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INVESTIGATION OF THE O2 REDUCTION MECHANISM AND 

LIGAND ACCESS IN CYTOCHROME C OXIDASE FROM 

THERMUS THERMOPHILUS  

 

Chie Funatogawa 

Abstract 

Knowledge of the mechanism of O2 reduction and ligand access in heme-

copper oxidases is essential for understanding how the protein environment 

modulates the function of these enzymes, which play a key role in energy production 

in living cells. To explore this issue, the reactions of O2 and nitric oxide (NO) with 

the fully reduced wild-type Thermus thermophilus (Tt) ba3 oxidase and selected 

ligand channel mutants were investigated using time-resolved optical absorption 

spectroscopy in the absence and presence of CO with photolabile O2 and NO carriers. 

The second-order rate constant of ~1 x 10
9
 M

-1
 s

-1
 for O2/NO binding in the wild-type 

ba3 in the absence of carbon monoxide (CO) is 10-times faster than in the presence of 

CO and for the bovine enzyme in the absence and presence of CO. These results 

suggest inherent differences in the ligand channels between the two enzymes. The 

rate of O2/NO binding was found to be ~5 times slower in the ba3 Y133W mutant 

where the tryptophan constriction point residue observed in the ligand channel of 

bovine aa3 was inserted into ba3. No effect on O2 or NO binding was observed when 

1) the T231 residue in ba3 was replaced by the phenylalanine “constriction” point 

residue in the ligand channel of the aa3 oxidases, 2) the A120 and A204 residues 
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located near the presumed ligand entry/exit points of ba3 were mutated to 

phenylalanine, and 3) the highly conserved G232 residue, located in the ligand 

channel close to the binuclear center in Tt ba3, was mutated to the larger valine 

residue. These results suggest conformational freedom of the respective 

phenylalanine side chains in the T231F, A120F, A204F and A120F/A204F mutants 

and the valine residue in G232V. In contrast, mutation of the highly conserved V236 

in the ligand channel of Tt ba3 to increasing larger residue, progressively slowed 

down NO and O2 access to the active site. Overall, these results suggest more open 

ligand channel in Tt ba3, which may reflect the evolutionary adaptation to increase the 

rate of O2 diffusion to the binuclear center, allowing the enzyme to function under 

microaerobic conditions.  
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General Introduction 

The heme-copper enzyme superfamily is a large class of enzymes essential to 

bioenergetics and includes the heme-copper oxidases and the NO reductases. 

Cytochrome c oxidase is the terminal transmembrane respiratory heme-copper 

oxidase located in the inner mitochondrial membrane in eukaryotic cells and the 

plasma membrane of prokaryotic cells. This enzyme takes part in a key step during 

the production of energy in aerobic organisms, catalyzing the reduction of O2 to water 

[1-3]. This highly exergonic reaction is coupled to the translocation of protons across 

the membrane space. This generates an electrochemical proton gradient (Figure 1), 

critical for the production of ATP, and is the primary energy source for living 

organisms [1-3]. 

 

Additionally, 95% of the oxygen consumed by living organisms is used in cell 

respiration, indicative of the importance of this enzyme for preventing the formation 

of reactive oxygen species (ROS), which are hazardous to cells [2].  
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Figure 1: The overview of the respiratory chain. Cytochrome c oxidase (Complex 

IV) is presented by the light blue circle to the left of ATP synthase (figure made in 

the Einarsdóttir lab). 

 

  

Many heme-copper oxidases from various organisms have been identified, 

isolated and crystallized. These oxidases have been divided into three main 

subfamilies, A, B and C based on phylogenic and structural analysis [4-6]. The most 

extensively studied oxidase is the A-family mitochondrial cytochrome c oxidase 

isolated from bovine heart. This enzyme is frequently referred to as an aa3 (A-type) 

oxidase based on the prosthetic groups incorporated into the enzyme. The aa3 

bacterial oxidases, such as those isolated from Rhodobacter sphaeroides and 

Paracocus denitrificans are close relatives to the mitochondrial A-type oxidase, with 

high sequence homology in the catalytic subunit I [5].  Other bacterial species express 
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different types of oxidases such as Thermus thermophilus which expresses ba3, a B-

type oxidase [7], and Pseudomonas stutzeri, which expresses cbb3, a C-type oxidase 

[8]. These B- and C-type oxidases generally have a low sequence homology to the A-

family oxidases [7, 8]. The bacterial oxidases are less complex than the bovine aa3 

oxidase, containing 3-4 subunits compared to 13 subunits in the bovine enzyme. The 

bacterial oxidases are also amenable to mutations and have played an important role 

in elucidating the enzymatic mechanism and function of the heme-copper oxidases 

[9-15]. Furthermore, some of the bacterial oxidases have variant structures and 

alternative hemes, which could help elucidate the roles of specific amino acids and 

the various hemes.  

The x-ray crystal structure of the 13 subunit aa3 oxidase from bovine heart 

shows that the enzyme crystallizes as a dimer (Figure 2) [16, 17]. The enzyme has 

four redox-active metal centers, CuA, heme a, heme a3 and CuB, which are essential 

for the catalytic function of the reduction of O2 to water (Figure 3). In the respiratory 

chain, electrons are transferred from cytochrome c to CuA, which is a six-coordinate 

bimetallic center located near the membrane surface in subunit II. Electrons are then 

transferred from CuA to the six-coordinate low-spin, heme a, and then from heme a to 

the heme a3 and CuB, referred to as the binuclear active site, where the reduction of 

O2 to H2O takes place. Heme a3 is a five-coordinate, high-spin iron metal center, 

which binds oxygen and other ligands, such as CO, NO and CN
-
. CuB is located 4.5 Å 

from the heme a3, and is coordinated to three histidines [16, 17]. Heme a and the 

binuclear active site are both located in subunit I, which is commonly referred to as 
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the catalytic subunit. There is generally a high sequence homology around the redox-

active metal centers in the catalytic subunit among the different heme-copper 

oxidases.  

 

 

Figure 2: The overall 3D x-ray crystal structure of the 13-subunit aa3 oxidase from 

bovine heart, which is isolated and crystallized as a dimer. PDB: 2EIJ [18]. Figure 

was generated using pymol.   
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Figure 3: The four redox-active metal centers in the aa3 oxidase from bovine heart 

and the distances between the redox centers [16]. PDB: 2EIJ. The figure was 

generated using pymol.  

 

The high-resolution crystal structure of the aa3 oxidase isolated from bovine 

heart revealed that one of the three histidines (His-240) coordinating the CuB metal 

center is covalently bound to a neighboring tyrosine (Tyr-244) [17]. This is referred 

to as the tyrosine-histidine crosslink. The hydroxyl group of the cross-linked tyrosine 

is hydrogen bonded to the hydroxylfarnesylethyl side chain of the heme a3 and is 
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facing the binuclear active site. This unusual crosslink is a post-translational 

modification, which is conserved among the many heme-copper oxidases. When the 

crosslinked tyrosine was mutated to a phenylalanine, the enzyme was inactive [19] 

indicating that the tyrosine-histidine crosslink must play a significant functional 

and/or structural role in cytochrome c oxidase [16, 17]. A possible role of the cross-

linked tyrosine is the donation an electron and/or a proton during the reduction of O2 

to water [20].  

 The reduction of O2 to water requires four protons, in addition to the protons 

that are translocated or “pumped” across the membrane space to create the 

electrochemical proton gradient utilized by ATP synthase. Two conserved proton 

channels, the D- and K-proton channels, have been identified in the A-type oxidases 

(Figure 4) [16, 17, 21, 22]. The aa3 oxidase from the R. sphaeroides bacterium has 

been studied as a model for the mitochondrial enzyme. Combined mutational and 

spectroscopic studies of this enzyme have provided insight into the role of the proton 

channels in the aa3 oxidases [10, 21]. The K-proton channel takes up two protons 

during the transfer of two electrons to the binuclear active site [23, 24]. The two 

electron reduction of the binuclear active site is essential for the binding of O2 to 

heme a3
2+

, which is the first step in the oxygen reduction mechanism. The D-proton 

channel provides two additional protons required for the reduction of O2 to water [21]. 

Additionally, the D-proton channel pumps four protons across the membrane space, 

required for generating the electrochemical gradient [21]. 
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Figure 4: The four redox-active metal centers and the two proton-input channels, the 

D-proton pathway and the K-proton pathway are shown based on the x-ray crystal 

structures from the aa3 cytochrome c oxidase from R. sphaeroides. The red spheres 

are the water molecules which create a hydrogen-bonding network in the proton-input 

channels. The key amino acid residues in each proton-input pathway is also shown 

[23].  

  

The O2 reduction has been extensively investigated by time-resolved 

resonance Raman [25] and time-resolved optical absorption spectroscopy [26, 27]  in 

combination with the CO flow-flash method in which the reaction of the reduced 

enzyme with dioxygen is initiated by the photodissociation of carbon monoxide (CO) 

from the CO-bound active site heme [28, 29]. The conventional sequential reaction 
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mechanism for the reduction of O2 to water by the fully reduced bovine heart aa3 

cytochrome c oxidase is presented in Figure 5 along with the lifetimes associated 

with each step. 

 

Figure 5: The conventional unidirectional sequential reaction mechanism for the 

reduction of O2 to water by the fully reduced bovine heart aa3 cytochrome c oxidase 

[26].  

 

 

 The first intermediate following photolysis of the fully reduced CO-bound 

enzyme is the R
*
 intermediate species with the CO bound to CuB

+
 [30]. The R

*
 was 

reported to decay with a lifetime of 1.5 s  [31, 32], resulting in the fully reduced 

enzyme, R. The O2 binding is observed on the time scale of ~10 s, forming 

compound A [25, 33, 34]. The dioxygen splitting occurs on early-microsecond time 

scale, concomitant with electrons transfer from heme a
2+

 and CuB
+
, with a possible 
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proton from the cross-linked tyrosine. This generates the so-called PR intermediate 

[35], which is converted to the FI/FII intermediate upon uptake of an additional 

proton from the D-proton channel on the time scale of ~100 s [15, 33, 35-37]. A 

faster equilibrium is observed between FI and FII, where an electron is transferred 

between the high-spin heme a and CuA. The oxyferryl F state decays on a millisecond 

time scale [33, 36, 37], forming the oxidized intermediate O. There is some debate 

about the existence and nature of the PR intermediate in the bovine enzyme as the 

experimental spectrum of the PR intermediate is not equivalent to that of the model P 

[38]. Previous studies by Einarsdóttir and coworkers showed that the absorption 

spectrum of the PR intermediate is best modeled by a mixture of the spectra of A, P 

and F intermediates, which was interpreted in terms of a branched model [15, 26, 38-

40]. Recent studies in the Einarsdóttir’s lab have shown that the PR intermediate is 

absent during the reaction of R. sphaeroides aa3 with O2 with compound A being 

converted directly to the F form [15].  

Previous studies of the oxygen reduction mechanism in the A-type oxidases 

have provided valuable insight into the structure and function of these enzymes. 

However, other oxidases, such as the B-type and C-type oxidases have been 

investigated to a much lesser extent. Although the oxidases from the B- and C-

subfamilies have a lower sequence homology to the mitochondrial oxidases, they are 

able to reduce O2 to water with high efficiency [8, 41-43]. Furthermore, some of these 

oxidases have NO reductase activities [44], while the aa3 oxidases do not. Some of 

the organisms that express the B- and C-type oxidases live under very different 
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conditions than those of mammalian cells. This includes the ba3 oxidase from 

Thermus thermophilus, a thermophillic bacterium, which lives at high temperature 

(~70   C) and low oxygen environments [41, 43]. The study of these B- and C-type 

oxidases may provide insight into how cell respiration has adapted to varying 

environments and roles of the protein environment in enzymatic function.  
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Chapter 1 

 
Elucidation of the Kinetics and Mechanism of the 

reactions of O2 and NO with the Reduced Wild-

Type ba3 Cytochrome c Oxidase from Thermus 

Thermophilus:  

 

Time-Resolved Optical Absorption Spectroscopic 

Studies using a Single and Double-Laser Flow-

Flash Method  
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Introduction 

 Cytochrome c oxidase, the terminal transmembrane respiratory protein located 

in the inner mitochondrial membrane in eukaryotic cells and the plasma membrane of 

the prokaryotic cells, catalyzes the reduction of O2 to water [1-3]. This exergonic 

reaction is coupled with the translocation of protons across the inner mitochrondrial 

or plasma membrane space creating an electrochemical proton gradient utilized 

during the production of ATP [1, 2, 4]. The overall reaction catalyzed by cytochrome 

c oxidase is as follows: 

 

Thermus thermophilus (T. thermophilus) HB8 is an extreme thermophilic 

Gram-negative eubacterium originally isolated from a hot spring in Japan [5, 6]. The 

bacterium grows optimally at ~70  C and is found under microaerobic conditions at 

oxic-anoxidic interfaces or in hypersaline microbial mats [7-10]. The T. thermophilus 

HB8 strain has adapted to these extreme environments as a facultative anaerobe and 

has been shown to express two types of oxidases depending on the oxygen tension 

[10]. The caa3 oxidase, which is an A-type oxidase with a lower oxygen affinity, is 

expressed constitutively, while the high oxygen affinity ba3 oxidase is predominantly 

expressed under low oxygen tension, and can be isolated from cells grown with  50 

M O2 [10-13].  

 Cytochrome ba3 is a B-type heme-copper oxidase with a low sequence 

homology at the A-type bovine heart cytochrome oxidase. While the sequence 
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homology of the catalytic site is high, there is only an overall ~20% sequence 

homology between the catalytic subunit I of the two enzymes [14]. This may not be 

surprising considering the drastic differences in the environments under which the 

enzymes function. The crystal structure of the T. thermophilus ba3 (Tt ba3) oxidase 

reveals a three-subunit enzyme (subunit I, II and IIa) with a 764 residues and total 

molecular weight of 84,884 Da, (Figure 1) [14]. Tt ba3 contains four redox-active 

metal centers, a CuA center, a low-spin heme b and a binuclear active site comprised 

of a high-spin heme a (heme a3) and CuB. Subunit I, the main catalytic subunit, 

consists of 13 transmembrane helices containing three of the four redox active metal 

centers: heme b, heme a3 and CuB (Figure 2). Heme b, which is the simplest and most 

abundant heme in living organisms, is low-spin in Tt ba3, with two histidine residues 

ligating in the axial positions [14].  Heme a3, which is located 13.9 Å away from 

heme b, is a 5-coordinate high-spin heme, commonly observed in the A-type oxidases 

[15]. This high-spin heme, along with CuB, form a binuclear active site at which 

dioxygen binds and is reduced to water (Figure 2) [10, 13, 14]. The heme a3 and CuB 

are located 4.4 Å away from each other, and this distance is shorter than that observed 

in the aa3-type oxidases (4.8 – 5.3 Å) [15-17]. The Tyr-His crosslink, which is a 

conserved post-translational modification observed in the A-type oxidases, is 

observed 5.6 Å away from the heme a3 Fe in ba3 [14]. 

 Subunit II is composed of one transmembrane helix [10, 13, 14] and contains 

the fourth redox-active metal center, CuA. This subunit comprises the cytochrome c 

binding site for electron transfer to CuA, from which electrons are transferred to heme 
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b and then to the binuclear active site for oxygen reduction. Tt ba3 was originally 

thought to contain only these two subunits; however, crystallographic studies 

revealed a third subunit, subunit IIa, which consists of one transmembrane helix 

containing 34 amino acid residues. Subunit IIa appears to be essential for Tt ba3 

function, however, the specific functional or structural role of this subunit is unclear. 

 

 

 

Figure 1: Overall 3D structure of cytochrome ba3 from T. thermophilus from x-ray 

crystallographic studies. PDB: 1EHK [14].  
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Figure 2: The four redox-active metal centers in cytochrome ba3 from T. 

thermophilus along with distances between the metal centers. The tyrosine (Tyr237)–

histidine (His233) post-translational modification is also shown. PDB:1EHK [14]. 

 

 Through extensive experimentation on the A-type oxidases, two proton input 

channels, the D-channel and the K-channel, have been identified [16, 18, 19] (refer to 

the general introduction for more detail). In contrast, a single proton input pathway 

was identified through mutational studies on the Tt ba3[20]. This pathway, which is 

analogous to the K-channel in the aa3-type oxidase (Figure 3), delivers protons to the 

active site during the reduction of O2 to water, and pumps protons across the 
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membrane [9, 20, 21]. The proton pumping stochiometry of Tt ba3 was found to be 

half,  0.5 H
+
/e

-
, of that observed in the A-type oxidases, 1.0 H

+
/e

-
  [9]. The lower 

H
+
/e

-
  ratio would be expected to be energetically disadvantageous for aerobic 

respiration [9, 21], which relies on the electrochemical proton gradient to convert 

ADP to ATP. It remains unclear why T. thermophilus would select for an oxidase that 

is less efficient with respect to ATP formation under low oxygen environments. 

 

 

Figure 3: Comparison of the proton delivery pathway of the ba3 oxidase (right) and 

the A-type oxidase from R. sphaeroides from reference [20].  

 

 The heme-copper oxidases are known to bind various ligands in addition to O2, 

for example, carbon monoxide (CO), nitric oxide (NO) and cyanide (CN), all of 

which act as inhibitors of the A-type oxidases. The active site in Tt ba3 has several 

distinct ligand binding characteristics, and CO has frequently been used as a model to 
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study the binding of O2 to the binuclear active site in the absence of the complexities 

involved in the dioxygen reduction reaction. The CuB in the fully reduced Tt ba3 has 

about 100-times higher affinity for CO than that of the bovine cytochrome oxidase 

[22-24]; furthermore, the CuB
+
-CO complex reportedly formed after 

photodissociation of CO from heme a3
2+

 in the absence of O2, decays with a lifetime 

of approximately 30 ms, which is significantly slower than the O2 binding to heme 

a3
2+

 observed in bovine aa3 oxidase (10 s at 1 mM O2) [25-29]. This raises the 

question of whether O2 binding in Tt ba3 is compromised by the fate of the 

photodissociated CO. Moreover, the thermal dissociation of CO from heme a3
2+

 in the 

dark is significantly faster (0.8 s
-1

) in Tt ba3 in comparison to the bovine aa3 oxidase 

(0.023 s
-1

) [22, 28], and therefore, successful CO flow-flash experiments would 

require fast mixing on the early millisecond time scale  [30]. 

 NO is also a relevant ligand to study because in the bacterium NO is present 

in the same membrane space as Tt ba3 oxidase. Furthermore, some theories suggest a  

higher percentage of NO present in the early earth’s atmosphere and a shared 

evolutionary lineage of the heme-copper oxidases with the NO reductases (NORs) 

[31, 32]. Moreover, NO reductase activity, in which NO is converted to N2O, is 

observed for Tt ba3 oxidase. The efficiency is low, 3.0 mol NO/(mol ba3 x min), in 

comparison to the authentic NORs, which have an activity of 300 – 4500 mol 

NO/(mol NORs x min) [31, 33]. While some researchers have proposed that the 

binuclear active site of Tt ba3 oxidase is able to accommodate two NO molecules 

during the reduction of NO to N2O, with individual molecules of NO bound to heme 
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a3 and CuB [33], low-temperature (30 K) FTIR experiments suggest that Tt ba3 cannot 

simultaneously bind two ligands (NO and CO) [34]. This low-temperature FTIR 

study, however, indicated that the E. coli bo3 enzyme simultaneously binds NO and 

CO to the reduced high-spin heme and CuB, respectively [34]. This difference 

between Tt ba3 and E. coli bo3 was attributed to the greater distance between CuB and 

the high-spin heme iron in the bo3 oxidase (5.30 Å in the oxidized enzyme) compared 

to that in ba3 (4.4 – 4.7 Å in the oxidized enzyme) [14, 35, 36]. The shorter iron-

copper distance in Tt ba3 suggests that simultaneous binding of two ligands would 

require significant conformational changes at the active site. Recent crystallographic 

studies have indicated that the reduction of ba3 increases the distance between the 

heme a3
2+

 and CuB
+
 by 0.3 Å, with the concomitant loss of a water molecule between 

the two metal centers [37]. The ligand binding dynamics and redox-induced 

conformational changes at the active site of Tt ba3 are likely to be of mechanistic 

importance for O2 and NO binding and reduction in this enzyme [38].  

 Previous studies of the oxygen reduction mechanism in Tt ba3 oxidase were 

conducted using the so-called CO flow-flash approach. In this method, the fully 

reduced CO bound enzyme is mixed with oxygen saturated buffer followed by 

photolysis of the CO from heme a3
2+

 [30, 39, 40]. The observed rates were fitted to 

the conventional sequential unidirectional mechanism for the reduction of dioxygen 

to water (Figure 4). From the optical spectra of the kinetic components in the 

reaction, Siletsky et al. attributed the fastest component of ~ 5 s to the R → A 

(oxygen binding) process, a rate very similar to that observed in the aa3 oxidases; 
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however, the estimated yield of compound A was significantly smaller than in the 

bovine aa3 oxidase, or ~ 40% of the photolyzed enzyme. The authors attributed this 

discrepancy to the small dissociation constant (Kd) for CO from CuB
+
, a high-affinity 

oxygen “prebinding” to CuB, and the possibility of O2 “jumping between” heme a3 

and CuB [30].  

The third kinetic step (Figure 4), attributed to the P-to-F transition in the Tt 

ba3, also showed different spectroscopic features than observed for to the 

conventionally studied aa3 oxidase, most notably, the lack of the F intermediate, 

which conventionally absorbs at 580 nm. Rather, the fourth intermediate maintained 

the spectroscopic characteristics of the P (third) intermediate, namely, the maximum 

at 607 nm of the oxyferryl heme a3 in the P state did not appear to decay during the 

third step; however, the authors continued to refer to the fourth intermediate as an “F” 

intermediate. The lack of the spectral shift from 607 to 580 nm, which is 

conventionally observed during the P → F transition, was attributed to the lack of a 

proton entering the binuclear active site during this step. These unique variations of 

the O2 reaction mechanism in Tt ba3 appear to be a topic that requires further 

investigation and clarification. 
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Figure 4: A proposed reaction scheme for the reaction of Tt ba3 with O2 and the 

corresponding rates (Siletsky et al. [30]). 

 

 

Despite the known 3D crystal structure of Tt ba3, mechanistic details of ligand 

binding, O2 reduction and the redox-linked proton translocation remain unclear. In 

this study, the O2 reaction kinetics of the fully reduced Tt ba3 oxidase was further 

investigated using a photolabile O2 carrier in the presence and absence of CO. The 

multi-wavelength time-resolved optical absorption studies in the Soret and visible 

regions allow the extraction of the kinetics and the spectra of the intermediates 

generated during the O2 reduction. The NO binding was also studied in the fully 

reduced Tt ba3 oxidase using a photolabile NO carrier in the presence and absence of 

CO. These studies will elucidate whether the NO binding is analogous to that of O2, 

providing further insight into the ligand entry pathway to the binuclear active site in 

Tt ba3 oxidase.  

 

Materials and Methods  

The native wild-type ba3 enzyme from Thermus thermophilus (Tt) HB8 was 

isolated, purified and generously provided by the Soulimane lab at the University of 
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Limerick, Ireland [22]. Dodecyl-β-D-maltopyranoside (DM) detergent was obtained 

from Affimetrix Inc., and the standard grade (99.9%) CO was purchased from Praxair. 

Potassium pentachloronitrosylruthenate(II) (Ru 25.8%) (PPNR) photolabile NO-

carrier was obtained from Alfa Aesar. The other chemicals were purchased from 

Sigma Aldrich and Fisher Scientific.  

 

 The Preparation of the (-peroxo(-hydroxo))bis[bis(bipyridyl)cobalt(III)] 

(HPBC) complex. 

 The (-peroxo)(-hydroxo)bis[bis(bipyridyl)cobalt(III)] nitrate (HPBC) 

photolabile O2-carrier was prepared according to Howard-Jones, A.R. et al. [3, 41], in 

the red-room in the Bogomolni lab using the following protocol. First, 0.0384 moles 

of 2,2’-dipryidyl in 50 mL ethanol, 0.01921 moles of cobalt (II) nitrate hexahydrate in 

50 mL of ethanol, and 0.096 moles of solid sodium hydroxide were mixed at 37   C. 

While rotating the mixture at ~50 rpm, O2 gas was promptly bubbled into the mixture 

for 60 seconds, resulting in a brown solution. This solution was then stirred at ~100 

rpm, ~50 rpm, and then ~ 25 rpm for 5 minutes each in the 37  C bath. The solution 

was maintained at 30  C in the dark overnight, then filtered and washed 3-4 times with 

ethanol. The complex was dried in a desiccator under vacuum for 3-7 days to obtain 

the final complex, which was confirmed spectrally.  
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Sample Preparation of the Fully Reduced Tt ba3 in the Absence and Presence of 

CO  

 The wild-type ba3 enzyme was prepared in 0.1 M HEPES (pH 7.5) buffer 

containing 0.1% DM. The fully reduced enzyme was prepared by first deoxygenating 

the oxidized enzyme solution under nitrogen. Subsequently, 3.5 mg/mL glucose, 0.25 

mg/mL glucose oxidase and 0.01 mg/mL catalase were added to the oxidized enzyme 

solution to remove any remaining O2 in the sample. This was followed by the 

addition of a reducing agent and a mediator at final concentrations of 2 mM ascorbic 

acid and 50 M ruthenium hexamine, respectively, for the O2 reaction studies, and 2 

mM ascorbic acid and 1 M phenazine methosulfate (PMS) for the NO binding 

studies. The sample was confirmed to be fully reduced based on its optical absorption 

spectrum recorded using a HP 8453 spectrophotometer.  The enzyme concentration 

was determined using the fully-reduced absorbance difference of heme b at 560 nm 

and 590 nm, Δ560-590nm = 26 mM
-1

 cm
-1 

[42]. The fully reduced CO-bound enzyme 

was prepared by subsequent exposure of the fully reduced enzyme to CO for ~30 

minutes with occasional agitation. The O2-complex was prepared by dissolving the 

solid HPBC in 0.1 M HEPES (pH 7.5) buffer and the absorption at 395 nm adjusted 

to ~0.9 in a 2 mm cuvette prior to the time-resolved optical absorption measurements. 

The HPBC solution was deoxygenated under nitrogen with minimum exposure to 

light which was followed by the addition of 3.5 mg/mL glucose, 0.25 mg/mL glucose 

oxidase and 0.01 mg/mL catalase. To prepare the NO-complex (PPNR), 5-10 mM of 
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the commercially available solid PPNR was dissolved in 0.1M HEPES (pH 7.5) and 

treated in the same manner as the HPBC solution.  

 

CO Flash-Photolysis and Recombination of the Fully Reduced CO-bound Wild-

Type ba3 

 Flash-photolysis experiments on the fully reduced CO-bound Tt ba3 were 

performed at room temperature in a 0.4 cm pathlength quartz cuvette using a 532 nm 

pulse from a Q-switched DCR-11 Nd:YAG laser (~7 ns full width at half maximum). 

The time-resolved optical absorption difference spectra were recorded between 350 – 

800 nm after photolysis of CO from the heme a3. The spectra were measured using an 

ICCD detector (Andor technology) coupled to the laser flash-photolysis system 

(Figure 5) and were recorded at logarithmically spaced delay times between 100 ns – 

800 ms; the recorded spectrum at each delay time is an average of 20 accumulations. 

The time-resolved optical absorption difference spectra were analyzed using singular 

value decomposition (SVD) and global exponential fitting, which resolved the 

apparent lifetimes and b-spectra, the associated spectral changes (refer to Appendix I 

for more detail on the SVD and global exponential fitting analysis).  
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Figure 5: Experimental set-up for measuring time-resolved optical absorption spectra 

during the CO-recombination flash-photolysis experiment (Figure provided from 

Einarsdóttir lab). 

 

 

TROA Studies of the Reaction of the Fully Reduced Wild-Type ba3 with O2 or NO 

in the Absence of CO using a Single Laser Flow-Flash Method 

 The reactions of O2 and NO with the fully reduced wild-type ba3 in the 

absence of CO were investigated by time-resolved optical absorption spectroscopy 

using a photolabile O2 or NO-carrier. The spectra were recorded between 360 – 800 

nm at logarithmically spaced delay times after photolysis from 500 ns – 20 ms for the 

reactions of Tt ba3 with O2 and from 200 ns – 10 ms for the NO-binding 

measurements. The fully reduced native wild-type ba3 samples were mixed in a 1:1 

volume ratio with the photolabile O2-carrier (HPBC) or NO-carrier (PPNR) from two 
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Hamiltonian syringes simultaneously driven by a syringe pump coupled to the 

Stanford delay generator. The reaction was initiated upon photolysis of the HPBC or 

PPNR complex with a 355 nm laser pulse from a Q-switched DCR-11 Nd:YAG laser 

(~7 ns full width at half maximum). In a separate experiment, time-resolved optical 

absorption measurements of the photolabile O2 or NO carrier, mixed in a 1:1 volume 

ratio with water, were performed to obtain the transient spectral features of the 

photolabile carriers (Figure 6). The contribution of the photolabile carrier was 

subtracted from the spectra recorded in the presence of the enzyme. The time-

resolved difference spectra recorded during the reaction of the fully reduced wild-

type ba3 with O2 or NO in the absence of CO were analyzed by SVD and global 

exponential fitting using Matlab (Mathworks). The analysis yields apparent lifetimes 

and b-spectra. The intermediate spectra were then calculated based on a unidirectional 

sequential kinetic scheme. The plausibility of the mechanism was tested by 

comparing the extracted intermediate spectra with respective model spectra of the 

proposed intermediates. The model spectra are constructed based on the bench-made 

spectra and the A intermediate which is based on previously determined bovine aa3 

oxidase A intermediate spectra [43].  
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Figure 6: The single laser flow-flash experimental set-up for measuring time-

resolved optical absorption spectra during the reaction of O2 or NO with the fully 

reduced Tt ba3 using an O2 or NO-photolabile carrier in the absence of CO (Figure 

provided from Einarsdóttir lab). 

 

TROA Studies of the Reaction of the Fully Reduced Wild-Type ba3 with O2 or NO 

in the Presence of CO using a Double Laser Flow-Flash Method 

 The reactions of O2 and NO with the fully reduced native wild-type ba3 in the 

presence of CO using a photolabile O2 or NO carriers were investigated using a 

double laser flow-flash technique. The double laser flow-flash method is analogous to 

the single laser flow-flash experiment described above with the following exceptions. 

In the presence of CO, the reaction is initiated by photolyzing the O2-carrier or NO-

carrrier with a 355 nm laser pulse and simultaneously photolyzing the fully reduced 

CO-bound ba3 by a 532 nm laser pulse (Figure 7). Due to the large absorption of the 
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photolabile complexes in the 300 – 400 nm region, the 532 nm laser pulse is utilized 

for efficient photolysis of the CO bound to heme a3.  

 

 

 

Figure 7: The double laser flow-flash experimental set-up for measuring time-

resolved optical absorption spectra during the reaction of the fully-reduced Tt ba3 

with O2 or NO using an O2 or NO-photolabile carrier, respectively, in the presence of 

CO (Figure provided from Einarsdottir’s lab). 
 

