carbons that constitute the protein 

backbone. A CD spectrum thus allows one to comment on the relative contribution of α-
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helices, β-sheets and random coils to the overall protein structure.41  The CD spectra of 

apoUnaG and holoUnaG are shown in Figure 4.   

 

 

Figure 4.  CD spectra for holoUnaG (black line) and apoUnaG (grey line). 

 

The CD spectra over the range ~ 220-270 nm for both apoUnaG and holoUnaG are 

consistent with structures that contain mostly β-sheets, and this is in accord with the crystal 

structure available for holoUnaG (Figure 1).28  In the holoUnaG spectrum, the combination of 

the positive couplet at 250(-)/285(+) nm and the negative couplet at 425(+)/480(-) nm is 

consistent with the binding of the chiral P-helical isomer of bilirubin in the protein. This 

characteristic signal has been observed and assigned for HSA- and BSA-bound bilirubin,42, 43 

and contrasts markedly with data recorded from bilirubin in an isotropic solvent.  For the 

latter, a racemic mixture of the M- and P-helical conformers of bilirubin give rise to the 

absence of a CD signal.44   

A denaturation study was performed by monitoring the change in the CD signal at 220 

nm as a function of temperature.  The data showed that apoUnaG denatures at a much lower 

temperature (51 ○C) than holoUnaG (66 ○C) indicating that the binding of bilirubin increases 

the stability of the protein.   
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2.  Bilirubin and holoUnaG do not sensitize the production of O2(a
1g) 

To fully characterize the behavior of bilirubin and holoUnaG with respect to processes 

that involve O2(a
1g), it is essential to ascertain whether these systems themselves sensitize 

the production of O2(a
1g) upon irradiation.  To this end, we irradiated both bilirubin and, 

independently, holoUnaG at 420 nm using a pulsed fs laser.  In each case, samples were 

prepared to have an absorbance of 0.1 over a 1 cm path length at this wavelength.  We then 

looked for the characteristic 1275 nm phosphorescence of O2(a
1g) in time-resolved photon-

counting experiments.  These studies were performed in D2O-based buffers to capitalize on 

the H2O/D2O solvent isotope effect on the lifetime of O2(a
1g) that, in turn, increases the 

quantum efficiency of O2(a
1g) phosphorescence in D2O.26, 45 

In both cases, we were not able to detect a O2(a
1g) phosphorescence signal.  Given 

the detection parameters of our system, we can thus state that the photosensitized quantum 

yield of O2(a
1g) production for both bilirubin and holoUnaG does not exceed 0.001.  This is 

a desired attribute of a probe for O2(a
1g).

25, 46 

 

3.  Effects of O2(a
1g) on apoUnaG and holoUnaG 

To examine the effects of O2(a
1g) on apoUnaG and holoUnaG, we generated O2(a

1g) 

using a photosensitizer that was added to the buffer solution containing the proteins.  The 

water-soluble molecule AlPcS4 was used for this purpose.  AlPcS4 was chosen principally 

because it has an absorption band maximum at 680 nm, and this allows us to selectively 

irradiate this sensitizer without putting any light into apoUnaG or holoUnaG (Figure 2).  

AlPcS4 sensitizes the production of O2(a
1g) with a quantum yield of 0.22 ± 0.03.47  Because 

the AlPcS4 concentration used in our experiments was ~ 1 µM, the steady-state concentration 

Page 16 of 41Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 17

of O2(a
1g)  produced upon irradiation of AlPcS4 with the filtered output of the cw Xe lamp 

was thus always very small. 

Proteins can interact with phthalocyanines and thereby perturb their photophysical 

properties.48  However, under our experimental conditions, we did not observe appreciable 

changes in the absorption and emission spectra of bilirubin, apoUnaG, holoUnaG and AlPcS4 

upon admixture of these respective molecules.  Thus, we assume that AlPcS4 and the proteins 

are homogenously distributed in our buffered solutions and that our data do not show the 

effects of aggregation and/or complexation. 

