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ABSTRACT 
 

ELECTRON TRANSFER STUDIES OF BACTERIAL CYTOCHROME AND 
QUINOL OXIDASES USING TIME-RESOLVED OPTICAL ABSORPTION 

SPECTROSCOPY 

  
by 
 

Clive T. Kittredge 
 

Insight into the mechanism of intramolecular electron transfer and ligand access 

in the heme-copper oxidases during O2 reduction is fundamental to understanding 

how the protein environment modulates the functions of these enzymes. To address 

this issue, several projects were pursued. The reactions of O2 and NO with fully 

reduced E. coli bo3 ubiquinol oxidase were investigated using photolabile O2 and NO 

carriers and the CO flow-flash method. The O2/NO binding step was found to be 3.9 

x 107 M-1s-1 in both the absence and presence of CO. The O2 binding was followed by 

the formation of an oxyferryl F intermediate, and not the P intermediate observed in 

the aa3 oxidases. Mutation of the two tryptophan “constriction” residues in the ligand 

channel of bo3 to corresponding smaller residues in Thermus thermophilus ba3 did not 

affect the O2/NO binding, suggesting that the ligand pathway to the active site in bo3 

is different than in the aa3 and ba3 oxidases.  

The CO flash-photolysis and recombination dynamics of the fully reduced 

Rhodobacter sphaeroides (Rs) cbb3 holoenzyme and truncated enzyme (without 

subunit CcoP, which reportedly contains one of the c-type hemes capable of CO 

binding) in the presence and absence of partially solubilized soybean lipids was 

investigated. CO rebinding to both heme b3 and a c-type heme was observed for both 



! "#$$!

the truncated enzyme and holoenzyme without lipids. This suggests more complex 

CO binding dynamics in cbb3 than previously reported, with CO possibly binding to 

c-type hemes in the two subunits in addition to the b3-type heme. Preliminary second-

order rate constant of ~2 x 107 M-1 s-1 was observed for NO and O2 binding in cbb3.  

In an intramolecular electron transfer study, a positively charged dye, 1-

thiouredopyrene-3,6,8-trisulfonyl dimethylethylenediamine (DTUPS), was 

synthesized and characterized for the direct attachment to a single cysteine Rs aa3 

mutant. No intramolecular electron transfer was observed, which was attributed to the 

low photolytic yield of the photolabile dye. A proton-coupled electron transfer study 

of a biomimetic tyrosine-containing peptide showed that the lifetime of the tyrosyl 

radical generated upon UV photolysis was significantly affected by its interaction 

with a cross-strand histidine.  

!
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Abstract 

 Cytochrome bo3, a quinol oxidase from Eschericia coli, is a member of the 

heme-copper oxidase superfamily. The enzyme catalyzes the reduction of 

dioxygen to water, which is coupled to proton translocation across the plasma 

membrane. The enzyme is also able to catalyze the reduction of nitric oxide (NO) 

to nitrous oxide (N2O), albeit with low efficiency.  In this time-resolved optical 

absorption study, we investigated the reactions of O2 and NO with reduced wild-

type bo3 and selective bo3 ligand channel mutants in the absence and presence of 

carbon monoxide (CO) using photolabile O2 and NO carriers. The spectra of the 

intermediates and the microscopic rate constants of the individual steps generated 

during NO binding, and O2 binding and reduction, were extracted by singular 

value decomposition, global exponential fitting, and mechanistic analysis. For the 

first time the oxygen binding step of the bo3 oxidase has been resolved. The 

results suggest that the ligand path to the binuclear center in bo3 may differ from 

that of the heme-copper aa3 oxidases.  

 
1.1 Introduction 
 

Cytochrome bo3 ubiquinol oxidase is the main respiratory oxidase present 

in Escherichia coli (E. coli) when grown under high oxygen conditions (Figure 1). 

The enzyme is a member of the large heme-copper oxidase superfamily 

(Abramson, 2000(a)).  
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Figure 1. The E. coli electron transport chain. Complex IV represents the bo3 
quinol oxidase (hopes.stanford.edu/sites/ hopes/files/f_j13electtrans.jpg). 
 

This family of enzymes couples the catalysis of dioxygen reduction to water 

(Equation 1) to the pumping of protons across the cell membrane. This results in a 

proton motive force that ultimately generates ATP, the universal energy currency 

of the cell (Figure 1). More specifically, bo3 catalyzes the four-electron reduction 

of O2 to water via ubiquinol (QH2) oxidation to ubiquinone (Q) (Abramson, 2000 

(b)).  

 

8 H+ (in) + O2 !  4 H+(out) + 2 H2O (1) 

2 NO + 2 H+ + 2e- !  N2O + H2O (2) 

 

The bo3 enzyme is also able to catalyze with low efficiency the reduction of nitric 

oxide (NO) to nitrous oxide (N2O) (Equation 2) (Hayashi, 2009), illustrating the 

evolutionary relationship and structural similarities between the nitric oxide 
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reductases (NORs) and the heme-copper oxidases (HCOs) (Shiro, 2012). Unlike 

in cytochrome c oxidase (CcO), where the electron-donating substrate is the 

water-soluble single electron donor cytochrome c, for bo3, a small non-protein 

molecule, ubiquinol-8 confined to the cytoplasmic membrane, serves as a two-

electron donor (Yap, 2010). The redox centers of bo3 are all found in subunit I 

(the largest subunit) and include a low-spin heme b, which is the initial acceptor 

of electrons from quinol, and the binuclear center, composed of heme o3 and CuB 

(Figure 2); this site is analogous to the a3/CuB site found in the mitochondrial 

CcO. 

 

Figure 2.  Schematic model of electron and proton transfer in ubiquinol bo3 
oxidase (Abramson et al. 2000 (b)). 
 

Heme o is similar in structure to heme a, except a methyl group replaces the 

formyl group on the D ring of the heme (Figure 3). The “3” subscript on a3 and o3 

denotes the oxygen-binding heme group (Puustinen, 1999).  
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Figure 3. The structures of heme b (left), heme o (center), and heme a (right) 
show the D-porphyrin ring formyl group of heme a and the methyl group of heme 
o and b (circled). The long hydroxyl farnesyl tail is present on the A-porphyrin 
ring in heme o and heme a, but not heme b, which has a vinyl group in this 
position.  
 

The 3.5 Å resolution crystal structure of bo3 without bound ubiquinol (Figure 

4) identified four subunits (~100 kDa) and 25 transmembrane helices (Abramson, 

2000 (b)). All four subunits of bo3 are homologous to the catalytically relevant 

mitochondrially encoded subunits of mammalian CcO, with 40% sequence 

homology in the catalytic subunit I. The heme groups and CuB are all coordinated 

by conserved histidine ligands (Abramson, 2000 (a)). Unlike the aa3 oxidases, 

ubiquinol bo3 oxidase does not contain the dinuclear CuA center, and the 

cytochrome c docking site is replaced with two quinol binding sites (Abramson, 

2000 (b)). The D and K proton channels in the aa3 oxidases, which are named for 

a conserved aspartate and lysine in the respective channel, were also identified in 

the bo3 enzyme (Abramson, 2000 (b)). 

Heme b                            Heme o                         

  

Heme a  
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Figure 4. Structure of ubiquinol oxidase from E. coli. The P-side (outside plasma 
membrane) is depicted on the top and the N-side (inside plasma membrane) on 
the bottom (left) (PDB Stucture1FFT, Generated by Pymol, 2013).  
 

Depending on the isolation method used to purify bo3, ubiquinol is either 

bound or missing from the structure. Isolation methods using dodecylmaltoside 

(DM) detergent resulted in an enzyme with a ubiquinol bound at the high-affinity 

site (QH) of bo3 (Yap, 2010).  In contrast, preparation methods involving 

alternative surfactants cause full or partial removal of the ubiquinol. Ubiquinol at 

a second low-affinity binding site, QL, can exchange rapidly with the substrate 

pool (Yap, 2010). The presence of CuA is not required in the fully reduced bo3 

enzyme because the requisite number of electrons for oxygen reduction is met by 

the existing metal centers and quinol. Phylogenetic analysis shows that 

cytochrome bo3 was derived from cytochrome c oxidase, suggesting that the CuA 

site was displaced during E. coli evolution (Yap, 2010).  
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 The attractiveness in studying the E. coli bo3 oxidase comes from the high 

protein yields following purification compared to the commonly utilized 

Rhodobacter sphaeroides aa3 enzyme. Moreover, E. coli bo3 mutants are easier to 

generate compared to those of R. sphaeroides, which require a multiple-step 

process, including insertion of E. coli plasmids into R. sphaeroides.  

Mechanism of dioxygen reduction to water by heme-copper oxidases. 

The postulated unidirectional sequential mechanism for the reduction of O2 to 

water by the fully reduced aa3 cytochrome c oxidase from bovine heart is shown 

in Scheme 1. The oxygen binding is observed with a lifetime of 12 µs (600 µM 

O2), forming the compound A intermediate (Varotsis, 1993). The O2 molecule 

bound to heme a3
2+ is cleaved after receiving electrons from heme a2+ and CuB

+ 

and the reduced heme a3. This is accompanied by proton uptake, possibly from 

the cross-linked tyrosine, forming the so-called PR intermediate. The R subscript 

indicates that the P is generated from the fully reduced state as opposed to the PM 

state, which is generated during the reaction of O2 with the mixed-valence 

enzyme, where heme a3 and CuB are reduced and heme a and CuA are oxidized. 

Previous multi-wavelength time-resolved optical absorption studies in our 

laboratory on the bovine enzyme showed that the experimental spectrum of the PR 

intermediate is best modeled by a mixture of the spectra of compound A and 

intermediates P and F forms. This was interpreted in terms of a branched 

mechanism (Van Eps, 2003). In the P form, the heme a3 is in an oxyferryl state 

(heme a3
2+=O), but is spectrally different from the F form. The FI/FII intermediate 
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in Scheme 1 is formed on a 100 µs time-scale and is accompanied by proton 

uptake. This intermediate is an equilibrium state where either CuA is reduced and 

the low-spin heme a is oxidized (FI), or vice versa (FII). The fully oxidized 

enzyme, the O intermediate, is observed with a lifetime of 1.5 ms.  

 
Scheme 1.  Conventional sequential reaction mechanism for the reduction of O2 to 
water by the fully reduced aa3-type cytochrome c oxidase from bovine heart 
(Einarsdottir, 2004). 

 

Not all A-type oxidases follow the mechanism in Scheme 1; for example, 

recent multi-wavelength time-resolved optical absorption measurements of the 

reaction of the fully reduced R. sphaeroides aa3 with O2 revealed that PR is not 

present and that compound A converts directly to the F intermediate (Szundi, 

2012). Furthermore, in the reaction of Thermus thermophilus ba3 with O2, the F 

form is not observed (Szundi, 2010). The detailed mechanism of O2 reduction in 

bo3 is unknown and is the subject of this study.  

The mechanism of the reduction of dioxygen to water in E. coli bo3 has been 

postulated to be analogous to the mechanism commonly proposed for the bovine 

heart enzyme (Scheme 1) is based on previous CO flow-flash studies of fully 

reduced bo3. The R species binds O2 to form the A intermediate. Next, the 

dioxygen bond is cleaved and the oxy-ferryl P intermediate is proposed to form, 

which involves the oxidization of the reduced CuB and heme b. Heme b is 

subsequently oxidized to form FI. The heme b is then re-reduced by quinone to 

!!!!!!!!!!!!!!!!!!!!!!!!!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"!"!!!!!!!!!!!!!!!!!!!!!!!! 
!"#$! !"#$!" !""#$! !!"#$%& 
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form the FII intermediate and subsequently donates an electron to the binuclear 

center to form the O intermediate (Svensson-Ek, 1997).  

The mechanism for O2 reduction in bo3 has also been studied using 

submillisecond-resolved freeze-quench EPR spectroscopy (Matsuura, 2004). The 

proposed mechanism is analogous to that proposed at room temperature.  

Previous CO flow-flash single wavelength transient absorption studies of the 

reaction of O2 with the fully reduced bo3 revealed three kinetic phases with time 

constants of 45 µs, 700 µs, and 4 ms attributed to conversion of R ! P, P ! F, 

and F ! O (Svensson, 1997); the generation of compound A was not resolved, 

and the experimental intermediate spectra were not determined. The spectra of 

“P” and “F” forms of the E. coli bo3 enzyme obtained in other reactions appear to 

be spectrally different from the traditional P and F intermediates found in the aa3 

enzyme, a species is formed that absorbs at 607 nm (P), which then converts to a 

species that absorbs at 580 nm (F) (Orii, 1988). When cytochrome bo3 is mixed 

with hydrogen peroxide, a species with a maximum at 582 nm, and an intense 

shoulder, is observed, which then converts to a species that absorbs at 557 nm 

(Morgan, 1995). The 582 nm species was identified as the PM state although its 

spectrum did not match the traditional P intermediate (607 nm) of the aa3 enzyme 

(Watmough, 1998), and the 557 nm species was attributed to the F form.  

 Similarly, in a CO stopped-flow study of the reaction of O2 with the mixed-

valence bo3 the P and oxy-ferryl F intermediates were identified with the spectra 

of P and F shifted from 607 nm and 582 nm to 582 nm and 555 nm, in the P and F 
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intermediates respectively; this 25 nm blue shift was attributed to the difference in 

structure between heme o3 and heme a3 (Morgan, 1995). Previous MCD data on 

the product of the reaction of the fully reduced bo3 oxidase with H2O2 showed a 

555 nm species, which was attributed to the F form (Watmough, 1998). 

Ligand Access in E. coli bo3 

Based on their crystal structures, putative O2 channels have been suggested for 

several bacterial terminal oxidases, including Rhodobacter sphaeroides (Rs) aa3 

(Tsukihara, 1996), Thermus thermophilus (Tt) ba3 (Soulimane, 2000), E. coli bo3 

(Abramson, 2000) and Pseudomonas stutzeri cbb3 (Buschmann, 2010). Both 

biochemical and mutagenic experiments on these enzymes have provided support 

for these channels serving as paths for diffusion of ligands to the enzymes active 

site (Riistama, 2000). Although there is considerable sequence homology and 

similar structural features among the channels in the different oxidases, there are 

differences in the global structure of the catalytic subunit that may reflect 

different physiological roles. A recent crystallographic study of the binding of 

xenon (Xe) to Tt ba3 identified a “Y-shaped” hydrophobic channel, ~20 Å in 

length, leading from the protein exterior of subunit I to the binuclear center (Luna, 

2012). In the ligand channels of the bovine, Rs, and Paracoccus denitrificans (Pd) 

aa3 oxidases, there is an apparent constriction caused by conserved tryptophan 

and phenylalanine residues while smaller residues, tyrosine (Y133) and threonine 

(T231), occupy these sites in Tt ba3 (Luna, 2008).  
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Recent multi-wavelength time-resolved optical absorption studies in our 

laboratory using photolabile O2 and NO carriers in the absence of CO have shown 

that O2 and NO binding is 10-times faster in the Tt ba3 (1 x 109 M-1s-1) than in the 

bovine enzyme (1 x 108 M-1s-1) (Szundi, 2010, Einarsdottir, 2012). The O2 and 

NO binding in Tt ba3 was also found to be 10-times slower in the presence of CO, 

but unaffected in the bovine enzyme (McDonald, 2013). TROA studies of the O2 

and NO binding in the Tt ba3 mutants, Y133W, T231F, and Y133W/T231F, in 

which the tyrosine and threonine in the O2 channel of Tt ba3 were replaced by the 

bulkier tryptophan and phenylalanine, respectively, present in the aa3 oxidases, 

was 5-times slower in the Y133W and Y133W/T231F mutant than in the wild-

type enzyme and the T231F mutant (McDonald, 2013). These results, together 

with crystallographic studies and classical simulations of Xe diffusion to the 

active site of Tt ba3 and bovine aa3, indicate that in the bovine aa3, the W126 

constriction point residue and a hydrophobic pocket (not present in Tt ba3) impede 

the access of ligands to the active site (McDonald, 2013). The residues in bo3 

corresponding to the tryptophan and phenylalanine “constriction” residues in the 

bovine enzyme are both tryptophans (W282 and W170). The top and bottom 

residues of the hydrophobic pocket in the bovine enzyme, W126 and F67, are 

conserved in the E. coli bo3 (W170 and F112), suggesting that these residues may 

play a similar role in bo3.  

In this chapter we explored the reactions of O2 and NO with fully reduced and 

mixed-valence wild-type bo3 and selected amino acid mutants in the presence and 
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absence of CO using time-resolved optical absorption spectroscopy. The 

mutations were designed to remove the presumed constrictions in the ligand 

channel of bo3 and the hydrophobic pocket residues and thus increase the rate of 

ligand binding. However, only a small effect on the ligand binding rate was 

observed. The results suggest that the ligand path to the binuclear center in bo3 

may differ from that in the heme-copper aa3 oxidases.  

1.2 Materials and Methods 

E. coli strains over-expressing bo3 (wild-type and mutants) was supplied by 

Professor Robert Gennis, University of Illinois- Urbana-Champaign, a longtime 

collaborator of the Einarsdóttir group. The enzyme was solubilized in n-dodecyl-ß 

-D-maltoside (DM) detergent (Affymetrix) to ensure that the quinone remained 

bound to the enzyme. The 100 mM HEPES (pH 7.5) buffer with 0.1% DM was 

Cl- free because Cl- displaces the bound ubiquinol from the ubiquinol binding site.  

Growth and purification of bo3 

E. coli cell lines containing the plasmid for overexpression of the bo3 oxidase 

were streaked on an agar plate and shipped from our collaborator at room 

temperature. Several mutant enzymes (W282T, W170Y, I111M, F112I, and 

V108F) were engineered for the purpose of studying ligand access to the active 

site in bo3. The mutated amino acids were selected because they were either 

presumed to form a constriction point in the ligand channel based on analogy with 

the x-ray crystal structures of Rhodobacter sphaeroides aa3 (Svensson-Ek, 2002) 

and bovine aa3 (Tsukihara, 1996), or to be located in a hydrophobic pocket 
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analogous to that identified in the bovine enzyme (McDonald, 2013). The W282T 

and the W170Y are the so-called constriction mutants, in which one or both 

tryptophan residues presumed to at least partially control the accessibility of the 

ligand to the active site, are replaced by threonine and tyrosine present in Tt ba3. 

The mutant enzymes were also tagged with poly-histidine tails for easy isolation 

through a Ni2+-NTA type column matrix and were antibiotic resistant to avoid 

contamination during cell growth (Mitchel et. al, 1995).  

All cell strains were incubated at pH 7.0 in baffled flasks containing M63 

minimal media (Yap, 2006). The bacteria at all growth stages were incubated in 

floor shakers with modifiable flask holders. The New Brunswick G-25 shaker was 

set to 37 C° with a rotation speed of 200-250 rpm for all growth stages. Initially, 

frozen stocks were made from a petri dish streaked with the respective cell strains. 

The five mL growth batches were then propagated to 250 mL flasks, containing 

50 mL of autoclaved growth media, and allowed to grow for 48 hours. At the end 

of the growth period, 1000 µL of the cells were added to 500 µL of 50% glycerol; 

the resulting stocks were frozen at -80 C°. One cell-glycerol stock was then 

placed in 100 mL media and grown for 48 hours. In addition to the growth media, 

1 mM MgSO4, 10 µM CuSO4, 10 mg/L thiamine, 2 g/L glucose, and 1 g/L 

ampicillin were added at each transfer stage (Yap, 2006). Next, 10 mL of the 100 

mL batch was distributed into 10 flasks containing 700 mL fresh media and 

grown for an additional 48 hours. When the density of the culture reached an 

OD600 of ~0.6, the expression of cytochrome bo3 was induced with 0.5 mM 
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isopropyl-1-thio-beta-D-galactopyranoside (IPTG, Gold Biotechnology) for 4 

hours at 37 C°. The cells were then harvested during their late exponential growth 

phase, as indicated by a pH shift from 7.0 to 9.0. A Sorvall SLA-3000 rotor was 

used in a Sorvall RC-2 refrigerated centrifuge to pellet down the cells and remove 

the waste and growth media supernatant. The 15-25 mL of cells were frozen in 50 

mL falcon tubes until needed for purification. The cells were pinkish-white in 

color. 

For the bo3 purification, the E. coli cells were first thawed in a warm water 

bath and mixed with 5 mM MgSO4, a few grains of DNase, and 50 µL of protease 

inhibitor cocktail in cell-breaking buffer (50 mM KPi, pH 8.0) (Yap, 2006). The 

cells were homogenized in a glass handheld homogenizer tube using a Teflon 

pestle bit of an electric homogenizer. Next, the homogenized cell sample was 

passed through a French Press at 15,000-20,000 psi. The viscosity was crucial for 

the maximum efficiency of this step. The cell debris from the broken cells was 

removed by centrifuging at 16,000 rpm for 20 minutes in a Sorvall SS-34 rotor. 

The supernatant was collected, followed by ultracentrifugation in a Beckman Ti-

60 ultracentrifuge at 40,000 rpm for 5 hours (modified from Yap, 2006). Pelleted 

membranes were collected in resuspension buffer (10 mM Tris-HCl (pH 8.0), 40 

mM KCl). The suspension was homogenized and solubilized in 1% DM detergent 

for a minimum of 2 hours and stirred in the cold room. The solution was again 

ultracentrifuged for 45 minutes and the supernatant collected.  
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The Ni-NTA affinity column was equilibrated after being regenerated by 

washing and stripping off the nickel, and then replenishing the resin with NiSO4 

and washing with column buffer (resuspending buffer containing 0.05% DM). 

The column matrix/enzyme slurry was added to a 25 cm x 5 cm column and 

allowed to settle.  The resin was washed with two bed volumes of 10 mM 

imidazole in column buffer, followed by two bed volumes of 15 mM imidazole 

column buffer. The protein was subsequently eluted with 3-4 bed volumes of 100 

mM imidazole column buffer. The resulting solution was concentrated in a 

Millipore spin filter tube with molecular cut-off of 10 kDa and stored at -80 C°. 

The imidazole was completely removed prior to freezing because imidazole 

causes irreversible precipitation at low temperatures. 

Characterization of purified bo3. 

Four full growths and purifications were necessary for each flow-flash 

experiment. After running the Ni2+-NTA affinity column, UV-visible spectra of 

the enzyme were recorded and compared with literature spectra. Enzyme 

concentrations prior to experiments were determined from the UV-visible 

absorption spectra recorded on an 8453 HP spectrophotometer. The bo3 

concentrations were maintained in a range that gave absorbance values between 

0.8 and 1.5 in the Soret region. The concentration of bo3 was determined based on 

the extinction coefficient of !"560-580= 24 mM-1cm-1 for the reduced-minus-

oxidized enzyme (Puustinen et al., 1991). The electronic absorption spectra of the 
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reduced and reduced CO-bound enzyme were recorded under anaerobic 

conditions. 

Carbon monoxide (CO) flash-photolysis experiment was conducted to 

determine the rate of CO recombination to heme o3
2+ following photolysis of the 

reduced CO-bound enzyme with a 532 nm laser (DCR-11 Nd:YAG Q-switched 

pulsed laser). The time-resolved optical absorption system includes a 

spectrograph and an Andor ICCD diode array camera. All experiments were done 

between 22-25 °C. An average of 20 spectra were recorded at logarithmically 

spaced time points between 100 ns and 500 ms following CO photolysis, in both 

the Soret and visible regions (350-750 nm). The data were analyzed with singular 

value decomposition (SVD) and global exponential fitting with customized 

Matlab programs developed in our laboratory. A detailed explanation of the SVD 

and the global exponential fitting can be found in the Appendix.  

Fully reduced and mixed-valence enzyme preparation. 

The supplied or purified bo3 enzyme was diluted in 0.1 M HEPES buffer (pH 

7.5) containing 0.1% DM. The enzyme was reduced using ruthenium hexammine 

and ascorbic acid at final concentrations of 10 µM and 2 mM, respectively. Less 

ruthenium hexammine was used than in previous studies done in the Einarsdóttir 

lab in order to prolong the shelf life of the bo3. The Cl- in the ruthenium 

hexammine chloride salt may replace the ubiquinol in the enzyme. The low 

amount of ruthenium hexammine mediator used required a minimum of two hours 

for full reduction to occur. Glucose (3.5 mg/mL), glucose oxidase (.25 mg/mL), 
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and catalase  (.01 mg/mL) were added to the enzyme solution to remove any 

dioxygen still present after the vacuum and nitrogen purge or O2 that entered the 

solution during sample transfer to the flow-flash apparatus syringe. The 

experimental volume ranged from 9-12 mL depending on the respective 

experiment.   

The mixed-valence enzyme was produced by exposing a deoxygenated 

sample to CO for 20 minutes and allowing the CO to slowly partially reduce the 

sample, i.e. the o3/CuB active site. After 1-3 hours, the sample reached the mixed-

valence CO-bound state as reflected by the absorption spectra. This is the same 

method as previously used to generate the aa3 mixed-valence CO-bound form 

(Szundi, 2007). Ferricyanide was added when the sample was over-reduced in 

order to reoxidize heme b, while keeping heme o3 reduced and CO-bound. 

Bench-made intermediate spectra. 

The validity of a proposed mechanism was tested by comparing the 

experimental intermediate spectra determined based on the respective mechanism, 

to model spectra of the intermediates. An attempt was made to produce the bo3 P 

form by exposing the mixed-valence bo3 enzyme to oxygen, either by adding 

oxygen-saturated buffer to the cuvette or by opening the cuvette to air. Consistent 

with our reported results on the reaction of reduced bo3 with O2 using the CO 

flow-flash reaction, we were unable to produce the P form analogous to the one 

obtained for aa3 and ba3 under similar conditions (Einarsdottir, 2004, Szundi, 

2010). We also attempted to generate the P and F forms by adding H2O2         
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(200 µM) to the oxidized enzyme at either pH 9.0 or pH 6.0, respectively. Based 

on the bovine enzyme, the P intermediate would be hypothesized to form 

transiently at pH 9.0; however this was not the case for bo3 (Morgan, 1995). At 

pH 6.0, the reaction of the oxidized enzyme with H2O2 should produce the FM 

intermediate. Due to the difficulty in obtaining the model spectra of P and F, the 

analogous spectra of the bovine enzyme were used as models. The bovine model 

spectra were obtained from a CO flow-flash experiment of the reaction of the 

fully reduced enzyme with O2. These spectra were frequency-shifted as discussed 

in a later section. 

Photolabile complex preparation. 

The photolabile NO complex (potassium pentachloronitrosyl ruthenate(II)) 

(Figure 5) was purchased from Alfa Aesar company. A 20 mM solution (20-25 

mL) of the NO complex was prepared in the dark to prevent premature release of 

NO.  

 

Figure 5. Photolabile NO complex, potassium pentachloronitrosylruthenate(II) 
(left). Photolabile O2 complex (HPBC, (µ-peroxo)(µ-hydroxo)bis[bis(bipyridyl) 
cobalt(III)]nitrate) (right).  
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 The photolabile O2 complex (µ-peroxo)(µ-hydroxo)bis [bis(bipyridyl) 

cobalt(III)] nitrate was synthesized by the following method (Howard-Jones, 

2009). Cobalt (II) nitrate hexahydrate (1 eq.) in ethanol was added to 2 eq. of 

bipyridyl and sodium hydroxide (0.5 eq.) in water. Oxygen was bubbled through 

the solution for 60 seconds, yielding a brown solution. The mixture was stirred 

rapidly at 37 °C for 5 minutes, at medium speed for 5 minutes, and finally slowly 

for 5 minutes. The solution was cooled to 30 °C and filter-washed with ethanol 

and dried in a desiccator under vacuum for 3 days to give the final complex. All 

steps were carried out in the dark, and the final product was stored at -20 °C to 

prevent premature photolysis. The product yielded small, shiny, dark brown 

crystals  (Howard-Jones, 2009).  

The CO flash-photolysis/recombination and CO flow-flash method 
experiments.  
 
 The CO flash-photolysis and recombination experiment was conducted in a 

quartz cuvette and involved photolyzing the reduced-CO from the high-spin heme 

a3 using a 532 nm pulse from a DCR-11 Nd:YAG Q-switched pulsed laser (7 ns 

full-width at half-maximum). The buffer used was 0.1 M HEPES (pH 7.5) with 

0.1% DM, and all spectra were recorded at room temperature. 

 The CO flow-flash method was developed by Greenwood and Gibson in the 

1960s in order to investigate the reduction of O2 to water by bovine heart 

cytochrome c oxidase (Greenwood, 1967). The method circumvents the rate-

limitation of conventional stopped-flow mixing techniques and takes advantage of 

the affinity of the reduced high-spin heme for carbon monoxide (CO). After 
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mixing the reduced CO-bound enzyme with dioxygen, laser light is used to 

displace the CO, allowing oxygen to enter the ligand binding site and the O2 

reaction to occur. Alternatively, CO can be avoided when using the photolabile 

caged O2 and NO carrier complexes (Szundi, 2010). 

The sample portion of the flow-flash system consists of gas tight syringes, 

valves, Teflon tubing, a sample cuvette, and a pump (Figure 6).  

 

Figure 6. Experimental set-up for obtaining multi-wavelength time-resolved 
optical absorption spectra during CO photolysis/recombination (without syringes 
or pump) and flow-flash experiments (with syringes and pump).  
 

A pair of small tubes leads to the reaction cuvette where the mixing (1:1) of 

enzyme and ligand (NO or O2 complex or saturated buffer) solution occurs. 

Filters are used to optimize the light that travels through the sample and 

ultimately to the ICCD camera.  
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The time-resolved optical absorption difference spectra (post-minus pre-

photolysis) were collected in the visible and Soret regions on nanosecond to 

millisecond time scales following CO photolysis or complex photolysis at room 

temperature (Georgiadis, 1995). At the end of each experiment in which either the 

O2 or NO complex were used, the time-resolved difference spectra (post-minus 

pre-photolysis) of the complex alone were recorded and then subtracted from the 

data recorded for the enzyme/complex at each time point. A 0.1 M HEPES, 0.1% 

DM (pH 7.5) buffer was used in the place of enzyme to adjust for the 

concentration of the complex/enzyme mixture.  

Analysis of the time-resolved optical absorption (TROA) spectra. 

The data were analyzed using SVD and global exponential fitting under the 

guidance of Dr. Istvan Szundi, a senior lab affiliate, using Matlab software 

(Mathworks). Dr. Szundi wrote all programs utilized within Matlab for the data 

fitting analysis. The SVD and global exponential fitting provided the apparent 

rates and the associated spectral amplitudes known as b-spectra (See Appendix). 

 

1.3 Results and Discussion 

Ground-state spectra of bo3 oxidase 

Figure 7 shows the ground-state spectra for bo3 ubiquinol oxidase. The 

oxidized, reduced, and reduced CO-bound enzyme have an absorbance maximum 

at 408, 428, and 418 nm, respectively. The peaks in the visible region for the 
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reduced and reduced-CO enzyme are positioned at 532 nm and 563 nm, and are 

primarily due to heme b absorption. 

 

Figure 7. UV-visible ground-state spectra of the E. coli ubiquinol bo3 oxidase. 
The blue trace shows the spectrum of the air-oxidized enzyme, the green spectrum 
is that of the reduced enzyme, and red trace shows the spectrum of the fully 
reduced CO-bound enzyme. 
 

The oxidized-minus-reduced difference spectrum is shown in Figure 8A with 

minima at 561 and 531 nm due to reduced heme b and a maximum at 547 nm, 

which is reported to be characteristic of reduced heme o2+ (Puustinen, 1991). The 

fully reduced-minus-reduced CO-bound difference spectrum is shown in Figure 

8B.  
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Figure 8. UV-visible ground state spectra of the E. coli ubiquinol bo3 oxidase in 
0.1 M HEPES 0.1% DM, pH 7.5. (A) The oxidized-minus-reduced difference 
spectrum and (B) The reduced-minus-reduced CO difference spectrum.  
 

Figure 9 shows the spectra of the oxidized enzyme (A, blue), the mixed-

valence CO-bound form (A, green), and the oxidized-minus-MVCO difference 

spectrum (B). This difference spectrum, together with those of the reduced 

enzyme (Figure 8), help identify the peaks observed in the time-resolved 

difference spectra. The spectrum of the mixed-valence CO-bound enzyme has a 

maximum absorbance in the Soret region at 415 nm. 
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Figure 9. (A) UV-visible ground-state spectra of the oxidized (blue) and mixed-
valence CO-bound (MVCO) (green) E. coli ubiquinol bo3 oxidase in 0.1 M 
HEPES, 0.1% DM (pH 7.5). (B) The oxidized-minus-MVCO E. coli bo3 
spectrum. 
 
CO flash-photolysis and recombination of fully reduced bo3 oxidase. 
 

The TROA difference spectra (post-minus pre-photolysis) recorded following 

CO flash-photolysis of the fully reduced CO-bound bo3 enzyme are shown in 

Figure 10. SVD and global exponential fitting were used to analyze the time 

dependence of the spectra.  
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Figure 10. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) following photodissociation of the fully reduced CO-bound wild-type 
E. coli bo3 enzyme. The Soret and visible spectra were recorded together at 
logarithmically spaced time delays between 100 ns- 200 ms. The arrows indicate 
the direction of change with time.  
 

The u-spectra and the v-vectors from the SVD analysis contain spectral and 

temporal information, respectively. The number of u-spectra and the v-vectors 

utilized in the exponential fitting is determined based on their singular values (s). 

In the global exponential fitting, the apparent lifetimes are adjusted to obtain 

residuals, the difference between the data and the exponential fit, containing only 

random noise. Residuals are usually improved by the addition of lifetimes to the 

exponential fit, but only the ones with physical meaning should be considered as 

real improvement and not the ones arising from experimental artifacts in the 

spectra.  

SVD analysis and the global exponential fit of the TROA difference spectra of 

the wild-type bo3 fully reduced CO-bound enzyme resulted in three apparent 
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lifetimes of 19.9 µs, 909 µs, and 24.9 ms. The b-spectra and residuals obtained 

from three and four-exponential fits are shown in Figure 11. The residuals did not 

significantly improve, with an additional lifetime in the exponential fit.  
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Figure 11.  b-spectra resulting from the (A) three-exponential and (C) four-
exponential fit of the time-resolved optical absorption difference spectra recorded 
following photodissociation of the fully reduced CO-bound wild-type E. coli bo3. 
The bo is the difference between time zero and the last time point recorded, and 
represents the spectra extrapolated to infinite time. The residuals for the (B) three-
exponential fit and (D) the four-exponential fit correspond to the difference 
between the data and the fit for each time recorded during the TROA experiment. 
The delay times increase from the bottom to the top of the figure and are 
separated by a constant interval for clarity.    
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The first two processes of the CO recombination, 19.9 µs and 909 µs, are 

attributed to the relaxation of heme o3
2+

 after the photodissociation of CO. These 

lifetimes are somewhat different than the ~1 µs and ~200 µs processes attributed 

to the heme a3
2+ relaxation in bovine heart aa3 and R. sphaeroides aa3 although 

the b-spectra in both enzymes are very small; the ~1 µs process in the bovine 

enzyme occurs on the same time scale as the CO dissociation from CuB
+ 

(Georgiadis, 1994). The ~25 ms process is associated with CO recombination 

(Brown, 1994). The CO photolysis and recombination processes are summarized 

in Scheme 2. 

 
 

Scheme 2. Unidirectional sequential scheme following CO flash-photolysis/ 
recombination of the fully reduced CO-bound bo3 enzyme. Intermediates 1 and 2 
have the o3 heme in brackets to denote that the heme o3 in the postulated 
intermediates is not in the ground state.  
 
Reaction of O2 with fully reduced bo3 oxidase: CO-O2 flow-flash method. 
 

The reaction of the fully reduced wild-type bo3 with O2 was first investigated 

using the CO flow-flash method. The time-resolved difference spectra (post-

minus pre-photolysis) recorded following photolysis of the fully reduced CO-

bound wild-type E. coli bo3 in the presence of O2 are presented in Figure 12. SVD 
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and global exponential fitting were used to analyze the time dependence of the 

spectra, and both three and four-exponential fits were considered. The b-spectra 

and the residuals from the two fits are shown in Figure 13. 