 

 

 

 

 



34 
 

Results and Discussion 

CO Flash-Photolysis and Recombination of the Fully Reduced CO-bound Wild-

Type ba3 

 Figure 8A shows the static optical absorption spectra of the oxidized, fully-

reduced, and fully-reduced CO-bound (FRCO) wild-type Tt ba3 in blue, green, and 

red, respectively, measured using the HP 8453 spectrophotometer. The static 

spectrum of the oxidized Tt ba3 has a peak in the Soret region at 415 nm. When the 

metal-centers are reduced, this peak shifts to 427 nm with a shoulder at 440 nm. In 

the visible region of the spectrum, peaks are observed at 530 and 560 nm. The 427 

and 560 nm peaks are characteristic of a reduced heme b (b
2+

), and the 440 shoulder 

and 610 nm peaks are due to the reduced heme a3 (a3
2+

). In the presence of CO, the 

low-spin heme a3-CO complex is generated, resulting in an increase in the absorbance 

at ~430 nm and a shift in the 610 nm heme a3
2+

 peak to 593 nm; the heme b
2+

 peaks 

remain unchanged. Figure 8B shows the difference spectra between the oxidized and 

reduced forms (oxidized-minus-reduced, in blue) and the reduced and FRCO enzyme 

(reduced-minus-FRCO, in green) with characteristic peaks and troughs of the metal 

centers in their respective redox and ligation states. 
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Figure 8: (A) Optical absorption spectra of the oxidized (blue), fully-reduced (green) 

and fully-reduced CO-bound (red) wild-type Tt ba3 measured on a HP 8453 

spectrophotometer. (B) The difference spectra of the oxidized-minus-fully reduced 

enzyme (blue) and the fully reduced-minus-fully reduced CO-bound enzyme (green) 

generated from the spectra in (A).  

 

 CO recombination following flash-photolysis of the reduced CO-bound 

cytochrome c oxidase has been utilized as a model for O2 binding. Moreover, the 

ability of CO to protect the heme a3
2+

 active site from oxidation has been used to 

initiate the reaction with O2 in the CO flow-flash method [39]. The high quantum 

yield of CO release of the CO-bound cytochrome c oxidase is an additional advantage 
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for using CO. The TROA difference spectra (post-minus pre-photolysis) recorded 

during the photolysis and rebinding of CO to the heme a3 between 355 – 740 nm are 

presented in Figure 9. The peaks and troughs decrease in amplitude at longer delay 

times until the population of reduced ba3 completely rebinds CO, resulting in a flat 

difference spectrum. The small signal amplitude remaining at the delay time of 800 

ms is due to a small population that does not rebind CO at 800 ms. The delay time of 

800 ms could not be exceeded due to the limitations of the CO-recombination 

experimental set-up.  

The TROA difference spectra were analyzed using SVD and global 

exponential fitting (refer to Appendix I for more detail on SVD and global 

exponential fit). The calculated apparent lifetimes () for a three exponential-fit were 

51 s, 15 ms, and 263 ms. The corresponding b-spectra blue, green and red, 

respectively are shown in Figure 10A. The residual spectra represent the absorbance 

difference between the recorded data and reproduced data at every delay time using 

the three-exponential fit (Figure 10B). The v-vectors resulting from applying SVD to 

the TROA spectra describe the time evolution of the corresponding orthogonal basis 

spectra (u-vectors). These are represented as open circles in Figure 10, insert. The 

solid lines (Figure 10, insert) represent the reproduced vectors from the three-

exponential fit (v-vectors fit). The reproduced v-vectors from the three-exponential fit 

for the first two significant v-vectors fit very well. 

 



37 
 

 

Figure 9: Time-resolved optical absorption difference spectra (post-minus-pre-

photolysis) recorded during the CO flash-photolysis reaction of the fully-reduced CO-

bound wild-type Tt ba3. The spectra were recorded at 22 delay times, equally spaced 

on a logarithmic scale between 100 ns – 800 ms. The arrows represent the direction of 

the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) buffer with 

0.1% DM; optical pathlength 0.4 cm. 
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Figure 10: (A) The spectral changes, b-spectra, resulting from a three-exponential fit 

of the time-resolved optical absorption data recorded during the CO recombination 

flash-photolysis experiment of the fully reduced CO-bound wild-type Tt ba3: b1 (blue, 

50.7 s), b2 (green, 15.4 ms), and b3 (red, 263.2 ms). The b0 spectrum (cyan) 

represents the difference spectrum extrapolated to infinite time, insert. (B) The 

residuals, the difference between the data and the fit, are shown with the delay times 

increasing from bottom to top (nanoseconds to milliseconds). (Insert) The first four 

significant v-vectors (blue, green, red and cyan, respectively), resulting from the SVD 

of the time-resolved data. The solid lines represent the reproduced vectors of the 

three-exponential fit. 
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The CO-recombines with heme a3
2+

 with a lifetime 263 ms; the other two b-

spectra, 51 s (blue) and 15 s (red), are minor in comparison to the large b-spectrum 

at 263 ms (red) (Figure 10B). The CO recombination of 263 ms is significantly 

slower than what is observed in the aa3 oxidases (~20 ms). Previous MCD studies 

have showed that CO binds weakly to the heme a3 in the ba3 enzyme in comparison 

to the aa3-type oxidases and that only 70% of heme a3 binds CO with the remaining 

30% of the molecules supposedly with CO bound to CuB [27]. This is supported by 

Fourier transform infrared (FTIR) spectra which show that in addition to the expected 

heme a3
2+

–CO peaks, ~20% of the enzyme population have a characteristic CuB
+
-CO 

peak, not observed in the aa3-type oxidase [26, 28, 44, 45].  FTIR difference 

spectroscopy of the fully reduced ba3-CO have suggested that photolysis of the heme 

a3-CO complex leads to the formation of a CuB
+
-CO complex based on the peak C-O 

stretching frequency at 2053 cm
-1

 in the “light-minus-dark” difference spectrum [23].  

The very early time delay TROA difference spectra in the CO flash-photolysis 

recombination experiment represent the reduced minus reduced-CO enzyme, and 

theoretically should match the HP 8453 spectrum (Figure 8B, green). There are slight 

discrepancies in the TROA CO recombination difference spectra at early delay times 

when compared to the reduced-minus-reduced CO-bound difference spectrum from 

the HP 8453 spectrophotometer (data not shown). This discrepancy could be a result 

of the suppression of the ~430 nm trough caused by a high absorption in this region. 

Alternative explanations are that the conformation of heme a3
2+

 formed after the 

photodissociation of CO is different from that of the heme a3
2+

 in the absence of CO, 



40 
 

or that the heme a3
2+

-CO absorption varies under the conditions of the CO 

recombination flash-photolysis experiments.  

 

TROA Studies of the Reaction of the Fully Reduced Wild-Type ba3 with O2 in the 

Absence of CO using a Single-Laser Flow-Flash Method 

 The reduction of dioxygen to water in the aa3 oxidase has been extensively 

studied using TROA spectroscopy in combination with the classical CO-flow-flash 

method in which the fully-reduced CO-bound enzyme is mixed with oxygen-saturated 

buffer [39]. The reaction is initiated by the photolysis of the heme a3-CO complex 

allowing the dissolved oxygen to enter the binuclear active site and bind to the high-

spin heme a3. The mixing time in the flow-flash system utilized in the Einarsdóttir lab 

is ~1 second, and due to the rather fast thermal dissociation rate of CO in Tt ba3~ 1.25 

s (k’=0.8 s
-1

), the classical CO-flow-flash method cannot be applied to the ba3 

enzyme [22]. To overcome this experimental limitation and to monitor the reaction in 

the absence of a second ligand (CO), we investigated the reaction of the fully reduced 

ba3 with O2 using a photolabile O2-carrier (HPBC O2 complex).  

 A 355 nm laser pulse initiates the reaction of dioxygen with the fully reduced 

ba3 by releasing O2 from the O2-caged photolabile complex. The TROA difference 

spectra recorded during the reaction are recorded at 15 delay times between 500 ns – 

20 ms in the presence of the O2-complex (Figure 11A). The difference spectra are 

overlaid with a broad trough between 355 – 540 nm, which is due to the photo-release 

of O2 from the O2-caged complex. The TROA difference spectra of the O2-caged 
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complex mixed with water were recorded at the same delay times as in the presence 

of the enzyme in a separate experiment. These spectra were used to subtract out the 

complex contribution from the fully reduced ba3 spectra in the presence of the O2 

complex. The concentration of the O2 released by the O2-complex was determined 

based on the difference spectrum with the largest amplitude at 395 nm using an 

extinction coefficient 395nm = 4400 M
-1 

cm
-1

. 

Figure 11B shows the TROA difference spectra (post-minus-pre photolysis) 

of the reaction of the fully-reduced ba3 enzyme with O2 (90 M) referenced against 

the fully-reduced ba3 spectrum after the O2-caged complex contribution has been 

subtracted.  
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Figure 11: Time-resolved optical absorption difference spectra (post-minus-pre-

photolysis) recorded during the reaction of the fully reduced Tt ba3 with dioxygen in 

the absence of CO before the subtraction of the spectral contribution of the 

photolabile O2 carrier (A) and after the subtraction of the spectral contribution of the 

photolabile O2 carrier, which was determined in a separate experiment (B). The 

spectra were recorded at 15 delay times, equally spaced on a logarithmic scale 

between 500 ns – 20 ms. The arrows (in order of right to left) represent the direction 

of the absorbance change with time. Conditions: 0.1M HEPES (pH 7.5) buffer with 

0.1% DM; optical pathlength 0.5 cm; effective enzyme concentration: 2.6 M 
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SVD-based global exponential fitting resolved four apparent lifetimes () of 

4.8 s, 9.3 s, 55 s and 1.0 ms with the associated b-spectra shown in blue, green 

red and cyan, respectively (Figure 12A). Figure 12B and the insert show the 

residuals and the first three significant v-vectors resulting from the SVD of the ba3 

data, respectively, as described in the CO-recombination section above. The apparent 

lifetimes and b-spectra alone do not represent real physical processes or different 

steps in the reaction. It is the proposed mechanism that connects the apparent rates to 

microscopic rates in the reaction, and the b-spectra, in addition to the apparent rates, 

that connect the spectra of the intermediates to a real physical mechanism [46, 47]. 

The simplest and most straightforward mechanism is the conventional unidirectional 

sequential mechanism, in which the decreasing values of the experimental apparent 

rate constants (increasing apparent lifetimes) are assigned as microscopic rate 

constants to the consecutive steps (Scheme 1). We will refer to the mechanism as the 

fast-slow mechanism. 

 

 

Scheme 1: Conventional unidirectional sequential scheme of O2 reduction by fully 

reduced ba3 in the absence of CO.  

 

 



44 
 

 

Figure 12: (A) The spectral changes, b-spectra, for a three-exponential fit to the time-

resolved optical absorption data recorded during the reaction of the wild-type fully 

reduced Tt ba3 with dioxygen in the absence of CO: b1 (blue, 4.8 s), b2 (green, 9.3 

s), b3 (red, 55 s) and b4 (cyan, 1.0 ms). The b0 spectrum (magenta) represents the 

time-independent b-spectrum present at the end of the reaction. (B) The residuals, 

which are the difference between the data and the fit, are shown with the delay times 

increasing from bottom to top (nanoseconds to milliseconds). (Insert) The v-vector 

fit where the open circles are the first three significant v-vectors (blue, green and red, 

respectively) resulting from the SVD of the time-resolved data. The solid lines with 

corresponding colors represent the reproduced vectors of the three-exponential fit. 
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 Figure 13 show the intermediate spectra referenced against the reduced ba3 

enzyme (R intermediate), calculated based on the conventional unidirectional 

sequential mechanism. Figure 14A shows the calculated intermediate spectra in the 

Soret region and Figure 14B show the corresponding bovine enzyme model spectra. 

The flat spectrum along the baseline is the spectrum of Int1, the fully reduced enzyme 

(R intermediate), referenced against the reduced form, R (Figure 14A: blue curve). 

The spectrum of Int2 (Figure 13: green curve) has a similar shape to that of the O2-

binding (A) intermediate observed for the bovine enzyme (Figure 14B, green). 

However, the experimental spectrum of Int2 has a ~50% smaller amplitude in the 

Soret region in comparison to the model spectrum; this amplitude discrepancy, which 

was previously reported by Siletsky et al. [30], is discussed in more detail below. The 

spectrum of Int3 is (Figures 13 and 14, red) in good agreement with the bovine P 

model (referenced versus the reduced heme a3) (Figures 14B and 15, red curve) with 

the oxidized-minus-reduced spectrum of heme b (Figures 14 and 15: red curve), 

supporting that heme b is indeed oxidized in the P intermediate. Int3 is referred to as 

PI. Int4 also has the spectral characteristics with respect to heme a3 of a P 

intermediate but with heme b mostly re-reduced (Figure 13A and 14A, cyan). This 

intermediate, referred to as PII, is in good agreement with a model difference 

spectrum in which heme b is reduced (Figure 13, cyan curve). The final intermediate 

spectrum, Int5, is in good agreement with the model oxidized (O) intermediate 

referenced against the R intermediate (Figures 13 and 14, magenta curves).  
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All the experimental intermediate spectra are in good agreement with the 

models except for the ~50% decrease in amplitude of the spectrum of compound A in 

comparison to that of the bovine aa3 oxidase. There is no physical reason that would 

justify this large decrease in amplitude, and with the invaluable help of Dr. Istvan 

Szundi in our laboratory, it was concluded that the traditional unidirectional 

sequential scheme does not properly describe the experimental data.  

 

Figure 13: The experimental intermediate spectra extracted on the basis of Scheme 1 

for the reaction of the wild-type fully reduced Tt ba3 with dioxygen in the absence of 

CO. The intermediate spectra are referenced versus the reduced enzyme; Int1 (blue) is 

flat (reduced minus reduced), Int2 (green), Int3 (red), Int4 (cyan) and Int5 (magenta).  
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Figure 14: (A) The experimental intermediate spectra in the Soret region. The spectra 

were extracted on the basis of the fast-slow mechanism in Scheme 1 for the reaction 

of the wild-type fully reduced Tt ba3 with dioxygen in the absence of CO. The 

intermediate spectra are referenced versus the reduced enzyme; Int1 (blue) is flat 

(reduced minus reduced), Int2 (green), Int3 (red), Int4 (cyan) and Int5 (magenta). (B) 

The Soret region of the model spectra of the proposed intermediates with colors 

corresponding to the intermediates in (A). The model spectra are bench-made Tt ba3 

model spectra except for compound A (B, green), which was extracted from the time-

resolved measurements of bovine aa3 oxidase. 
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Figure 15: The experimental and model spectra of intermediate 3 (PI) generated 

during the reaction of the reduced Tt ba3 with dioxygen. The experimental spectrum 

(blue) was extracted from the TROA data calculated based on Scheme 1. The 

experimental spectrum is modeled by the bovine heme a3 P spectrum versus reduced 

heme a3 (green) and the oxidized-minus-reduced spectrum of heme b (red).  

 

 The first and most obvious explanation for the amplitude discrepancy between 

compound A in ba3 and bovine aa3 is that the O2 binding is reversible in ba3 [30, 48]. 

However, including different degrees of reversibility, we were unable to match the 

amplitude of the experimental ba3 compound A to that of the model bovine aa3 A 

compound [48]. Rather, a kinetic analysis indicates a slow-fast mechanism, in which 

the 9.3 s lifetime was assigned to the binding of O2 to heme a3
2+

 and the shorter 

(faster) 4 s lifetime was assigned to the following step (Scheme 2). The intermediate 

spectra calculated according to Scheme 2 are shown in Figure 16; the Soret region of 
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the calculated intermediate spectra based on the slow-fast scheme (Scheme 2) and the 

corresponding model spectra are shown in Figure 17A and B, respectively. 

 

 

Scheme 2: The slow-fast sequential scheme of O2 reduction by the fully-reduced ba3 

 

 

 

Figure 16: The experimental intermediate spectra for the reaction of the fully reduced 

Tt ba3 with dioxygen in the absence of CO; the spectra were extracted on the basis of 

the slow-fast mechanism shown in Scheme 2. The intermediate spectra are referenced 

versus the reduced enzyme; Int2 (green), Int3 (red), Int4 (cyan) and Int5 (magenta).  
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Figure 17: (A) The experimental intermediate spectra in the Soret region for the 

reaction of the wild-type fully reduced Tt ba3 with dioxygen in the absence of CO. 

The spectra were extracted on the basis of the slow-fast mechanism (Scheme 2). The 

intermediate spectra are referenced versus the reduced enzyme; Int1 (blue) is flat 

(reduced minus reduced), Int2 (green), Int3 (red), Int4 (cyan) and Int5 (magenta). (B) 

Model spectra of the proposed intermediates in the Soret region, with colors 

corresponding to the intermediates in (A). 

 

 The slow-fast scheme (Scheme 2) produced spectral amplitude in the Soret 

region for Int2 (Figure 17A: green curve), which is comparable to the model 

spectrum of the bovine aa3 compound A (Figure 17B, green curve). These results 

suggest that the 9.3 s process represents the formation of compound A, and the 4.8 
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s should be assigned to the formation of PI from compound A. This assignment was 

confirmed by an O2-dependence experiment, in which the reaction of ba3 with O2 was 

repeated at a lower O2 concentration (~45 M). This O2 concentration is 

approximately half of that of the previous experiment, and the 9.3 s lifetime was 

increased by a factor of two to 18 s, while the 4.8 s lifetime remained unaffected. 

The spectrum of Int2 at the lower O2 concentration was also modeled with the bovine 

compound A (Figure 18), and the results were identical to that observed with 90 M 

O2, namely, an acceptable spectral amplitude was only obtained through the slow-fast 

mechanism (Figure 18B).These results strongly indicate that at 90 M O2, the 9.3 s 

is the lifetime for the O2 binding step. This lifetime corresponds to a second-order 

rate constant of 1 x 10
9
 M

-1
 s

-1
. This assignment is different from the previous CO 

flow-flash oxygen reaction studies by Siletsky et al. [30], who assigned the 5 s 

lifetime to O2 binding (at 1 mM O2) and the ~ 10 s lifetime to PI formation. From 

the comparison of the calculated intermediate spectra with model spectra (Figure 17 

and 18), we propose that the O2 reduction follows the mechanism in Scheme 3; the 

color of the intermediates correspond to the respective intermediate spectra colors 

(Figure 16). 
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Scheme 3: The slow-fast sequential scheme of the O2 reduction reaction by the fully-

reduced Tt ba3 in the absence of CO, with the suggested intermediate assignments. 

The color of the intermediates correspond to the respective intermediate spectra in 

Figure 16.  

 

 

Figure 18: The experimental spectra of Int2 for the reaction of O2 with reduced ba3 in 

the absence of CO at 90 M O2 (blue) and 45 M O2 (green) compared to the bovine 

enzyme compound A model spectrum (red curve) calculated using the traditional 

unidirectional fast-slow mechanism in Scheme 1 (A) and the slow-fast mechanism in 

Scheme 2 (B).  
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Previous CO-flow-flash studies of the reaction of O2 with the aa3 oxidases 

revealed a 10 s lifetime for O2 binding at ~1 mM O2 concentration [43], 

corresponding to a second-order rate constant of 1 x 10
8
 M

-1
 s

-1
. To test whether this 

rate is the same in the absence of CO, TROA studies of the reaction of O2 with fully 

reduced bovine aa3 oxidase using a single-laser flow-flash method and HPBC O2-

compex were carried out and compared to the results from the ba3 study. A second-

order-rate constant equal to 1 x 10
8
 M

-1
 s

-1 
was determined for O2 binding which 

reveals there is no difference in the O2 binding rate in the bovine enzyme in the 

absence and presence of CO. These results additionally show for the first time that O2 

binding in the Tt ba3-oxidase is 10-times faster than for bovine aa3 enzyme. 

Recent crystallographic studies of Xe binding to  Tt ba3 have shown inherent 

structural differences in the O2 binding channel of Tt ba3 compared to that of the aa3 

oxidases [49]. The O2 channel in ba3 is described as an open Y-shaped channel, with 

two possible O2 entrance sites (Figure 19). In contrast, the O2 channel in the aa3 

oxidase is described to have a bottle-neck structure, or a constriction point, created by 

two bulky amino acid residues Trp172 and Phe282 (Rhodobater sphaeroides 

numbering) (Figure 19). Less bulky residues, Tyr and Thr, occupy analogous 

positions in the ba3 oxidase, leading to a wider channel. These apparent differences in 

the O2 channels between Tt ba3 and the aa3 oxidases may reflect an evolutionary 

adaptation to increase the rate of diffusion of O2 to the binuclear center in Tt ba3, 

allowing the enzyme to maintain physiologically relevant reaction rates in 
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microaerobic environments. The constriction in the O2 channel of Tt ba3 is 

investigated further in Chapter 3. 

 

 

 

Figure 19: Oxygen access to the binuclear active site for Tt ba3, Rhodobacter 

sphaeroides (R. sphaeroides). [49] 

 

 During the formation of PI (Scheme 3), which occurs with the lifetime of 4.8 

s, the O-O bond is broken upon electron donation from heme b
2+

 and CuB
+
 to the O2 

bound heme a3. The apparent lifetime of the A to P conversion in the aa3 oxidase has 

previously been reported at 39 s [43], which is significantly slower (~8 times) than 

the observed ~5 s lifetime in ba3, suggesting a faster electron transfer from heme b 

to the binuclear center in ba3.  

In the conventional O2 reduction mechanism for the well studied aa3 oxidases, 

the third and forth intermediates are assigned to the PR and FI/II intermediates, 

respectively. An additional surprising difference in the ba3 kinetic scheme compared 
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to that of the well studied aa3 oxidases is that the F intermediate is not observed for 

ba3. Rather the third and fourth intermediates are assigned to PI and PII, respectively, 

because the characteristic peak of the heme a3 P (when referenced against the the 

oxidized enzyme in aa3) is observed at ~610 nm in both intermediates. In the classical 

kinetic scheme for the bovine aa3, the formation of F is proposed to be associated 

with protonation of a group at the active site [17, 43, 50, 51]. The reason for PII being 

formed in ba3 and F in the bovine aa3 may be due to different proton acceptors in the 

two enzymes [52]. 

 

TROA Studies of the Reaction of the Fully Reduced Wild-Type ba3 with O2 in the 

Presence of CO using a Double Laser Flow-Flash Method 

 TROA spectroscopy, in combination with the classical CO flow-flash method, 

was previously used to investigate the reaction of O2 with heme-copper oxidases in 

the presence of CO. The thermal dissociation of CO from heme a3
2+

 in Tt ba3 is 

significantly faster (0.8 s
-1

) than in the aa3 oxidase (0.023 s
-1

) [22], and therefore, 

requires faster mixing or an alternative method, such as using a photolabile O2-carrier 

in the absence of CO. Previous CO-photolysis FTIR studies reported the formation of 

the CuB
+
-CO complex following the photodissociation of CO from heme a3

2+
 in ba3, 

which decayed with a lifetime of ~30 ms  [45, 53]. This decay rate is significantly 

slower than the O2 binding to heme a3
2+

, which is observed on the microsecond time-

scale, and raises questions about whether the presence of CO and the 

photodissociation of CO compromises the O2 binding and reduction in ba3 oxidase.   
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 The reaction of fully reduced ba3 with O2 in the presence of CO was 

investigated by photolyzing the O2-carrier with 355 nm laser pulse to produce O2 and 

by simultaneously photolyzing the CO from the fully reduced CO-bound enzyme 

with 532 nm laser light. The majority of the 355 nm laser light is absorbed by the O2 

complex which absorbs strongly between 300 – 400 nm; the 532 nm laser pulse is 

used for efficient photolysis of the CO. TROA difference spectra were recorded 

between 350 – 750 nm (Figure 20) at logarithmically spaced delay times between 

500 ns – 20 ms. The spectra are referenced against the fully reduced CO-bound 

enzyme and represent the difference spectra after subtracting the spectral contribution 

of the HPBC complex, determined in a separate experiment. The O2 concentrations 

were determined as described previously. SVD and global exponential fitting 

methods were applied to the data and at 90 M O2 concentration resolved three 

apparent lifetimes; 59 s, 110 s and 0.82 ms. The early microsecond lifetimes 

observed were observed in the absence of CO were not resolved. The b-spectra 

associated with the resolved apparent lifetimes are presented in Figure 21A along 

with the residuals (Figure 21B). The v-vectors are compared to the reproduced 

vectors from the three-exponential fit in Figure 21 (insert).  

 

 
Scheme 4: The conventional unidirectional sequential scheme of O2 reduction by the 

fully reduced ba3 in the presence of CO. 
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Figure 20: Time-resolved optical absorption difference spectra (post-minus-pre-

photolysis) recorded during the reaction of the fully reduced Tt ba3 with dioxygen in 

the presence of CO after the subtraction of the spectral contribution of the photolabile 

O2-carrier, determined in a separate experiment. The spectra were recorded at 15 

delay times, equally spaced on a logarithmic scale between 500 ns – 20 ms. The 

arrows (in order of right to left) represent the direction of the absorbance change with 

time. Conditions: 0.1 M HEPES (pH 7.5) buffer with 0.1% DM; optical pathlength 

0.5 cm; effective enzyme concentration: 2.0 M; effective O2 concentration: 90 M; 

The CO concentration was 0.5 mM after mixing.  
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Figure 21: (A) b-spectra resulting from a three exponential-fit to the time-resolved 

optical absorption data recorded during the reaction of the fully reduced Tt ba3 with 

dioxygen in the presence of CO: b1 (blue, 59 s), b2 (green, 110 s) and b3 (red, 0.82 

ms). The b0 spectrum (cyan) represents the difference spectrum of the final product 

within our time window. (B) The residuals, which are the difference between the data 

and the fit, are shown with the delay times increasing from bottom to top 

(nanoseconds to milliseconds). The v-vector fit is also represented (insert) where the 

open circles are the first three significant v-vectors (blue, green, red, respectively) 

resulting from the SVD of the time-resolved data. The solid lines, with corresponding 

colors, represent the reproduced vectors of the three-exponential fit. 
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A kinetic analysis analogous to that used to analyze the data from the reaction 

of the fully reduced ba3 with O2 in the absence of CO was applied to determine the 

intermediate spectra in the presence of CO. Initially, a conventional fast-slow 

unidirectional sequential scheme (Scheme 4) was used to calculate the intermediate 

spectra (Figure 22 A and B). The intermediate spectra calculated from Scheme 4 are 

referenced against the fully reduced CO-bound enzyme; therefore, the first 

intermediate (R) spectrum (Figure 22A, blue curve) shows the spectral shape of the 

reduced-minus-reduced CO-bound difference spectrum. For a better comparison with 

the fully reduced enzyme in the absence of CO (Figure 16 and 17), the first 

intermediate spectrum in Figure 22A was subtracted from each of the calculated 

intermediate spectra, effectively referencing the intermediate spectra against the fully 

reduced enzyme (Figure 22B). Int1 can be assigned to the R intermediate, and Int3 

and Int4 are assigned to PII and O, respectively. Int2 has very similar spectral shape 

to that of Int3 (PI) in the reaction of ba3 with O2 in the absence of CO (Figure 16 and 

17) but with the reduced intensity (Figure 23, blue curve). We subsequently 

calculated the intermediate spectra for ba3 in the presence of CO using the slow-fast 

rate combination (Scheme 5). The spectra, referenced against the CO-bound enzyme, 

are presented in Figure 22C. Figure 22D shows the spectra when referenced against 

the fully reduced ba3.  

 

Scheme 5: Slow-fast sequential scheme of O2 reduction by the fully reduced Tt ba3 in 

the presence of CO. 
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Figure 22: The experimental intermediate spectra for the reaction of the fully reduced 

Tt ba3 with O2 in the presence of CO extracted on the basis on a fast-slow mechanism, 

Scheme 4 (A and B) and a slow-fast mechanism, Scheme 5 (C and D). The 

intermediate spectra Int1 (blue), Int2 (green), Int3 (red), and Int4 (cyan) are 

referenced against the fully reduced CO-bound Tt ba3 (A and C) and the fully reduced 

Tt ba3 (B and D). 
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Figure 23: Intermediate spectra of Int2 generated during the reaction of fully reduced 

Tt ba3 with O2 in the presence of CO. The Int2 spectra were obtained using the 

unidirectional fast-slow scheme (Scheme 4) (blue), and the slow-fast scheme 

(Scheme 5) (green). The red spectrum is the model PI spectrum from the ba3 oxygen 

reaction in the absence of CO.   

 

 The slow-fast sequential scheme resolved Int2 as PI (Figure 23, green) as 

reflected by a good agreement between the intermediate spectrum and model 

spectrum of PI (Figure 23, red). We conclude that the 110 s lifetime should be 

assigned to the oxygen binding step. Additionally, the F intermediate, which is 

observed in the classical aa3 oxidase kinetic scheme, is absent and is replaced with PII, 

similar to what was observed for the reaction of the fully reduced ba3 with O2 in the 
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absence of CO. Scheme 6 shows the kinetic scheme of the fully reduced ba3 with O2 

in the presence of CO with the assigned intermediates.  

 

 
Scheme 6: The slow-fast sequential scheme of the O2 reduction by the fully-reduced 

Tt ba3 in the presence of CO 

 

The 110 s lifetime measured for ba3 in the presence of 90 M O2 results in 

an O2-binding second-order rate constant of 1.0 x 10
8
 M

-1
 s

-1
, a rate which is a factor 

of 10 slower than in the absence of CO. For comparison, analogous experiments were 

conducted on the bovine aa3 oxidase using the O2-photolabile complex, HPBC, in the 

presence and absence of CO (results not shown). These results indicated no difference 

in the O2 binding and reduction kinetics in the presence and absence of CO. This may 

be a result of the O2 binding already being impeded due to the constricted O2 binding 

channel discussed previously. These results show that CO impedes the access of O2 to 

the binuclear active site in ba3 but not in the bovine enzyme. The reason is unclear, 

and several possibilities are discussed below. 

 

Possible Explanations of the Effect of CO on Ligand Binding in Tt ba3  

The binding of CO to CuB
+
 has been reported to be an obligatory pathway to 

and from the heme a3
2+

 site in bovine aa3 oxidase [53], and an analogous mechanism 

has been proposed for ba3 [53]. However, recent crystallographic studies using Xe 
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and Kr pressurized ba3 crystals suggested there was no direct access from the Xe1 site 

(which is located closest to the binuclear active site) to CuB [49]. The amino acid 

residues Trp229 and His283 were suggested to form a barrier through which Xe1 (or 

O2) must bypass to access the binuclear active site [49]. However, in solution these 

maybe more dynamic and may not serve as a rigid wall [49, 54]. These observations 

in combination with the long decay (30 ms) of the CuB-CO complex formed after 

photolysis of CO from heme a3, suggest that the CuB
+
 may not be an obligatory stop 

during O2 entry to the binuclear active site in ba3. If decay of the CuB-CO complex 

occurs with the lifetime of 30 ms in the presence of O2, then the binuclear active site 

must accommodate two ligands because of O2 binding to heme a3
2+

 on microsecond 

time scale (this study and [30]) due to the observation of O2 binding at 110 s (90 M 

O2) in this study and 10 s (1 mM O2 ) our interpretation [30]; however, it remains a 

matter of debate, whether the binuclear active site of ba3 is capable of 

accommodating the two ligands CO and O2 simultaneously [33, 37, 55, 56]. Previous 

low-temperature (30 K) FTIR studies indicated that the reduced E. coli bo3, which 

like Tt ba3 reduced NO to N2O, [34] simultaneously binds NO and CO to the reduced 

high spin heme and CuB, respectively, while Tt ba3 does not [56]. This difference was 

attributed to the larger distance between active site heme and copper in bo3 (5.30 Å) 

compared to that in ba3 (4.4 – 4.7 Å) [14, 35, 36]. These distances refer to the x-ray 

data from the oxidized enzyme, and therefore, a large conformation change at the 

active site in ba3 would be required during the reduction of ba3 to accommodate two 

ligands. Moreover, if CO remains bound to CuB
+
 for the 30 ms lifetime in the 
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presence of O2, then CuB
+
 would be incapable of donating an electron during the 

formation of PI. Because the rate of PI formation is the same in the absence of CO (5 

s) and presence of CO (our interpretation of the results from Siletsky et al. [30]), the 

electron donor for the cleavage of the O-O bond would presumable be the same in the 

absence and presence of CO. The electron donor could be the tyrosine from the 

conserved Tyr-His cross-link, which has previously been proposed to donate an 

electron to form a tyrosine radical during the reaction of O2 with the mixed-valence 

enzyme in which the binuclear active site metals, heme a3 and CuB, are reduced, and 

heme b and CuA are oxidized [15, 57]. This would provide all the electrons needed for 

the oxygen reduction chemistry, allowing the reaction to occur without the donation 

of an electron from CuB
+
. However, for the mixed-valence enzyme fewer electrons 

are available. In this case, the electrons required to cleave the O-O bond and form the 

PM intermediate presumably must come from the heme a3 (2 e
-
), CuB

+
 (1 e

-
) and the 

cross-linked tyrosine (1 e
-
). If CuB

+
 is occupied by the photodissociated CO, the CuB

+
 

is unlikely to donate an electron, leading to the reaction terminating at the O-O bound 

A intermediate. The reaction of the mixed-valence ba3 with O2 is investigated in 

detail in Chapter 2. 