Absorption and emission spectra of both apoUnaG and holoUnaG were recorded as a 

function of the elapsed irradiation time of co-dissolved AlPcS4 (Figure 5).  The data in 

Figures 5A and 5B show an appreciable and correlated decrease in the bilirubin absorbance 

and fluorescence intensity as a function of prolonged exposure of holoUnaG to O2(a
1g).  The 

clear absence of a spectral shift and an isosbestic point in the absorption spectra strongly 

suggests that these data reflect the expected oxidation of the encapsulated bilirubin rather than 

the release of bilirubin to the solvent due to the oxidation of amino acid residues in the protein 

that influence bilirubin binding (see Figure 2C for reference).  Data recorded from apoUnaG 

(Figure 5C) demonstrate that, in the absence of encapsulated bilirubin, the tryptophan and 

tyrosine residues in the protein are indeed susceptible to oxidation by O2(a
1g).  As noted 

from a plethora of other proteins, this is an expected observation.49, 50  However, the data in 

Figure 5D suggest that the presence of bilirubin in the protein serves to inhibit the oxidation 

of the tryptophan and tyrosine residues, perhaps through its role as a self-sacrificing 

scavenger of O2(a
1g).  In support of this latter suggestion, we note that O2(a

1g) produced 

outside of the protein (i.e., via AlPcS4 sensitization) will encounter bilirubin principally upon 

diffusion through a discrete “entry port” (see Figure 2).  Furthermore, relative to this entry 
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port, the pertinent tryptophan and tyrosine residues are behind the bilirubin molecule.  Thus, 

O2(a
1g) will encounter bilirubin before encountering these reactive amino acid residues. 

In support of our suggestion that bilirubin can quench, via energy transfer, the 

fluorescence of the tryptophan and tyrosine residues in UnaG upon irradiation of these 

residues at ~ 290 nm (vide supra), we observe that a O2(a
1g)-induced bleaching of bilirubin 

(Figure 5 A and B) correlates with a systematic increase in the fluorescence intensity assigned 

to the tryptophan and tyrosine residues in the protein (Figure 5 D).     

 

 

Figure 5.  Absorption (panel A) and fluorescence (panel B) spectra of holoUnaG recorded as 

a function of the elapsed irradiation time of co-dissolved AlPcS4.  Corresponding 

AlPcS4-irradiation-dependent fluorescence spectra recorded from solutions of 
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apoUnaG (panel C) and holoUnaG (panel D) obtained using a different wavelength 

to excite fluorescence (290 nm) to specifically focus on emission from the protein 

at ~ 320-375 nm.  Note the differences in the relative scaling factors used on the 

ordinates of the fluorescence spectra in panels C and D.         

 

 

4.  Effects of superoxide on holoUnaG 

In photosensitized oxidations in biologically pertinent systems, certainly those 

containing proteins, photoinitiated electron transfer to produce the superoxide ion often 

kinetically competes with the sensitized production of O2(a
1g).

13, 51  Indeed, the superoxide 

ion is a relevant and ubiquitous ROS, and it is known to result in the oxidative degradation of 

both bilirubin and proteins.52-55  With this in mind, it is incumbent upon us to ascertain how 

holoUnaG responds to the presence of the superoxide ion. 

When assessing the effects of the superoxide ion, it is common practice to add an 

aqueous solution of potassium superoxide as a reagent to the system of interest.  However, to 

minimize the effects of superoxide protonation and disproportionation that would decrease the 

concentration of superoxide in an aqueous reagent,56 we opted to directly add potassium 

superoxide as a powder to our aqueous solution of holoUnaG (PBS buffered solution at pH 

7.4).  Under our conditions, based on the amount of added powder, the maximum 

concentration of superoxide thus achieved was ~ 100 mM, which is an amount that far 

exceeds the steady-state concentration of O2(a
1g) produced in the preceding experiments 

(vide supra). 