 

Figure 12. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded following photodissociation of the fully reduced CO-bound 
wild-type E. coli bo3 enzyme in the presence of O2 (600 µM). The Soret and 
visible spectra were recorded together at logarithmically spaced time delays 
between 500 ns - 20 ms. The arrows indicate the direction of change with time.  
 
A four-exponential fit with apparent lifetimes of ~20 µs, ~30 µs, ~650 µs, and ~2 

ms removed all of the spectral structure present in the residuals when three 

exponentials were used (Figure 13, B and D). While four-exponentials are clearly 

needed to adequately fit the data, the first two closely spaced lifetimes have large 

uncertainties; this issue will be discussed in more detail below. Previous single-

wavelength transient absorption CO flow-flash experiments on the reaction of the 
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fully reduced bo3 with O2 yielded only three lifetimes, 45 µs, 700 µs, and 4 ms 

(Svensson-Ek, 1997), and earlier multi-wavelength experiments in our lab also 

found only three lifetimes, 43 µs, 355 µs, and 6 ms.  

 

Figure 13. b-spectra (A, C) and residuals (B,D) resulting from the SVD and 
global exponential fitting of the TROA difference spectra recorded following 
photolysis of the fully reduced CO-bound wild-type E. coli bo3  in the presence of 
O2 (600 µM). The bo3 data on the left shows the three-exponential fit and the four-
exponential fit is shown on the right. The bo is the difference between time zero 
and the last time point recorded, and represents the spectra extrapolated to infinite 
time. The residuals for bo3 correspond to the difference between the data and the 
fit for each time recorded during the TROA experiment. The delay times increase 
from the bottom of the figure to the top and are separated by a constant interval 
for clarity. 
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Kinetic analysis based upon the conventional unidirectional sequential 
mechanism. 

 
The apparent lifetimes and the b-spectra obtained from the global exponential 

fit do not represent the microscopic rate constants and the difference spectra of 

the reaction intermediates, respectively. The exponential fit only reflects the fact 

that the reaction steps are all first-order or pseudo-first-order reactions, and does 

not suggest any mechanistic model. Only after proposing a mechanism can one 

connect the microscopic rate constants to the apparent rates and the b-spectra to 

the intermediate spectra (Szundi, 2010). To test the validity of any proposed 

mechanism, the experimentally derived intermediate spectra must be compared to 

model spectra of the proposed intermediates. The most basic mechanism is the 

“fast-slow” conventional unidirectional sequential mechanism in which 

decreasing values of the experimental apparent rate constants are assigned to the 

microscopic rate constants of the consecutive steps.  

Constructing a mechanism for oxygen reduction requires either bench-

made models of the proposed intermediates or intermediates obtained from 

experiments on similar well-characterized cytochrome c oxidases, such as bovine 

aa3. In the case of bo3 enzyme, the closely related bovine enzyme intermediate 

spectra were frequency shifted and used as models for the bo3 data. 

Modeling the bo3 enzyme intermediates with the well established bovine 
enzyme intermediates. 
 
 The comparison of the bo3 enzyme intermediates with the bovine aa3 

intermediate forms was achieved by reconstructing the bo3 intermediate spectra 
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from the spectrum of heme b and the relevant spectra of heme a3 of the bovine 

enzyme in its different redox and ligation states. In the model spectra, both heme 

o3 and a3 are referenced against their respective CO-bound form. The compound 

A, P, and F forms of heme a3 used for model spectra are the actual intermediate 

spectra of the bovine enzyme extracted from a CO flow-flash experiment in the 

presence of dioxygen. The bovine intermediate spectra, determined using a five-

intermediate unidirectional sequential mechanism (Scheme 1), are shown in 

Figure 14B.  

The spectra of E. coli bo3 and bovine aa3 cannot be directly compared 

because the bovine aa3 absorbance spectra are red-shifted by ~25 nm as compared 

to the bo3 spectra. The comparison of the intermediates of bo3 against bovine is 

possible by adjusting the spectra on the energy scale to compensate for the energy 

difference between the electronic states of the heme groups. Dr. Istvan Szundi 

developed the approach of comparing the intermediate spectra from bo3 to the 

analogous spectra of the bovine enzyme. The bovine heart aa3 contains heme a 

and heme a3, and bo3 has both heme b and heme o3. The heme o3 is similar in 

structure to a3 as described in the introduction. The net effect of applying the 

energy scale approach is a blue shift of the bovine spectra by ~25 nm. The 

amplitude of the bo3 and bovine aa3 intermediate spectra (Figure 14A and 14B, 

respectively) are normalized to the maximum absorbance of the reduced form. 

The amplitude differences in the trough of the intermediate difference spectra are 
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attributed to the larger extinction coefficient for the CO-bound bo3 enzyme 

compared to the CO-bound bovine aa3 enzyme.  

 

Figure 14. Intermediate spectra extracted from the TROA difference spectra 
generated following photodissociation of the fully reduced CO-bound (A) bovine 
heart CcO enzyme and (B) E. coli bo3 enzyme and in the presence of O2. The 
spectra were determined on the basis of the conventional sequential mechanism 
(Scheme 1).  The spectrum of Int 1 (blue) is the fully reduced intermediate (R) in 
panels A and B. (A) The spectrum of Int 2 (green) is the O2 binding (compound 
A) intermediate. Int 3 (red trace) is the model intermediate (P) and Int 4 (cyan 
trace) is the intermediate (F). The final intermediate, Int 5 (magenta) is the model 
oxidized (O) intermediate. (B) The spectrum of Int 2 (green) is not compound A. 
Int 3 (red trace) is intermediate FI/FII and Int 4 (cyan trace) is the intermediate 
FI/FII /O. The final intermediate, Int 5 (magenta) is the oxidized (O) intermediate. 
The intermediates were determined based on a fast-slow mechanism in Scheme 3. 
The spectra in panels A and B are referenced versus the CO-bound enzyme.  

 

The intermediate spectra for bo3 calculated based on the fast-slow mechanism, 

in Scheme 3, in which increasing lifetimes (decreasing rates) are assigned to 

consecutive steps, and are shown in Figure 14B.  The spectrum of bo3 Int 1 

(Figure 14A, blue trace) is in good agreement with the fully reduced intermediate 

(R). The spectrum of bo3 Int 2 (Figure 14A, green trace) does not match the 

bovine model compound A spectrum. As discussed in more detail below, the 
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spectra of bo3 Int 3 (Figure 14A, red trace) and bo3 Int 4 (Figure 14A, cyan trace) 

do not match the bovine model compound P and F spectra (Figure 14B, blue and 

green curves, respectively). The final intermediate, Int 5 (Figure 14A, magenta 

trace), is in good agreement with the model oxidized (O) intermediate. The 

comparison of the bo3 intermediate spectra with those of the bovine enzyme will 

be discussed further in the following sections.  

 

Scheme 3. A unidirectional fast-slow sequential mechanism of O2 reduction by 
bo3 in the presence of CO. 
 
Analysis of the reaction of O2 and bo3 oxidase in the presence of CO using a 
slow-fast mechanism. 
 
 It is clear that a fast-slow mechanism applied to the reaction of the O2 with the 

reduced bo3 enzyme (Figure 14B, green curve) does not provide the expected 

spectrum of compound A based on the bovine model spectra (Figure 14A, green 

curve). Judging from its shape alone, Int 2 from the fast-slow mechanism contains 

predominately the reduced form, which could occur if O2 binding were reversible. 

However, this explanation can be invalidated by experiments presented in later 

sections. An alternative explanation is a “slow-fast” mechanism in which the first 

step, the generation of compound A from R, is followed by slower step. A slow-

fast mechanism has recently been successfully applied to analyze the reaction of 

O2 with the ba3 enzyme (Szundi, 2010).  

When a slow step precedes a fast step in a reaction mechanism, it is difficult 

to isolate the intermediate resulting from the slower step. Taking into account the 
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known chemistry of dioxygen reduction and the known spectral features of the 

intermediates allows for the extraction of previously unresolved intermediates. 

The first two apparent lifetimes, 20 µs and 30 µs, for the reaction of O2 with the 

fully reduced bo3 are very close. Within the Matlab program used for analyzing 

the data, it is possible to set both the upper and lower limits of an exponential fit 

when lifetimes are that close together in time. When calculating intermediate 

spectra, it is also possible to invert the order of the lifetimes, possibly allowing 

one to elucidate intermediates previously unresolved.  

 The uncertainties in the values of the two fastest apparent lifetimes, 20 µs and 

30 µs, are significant and changing the values of these lifetimes within a limited 

range has very little effect on the residuals of the fit. By setting upper and lower 

limits on the first two lifetimes to 20 µs and 42 µs and implementing the slow-fast 

analysis, a slow-fast sequential mechanism is obtained (Scheme 4).  

  
 
Scheme 4. The slow-fast sequential mechanism, with upper and lower limits on 
the first two lifetimes, for the reaction of fully reduced bo3 from E. coli with O2 
using the CO-O2 flow-flash method. 
 

Figure 15A and 15B shows the intermediate spectra using the slow-fast 

mechanism without and with the implementation of limits on the first two 

lifetimes, respectively. Clearly, the spectrum of the second intermediate, 

compound A, is different between the two mechanisms (Figure 15A and Figure 

15B, green trace). A comparison of individual intermediate spectra and the 
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corresponding bovine aa3 frequency-shifted intermediate spectra is presented 

below. 

 
 
Figure 15. The spectra of the intermediates generated during the reaction of the 
fully reduced wild-type E. coli bo3 in O2 in the presence of CO. The spectra were 
determined on the basis of the slow-fast mechanism (A) without limits on the first 
two lifetimes, and (B) with limits. The spectrum of Int 1 (blue) is that of the fully 
reduced intermediate (R). The spectrum of Int 2 (green) is the O2 binding 
(compound A) intermediate. Int 3 (red) and Int 4 (cyan) are shown with the final 
intermediate, Int 5 (magenta), the oxidized (O) intermediate. The spectra are 
referenced versus the CO-bound enzyme.  

 

 
Figure 16. A comparison of the spectrum of the bo3 first intermediate R (blue) 
with the frequency shifted spectrum of the bovine enzyme (green), in Scheme 4. 
The spectra are referenced versus the CO-bound enzyme.  
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The spectrum of the first intermediate, the fully reduced enzyme (R), 

determined based on Scheme 4, is shown in Figure 16. The spectrum is referenced 

versus the CO-bound enzyme and represents the heme o3
2+ minus heme o3

2+-CO. 

As mentioned above, the difference in amplitude of the 415 nm trough in this 

intermediate as well as the other intermediates is due to heme o3 in the bo3 

enzyme having about a one-third higher extinction coefficient when CO is bound, 

as compared to the bovine a3-CO model. The bovine aa3 spectrum has been 

shifted from 443 nm to the bo3 430 nm peak in the Soret region, which is due to 

reduced heme o3. It is clear that shifting the bovine aa3 R spectrum on the energy 

scale leads to good agreement with the spectrum of the R intermediate of bo3 in 

the Soret region, while the correspondence is less in the visible region.  
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Figure 17. A comparison of the spectrum of the second bo3 intermediate from the 
slow-fast mechanism (blue trace) in Scheme 4, with the energy-scale corrected 
spectrum of compound A of the bovine enzyme (green trace), and the bo3 
compound A using the slow-fast mechanism without limits (red trace). The 
spectra are referenced versus the CO-bound enzyme.  
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Figure 17 shows a comparison between the energy-scale-corrected bovine 

A intermediate spectrum (green trace) and the spectrum of compound A 

intermediate of bo3 using the slow-fast mechanism with upper and lower limits of 

the fastest two lifetimes (blue trace) and without such limits (red trace). The 

spectrum of the compound A intermediate for the bovine enzyme and that 

obtained for bo3 enzyme using the slow-fast mechanism in Scheme 4 are very 

similar in the Soret region except for the difference in the trough which is due to 

different extinction coefficients of the CO-bound heme a3 and o3 in bovine aa3 

and E. coli bo3, respectively. Therefore, only when using a slow-fast mechanism 

and setting restraints on the first two lifetimes, does the shape of the second bo3 

intermediate match that of compound A of the bovine enzyme. The last three 

intermediates are unaffected by the fixed lifetime analysis. The lifetime of 42 µs 

at 600 µM O2 for the first step corresponds to a second-order rate constant of ~3.9 

x 107 M-1s-1. 

The third intermediate in the conventional unidirectional sequential 

mechanism for the bovine enzyme is intermediate P. Figure 18 shows a 

comparison of the third intermediate for bo3 (blue trace), obtained on the basis of 

Scheme 4, and relevant bovine model spectra. The energy-scale-adjusted bovine 

heme a3 P and F intermediate are presented by the cyan and red curves in Figure 

18A. It is clear that the intermediate following compound A in the bo3 enzyme 

(Figure 18A, blue) does not match intermediate P in the bovine enzyme in the 

visible region (Figure 18, cyan); previous studies have shown that compound A 
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and intermediate P and F have very similar spectra in the Soret region (Fabian, 

1995). Figure 18B (red trace) shows the sum of the oxidized-minus-reduced heme 

b and the a3 F form of the bovine enzyme. It has a large peak of 580 nm (607 nm 

non-energy-scale-adjusted) while the third bo3 intermediate (Figure 18B, blue 

trace) clearly does not absorb at this wavelength. There is good agreement 

between Int 3 of bo3 (Figure 18B, blue trace) and the sum of the spectra of the 

bovine a3 F intermediate and the oxidized-minus-reduced heme b. We conclude 

that the third intermediate is the O2 reduction mechanism for bo3 enzyme is an 

FI/FII intermediate, with heme b oxidized in FI and reduced in FII. The FI/FII 

intermediate ratio is 80 % oxidized and 20 % reduced heme b. 

 

Figure 18. (A) A comparison of the spectrum of the third intermediate of bo3 
(blue) from Scheme 4. The P (cyan) and F (red) intermediates of the bovine 
enzyme, and the spectrum of the oxidized-minus-reduced heme b (green). (B) The 
red trace shows the sum of the oxidized-minus-reduced heme b and a3 P form of 
bovine enzyme. The green trace shows the sum of the oxidized-minus-reduced 
heme b spectra and a3 F form spectra of bovine enzyme. The blue trace shows the 
third intermediate of bo3 enzyme (FI/FII). 
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The intermediate generated following compound FI/FII in bo3 is assigned 

as the {FI/FII/O} intermediate and involves a complicated ubiquinone reaction 

that is currently under study in our laboratory (not shown). The {FI/FII/O} 

intermediate spectrum is a mixture of the FI/FII intermediate spectrum and 

intermediate O spectrum.  

 
 

Figure 19.  (A) The experimental spectrum of the fifth intermediate in bo3, O, 
from Scheme 4 (blue trace), the spectrum of the aa3 O form (red trace) and the 
spectrum of the oxidized-minus-reduced heme b (green trace). (B) The sum of the 
oxidized-minus-reduced heme b spectrum and the spectrum of the fifth (green 
trace) and the fifth bo3 intermediate (blue trace). 

 
 
Figure 19 shows the O intermediate of bo3, the bovine O intermediate 

plotted against the energy scale (Figure 19A, red trace), and the oxidized-minus-

reduced heme b (Figure 19A, green trace). The difference spectrum of the O 

intermediate can be modeled by the sum of the spectrum of the bovine a3 O form 

(Figure 19A and 19B, blue trace), referenced versus the fully reduced CO-bound 

heme a3 and the oxidized-minus-reduced heme b spectrum.  
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The oxygen reduction mechanism in Scheme 4 for bo3 does not resolve the P 

intermediate and this intermediate may not be formed in the bo3 enzyme. This 

differs from recent findings on the T. thermophilus ba3, which does not contain an 

F intermediate and follows the mechanism of R ! A ! PI ! PII ! O. Recent 

studies on the R. sphaeroides aa3 suggest there is no P intermediate in the O2 

reduction mechanism. As previously mentioned, the bovine enzyme has both P 

and F intermediates in the oxygen reduction mechanism.  

To summarize, the third intermediate in the mechanism of O2 reduction in 

bo3 is not P, but rather FI/FII, with 80% oxidized heme b and 20% reduced heme 

b. The fourth intermediate in the reaction of the reduced bo3 with O2, the FI/FII/O 

intermediate, needs further modeling and involves a complex ubiquinone 

oxidation reaction.  The final intermediate O matches the sum of the bovine a3 O 

form spectra and the spectra of the oxidized-minus-reduced heme b. The 

postulated mechanism is summarized in Scheme 4. 

Reaction of O2 with mixed-valence bo3 oxidase: CO-O2 flow-flash approach. 
 

The mechanism for the reaction of the fully reduced bo3 with O2 does not 

contain the P intermediate proposed for the bovine enzyme. In order to test 

whether this is also true for the mixed-valence enzyme, in which heme o3 and CuB 

are reduced and heme b is oxidized, we investigated its reaction with O2 using the 

CO flow-flash method.  

The time-resolved difference spectra (Figure 20) (post-minus pre-photolysis) 

of the reaction of the mixed-valence enzyme with O2 were collected after 
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photolysis of the MVCO bo3 enzyme with a 532 nm laser pulse. SVD and global 

exponential fitting were used to analyze the time-resolved difference spectra. Two 

lifetimes of 47.1 µs and 446 µs were obtained.  

Wavelength, nm
400 450 500 550 600 650 700

400 450 500 550 600 650 700

!
 A

bs
or

ba
nc

e

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

 
 
Figure 20. TROA difference spectra (post-minus pre-photolysis) recorded during 
the reaction of O2 with the mixed-valence E. coli bo3 following photolysis of the 
MVCO enzyme. The difference spectra were obtained at time points between 1 µs 
- 5 ms, separated by logarithmic intervals. The O2 and CO concentrations after 
mixing were 600 µM and 500 µM, respectively. The arrows indicate progressive 
time delays. 
 

The b-spectra and the residuals corresponding to the two-exponential fit are 

shown in Figure 21. The residuals show a good correlation between the data and 

the exponential fit with only random noise in each trace.  
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Figure 21. (A) The b-spectra from the two-exponential fit of the data recorded for 
the reaction of the mixed-valence E. coli bo3 with O2. The bo represents the 
difference spectrum extrapolated to infinite time. (B) The residuals, the difference 
between the data and the fit. The delay times progress from the bottom of the 
figure to the top and are separated by a constant for clarity.  
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Figure 22. The spectra of the intermediates generated during the reaction of the 
MVCO enzyme with O2. The spectra were determined on the basis of the 
unidirectional sequential mechanism in Scheme 5. The first intermediate 
represents the R intermediate (blue), the second intermediate is compound A 
(green), and the third intermediate (red) of E. coli bo3. 
 

We used a sequential two-step mechanism to extract the spectra of the 

intermediates in the reaction of the mixed-valence bo3 enzyme with O2 (Scheme 

5). The three intermediates are shown in Figure 22. The spectra are referenced 

versus the MVCO form. Below we compare these spectra to bovine aa3 model 

spectra, which have been shifted on the energy scale. 
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Scheme 5. A unidirectional sequential scheme showing three intermediates during 
the reaction of the dioxygen with the mixed-valence E. coli bo3. 
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Figure 23. A comparison of the spectrum of the Int 1 in the reaction of O2 with 
the mixed-valence bo3 (blue), extracted from the three-intermediate sequential 
mechanism in Scheme 5, to that of the RM intermediate of the bovine enzyme 
(green).  
 

The first intermediate is assigned to the reduced RM intermediate in the 

bo3 enzyme, where heme o3 and CuB are reduced and heme b is oxidized. Figure 

23 shows a comparison of the spectrum of the RM intermediate from the bo3 

enzyme (blue trace) with the energy-shifted difference spectrum of the RM 
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intermediate of the bovine heart enzyme (green trace). Because the low-spin heme 

is oxidized and the spectra are referenced versus the MVCO form, the 

contribution of the low-spin heme is not a factor. The difference in amplitude of 

the trough at 415 nm is as mentioned above due to the CO-bound heme o3
2+ in bo3 

having about a one-third higher extinction coefficient than the bovine RM model 

spectrum. The bovine spectrum has been normalized to the Soret peak in the bo3 

difference spectrum, which is due to the reduced heme o3. 
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Figure 24. The spectrum of Int 2 in the reaction of mixed-valence bo3 with O2 
extracted from the three-intermediate sequential mechanism in Scheme 5 (blue). 
The AM intermediate of the mixed-valence bovine enzyme (green). 
 

Figure 24 compares the spectrum of Int 2 in the reaction of the MV bo3 

enzyme with O2 to the energy-scale-corrected spectrum of compound AM 

intermediate generated during the reaction of the MV bovine enzyme with O2 

(AM). The two spectra have very similar shape in the Soret region and we 
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conclude that the Int 2 in Scheme 5 is that of AM. The bovine (AM) spectrum 

(a3
2+-O2) is not a perfect model for the o3

2+-O2 in the visible region. This 

discrepancy was also observed for the reaction of the fully reduced bo3 with O2, 

and can be explained by the heme group absorbances in the visible region being 

shifted differently than in the Soret region. 

The mixed-valence CO/O2 flow-flash experiment yielded an O2-binding 

lifetime of 47.1 µs, further validating the oxygen-binding rate of 42 µs, and not 20 

µs, in the fully reduced CO-O2 flow-flash experiment. This 47 µs lifetime at 600 

µM O2 corresponds to a second-order rate constant for O2 binding of  ~3.5 x 107 

M-1s-1, which is comparable to ~3.9 x 107 M-1s-1 determined for the fully reduced 

bo3 enzyme. 

 

Figure 25. The spectrum of Int 3 in the reaction of the mixed-valence bo3 enzyme 
with O2 extracted from the three-intermediate sequential mechanism in Scheme 5 
(blue). The PM intermediate spectra (cyan) and the F intermediate spectra (red) 
from bovine enzyme are shown for comparison.  

Wavelength, nm
400 450 500 550 600 650 700

400 450 500 550 600 650 700

!
 A

bs
or

ba
nc

e

-0.08

-0.06

-0.04

-0.02

0.00

0.02

-0.08

-0.06

-0.04

-0.02

0.00

0.02



 47 

 

Figure 25 shows a comparison of the spectrum of the third intermediate (blue 

curve) in the reaction of the MV bo3 with O2 based on Scheme 5 with that of the 

third intermediate, PM, generated during the reaction of the bovine MV enzyme 

with O2 using the unidirectional sequential mechanism (cyan curve). The 

spectrum of F is also presented (red trace). The third intermediate in the mixed-

valence bo3 enzyme does not match the energy-scale-adjusted heme a3 PM 

intermediate in Figure 25 (cyan), which has a large peak at 580 nm (adjusted from 

607 nm). In contrast, the third bo3 intermediate absorbs only to a small extent at 

this wavelength. The third intermediate appears to be a mixture of FM and PM. In 

the final intermediate, Int 3, the enzyme is depleted of electrons and cannot 

progress to the final intermediates observed in the fully reduced E. coli bo3 

enzyme.  

In conclusion, the reaction of O2 with the mixed-valence and the fully 

reduced bo3 were explored using the CO-O2 flow-flash approach. Our results 

yielded an O2 binding second order rate constant of  ~3.9 x 107 M-1s-1 (600 µM 

O2), compared to the faster rates in aa3 (1 x 108 M-1s-1) and ba3 (1 x 109 M-1s-1) 

oxidases. The slower O2 binding rate is potentially caused by a larger binding 

pocket relative to that in ba3 and aa3 enzymes, allowing the ligand to spend more 

time in the cavity before binding. The bo3 mutant TROA data presented later in 

this chapter support this hypothesis.  
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Reaction of fully reduced wild-type bo3 with NO: CO-NO flow-flash 
approach. 
 

NO is a substrate analog for O2 and can provide information relevant to the O2 

binding step in O2 reduction. Although bo3 does have NO reductase activity, the 

reduction of NO to N2O takes place on a longer time scale than the O2 reduction. 

The reaction of the fully reduced bo3 with NO was first investigated using the CO 

flow-flash method in which the fully reduced CO-bound enzyme is photolyzed in 

the presence of NO. The time-resolved difference spectra (post minus pre-

photolysis) following photolysis of the fully reduced CO-bound wild-type E. coli 

bo3 enzyme in the presence of NO (0.9 mM) are presented in Figure 26. 

 

Figure 26. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) following photolysis of the fully reduced CO-bound wild-type E. coli 
bo3 enzyme in the presence of NO. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays between 200 ns -10 ms. The arrows 
indicate the direction of change with time.  
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SVD and global exponential fitting were used to analyze the time-resolved 

difference spectra. The b-spectra and the corresponding residuals for the single-

exponential fit are shown in Figure 27A and Figure 27B, respectively.  

 

Figure 27. (A) b-spectra resulting from a single-exponential fit of the data 
recorded following the photodissociation of the fully reduced CO-bound wild-
type E. coli bo3 in the presence of NO. The bo represents the difference spectra 
extrapolated to infinite time. (B) The residuals correspond to the difference 
between the data and the fit at each time point. The delay times increase from 
bottom to the top and are separated by a constant interval for clarity.    
 

The CO-NO flow-flash experiment resolved a single lifetime of 33 µs at NO 
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binding. This corresponds to a second-order rate constant of  ~3.4 x 107 M-1s-1 for 

NO binding which is the same within experimental error as observed for O2 

binding (~3.9 x 107 M-1s-1) using the CO- O2 flow-flash method. These results 

further validate the slow-fast scheme used to extract the O2 binding rate in the 

CO-O2 flow-flash experiments. As mentioned previously, Cl- was avoided in 

order to maintain the bound quinol substrate. For the experiments involving NO, 

it was also important to avoid Cl- because it has been shown to inhibit NO binding 

(Butler, 2002). NO has also has been shown to bind with oxidized bo3 and causes 

the reduction of CuB much like CO (Butler, 2002). From our TROA studies we 

have determined that the presence of CO does not impede the binding of NO in 

bo3 oxidase as observed in the ba3 oxidase.  

The reaction of the photoproduced NO with fully reduced bo3 oxidase in the 
presence of CO: CO-NO flow-flash double-laser approach. 
 
 The reaction of the photoproduced NO with the fully reduced E. coli bo3 in 

the presence of CO was conducted to confirm that CO does not impeded NO 

binding. This experiment was carried out using the double laser-approach, which 

utilizes both the 532 nm and 355 nm lasers simultaneously to photolyze the CO 

and NO complex, respectively.   

 The time-resolved difference spectra (post-minus pre-photolysis) of the 

reaction of the fully reduced bo3 enzyme with the photoproduced NO are 

presented in Figure 28.  
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Figure 28. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded following photolysis of the CO-bound wild-type E. coli bo3 
in the presence of photoproduced NO (160 µM). The Soret and visible spectra 
were recorded at 14 delay times logarithmically spaced between 200 ns - 5 ms. 
The arrows indicate the direction of change with time. 
 

The spectral contribution of the NO complex upon photolysis, determined in a 

separate experiment, has been subtracted from the data. The photolysis of the NO 

complex alone was also used to determine the concentration of the photoproduced 

NO by comparing the transient spectra to standardization curves of the NO 

photolysis. 

SVD and global exponential fitting revealed a single apparent lifetime of 137 

µs. The residuals and b-spectrum corresponding to the single-exponential fit are 

shown in Figure 29. The random noise in the residuals reflects a good fit to the 

experimental data. 
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Figure 29. (A) b-spectra resulting from a single-exponential fit of the time-
resolved optical absorption difference spectra recorded during the reaction of fully 
reduced wild-type E. coli bo3 with photoproduced NO in the presence of CO. The 
b0 represents the difference spectrum extrapolated to infinite time. (B) The 
residuals for the exponential fit correspond to the difference between the data and 
the fit at each time point. The delay times increase from the bottom of the figure 
to the top and are separated by a constant interval for clarity.    
   

The single lifetime of 137 µs is attributed to NO binding based on the b-

spectrum. This corresponds to a second-order rate constant of 4.6 x 107 M-1s-1 

(160 µM NO) for NO binding and compares well to the 3.9 x 107 M-1s-1 obtained 
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in the CO-O2 flow-flash experiment. If the 20 µs lifetime rather than the 42 µs 

lifetime from the CO-O2 flow-flash experiment were attributed to O2 binding, we 

would expect a lifetime of 75 µs for NO binding (160 µM NO) for the reaction of 

bo3 with the photoproduced NO in the presence of CO. 

The reaction of the photoproduced O2 with the wild-type fully reduced bo3 
oxidase in the absence of CO 
 

The reaction of the fully reduced bo3 with O2 using the traditional CO flow-

flash method is potentially compromised by the fate of the photodissociated CO. 

To determine if this is the case, the reaction of fully reduced bo3 with 

photoproduced O2 in the absence of CO was investigated. The photolabile O2 

carrier utilized was the [(µ-O2 )(µ-OH) (Co(bipyridyl)2)2]3+ compound (Howard-

Jones, 2009). The direct reaction of the fully reduced E. coli bo3 with 

photoproduced O2 in the absence of CO was initiated by a 355 nm laser pulse 

from a DCR-11 Nd:YAG Q-switched pulsed laser. The resulting time-resolved 

optical absorption difference spectra are presented in Figure 30.  
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Figure 30. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) of the reaction of the photoproduced O2 with wild-type E. coli bo3. 
The spectra were obtained after subtracting the spectral contributions of the O2 
complex, determined in a separate experiment. The Soret and visible spectra were 
recorded at 15 time points, logarithmically spaced between 5 µs to 200 ms. The 
O2 concentration for the experiment was 54 µM. The arrows indicate the direction 
of absorbance change with time. 

 
SVD and global exponential fitting were used to analyze the data and a quality 

fit was obtained using three-exponentials. The b-spectra are shown in Figure 31A, 

and the random noise in the residuals shown in Figure 31B reflects a good fit to 

the experimental data. The lifetimes determined were ~500 µs, ~15 ms, and ~70 

ms. The apparent lifetime of ~500 µs is associated with dioxygen binding. The 

spectrum of compound A cannot be resolved because O2 binding is rate-limiting. 

The ~500 µs lifetime corresponds to a second-order rate constant of 3.7 x 107 M-1 

s-1 (54 µM O2), which is similar to the obtained for in the presence of CO (3.9 x 

107 M-1s-1).  
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Figure 31. (A) The b-spectra from the three-exponential fit of the data recorded 
during the reaction of the fully reduced wild-type E. coli bo3 with photoproduced 
O2. The bo represents the spectrum extrapolated to infinite time. (B) The residuals 
are the difference between the data and the three-exponential fit for each time 
recorded during the TROA experiment. The delay times increase from the bottom 
of the figure to the top and are separated by a constant interval for clarity.    

  

  The second aim of the flow-flash experiment using the photolabile O2 carrier 

was to rule out the possibility of reversibility in O2 binding. The slow-fast 
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mechanism in the CO-O2 flow-flash experiment, discussed earlier, can be 

supported by monitoring the dependence of the apparent lifetimes on the O2 

concentration (Szundi, 2010). The concentration of the photoproduced O2 in the 

flow-flash experiment using the photolabile O2-carrier was a factor of 11 lower 

than in the CO-O2 flow-flash experiment (54 uM vs. 600 uM). At one-eleventh of 

the dioxygen concentration, the 40 µs lifetime increased to ~500 µs. This is in line 

with the expected lifetime if there is no reversibility. Hence, the results using the 

photolabile O2-carrier compliment the CO-O2 flow-flash data and support the 

slow-fast mechanism, in which the 42 µs and not the shorter 20 µs lifetime is 

assigned to the O2 binding to heme o3
2+ (Scheme 4).  

Furthermore, results from the studies of the reaction of O2 with the mixed-

valence enzyme support the 42 µs oxygen binding in the CO flow-flash 

experiment of the reaction of O2 (600 µM) with fully reduced bo3. The argument 

against reversibility is also supported by the NO experiments presented in this 

chapter.  

The reaction of the photoproduced NO with the fully reduced wild-type bo3 
oxidase in the absence of CO 
 

The reaction of the photoproduced NO with the reduced E. coli bo3 in the 

absence of CO was also investigated. The binding of photoproduced NO in E. coli 

bo3 is predicted to be similar to that observed for O2 binding. This is based on the 

assumption that O2 and NO follow the same pathway to the binuclear center. An 

advantage of studying the interaction of NO with bo3 oxidase is the avoidance of 

the complexity associated with electron and proton transfer during O2 reduction.  
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The reaction of the wild-type bo3 with photoproduced NO was initiated by 

photolyzing the photolabile NO complex with a 355 nm laser pulse from a DCR-

11 Nd:YAG Q-switched pulsed laser. The time-resolved optical absorption 

difference spectra are shown in Figure 32.  

 

Figure 32. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) of the reaction of wild-type E. coli bo3 with photoproduced NO. The 
Soret and visible spectra were recorded at 10 delay time points, logarithmically 
spaced between 50 µs to 50 ms. The NO complex concentration was 55 µM. The 
arrows indicate the direction of change with time. 
 

The NO complex spectral contribution was subtracted from the data and the 

concentration of NO was determined as described above for the reaction of 

photoproduced NO with the reduced enzyme in the presence of CO. 
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 SVD and global exponential fitting were used to analyze the data. The b-

spectra are shown in Figure 33A. A quality fit was obtained using a single-

exponential reflected by the random noise in the plotted residuals in Figure 33B. 

 

Figure 33. (A) b-spectra resulting from a single-exponential fit of the time-
resolved optical absorption difference spectra recorded during the reaction of the 
fully reduced wild-type E. coli bo3 with photoproduced NO. The b0 is the 
difference between time zero and the last time point recorded, and represents the 
spectra extrapolated to infinite time. (B) The residuals for the exponential fit 
correspond to the difference between the data and the fit for each time recorded 
during the TROA experiment. The delay times increase from the bottom to the top 
of the figure and are separated by a constant interval for clarity.    
 
The single apparent lifetime of 292 µs is attributed to NO binding to heme o3

2+ 

and corresponds to a second-order rate constant of 3.8 x 107 M-1s-1 (90 µM NO).  
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Constriction point and hydrophobic pocket bo3 enzyme mutants. 

The role of the putative constriction residues, W282 and W170, in controlling 

O2/NO access to the active site in bo3 were investigated by replacing the 

tryptophans with threonine and tyrosine residues in Tt ba3, which does not contain 

a constriction point. The role of three “hydrophobic pocket” residues in bo3, I111, 

F112, and V108, in modulating ligand access was also investigated by mutating 

these residues to analogous amino acids in the Tt ba3, methionine, isoleucine, and 

phenylalanine. The “hydrophobic pocket” residues were identified based on 

classical molecular dynamic calculations of Xe access to the active site in bo3. 

The results are expected to provide a more complete picture of how the protein 

scaffold modulates ligand binding and entry to the binuclear site in bo3. 

 
Interaction of NO with the fully reduced constriction point and hydrophobic 
pocket mutants of bo3 oxidase: CO-NO flow-flash study. 
 

To determine the effect of the constriction point and hydrophobic pocket 

residues on NO binding, analogous CO-NO flow-flash studies to those carried out 

on the wild-type E. coli bo3, were conducted on the E. coli bo3 constriction point 

and hydrophobic pocket mutants. 

The time-resolved difference spectra generated on photolysis of the fully 

reduced CO-bound constriction point mutants, W282T and W170Y, and 

hydrophobic pocket mutants, I111M and F112I, of bo3 enzyme in the presence of 

NO are presented in Figure 34 and 35, respectively. The b-spectra and residuals 

corresponding to a single-exponential fit are shown in Figures 36 and 37, for the 
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constriction and hydrophobic mutants, respectively. The residuals for all four 

mutants show a minimal amount of non-random noise, which indicates a 

reasonable fit. 

 
Figure 34. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) following photodissociation of the fully reduced CO-bound W282T 
(A) and W170Y (B) E. coli bo3 mutants in the presence of NO (0.9 mM). The 
Soret and visible spectra were recorded together at logarithmically spaced time 
delays between 2 µs - 500 µs and 500 ns - 20 ms for W282T and W170Y, 
respectively.  
 
