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Abstract 

Intraprotein electron transfer processes are crucial to the maintenance of cellular 

pathways that enable life as we know. Well-studied and well-characterized proteins such 

as cytochrome c and azurin have long been used to explore these processes. The 

pathways present in these proteins and others, while varying in length can include 

covalent bonds, hydrogen bonds, and through-space jumps. Of interest are interactions in 

yeast cytochrome c that are similar to hydrogen bonds. We aimed to explore a pathway 

where the hydroxyl of Tyr67 interacts with the Met80 sulfur. To probe the importance of 

the interaction in the context of electron transfer, Tyr67 was replaced with different 

fluorotyrosines of varying pKas. We then evaluated a second pathway containing two 

hydrogen bonds of which were removed by mutating to different amino acids. The 

elimination of these hydrogen bonds did not influence the rate of intramolecular electron 

transfer so an alternative pathway was examined. From this pathway, a substitution to 

Met64 to increase the length of a through-space jump decreased the electron transfer rate 

by a factor of two suggesting the initial pathway is non-operative. Lastly, the protein, 

azurin, was used as a model to investigate the properties of unnatural fluorotyrosines. The 

Trp48 amino acid was replaced with various fluorotyrosines in order to develop a system 

where the unnatural amino acid properties can be probed in relation to electron transfer 

processes. 

Keywords:  electron transfer, hydrogen bonds, cytochrome c, azurin, unnatural amino 

acids 
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Chapter 1.  
 
Introduction 

1.1. Electron transfer (ET) in biological systems 

Reduction-oxidation (redox) reactions are responsible for life on Earth. Two 

excellent examples of this statement are water oxidation (to dioxygen) by photosynthetic 

plants1,2 and the reduction of dioxygen to water by respiring cells.3,4 Both reactions employ 

large, multi-subunit metalloproteins in reactions that interconvert O2 and H2O. The 

reactions of the substrates are representative redox reactions involving 4 protons (H+) and 

4 electrons (e–), but there is a cascade of numerous intra- and inter-protein electron 

transfer steps in each system. Control over each ET event is crucial to function and off-

pathway redox reactions can underlie diseases ranging from arthritis to dementia.5 The 

central importance of biological ET has spurred numerous investigations involving 

biomolecules and related models, which is the research area of this thesis. 

Our understanding of biological ET has continued to develop in ever-increasing 

detail during the past 50 years. Cytochrome c (cyt c) from Saccharomyces cerevisiae, a 

well-studied, soluble, small globular protein that is localized in the mitochondria is an 

excellent example in this regard. It participates in the eukaryotic electron transport chain 

by shuttling electrons between cyt c reductase and cyt c oxidase.6 Early experiments (in 

the 1920s and 1930s) showed that the protein was redox-active and by the late 1960’s 

the cyt c reduction potential was established.7 However, it was in the early 1970s when 

the reactions of cyt c with other redox partners were systematically investigated.8,9 Soon 

thereafter, interprotein ET reactions began to be investigated in earnest.10 Similar to cyt c, 

azurin from Pseudomonas aeruginosa is another well-characterized, soluble protein 

involved in ET. Known as a blue copper protein, it localizes in the periplasmic space and 

is involved in the denitrification process in bacteria.11 A summary of some of this very 

important early work in protein ET is available in Marcus and Sutin’s influential review.12  
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1.2. Semi-classical theory of electron transfer and its 
application to proteins 

The starting point for analyzing most ET reactions between a donor (D) and an 

acceptor (A) is the semi-classical ET rate expression (Equation 1.1, colloquially called 

“Marcus theory”). Equation 1.1 describes the rate constant for a unimolecular ET reaction 

in terms of the driving force (–∆G°), the degree of nuclear reorganization in D, A, and the 

surrounding solvent (), and the amount of coupling between the donor and acceptor 

(HDA). The value of HDA is dependent upon the D-A distance and the nature of the 

intervening medium. Equation 1.1 is, in fact, a combination of a modified version of the 

Arrhenius rate equation and Marcus’ description of the activation energy in terms of . A 

concise derivation is given elsewhere.13 

 𝑘𝐸𝑇 =  √
4𝜋3

ℎ2𝜆𝑘𝐵𝑇
𝐻𝐷𝐴

2 𝑒𝑥𝑝 {−
(∆𝐺°+𝜆)2

4𝜆𝑘𝐵𝑇
} (1.1) 

One important term in Equation 1.1 is the electronic coupling matrix element, HDA. 

In many cases, a simple, square-barrier tunneling model is used to understand HDA 

(Equation 1.2).14 Here, HDA
0 and r0 correspond to the close-contact values, typically taken 

as 3 Å for r0 (roughly the van der Waals contact distance) and 186 cm–1. The value of r is 

the net separation between donor and acceptor. The variable  is called the “distance 

decay constant” and is a characteristic of a homogeneous medium. Most media have a 

distinct value of  (e.g., Figure 1.1), ranging from ~4Å–1 for a resistive medium, like a 

vacuum, to ~0.5 Å–1 for a conductive medium, like oligophenylene “wires.” 

 𝐻𝐷𝐴 = 𝐻𝐷𝐴
0 𝑒𝑥𝑝 {−

1

2
𝛽(𝑟 − 𝑟0)} (1.2) 

Those early bimolecular reactions of cyt c and other proteins, mentioned above, 

were analysed with a simplified form of equation 1.1 referred to as the Marcus cross 

relation (Equation 1.3), which is readily derived from the Marcus additivity postulate.12,15 

The cross relation gives the rate constant for D-A ET in terms of the degenerate self-

exchange rate constants (kDD and kAA) and the reaction equilibrium constant (KDA). This 

form of Marcus theory is more appropriate for investigations of bimolecular ET reactions, 

provided that the transmission coefficients and work terms associated with the component 

reactions cancel (which is typically the case). The successful application of the cross 
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relation for protein ET was an early indication that semi-classical theory was applicable to 

redox reactions of biomolecules and launched an enormous effort focused on 

understanding ET in proteins.12 

 𝑘𝐷𝐴 =  √𝑘𝐷𝐷𝑘𝐴𝐴𝐾𝐷𝐴𝑓 (1.3) 

 

Figure 1.1. Tunneling timetable for activationless (–∆G° = ) ET through 

different media. The values of the distance decay constant () are: 
0.76 Å–1 (red, (xylyl)n bridges), 1.0 Å–1 (orange, aliphatic bridges), 1.1 

Å–1 (yellow, a protein -strand, each point is a distinct model with 
different D-A separation), 1.18-1.28 Å–1 (green, toluene glass), 1.55-
1.65 Å–1 (cyan, aqueous glass), 1.57-1.67 Å–1 (purple, 3-methyl 
tetrahydrofuran glass) and 2.9-4.0 Å–1 (black, vacuum). Reproduced 
with permission from Ref. 16. Copyright 2005 National Academy of 
Sciences. 

A rigorous analysis of ET in proteins requires understanding the separation 

between D and A. Initial work focused on using observed rate constants to establish D-A 

distances in the precursor complexes required for bimolecular ET reactions.17 However, 

the simplest way in which to investigate ET in proteins at a fixed distance is to develop 

intraprotein redox probes. Small redox proteins modified with ruthenium redox probes first 



4 
 

emerged in the early 1980s.18,19 These original models occurred at low driving forces. 

While this is common in biological systems, testing the relative importance of the variables 

in Equation 1.1 is difficult and requires many assumptions. 

To address the above deficiencies, new protein models were developed. The first 

used cyt c with the iron in the heme substituted with Zn.20 Zinc-porphyrins are photoactive 

and can be a strong reductant in its excited state and a strong oxidant as a radical cation. 

These pioneering experiments, and related ones,21 suggested that the reorganization 

energy () of cyt c was near 1 eV. The use of Zn porphyrin as a redox reagent is, however, 

limiting and cannot be extended to other metalloproteins or even many types of heme 

proteins. 

The discovery that [Ru(bpy)2]2+ fragments could selectively bind the surface of 

histidine in metalloproteins22 opened the door to a great many experiments.23,24 

Importantly, this labeling strategy could be applied to other proteins and the redox 

properties of Ru allow access to strong oxidants (via Ru3+) and reductants. Investigation 

of ET rates in a series of Ru-modified cyt c demonstrated the variability in kET that 

motivated the development of ET pathway models.25 Specifically, the inhomogeneity in kET 

refers to the deviation in observed rate constants from the expected. 

1.3. The flash-quench technique for studying electron 
transfer 

The use of protein-appended photosensitizers has allowed for the investigation of 

a wide range of intraprotein ET reactions. For the work described here, an “oxidative” 

flash-quench scheme was used (Figure 1.2). Here, a short pulse of laser light (i.e., from a 

Nd:YAG laser, ~7 ns) is used to excite a protein-appended ruthenium tris(diimine) 

photosensitizer (Ru2+). The electronically excited Ru sensitizer (denoted *Ru2+) donates 

an electron to a quencher, Q, that is present in large excess (at least 100-fold for the 

experiments described here). The large excess of Q ensures that the short-lived *Ru2+ is 

efficiently converted (quenched) to Ru3+. The resultant Ru3+ oxidant accepts an electron 

from the protein-embedded metal site. The Q– generated in the quenching step can then 

return an electron to the protein metal site, completing the flash-quench cycle. In cases 

where the back reaction of Q– + Ru3+ is faster than the intraprotein ET reaction, an 

irreversible quencher can be used. One common choice is ClCo(NH3)5
2+, which is 
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irreversible because the Co2+ product of the quenching reaction is substitutionally very 

labile. Note that a cycle employing an electron-donating quencher can be used to generate 

a reducing (formally) Ru1+ reductant as a means to study hole transfer from oxidized 

protein metal sites.26 

 

Figure 1.2. Schematic of the flash-quench scheme used in this thesis. The 
coloured circles represent the protein. Q is an electron-accepting 
quencher (e.g., Ru(NH3)6

3+ or ClCo(NH3)5
2+). 

1.4. Pathway model for electron transfer in proteins 

Most D-A ET reactions in proteins do not occur along a continuous protein strand. 

Once again, the pre-factor term HDA in Equation 1.1 depends on the net distance and the 

nature of the medium between D and A. This means that for any two distinct points (i.e., 

D and A), there can be distinct routes with different components and distances along which 

a transferring electron could travel. Hopfield’s square barrier model (see above) assumes 

that the composition of the medium between a donor and acceptor is uniform. In practice, 

and especially in proteins, this is not necessarily a good assumption. Halpern and Orgel,27 

and soon thereafter McConnell,28 put forth a superexchange model where the overall 

electronic coupling depends on the degree of coupling between the donor and bridge, the 

acceptor and bridge, between the bridge subunits, and the energy gap between the donor 

and the bridge. These ideas were foundational and the elaboration of intraprotein ET 

systems (see above) was instrumental in the development of modern “pathway” models. 
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Beratan and Ohnuchic developed a self-consistent, parameterized pathway model 

that describes the electronic coupling matrix elements in terms of the components of the 

medium between donor and acceptor (Equation 1.3), 

 𝐻𝐷𝐴 ∝ Π𝑖𝜖𝐶(𝑖)Π𝑗𝜖𝑆(𝑗)Π𝑘𝜖𝐻(𝑘) (1.3) 

where C(i) corresponds to the number of covalent bonds, S(j) corresponds to the number 

of through-space jumps, and H(k) corresponds to the number of hydrogen bonds.29–31 

Given a known protein structure, computational search algorithms can be used to find 

pathways with maximum values of HDA. One example of the success of this model is for 

ET reactions in different variants of Ru-modified cyt c where the Ru-label was located at 

different distances from the heme. The observed rates were anomalously slow based on 

predictions using the linear D-A edge-to-edge distance (i.e., a square barrier model). 

However, application of the pathway model showed that an ET route, and therefore the 

magnitude of HDA, via through-bond pathways was consistent with the observed rate 

constants, kET.32 More recent work, coupled with dramatic advances in computing power, 

use a related model and molecular dynamics simulations to probe how protein dynamics 

influence HDA.33 

1.5. Instrumental and biochemical techniques 

1.5.1. Pyridine hemochromogen assay 

The pyridine hemochromogen assay is a technique based on the initial discovery 

by G.G. Stokes in 1863 where he reduced hemoglobin in blood under the presence of 

ammonia.34 Following reduction of heme b to the Fe(II) form, he observed intense α and 

β bands. It was later discovered by R. Hill that the nitrogen from two pyridines can bind 

axially to the heme forming the pyridine hemochromogen.35,36 Further research at room 

temperature and under neutral pH conditions has confirmed that other exogenous ligands 

with nitrogen donors can substitute with the axially coordinated iron-sulfur from Met80 

including imidazole and azide.37–40 

To carry out the pyridine hemochromogen assay to determine the concentration of 

a solution of cyt c, a solution of pyridine, potassium ferricyanide, and sodium hydroxide is 

first prepared. Pyridine replaces both axial ligands on the heme iron. Potassium 
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ferricyanide acts as an oxidant to ensure the cyt c is in the Fe(III) form initially while sodium 

hydroxide is used to stabilize the sodium dithionite later added. To this solution, the yeast 

cyt c of interest is added and the Fe(III) spectra recorded. Upon mixing, the iron’s axially 

ligated His18 and Met80 are replaced by the nitrogenous base, pyridine. Solid sodium 

dithionite is then added to reduce the heme to Fe(II) and the spectra are again recorded. 

The absorbance profile of the reduced Fe(II) spectrum is then subtracted from the oxidized 

Fe(III) spectrum. The new difference spectrum which is based on two pyridines axially 

ligating to the Fe is then used to calculate the concentration of the protein-based on 

reported extinction coefficients for the pyridine hemochromogen complex. The 

composition of the heme’s surroundings was found to be negligible despite c-type 

cytochromes being covalently bound to the protein in comparison with a-type and b-type.41 

1.5.2. Circular dichroism (CD) spectroscopy 

Circular dichroism spectroscopy in relation to proteins is based on the principle of 

passing left and right-handed circularly polarized light through the sample of interest and 

determining the differential absorption. The peptide backbone is optically active so 

depending on their conformation, the CD spectra obtained in the far-ultraviolet (UV) region 

allow for the interpretation and estimation of protein secondary structure. The profile for 

α-helices shows a positive band at 193 nm and two negative bands at 208 and 222 nm.42 

With β-sheets, a positive band at 195 nm and a negative band at 218 nm are typical.43 

Seemingly disordered proteins, on the other hand, exhibit a negative band around 195 nm 

and little ellipticity at wavelengths greater than 210 nm.44 A wide range of software is 

available for analyzing CD spectra many of which rely on the assumption that the spectra 

are a linear combination of all the different secondary structure elements.45–49 

1.5.3. Electrochemistry 

There is a multitude of electrochemical techniques for analyzing electrochemical 

processes in biological proteins. Cyclic voltammetry (CV), a commonly used technique is 

based on cycling an applied potential and measuring the current response. Typically, a 

three-electrode setup is used consisting of a working electrode, reference electrode, and 

a counter electrode. The working electrode can apply a potential to the system that is 

measured based on the reference electrode. During this process, the counter electrode 

completes the circuit with the working electrode. In Figure 1.3, the CV excitation signal is 
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cycled from more positive to negative potentials linearly with time. At a certain predefined 

potential, the cycle will reverse the direction of the scan to the initial potential and repeat. 

The current response is measured throughout the CV excitation signal. 

 

Figure 1.3. Cyclic voltammetry waveform shown with 3 cycles. The current is 
measured as the potential changes. 

 

Figure 1.4. Differential pulse voltammetry waveform shown with 3 pulses. The 
current is measured before and after each pulse and the difference 
is calculated. 
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In contrast, differential pulse voltammetry (DPV), another electrochemical 

technique, while using a similar three-electrode setup, has a different excitation signal. In 

the DPV excitation signal in Figure 1.4, the current is first measured, then a potential is 

pulsed and the current measured again. Each pulse will see the potential increase by a 

certain predefined amount. The reported current then will be the difference between the 

measured current before and after each pulse at each potential. The main advantage with 

DPV compared to CV is that with each pulse and delay in measuring the current, non-

Faradaic background charging currents have an opportunity to decay. Thus, Faradaic 

currents are primarily measured resulting in an increase in sensitivity. 

1.5.4. Site-directed mutagenesis and subcloning 

Developed in the early 1980s, site-directed mutagenesis is an invaluable technique 

used to purposefully generate deoxyribonucleic acid (DNA) clones with modified 

sequences.50 It is typically used in concert with the polymerase chain reaction (PCR) to 

improve throughput. In contrast, random mutagenesis enables the researcher to produce 

a library with a large amount of sequence diversity. The modified sequences created from 

directed mutagenesis are useful as they help researchers understand the specific roles of 

amino acids and can be further used to generate new proteins with new characteristics. 