In addition to the possibility of the photodissociated CO binding to CuB
+ 

and 

impeding the binding of O2 at heme a3
2+

, the presence of CO at a ligand docking site 

could restrict access of O2 to the binuclear center. Time-resolved step-scan FTIR 

studies suggested that 15-20% of the photodissociated CO from heme a3
2+

 may be 

trapped at a ligand docking site near CuB [25]. The CO may interact with the heme 
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methyl group and/or one of the heme a3 propionate side chain, thus interfering with 

the access of O2 to the binuclear active site. Alternatively, the binding of O2 to heme 

a3
2+

 may reduce the affinity of CuB
+
 for CO, causing CO to dissociate, thus allowing 

CuB
+
 to act as an electron donor to the bound dioxygen. While the details of how CO 

impedes the binding of O2 to heme a3 remain unclear, these TROA studies show for 

the first time that CO impedes access of O2 to the heme a3
2+

 in Tt ba3 by a factor of 

10.  

 

TROA Spectroscopic Studies of the Reaction of the Fully Reduced Wild-Type ba3 

with NO in the Absence of CO using a Single-Laser Flow-Flash Method  

 The ligand binding dynamics of O2 and NO in the heme-copper oxidases are 

key elements of the O2 reduction, NO inhibition and NO reductase activity observed 

in heme-copper oxidases. Tt ba3 is one of the bacterial oxidases reported to have the 

ability to catalyze the reduction of nitric oxide (NO) to nitrous oxide (N2O), albeit 

with low efficiency [31, 33]. The 10-times faster binding of O2 in Tt ba3 in 

comparison to the aa3 oxidases is attributed to a more open O2 channel (discussed in 

detail above and Chapter 3). An analogous study was undertaken to determine 

whether a physiologically relevant ligand, NO, follows the same entry pathway as O2.  

 The NO binding to fully reduced ba3 in the absence of CO was investigated by 

single laser flow-flash spectroscopy by releasing NO from the photolabile NO-carrier 

(PPNR) using a 355 nm laser pulse. The TROA spectra (Figure 24A), which include 

the spectral changes due to the NO complex, were recorded at 15 delay times, equally 
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spaced on a logarithmic time scale between 200 ns – 10 ms. Figure 24B shows the 

absorbance changes after subtracting the spectral contribution of the NO complex, 

determined in a separate experiment. The concentration of NO generated by the 

photolysis of PPNR was determined as described below. 

 The photo-product of the PPNR has a higher absorbance than the pre-

photolyzed PPNR complex. While the extinction coefficient of the pre-photolyzed 

complex can be determined, the extinction coefficient of the photo-product is 

unknown. Furthermore, the spectral amplitude of the PPNR photo-product decreased 

over time, indicating the decay of the photoproduct(s) generated upon photolysis; 

therefore, traditional methods for determining the NO concentration based on the 

bleached complex generated upon photolysis of PPNR could not be followed. To 

overcome this obstacle, two separate experiments were carried out with the bovine 

aa3 oxidase to determine the extinction coefficients of the post-minus-pre-photolyzed 

PPNR at specific delay times. First, the reaction of the fully reduced CO-bound 

bovine aa3 oxidase with NO-saturated buffer was monitored after photolysis of the 

CO from the bovine heme a3
2+

. Using the solubility of NO in water at room 

temperature of 2 mM, the second-order rate constant for the binding of NO to the 

fully reduced bovine aa3 oxidase was determined. In a second double-laser 

experiment, the reaction of the fully reduced CO-bound bovine aa3 oxidase with NO 

was investigated using the photolabile NO-carrier (PPNR). The NO concentration 

was determined from the calculated apparent lifetimes and the second-order rate 

constant of NO binding. From the spectral changes and NO concentrations the 
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differential extinction coefficients of the PPNR complex photoproduct determined at 

selected experimental delay times between 1 s and 1 ms. These differential 

extinction coefficients were used to determine the concentration of NO produced 

upon photolysis of the PPNR complex.  

The TROA difference spectra were subjected to SVD and global exponential 

fitting, and resolved one apparent lifetime at 16 s (60 M NO) and the associated b-

spectra (Figure 25A). The residual spectra and v-vector with the reproduced v-vector 

(Figure 25B and insert, respectively) suggest that one lifetime is sufficient for fitting 

the data. Based on the b-spectrum, the single apparent lifetime is attributed to the 

binding of NO to heme a3
2+

. Because this is a single-step process, the first b-spectrum 

(Figure 25A, blue curve) is the difference between the first (reduced) and second 

intermediate (NO-bound enzyme) spectra. The b0 spectrum (Figure 25A, green 

spectrum) represents the difference spectrum at infinite time. The 16 s lifetime 

corresponds to a second-order rate constant of ~1 x 10
9
 M

-1 
s

-1
 at 60 M NO 

concentration, the same as that observed for O2. This second-order rate constant was 

confirmed by repeating the measurements at various NO concentrations. The linearity 

of the NO binding rate with NO concentration supports the value of the second-order 

rate constant (Figure 26).  
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Figure 24: SVD-filtered time-resolved optical absorption difference spectra (post-

minus-pre-photolysis) recorded during the reaction of NO with the fully reduced Tt 

ba3 in the absence of CO reaction before (A) and after (B) subtracting the spectral 

contribution of the photolabile NO-carrier, determined in a separate experiment. The 

spectra were recorded at 15 delay times, equally spaced on a logarithmically spaced 

between delay times between 200 ns – 10 ms. The arrows represent the direction of 

the absorbance change with time. Conditions: 0.1 M HEPES (pH 7.5) buffer with 

0.1% DM; optical pathlength: 0.5 cm; effective enzyme concentration: 1.2 M, 

effective NO concentration: 60 M. 
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Figure 25: (A) b-spectra resulting from a one-exponential fit to the time-resolved 

optical absorption data recorded during the reaction of the fully-reduced Tt ba3 with 

NO in the absence of CO. b1 (blue, 16 s) represents the spectral change that occurs 

during the binding of NO. The b0 spectrum (green) represents the difference spectrum 

extrapolated to infinite time, namely, the difference between the spectra of the NO-

bound and reduced Tt ba3 enzyme. (B) The residuals, which are the difference 

between the data and the fit, are shown with the delay times increasing from bottom 

to top (nanoseconds to milliseconds). (Insert) The first and only significant v-vector 

(open circles) resulting from the SVD of the TROA data. The solid line represents the 

reproduced v-vector of the one-exponential fit. 

 



70 
 

 

Figure 26: The dependence of the pseudo-first-order constant for NO binding vs. NO 

concentrations for the reaction of the fully reduced Tt ba3 with photoproduced NO 

(circles). The solid line represents the linear dependence with the line going through 

the origin of the graph.  

 

An analogous study was carried out with the bovine aa3 oxidase (data not 

shown), and the apparent lifetime for NO binding was 127 s (87 M NO), 

corresponding to a second-order rate constant of 9 x 10
7
 M

-1 
s

-1
. A comparison 

between the transient absorbance changes at the absorbance maximum, 444 nm, 

during the reaction of NO binding with the fully reduced Tt ba3 and fully reduced ~10 

times faster NO binding in ba3 (1 x 10
9
 M

-1 
s

-1
) than in to the bovine aa3 (9 x 10

7
 M

-1 

s
-1

) (Figure 27). This suggests that the NO ligand entry pathway from the protein 

exterior to the binuclear active site is analogous to that of dioxygen. The reported 

NO-reductase activity of the wild-type ba3 oxidase [33] is not observed on the time-

scale of these experiments. This allows for the sole probing of the binding of NO to 

ba3 without the complexity of the reduction reaction, which is observed in reaction of 

ba3 with dioxygen.  
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Figure 27: Comparison of the transient absorbance changes taking place at 444 nm 

during the reaction of the fully reduced Tt ba3 (circles) and bovine aa3 (triangles) with 

photo-produced NO in the absence of CO. The kinetic traces are from the time-

resolved data and are normalized to the total absorbance change. The solid lines 

represent the absorbance traces at 444 nm reconstructed on the basis of the global 

exponential fits.  

 

 

TROA Spectroscopic Studies of the Reaction of the Fully Reduced Wild-Type ba3 

with NO in the Presence of CO using a Double Laser Flow-Flash Method 

 The comparable O2 and NO binding rates for the Tt ba3 in the absence of CO 

suggest that NO and O2 follow the same pathway to the binuclear active site. The 

effect of CO on NO binding was also explored using the double laser approach. 

 TROA spectra of the reaction of photoproduced NO with the fully reduced 

wild-type ba3 in the presence of CO were recorded at 14 delay times, equally spaced 

on a logarithmic scale between 500 ns – 50 ms (Figure 28); the spectral contribution 

of the photolyzed NO complex, determined in a separate experiment, was subtracted. 

The NO was produced upon photolysis of the PPNR complex with a 355 nm laser 
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pulse (Nd:YAG 7 ns) and the CO-bound ba3 enzyme was simultaneously photolyzed 

with a 532 nm laser pulse (Nd:YAG, 7 ns).  

 

 

Figure 28: SVD-filtered time-resolved optical absorption difference spectra (post-

minus-pre-photolysis) of the reaction of the fully reduced Tt ba3 with photoproduced 

NO in the presence of CO; the spectral contribution of the photolabile NO carrier was 

subtracted using spectra obtained in a separate experiment. The spectra were recorded 

at 15 delay times, equally spaced on a logarithimic time scale between delay times of 

500 ns – 50 ms. The arrows represent the direction of the absorbance change with 

time. Conditions: 0.1 M HEPES (pH 7.5) buffer with 0.1% DM; optical pathlength: 

0.5 cm; effective enzyme concentration: 1.2 M, effective NO concentration: 70 M. 

The CO concentration was 0.5 mM after mixing.  
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Figure 29: (A) b-spectra resulting from a one-exponential fit to the time-resolved 

optical absorption data recorded during the reaction of the fully-reduced Tt ba3 with 

NO in the presence of CO: b1 (blue, 166 s), and the b0 spectrum (green) represents 

the time-independent b-spectrum present at the end of the reaction, namely, the 

difference between the spectra of the NO-bound and fully reduced Tt ba3 enzyme 

with CO present. (B) The residuals, which are the difference between the data and the 

fit, are shown with the delay times increasing from bottom to top (nanoseconds to 

milliseconds). (Insert) The first two significant v-vectors (blue and green open 

circles) resulting from the SVD of the TROA data. The solid lines represent the 

reproduced vectors of the exponential fit. 
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 SVD-based global exponential fitting of the time-resolved difference spectra 

in the presence of CO resolved a single lifetime of 166 s at 70 M NO concentration. 

The corresponding spectral changes, b-spectra, residuals and v-vector fit are shown in 

Figure 29 A, B and insert, respectively. This lifetime corresponds to a second-order 

rate constant for NO binding of ~1 x 10
8
 M

-1 
s

-1
, which is ~ 10 times slower than the 

rate observed in the absence of CO. The transient absorbance changes taking place at 

444 nm during the binding of the photoproduced NO with Tt ba3, in the absence and 

presence of CO are compared in Figure 30A. The effect of CO on the NO binding 

rate is comparable to that observed on the O2 binding rate previously described. An 

analogous experiment was carried out with the bovine aa3 oxidase in the presence and 

absence of CO. Figure 30B compares the transient absorbance changes occurring at 

444 nm upon the NO binding to ba3 and bovine aa3 in the absence and presence of 

CO. In comparison to the 10-fold decrease in the NO binding rate in Tt ba3 in the 

presence of CO, there appears to be no significant effect on NO binding in bovine aa3 

in the presence of CO. These results suggest that the NO binding in Tt ba3 is 

analogous to that of O2 and the two ligands are likely to enter the binuclear active site 

through the same ligand binding pathway. Possible explanations of the effect of CO 

on O2 binding in the Tt ba3 were discussed in detail above.  
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Figure 30: Comparison of the transient absorbance changes taking place at 444 nm 

during the binding of NO in the fully reduced Tt ba3 (A) and bovine aa3 (B) in the 

absence of CO (open circles and open triangles, respectively), and in the presence of 

CO (closed circles and triangles, respectively). The kinetic traces are obtained from 

time-resolved data, and are normalized to the total absorbance change. The solid lines 

represent the absorbance traces at 444 nm, calculated on the basis of the global 

exponential fits. 

 

Conclusions 

 There are several important conclusions from the time-resolved optical 

absorption studies of the reactions of O2 and NO with native wild-type Tt ba3 

presented in this chapter. First, the second-order rate constant for the binding of O2 
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and NO in the absence of CO was found to be ~ 1 x 10
9
 M

-1 
s

-1
, which is approaching 

the diffusion-controlled limit. This rate is 10-times faster than that observed in the aa3 

oxidases under similar conditions. Because comparable binding rates are observed for 

O2 and NO, the two ligands are suggested to access the binuclear site using the same 

ligand channel. The 10-times faster ligand binding in Tt ba3 compared to bovine aa3 

is attributed to the inherent structural differences in the ligand binding pathways of 

the two enzymes, with the aa3 oxidase ligand pathway having a “bottle-neck” 

structure but the Tt ba3 having a “Y-shaped” open channel [49] (This hypothesis will 

be explored in detail in Chapter 3). The increased rate of ligand binding and O2 

cleavage in Tt ba3 could be an environmental adaptation benefitting the thermophilic 

organism, T. thermophilus HB8, which lives in low oxygen and high temperature 

(~70  C) environments.  

These studies also demonstrate that the presence of CO impedes the binding 

of both ligands, O2 and NO, to heme a3
2+ 

by a factor of 10 in Tt ba3 but not in the aa3 

oxidases. The photodissociated CO from heme a3
2+

 has previously been reported to 

bind to CuB
+
; however, due to the microsecond lifetimes observed for O2 and NO 

binding, CO is unlikely bound to CuB
+
 in the presence of another ligand unless the 

binuclear active site is capable of accommodating two ligands simultaneously. 

Additionally, in Tt ba3, large conformational changes are required in order to 

accommodate two ligands in the binuclear active site. The mechanism by which CO 

may impede the binding of O2/NO remains unclear, and may be due to the presence 
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of CO on CuB
+
 or at a ligand docking site, or conformational changes in the protein 

structure resulting from to the presence of CO.  
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The Reactions of O2 and NO with the Mixed-

Valence Wild-Type ba3 Cytochrome c Oxidase 

from Thermus thermophilus: 

 

Time-Resolved Optical Absorption Spectroscopic 

Studies using a Double Laser Flow-Flash Method   
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Introduction 

Cytochrome c oxidase is the terminal transmembrane respiratory enzyme in 

the inner mitochondrial membrane in eukaryotic cells, and the plasma membrane of 

prokaryotic cells [1-3]. This enzyme catalyzes the reduction of O2 to water, and the 

exergonic reaction is coupled to proton translocation across the membrane space, 

creating an electrochemical proton gradient [1-3]. The proton gradient is utilized for 

the production of ATP, which is the primary source of energy for living organisms [1-

3]. The overall reaction catalyzed by cytochrome c oxidase is as follows: 

 

Under physiologically relevant conditions, electrons are donated from 

cytochrome c (one at a time) to the cytochrome c oxidase. It is likely that the enzyme 

becomes active prior to the reduction of all four redox-active metal centers (fully 

reduced state). The two-electron-reduced enzyme form, referred to as the mixed-

valence state, is suggested to have the minimum number of electrons required for 

binding of O2. In the mixed-valence CO-bound enzyme, the two electrons reside on 

the binuclear active site metal centers (heme a3
2+ 

and CuB
+
) and with CO bound to 

heme a3
2+

, while the other metal centers, heme a
 
and CuA, are oxidized. When CO is 

photodissociated from heme a3
2+

 in the aa3 oxidases, intramolecular electron transfer 

occurs from heme a3
2+

 to the low spin heme a [4-7]. The flow of electrons from the 

binuclear center heme a3
2+

 and CuB
+
 to the low-potential redox centers (heme a

3+
 and 

CuA
2+

) is referred to as the electron backflow. This process was previously observed 

in the aa3 oxidases from bovine heart (~25 % electron backflow) and Rhodobacter 



88 
 

sphaeroides (R. sphaeroides) (~75 % electron backflow) upon flash-photolysis of the 

mixed-valence CO-bound enzyme [4, 8, 9]. For example, five apparent lifetimes (1.1 

s, 2.4 s, 31 s, 68 ms and 240 ms) were reported upon CO flash-photolysis of the 

mixed-valence CO-bound R. sphaeroides aa3 [4] and several studies also reported 

conformational changes on early microsecond timescale following CO flash-

photolysis [4, 9, 10]. The first three lifetimes in R. sphaeroides aa3 were attributed to 

the electron transfer from heme a3
2+

 (reduced) to heme a
3+ 

(oxidized), while the later 

two millisecond lifetimes were assigned to the recombination of CO to heme a3
2+

 in 

two different conformations [4]. Additionally, spectral shifts were observed when the 

spectra of the bench-made heme a
2+

 and a3
3+

 were compared to those derived 

following the electron backflow [4, 7].  

The reaction of the MV bovine heart aa3 oxidase with O2 following photolysis 

of the MVCO enzyme has previously been studied [11, 12]. A proposed mechanism 

is shown in Figure 1 [11, 12]. The two binuclear active site redox centers are reduced 

(heme a3
2+

 and CuB
+
), and the other two metal centers (not shown in the figure) are 

oxidized and therefore cannot donate electrons for the oxygen reduction. The splitting 

of the O-O bond requires four electrons, two electrons are transferred from the heme 

a3
2+

, one electron from CuB
+
 and a fourth electron is suggested to come from the 

cross-linked tyrosine, forming a tyrosine radical generating the “peroxy” PM 

intermediate [11-13]. Due to the absence of additional electrons, the oxygen reaction 

in the mixed-valence enzyme terminates at this intermediate [11]. The P intermediate 

formed during the reaction of O2 with the mixed-valence bovine heart aa3 oxidase 
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(PM), has been shown to be spectrally different from the P intermediate proposed in 

the reaction of O2 with the fully reduced enzyme (PR) [12]. The latter appeared to be 

a mixture of the A, P and F compounds, and not a true “P” form [14-16]. 

 

 

Figure 1: A proposed model of the dioxygen cleavage by the mixed-valence aa3 

cytochrome c oxidase from bovine heart, based on time-resolved resonance Raman 

spectroscopy studies [11]. The binuclear active site, heme a3
2+

 and CuB
+
, along with 

the Tyr244 cross-linked to His240 are shown. The mechanism shows the mixed-

valence (reduced) state (a), the oxygen bound compound AM (b), two potential 

transition states (c and d), and the “peroxy” intermediate (PM) where the reaction 

terminates (d).   

 

Cytochrome c oxidase from the Thermus thermophilus HB8 strain contains 

four redox-active metal centers, CuA, heme b, CuB and heme a3, and is referred to as 

ba3 (Tt ba3) due to its prosthetic groups, heme a3 and heme b [17-19]. In Chapter 1, 

the reaction of the reduced enzyme was investigated in the absence and presence of 

CO. The results showed that the O2 and NO binding in the absence of CO is 10-times 

faster (1 x 10
9
 M

-1
 s

-1
) than in the presence of CO (1 x 10

8
 M

-1
 s

-1
) [20, 21]. Following 

photolysis of the fully reduced CO bound enzyme in the presence of O2, the CO 

presumably binds to CuB
+
 [11]. The lifetime of the CuB

+
-CO complex in the fully 

reduced enzyme in the absence of O2 is 30 ms [22, 23]. In this case, the four electrons 
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required for O-O bond splitting could come from heme a3 (2 electrons), heme b (1 

electron) and the cross-linked tyrosine (1 electron) rather than CuB
+ 

[21]. However, 

the O-O bond cleavage in the mixed-valence enzyme requires the oxidation of CuB
+
 

as well as electrons from heme a3 and the cross-linked tyrosine [11]; this reaction 

would inherently have to be investigated in the presence of CO because the 

preferential reduction of heme a3 and CuB and the oxidation of heme b and CuA is 

only possibly in the presence of CO.  If CO remains bound to the CuB
+
 for 

milliseconds following photolysis of CO from the MV CO-bound enzyme in the 

presence of O2 [24-26], then CuB
+
 would not be able to act as an electron donor, along 

with heme a3
2+

 and the cross-linked tyrosine, to break the O-O bond and the reaction 

would terminate at the O2-bound state, compound A. However, if the reaction 

proceeds to the PM state [11, 12], the CO is unlikely bound to CuB. To explore this 

issue, we investigated the reaction of the MV Tt ba3 with O2. Because heme b is 

oxidized in the mixed-valence enzyme, an electron from both the cross-linked 

tyrosine and the CuB
+
 is required for the O2 cleavage and formation of the P 

intermediate. The question whether there are spectral differences between the PR and 

PM intermediates, as previously reported for the aa3 oxidase [12], is also addressed. 

The binding rates of ligands, O2 and NO, in the mixed-valence enzyme are compared 

to those of the fully reduced enzyme to reveal possible conformational differences 

between the two states [12]. Intramolecular electron transfer in Tt ba3 following 

photolysis of the MVCO enzyme was also investigated. 
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Materials and Methods  

The wild-type ba3 enzyme from Thermus thermophilus (Tt) HB8 (the native 

enzyme) was isolated, purified and generously provided by the Soulimane lab at the 

University of Limerick, Ireland [27]. Dodecyl-β-D-maltopyranoside (DM) detergent 

was obtained from Affimetrix Inc., and standard grade (99.9%) CO was purchased 

from Praxair. Potassium pentachloronitrosylruthenate(II) (Ru 25.8%) (PPNR) 

photolabile NO-complex was obtained from Alfa Aesar, and the (-peroxo)(-

hydroxo)bis[bis(bipyridyl)cobalt(III)] nitrate (HPBC) photolabile O2-carrier was 

synthesized as described in the Material and Methods section of Chapter 1. All the 

other chemicals were purchased from Sigma Aldrich and Fisher Scientific. 

 

Preparation of the Mixed-Valence CO-bound Tt ba3 oxidase 

 The mixed-valence wild-type ba3 CO-bound enzyme (a3
2+

-CO, CuB
+
, b

3+
, 

CuA
2+

), in 0.1 M HEPES (pH 7.5) buffer containing 0.1% DM, was prepared by first 

taking the oxidized enzyme through several alternating cycles of vacuum and 

nitrogen. The deoxygenated sample was subsequently exposed to CO and left 

overnight under CO. During the overnight reduction under CO, the enzyme becomes 

over-reduced, to the extent of becoming nearly fully reduced; however, to distinguish 

between this overnight reduction of Tt ba3 under CO and the fully reduced CO-bound 

enzyme prepared by adding the traditional reducing agents, this over-reduced CO-

bound Tt ba3 will be referred to as the “over-reduced” Tt ba3. To form the true mixed-

valence CO-bound state, 20 M of deoxygenated ferryicyanide was added under CO 
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to the over-reduced Tt ba3 enzyme. This mixed-valence CO-bound form was 

confirmed by the optical absorption spectra recorded in the 350 – 700 nm wavelength 

range using a HP 8453 spectrophotometer. The oxidation of heme b was confirmed 

by the absence of the reduced heme b (b
2+

) peak at 560 nm. The glucose oxidase 

mixture (added during sample preparation to remove O2 in Chapter 1) was 

intentionally excluded in all of the samples due to the possibility of glucose oxidase 

converting ferricyanide to ferrocyanide, which could act as a reducing agent. The O2-

complex was prepared by dissolving the solid HPBC complex in 0.1 M HEPES (pH 

7.5) buffer, and the absorption at 395 nm was adjusted to ~0.9 O.D. in a 2 mm cuvette 

prior to the time-resolved optical absorption measurements. The HPBC solution was 

deoxygenated under N2 with minimum exposure to light. To prepare the NO-complex, 

5-10 mM of the commercially available PPNR was dissolved in 0.1 M HEPES (pH 

7.5) and treated in the same manner as the HPBC solution.  

 

CO Flash-Photolysis and Recombination of the Mixed-Valence Wild-Type Tt ba3  

 The flash-photolysis experiments on the MVCO Tt ba3 were performed at 

room temperature in a deoxygenated quartz cuvette using a 532 nm pulse from a Q-

switched DCR-11 Nd:YAG laser (~7 ns full width at half maximum) to photolyze the 

CO from the heme a3. The time-resolved optical absorption (TROA) difference 

spectra were recorded between 350 – 760 nm as described in Chapter 1. The spectra 

were measured at delay times, equally spaced on the logarithmic time-scale, between 

100 ns – 800 ms. Each recorded spectrum is an average of 40 accumulations. The 
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time-resolved optical absorption difference spectra were analyzed using singular 

value decomposition (SVD) and global exponential fitting, which provided the 

apparent lifetimes and the associated spectral changes, the b-spectra (refer to 

Appendix for more detail on the SVD and global exponential fitting analysis). 

 

The Reaction of O2 and NO with the MV Wild-Type ba3 Time-Resolved Optical 

Absorption (TROA) Spectroscopic Studies using a Double Laser Flow-Flash 

Method  

 The reaction of the wild-type mixed-valence ba3 with O2 and NO was 

investigated using photolabile O2 and NO carriers, respectively, in combination with 

the double laser flow-flash technique described in Chapter 1. In this approach, the 

reaction is initiated by simultaneously photodissociating the O2 or NO-carrier with a 

355 nm laser pulse and the mixed-valence CO-bound ba3 with a 532 nm laser flash. 

Due to the large absorption of the photolabile complex between 300 – 400 nm, the 

532 nm laser pulse is utilized for efficient photolysis of the CO bound to heme a3. 

The TROA difference spectra were recorded between 350 – 760 nm at 12 delay times, 

equally spaced on a logarithmic time-scale, between 1 s – 5 ms for the O2 complex 

study, and at 9 delay times between 5 s – 2 ms for the NO complex study. The 

recorded spectrum at each delay time was an average of 20 accumulations. The O2 

and NO concentrations photoproduced in the experiments were determined using the 

method described in Chapter 1.  
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Results and Discussions 
 

CO Flash-Photolysis and Recombination of the Mixed-Valence Wild-Type Tt ba3  

Exposure of the two-electron reduced enzyme to CO is utilized as a tool to 

make the mixed-valence CO bound state in which the two electrons reside on the 

binuclear active site (heme a3
2+

 and CuB
+
). The CO flash-photolysis experiment is 

carried out to study the intramolecular electron transfer, CO rebinding and possible 

conformational changes associated with CO photolysis and rebinding to the MV wild-

type Tt ba3.  

Figure 2 shows the static ground state and difference optical absorption 

spectra of the wild-type Tt ba3 in different oxidation and reduction states. Figure 2A 

shows the oxidized enzyme (blue trace), over-reduced CO-bound enzyme (green 

trace), and the MVCO enzyme (red trace). In the “over-reduced” CO-bound wild-type 

Tt ba3 spectrum, heme b and CuA metal centers are reduced and in a large population 

of the Tt ba3 enzyme, the binuclear active site metal center (heme a3 and CuB) is also 

reduced. A sharp peak at 560 nm reflects the reduction of heme b. The spectrum of 

the MVCO ba3 (red trace) is characterized by the heme a3
2+

-CO peak at ~595 nm and 

the significantly reduced heme b peak at 560 nm. The oxidized-minus-MVCO and 

MVCO-minus-fully reduced CO-bound difference spectra are shown in Figure 2B 

(blue and green, respectively). The stability of MVCO enzyme was confirmed by 

monitoring the optical absorption for ~1 hour before the CO flash-photolysis 

measurements. 
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Figure 2: The static optical absorption spectra of the wild-type Tt ba3 recorded on the 

HP 8453 spectrophotometer. (A) The static spectra of the oxidized enzyme (blue), the 

over-reduced CO-bound enzyme (green) and the MVCO enzyme (red). (B) The 

difference spectra of the oxidized-minus-MVCO enzyme (blue), and the MVCO-

minus-over-reduced CO enzyme (green). 

  

 

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

between 350 – 760 nm after photolysis of the MVCO wild-type Tt ba3 (Figure 3). 

The arrows indicate the direction of the change during the course of the delay times. 

The TROA difference spectra appear to behave in an analogous manner to those 
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observed in CO flash-photolysis and recombination experiment on the fully reduced 

Tt ba3 (Chapter 1), with the amplitudes of the 430 nm trough and 444 nm peak 

decreasing over time. The TROA difference spectra were analyzed using SVD and 

global exponential fitting. The v-vectors, resulting from the SVD analysis of the 

TROA difference spectra, describe the time evolution of the corresponding 

orthogonal basis spectra (u-vectors). The first significant v-vector is represented as 

blue open circles in the insert in Figure 4. The blue solid line is the reproduced v-

vector from the two-exponential fitting. Based on the residuals and v-vectors, two 

exponentials appear to be sufficient to fit the TROA data. The apparent lifetimes are 

49 s and 330 ms, and the spectral changes corresponding to each apparent lifetime, 

b-spectra, are represented in blue (49 s) and green (330 ms) in Figure 4A.  
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Figure 3: TROA difference spectra (post minus pre-photolysis) of the MVCO wild-

type Tt ba3 oxidase recorded between 350 – 760 nm at 22 delay times logarithmically 

spaced between 100 ns – 800 ms. The arrows represent the direction of the absorption 

change with time. Conditions: 0.1 M HEPES (pH 7.5) buffer with 0.1% DM; optical 

pathlength 0.4 cm. 
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Figure 4: (A) The spectral changes, b-spectra, for the two-exponential fit to the 

TROA difference spectra of the MVCO wild-type Tt ba3: b1 (blue, 49 s) and b2 

(green, 330 ms). The nonzero time-dependence b0 spectrum (red) represents the 

difference spectrum of the final product within our time window. (B) The residuals, 

which are the difference between the data and the fit, are shown with the delay times 

increasing from bottom to top (nanoseconds to milliseconds). (Insert) The open 

circles are the first significant v-vector resulting from SVD of the time-resolved data. 

The solid line represents the reproduced v-vector of the two-exponential fit. 
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The SVD and global exponential fitting resolved one large amplitude b-

spectrum, which corresponds to the rebinding of CO to heme a3
2+

 with an apparent 

lifetime of 330 ms (Figure 4A, green spectrum). The first b-spectrum, minor 

contribution, corresponds to the 49 s apparent lifetime (Figure 4A, blue spectrum). 