 

 
 
Figure 35. TROA difference spectra recorded following photolysis of the fully 
reduced CO-bound I111M (A) and F112I (B) E. coli bo3 mutants in the presence 
of NO. The Soret and visible spectra were recorded together at logarithmically 
spaced time delays of 1 µs - 100 ms and 1 µs - 200 ms for I111M and F112I, 
respectively.  
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Figure 36. (A,C) b-spectra and residuals (B,D) from a single-exponential fit of 
the time-resolved optical absorption difference spectra recorded following 
photodissociation of the fully reduced CO-bound W282T and W170Y E. coli bo3  
mutants in the presence of NO. Panels A and B show b-spectra and corresponding 
residuals, respectively, for the W282T bo3 mutant. Panels C and D show the 
single-exponential fit b-spectra and corresponding residuals, respectively, for the 
W170Y bo3 mutant. The b0 is the difference between time zero and the last time 
point recorded, and represents the spectra extrapolated to infinite time. The 
residuals correspond to the difference between the data and the fit for each time 
recorded during the TROA experiment. The delay times increase from the bottom 
of the figure to the top and are separated by a constant interval for clarity. 
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Figure 37. b-spectra (A, C) and residuals (B,D) for a single-exponential fit of the 
time-resolved optical absorption difference spectra recorded following 
photodissociation of the fully reduced CO-bound I111M and F112I E. coli bo3  
mutants in the presence of NO. Panels A and B show b-spectra and corresponding 
residuals, respectively, for the I111M bo3 mutant. Panels C and D show the b-
spectra and corresponding residuals, respectively, for the F112I bo3 mutant. The 
b0 is the difference between time zero and the last time point recorded, and 
represents the spectra extrapolated to infinite time. The residuals correspond to 
the difference between the data and the fit for each time recorded during the 
TROA experiment. The delay times increase from the bottom of the figure to the 
top and are separated by a constant interval for clarity. 
 

 The apparent lifetimes for the W282T and W170Y E. coli bo3 mutants were 

26.9 µs and 33.6 µs, respectively, at NO saturation (0.9 mM) in the presence of 

CO (0.5 mM). These lifetimes correspond to second-order rate constants of 4.1 x 

107 M-1s-1 and 3.31 x 107 M-1s-1 for NO binding in the W282T and W170Y E. coli 
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bo3 mutants, respectively. The apparent lifetimes for the I111M and F112I E. coli 

bo3 mutants were 73.4 µs and 47.4 µs, respectively, at NO saturation (0.9 mM) in 

the presence of CO (0.5 mM). These lifetimes correspond to second-order rate 

constants of 1.5 x 107 M-1s-1 and 2.3 x 107 M-1s-1 for NO binding in the I111M and 

F112I E. coli bo3 mutants, respectively. Table 1 summarizes the CO-NO data and 

the second-order rate constants associated with the ligand binding.  

 

Table 1. The apparent lifetimes and second-order rate constants for NO binding 
(0.9 mM) in the E. coli bo3 constriction point and hydrophobic pocket mutants in 
the presence of CO. The factor increase is for the second-order rate constant 
versus wild-type (WT) enzyme. 
 
 The rates of NO binding in the constriction point and hydrophobic pocket 

mutants were not significantly different compared to that observed for the wild-

type enzyme. They are also analogous to the rates of O2 binding, which supports 

the slow-fast mechanistic scheme for O2 reduction. The NO binding in the wild-

type bo3 enzyme occurred with a second-order rate constant of ~3.4 x 107 M-1s-1. 

This supports the 3.9 x 107 M-1s-1 rate constants for dioxygen binding during the 

CO-O2 flow-flash experiment, and as previously discussed, was extracted using 

the slow-fast scheme. The CO-O2 flow-flash experiments were conducted on the 

E. coli bo3 hydrophobic pocket and constriction point mutants, but since the 
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results of the CO-NO experiments for the mutants agreed with the wild-type data, 

the intensive analysis required for the slow-fast mechanism used with the CO-O2 

flow-flash experiments was not justified.  

The reaction of the photoproduced NO with the fully reduced E. coli bo3 
constriction point and hydrophobic pocket mutants in the absence of CO. 
 

To further explore the effect of the constriction point and hydrophobic pocket 

residues on NO binding, the reaction of the photoproduced NO with the wild-type 

E. coli bo3 and the constriction point and hydrophobic pocket mutants in the 

absence of CO was investigated.  

The time-resolved optical absorption difference spectra (post-minus pre-

photolysis) of the reaction of photoproduced NO with the bo3 fully reduced 

constriction point mutants, W282T and W170Y (Figure 38), and hydrophobic 

pocket mutants, I111M and F112I (Figure 39), and V108F (Figure 42) of bo3 

enzyme in the presence of photoproduced NO are presented below. 

 

Figure 38. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) of the reaction of fully reduced W282T (A) and W170Y (B) E. coli bo3 
enzyme with photoproduced NO in the absence of CO. The Soret and visible 
spectra were recorded together at logarithmically spaced time delays of 2 µs - 5 
ms and 500 ns - 50 ms for W282T and W170Y, respectively.  
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Figure 39. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded during the reaction of the fully reduced I111M (A) and F112I 
(B) E. coli bo3 mutants with photoproduced NO. The Soret and visible spectra 
were recorded together at logarithmically spaced time delays between 1 µs - 20 
ms for both I111M and F112I.  

 

The b-spectra and residuals corresponding to a single-exponential fit of the 

time-resolved data are shown in Figure 40 for the W282T and W170Y mutants, 

Figure 41 for I111M and F112I mutants, and Figure 42 for the V108F mutant.  
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Figure 40. b-spectra (A, C) and residuals (B,D) for a single-exponential fit of the 
TROA difference spectra recorded during the reaction of the fully reduced 
W282T and W170Y E. coli bo3  mutants with photoproduced NO. Panels A and B 
show b-spectra and corresponding residuals, respectively, for the W282T bo3 
mutant. Panels C and D show the b-spectra and corresponding residuals, 
respectively, for the W170Y bo3 mutant. The b0 is the difference between time 
zero and the last time point recorded and represents the difference spectrum 
extrapolated to infinite time. The residuals correspond to the difference between 
the data and the fit for each time recorded during the TROA experiment. The 
delay times increase from bottom to the top of the figure and are separated by a 
constant interval for clarity. 
 

The residuals resulting from the single-exponential fit indicate a good 

agreement with the experimental data as reflected by a lack of non-random noise 

in the plotted residuals.  



 67 

Wavelength, nm
400 450 500 550 600 650 700

400 450 500 550 600 650 700

0.00

0.02

0.04

0.06

0.08

0.10

Wavelength, nm
400 450 500 550 600 650 700

400 450 500 550 600 650 700

!
 A

bs
or

ba
nc

e

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

400 450 500 550 600 650 700

!
 A

bs
or

ba
nc

e

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08 A

400 450 500 550 600 650 700

-0.04

-0.02

0.00

0.02

0.04

B

C

D

522 µs
b0

485 µs
b0

 
 
Figure 41. b-spectra (A, C) and residuals (B,D) from a single-exponential fit of 
the data recorded during the reaction of the fully reduced I111M and F112I E. coli 
bo3  mutants with photoproduced NO. Panels A and B show the single-exponential 
fit b-spectra and corresponding residuals, respectively, for the I111M bo3 mutant. 
Panels C and D show b-spectra and corresponding residuals, respectively, for the 
F112I bo3 mutant. The b0 is the difference between time zero and the last time 
point recorded, and represents the difference spectrum extrapolated to infinite 
time. The residuals correspond to the difference between the data and the fit for 
each time recorded during the TROA experiment. The delay times increase from 
the bottom of the figure to the top and are separated by a constant interval for 
clarity. 
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Figure 42. (A) TROA difference spectra (post-minus-pre-photolysis) of the 
reaction of the fully- reduced V108F E. coli bo3 enzyme with photoproduced NO. 
The Soret and visible spectra were recorded together at logarithmically spaced 
time delays between 2 µs - 20 ms. (B) The b-spectra resulting from the single-
exponential fit of the TROA difference spectra. The b0 is the difference between 
time zero and the last time point recorded, and represents the difference spectrum 
extrapolated to infinite time. (C) The residuals correspond to the difference 
between the data and the fit for each time recorded during the TROA experiment. 
The delay times increase from the bottom of the figure to the top and are 
separated by a constant interval for clarity.  
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Table 2. The apparent lifetimes and second-order rate constants for NO binding 
in E. coli bo3 constriction point and hydrophobic pocket mutants. The factor 
increase is for the second-order rate constant versus wild-type (WT) enzyme.  
  

A summary of the second-order rate constants for NO binding to the 

constriction point and hydrophobic pocket mutants of E. coli bo3 in the absence of 

CO is presented in Table 2. No significant change in the second-order rate 

constants was observed compared to the wild-type E. coli bo3. The NO binding 

rates are also similar to those observed in the presence of CO.  

The reaction of the photoproduced O2 with the fully reduced constriction 
point and hydrophobic pocket mutants of bo3 oxidase in the absence of CO. 
 

To further explore the effect of the constriction point and hydrophobic pocket 

residues on O2 binding, the reaction of the photoproduced O2 with the wild-type 

E. coli bo3 and the constriction point and hydrophobic pocket mutants in the 

absence of CO was investigated.  

The direct reaction of the fully reduced E. coli bo3 constriction mutants, 

W282T and W170Y, and hydrophobic pocket mutants I111M, F112I, and V108F, 

with photoproduced O2 in the absence of CO was initiated by a 355 nm laser pulse 

from a DCR-11 Nd:YAG Q-switched pulsed laser. The resulting time-resolved 

optical absorption difference spectra (post-minus pre-photolysis) for the W282T 
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and W170Y mutants are presented in Figure 43A and Figure 43B, respectively, 

the I111M, F112I, and V108F E. coli bo3 mutants are shown in Figure 44A, 

Figure 44B, Figure 47A, respectively. 

 
 
Figure 43. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded for the reaction of the fully reduced W282T (A) and W170Y 
(B) E. coli bo3 mutants with photoproduced O2 in the absence of CO. The Soret 
and visible spectra were recorded together at logarithmically spaced time delays 
of 2 µs -100 ms and 2 µs -10 ms for W282T and W170Y, respectively.  
 

 
Figure 44. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) of the reaction of the fully reduced I111M (A) and F112I (B) E. coli 
bo3 mutants with the photoproduced O2 in the absence of CO. The Soret and 
visible spectra were recorded together at logarithmically spaced time delays of 1 
µs - 100 ms and 1 µs - 200 ms for I111M and F112I, respectively.  
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Figure 45 (A and B) shows the b-spectra for the W282T and W170Y mutants, 

and the residuals (C and D) resulting from the two-exponential fit are in good 

agreement with the experimental data, as reflected by only random noise in the 

plotted residuals. 
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Figure 45. b-spectra (A, C) and residuals (B, D) for a two-exponential fit of the 
TROA difference spectra recorded for the reaction of the photoproduced O2 with 
the fully reduced W282T and W170Y E. coli bo3  mutants, respectively. The b0 is 
the difference between time zero and the last time point recorded, and represents 
the difference spectra extrapolated to infinite time. The residuals correspond to 
the difference between the data and the fit for each time recorded during the 
TROA experiment. The delay times increase from the bottom of the figure to the 
top and are separated by a constant interval for clarity. 

 

SVD and global exponential fitting were used to analyze the TROA 

difference spectra data of the fully reduced W282T, W170Y, I111M, F112I, and 
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V108F bo3 mutants, and a quality fit was obtained using two-exponentials for 

each mutant.  The apparent lifetimes determined were 418 µs and 32 ms for the 

W282T mutant and 431 µs and 7 ms for the W170Y E. coli bo3 mutant, 

respectively.  

Figure 46 (A and C) shows the b-spectra, and Figure 46 (B and D) shows 

the residuals resulting from the two-exponential fit for the I111M and F112I 

mutants, the minimal non-random noise indicates a satisfactory fit. 

 
Figure 46. b-spectra (A, C) and residuals (B, D) for a two-exponential fit of the 
TROA difference spectra recorded for the reaction of the photoproduced O2 with 
the fully reduced I111M and F112I E. coli bo3  mutants, respectively. The b0 is the 
difference between time zero and the last time point recorded, and represents the 
difference spectra extrapolated to infinite time. The residuals correspond to the 
difference between the data and the fit for each time recorded during the TROA 
experiment. The delay times increase from the bottom of the figure to the top and 
are separated by a constant interval for clarity. 
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The apparent lifetimes of 418 µs and 431 µs determined for the W282T 

and W170Y mutants are attributed to the O2 binding (major phase) and 

correspond to second-order rate constants of 5.56 x 107 M-1s-1 (41 µM O2) and 

4.64 x 107 M-1s-1 (50 µM O2), which are similar to, albeit slightly higher, than the 

second-order rate constants of 3.7 x 107 M-1s-1 and 3.9 x 107 M-1s-1 observed for 

the wild-type bo3 enzyme using the photolabile O2 carrier and the CO-O2 flow-

flash approach, respectively. The second-order rate constants are also similar to 

those obtained in the presence of CO. The 32 ms and 7 ms lifetimes for the 

W282T and W170Y mutants are attributed to the final step in the O2 reduction 

mechanism, the formation of the fully oxidized enzyme. 

Figure 47B shows the b-spectra, and Figure 47C shows the residuals 

resulting from the two-exponential fit for the V108F mutant, the minimal non-

random noise indicates a satisfactory fit. 
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Figure 47. (A) TROA difference spectra (post-minus-pre-photolysis) of the 
reaction of the fully reduced V108F E. coli bo3 enzyme with photoproduced O2 in 
the absence of CO. The Soret and visible spectra were recorded together at 
logarithmically spaced time delays of 2 µs - 50 ms. (B) b-spectra resulting from a 
two-exponential fit. The b0 is the difference between time zero and the last time 
point recorded, and represents the spectra extrapolated to infinite time. (C) The 
residuals correspond to the difference between the data and the fit for each time 
recorded. The delay times increase from bottom of the figure to the top and are 
separated by a constant interval for clarity.  

 

SVD and global exponential fitting revealed two apparent lifetimes of 1.2 

ms and 9.8 ms for I111M, 527 µs and 9.9 ms for F112I E. coli bo3 mutants, and 

616 µs and 4.0 ms the V108F E. coli bo3 mutant. The apparent lifetimes of 1.2 ms 

(I111M), 527 µs (F112I), and 616 µs (V108F) are attributed to oxygen binding 

and correspond to second-order rate constants of 2.23 x 107 M-1s-1 (39 µM O2), 
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5.27 x 107 M-1s-1 (36 µM O2), and 3.25 x 107 M-1s-1 (50 µM O2), respectively. The 

9.8 ms, 9.9 ms, and 4 ms millisecond lifetimes are associated with the final step in 

the O2 reduction mechanism, the formation of the fully oxidized enzyme. 

The results for the reaction of the wild-type bo3, and the constriction point 

hydrophobic pocket mutants with photoproduced O2 in the  absence of CO are 

summarized in Table 3.  

 

Table 3. The apparent lifetimes and second-order rate constants for O2 binding in 
E. coli bo3 constriction point and hydrophobic pocket mutants. The factor increase 
is versus wild-type (WT) enzyme.  
 
 
1.4 Conclusion. 

The reaction of the O2 and NO with the wild-type E. coli bo3 and constriction 

and hydrophobic mutants were carried out in order to probe the ligand dynamics 

into, within, and out of the active site in the presence of a second ligand CO. The 

goal was to increase our understanding of how the reactivity, structure, and 

dynamics of heme-copper oxidases as well as the accessibility to the active site is 

affected by the enzyme environment.  

The results of the CO-O2 flow-flash experiment of the fully reduced wild-type 

E. coli bo3 oxidase suggest that there is a non-conventional slow-fast mechanism 
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involved in the reduction of dioxygen to water. In the slow-fast mechanism, the 

formation of compound A (42 µs at 600 µM) is followed by the faster formation 

of FI/FII at 20 µs. When implementing the slow-fast analysis, the spectrum of the 

previously unresolved oxygen-binding intermediate, compound A, is resolved. 

Moreover, comparison of the experimental intermediate spectra with the 

corresponding frequency-shifted intermediate spectra of the bovine enzyme show 

that the mechanism does not contain the P intermediate as previously proposed. 

Rather compound A is converted directly to an FI/FII intermediate. The O2 and 

NO second-order rate constants of 3.9 x 107 M-1s-1 and 3.4 x 107 M-1s-1, 

respectively, are statistically equivalent and support the slow-fast mechanism for 

O2 reduction, in which the slower O2 binding is followed by the faster O-O bond 

cleavage and FI/FII formation.  

When mixed-valence bo3 is reacted with dioxygen, a second-order rate 

constant of 3.5 x 107 M-1s-1 O2-binding results, which is consistent with the O2-

binding rate recorded for the reaction of the enzyme with O2 using the CO flow-

flash method.  

     A potential argument against the slow-fast mechanism would be the possibility 

of O2 reversibility, with the shorter 20 µs lifetime (at 600 µM) assigned to 

dioxygen binding. This is unlikely based on the O2 and NO experiments using 

both high and low O2 and NO concentrations. The double-laser NO experiment 

further validates the O2 binding lifetime extracted from the slow-fast analysis for 

the CO-O2 flow-flash experiment was accurate. If the O2 binding were reversible, 
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we would not expect to see the observed linear concentration dependence in the 

lifetimes. 

The use of photolabile O2 and NO carriers together with time-resolved optical 

absorption spectroscopy under physiological conditions allows us to explore the 

reaction chemistry in bo3 oxidase in the absence of CO. A comparison of these 

results with those obtained using the CO-O2 or CO-NO flow-flash approach 

shows that CO does not impede ligand binding to the active site of bo3.  

Mutation of the constriction point and hydrophobic pocket residues, designed 

to open the ligand binding channel by replacing large amino acids with smaller 

residues, did not result in a significant increase in the rate of NO or O2 binding. 

The increase in second order rate constants of only 1-3 times that of the wild-type 

enzyme is not statistically relevant. This is in contrast with recent TROA 

measurements on Y133W Tt ba3 constriction mutants that showed 5 times slower 

ligand binding compared to the wild-type ba3 enzyme. This suggests that the 

ligand path into the active site is different in bo3 than in the bovine aa3 and Tt ba3. 

Recent computer simulations done in our lab support that O2 follows an 

unconventional route to the active site in bo3. 

Double-mutations are being pursued in an attempt to observe a greater 

increase in O2/NO binding rates. However, double mutations can be more 

challenging to construct, have lower purified enzyme yields, and are less stable. 

Computer simulations on in silico mutants are currently being carried out in our 
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laboratory to determine the viability of studying double mutants with the flow-

flash method.  
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Abstract. 

 Cytochrome cbb3 oxidase from Rhodobacter sphaeroides and Vibrio cholera 

is a member of the heme-copper oxidase superfamily. The cbb3 enzyme mainly 

catalyzes the reduction of dioxygen to water and, to a much lesser extent, the 

reduction of nitric oxide (NO) to nitrous oxide (N2O). The reduction of dioxygen 

to water is coupled to proton translocation across the cell membrane, creating an 

electrochemical proton gradient, which is used by ATP synthase to generate ATP. 

The results of the CO flash-photolysis and recombination for the truncated 

enzyme were similar to those for the holoenzyme without lipid, suggesting more 

complicated CO binding dynamics than previously thought. In this time-resolved 

optical absorption study, we investigated the reactions of O2 and NO with reduced 

wild-type Rhodobacter sphaeroides cbb3 and truncated Rhodobacter sphaeroides 

cbb3 in the absence and presence of lipid. We utilized photolabile O2 and NO 

carriers to investigate the ligand binding dynamics of the enzyme in presence and 

absence of carbon monoxide (CO). We also investigated the enzyme in the 

presence and absence of partially solubilized soybean lipid using the CO flash-

photolysis/recombination. The spectra of the intermediate and the microscopic 

rate constants of NO and O2 binding, and dioxygen reduction were extracted by 

singular value decomposition, global exponential fitting, and mechanistic analysis. 

The preliminary second-order rate constants of ~ 3 x 107 M-1s-1 and ~ 2 x 107 M-

1s-1 for O2 and NO binding in the presence of CO, respectively, were determined. 

The NO binding rate has not been previously reported.  
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2.1.1 Introduction. 

 Aerobic respiration is achieved by the electron transport chain, which uses 

electrons from the oxidation of sugars to reduce O2 to water. The reduction of O2 

to water is catalyzed by the heme-copper oxidase (HCOs) superfamily, consisting 

of A, B, and C-type enzymes (Figure 1), and the enzymes play a fundamental role 

in energy production for life on earth (Pereira, 2001). During the exergonic 

process of oxygen reduction, the redox free energy is preserved by driving 

protons across the inner mitochondrial membrane in eukaryotes or plasma 

membrane in bacteria. The resulting electrochemical proton gradient is used to 

synthesize the cell’s fuel source, ATP, from ADP, by ATP synthase (Huang, 

2010).  

Most aerobic bacterial organisms have evolved to produce multiple oxygen 

reductases to survive under a wide variety of environmental conditions. The 

terminal oxidases expressed under atmospheric oxygen conditions in Rhodobacter 

sphaeroides, Pseudomonas stutzeri, and Paracoccus denitrificans are the A- type 

aa3 cytochrome c oxidases. Under low oxygen tension or environmental stress, 

these same bacterial species utilize a C-type oxidase, cbb3, for oxygen respiration. 

As expected for low oxygen conditions, cbb3 has a reportedly lower KM for O2 

than the A-type HCOs (Huang, 2010). While the aa3-type cytochrome c oxidases 

are found in both eukaryotes and prokaryotes, the cbb3 oxidases are present in 

pathogenic and non-pathogenic prokaryotes (Pitcher, 2004).  
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Because there is no eukaryotic counterpart to the cbb3 enzyme, it is a potential 

drug target for pathogenic bacteria such as Helicobacter pylori, a major cause of 

gastric ulcers (Pitcher, 2004). The cbb3 oxidases are also significant to 

agricultural science because the enzyme is the primary terminal oxidase in 

nitrogen-fixing Rhizobium species present in key legume crops such as soybeans 

(Preisig, 1996).   

 

Figure 1. Depiction of heme b (left), heme c (center), and heme a (right). The D-
porphyrin ring formyl groups of heme a and methyl group of heme b are circled. 
The A-porphyrin ring has a hydroxyl farnesyl tail in heme a, vinyl group in heme 
b while heme c contains thiol groups on both the A and B-porphyrin rings. 
 

The C-type oxidases (cbb3) are found in bacterial species such as Rhodobacter 

sphaeroides, Vibrio cholera, and Pseudomonas stutzeri and are more common 

than the B-family oxidases (ba3), but less common than the well studied A-type 

oxidases (aa3, bo3) (Pitcher, 2003). Heme-copper oxidases (HCOs), in particular 

cbb3 oxidases, are evolutionarily and structurally very similar to the NorC subunit 

of nitric oxide reductases (NORs) (Figure 2). NORs catalyze the reaction of NO 

to N2O, but unlike the HCOs, without the coupling of a proton gradient across the 

membrane (Huang, 2010). 

Heme b                            Heme c                         

 

Heme a  
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Figure 2. Heme-copper oxidases, aa3 (left) and cbb3 (center), and nitric oxide 
reductase (right) with the corresponding catalytic chemical reaction scheme and 
proton channels (Huang et al., 2010). 
 
     The dinuclear active site of cbb3 (Figure 3) is composed of CuB and heme b3, 

similar to the CuB-a3 dinuclear center found in aa3 oxidases (Sharma, 2008). The 

cbb3 also contains three low-spin c-type hemes and an additional heme b, for a 

total of six metal centers. Unlike the aa3 enzymes, cytochrome cbb3 does not 

contain the dinuclear CuA center (Pitcher, 2003). Only four electrons are needed 

to reduce O2 to H2O, making the role of the extra metal centers ambiguous 

because they are not needed for contributing electrons.  

 

 

Figure 3. The dinuclear active site of cbb3 consisting of heme b3, CuB , and 
hydrogen bond networks associated with helix VI and helix VII (Rauhamaki, 
2006). 
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 In 2010, the x-ray crystal structure of cbb3 was elucidated and revealed three 

cofactor-containing subunits: CcoN, CcoO, and CcoP (Figure 4) (Buschmann, 

2010). This disproved the longstanding belief that there were four-subunits in 

cbb3 oxidase (Oh, 2002). Subunit CcoN is related to the subunit I of aa3 enzyme 

and contains the low-spin heme b and the high-spin heme b3-CuB catalytic core of 

the enzyme responsible for the reduction of oxygen and the pumping of protons. 

Subunit P contains two c-type hemes and subunit CcoO contains one c-type heme 

(Pitcher, 2004).  The catalytic subunit I of cbb3 enzyme shares only 14% sequence 

identity with the aa3 enzyme (Huang, 2010). Many of the conserved residues 

associated with proton pumping in aa3 oxidases are not found in the cbb3 enzyme 

(Pitcher, 2004).  

 

Figure 4. (A) Structure of cbb3 from Pseudomonas stutzeri. The ribbon model 
shows subunits N (green), O (red), and P (blue). (B) The heme location with 
electron transfer pathway (from Buschmann, 2010). 
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Cytochrome cbb3 has the closest homology of all the HCOs to the NOR 

family of enzymes due to a shared phylogenetic origin (Pitcher, 2004). Although 

NORs are structurally similar to the cbb3 enzyme, the former contains a non-heme 

iron (FeB) in place of copper (CuB) (Pitcher, 2004). Due to this similarity in 

structure, it is not surprising that the cbb3 enzyme has the ability to reduce both 

NO and O2 (Forte, 2001).  

While the cbb3 enzyme pumps protons across the plasma membrane, the 

H+/e- ratio is only 0.5 compared to 1 in the aa3 oxidases (Pitcher, 2003). No 

protons are pumped when NO is reduced by NORs (Huang, 2008). The aa3 

enzymes contain two proton-pumping pathways, named the K-channel and the D-

channel for a conserved lysine and aspartate, respectively (Huang, 2010). In cbb3, 

protons are pumped through a channel analogous to the K-channel in aa3 

oxidases, but there is no D-channel analog present (Buschmann, 2010). A single 

proton channel analogous to the K-channel is also found in the B-type Thermus 

thermophilus ba3 (Chang, 2009).  

The crystal structure of Pseudomonas stutzeri cbb3 reveals a cavity in a 

position equivalent to the end of the D-proton pathway in the bovine enzyme 

(Buschmann, 2010). A narrow hydrophobic channel connects the cavity to the 

membrane and active site and may provide a pathway for O2 to the active site. 

 Based on the crystal structure, the heme b3 is in a more puckered conformation 

than other HCO active site hemes, possibly induced by the absence of the bulky 

hydroxyethylfarnesyl substituent present in heme a3 (Figure 1) (Buschmann, 
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2010). This open space gives rise to a larger ligand binding pocket in cbb3 than in 

most HCOs, perhaps allowing the enzyme to more easily coordinate dioxygen, an 

advantage in low oxygen environments. The cbb3 lacks the necessary tyrosine-

histidine crosslink thought to contribute an electron and possibly a proton during 

oxygen reduction in the aa3 enzymes (Hemp, 2005). However, a non-cross-linked 

tyrosine found on a transmembrane alpha-helix adjacent to the active site has been 

proposed to serve the role of electron donor in cbb3 (Rauhamaki, 2006). This 

tyrosine may contribute a proton during catalysis to facilitate cleavage of the O=O 

bond (Rauhamaki, 2006).  

 The rate of CO recombination to the active site of aa3 following photolysis of 

the CO-bound enzyme is relatively slow (7 x104 M-1s-1), possibly due to the 

reduced CuB interacting with the photodissociated CO (Pitcher, 2004). This rate is 

slower than observed for myoglobin (heme only), which has a rate of CO 

recombination following photolysis of the CO-bound enzyme of 5 x 105 M-1s-1 

(Mims, 1983). In NORs, the photolyzed CO recombines with the active site heme 

at a rate of 1.7 x 108 M-1s-1 presumably because the photodissociated CO does not 

interact with the non-heme iron that replaces CuB in the NOR active site 

(Hendricks, 1998).  

      Previous studies have revealed that CO binding in the cbb3 oxidases is 

modulated by protein-lipid interactions (Huang, 2010). In addition to CO binding 

to the high-spin heme b3, one of the c-type hemes in CcoP (Figure 2) has been 

proposed to bind CO (Huang, 2010). CO rebinding to the active site heme b3 and 
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heme c in R. sphaeroides cbb3 has reported lifetimes of 5 ms and 50 µs, 

respectively (Huang, 2010). The binding of CO to the respective heme c was 

attributed to a presumed bis-histidine ligation resulting from a non-predictable 

helix-swapping event; the crystal structure of the three c-type hemes revealed a 

traditional His-Met ligation (Buschmann, 2010). Although the His-Met ligation 

might be the most stable confirmation, near-IR MCD data suggest that there is an 

enzyme population that has a bis-histidine ligation (Pitcher, 2002), and 

displacement of the histidine has been proposed to occur upon the binding of the 

higher affinity CO ligand (Pitcher, 2002).   

Previous studies on CO binding in the R. sphaeroides cbb3 showed variable 

CO binding to a c-type heme and that when reconstituted into soybean lipid 

vesicles, little or no CO binding to the c-type heme was observed (Huang, 2010). 

This effect was attributed to interaction of the lipid with the transmembrane helix 

anchoring the CcoP subunit, thus possibly affecting the affinity of the His/Met or 

His/His ligands, in turn influencing the ability of the ligand (Met or His) with CO 

(Huang, 2010).  

In the presence of soybean lipid vesicles, CO recombination experiments 

showed that CO binding to the heme c is largely abolished, as evidenced by the 

disappearance of the 50 µs lifetime (Huang, 2010).  

 In cbb3 oxidase, the complex CO binding has made the identification 

of intermediates in the oxygen reduction process difficult. In light of the above 

results, we carried out spectroscopic studies of the three-subunit R. sphaeroides 
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and V. cholera the cbb3 enzymes with and without soybean lipids. In the former 

case, the purpose was to eliminate the spectral complexities associated with the 

CO-binding to the c-type heme during the O2 reaction. We also performed 

spectroscopic studies of the truncated form of the cbb3 enzyme that has the CcoP 

subunit removed (in order to better model the native protein). The primary focus 

of this study is on the CO photolysis and rebinding, but attempts to explore the 

NO binding, and O2 binding and reduction will be discussed as well. 

2.1.2 Materials and Methods. 

 Professor Robert Gennis’ lab (University of Illinois, Urbana-Champagne) 

provided the Vibrio cholera cbb3 enzyme, and supplied the Rhodobacter 

sphaeroides cells with the !cbb3 enzyme strain carrying the pRKcbb3 plasmid for 

culturing and enzyme purification. The purified enzyme was solubilized in 0.01% 

n-dodecyl-ß -D-maltoside (DM) detergent (Affymetrix) in a 50 mM NaPi (sodium 

phosphate) buffer (pH 7.5).  

 K-cylinders of CO gas (99% pure) and nitric oxide (NO) gas (99% pure) from 

Praxair Company were bubbled into filtered buffer. The Mascharak Group in the 

UCSC Chemistry and Biochemistry department generously supplied the NO gas. 

 All sample preparations were degassed and purged with nitrogen before being 

reduced or exposed to CO. The nitrogen line was fitted with a Labclear brand 

rechargeable gas purifier cartridge (model no. RPG-250-R1) to remove oxygen 

that potentially enters the line before reaching the sample. As an extra precaution, 

pre-deoxygenated filtered N2 was also bubbled through a Sweetser reagent 
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containing a mixture of methyl viologen, proflavin, and EDTA, which consumed 

oxygen by oxidizing the reduced methyl viologen (Sweetser, 1967). The Sweetser 

reagent is sensitive up to 1 ppm oxygen. 

Growth of Rhodobacter sphaeroides. 

The bacterial species used for these studies was the purple bacterium 

Rhodobacter sphaeroides, which can grow both anaerobically and aerobically in 

nature, and is native to deep-water lakes or other organic-rich environments 

(Dworkin, 2006). Colonies of wild-type R. sphaeroides cbb3 were grown with 

antibiotic resistance to avoid contamination during cell growth (Mitchel, 1995). 

The cbb3 enzyme was also tagged with a poly-histidine tail for easy isolation 

through a Ni2+-NTA type column matrix (Mitchel, 1995). 

All cell strains were incubated at pH 7.0 in Sistrom’s Media (Sistrom, 1962). 

The cells were grown in baffled flasks in the dark without additional aeration. The 

bacteria at all growth stages were incubated in floor shakers with modifiable flask 

holders. The New Brunswick G-25 shaker was set to 30 C° with a low rotation 

speed of 150-200 rpm for all growth stages. An initial 5 mL growth was incubated 

for 48 hours. This 5 mL growth was then transferred to a 250 mL flask containing 

50 mL of autoclaved buffer and grown for 30 hours. From this 50 mL growth, 

frozen stocks were made with one mL bacteria and 0.5 mL 50% glycerol and 

frozen at -80 C°. One cell-glycerol stock was then placed in 100 mL media and 

grown for 48 hours. In addition to the growth media, 10 µg/mL vitamin stock and 

10 µg/ml tetracycline were added at each transfer stage (Hisler, 2001). Next, 10 
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mL of the 100 mL batch was distributed into ten flasks with 1700 mL of sterilized 

media and grown for additional 48 hours. The cells were then harvested during 

their late exponential growth phase indicated by a pH shift from 7.0 to 9.0. The 

cell mixture was centrifuged in a Sorvall RC-2 refrigerated centrifuge using a 

Sorvall SLA-3000 rotor at 8000 rpm (4 °C) for 10 minutes to pellet down the cells 

and remove the waste and growth media supernatant. A typical growth yielded 

between 30-50 g of white-colored cells, which were frozen in a 50 mL falcon tube 

until needed for purification.  

The purification of cbb3 oxidase. 

   In the first step of the cbb3 oxidase purification, the cells were thawed in a 

warm water bath and mixed with 8 mM MgSO4, a pinch of DNase, and 50 µL of 

protease inhibitor cocktail in 20 mM Tris-HCl, 1 mM EDTA, and 100 mM NaCl 

at pH 8.0. The cells were homogenized on ice in a chilled glass handheld 

homogenizer tube using a Teflon pestle bit from an electric homogenizer. Next, 

the homogenized cell sample was passed through a French Press at 15,000-20,000 

psi. The viscosity was crucial for the maximum efficiency of this step. The cell 

debris from the broken cells was removed by centrifuging at 16,000 rpm for 30 

minutes in a Sorvall SS-34 rotor. The supernatant was collected and the desired 

protein was removed by ultracentrifugation in a Beckman Ti-60 at 52,000 rpm for 

90 minutes. Pelleted membranes were collected in a 20 mM Tris-HCl, 100 mM 

NaCl buffer at pH 8.0. The suspension was homogenized and solubilized in 1% 

DM detergent for a minimum of 2 hours in the cold room on a stir plate with a 
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magnetic stir bar. The solution was again ultracentrifuged for 45 minutes and the 

supernatant collected.  

  The Ni-NTA affinity column was equilibrated after being regenerated by 

washing and stripping the nickel, then replenishing the resin with NiSO4 and 

washing with 25 mM HEPES buffer, containing 100 mM KCl and 0.01% DM at 

pH 8.0 (column buffer). The column matrix/enzyme slurry was added to a 25 cm 

x 5 cm column and allowed to settle.  The resin was washed with two bed 

volumes of 10 mM imidazole in column buffer followed by two bed volumes of 

20 mM imidazole buffer. The protein was subsequently eluted with 3-4 bed 

volumes 100 mM imidazole column buffer. The resulting solution was washed 

and concentrated in a Millipore spin filter tube with molecular cut-off of 10,000 

Da and stored at -80 C°.  

  The fraction product eluted with the 100 mM imidazole buffer was then run 

through a 5PW-DEAE anion-exchange column using 50 mM phosphate and 100 

mM NaCl equilibration buffer. While packing the column, the flow-rate was 

adjusted to 2 mL/min using a peristaltic pump. The column was then equilibrated 

with two times the bed volume of running buffer (10 mM KH2PO4, 1 mM EDTA, 

pH 7.6, 0.01% DM). The sample was loaded onto the column and washed with 

one bed volume of running buffer. The column was then washed with 60 mL of 

buffer containing increasing concentrations of KCl (100 mM KCl, 200 mM KCl, 

300 mM KCl, and 400 mM KCl). The purified cbb3 eluted in the early 100 and 

200 mM 100 mM fractions. The late fractions were discarded.  
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Characterization of Purified cbb3. 