Traditional widely used methods such as the Stratagene QuickChange method utilize two 

primers complimentary to each other end-to-end which also contains the mutation of 

interest. However, there are strict requirements when designing the primers including 

length and melting temperature as dimerization can readily occur. Later techniques 

developed incorporate the usage of primer pairs but with only partial overlap with each 

other to achieve greater design flexibility.51 

Following PCR amplification of the gene with the mutation(s), the original template 

DNA is removed by digestion with DpnI. DpnI is a restriction enzyme that cleaves DNA 

with methylated adenines while leaving unmethylated DNA intact. As PCR is an in vitro 

method of producing DNA, the DNA is not methylated. In contrast, the template DNA that 

has been produced in Escherichia coli dam+ strains which includes 5-alpha and BL21 

strains are methylated and thus removed. Following digestion and purification, the 

plasmids from the PCR reaction mixture are transformed into an E. coli strain for cloning. 

These cloning strains such as 5-alpha are endA1 deficient to reduce nonspecific cleavage 

of double-stranded DNA and recA1 deficient to reduce recombination events. The E. coli 
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are grown and selected for on growth media supplemented with an antibiotic for which the 

plasmid confers resistance. After amplification and purification of DNA from a clone, it is 

sequenced to ensure the mutation(s) are in their desired locations with the rest of the gene 

unaffected. 

It is foreseeable that in cases where multiple plasmids are required but 

incompatible, antibiotic resistance genes need to be changed, or different promoters are 

required, the gene of interest can be subcloned into another vector with such features. To 

remove the gene from the donor plasmid, it can be cut using any available restriction sites 

that flank the insert. Preferably, the restriction sites should also be found in the receiving 

vector in the correct orientation. If the appropriate restriction sites are not available, new 

ones can be created on primers that are complimentary to the beginning and end of the 

gene sequence and amplified through PCR. The insert and recipient vector are then 

digested and ligated to each other. 

1.5.5. Fluorotyrosine incorporation system 

To incorporate fluorotyrosines (Fn-Tyr, n = 1-4) site-specifically within a protein, the 

amber suppression technique is used. The codon of the amino acid to be replaced is 

mutated using site-directed mutagenesis to the amber stop codon (TAG). The amber 

codon is used to minimize disruption of E. coli cellular processes during recombinant 

protein expression. Of the three stop codons which also include ochre (TAA) and opal 

(TGA), amber is used the least in the E. coli genome (~9%).52 Under normal 

circumstances, the expression of this gene would yield a truncated protein due to the 

presence of the nonsense mutation. However, an additional plasmid pEVOL-FnYRS-E3 

can be transformed to coexpress an evolved orthogonal transfer ribonucleic acid (tRNA) 

and an aminoacyl-tRNA synthetase (aaRS) from Methanococcus jannaschii.53 The aaRS 

is selective for Fn-Tyr which then transfers the amino acid to the tRNA. The tRNA can 

recognize the amber stop codon and site-selectively incorporate a Fn-Tyr at that position. 

The orthogonal pair has also been evolved to recognize only Fn-Tyr and not natural 

tyrosine.  

Literature reports provide characterization information for monomeric Fn-Tyr in 

aqueous environments54 as well as redox and acid/base data in some protein models.55 

The different Fn-Tyr provide acidities with a pKa range between 5-10 for the hydroxyl group 



11 
 

that can be used to systematically alter the strength of interactions between it and 

surrounding residues without potentially causing a large disruption in the local structure 

(Figure 1.5). Another advantage of using Fn-Tyr as a replacement over other naturally 

occurring amino acids is the ability to incorporate different variants by changing the 

expression media rather than performing site-directed mutagenesis for each proposed 

insertion. Further, the pEVOL amber suppression system is flexible and has been evolved 

in numerous studies to incorporate other unnatural amino acids.56–58 

 

Figure 1.5. Fluorotyrosines to be site-specifically incorporated into proteins of 
interest using the amber suppression system. The pKa are reported 
in Ref. 54 in aqueous media. 

1.6. Thesis overview 

The work described in this thesis is broadly concerned with (1) investigations of 

modified ET pathways in proteins and (2) the development of probes for developing a 

more detailed picture of amino acid microenvironments. Following this introductory 

chapter, Chapter 2 describes an attempt at the development of new protein models where 

the energy of a tyrosine residue in a known ET path is modified through incorporation of 

Fn-Tyr. While protein was obtained, the yields were insufficient for a detailed study. Next, 

the work in Chapter 3 involves an investigation of an ET pathway along two hydrogen-

bonded bridges. Remarkably, this long-standing pathway appears to be only a minor 
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contributor to the observed ET kinetics and an alternative pathway via a through-space 

jump is preferred. Then Chapter 4 outlines the generation of mutants of azurin where a 

tyrosine is selectively modified to Fn-Tyr, which I propose as a new probe of the physical 

properties of buried protein sites. The final chapter, Chapter 5, provides some unifying 

conclusions and a forward-looking viewpoint that I hope is useful to future workers in this 

area. 

1.7. Contributions 

The work in this thesis was carried out entirely by the author. Jeffrey J. Warren 

assisted in the design of the research. Curtis A. Gibbs is acknowledged for assistance in 

operation of the time-resolved spectroscopy apparatus. 
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Chapter 2.  
 
Electron tunnelling through Tyr67: changing bridge 
energetics with unnatural amino acids 

2.1. Introduction 

Cytochrome c and related c-type cytochromes have served as fruitful platforms for 

the development and benchmarking of theories of biomolecular electron transfer. The 

protein’s small size, solubility, strong chromophore, stability toward mutagenesis, and 

well-known structure have made it a popular macromolecule for investigation of inter- and 

intra-protein redox processes (among a great many other areas). Its primary role in 

eukaryotes exists to shuttle electrons between cyt c reductase and cyt c oxidase in the 

mitochondrial inner membrane.6 On the other hand, recombinant protein expression of cyt 

c within E. coli leads to localization in the cytoplasm. While the intraprotein electron 

transfer pathways in artificial cyt c protein models are well defined and can lead from 

various surface residues, cyt c when interacting with partner proteins through interprotein 

ET can also do so through direct heme-to-heme electron transfer.59 Within the cyt c 

protein, the heme prosthetic group is useful in either serving as an electron donor or 

acceptor for ET studies. It is this heme that gives cyt c a characteristic red colour in the 

Fe(III) form and pink colour in the Fe(II) form. The work described in this Chapter is 

designed to advance ET models from cyt c by probing how the nature of the amino acids 

that comprise the bridge between donor and acceptor affect ET without modifying the 

pathway. 

Several features of modern ET theory are based on studies of long-range ET in 

mutant forms of cyt c. In particular, the development of pathway models for ET has relied 

on studies involving cyt c. These ideas are outlined in more detail in Chapter 1. 

Importantly, that foundational work was concerned with elucidating how a network of 

covalent bonds, hydrogen bonds, and through-space jumps affect ET. Analysis of ET rates 

in five different pathways (Figure 2.1) shows that proteins with 10 Å differences in donor-

acceptor distance can have identical observed rates (e.g., ET from heme and acceptor at 

His72 versus His 39). Accounting for the through-bond distances explains why the rates 

are similar. 
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Those studies established the idea that the distinct pathway that an electron travels 

is a crucial determinant in the rate of ET. However, less is known about how the relative 

orbital energies of the bridge units affect ET in proteins. Studies of small molecules show 

that the energy of the bridge with respect to that of the donor and/or acceptor can give rise 

to different magnitudes of electronic coupling.60 This idea has never been rigorously tested 

in proteins because amino acid substitutions can often change the fundamental nature of 

the pathway, rather than simply the bridge energetics. In the extreme, the electron (or 

hole) localizes on a bridge unit in a formal redox process known as “hopping.”16,61 

 

Figure 2.1. The five electron transfer pathways studied in yeast iso-1 
cytochrome c (PDB ID 1YCC). Dashed lines represent hydrogen 
bonds or through-space jumps in the pathways. 

2.1.1. The Tyr67 electron transfer pathway 

Electron transfer in a new “pathway mutant” in cyt c was described in 2014.62 The 

pathway is set out in Figure 2.2 and involves ET from a Ru-photosensitizer attached to a 

Cys (in the Glu66Cys mutant) along Tyr67, to the Fe-ligating Met80. That report 

specifically explored how off-pathway substitutions near Tyr67 affected protein dynamics 

on the timescale of ET. These substitutions provided new views on how protein dynamics 

modulate ET, even when the basic parts of the pathway from D to A are unchanged. In 
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addition, it has been suggested that  yr67 is essential in maintaining the protein’s 

hydrogen bond network during normal biological redox cycling. Tyr67 also plays a key 

structural role by triggering controlled cell death known as apoptosis.63,64 During this 

process, elimination of Tyr67 leads to the loss of Fe-S coordination between the heme 

and Met80. The loss causes the formation of a channel to which H2O2 can bind and 

activate the intrinsic peroxidase activity of cyt c to trigger the cell death cascade.65 Other 

substitutions to Tyr67 result in weakening of the Fe-S bond causing intermediate-level 

peroxidase activity.63 

 

Figure 2.2. Yeast iso-1-cytochrome c pathway leading from amino acid 66 to the 
iron heme. The dashed lines represent the interaction between the 
hydroxyl group of Tyr67 and Met80 sulfur in the pathway of interest 
(PDB 1YCC). 

In the context of this thesis, the Warren Group has been interested in a class of 

non-covalent interactions that involve methionine and the aromatic amino acids tyrosine, 

tryptophan, and phenylalanine.66,67 In those examples, the Met-sulfur interacts with the 

face and/or sides of an aromatic group. However, there are other examples of Met-

aromatic interactions that are also widely distributed.68 These interactions have not been 

well studied, and even less is known about the role(s) they play in protein folding, protein 

stability, and the redox reactions of metal sites. 
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Within yeast cyt c there exists a Met-Tyr-Met bridging interaction that is widely 

distributed among related proteins. The pathway is comprised of the highly conserved 

Tyr67 discussed previously which bridges two methionines at positions 64 and 80 (Figure 

2.3). The first interaction is where the sulfur in Met64 interacts side-on with the tyrosyl 

group of Tyr67. A second interaction is present where the hydroxyl group of Tyr67 interacts 

strongly with the sulfur of Met80 (O•••S distance of 3.2 Å). Crystal structures show that 

this sulfur from Met80 is structurally important as it is axially coordinated to the iron. The 

interaction between Tyr67 and Met80 is, in some way, related to a hydrogen bond, 

although the dipolar interaction is weaker.  

 

Figure 2.3. Yeast iso-1-cytochrome c bridging interaction between Tyr67 
hydroxyl and Met80 sulfur lone pair. A second side-on interaction is 
present between Met64 sulfur lone pair and the tyrosyl group of 
Tyr67. 

2.1.2. Project outline 

To explore the importance of the Tyr67:Met80 interaction and ET pathway, we 

attempted to incorporate a series of fluorinated tyrosines (n = 1-4) site-specifically. As the 

different Fn-Tyr have a pKa range between 5-10 for the hydroxyl group, the interaction with 

Met80 can be systematically modified. As Tyr67 is not known to participate in redox 

reactions, the modification of it would only affect its interaction towards the methionines in 

theory. An amber stop codon (TAG) was substituted with the codon encoding Tyr67 in the 

iso-1-cytochrome c gene (CYC1) using PCR site-directed mutagenesis. An additional 

substitution on the surface of the protein, Glu66Cys was also made to allow for a 

ruthenium label to be covalently attached as an electron acceptor. Fluorotyrosines were 

synthesized from the corresponding fluorophenol, ammonium, and pyruvate using an 
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enzymatic synthesis by tyrosine phenol-lyase (TPL) and purified following the 

literature.54,69,70 Once in possession of the Fn-Tyr67 mutants, the protein, labelled with a 

Ru(II) photosensitizer at the Cys66 position was to be used to study kinetics with flash-

quench experiments. As the pKa is decreased from one fluorotyrosine to another, the 

length of the interaction is expected to decrease and thus increase kET. 

2.2. Experimental 

2.2.1. Materials 

All reagents used were purchased from Sigma-Aldrich without purification unless 

otherwise noted. Miller Luria-Bertani broth (LB) and L-arabinose were purchased from 

BioShop. 2-fluorophenol, 2,3-difluorophenol, 2,6-difluorophenol, 2,3,6-trifluorophenol, and 

2,3,5,6-tetrafluorophenol were purchased from Tokyo Chemical Industry. Water used was 

from a Barnstead EASYpure system (18 MΩ cm–1). 

2.2.2. Site-directed mutagenesis 

S. cerevisiae iso-1-cytochrome c mutants encoded by CYC1 were prepared from 

pseudo-wild-type (WT*) protein cloned in pET20b (Novagen) between NdeI and BamHI 

restriction sites. The WT* parent pseudo-wild-type construct contained two substitutions, 

Lys72Ala and Cys102Ser. The mutants Glu66Cys and Glu66Cys/Tyr67TAG were 

introduced using site-directed mutagenesis with the Q5 High-Fidelity PCR Kit (New 

England Biolabs). See Appendix A for forward and reverse primers used (Integrated DNA 

Technologies). Following the PCR reactions, PCR cleanup was performed with the Qiagen 

QIAquick PCR Purification Kit and template DNA digested with DpnI restriction enzyme 

(Thermo Scientific FastDigest). A second PCR cleanup followed the DpnI digestion. The 

PCR reaction mixtures were transformed into chemically competent 5-alpha E. coli cells 

(New England Biolabs) and selected for on ampicillin-supplemented LB agar plates 

incubated for 16 hours at 37°C. Isolated colonies were inoculated in liquid LB with 100 

µg/mL ampicillin and grown for 16 hours at 37°C with shaking. Plasmid DNA was extracted 

and purified using the Qiagen QIAprep Spin Miniprep Kit. The CYC1 plasmid sequences 

were verified using Eurofins Genomics SimpleSeq Sanger sequencing service. 
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2.2.3. Subcloning 

The pET20b-CYC1 inserts containing WT*, Glu66Cys, and Glu66Cys/Tyr67TAG 

were subcloned into pET24a vector (Novagen). Each insert and pET24a was double 

digested with NdeI and EcoRI (Thermo Scientific FastDigest) and isolated by agarose gel 

electrophoresis. Gel extraction was then performed with the Qiagen QIAquick Gel 

Extraction Kit. The insert was ligated to pET24a with T4 DNA ligase (New England 

Biolabs) and transformed into chemically competent 5-alpha E. coli cells. The cells were 

grown and selected on kanamycin-supplemented LB agar plates for 16 hours at 37°C. 

Single colonies were inoculated in LB with 50 µg/mL kanamycin and grown for 16 hours 

at 37°C with shaking. The plasmid DNA was extracted and sequenced using Eurofins 

Genomics SimpleSeq Sanger sequencing service. 

CYC1 WT*, Glu66Cys, and Glu66Cys/Tyr67TAG variants along with 

ccmABCDEFGH genes were also subcloned into pETDuet-1 vector (Novagen). All ccm 

genes were cloned into multiple cloning site (MCS) 1 containing T7 promoter-1 while 

CYC1 was cloned into MCS2 containing T7 promoter-2. To enable cloning of each gene 

into the specific cloning site on pETDuet-1, PCR was performed on pEC86 upstream and 

downstream of ccmABCDEFGH to insert NcoI and HindIII restriction sites (see Appendix 

A for the primers). PCR was also performed on pET20b to insert NdeI and XhoI upstream 

and downstream of CYC1 for the variants WT*, Glu66Cys, and Glu66Cys/Tyr67TAG. 

Parental DNA was removed with DpnI restriction enzyme. Both pETDuet-1 and the CYC1 

PCR product were double digested with NdeI and XhoI restriction enzymes (Thermo 

Scientific FastDigest) followed by a PCR cleanup and ligated with T4 DNA ligase. The 

ligated plasmid was amplified by transforming into chemically competent 5-alpha cells and 

grown. The plasmid was isolated using previously described techniques. DNA agarose 

gel electrophoresis was used with a 1.2% agarose gel to determine if the pETDuet-1 

contained the CYC1 gene and was sequenced to verify (Eurofins Genomics). 

To insert ccmABCDEFGH, a double digest was performed on pETDuet-1-CYC1 

and the ccmABCDEFGH PCR product with NcoI and HindIII restriction enzymes (Thermo 

Scientific FastDigest). The PCR was followed by a PCR cleanup and ligation with T4 DNA 

ligase to create pETDuet-ccm-CYC1 containing 9 genes. The plasmid was transformed 

into chemically competent 5-alpha cells and amplified plasmid was purified using 

previously described techniques. DNA agarose gel electrophoresis was performed with a 
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1.2% agarose gel to determine if the pETDuet-1 plasmid contained both the specific CYC1 

mutant at MCS2 and ccmABCDEFGH genes at MCS1. Sequencing was used to verify the 

presence and sequences of both genes (Eurofins Genomics). 