The apparent lifetime of 330 ms for CO rebinding is slightly longer than observed for 

the fully reduced enzyme (~260 ms; Chapter 1); however, this could be due to the 

difference in the experimental temperature, due to the difference in room temperature. 

To explore this possibility, the TROA CO flash-photolysis of the over-reduced CO-

bound wild-type Tt ba3 oxidase and the MVCO CO-recombination were carried out 

on the exact same sample immediately before and after the addition of ferrycyanide, 

respectively (data not shown). The apparent lifetime corresponding to the rebinding 

of CO was 333 ms for the over-reduced Tt ba3, which is the same as the 330 ms 

lifetime observed for the CO-recombination to MVCO Tt ba3.  

There is no observed electron backflow, namely, electron transfer from heme 

a3
2+

 to the oxidized heme b following photolysis of the MVCO wild-type Tt ba3 CO 

flash-photolysis measurements despite previous studies reporting a ~4.2% electron-

back-flow [6]. Any electron backflow in Tt ba3 oxidase would result in reduction of 

heme b and a distinct absorption at 560 nm, which is not observed. Moreover, the 

data were sufficiently fit with two exponentials. The 330 ms lifetime is attributed to 

the rebinding of CO to heme a3
2+

, and the b-spectrum associated with the 49 s 

lifetime does not appear to have any characteristic spectral changes associated with 

the reduction of heme b. Previous flash-photolysis and recombination studies of the 
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MVCO aa3 oxidases showed significant electron backflow (~ 75% in the aa3 oxidase 

from R. sphaeroides [4]), indicating that the MVCO Tt ba3 oxidase is very different in 

this respect. Previous FTIR studies have attributed the lack of electron backflow to 

the larger difference in the midpoint redox potentials of the metal centers in Tt ba3 [5]. 

A high driving force for electron transfer from heme b to heme a3 was suggested by 

an electrochemical titration of the two hemes, making the electron backflow  from 

heme a3
2+

 to heme b
3+

 unlikely [5, 28, 29].  

A comparison between the TROA spectra of the MVCO, over-reduced CO-

bound and fully reduced CO-bound Tt ba3 at delay times of 100 ns (Figure 5A) and 5 

ms (Figure 5B) indicate a blue shift in the Soret peak (~444 nm) of the photolyzed 

MVCO form, which has not been reported before. This spectral shift is not observed 

in the 430 nm trough (data not shown) in the Soret region of the TROA spectrum at 

100 ns or 5 ms. The amplitudes of the spectra recorded after photolysis of the over-

reduced and fully reduced CO-bound enzyme complexes at 100 ns were adjusted at 

~444 nm to match that of the MVCO form. Previous flash-photolysis studies on the 

MVCO bovine aa3 oxidase have proposed that intramolecular electron transfer occurs 

on an ultrafast time-scale prior to the recording of the first spectrum at 100 ns [26, 30]. 

This proposal is based on the difference between the fully reduced and MV spectra 

obtained at 100 ns after photolysis of the respective CO-bound enzyme complexes 

[26, 30]. The double difference was similar to the spectrum expected upon the 

oxidation of heme a3 by heme a  suggesting that a substantial fraction of the electron 

transfer occurred prior to 100 ns [26, 30]. When the ba3 double difference spectrum at 
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100 ns (MV-MVCO minus fully reduced-fully reduced CO) is compared with the 

model difference spectrum of the electron transfer from heme a3
2+

 to heme b
3+

, the 

peaks in the two spectra do not agree (data not shown). This indicates that the spectral 

shift observed between the CO flash photolysis spectrum of the MVCO enzyme, the 

fully reduced and those observed in the over-reduced Tt ba3 is not a result of an 

ultrafast electron transfer between heme a3
2+

 to heme b
3+

. Moreover, this spectral 

difference observed in the analogous double difference spectrum at the 5 ms delay 

time indicates that this difference persists on longer time scales and therefore is not 

due to ultra-fast electron transfer or an artifact in the early delay time. The flash-

photolysis of the over-reduced CO-bound Tt ba3 was carried out on the same day and 

on the same sample as that used to generate the MVCO form but immediately before 

the addition of ferricyanide to make the MVCO Tt ba3 sample. This suggests that the 

spectral shift in the transient MV spectrum arises from conformational changes at the 

binuclear active site following photolysis of the MVCO ba3. It should be noted that 

detection of the spectral differences between the transient flash-induced difference 

spectra of the MVCO and the over-reduced or fully-reduced enzyme was made 

possible by a multi-wavelength detection system, and would not have been observed 

using single-wavelength detection.  

 No electron backflow was observed in the MVCO wild-type Tt ba3 flash-

photolysis study, indicating significant differences in this respect between the Tt ba3 

and the aa3 oxidases. Furthermore, our results suggest conformational differences at 
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the binuclear active site after the photodissociation of CO from the MVCO Tt ba3 

versus the fully reduced CO-bound Tt ba3 oxidase.  

 

 

Figure 5: A comparison of the 444 nm peak in the TROA spectra recorded following 

photolysis of the MVCO ba3 (blue), the over-reduced CO-bound ba3 (green), and the 

fully reduced CO-bound ba3 (red) Tt ba3 at delay times of 100 ns (A) and 5 ms (B). 

The amplitudes of the over-reduced spectrum (green) and the fully reduced spectrum 

(red) are normalized to the MVCO spectrum (blue) at the ~444 nm peak at both delay 

times.  
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Time-Resolved Optical Absorption (TROA) Spectroscopic Studies of the Reaction 

of the Mixed-Valence Tt ba3 with O2 using a Double Laser Flow-Flash Method  

 The reaction of the fully reduced wild-type ba3 oxidase with O2 in the 

presence of CO was described in Chapter 1. A similar approach, namely the use of a 

photolabile O2-carrier in combination with the double laser flow-flash, method was 

used to monitor the reaction of O2 with the Tt ba3. This experiment is critical for 

determining whether the photolyzed CO from heme a3
2+

 dissociates from CuB
+
 on a 

millisecond time scale, as previous FTIR studies have previously suggested [31], or 

whether the CO leaves CuB
+
 on a faster time-scale.  

 The reaction of the MV ba3 with O2 was investigated by photolyzing the O2-

carrier (HPBC complex) with a 355 nm laser pulse to produce O2 and by 

simultaneously photolyzing CO from the MVCO enzyme with 532 nm laser light. 

The TROA difference spectra (post-minus pre-photolysis) are shown in Figure 6. The 

TROA difference spectra are referenced against the MVCO enzyme, and the spectral 

contribution of the HPBC was subtracted. The concentration of O2 released from the 

HPBC was determined from the complex bleach at 395 nm using the extinction 

coefficient Δ395nm = 4400 M
-1 

cm
-1 

(see Chapter 1).  
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Figure 6: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the MV wild-type Tt ba3 with the photoproduced O2 

and after the subtraction of the complex contribution, which was determined in a 

separate experiment. The spectra were recorded between 350 – 760 nm, at 14 delay 

times logarithmically spaced, between 1 s – 5 ms. The arrows indicate the direction 

of the absorbance change with the progression of time. Conditions: 0.1 M HEPES 

(pH 7.5) buffer with 0.1% DM; optical pathlength 0.5 cm; effective enzyme 

concentration: 2.4 M; effective O2 concentration: 50 M; CO concentration after 

mixing: 0.5 mM.   

 

 

 

 

  SVD and global exponential-fitting applied to the TROA difference spectra 

resolved one apparent lifetime of 380 s (at ~50 M O2). The b-spectrum associated 

with this apparent lifetime is shown in Figure 7A (blue curve), and the nonzero time-

dependent b0 spectrum is represented by the green curve. The residuals for the one-

exponential fit, which represent the difference between the data and the fit, are shown 
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in Figure 7B. The first two significant v-vectors (Figure 7 insert) resulting from the 

SVD are shown as open circles, and the solid lines with corresponding colors 

represent the reproduced vectors of the one-exponential fit. The residuals have no 

significant reoccurring shape and the reproduced v-vectors have an agreeable fit with 

the experimental v-vectors, suggesting that a single-exponential is sufficient for 

fitting the data. The experimental intermediate spectra are calculated based on a 

single-step unidirectional mechanism using the b-spectra and assigning the apparent 

rate constant to the microscopic rate constant. Figure 8A shows the two calculated 

experimental intermediate spectra (Int 1 blue, and Int 2 in green), which are 

referenced against the MVCO enzyme. The intermediate spectra referenced against 

the reduced Tt ba3 (Figure 8B) were obtained by subtracting the first intermediate 

(Int 1) in Figure 8A from both intermediate spectra. This allows for a comparison of 

the intermediates observed in the reaction of O2 with the MV Tt ba3 (this study) with 

those observed during the reaction of O2 with the fully reduced Tt ba3 both in the 

presence and absence of CO (Chapter 1).  
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Figure 7: (A) b-spectra resulting from a one-exponential fit to the TROA data 

recorded during the reaction of the wild-type MV Tt ba3 with O2: b1 (blue, 380 s), b0 

(green), represents the difference spectrum of the final product within our time 

window. (B) The residuals, which are the difference between the data and the fit, are 

shown with the delay times increasing from bottom to top (microseconds to 

milliseconds). (Insert) (Open circles) the first two significant v-vectors (blue and 

green) resulting from the SVD of the time-resolved data. (Solid lines) the reproduced 

vectors of the one-exponential fit. 

 

 



107 
 

 
 

Figure 8: Calculated experimental intermediate spectra from the reaction of the wild-

type MV Tt ba3 with the photoproduced O2 calculated based on a single step 

unidirectional sequential mechanism. (A) The intermediate spectra referenced against 

the MVCO Tt ba3. (B) The same calculated intermediate spectra referenced against 

the reduced Tt ba3 spectrum; these spectra were obtained by subtracting the first 

intermediate spectrum in (A) from both intermediate spectra. The first intermediate 

(Int 1) is shown in blue, and the second intermediate (Int 2) is shown in green.  

 

 

 

 

The spectrum of the final intermediate Int 2 referenced against the MVCO and 

the reduced Tt ba3 is shown in Figure 8A and 8B, respectively. Both spectra show the 

characterist peak of a P intermediate at ~610 nm (Figure 8), which was observed 
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previously in the reaction of O2 with the fully reduced Tt ba3 oxidase (Chapter 1). 

Figure 9A shows a comparison between Int 2 referenced against the MVCO Tt ba3 

oxidase (blue trace) and the P intermediate from the reaction of the fully reduced Tt 

ba3 oxidase with O2 in the presence of CO (green trace); the spectra have been 

normalized to the same effective enzyme concentration (normalization factor of 1.2). 

In Figure 9B (green trace) the spectrum of Int 2 in the reaction of O2 with the MV Tt 

ba3 oxidase, referenced against the reduced enzyme (green trace), is compared with 

the spectrum of the P intermediate from the reaction of O2 with the fully reduced Tt 

ba3 oxidase in the absence of CO, normalized to the same effective enzyme 

concentration (nomalization factor of 0.92). There is a good agreement between Int 2 

of the MVenzyme and that of P intermediate of the fully reduced enzyme using either 

comparison. The spectrum of Int 2 in the visible region from the MV ba3 study 

(Figure 10, blue) is further modeled by the spectrum of the PII intermediate from the 

reduction of O2 with fully reduced Tt ba3 oxidase (Figure 10, green) and the 

normalized bench-made spectrum of P of the bovine heart enzyme (Figure 10, red), 

referenced against the CO-bound enzyme (Figure 10A, green) and the reduced 

enzyme (Figure 10B). The spectrum of Int 2 from the reaction of O2 with the  MV Tt 

ba3 is in good agreement with the bench-made model spectrum in the ~ 610 nm in 

visible region, which is characteristic of the P intermediate. From these comparisons 

and models, it is evident that the spectrum of the final intermediate (Int 2) in the 

reaction of O2 with the MV Tt ba3 oxidase is a P intermediate. 

 



109 
 

 
Figure 9: A comparison of the spectrum of the final experimental intermediate (Int 2) 

from the reaction of the MV Tt ba3 with O2 (blue), referenced against the MVCO 

enzyme (A) and the reduced enzyme (B) and the PII intermediate generated during 

the reaction of O2 with the fully reduced Tt ba3 oxidase (green) in the presence of CO 

(A) and absence of CO (B). Note the different scaling in the regions below and above 

500 nm. 

 

 

 

 

 

 

 

 



110 
 

 
Figure 10: (Blue) The spectrum of Int 2 in the visible region from the reaction of the  

MV ba3 with O2. (Green) The PII intermediate from the reduction of O2 with fully 

reduced Tt ba3 oxidase. (Red) The normalized bench-made spectrum of the P 

intermediate of bovine heart enzyme (red), referenced against the CO-bound enzyme 

(A) and the reduced enzyme (B). The spectra are normalized to the effective enzyme 

concentration of the Tt ba3 in the MV experiment. 

 

 

 The P intermediate is clearly observed in the reaction of O2 with the MV Tt 

ba3 oxidase in this study. The formation of the P intermediate in the mixed-valence 

enzyme results in the cleavage of the O-O bond. Previous studies on the aa3 oxidase 

have identified the sources of the electrons required for O-O bond splitting: two 

electrons are donated from the heme a3
2+

, one electron from CuB
+
 and a fourth 
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electron has been proposed to come from the cross-linked tyrosine, forming a tyrosine 

radical  [11]. Additionally, the cross-linked tyrosine has been postulated to rapidly 

transfer a proton during the splitting of the O-O bond and formation of the PM 

intermediate. According to previous FTIR studies of the fully reduced Tt ba3, the 

CuB
+
-CO complex formed following photolysis of the heme a3

2+
-CO complex decays 

with a lifetime of ~30 ms [31] in ba3, which would prevent CuB
+
 from transferring 

electrons to the oxygen-bound heme a3 until CO has dissociated from CuB
+
. While the 

four electrons required to break the O-O bond during the reaction of the fully reduced 

ba3 with O2 could come from heme a3
2+

 (2 electrons), heme b (1 electron) and the 

cross-linked tyrosine (1 electron) rather than CuB
+
, the O-O bond splitting and the 

formation of the PM intermediate in the mixed-valence state requires an electron from 

CuB
+
. From our study of the reaction of O2 with the MV ba3 oxidase, the final 

intermediate clearly shows the spectral characteristics of the P intermediate, 

suggesting that CO dissociates from CuB
+
 prior to the breaking of the O-O bond. This 

raises questions about the observed lifetime of ~30 ms observed for the decay of the 

CuB
+
-CO complex in the absence of O2 [31] and furthermore, whether the 

photodissociated CO does indeed bind to CuB
+
. FTIR measures the C-O bond 

vibration, and the 2053 cm
-1

 peak in the transient IR spectrum following photolysis of 

the fully reduced CO-bound enzyme has been assigned to the CO bound to CuB
+ 

[31, 

32]. A similar peak, however, was observed in FTIR studies of the signal transducer 

O2-sensing protein, HemAT, a heme protein lacking copper. HemAT  revealed a 

well-defined peak at 2065 cm
-1

 in the FTIR spectrum of the equilibrium CO-bound 
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sensor and in the light-minus-dark FTIR difference spectrum [33], a frequency very 

similar to  the 2053 cm
-1

 peak assigned to the CuB
+
-CO complex in ba3. The 

photodissociated CO in Tt ba3 oxidase may not bind to CuB
+
 but rather reside in a 

ligand “docking” site close to the binuclear active site.  

As discussed above, the P intermediate formed during the reaction of the MV 

Tt ba3 oxidase with O2 is referred to as PM, while the P intermediate generated during 

the reaction of O2 with the fully reduced enzyme is referred to as PR. Previous studies 

on the aa3 oxidase from bovine hearts reported spectral differences between the PR 

and PM [12], and found that the spectrum of the PR was best modeled by a mixture of 

the spectra of compound A, P and F [14-16]; however, from the study reported here 

on Tt ba3 no distinct spectral differences were observed between the PR and PM. This 

shows that the P intermediates observed during the reaction of O2 with the fully 

reduced ba3 enzyme is a “pure” P form and not a mixture as in the case of the bovine 

aa3 enzyme. 

A suggested mechanism for the reaction of O2 with the MVCO Tt ba3 oxidase 

is presented in Figure 11. The single lifetime observed was 380 s (at ~50 M O2), 

and assuming this lifetime corresponds to the O2 binding, the second-order-rate 

constant was calculated to be 5.3 x 10
7
 M

-1 
s

-1
. The binding of O2 appears to be a 

factor of two slower than the observed O2 binding rate in the fully reduced ba3 in the 

presence of CO (~1 x 10
8
 M

-1
 s

-1
). Similar results have previously been reported for 

the bovine heart aa3 [12] and the R. sphaeroides aa3 [34]. The slower O2 binding in 

the MV aa3 oxidase was attributed to the electron backflow observed in these 
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enzymes. However, no electron backflow was observed in our CO flash-photolysis 

studies on the MVCO Tt ba3 oxidase. Additionally, in the reaction of O2 with the MV 

aa3 oxidase, the formation of PM was slower than that of PR in the reduced enzyme, 

which was attributed to a slower internal proton transfer in the MV enzyme [12, 34]. 

Alternatively, these differences may occur from a conformational change which may 

result from the different redox states of the metal centers in the mixed-valence 

enzyme (a3
2+

, CuB
+
, b

3+
, CuA

2+
) in comparison to the fully reduced enzyme (a3

2+
, 

CuB
+
, b

2+
, CuA

+
). Due to the low O2 concentration (~50 M) produced by photolyzing 

the HPBC complex, the O2 binding is rate limiting and the spectrum of compound A 

cannot resolved; thus only one lifetime was observed. The reaction of the MV ba3 

oxidase with a higher O2 concentration is essential for determining the lifetime of the 

conversion of the AM intermediate to PM.  

 
Figure 11: A proposed scheme for the reaction of O2 with mixed-valence Tt ba3. Due 

to only one lifetime observed, the AM intermediate (compound A formed from the 

MVCO enzyme) was not resolved which is represented by the AM intermediate in 

brackets.  
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The Reaction of the Mixed-Valence Tt ba3 with NO: A Double-Laser Flow-Flash 

Approach  

The TROA difference spectra (post-minus-pre-photolysis) of the reaction of 

NO with the MV Tt ba3 oxidase were recorded at 9 delay times between 5 s – 2 ms 

(Figure 12). The NO was photoproduced from the PPNR complex with a 355 nm 

laser pulse and the CO bound to the MV Tt ba3 enzyme was simultaneously 

photolyzed with a 532 nm laser pulse. The TROA difference spectra are those 

obtained after the subtraction of the spectral contribution of the photolyzed PPNR.  

 SVD-based global exponential fitting of the TROA difference spectra 

resolved a single lifetime of 170 s (at 135 M NO). Figure 13 shows the b-spectrum 

representing the spectral changes associated with this apparent lifetime (Figure 13A, 

blue) and the b0 spectrum, which represents the difference spectrum extrapolated to 

infinite time (Figure 13A, green). The residuals and the good agreement between the 

v-vectors and the reproduced v-vectors (Figure 13 B and insert, respectively) show 

that a single exponential is sufficient to fit the TROA difference spectra. From this 

resolved apparent lifetime (170 s) and the concentration of the photoproduced NO 

from PPNR (135 M), a second-order rate constant of 4.3 x 10
7
 M

-1
 s

-1
 was calculated. 

Within experimental error, this value is in agreement with the second-order rate 

constant of the O2 binding, 5.3 x 10
7
 M

-1 
s

-1
, observed during the reaction of the MV 

Tt ba3 with the photoproduced O2.  
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Figure 12: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the MV wild-type Tt ba3 with the photoproduced NO 

after the subtraction of the NO complex contribution, determined in a separate 

experiment. The spectra were recorded between 350 – 760 nm, at logarithmically 

spaced delay times, between 5 s – 2 ms. The arrows indicate the direction of the 

absorbance change with the progression of time. Conditions: 0.1M HEPES (pH 7.5) 

buffer with 0.1% DM; optical pathlength 0.5 cm; NO concentration: 135 M. 

effective enzyme concentration: 1.5 M; CO concentration after mixing: 0.5 mM. 
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Figure 13: (A) b-spectra resulting from a single exponential fit to the TROA data 

recorded during the reaction of the wild-type MV Tt ba3 with photoproduced NO: b1 

(blue, 170 s), and the b0 spectrum (green) represents the difference spectrum of the 

final product within our time window. (B) The residuals, which are the difference 

between the data and the fit, are shown with the delay times increasing from bottom 

to top (microseconds to milliseconds). (Insert) (Open circles) The first two 

significant v-vectors (blue and green) resulting from the SVD of the time-resolved 

data. (Solid lines) The reproduced vectors of the single exponential fit (Solid lines). 
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Conclusions 

Time-resolved optical absorption studies on the native wild-type MVCO Tt 

ba3 oxidase showed no backflow of electrons after the photolysis of CO. This is the 

first cytochrome oxidase reported to have no electron backflow. Furthermore, some 

spectral differences between the photoproduced reduced a3 of the MV enzyme and 

fully reduced enzyme were observed during the CO flash-photolysis experiment, 

indicating possible conformational changes at the binuclear center in the MVCO Tt 

ba3 oxidase. More importantly, the study of the reaction of O2 with the MV Tt ba3 

oxidase clearly showed an intermediate with spectral characteristics of P (PM). As 

four electrons are required for the cleavage of the O-O bond and the formation of PM, 

two from heme a3
2+

, one from CuB
+
 and one from the cross-linked tyrosine, these 

results raises questions regarding the time-scale of the decay of the CuB
+
-CO complex, 

[31, 35]. One suggestion is that the photodissociated CO does not bind to CuB
+
, but 

rather resides at a ligand “docking” site close to the binuclear active site. If CO is 

bound to CuB
+
, we propose that during the CO flow-flash method, or when using a 

double-laser approach, the O2 binding to heme a3
2+

 causes CO to dissociate from 

CuB
+
 through steric and electronic effects, thereby allowing CuB

+
 to act as an electron 

donor during O-O bond cleavage. 

TROA studies of the MV ba3 enzyme show that with a photoproduced O2 and 

NO show that the binding of both ligands is ~2 times slower than in the fully reduced 

enzyme. Previous studies of the reaction of the aa3 oxidases with O2 attributed the 

slower O2 binding to the presence of the electron backflow in the MV enzyme [34]; 
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however, this explanation does not hold for ba3 because of the absence of electron 

backflow in this enzyme. A more plausible explanation is that the enzyme formed 

after photolysis has a different conformation than that of the fully reduced enzyme. 

This is supported by the spectral differences observed in the peaks at ~440 nm of the 

photoproduced fully reduced a3 and MVCO Tt ba3 oxidase during the CO flash-

photolysis study. The reaction of the MV Tt ba3 oxidase with a higher concentration 

of O2 will be studied in the near future in hopes of resolving the lifetime for the 

conversion of AM to PM, which will be essential for elucidating the detailed 

mechanism of the reaction of O2 with the MV Tt ba3.   
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Chapter 3 

 
Ligand Access to the Binuclear Active Site in 

ba3 Cytochrome c Oxidase from Thermus 

thermophilus  

 

 
 

 

Part 1: Time-Resolved Optical Absorption Studies of 

the Ligand Channel Tt ba3 “Constriction” Mutants, 

Y133W, T231F and Y133W/T231F  

 

Part 2: Time-Resolved Optical Absorption Studies of 

the Ligand Channel Tt ba3 “Entrance” Mutants A120F, 

A204F and A120F/A204F 
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Introduction  
 

Cytochrome c oxidase, the terminal transmembrane respiratory protein located 

in the inner mitochondrial membrane in eukaryotic cells and the plasma membrane of 

prokaryotic cells, catalyzes the reduction of O2 to water [1-3]. This exergonic reaction 

is coupled to the translocation of protons across the inner mitochondrial or plasma 

membrane, creating an electrochemical proton gradient, which is utilized during the 

production of ATP [1-3]. The overall reaction catalyzed by cytochrome c oxidase is 

as follows: 

 

Thermus thermophilus (T. thermophilus) is an extremophile that optimally 

grows at ~70  C under micoaerobic conditions, and has adapted to limited O2 

environments as a facultative anaerobe [4-6]. Due to the severe  environments of 

extremophiles, there has been increased interest in the thermostability of these 

proteins and how these organisms have adapted to such extreme environments 

through change in protein structure and/or function [7].  

T. thermophilus expresses two different oxidases, the A-type caa3 oxidase and 

the B-type ba3 oxidase, depending on the oxygen tension [6, 8]. The caa3 oxidase is 

expressed constitutively and has a lower affinity for O2, while the ba3 oxidase has a 

higher affinity for O2  and is predominantly expressed under micoaerobic ( 50 M 

O2) environments [4, 6, 9, 10]. The four redox-active metal centers in ba3 are CuA, 

heme b, and the binuclear active site, heme a3 and CuB, which is where the reduction 
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of O2 takes place.  Heme a3 is high spin and the three  histidine-ligated CuB is located 

4.4 Å away from the heme a3 [4, 5]. 

 The reaction of O2 and NO with the wild-type Tt ba3 (Chapter 1) revealed a 

10-times faster O2/NO binding in comparison to the bovine aa3 oxidase. These results 

suggest inherent structural differences between the two enzymes. Previous heme-

copper oxidase studies have focused on the mechanism of electron and proton transfer, 

but less emphasis has been placed on the pathway(s) through which O2 and other 

ligands (NO and CO) move to the binuclear active site. X-ray crystal structures have 

shown that the ligand channels in many of the aa3 oxidases have significant sequence 

and structural similarities [11, 12]. Mutational studies indicate that these proposed 

ligand channels do indeed serve as a pathway for diffusion of ligands to the binuclear 

active site [13, 14]. A recent crystal structure of the Tt ba3 pressurized with Xe gas 

identified a “Y-shaped” open ligand channel, 18 – 20 Å in length, leading to the 

binuclear active site [15].  In comparison, the ligand channel in the aa3 oxidase has a 

constriction in the channel defined by conserved phenylalanine and tryptophan 

residues (Figure 1) [15]. This narrowing of the channel in the aa3 oxidases (the 

“constriction point”) is occupied with smaller residues in Tt ba3, tyrosine (Y133) and 

threonine (T231), resulting in a wider channel. The “open” ligand channel in Tt ba3 

may reflect evolutionary adaptation to increase the rate of diffusion of O2 to the 

binuclear center under low oxygen or microaerobic environments. The inherent 

differences in the ligand access between the Tt ba3 oxidase and the aa3 oxidases 
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discussed in Chapter 1 could be related to the constriction point that is present in the 

aa3 oxidases but is absent in Tt ba3.  

 

 

Figure 1: A comparison between the proposed ligand entry pathway in ba3 oxidase 

from Thermus thermophilus (left), and aa3 oxidase from Rhodobacter sphaeroides 

(right) based on crystallographic studies [15].  The figure highlights the “constriction 

point” in the R. sphaeroides aa3 oxidase (Trp172 and Phe282) and the analogous 

amino acid residues in Tt ba3 (Tyr133 and Thr231).  

   

 Based on the crystal structure of Tt ba3, two possible entry/exit points at the 

surface of the protein facing the membrane were identified in the Y-shaped channel 

[15, 16]. The alanine residues A120 and A204, located at the most outer part of the 

ligand channel, may serve as mid-membrane “entrances” to the ligand channel 

(Figure 2A) [16, 17]. Figure 2B shows the Y-shaped ligand channel in Tt ba3 relative 

to the overall protein structure (Figure 2B) [16].  
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Figure 2: (A) The four redox-active metal centers in Tt ba3 oxidase with the proposed 

Y-shaped ligand channel defined by the blue Xe spheres. (B) The transmembrane 

(left) and overhead (right) view of the ligand channel (blue) and metal centers within 

the whole protein structure of Tt ba3 oxidase. PDB: 3BVD [16] 

 

This chapter focuses on the effect of mutating what are proposed to be key 

amino acids in modulating ligand access in Tt ba3. In part 1 of this study, the Y133 

and T231 residues in Tt ba3 are mutated to the corresponding constriction point amino 

acid residues observed in the aa3 oxidases, tryptophan (W) and phenylalanine (F), 

respectively. Time-resolved optical absorption (TROA) spectroscopy is used to 

investigate the reaction of O2, and NO binding in three constriction point ba3 mutants, 

Y133W, T231F and the double mutant, Y133W/T231F, in the presence and absence 

of CO.  The primary goal is to determine whether the 10-fold slower O2/NO binding 

in the aa3 oxidases (reported in Chapter 1) is due to the constriction point and/or 

whether other factors play a significant role in ligand access to the binuclear center in 

these oxidases. 

In part 2, the role of the two amino acids located at the proposed ligand 

entry/exit point of the Y-shaped channel, A120 and A204, will be investigated using 
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TROA spectroscopy. The A120F and A204F single mutations are designed to block 

one or the other of the mid-membrane entrances to the ligand channel, and the 

A120F/A204F double mutant is designed to block both entrances [17]. If A120 and 

A204 serve as key residues for entry/exit of ligands, such as O2 and NO, into the 

ligand channel, the mutations would be expected to significantly affect the rate of 

ligand binding to the binuclear active site. 

 

 

Materials and Methods  

The recombinant wild-type ba3 and the ligand channel mutants Y133W, 

T231F, Y133W/T231F, A120F, A204F and A120F/A204F were expressed in  

Thermus thermophilus (Tt) HB8 and isolated and purified as previously described 

[18]. The wild-type enzyme and mutants were generously provided by the Fee and 

Stout lab at the Scripps Research Institute, La Jolla, CA. Dodecyl-β-D-

maltopyranoside (DM) detergent was obtained from Affimetrix Inc., and the standard 

grade (99.9%) carbon monoxide was purchased from Praxair. Potassium 

pentachloronitrosylruthenate(II) (Ru 25.8%) (PPNR) photolabile NO-complex was 

obtained from Alfa Aesar, and the (-peroxo)(-hydroxo)bis 

[bis(bipyridyl)cobalt(III)] nitrate (HPBC) photolabile O2-carrier was synthesized as 

described in the Material and Methods section of Chapter 1. All other chemicals were 

purchased from Sigma Aldrich, and Fisher Scientific. 
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Sample Preparation of the Fully Reduced Tt ba3 Oxidase Mutants 

 The wild-type Tt ba3 and the selected mutants were prepared in 0.1 M HEPES 

(pH 7.5) buffer containing 0.1% DM. The fully reduced enzyme was prepared by first 

deoxygenating the oxidized enzyme solution through several cycles of vacuum and 

nitrogen; 3.5 mg/mL glucose, 0.25 mg/mL glucose oxidase and 0.01 mg/mL catalase 

were added to the deoxygenated enzyme solution to remove remaining O2 in the 

solution. This was followed by adding to the deoxygenated sample 2 mM ascorbic 

acid and 50 M ruthenium hexamine for the O2 reaction studies, and 2 mM ascorbic 

acid and 1 M phenazine methosulfate (PMS) for the NO studies. The formation of 

the fully reduced enzyme was monitored by its optical absorption spectra measured 

between 350 – 750 nm on an HP 8453 spectrophotometer. The enzyme concentration 

was determined using the extinction coefficient Δ560-590nm = 26 mM
-1

 cm
-1

 [18]. The 

fully reduced CO-bound enzyme (when applicable) was prepared by exposing the 

fully reduced enzyme to CO for ~30 minutes with occasional agitation. The O2-

complex was prepared by dissolving the solid HPBC complex in 0.1 M HEPES (pH 

7.5) buffer with the concentration adjusted to achieve ~0.9 O.D. (at 395 nm) in a 2 

mm cuvette prior to the time-resolved optical absorption measurements. The HPBC 

solution was deoxygenated under N2 with minimum exposure to light, followed by 

the addition of 3.5 mg/mL glucose, 0.25 mg/mL glucose oxidase and 0.01 mg/mL 

catalase. To prepare the NO-complex, 5-10 mM of the commercially available PPNR 

complex was dissolved in 0.1 M HEPES (pH 7.5) and prepared in the same manner as 

the HPBC solution.  
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Flash-Photolysis and CO-Recombination of the Fully Reduced Tt ba3 Mutants  

 CO flash-photolysis experiments of the fully reduced CO-bound recombinant 

Tt ba3 mutants were performed in a deoxygenated quartz cuvette. A 532 nm pulse 

from a Q-switched DCR-11 Nd:YAG laser (~7 ns full width at half maximum) was 

used to photolyze the CO from the heme a3
2+

 at room temperature. The TROA 

difference spectra were recorded between 350 – 750 nm as described in Chapter 1, 

with an average of 40 accumulations at each delay time. The TROA difference 

spectra were analyzed using singular value decomposition (SVD) and global 

exponential fitting, which provided the apparent lifetimes and the associated spectral 

changes, or b-spectra. 