  Six full growths and purifications were necessary for a single flow-flash 

experiment. After running the Ni-NTA affinity column, UV-visible spectra of the 

enzyme were collected on a Hewlett Packard spectrophotometer model 8453 and 

compared with literature spectra. The enzyme concentration was based on the 

absorbance of the oxidized enzyme peak at 411 nm using the extinction 

coefficient of 5.85 M-1cm-1 (Pitcher, 2003).  

Preparation of the fully reduced enzyme. 

The supplied or purified cbb3 enzyme was diluted in 50 mM NaPi buffer (pH 

7.5) containing 0.01% DM. The enzyme was reduced using final concentrations 

of ruthenium hexammine (10 µM) and ascorbic acid (2 mM), 1 mM dithionite, or 

1 mM NADH. Glucose (3.5 mg/mL), glucose oxidase (.25 mg/mL), and catalase  

(0.01 mg/mL) were added to the enzyme solution to remove any dioxygen not 

removed during the vacuum and nitrogen purge or dioxygen introduced during 

sample transfer to the flow-flash apparatus syringe lines. The total volume for the 

time-resolved optical absorption measurements ranged from 9-12 mL depending 

on the experiment conducted. Experiments using saturated NO buffer required a 

quarter less volume than the O2-saturated buffer experiments due to earlier 

completion of the overall reaction for the former.  
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Photolabile complex preparation. 

The photolabile NO complex (potassium pentachloronitrosyl ruthenate(II)) 

was purchased from Alfa Aesar company. A 20 mM solution (20-25 mL) of the 

NO complex was prepared in the dark to prevent premature release of NO.  

 

Figure 5. Photolabile NO complex, potassium pentachloronitrosylruthenate(II) 
(left). Photolabile O2 complex (HPBC, (µ-peroxo)(µ-hydroxo)bis[bis(bipyridyl) 
cobalt(III)]nitrate) (right).  
 

 The photolabile O2 complex, (µ-peroxo)(µ-hydroxo)bis [bis(bipyridyl) 

cobalt(III)] nitrate, was synthesized by the following method (Howard-Jones, 

2009). Cobalt (II) nitrate hexahydrate (1 eqv.) in ethanol was added to 2 eqv. of 

bipyridyl ligands and sodium hydroxide (0.5 eqv.) in water. Oxygen was bubbled 

through the solution for 60 seconds, yielding a brown solution. The mixture was 

stirred rapidly at 37 °C for 5 minutes, at medium speed for 5 minutes, and finally 

slowly for 5 minutes. The solution was cooled to 30 °C and filter-washed with 

ethanol and dried in a desiccator under vacuum for 3 days to give the final 

complex. All steps were carried out in the dark, and the final product was stored 

at -20 °C to prevent premature photolysis. The product yielded small, shiny, dark 

brown crystals  (Howard-Jones, 2009).  
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At the end of each experiment in which either the O2 or NO complex were 

used, the time-resolved difference spectra (post-minus pre-photolysis) of the 

complex alone were recorded and subtracted from the data recorded for the 

enzyme/complex at each time point. Buffer was used in place of enzyme to adjust 

for the concentration of the complex/enzyme mixture.  

Lipid solubilized cbb3 preparation. 

 Experiments with and without lipid were done under identical conditions 

except for partially purified soybean lipids and the DM detergent being added in 

addition to the “with-lipid” samples. Previous studies have suggested that 

reconstituting cbb3 into soybean lipid vesicles eliminates the purported binding of 

CO to the c-type heme. The soybean lipid stock solution was made by adding 30 

mg of soybean lipid and 1% DM (from 20% stock) to 4 mL of water. The enzyme 

was mixed with the lipid solution (final concentration of 2.5 mg/mL) and the 

resulting mixture incubated overnight to ensure incorporation of the lipid into the 

DM micelles. Addition of a higher concentration of lipids caused scattering in the 

UV and near-UV region of the UV-vis spectra.  

Data Analysis. 

 Data analysis was conducted under the guidance of Dr. Istvan Szundi, a senior 

lab affiliate, using Matlab software (Mathworks). Dr. Szundi wrote all programs 

utilized within Matlab for the data analysis. SVD and global exponential fitting 

were employed to resolve kinetic lifetimes from the time-resolve optical 

absorption (TROA) data (Appendix 1).  
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CO flash-photolysis/recombination.  

 The CO flash-photolysis/recombination experiment was conducted in a quartz 

cuvette using a 532 nm pulse from a DCR-11 Nd:YAG Q-switched pulsed laser 

(7 ns full-width at half-maximum). Figure 6 represents the experimental setup for 

the CO flash-photolysis.  

The CO flow-flash method. 

 The CO flow-flash method was developed by Greenwood and Gibson in the 

1960s in order to investigate the reduction of O2 to water by bovine heart 

cytochrome c oxidase (Greenwood, 1967). The method circumvents the rate-

limitation of conventional stopped-flow mixing techniques and takes advantage of 

the affinity of the reduced high-spin heme for carbon monoxide (CO). After 

mixing the reduced CO-bound enzyme with dioxygen, laser light is used to 

displace the CO, allowing oxygen to enter the ligand binding site and for the O2 

reaction to occur. Alternatively, CO can be avoided when using the photolabile 

caged O2 and NO complexes (Szundi, 2010). 

The sample portion of the flow-flash system consists of gas tight syringes, 

valves, Teflon tubing, a sample cuvette, and a pump (Figure 6). A pair of small 

tubing leads to the reaction cuvette where the mixing (1:1) of enzyme and the 

respective photolabile complex, or saturated buffer occurs. The syringes were 

driven by the pump and coupled to a delay generator. Filters are used to optimize 

the light that travels through the sample and ultimately to the ICCD camera.  
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 Time-resolved optical absorption difference spectra (post-minus pre-

photolysis) were collected in the visible and Soret regions on nanosecond to 

millisecond time scales following CO or complex photolysis (Georgiadis, 1995). 

The data were analyzed using SVD and global exponential fitting (Appendix), 

which provided the apparent rates and the associated spectral amplitudes known 

as b-spectra. The final b-spectrum, b0, and represents the spectrum of the product 

of the reaction extrapolated to infinite time. The buffer used was 0.1 M HEPES, 

.01% DM (pH 7.5) and all measurements were conducted between 22-25 °C. 

  

Figure 6. Experimental set-up for obtaining multi-wavelength TROA spectra 
during flow-flash experiments.  
 
 
2.1.3 Results and Discussion. 

Ground-state spectra. 

Figures 7 shows the ground-state spectra of the oxidized, reduced and reduced 

CO-bound three-subunit cbb3 holoenzyme in both the absence and presence of 

lipid. The spectra are in good agreement with previously published spectra 
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(Pitcher, 2003), with the reduced and CO-bound forms having similar Soret 

region maxima, ~416-417 nm, but with the latter having a slightly larger intensity. 

 

Figure 7. UV-visible ground-state spectra of the R. sphaeroides cytochrome cbb3 
holoenzyme in 50 mM sodium phosphate and .01% DM (pH 7.5) in the absence (A 
and B) and presence of lipid (C and D). (A) In the absence of lipid, the air-oxidized 
enzyme (blue), the spectrum of the reduced enzyme (green), and the spectrum of 
the fully reduced CO-bound enzyme (red). (B) The reduced-CO-minus-reduced 
difference spectrum (blue). (C) In the presence of lipid, the air-oxidized enzyme 
(blue), the spectrum of the reduced enzyme (green), and the spectrum of the fully 
reduced CO bound enzyme (red). (D) The reduced-CO-minus-reduced difference 
spectrum (blue). 

 

The CO binding to a c-type heme is reflected in the reduced CO-minus-

reduced difference spectrum by a trough at 555 nm and a maximum at 415 nm, 
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while a shoulder at 424 nm and a shoulder at 560 nm are typical of CO binding to 

reduced heme b3 (Figure 8B) (Pitcher, 2003).  
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Figure 8. UV-visible ground state spectra of the V. cholera cytochrome cbb3 
truncated enzyme in 50 mM sodium phosphate and .01% DM (pH 7.5). A) The 
air-oxidized enzyme (blue), the spectrum of the reduced enzyme (green), and the 
fully reduced CO bound enzyme (red). The spectra were recorded at room 
temperature. B) The reduced-CO-minus-reduced spectrum (blue). 
 
 The spectra of the truncated enzyme are red shifted relative to the 

holoenzyme, with a trough at 420 nm and a peak at 433 nm in the reduced-minus-

CO difference spectrum. 

CO flash-photolysis/recombination experiments. 

CO is a substrate analog of oxygen and typically binds to penta-coordinated 

ferrous (Fe2+) heme groups to form the hexa-coordinated species (Campbell, 

2011). The CO flash-photolysis experiment was conducted to determine the rate 

of CO recombination to heme b3
2+ following CO flash-photolysis. The experiment 

was conducted in the presence and absence of lipids with the Rhodobacter 
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sphaeroides three-subunit holoenzyme (CcoP, CcoO, CcoN) cbb3 and the 

truncated enzyme in which subunit P, containing two c-type hemes, was removed.  

Figure 9 shows the time-resolved optical absorption difference spectra (post-

minus pre-photolysis) recorded in the absence of lipid (Figure 9A) and presence 

of lipid (Figure 9B) after the photodissociation of CO from the fully reduced CO-

bound enzyme. An average of 20 spectra at selected time points following CO 

photolysis were collected at multiple wavelengths in both the Soret and visible 

regions (350-750 nm). 

 

Figure 9. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature following photodissociation of the fully 
reduced CO-bound wild-type R. sphaeroides cbb3 holoenzyme in the absence of 
lipid (A) and presence of lipid (B). The difference spectra represent 21 time 
delays equally spaced logarithmically from 100 ns - 500 ms for the sample 
without lipid, and 19 time delays between 500 ns -500 ms for the sample with 
lipid.  The arrows indicate the direction of change with time.  



  103 

 

Figure 10. b-spectra resulting from SVD and global exponential fitting of the 
time-resolved optical absorption difference spectra recorded at room temperature 
following photodissociation of the fully reduced CO-bound wild-type R. 
sphaeroides cbb3 holoenzyme in (A) the absence of lipid and (C) the presence of 
lipid. The cbb3 without lipid required a four-exponential fit and the cbb3 with lipid 
required a two-exponential fit. The final b-spectrum (b0) represents the difference 
spectrum extrapolated to infinite time. The residuals correspond to the difference 
between the experimental spectra and the spectra reproduced by the exponential 
fit at each time point. The delay times increase from bottom to top and are 
separated by a constant interval for clarity.    
 

The difference spectra were analyzed and interpreted using single value 

decomposition (SVD) and global exponential fitting. The data for the cbb3 

enzyme without lipid were fitted with four-exponentials, resulting in apparent 

lifetimes of 8.7 µs, 105 µs, 1.3 ms, and 35 ms. The associated b-spectra are shown 
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in Figure 10A. The b-spectra associated with the two early microsecond times 

(8.7 µs and 105 µs) for the enzyme without lipid are assigned to CO rebinding to a 

heme c in subunit P based on the previous assignment (Huang, 2010), while the b-

spectra associated with the two later millisecond (1.3 ms, and 35 ms) times were 

assigned to CO rebinding to heme b3 (Huang, 2010).  

In the presence of lipid only two lifetimes were resolved from the data, 230 µs 

and 35 ms. The respective b-spectra are shown in Figure 10C. For the enzyme 

with lipid added, the 230 µs lifetime is assigned to CO rebinding to heme c and 

the 35 ms lifetime to the CO rebinding to heme b (Huang, 2010). 

The structure in the residuals (Figure 10B and 10D) is minimal for both 

experiments and did not improve significantly with additional lifetimes. When the 

CO recombination data for the cbb3 enzyme without lipid was fitted with only two 

lifetimes (data not shown) significant non-random noise was seen in the residuals 

and the fit clearly improved with the addition of more lifetimes (Figure 10A).  
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Figure 11 shows the time-resolved optical absorption difference (post-minus 

pre-photolysis) spectra recorded after the photodissociation of CO from the 

truncated fully reduced CO-bound enzyme. An average of 20 spectra at selected 

time points following CO photolysis were collected at multiple wavelengths 

covering both the Soret and visible regions (350-750 nm). 
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Figure 11. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature following photodissociation of the fully 
reduced CO-bound truncated R. sphaeroides cbb3 in the absence of lipid. The spectra 
were recorded at 17 delay times, equally spaced logarithmically between 500 ns -100 
ms. The arrows indicate the direction of change with time. 
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Figure 12. b-spectra resulting from SVD and global exponential fitting of the 
time-resolved optical absorption difference spectra recorded at room temperature 
following photodissociation of the fully reduced CO-bound truncated R. 
sphaeroides cbb3 in the absence of lipid. The b-spectra and residuals associated 
with two-exponential (A and B) and four-exponential (C and D) fits are shown. 
The final b-spectrum (b0) represents the difference spectrum extrapolated to 
infinite time. The residuals correspond to the difference between the data and the 
fit for each time recorded during the TROA experiment. The delay times increase 
from bottom to top and are separated by a constant interval for clarity. 

 

Two lifetimes were inadequate for fitting the data for the truncated enzyme as 

reflected by non-random noise in the residuals (Figure 12B). When two additional 

lifetimes were added, the resulting b-spectra appeared similar to those for the cbb3 
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holoenzyme without lipid, and the resulting residuals were flat indicating 

satisfactory agreement between the exponential fit and the data. 

The four-exponential fit of the data for the truncated cbb3 resulted in apparent 

lifetimes of 19.0 µs, 219 µs, 1.24 ms, and 14.1 ms. The b-spectra associated with 

the two early microsecond times in the truncated enzyme are similar to those 

attributed to CO rebinding to the heme c in subunit P in the cbb3 holoenzyme 

(Figure 12C) based on previous assignments (Huang, 2010). This suggests that 

CO may bind to heme c in subunit O rather than to heme c in subunit P because 

the latter subunit is presumed not to be present in the truncated enzyme. The b-

spectra associated with the two later millisecond lifetimes (1.24 ms, and 14.1 ms) 

are assigned to CO rebinding to heme b3 (Huang, 2010). 

The CO rebinding behavior in the cbb3 enzyme is very different from that of 

the bovine aa3 enzyme and the cNOR enzyme, the latter of which contains a non-

heme iron (FeB) and heme b3. After CO photolysis from the heme b3
2+ in cNOR 

from P. denitrificans, the CO rebinds rapidly to heme b3
2+ with a lifetime of 5 µs 

with no evidence that FeB is involved (Hendricks, 2001). In bovine aa3 oxidase, 

photodissociated CO reportedly moves to and resides on CuB
+ for 1.5 µs 

(Einarsdottir, 1993). The subsequent binding of CO to heme a3
2+ takes place in a 

single phase with a time constant of about 20 ms at CO saturation (1.2 mM). In 

cbb3, the CO appears to bind both to heme b3 and a c-type heme in the CcoP 

subunit (Huang, 2010). Previous transient absorption studies of cbb3 at selected 

wavelengths reported single lifetimes for CO rebinding to heme c and heme b3 of 
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50 µs and 5 ms, respectively (Huang, 2010). Our CO flash 

photolysis/recombination experiments on the cbb3 holoenzyme without lipid 

resulted in four lifetimes; 8.7 µs , 105 µs, 1.3 ms, and 35 ms instead of the 

previously reported two. Our CO recombination studies on the cbb3 holoenzyme 

with lipid resulted in a lifetime of 230 µs and 35 ms. The former is attributed to 

CO binding to a c-type heme, while the latter to CO recombining with heme b3 in 

the single-wavelength transient absorption measurements. It should be noted that 

the treatment of cbb3 holoenzyme with lipid in our study was simply the 

incorporation of lipids into the enzyme detergent solubilized micelles, while in the 

study of Huang et al., cbb3 was reconstituted into soybean lipid vesicles.  

Huang et al. also showed that upon reconstituting the cbb3 enzyme into 

soybean lipid vesicles, the faster 50 µs process was mostly eliminated; the 5 ms 

lifetime is attributed to CO binding to heme b3
2+.  

With the truncated cbb3 enzyme, which does not have the CcoP subunit, we 

observed four lifetimes similar to the results for the holoenzyme without lipid. 

This suggests that CO may bind to heme c in subunit P in addition to heme c in 

subunit O. Table 1 summarizes the results of the CO flash photolysis 

recombination experiments.  
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Table 1. Summary of the CO recombination lifetimes and heme assignments. The 
b and c labels correspond to lifetimes associated with CO rebinding to heme b3 or 
heme c, respectively, based on the trough at 415 nm (heme b3) or 425 nm (heme 
c). 
 
The reaction of the fully reduced cbb3 with O2: CO-O2 flow-flash method 
 

Time-resolved optical absorption (TROA) experiments of the reaction of O2 

and NO with reduced cbb3, with and without lipid present, were carried out in the 

presence and absence of CO. For these studies, the cbb3 enzyme was initially 

prepared using various reducing agents, including ruthenium 

hexammine/ascorbate (+0.058 V), dithionite (-0.660 V), and ruthenium 

hexammine/NADH (-0.320 V). The redox potential of the active site heme b3 is          

-0.060 V (Rauhamaki, 2009) so only dithionite and NADH/NAD+ are capable of 

fully reducing the b3-heme active site. The most commonly used reducing agent, 

the ruthenium hexammine/ascorbate system, is unable to reduce the b3 active site 

in cbb3 based on the reported reduction potentials.  
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The NADH/NAD+ system reacted adversely with our photolabile O2 and NO 

complexes because of its photoactive properties. Typically the NO complex has a 

peak at 370 nm without any photo-bleach present. In the presence of NADH, a 

large peak at 400 nm appeared in conjunction with the photolabile O2 complex 

bleach; this was accompanied by a large trough at 360 nm. To circumvent this 

issue, a low concentration of dithionite was used to reduce the cbb3. 

The Einarsdóttir group has used the CO flow-flash method to gain insight into 

the O2 reduction mechanism of other HCOs, including bovine aa3 (Einarsdóttir, 

1995) and Thermus thermophilus ba3 (Szundi, 2010). However, the mechanism, 

the apparent lifetimes, and spectra of individual intermediates generated during 

O2 reduction have not been elucidated for the cbb3 enzyme.  

In this study, the reaction of the reduced cbb3 with O2 and NO was 

investigated using the CO flow-flash method to determine whether the presence 

of a photodissociated CO in the binding pocket affects the binding of O2 and NO 

to the active site. It is unknown if cbb3 can accommodate two ligands at the 

binding site, one on CuB and the other on heme b3, on the expected microsecond 

timescale of the O2 reduction. The cbb3 enzyme has NO reductase activity, and the 

enzyme must be able to accommodate two NO molecules at the active site to 

produce N2O on the time scale of the NO reduction (milliseconds).  

Time-resolved optical absorption difference spectra recorded following 

photodissociation of CO from the heme b3
2+ in the presence of O2 (600 µM) are 

presented in Figure 13A (without lipid) and Figure 13B (with lipid). 
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Figure 13. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature following photodissociation of the fully 
reduced CO-bound wild-type R. sphaeroides cbb3 in the presence of O2 in (A) the 
absence of lipid and (B) with lipid. The spectra were recorded at 13 delay times, 
equally spaced logarithmically between 1 µs -10 ms, for the sample without lipid, 
and 14 logarithmically spaced delay times between 500 ns -10 ms, with lipid. The 
reactions were carried out in 50 mM NaPi 0.01% DM. The CO and O2 
concentrations after mixing were ~500 µM and 600 µM, respectively. Arrows 
indicate progressive spectral changes. 
 

SVD and global exponential fitting was used to analyze the data, and a 

satisfactory fit, as reflected by the absence of non-random noise in the plotted 

residuals, was obtained using three-exponentials for the cbb3 data recorded in the 

absence of lipid, and two exponentials for the cbb3 data recorded in the presence 

of lipid. 
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The b-spectra for cbb3 with and without lipid are shown in Figure 14A and 

14C, respectively, and the corresponding residuals with and without lipid are 

shown in Figure 14B and 14D, respectively. 

 

Figure 14. b-spectra resulting from the SVD and global exponential fitting of the 
time-resolved optical absorption difference spectra recorded during the reaction of 
O2 with the fully reduced CO-bound R. sphaeroides cbb3 holoenzyme in (A) the 
absence of lipid and (C) the presence of lipid. The cbb3 data recorded without 
addition of lipid data required a three-exponential fit and the cbb3 data recorded 
with lipid required a two-exponential fit. The final b-spectrum (b0) represents the 
difference spectrum extrapolated to infinite time. The residuals for cbb3 (B) 
without lipid and (D) with lipid correspond to the difference between the data and 
the fit for each time recorded during the TROA experiment. The delay times 
increase from bottom to top and are separated by a constant interval for clarity.    
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The three apparent lifetimes obtained for the cbb3 holoenzyme without lipid 

were 23.0 µs, 125 µs, and 3.60 ms, while the two apparent lifetimes determined 

for the sample with lipid were 69.3 µs and 1.40 ms. In contrast, only a single 

lifetime of 1 ms was previously reported for the reaction of the reduced cbb3 with 

O2 (in absence of added lipid) (Huang, 2008). In our study, the 125 µs lifetime for 

the cbb3 holoenzyme without lipid is attributed to O2 binding to heme b3
2+ while 

the 23 µs is attributed to CO rebinding to heme c. The 3.60 ms lifetime is assigned 

to the full oxidation of the cbb3 holoenzyme. The lifetimes of 69.3 µs and 1.40 ms 

for the cbb3 holoenzyme with lipid are assigned to O2 binding to heme b3
2+ and 

the full oxidation of the cbb3 enzyme, respectively. The second-order rate 

constants for O2 binding in the cbb3 holoenzyme in the absence and presence of 

lipid were 1.3 x 107 M-1s-1 and 2.4 x 107 M-1s-1.  

The reaction of the reduced truncated enzyme with O2 was also investigated 

using the CO-O2 flow-flash method. This experiment was expected to give similar 

results as those obtained for the holoenzyme cbb3 enzyme with soybean lipid 

added. The truncated sample was never treated with lipid because the purpose for 

investigating the truncated sample was, as in the case of adding lipids, to 

eliminate the spectral complexity of CO binding to the c-type heme.  

The time-resolved optical absorption difference spectra recorded following 

photolysis of the fully reduced CO-bound truncated enzyme in the presence of O2 

are presented in Figure 15.  
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Figure 15. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature during the reaction of the fully reduced 
truncated R. sphaeroides cbb3 with O2 in the presence of CO using the CO-O2 
flow-flash method. The spectra were recorded between 200 ns - 100 ms. The CO 
and O2 concentrations after mixing were ~500 µM and 600 µM, respectively. 
Arrows indicate progressive time delays. 

 

The b-spectra from a three-exponential fit are presented in Figure 16A. The 

exponential fit is in good agreement with the experimental data as indicated by 

the absence of non-random noise in the residuals at all time points.  
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Figure 16. b-spectra resulting from a three-exponential fit of the time-resolved 
optical absorption difference spectra  recorded at room temperature during the 
reaction of the fully reduced truncated R. sphaeroides cbb3 with O2 in the 
presence of CO. The final b-spectrum (b0) represents the difference spectrum 
extrapolated to infinite time. The residuals correspond to the difference between 
the data and the fit for each time recorded during the TROA experiment. The 
delay times increase from bottom to top and are separated by a constant interval.    

 

Three apparent lifetimes were obtained for the truncated cbb3 sample without 

lipid, 83.1 µs, 481 µs, and 22.4 ms. The second-order rate constant for O2 binding 

to heme a3
2+ in the presence of CO was calculated from the major phase, 83.1 µs, 

of the O2 reduction reaction and was found to be ~2 x 107 M-1s-1, which is similar 

to that of the three-subunit cytochrome cbb3 oxidase with or without lipid. The 
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481 µs and 22.4 ms lifetimes for the truncated enzyme are attributed to CO 

rebinding to heme c and the full oxidation of the enzyme, respectively. The 

second-order rate constant for the cbb3 holoenzyme and truncated enzyme of ~ 2 

x 107 M-1s-1 is rather slow compared to the second-order rate constants of 1 x 108 

M-1s-1 for the bovine heart aa3 enzyme and 1 x 109 M-1s-1 for the Thermus 

thermophilus ba3 enzyme. The second order rate constant is more similar to the 

second-order rate constant for the E. coli bo3 enzyme, ~ 4 x 107 M-1s-1. The 

lifetimes from the CO-O2 flow-flash experiments are summarized in Table 2.   

 

Table 2. Summary of the CO-O2 flow-flash experimental lifetimes and second 
order rate constants for O2 binding. 
 

Unexpectedly, we observed CO binding to a c-type heme in the truncated 

form of the enzyme. Because there is an additional c-type heme in the CcoO 

subunit of cbb3, it is possible that the truncation enabled CO binding to this heme. 

This would be unlikely as the heme c in subunit O is not as close to the perimeter 

of the enzyme as the heme c in subunit P. Another hypothesis is that CO could be 

binding to a heme c in subunit P, if it were not completely removed properly. The 
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proposed heme c His-His ligation for one of the c-type hemes in subunit P was 

not confirmed by the x-ray crystal structure, but has been reported based on near-

IR magnetic circular dichroism spectra (Pitcher, 2002). A full deletion of subunit 

CcoP, rather than the subunit P truncation, could affect the activity and 

functionality of the enzyme if the bacteria were able to survive the mutation. The 

CcoP truncation is less invasive and the transmembrane portion of the subunit is 

still preserved. However, the truncation approach is not always effective in 

removing individual subunits in the whole population of bacteria used for enzyme 

purification. 

 
The reaction of the fully reduced cbb3 enzyme with NO: CO flow-flash 
method. 
 
 Cytochrome cbb3 has the highest NO reductase activity of any HCO and is 

also the most closely related to the NOR class of enzymes (Forte, 2001). The NO 

reductase activity in cbb3, albeit slow, is reportedly 50-times faster than in T. 

thermophilus cytochrome ba3 (Giuffre, 1999). This raises the question of whether 

some structural features of the active sites of the two classes of enzymes are 

shared. The NOR crystal structure has not been solved to date. 

Time-resolved optical absorption difference spectra recorded following 

photodissociation of CO from heme b3
2+ in the presence of NO (.9 mM) are 

presented in Figure 17A (without lipid) and 17B (with lipid).  
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Figure 17. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature during the reaction of the fully reduced 
wild-type R. sphaeroides cbb3 in the (A) absence of lipid and (B) presence of lipid 
with NO in the presence of CO. The difference spectra were recorded at 13 delay 
times, equally spaced on a logarithmic time-scale between 100 ns -1 ms for the 
sample without lipid, and 14 delay times between 100 ns -2 ms for the sample, 
with lipid. The reaction was carried out in 50 mM NaPi, 0.01% DM. The CO and 
NO concentrations after mixing were ~500 µM and 1 mM, respectively. Arrows 
indicate progressive time delays. 
 

SVD was used to analyze the data and a good fit was obtained using four 

exponentials for the sample in the absence of lipid and one exponential for the 

sample in the presence of lipids. The b-spectra are shown in Figure 18A and 18C, 
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respectively, and the corresponding residuals are shown in Figure 18B and 18D, 

respectively.  

 

Figure 18. b-spectra resulting from the SVD and global exponential fitting of the 
time-resolved optical absorption difference spectra recorded at room temperature 
for the reaction of NO (1 mM after mixing) the fully reduced wild-type R. 
sphaeroides cbb3 in (A)  absence of lipid and (C) the presence of lipid. The cbb3 
without-lipid data required a three-exponential fit and the cbb3 with-lipid data 
required a single exponential fit. The final b-spectrum (b0) represents the 
difference spectrum extrapolated to infinite time. The residuals for cbb3 (B) 
without lipid and (D) with lipid correspond to the difference between the data and 
the fit for each time recorded during the TROA experiment. The delay times 
increase from bottom to top and are separated by a constant interval for clarity. 

 

There is good agreement between the fits and the experimental data as 

reflected by the absence of non-random noise in the plotted residuals. The three 
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apparent lifetimes obtained for the sample without lipid were 6.4 µs, 15 µs, and 89 

µs. A single apparent lifetime was determined for the cbb3 sample in the presence 

of lipid of 31.8 µs. A lifetime of 250 ms was reported in the literature for NO 

reduction (Huang, 2008); however, the NO binding rate to heme b3
2+ has not yet 

been reported in the literature. The major phase of the reaction of reduced cbb3 

with NO (1 mM) in the presence of CO was 15 µs without lipid and 31.8 µs for 

cbb3 experiment with lipids. These lifetimes are attributed to NO binding to heme 

b3
2+. The 15 µs and 31.8 µs correspond to second order rate constants for NO 

binding of 6.6 x 107 M-1s-1 (without lipid) and 3.1 x107 M-1s-1 (with lipid) (Table 

3). The 6.4 µs lifetime is attributed to the rebinding of CO to the c-type heme.  

 The transient signal of the enzyme without lipid is larger than for the 

experiments on cbb3 with lipid (140 mOD vs. 35 mOD), partly due to scattering in 

the latter sample. This complexity resulting from the lipid treatment was also 

observed during the CO-O2 flow-flash experiments. This could be attributed to the 

NO/O2 binding based on the with lipid sample. A summary of the CO-NO 

saturated buffer experimental results are presented in Table 3. 

 

Table 3.  Summary of the CO-NO flow-flash results for the cbb3 oxidase. The 2nd 
order rate constant is for the NO binding. 
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The reaction of the fully reduced cbb3 reaction with photoproduced O2: flow-
flash method 
 
 The direct reaction of the fully reduced cbb3 with photoproduced O2 in the 

absence of CO was conducted to determine if the photodissociated CO in the 

traditional CO flow-flash experiment impeded the O2 binding by binding to CuB
+ 

or otherwise blocking the ligand channel leading to the active site. The O2 

complex employed was the photolabile O2 carrier ([(µ-O2 )(µ-

OH)(Co(bipyridyl)2)2]3+) (Howard-Jones, 2009). The use of the O2 complex has 

the benefit of eliminating the interference from the photodissociated CO.  

The large overlapping contributions of the c-type (3 total) and b-type (2 total) 

hemes in the Soret region necessitates a high absorption in the Soret region to 

observe subtle spectral changes resulting from the heme b3 oxidation in the 

presence of O2. Because the O2 complex has a high absorbance in the Soret 

region, a lower oxygen complex concentration was utilized (30-40 µM) for the 

cbb3 enzyme compared to other enzymes presented in this thesis in order to get 

sufficient light through the sample.  

Dithionite reduces cbb3 but might also interact with the NO and O2 caged 

complexes used to study the ligand dynamics. Hence, a nominal concentration (in 

excess of 10 times the respective complex concentration) of dithionite was used to 

reduce the enzyme. The spectral contributions of the ligand complex, in the 

presence of the equivalent amount of dithionite used with the enzyme, were 

subtracted from the data. To test the feasibility of using  dithionite with the ligand 
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complex, the reaction of the bovine CcO enzyme with the photoproduced O2 in 

the presence dithionite was carried out and was found to be consistent with 

experiments using ascorbic acid and ruthenium hexammine as a reducing agent 

and a mediator, respectively.  

The reaction of the fully reduced cbb3 with O2 was initiated by photolyzing the 

O2-complex with a 355 nm laser pulse. Time-resolved optical absorption 

difference spectra without and with lipid are shown in Figure 19A and Figure 

19B, respectively. 

     

Figure 19. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature during the reaction of the fully reduced 
wild-type R. sphaeroides cbb3 in (A) the absence of lipid and (B) the presence of 
lipid with photoproduced O2. The spectra were obtained after subtracting the 
spectral contributions of the O2 complex, determined in a separate experiment. 
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The difference spectra were recorded between 20 µs - 50 ms for the sample 
without lipid, and between 5 µs - 50 ms for the sample with lipid. The O2 
concentrations were 34 µM and 38 µM for the sample without and with lipid, 
respectively.  
 

The absorbance change is much smaller than expected based on the enzyme 

concentration and near 100% photolytic efficient. Futhermore, the first difference 

spectrum in Figure 19 is not flat as would be expected for the photolyzed minus 

the reduced enzyme, suggesting the sample becomes oxidized before the 

photoproduced O2 is released.   

SVD and global exponential fitting were used to analyze the data, and a 

satisfactory fit was obtained using a single exponential for the cbb3 data in the 

absence of lipids (2 ms) and presence of lipids (452 µs). The b-spectra are shown 

in Figure 20A and 20C, respectively, and the corresponding residuals in Figure 

20B and 20D, respectively. 
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Figure 20. b-spectra resulting from a single exponential fit of the time-resolved 
optical absorption difference spectra recorded at room temperature of the reaction 
of the fully reduced wild-type R. sphaeroides cbb3 with photoproduced O2 in (A) 
the absence of lipid and (C) the presence of lipid. The final b-spectrum (b0) 
represents the difference spectrum extrapolated to infinite time. The residuals for 
cbb3 without lipid (B) and with lipid (D) correspond to the difference between the 
data and the fit for each time recorded during the TROA experiment. The delay 
times increase from bottom to top and are separated by a constant interval for 
clarity. 

 
A good agreement is observed between the fits and the experimental data as 

reflected by the absence of non-random noise in the plotted residuals. This 

lifetime of 2 ms is in good agreement with the reported lifetime of 1 ms (Huang, 

2008), which was attributed to the oxidation of all hemes. We attribute the single 

apparent lifetime of 2 ms for the reaction of cbb3 with O2 without lipid to the O2 

binding to heme b3
2+. The lack of observation of the subsequent faster electron 
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transfer step is due to O2 binding being rate-limiting at the ~35 µs concentration. 

The close heme-to-heme edge distance in the enzyme could account for the fast 

electron transfer once O2 is bound (Bushmann, 2010). In this case, the single b-

spectra would be the difference between the first and final intermediate in the O2 

reaction mechanism, namely, the reduced and the oxidized enzyme. This is 

supported by the good agreement between the b-spectrum and the reduced-minus-

oxidized static difference spectrum (Figure 21).  
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Figure 21. A comparison of the single b-spectrum (green) for the reaction of the 
fully reduced cbb3 with the photoproduced O2 and the model reduced-minus-
oxidized wild-type R. sphaeroides cbb3 (blue) in the absence of lipid.  

 

As mentioned above, the time-resolved optical absorption changes from the 

reaction of the reduced cbb3 with photoproduced O2 in the presence and absence 

of lipid are significantly smaller (13 – 16 mOD) than the analogous signal in the 

CO-O2 flow-flash method (80 mOD). The smaller signal size is likely due to the 
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sample becoming oxidized before reacting with the photoproduced oxygen, 

possibly because of minute amounts of the O2 contaminant, or dissociation of O2 

from the O2-complex prior to photolysis. The ground-state spectra recorded 

following mixing of the reduced enzyme with the O2-complex indicated 

significant oxidation. 

In the traditional flash-trans flow-flash method, the difference spectrum of the 

sample following the mixing of the two solutions are obtained by first recording 

the pre-photolysis flash lamp spectrum (flash), which is either that of the fully 

reduced enzyme and the complex in the case of the photoproduced ligand 

experiments or that of the fully reduced CO-bound enzyme in the presence of O2 

when using the CO-O2 flow-flash method. Subsequently, the post-photolysis 

laser-produced spectrum (trans) is recorded. The post-minus pre-photolysis 

spectrum using this flash-trans approach yields the typical difference spectrum, 

namely that of the trans-photolyzed spectrum minus the flash-spectrum.  

If the small signal in the flash-trans difference spectrum during the reaction 

reduced cbb3 with photoproduced O2 is due to oxidation of the enzyme between 

the recording of the “flash” spectrum (the fully reduced enzyme) and the trans- 

photolyzed spectrum, then first taking the trans spectrum and then the flash 

spectrum might increase the signal amplitude.  