2.2.4. Synthesis of fluorotyrosines 

E. coli strain SVS 370 containing pTZTPL plasmid was provided as a gift from 

JoAnne Stubbe from Massachusetts Institute of Technology. The expression of TPL was 

based on literature-reported methods.69,71,72 A single colony of SVS 370 E. coli containing 

pTZTPL plasmid encoding tpl H343A was used to inoculate 30 mL of LB with 100 µg/mL 

ampicillin and incubated at 37°C with shaking (180 rpm) for 6 hours. Large scale 

expressions of 8 L of broth composed of 1% (w/v) casein enzymic hydrolysate, 0.5% (w/v) 

yeast extract, 0.5% (w/v) sodium chloride, and 100 µg/mL ampicillin were inoculated with 

16 mL of the starter culture. The cultures were incubated at 37°C for 20 hours with shaking 

(150 rpm). The cells were harvested by centrifugation (4500 g, 10 min, 4°C) and stored at 

–80°C. The cell pellet (34 g) was resuspended in 115 mL of 0.1 M potassium phosphate 

buffer (pH 7) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM pyridoxal 

phosphate, and 5 mM β-mercaptoethanol. The resuspension was sonicated on ice for 3 

minutes (Branson Digital Sonifier 250 Cell Disruptor) and clarified lysate collected 

following centrifugation (25,000 g, 30 min, 4°C). 

The synthesis of the Fn-Tyr (n = 1–4) including 3-fluorotyrosine (3-F-Tyr), 2,3-

difluorotyrosine (2,3-F2-Tyr), 3,5-difluorotyrosine (3,5-F2-Tyr), 2,3,5-trifluorotyrosine 

(2,3,5-F3-Tyr), and 2,3,5,6-tetrafluorotyrosine (2,3,5,6-F4-Tyr) were performed based on 

literature methods.54,70 For each fluorotyrosine, ≤10 mM of the respective fluorophenol was 

added to a 2 L solution of 30 mM ammonium acetate, 60 mM sodium pyruvate, and 5 mM 

β-mercaptoethanol adjusted to pH 8 with ammonium hydroxide. For all fluorotyrosines 

except 2,3,5,6-tetrafluorotyrosine, 40 µM pyridoxal phosphate and approximately 60 units 

(U) of TPL were added where one unit is defined as 1 µmol of product per minute. The 

solution was stirred for 3-4 days at 22°C in the dark. For the synthesis of 2,3,5,6-F4-Tyr, 

40 µM pyridoxal phosphate and 600 units of TPL were added. The solution was stirred for 

3-4 weeks at 22°C in the dark. Each week, an additional 40 U of TPL and 1 mM 2,3,5,6-

tetrafluorophenol were added. 
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Following the enzyme-catalyzed reaction, the solution was acidified to pH 2.7 with 

HCl to precipitate TPL. The precipitate was removed by filtering through a Celite pad. To 

remove unreacted fluorophenol, a liquid-liquid extraction was performed on the filtrate with 

500 mL ethyl acetate and the aqueous layer collected. The solution was further purified 

with a Dowex 50W-X8 hydrogen form cation exchange column (20-50 mesh) prepared 

with 2 column volumes of 1 M HCl and equilibrated with water. The solution was loaded 

on the column, washed with 8 column volumes of water and eluted with 10% (v/v) 

ammonium hydroxide. Fractions were tested with ninhydrin to determine the presence of 

free amines. The ninhydrin solution was made from 0.19% (w/v) ninhydrin, 0.5% (v/v) 

acetic acid, 4.5% (v/v) water, and 95% (v/v) n-butanol. A positive ninhydrin test as 

determined with a pink or purple spot on a thin-layer chromatography plate indicated the 

presence of a free amine. Positive fractions were combined, the solvent was removed in 

vacuo, and the Fn-Tyr analogue collected. The Fn-Tyr analogues were characterized using 

1H and 19F nuclear magnetic resonance (NMR) recorded with a Bruker Ultrashield Plus 

500 MHz. 

3-F-Tyr. Pale yellow solid. Yield: 94%. 1H NMR (500 MHz, D2O): δ (ppm) 3.05 (dd, 

1H, 7.9, 14.8 Hz), 3.20 (dd, 1H, 5.0, 14.7 Hz), 3.94 (t, 1H, 6.4 Hz), 6.98 (m, 2H), 7.08 (d, 

1H, 11.9 Hz); 19F NMR (500 MHz, D2O): δ (ppm) -136.79 (s, 1F). 

2,3-F2-Tyr. Pale yellow solid. Yield: 72%. 1H NMR (500 MHz, D2O): δ (ppm) 3.10 

(dd, 1H, 7.7, 14.8 Hz), 3.29 (dd, 1H, 5.3, 14.8 Hz), 3.96 (dd, 1H, 5.9, 7.2 Hz), 6.81 (t, 1H, 

8.2 Hz), 6.95 (t, 1H, 8.1 Hz); 19F NMR (500 MHz, D2O): δ (ppm) -161.31 (d, 1F, 20.0 Hz), 

-141.37 (d, 1F, 20.0 Hz). 

3,5-F2-Tyr. Pale yellow solid. Yield: 76%. 1H NMR (500 MHz, D2O): δ (ppm) 3.05 

(dd, 1H, 7.8, 14.7 Hz), 3.19 (dd, 1H, 5.2, 14.7 Hz), 3.95 (dd, 1H, 5.4, 7.7 Hz), 6.93 (m, 

2H); 19F NMR (500 MHz, D2O): δ (ppm) -133.22 (s, 2F). 

2,3,5-F3-Tyr. Pale yellow solid. Yield: 83%. 1H NMR (500 MHz, D2O): δ (ppm) 2.94 

(dd, 1H, 7.7, 14.0 Hz), 3.19 (d, 1H, 13.3 Hz), 3.87 (t, 1H, 6.5 Hz), 6.68 (t, 1H, 9.3 Hz); 19F 

NMR (500 MHz, D2O): δ (ppm) -159.45 (t, 1F, 17.7 Hz), -147.58 (m, 1F), -139.97 (m, 1F). 

2,3,5,6-F4-Tyr. Pale yellow solid. Yield: 24%. 1H NMR (500 MHz, D2O): δ (ppm) 

3.15 (dd, 1H, 7.8, 14.4 Hz), 3.28 (dd, 1H, 4.4, 14.3 Hz), 3.91 (m, 1H); 19F NMR (500 MHz, 

D2O): δ (ppm) -165.13 (d, 2F, 17.2 Hz), -148.13 (d, 2F, 17.2 Hz). 
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2.2.5. Protein expression and purification 

The pEVOL-FnYRS-E3 plasmid was provided as a gift from JoAnne Stubbe from 

Massachusetts Institute of Technology.53 To obtain BL21(DE3) E. coli (New England 

Biolabs) with the appropriate plasmids a series of sequential transformations were 

performed. Chemically competent BL21(DE3) was transformed with pEC8673 and 

pET20b-CYC1Glu66Cys or pET20b-CYC1Glu66Cys/Tyr67TAG. In the case of pET20b-

CYC1Glu66Cys/Tyr67TAG, pEVOL-FnYRS-E3 was also transformed as a third plasmid and 

selected for on LB agar supplemented with 100 µg/mL ampicillin and 25 µg/mL 

chloramphenicol. A single colony was used to inoculate 35 mL of LB broth with ampicillin 

and chloramphenicol. The culture was incubated at 37°C, 180 rpm for 16 hours. From the 

starter culture, 240 µL was used to inoculate 40 mL of LB broth with two times yeast extract 

(LB2YE) containing 1 mM of an Fn-Tyr and 0.05% (w/v) L-arabinose was added 

concurrently and incubated at 37°C (180 rpm). After 5 hours, the temperature was reduced 

to 30°C and incubated for 15 additional hours. Alternatively, 0.05% L-arabinose was added 

5 hours after seeding with the starter culture, the temperature reduced to 30°C and 

incubated for an additional 15 hours. From 1 mL of each culture, plasmid minipreps were 

performed to purify the plasmids and were visualized on a 1.2% agarose gel stained with 

ethidium bromide. The remainder of the culture was harvested by centrifugation (4500 g, 

10 min, 4°C). 

Expression cultures with pET24a-CYC1Glu66Cys/Tyr67TAG were performed similarly as 

described for pET20b-CYC1Glu66Cys/Tyr67TAG with selection by 100 µg/mL ampicillin and 50 

µg/mL kanamycin. Induction of the pET24a plasmid was performed with 1 mM isopropyl 

β-D-1-thiogalactopyranoside (IPTG) added at the same time as 0.05% L-arabinose. 

Expression cultures with pETDuet-1-ccmABCDEFGH/CYC1Glu66Cys/Tyr67TAG were 

performed similarly after sequentially transforming BL21(DE3) with pEVOL-FnYRS-E3 and 

selecting with 100 µg/mL ampicillin and 25 µg/mL chloramphenicol. To optimize 

expression levels of cyt c, a sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed using whole-cell lysate and expression levels of cyt c were 

compared by densitometry using ImageJ software.74 The theoretical molecular weight of 

the proteins was calculated based on the DNA sequence using the ExPASy Compute 

pI/Mw tool.75–77 Optimized expressions on a preparative scale were as follows. A 35 mL 

LB culture supplemented with 100 µg/mL ampicillin and 25 µg/mL chloramphenicol was 

inoculated with a colony and incubated (37°C, 180 rpm, 16 hours). From the initial culture, 
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6 mL was used to inoculate 1 L of LB2YE supplemented with the antibiotics and 1 mM Fn-

Tyr (solubilized with NH4OH). The culture was incubated at 37°C and 120 rpm. At an OD600 

of 0.1–0.2, 0.05% (w/v) L-arabinose was added. At an OD600 of 0.9, 1 mM IPTG was added 

and grown for an additional 15 hours. 

For purification of cyt c Glu66Cys, the E. coli pellet was resuspended in 100 mL 

lysis buffer constituted of 50 mM Tris(hydroxymethyl)aminomethane (Tris), 1 mM EDTA, 

1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM β-mercaptoethanol, 1 mM sodium 

ascorbate, 1 µg/ml DNase I, and 1 mg/mL lysozyme at pH 8. The resuspension was 

sonicated for 6 minutes on ice and centrifuged (24,000 g, 60 min, 4°C). The clarified lysate 

was collected and purified with a carboxymethyl (CM) cellulose cation exchange column 

(Cytiva) equilibrated with 10 mM Tris (pH 8) and 0.1 mM EDTA. The column was washed 

with 3 column volumes of the lysis buffer without DNase I and lysozyme and a gradient 

elution was used with 20 mM Tris (pH 8), 0.1 mM EDTA, and 0 to 250 mM NaCl to elute 

cyt c. Fractions containing cyt c were combined, concentrated by ultrafiltration (Amicon, 

10 kDa) and exchanged into 5 mM sodium phosphate buffer (pH 7) by gel filtration with a 

PD-10 column (Cytiva). 

2.3. Results and discussion 

2.3.1. Expression tests 

Expression and purification of cyt c Glu66Cys with a natural tyrosine at position 67 

produced protein in similar amounts as cyt c WT*. The WT* protein and all other mutants 

contained additional substitutions, Lys72Ala and Cys102Ser. Native yeast cytochrome c 

contains a trimethylated lysine at position 72 so the substitution to alanine prevents iron 

heme misligation. The Cys102Ser substitution removes the only cysteine available on the 

surface to prevent Cys-Cys dimerization and mislabeling with our Cys-reactive Ru 

complex (described in Chapter 3). 

Expression of any of the Fn-Tyr67 cyt c requires transformation of three plasmids 

into E. coli for expression: a plasmid with the cyt c gene, the pEC86 plasmid containing 

cytochrome c maturation proteins (ccmABCDEFGH) from E. coli, and the pEVOL-FnYRS-

E3 plasmid for the amber tRNA Fn-Tyr incorporation system (Table 2.1). The pEC86 

plasmid is essential for expressing the holo-form of cytochrome c with covalently attached 



23 
 

heme.73 The genes are present in the E. coli chromosome though are only expressed 

under anaerobic conditions. Initial expressions with pET20b-CYC1Glu66Cys/Tyr67TAG 

supplemented with 1 mM of any Fn-Tyr gave poor expression yields. The BL21(DE3) cells 

were transformed sequentially with 3 recombinant plasmids in the order of pEC86, 

pET20b-CYC1Glu66Cys/Tyr67TAG, and pEVOL-FnYRS-E3. As both pEVOL-FnYRS-E3 and 

pEC86 encode for the same CMR chloramphenicol resistance gene for antibiotic 

selection, an agarose gel was used to determine if pEVOL-FnYRS-E3 had been 

successfully transformed and retained (Figure 2.4). From each test expression, plasmids 

were extracted and purified from 1 mL of culture. Calculations of plasmid sizes showed 

that pET20b-CYC1Glu66Cys/Tyr67TAG was expected to be approximately 4000 base pairs (bp) 

in size, pEVOL-FnYRS-E3 with 6000 bp, and pEC86 with 12,000 bp. Discrepancies 

between calculated and observed sizes were likely due to the supercoiled nature of the 

plasmid DNA as they were not linearized. The DNA agarose gel showed the presence of 

a plasmid of similar size to pET20b-CYC1Glu66Cys/Tyr67TAG. However, pEVOL-FnYRS-E3 did 

not appear to be present in sufficient quantities to be visualized on the agarose gel. 

Table 2.1. Summary of expression plasmids used in Chapter 2 

Plasmid Name Bacterial 
Resistance 

Origin of 
Replication 

Purpose 

pEC86 Chloramphenicol p15A Expression of 8 cyt c maturation 
proteins 

pEVOL-FnYRS-E3 Chloramphenicol p15A Fn-Tyr specific tRNA and aaRS 
pET20b-CYC1 Ampicillin pBR322 Expression of WT* cyt c 
pET20b-CYC1Glu66Cys Ampicillin pBR322 Expression of cyt c Glu66Cys 
pET20b-CYC1Glu66Cys/Tyr67TAG Ampicillin pBR322 Expression of cyt c 

Glu66Cys/Tyr67TAG 
pET24a-CYC1Glu66Cys Kanamycin pBR322 Expression of cyt c Glu66Cys 
pET24a-CYC1Glu66Cys/Tyr67TAG Kanamycin pBR322 Expression of cyt c 

Glu66Cys/Tyr67TAG 
pETDuet-1-ccmABCDEFGH/CYC1 Ampicillin pBR322 Expression of WT* cyt c and 8 

cyt c maturation proteins 
pETDuet-1-
ccmABCDEFGH/CYC1Glu66Cys 

Ampicillin pBR322 Expression of cyt c Glu66Cys 
and 8 cyt c maturation proteins 

pETDuet-1-
ccmABCDEFGH/CYC1Glu66Cys/Tyr67TAG 

Ampicillin pBR322 Expression of cyt c 
Glu66Cys/Tyr67TAG and 8 cyt 

c maturation proteins 
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Figure 2.4. DNA agarose gel of test expressions for Fn-Tyr incorporated 
cytochrome c Glu66Cys/Tyr67TAG to determine transformation and 
retention of pEVOL-FnYRS-E3. Cells were also transformed with 
pEC86 and pET20b-CYC1Glu66Cys/Tyr67TAG. Controls consisting of only 
pEVOL-FnYRS-E3 and pET20b-CYC1Glu66Cys/Tyr67TAG were also 
included. Early induction was performed when inoculating large 
expression flasks with the starter culture while late induction was 
performed 5 hours after inoculation and decreasing the incubation 
temperature to 30°C. 
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Figure 2.5. Whole-cell lysate SDS-PAGE gel of test expressions for Fn-Tyr 
incorporated cytochrome c Glu66Cys/Tyr67TAG. Early L-arabinose 
induction was performed when inoculating larger expression 
cultures containing 1 mM of an Fn-Tyr with the starter culture. Late L-
arabinose induction was performed 5 hours after inoculation of the 
large cultures. The red arrow indicates the band representing cyt c 
(~12.7 kDa). 