 

TROA Studies of the Reaction of the Fully Reduced Tt ba3 Mutants with 

Photoproduced O2 or NO in the Absence of CO: A Single Laser Method  

 The reactions of photoproduced O2 and NO with the fully reduced Tt ba3 

mutants in the absence of CO were investigated by TROA spectroscopy as described 

in Chapter 1. SVD and global exponential fitting using Matlab (Mathworks) were 

used to provide the apparent lifetimes and associated spectra changes or b-spectra. 

The intermediate spectra were then calculated based on a unidirectional sequential 

kinetic scheme. The plausibility of the mechanism was tested by modeling the 

intermediate spectra with those previously determined in Chapter 1.  
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TROA Studies of the Reaction of the Fully Reduced Tt ba3 Mutants with 

Photoproduced O2 or NO in the Presence of CO: A Double Laser Method  

 The reactions of photoproduced O2 and NO with the fully reduced 

recombinant Tt ba3 mutants in the presence of CO were investigated using the double 

laser flow-flash technique described in Chapter 1. The O2 and NO concentrations 

photoproduced during the experiments were determined using the method described 

in Chapter 1. SVD and global exponential fitting using Matlab (Mathworks) were 

used to determine the apparent lifetimes and the associated b-spectra. The 

intermediate spectra were then calculated based upon a unidirectional sequential 

kinetic scheme, and the plausibility of the mechanism tested by modeling the 

intermediate spectra with those previously determined for the reaction of the wild-

type ba3 enzyme with the respective ligand in the presence of CO (Chapter 1). 

 

Results and Discussion  

Part 1: Time-Resolved Optical Absorption Studies of the 

Ligand Channel Tt ba3 “Constriction” Mutants, Y133W, T231F and 

Y133W/T231F   

  

CO Flash-Photolysis and Recombination of the Fully Reduced Tt ba3 Constriction 

Mutants 

The CO flash-photolysis recombination studies of the fully reduced Y133W, 

T231F and Y133W/T231F Tt ba3 oxidase were individually carried out as described 
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in Chapter 1. The TROA difference spectra (post-minus pre-photolysis) during the 

rebinding of the photodissociated CO to heme a3
2+

 were recorded for Y133W (Figure 

3A), T231F (Figure 3B) and Y133W/T231F (Figure 3C).  The spectra were 

analyzed using SVD and global exponential fitting (Appendix). The three apparent 

lifetimes resolved for Y133W are 103 s, 7 ms, and 282 ms, for T2331F, 210 s, 10 

ms, and 354 ms and for Y133W/T2331F, 124 s, 4.0 ms, and 350 ms. The 

corresponding b-spectra, which represent the spectral change associated with each 

apparent lifetime, are represented in blue, green and red, respectively for Y133W 

(Figure 4A), T231F (Figure 4B). The corresponding residuals show the difference 

between the data and the fit for Y133W (Figure 4D), T231F (Figure 4E) and 

Y133W/T231F (Figure 4F).  
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Figure 3: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded following photolysis of the CO-bound fully reduced Y133W (A), T231F (B) 

and Y133W/T231F (C) Tt ba3 mutant. The spectra were recorded at 22 delay times, 

equally spaced on a logarithmic time scale between 100 ns – 700 ms. The arrows 

represent the direction of the absorption change with time. Conditions: 0.1 M HEPES 

(pH 7.5) with 0.1% DM; optical pathlength: 0.4 cm.  
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Figure 4: (A-C) b-spectra resulting from a three-exponential fit to the TROA 

difference spectra recorded during the CO-recombination and flash-photolysis 

experiment of the fully reduced Y133W (A), T231F (B) and Y133W/T231F (C) Tt 

ba3 mutant. The associated apparent lifetimes for the corresponding b-spectra are as 

follows. (A) Y133W Tt ba3 b1: 103 s (blue), b2: 7.0 ms (green), and b3: 282 ms (red). 

(B) T231F Tt ba3 b1: 210 s (blue), b2: 10 ms (green), and b3: 354 ms (red). (C) 

Y133W/T2331F Tt ba3 b1: 124 s (blue), b2: 4.0 ms (green), and b3: 350 ms (red). 

The b0-spectrum (A-C cyan) represents the difference spectrum extrapolated to 

infinite time. (D-F) The corresponding residuals, the difference between the data and 

the fit, are shown with delay times increasing from bottom to top (nanoseconds to 

milliseconds) for Y133W (D), T231F (E) and Y133W/T231F (F) ba3.  
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 The apparent lifetimes and the associated b-spectra of the three constriction 

point mutants are generally in good agreement with one another. The residual spectra 

for each mutant do not show any significant shape, suggesting that three exponentials 

are sufficient to fit the TROA data. The lifetime corresponding to the rebinding of CO 

is the same within the experimental error as that obtained for the wild-type Tt ba3 

(apparent lifetimes ~ 300 ms), indicating that the mutations do not affect the rate of 

the CO recombination.  

The overall spectral shape of the b-spectrum attributed to the CO 

recombination is in agreement with the wild-type Tt ba3 CO flash-photolysis and 

recombination studies (Chapter 1) with the exception of the trough in the Soret region 

which appears to be larger in the Y133W Tt ba3 in comparison to the other mutants in 

this study (Figure 3A). However, this may be due to the presence of more light 

passing through the Y133W sample in the Soret region (resulting in less suppressed 

amplitude in this trough in the Y133W ba3 in comparison to the other constriction 

point mutants). More importantly, the trough is observed at ~420 nm in the mutants, 

while the “analogous” trough is observed at 430 nm in the CO flash-photolysis 

measurements of the native wild-type Tt ba3 oxidase (Chapter 1). The spectral shift 

from 430 to 420 nm is also observed upon photolysis of the fully reduced CO-bound 

recombinant wild-type Tt ba3 oxidase and therefore is not a result of the mutations. It 

is also observed in the static reduced-minus reduced CO-bound optical absorption 

difference spectra of the native wild-type (430 nm) vs. the recombinant wild-type or 

mutants (420 nm). The origin of the spectral shift remains unclear, but is consistently 
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observed in the recombinant Tt ba3 oxidase samples. The spectral shift appears to be 

associated with the CO-bound enzyme and the two troughs 420 nm and 430 nm may 

reflect different CO conformers in the native and recombinant (mutant) enzyme. This 

spectral shift could be a result of the genetic engineering involved in making the 

recombinant enzyme, or due the hepta-his-tag added to the recombinant enzyme  for 

easy purification by a Ni-NTA affinity column chromatography [18], which is not 

present in the native enzyme. The his-tag purification requires fewer steps and 

provides a high yield. As described by Chen et al. this step is followed by an anion-

exchange chromatography [18]. The purification of the native Tt ba3 oxidase relies on 

DEAE-Biogel Agarose size-exclusion column,  several passes through a Fractogel 

EMD TMAE-650 (S) strong ion-exchange column, and finally, a Superdex 200 gel 

filtration [19]. The Superdex 200 gel filtration is not applied in the purification of the 

his-tagged recombinant Tt ba3 oxidase, and the methods use different ion-exchange 

columns. The 420 nm trough may be a result of inhomogeneous sample resulting 

from the different purification methods. Despite the spectral shift, the observed CO 

recombination rate in the recombinant ba3 enzyme is comparable to that observed 

during CO flash-photolysis studies of the native wild-type enzyme (Chapter 1).   

 

 

 

 



138 
 

TROA studies of the Reaction of the Fully Reduced Y133W, T231F and 

Y133W/T231F Tt ba3 Mutants with Photoproduced NO in the Absence of CO  

 The reaction of O2 and NO with the fully reduced wild-type Tt ba3 was 

presented in Chapter 1. These studies revealed a second-order rate constant for both 

O2 and NO binding of ~1 x 10
9
 M

-1
 s

-1
, and indicated that NO serves as a good mimic 

for O2 binding but without the complexities of the subsequent microsecond time scale 

redox reactions. The reaction of  O2 and NO with Y133W, T231F and Y133W/T231F 

ba3 mutants in the absence of CO were investigated to study the effect of the 

constriction point mutations on NO and O2 binding rates. These experiments were 

conducted in an analogous manner to that described in Chapter 1 for the wild-type Tt 

ba3. 

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

350 – 760 nm during the reaction of the photoproduced NO with Y133W, T231F and 

Y133W/T231F are shown in Figure 5A, B and C, respectively. The concentration of 

the photoproduced NO was determined as described previously.   
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Figure 5: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced NO with the fully reduced Tt ba3 

mutants Y133W (A), T231F (B) and Y133W/T231F (C). The spectra were recorded 

at delay times equally spaced on a logarithmic time scale between 1 s – 5 ms (A), 

200 ns – 200 s (B) and 1 s – 1 ms (C). The spectra are those obtained following the 

subtraction of the spectral contribution from the photolabile NO complex, determined 

in a separate experiment. The arrows represent the direction of the absorption change 

with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 

cm. Effective enzyme concentration: 2.6 M (A), 2.9 M (B) and 1.4 M (C). The 

NO concentrations were 80 M (A), 120 M (B) and 120 M (C).  
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SVD and global exponential fitting were applied to the TROA difference 

spectra and resolved one apparent lifetime for each mutant. The apparent lifetime was 

54 s (80 M NO) for Y133W, 7.0 s (120 M NO) for T231F and 46 s (120 M 

NO) for Y133W/T231F. The b-spectrum associated with the simple apparent lifetime 

for each mutant is shown in Figure 6A-C (blue). The b0-spectrum (Figure 6A-C, 

green) represents the difference spectrum extrapolated to infinite time. The residual 

spectra, which show the difference between the data and the reproduced data for 

Y133W (Figure 6D), T231F (Figure 6E) and Y133W/T231F (Figure 6F) have some 

minor spectral shapes. This could be due to an NO gradient being generated in the 

sample upon photolysis of the NO complex, which would give rise to differential 

absorption across the sample. The CO flow-flash experiment of the fully reduced CO-

bound bovine aa3 oxidase with NO saturated buffer did not show these minor spectral 

shapes in the residuals resulting from a single exponential fit. We conclude that a 

single exponential is sufficient for fitting the TROA data for these constriction point 

mutants.  
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Figure 6: (A-C) b-spectra resulting from a single exponential-fit of the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced Y133W (A), T231F (B) and Y133W/T231F (C) Tt ba3 oxidase. The 

associated apparent lifetimes for the corresponding b-spectra are as follows. (A) 

Y133W ba3 b1: 54 s (blue), (B) T231F ba3 b1: 7 s (blue), (C) Y133W/T231F ba3 

b1: 46 s (blue). The b0 spectrum (green) represents the difference spectrum 

extrapolated to infinite time. (D-F) The corresponding residuals, the difference 

between the data and the fit, are shown with delay times increasing from bottom to 

top (microseconds to milliseconds) for Y133W (D), T231F (E) and Y133W/T231F 

(F) ba3.  
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The single apparent lifetime observed for all three mutants is assigned to the 

binding of NO to heme a3
2+

, and corresponds to a second-order rate constants for 

Y133W, T231F and Y133W/T231F of 2.3 x 10
8
 M

-1 
s

-1 
(80 M NO), 1.1 x 10

9
 M

-1 
s

-1 

(120 M NO), and 1.8 x 10
8
 M

-1 
s

-1 
(120 M NO), respectively. The second-order 

rate constant for the reaction of NO with the recombinant wild-type ba3 was ~1.0 x 

10
9
 M

-1 
s

-1 
(data not shown), which is equal to what was reported previously in 

Chapter 1 for the native wild-type ba3 enzyme; the second-order rate constant of NO 

binding to bovine aa3 was ~1 x 10
8
 M

-1 
s

-1
.  

The NO kinetics at 444 nm, the absorbance maximum of the reduced heme a3, 

for the recombinant wild-type ba3 (●), Y133W (□), T231F (◇), Y133W/T231F 

(▲) and bovine aa3 (☆) are plotted on a logarithmic time scale in Figure 7. The 

solid lines represent the calculated traces obtained on the basis of a single exponential 

fits. The 444 nm time-dependence plot (Figure 7), along with the calculated second-

order rate constants, show that the NO binding in Y133W and Y133W/T231F is a 

factor of ~5 times slower than in the wild-type ba3, while the rate of NO binding in 

T231F is the same as that in the wild-type enzyme. Therefore, mutation of the Y133 

residue to tryptophan (W) in ba3 appears to be responsible for the slower NO binding. 

It should be noted that ~5 times slower NO binding is observed in the Y133W 

mutants while the rate of NO binding in the bovine enzyme is 10-times slower than in 

the wild-type ba3. These results suggest that there are other structural differences 

between the ligand channels of Tt ba3 and bovine aa3 that give rise to the 10-fold 

difference in ligand binding between the two enzymes in addition to the “constriction” 
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formed by the tryptophan residue. Our lab has recently identified a hydrophobic “way 

station,” or pocket, in the bovine aa3 enzyme which may further slow ligand access to 

the active site [20]. 

 
 

Figure 7: NO binding kinetics at 444 nm for the recombinant wild-type Tt ba3 (●), 

bovine aa3 (☆), Y133W ba3 (□), Y133W/T231F ba3 (▲), T231F ba3 (◇). The 

traces are plotted on a logarithmic time scale with the maximum absorbance 

difference values normalized to 1. The experimental dependence on NO 

concentration has been converted to correspond to the same NO concentration for 

each sample (100 M). The solid lines represent the calculated traces obtained on the 

basis of a single exponential fit.  

 

 

TROA studies of the Reaction of the Fully Reduced Y133W, T231F and 

Y133W/T231F Tt ba3 Mutants with Photoproduced O2 in the Absence of CO  

 To investigate whether the constriction point mutations affect the O2 reaction 

kinetics, the reaction of the mutants with O2 was explored. The TROA difference 

spectra of the reaction of O2 with the constriction point mutants were recorded 



144 
 

between 350 – 760 nm for Y133W (Figure 8A), T231F (Figure 8B) and 

Y133W/T231F (Figure 8C). The concentration of O2 released from HPBC was 

determined as described previously from the maximum complex bleach at 395 nm 

using the extinction coefficient Δ395nm = 4400 M
-1 

cm
-1

.  

 SVD and global exponential fitting were applied to the recorded difference 

spectra to resolve the apparent lifetimes and the associated spectral changes (b-

spectra). The TROA difference spectra recorded for Y133W resolved lifetimes of 60 

s, 100 s and 4.2 ms at O2 concentration of 68 M; the associated b-spectra are 

shown in blue, green and red, respectively, in Figure 9A. The apparent lifetimes 

obtained for the T231F mutant were 6.7 s, 13.0 s, 55 s and 1.8 ms at 74 M O2; 

the associated b-spectra are shown in blue, green, red and cyan, respectively in 

Figure 9B.  Finally, the SVD and global exponential fitting of the Y133W/T231F 

data resolved lifetimes of 55 s, 97 s and 2.5 ms at 48 M O2, and the associated b-

spectra (blue, green and red, respectively) are shown in Figure 9C. The residual 

spectra (Figure 9D-F) show no significant spectral shape, except for a minor 

deviation for Y133W (Figure 9D) in the later millisecond delay times (5-20 ms), 

which is attributed to sample inhomogeneity.  

The global exponential fitting provides information about the minimum 

number of processes present, the b-spectra and apparent lifetimes [21, 22]. The next 

step involves testing different mechanisms and extracting the spectra of the 

intermediates [21, 23]. Figure 10 shows the experimental intermediate spectra for 

each constriction point mutant. The spectra were calculated based on the slow-fast 
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sequential mechanism (discussed in Chapter 1) in which the second lifetime was 

assigned to the first kinetic step, and the shortest lifetime (fastest rate) was assigned 

to the second step (Scheme 1). 

 

 

Scheme 1: The slow-fast sequential scheme used to calculate the spectra of the 

intermediates generated during O2 reduction in the fully reduced Y133W (A), T231F 

(B) and Y133W/T231F (C). 
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Figure 8: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced O2 with the fully reduced Tt ba3 

mutants, Y133W (A), T231F (B) and Y133W/T231F (C). The spectra were recorded 

at delay times equally spaced on a logarithmic time scale between 1 s – 50 ms (A), 1 

s – 20 ms (B) and 1 s – 50 ms (C). The spectra are those obtained following the 

subtraction of the spectral contribution of the photolabile O2 complex, determined in 

a separate experiment. The arrows represent the direction of the absorption change 

with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 

cm. Effective enzyme concentration: 2.5 M (A), 2.6 M (B) and 2.3 M (C). The 

determined O2 concentrations were 68 M (A), 74 M (B) and 73 M (C). 
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Figure 9: (A-B) b-spectra resulting from a multi-exponential fit of the TROA 

difference spectra recorded during the reaction of O2 with the fully reduced Y133W 

(A), T231F (B) and Y133W/T231F (C) Tt ba3 oxidase. The associated apparent 

lifetimes for the corresponding b-spectra are as follows. (A) Y133W Tt ba3 b1: 60 s 

(blue), b2: 100 s (green) and b3: 4.2 ms (red). (B) T231F Tt ba3 b1: 6.7 s (blue), b2: 

13 s (green), b3: 55 s (red) and b4: 1.8 ms (cyan). (C) Y133W/T231F Tt ba3 b1: 55 

s (blue), b2: 97 s (green) and b3: 2.5 ms (red). The b0 spectrum represents the 

difference spectrum extrapolated to infinite time. (D-F) The corresponding residuals, 

the difference between the data and the fit, are shown with delay times increasing 

from bottom to top (microseconds to milliseconds) for Y133W (D), T231F (E) and 

Y133W/T231F (F) ba3.  
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Figure 10: The experimental intermediate spectra for the reaction of O2 with the fully 

reduced Y133W (A), T231F (B), Y133W/T231F (C) in the absence of CO, and the 

native wild-type ba3 (D) (from Chapter 1). The spectra are referenced against the 

reduced enzyme and were calculated based on the slow-fast mechanism (refer to 

Chapter 1) in Scheme 1. The intermediate spectra are as follows: R (blue), A (green), 

PI (red), PII (cyan) and O (magenta). 

 

 The calculated intermediate spectra of the mutants are compared to those of 

the native wild-type ba3, which were determined using the slow-fast sequential 

mechanism (Figure 10D) shown in Scheme 2; the colors of the assigned 

intermediates correspond to the colors of the intermediate spectra in Figure 10.  
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Scheme 2: The O2 reduction slow-fast sequential scheme of the fully reduced wild-

type Tt ba3 in the absence of CO, with suggested intermediate assignments from 

Chapter 1. The colors of the intermediates correspond to the analogous calculated 

intermediate spectra in Figure 10D.  

 

 

The apparent lifetimes assigned to the O2 binding step for the ba3 mutants, 

Y133W, T231F and Y133W/T231F, were 100 s (68 M), 13 s (74 M) and 97 s 

(73 M), respectively. This corresponds to a second-order rate constants for O2 

binding ~1.5 x 10
8
 M

-1
 s

-1 
(Y133W), ~1.0 x 10

9
 M

-1
 s

-1 
(T231F), and ~1.4 x 10

8
 M

-1
s

-1
 

(Y133W/T231F). The second-order rate constants calculated for the O2 binding 

appear to be slightly slower than the NO binding rates; however, based on 

experimental repetitions, this is most likely due to the experimental uncertainty in the 

photolabile complex experiments. As discussed above, the spectral contribution of the 

photolabile complexes was subtracted before the SVD and global exponential fitting 

analysis. The O2 photolabile carrier has significantly larger absorption, in the Soret 

region than the enzyme, which reduces the amount of light absorbed by the enzyme, 

resulting in decreased signal to noise ratio and/or loss of spectral details in the 

intermediate spectra (Figure 10). Moreover, due to possible inhomogeneity in the 

recombinant ba3 mutant samples, the lifetimes were “restricted” to a degree to certain 

values, but without affecting the residual spectra and reproduced v-vectors (data not 

shown), to match the intermediate spectra in the native wild-type ba3 (Chapter 1). For 



150 
 

the reaction of O2 with the Y133W and Y133W/T231F, the oxygen binding is rather 

slow (~100 s at 70 M O2), and therefore, the subsequent early microsecond lifetime 

(~5 s) associated with the A →PI conversion is not resolved and the second 

intermediate spectrum in Y133W and Y133W/T231F is equivalent to PI.  Despite 

many attempts to model the spectrum, some specific peaks of the intermediate spectra 

do not fully agree with the model spectra. This is attributed to the large absorption of 

the O2 complex, which reduces the amount of light absorbed by the enzyme. Overall, 

the experimental intermediate spectra of the mutants are in agreement with the wild-

type model spectra (Figure 10).  

The results from this study show that O2 binding in the Y133W and 

Y133W/T231F mutants is approximately 5-6 times slower than in the recombinant 

wild-type enzyme or the native wild-type enzyme. In contrast, the T231F mutant had 

no effect on O2 (or NO) access to the binuclear center, supporting that the mutation of 

the Y133 residue to the bulkier tryptophan is responsible for the slower ligand access 

in the double mutant. It can be inferred that the tryptophan constriction residue in the 

bovine aa3 enzyme at least partially controls the accessibility of ligands to the active 

site. Classical simulations studies of the diffusion of Xe to the active site in ba3 and 

bovine aa3 in our lab showed conformational freedom of the bovine F238 and the 

F231 (T231F ba3 mutation) side chains, with both residues rotating out of the ligand 

channel, resulting in no effect on ligand access [20]. The Y133 residue in the wild-

type ba3 is hydrogen bonded to the propionate-D of heme a3 and has been suggested 

to play a role in proton translocation in ba3 [24]. This previous study reported the 



151 
 

Y133W mutant to be 40% active and able to pump protons, and concluded that Y133 

was not essential for function. In our studies, there are no significant differences in 

the O2 reduction kinetics of the constriction point mutations other than the slower 

ligand binding observed in the Y133W and Y133W/T231F mutants; however, due to 

our inability to solve the A  PI lifetime, it is unclear whether the mutation affects 

this process. 

 

 

TROA studies of the Reaction of the Fully Reduced Y133W, T231F and 

Y133W/T231F Mutant Tt ba3 Mutants with Photoproduced NO in the Presence of 

CO  

The TROA studies of the wild-type ba3 (Chapter 1) revealed that the presence 

of CO impedes ligand (O2 and NO) binding by a factor of 10. The mutation of the 

Y133 residue to a bulkier tryptophan was inferred to be responsible for the slower 

ligand access in the absence of CO, and the ligand binding rate was observed to be 5-

6 times slower than the in wild-type enzyme. In this study, the constriction point 

mutants (Y133W, T231F and Y133W/T231F) were studied to investigate the effect of 

the presence of CO on the binding of NO and O2 to heme a3
2+

. 

The double-laser flow-flash method was utilized to study the reaction of NO 

with the fully reduced constriction point mutants in the presence of CO. The NO was 

produced upon photolysis of the NO complex using a 355 nm laser pulse and the CO-

bound enzyme was simultaneously photolyzed with the 532 nm laser pulse for 
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efficient photolysis of the CO bound to heme a3
2+

. The TROA difference spectra 

(post-minus pre-photolysis) of the reaction of NO with the constriction point mutants 

in the presence of CO were recorded between 350 – 760 nm (Figure 11).  

SVD and global exponential-fitting applied to the TROA difference spectra 

resolved one apparent lifetime of 530 s for Y133W (100 M NO), 173 s for T231F 

(78 M NO) and 744 s for Y133W/T231F (120 M NO). The associated b-spectrum 

is presented in Figure 12A-C (blue). The residual spectra are shown in Figure 12D-E 

for Y133W, T231F and Y133W/T231F, respectively. The residuals for the Y133W 

mutant are noisier (Figure 12D) than those of the other two mutants due to the 

smaller signal size; however, all three constriction point mutants do not appear to 

have significant spectral amplitudes in the residuals, indicating that a single-

exponential fit is sufficient to fit the recorded TROA difference spectra.  
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Figure 11: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced NO with the fully reduced Tt ba3 

mutants Y133W (A), T231F (B) and Y133W/T231F (C) in the presence of CO. The 

spectra were recorded at delay times equally spaced on a logarithmic time scale 

between 20 s – 2 ms (A), 2 s – 5 ms (B) and 5 s – 10 ms (C). The spectra are 

those obtained following the subtraction of the spectral contribution of the photolabile 

NO complex, determined in a separate experiment. The arrows represent the direction 

of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% 

DM; optical pathlength: 0.5 cm. Effective enzyme concentration: 1.0 M (A), 2.6 M 

(B) and 1.4 M (C). The NO concentrations were 100 M (A), 78 M (B) and 120 

M (C). 
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Figure 12: (A-B) b-spectra resulting from a single exponential fit to the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced Y133W (A), T231F (B) and Y133W/T231F (C) Tt ba3 in the presence 

of CO. The associated apparent lifetime for the corresponding b-spectrum is as 

follows: (A) Y133W b1: 525 s (blue), (B) T231F b1: 174 s (blue), (C) 

Y133W/T231F b1: 744 s (blue). The b0 spectrum (green) represents the difference 

spectrum extrapolated to infinite time. (D-F) The residuals, the difference between 

the data and the fit, are shown with delay times increasing from bottom to top 

(microseconds to milliseconds) for Y133W (D), T231F (E) and Y133W/T231F (F) 

ba3. 
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 The final b0-spectrum for Y133W (Figure 12A, green) and Y133W/T231F 

(Figure 12C, green) shows double troughs at ~420 nm and ~430 nm, while the 

T231F (Figure 12B, green) show a single trough at 430 nm. The double peak in the 

Y133W and Y133W/T231F mutant may be a result of the “inhomogeneous” sample 

or possibly different CO conformers (420 nm vs. 430 nm) observed during the CO 

flash-photolysis and recombination experiments. The 10 nm blue shift is also 

observed in the b1-spectrum for these mutants (Figure 12A and 12C, respectively) 

while the trough in the b1 spectrum for the T231F mutant is at 430 nm (Figure 12B), 

the same as that of the native wild-type enzyme (Chapter 1). Despite the differences 

in the b-spectrum associated with NO binding in the recombinant wild-type and the 

native wild-type enzymes, no significant differences were observed in the NO and/or 

O2 binding rates between the two enzymes (data not shown).   

 The apparent lifetimes for NO binding to Y133W (530 s at 100 M NO), 

T231F (174 s at 78 M NO), and Y133W/T231F (744 s at 120 M NO) in the 

presence of CO, corresponded to second-order rate constants of 1.9 x 10
7
 M

-1
 s

-1
, 7.4 

x 10
7
 M

-1
 s

-1 
and 1.1 x 10

7
 M

-1
 s

-1
, respectively. This corresponds to ~50, ~10, ~90 

times slower NO binding in the Y133W, T231F and Y133W/T231F, respectively, 

compared to that of wild-type ba3 in the absence of CO (~1.0 x 10
9
 M

-1
 s

-1
).  Figure 

13 shows a comparison between the transient absorbance changes at 444 nm during 

the reaction of NO with the fully reduced native wild-type enzyme (●), Y133W (■), 

Y133W/T231F (▲) and T231F (◆) Tt ba3 in the presence of CO and with the 

recombinant wild-type enzyme (○), Y133W (□), Y133W/T231F (△) and T231F 
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(◇) Tt ba3 in the absence of CO. The solid lines represent the calculated traces 

obtained on the basis of a single exponential fit.  

 
 

Figure 13: NO binding kinetics at 444 nm for the recombinant wild-type Tt ba3 (○), 

Y133W ba3 (□), Y133W/T231F ba3 (△) and T231F ba3 (◇) in the absence of CO 

and for the native wild-type Tt ba3 (●), Y133W ba3 (■), Y133W/T231F ba3 (▲) 

and T231F ba3 (◆) in the presence of CO. The traces are plotted on a logarithmic 

time scale with absorbance differences normalized to 1. The experimental 

dependence has been converted to correspond to the same NO concentration for each 

sample (100 M). The solid lines represent absorbance traces at 444 nm, calculated 

on the basis of single exponential fit.  

 

 

The 444 nm kinetic traces, along with the calculated second-order rate 

constants, clearly show that the ba3 mutant T231F has the same NO binding rate as 

the wild-type enzyme in the absence (◇ vs. ○) and presence (◆ vs. ●) of CO. Both 

the Y133W and Y133W/T231F mutants show a 5-6 times slower ligand binding in 

the absence of CO (□ vs. △) compared to the wild-type enzyme under the same 
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conditions. In the presence of CO, however, the NO binding in Y133W is ~50 times 

slower and in the Y133W/T231F mutant is ~90 times slower than for the wild-type 

enzyme in the absence of CO. These factors are ~10 times slower (Y133W) and ~13 

times (Y133W/T231F) slower than the corresponding mutants in the absence of CO. 

The results show that the presence of CO impedes NO binding by a factor of 10 in the 

constriction mutants as the wild-type enzyme. These observations are discussed in 

more detail after the studies of O2 with the constriction point mutants have been 

presented.  