Attempts were made to increase the amplitude of the time-resolved absorption 

spectra by changing the order of recording of the spectra after mixing of the 

enzyme and the complex was complete (trans-flash). In the trans-flash method, 
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the laser-produced spectrum (trans) is obtained first, followed by recording of the 

photolyzed spectrum. Hence, the difference between the flash-trans and the trans-

flash methods is that the post-mixing time interval, 100 - 200 ms for the trans-

flash method, is reduced from the ~1 s post-mixing time for the flash-trans 

method. While a small increase in signal was achieved using the trans-flash 

method, the low signal-to-noise ratio precluded detailed kinetic analysis. The cbb3 

enzyme may be incompatible with the large mixing time required for both 

methods due to its high O2 affinity and therefore the increased possibility for 

oxidation by “contaminated” O2. 

The reaction of the fully reduced cbb3 with photoproduced NO: Flow-flash 
method. 
 
 Although the cbb3 enzyme has NO reductase activity, the reported time scale 

of the NO reduction is 250 ms (Huang, 2008), significantly slower than the 

presumed rate of O2 reduction. The reaction of the reduced cbb3 with the 

photoproduced NO was conducted to obtain the NO binding rate constant, which 

is predicted to be similar to that of O2.  

 Time-resolved optical absorption difference spectra of the reaction of the fully 

reduced cbb3 with photoproduced NO in the absence of CO are presented in 

Figure 22A (without lipid) and 22B (with lipid). A satisfactory fit was obtained 

using a single exponential in both the absence and presence of lipids. 
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Figure 22. Time-resolved optical absorption difference spectra (flash-trans, post-
minus-pre-photolysis) recorded at room temperature following the reaction of 
photoproduced NO in the absence of CO with wild-type R. sphaeroides cbb3 in 
(A) the absence of lipids and (B) presence of lipids. The spectra were obtained 
after subtracting the spectral contributions of the NO complex, determined in a 
separate experiment. The spectra was recorded at time points between 50 µs and 
50 ms for the sample without lipid and 500 ns to 50 ms for the sample in the 
presence of lipid. The reaction was carried out in 50 mM NaPi (pH 7.5) buffer 
containing 0.01% DM. The NO complex concentrations for the experiment 
without lipid and with lipid were 70 µM and 62 µM, respectively. Arrows indicate 
progressive time delays. 
 

The b-spectra associated with the single lifetimes are presented in Figure 23A and 

23C, respectively; the residuals are shown in Figure 23B and 23D, respectively. 
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Figure 23. b-spectra resulting from the single global exponential fit of the time-
resolved optical absorption difference spectra recorded at room temperature 
during the reaction of the photoproduced NO with wild-type R. sphaeroides cbb3 
holoenzyme in the absence of CO. The final b-spectrum (b0) represents the 
difference spectrum extrapolated to infinite time. The residuals correspond to the 
difference between the data and the fit for each time recorded during the TROA 
experiment. The delay times increase from bottom to top and are separated for 
clarity.    
 

There is good agreement between the fits and the experimental data as 

reflected by the absence of non-random noise in the plotted residuals. The single 

apparent lifetime of 126 µs obtained for the sample without lipid corresponds to a 

second-order rate constant of 1.3 x108 M-1s-1 (60 µM NO). The single apparent 

lifetime of 355 µs was determined for the fully reduced cbb3 with lipid added in 
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the presence of NO (62 µM NO). This corresponds to a second-order rate constant 

of NO binding of 4.5 x 107 M-1s-1. However, the low quality of the data makes this 

value only preliminary until better data can be collected.  

As mentioned before, the first spectrum of the TROA data is not completely 

flat, indicating that there may be reaction with the non-photolyzed NO complex 

before the start of the experiment, diminishing the amplitude of the signal. 

Because of the small signal (poor signal-to-noise ratio), analogous experiments 

were not carried out on the truncated enzyme. The small signal could be due to 

the residual reduced heme c and heme b3 being trapped in the reduced NO-bound 

form. Table 4 shows a summary of the NO binding lifetimes and second-order 

rate constants for the photoproduced NO experiments. 

 

Table 4.  The lifetimes and second-order rate constants obtained during the 
reaction of the cbb3 holoenzyme with photoproduced NO in the presence and 
absence of lipids. 

 
 

2.1.4 Conclusion. 
 

The lipid membrane has been proposed to play an important role in ligand 

binding to cbb3 due to the proximity of the two subunit CcoP c-type hemes to the 

membrane surface and the proposed bis-histidine ligation of one of the hemes 
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(Huang, 2010). During the purification process, changes to the native structure 

may occur, allowing CO to bind to one of the c-type hemes in addition to the 

heme b3
2+ CO binding (Huang, 2010). This binding of CO to a c-type heme gives 

rise to spectral complexity and to difficulty in data interpretation when using CO 

as a probe molecule.  

Previous CO photolysis/ rebinding studies on the cbb3 reconstituted into 

soybean vesicles showed that the native structure appeared to be partially restored 

and the CO binding to the c-type heme was mostly eliminated (Huang, 2010). 

Based on these results, the CO flash-photolysis/recombination of the cbb3 

holoenzyme was investigated both with and without lipid added and with the 

truncated (presumably without CcoP) enzyme.  

Four apparent lifetimes were observed following photolysis of CO from the 

truncated cbb3 enzyme (19 µs, 219 µs, 1.24 ms, 14.1 ms) and the holoenzyme (8.7 

µs, 105 µs, 1.3 ms, 35 ms) without lipid, while only two lifetimes were observed 

for the holoenzyme (230 µs and 3.5 ms) with lipid. The two lifetimes observed in 

the holoenzyme sample with lipid added, 230 µs and 3.5 ms, were attributed to 

CO binding to a c-type and heme b3
2+ heme, respectively. The results of CO flash-

photolysis and recombination for the truncated cbb3 enzyme suggest that the 

hypothesis of CO binding to the CcoP heme c in the non-lipid solubilized 

holoenzyme accounts for the complex CO binding may be an oversimplification. 

The observed complex CO binding in the truncated cbb3 in the absence of CcoP 



  132 

subunit suggests that CO binding to the heme c in the CcoO subunit may also 

occur. 

The reactions of O2 and NO with the reduced cbb3 in the absence and presence 

of CO and with and without lipid added were also investigated. The interpretation 

of the data was convoluted by possible CO rebinding to heme c in both presence 

and absence of lipids. Nevertheless, a preliminary second-order rate constant of 3 

x 107 M-1s-1 was observed for NO binding. The NO binding rate has not been 

previously reported. A preliminary second-order rate of ~ 2 x 107 M-1s-1 for O2 

binding in the presence of CO was determined.  

The low TROA signal data obtained in the experiments of the reactions of the 

photoproduced O2 and NO with the holoenzyme and truncated cbb3 enzyme 

presence and absence of lipid was attributed to a large fraction of the enzyme 

becoming oxidized during mixing. A preliminary second-order rate constant of 

1.3 x 108 M-1s-1 was determined for NO binding to the cbb3 in the absence of CO. 

A single lifetime of 2 ms was observed at ~34 µM O2 concentration. This 

corresponds to a preliminary rate constant of O2 binding of 1.5 x 107 M-1s-1, a 

very similar to the value obtained in the presence of CO. Due to the rate-limiting 

O2 binding, subsequent electron transfer steps were not resolved.   

The affinity of cbb3 for O2 is very high, making it difficult to keep the 

enzyme from oxidizing prior to photolysis of the photolabile carriers. Future 

studies will seek to determine improved conditions for the investigation of the 

reactions of O2 and NO flow-flash with the holoenzyme and truncated cbb3. 
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Classical molecular dynamic simulations will also be used to explore ligand 

access to the active site and identify constriction point and hydrophobic pocket 

residues which could then be replaced using site-directed mutagenesis. It is 

possible that the O2 and NO binding in cbb3 is rate-limited by the ~130 µs decay 

of the CuB
+-CO complex in the CO flow-flash measurements. The binding pocket 

may only be able to accommodate two ligands on a millsecond timescale, but not 

on a faster timescale.  

The short heme edge to edge distance observed in the crystal structure 

predicts that electron transfer in cbb3 oxidase would be fast (Buschmann, 2010). It 

is possible that the intermediates are unidentifiable because of the rate-limiting 

nature of the O2 binding step precluding the observation of other intermediates. 
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Abstract. 

Cytochrome bd, a tri-heme quinol oxidase from Eschericia coli, is an oxygen 

reductase that does not display homology to heme-copper oxidases or nitric oxide 

reductases. The two-subunit enzyme catalyzes the reduction of dioxygen to water 

without coupling proton translocation across the plasma membrane. In this time-

resolved optical absorption study, we investigated the CO recombination 

dynamics following flash photolysis of the fully reduced and mixed-valence CO-

bound wild-type bd enzyme. The reaction of O2 and the binding dynamics of NO 

with wild-type bd enzyme complexes were also pursued in the absence of CO 

using photolabile O2 and NO carriers, respectively. A primary goal of this project 

was to elucidate the role of the heme b595, which has been hypothesized to be 

analogous to that of the CuB in the heme-copper oxidases.  

 

2.2.1 Introduction  

Cytochrome bd is the terminal oxidase of the respiratory chain in Escherichia 

coli (E. coli) when the bacterium is grown under low oxygen tension (Borisov, 

2007). Cytochrome bd is found only in prokaryotes and is not part of the heme-

copper oxidase superfamily because it lacks CuB (Junemann, 1997). The 

cytochrome bd oxidase catalyzes the reduction of O2 to H2O (Equation 1)  

 

2 ubiquinol (QH2) + 4H+(in) + O2 !   2 ubiquinone(Q) +4H+(out) + 2 H2O (1) 
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generating a proton gradient from the consumption of H+. However, the enzyme 

does not pump protons across the plasma membrane (H+/e- is 1) (Figure 1) 

(Jasaitis, 2000).  

 

Figure 1. Schematic of cytochrome bd. Electrons donated by ubiquinol are 
transferred by heme b558 to the active site. The reaction is electrogenic but is not 
coupled to proton pumping. (From Giuffre, 2011) 

 
Cytochrome bd is a heterodimer containing two subunits, subunits I and II, but 

detailed structural information is not available because the crystal structure has 

not been elucidated (Borisov, 2009). Cytochrome bd contains three heme groups: 

the electron entry site, the hexacoordinate heme b558 (low spin), heme b595 (high 

spin), and a pentacoordinate heme d (high spin) where O2 binding and reduction 

occur (Figure 2) (Borisov, 2002). The heme b558 is ligated by His186 and Met392 

of subunit I (Spinner, 1995). The heme b595 and heme d are proposed to comprise 

the active site of the enzyme, forming a binuclear center much like heme a3 and 

CuB in the aa3 oxidases (Borisov, 2009).  
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Figure 2. The structures of heme b (left), heme d (center), and heme a (right) 
shows the D-porphyrin ring formyl group of heme a and methyl group of heme d 
and b (circled). The long chain hydroxyl farnesyl tail is present in heme a on the 
A-porphyrin ring, but not heme b or heme d which have a vinyl group in this 
position. In heme d, the C-porphyrin ring has two hydroxyl groups in place of the 
double bond found in both heme b and heme a. 

 

Heme b558 is believed to be located in subunit I, as heme b595 and heme d may 

reside at the interface of subunits I and II (Newton, 1991). Heme b595 is oriented 

with its heme plane at ~55° to the plane of the membrane (Ingledew, 1992). The 

Q-loop portion of the bd oxidase, a hydrophobic region of subunit I connecting 

transmembrane helices 6 and 7 near the quinol binding site, varies in length 

between different species of bacteria expressing bd oxidase (Borisov, 2011). The 

functional differences between the short and long Q-loop are unknown (Borisov, 

2011) 

As bo3 ubiquinol oxidase, the “high-oxygen” terminal oxidase in E. coli 

discussed in Chapter 1, bd oxidase reduces O2 to water using the two-electron 

donor substrate ubiquinol-8 (QH2) (Figure 1). Cytochrome bd does not have nitric 

oxide reductase activity, which is proposed to be associated with CuB in heme-

copper oxidases (Borisov, 2004). The bd oxidase reportedly has a high O2 affinity 

Heme b                            Heme d                         

 

Heme a  
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(Km=24 nM), which is expected for terminal oxidases in low-oxygen 

environments (Hill, 1994). The enzyme as isolated is not the fully oxidized 

species found in bo3, aa3, and ba3, but rather the O2 is bound to the reduced heme 

d in the mixed valence form of the enzyme (b3+b3+d2+-O2). The heme d chlorin 

cofactor is likely responsible for the high affinity for oxygen which leads to the 

stable oxygenated complex (Belevich, 2007). 

Cytochrome bd found in bacteria such as Azotobacter vinelandii and 

Escherichia coli allows pathogenic bacteria to colonize oxygen poor 

environments, act as an oxygen scavenger, increases the virulence and survival in 

host mammalian cells, enhances bacterial tolerance to nitrosative stress, supports 

disulfide bond formation upon protein folding, and may contribute to the 

detoxification of hydrogen peroxide in the bacterial cell (Rappaport, 2010). Much 

like the cbb3 oxidases, described in Chapter 2 Part I, there is no eukaryotic 

equivalent to bd, making it a potential drug target for pathogenic bacteria 

(Giuffre, 2011). The bd oxidases are common in the respiratory chain of bacteria 

that cause diseases such as bacillary dysentery, brucellosis, tuberculosis, 

pneumonia, septis, meningitis, and many other diseases (Borisov, 2011).  

The fully reduced bd ubiquinol oxidase carries a total of five electrons, one 

each on the two b hemes, one on heme d, and two electrons are associated with 

the bound ubiquinol (Giuffre, 2011). Therefore, there are more electrons present 

than required by a single catalytic cycle of O2 to water and the final step of the 
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dioxygen reaction has been proposed to be the formation of a “second” compound 

A (Figure 3).  

 

Figure 3. Proposed catalytic mechanism for O2 reduction in bd ubiquinol oxidase. 
Closed circles represent the reduced state of the metals and open circles indicate 
the oxidized forms. (From Giuffre, 2011) 
 

Unexpectedly, the ferryl and oxy-ferrous species were found to be the most 

populated catalytic intermediate species under steady-state conditions (Figure 3).  

Reactions of fully reduced and mixed-valence bd oxidase with CO and NO. 
 
 The fully reduced bd enzyme has a reported carbon monoxide off-rate of 1.6-

6.0 s-1 (625-766 ms), and therefore CO flow-flash experiments of the reaction of 

the reduced bd with O2 require fast-mixing; mixing on 100 ms time-scale would 

result in a large fraction of the sample becoming oxidized before the data could be 

recorded.  
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The spectral features of cytochrome bd following CO flash photolysis have 

been studied by transient flash-photolysis absorption measurements at single 

wavelengths (Rappaport, 2010). The CO photodissociation and recombination 

dynamics of heme d in the fully reduced and the mixed valence bd are very 

different. When the MVCO sample is photolyzed with 532 nm light, only          

30-50 % of the CO leaves heme d (Borisov, 2002), with a significant portion of 

the photodissociated CO rebinding to heme d within a few hundred picoseconds 

(geminate CO recombination) (Vos, 2000). However, in the reduced state no CO 

geminate recombination to heme d2+ is observed. The apparent rate constant for 

the thermal (spontaneous) dissociation of CO (and NO) is significantly higher for 

the fully reduced CO-bound enzyme (78 s-1) compared to the MVCO enzyme   

(4.2 s-1) (Borisov, 2007).   

 Previous transient absorption measurements on the fully reduced CO enzyme 

both at both low temperature (-100 °C) and room temperature have indicated CO 

rebinding to the heme d2+ (90-95% of molecules) and to heme b595 in (5-10%) 

(Borisov, 2013). Femtosecond CO flash photolysis recombination studies of the 

fully reduced and mixed-valence states of bd revealed that heme b595 interacts 

with heme d on the picosecond time scale, favoring the di-heme active site 

hypothesis (Vos, 2000). 

Studies of bd oxidase in the presence of NO have found that NO can bind to 

heme d in the oxidized, MV, and reduced bd enzyme (Giuffre, 2011). In order to 

produce the true oxidized form of the bd enzyme, tetrachloro-1,4-benzoquinone is 
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required (Borisov, 1994). NO has also been shown to react with the F 

intermediate of bd and also inhibit O2 binding (Borisov, 2006, 2009).  

 

2.2.2 Materials and Methods 

 Basic high purity chemicals and biochemicals were purchased from Fischer 

and Sigma. CO gas (99% pure) was from Praxair Gas Company. All experiments 

were done between 22-25 °C. 

An E. coli strain overexpressing the bd enzyme (wild-type) was supplied by 

Professor Robert Gennis, University of Illinois- Urbana-Champaign, a longtime 

collaborator of the Einarsdóttir group. The enzyme was solubilized in 0.1% 

sucrose monolaurate (SML) detergent (Fisher Sci.) in a 75 mM potassium 

phosphate (KPi), pH 7.5 buffer. Enzyme concentrations prior to experiments were 

determined by UV-visible absorption spectra recorded on an 8453 HP 

spectrophotometer. The bd concentrations were maintained in a range that gave 

absorbance values between 0.8 and 1.5.  

 All enzyme sample preparations were degassed and purged with nitrogen 

before being reduced or exposed to CO. The nitrogen line was fitted with a 

Labclear brand rechargeable gas-purifier cartridge (model no. RPG-250-R1) to 

remove oxygen that potentially enters the line before reaching the sample. As an 

extra precaution, the filtered nitrogen was also bubbled through a Sweetser 

reagent containing a mixture of methyl viologen, proflavin, and EDTA, which 
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consumes oxygen by converting reduced methyl viologen to oxidized methyl 

viologen (Sweetser, 1967).  

Growth of E. coli bd. 

E. coli cell lines containing the plasmid for overexpression of the bd oxidase 

were streaked on an agar plate and shipped from our collaborator at room 

temperature. The enzyme was purified on a DEAE Sepharose (CL-6B) column, 

equilibrated with 20 mM KPi (pH 6.5) and was antibiotic resistant against 

ampicillin to avoid contamination during cell growth (Kaysser, 1995).   

All cell strains were incubated at pH 7 in baffled flasks containing Luria broth 

(LB) minimal media. Each liter of LB minimal media, containing 950 mL H2O, 

10 g of tryptone, 10 g of NaCl, and 5 g of yeast extract, was adjusted to pH 7 

using 5 M NaOH. The bacteria at all growth stages were incubated in floor 

shakers with modifiable flask holders. The New Brunswick G-25 shaker was set 

to 37 C° with a rotation speed of 200 rpm for all growth stages. Initially, frozen 

stocks were made from a petri dish streaked with the respective cell strains. The 

five mL growth batches were then propagated to 250 mL flasks, containing 50 mL 

of autoclaved growth media, and allowed to grow for 48 hours. At the end of the 

growth period, 1000 µL of the cells were added to 500 µL of 50% glycerol; the 

resulting stocks were frozen at -80 C°. One cell-glycerol stock was then placed in 

100 mL media and grown for 48 hours. In addition to the growth media, 1 g/L 

ampicillin was added at each transfer stage (Yap, 2006). Next, 10 mL of the 100 

mL batch was distributed into 10 flasks containing 700 mL fresh media and 
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grown for an additional 48 hours. When the density of the culture reached an 

OD600 of ~0.6, the expression of cytochrome bd was induced with 0.5 mM 

isopropyl-1-thio-beta-D-galactopyranoside (IPTG, Gold Biotechnology) for 4 

hours at 37 C°. The cells were then harvested during their late exponential growth 

phase, indicated by a pH shift from 7.0 to 9.0. A Sorvall SLA-3000 rotor was 

used in a Sorvall RC-2 refrigerated centrifuge to pellet down the cells and remove 

the waste and growth media supernatant. The cells were frozen in 50 mL falcon 

tubes until needed for purification. The 15-25 mL cell fraction was pinkish- white 

in color. 

Purification of E. coli bd oxidase. 

For the bd purification, the E. coli cells were first thawed in a warm water 

bath and mixed with 5 mM MgSO4, DNase, and 50 µL of protease inhibitor 

cocktail in a cell-breaking buffer consisting of 100 mM Tris-HCl (pH 8), and 100 

mM NaCl. The cells were homogenized in a glass handheld homogenizer tube 

using a Teflon pestle bit of an electric homogenizer. Next, the homogenized cell 

sample was passed through a French Press at 15,000-20,000 psi. The cell debris 

from the broken cells was removed by centrifuging at 16,000 rpm for 20 minutes 

in a Sorvall SS-34 rotor. The supernatant was collected, followed by 

ultracentrifugation in a Beckman Ti-60 centrifuge at 40,000 rpm for 4 hours at 4 

°C. Pelleted membranes were collected in resuspension buffer (20 mM KPi (pH 

6.5)). The suspension was homogenized and solubilized in 2.5% sucrose 

monolaurate detergent (added dropwise) for a minimum of 2 hours at 4 °C on a 
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stir plate (with a magnetic stir bar). The solution was again ultracentrifuged at 

42,000 rpm for 30 minutes and the supernatant collected.  

A DEAE-Sepharose column was equilibrated with 20 mM KPi (pH 6.5). The 

column matrix was poured into a 25 cm x 5 cm column and allowed to settle.  The 

resin was washed with one bed volume of 100 mM NaCl in column buffer, 

followed by one bed volume of 200 mM NaCl in column buffer, 300 mM NaCl in 

column buffer, 400 mM NaCl in column buffer, and finally 500 mM NaCl in 

column buffer. The bd oxidase was collected in the late fractions. The resulting 

solution was concentrated in a Millipore spin filter tube with molecular cut-off of 

10,000 Da and stored at -80 C°. The imidazole was completely removed prior to 

freezing because imidazole is known to disrupt the enzyme conformation upon 

freezing.  

Spectral characterization of purified bd. 

UV-visible spectra were collected on a Hewlett Packard spectrophotometer 

(model 8453) and compared with published spectra. The enzyme concentration 

was based on the absorbance of the reduced-minus air-oxidized difference 

spectrum using !"628-607 of 10.8 mM-1cm-1 (Vos, 2000). The fractions were pure 

bd oxidase as reflected by the 412 nm and 646 nm peaks in the UV-Vis spectrum.  

Preparation of the fully reduced and mixed-valence enzyme. 

The bd enzyme was diluted in 75 mM potassium phosphate (KPi), pH 7.5, 

buffer containing 0.01% SML. The enzyme was reduced using the mediator 

phenazine methosulfate (PMS) (5 µM, final concentration) or tetramethyl-p-



 148 

phenylenediamine (TMPD) (2.5 µM), and ascorbic acid (5 mM). Glucose (3.5 

mg/mL), glucose oxidase (.25 mg/mL), and catalase  (.01 mg/mL) were added to 

the enzyme solution to remove any dioxygen still present after the vacuum and 

nitrogen purge or during sample transfer to the flow-flash apparatus syringe lines. 

The experimental volume of the reduced enzyme (b558
2+b595

2+d2+) was 0.5 mL for 

the CO flash-photolysis experiments and 9-12 mL for the experiments involving 

the reaction of the reduced bd with the photoproduced NO/O2. The mixed-valence 

enzyme (b558
3+b595

3+d2+) was prepared by simply degassing and purging the as-

isolated enzyme with N2 gas. 

2.2.3 Results and Discussion. 

Ground-state spectra of bd oxidase. 

Figure 4 shows the ground-state optical absorption spectral characteristics of 

the cytochrome bd enzyme. 

 

Figure 4. The ground-state spectra of the bd oxidase at room temperature. (A) 
The blue trace shows the dithionite-reduced enzyme and the green trace depicts 
the fully reduced CO-bound bd enzyme. (B) The blue trace depicts the as-isolated 
mixed-valence enzyme, the green trace shows the MV enzyme without O2 bound, 
and the red trace depicts the CO-bound MVCO bd enzyme. 
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 In the Soret region an absorbance maximum at 430 nm (heme b558) for the 

reduced enzyme, a peak at 429 nm (heme b558) for the CO-bound enzyme, and a 

shoulder at 440 nm (heme b595) for both the CO-bound and reduced enzymes. In 

the visible region, the reduced enzyme has a peak at 630 nm (heme d), and peaks 

at 635 nm and 648 nm are observed in the spectra of the CO-bound and 

deoxygenated as-isolated enzyme, respectively. The mixed-valence as-isolated 

oxygenated state has an absorbance maximum at 412 nm (heme b558) and 648 nm, 

while the spectrum of the MVCO form has an absorbance maximum of 414 nm 

(Figure 4). These values are in good agreement with the reported literature values 

of 646 nm (heme d) for the as isolated enzyme, 629 nm (heme d) for the reduced 

enzyme, and 636 nm (heme d) for the CO-bound enzyme (Hill, 1994). The Soret 

band is dominated by contributions from the b hemes while the heme d does not 

absorb significantly in this region. 

 Figure 5 shows the reduced-minus-mixed-valence enzyme without O2 bound 

and the reduced-minus-reduced CO-bound spectra.  
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Figure 5. The ground-state difference spectra of the bd oxidase at room 
temperature. (A) The reduced-minus-mixed-valence enzyme without O2 bound 
difference spectrum. (B) The reduced-minus-reduced CO-bound difference 
spectrum. 
 

The reduced-minus-mixed-valence enzyme spectrum has a peak at 430 nm 

(reduced heme b558) with a broad shoulder at 440 nm (reduced heme b595) and a 

trough at 410 nm (oxidized heme b558). These match the previously published 

values for the bd enzyme (Borisov, 2002). The reduced-minus-reduced CO-bound 

difference spectrum has major peaks at 444 nm and 620 nm (with a broad 

shoulder), troughs at 541 nm and 644 nm, and a M-shaped peak centered at 430 

nm and 444 nm in the Soret region. 

The fully oxidized spectra were not obtained, but the literature reduced-

minus-oxidized spectra shows the reduced heme b558 maximum at 560-562 nm 

and 531-532 nm (Bloch, 2009). The heme b595 reduced-minus-oxidized difference 

spectrum absorbs at 595 nm and 560-562 nm. A trough at 643-645 nm in the 

reduced-minus-oxidized difference spectrum of heme b595 represents a metal (Fe)-

to-ligand charge transfer (Boch, 2009). The reduced-minus-oxidized difference 
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absorption spectra of heme d shows a peak at 629 nm and a trough at about 740 

nm.  

CO flash-photolysis and recombination in fully reduced cytochrome bd. 

The carbon monoxide (CO) flash-photolysis experiment was conducted on 

the fully reduced and mixed-valence CO-bound bd ubiquinol oxidase states to 

determine the rate of CO recombination to the heme d and possibly to heme b595, 

following a 532 nm laser pulse (DCR-11 Nd:YAG Q-switched pulsed laser).  

In the reported room temperature CO recombination studies, a rapid phase 

was observed with a lifetime of 18 µs (1 mM CO) attributed to CO binding to 

reduced heme d (5.5 x 108 M-1s-1) (Borisov, 2001). Two to three additional phases 

in the range of 0.2 - 2.3 ms were attributed to CO binding to heme b595, but the 

individual spectra of the slower phases were not reported (Borisov, 2001). 

Evidence for the binding of photodissociated CO to heme b595 at room 

temperature has recently been reported (Borisov, 2013). It is postulated that once 

one CO molecule is bound, a second CO molecule blocks the entrance of the 

active site (negative cooperatively) (Borisov, 2013). 

Figure 6 shows the time-resolved optical absorption difference spectra of 

the fully reduced CO-bound bd enzyme after the photodissociation of CO. An 

average of 20 spectra at selected time points following CO photolysis were 

collected together in both the Soret and visible regions (350-750 nm). 

The unusual M-shape observed in both the transient and ground state fully 

reduced-minus-fully reduced CO difference spectrum in the Soret region is 
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consistent with that reported in the literature (Rappaport, 2010) and has been 

attributed to a strong induced absorption at 435 nm, possibly due to an electronic 

perturbation of heme b595 upon CO binding to heme d (Borisov, 2002, Rappaport, 

2010). The shoulder at 600 nm has been reported to reflect CO photolysis from a 

fraction of heme b595.   

 

Figure 6. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) following photodissociation of the fully reduced CO-bound wild-type 
E. coli bd enzyme. The Soret and visible spectra were recorded together at 
logarithmically spaced time delays between 100 ns- 200 ms. The arrows indicate 
the direction of change with time. 

 

The data were analyzed and interpreted using single value decomposition 

(SVD) and global exponential fitting (Appendix). The bd enzyme CO-

recombination data were fitted with two exponentials resulting in two apparent 

lifetimes of 9.3 µs and 539 µs. 
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The b-spectra associated with the apparent lifetimes and the residuals (the 

difference between the data and the fit) are shown in Figure 7A and 7B, 

respectively. 

 

Figure 7. (A) b-spectra resulting from SVD and global exponential fit of the 
TROA difference spectra recorded following photodissociation of the fully 
reduced CO-bound wild-type E. coli bd. (B) The residuals correspond to the 
difference between the TROA data and the fit for each time recorded. The delay 
times increase from bottom to the top and are separated by a constant interval for 
clarity.    
 

The 9.3 µs lifetime compares well to the literature value of 12-18 µs 

(Rappaport, 2010, Borisov, 2001), and is attributed to CO recombination to heme 

d based on the spectral characteristics of the associated b-spectrum (Rappaport, 
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2010). The lifetime of 9.3 µs corresponds to a second-order rate constant for CO 

recombination to heme d of 8.97 x 107 M-1 s-1 (1.2 mM CO). The 539 µs could be 

CO rebinding to heme b595, or possibly a contaminant. 

The b-spectrum associated with the ~540 µs lifetime, has a peak at 440 nm 

and a trough at 420 nm, which is equivalent to the absorption difference spectrum 

recorded following the photodissociation of the fully reduced CO-bound bd at      

-100 °C (Borisov, 2001). This spectrum was attributed to CO binding to heme 

b595. In previous room temperature CO recombination studies of cytochrome bd, 

two to three phases in the range of 200 µs – 2.3 ms were attributed to CO binding 

to heme b595; however, the spectral changes were not reported. Other studies have 

reported that treatment of cytochrome bd with detergent can lead to the 

appearance of a denatured fraction of generic heme b reacting with CO; 

photolysis of this complex has been postulated to give rise to the slower phases of 

CO recombination (Muntyan, 1993, Rappaport, 2010).  However, evidence for the 

binding of the photodissociated CO to heme b595 at room temperature has recently 

been reported (Borisov, 2013). 

The b0 spectrum has a similar shape as the b-spectrum of the 539 µs phase, 

which may indicate CO binding to heme b595 on late millisecond timescale. We 

calculate that 7.8 % of the CO rebinding is to the heme b595.  

CO flash-photolysis and recombination in the mixed-valence cytochrome bd. 

The CO flash-photolysis and recombination experiment was also conducted 

on the mixed-valence E.coli bd enzyme and the results compared with those for 
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the reduced enzyme and the literature. The mixed-valence (heme d reduced, b558 

and b595 oxidized) bd enzyme has been shown to bind NO and O2, in addition to 

CO.  

Figure 8 shows the time-resolved optical absorption difference spectra 

recorded following photolysis of the mixed-valence CO-bound bd enzyme. An 

average of 20 spectra at selected time points following CO photolysis were 

collected together in both the Soret and visible regions (350-750 nm).  

 

Figure 8. TROA difference spectra (post-minus-pre-photolysis) recorded 
following photodissociation of the mixed-valence CO-bound wild-type E. coli bd 
enzyme. The Soret and visible spectra were recorded together at logarithmically 
spaced time delays between100 ns- 1 ms. The arrows indicate the direction of 
change with time. 
 

The data were analyzed and interpreted using SVD and global exponential fitting. 

The b-spectra associated with the two apparent lifetimes and the residuals (the 
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difference between the data and the fit) are shown in Figure 9A and 9B, 

respectively. 

 
 
Figure 9. (A) b-spectra resulting from SVD and a two-exponential global fit of 
the TROA difference spectra recorded following photodissociation of the mixed 
valence CO-bound wild-type E. coli bd. (B) The residuals correspond to the 
difference between the TROA data and the fit for each time recorded. The delay 
times increase from bottom to the top and are separated by a constant interval for 
clarity.    
 

The data for the MVCO enzyme could be fit with two exponentials of 32 µs 

and 253 µs compared to the literature values of 14 ns, 14 µs, and 280 µs. Our 
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system is unable to resolve the 14 ns lifetime because the earliest time point we 

can record is 100 ns. The 14 ns lifetime was attributed to geminate CO 

recombination to heme d in the MVCO sample (Rappaport, 2010).  

The 32 µs phase shows a maximum at 420 nm along with a shoulder at 440 

nm (Figure 9A, blue). It was previously reported that this phase is likely not 

homogeneous and may represent CO recombination to heme d in addition to 

electron backflow from heme d to the heme b558 in a small fraction of the enzyme 

(Rappaport, 2010). The second phase observed at 280 µs has a minimum at 422 

nm and a maximum at 438 nm. This phase has been attributed to a re-reduction of 

~4 % of heme d in the enzyme and bimolecular CO recombination in that fraction 

of the population to heme b595 (Rappaport, 2010). As observed in the fully 

reduced enzyme, the MV enzyme does not fully rebind CO based on the final b-

spectrum (b0) (Figure 9A).  

Interestingly the b0 spectrum is identical to that observed for the fully reduced 

enzyme and both are similar to the spectrum observed at low temperature 

following CO photolysis of the fully reduced enzyme, which was attributed to CO 

rebinding to heme b595.  

The wild-type MVCO cytochrome bd E. coli CO flash photolysis experiment 

differs from the fully reduced spectra mainly by the bleach observed at 435 nm. 

The MVCO bd spectrum yields a smaller signal than the fully reduced enzyme 

with the photoyield of CO from heme d being only about 30% because of 

significant CO recombination (Borisov, 2002).  
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Reaction of the fully reduced bd with photoproduced O2 and NO in the 
absence of CO. 
 

Serious efforts were made to investigate the reactions of the fully reduced bd 

with photoproduced O2 and NO in the absence of CO. These experiments were 

aimed at determining the rate of O2/NO binding to the reduced heme d. However, 

these experiments yielded small signals (<10 mOD), much like that experienced 

with the cbb3 enzyme. Caution was exercised when loading the sample syringes to 

ensure that no O2 entered the sample. Glucose, glucose oxidase, and catalase were 

added to remove any residual dioxygen that could have entered into the reaction 

syringe. Attempts were also made to add reducing agents and mediator to the 

syringe lines once the enzyme was loaded to ensure that the enzyme stayed 

reduced; however, none of these efforts result in any increase in signal. This is 

attributed to the fast oxidation due to residual O2 being present during mixing that 

precluded determination of apparent lifetimes and thus O2/NO binding rates. The 

reaction of the fully reduced bd with photoproduced NO was attempted several 

times with both TMPD and PMS as mediators and ascorbic acid as the reducing 

agent. TMPD is known to donate electrons directly to the heme b595/heme d site 

bypassing the quinol binding site and heme b558 (Lorence, 2008).  

An NO recombination in the absence of CO was attempted with the fully 

reduced bd ubiquinol oxidase and did not produce a signal. Generally NO flash 

photolysis experiments have low yields because of the fast of NO geminate 

recombination. 
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2.2.4 Conclusion. 

 The CO flash-photolysis and recombination studies on cytochrome bd yielded 

two lifetimes for the mixed-valence enzyme and a two lifetimes for the fully 

reduced enzyme. The CO flash-photolysis was successful and the rate of CO 

binding to reduced heme d values is consistent with the literature. The spectral 

change associated with the ~500 µs phase observed for the fully reduced enzyme 

are similar to those observed at -100 °C which were attributed to CO binding to 

heme b595. Transient absorbance changes observed for both the fully reduced and 

the mixed-valence enzyme on a time-scale longer than 10 ms is also analogous to 

the low-temperature spectral changes suggesting that CO may bind to heme b595 

on late millisecond times. More thorough analysis is needed on the longer phase 

(539 µs) observed for the fully reduced enzyme, but it could be due to CO binding 

to heme b595.  