Using the same test expressions, an SDS-PAGE was also performed to determine 

overexpression of cyt c protein (Figure 2.5). Based on the SDS-PAGE gel, there was no 

clear overexpression of cyt c with different Fn-Tyr analogues at the expected mass of 12.7 

kDa (Table 2.2). Test expressions inducing the pEVOL-FnYRS-E3 plasmid with L-

arabinose at different time points either during inoculation of large cultures or 5 hours after 

inoculation of large cultures were performed. The differing time points were used to identify 

the optimal time for the cell to produce Fn-Tyr specific tRNA and aaRS to allow for efficient 

amber suppression. Densitometry measurements of the SDS-PAGE gel revealed that 

inducing the BL21(DE3) cells 5 hours after induction increased expression levels of a 

protein at 12.7 kDa, a mass similar in size to cyt c. However, in all cases, there did not 
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appear to be overexpression of cyt c. Assuming there are no issues with the ligation of the 

heme prosthetic group, a qualitative visual test is possible for intact protein without 

purification because the E. coli pellet is pink in colour, rather than yellow/brown, due to 

the red colour of the cyt c protein. Additionally, SDS-PAGE gels with whole-cell lysates 

show a more intense band of interest relative to background proteins. 

Table 2.2. Calculated and MALDI-TOF collected masses of cytochrome c 
variantsa 

Variant Expected Average 
Mass (Da) 

Expected Monoisotopic 
Mass (Da) 

Obtained 
Monoisotopic Mass 

(Da) 

WT* 12657.61 12655.29 12641.17 
Glu66Cys 12631.58 12629.26 — 
Glu66Cys Truncatedb 7811.18 7813.83 — 
Glu66Cys/Tyr67-(3-F-Tyr) 12649.57 12647.25 — 
Glu66Cys/Tyr67-(2,3-F2-Tyr) 12667.56 12665.25 — 
Glu66Cys/Tyr67-(3,5-F2-Tyr) 12667.56 12665.25 — 
Glu66Cys/Tyr67-(2,3,5-F3-Tyr) 12685.55 12683.24 — 
Glu66Cys/Tyr67-(2,3,5,6-F4-Tyr) 12703.54 12701.23 — 

aCalculated masses include the mass of heme. 
bTruncated protein masses calculated based on the cytochrome c Glu66Cys sequence up to and including Cys66. 

2.3.2. Controlled expression of cytochrome c 

In an attempt to increase expression levels of cyt c Glu66Cys/Tyr67TAG, 

subcloning was performed with different vectors. The pET20b vector with CYC1 insert 

used in initial test expressions contains a T7 promoter upstream of the insert which 

requires a T7 RNA polymerase for transcription. The BL21(DE3) strain is a λD 3 lysogen 

that encodes for the necessary T7 RNA polymerase controlled by an IPTG-inducible 

lacUV5 promoter. However, even in the absence of IPTG, the cell is able to express some 

T7 RNA polymerase which ultimately leads to basal level expression of proteins through 

the pET20b T7 promoter.78 

As was seen for cases such as cyt c, expression without IPTG still enabled 

overexpression of WT* and Glu66Cys with good levels of protein production. For cases of 

cyt c Glu66Cys/Tyr67TAG expressions, the result is that, without induction of the L-

arabinose promoter in pEVOL-FnYRS-E3, the Fn-Tyr specific tRNA and aaRS are not 

produced and the cells may express prematurely truncated cyt c up to the amber stop 

codon. The phenomenon has been observed in similar amber suppression systems.56–58 

To allow for tighter control over the expression of cyt c specifically to eliminate the 
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possibility of truncated protein, the pET24a vector was used as it contains a lac operator 

downstream of the T7 promoter.79,80 The lac operator requires the presence of IPTG to 

enable transcription of the target gene. Test expressions with pET24a-CYC1Glu66Cys/Tyr67TAG 

were unsuccessful for overexpression of cyt c as the pellets were similar in colour to 

expressions with pET20b-CYC1Glu66Cys/Tyr67TAG. Attempts to purify protein were also 

unsuccessful due to low levels of expression. 

2.3.3. Decreasing plasmid incompatibilities 

As both the pEC86 cyt c maturation proteins plasmid and pEVOL-FnYRS-E3 

plasmid encode for the same chloramphenicol resistance gene, we sought to reduce the 

number of recombinant plasmids needed to be transformed and maintained by the cells. 

Further, while pET20b and pET24a vectors use a pBR322 origin of replication78,80, both 

pEC86 and pEVOL-FnYRS-E3 use a p15A origin of replication.53,73,81 Two plasmids with 

the same origin are generally incompatible in a cell, so the pETDuet-1 vector was used to 

eliminate plasmid origin incompatibility, eliminate selection with the same chloramphenicol 

resistance gene, and reduce the number of recombinant plasmids needed simultaneously. 

The pETDuet-1 vector harbours a pBR322 origin of replication, bla ampicillin resistance 

gene, and contains two MCS regions, each with its own T7 promoter and lac operator. By 

cloning the ccmABCDEFGH genes from pEC86 into T7 promoter-1 and CYC1 gene into 

T7 promoter-2, we were able to reduce the number of recombinant plasmids needed for 

the expression of cyt c Glu66Cys/Tyr67TAG down to two, the pETDuet-ccm-CYC1 and 

pEVOL-FnYRS-E3 plasmids. The system also eliminated origin of replication 

incompatibilities and allowed for independent antibiotic selection for each plasmid. 

To verify the effectiveness of the newly created plasmid, WT* was expressed and 

purified. Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 

spectrometry analysis showed the obtained mass to be in agreement with the expected 

mass (Table 2.2 and Figure A.11). Preparative scale expressions of the proteins (1 L) with 

different Fn-Tyr appeared to marginally overexpress cyt c with 3-F-Tyr, 2,3-F2-Tyr, 3,5-F2-

Tyr, and 2,3,5-F3-Tyr as seen from the presence of 12.7 kDa bands on an SDS-PAGE 

(Figure 2.6). Purified Glu66Cys protein was included in the gel as a positive control which 

appeared to have a similar mass to the other lanes. Truncated protein, with a calculated 

mass of 7811 Da, was not visible on the gel indicating that Fn-Tyr incorporation was likely 

not an issue. Addition of cell lysate onto a CM Sepharose cation exchange column did not 
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appear to isolate any cyt c likely due to poor expression levels. It is possible that changing 

the Tyr67 to Fn-Tyr causes a significant perturbation in the protein structure preventing it 

from folding properly and leading to degradation.82 Alternatively, the protein can aggregate 

and cause the formation of inclusion bodies. Further, the E. coli may have an inability to 

support the inclusion of several recombinant proteins and machinery required to properly 

express fluorotyrosine incorporated cyt c with good yields. 

 

Figure 2.6. Whole-cell lysate SDS-PAGE gel of expressions for cytochrome c 
Glu66Cys and Glu66Cys/Tyr67TAG incorporated with Fn-Tyr. Cells 
were transformed with both pETDuet-1-
ccmABCDEFGH/CYC1Glu66Cys/Tyr67TAG and pEVOL-FnYRS-E3 plasmids. 
The red arrow indicates the band representing cyt c (~12.7 kDa). 
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2.4. Conclusion 

 he project was the Warren group’s first attempt to incorporate unnatural amino 

acids into metalloproteins. While cyt c is typically a robust platform for mutagenesis and 

related studies, it proved very challenging to work with in this application. First, the 

requirement for co-transformation of three plasmids, concomitant with plasmid 

incompatibilities required the development of a new plasmid system. This new system 

incorporated the cyt c gene, from our existing plasmid, and the cytochrome c maturation 

proteins, from the pEC86 plasmid. This new cyt c expression system streamlines and 

eliminates the need for co-transformation of plasmids for the expression of cyt c. I hope 

that this new plasmid is useful to other workers in the lab for future projects. Concerning 

the production of Fn-Tyr67 cyt c, the timing of induction appears to be important. It appears 

that proteins can be overexpressed, but the yields are low. If this project is to continue, a 

great deal of expression optimization will be necessary.  
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Chapter 3.  
 
Revisiting the His62-Trp59 electron transfer pathway 
in cytochrome c  

3.1. Introduction 

The use of unnatural amino acids to modify the bridge energetics in the cyt c 

Cys66-Tyr67-Met80-heme ET pathway (Chapter 2) was hindered by very low protein 

expression levels. However, cyt c has other pathways, also highlighted in Chapter 2, that 

can be better understood using tools that have improved since those first studies. The 

work in this Chapter probes the effects of strategically placed substitutions that modify a 

single bond in the bridge. Specifically, I am interested in experimentally assessing how 

much a hydrogen bond can contribute to donor-acceptor electronic coupling in an 

intraprotein ET reaction. 

3.1.1. Electron transfer pathways in cytochrome c 

As outlined in Chapter 2, there are a series of well-known    “pathway mutants” 

based on variants of cyt c. Five of these mutants are shown in Figure 2.1. There is a great 

diversity in the pathways that have been investigated. For example, the pathways that 

extend from His33 and His72 largely occur via covalent () bonds and have a through-

space jump near the heme. The differences in ET rates can be rationalized based on the 

arrangement of bonds between the donor and acceptor; the path from His33 is much 

longer, as enforced by the structure of the protein. Changing either of those pathways in 

a meaningful way would require an extensive mutagenesis campaign because covalent 

bonds must be changed. Structural studies would also be needed if stable protein could 

even be produced. In contrast, the ET pathway that extends from position 62 (His62 in the 

mutant shown in Figure 2.1 and Figure 3.1) is thought to be mediated via a series of  

bonds and two hydrogen bonds. Altering the nature of the hydrogen bonds along the 

pathway is more straightforward via conservative substitutions (see below). The work 

described in this Chapter probes how changing hydrogen bonds affects donor-acceptor 

coupling along what was thought to be an established ET pathway.  
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Figure 3.1. Yeast iso-1-cytochrome c favoured pathway leading from His62-
Asp60-Trp59 to the iron heme with two hydrogen bonds shown as 
dashed lines (left). An alternative pathway is shown from His62-
Asn63-Met64 to the iron heme with a through-space jump shown as 
a dashed line (right) (PDB 1YCC). 

3.1.2. Pathway model recap 

As outlined in Chapter 1, the rate of ET depends on the composition of the medium 

that separates a donor and an acceptor. The metric used to describe the level of electronic 

coupling via a given pathway is called HDA (see above). Sigma () bonds contribute the 

most to HDA, which makes sense based on the orbital overlaps involved in forming covalent 

bonds. Through-spaced jumps are avoided, in general, because such steps are similar to 

tunneling through a vacuum. Intermediate between those extremes are hydrogen bonds. 

In pathways involving both covalent and hydrogen bonds, it may be possible to ascertain 

the importance of single hydrogen bonds by systematically removing them. 

3.1.3. Project outline 

In cyt c, the pathway of interest explores the case where two hydrogen bonds are 

present. The pathway begins at amino acid position 62 (yeast cyt c numbering) at the 

surface of the heme (Figure 3.1).  here is a hydrogen bond between Asp60’s carboxyl 

group to an amide in the peptide backbone and another between the NH group in the 

indole side chain of Trp59 to a heme propionate group. This pathway is favoured 

(indicated by computation) over a more direct pathway starting from position 62, via 

Met64, followed by a through-space jump to the heme.83,84 
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Figure 3.2. Proposed substitutions to yeast iso-1-cytochrome c. The surface 
cysteine created from Asn62Cys allows covalent labelling with a 
Ru(II) photosensitizer. Both Trp59Phe and Asp60Ala substitutions 
remove a hydrogen bond in the 62-60-59 pathway. The Met64Leu 
substitution increases the length of a through-space jump. 

To alter the hydrogen bond characteristics, a series of substitutions have been 

incorporated to modify the residues participating in the interactions using site-directed 

mutagenesis (Figure 3.2). An Asp60Ala substitution was made which eliminated the 

carboxyl group of the aspartate side chain with the methyl side chain of alanine so no 

hydrogen bonding can occur with the backbone. A second set of substitutions were made 

to Trp59 including Trp59Tyr and Trp59Phe. In the former, changing the tryptophan to a 

tyrosine causes a change in the side chain from an NH to an OH hydrogen bond donor. 

For the latter, the phenylalanine contains a relatively unreactive benzyl group that is 

unable to form a hydrogen bond. The Met64Leu mutant was also produced as a means 

to confirm that the pathway containing a through-space jump was not operative. Lastly, to 
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perform flash-quench experiments to determine ET rates, an additional Asn62Cys surface 

substitution was created in all mutants to enable the covalent attachment of a ruthenium 

photosensitizer. The photosensitizer acts as an artificial electron acceptor from the donor 

heme iron, and, by using recently developed Cys reactive Ru complexes, we can 

investigate reactions that are driving force optimized.85 This gives the best chance to 

clearly understanding how one or two hydrogen bonds influence intramolecular ET. 

3.2. Experimental 

3.2.1. Materials 

Luria broth powder, yeast extract, ampicillin, chloramphenicol, and buffer salts 

were from BioShop Canada. Ruthenium trichloride was from Pressure Chemical, 2,2´-

bipyridyl and 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline from Sigma-Aldrich and 4,4´-

dimethyl-2,2´-bipyridyl was from Alfa Aesar. Hexaamineruthenium(III) chloride was 

recrystallized before use from 40°C 1 M HCl. Water used was from a Barnstead EASYpure 

system (18 MΩ cm–1). Gases were from Praxair Canada. 

3.2.2. Synthesis of Ru(II) complexes 

The compound [Ru(2,2´-bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-

phenanthroline)](PF6)2 was prepared following literature methods.85,86 In 20 mL of 3:1 (v/v) 

ethanol: water, 400 mg cis-Ru(2,2´-bipyridyl)2Cl2 and 150 mg 5,6-epoxy-5,6-dihydro-1,10-

phenanthroline ligand were added and refluxed in the dark for 3h. Following solvent 

removal, a saturated solution of NH4PF6 was added dropwise to precipitate the product. 

An orange precipitate was washed and collected by vacuum filtration. The Ru(II) complex 

was characterized by Ultraviolet–Visible (UV–Vis) spectroscopy, MALDI-TOF, and 1H 

NMR. 

[Ru(2,2´-bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)](PF6)2. 

Orange solid. Yield: 570 mg, 82%. MALDI-TOF MS m/z = 609.19 [M-H]+ (calculated: 

609.11). 1H NMR (500 MHz, acetone-d6): δ (ppm) 5.07-5.12 (m, 2H), 7.51 (t, 1H, 6.6 Hz), 

7.58-7.63 (m, 3H), 7.68 (dd, 1H, 5.7, 7.8 Hz), 7.74 (dd, 1H, 5.7, 7.7 Hz), 7.97 (d, 1H, 5.5 

Hz), 8.07-8.11 (m, 4H), 8.17 (d, 1H, 5.6 Hz), 8.20-8.25 (m, 4H), 8.58 (dd, 2H, 4.3, 7.8 Hz), 

8.80-8.85 (m, 4H). 
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For the preparation of [Ru(4-4´-dimethyl-2,2´-bipyridyl)2(1,10-

phenanthroline)](PF6)2, in 10 mL of 3:1 (v/v) ethanol : water, 100 mg of cis-Ru(4-4´-

dimethyl-2,2´-bipyridyl)2Cl2 and 35 mg 1,10-phenanthroline ligand were added and 

refluxed in the dark for 3h. Following solvent removal, a saturated solution of NH4PF6 was 

added dropwise to precipitate the product. An orange precipitate was washed and 

collected by vacuum filtration. The Ru(II) complex was characterized by UV–Vis 

spectroscopy, MALDI-TOF, and 1H NMR. 

[Ru(4-4´-dimethyl-2,2´-bipyridyl)2(1,10-phenanthroline)](PF6)2. Orange solid. 

Yield: 91 mg, 75%. MALDI-TOF MS m/z = 651.06 [M+H]+ (calculated: 651.18). 1H NMR 

(500 MHz, acetone-d6): δ (ppm) 8.79, 8.78, 8.71, 8.66, 8.43, 8.42, 8.41, 8.39, 7.97, 7.96, 

7.93, 7.92, 7.91, 7.90, 7.83, 7.82, 7.66, 7.65, 7.46, 7.45, 7.39, 7.37, 7.20, 7.18, 2.61, 2.56, 

2.50. 

For the preparation of [Ru(4-4´-dimethyl-2,2´-bipyridyl)2(5,6-epoxy-5,6-dihydro-

1,10-phenanthroline)](PF6)2, in 20 mL of 3:1 (v/v) ethanol : water, 100 mg of cis-Ru(4-4´-

dimethyl-2,2´-bipyridyl)2Cl2 and 40 mg of 5,6-epoxy-5,6-dihydro-1,10phenanthroline 

ligand were added and refluxed in the dark for 3h. The solvent was removed and a 

saturated solution of NH4PF6 was added dropwise to precipitate the product. A dark 

orange precipitate was washed and collected by vacuum filtration. The Ru(II) complex was 

characterized by UV–Vis spectroscopy, MALDI-TOF, and 1H NMR. 