Absorption and fluorescence spectra of holoUnaG, recorded as a function of 

increasing amounts of added potassium superoxide, are shown in Figure 6.  The absorption 

spectra shown in Figure 6A provide a distinct contrast to what is shown in Figure 5A for the 

reaction of holoUnaG with O2(a
1g).  Specifically, for the reaction with superoxide, distinct 
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isosbestic points are observed that implicate the superoxide-mediated production of a 

compound that has a blue-shifted spectrum different from that of holoUnaG.  A logical 

candidate for this compound is bilirubin itself that has been released from its binding site in 

the protein.  The corresponding superoxide-concentration-dependent fluorescence spectra 

shown in Figure 6B are consistent with this interpretation; a pronounced spectral shift in the 

fluorescence spectrum is not observed as expected from the data in Figure 2, but the decrease 

in intensity is consistent with the smaller quantum yield of fluorescence for free bilirubin 

solvated in the aqueous medium.  

 

 

Figure 6.  Absorption (A) and fluorescence (B) spectra recorded as a function of increasing 

amounts of powdered potassium superoxide added to an aqueous solution of 

holoUnaG (PBS buffer at pH 7.4). 

 

The data in Figure 6, and our associated interpretation, are certainly reasonable given 

the known superoxide-mediated radical processes that can result in protein oxidation.53-55  

Most importantly, and again within the context of developing a system that uniquely responds 

to O2(a
1g), the rate constants for the reaction of superoxide and hydroperoxyl radicals with 

amino acids are quite small (< 102 s-1 M-1),57 and are certainly smaller than the pertinent rate 

constants for reaction with O2(a
1g) (vide infra).  This information, coupled with the relative 
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concentrations of O2(a
1g) and superoxide that yield the data shown in Figures 5 and 6, 

indicates that holoUnaG is indeed a system that preferentially responds to O2(a
1g).  This 

conclusion is consistent with data obtained for the analogous protein-encapsulated biliverdin 

system; it too preferentially responds to O2(a
1g) and not the superoxide ion.35    

 

4.  Quantifying rate constants for interaction with O2(a
1g)  

When considering events that result in the removal of O2(a
1g) from a given system, it 

is important to recognize that the chemical reactions of O2(a
1g) kinetically compete with 

processes wherein O2(a
1g) is deactivated to O2(X

3g
-).26  This deactivation could be the 

result of interactions with (1) a solute acting not just as a chemical “reactant” but also as a so-

called “quencher” and (2) solvent molecules.  The overall rate constant for O2(a
1g) removal, 

k, can thus be expressed as a sum of bimolecular terms as shown in eq 1, 

 

        )1(RkQkSkSkk rxnqrnr   

 

where R and Q represent the chemical reactant and quencher, respectively, and S 

represents the solvent.  The solvent-dependent deactivation terms are further subdivided into a 

nonradiative process, knr, and a radiative process, kr.  The latter corresponds to the O2(a
1g) → 

O2(X
3g

-) phosphorescence at ~ 1275 nm.  The reciprocal of the first-order rate constant k 

defines the lifetime of O2(a
1g), . 

For bilirubin dissolved in an aqueous buffer, R = Q and the kinetic competition 

between the channels of non-reactive and reactive O2(a
1g) removal depend solely on the 

magnitudes of the rate constants kq and krxn, respectively.  For bilirubin encapsulated in the 
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UnaG protein, one must also consider corresponding values of kq and krxn for the interaction 

between the protein and O2(a
1g) when defining k. 

The overall bimolecular rate constants for bilirubin-, apoUnaG, and holoUnaG-

mediated O2(a
1g) removal, krem, that represent the sums of these kq and krxn terms are readily 

obtained from time-resolved O2(a
1g) phosphorescence experiments in which values of k are 

determined as a function of the concentration of added bilirubin, apoUnaG, and holoUnaG.13, 

26  However, distinguishing between kq and krxn for bilirubin in holoUnaG will require a 

separate experiment that quantifies the rate of the chemical reaction that results in the 

bleaching of bilirubin in the protein.39  We address these issues, respectively, in the sections 

below. 