The reaction of O2 with the fully reduced for cytochrome bd has been 

investigated by the CO flow-flash technique effect of the photodissociated CO on 

the ligand binding dynamics remains elusive. Our flow-flash studies using 

photoproduced O2 and NO in the absence of CO were aimed at exploring this 

issue. Unfortunately the reaction of fully reduced bd with the photoproduced O2 

or NO in the absence of CO resulted in very small transient absorption changes 

during the flow-flash experiments. The bd oxidase is highly sensitive to dioxygen 

and although the O2 and NO complex solutions were both more than 100 times 
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more concentrated than the enzyme, even a minute fraction of O2 prematurely 

released, would rapidly oxidize the bd ubiquinol oxidase within the millisecond 

mixing time. Between the preparation of the enzyme sample and the transfer of 

the sample into the loading syringes there are opportunities for dioxygen to enter 

the sample. Usually the glucose oxidase, glucose, and catalase mixture is 

sufficient to scavenge the residual dioxygen, but this may not be the case for the 

bd oxidase. The sensitivity of the bd ubiquinol oxidase to O2 may not allow for 

our system to be utilized with this class of enzyme.  
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Abstract. 

 The detailed mechanism and pathways of intramolecular electron transfer in 

cytochrome c oxidase (CcO) have not been experimentally confirmed, but they have 

been investigated using both quantum mechanical calculations and computer 

simulations, which have identified plausible routes for electron transfer. The rate-

limiting step of electron transfer from cytochrome c (Cc) to the dioxygen site in CcO 

is the slow electron transfer from Cc to the initial CcO electron acceptor, CuA. This 

rate-limiting step can be avoided by removing Cc from the reaction and attaching a 

photoexcitable dye or, in theory, a nanoparticle directly to the CcO molecule, thus 

allowing the monitoring of fast intramolecular electron transfer in the enzyme. Prior 

to the development of synthetic high quantum yield ruthenium complexes for 

investigating intermolecular transfer in CcO, we pursued promising alternative 

photo-initiator tools involving 1-thiouredopyrene-3,6,8-trisulfonate (TUPS) and 

TUPS derivatives. 

 A photoinducible TUPS analog, 1-thiouredopyrene-3,6,8-trisulfonyl 

dimethylethylenediamine (DTUPS), was synthesized for the purpose of covalently 

linking to a single cysteine mutant of Rhodobacter sphaeroides (Rs) aa3 oxidase to 

study intramolecular electron transfer. By varying the distance between the labeled 

cysteine and the initial electron acceptor CuA and by introducing breaks into the 

proposed theoretical electron pathways by site-directed mutagenesis, valuable 

information regarding intramolecular electron transfer pathways could potentially be 

obtained. The synthesis of DTUPS involved a multi-step organic synthesis followed 
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by the characterization of the intermediates by NMR, mass spectroscopy, and 

infrared spectroscopy. Initial studies focused on injecting electrons into the oxidized 

form of Rs aa3. Time-resolved optical absorption difference spectra were recorded 

on nanosecond to millisecond time scale upon laser photolysis of TUPS either 

covalently attached to the only cysteine on yeast cytochrome c or to a single cysteine 

residue on several Rhodobacter sphaeroides CcO mutants. 

 The novel TUPS analog, DTUPS, did not effectively donate electrons to CcO 

enzyme. Hence, we were unable to confirm the direct attachment to the enzyme 

required for efficient electron transfer.  

3.1 Introduction 

 Cytochrome c oxidase (CcO) is the terminal enzyme in the electron transport 

chain of eukaryotes and many prokaryotes (Ferguson-Miller, 1996). The enzyme is 

located in the plasma membrane of bacteria and the inner mitochondrial membrane 

of eukaryotes and accepts electrons from cytochrome c for the reduction of dioxygen 

to water (Figure 1) (Zaslavsky, 2000).  

 

Figure 1. The mitochondrial electron transport chain. Complex IV represents 
cytochrome c oxidase (hopes.stanford.edu/sites/ hopes/files/ f_j13electtrans.jpg) 
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This reaction is coupled to proton translocation across the inner mitochondrial 

membrane in mitochondria and plasma membrane in bacteria (Babcock, 1994). The 

resulting electrochemical proton gradient is used for ATP synthesis (Wikström, 

1977).  

 The heme-copper oxidases are divided into three subfamilies A, B, and C. The 

most complex of the A-type oxidases is the bovine heart enzyme with 13 subunits. 

The bacterial oxidases, including Rhodobacter sphaeroides (Rs) (aa3) CcO (Figure 

2), are structurally simpler and are frequently used as a model system for the 

mammalian enzyme. Moreover, the bacterial enzyme provides the basis for site-

directed mutational analysis (Hosler, 1992).  

 

Figure 2. The catalytic subunits of Rhodobacter sphaeroides enzyme (subunit I, 
yellow and subunit II, green). Metal centers are shown as spheres and the dotted lines 
trace the two proton pathways, the K and D proton channels (from Qin, 2006). 
 
 The A-type bovine heart CcO and Rhodobacter sphaeroides cytochrome 

oxidases contain four redox centers, a dinuclear CuA center bridged by the sulfur 

atoms of two cysteine residues, a low-spin heme a, and a heme a3/CuB binuclear 
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center at the active site of the enzyme (Babcock, 1994). CuA is the initial acceptor of 

electrons from cytochrome c.  

 The order of the electron acceptors in cytochrome aa3 oxidases during O2 

reduction has primarily been established through kinetic experiments and is 

consistent with the known X-ray crystal structures of CcO from the bovine enzyme 

(Tomizaki, 1999) and Rhodobacter sphaeroides (Svensson-Ek, 2002).  

 The cytochrome c docking site on the cytochrome oxidase has 10 acidic 

(negatively charged) residues that interact favorably with the positively charged 

lysine-rich surface of the cytochrome c (PDB ID: 3cyt). The CuA center donates 

electrons to the low-spin heme a, which subsequently transfers the electrons to the 

binuclear active site. While the order of the electron acceptors in CcO is known, the 

amino acids involved in the electron transfer pathway by which the electrons travel 

from CuA to heme a is unknown. The elucidation of this pathway is the ultimate goal 

of the study presented in this chapter.  

Principles of Electron Transfer. 

In most redox proteins, the redox centers are deeply embedded in the protein 

and are therefore electrically insulated, making electron transfer more efficient 

(Willner, 2000). 

Electron transfer between an electron donor and acceptor is defined by 

Marcus Theory;  
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where !Go is the change in free energy associated with electron transfer and the 

generation of the redox products determined by the potential energy of the donor and 

acceptor, " is the reorganization energy, do is the van-der-Waals distance, d is the 

actual distance separating the donor and acceptor, # is the electronic coupling 

coefficient, HAB is the electronic coupling between the initial and final states, and T 

is the absolute temperature (Willner, 2000). The variable that is easiest to 

experimentally control is the distance between the donor-acceptor pair. To explore 

the details of the intramolecular electron transfer between CuA and heme a in 

cytochrome oxidase, this could be accomplished by placing a photoactivatable dye at 

different distances from the initial electron acceptor CuA.   

Ruthenium-based photoinitators. 

Intramolecular electron transfer in CcO in the absence of O2 has been 

investigated using photoactivatable compounds as electron donors to the enzyme in 

complex with cytochrome c. In particular, Millett and coworkers have used 

photolabile ruthenium (II)-based complexes to initiate electron transfer, such as a 

tris(bipyridine) ruthenium II complex covalently attached to individual lysine 

residues of Cc electrostatically bound to CcO. 

Laser excitation of Ru(II) to the excited state, Ru(II*), a strong reductant 

resulted in fast electron transfer to the oxidized ferric (2+) heme group in Cc. This 

was followed by electron transfer to CuA in CcO with a rate constant of 60,000 s$1 

(Wang, 1999). These studies have lead to a better understanding of the 

intramolecular electron transfer in the CcO/Cc electrostatic complex.  
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Photoinduced intramolecular electron transfer in the Cc/CcO complex using 1-
thiouredopyrene 3,6,8-trisulfonate (TUPS).  
 

The efficiency of the early-generation Ru-donors was rather low with only     

3 - 10 % of cytochrome c being reduced (Pan, 1993). In the early 2000s, Kotlyar and 

coworkers developed a new photoactivatable dye, TUPS, to initiate electron transfer 

in Cc and the CcO/Cc complex. Cytochrome c modified with the TUPS molecule 

has been shown to interact with CcO in the same manner as unlabeled cytochrome c 

(Kotlyar, 2000), and therefore represents an accurate depiction of in vivo electron 

transport. The TUPS dye was shown to have a significantly higher quantum yield 

(~15%) upon photoexcitation (Szundi, 2001) compared to the early-generation 

ruthenium electron donors, which also suffered high photobleaching  (Pan, 1993). 

However, recently synthesized dimeric ruthenium complexes (Ru2Z) prepared with 

bipyrazine have proven to be effective electron donors with reported yields of 60% 

(Millet, 2012); It should be noted that these complexes were made after the synthesis 

of the TUPS derivatives reported in this chapter. Despite the higher photoyields of 

the new ruthenium Ru-based dyes, these complexes still require sacrificial electron 

donors to prevent the fast re-oxidation of cytochrome c by Ru(III) (Geren, 2009). 

The use of sacrificial electron donors is unnecessary with TUPS because the re-

oxidation of Cc is slow (Szundi, 2001) 

Previous studies using external photoactive electron donors have primarily 

focused on intramolecular electron transfer in the electrostatic bovine CcO-Cc 

complex, while intramolecular electron transfer in bacterial oxidases has not been 

widely explored. The advantage of bacterial oxidases is that they are susceptible to 
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manipulation through mutagenic methods (Svensson-Ek, 2002). Moreover, the 

majority of electron transfer studies (except those in our laboratory) involving 

photoinjection into CcO were carried out using single wavelength detection, which 

does not allow for the extraction of the intermediate spectra. Our multi-wavelength 

investigations have the advantage of being able to resolve both the spectral 

properties of the intermediates as well as extract the rate constants of individual 

steps in the mechanism. 

The requisite physical properties of the electron transfer initiator for CcO 

electron transfer studies are solubility in aqueous solution at biological pH, stability 

in presence of CcO, a long excited state lifetime, and the ability of the excited 

initiator to donate electrons when pulsed by a Nd:YAG laser at wavelengths of 266 

nm, 355 nm, 532 nm, or 1064 nm.  

TUPS is easily produced from its commercially available precursor 1-

isothiocyanatopyrene-3,6,8-trisulfonate (IPTS). Photoexcitation with a 355 nm laser 

pulse generates the triplet state TUPS* which subsequently donates electrons to Cc, 

primarily through the covalent cystamine linker. Initial intramolecular electron 

transfer studies on CcO conducted in our laboratory involved TUPS-Cc (yeast) 

electrostatically bound to bovine CcO. These studies showed that the TUPS dye was 

a promising photoinitiator tool for electron transfer reactions (Kotlyar, 2000, Szundi, 

2001). Previously published results on the TUPS-Cc: bovine CcO flow-flash 

experiment resulted in apparent lifetimes of 23 µs, 116 µs, and 24 ms in the Soret 

region and 30 µs, 115 µs, and 32 ms in the visible region (Szundi, 2001). The 
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cytochrome c becomes reduced in the first 50 µs as indicated by the absorbance 

increase at 550 nm. Then oxidation of Cc and reduction of heme a occurs 

simultaneously with an apparent lifetime of ~ 116 µs. The 24 ms lifetime is 

attributed to heme a reoxidation (Szundi, 2001). The TUPS-Cc moiety has since 

been electrostatically coupled to bacterial R. sphaeroides CcO (unpublished results). 

Novel dye synthesis.  

In nature, the rate-limiting step in the electron transfer from Cc to the active 

site in cytochrome c oxidase is the slow electron transfer from Cc to the initial 

electron acceptor CuA, the first of four electron transfers in the multi-step process. 

However, attaching TUPS to yeast Cc rather than CcO directly is a disadvantage 

because the rather slow transfer of electrons from the TUPS triplet state, TUPS*, to 

Cc via the native cysteine (102) residue in yeast Cc rate-limits the following electron 

transfer from Cc to CuA. However, through multi-wavelength TROA spectroscopy a 

sequential kinetic mechanism for intramolecular electron transfer in the TUPS-yeast 

Cc-CcO complex was proposed and the microscopic rate constants and spectra of the 

intermediates determined, the rate constant for the electron transfer from TUPS* to 

Cc was found to be ~2.0 x 104 s-1 (Szundi, 2001). Despite the rate-limiting electron 

transfer from TUPS* to cyt c, we were able to show using multiwavelength detection 

that this process is followed by faster electron transfer from Cc to CuA. The 

subsequent electron transfer from CuA to heme a in the bovine enzyme occurs with 

an apparent rate constant of ~1 x104 (Szundi, 2001). These results confirmed that 

CuA is the initial acceptor of electrons from cytochrome c. 
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The rate-limiting step of the TUPS* to Cc can be avoided by removing Cc 

from the reaction and attaching a dye, or in theory a nanoparticle, directly to the CcO 

molecule, thus allowing the monitoring of fast intramolecular electron transfer in the 

enzyme.  

Time-resolved absorption measurements on the TUPS- R. sphaeroides 

S259C and Q142C mutants showed the generation of the triplet TUPS, but no 

electron transfer to the oxidase. This is likely due to electrostatic repulsion between 

the negatively charged domain near the CuA site on CcO and the negative residues 

on the dye, not allowing the covalent linker to make contact with the single cysteine.  

The positively charged 1-thiouredopyrene-3,6,8-trisulfonyl 

dimethylethylenediamine cystamine (DTUPS-cystamine) was produced as a 

substitute for the previously utilized negatively charged 1-thiouredopyrene-3,6,8-

trisulfonate cystamine (TUPS-cystamine) dye. Laser photolysis of TUPS results in a 

low potential, long-lived triplet state of the dye, TUPS*, which donates an electron 

to Cc or the Cc/CcO complex (Kotlyar, 2000). When TUPS-cystamine is photolyzed 

in an anaerobic environment free of oxidizing agents, the triplet state has a lifetime 

of 0.5 ms (Kotlyar, 2004). 

In order to circumvent the electrostatic repulsion between the TUPS and 

CcO, a photo-inducible positively charged dye, DTUPS, was designed, synthesized, 

and characterized. An attempt was made to covalently attach the DTUPS-cystamine 

dye to Cc and to single cysteine mutants, Q142C, V215C, and S259C (Figure 3), 
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which were constructed using site-directed mutagenesis and provided by the Gennis 

Lab.  

 

Figure 3. Several single cysteine mutants in close proximity to the initial electron 
acceptor, CuA. 
 

While a pure DTUPS-cystamine was obtained, the absorbance maximum of 

the complex was significantly shifted relative to the TUPS parent compound 

resulting in low quantum yield of the excited state upon laser excitation. Preliminary 

studies of inorganic semiconductor nanoparticle bioconjugates with CcO are also 

reported. 

3.2. Materials and Methods 

Most of the chemicals were obtained from Fisher Scientific or Sigma-Aldrich 

unless otherwise specified and were of the highest purity. The IPTS (1-

isothiocyanatopyrene-3,6,8-trisulfonate) was purchased from Lambda Fluorescence. 

Anatrace supplied the n-dodecyl-!-D-maltopyranoside (DM) detergent for 

solubilizing the enzymes. The Ni2+-NTA agarose column material was acquired from 

Qiagen.  
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Growth of wild-type and mutant Rhodobacter sphaeroides bacteria. 

Several mutant enzymes with a single cysteine were engineered for the 

purpose of covalently attaching, through a disulfide exchange reaction, the photo-

initiator TUPS dye directly to the respective enzyme strains. A longtime 

collaborator, Professor Robert Gennis (University of Illinois-Urbana-Champagne), 

generously provided the bacterial CcO enzyme mutant strains.  

The DTUPS-cystamine dye like TUPS-cystamine was synthesized for the 

purpose of covalently linking to single cysteine mutants of Rhodobacter sphaeroides 

(Rs) aa3-type CcO enzyme (S259C, Q142C, and V215C) for initiation of electron 

transfer by a 355 nm laser pulse, all of the native cysteines, which are neither 

essential for enzyme function nor conserved across bacterial oxidase species, were 

mutational to similar hydrophobic residues.  

The bacterial species used for these studies was the purple bacterium 

Rhodobacter sphaeroides, which can grow both anaerobically and aerobically in 

nature, and is native to deep-water lakes or other organic-rich environments 

(Dworkin, 2006). Bacterial colonies of three single cysteine mutant strains (Q142C, 

S259C, V215C) were supplied at room temperature on petri dishes. Colonies of 

wild-type R. sphaeroides were also grown as a control for future experiments. The 

Gennis lab provided plasmids containing the altered genomes, which were obtained 

through site-directed mutagenesis techniques. The amino acid changes were first 

incorporated into E. coli and then reintroduced into the native R. sphaeroides 

bacteria. The amino acids mutated to cysteines were selected by their proximity to 
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the Cc binding domain on CcO and because they were not directly involved in the 

function of the enzyme. The mutant enzymes were also tagged with a poly-histidine 

tail for easy isolation through a Ni2+-NTA type column matrix and were antibiotic 

resistant to avoid contamination during cell growth (Mitchel et. al, 1995).  

All cell strains were incubated at pH 7.0 in Sistrom’s media (Sistrom, 1962). 

The cells were grown in baffled flasks in the dark. Additional aeration was 

accomplished by blowing oxygen through a house-made Schrader valve cap 

assembly affixed to a flexible tubing, which was extended to the bottom of the flask. 

The bacteria at all growth stages were incubated in floor shakers with modifiable 

flask holders. The New Brunswick G-25 shaker was set to 30 C° with a rotation 

speed of 200-250 rpm for all growth stages. Initially frozen stocks were made from a 

petri dish streaked with respective cell strains. The 5 mL growth batches were then 

propagated to 250 mL flasks containing 50 mL of autoclaved growth media and 

allowed to grow for 48 hours. At the end of the growth period, frozen stocks were 

produced by adding 1000 µL of the cells to 500 µL of 50% glycerol; the resulting 

stocks were frozen at -80 C°. One glycerol stock was then placed in 50 mL media 

and grown for 48 hours. In addition, 10 µg/mL vitamin stock, 50 µg/mL 

streptomycin, 50 µg/ml spectinomycin, and 10 µg/ml tetracycline were added to the 

growth media at each transfer stage (Hisler, 2001). Next, 10 mL of the 50 mL batch 

was distributed into five 100 mL flasks (500 mL total volume) and the cells grown 

for additional 48 hours. Subsequently 50 mL from the 500 mL batch was divided 

evenly into 10 flasks with 700 mL of sterile media and grown for 48 hours. The cells 



 176 

were harvested during their late exponential growth phase, indicated by a pH shift 

from 7.0 to 9.0. A Sorvall SLA-3000 rotor was used with a Sorvall RC-2 refrigerated 

centrifuge to pellet down the cells and remove the waste and growth media 

supernatant. The cells were frozen in a 50 mL falcon tube until needed for 

purification. The cells were white in color and any batches that were greenish or 

brown were discarded. The non-white batches were likely bacteria that had been 

exposed to light during growth and had converted to photosynthetic growth.  

Purification of Rhodobacter sphaeroides aa3 cytochrome oxidase. 

   For purification, the cells were thawed in a warm water bath and mixed with 

10 mM MgSO4, a pinch of DNase, and 50 µL of protease inhibitor cocktail in cell- 

breaking buffer (50 mM KPi, pH 6.5, 1 mM EDTA). The cells were homogenized in 

a glass handheld homogenizer tube using a Teflon pestle bit from an electric 

homogenizer. Next, the homogenized cell sample was passed through a French Press 

at 15,000-20,000 psi. Appropriate viscosity was crucial for the maximum efficiency 

of this step. The cell debris from the broken cells was removed by centrifuging at 

16,000 rpm for 30 minutes in a Sorvall SS-34 rotor. The supernatant was collected, 

and the desired protein was removed by ultracentrifugation in a Beckman Ti-60 at 

52,000 rpm for 105 minutes. Pelleted membranes were resuspended in 10 mM Tris-

HCl, pH 8.0, 40 mM KCl. The suspension was homogenized and solubilized in 1% 

DM detergent for a minimum of 2 hours in the cold room on a stir plate with a 

magnetic stir bar. The solution was again ultracentrifuged for 45 minutes and the 

supernatant collected.  
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  The Ni-NTA affinity column was equilibrated after being regenerated by 

washing and stripping the nickel, then replenishing the resin with NiSO4 and 

washing with the resuspending buffer containing 0.1% DM (column buffer). The 

column matrix/enzyme slurry was added to a 25 cm x 5 cm column and allowed to 

settle.  The resin was washed with two bed volumes of 10 mM imidazole in column 

buffer, followed by two bed volumes of 20 mM imidazole buffer, two bed volumes 

of 40 mM imidazole buffer, and two bed volumes of 50 mM imidazole buffer. The 

protein was subsequently eluted with 3-4 bed volumes of 100 mM imidazole column 

buffer. The resulting solution was concentrated in a Millipore spin filter tubes with 

molecular cut-off of 50,000 Da and stored at -80 C°. The imidazole was completely 

removed prior to freezing since imidazole is known to disrupt the enzyme 

conformation upon freezing.  

Characterization of purified Rhodobacter sphaeroides CcO. 

  Six full growths and purifications were necessary for a single flow-flash 

experiment. While developing the DTUPS dye, multiple batches of Q142C and 

S259C enzyme mutants were grown and purified. The supplied V215C mutant was 

not grown or purified and was intended to be used if problems arose with the other 

two mutants. After purifying the mutants using the Ni-NTA affinity column, UV-

visible spectra were collected on a Hewlett Packard spectrophotometer model 8453 

and compared with reference spectra. The enzyme concentration was based on the 

650 minus 606 nm absorbance difference of the reduced enzyme using a !"650-606 

extinction coefficient of 41 mM-1cm-1 (Hosler, 1992).  



 178 

Samples were prepared in the absence of oxygen because oxygen blocks the 

triplet state (electron spin flip) of the dye from forming since oxygen’s ground state 

electronic configuration is triplet in nature and can quench the phosphorescence due 

to singlet state relaxation.  Oxygen can increase the relaxation of the triplet state up to 

10 fold (Kotlyar, 1997 (a)). 

  A carbon monoxide (CO) flash-photolysis experiment was conducted to 

explore the CO recombination to the heme a3 redox center following a 532 nm laser 

pulse (DCR-11 Nd:YAG Q-switched pulsed laser). The laser/TROA system is 

equipped with a spectrograph and an Andor ICCD diode array camera. All 

experiments were done between 22-25 C°. An average of 10 spectra at time points 

between 100 ns and 500 ms following CO photolysis were collected in both the 

Soret and visible regions (350-750 nm).  

The data were analyzed using singular value decomposition (SVD) and global 

exponential fitting using customized Matlab programs written by Dr. Istvan Szundi. 

A more detailed explanation of the SVD and the global exponential fitting can be 

found in the appendix of this thesis.  

3.3 TUPS Results. 

Synthesis of TUPS-cystamine and attachment to Cc/CcO. 

Early experiments involved the investigation of the TUPS dye as a 

photoactivatable electron donor to Cc, Cc/bovine CcO, and R. sphaeroides aa3. The 

first step in this process involved the synthesis of the TUPS-cystamine as previously 

described (Szundi, 2001). Briefly, IPTS (1-isothiocyanatopyrene-3,6,8-trisulfonate) 
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(50 mM, 500 µL) in H2O (pH 9.0) was added to cystamine (250 mM, 500 µL), and 

the solution incubated at room temperature for 15 minutes to produce the TUPS-

cystamine (Scheme 1). In order to remove excess cystamine that could potentially 

compete with cytochrome c during the di-sulfide exchange reaction, the TUPS-

cystamine solution was passed through a SP-Sephadex cation-exchange column 

equilibrated with 150 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer, pH 7.0. Fractions with absorption peaks at 372 nm were pooled, 

while the fractions containing free cystamine, as determined by strong absorption at 

250 nm, were discarded. The concentration of the TUPS-cystamine was determined 

using the extinction coefficient of 30,000 M-1 cm-1 at 372 nm (Kotlyar, 1997 (a)). 

 

Scheme 1. Synthesis of the TUPS-cystamine. Reaction of IPTS with cystamine to 
generate the TUPS-cystamine.  
  

Formation of TUPS-Cc and TUPS-Cc:CcO. 

  Iso-1-cytochrome c (Cc) from yeast naturally contains a single cysteine at the 

102 amino acid position making it ideal for a single covalent di-sulfide interactions. 

The TUPS-Cc complex was made according to Scheme 2.  
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Scheme 2. TUPS-Cc disulfide exchange reaction (Modified figure made from 
original by Bryan Pavlovic) 
 
Cc was reduced with ascorbic acid before addition to TUPS-cystamine to ensure the 

necessary conformation for successful bioconjugation. Cc was incubated with 

TUPS-cystamine in 150 mM HEPES buffer, pH 8.5, and 200 mM KCl for 4 hrs at 

room temperature. The high pH ensures that a thiolate (S-) is present and not thiol 

(SH), which will not exchange with the S-S bond of the cystamine. The TUPS-Cc 

coupling reaction was quenched by adding 100 mM 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer at pH 6.5. This was a modification (Pavlovic, 

2007) of the published procedure in which acid was added to prevent the subsequent 

disulfide exchange (Gilbert, 1995). Ferricyanide was added to the TUPS-Cc to 

oxidize the Cc prior to running a size-exclusion Sephadex G-25 column (5 mM MES 

buffer, pH 6.5) to remove excess oxidizing and reducing agents and unreacted TUPS 

or Cc. The product was exposed to UV light to observe the fluorescence, which 

would indicate attachment of the dye to the Cc. Figure 4 shows the TUPS-Cc 

product. The TUPS-Cc was then incubated with CcO in a 1:1 ratio to generate the 

TUPS-Cc:CcO complex.  
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Figure 4. TUPS bound to iso-1-yeast Cc (Figure made by Bryan Pavlovic) 

Electron transfer in the TUPS-Cc complex following laser excitation.  
 

Time-resolved optical absorption measurements were first carried out on the 

oxygen free TUPS-Cc sample using a 355 nm laser pulse to confirm successful 

attachment of TUPS to Cc.  

  The TROA spectral changes (post-minus-pre-photolysis) associated with 

electron transfer from the TUPS triplet state, TUPS*, to Cc are shown in Figure 5.  

 

 

Q
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Figure 5. Time-resolved difference spectra (post-minus pre-photolysis) recorded 
following the laser excitation of the TUPS-Cc complex. The difference spectra were 
obtained at time points between 100 ns - 1 ms, separated by logarithmic intervals. 
The arrows indicate progressive time delays.  

 

 The reduction of Cc by TUPS* is indicated by an increase in absorbance at 550 nm. 

The decrease in the absorbance of the 374 nm ground state spectra (signal bleach) as 

a function of time reflects the decay of ground state of TUPS, while the increase at 

448 nm reflects the formation of TUPS*. The spectral changes are qualitatively 

similar to our previously published results (Szundi, 1997).  

Electron transfer in the TUPS-Cc/CcO complex following laser excitation.  
 
Electron transfer in the TUPS-Cc/ Rs CcO complex following laser excitation at 

355 nm was also investigated. TROA studies were carried out on the TUPS-Cc/ R. 

sphaeroides aa3 enzyme (Figure 6).  
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Figure 6. Time-resolved difference spectra (post-minus pre-photolysis) recorded 
during the electron transfer from TUPS-Cc to R. sphaeroides enzyme. The 
difference spectra were obtained at time points between 10 µs -100 ms, separated by 
logarithmic intervals. The arrows indicate progressive time delays.  
 

While electron transfer was observed, the signal was not large enough to extract 

lifetimes. The TUPS-Cc: Rs aa3 CcO experiment was previously carried out in our 

lab and the apparent lifetimes were determined to be 100 us, 800 us, and 99 ms 

(unpublished results). 

Attempts were made to mix unbound TUPS to bovine and wild-type R. 

sphaeroides aa3 to see if photoinitiation of free TUPS in solution was capable of 

reducing the enzyme. TROA measurements on the TUPS- CcO R. sphaeroides 

S259C and Q142C mutants resulted in the generation of TUPS*, but no electron 

transfer to the oxidase was observed, presumably because of electrostatic repulsion 

between the negative charges on the dye and those on the enzyme. 
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3.4 DTUPS Results 

De novo synthesis of DTUPS and its characterization.  

The absence of electron transfer in the TUPS-Rs CcO S259C and Q142C 

mutants led to the development of the positively charged DTUPS dye, specifically 

designed for optimal interactions between DTUPS-cystamine and the negatively 

charged binding pocket of R. sphaeroides S259C, Q142C, and V215C mutants. 

The dye intermediate species, particularly those that have not previously 

been synthesized or published in the literature, were characterized by nuclear 

magnetic resonance (NMR) spectroscopy, Fourier-transform infrared (FT-IR) 

spectroscopy, and mass spectroscopy (MS). The notations in the NMR spectra 

includes (s) for singlet, (d) for doublet, and (t) for triplet. Also, 1H signifies one-

proton assignment and 2H indicates two-proton assignment. 

Synthesis and characterization of aminopyrene trisulfonate (APTS) 

   The first step in the synthesis of DTUPS is the synthesis of the APTS 

precursor (Scheme 3). The synthesis of APTS starts with the addition Na2SO4 (8 

mmols, 1.13 g) and conc. H2SO4 (5 mL) to an oven-dried 100 mL round bottom 

flask equipped with a drying tube (charged with drierite and NaOH pellets). 

Subsequently, aminopyrene (2 mmols, 434 mg) was added, followed by fuming 

H2SO4 (20%, 6 mL) and stirring of the slurry at 60 °C for 30 hours. The mixture was 

carefully poured into 50 mL of water and neutralized with 50% w/v NaOH solution 

to pH 7.0. The solution was concentrated in vacuo, followed by extraction with 

MeOH (via bath sonication) and the removal of the solids via vacuum filtration. 
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Roto-evaporation of the MeOH-containing solution and subsequent filtration 

resulted in brown powder (1.35 g, 100% yield) that gave only one spot by thin layer 

chromatography (TLC). Further purification through a plug of silica gel 

(NH4OH:IPA, 1:2) yielded the orange powdered product with !max = 428 nm and an 

" = 18,000 M-1 cm-1.   

 

Scheme 3. Synthesis of APTS. Reaction of 1-aminopyrene and sulfuric acid adds 
sulfoxide group to the pyrene backbone to generate the APTS. 
 

Synthesis and characterization of acetylated aminopyrene trisulfonate  
(APTS-Ac) 
 

The second step in the synthesis involves protection of the aniline group of 

APTS by reacting the dye with triethyl amine (TEA) and acetyl chloride (Scheme 4). 

At the start of the synthesis, 0.5 g of APTS (.85 mmols) was added to 3 mL dimethyl 

formamide (DMF) solvent under argon in a 100 mL round bottom flask equipped 

with a stir bar and a septum. Next, 1 M equivalent of TEA (.85 mmols, 240 µL) was 

added through the septum via syringe, and 2 M excess of acetyl chloride (1.7 mmols, 

120 µL) was added dropwise and reacted for 4 hours. The solution was quenched 

with 2 mL of 1 M NaHCO3 and stirred overnight with a venting needle in place. The 

reaction mixture was then poured into 400 mL of acetone to precipitate the product. 

TLC was used to characterize the products. Two spots were detected, including the 

C
u
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desired cyan-colored product and a green, non-protected product. The solution was 

run on a silica column equilibrated with 2:1 isopropyl alcohol (IPA)/ammonium 

hydroxide (AH) and with a thin layer of sand loaded on the top. The desired product 

was found in the earlier fractions, which were pooled in MeOH and concentrated by 

roto-evaporation. Nuclear magnetic resonance (NMR) and mass spectrometry (MS) 

were used to identify the product as APTS-Ac.  

An alternative method for synthesizing APTS-Ac involved the addition of 

0.5g APTS to a 50 mL round bottom flask containing a stir bar. Five mL of acetic 

anhydride was added and the solution refluxed at 140 °C for 16 hours. TLC gave a 

single cyan-colored dot with !max = 421 nm and 372 nm. A Buchner funnel with 

reagent grade acetone was used to filter the sample.  

Ultimately, the protection of the aniline group was deemed unnecessary, and 

the aminopyrene trisulfonate chloride (APTS-Cl) was produced directly from 1-

aminopyrene. 

 

Scheme 4. Synthesis of APTS-Ac. Reaction of APTS with acetic anhydride and the 
protection of the amine by an acetyl group. 
 
 
 

Cysteine 
102 
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Synthesis and characterization of 1-aminopyrene-3,6,8 trisulfonylchloride 
(APTS-Cl). 
 

  The APTS-Cl was primarily synthesized from the 1-aminopyrene precursor 

(Scheme 5). In a second method, the APTS-Cl was synthesized from the APTS-Ac 

precursor. However, was found that the amine group did not require protection by an 

acetyl group as it is likely that protonation of the amine occurs under acidic 

conditions (Gamsey, 2006). The synthesized 1-aminopyrene-3,6,8-

trisulfonylchloride (APTS-Cl) is a derivative of the commercially available 1-

aminopyrene and is the first product in the multistep synthesis of DTUPS. 1-

hydroxypyrene-3,6,8-trisulfonylchloride (HPTS) is the more common substituted 

pyrene derivative and contains an aniline functional group rather than a phenol. 

HPTS was used initially to test the reactions because this is an inexpensive dye 

precursor.  

In the direct conversion of 1-aminopyrene to APTS-Cl, 0.5 g (2.3 mmol) of 

the 1-aminopyrene was placed in 10 mL dichloromethane (DCM) under nitrogen or 

argon gas. To this transparent brown solution, two mL (30 mmol) of chlorosulfonic 

acid was added dropwise by a syringe, and the resulting reaction mixture refluxed 

for 16 hours. The reaction mixture was allowed to cool to room temperature and then 

poured into an ice slurry (200 mL) and sonicated. The red solution was repeatedly 

extracted via sonication with 100 mL portions of DCM. NaCl was added to the 

reaction solution to increase the polarity, which results in better separation of phases 

when using the separatory funnel method. Na2SO4 was filtered and evaporated to 
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give a dark red powder (.45 g, 38 %).  TLC using DCM as solvent resulted in one 

purple spot with a Rf value equal to 0.5. 

 In the first step of the APTS-Ac conversion to APTS-Cl, 0.198 g of the 

APTS-Ac product was weighed and added to a 100 mL round bottom flask with a 

side-arm and condenser. Subsequently, 100 µL of DMF and 6 mL of SOCl2 were 

added under argon at 65 °C and allowed to react for 20 hours under constant stirring. 

The reaction mixture was carefully poured over 12 g of crushed ice (gas escapes 

vigorously). The aqueous layer was extracted with 10 mL methylene chloride 

(DCM) three times in a separatory funnel. Next, in a 100 mL beaker, a generous 

scoop of magnesium sulfate was added to the solution to remove any H2O. The 

resulting solution, after running through a paper filter, should be a vibrant red color.  

The solution was roto-evaporated to 5 mL, and hexane was added until the solution 

became cloudy. After storage at 0 °C, golden brown crystals formed and were 

harvested. The yield was in the low 30% range and the !max = 410 nm. 

 

Scheme 5. Synthesis of APTS-Cl. Reaction of APTS with chlorosulfuric acid. 
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Proton nuclear magnetic resonance (1H NMR) spectral shifts of APTS-Cl. 

  The NMR spectrum of APTS-Cl matches well with the previously published 

1H NMR (500 MHz, CDCl3) spectra (Gamsey, 2006), with chemical shifts (!) at 

8.35 (s, 1H), 8.60 (d, 1H), 9.15 (d, 1H), 9.25(d, 1H), 9.50 (d, 1H), and 9.50 (s, 1H). 

Synthesis and characterization of 1-amino-3,6,8-trisulfonyl 
dimethylethylenediamine (DAPTS). 
 