[Ru(4-4´-dimethyl-2,2´-bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-

phenanthroline)](PF6)2. Dark orange solid. Yield: 95 mg, 75%. MALDI-TOF MS m/z = 

665.11 [M-H]+ (calculated: 665.17) 1H NMR (500 MHz, acetone-d6): δ 8.80, 8.69, 8.66, 

8.54, 8.24, 8.22, 8.15, 8.14, 8.05, 8.04, 7.89, 7.88, 7.83, 7.82, 7.73, 7.72, 7.71, 7.70, 7.67, 

7.65, 7.64, 7.51, 7.41, 7.38, 7.31, 7.30, 5.08, 2.56. 

3.2.3. Site-directed mutagenesis 

S. cerevisiae iso-1-cytochrome c mutants were prepared using CYC1 WT* cloned 

in pET20b vector (Novagen) between the NdeI and BamHI restriction sites. WT* contained 

two additional substitutions, Lys72Ala and Cys102Ser. The mutants Asn62Cys, 

Asn62Cys/Asp60Ala, Asn62Cys/Trp59Tyr, Asn62Cys/Trp59Phe, 

Asn62Cys/Asp60Ala/Trp59Tyr, Asn62Cys/Asp60Ala/Trp59Phe, and 
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Asn62Cys/Met64Leu were introduced into WT* using the Q5 High-Fidelity PCR Kit (New 

England Biolabs). All mutations were introduced by site-directed mutagenesis with PCR. 

See Appendix B for the forward and reverse primers used (Integrated DNA Technologies). 

PCR cleanup was performed using the Qiagen QIAquick PCR Purification Kit and template 

DNA digested with DpnI restriction enzyme (Thermo Scientific FastDigest) followed by 

another PCR cleanup. PCR reaction mixtures were transformed into chemically competent 

5-alpha E. coli cells (New England Biolabs) and selected for on ampicillin-supplemented 

LB agar plates. Agar plates were incubated for 16 hours at 37°C. Single colonies were 

then grown with shaking for 16 hours at 37°C in liquid LB media with 100 µg/mL ampicillin. 

Plasmid DNA was purified from the cultures using the Qiagen QIAprep Spin Miniprep Kit. 

The sequences were verified using Eurofins Genomics SimpleSeq Sanger sequencing 

service. 

3.2.4. Protein expression and purification 

Mutant pET20b-CYC1 plasmid and pEC8673 plasmid containing E. coli 

ccmABCDEFGH genes were sequentially transformed into chemically competent 

BL21(DE3) E. coli (New England Biolabs) and incubated on ampicillin and 

chloramphenicol-supplemented LB agar plates for 16 hours at 37°C. Ten colonies were 

incubated with shaking in 75 mL LB with 100 µg/mL ampicillin and 25 µg/mL 

chloramphenicol for 7.5 hours (37°C, 180 rpm). Large-scale expressions of 10.5 L LB2YE, 

100 µg/mL ampicillin, and 25 µg/mL chloramphenicol were inoculated with 63 mL of the 

starter culture. The cultures were incubated with shaking for 4.5 hours (37°C, 120 rpm) 

before decreasing the temperature and incubating for an additional 14.5 hours (30°C, 85 

rpm). Cultures were harvested by centrifugation (4500 g, 10 min, 4°C) and pellets stored 

at –80°C prior to purification. 

Cell pellets were resuspended in 100 mL lysis buffer containing 50 mM Tris, 1 mM 

 D A, 1 mM  MSF, 10 mM β-mercaptoethanol, 1 mM sodium ascorbate, 1 µg/ml DNase 

I, and 1 mg/mL lysozyme at pH 8. Resuspension was sonicated for 6 minutes (Branson 

Digital Sonifier 250 Cell Disruptor) on ice and the supernatant was collected by 

centrifugation (24,000 g, 60 min, 4°C). The cyt c in the clarified lysate was purified with a 

CM Sepharose cation exchange column as follows. The column was pre-equilibrated with 

10 mM Tris and 0.1 mM EDTA followed by loading the supernatant. The column was 

washed with 3 column volumes of lysis buffer containing 50 mM Tris, 1 mM EDTA, 1 mM 
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 MSF, 10 mM β-mercaptoethanol, and 1 mM sodium ascorbate (pH 8). Gradient elution 

was performed using a buffer of 20 mM Tris, 0.1 mM EDTA, and 0 to 250 mM NaCl (pH 

8). Eluted protein containing cytochrome c was combined and exchanged into 5 mM 

sodium phosphate buffer at pH 7 by gel filtration with a PD-10 column (Cytiva) and 

concentrated by ultrafiltration (Amicon, 10 kDa). Protein purity was determined using UV–

Vis spectrophotometry to compare the ratio between the Soret and 280 nm peaks. A 12% 

SDS-PAGE was also performed and stained with Coomassie Brilliant Blue R-250. 

3.2.5. Mass spectrometry 

MALDI-TOF was used to confirm the identity of the mutants. Data collection was 

performed using a Bruker microFLEX MALDI-TOF instrument. Unlabelled cytochrome c 

and Ru(bpy)2(phen) and Ru(Me2bpy)2(phen) labelled cyt c samples were prepared for 

mass spectrometry (MS) analysis using ZipTipC18 (Millipore) and eluted with 1:1 (v/v) 

acetonitrile : 0.1% trifluoroacetic acid (TFA) in water. Sinapinic acid was used as the 

MALDI matrix by mixing 1:1 (v/v) ZipTipC18 eluted protein to a solution containing 30:70 

(v/v) acetonitrile : 0.1% TFA in water saturated with sinapinic acid. The mixture was then 

deposited onto a Bruker MALDI Biotarget 48 target plate over a dried drop from saturated 

sinapinic acid in ethanol. Theoretical monoisotopic masses of the protein were calculated 

based on the DNA sequence using the ExPASy Compute pI/Mw tool.75–77  

3.2.6. Optical spectroscopy 

The pyridine hemochrome assay was performed according to literature methods 

to determine extinction coefficients.41 Fe(III) spectra were recorded following the addition 

of 100 µL of cyt c to 2.9 mL of 50 mM NaOH, 20% pyridine, and 6 µL of 0.1 M potassium 

ferricyanide. Spectra were collected immediately and recollected at 2-minute intervals for 

6 minutes. Solid sodium dithionite was then added to reduce Fe(III) to Fe(II)-cyt c, and the 

Fe(II) spectra were recorded similarly at 2-minute intervals for 6 minutes. Spectra were 

corrected by subtracting the baseline recorded for the solution before the addition of cyt 

c. Fe(III)-cytochrome c optical spectra in 5 mM sodium phosphate buffer at pH 7 were 

recorded using a Cary 100 Bio UV–Visible spectrophotometer. Excess solid L-ascorbic 

acid was then added to reduce Fe(III) to Fe(II)-cyt c  and the spectra were recorded. 
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3.2.7. Circular dichroism spectroscopy 

Far–UV circular dichroism spectra were collected using an Applied Photophysics 

Chirascan spectrometer. Fe(III)-cyt c CD spectra were collected at a concentration of 5 

µM in 5 mM sodium phosphate buffer at pH 7. Afterwards, solid sodium dithionite was 

added to reduce Fe(III) to Fe(II)-cyt c and CD spectra were collected. The instrument 

reports circular dichroism in units of mdeg which was converted to molar ellipticity to 

correct for concentration. Protein secondary structure was estimated using the Beta 

Structure Selection (BeStSel) tool based on the far–UV CD spectra limited between 190-

250 nm.48,49 Similarly as a comparison, the Circular Dichroism analysis using Neural 

Networks (CDNN) tool was also used to deconvolute far–UV CD spectra between 185-

260 nm.47 

3.2.8. Electrochemistry 

Electrochemical measurements were performed using a CH Instruments 6171B 

potentiostat. Cyclic voltammetry and differential pulse voltammetry experiments to 

determine cytochrome c Fe3+/2+ reduction potentials consisted of a three-electrode cell with 

a gold disc working electrode (2 mm diameter), Pt wire counter electrode, and Ag/AgCl 

reference electrode with saturated KCl (CH Instruments). The gold working electrode was 

freshly treated with 4-mercaptopyridine prior to each CV and DPV experiment following 

literature methods.87 Briefly, the gold electrode was immersed in ethanol for 10 minutes 

followed by polishing with 0.3 µm alumina water slurry for 5 minutes. The electrode was 

then treated in an ultrasonic pool of water for 10 minutes followed by immersion in a 

solution of 1 mM 4-mercaptopyridine for 30 seconds. All electrochemical measurements 

used potassium ferricyanide as an external standard with potentials referenced to the 

normal hydrogen electrode (NHE). Reduction potentials for cytochrome c were measured 

in 100 mM sodium phosphate buffer at pH 7. The measurement of oxidation potential for 

[Ru(4-4´-dimethyl-2,2´-bipyridyl)2(1,10-phenanthroline)](PF6)2 complex by CV was 

performed using a three-electrode cell setup with an indium tin oxide (ITO) coated glass 

as the working electrode, basal plane graphite counter electrode, and Ag/AgCl reference 

electrode with saturated KCl. The compound was dissolved in 0.01 M H2SO4 electrolyte 

and [Ru(bpy)3]Cl2 was used as the external standard. 
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3.2.9. Kinetics 

Cytochrome c mutants were first labelled with either [Ru(2,2´-bipyridyl)2(5,6-epoxy-

5,6-dihydro-1,10-phenanthroline)](PF6)2 or [Ru(4-4´-dimethyl-2,2´-bipyridyl)2(5,6-epoxy-

5,6-dihydro-1,10-phenanthroline)](PF6)2. For either label, 2.5 mL of 100 µM cyt c was 

exchanged into 100 mM Tris buffer at pH 8.5 by gel filtration. Solid dithiothreitol (DTT) was 

added in excess and the solution was incubated at 37°C with shaking for 1 hour. DTT was 

removed by exchanging into 100 mM Tris buffer at pH 8.5 by gel filtration. To this solution, 

125 µL of 20 mM of either Ru(II) label dissolved in dimethylformamide was added dropwise 

and incubated at 20°C with shaking for 3 hours in the dark. The reaction was stopped and 

excess Ru(II) label was removed by gel filtration into 100 mM sodium phosphate buffer at 

pH 7. Before purifying, solid potassium ferricyanide was added. The Ru(II) labelled cyt c 

was purified by a fast protein liquid chromatography (FPLC) system (Pharmacia) with a 

HiTrap sulfopropyl Sepharose high-performance cation exchange column (Cytiva). A 

linear NaCl gradient was used for elution with 100 mM sodium phosphate buffer, pH 7 

(Buffer A) and 100 mM sodium phosphate buffer with 500 mM NaCl, pH 7 (Buffer B). 

Fractions containing Ru-cyt c were combined and 15 equivalents of K2CO3 added. The 

solution was incubated for 1 hour at 20°C with shaking in the dark before being 

concentrated by ultrafiltration. Labelled protein was characterized with UV–Vis and 

MALDI-TOF. Yields were calculated based on comparing the amount of cyt c prior to the 

labelling reaction with labelled cyt c obtained following FPLC purification. 

Before flash-quench experiments, (2,2´-bipyridyl)2(5-cysteinyl-1,10-

phenanthroline)Ru(II)-modified cyt c and (4-4´-dimethyl-2,2´-bipyridyl)2(5-cysteinyl-1,10-

phenanthroline)Ru(II)-modified cyt c solutions were reduced from Fe(III) to Fe(II) cyt c with 

excess L-ascorbic acid and desalted into 100 mM sodium phosphate buffer, pH 7 by gel 

filtration. Solutions of 1.5 mL of approximately 15 µM Ru-cyt c with or without 100 µL of 

150 mM Ru(NH3)6Cl3 quencher in 1 cm quartz cuvettes with a high vacuum valve sidearm 

were degassed with N2 using pump/fill cycles. Time-resolved fluorescence spectroscopy 

was performed with and without quencher using a Nd:YAG laser pump pulse at 460 nm. 

Fluorescence emission was monitored for (2,2´-bipyridyl)2(5-cysteinyl-1,10-

phenanthroline)Ru(II)-cyt c samples at 620 nm and (4-4´-dimethyl-2,2´-bipyridyl)2(5-

cysteinyl-1,10-phenanthroline)Ru(II)-cyt c samples at 610 nm. Transient absorption (TA) 

spectroscopy experiments were performed with a Nd:YAG laser pump pulse at 460 nm 
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and probe at 550 nm with a Xe arc lamp. Rate constants were determined using 

MA LAB’s Curve Fitting  oolbox following a two-exponential fit. 

3.3. Results and discussion 

3.3.1. Protein expression 

Four new mutants of yeast cyt c and their Ru-modified variants were produced and 

characterized. Mutations were introduced using standard site-directed mutagenesis 

techniques to known WT* protein which included additional substitutions Lys72Ala and 

Cys102Ser. Sequencing was performed to verify mutations were present at the intended 

locations. As the wild-type yeast iso-1 cyt c protein contains a trimethyllysine post-

translational modification at position 72, Lys72Ala prevents lysine coordination to the 

heme iron. Cys102Ser eliminates a surface cysteine, a site of potential cysteine-linked 

dimerization and prevents Ru(II) mislabelling. The successful expressions yielded pink E. 

coli pellets, an indication of cyt c overexpression as Fe(III) and Fe(II)-cyt c are red and 

pink, respectively. We attempted to investigate the Asn62Cys/Trp59Tyr and 

Asn62Cys/Asp60Ala/Trp59Phe mutants, but the proteins proved to be unstable and 

expression yields were modest. Attempts to express triple mutant 

Asn62Cys/Asp60Ala/Trp59Tyr were unsuccessful as E. coli growth slowed significantly. 

The origin of the dramatic decrease in protein stability in these mutants is not known. 
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Figure 3.3. SDS-PAGE of purified Fe(II) yeast iso-1 cytochrome c WT* and 
variants. The red arrow indicates the band representing cyt c (~12.6 
kDa). 

Following purification using cation exchange chromatography, the identity and 

purity of each of the variant proteins were confirmed using SDS-PAGE (Figure 3.3) and 

MALDI-TOF mass spectrometry (Figure B.1 to B.7). The gel indicated the presence of a 

strong band at approximately 12.6 kDa, the expected average cyt c mass factoring in both 

the protein sequence and post-translational modifications. Further, MALDI-TOF mass-to-

charge values were also in good agreement with calculated monoisotopic masses for all 

variants (Table 3.1). 
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Table 3.1. Unlabelled Fe(III) cytochrome c variant masses collected from 
MALDI-TOF mass spectrometry 

Variant Expected Average 
Mass (Da) 

Expected Monoisotopic 
Mass (Da) 

Obtained 
Monoisotopic Mass 

(Da) 

WT* 12665.20 12655.29 12640.23 
Asn62Cys 12654.23 12644.26 12647.57 
Asn62Cys/Asp60Ala 12610.22 12600.27 12607.51 
Asn62Cys/Trp59Tyr 12631.20 12621.24 12623.79 
Asn62Cys/Trp59Phe 12615.20 12605.25 12609.31 
Asn62Cys/Met64Leu 12636.20 12626.30 12640.23 
Asn62Cys/Asp60Ala/Trp59Phe 12571.19 12561.26 12571.25 

 

3.3.2. Optical spectroscopy 

The heme content and extinction coefficient for the Asn62Cys, 

Asn62Cys/Asp60Ala, Asn62Cys/Trp59Tyr, Asn62Cys/Trp59Phe, Asn62Cys/Met64Leu, 

and Asn62Cys/Asp60Ala/Trp59Phe mutants were determined using the pyridine 

hemochromagen assay. The assay involves protein denaturation and replacement of the 

His18/Met80 axial ligands with pyridine (Figure B.16 and B.17). Despite different amino 

acid substitutions surrounding the heme moiety and the assay performed on intact 

covalently bound heme, it has been found that the surrounding protein environment has 

negligible effects on the absorption profile once the protein is denatured.41 Spectra were 

collected at 2-minute intervals for 6 minutes following reduction with sodium dithionite to 

ensure complete reduction of Fe(III). No changes in the spectra were observed after 2 

minutes. 