 

4.1.  Overall bilirubin-, apoUnaG-, and holoUnaG-mediated O2(a
1g) removal 

 For these experiments, O2(a
1g) was generated by the irradiation of AlPcS4 co-

dissolved in solutions of bilirubin and, independently, apoUnaG and holoUnaG.  Time-

resolved O2(a
1g) phosphorescence traces were then recorded, and the resultant values of k 

plotted against the concentration of bilirubin, apoUnaG and holoUnaG used in a given 

experiment (Figure 7).  To increase the accuracy of the krem value obtained, these experiments 

were performed using D2O-based solutions to exploit the known H2O/D2O solvent isotope 

effect on knr and, thereby, minimize the effects of solvent-mediated O2(a
1g) deactivation.13, 26  

Indeed, this is an important aspect of the study since the holoUnaG-dependent changes in the 

O2(a
1g) kinetic signal were very subtle (see Figure 7).  The fact that the absorption spectra of 

holoUnaG, in particular, are independent of whether a D2O-based or H2O-based buffer is used 

(vide supra) indicates that this change of solvent does not influence the binding of bilirubin 

by the protein.  The values of krem thus obtained are shown in Table 1.   
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Figure 7.   (A) Examples of the time-resolved 1275 nm O2(a
1g) phosphorescence traces used 

to quantify the overall rate constant for O2(a
1g) removal by holoUnaG.  The trace 

shown in black was recorded in the absence of added holoUnaG, whereas the 

trace shown in grey was recorded at the highest concentration of holoUnaG used, 

9 µM.  (B) The corresponding plot of k against [holoUnaG] that yields the value 

of krem from the slope. 
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Table 1.  Values of the overall rate constant for O2(a
1g) removal, krem, mediated by bilirubin, 

apoUnaG and holoUnaG obtained from O2(a
1g) phosphorescence experiments. 

Compound pD krem 
(108 M-1 s-1) 

Bilirubin 6.4 < 0.1 

 7.8 4.3 ± 0.6 

 10.7 12.0 ± 0.5 

holoUnaG 7.8 1.4 ± 0.1 

 10.7 1.9 ± 0.3 

apoUnaG 7.8 1.5 ± 0.1 

 10.7 2.7 ± 0.2 

 

 

Our data show that the overall rate constant for O2(a
1g) removal by free, solvated 

bilirubin increases appreciably as the solution become more alkaline.  This observation is 

consistent with the results of experiments published in 1974,58 although this 1974 publication 

has been criticized for a number of different reasons.31  In any event, it is clear that the 

bilirubin anion/dianion is more effective at removing O2(a
1g) than the neutral form of the 

molecule.  This is reasonable since O2(a
1g) is an electrophile and is known to react rapidly 

with electron rich and more easily oxidized species.26, 59  Moreover, electron-rich and easily-

oxidized species facilitate the formation of charge-transfer states upon interaction with 

O2(a
1g), which promotes the nonradiative deactivation of O2(a

1g) to O2(X
3g

-).26, 60  With 

this interpretation in mind, the pD-dependent values of krem shown in Table 1 are consistent 

with revised pKa values of bilirubin that have recently been published.61 

The data also clearly show that encapsulating bilirubin in the UnaG protein results in 

an appreciable decrease in the magnitude of krem.  Given the absolute magnitude of the rate 
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constants involved (i.e., ~ 108 – 109 M-1 s-1), it is likely that this observation mostly reflects 

the fact that O2(a
1g) must now diffuse through the encasing protein before it can encounter 

bilirubin (vide supra, Figure 1).  This assessment is based on analogous O2(a
1g) experiments 

performed in media with different viscosities using reactants that cover the range from 

diffusion- to preequilibrium-limited processes.62  Although oxygen diffusion through proteins 

has been studied for many years,63, 64 it is only recently that aspects of this problem pertinent 

to O2(a
1g) have been investigated.39, 51, 65-68  In any event, this diffusion-dependent 

interpretation is reasonable given what is known about the structure of holoUnaG and what 

has been observed for somewhat related protein-encapsulated chromophores.39, 65, 67  