  After the synthesis of APTS-Cl, the next step is to place the positively charged 

amine group side chains to form DAPTS (Scheme 6). In the first step of the 

synthesis of DAPTS, 0.2 g APTS-Cl (.29 mmol) and 10 mL dry DCM (30 mM) 

(from solvent purifier) and a stir bar were added to a flame-dried 25 mL round-

bottom flask. Subsequently, 1.09 mmol N,N-dimethylethylenediamine (DMEN) (3.8 

equivalents) was added under argon, converting the transparent reddish brown 

solution to a dark green color. The reaction mixture was stirred for three hours, and 

subsequently run through a six-inch silica plug, using 4:1 IPA/AH. The late green 

fractions were pooled. The product had "max = 427 nm (Ac-APT-Cl as starting 

material, has "max= 432 nm) and showed a single yellow spot on a TLC plate with an 

Rf=0.25 (1:2 ammonium hydroxide/IPA).  

An alternative post-reaction workup involved using a phase separation. 

Excess DMEN (water soluble) was removed by washing three times with water in a 

separatory funnel. This was followed by a single brine wash (NaCl-saturated water) 

to ensure complete removal of DMEN. The DCM soluble product solution was 

paper filtered and roto-evaporated, providing the desired product.  
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Scheme 6. Synthesis of DAPTS. Reaction of N,N-dimethylethylenediamine with 
APTS-Cl. 
 

FT-IR spectra of DAPTS. 

The IR spectrum of the purported DAPTS product shows the signatures of 

the secondary amines (N-H) with the broad band at 3362 cm-1 (Figure 7). The arene 

absorption frequencies at 2922 cm-1 and 2852 cm-1 are consistent throughout the 

final stages of the synthesis; this is expected because no chemistry is being done on 

the pyrene scaffold in the last few steps.  

 

Figure 7. The infrared spectrum (IR) of DAPTS (H2O, MeOH). 
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1H NMR spectra of DAPTS. 

The one-dimensional 1H-NMR spectrum of DAPTS is plotted in Figure 8 as 

signal intensity vs. chemical shift. The important aspect of the proton NMR is that 

the aromatic peaks do not change significantly compared to the starting material 

after the formation of the sulfonamides.  

The 1H NMR (500 MHz, CDCl3) spectra of DAPTS show chemical shifts (!) 

at 8.20 (s, 1H), 8.30 (d, 1H), 8.90 (d, 1H), 9.00(d, 1H), 9.10 (d, 1H), and 9.30 (s, 

1H). All chemical shifts are downshifted compared to the APTS-Cl spectra. This is 

expected for a change from the electron-withdrawing trisulfonate groups to the 

dimethylethylenediamine electron-donating groups.  

 

Figure 8. 1H NMR (500 MHz, D2O) of DAPTS. Inset of the aromatic region shown 
in the center of figure.  
 
 

!



 192 

Synthesis and characterization of 1-isothiocyanto-3,6,8-trisulfonyl 
dimethylethylenediamine (DIPTS). 
 

 A quaternization of DAPTS to N,N-trimethylethylnediamine 

pyrenetrisulfonate (TAPTS) with an excess (3x) of methyl iodide using 

tetrahydrofuran (THF) as solvent was found unnecessary because the tertiary amine 

is water soluble and mostly charged at biological pH.   

    The fifth step in the synthesis involved the reaction of DAPTS with 

dicyclohexylcarbodiimide (DCC) and carbon disulfide (CS2) to form the 

isothiocyanate (N=C=S) functional group (Scheme 7). The generation of the 

isothiocyanate product was first tested using aniline and then carried forward with 

DAPTS. A mixture of 0.55g (1 eq.) dicyclohexylcarbodiimide (DCC) and 0.453 mL 

carbon disulfide (CS2) in 1 mL methanol were placed into an ice-salt bath at -10 °C. 

Subsequently, 0.75 mmols DAPTS dissolved in a 9:1 THF/H2O solution was added 

dropwise to the DCC/CS2 solution. The mixture was allowed to reach room 

temperature and stirred for 48 hours. The product was vacuum-evaporated, affording 

an orange solid, and then triturated (ground) in 2 mL of diethylether  (in place of 

MeOH) while the side product, dicyclohexylthiourea, was removed by filtration. The 

filtrate was evaporated and the desired isothiocyanate product, DIPTS, was collected 

(Bhandari, 2008). 
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Scheme 7. Synthesis of DIPTS from the reaction of DAPTS with DCC and CS2. A 
thiocarbamoyl group is formed in the DIPTS product. 
 

 FT-IR spectra of DIPTS. 

The IR spectrum of the DIPTS shows a moderately intense peak at 2118 cm-

1, confirming the presence of the isothiocyanate group (N=C=S) formation (Figure 

9). Isothiocyanate groups are typically found between 2100 - 2270 cm-1 (Silverstein, 

1998). The IR spectrum maintains the secondary amines, as reflected by the broad 

stretching band at 3369 cm-1. The peak at 1147 cm-1 represents C=S stretching. 

 

Figure 9. The IR spectrum of DIPTS (H2O, MeOH). 
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1H-NMR spectra of DIPTS. 

The 1H-NMR spectrum for the DIPTS product is consistent in the aromatic 

region, showing no degradation of the dye’s ring structure present in the previous 

reaction products (Figure 10). 

 

Figure 10. 1H NMR (500 MHz, D2O) of DIPTS 

Figure 11 shows to the carbon NMR spectrum for the DIPTS product.  

 

Figure 11. Carbon Nuclear Magnetic Resonance (13CNMR) of DIPTS (D2O). 
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The peak at 140 ppm in the carbon NMR spectrum indicates the presence of the 

isothiocyanto group. The three peaks at 79 ppm show the C-S bonds of the three 

sulfonamide pendants. The peaks in the 20-25 ppm region are the primary carbons 

(C-CH3) bonds and the peak at ~35 ppm can be attributed to the secondary carbons 

(C-CH2). 

Synthesis and characterization of 1-thiouredo-3,6,8-trisulfonyl 
dimethylethylenediamine cystamine (DTUPS-cystamine). 
 
 The synthesis of the DTUPS-cystamine was carried out primarily starting with 

the DIPTS (Scheme 8), or alternatively, starting with DAPTS. In the first method, a 

stock of 0.5 M cystamine in nanopure pH 9.0 H2O was prepared. The DIPTS product 

was dissolved in H2O and added to the cystamine in a 1:5 ratio for 30 minutes. The 

solution was vortexed to make sure all DIPTS was dissolved, and the sample 

incubated at room temperature for 30 minutes.  The DTUPS product was then loaded 

onto a Sephadex CM-50 (cation exchange) matrix column, equilibrated with 1 mM 

HEPES at pH 9.0. The cystamine with two amines should have a weaker affinity for 

the column than the dye with three positive charges and elute ahead of the dye. 

An alternative method was also utilized, but tested using aniline before being 

carried forward with DAPTS. The first step of this reaction was to add 

thiocarbonyldiimidazole (.6125g, 3.44 mmol) to imidazole (.039 g, .573 mmol) in 

THF (2.5 mL) at 0 °C. Subsequently, DAPTS (0.5 g,15 mL of THF) was added 

dropwise to the solution. The mixture was stirred at room temperature for 12 hours, 

followed by the addition of cystamine (.4875 g, 4.5 mmol). The reaction was stirred 

at room temperature for another 2 hours. DMF and acetonitrile (MeCN) were 
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substituted for THF and were also not able to dissolve cystamine. Triethylamine (2.1 

eq) was added to the reaction mixture and allowed to react overnight to remove the 

chlorine salt by forming Et3NCl. The solvent was removed and then the filtrate was 

redissolved in DCM, washed with 10% citric acid and then brine, dried with Na2SO4, 

and then filtered and concentrated. This procedure was adapted from the synthesis of 

N-substituted 2-amino-benzimidazoles, and more specifically, tert-butyl 4-({[(2-

aminophenyl)amino] carbonothioyl}amino)benzylcarbamate (Kling, 2003). The 

overall synthesis of the DTUPS-cystamine is summarized in Scheme 9.  

 

Scheme 8. Synthesis of DTUPS-cystamine from DIPTS. 

FT-IR spectra of DTUPS-cystamine. 

The IR spectrum of the DTUPS-cystamine shows the loss of the 2118 cm-1 

band, which is attributed to the formation of the thiouredo adduct from the 

isothiocyanto adduct. The spectrum also shows more features in the fingerprint 

region (1450 cm-1 to 600 cm-1) due to C-C absorption of the added cystamine (Figure 

12). The band at 1145 cm-1 is due to the C=S stretching. 
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Figure 12. The IR spectrum of the DTUPS-cystamine (H2O, MeOH). 

The 1H-NMR spectrum of the DTUPS-cystamine shows the maintenance of 

aromatic peak shifts after the conversion of DIPTS to DTUPS-cystamine (Figure 

13).  

 

Figure 13. 1H NMR (500 MHz, D2O) of DTUPS-cystamine. 
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MS spectrum of DTUPS-cystamine. 

The MS spectrum of the DTUPS-cystamine produced a peak for the 

cystamine (153 g/mol) fragmentation (Figure 14). The most intense peak could be 

that of the pyrene backbone with all but one of the pendants removed (C18H12N3SO2) 

(334 g/mol). The peak at 668 g/mol could be that of the DAPTS dye intermediate. It 

is unlikely that any fragmentation of the pyrene ring itself would occur because of 

the amount of conjugation and unsaturation of the DTUPS-cystamine structure.  

 

Figure 14. The MS spectrum of the DTUPS-cystamine (H2O/MeOH). 
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The overall synthesis of the DTUPS-cystamine is summarized in Scheme 9. 

The DTUPS-cystamine product was highly soluble in water and had strong 

fluorescence under UV light. 

Overall DTUPS synthesis. 

 

Scheme 9. The overall synthesis of DTUPS-cystamine starting with 1-aminopyrene. 
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Figure 15. UV-visible ground state spectra of TUPS-cystamine (blue) and DTUPS-
cystamine (green).  
 
 Figure 15 shows a comparison of the TUPS (!max=372 nm) and DTUPS 

(!max=460 nm) dyes.  

Bioconjugation of DTUPS-cystamine to Cc, bovine CcO, and the single-cysteine 
R. sphaeroides aa3 mutants. 
 

 TROA studies of the DTUPS-Cc and DTUPS: Bovine CcO complexes. 

Several attempts were made to attach the newly synthesized positively 

charged DTUPS-cystamine dye to Cc and CcO through a disulfide exchange 

reaction. Although both DTUPS-cystamine and Cc are positively charged, the dye 

was first reacted with yeast Cc to see if covalent attachment would occur. TROA 

difference spectra of the presumed complex were recorded following laser excitation 

(Figure 16). A small peak at 417 nm indicates the reduction of Cc. The DTUPS* 

appears at 448 nm and the trough with a minimum at 460 nm represents the TUPS 

bleach. The signal-to-noise ratio was too small to obtain reliable lifetimes.  
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Figure 16. Selected time-resolved difference spectra (post-minus pre-photolysis) 
recorded following the laser excitation of the DTUPS-Cc complex. The difference 
spectra were obtained at time points of 1 µs, 100 µs, and 1 ms.  
 

Attempts were made to monitor electron transfer in the DTUPS-bovine CcO 

complex. The TROA difference spectra are shown in Figure 17. 

 

Figure 17.  Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) recorded at room temperature following photoexcitation of the 
DTUPS/bovine CcO complex. The spectra were recorded at 8 delay times, spaced 
logarithmically between 500 ns -100 µs. 
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 The broad photobleach centered at 470 nm and the broad peak at 530 nm is 

from the DTUPS*. For the original TUPS, the photobleach appeared as a broad peak 

at 374 nm and 448 nm. The 448 nm peak at first glance appears to be pure heme a 

reduction. However, when DTUPS was tested alone, the same 448 nm peak was 

observed with the broad trough centered at 470 nm, and the broad peak centered at 

530 nm. Therefore, based on the Soret region, no electron transfer to heme a was 

observed. Heme a reduction could not be confirmed by the signature peak at 606 nm 

due to the small signal in the visible region.  

CO flash-photolysis and recombination of the fully reduced CO-bound Q142C 
single cysteine mutant. 
 

In order to verify that the Q142C mutant was successfully purified before 

attachment to the DTUPS dye, TROA difference spectra were recorded upon CO 

flash-photolysis of the Q142C single cysteine mutant (Figure 18).  
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Figure 18. Time-resolved optical absorption difference spectra (post-minus-pre-
photolysis) for the CO flash-photolysis/recombination of the R. sphaeroides Q142C 
mutant. Data were recorded at room temperature following photodissociation of the 
fully reduced CO-bound Q142C R. sphaeroides CcO. The spectra were recorded at 
17 delay times, equally spaced logarithmically between 500 ns -100 ms. The arrows 
indicate progressive time delays. 

 

Time-resolved optical absorption difference spectra for the Q142C mutant were 

analyzed using SVD and global exponential fitting. Apparent lifetimes of 1.4 µs, 79 

µs, and 13 ms were determined. The 13 ms lifetime is attributed to CO 

recombination and is in good agreement with the observed lifetimes for the wild-

type enzyme (0.9 µs, 190 µs, and 20 ms) (data not shown). The two microsecond 

lifetimes are attributed to a relaxation of the photogenerated heme a3, which is also 

observed in the bovine aa3 enzyme (Georgiadis, 1994). Similar lifetimes for the 

mutant aa3 enzyme and wild-type enzyme are expected since the mutation should 

not affect the structure or function of the enzyme. 
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TROA studies of the DTUPS-cystamine: R. sphaeroides aa3 Q142C mutant. 

Following the synthesis of the DTUPS-cystamine, attempts were made to 

conjugate DTUPS-cystamine to single-cysteine R. sphaeroides mutants through a 

disulfide exchange reaction. Purified Q142C single cysteine mutant was equilibrated 

with 5 mM MES buffer, pH 8.5, in 0.1% DM detergent. The DTUPS was mixed 

with the Q142C CcO in a 6:1 ratio for 4 hours. The excess dye was removed using a 

spin-filter tube and the resulting solution was subsequently washed until the solution 

was no longer fluorescent; this is the same procedure as was used when the bovine 

enzyme was added to TUPS-Cc to form the electrostatic TUPS-Cc: bovine CcO 

enzyme/complex (Szundi, 2001). Figure 19 shows the TROA difference spectra 

following the photoexcitation of the DTUPS-Q142C at select time-points.  

 

Figure 19. The TROA difference spectra (post-minus pre-photolysis) recorded 
following photexcitation of the DTUPS-Q142C mutant CcO complex at 1 µs and 10 
µs. 
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Only transient absorbance associated with the photoexcitation of the dye was 

observed and, no electron transfer between DTUPS* and CcO signals was observed, 

most likely due to the small quantum yield of the DTUPS*. 

3.5 Discussion. 

Our results confirm that TUPS-Cc can inject a single electron into 

cytochrome c when the dye is excited to the triplet state (TUPS*) (Szundi, 2001). A 

small fraction of TUPS does not participate in electron transfer and decays through a 

parallel electron transfer process, but can be subtracted from the data and does not 

affect the data analysis of the electron transfer kinetics (Szundi, 2001). The 

cytochrome c is reduced with a rate constant 2.1 x105 s-1 (Kotlyar, 1997 (b)), as 

reflected by an absorption increase at 550 nm. The reoxidation of Cc is observed on 

a later time scale as indicated by a decrease in the signal at 550 nm. The TUPS 

bleach at 374 nm continues to decay and the excited state ultimately disappears at 

448 nm. 

Investigations of intramolecular electron transfer in the TUPS-Cc/ wild-type 

Rs CcO complex were carried out and the results were analogous to those obtained 

for intramolecular electron transfer in the TUPS-Cc/bovine complex. 

Early attempts to observe the electron transfer at linking the TUPS dye 

directly to CcO through a stronger thioether bond were unsuccessful. The thioether 

modification likely would have caused the excited state of the dye to be short lived 

because it lacks the essential thiouredo linkage required for triplet state formation 

(TUPS*).  
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Electrostatically reacting the bovine enzyme to DAPTS and DTUPS-

cystamine resulted in a very small TROA signal being observed. In both cases, the 

dye bleach is a fraction of the TUPS dye bleach (<20%) at similar concentrations.  

At pH 7.0, DTUPS-cystamine has a ground state absorbance at 460 nm, 

which falls between the 2nd (532 nm) and 3rd (355 nm) harmonic of the 1064 nm 

Nd:YAG DCR-11 laser. Only an 8 mOD signal was observed using the upper power 

limit (60 mW) of the 355 nm laser. A titration of DTUPS between pH 4.0 and pH 

10.0 was conduced in order to shift the absorption maximum closer to 355 nm and 

yielded absorption maxima at 467 nm and 430 nm at low and high pH, respectively. 

The absorbance properties of pyrene dye are affected by the structural rigidity 

of the compound. The TUPS dye is more rigid than DTUPS leading to the 

phosphorescence properties observed in TUPS (triplet state excitation), where 

DTUPS is more flexible (longer side chains) and phosphorescence properties are not 

observed. Presumably DTUPS has more vibrational relaxed states due to the 

increased structural flexibility leading to a decrease in phosphorescence.  

The triplet nature of the TUPS excited state is particular to only the thiouredo 

form of the pyrenetrisulfonates (Kotlyar, 1997(a)). The isothiocyano forms of the 

pyrenetrisulfonate and HPTS (1-hydroxypyrene-3,6,8-trisulfonate) do not have 

triplet excited states, but instead singlet excited states that decay rapidly.  It is 

possible that DTUPS* avoids the relaxation pathway through the thiouredo adduct. 

The thiouredo adduct allows electrons to travel via intersystem crossing which yields 

the triplet state TUPS*, where as the DTUPS* state could relax through the 
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sulfonamides. An alternative hypothesis is that the triplet quantum yield for the 

DTUPS is much lower than that for TUPS. The redox potential of the TUPS triplet 

state is estimated to be -0.9 eV (Kotlyar, 1997 (a)) giving it the capacity to reduce 

low potential electron acceptors. This value is based on the one electron oxidation of 

pyranine, a similar compound, as well as the observed capability of TUPS* to reduce 

a variety of low-potential electron acceptors (Kotlyar, 1996). The redox potential of 

Cc is -.250 eV, heme a -.210 eV, and CuA -.245 eV (heme a3 has -.34 eV and CuB 

has -.385 eV). It is clear that the quantum yield of the TUPS chromophore is very 

sensitive to substitution, including the replacement of the trisulfonic acid with 

sulfonamides.  The addition of sulfonamides greatly differs from the parent 

trisulfonic acid species characteristics. A study of triplet quantum yields of 

differently substituted maleimides showed triplet quantum yields ranging from zero 

to 24% verses the unsubstituted maleimide triplet quantum yield (von Sonntag, 

2000). 

Attempts at using a higher-energy laser pulse 266 nm rather than 355 nm, did not 

significantly increase signal and has the potential drawback of leading to direct 

photoreduction of the cytochrome c oxidase. Dye lasers were considered in place of 

the Nd:YAG system alone because of the ability to choose a specific wavelength to 

excite the dye; however, dye lasers can no reach a high enough power (~1 mJ/pulse) 

to form the needed DTUPS* radical.  

In previous experiments conducted by Professor Singram’s group in the 

Chemistry and Biochemistry department at UCSC, it was shown that modifications 
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of the amino group at position 1 and the trisulfonylchloride groups would red shift 

the absorption by 30 to 35 nm due to the alteration of the electronic structure of the 

dye; however the extent of the shift with a N,N-dimethylethylenediamine substituent 

was unknown. The conversion of the sulfonyl chlorides into sulfonamides by the 

addition of N,N-dimethylethylenediamine shifted the absorption from 410 nm to 427 

nm. The conversion of the DAPTS to DTUPS-cystamine resulted in a further shift to 

460 nm, an 88 nm red shift in absorption compared to TUPS-cystamine, whereas the 

absorbance change from IPTS to TUPS-cystamine was 35 nm blue shifted from 407 

to 372 nm. No blue shift was observed when the thiouredo adduct was formed in the 

case of DTUPS indicating that the positive charges greatly affected the reduction 

potential and electronic properties of the dye. 

Although the desired DTUPS pyrene derivative dye was successfully 

synthesized, the physical properties of the dye proved to be unusable for our 

experimental system. Preliminary experiments using quantum dots were also carried 

out, but were also not useful because of the short-lived lifetime of the nanoparticle 

radical after laser excitation.  

3.6 Quantum Dot Synthesis and Bioconjugation 

An alternative to the TUPS and TUPS-derivatives for studying intramolecular 

electron transfer is the use of semiconducting nanoparticles, also known as quantum 

dots, as photo-inducible electron donors (Reiss, 2009). The tunability (size, shape, 

charge) of quantum dots (QDs) allows for optimized extinction coefficients and !max 

that could overcome the limitations experienced with the pyrene dye derivatives 
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(Korgel, 1997). The size of a QD is comparable to Cc, which allows for more 

electron-donating sites within the proximity to CuA, the initial electron acceptor. 

Moreover, the charge transfer between the valence band and the conduction band in 

the QD is not directly affected by oxygen. This eliminates the need for the careful 

removal of oxygen from the system, as is the case when organic-based dyes are used 

to study electron transfer.   

The most promising approach for bring CcO and a CdSe QD into close 

enough proximity for charge transfer involves directly attaching the thiol 

functionality of a single cysteine mutant bacterial enzyme to the zinc shell of the 

water-soluble quantum dot (Medintz, 2007). As with the TUPS dye and TUPS 

analog, one cysteine would be strategically placed within an electron-transferring 

distance and the other cysteines in the protein could be replaced with other amino 

acids. Cysteines are typically replaced with amino acids with side groups that are, 

like cysteine, polar and uncharged such as serine, threonine, asparagine, and 

glutamine.  

 Another advantage of the quantum dot over TUPS or Ru-complex photo-

initiators (Geren, 2009) is that less enzyme would be required because the quantum 

dots have lower incidence of photobleaching. This would allow the QD to be excited 

repeatedly over the course of multiple experiments. When the TUPS dye is used for 

photoinduced electron transfer, new enzyme must be resupplied after repeated laser 

excitation. Thus using quantum dots could potentially save time and resources for 

the growth of bacteria and expression of protein.  
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Bioconjugation of quantum dots to CcO. 

The use of fluorescent nanoparticles, more specifically, CdTe quantum dots, 

was investigated as photoinducible electron donors. In our study, CdTe quantum 

dots capped with thioglycolic acid (TGA) were synthesized in Prof. Jin Zhang’s lab 

at UCSC following a non-organometallic route (Gaponik, 2002). The electrostatic 

conjugation of the QD and CcO was done overnight with a 1:1.5 molar ratio of 

bovine CcO to the CdTe quantum dots in HEPES buffer at pH 7.5 to increase the 

chances of labeling (Figure 20). Electrostatic attachment is the simplest and most 

widely used linkage approach for protein-nanoparticle conjugates (Medintz, 2007). 

 

Figure 20. Proposed CcO:quantum dot with sacrificial donor for electron transfer 
studies. 
 

Other routes for attachment of the quantum dot to CcO include direct 

attachment through a linker or the core or shell, or through a poly-histidine tag 

(Figure 21). The bioconjugation of the enzyme to the quantum dot would make it 

experimentally possible to determine intramolecular electron transfer pathways in 

CcO.    
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Figure 21.  Direct covalent attachment of the core-shell quantum dots to CcO.  

The photoactive QD in the presence of the bovine CcO, was excited with the 

355nm laser pulse to explore whether the QD is able to donate an electron to the 

higher potential CcO enzyme. Aniline was used as a sacrificial electron donor. The 

lifetime of the excited quantum dot appeared to be much too short to inject an 

electron into the protein as no bleach of the QD was observed. The lifetime needs to 

last long enough for the electron transfer process in the enzyme to occur, or else the 

electron will just return to the quantum dot with out reducing the enzyme. Future 

experiments could include the direct attachment of a zinc shell of the water-soluble 

quantum dot to a single cysteine mutant of the bacterial enzyme or to a relocated 

histidine tag on the C-terminus of the enzyme. 

 

3.7 Conclusions. 

 The ultimate goal of this research was to explore electron transfer using 

TUPS-cystamine and DTUPS-cystamine attached to single cysteines at the active site 

of the enzyme. This would allow us to learn more about the electron transfer 



 212 

pathways in CcO, more specifically, the residues involved in electron transfer to CcO 

enzyme to the initial electron acceptor CuA and the subsequent intramolecular 

electron transfer from CuA to heme a. Single cysteines engineered using site-directed 

mutagenesis were placed at various distances relative to CuA for attachment of the 

photo-inducible dye. By making mutations to important amino acid residues in the 

proposed pathway, the electron transfer rates were predicted to change based on the 

location and distance from CuA. Comparing the apparent rates with those for the wild-

type enzyme would provide insight into the significance of the altered residues in the 

electron transfer process. 

Our studies show that the original TUPS-cytochrome c molecule is useful for 

monitoring the electron reduction of heme a in both bovine enzyme and R. 

sphaeroides aa3 (unpublished results). However no electron transfer was observed 

when attempts were made to covalently attach TUPS to the single cysteine mutants. 

In order to circumvent the potential unfavorable electrostatic interaction between the 

TUPS dye and the negatively charged domain on the CcO, a positively charged 

DTUPS dye was synthesized and characterized. 

     The DTUPS dye synthesis was successful. However, the UV-visible spectrum 

of the DTUPS-cystamine (460 nm) dye was significantly red-shifted compared to 

that of the TUPS-cystamine dye (372 nm), and resulting in a low quantum yield even 

at high DTUPS concentration upon 355 nm laser excitation. The intersystem 

crossing responsible for the triplet state decay may have been eliminated or 

significantly reduced due to the change of the side chains on the pyrene scaffold. 
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Applications for the dye are being investigated and label-free nucleic acid-based 

biosensing applications are a strong possibility (Zhang, 2009). More specifically, 

aggregation-induced biosensing is an area where the novel pyrene dyes could be of 

great use because of their ability to form excimers. The multiple charged groups on 

DAPTS could increase sensitivity compared to the singly charged pyrene dyes 

currently used for this purpose. At various stages of the synthesis, the dye is thiol 

(DTUPS) or amine reactive (DIPTS) and depending on the synthesis route can be 

negative (TUPS) or positively charged (DTUPS). Although the DTUPS product 

could be used as a florescence dye probe for FRET-based labeling, the number of 

dyes available for this purpose is already large. 

The inherent properties of quantum dots would be an improvement over other 

photoactivatable compounds traditionally used for electron injection into CcO, 

including the TUPS or ruthenium complexes, because of less photobleaching, higher 

quantum yield, higher extinction coefficient, better interaction with the substrate 

binding pocket, and less total enzyme volume requirements. If the limitation of the 

short lifetime is overcome, this is an attractive route for exploration. A ZnS shell on 

the CdSe quantum dot could lengthen the lifetime enough for electron injection.  

Many considerations went into the design and synthesis of the photolabile 

DTUPS donor species to insure that they would interact favorable with the large 

membrane bound redox protein CcO. The CcO: DTUPS bioconjugate was buffer 

soluble and appeared to attach successfully. However, the absorption maximum at 

460 nm of the positively charged dye was not compatible with either the 2nd or 3rd 



 214 

harmonics of our Nd: YAG laser system. Future work could explore other ligands 

for the pyrene scaffold that might be better suited for the application discussed. 

Furthermore, only TUPS-cystamine and DTUPS-cystamine to the aa3 mutants have 

been explored. However, attempts of traditional TUPS attachment with single 

cysteine bo3 mutants are worth pursuing as native bo3 has positively charged residues 

on its membrane surface. 
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Abstract.  

Proton-coupled electron transfer (PCET) is a central process in many 

enzymatic reactions, and is often accompanied by the presence of a redox-active 

tyrosine. This includes photosystem II (PSII), ribonucleotide reductase (RNR), 

and galactose oxidase (GO). Cytochrome c oxidase (CcO) contains a tyrosine 

cross-linked to a histidine bound to CuB at the active site. However, whether the 

cross-linked tyrosine in CcO is involved in PCET is unknown. 

The complex nature of proteins and enzymes makes it useful to study less 

intricate functional model systems when investigating how the protein 

environment controls PCET reactions. A novel beta-hairpin biomimetic peptide 

(peptide A) containing a tyrosine with a cross-strand histidine is an effective way 

of studying the postulated mediation of catalysis by redox-active tyrosines. In this 

study, we carried out TROA measurements on a biomimetic peptide and controls 

at different pH values to explore PCET. The tyrosyl radical decay in peptide A, a 

PCET process, is significantly faster than observed for tyrosine at pH 8.5. 

Suggesting that the proximal histidine in peptide A plays a role in the decay of the 

tyrosyl radical. 

4.1 Introduction. 

Redox-active tyrosine residues play an essential role in proton-coupled 

electron transfer (PCET) in a wide spectrum of enzymes (Reece, 2009). PCET is a 

broad term defined as any reaction in which an electron and a proton are 

transferred regardless of the mechanism (Huynh, 2007). PCET oxidations of 
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phenols to phenoxyl radicals are of particular importance in biological systems 

because of the ubiquitous involvement of tyrosyl radicals in enzymatic processes 

(Rhine, 2006). 

Photosystem II (PSII) catalyzes the light-driven oxidation of water and 

reduction of plastoquinone (Barry, 2011). PSII has been used extensively to study 

PCET reactions, in part, because it contains two redox-active tyrosines with 

different enzymatic roles, and it is easily isolated from produce, algae, or plants. 

The midpoint potential and electron transfer kinetics of each tyrosine are unique 

due to the different protein environment of the two tyrosines (Barry, 2011). The 

PCET in PSII involves the oxidation of the neutral tyrosyl of Tyr161 in the D1 

polypeptide and the deprotonation of the phenolic oxygen (Keough, 2011). The 

electron is used to reduce the primary donor, P680
+, and the proton, which is 

accepted by a histidine residue, stabilizes the radical and can be used for redox 

chemistry.  

 Cytochrome c oxidase (CcO), the terminal enzyme in the electron transport 

chain of eukaryotes and many prokaryotes, accepts electrons from cytochrome c for 

the reduction of dioxygen to water (Babcock, 1992). This reaction is coupled to 

proton translocation across the inner mitochondrial membrane in mitochondria and 

plasma membrane in bacteria (Wikstrom, 1977). The resulting electrochemical proton 

gradient is used for ATP synthesis. The heme-copper oxidases are divided into three 

subfamilies A, B, and C. The A-type bovine heart CcO and Rhodobacter sphaeroides 

aa3 contain four redox centers, a dinuclear CuA center, a low-spin heme a, and the 
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heme a3/CuB binuclear center at the active site of the enzyme (Babcock, 1992). A 

tyrosine residue cross-linked to one of the histidines coordinated to CuB has been 

proposed to provide the final electron required for O-O bond cleavage, but direct 

experimental evidence is lacking; the other three electrons that are required for the 

splitting of the O-O bond during oxygen reduction come from the oxidation of heme 

a3 (two electrons) and from the oxidation of CuB (one electron) (Kalia, 2009).  

Model peptides have been used to investigate the effect of non-covalent 

interactions on the redox potentials of cofactors, iron sulfur clusters, and redox-

active centers in enzymes (Gibney, 1997). Beta hairpins are a common secondary 

motif in proteins and are predicted by an amino acid sequence with a high 

propensity to form beta sheets and the necessary type 1 Asn-Gly turn (Barry, 

2006). Beta hairpin models have been used extensively to study protein folding 

and non-covalent protein interactions (Robinson, 2008). A biomimetic peptide 

(peptide A), containing a stable beta hairpin with a tyrosine and a cross-strand 

histidine (Figure 1), was synthesized in Professor Bridgette Barry’s laboratory at 

Georgia Institute of Technology to determine the effect of non-covalent 

interaction between a tyrosine and a proximal histidine on the PCET. Peptide A 

does not have the complexity associated with a surrounding protein environment, 

and it serves as an excellent functional model for redox-active tyrosines. 
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Figure 1. The biomimetic peptide A containing a beta-hairpin with a tyrosine and 
a cross-strand histidine (Figure modified from Sibert, 2010). 
 

Peptide A is a de novo 18 amino acid beta hairpin peptide with a sequence 

of IMDRYRVRNGDRIHIRLR (Figure 1), which was designed to elucidate the 

effect of pH on the rates of tyrosine radical formation in the presence of histidine 

(Sibert, 2006). The tyrosine at the center of the peptide is ~5 Å away from the 

cross-strand histidine (Figure 2) (Sibert, 2006).  

 

Figure 2. Peptide A containing a tyrosine (Tyr5) with a cross-strand histidine 
(His14) (Figure from Sibert, 2010). 
 

The beta hairpin peptide A contains two salt bridges, a ! -stacking 

aromatic interaction between the tyrosine and the histidine (Figure 2), a !-cation 

interaction between the tyrosine and Arg 12, and hydrogen bonding interactions 

between the tyrosine and Arg 16 (Sibert, 2010). As an experimental control, 

ProtonProton--Coupled Electron Transfer Studies of Biomimetic Beta Hairpin Coupled Electron Transfer Studies of Biomimetic Beta Hairpin 
using Timeusing Time--Resolved Optical Absorption SpectroscopyResolved Optical Absorption Spectroscopy

Abstract: 
The coupling of proton pumping with electron transfer is a 

central process utilized in enzymatic reactions, and is often 
accompanied by the presence of a redox-active tyrosine interaction 
associated with histidine. Proton coupled electron transfer (PCET) is 
mechanistically essential in a number of biologically important 
enzymes including photosystem II (PSII), an enzyme that has been 
extensively studied, and cytochrome c oxidase (CcO) which contains a 
canonical tyrosine-histidine crosslink post translational modification in 
the active site of the enzyme.

The goal of this project is to investigate how protein
environment controls PCET kinetics in enzymes by monitoring the 
formation of the tyrosyl radical and solvated electron using Time-
Resolved Optical Absorption Spectroscopy (TROAS). The rate of 
formation of the radical was faster at lower pH as histidine protonation
decreases the tyrosine midpoint potential, in turn increasing rates of 
PCET.

Introduction:
Tyrosine biomimetic peptides are an effective way of studying 

the postulated mediation of catalysis by redox-active tyrosine in a 
number of enzymes, such as photosystem II. Beta hairpins designed 
from short peptide sequences containing a tyrosine and cross-strand 
histidine serve as a  basic and functional model for more complex 
protein stuctures. 

An 18 amino acid beta hairpin peptide (Figure 1,Peptide A) was 
designed in order to elucidate the effect of pH change on the rates of 
radical formation. Previous studies show that the cross-strand histidine
changes the behavior of radical formation by lowering the redox
potential due to pi-stacking of the aromatic rings. Hydrogen bonding 
between neighboring arginines also effects the midpoint potential of 
tyrosine. The electron transfer rates in enzymes with PCET processes 
depend on favorable midpoint potentials for efficient catalysis.

Dept. of Chemistry and Biochemistry, University of California, Santa Cruz and Georgia Institute of Technology, Atlanta, Georgia¥

Experimental:
Peptide A has a sequence of IMDRYRVRNGDRIHIRLR. 

It was supplied as a dry powder that was dissolve in buffer 
solution at three different pHs: pH 5, pH 7.5 or 8.5, and pH 11.
Two controls were also prepared, tyrosine alone and a 
dipeptide containing a tyrosine and one histidine. All solutions 
were prepared at a concentration of 1 mM which is the 
maximum solublity in water or D2O. The sample was degassed 
and purged with nitrogen to remove oxygen which is capable 
of qunching the radical. The sample was then loaded into a 
gas tight flow syringe. The peptide mimic was pumped from 
the syringe to a quartz cell. For each time point an average of 
40 pushes were averaged. 

A third harmonic (266 nm) pulse from a Q-switched 
DCR-11 Nd:YAG laser was used to generate the tyrosine 
radical which produced a transient difference peak at 420 nm. 
This change in absorption was followed from 100 ns to 20 ms 
to track the longevity of the radical formed. When a sample 
containing water as solvent is hit with 266 nm laser pulses a 
solvated electron is also produced in the nanosecond time 
regime. This is observed optically with a broad peak from    
500 nm to 750 nm. 

Results:              
The rate of formation of the tyrosine radical was faster at 

lower pH for Peptide A as expected. This further illustrates that beta 
hairpins can be useful model systems to quantify non-covalent 
interactions in enzymes. The increased rate of radical formation is 
likely due to the proton transfer to the cross strand histidine when 
tyrosine is oxidized. 