 

TROA studies of the Reaction of the Fully Reduced Y133W, T231F and 

Y133W/T231F Tt ba3 Mutants with Photoproduced O2 in the Presence of CO  

 The reaction of O2 with the constriction point mutants, Y133W, T231F and 

Y133W/T231F, in the presence of CO was also studied using the O2 photolabile 

carrier to determine whether the analogous effect observed during the NO binding is 

also observed with O2. The TROA difference spectra (post-minus pre-photolysis) 

recorded between wavelengths of 350 – 760 nm are presented in Figure 14.  
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Figure 14: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced O2 with the fully reduced Tt ba3 

mutants Y133W (A), T231F (B) and Y133W/T231F (C) in the presence of CO. The 

spectra were recorded at delay times equally spaced on a logarithmic time scale 

between 200 ns – 50 ms (A), 20 s – 50 ms (B) and 20 s – 50 ms (C). The spectra 

are those obtained following the subtraction of the spectral contribution of the 

photolabile O2 complex, determined in a separate experiment. The arrows represent 

the direction of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) 

with 0.1% DM; optical pathlength: 0.5 cm. Effective enzyme concentration: 2.2 M 

(A), 1.9 M (B) and 2.2 M (C). The O2 concentrations were 80 M (A), 80 M (B) 

and 90 M (C). 
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SVD-based global exponential fitting of the time-resolved data for the Y133W 

and Y133W/T231F mutants resolved two apparent lifetimes, 625 s and 4 ms for 

Y133W, and 560 s and 3.5 ms for Y133W/T231F. The b-spectra associated with 

these apparent lifetimes are shown in Figure 15A for Y133W and Figure 15B for 

Y133W/T231F. The analysis of the time-resolved spectra for the T231F mutant 

resolved three apparent lifetimes, 77 s, 125 s and 2 ms; the associated b-spectra are 

represented in blue, green, and red, respectively in Figure 15B. The residual spectra 

for the three mutants are presented in Figure 15D-F. As the O2 reaction is expected to 

be completed by 5 ms, the minor spectral shape observed in the residual spectra of 

Y133W (Figure 15D) and T231F (Figure 15E) in the 10 – 50 ms time range is 

attributed to the inhomogeneity in the sample.  
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Figure 15: (A-B) b-spectra resulting from a multiexponential fit of the TROA 

difference spectra recorded during the reaction of the photoproduced O2 with the fully 

reduced Y133W (A), T231F (B) and Y133W/T231F (C) Tt ba3 oxidase in the 

presence of CO. The associated apparent lifetimes for the corresponding b-spectra are 

as follows: (A) Y133W Tt ba3 b1: 625 s (blue) and b2: 4.0 ms (green). (B) T231F Tt 

ba3 b1: 77 s (blue), b2: 125 s (green) and b3: 2 ms (red). (C) Y133W/T231F Tt ba3 

b1: 560 s (blue) and b2: 2.0 ms (green). The b0 spectrum represents the difference 

spectrum extrapolated to infinite time. (D-F) The corresponding residuals, the 

difference between the data and the fit, are shown with delay times increasing from 

bottom to top (nanosecond/microseconds to milliseconds) for Y133W (D), T231F (E) 

and Y133W/T231F (F) ba3.  
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 The next step involves testing different mechanisms and extracting the spectra 

of the intermediates. The experimental intermediate spectra, referenced against the 

CO-bound enzyme, were calculated for each constriction point mutant based on the 

proposed sequential mechanism in Scheme 3. 

 

 
 

Scheme 3: The sequential scheme used to calculate the intermediate spectra 

generated during O2 reduction in the fully reduced Y133W (A), T231F (B) and 

Y133W/T231F (C) (Figure 16). The slow-fast scheme was applied for the calculation 

of the intermediate spectra for T231F.   

 

 

The slow-fast mechanism was used to calculate the intermediate spectra for 

the T231F mutant (Scheme 3B) in which the 125 s lifetime was assigned to the first 

kinetic step and the 77 s lifetime to the second step in the sequential mechanism. 

The intermediate spectra calculated according to Scheme 3 are shown in Figure 16. 

The spectra are compared to the spectra of the intermediates in the reaction of O2 with 

the native wild-type ba3 enzyme (Figure 16D) determined under analogous 



162 
 

conditions (Chapter 1). The proposed mechanism of the O2 reduction by the fully 

reduced wild-type enzyme is presented in Scheme 4, with the assigned intermediate 

colors corresponding to the colors of the intermediate spectra in Figure 16. 

 

 

Figure 16: The calculated experimental intermediate spectra for the reaction of the 

fully reduced Tt ba3 for Y133W (A), T231F (B), Y133W/T231F (C) and the native 

wild-type ba3 in the presence of CO (Chapter 1) (D). The intermediate spectra are 

referenced against the reduced enzyme, and are extracted based on the models in 

Scheme 4. The intermediate spectra are as follows: R (blue), PI (green), PII (red) and 

O (cyan) for all the spectra. 
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Scheme 4: The slow-fast sequential scheme of the O2 reduction mechanism in the 

fully reduced Tt ba3 in the presence of CO, with the suggested intermediate 

assignments from Chapter 1. The colors of the intermediates correspond to the 

calculated intermediate spectra in Figure 16D. 

 

 The trough at 420 – 430 nm for Int1 (R), referenced against the fully reduced 

CO-bound enzyme (Figure 16, blue), is shifted ~10 nm in the constriction point 

mutants compared to that of the native wild-type ba3. This spectral shift was 

discussed in detail earlier and was attributed to the difference between the native and 

the recombinant CO-bound enzyme.  

 The O2-bound intermediate, compound A, observed during the reaction of O2 

with the wild-type enzyme and the T231F ba3 mutant in the absence of CO (Scheme 

2) is not resolved in the presence of CO. This is because CO impedes the binding of 

O2 by a factor of 10. When the O2 binding slows down to hundred(s) of microseconds 

in presence of CO, there are potentially two faster steps, the ~5 s PI formation and 

the ~55 s PII formation (Chapter 1) [23]. In this case, the predicted accumulation of 

compound A in the concentration profiles of the intermediates is too small to be 

detected.  

The second intermediate in Scheme 4, PI (Figure 16, green), is observed both 

in the wild-type enzyme and the T231F mutant. The small spectral discrepancy 

between the two is attributed to the inhomogeneity in the recombinant enzymes. The 
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spectra of the other intermediates, PII and O (Figure 16, red and cyan, respectively) 

are generally in good agreement with those of the model wild-type enzyme.  

The reaction of O2 with the constriction point mutants, Y133W, T231F and 

Y133W/T231F, in the presence of CO further confirms the results observed for NO 

binding. The lifetime assigned to O2 binding in the presence of CO corresponds to a 

second-order rate constant of 2.0 x 10
7
 M

-1
 s

-1
 for Y133W, 1.0 x 10

8
 M

-1
 s

-1
 for T231F 

and 2.0 x 10
7
 M

-1
 s

-1
 for Y133W/T231F. The T231F mutant enzyme behaves 

analogous to the wild-type enzyme, with 10-times slower O2 binding in the presence 

of CO. The O2 binding in the ba3 mutants, Y133W and Y133W/T231F, in the 

presence of CO, is ~10-times slower than in the mutants in the absence of CO or ~50 

times slower than in the wild-type enzyme in the absence of CO.  

Table 1 shows a summary of the calculated apparent lifetimes, NO/O2 

concentrations and second-order rate constants determined in this study for the 

constriction point mutants in the presence and absence of CO. The results for the 

wild-type ba3 enzyme (Chapter 1) are shown for comparison. 
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Table 1: Summary of NO and O2 binding in the constriction point mutants in the 

presence and absence of CO 

 

NO binding in Y133W, T231F and Y133W/T231F in the absence of CO 

Enzyme Apparent 

Lifetime (s) 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type  18  55  1.0 x 10
9
 

Y133W 54  80  2.3 x 10
8
 

T231F 7.0  120  1.1 x 10
9
 

Y133W/T231F 46  120  1.8 x 10
8
 

 

O2 binding in Y133W, T231F and Y133W/T231F in the absence of CO 

Enzyme Apparent 

Lifetime (s) 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type*  9.3 90  1.0 x 10
9
 

Y133W 100  68 1.5 x 10
8
 

T231F 13  74  1.0 x 10
9
 

Y133W/T231F 97  73  1.4 x 10
8
 

 

NO binding in Y133W, T231F and Y133W/T231F in the presence of CO  

Enzyme Apparent 

Lifetime (s) 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type*  166 70  8.6 x 10
7
 

Y133W 530 100 1.9 x 10
7
 

T231F 174  78  7.4 x 10
7
 

Y133W/T231F 744 120  1.1 x 10
7
 

 

O2 binding in Y133W, T231F and Y133W/T231F in the presence of CO 

Enzyme Apparent 

Lifetime (s) 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type*  110 90  1.0 x 10
8
 

Y133W 625 80  2.0 x 10
7
 

T231F 125 80  1.0 x 10
8
 

Y133W/T231F 560 90  2.0 x 10
7
 

* The native wild-type enzyme is used for comparison and not the recombinant wild-

type enzyme.  
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The comparison of the NO/O2 binding in bovine aa3 and the wild-type ba3 in 

Chapter 1 revealed a 10-times slower binding (~1 x 10
8
 M

-1
 s

-1
) in the bovine enzyme. 

The presence of CO slows down NO and O2 binding by a factor of 10, both in the 

wild-type ba3 and the constriction point mutants. However, the NO and O2 binding 

rate in the bovine aa3 enzyme were unaffected by the presence of CO, which we 

previously attributed to CO leaving the binuclear active site and/or the ligand channel 

before the entry of NO/O2. This suggests that the exit pathway of CO is inherently 

different in ba3 in comparison to the bovine aa3 oxidase. In Chapter 2, we suggested 

that the photolyzed CO from heme a3
2+

 could reside in a ligand “docking site,” near 

or in the binuclear active site instead of binding to the CuB
+
. If the ligand docking site 

in ba3 has a high affinity for CO, the CO may remain in the docking site until another 

ligand (such as NO/O2) “pushes out” the CO. This could give rise to the 10 times 

slower ligand binding in the presence of CO. Furthermore, the presence of NO/O2 

could cause a conformational change at the ligand docking site resulting in the release 

of CO, which could impede ligand access. If CO is bound to CuB
+
, we propose that 

during the CO flow-flash method, or when using a double-laser approach, the O2 

binding to heme a3
2+

 causes CO to dissociate from CuB
+
 through steric and electronic 

effects. Our lab will continue to investigate the ligand channel in Tt ba3 to identify 

characteristic features that may result in CO impeding access of ligands to the active 

sire in this enzyme. 
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Part 2: Time-Resolved Optical Absorption Studies of the 

Ligand Channel Tt ba3 “Entrance” Mutants A120F, A204F and 

A120F/A204F  

 

CO Flash-Photolysis and Recombination in the Fully Reduced A120F, A204F, 

A120F/A204F ba3 Mutants 

The alanine residues A120 and A204 in ba3 cytochrome oxidase are located at 

the proposed ligand entry/exit points of the Y-shaped channel near the membrane. A 

CO flash-photolysis experiment was carried out on the ba3 mutants A120F, A204F 

and the A120F/A204F as described previously (Chapter 1). The TROA difference 

spectra (post-minus pre-photolysis) of these mutants are presented in Figure 17.  

The TROA difference spectra for each mutant were analyzed using SVD and 

global exponential fitting. The apparent lifetimes for a three-exponential fit were 120 

s, 79 ms and 280 ms for A120F, 120 s, 83 ms and 288 for A204F, and 77 s, 9 ms 

and 280 ms for A120F/A204F. The corresponding b-spectra are shown in blue, green, 

and red, respectively, in Figure 18. The residual spectra for all three mutants (Figure 

18D-F) do not appear to have significant spectral shape, indicating that a three-

exponential fit is sufficient to describe the data.  
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Figure 17: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

following flash-photolysis of the fully reduced CO-bound A120F (A), A204F (B) and 

A120F/A204F (C) Tt ba3 oxidase. The spectra were recorded at 22 delay times, 

equally spaced on a logarithmic time scale between 100 ns – 900 ms. The arrows 

represent the direction of the absorption change with time. Conditions: 0.1 M HEPES 

(pH 7.5) with 0.1% DM; optical pathlength: 0.4 cm.  
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Figure 18: (A-B) b-spectra resulting from a three-exponential-fit of the TROA 

difference spectra recorded upon flash-photolysis of the fully reduced CO-bound 

A120F (A), A204F (B) and A120F/A204F (C) Tt ba3 oxidase. The apparent lifetimes 

were as follows. (A) A120F, b1: 120 s (blue), b2: 79 ms (green), and b3: 280 ms (red). 

(B) A204F, b1: 120 s (blue), b2: 83 ms (green), and b3: 288 ms (red). (C) 

A120F/A204F, b1: 77 s (blue), b2: 9.0 ms (green), and b3: 280 ms (red). The non-

zero time-dependent b0 spectrum (cyan) represents the difference spectrum 

extrapolated to infinite time. (D-F) The corresponding residuals, the difference 

between the data and the fit, are shown with delay times increasing from bottom to 

top (nanoseconds to milliseconds) for A120F (D), A204F (E) and A120F/A204F (F) 

ba3.  
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 The “discrepancy” in the CO-bound heme a3
2+

 trough at 420 nm in the 

recombinant ba3 enzyme and 430 nm in the native ba3 enzyme is also observed in the 

A120F, A204F and A120F/A204F ba3 mutants, and was discussed in detail above. It 

should also be noted that the ~420 nm-trough-to-444 nm peak ratio in the TROA 

difference spectra of the mutants, does not completely match that of the static 

(reduced-minus reduced-CO) difference spectrum recorded on the HP 8453 

spectrophotometer. This could be an indication of the transient unligated heme a3
2+

 

generated after photolysis being different than the unligated enzyme before photolysis.  

The recombination of CO to heme a3
2+

 occurs in all three ba3 mutants (A120F, 

A204F and A120F/A204F) with an apparent lifetime of ~280 ms, which is consistent 

with the lifetime observed for the CO recombination in the wild-type ba3 (Chapter 1). 

This result is not surprising because the A120 and A204 residues are located far from 

the binuclear active site, at the outer part of the ligand channel near the surface of the 

protein facing the membrane, and are therefore unlikely to affect the CO photolysis 

and recombination at the binuclear active site. To study whether the ba3 mutations 

A120F, A204F and A120F/A204F affect ligand access, the reaction of NO with the 

mutants with NO was investigated.  
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TROA Studies of the Reaction of the Fully Reduced A120F, A204F and 

A120F/A204F Tt ba3 mutants with Photoproduced NO in the Absence of CO  

The mutation of the A120 and A204 amino acid residues to a large bulky 

phenylalanine (F) might be expected to partially block the mid-membrane 

entrance/exit of the ligand channel. Therefore, if these amino acid residues are 

significant for ligand entry, the binding of NO to the binuclear active site heme would 

be altered significantly. However, the three ligand entry/exit mutations A120F, 

A204F and A120F/A204F, showed no effect on the rate of CO rebinding to heme a3
2+

. 

The NO binding to the A120F, A204F and A120F/A204F in the absence of 

CO were studied as described previously. TROA difference spectra (post-minus pre-

photolysis) were recorded and are shown in Figure 19.  
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Figure 19: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced NO with the fully reduced Tt ba3 

mutants A120F (A), A204F (B) and A120F/A204F (C). The spectra were recorded at 

delay times equally spaced on a logarithmic time scale between 500 ns – 500 s (A), 

500 ns – 200 s (B) and 1 s – 1 ms (C). The spectra are those obtained following the 

subtraction of the spectral contribution of the photolabile NO complex, determined in 

a separate experiment. The arrows represent the direction of the absorption change 

with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 

cm. The NO concentrations were 80 M (A), 70 M (B) and 100 M (C). 
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The spectral distortions and noise observed in the visible region of the 

difference spectra is an artifact of the large NO complex signal that was manually 

subtracted from each difference spectrum. Tilts or distortion in the NO complex 

spectra complicate the subtraction of the complex absorption. The low signal-to-noise 

ratio is the result of the low enzyme extinction coefficient in this region and the low 

enzyme concentration being used due to the large volume required for these 

experiments.  

The difference spectra for the ba3 mutants were analyzed using SVD-based 

global exponential fitting which resolved a single apparent lifetime of 13 s (80 M 

NO) for A120F, 15 s (70 M NO) for A204F and 12 s (100 M NO) for 

A120F/A204F. The associated b-spectra are shown Figure 20.  The residual spectra 

for all three mutants (Figure 20D-E) show random noise, suggesting that the single 

exponential is sufficient for fitting the time-dependent absorbance change. Based on 

the b-spectrum, the single apparent lifetime is assigned to the NO binding to heme 

a3
2+

. The corresponding second-order rate constant for NO binding based on the 

apparent lifetime and concentration of the photoproduced NO is 9.6 x 10
8
 M

-1
 s

-1
 for 

A120F, 9.5 x 10
8
 M

-1
 s

-1
 for A204F and 8.3 x 10

8
 M

-1
 s

-1
 for A120F/A204F.  
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Figure 20: (A-B) b-spectra resulting from a single-exponential fit of the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced A120F (A), A204F (B) and A120F/A204F (C) Tt ba3. The associated 

apparent lifetime for the corresponding b-spectrum are as follows: (A) A120F, b1: 13 

s (blue), (B) A204F,  b1: 15 s (blue), (C) A120F/A204F,  b1: 12 s (blue).The non-

zero time-dependent b0 spectrum (green) represents the difference spectrum 

extrapolated to infinite time. (D-F) The corresponding residuals, the difference 

between the data and the fit, are shown with delay times increasing from bottom to 

top (microseconds to milliseconds) for A120F (D), A204F (E) and A120F/A204F (F). 
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The resolved single apparent lifetime, NO concentration and second-order rate 

constant for the A120F, A204F and A120F/A204F ba3 mutants are summarized in 

Table 2 along with the recombinant wild-type ba3 enzyme for comparison. The 

second-order rate constants are within 10% of each other, which is within the 

experimental error. Therefore, binding of NO in the A120F, A204F and 

A120F/A204F is the same as that in the wild-type enzyme.  

 

Table 2: Summary of the NO binding in A120F, A204F and A120F/A204F Tt ba3 

mutants and the wild-type recombinant enzyme in the absence of CO 

Enzyme Apparent 

Lifetime (s) 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type  18  55  1.0 x 10
9
 

A120F 13  80  9.6 x 10
8
 

A204F 15  70  9.5 x 10
8
 

A120F/A204F 12  100  8.3 x 10
8
 

 

 The A120 and A204 amino acid residues have been suggested to be key 

residues near the ligand entry/exit points at the membrane-facing surface of the 

protein [16]. The mutations A120F and A204F were designed to block one of the 

mid-membrane entrances/exits to the ligand channel, and the double mutant, 

A120F/A204F was designed to block both entrances/exits [17]. The single A120F 

mutation was previously shown to have no effect on the activity of the enzyme [17]. 

The single mutations, as well as the double mutation, showed no effect on the rate of 

NO binding. These results indicate that the mutation of the A120 and A204 residues 

to the large phenylalanine does not impede the binding of NO at the active site. This 

suggests that the mutated phenylalanine is dynamic and rotates in a way that it does 
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not interfere with ligand access. An alternatively explanation is that the A120 and 

A204 residues are not in the ligand entry pathway to the binuclear active site.  

 

Conclusions  

 The reactions of NO and O2 with constriction point mutants, Y133W, T231F, 

Y133W/T231F, were investigated. In these mutants, the tyrosine and threonine in the 

ligand channel in Tt ba3 were replaced by the corresponding bulkier tryptophan and 

phenylalanine, respectively, present in the aa3 enzymes. In the absence of CO, the 

binding of NO and O2 in the Y133W and Y133W/T231F mutants was found to be a 

factor of 5-6 slower than in the wild-type enzyme, while the ligand binding was 

unaffected in the T231F mutant. It can be inferred that the tryptophan constriction 

residue partially controls ligand accessibility to the active site in the bovine aa3 

enzyme. Furthermore, the rate of NO/O2 binding was impeded by an additional factor 

of 10 in the presence of CO, with ligand binding in Y133W and Y133W/T231F being 

a factor of 50-60 times slower than in the wild-type enzyme in the absence of CO. In 

contrast, the presence of CO was found to have no effect on the binding of O2 and NO 

in the bovine aa3 enzyme. 

The amino acid residues A120 and A204, located near the presumed ligand 

entry/exit points at the membrane-facing surface of ba3, have been proposed to play a 

key role in ligand entry and exit. The A120F, A204F and A120F/A204F mutations 

were designed to block one or both of these possible ligand entry/exit points. 

However, all three mutants had the same NO binding rate as the wild-type enzyme. 
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These results suggest a conformational freedom of the phenylalanine residues at these 

positions in the ligand channel, or alternatively, that the A120 and A204 may in fact 

not be located where ligands, such as NO and O2, enter and exit the ligand channel in 

Tt ba3 oxidase.  
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Chapter 4 

 

Highly Conserved Amino Acid Residues in the 

Ligand Channel of ba3 Cytochrome c Oxidase 

from Thermus thermophilus  

 

Part 1: Time-Resolved Optical Absorption Studies of the 

Reactions of O2 and NO with the ba3 Mutant G232V in the 

Absence and Presence of CO.  

Part 2: Time-Resolved Optical Absorption Studies of the CO 

Binding Dynamics and the Reactions of O2 and NO with 

Various V236 Mutants.  
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Introduction  

Cytochrome c oxidase, which is the terminal transmembrane respiratory 

protein located in the inner mitochondrial membrane in eukaryotic cells and the 

plasma membrane of prokaryotic cells, catalyzes the reduction of O2 to water [1-3]. 

This exergonic reaction is coupled to translocation of protons across the respective 

membrane, creating an electrochemical proton gradient utilized during the production 

of ATP [1-3]. The overall reaction catalyzed by cytochrome c oxidase is as follows: 

 

Thermus thermophilus (T. thermophilus), which is an extremophile, 

predominantly expresses the B-type (ba3) oxidase under microaerobic conditions ( 

50 M O2) [4].  The T. thermophilus (Tt) ba3 oxidase has four redox-active metal 

centers: CuA, heme b, heme a3 and CuB. The binuclear active site contains the high-

spin heme a3 and CuB, which is where the O2 reduction reaction occurs. Previous 

heme-copper oxidase studies have focused on the mechanism of the O2 reduction 

electron and proton transfer, but less emphasis has been placed on the pathway(s) 

through which O2 and other ligands (NO and CO) move to the binuclear active site. 

The x-ray crystal structure of Tt ba3 oxidase pressurized under Xe gas 

revealed a Y-shaped hydrophobic channel, 18 – 20 Å in length, leading to the 

binuclear active site (Figure 1) [5, 6]. This hydrophobic channel is proposed to 

provide ligand access for the entry/exit of ligands such as O2, NO and CO.  
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Figure 1: The Y-shaped ligand channel in Tt ba3 oxidase proposed on the basis of 

Xe-pressurized crystal structure studies [5]. The figure shows the proposed channel 

(yellow) leading to the binuclear active site heme a3 (green sticks) and CuB (orange 

ball). The low-spin heme b (green sticks) is also presented.  

 

 

Chapter 3 investigated some of the inherent differences observed in the ligand 

channel of Tt ba3 compared to that of the bovine aa3 enzyme, which could be due to 

evolutionary adaptations to the microaerobic environments of T. thermophilus. 

Comparison of amino acid sequences and crystal structures of the heme-copper 

oxidases have also identified residues strictly conserved in the ligand channels of 

many heme-copper oxidases, including Tt ba3 (Table 1), which indicates their 

potential importance in modulating ligand access to the binuclear active site.  
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Table 1: Conserved residues within the heme-copper oxidase ligand channels  

Enzyme 

species 

Protein Data 

Bank File (PDB) 

Some of the Highly Conserved Residues  

Tt ba3 1EHK [7] V236 W229 G232 

Pd aa3 3HB3 [8] V279 W272 G275 

Bovine aa3 2EIJ [9] V243 W236 G239 

Rs aa3 1M56 [10] V287 W280 G283 

E.coli bo3 1FFT [11] V287 W280 G283 

  

One of the highly conserved amino acid residues in the ligand channel is the 

G232 (Tt ba3 numbering) residue (Table 1) [7-11]. Crystal structures indicate that 

this residue may play an important role in ligand access to the binuclear center. The 

crystal structure of the Tt ba3 shows that the G232 is located between two large 

residues, Trp229 and His283, which were suggested to form a hydrophobic and 

hydrophilic boundary around the binuclear center (Figure 2) [5, 7]. The G232 residue 

is located behind the Xe1 site (Figure 2, left) identified in the Xe-pressurized 

crystallographic studies, providing a small open space, which is proposed to be the 

entry site for ligands to the active site. The G232 equivalent residue in Rhodobacter 

sphaeroides (Rs) aa3 oxidase (G283) was suggested to be located in a narrow part of 

the ligand channel, and the mutation of this residue to a larger valine residue was 

reported to completely block O2 access to the catalytic site in this enzyme [12]. In 

part 1 of this study, we explore the effect of the equivalent mutation of G232 (Tt ba3 

numbering) to a larger valine residue (G232V ba3). The CO flash-photolysis and 

recombination, and the reactions of NO and O2 with the G232V ba3 mutant in the 

presence and absence of CO were investigated. These studies are expected to further 

clarify the role of the G232 residue in ligand access in Tt ba3. 
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Figure 2: The hydrophobic and hydrophilic boundary around the binuclear center. 

The cyan sphere is the Xe1 site determined through the Xe-pressurized crystal 

structure  [5]. The G232 residue is located behind the Xe1 allowing for the small open 

space. The purple arrow indicates ideal ligand entry pathway from the crystal 

structures to the binuclear center from the Xe1 site [5]. 

 

The V236 residue (Tt ba3 numbering) is another highly conserved residue in 

the heme-copper oxidases. This residue is located on helix VI of subunit I and in the 

O2 pathway close to the binuclear active site cavity (Figure 3) [7].  In previous 

studies, the mutation of the valine residue in Pd aa3 (V279) and E. coli bo3 (V287) to 

a bulkier isoleucine residue significantly slowed the binding of O2 to heme a3
2+

 [13, 

14]. This indicates the importance of the V236 residue and suggests that ligands must 

pass by the V236 residue in order to enter the binuclear active site.  
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Figure 3: The ligand access channel in Tt ba3 oxidase, with some key amino acid 

residues highlighted (Left) transmembrane view (left) and (right) overhead view. The 

cyan spheres represent the Xe sites identified in the crystallographic studies of the 

ligand access channel. The figure was generated using Pymol (PDB file: 3BVD [5]). 

 

 

Valine has a hydrophobic aliphatic side chain, and isoleucine is also 

categorized in the same group; however, the valine side chain is two carbons in length, 

with two methyl groups on the  carbon (Figure 4). The part 2 of this chapter will 

explore the effect of various mutations of the V236 residue on the CO recombination, 

NO binding and the reaction with O2 to determine the role of this residue (Figure 4). 

The mutants, V236T, V236L, V236I, V236M, V236A, V236N and V236F, were 

investigated for the possible effect of polarity (V236T) and size (V236A, V236L, 

V236I, V236M, V236N and V236F) on the access of ligands to the binuclear site. 

The size of the asparagine side chain is similar to that of methionine, but with a polar 

side chain. The structures of the various amino acid residues to which the valine was 

mutated are shown in Figure 4.  
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Figure 4: The crystal structure of the binuclear active site of Tt ba3 oxidase with the 

V236 residue colored in magenta, located right of a possible entry into the catalytic 

site. The cyan spheres are the locations of the Xe sites from the Xe-pressurized 

crystal structure (PDB file: 3BVD [5]). The amino acid structure of valine is shown 

next to the crystal structure along with the structures of the amino acids to which the 

V236 was mutated.   
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Materials and Methods  

The recombinant wild-type Tt ba3 and the mutants of the conserved amino 

acid residues in the ligand access channel (V236T, V236I, V236L, V236M, V236N, 

V236A, V236F and G232V) were expressed in  Thermus thermophilus (Tt) HB8, and 

isolated and purified as previously described [15]. These wild-type and mutant 

enzymes were generously provided by the Fee and Stout lab at The Scripps Research 

Institute, La Jolla, CA.  

Dodecyl-β-D-maltopyranoside (DM) detergent was obtained from Affimetrix 

Inc., and the standard grade (99.9%) carbon monoxide was purchased from Praxair. 

Potassium pentachloronitrosylruthenate(II) (Ru 25.8%) (PPNR) photolabile NO-

complex was obtained from Alfa Aesar, and the (-peroxo)(-hydroxo)bis 

[bis(bipyridyl)cobalt(III)] nitrate (HPBC) photolabile O2-carrier was synthesized as 

described in the materials and methods section of Chapter 1. All other chemicals were 

purchased from Sigma Aldrich and Fisher Scientific. 

 

Sample Preparation of the Fully Reduced Wild-Type Oxidase and Tt ba3 Mutants 

 The Tt ba3 wild-type and mutant enzymes were prepared in 0.1 M HEPES (pH 

7.5) buffer containing 0.1% DM. The fully reduced enzyme was prepared by first 

taking the oxidized enzyme solution through several alternating cycles of vacuum and 

nitrogen. 3.5 mg/mL glucose, 0.25 mg/mL glucose oxidase and 0.01 mg/mL catalase 

were added to the deoxygenated enzyme solution to remove any residual O2 in the 

solution. For the O2 reaction studies, final concentrations of 2 mM ascorbic acid and 
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50 M ruthenium hexamine mediator were added. For the NO reaction studies, 2 mM 

ascorbic acid and 1 M of the phenazine methosulfate (PMS) mediator were added to 

the deoxygenated enzyme sample. High concentration of ruthenium hexamine was 

avoided when reducing the enzymes for the NO binding studies, to avoid any possible 

reaction with the ruthenium photolabile NO-carrier. The formation of the fully 

reduced enzyme was monitored by the optical absorption spectra recorded between 

350 – 750 nm on the HP 8453 spectrophotometer. The enzyme concentration was 

determined using the extinction coefficient Δ560-590 nm = 26 mM
-1

 cm
-1

 [15]. The fully 

reduced CO-bound enzyme (when applicable) was prepared by exposing the fully 

reduced enzyme to CO for ~30 minutes with occasional agitation. The HPBC O2-

complex solution was prepared by dissolving the solid complex in 0.1 M HEPES (pH 

7.5) buffer. The concentration of the dissolved HPBC was adjusted to ~0.9 O.D. in a 

2 mm cuvette at 395 nm. The HPBC solution was deoxygenated carefully with 

several cycles of vacuum and nitrogen in the dark. Glucose (3.5 mg/mL), glucose 

oxidase (0.25 mg/mL) and catalase (0.01 mg/mL) were added to the deoxygenated 

HPBC solution, followed by additional cycles of vacuum and nitrogen. The NO-

complex was prepared by dissolving 5-10 mM of the commercially available PPNR 

complex in 0.1 M HEPES (pH 7.5), and deoxygenating the solution in the analogous 

manner as done for the HPBC solution. 
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CO Flash-Photolysis and Recombination Studies of the Fully Reduced Tt ba3 

Mutants 

 CO flash-photolysis and recombination experiments of the fully reduced ba3 

mutants were performed in a deoxygenated quartz cuvette at room temperature. A 

532 nm pulse from a Q-switched DCR-11 Nd:YAG laser (~7 ns full width at half 

maximum) was used to photolyze the CO from the heme a3. The rebinding of CO was 

monitored by recording the time-resolved optical absorption (TROA) difference 

spectra at each delay time between 350 – 750 nm as described in Chapter 1, with an 

average of 40 accumulations. The TROA difference spectra were analyzed using 

singular value decomposition (SVD) and global exponential fitting, which provided 

the apparent lifetimes and the associated b-spectra. The CO rebinding rate was 

compared to that of the wild-type enzyme to determine whether the various mutations 

had any effect on CO rebinding to heme a3
2+

.  

 

TROA Studies of the Reaction of the Fully Reduced Tt ba3 Mutants with 

Photoproduced O2 or NO in the Absence of CO: A Single Laser Flow-Flash 

Method  

 The O2 reaction and NO binding of the fully reduced Tt ba3 mutants in the 

absence of CO were investigated using TROA spectroscopy as described in Chapter 1. 

The photoproduced O2 or NO was generated with a 355 nm laser pulse from a Q-

switched DCR-11 Nd:YAG laser (~7 ns full width at half maximum). SVD and 

global exponential fitting were used to determine the apparent lifetimes and the 



190 
 

associated b-spectra. The intermediate spectra of the Tt ba3 mutants for which more 

than one apparent lifetime was resolved, were then calculated based on a 

unidirectional sequential kinetic scheme. The plausibility of the proposed mechanism 

was tested by comparing the experimental intermediate spectra with those of the wild-

type enzyme, determined in Chapter 1.  