Nevertheless, one must also consider protein-dependent changes in kq and krxn, both of which 

combine to define krem.  We have independently shown that a protein environment can 

significantly alter these rate constants,39 a point which is addressed in the next section in an 

experiment to quantify krxn for holoUnaG. 

The absence of an appreciable pD-dependent change in krem for holoUnaG, in 

comparison to that observed for bilirubin, could reflect a protein-dependent change in the pKa 

of bound bilirubin (i.e., the protein-bound bilirubin is less apt to lose protons to form the 

anion/dianion61). 

The values of krem obtained for apoUnaG are very similar to those obtained for 

holoUnaG.  However, care must be exercised in assuming that the apoUnaG data provide an 

appropriate control that allows us to distinguish between the effects of bilirubin and the 

surrounding protein on O2(a
1g) removal in holoUnaG.  Specifically, in the absence of 

bilirubin, UnaG presents amino acids that can more readily interact with O2(a
1g) and thereby 

give a much larger value of krem.28   Thus, the krem value for apoUnaG does not adequately 

represent the protein-dependent component of krem in holoUnaG.  In short, when considered 

alone, the apoUnaG and holoUnaG data in Table 1 may lead to the potentially incorrect 
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conclusion that, in holoUnaG, O2(a
1g) removal is dominated by interactions with the protein 

and not bilirubin.  In the least, the data shown in Figures 5A and 5B certainly indicate that, 

when incorporated in the UnaG protein, bilirubin can still react with O2(a
1g) at an 

appreciable rate. 

For apoUnaG, the slight increase in krem with the increase in pD may reflect the 

relative instability of this protein when bilirubin is not bound (vide supra).  In short, an 

alkaline-induced denaturation of the protein69 would expose amino acids that, in turn, could 

result in an increase in krem.  Alternatively, and as discussed above with respect to the 

deprotonation of free bilirubin, an increase in pD could likewise result in the deprotonation of 

amino acid residues in the protein.  The resultant electron-rich anion (e.g., the tyrosine 

phenolate) would be a more efficient quencher of O2(a
1g).   

To complement the apoUnaG and holoUnaG data shown in Table 1, we used this 

same approach of monitoring O2(a
1g) phosphorescence to quantify krem for a variety of other 

commonly-found proteins.  These data are shown in Table 2.  To our knowledge, only a value 

for HSA has been previously reported, (5 ± 3) × 108 s-1 M-1,48 and our value of (2.6 ± 0.5) × 

108 s-1 M-1 compares well with this number. 
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Table 2.  Values of the overall rate constant for O2(a
1g) removal, krem, mediated by selected 

proteins obtained from O2(a
1g) phosphorescence experiments.a 

Compound krem 
(108 M-1 s-1) 

BSA 0.40 ± 0.06 

BSA-fatty acid free 0.24 ± 0.04 

HSA 2.6 ± 0.5 

HSA-fatty acid free 1.9 ± 0.3 

RSA 4.1 ± 0.2 

(a) Experiments were performed in D2O-based PBS (pD 7.8) using perinaphthenone 

sulfonic acid as the O2(a
1g) sensitizer.     

 

    

4.2.  Rate constants for the reaction between holoUnaG and O2(a
1g)  

 If we assume that the changes in the spectra of protein-encased bilirubin shown in 

Figures 5A and 5B are a direct result of the AlPcS4-sensitized production of O2(a
1g) in the 

medium surrounding holoUnaG (i.e., secondary O2(a
1g)-initiated radical reactions that derive 

from protein oxidation play a minor role over the time scale of our experiments), then we can 

use these spectral changes to quantify krxn for the reaction between O2(a
1g) and the protein-

encased bilirubin. 