Future experiments include recording traces at single 
wavelengths with an oscilloscope and a monochromator to improve 
the time resolution. We are currently exploring further ways to 
improve our data reproducibility especially in respect to baseline 
fluctuations. 
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peptide C was synthesized containing a cyclohexylalanine (Cha) in place of the 

lone histidine in peptide A (Figure 3) (Sibert, 2010). Another experimental 

control was tyrosine (L-tyrosine), a well-studied aromatic amino acid. Tyrosine 

alone is not the ideal control for the peptide mimics due to the charged free amine 

and carboxyl group’s effect on tyrosine radical formation. A better control for the 

peptide mimic, besides peptide C, is the Tyr-His dipeptide, which has only one 

carboxyl or amino terminus, compared to tyrosine, which has both charged groups 

present.  

             

Figure 3. The biomimetic control, peptide C, containing a beta-hairpin with a 
tyrosine and a cyclohexylalanine (Cha) in place of the cross-strand histidine in 
peptide A (Figure from Sibert, 2010). 
 

Tyrosine has a standard reduction potential of 1.02 V (vs. NHE, normal 

hydrogen electrode) at pH 7.0 and a pKa of 10.0 when not in a peptide or protein 

(Sibert, 2007).  In peptide A, the pKa for oxidized tyrosine is -2 and the pKa for 

the reduced form of tyrosine is 9.3 (Sibert, 2010). The pKa of the histidine in 

peptide A (His14) is 7.0 for the reduced form and 8.0 for the oxidized form 

(Sibert, 2010).  

The goal of this peptide mimic collaborative study between Prof. Bridgette 

Barry and the Einarsdóttir lab was to investigate how non-covalent interactions 

between a tyrosine and histidine may regulate PCET. We used time-resolved 
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optical absorption (TROA) spectroscopy to follow the decay of the tyrosyl radical 

and the solvated electron in the beta hairpin polypeptide, peptide A, and its non-

histidine containing “analog” (peptide C), upon photoexcitation of the peptides 

with a 266 nm laser pulse. The Einarsdóttir group is interested in the 

aforementioned interaction between the tyrosine and histidine because the 

tyrosine cross-linked to the histidine ligand to CuB may play a key role in PCET 

in O2 reduction in the heme-copper oxidases. The information gained from this 

study is expected to provide additional insight into the role of tyrosine in PCET 

reactions, a key topic of interest in the field of bioenergetics.  

 
4.2 Methods and Materials. 

The biomimetic peptides A and C were developed by Prof. Bridgette 

Barry at Georgia Institute of Technology in Athens, Georgia. Peptide A was 

synthesized and purified to 95% homogeneity by Sigma Genosys. Mass 

spectrometry was used to verify the amino acid sequence, and the purity was 

determined with reverse-phase HPLC chromatography by the manufacturer. 

Circular dichroism (CD) was used to confirm the secondary structure (Sibert, 

2010). The single trough at 197 nm in the CD spectrum identified the presence of 

the monomeric !-hairpin in aqueous solution, whereas typical ! sheets in proteins 

exhibit a minimum at 210 nm. The ProtParam program was used to predict the 

physicochemical properties of peptide A before it was synthesized. ProtParam 

predicted both solubility and stability for peptide A at biological pH (Sibert, 

2010).   
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Peptide sample preparation. 

Peptide A was supplied by the Barry Lab as a dry powder and was 

dissolved in a buffer solution at three different pH values, pH 5 (acetate buffer), 

pH 7.5 or 8.5 (TAPS buffer (N-Tris(hydroxymethyl)methyl-3-

aminopropanesulfonic acid)), and pH 11 (borate or CAPS buffer (N-cyclohexyl-3 

aminopropanesulfonic acid)). Experiments were also conducted in D2O, at 

equivalent pDs, in an attempt to show that the contribution of H+ at lower pH 

promotes tyrosyl radical formation and ultimately histidine protonation. Three 

controls were also prepared; tyrosine alone, a dipeptide containing a non-cross-

strand tyrosine and histidine (Tyr-His), and Peptide C (His14Cha). Peptide C is 

equivalent to Peptide A except that it has a cyclohexylalanine (Cha) in place of 

the cross-strand histidine.  

The peptide samples were diluted to between .2 mM to 1 mM and the 

tyrosine samples were prepared at 1 mM, the maximum solubility in either water 

or D2O. Due to the high cost of the peptide mimics, the sample size was limited to 

3-4 mL (~1 µmol peptide mimic per sample; .06 OD). The 24 experiments (4 

samples, 3 pHs, 2 solvents) were conducted in duplicate. 

  The peptide samples were degassed and purged with nitrogen to remove 

oxygen and prevent quenching of the tyrosyl radical. The sample was then loaded 

into a gas-tight flow syringe. The peptide mimic was mechanically pumped from 

the syringe to a quartz cell in 30 µL aliquots. For each time point, 40 individual 

spectra were averaged in order to optimize the signal-to-noise ratio. 
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 Flow-flash experiment.  

  The photoinduced tyrosyl radical was produced by 266 nm laser excitation  

(Q-switched DCR-11 Nd:YAG laser fourth harmonic) (20 mJ/pulse). The 266 nm 

laser pulse required adjustment of the focusing lens to achieve maximum 

attainable power and proper alignment. Two gratings were used separately. 

Grating 1 (325 – 500 nm) was utilized to record the formation and the decay of 

the tyrosyl radical alone. Grating 2 (350-750 nm) allowed the recording of the full 

Soret and visible regions, which included the photodynamics of both the tyrosyl 

radical and the solvated electron. The gating of the system was set at 50 ns to 

record the 100 ns and 200 ns time points, and the standard gating of 100 ns was 

used for all other time points.  

  For the preliminary TROA measurements, the flash-photolysis was 

conducted on the peptide in an airtight cuvette. While the tyrosyl radical would be 

expected to recover between laser pulses, repeated laser excitation resulted in 

degradation of the sample as reflected by a change in color from transparent to 

yellow. In order to circumvent this problem, a flow-loop setup was implemented, 

where the valves on the flow-flash apparatus were configured to push the sample 

continuously through the system. An alternative set-up using a peristaltic pump 

was implemented through a serial port connection, but conflicted with the Andor 

iStar iCCD camera software, causing the laser computer system to shut down. In a 

third attempt to improve the signal quality, a larger volume flow cell (4 mm 

diameter) was used to minimize the “shock waves” detected with the traditional 



 227 

flow-flash reaction cell (2 mm diameter). The shock waves became more 

pronounced with the larger flow cell.  Finally, the most effective method was to 

load the sample into the flow syringe, run the sample, collect the data, and re-

deoxygenate and reload the recycled sample. This process was repeated until all 

time points were recorded. This method will be referred to as the flow-reload 

flow-flash method.  

 

Figure 4. Experimental set-up for obtaining multi-wavelength time-resolved 
optical absorption spectra during flow-flash experiments. 
 
 TROA data analysis. 

  The TROA data were analyzed using singlular value decomposition 

(SVD) and global exponential fitting (see Appendix). Multiple routes of analysis 

were implemented in attempts to produce quality kinetic lifetime data, including 

analyzing the solvated electron signal separately from the tyrosyl radical spectra. 

Attempts were also made to subtract the water or deuterated water baselines, but 

the baselines fluctuated randomly between each experiment so the strategy was 
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unsuccessful. All spectra were taken using the flow-reload flow-flash method 

described above. 

The analysis of the flow-flash experimental data of the tyrosyl radical and 

solvated electron decay required tilt adjustments due to scattering, u-vector 

corrections, and baseline corrections. Tilting corrections allowed for adjustment 

of spectral lines that deviated from horizontal. Scattering corrections (Rayleigh 

scattering, !/4) were needed when degraded peptide “clouded” the solution due to 

repeated exposure to the high-energy laser light, and u-vector corrections were 

necessary when the b-spectra deviated from the zero line on the optical density 

(OD) scale; the u-vector corrections could only be done when the “shock waves” 

appeared in a non-random manner, i.e. shifted consistently. Shock wave is a term 

used to describe the up and down shift in the baseline of the observed spectra for 

the recorded time-points containing the solvated electron. The shock waves are 

created by the high-energy laser pulse and arise from movement of fluid confined 

in the cuvette. 

Only approximate lifetimes are reported because of the range of values 

obtained depending on the approach taken to analyze the data. Small adjustments 

in the spectra were also found to produce significant range in the apparent 

lifetimes.  
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4.3 Results 

The photoexcitation of tyrosine in H2O at pH 8.5 and pH 11. 
 

The photodynamics of tyrosine were investigated as a control for peptide 

A, but also to test the different systems and experimental setups before working 

with the more valuable peptide A and peptide C. Figure 5A and 5D shows the 

time-resolved optical absorption difference spectra following 266 nm laser pulse 

excitation of tyrosine in H2O at pH 8.5 and 11, respectively. The formation of the 

tyrosine radical is reflected by a double peak at 390 nm and 420 nm in the 

transient absorbance difference spectrum (Cappuccio, 2001), while the broad peak 

from 500 - 750 nm is due to the solvated electron.  
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Figure 5. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of tyrosine at (A) pH 8.5 and (D) pH 
11 in H2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-
spectra resulting from a two-exponential global fit of the TROA difference 
spectra recorded following photolysis of tyrosine at (B) pH 8.5 and (E) pH 11. 
The b0 spectrum (red) is the final b-spectrum and represents the difference 
spectrum extrapolated to infinite time. (C and F) The residuals of the TROA data 
for tyrosine at (C) pH 8.5 and (F) pH 11 in H2O correspond to the difference 
between the data and the fit for each delay time. The delay times progress (ns to 
ms) from the bottom to the top and are separated by a constant for clarity.  
 

SVD and global exponential fitting were used to analyze the data. A quality fit 

was obtained at both pH 8.5 and pH 11 using two exponentials, resulting in apparent 

lifetimes of 92 µs and 725 ns at pH 8.5, and 79 µs and 731 ns at pH 11. The b-spectra 
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are the spectral changes associated with the reported lifetimes and are shown in 

Figure 5B and 5E for pH 8.5 and pH 11, respectively. Shown in Figure 5C for pH 8.5 

and Figure 5F for pH 11 are the residuals. The low non-random noise in the residuals 

indicates a satisfactory agreement between the global exponential fit and the 

experimental data. However, the spectra at many of the time points are tilted from the 

baseline, and as discussed above, we were unable in many instances to remove these 

tilts by standard data analysis procedures.  

The apparent lifetimes of 92 µs and 79 µs at pH 8.5 and pH 11, 

respectively, are attributed to the decay of the tyrosyl radical. The apparent 

lifetimes of 725 ns at pH 8.5 and 731 ns at pH 11 are attributed to the decay of the 

solvated electron. However, these latter values are inconclusive because of the 

large uncertainty resulting from the tilts in the residuals.  

The photoexcitation of a Tyr-His dipeptide in H2O at pH 8.5 and pH 11 
 

The photodynamics of the Tyr-His dipeptide was investigated as a control 

for the biomimetic peptide A. The spectral changes following excitation of the 

Tyr-His peptide in H2O are shown in Figure 6A and 6D for pH 7.5 and pH 11, 

respectively.  
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Figure 6. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of Tyr-His at (A) pH 7.5 and (D) pH 
11 in H2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms (B and E). b-
spectra resulting from a two-exponential global fit of the TROA difference 
spectra recorded following photolysis of the Tyr-His dipeptide at (B) pH 7.5 and 
(E) pH 11. The b0 spectrum (red) is the final b-spectrum and represents the 
difference spectrum extrapolated to infinite time. (C and F) The residuals of the 
TROA data for tyrosine at (C) pH 8.5 and (F) pH 11 in H2O correspond to the 
difference between the data and the fit for each delay time. The delay times 
progress (ns to ms) from the bottom to the top and are separated by a constant for 
clarity. 
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Global exponential fitting revealed two lifetimes for each pH, 65 µs and 298 ns 

for Tyr-His at pH 8.5, and lifetimes of 79 µs and 664 ns for Tyr-His at pH 11. The b-

spectra are shown in Figure 6B and 6E, respectively. The low non-random noise in 

the plotted residuals (Figure 6C and 6F, for pH 7.5 and pH 11, respectively) indicates 

a satisfactory agreement between the global exponential fit and the experimental data.  

The apparent lifetimes attributed to the decay of the tyrosyl radical in the Tyr-His 

dipeptide in H2O were the same within experimental error at high pH (79 µs) at pH 11 

and low pH (65 µs at pH 8.5). The lifetimes attributed to the solvated electron decay 

were 298 ns and 664 ns at pH 7.5 and pH 11, respectively. 

The photoexcitation of the peptide A in H2O at pH 8.5 and pH 11 
 

Figure 7A and 7D shows the time-resolved optical absorption difference spectra 

following 266 nm laser pulse excitation of peptide A in H2O at pH 8.5 and 11, 

respectively. 
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Figure 7. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of peptide A at (A) pH 8.5 and (D) pH 
11 in H2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-
spectra resulting from two-exponential global fit of the TROA difference spectra 
recorded following the photolysis of peptide A at (B) pH 8.5 and (E) pH 11. The 
b0 spectrum (red) is the final b-spectrum and represents the difference spectrum 
extrapolated to infinite time. (C and F) The residuals of the TROA data for 
peptide A at (C) pH 8.5 and (F) pH 11 in H2O correspond to the difference 
between the data and the fit for each delay time. The delay times progress (ns to 
ms) from the bottom to the top and are separated by a constant for clarity. 
 

 Global exponential fitting revealed two lifetimes for each pH, 16 µs and 217 

ns for peptide A at pH 8.5, and lifetimes of 115 µs and 421 ns at pH 11. The b-spectra 
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are shown in Figure 7B and 7E for pH 8.5 and 11, respectively. A satisfactory 

agreement between the global exponential fit and the experimental data is reflected by 

the low non-random noise in the plotted residuals, which are shown in Figure 7C and 

7F for pH 8.5 and 11, respectively. The apparent lifetimes of 16 µs and 115 µs at pH 

8.5 and pH 11 are attributed to the decay of the peptide A tyrosyl radical, while the 

apparent lifetime of 217 ns and 421 ns at pH 8.5 and pH 11, respectively, are 

attributed to the decay of the solvated electron. 

The b0 spectra for peptide A are not perfectly flat at either pH 8.5 or pH 11. The 

addition of an extra lifetime would not hold any physical meaning as the only two 

processes expected after the excitation of peptide A are the decay of the tyrosyl 

radical and the solvated electron. After 20 ms, both the tyrosyl radical and solvated 

electron decay processes should be complete.  

The photodynamics of peptide C in H2O at pH 8.5 and pH 11. 
 

The photoexcitation of peptide C containing a tyrosine and a non-covalently 

linked cross-strand cyclohexylalanine was also investigated as a control for the 

biomimetic peptide A. The control experiment was conducted to determine the effect 

of removing the cross-strand histidine, present in peptide A, on the lifetime of the 

tyrosyl radical decay at pH 8.5 and 11. 

Figure 8A and 8D shows the TROA difference spectra following 266 nm laser 

pulse excitation of peptide C in H2O at pH 8.5 and 11, respectively. 
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Figure 8. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of peptide C at (A) pH 8.5 and (D) pH 
11 in H2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-
spectra resulting from a two-exponential global fit of the TROA difference 
spectra recorded following photolysis of peptide C at (B) pH 8.5 and (E) pH 11. 
The b0 spectrum (red) is the final b-spectrum and represents the difference 
spectrum extrapolated to infinite time. (C and F) The residuals of the TROA data 
for peptide C at (C) pH 8.5 and (F) pH 11 in H2O correspond to the difference 
between the data and the fit for each delay time. The delay times progress (ns to 
ms) from the bottom to the top and are separated by a constant for clarity.  
 

Global exponential fitting revealed two lifetimes for each pH, 68 µs and 296 ns 

for peptide C at pH 8.5, and lifetimes of 187 µs and 398 ns at pH 11. The b-spectra 
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are shown in Figure 8B and 8E for pH 8.5 and 11, respectively. A satisfactory 

agreement between the global exponential fit and the experimental data is reflected by 

the low non-random noise in the plotted residuals, which are shown in Figure 8C and 

8F for pH 8.5 and 11, respectively. 

The apparent lifetimes of 68 µs and 187 µs at pH 8.5 and pH 11 are 

attributed to the decay of the peptide C tyrosyl radical, while the apparent 

lifetimes of 296 ns and 398 ns at pH 8.5 and pH 11, respectively, are attributed to 

the decay of the solvated electron. The tyrosyl radical decay for peptide A (16 µs 

at pH 8.5, 115 µs at pH 11) is faster compared to the radical decay for peptide C 

at both pHs values.  

The photoexcitation of tyrosine in D2O at pD 8.5 and pH 11. 
 

The equivalent experiments conducted in H2O were also investigated in D2O. 

Figure 9A and 9D shows the TROA difference spectra following 266 nm laser pulse 

excitation of tyrosine in D2O at pD 8.5 and 11, respectively. 
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Figure 9. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of tyrosine at (A) pD 8.5 and (D) pD 
11 in D2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-
spectra resulting from the two-exponential global fit of the TROA difference 
spectra recorded following the photolysis of tyrosine at (B) pD 8.5 and (E) pD 11. 
The b0 spectrum (red) is the final b-spectrum and represents the difference 
spectrum extrapolated to infinite time. (C and F) The residuals of the TROA data 
for tyrosine at (C) pD 8.5 and (F) pD 11 in D2O correspond to the difference 
between the data and the fit for each delay time. The delay times progress (ns to 
ms) from the bottom to the top and are separated by a constant for clarity. 
 

Global exponential fitting revealed two lifetimes for each pD, 9 µs and 279 ns 

for tyrosine at pD 8.5, and lifetimes of 57 µs and 734 ns at pD 11. The b-spectra and 
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the residuals are shown in Figure 9B and 9E, and Figure 9C and 9F, for pD 8.5 and 

pD 11, respectively; there is some non-random noise in the plotted residuals 

indicating an unsatisfactory fit at some time points. 

The apparent lifetimes of 9 µs and 57 µs at pD 8.5 and pD 11 are 

attributed to the decay of the tyrosyl radical, while the apparent lifetimes of 279 

ns and 734 ns for pD 8.5 and pD 11, respectively, are attributed to the decay of 

the solvated electron. However, the values of 279 ns and 734 ns are inconclusive 

because of the large uncertainty resulting from the tilts in the residuals.  

The photoexcitation of a Tyr-His dipeptide in D2O at pD 8.5 and pH 11. 
 

The photodynamics of the Tyr-His dipeptide in D2O was also investigated.  

Figure 10A and 10D shows the TROA difference spectra following 266 nm laser 

pulse excitation of Tyr-His in D2O at pD 8.5 and 11, respectively. 
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Figure 10. (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) following excitation of Tyr-His at (A) pD 8.5 and (D) pD 
11 in D2O with a 266 nm laser pulse. The Soret and visible spectra were recorded 
together at logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-
spectra resulting from the two-exponential global fit of the TROA difference 
spectra recorded following the photolysis of Tyr-His at (B) pD 8.5 and (E) pD 11. 
The b0 spectrum (red) is the final b-spectrum and represents the difference 
spectrum extrapolated to infinite time. (C and F) The residuals of the TROA data 
for Tyr-His at (C) pD 8.5 and (F) pD 11 in D2O correspond to the difference 
between the data and the fit for each delay time. The delay times progress (ns to 
ms) from the bottom to the top and are separated by a constant for clarity. 
 

Global exponential fitting revealed two lifetimes for each pD, 46 µs and 368 

ns for Tyr-His at pD 8.5, and lifetimes of 139 µs and 627 ns at pD 11. The b-spectra 
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and the residuals are shown in Figure 10B and 10E, and Figure 10C and 10F, for pD 

8.5 and pD 11, respectively. The low non-random noise in the plotted residuals 

indicates a satisfactory agreement between the global exponential fit and the actual 

data.  

The apparent lifetimes of 46 µs and 139 µs at pD 8.5 and pD 11 are 

attributed to the decay of the tyrosyl radical, while the apparent lifetimes of 368 

ns and 627 ns at pD 8.5 and pD 11, respectively, are attributed to the decay of the 

solvated electron.  

The photoexcitation of peptide A (pD 8.5 and pD 11) and peptide C  
(pD 11) radical and the solvated electron decay in D2O  
 

TROA studies of both peptide A and peptide C were also conducted in the 

presence of D2O. Figures 11A, 11D, and 12A show the TROA difference spectra 

following 266 nm laser pulse excitation of peptide A in D2O at pD 8.5, peptide A in 

D2O at pD 11, and peptide C in D2O at pD 11, respectively. The TROA difference 

spectra for pD 8.5 did not produce reliable data and are not presented.  
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Figure 11.  (A and D) Time-resolved optical absorption difference spectra (post-
minus-pre-photolysis) of peptide A at (A) pD 8.5 and (D) pD 11 in D2O with a 
266 nm laser pulse. The Soret and visible spectra were recorded together at 
logarithmically spaced time delays of 100 ns - 20 ms. (B and E) b-spectra 
resulting from the two-exponential global fit of the TROA difference spectra 
recorded following photolysis of peptide A at (B) pD 8.5 and (E) pD 11. The b0 
spectrum (red) is the final b-spectra and represents the difference spectrum 
extrapolated to infinite time. (C and F) The residuals of the TROA data at (C) pD 
8.5 and (F) pD 11 in D2O correspond to the difference between the data and the fit 
for each delay time recorded. The delay times progress (ns to ms) from the Figure 
bottom to the top and are separated by a constant for clarity. 
 
       Global exponential fitting revealed two lifetimes for each pD, 25 µs and 314 ns 

for peptide A at pD 8.5, and lifetimes of 22 µs and 318 ns for peptide A at pD 11. 
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Apparent lifetimes of 347 ns and 43 µs were observed for peptide C at pD 11. The b-

spectra are shown in Figure 11B, 11E, and 12B for peptide A at pD 8.5, peptide A at 

pD 11, and peptide C at pD 11, respectively. The residuals are shown in Figure 11C, 

11F, and 12C for peptide A at pD 8.5 and pD 11, and peptide C at pD 11 respectively. 

The low non-random noise in the plotted residuals indicates a satisfactory agreement 

between the global exponential fit and the experimental data. However, the solvated 

electron spectra at many of the time points are tilted from the baseline, and we were 

unable to remove these tilts by standard data analysis procedures. Therefore, the 

lifetimes for the solvated electron are not accurate. 

The apparent lifetimes of 25 µs and 22 µs at pD 8.5 and pD 11 for peptide 

A are attributed to the decay of the peptide A tyrosyl radical, while the apparent 

lifetimes of 314 ns and 318 ns at pD 8.5 and pD 11, respectively, are attributed to 

the decay of the solvated electron. The apparent lifetime of 43 µs at pD 11 for 

peptide C is attributed to the decay of the peptide C tyrosyl radical, while the 

apparent lifetime of 347 ns at pD 11 is attributed to the decay of the solvated 

electron.  

The b0 spectra for peptide A in D2O are not perfectly flat at either pD 8.5 and 

pD 11. As mentioned above, the addition of an extra lifetime would not hold any 

physically meaning as the only two processes expected after the excitation of peptide 

A in D2O are the decay of the tyrosyl radical and the solvated electron. After 20 ms, 

both the tyrosyl radical and solvated electron decay processes should be complete. 

The last several time-points in the TROA difference spectra appear to be overlapping, 
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indicating that some of the tyrosyl radical for peptide A might not recover on the 

recorded time scale.  
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Figure 12. (A) Time-resolved optical absorption difference spectra (post-minus-
pre-photolysis) of peptide C at pD 11 in D2O with a 266 nm laser pulse. The Soret 
and visible spectra were recorded together at logarithmically spaced time delays 
of 100 ns - 20 ms. (B) b-spectra resulting from the two-exponential global fit of 
the TROA difference spectra recorded following the photolysis of peptide C at pD 
11. The b0 spectrum (red) is the final b-spectra and represents the difference 
spectrum extrapolated to infinite time. (C) The residuals of the TROA data for 
peptide C at pD 11 in D2O correspond to the difference between the data and the 
fit for each delay time recorded during the TROA experiment. The delay times 
progress from the bottom to the top and are separated by a constant for clarity.  
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A summary of the lifetimes obtained for the tyrosyl radical and solvated 

electron decay for the tyrosine, Tyr-His, peptide A and peptide C are presented in 

Table 1. 

 

Table 1. Approximate tyrosyl radical and solvated electron decay lifetimes of 
tyrosine, Tyr-His dipeptide, peptide A and peptide C. 
 

4.4 Discussion 

TROA spectroscopy was utilized to investigate the effects of pH on proton- 

coupled electron transfer (PCET) in peptide A, an 18 amino acid beta hairpin 

peptide containing a tyrosine and a cross-strand histidine. After laser excitation, 

the aromatic side chain ring of tyrosine becomes transiently oxidized, forming a 

neutral tyrosyl radical (Sibert, 2007). It is proposed that the radical in peptide A, 

rests on tyrosine’s phenolic oxygen and lowers the dissociation constant enough 

for the tyrosine to participate in a PCET reaction (Sibert, 2007). The tyrosine and 
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cross-strand histidine interaction has been hypothesized to change the nature of 

the PCET reaction by increasing the rate of the tyrosyl radical formation at lower 

pH because of a change in the midpoint potential of the tyrosine in the presence of 

the adjacent cross-strand histidine (Sibert, 2010). More specifically, in peptide A, 

the pKa of His14 changes when Tyr5 oxidizes, which in turn lowers the redox 

potential of Tyr5 and causes histidine protonation (Figure 3) (Sibert, 2010). 

Although the Tyr5 and His14 are not directly hydrogen bonded, PCET between 

them is thought to occur through the network of water molecules (Sibert, 2007).  

Previous electron paramagnetic resonance (EPR) and electrochemical 

titration studies using square wave voltammetry have shown that the !-stacking of 

the aromatic rings of the cross-strand histidine (His14) and the single tyrosine 

residue (Tyr5) causes the lowering of the redox potential of the latter (Barry, 

2011). Hydrogen bonding between neighboring arginines also affects the 

midpoint potential of tyrosine. In peptide A, the tyrosine is hydrogen bonded to 

Arg16, and Arg 12 has a !-cation interaction with the tyrosine residue (Sibert, 

2010).  

In the EPR study of the photoexcitation of peptide A and peptide C, the 

tyrosyl radical was generated by UV photolysis much like in our TROA 

experiments. This resulted in a neutral tyrosyl radical with spin density on carbon 

atoms 1’, 3’, and 5’ of the aromatic ring and on the phenolic oxygen (Barry, 

1990). EPR line shape changes are detected upon changes in the electron spin 

density distribution and conformation at the C" –C1’ dihedral angle (Sibert, 2010). 
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The EPR spectra of peptide A and peptide C at low pH (pH 5) are 

indistinguishable, indicating that the surrounding environment of the tyrosine 

radical is structurally similar and any physical differences are not due to structure.  

The high cost of the peptide mimics limited the sample size to 3-4 mL, 

making it necessary to recover and recycle the sample throughout the experiment. 

This small sample size was a major drawback because of the large volume 

requirements for the flow-flash experiments. Organic solvents such as 10% 

acetonitrile and 10% methanol were added to the peptide mimic in an attempt to 

increase solubility, but these efforts were mostly unsuccessful because in order for 

the buffers to effectively control the pH, the ratio of organic solvent to water 

should be kept at a low level. 

Attempts were made to subtract the baseline artifacts observed in H2O or D2O 

in order to compensate for the baseline shifts at the early time-points; However, 

these efforts were unsuccessful and caused the radical and solvated electron 

lifetimes to increase greatly compared to the non-baseline subtracted values. The 

lifetime for the decay of the solvated electron was more difficult to determine 

accurately than that of the tyrosyl radical decay because the shock waves from the 

266 nm laser were more pronounced at the early recorded times, i.e. during the 

decay of the solvated electron. Efforts were also made to analyze the data sets 

with and without the time points containing the spectral contribution of the 

solvated electron, and we found that the tyrosyl radical decay lifetime was 

unaffected. 
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Two diffraction gratings can be used to collect the time-resolved spectra, 

grating 1 for wavelengths between 275 - 475 nm and grating 2 for wavelengths 

between 350 - 750 nm. An attempt to analyze only the tyrosyl radical decay 

separate from the solvated electron using data obtained by grating 1 was pursued 

to avoid the complications caused by artifacts present in the solvated electron 

data; However, this did not significantly improve the quality of the analysis 

because spectral artifacts were still present in the data set. Alternatively, the data 

recorded using grating 2 (350 - 750 nm) could by truncated to the wavelengths of 

350 - 500 nm. This approach gave similar lifetimes as obtained using only grating 

1. The fluctuations in the lifetimes were primarily the result of baseline tilts and 

scattering caused by the shock waves. Another contributing factor to the low data 

quality could be that repeated degassing and purging of the sample to remove 

oxygen during the experiment decreased the volume of the sample as the 

experiment progressed, resulting in slightly different concentrations throughout 

the experiment.  

Analysis of the TROA spectra of tyrosine recorded at pH 8.5 following 

photoexcitation shows that the tyrosyl radical decay is slower compared to that 

observed for peptide A (92 µs vs. 16 µs) at the same pH, perhaps due to the absence 

of a proximal histidine in the latter. The measured lifetimes of the tyrosyl radical 

decay in tyrosine were 92 µs and 79 µs at pH 8.5 and pH 11, respectively. Statistically 

these lifetimes are equivalent.  
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Although the biomimetic peptide studied is stable in water, the net charge 

of only +1 contributes to its low solubility. An increase in charge of the peptide 

mimic would increase the solubility somewhat, allowing for a greater signal in the 

TROA experiments. The low charge catered more to the requirements of the 

electrochemical titration experiments in which an isoelectric point of greater or 

equal to 11 was desired (Sibert, 2010).  

In future studies it might be worth pursuing the technique used in previous 

experiments involving synthetic Tyr-His crosslink models, where N2O gas and t-

butyl alcohol were added to remove the spectral contribution of the solvated 

electron by quenching the hydroxyl radical formed. In the case of peptide A, we 

hoped to follow the time dependence of the solvated electron along with the 

tyrosyl radical, rather than the tyrosyl radical alone. Analyzing the flow-flash data 

proved to be challenging because of shock waves and small signal size of the 

tyrosyl radical. It is unclear if the shock waves were an artifact entirely of the 266 

nm laser pulse at early time-points, or if the solvated electron itself was the main 

contributor to the raised baseline observed in the spectra. Recording traces at 

single wavelengths with an oscilloscope and a monochromator could potentially 

improve the time resolution. 

 

4.5 Conclusions. 

 The time-resolved flow-flash experiments of the tyrosine, Tyr-His, peptide 

A, and peptide C showed spectral changes, albeit small, arising from both the 
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decay of tyrosyl radical and the solvated electron. However, due to the small 

signal size (low signal-to-noise ratio) and experimental artifacts in the data, 

including shock waves, the data fitting resulted in large shifts in the lifetimes.  

Qualitatively, it was found that the decay of the tyrosine radical was faster at 

lower pH for peptide A compared to peptide C, Tyr-His dipeptide, and the 

tyrosine controls.  

Methods to improve data reproducibility, especially with respect to 

baseline fluctuations, were unsuccessful. Unfortunately, the baseline was not 

uniform and could not be sufficiently corrected. The uneven baseline was 

attributed to shock waves. In attempts to minimize the shock waves, the laser 

pulse energy was lowered, but resulted in inadequate signal size. For these 

reasons, only approximate lifetimes were reported. The lifetime of the solvated 

electron was especially affected by these problems. The mechanism of the decay 

of the tyrosyl radical is unknown, which makes it difficult to fully interpret the 

data at this time.  
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APPENDIX 
 
 

Kinetic Analysis using Single Value Decomposition and Global Exponential 
Fitting 
 
 The vast amount of information in multi-wavelength time-resolved optical 

absorption spectroscopic data can be condensed and simplified using singular value 

decomposition (SVD). The use of SVD efficiently extracts the important spectral 

information contained in large data sets while eliminating much of the random noise 

(Henry, 1992, Thorgeirsson, 1992). SVD also allows for the number of spectrally 

unique intermediates in a kinetic process to be estimated (Millhauser, 1988). The 

SVD analysis starts with arranging the difference spectra into an algebraic matrix, 

!A(!,t). The range of wavelengths (!) recorded can be organized into columns and 

the number of time points (t) into rows, and the size of the matrix is based on the 

number of wavelengths and time points recorded. The SVD analysis separates the 

spectra and the temporal information recorded in the !A matrix into the product of 

three separate matrices: 

!A=USV’ 

The U matrix represents the orthonormal basis spectra, the diagonal S matrix is 

composed of the corresponding singular values, which show the contributions of the 

individual u and v vector pairs to the data matrix, and the V’ matrix contains the v-

vectors which describe the time-dependence of the corresponding u-spectra (Hug, 
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1990). The prime superscript (’) on V represents that the matrix is the transpose of V 

(Hendler, 1994).  

For first-order and pseudo-first-order reactions, the time dependence of the 

absorption delay times contained in the matrix can be written as:  

!A(",t)= !!
!!! i (")exp(-kit) + b0(") 

where bi ("), referred to as the b-spectra, represent the amplitude of the exponential 

term at each wavelength. The ki terms are the apparent rate constants and are usually 

presented in terms of lifetime # (#=1/ ki), and are linear combinations of the 

microscopic rate constants (Georgiadis, 1994). The b0 term is the difference spectrum 

extrapolated to infinite time. 

The b-spectra and apparent lifetimes are determined from the SVD-filtered 

data set by fitting the time-dependence of the V matrix to a sum of exponentials. 

Using a global exponential fitting approach, the SVD-filtered data at all wavelengths 

and all times are simultaneously fit with a one or more exponentials using computer 

programs contained within the MATLAB software (The Math Works Inc., MA).  

An algebraic matrix approach is used to describe the reaction sequence from a 

set of differential equations containing the change in concentrations (C) of the 

intermediates with time (t); 

!"
!" ! ! ! !! 

The matrix K contains the rate constants of all the steps, and the concentration C 

matrix contains of each intermediate associated with a specific time.  
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The intermediate spectra of a unidirectional scheme, E, are extracted from the 

experimental b-spectra bi (!) using the eigenvector matrix (W) of the kinetic matrix of 

the sequential scheme; 

E= b x W 

The kinetic matrix can be constructed from the apparent rate constants, which in this 

case represent the reaction rate constants associated with the decay of each 

intermediate, the microscopic rate constants.  

The apparent lifetimes and the b-spectra obtained from the global exponential 

fit do not in general represent the microscopic rate constants and the difference 

spectra of the reaction intermediates, respectively. The exponential fit only reflects 

the fact that the reaction steps are all first-order or pseudo-first-order reactions, and 

does not suggest any specific mechanistic model. Only after proposing a mechanism 

can one connect the microscopic rate constants to the apparent rates and the b-spectra 

to the intermediate spectra (Szundi, 2010). It is the proposed mechanistic scheme that 

relates to the b-spectra to the intermediate spectra and the apparent rates to the 

microscopic rates.  

The most basic mechanism is the conventional unidirectional sequential 

mechanism in which decreasing values of the experimental apparent rate constants 

are assigned to microscopic rate constants of the consecutive steps (Szundi, 1997).  
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The microscopic rate constants are arranged in the kinetic matrix, K as 

follows: 

 

 The diagonal k values are the eigenvalues, and linear combinations of the k 

values are the eigenvectors. The intermediate spectra are produced from the 

eigenvector of the kinetic matrix and the b-spectra.  

 When calculating intermediate spectra, the order of the lifetimes can be 

inverted so that a slow step precedes a faster step, i.e. k2 followed by k1. In this “slow-

fast” approach, the eigenvectors are changed while the eigenvalues remain the same. 

To test the validity of any proposed mechanism, the experimentally derived 

intermediate spectra must be compared to model spectra of the proposed 

intermediates. The “slow-fast” approach was effective applied to determine the 

spectra of the intermediates generated during the reaction of bo3 with O2 using the CO 

flow-flash approach. The frequency-shifted bovine aa3 intermediates were used as 

spectral models. 
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