 

TROA Studies of the Reaction of the Photoproduced O2 or NO with the Fully 

Reduced Tt ba3 Mutant G232V in the Presence of CO: a Double Laser Flow-Flash 

Method  

 The reaction of the fully reduced recombinant Tt ba3 mutant G232V with 

photoproduced O2 or NO in the presence of CO was investigated using the double 

laser flow-flash technique described in Chapter 1. The various V236 mutants were 

not investigated in the presence of CO. In the double-laser flow-flash approach, the 

reaction is initiated by simultaneously photodissociating the O2 or NO-carrier with a 

355 nm laser pulse and the CO-bound heme a3 with a 532 nm laser flash. Due to the 

large absorption of the photolabile complex between 300 – 400 nm, a 532 nm laser 

pulse is utilized for efficient photolysis of the CO bound to heme a3. The 

concentrations of the photoproduced O2 and NO were determined as described in 

Chapter 1. SVD and global exponential fitting (Matlab, Mathworks) provided the 

apparent lifetimes and the associated spectral changes, b-spectra. The intermediate 

spectra were calculated based on a unidirectional sequential kinetic scheme, and the 
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plausibility of the scheme tested by fitting the intermediate spectra with these of the 

wild-type enzyme obtained under the same conditions (Chapter 1). 

 

 

Results and Discussion  
 

Part 1: Time-Resolved Optical Absorption Studies of the Reaction of 

O2 and NO with the G232V ba3 Mutant in the Absence and Presence 

of CO. 

 

CO Flash-Photolysis and Recombination of the Fully Reduced Tt ba3 Mutant 

G232V 

 The CO flash-photolysis/recombination measurements of the fully reduced 

G232V ba3 enzyme were carried out as previously described in Chapter 1. The G232 

residue is close to the binuclear active site, and it is important to determine whether 

the mutation of this small residue to a larger valine residue has any effect on the rate 

of CO rebinding to heme a3
2+

. The TROA difference spectra (post-minus pre-

photolysis) recorded during the rebinding of the photodissociated CO photolyzed with 

a 532 nm laser pulse are presented in Figure 5.  
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Figure 5: SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded following CO flash-photolysis of the fully reduced CO-bound G232V Tt ba3 

oxidase mutant. The spectra were recorded at 22 delay times, equally spaced on a 

logarithmic time scale between 100 ns – 700 ms. The arrows represent the direction 

of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% 

DM; optical pathlength: 0.4 cm. 

 

SVD and global exponential fitting of TROA difference spectra (Appendix) 

resolved four apparent lifetimes, 93 s, 629 s, 12.8 ms and 274 ms. The 

corresponding b-spectra, which represent the spectral change associated with the 

individual apparent lifetimes, are presented in Figure 6A. The corresponding 

residuals (Figure 6B) show the difference between the data and the fit at each delay 

time. 
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Figure 6: (A) b-spectra resulting from a three-exponential fit of the TROA difference 

spectra recorded during the CO recombination and flash-photolysis experiment of the 

fully reduced G232V Tt ba3 oxidase. The apparent lifetimes for the respetive b-

spectra are b1: 93 s (blue), b2: 629 s (green), b3: 12.8 ms (red) and b4: 274 ms 

(cyan). The b0-spectrum (magenta) represents the difference spectrum of the final 

product within the time window of the experiment. (B) The corresponding residuals, 

the difference between the data and the fit, for G232V ba3 are shown with delay times 

increasing from bottom to top. 

 

The apparent lifetime of 274 ms is attributed to CO rebinding to heme a3
2+

. 

This lifetime is comparable to the ~260 ms CO rebinding rate in the wild-type 

enzyme. A 10 nm blue shift in the trough from 430 nm to 420 nm compared to the 

wild-type native ba3 enzyme is observed in the G232V ba3 mutant. This shift was 

discussed earlier for the recombinant ba3 enzyme and could be due to an enzyme 

population with a different CO conformation than observed for the non-recombinant 

(native) wild-type enzyme. More importantly, the G232V mutation does not appear to 

affect the rate of CO rebinding to heme a3
2+

.  
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TROA Spectroscopic Studies of the Reaction of the Fully Reduced G232V Tt ba3 

Mutant with Photoproduced NO and O2 in the Absence of CO 

 The rate of NO binding to heme a3
2+

 in the wild-type ba3 in the absence of CO 

was shown in Chapter 1 to be comparable to the O2 binding rate (~1 x 10
9
 M

-1
 s

-1
), 

suggesting that the NO ligand entry pathway from the protein exterior to the binuclear 

center is the same as that of O2. The NO binding studies are advantageous because 

they allow for the sole probing of the binding of NO to ba3 without the complexity of 

the additional microsecond time scale redox reactions observed with O2. The NO 

binding to the fully reduced G232V ba3 in the absence of CO was studied to 

determine whether the mutation of the small glycine to a larger valine residue affects 

the binding of ligands to the binuclear active site. The NO binding was investigated 

using the photolabile NO-carrier and the single laser flow-flash method described in 

Chapter 1. TROA difference spectra (post-minus pre-photolysis) were recorded 

between 350 – 760 nm and at delay times of 500 ns – 500 s (Figure 7). The 

concentration of the photoproduced NO was determined as described in Chapter 1.  
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Figure 7: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced G232V Tt ba3 mutant with the 

photoproduced NO in the absence of CO. The spectra were recorded at 10 delay times, 

equally spaced on a logarithmic time scale between 500 ns – 500 s. The spectra are 

those obtained following the subtraction of the spectral contribution from the 

photolabile NO complex, determined in a separate experiment. The arrows represent 

the direction of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) 

with 0.1% DM; optical pathlength: 0.5 cm. Effective enzyme concentration: 1.0 M. 

NO concentration determined was 100 M. 

 

The difference spectra were subjected to SVD and global exponential fitting. 

A single apparent lifetime of 9.5 s (100 M NO) was observed for the G232V 

mutant in the absence of CO. This process is attributed to NO binding to heme a3
2+

 

based on the corresponding spectral change, b-spectrum (Figure 8A, blue). The time-

independent b0 -spectrum (Figure 8A, green) represents the difference between the 

spectra of the NO-bound and fully reduced G232V ba3 mutant in the absence of CO. 
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The residual spectra in Figure 8B show some minor spectral shapes, which were 

attributed to the presence of a NO gradient formed during the photolysis of the NO 

complex (discussed in Chapter 3). The derivative shape of the magenta residual is due 

to wavelength shift at that specific delay time. This shape is not observed in any of 

the neighboring delay times and therefore is not deemed significant.  

  

 

Figure 8: (A) b-spectra resulting from a single exponential-fit of the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced G232V Tt ba3 mutant. The apparent lifetime and the corresponding b-

spectrum is b1: 9.5 s (blue), and the non-zero time-dependent b0 spectrum (green) 

represents the difference spectrum extrapolated to infinite time. (B) The 

corresponding residuals, the difference between the data and the fit, are shown with 

delay times increasing from bottom to top (nanoseconds to microseconds).  

 

  

 The 9.5 s lifetime attributed to the NO binding in G232V ba3 in the absence 

of CO corresponds to a second-order rate constant of 1.05 x 10
9
 M

-1
s

-1
 (100 M NO), 
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which is the same as that observed for the wild-type ba3 (~1 x 10
9
 M

-1 
s

-1
). The small 

glycine residue in the ligand access channel of Tt ba3, which is located between two 

larger residues, was suggested to provide a small opening allowing a ligand to enter 

the binuclear active site [5]. A previous study, which monitored the oxidation rate of 

the reduced enzyme after exposure to air, reported that the same mutation in the R. sp 

aa3 enzyme dramatically decreased O2 access to the catalytic site [12]. Based on these 

results, the glycine to valine mutation in ba3 was expected to impede ligand binding; 

however, surprisingly this was not the case. To confirm this, the reaction of the fully 

reduced G232V Tt ba3 mutant with photoproduced O2 was investigated in the absence 

of CO, as described in Chapter 1. The goal of this study was also to determine if the 

G232V mutation affected other steps in the O2 reduction mechanism. 

 The TROA difference spectra generated during the reaction of the 

photoproduced O2 with the G232V mutant are shown in Figure 9. The concentration 

of the O2 released by the O2-complex was determined based on the largest amplitude 

at 395 nm in the difference spectrum using an extinction coefficient, 395 nm = 4400 M
-

1 
cm

-1
. 
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Figure 9: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced G232V Tt ba3 mutant with 

photoproduced O2 in the absence of CO. The spectra were recorded at 17 delay times, 

equally spaced on a logarithmic time scale between 200 ns – 50 ms. The spectra were 

those obtained following the subtraction of the spectral contribution of the photolabile 

O2 complex, determined in a separate experiment. The arrows represent the direction 

of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% 

DM; optical pathlength: 0.5 cm. Effective enzyme concentration was 2.6 M. The O2 

concentration was 74 M. 

 

 

SVD-based global exponential fitting resolved four apparent lifetimes of 7 s, 

13 s, 60 s and 4 ms. The corresponding b-spectra are shown in Figure 10A. Minor 

spectral shapes are observed in the residual spectra (Figure 10B), and an additional 

lifetime did improve the residual spectra, however, did not provide a meaningful 

lifetime, b-spectrum or a physical intermediate based on the model intermediate 

spectra. This could be due to the “inhomogeneous” sample observed in the 

recombinant enzyme.  
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Figure 10: (A) b-spectra resulting from a multi-exponential fit to the TROA 

difference spectra recorded during the reaction of the photoproduced O2 with the fully 

reduced G232V Tt ba3 mutant in the absence of CO. The apparent lifetimes for the 

corresponding b-spectra are b1: 7 s (blue), b2: 13 s (green), b3: 60 s (red) and b4: 4 

ms (cyan). The time-independent b0 spectrum (magenta) represents the endo of the 

reaction. (B) The corresponding residuals, which are the differences between the data 

and the fit, are shown at each delay time increasing from bottom to top (nanoseconds 

to milliseconds).  

 

 The apparent lifetimes and b-spectra alone do not represent real physical steps 

in a reaction. The proposed mechanism connects the apparent rates to microscopic 

rates in the reaction and the b-spectra to the spectra of the intermediates. The slow-

fast sequential mechanism (Scheme 1) discussed in Chapter 1 best describes the O2 

reaction, and the intermediate spectra in Figure 11A are calculated on the basis of 

this mechanism. The intermediate spectra are compared to those of the wild-type ba3 

enzyme from Chapter 1 (Figure 11B), which were extracted based on Scheme 2.  
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Scheme 1: The slow-fast sequential scheme for the O2 reduction by the fully reduced 

G232V Tt ba3 mutant in the absence of CO used to calculate the intermediate spectra 

in Figure 11.   

 

Figure 11: The experimental intermediate spectra for the reaction of the 

photoproduced O2 with the fully reduced G232V mutant (A) and the wild-type ba3 

(B) in the absence of CO. The intermediate spectra are referenced against the reduced 

enzyme and were extracted based on the slow-fast mechanism (refer to Chapter 1) in 

Scheme 1. The intermediate spectra determined are represented with the following 

colors: R (blue), A (green), PI (red), PII (cyan) and O (magenta).  

 

 

 
Scheme 2: The slow-fast sequential scheme of the O2 reduction of the fully reduced 

wild-type Tt ba3 in the absence of CO, with suggested intermediate assignments from 

Chapter 1. The colors of the intermediates correspond to the respective intermediate 

spectra in Figure 11B.  
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The intermediate spectra of the G232V mutant (Figure 11A) are generally in 

good agreement with the intermediate spectra of the wild-type enzyme (Figure 11B). 

The amplitude of compound A (Figure 11, green) appears to be slightly larger in the 

Soret region; however, this can be attributed to an artifact arising from subtracting the 

large O2 complex signal from the TROA difference spectra. The lifetime assigned to 

the O2 binding step, the formation of compound A, is 13 s (74 M O2), which 

corresponds to a second-order rate constant of ~1 x 10
9
 M

-1 
s

-1
. This second-order rate 

constant is the same as that observed for the reaction of the wild-type enzyme with O2 

in the absence of CO and is consistent with the observed rate of NO binding. 

Furthermore, the rates of individual steps in the reaction mechanism are the same 

between the ba3 G232V mutant and the wild-type enzyme suggesting that the G232V 

mutation does not affect the O2 reduction mechanism. Due to the high conservation of 

the glycine among the heme-copper oxidases, G232 would be predicted to play a 

crucial role in either ligand access to the binuclear active site or in O2 reduction. 

However, surprisingly, the replacement of G232 in Tt ba3 with valine does not affect 

the rate of NO binding or the reduction of O2 in the absence of CO.  

 

TROA Spectroscopic Studies of the Reaction of the Fully Reduced G232V Tt ba3 

Mutant with Photoproduced NO and O2 in the Presence of CO 

 To investigate whether CO affects ligand access in the G232V mutant, the 

reactions of NO and O2 with the G232V mutant were investigated in the presence of 

CO using the double-laser flow-flash method described in Chapter 1. Our previous 
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studies on the wild-type enzyme (Chapter 1) showed that O2 and NO binding in the 

presence of CO was impeded by a factor of 10, resulting in a second-order rate 

constant of ~1 x 10
8
 M

-1 
s

-1
. The TROA difference spectra recorded during the 

reaction of Tt ba3 with photoproduced NO in the presence of CO between 350 – 760 

nm are shown in Figure 12; the spectra are referenced against the CO-bound enzyme. 

The concentration of NO generated during this experiment was determined as 

previously described.  

 

Figure 12: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced G232V Tt ba3 mutant with the 

photoproduced NO in the presence of CO. The spectra were recorded at 13 delay 

times, equally spaced on a logarithmic time scale between 500 ns – 5 ms. The spectra 

are those obtained following the subtraction of the spectral contribution of the 

photolabile NO complex, determined in a separate experiment. The arrows represent 

the direction of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) 

with 0.1% DM; optical pathlength: 0.5 cm. Effective enzyme concentration: 1.8M. 

NO concentration determined was 95 M. 
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 SVD and global exponential fitting resolved a single apparent lifetime of 160 

s at 95 M NO. The associated b-spectrum for the single-exponential fit and the 

non-zero time-dependent b0 spectrum are presented in Figure 13A (blue and green 

traces, respectively). The residuals show no significant spectral shapes, indicating the 

single-exponential fit is sufficient to fit the data (Figure 13B).  

 

Figure 13: (A) b-spectra resulting from a single-exponential fit to the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced G232V Tt ba3 mutant in the presence of CO. The associated apparent 

lifetime for the corresponding b-spectrum is b1: 160 s (blue); the b0 spectrum (green) 

represents the difference spectrum of the final product within the time window of the 

experiment. (B) The corresponding residuals, the difference between the data and the 

fit, are shown at each delay times increasing from bottom to top (nanoseconds to 

milliseconds).  

 

The apparent lifetime of 160 s at 95 M NO in the presence of CO 

corresponds to a second-order rate constant of 6.6 x 10
7
 M

-1 
s

-1
, which is ~15 times 

slower than the NO binding in the G232V mutant in the absence of CO. In 

comparison, the native wild-type ba3 enzyme in the presence of CO (Chapter 1) had 
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an apparent lifetime of 166 s (90 M NO), giving a second-order rate constant of 

8.6 x 10
7 

M
-1 

s
-1

. Hence the NO binding rate in the G232V mutant in the presence of 

CO is comparable to that of the wild-type enzyme. Figure 14 shows a comparison of 

the transient absorbance changes at 444 nm during the reaction of NO with the 

G232V mutant in the absence (○) and presence of CO (●) and with the wild-type 

enzyme in the absence (△) and presence of CO (▲). The solid lines represent the 

calculated traces obtained on the basis of the single-exponential fit. It is clear that the 

mutation of the G232 residue does not affect the binding of NO in the absence or the 

presence of CO.   

 

Figure 14: NO binding kinetics at 444 nm for the recombinant wild-type Tt ba3 in the 

absence (○) and presence of CO (●) and for the G232V mutant in the absence (△) 

and presence of CO (▲). The traces are plotted on a logarithmic time scale with 

maximal absorbance difference values normalized to 1. The experimental dependence 

has been converted to correspond to the same NO concentration for each sample (100 

M). The solid lines represent the calculated traces obtained on the basis of a single-

exponential fit.  
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 To confirm the G232V ba3 NO binding result in the presence of CO, the 

reaction of this mutant with the photoproduced O2 in the presence of CO was 

investigated as described in Chapter 1. The TROA difference spectra recorded during 

the reaction of the photoproduced O2 with the fully reduced G232V mutant between 

350 – 760 nm are shown in Figure 15 and are referenced against the CO-bound 

enzyme. The O2 concentration was determined as described above. SVD and global 

exponential fitting resolved apparent lifetimes 60 s, 190 s and 5.5 ms. The 

corresponding b-spectra are shown in Figure 16A (blue, green and red, respectively); 

the non-zero time-dependent b0 spectrum is presented in cyan. The residual spectra 

(Figure 16B) show minor shape, which could be due to noise caused by the mixing 

apparatus used during the flow-flash measurements. Additionally, the artifact of 

manually subtracting out the O2 complex signal and the presence of different 

conformers (discussed during the CO flash photolysis measurements) could result in 

the small spectral shapes observed in the residual spectra.  
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Figure 15: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced G232V Tt ba3 mutant with the 

photoproduced O2 in the presence of CO. The spectra were recorded at 13 delay times, 

equally spaced on a logarithmic time scale between 5 s – 50 ms. The spectra are 

those obtained following the subtraction of the spectral contribution of the photolabile 

O2 complex, determined in a separate experiment. The arrows represent the direction 

of the absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% 

DM; optical pathlength: 0.5 cm. Effective enzyme concentration was 2.4 M. O2 

concentration determined was 67 M. 
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Figure 16: (A) b-spectra resulting from a multi-exponential fit to the TROA 

difference spectra recorded during the reaction of the photoproduced O2 with the fully 

reduced G232V ba3 mutant in the presence of CO. The associated apparent lifetimes 

for the corresponding b-spectra are b1: 60 s (blue), b2: 190 s (green) and b3: 5.5 ms 

(red). The b0 spectrum (cyan) represents the difference spectrum of the final product 

within our time window. (B) The corresponding residuals, which are the differences 

between the data and the fit, are shown at each delay time increasing from bottom to 

top (microseconds to milliseconds). 

 

 

 A kinetic analysis analogous to that used to analyze the data for the wild-type 

enzyme (Chapter 1) was applied to the data from this experiment and it was 

concluded that the slow-fast sequential mechanism in Scheme 3 best describes the O2 

reaction mechanism for G232V ba3.  This scheme was used to calculate the 

intermediate spectra which are shown in Figure 17A. The intermediate spectra of the 

analogous study on the wild-type enzyme (Chapter 1) are plotted for comparison 

(Figure 17 B and D). The intermediate spectra for the wild-type ba3 were determined 

based on Scheme 4. The intermediate spectra in Figure 17A and B are referenced 

versus the fully reduced CO-bound enzymes. The first intermediate spectrum 
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(reduced-minus reduced CO-bound enzyme) in Figure 17A and B was subtracted 

from each of the calculated intermediate spectra to obtain the intermediate spectra 

referenced against the reduced enzyme (Figure 17C and D).  

 

 
Scheme 3: The slow-fast sequential scheme of the O2 reduction by the fully reduced 

G232V mutant in the presence of CO. The scheme was used to calculate the 

intermediate spectra in Figure 17. 

 

The calculated intermediate spectra for the G232V mutant are generally in 

good agreement with those of the wild-type enzyme except for a minor difference in 

the PI intermediate spectrum (Figure 17, green). We attribute this difference to the 

artifact of subtracting the large absorption of the O2 complex which results in low 

light available in the Soret region, and possibly to noise created by the experimental 

flow-flash mixing apparatus.  
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Figure 17: The calculated experimental intermediate spectra for the reaction of the 

photoproduced O2 with fully reduced G232V Tt ba3 mutant in the presence of CO (A 

and C) and the native wild-type ba3 (Chapter 1) (B and D). The intermediate spectra 

are referenced against the reduced CO-bound enzyme (A and B) and the reduced 

enzyme (C and D) and were extracted based on the slow-fast mechanism (refer to 

Chapter 1). The intermediate spectra are represented with the following colors: R 

(blue), PI (green), PII (red) and O (cyan) for all the spectra. 

 

 

 
Scheme 4: The slow-fast sequential scheme of the O2 reduction reaction by the fully 

reduced Tt ba3 in the presence of CO, with the suggested intermediate assignments 

from Chapter 1. The colors of the intermediates correspond to the respective 

intermediate spectra in Figure 17D. 
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 From a comparison of the calculated intermediate spectra for the G232V 

mutant obtained using the slow-fast sequential scheme with those of the wild-type 

enzyme, the 190 s lifetime (67 M O2)  is assigned to the O2 binding step. This 

lifetime corresponds to a second-order rate constant of 7.5 x 10
7
 M

-1 
s

-1
 which is ~13 

times slower than the O2 binding in the G232V ba3 mutant in the absence of CO.  

The G232 amino acid residue in Tt ba3 is highly conserved among heme-

copper oxidases and had been suggested to play a significant role in facilitating ligand 

access to the binuclear active site [12]. The glycine-to-valine mutation in R. sp aa3 

(G283V) was previously reported to have a significantly slower CO and O2 access to 

the catalytic site than in the wild-type enzyme [12]. The O2 access was monitored 

through the oxidation rate of the reduced enzyme after exposure of the enzyme to air 

and was not investigated by the flow-flash method used in this study [12]. However, 

the NO binding and the O2 binding and reduction in G232V ba3 in the absence and 

presence of CO, are unaffected by the G232V mutation. One explanation is that the 

G232 residue may not be in the obligatory ligand access pathway to the binuclear 

active site in Tt ba3. An alternative explanation is that the mutation of the G232 to a 

larger valine does not affect the rate of ligand entry due to the dynamic nature of the 

valine and the possibility of this residue rotating out of the ligand pathway, thus not 

interfering with ligand access. The latter option may be less likely because the G232 

residue is “sandwiched” between two large amino acids Trp229 and His283 and 

therefore, may not have room to rotate. These two possibilities are currently being 
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investigated using computational methods and x-ray crystallography in hope of 

gaining insight into these surprising results.  

 

Part 2: Time-Resolved Optical Absorption Studies of the CO Binding 

Dynamics and the Reaction of O2 and NO with Various V236 ba3 

Mutants  

 The highly conserved V236 residue (Tt ba3 numbering, Table 1) is located in 

close proximity to the binuclear active site in the heme-copper oxidases and could 

potentially serve as an entry way in the ligand channel to the active site. The effect of 

mutating this valine to a smaller residue (V236A), a polar residue (V236T), a longer 

aliphatic side chain (V236L, V236N, V236L, V236M), and a large aromatic group 

(V236F) on the CO recombination, NO and/or O2 binding rates was investigated. 

 

2.1 Mutation of V236 to a Smaller Residue (V236A) and a Polar Residue (V236T)  

The mutation of the V236 residue to a polar residue with similar size, 

threonine (V236T), was investigated to assess whether inserting a polar group in the 

hydrophobic ligand channel affects the ligand access. The effect on ligand access 

upon mutating V236 to a smaller alanine residue (V236A), was also explored.  

The CO flash-photolysis/recombination experiments on the V236T and 

V236A were carried out as previously described (Chapter 1). The TROA difference 

spectra of the rebinding of the photolyzed CO to the heme a3
2+

 were measured 
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between 350 – 760 nm for the Tt ba3 mutants V236T (Figure 18A) and V236A 

(Figure 18B).  

 The TROA difference spectra were analyzed using SVD-based global 

exponential fitting, and the apparent lifetimes and the associated b-spectra were 

obtained. Four apparent lifetimes were resolved for V236T mutant, 334 ns, 166 s, 

7.7 ms and 286 ms; the corresponding b-spectra are shown in blue, green, red and 

cyan, respectively, in Figure 19A. Three apparent lifetimes, 130 s, 11.5 ms and 130 

ms, were resolved for the V236A mutant with the associated b-spectra presented in 

blue, green and red, respectively, in Figure 19B.  The final b0-spectrum in Figure 

19A (cyan), and Figure 19B (red), is a flat line indicating complete recovery of the 

CO-bound heme a3
2+

. The corresponding residuals at each delay time show no 

significant spectral shapes for the V236T mutant (Figure 19C) and V236A mutant 

(Figure 19D), indicating the multi-exponential fits described above are sufficient for 

fitting the data.  
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Figure 18: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded upon CO flash-photolysis of the fully reduced CO-bound V236T (A) and 

V236A (B) Tt ba3 mutants. The spectra were recorded at delay times, equally spaced 

on a logarithmic time scale between 100 ns – 1.8 s (A) and 100 ns – 800 ms (B). The 

arrows represent the direction of the absorption change with time. Conditions: 0.1 M 

HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.4 cm. 
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Figure 19: (A-B) b-spectra resulting from a multi-exponential fit of the TROA 

difference spectra recorded during the CO flash-photolysis/recombination experiment 

of V236T (A) and V236A (B). The apparent lifetimes and the corresponding b-

spectra are as follows: (A) V236T Tt ba3 b1: 334 ns (blue), b2: 166 s (green), b3: 7.7 

ms (red) and b4: 286 ms (cyan). (B) V236A Tt ba3 b1: 130 s (blue), b2: 11.5 ms 

(green), and b3: 130 ms (red). The b0-spectrum (A and B, cyan and red, respectively) 

represents the difference spectrum of the final product within the experimental time 

scale. (C-D) The corresponding residuals, the difference between the data and the fit, 

are shown with delay times increasing from bottom to top.  

 

 The process associated with the largest b-spectrum (Figure 19A, cyan and 

Figure19B, red) is attributed to CO binding to heme a3
2+

. The spectral shapes of both 

of these b-spectra are comparable to that observed for the native wild-type enzyme.  
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The lifetimes associated with the CO rebinding step for V236T and V236A 

are 286 ms and 130 ms, respectively. The other b-spectra for V236T (Figure 19A, 

blue, green and red), and V236A (Figure 19B, blue and green) are minor, 

representing less than 10% of the largest b-spectrum. The 286 ms lifetime for V236T 

is analogous to that obtained for the wild-type enzyme (~260 ms), which shows that a 

change in polarity at this location in the ligand channel does not appear to affect the 

rate of CO recombination. The analogous CO recombination rates in the wild-type 

and the V236T mutant could be attributed to the similar size of the threonine and 

valine residues. The CO rebinding in V236A is two times faster in comparison to the 

wild-type enzyme. Because the V236 residue is located in close proximity to the 

binuclear center, the smaller size of the alanine side chain could create less steric 

hindrance, resulting in a slightly faster CO rebinding rate.  

 

NO and O2 binding in V236T and V236A mutants 

 The reactions of the fully reduced V236T and V236A mutants with 

photoproduced NO were studied as previously described using a photolabile NO 

carrier in the absence of CO. The TROA difference spectra for the V236T and 

V236A mutants are shown in Figure 20A and Figure 20B, respectively, between 350 

– 760 nm. The concentration of the photoproduced NO was determined as described 

previously (Chapter 1).  
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Figure 20: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced V236T (A) and V236A (B) Tt ba3 

mutants with NO. The spectra were recorded at delay times, equally spaced on a 

logarithmic time scale between 500 ns – 100 s (A) and 500 ns – 50 s (B). The 

spectra are those obtained following the subtraction of the spectral contribution from 

the photolabile NO complex, determined in a separate experiment. The arrows 

represent the direction of the absorption change with time. Conditions: 0.1 M HEPES 

(pH 7.5) with 0.1% DM; optical pathlength: 0.5 cm. NO concentration: (A) 100 M 

(B) 120 M. 
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SVD-based global exponential fitting resolved a single apparent lifetime of 

10.5 s for V236T and 11 s for V236A. The corresponding b-spectra are shown in 

Figure 21A and Figure 21B (blue curves), respectively. The residual spectra for 

V236T in Figure 21C and V236A in Figure 21D show that a single-exponential is 

sufficient for fitting the data. These results correspond to second-order rate constants 

of 9.6 x 10
8
 M

-1 
s

-1
 (100 M NO) and 7.6 x 10

8
 M

-1 
s

-1
 (120 M NO) for V236T and 

V236A, respectively. The second-order rate constants are within the experimental 

uncertainty of the rate constant reported for the wild-type enzyme (~ 1 x 10
9
 M

-1 
s

-1
), 

indicating that both mutations have no effect on the NO binding rate. 
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Figure 21: (A-B) b-spectra resulting from a single exponential-fit to the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced V236T (A) and V236A (B) Tt ba3 mutant. The apparent lifetimes and 

the corresponding b-spectra are as follows: (A) V236T ba3 b1: 10.5 s (blue) and (B) 

V236A ba3 b1: 11 s (blue). The b0 spectrum (green) represents the difference 

spectrum of the final product within the experimental time scale. (C-D) The 

corresponding residuals, the difference between the data and the fit, are shown with 

delay times increasing from bottom to top for V236T (C) and V236A (D) ba3. 

 

  Despite the faster CO recombination observed for the V236A mutant, the 

smaller alanine residue does not appear to increase the NO binding rate. This result 

may be attributed to the rate of NO binding in the wild-type enzyme already 

approaching the diffusion rate limit. To confirm this result, the reaction of O2 with the 
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V235A ba3 mutant should be investigated; however, this study requires more delay 

times, and due to insufficient quantities of the sample this study was not possible. 

However, the reaction of the V236T ba3 with O2 was studied to investigate whether 

the mutation of the V236 to the polar threonine affects the O2 binding.  

The TROA difference spectra of the reaction of O2 with the V236T ba3 

mutant were recorded between 350 – 760 nm at delay times between 500 ns – 10 ms 

(Figure 22); the O2 concentration was determined as previously described in Chapter 

1. The SVD-based global exponential fitting resolved four apparent lifetimes, 5.7 s, 

13 s, 37 s and 3.7 ms with their associated b-spectra shown in blue, green, red and 

cyan, respectively, in Figure 23A. The residual spectra at each corresponding delay 

time (Figure 23B) indicate that the four-exponentials are sufficient for fitting the data. 

The intermediate spectra were then extracted based on the slow-fast sequential 

scheme described previously, and the spectra compared to the native wild-type ba3 

intermediate spectra observed in the absence of CO (Chapter 1). The intermediate 

spectra (not shown) are the same as those determined for the wild-type enzyme, 

suggesting that a five intermediate slow-fast sequential scheme sufficiently describes 

the reaction of O2 with V236T ba3.  

 



220 
 

 

Figure 22: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded during the reaction of the fully reduced V236T ba3 oxidase mutant with O2. 

The spectra were recorded at delay times, equally spaced on a logarithmic time scale 

between 500 ns – 10 ms. The spectra are those obtained following the subtraction of 

the spectral contribution from the photolabile O2 complex, determined in a separate 

experiment. The arrows represent the direction of the absorption change (from left to 

right) with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical 

pathlength: 0.5 cm. O2 concentration: 63 M. 
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Figure 23: (A) b-spectra resulting from a four-exponential fit to the TROA difference 

spectra recorded during the reaction of the photoproduced O2 with the fully reduced 

V236T ba3 oxidase. The associated apparent lifetimes for the corresponding b-spectra 

are as follows: (A) V236T ba3 b1: 5.7 s (blue), b2: 13 s (green), b3: 37 s (red) and 

b4: 1.2 ms (cyan). The b0 spectrum (green) represents the difference spectrum of the 

final product within the experimental time scale. (B) The corresponding residuals, the 

difference between the data and the fit, are shown with delay times increasing from 

bottom to top. 

 

 

 Based on the slow-fast sequential scheme, the 13 s lifetime is assigned to the 

O2 binding step. This lifetime corresponds to a second-order rate constant of ~1 x 10
9
 

M
-1 

s
-1

 (67 M O2). The O2 binding step is also unaffected by the V236T mutation. 