None of the substitutions induce significant changes to the energy or the intensity 

of the electronic transitions of the proteins with respect to the WT* cyt c (Figure 3.4 and 

B.18). These include comparable absorption profiles for the Soret band (S0 → S2 

transition) ranging between 408 to 409 nm for Fe(III)-cyt c and 414 to 415 nm for Fe(II)-

cyt c. The Fe(II)-cyt c Q-bands (S0 → S1 transition) were also comparable to each other 

with wavelengths between 520 to 521 nm and 549 to 550 nm. The presence and similarity 

of the 695 nm sulfur to iron charge-transfer band for the mutants except for 

Asn62Cys/Trp59Tyr and Asn62Cys/Asp60Ala/Trp59Phe indicate that Met80 sulfur 

ligation to the iron is retained as it is for the WT* protein (Figure 3.5). 
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While the unstable Asn62Cys/Trp59Tyr variant did not display noticeable 

differences in the Soret and Q-bands, it did present a substantial red-shift to 704 nm for 

the charge-transfer brand. Any alterations to the charge-transfer band associated with 

Met80-iron ligation indicate changes in the integrity of the bond and subsequently the 

conformational state of the heme crevice.88 With the addition of the Trp59Tyr mutation to 

Asn62Cys, a tryptophan that forms an H-bond with a heme propionate group was 

substituted with a tyrosine. Similar to tryptophan, the tyrosine can also H-bond to the 

propionate through the phenolic hydroxyl group. However, it likely caused a large enough 

disturbance at the heme prosthetic group that it inhibited the protein’s ability to fold 

similarly to WT*. Complete absence of the charge-transfer band suggests loss of Met80 

axial coordination which may be the case for the similarly unstable 

Asn62Cys/Asp60Ala/Trp59Phe triple mutant. It is unclear at this time what species may 

have replaced Met80 but in pH-induced studies of unfolding Met80 intact protein, a lysine 

from elsewhere has been found to coordinate from the heme coordination loop (residues 

70−85) such as Lys73 and Lys79.89,90 In urea-induced denaturation of 

Lys72Ala/Lys73Ala/Lys79Ala cyt c, His26 and His33 have instead been found replacing 

Met80 during the unfolding process.91 
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Figure 3.4. Optical spectra of unmodified Fe(III) (blue trace) and Fe(II) (red trace) 
yeast iso-1 cytochrome c WT* and variants in 5 mM sodium 
phosphate at pH 7.0. 
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Figure 3.5. Optical spectra of the charge-transfer band from unmodified Fe(III) 
yeast iso-1 cytochrome c WT* and variants in 5 mM sodium 
phosphate at pH 7.0. 
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3.3.3. Circular dichroism spectroscopy 

Far–UV circular dichroism spectra for unmodified Asn62Cys protein strongly 

resemble features reported in spectra for WT* in the literature for both energy and molar 

ellipticity (Figure 3.6).92 The Asn62Cys, Asn62Cys/Asp60Ala and Asn62Cys/Trp59Phe 

mutants exhibit α-helical characteristic double minima at 220 nm (n → π* transition) and 

208 nm (π → π* transition) for both Fe(III)-cyt c and Fe(II)-cyt c. A maximum was also 

observed at 194–195 nm (π → π* transition). The double minima for the Fe(III) form of 

Asn62Cys/Trp59Tyr while present, is distorted comparatively with a shift to 217 nm along 

with an increase in molar ellipticity and a reduction in molar ellipticity at 207 nm. 

Surprisingly, the Fe(II) form exhibited smaller shifts to 219 nm and 208 nm indicating the 

additional Trp59Tyr mutation affects the Fe(III) protein structure disproportionately. 

Further, there was a shift in the maximum to 192 nm and 193 nm for Fe(III) and Fe(II) 

respectively, accompanied by a large reduction in molar ellipticity. The result suggests 

that in line with UV–Vis spectrophotometric findings, there are minimal structural 

differences in both secondary and tertiary features upon insertion of the Asn62Cys 

mutation. Likewise, the Fe(III)-cyt c and Fe(II)-cyt c Asn62Cys/Asp60Ala and 

Asn62Cys/Trp59Phe spectra are also very similar indicating little perturbation upon 

removing H-bonding features in the pathway of interest. Unsurprisingly, given the red-shift 

in the charge-transfer band for the Asn62Cys/Trp59Tyr mutant, the Fe(III) and Fe(II) CD 

spectra were notably different from the others (Figure 3.5). 

Estimates of discrepancies in secondary structure based on collected Fe(III) and 

Fe(II) CD spectra were examined with both CDNN and BeStSel tools. With CDNN, the 

secondary structures evaluated for Asn62Cys, Asn62Cys/Asp60Ala, and 

Asn62Cys/Trp59Phe were all closely aligned with each other based on predicted 

percentages (Table 3.2). Estimations did not vary much even between Fe(III) and Fe(II) 

forms. Analysis with BeStSel also produced similar results (Table 3.3). As the CD spectra 

produced two strong minima between 208–220 nm and a strong maximum at 194–195 

nm, indicative of α-helical structure, the estimations of secondary structure unsurprisingly 

also suggested a predominance of α-helices. The Asn62Cys/Trp59Tyr variant had lower 

percentages of α-helical structure and greater parallel and anti-parallel structures owing 

to the differences in the CD spectra collected. 
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Figure 3.6. Far–UV circular dichroism spectra of unmodified Fe(III) (top) and 
Fe(II) (bottom) yeast iso-1 cytochrome c variants in 5 mM sodium 
phosphate at pH 7.0. 
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Table 3.2. Estimated percent secondary structure composition of Fe(III) and 
Fe(II)-cytochrome c analyzed with Circular Dichroism for Neural 
Networksa 

 Structure Asn62Cys Asn62Cys/ 
Asp60Ala 

Asn62Cys/ 
Trp59Tyr 

Asn62Cys/ 
Trp59Phe 

Fe(III)cyt c Helix 29.7 31.3 25.2 28.9 
 Antiparallel 12.9 11.4 25.3 14.3 
 Parallel 9.1 8.6 9.2 9.2 
 Beta-Turn 18.0 17.7 20.1 18.3 
 Random Coil 32.8 31.1 29.6 32.8 
 Total Sum 102.4 100.0 109.3 103.5 

Fe(II)cyt c Helix 30.4 30.4 28.0 28.8 
 Antiparallel 12.6 12.4 17.4 14.2 
 Parallel 8.8 8.8 8.9 9.3 
 Beta-Turn 18.0 17.9 18.9 18.3 
 Random Coil 31.3 31.7 30.5 33.2 
 Total Sum 101.0 101.1 103.7 103.8 

aCalculated using data from circular dichroism spectra between 185 to 260 nm in 5 mM sodium phosphate, pH 7.0. 

Table 3.3. Estimated percent secondary structure composition of Fe(III) and 
Fe(II)-cytochrome c analyzed with Beta Structure Selectiona 

 Structure Asn62Cys Asn62Cys/ 
Asp60Ala 

Asn62Cys/ 
Trp59Tyr 

Asn62Cys/ 
Trp59Phe 

Fe(III)cyt c Helix 26.6 28.4 20.5 25.5 
 Antiparallel 6.2 4.9 11.1 4.6 
 Parallel 2.8 3.6 8.6 9.4 
 Beta-Turn 15.4 15.7 15.3 14.4 
 Others 49.0 47.4 44.5 46.1 
 Total Sum 100.0 100.0 100.0 100.0 

Fe(II)cyt c Helix 26.8 26.1 20.4 23.3 
 Antiparallel 2.9 2.8 8.7 4.2 
 Parallel 4.1 4.2 10.5 10.5 
 Beta-Turn 15.5 15.7 14.7 13.9 
 Others 50.7 51.2 45.8 47.9 
 Total Sum 100.0 100.0 100.1 99.8 

aCalculated using data from circular dichroism spectra between 190 to 250 nm in 5 mM sodium phosphate, pH 7.0. 

3.3.4. Electrochemistry 

The redox properties of WT* and each cyt c variant were investigated using CV 

and DPV (Table 3.4). Cyt c was adsorbed on 4-mercaptopyridine self-assembled 

monolayers on the surface of a gold electrode. The pyridine nitrogen in 4-

mercaptopyridine loosely interacts with cyt c through H-bond networks. Under the 

condition of 100 mM sodium phosphate at pH 7.0, CV and DPV reduction potentials for 

WT* were 0.289 V and 0.284 V, respectively. While it can be difficult to compare literature 
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values due to differing buffer compositions, the values are nearly identical within error to 

reported values of 0.286 V in 100 mM sodium phosphate buffer at pH 6.0 and 0.272 V in 

100 mM sodium phosphate buffer at pH 7.4 collected by CV.92 Measured WT* values were 

also similar to a reported WT value of 0.290 V.89 In the absence of protein, no 

electrochemical response was observed. 

Table 3.4. Reduction potentialsa of cytochrome c variants from cyclic and 
differential pulse voltammetry 

 E°’ (V)b E°’ (V)c 

WT* 0.289 ± 0.004 0.284 ± 0.006 
Asn62Cys 0.289 ± 0.003 0.283 ± 0.002 
Asn62Cys/Asp60Ala 0.286 ± 0.005 0.279 ± 0.006 
Asn62Cys/Trp59Phe 0.276 ± 0.007 0.267 ± 0.007 
Asn62Cys/Met64Leu 0.288 ± 0.003 0.281 ± 0.004 

aReduction potentials (vs. NHE) were recorded in 100 mM sodium phosphate at pH 7.0. bReduction potentials obtained 
from cyclic voltammetry. cReduction potentials obtained from differential pulse voltammetry. 

 

Figure 3.7. Cyclic voltammograms (CV) of 100-200 μM unmodified yeast iso-1 
cytochrome c at the surface of a gold electrode coated with 4-
mercaptopyridine. All CVs were recorded with a scan rate of 100 
mV/s in 100 mM sodium phosphate at pH 7.0. The arrow shown 
indicates the scan direction. 

All variants of interest have remarkably similar FeIII/FeII reduction potentials from 

CV suggesting that the substitutions have little effect on altering the heme environment 
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(Figure 3.7). A decrease in reduction potential has been associated with an increase in 

solvent exposure of the heme for c-type cytochromes.6,93–95 The standard redox potentials 

collected from CV compared to DPV were also very similar (Figure 3.8). While the variant 

Asn62Cys/Trp59Phe had a downward shift of 13 mV from CV and 17 mV from DPV 

relative to WT*, the difference is negligible and any changes in heme solvent exposure 

minimal. For reference, a reduction of 13 mV and 17 mV corresponds to an estimated 

0.9% and 1.1% increase in solvent exposure, respectively.93 

 

Figure 3.8. Normalized differential pulse voltammograms (DPV) of unmodified 
cyt c in 100 mM sodium phosphate at pH 7.0. DPV parameters: scan 
rate, 20 mV/s; pulse width, 100 ms; and amplitude, 25 mV. 

Of note, no clear peaks were observed at positive reduction potentials for the 

Asn62Cys/Trp59Tyr and Asn62Cys/Asp60Ala/Trp59Phe mutants from CV and DPV 

experiments. In mutants with a dramatic change in the heme environment such as loss of 

axial heme iron Met80 coordination in the Met80Ala/Cys102Thr mutant, a decrease of 

nearly 500 mV has been observed relative to WT* ( °’ = –0.194 V vs. NHE).96 In this case, 

based on structural data, a cavity is created near the distal heme site with coordination of 

an OH– ion and minimal perturbance of nearby residues.97 In wild-type (WT) protein, urea 

denaturation studies showed that unfolding of the protein during which Met80 is replaced 

by His26 or His33 causes the reduction potential to decrease by nearly 500 mV as well 
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( °’ = –0.244 V vs. NHE).91 Compounding evidence based on optical spectroscopy, 

circular dichroism spectroscopy, and electrochemistry suggests that both the 

Asn62Cys/Trp59Tyr and Asn62Cys/Asp60Ala/Trp59Phe mutants are unlikely to maintain 

the same fold as Asn62Cys, Asn62Cys/Asp60Ala, Asn62Cys/Trp59Phe, and 

Asn62Cys/Met64Leu. Further experiments may be performed to determine the presence 

of reduction peaks with negative potentials for these two mutants. 

3.3.5. Ru(II) labelling 

To investigate ET reactions in a driving force optimized (–∆G° = λ) regime, we 

created the yeast cyt c mutants to allow for labelling with a ruthenium tris(diimine) complex. 

In contrast, Ru(bpy)2(imidazole)2 used in the past occur at a lower driving force. Analogous 

to the Ru-His62 protein systems, the native Asn62 was converted to Cys using site-

directed mutagenesis. The only other surface cysteine residue available in the WT protein 

was mutated from Cys102 to Ser in WT*, allowing for site-specific labelling at Cys62. Two 

other cysteine residues, Cys14 and Cys17 are covalently linked to the heme through 

thioether bonds.  

The new Asn62Cys proteins were modified with two different Cys-reactive labels 

(see Experimental Section): Ru(bpy)2(epoxy-phen) or Ru(Me2bpy)2(epoxy-phen). The 

resultant proteins were purified following a modified protocol for P450 BM3.85 All mutants 

were bioconjugated at the Cys62 thiol side chain with either label through opening of the 

epoxy ring followed by β-hydroxy cysteinyl formation. Potassium carbonate was then used 

to allow for dehydration and aromatization of the label. 

It is worth noting that, while the labels were prepared according to the literature, 

their 1H NMR spectra were complex. The spectra are set out in Appendix B.23–B27. The 

Cys-reactive 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline has two potential isomers when 

ligated to Ru and the Ru complex itself has two isomers (∆ and ). The former isomers 

are removed on aromatization of the phen ring on reaction with Cys, but the ∆ and  

isomers remain. In practice, these are never isolated for studies of this nature and the 

redox properties of the isomers are invariant. 

Successful bioconjugation for Asn62Cys, Asn62Cys/Asp60Ala, 

Asn62Cys/Trp59Phe, and Asn62Cys/Met64Leu was seen with a change in colour of the 
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purified Fe(II)Ru-cyt c from pink to orange (Figure 3.9). Yields were in the range of 25 to 

45% depending on the variant and label used. Additionally, MALDI-TOF mass 

spectrometry experiments demonstrated an appropriate mass shift in the m/z values of 

the different variants (Table 3.5 and Figure B.8 to B.15). The labelled proteins were 

characterized by UV–Vis. All variants had near-identical electronic transition energies and 

intensities as Asn62Cys (Figure B.31). Further, in comparison to unlabelled proteins, the 

optical spectra for the Soret and Q-bands were also near-identical indicating the modified 

proteins have maintained proper folding (Figure 3.10 and 3.11). The appearance of a 

shoulder was seen at approximately 460 nm for Ru(bpy)2(phen) and 470 nm for 

Ru(Me2bpy)2(phen) labelled proteins corresponding to metal-to-ligand charge-transfer for 

Ru(II). The shoulder was expected for both labels due to absorption in the region with the 

free labels (Figure B.28 and B.30). 

 

 

Figure 3.9. Bioconjugation of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II) (top) and (4-4´-dimethyl-2,2´-bipyridyl)2(5-
cysteinyl-1,10-phenanthroline)Ru(II) (bottom) to yeast iso-1 
cytochrome c Asn62Cys variants. The covalently bound sulfur 
shown is part of the Cys62 side-chain. 

In the case of Fe(II)Ru-Asn62Cys/Trp59Tyr, conjugation of both Ru(II) labels 

appeared to be unsuccessful. For Ru(bpy)2(phen) labelled, there did not appear to be the 
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appearance of a shoulder at 460 nm as expected in the UV–Vis absorption spectrum 

(Figure B.32). Addition of sodium ascorbate was unable to reduce the heme to Fe(II) unlike 

other mutants as evident by the lack of a red-shift in the Soret and appearance of Q-bands 

at 521 and 550 nm. The Asn62Cys/Trp59Tyr mutant labelled with Ru(Me2bpy)2(phen) 

appeared to show a marked increase in absorption at 470 nm indicative of conjugation 

(Figure B.33). Addition of sodium ascorbate was able to convert a small percentage of 

species from Fe(III) to Fe(II) as seen by the appearance of Q-bands at 521 and 549 nm 

but with lower than expected absorption intensities. The expected red-shift in the Soret 

band for both Ru(II) labelled Asn62Cys/Trp59Tyr mutants was also not seen. Expected 

masses as characterized by MALDI-TOF were also not readily apparent. 

Table 3.5. Ru(II)-cytochrome c variant masses collected from MALDI-TOF mass 
spectrometry 

Label Variant Expected Monoisotopic 
Mass (Da) 

Obtained Monoisotopic 
Mass (Da) 

Ru(bpy)2(phen) Asn62Cys 13147.30 13155.36 
 Asn62Cys/Asp60Ala 13103.31 13115.92 
 Asn62Cys/Trp59Phe 13108.29 13118.00 
 Asn62Cys/Met64Leu 13129.34 13136.11 

Ru(Me2bpy)2(phen) Asn62Cys 13203.36 13218.60 
 Asn62Cys/Asp60Ala 13159.37 13171.23 
 Asn62Cys/Trp59Phe 13164.35 13175.28 
 Asn62Cys/Met64Leu 13185.40 13209.57 
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Figure 3.10. Optical spectra of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c variants in 
the Fe(III) (blue trace) and Fe(II) (red trace) oxidation states. Spectra 
were recorded in 5 mM sodium phosphate at pH 7.0. 
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Figure 3.11. Optical spectra of (4-4´-dimethyl-2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c variants in 
the Fe(III) (blue trace) and Fe(II) (red trace) oxidation states. Spectra 
were recorded in 5 mM sodium phosphate at pH 7.0. 