Our approach to quantify krxn has been previously described in detail.39   Briefly, for 

the present study, we (1) generated a population of O2(a
1g) in the surrounding solvent using 

co-dissolved AlPcS4 as a photosensitizer, (2) monitored the extent to which the ~ 525 nm 

fluorescence from holoUnaG is “bleached” in the presence of O2(a
1g), and (3) compared this 

change in holoUnaG fluorescence intensity to the corresponding change in fluorescence 

intensity of a standard molecule that kinetically competes with the bilirubin-containing 
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protein for the available O2(a
1g).  Through the use of eq 2, we then obtained the desired rate 

constant, krxn, for the reaction of O2(a
1g) with bilirubin in holoUnaG. 

 

݇௥௫௡
݇௥௫௡௦௧௔௡ௗ௔௥ௗ 	ൌ 	

log ቆ
௧ܫ
௛௢௟௢௎௡௔ீ

଴ܫ
௛௢௟௢௎௡௔ீቇ

log ቆ
௧ܫ
௦௧௔௡ௗ௔௥ௗ

଴ܫ
௦௧௔௡ௗ௔௥ௗቇ

									ሺ2ሻ 

  

 In eq 2, krxn
standard is the known rate constant for the reaction of O2(a

1g) with the 

standard molecule, I0 is the fluorescence intensity of the given compound at time = 0 (i.e., 

before the production of O2(a
1g)), and It is the fluorescence intensity after some time t of 

elapsed irradiation of the sensitizer. 

 The standard used for this kinetic competition was 9,10-anthracenediyl-

bis(methylene)dimalonic acid (ADA).39, 70  ADA has a distinct fluorescence spectrum that is 

likewise “bleached” when ADA reacts with O2(a
1g) to form an endoperoxide (Figure 8).  

The rate constant for the reaction of ADA with O2(a
1g) is (5.5 ± 0.5) × 107 s-1M-1.39  

 It is also important to note that we did not observe changes in the absorption and 

emission spectra of holoUnaG, ADA and AlPcS4 upon admixture of these respective 

molecules.  Therefore, the data thus obtained do not show the effects of aggregation and/or 

complexation of these solutes in our buffered solutions.  
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Figure 8.  (A)  Examples of the pertinent fluorescence spectra used in the experiment where 

ADA kinetically competes with holoUnaG for the O2(a
1g) produced upon 

irradiation of AlPcS4.  The solid lines show the spectra of ADA (left) and 

holoUnaG (right) prior to the production of O2(a
1g), and the dashed lines show the 

corresponding spectra after irradiating AlPcS4 for 180 min at  > 610 nm with the 

output of a filtered Xe lamp.  (B)  Plots of the normalized fluorescence intensity 

obtained from holoUnaG (open circles) and ADA (filled circles) used with eq 2 to 

obtain krxn for holoUnaG.  Experiments were performed in H2O-based solutions at 

pH 7.4. 

  

 Using eq 2 and the data shown in Figure 8, we obtain a value of krxn for holoUnaG of 

(2.4 ± 0.4) × 106 M-1 s-1.  Comparing this value to the corresponding value of krem shown in 

Table 1 yields krxn/krem = 0.017 ± 0.004.  This ratio for protein-encased bilirubin is 
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approximately ten times smaller than the corresponding ratio reported for bilirubin dissolved 

in chloroform; 0.16.31  Thus, not only do the absolute magnitudes of krem and krxn decrease 

upon protein encapsulation, but the fraction of the total bilirubin-induced process of O2(a
1g) 

removal that occurs via a chemical reaction also decreases appreciably.   