The other lifetimes in the O2 reaction mechanism were also unaffected. Overall the 

results show that mutating the valine to the polar threonine does not affect the O2 or 

NO binding rate of the CO rebinding rate.  
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2.2 Mutations of Val236 to Larger Aliphatic Amino Acids: Studies of the Fully 

Reduced V236I, V236N, V236L and V236M ba3 Mutants 

We observed that the insertion of a polar amino acid residue for V236 in the 

hydrophobic ligand channel does not affect the O2 and NO access to the binuclear 

center. The mutation to a smaller amino acid (V236A) only appeared to affect the rate 

of the recombination of the photodissociated CO.   Previous studies on the analogous 

residue in Pd aa3 (V279) [14] and E. coli bo3 (V287) [13] suggested that mutation of 

this valine to a longer aliphatic amino acid significantly impeded access of O2 to the 

active site. To investigate whether this is the case for Tt ba3 oxidase, TROA 

measurements on mutants in which the V236 residue was replaced by longer side 

chains, leucine (L), isoleucine (I) and methionine (M) were carried out; a mutation to 

the larger and polar residue, asparagine (N), was also investigated.  

The CO flash-photolysis and recombination experiment was carried out as 

described above. The TROA difference spectra were recorded between 350 – 760 nm 

for the Tt ba3 mutants, V236I (Figure 24A), V236N (Figure 24B), V236L (Figure 

25A) and V236M (Figure 25B). 
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Figure 24: SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded upon flash-photolysis of the fully reduced CO-bound V236I (A) and V236N 

(B) Tt ba3 mutants. The spectra were recorded at delay times, equally spaced on a 

logarithmic time scale between 100 ns – 4.9 s (A) and 100 ns – 1.9 s (B). The arrows 

represent the direction of the absorption change with time. Conditions: 0.1 M HEPES 

(pH 7.5) with 0.1% DM; optical pathlength: 0.4 cm.  
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Figure 25: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded upon flash-photolysis of the fully reduced CO-bound V236L (A) and 

V236M (B) Tt ba3 oxidase mutants. The spectra were recorded at delay times, equally 

spaced on a logarithmic time scale between 100 ns, 1s – 1.9 s (A) and 100 ns – 800 

ms (B). The arrows represent the direction of the absorption change with time. 

Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.4 cm. 
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SVD-based global exponential fitting resolved four apparent lifetimes, 70 s, 

1.5 ms, 194 ms and 1.2 s for V236I, and 67 s, 5.0 ms, 119 ms, and 878 ms for 

V236N. The associated b-spectra are shown in blue, green, red and cyan, in order of 

increasing values of the experimental apparent lifetimes, with the final b0 spectrum 

represented by the flat magenta spectrum (Figure 26A and B). The lifetimes assigned 

to the CO rebinding to heme a3
2+

 in V236I and V236N are 1.2 s and 878 ms, 

respectively. Four apparent lifetimes were resolved for the V236L mutant, 40 s, 287 

s, 9.5 ms and 993 ms, while the three apparent lifetimes, 123 s, 8.5 ms and 800 ms, 

were obtained for the V236M mutant. The associated b-spectra are shown in Figure 

27A and Figure 27B, respectively. The residual spectra for both mutants (Figure 

27C and D) show that the multi-exponential fits described above are sufficient for 

fitting the data.  
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Figure 26: (A-C) b-spectra resulting from a multi-exponential fit of the TROA 

difference spectra recorded during the CO flash-photolysis/recombination experiment 

of the fully reduced V236I (A) and V236N (B) Tt ba3 mutants. The apparent lifetimes 

and the corresponding b-spectra are as follows: (A) V236I Tt ba3 b1: 70 s (blue), b2: 

1.5 ms (green), b3: 194 ms (red) and b4: 1.2 s (cyan). (B) V236N Tt ba3 b1: 67 s 

(blue), b2: 5.0 ms (green), b3: 119 ms (red) and b4: 878 ms (cyan). The non-zero time-

dependent b0-spectrum (magenta) represents the difference spectrum of the final 

product within the experimental time scale. (C and D) The corresponding residuals, 

the difference between the data and the fit, are shown with delay times increasing 

from bottom to top for V236I (C) and V236N (D) ba3.  
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Figure 27: (A-B) b-spectra resulting from a three-exponential fit of the TROA 

difference spectra recorded during the CO flash-photolysis/recombination experiment 

of the fully reduced V236L (A) and V236M (B) Tt ba3 mutants. The apparent 

lifetimes and the corresponding b-spectra are as follows: (A) V236L Tt ba3 b1: 40 s 

(blue), b2: 287 s (green), b3: 9.5 ms (red) and b4: 993 ms (cyan). (B) V236M Tt ba3 

b1: 123 s (blue), b2: 8.5 ms (green), and b3: 800 ms (red). The b0-spectrum (A-

magenta and B-cyan) represents the difference spectrum of the final product within 

the experimental time scale. (C-D) The corresponding residuals, the difference 

between the data and the fit, are shown with delay times increasing from bottom to 

top.  

 

The shapes of the b-spectra for the V236I mutant are in agreement with those 

previously obtained for the recombinant enzyme (Chapter 3); however, the lifetime of 

CO rebinding to heme a3
2+

 (1.2 s) is 4 – 5 times slower than what was reported for the 
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wild-type enzyme. The mutation of the V236 side chain to the larger and bulkier 

aliphatic isoleucine residue thus appears to impede CO recombination to heme a3
2+

.  

The V236N mutation inserts a bulkier and polar side chain into the 

hydrophobic ligand channel. The smaller polar mutation (V236T) did not affect the 

rate of CO recombination; however, the lifetime assigned to the CO rebinding to 

heme a3
2+

 in the V236N Tt ba3 mutant (878 ms) is 3 – 4 times longer than for the 

wild-type enzyme. An additional observation from the V236N CO flash photolysis 

studies is that the trough in the TROA difference spectra appears to be slightly shifted 

relative to the native wild-type enzyme (430 nm) and the recombinant enzyme (420 

nm) (Figure 21 B, cyan). This shift was also observed in the static reduced-minus-

reduced CO difference spectrum recorded on the HP spectrophotometer, indicating 

that the shift is a result of the mutation.  

The b-spectrum associated with the 993 ms lifetime (Figure 27A, cyan) in 

V236L has the spectral shape of the CO rebinding step but with smaller amplitude. 

This could be indicative that only a small population of the V236L enzyme is capable 

of CO photolysis and recombination, and with a lifetime ~4-times greater than the 

wild-type enzyme. However, as reflected by the other b-spectra, the majority of the 

population of the V236L mutant does not appear to have any characteristic peaks of 

the CO rebinding to heme a3 (discussed in detail below). 

The TROA difference spectra were recorded from delay times of nanoseconds 

to seconds for V236I (100 ns – 4.9 s), V236N (100 ns – 1.9 s) and V236L mutant. 

However, a different experimental set-up was used for the V236M mutant (100 ns – 
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800 ms) which restricted the longest delay time to 800 ms. This was not long enough 

to observe the complete recombination of the CO to heme a3
2+

 resulting in the b0-

spectrum (cyan) for V236M with a similar spectral shape to the b3-spectrum (red) 

associated with the 800 ms apparent lifetime. Because the measurements could not 

exceed the delay time of 800 ms, the rate of CO recombination was not accurately 

resolved for V236M. The CO flash-photolysis experiment of the V236M mutant 

should be repeated including longer delay times to obtain an accurate CO 

recombination rate.  

The overall spectral amplitudes of the TROA difference spectra for the 

V236N, V236M and the V236L are ~6-10 times smaller than that expected based on 

the concentration of the samples and near 100% photolytic efficiency. The 

concentrations of the different mutants in the CO flash-photolysis experiments were 

generally within 20% of one another. The amplitude of the b-spectrum attributed to 

the CO rebinding is correspondingly smaller and is attributed to the mutation of the 

valine to a larger, bulkier residue, hindering the ability of CO to bind to the active site 

heme in a large population of these mutants. This was confirmed by the static spectra 

measured during the sample preparation, which showed significantly smaller 

amplitude than expected on the fully reduced enzyme.  

These results further indicate that the increased size and bulkiness of the 

amino acid side chain dramatically affects the rate of CO recombination in ba3. The 

effect of mutations of replacing the V236 to a larger aliphatic amino acid was further 

investigated through NO and O2 binding studies. These experiments were carried out 
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as previously described using photolabile NO and O2 carriers. Due to inadequate 

quantities of the V236N enzyme, experiments on this mutant could not be undertaken.   

Figure 28A, 28B and 28C show the TROA difference spectra recorded during 

the reaction of the V236I, V236L and V236M with photoproduced NO, respectively. 

The spectra were subjected to SVD-based global exponential fitting, which resolved a 

single apparent lifetime of 4.6 ms (100 M NO), 6.4 ms (85 M NO) and 72.5 ms 

(100 M NO) for V236I, V236L and V236M, respectively. The residual spectra 

(Figure 28D-E) show that a single-exponential fit is sufficient for fitting the 

difference spectra. Based on the b-spectrum, this single process is attributed to the 

NO binding to heme a3
2+

. The lifetimes and the NO concentrations correspond to 

second-order rate constants of NO binding of 2.2 x 10
6
 M

-1 
s

-1
 for V236I, 1.8 x 10

6
 M

-

1 
s

-1
 for V236L and 1.4 x 10

5
 M

-1 
s

-1
 for V236M. These second-order rate constants 

correspond to NO binding rates ~500 times (V236I and V236L) and ~7000 times 

(V236M) slower than that in the wild-type enzyme, showing a dramatic effect on NO 

binding due to the insertion of longer aliphatic amino acid residues in the V236 

position.  
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Figure 28: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced NO with the fully reduced ba3 

mutants V236I (A), V236L (B) and V236M (C). The spectra were recorded at delay 

times equally spaced on a logarithmic time scale between 10 s – 50 ms (A), 100 s – 

500 ms (B), 200 s – 500 ms (C). The spectra are those obtained following the 

subtraction of the spectral contribution of the photolabile NO complex, determined in 

a separate experiment. The arrows represent the direction of the absorption change 

with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 

cm. The NO concentrations determined were 100 M (A), 85 M (B) and 100 M 

(C). 
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Figure 29: (A-C) b-spectra resulting from a single-exponential fit of the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced V236I (A), V236L (B) and V236M (C) Tt ba3 mutant. The associated 

apparent lifetimes for the corresponding b-spectra are as follows. (A) V236I ba3 b1: 

4.6 ms (blue), (B) V236L ba3 b1: 6.4 ms (blue), (C) V236M ba3 b1: 72.5 ms 

(blue).The b0 spectrum (green) represents the difference spectrumof the final produce 

within the experimental time scale. (D-F) The corresponding residuals, the difference 

between the data and the fit, are shown with delay times increasing from bottom to 

top for V236I (D), V236L (E) and V236M (F) ba3. 
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 The effect of the above mutations on O2 binding and reduction was also 

investigated. The TROA difference spectra recorded during the reaction of each 

mutant, V236I, V236N, V236L and V236M, with the photoproduced O2 are shown in 

Figure 30A, 30B 31A and 31B, respectively. SVD and global exponential fitting 

resolved a single apparent lifetime of 6.3 ms, 22 ms, 33 ms and 236 ms for V236I, 

V236N, V236L and V236M, respectively. The associated b-spectrum for the single 

exponential fit is shown in blue for V236I (Figure 32A), V236N (Figure 32B), 

V236L (Figure 33A) and V236M (Figure 33B). The residual spectra show that a 

single-exponential fit is sufficient for fitting the data (Figure 32C-D and Figure 33C-

D). The single apparent lifetime is assigned to the oxygen binding step, and no other 

microscopic or early millisecond rates were observed for any of the four mutants. The 

lack of observation of faster electron transfer steps is due to the O2 binding step being 

rate-limiting (6 – 260 ms) and significantly slower than the rate of the final step, the 

formation of the oxidized enzyme (~1 ms) in the wild-type enzyme.  In the case of the 

four mutants, the single b-spectrum represents the difference between the spectra of 

the first and final intermediate in the O2 reaction mechanism, namely, the difference 

between the reduced and the oxidized enzyme. 
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Figure 30: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced O2 with the fully reduced ba3 

mutants V236I (A) and V236N (B) Tt ba3 mutants. The spectra were recorded at 

delay times equally spaced on a logarithmic time scale between 100 s – 50 ms (A) 

and 1 ms – 200 ms (B). The spectra are those obtained following the subtraction of 

the spectral contribution of the photolabile O2 complex, determined in a separate 

experiment. The arrows represent the direction of the absorption change with time. 

Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 cm. The 

O2 concentrations determined were 50 M (A and B). 
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Figure 31: The SVD-filtered TROA difference spectra (post-minus pre-photolysis) 

recorded during the reaction of the photoproduced O2 with the fully reduced ba3 

mutants V236L (A) and V236M (B). The spectra were recorded at delay times 

equally spaced on a logarithmic time scale between 1 ms – 500 ms (A) and 10 ms – 

700 ms (B). The spectra are those obtained following the subtraction of the spectral 

contribution of the photolabile O2 complex, determined in a separate experiment. The 

arrows represent the direction of the absorption change with time. Conditions: 0.1 M 

HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 cm. The O2 concentrations 

determined were 50 M (A) and 70 M (B). 
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Figure 32: (A, B) b-spectra resulting from a single-exponential fit to the TROA 

difference spectra recorded during the reaction of the photoproduced O2 with the fully 

reduced V236I (A) and V236N (B) ba3 mutant. The associated apparent lifetimes for 

the corresponding b-spectra are as follows. (A) V236I ba3 b1: 6.3 ms (blue) and (B) 

V236L ba3 b1: 22 ms (blue).The b0 spectrum (green) represents the difference 

spectrum of the final product within the experimental time window. (C, D) The 

corresponding residuals, the difference between the data and the fit, are shown with 

delay times increasing from bottom to top for V236I (C) and V236N (D) ba3. 
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Figure 33: (A,B) b-spectra resulting from a single-exponential fit of the TROA 

difference spectra recorded during the reaction of the photoproduced O2 with the fully 

reduced V236L (A) and V236M (B) ba3 oxidase. The associated apparent lifetimes 

for the corresponding b-spectra are as follows. (A) V236L ba3 b1: 33 ms (blue) and 

(B) V236M ba3 b1: 236 ms (blue).The b0 spectrum (green) represents the difference 

spectrum of the final product within the experimental time window. (C, D) The 

corresponding residuals, the difference between the data and the fit, are shown with 

delay times increasing from bottom to top for V236L (C) and V236M (D) ba3. 

 

 

The observed apparent lifetimes for the four mutants correspond to a second-

order rate constant of 3.0 x 10
6
 M

-1 
s

-1
 (50 M O2) for V236I, 9.0 x 10

5
 M

-1 
s

-1
 (50 

M O2) for V236N, 6.1 x 10
5
 M

-1 
s

-1
 (50 M O2) for V236L and 6.0 x 10

4
 M

-1 
s

-1
 (70 
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M O2) for V236M. These second-order rate constants for V236I and V236M (with 

the longest side chain) are ~300 and 16,000 times slower, respectively, than in the 

wild-type enzyme. A general trend observed in this study is that the longer and 

bulkier the side-chain of the amino acid, the slower the O2 binding rate. Additionally, 

the spectra for the V236N, V236L and V236M appear smaller in amplitude and 

noisier in comparison to those of the wild-type and the V236I mutant when 

normalized to the same concentration. The reason is unclear and could be a result of 

the mixing apparatus used in the experiment. Alternatively, the smaller signal could 

be due to only a small population of the enzyme allowing access of O2 to the 

binuclear center. Importantly, it is clear that the larger groups significantly impede the 

access of O2 and NO to the binuclear active site. These studies verify that the size of 

the amino acid side chain affects the ligand access to the binuclear center, and even 

an additional carbon length shows dramatic effects on the ligand access. This could 

imply that the entry from the ligand channel into the binuclear center is a “narrow 

path” with the V236 residue located in the entry way. 

 

2.3 Mutation of V236 to a Large Aromatic Group: Studies of the Fully Reduced 

V236F ba3 Mutant 

The replacement of Val236 with larger and longer aliphatic groups were 

shown to have a dramatic effect on ligand access to the active site. To study whether 

the mutation of the V236 residue to the large aromatic phenylalanine residue would 

completely block ligand access to the binuclear center, the CO flash-photolysis and 
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recombination of V236F along with the reaction of NO with the ba3 mutant were 

studied.  

The TROA difference spectra following photolysis of the CO-bound V236F 

mutant are shown in Figure 34. SVD-based global exponential fitting resolved three 

apparent lifetimes, 186 s, 1.2 ms and 12.9 ms. The associated b-spectra are 

presented in Figure 35A, and the residuals (Figure 35B) suggest that the three-

exponential fit is sufficient for fitting the data.  

 

 

Figure 34: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) 

recorded following photolysis of CO from the fully reduced CO-bound V236F ba3 

mutant. The spectra were recorded at delay times, equally spaced on a logarithmic 

time scale, between 100 ns – 200 ms. The arrows represent the direction of the 

absorption change with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; 

optical pathlength: 0.4 cm.  
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Figure 35: (A) b-spectra resulting from a single exponential-fit of the TROA 

difference spectra recorded during the CO flash-photolysis/recombination of the fully 

reduced V236F ba3 mutant. The associated apparent lifetimes for the corresponding 

b-spectra are as follows: b1: 186 s (blue), b2: 1.2 ms (green) and b3: 12.9 ms (red). 

The b0 spectrum (cyan) represents the difference spectrum of the final product within 

the experimental time scale. (Insert) The static reduced-minus-reduced CO-bound 

enzyme taken on the HP spectrophotometer. (B) The corresponding residuals, the 

difference between the data and the fit, are shown with delay times increasing from 

bottom to top. 

 

The overall spectral amplitude of this data set is ~20% of what would 

expected based on the concentration of sample and close to 100 % photolytic yield; 

furthermore, none of the b-spectra for V236F represent the expected spectral change 

for CO rebinding to heme a3
2+

. The positions of the peaks and troughs of the b-

spectra appear to be similar to the minor b-spectra previously observed in the CO 

flash-photolysis/recombination experiment on the R. sp aa3 in our lab and those 

observed as minor components in the b-spectra of the CO flash-photolysis 

experiments of other V236 mutants. These b-spectra could be attributed to different 
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conformers of the enzyme following CO photolysis. The mutation of the V236 

residue to a large aromatic group (V236F) eliminates the characteristic CO-rebinding 

spectral changes due to the inability of CO to bind heme a3
2+

 in the majority of the 

enzyme population. This suggestion is confirmed by the static reduce-minus-reduced 

CO-bound difference spectra measured during the sample preparation, which lacks 

the usual spectral shift observed when the fully reduced enzyme is exposed to CO 

(Figure 35, insert).  Therefore, the mutation of valine to the large aromatic 

phenylalanine completely blocks the binding of CO to the active site, which could be 

due to the large aromatic group occupying the space in the active site, hence 

preventing the ligands from binding to heme a3
2+

.   

To investigate whether NO binding is also blocked in this mutant, the TROA 

difference spectra were recorded between 350 – 760 nm during the reaction of the 

photoproduced NO with the V236F ba3 in the absence of CO (Figure 36). The 

difference spectra were subjected to SVD and global exponential fitting and a single 

apparent lifetime of 25.8 ms was observed. The associated b-spectrum for the single 

exponential fit is shown in Figure 37A (blue) along with the residual spectra in 

Figure 37B, which suggest that the single exponential (25.8 ms) is sufficient for 

fitting the data. This single step is attributed to the NO binding to the heme a3
2+

 in 

V236F, and the corresponding second-order rate constant is 5.4 x 10
5
 M

-1
 s

-1
 (72 M 

NO).  
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Figure 36: SVD-filtered TROA difference spectra (post-minus-pre-photolysis) of the 

reaction of the fully reduced V236F ba3 oxidase mutant with the photoproduced NO. 

The spectra were recorded at 8 delay times, equally spaced on a logarithmic time 

scale between 2 ms – 500 ms. The spectra are those obtained following the 

subtraction of the spectral contribution of the photolabile NO complex, determined in 

a separate experiment. The arrows represent the direction of the absorption change 

with time. Conditions: 0.1 M HEPES (pH 7.5) with 0.1% DM; optical pathlength: 0.5 

cm. NO concentration determined is 72 M. 
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Figure 37: (A) b-spectra resulting from a single exponential-fit of the TROA 

difference spectra recorded during the reaction of the photoproduced NO with the 

fully reduced V236F ba3 oxidase. The associated apparent lifetime for the 

corresponding b-spectrum is b1: 25.8 ms (blue), and the b0 spectrum (green) 

represents the difference spectrum of the final product within the experimental time 

scale. (B) The corresponding residuals, the difference between the data and the fit, are 

shown with delay times increasing from bottom to top.  

 

 

The observed NO binding rate is ~1800 times slower than for the wild-type 

enzyme. During the CO recombination we suggested that CO was most likely unable 

to occupy the heme a3
2+

 site upon exposure of the fully reduced enzyme to CO. In the 

case of the reaction of V236F with NO, the b-spectrum associated with the single 

process, has the same spectral shape as that of the wild-type enzyme, which suggests 

that the V236F mutant may be capable of binding NO. If NO does bind to the V236F 

enzyme, but CO cannot bind or recombine, this could suggest a structure of the active 

site that allows NO binding but not that of CO. Overall, the mutation of valine to the 
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large aromatic phenylalanine appears to inhibit CO binding and rebinding; however, 

V236F appears to bind NO.  

 

2.4 Discussion 

The CO flash-photolysis and recombination studies showed that mutations of 

V236 to a smaller residue (V236A) and a polar residue with similar size (V236T) 

gives rise to spectral changes (b-spectra) comparable to those observed for the wild-

type enzyme and CO rebinding rate the same in V236T as in the wild-type enzyme 

but ~2 times faster in the V236A mutant. As the size of the mutant side chains 

increases (V236I, V236N, V236M, V236L), the CO rebinding rate progressively 

decreases and less of the spectral change associated with typical CO rebinding to 

heme a3
2+

 at the active site is observed. Finally, the mutation of the V236 residue to a 

large aromatic group (V236F) eliminates the characteristic spectral change expected 

for CO rebinding to the heme a3
2+

. 

 The importance of the size and bulkiness of the amino acid side chain at the 

V236 position in modulating ligand access was confirmed through our investigation 

of the reactions of NO and O2 with the mutants. The rate of NO binding in the smaller 

V236A and V236T mutant is equivalent to that in the wild-type enzyme, while the 

larger and bulkier residues significantly decreases the NO binding rate. Figure 38 

shows the NO kinetics at 444 nm for the recombinant wild-type ba3 and the different 

V236 mutants plotted on a logarithmic time-scale. The 444 nm time-dependence plot 

clearly shows that mutation of valine to acids the larger amino acids impedes the NO 
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binding to a greater extent. The rates of the reaction of the various V236 mutants with 

NO are summarized in Table 2. The V236F mutation surprisingly showed that 

phenylalanine hindered CO binding but allowed NO binding. Furthermore, the NO 

binding rate in V236F was faster than observed for V236M. To confirm this 

observation, the reaction of V236F with O2 will be studied in the near future.  

 

 

Figure 38: NO binding kinetics at 444 nm for the recombinant wild-type ba3 (■), 

V236T (○), V236I (□), V236L (●), V236M (▲) and V236A (△).The traces are 

plotted on a logarithmic time scale with the maximum absorbance difference values 

normalized to 1. The experimental dependence on NO concentration has been 

converted to correspond to the same NO concentration for each sample (100 M). 

The solid lines represent the calculated traces obtained on the basis of single 

exponential fits.  
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Table 2: Summary of the NO binding in the various V236 residue mutants  

 

NO binding of the V236 mutations    

Enzyme Apparent 

Lifetime 

NO Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type  18 s 55 1.0 x 10
9
 

V236T 10.5 s 100 9.5 x 10
8
 

V236A 11 s 120 7.6 x 10
8
 

V236I 4.6 ms 100  2.2 x 10
6
 

V236L 6.4 ms 85  1.8 x 10
6
 

V236M 72.5 ms 100 1.4 x 10
5
 

V236F 25.8 ms 72 5.4 x 10
5
 

 

The results from the studies of the reaction of O2 with the various V236 

mutants were generally in agreement with the results of the NO studies, where the 

larger amino acids impeded O2 access to a larger extent. Table 3 presents a summary 

of the O2 binding rates for all the V236 mutants studied. The second-order rate 

constants for O2 binding in the V236L and V236M mutants appear to be smaller than 

for the NO. However, the two rates are likely within the experimental error. 

Alternatively, this observation could be due to the different effect of the large non-

polar aliphatic amino acid on the polar NO molecule versus the non-polar O2 

molecule.  
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Table 3: Summary of the O2 binding in the various V236 residue mutants  

 

O2 binding of the V236 mutations    

Enzyme Apparent 

Lifetime 

O2 Concentration 

(M) 

Second-Order Rate 

Constant 

(M
-1

 s
-1

) 

Wild-type*  9.3 s 90  1.0 x 10
9
 

V236T 13 s 63 1.2 x 10
9
 

V236I 6.3 ms 50  3.0 x 10
6
 

V236N  22 ms 50 9.0 x 10
5
 

V236L 33 ms 50  6.1 x 10
5
 

V236M 240 ms 70 6.0 x 10
4
 

* The native wild-type enzyme is used for comparison and not the recombinant wild-

type enzyme 

 

Conclusions: 

 Various mutations of two highly conserved amino acid residues in the ligand 

channel of the heme-copper oxidases, G232 and V236, were investigated through 

TROA spectroscopy. The mutation of the conserved glycine G232 to a larger valine 

was explored. The high conservation this amino acid residue among the heme-copper 

oxidases suggests its importance in enzyme function. The reaction of O2 and NO with 

G232V ba3 in the absence and presence of CO surprisingly revealed that the mutation 

does not affect the NO or O2 binding rates nor does it appear to affect the O2 reaction 

mechanism. The G232 residue has been postulated to create a small passage way for 

ligands to pass through on route to the active site, with the glycine residue being 

“sandwiched” between two larger amino acid residues (Trp229 and His283). 

However, our results suggest that either the ligands do not pass by the G232 residue 

or, more likely, that the dynamic nature of the valine side chain G232V in solution 
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and/or perhaps the larger Trp229 and His283 allow these residues to move out of 

ligand channel, resulting in no effect on ligand access.  

 V236 is a non-polar aliphatic residue located in the proximity of the binuclear 

active site. The effect of various mutations of the V236 residue (V236A, V236T, 

V236I, V236N, V236L, V236M and V236F) was investigated. The CO flash-

photolysis and recombination revealed that the rate of CO rebinding to heme a3
2+

 was 

faster when the valine was mutated to the smaller alanine (V236A) while polarity 

(V236T) had no effect on the CO rebinding rate. Furthermore, the mutation to larger 

aliphatic amino acids (V236I, V236N, V236L and V236M) progressively impeded 

the CO rebinding with less of the enzyme population capable of binding or rebinding 

CO. The mutation to a large aromatic group (V236F) eliminated any characteristic 

spectral shapes of the CO recombination. A similar trend was observed during the 

reaction of NO and O2 with the different V236 mutants. The larger and bulky amino 

acid significantly decreased the NO and O2 binding rates, while the NO and O2 

binding rates observed for the V236A and V236T were analogous to that of the wild-

type enzyme. The V236 residue may serve as an important entry way into the 

binuclear active site for Tt ba3 and other heme-copper oxidases.  
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Appendix  

Singular Value Decomposition and Global Exponential Fitting  

 

Singular Value Decomposition (SVD) 

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

photolysis) monitored at wavelengths (λ) and various delay times (t) are represented 

by a data matrix ΔA(λ,t). Each column of the data matrix contains absorption values 

at each of the specific delay times, and each row contains the absorbance values at a 

respective wavelength recorded over time (also known as the kinetic trace at specific 

wavelengths). SVD is the first procedure applied to the data matrix during our 

spectral analysis using Matlab (Mathworks). In the SVD analysis, the data matrix is 

represented as a product of three orthogonal matrices, U, S and V [1-4]. 

ΔA=USV’ 

 The U matrix contains the orthonormal basis spectra, the S matrix is the 

diagonal matrix containing the corresponding significance (singular) values, and V is 

a matrix containing the time evolution of the u-spectra [1, 2]. V’ is the transpose of V. 

Because every experimental data set contains only a limited number of individual 

chemical forms, every data matrix can be reconstructed by a limited number of u and 

v vector pairs with a significance value that is above the experimental noise level. 

The SVD analysis reduces noise and significantly decreases the time-dependent traces 

subjected to the exponential fitting by using only the significant u, s and v vectors. 
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SVD also provides an estimate of the number of spectrally distinct intermediates [1, 2, 

5].  

 

Global Exponential Fitting and Kinetic Analysis  

 The time-dependence of the optical absorption data matrix, ΔA(λ,t), recorded 

for a first-order or a pseudo-first-order reaction, can be represented by a sum of 

exponential functions: 

                       

 

   

       

where N represents the number of exponentials, the    values are the observed rate 

constants (
 

                  
), and      , referred to as b-spectra, represent the 

corresponding spectral changes. The       term is the time-independent b-spectrum, 

extrapolated to infinite time [4-6]. The apparent rates and spectral changes (b-spectra) 

alone do not describe real physical processes or different steps of a sequence. It is the 

proposed mechanism that connects the apparent rates to the microscopic rates and the 

b-spectra to the intermediate spectra [5-7].  

To describe a reaction mechanism, we apply an algebraic approach. A set of 

differential equations describing any reaction sequence in a matrix form is, 

  

  
     

where the matrix 
  

  
 contains the derivative of the concentrations of all intermediates, 

the   matrix contains the rate constants of all the steps and the   matrix contains the 
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concentration of each intermediate at a particular time. The integration of the 

differential equations results in the sum of exponential functions where the ki values, 

the apparent rate constants, are the negative eigenvalues of the kinetic matrix.  

The experimental b-spectra are linear combinations of the intermediate spectra, 

E, as determined by the eigenvector matrix Wi of the kinetic matrix, K. 

             

In practice, the kinetic matrix (K) is constructed first based on the proposed 

mechanism and then combined with the b-spectra from the global exponential fitting, 

to calculate the intermediate spectra:  

E = b x W
-1 

  

 The kinetic analysis of the collected TROA difference spectra is reduced to 

analyzing the few b-spectra in terms of possible intermediate spectra. The calculated 

intermediate spectra produced are then compared to model spectra to determine 

whether the proposed scheme satisfactorily describes the reaction.  

 

 

The simplest mechanism for a four-exponential fit is the conventional 

unidirectional sequential scheme where the apparent rate constants are assigned to the 

microscopic rates of the consecutive steps  [5, 6].   
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In the kinetic analysis of the unidirectional sequential scheme, the 

microscopic rates are arranged in the kinetic matrix, K, as follows:  

K = 

 
 
 
 
 
       
        
        
        
       

 
 
 
 

 

The –k values represent the sequential decay of each intermediate, and the k values 

represent the formation of the subsequent intermediate. The eigenvalues of this matrix 

are equal to the diagonal values. The eigenvector matrix of the kinetic matrix is used 

along with the b-spectra to calculate the intermediate spectra. 

During the kinetic analysis of the reaction of reduced ba3 oxidase with O2, the 

slow-fast sequential mechanism was used. In this case, the microscopic rates in the 

first two columns of the kinetic matrix (k1 and k2) are switched. The eigenvalues 

remain the same, but the slow-fast combination of rates changes the eigenvectors of 

the matrix resulting in more realistic intermediate spectra.   
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