3.3.6. ET kinetics 

ET kinetics were explored in each of the Asn62Cys, Asn62Cys/Asp60Ala, 

Asn62Cys/Trp59Phe, and Asn62Cys/Met64Leu mutants using time-resolved laser 

spectroscopy. In all cases, a flash quench scheme (Figure 1.2) was used to generate 

protein-tethered Ru(III) oxidants. The quencher used was [Ru(NH3)6]Cl3. The normalized 

kinetics traces for all of the mutants with the two different labels are shown in Figure 3.12 

and the individual traces are shown in Appendix B.34 and B.35. The traces are single 

wavelength traces at 550 nm that follow the oxidation of Fe(II)-cyt c by the flash-quench 

generated Ru(III) oxidant. The data show that Asn62Cys, Asn62Cys/Asp60Ala, and 

Asn62Cys/Trp59Phe follow similar curves unlike that of Asn62Cys/Met64Leu for both 
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Ru(II) labels. A summary of the rate constants and ET driving forces are tabulated in Table 

3.6.  

 

 

Figure 3.12. Normalized kinetic traces to values between 0 and –1 (dots) and fits 
(solid lines) for Ru(bpy)2(phen) (top) and Ru(Me2bpy)2(phen) (bottom) 
labelled cytochrome c mutants. 

Table 3.6. Thermodynamic and kinetic parameters of Ru(bpy)2(phen) and 
Ru(Me2bpy)2(phen) labelled cytochrome c mutants 

 ∆G° (bpy) logk (bpy) ∆G° (Me2bpy) logk (Me2bpy) 

Asn62Cys –0.98 4.36±0.07 –0.85 4.29±0.03 
Asn62Cys/Asp60Ala –0.98 4.36±0.04 –0.85 4.32±0.04 
Asn62Cys/Trp59Phe –0.99 4.36±0.02 –0.86 4.35±0.02 
Asn62Cys/Met64Leu –0.98 4.13±0.06 –0.85 4.04±0.06 
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3.3.7. Analysis of electron transfer rate constants and pathways 

The most striking result from the data shown in Table 3.6 is that elimination of 

either hydrogen bond involving Asp60 or Trp59 causes no change in the ET rate constant. 

We predicted that removing these interactions would slow heme to Ru(III) ET by 

decreasing HDA.1 This decrease could either result from the introduction of a through-

space jump along the known position62-heme ET pathway or by forcing the pathway along 

a longer network of covalent bonds. However, the data indicate that this pathway is not 

operative and the relevant pathway involves ET along Asn63 and Met64. Mutation of 

Met64 to Leu causes a factor of 2 decrease in the ET rate constant. The pathway involves 

a series of covalent bonds followed by a through-space jump between Met64 and the 

heme edge. 

The reactions investigated here occur at high driving forces. Based on the 

reorganization energy of cyt c (0.8 eV)24,98 and that of Ru(bpy)3
3+/2+ (1.3. eV),12,99,100 we 

estimate the overall reorganization energy () for ET from cyt c-Fe(II) to Ru(III) to be 1 eV 

using the additivity postulate (see Chapter 1). Work using photosensitizers based on 

Ru(bpy)2(imidazole)2 showed a  value near 0.8 eV, while these using a Ru-label with a 

larger intrinsic  showed a value of over 1.2 eV. 

Using the above value for  and the observed rate constants, we can estimate 

values for HDA in WT* and Met64Leu cyt c. Taking the close contact value HAB
0 = 186  

cm–1, our estimates for HDA are 0.009 and 0.007 cm–1 for Ru-WT* and Ru-Met64Leu, 

respectively. The values were calculated using the rate data for the Ru(bpy)2(phen) label 

since it is close to being driving force optimized (i.e., –∆G° = ). PyMOL-generated models 

(Figure 3.13) suggest that the Met64Leu mutation increases the through-space jump 

between residue 64 and the heme by 0.6 Å (i.e., 3.3 Å for Met64 and 3.9 Å for Leu64). At 

a fixed distance, which assumes that the mutation does not dramatically affect protein 

dynamics on the ET timescale, this change in HDA corresponds to a 0.03 Å–1 change in the 

distance decay constant  (see Chapter 1). Given the exponential distance dependence 

for ET reactions, these very small changes in through-space jump distances can affect ET 

 

1 For a more detailed explanation of HDA and its importance, the interested reader should consult 
Chapter 1. 
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rates in a big way. In the current system, the distance changes result in a factor of 2 

difference in ET rate constant. 

 

Figure 3.13. Comparison of the through-space jumps involved in ET along the 
position 62-63-64 pathway in cyt c. The Ru label is at position 62 in 
the Asn62Cys mutant. The dashed line and corresponding distance 
show the close contact distance between residue 64 and the heme 
edge. Hydrogens were not included in the distance calculations. 

An important limitation of the above analysis based on X-ray structure distances is 

that only the locations of non-hydrogen atoms are known with any degree of certainty. It 

is possible to add hydrogens programmatically in PyMOL, but their locations are not 

optimized. Doing so, in this case, results in a larger change in the position 64 to heme 

through-space jump (1.0 Å, 1.8 Å for Met64 and 2.8 Å for Leu64). In addition, this purely 

structure-based analysis ignores the fundamental differences in Met and Leu. While both 

residues can be classified as “hydrophobic,” the polarizability of Met is much greater than 

that of Leu. There likely exists a dipolar interaction between the – Met-sulfur and the + 

of the edge of the heme. Ultimately, a computational comparison of these pathways will 

yield greater insight into these electronic effects, as well as any changes to protein 

dynamics. 

3.4. Conclusion 

A series of Ru-modified cyt c variants have been produced and characterized. At 

the outset, the goal of this project was to elucidate the role of the two hydrogen bond-

mediated ET steps in a long-standing ET pathway in cyt c. The pathway had been 

proposed to occur along a peptide section from position 62 to Trp59. However, removal 

of either of the hydrogen bonds (i.e., in the Asp60Ala or Trp59Phe mutants) induced no 
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change in the observed rate of ET from Fe(II)-heme to a flash-quench-generated Ru(II) 

oxidant. A mutation to an alternative pathway that was previously discounted, that is the 

Met64Leu mutation, slowed the rate of ET by a factor of two. The donor-acceptor distance 

in the WT* and Met64Leu proteins are expected to be the same, so the observed change 

in ET rate is due to changes in the donor-acceptor electronic coupling. 

This study revisited an established ET system based on cyt c and showed that one 

of the proposed pathways is probably not operative, at least in the Ru-Cys62 driving force-

optimized model investigated here. This study also provides a systematic model to 

understand the quantitative effects on ET rate constant (kET) from increasing the distance 

of a through-space jump. We also suspect that the differences in the physical properties 

(e.g., polarizability) of Met and Leu may play roles in electronic coupling in this system. A 

computational analysis of the ET pathway is underway at this time in collaboration with 

Prof. David Beratan (Duke University). 
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Chapter 4.  
 
Exploring a tyrosine microenvironment in 
Pseudomonas aeruginosa azurin using fluorinated 
tyrosines 

4.1. Introduction 

Elucidating the properties of a single amino acid in a protein is a great challenge. 

In some proteins, single amino acids can play special roles, in particular at and around 

enzyme active sites. Examples that have received special attention include, Tyr161 in 

photosystem II, Trp59 in cytochrome c peroxidase, and Tyr122 in E. coli ribonucleotide 

reductase.101 In all of the above examples, the amino acid is redox-active, cycling between 

its closed-shell configuration and the corresponding 1-electron oxidized radical. Open- 

and closed-shells are defined by a valence shell that is either not fully filled with electrons 

or fully filled, respectively. This mode of reactivity of amino acid side chains, reminiscent 

of the redox cycling in a transition metal, is crucial for life and has generated a body of 

research congruent with this importance. While a great deal of work emerged in the mid-

1900s, new roles and thinking about amino acid radicals continues to emerge.102,103 The 

goal of the work in this Chapter is to produce robust protein systems where the physical 

properties for protein-embedded tyrosine can be elucidated. 

The use of unnatural amino acids has substantially aided researchers’ ability to 

investigate unique properties of proteins. This includes a wide range of uses, from probing 

features of enzyme active sites104 to generating modified proteins in vivo to investigating 

protein regulation and dysregulation.105 One exceptional example of how unnatural amino 

acids can be used to probe enzymatic mechanisms is Stubbe’s incorporation of nitro-, 

amino,- and fluorotyrosine amino acids into ribonucleotide reductase.106–109 In short, this 

10-year series of studies revealed unprecedented details about the kinetics and 

thermodynamics of electron transport in ribonucleotide reductase. Part of the success of 

this study was the detailed investigation of the physical properties of the site-selectively 

incorporated tyrosine residues. These are landmark studies but are specific to the unique 

tyrosine sites in ribonucleotide reductase. Given the widespread importance of tyrosine, it 
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is desirable to investigate a simple protein system where properties of unnatural tyrosine 

residues could be probed. 

4.1.1. Project outline 

In order to develop a model where the properties of open- and closed-shell Tyr can 

be investigated, a stable protein scaffold is needed. As shown in Chapter 2, selecting the 

right protein system is sometimes not straightforward. For the work described in this 

Chapter, the well-characterized, blue copper protein azurin from P. aeruginosa was 

chosen as the model system. Azurin is a small blue copper protein that is localized in the 

periplasmic space. It participates in bacterial denitrification by facilitating single-electron 

transfer reactions between Cu(I) and Cu(II).11 Taking advantage of this, the copper ion is 

useful as either a donor or acceptor in ET studies. A mutant azurin with Tyr at position 48 

(i.e., Trp48Tyr) and where all other Tyr has been changed to Phe (i.e., Tyr72Phe, 

Tyr107Phe) is known (Figure 4.1). Using the amber stop codon technology described 

above, a series of artificial azurins were created where Tyr48 is replaced with different 

fluorotyrosine residues. 

 

Figure 4.1. Image of Tyr48 azurin (PDB ID 3U25) showing the position of Tyr48 
buried in the core of azurin. For reference, the Cu ion is shown as a 
copper-coloured sphere. 

The electron paramagnetic resonance (EPR) spectroscopy of the Tyr48 radical 

has been investigated.110 The properties are unique when compared to other tyrosine 
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radicals, which can be attributed to the unique hydrophobic site of position 48 in azurin.111 

Related studies on the Trp48 radical, further support that the core of azurin has distinct 

properties that can be probed spectroscopically.112,113 In particular, magnetic resonance is 

useful in assessing the hydrogen bonding properties of the radical sites.113 Raman and 

fluorescence measurements also inform on the nature of the Trp48 environment.114 There 

are fewer nuclear magnetic resonance studies that target these sites specifically, though 

there are NMR studies of azurin that are available.115 In sum, position 48 in azurin is an 

excellent site for probing the properties of embedded amino acids and their radicals. The 

incorporation of Fn-Tyr described in this Chapter is a step toward having a single platform 

with which to understand the physical properties of those residues in real protein 

environments. 

4.2. Experimental 

4.2.1. Materials 

All reagents used were purchased from Sigma-Aldrich and used without 

purification unless otherwise noted. Miller LB broth, Terrific broth (TB), and L-arabinose 

were purchased from BioShop. 2-fluorophenol, 2,3-difluorophenol, 2,6-difluorophenol, 

2,3,6-trifluorophenol, and 2,3,5,6-tetrafluorophenol were purchased from Tokyo Chemical 

Industry. Water used was from a Barnstead EASYpure system (18 MΩ cm–1). 

4.2.2. Site-directed mutagenesis 

P. aeruginosa azurin mutant was prepared from a modified wild-type azurin gene 

(azu) with all Trp and Tyr amino acids mutated to Phe which is designated as all-Phe 

(Trp48Phe/Tyr72Phe/Tyr108Phe). The gene cloned in pET3a (Novagen) was then 

mutated to include an amber stop codon, Trp48TAG and a change from the terminal TAG 

stop codon to a TAA stop codon. The mutations were introduced by site-directed 

mutagenesis with the Q5 High-Fidelity PCR Kit (New England Biolabs). See Appendix C 

for the forward and reverse primers used (Integrated DNA Technologies). PCR cleanup 

was performed using the Qiagen QIAquick PCR Purification Kit and parent DNA digested 

with DpnI restriction enzyme (Thermo Scientific FastDigest). PCR reaction mixtures were 

transformed into 5-alpha chemically competent E. coli cells (New England Biolabs) and 

selection performed on ampicillin-supplemented LB agar incubated at 37°C, 16 hours. 
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Plasmid DNA from single colonies grown in liquid LB media was purified using the Qiagen 

QIAprep Spin Miniprep Kit. Sequences were verified using the Eurofins Genomics 

SimpleSeq Sanger sequencing service. 

4.2.3. Synthesis of fluorotyrosines 

E. coli strain SVS 370 containing pTZTPL plasmid was provided as a gift from 

JoAnne Stubbe from Massachusetts Institute of Technology. Expression of TPL for Fn-Tyr 

synthesis was based on literature-reported methods.69,71,72 SVS 370 E. coli transformed 

with pTZTPL encoding tpl H343A was grown on LB agar supplemented with ampicillin. A 

single colony was grown in 30 mL LB with 100 µg/mL ampicillin (37°C, 180 rpm, 16 hours). 

From the starter culture, 16 mL was used to inoculate 8 L of broth containing 1% (w/v) 

casein enzymic hydrolysate, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium chloride, and 

100 µg/mL ampicillin. The broth was incubated (37°C, 150 rpm, 20 hours) and centrifuged 

(2000 g, 10 min, 4°C). The pellet was resuspended in 115 mL of 0.1 M potassium 

phosphate buffer (pH 7) containing 1 mM EDTA, 0.1 mM pyridoxal phosphate, and 5 mM 

β-mercaptoethanol. The cells were lysed by sonication for 3 minutes on ice (Branson 

Digital Sonifier 250 Cell Disruptor) and clarified lysate collected by centrifugation (25,000 

g, 30 min, 4°C). 

Synthesis of Fn-Tyr (n = 1–4) including 3-F-Tyr, 2,3-F2-Tyr, 3,5-F2-Tyr, 2,3,5-F3-

Tyr, and 2,3,5,6-F4-Tyr were based on literature reported methods.54,70 For the synthesis 

of all fluorotyrosines, 10 mM of the corresponding fluorophenol was added to 2 L of 30 

mM ammonium acetate, 60 mM sodium pyruvate, and 5 mM β-mercaptoethanol adjusted 

to pH 8 with ammonium hydroxide. To each solution with the exception of 2,3,5,6-

tetrafluorotyrosine, 40 µM pyridoxal phosphate and approximately 60 U of TPL were 

added where one unit is defined as 1 µmol of product per minute. The solution was stirred 

in the dark at 22°C for 3-4 days. For 2,3,5,6-F4-Tyr, 40 µM pyridoxal phosphate and 

approximately 600 U of TPL were added. The reaction was continued for 3-4 weeks in the 

dark at 22°C with an additional 40 U of TPL and 1 mM of 2,3,5,6-tetrafluorophenol added 

each week. To purify all fluorotyrosines, HCl was added to all solutions to pH 2.7 to 

precipitate TPL. The precipitate was removed by filtering through a Celite pad. Unreacted 

fluorophenol was removed by liquid-liquid extraction using 500 mL ethyl acetate. The 

aqueous layer was loaded on a Dowex 50W-X8 hydrogen form cation exchange column 

(20-50 mesh) equilibrated with water. The column was washed with 8 column volumes of 



63 
 

water and eluted with 10% (v/v) ammonium hydroxide. Fractions containing α-amino acids 

as determined by a positive ninhydrin test were combined and solvent removed in vacuo. 

The Fn-Tyr analogues were characterized using 1H and 19F NMR recorded with a Bruker 

Ultrashield Plus 500 MHz (see Chapter 2). 