 

5.  holoUnaG as a O2(a
1g) probe 

It remains now to discuss the results presented above with respect to the use of 

holoUnaG as a O2(a
1g) probe or as a system that can selectively perturb a local population of 

O2(a
1g) that might be produced in a cell, for example.  As stated at the outset, the intent is to 

establish a quantitative framework by which other protein-encapsulated probes for O2(a
1g) 

can also be evaluated. 

The first, and arguably most important, limitation of holoUnaG is that the rate 

constant for the overall removal of O2(a
1g), 1.4 ± 0.1 × 108 M-1 s-1, is not appreciably larger 

than the rate constants for O2(a
1g) removal by typical proteins (e.g., data in Table 2).  Thus, 

when inserted into a protein-rich environment at a presumably low concentration, holoUnaG 

would not stand out as a system that perturbs the local O2(a
1g) population.  However, if we 

recognize that this comparatively small krem value of 1.4 ± 0.1 × 108 M-1 s-1 principally 

reflects the fact that the protein enclosure inhibits O2(a
1g) diffusional access to the 

reasonably effective quencher bilirubin, for which values of krem as large as ~ 3 × 109 M-1 s-1  

have been reported in a bulk solvent,31 then there is sufficient justification to be optimistic.  

Specifically, a protein mutation that does not change the binding of bilirubin but that 

facilitates better diffusional access to oxygen should make a difference in this regard. 

For the development of a fluorescent probe that responds to O2(a
1g), it would be 

desirable to have a krxn/krem ratio that is larger than the value of ~ 0.02 measured in the present 

study.  With respect to this point, there is again sufficient justification to be optimistic.  First, 
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subtle changes in the protein environment immediately surrounding a O2(a
1g) substrate can 

perturb the charge distribution of the substrate.  In turn, this can result in an appreciable 

increase in the rate constant for reaction with O2(a
1g).

39  Thus, we should consider a 

judicious protein mutation that likewise does not change the binding constant for bilirubin but 

that puts amino acid residues in positions that render selected double bonds in bilirubin more 

electron-rich and thus more reactive to O2(a
1g).  Second, given the structural and O2(a

1g)-

related kinetic similarities between bilirubin and biliverdin,27 the report that protein-encased 

biliverdin has already been successfully used as an intracellular fluorescent probe for O2(a
1g) 

certainly establishes important precedence. 

Admittedly, for both bilirubin and biliverdin, the fact that the response to O2(a
1g) is 

based on a reaction-dependent decrease in fluorescence intensity (e.g., Figure 5 B) is not ideal.  

Rather, it is arguably more desirable to have a probe whose fluorescence intensity increases 

from zero (i.e., dark) upon reaction with O2(a
1g).

19, 25  At present, the limiting factor with 

respect to this latter point is the incorporation of the appropriate fluorophore in a genetically-

encodable protein.  Carrying this latter point further, despite a large binding constant for 

bilirubin in the protein, the ambient bilirubin concentration in selected mammalian cells, 

where bilirubin is endogenously produced, may be sufficiently high under certain 

circumstances to mitigate the effect of this particular probe molecule.  Thus, in selected cases, 

one might indeed want to consider the use of a probe molecule not normally found in a cell.  

“Problems” such as this continue to provide a general challenge in the field, indicating that 

perfect solutions still do not exist.71  Nevertheless, these issues do not invalidate the 

importance of the kinetic conclusions drawn from the present bilirubin model system.  
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CONCLUSIONS 

Experiments have been performed to characterize and quantify interactions between 

O2(a
1g) and bilirubin encased in a protein.  The specific system studied here, a bilirubin-

binding protein isolated from a freshwater Japanese eel, arguably does not satisfy the ideal 

kinetic criteria for a probe that can be used in mechanistic studies of O2(a
1g) performed in 

cells.  Nevertheless, this system provides much-needed quantitative insight into parameters 

that must be considered in the development of an acceptable protein-encased O2(a
1g) probe.      
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Oxygen- and singlet-oxygen-dependent parameters that characterize the behavior of bilirubin 

encapsulated in a protein have been quantified. 
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