4.2.4. Protein expression and purification 

The pEVOL-FnYRS-E3 plasmid was provided as a gift from JoAnne Stubbe from 

Massachusetts Institute of Technology.53 Protein expression optimizations included 

different concentrations of Fn-Tyr, the absence and presence of IPTG for induction, and 

post-induction incubation temperature. The expression levels of whole cell lysate were 

then analyzed using SDS-PAGE and expression levels determined with densitometry in 

ImageJ.74 

Mutant azu Trp48TAG/Tyr72Phe/Tyr108Phe with TAA terminal stop codon and 

pEVOL-FnYRS-E3 were sequentially transformed into chemically competent BL21(DE3) 

E. coli cells (New England Biolabs) and selected for on ampicillin and chloramphenicol-

supplemented LB agar (37°C, 16 hours). A single colony was inoculated into a starter 

culture of 25 mL LB supplemented with 100 µg/mL ampicillin and 25 µg/mL 

chloramphenicol then incubated (37°C, 180 rpm, 16 hours). From the starter culture, 3 mL 

was used to inoculate 1 L LB supplemented with 0.4% (v/v) glycerol, 100 µg/mL ampicillin, 

25 µg/mL chloramphenicol, and 1 mM of the appropriate Fn-Tyr solubilized with 

ammonium hydroxide. The large culture was incubated (37°C, 180 rpm) and induced at 

an OD600 of 0.65 where 1 mM IPTG and 0.02% L-arabinose were added. The culture was 

incubated further (30°C, 180 rpm, 17.5 hours) and the pellet collected by centrifugation 

(4500g, 15 min, 4°C). 

Azurin all-Phe (Trp48Phe/Tyr72Phe/Tyr108Phe) as a control was expressed 

similarly with transformation into chemically competent BL21(DE3) E. coli cells and 

selected for with ampicillin-supplemented LB agar (37°C, 16 hours). A single colony was 

inoculated into a 35 mL starter culture of LB supplemented with 100 µg/mL ampicillin and 

incubated (37°C, 180 rpm, 16 hours). From the starter culture, 3 mL was used to inoculate 

1 L LB supplemented with 0.4% (v/v) glycerol and 100 µg/mL ampicillin. After incubation 

(37°C, 180 rpm) to an OD600 of 0.65, 1 mM IPTG was added. The culture was then 
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incubated at reduced temperature (30°C, 180 rpm, 17.5 hours) and the pellet collected by 

centrifugation (4500g, 15 min, 4°C). 

An osmotic shock was performed where the pellet was resuspended in 10 mL of 

50 mM Tris (pH 8.1), 1 mM EDTA, and 20% sucrose and incubated at 4°C for 20 minutes. 

The resuspension was centrifuged (6000 g, 20 min, 4°C) and the pellet resuspended in 

20 mL of 500 µM MgCl2. The resuspension was incubated at 4°C (20 min) and centrifuged 

(17,500 g, 20 min, 4°C). The supernatant was collected and the azurin metallated with 

1.25 mL of 100 mM CuSO4 and 750 µL of 500 mM sodium acetate (pH 4.5) added 

dropwise while stirring. The light blue solution was incubated (37°C, 180 rpm, 21.5 hours) 

and centrifuged (17,500 g, 20 min, 4°C) to remove the precipitate. The solution was 

purified with a CM Sepharose cation exchange column (Cytiva) equilibrated with 30 mM 

sodium acetate (pH 4). The column was washed with 3 column volumes of 30 mM sodium 

acetate (pH 4) and azurin eluted with 100 mM sodium acetate (pH 4.5). Fractions 

containing azurin were combined, concentrated by ultrafiltration (Amicon, 10 kDa), and 

exchanged into 30 mM sodium acetate buffer (pH 4) by gel filtration with a PD-10 column 

(Cytiva). UV–Vis spectra were collected of azurin in 30 mM sodium acetate (pH 4) with a 

Cary 100 Bio UV–Visible spectrophotometer. 

4.2.5. Mass spectrometry 

MALDI-TOF was used to verify the identities of mutant Fn-Tyr-azurin. Data 

collection was performed with a Bruker microFLEX MALDI-TOF instrument. Azurin 

mutants were prepared for MS analysis by exchanging them into water. Sinapinic acid 

was used as the MALDI matrix where the azurin was mixed 1:1 (v/v) with a solution 

containing 30:70 (v/v) acetonitrile : 0.1% TFA in water saturated with sinapinic acid. The 

mixture was then deposited onto a Bruker MALDI Biotarget 48 target plate over a dried 

drop of saturated sinapinic acid in ethanol. Theoretical monoisotopic masses of the protein 

were calculated based on the DNA sequence using the ExPASy Compute pI/Mw tool.75–

77  

4.3. Results and discussion 

The azurin mutation of interest, namely Trp48TAG was produced using site-

directed mutagenesis and verified with sequencing. Initial expression tests of azurin Fn-
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Tyr48 containing the additional substitutions Tyr72Phe and Tyr108Phe did not appear to 

produce any desired protein following osmotic shock and the purification procedure. In 

contrast, expression and isolation of the control azurin all-Phe mutant 

(Trp48Phe/Tyr72Phe/Tyr108Phe) was typical. Given that expression required not only the 

plasmid carrying the azurin mutant gene but pEVOL-FnYRS-E3 which encodes for the 

tRNA and aaRS involved in Fn-Tyr insertion, the results were not all that surprising. Small-

scale expression tests were carried out to optimize the production of azurin and visualized 

on an SDS-PAGE gel (Figure 4.2). Two different temperatures at 30 and 37°C were 

examined with the lack or presence of IPTG at 0.5 and 1 mM. While there did not appear 

to be significant overexpression of the protein, there were measurable differences in the 

intensity of the bands. Conditions of 30°C and addition of 1 mM IPTG provided the most 

intense band. 

 

Figure 4.2. Whole-cell lysate SDS-PAGE gel of test expressions for 3-F-Tyr 
TAG48 incorporated azurin. The effect of IPTG concentration for 
induction of pET3a plasmid containing azu was examined along with 
incubation temperature post-induction. The red arrow indicates the 
band representing azurin (~13.9 kDa). 
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With the optimized parameters, 1 L preparative scale expressions of azurin were 

performed. Following osmotic shock, the periplasmic proteins were collected and 

presence of full-length azurin was assessed on an SDS-PAGE gel (Figure 4.3). Of the five 

Fn-Tyr examined, all of them had a band present with a mass of approximately 13.9 kDa, 

in line with the expected mass of the different variants and similar to the 

Trp48Phe/Tyr72Phe/Tyr108Phe control (Table 4.1). Further, the intensity of background 

proteins was also lower comparatively. Of these, 3-F-Tyr and 3,5-F2-Tyr variants were 

purified and a light blue solution was obtained for each suggesting the existence of copper-

metallated azurin. SDS-PAGE reconfirmed the presence of a band at 13.9 kDa of higher 

intensity (Figure 4.4). MALDI-TOF further verified that the two 3-F-Tyr and 3,5-F2-Tyr 

variants had masses of 13900 and 13914 Da respectively, which were close to the 

expected monoisotopic masses (Figure C.1 and C.2). 

 

Figure 4.3. SDS-PAGE gel of azurin Trp48-Fn-Tyr/Tyr72Phe/Tyr108Phe 
expressions incorporated with Fn-Tyr following osmotic shock. The 
control (C) represents concurrent expression of known azurin all-
Phe (Trp48Phe/Tyr72Phe/Tyr108Phe) following osmotic shock. The 
red arrow indicates the band representing azurin (~13.9 kDa). 
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Table 4.1. Calculated and MALDI-TOF collected masses of azurin variants 

Variant Expected Average 
Mass (Da) 

Expected Monoisotopic 
Mass (Da) 

Obtained Monoisotopic 
Mass (Da) 

Trp48TAG Truncateda 5128.72 5125.39 — 
Trp48-(3-F-Tyr) 13908.76 13899.75 13899.64 
Trp48-(2,3-F2-Tyr) 13926.75 13917.75 — 
Trp48-(3,5-F2-Tyr) 13926.75 13917.75 13914.39 
Trp48-(2,3,5-F3-Tyr) 13944.74 13935.74 — 
Trp48-(2,3,5,6-F4-Tyr) 13962.73 13953.73 — 

aTruncated protein masses calculated based on the azurin Trp48TAG/Tyr72Phe/Tyr108Phe sequence up to and 
including Asn47. 

 

Figure 4.4. SDS-PAGE gel of purified azurin Trp48TAG/Tyr72Phe/Tyr108Phe 
incorporated with Fn-Tyr. The red arrow indicates the band 
representing azurin (~13.9 kDa). 

Optical spectra were collected and yields were determined to be 0.2 mg/L and 6.1 

mg/L for 3-F-Tyr and 3,5-F2-Tyr respectively, where L is the volume of expression media 

(Figure 4.5). Both spectra show the presence of a band at 417 nm which is likely attributed 

to the coelution of cytochrome c during purification as expressed by the E. coli itself (see 

Chapter 3). Even low concentrations of cyt c contamination may be seen due to its 

relatively large Soret band’s extinction coefficient. Further optimizing the expression of 
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azurin to increase the ratio of recombinant to basally expressed protein may help to 

decrease the relative amount of cyt c present during the purification process. Further, both 

spectra had similar energies and intensities of the ligand-to-metal charge transfer 

transition at 625 and 627 nm for both variants.116 WT azurin also has a reported absorption 

maximum at 625 nm suggesting the copper environment is preserved for 3-F-Tyr and 3,5-

F2-Tyr.117 Given the proximity of the Trp48 amino acid in WT to the copper, it can be 

conceived that distortions to the surrounding protein will cause large changes in the 

absorption maximum. 

 

 

Figure 4.5. Optical spectra of 3-F-Tyr48 and 3,5-F2-Tyr48 azurin variants in 60 
mM sodium acetate at pH 4.0. 
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4.4. Conclusion 

Based on our preliminary experimentation as a proof of concept, we have 

successfully expressed azurin with Trp48-(3-F-Tyr) and Trp48-(3,5-F2-Tyr) incorporated 

as observed with SDS-PAGE and MALDI-TOF experiments. Optical spectroscopy was 

also used as a starting point to determine any structural differences at the copper site due 

to Fn-Tyr substitution. With the promising results of the initial characterization studies, 

future experiments will include further structural characterization based on 

electrochemistry and circular dichroism spectroscopy to determine the effect insertion of 

fluorotyrosines has on the overall structure. The other fluorotyrosines including 2,3-F2-Tyr, 

2,3,5-F3-Tyr, and 2,3,5,6-F4-Tyr will also be expressed and explored in more detail prior 

to electron paramagnetic resonance studies. 
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Chapter 5.  
 
Closing remarks and future directions 

Intraprotein electron transfer is essential for enabling the shuttling of electrons in 

biological systems and thus has attracted a large body of research from scientists. We 

further build on this foundation of research with the work reported in this thesis with an 

emphasis on modifying interactions in ET pathways. We first describe a method for 

incorporating fluorotyrosine unnatural amino acids into cytochrome c in order to modify an 

ET pathway by small increments (Chapter 2). Next, a series of substitutions were made 

to cyt c, namely Asp60Ala, Trp59Phe, and Met64Leu to modify hydrogen bonding in a 

second pathway (Chapter 3). Finally, we conducted preliminary experiments to illustrate 

proof of concept for introducing fluorotyrosines into azurin at position 48 in order to 

develop a system for understanding the properties of open- and closed-shell Tyr unnatural 

amino acids in a protein system (Chapter 4). 

Chapter 2 described the process for substituting Tyr67 with different 

fluorotyrosines to examine an ET pathway beginning at Cys66. Through various 

optimization schemes, expression yields appeared to have increased noticeably based on 

SDS-PAGE results. However, while it appeared as though full-length cyt c with various 

fluorotyrosines were incorporated with no truncated protein detected, the expression 

levels were too poor to allow for downstream characterization experiments. In the process, 

a new plasmid was created combining both the cyt c gene and ccmABCDEFGH allowing 

for simpler expression protocols in the future and increased plasmid compatibilities. Given 

the structural importance of Tyr67 in maintaining the hydrogen bond network, it may be 

useful to target tyrosine residues that do not play significant roles in structure and function 

in the future. We are actively exploring the usage of the amber suppression system to 

incorporate fluorotyrosines in other protein models including azurin as discussed in 

Chapter 4. 

Chapter 3 evaluated the significance of the cyt c hydrogen bond network in the 

context of ET. The Cys62 pathway was selected due to the presence of two hydrogen 

bonds. Separate substitutions were made to remove the hydrogen bonds separately with 

Asp60Ala and Trp59Phe which were expected to slow ET. Surprisingly, upon designing 
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the Ru-modified variants of these proteins, flash-quench experiments demonstrated that 

removal of these interactions did not change ET rates. I proceeded to generate a third 

mutation set with Met64Leu to examine an alternative ET pathway. The mutation 

increases the through-space jump between amino acid 64 and the heme. Flash-quench 

experiments showed that the rate of ET decreased by a factor of 2 indicating a preference 

for this pathway over the previously described one. Computational studies are currently 

being performed to study the electronic effects of these mutants. Given that the effect of 

hydrogen bonds was not able to be studied for ET, future work can explore hydrogen bond 

networks in other protein pathways. Further, it may be of interest to explore the Trp59Tyr 

mutant for any potential peroxidase activity given the likelihood of weakened or lost Met80-

iron ligation. 

Chapter 4 revisited the incorporation of fluorotyrosines in a different protein model, 

azurin. The fluorotyrosines were incorporated at position 48 to create mutants that are 

closely related to each other to study open- and closed-shell Tyr48. I have expressed 3-

F-Tyr and 3,5-F2-Tyr variants of azurin thus far and am in the process of performing 

preliminary characterization for 2,3,5-F3-Tyr as well. With the azurin, I intend to further 

characterize the protein to understand the redox properties of the Tyr48 in comparison 

with Fn-Tyr48. I aim to use techniques including spectroscopy, electrochemistry, and 

magnetic resonance studies to examine this. 

Over the course of examining the incorporation of fluorotyrosines in proteins, it 

appears as though the simpler the protein is to express, the better the outcome will be. 

For cyt c, a host of cytochrome c maturation proteins are required (ccmABCDEFGH) for 

expression which can pose a large burden on the E. coli on top of the need to produce 

machinery to incorporate the fluorotyrosines themselves. Expression levels of cyt c, to 

begin with, were already low in contrast to azurin. Further, a downside with azurin is that 

the protein is secreted to the periplasmic space requiring an osmotic shock to be 

performed for isolation. Thus, a fine balance is required between extracting as much 

protein from this space as possible without rupturing the cells themselves and releasing 

difficult to separate cytoplasmic proteins. It would seem that protein models of interest 

should feature already high expression levels for WT and simple expression and 

purification systems to encourage the best outcomes. 
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 Appendix A.   
 
Supporting information for Chapter 2 

Table A.1 Primers for Glu66Cys series of CYC1 mutants and ccmABCDEFGH. 

Mutation  Sequence (5’ → 3’) 

Glu66Cys Forward GTCATGCTACTTGACTAACCCAGCG 
 Reverse GTCAAGTAGCATGACATGTTATTTTCGTCCC 
Glu66Cys/Tyr67TAG Forward GTCATGCTAGTTGACTAACCCAGCG 
 Reverse GTCAACTAGCATGACATGTTATTTTCGTCCC 
   
Cytc_NdeI Forward ATTCTACATATGAAATACCTGCTGCCGACCGC 
Cytc_XhoI Reverse TTGGAACTCGAGTTACTCAGAGGCTTTTTTCAAG 
   
Ccm_NcoI Forward TAATGTCCATGGATGGGTATGCTTGAAGCCAGAG 
Ccm_HindIII Reverse AATGTCAAGCTTTTATTTACTCTCCTGCGGCGAC 
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Figure A.1. 1H NMR spectrum (500 MHz) for 3-fluorotyrosine in D2O.  
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Figure A.2. 19F NMR spectrum (500 MHz) for 3-fluorotyrosine in D2O.  
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Figure A.3. 1H NMR spectrum (500 MHz) for 2,3-difluorotyrosine in D2O.  
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Figure A.4. 19F NMR spectrum (500 MHz) for 2,3-difluorotyrosine in D2O.  
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Figure A.5. 1H NMR spectrum (500 MHz) for 3,5-difluorotyrosine in D2O.  
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Figure A.6. 19F NMR spectrum (500 MHz) for 3,5-difluorotyrosine in D2O. 
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Figure A.7. 1H NMR spectrum (500 MHz) for 2,3,5-trifluorotyrosine in D2O. 
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Figure A.8. 19F NMR spectrum (500 MHz) for 2,3,5-trifluorotyrosine in D2O. 
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Figure A.9. 1H NMR spectrum (500 MHz) for 2,3,5,6-tetrafluorotyrosine in D2O.  
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Figure A.10. 19F NMR spectrum (500 MHz) for 2,3,5,6-tetrafluorotyrosine in D2O.  
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Figure A.11. MALDI-TOF mass spectrometry of Fe(III) yeast iso-1 cytochrome c 
WT* expressed from the combined pETDuet-1-
ccmABCDEFGH/CYC1Glu66Cys/Tyr67TAG plasmid. Expected mass: 12655 
Da; observed mass: 12641 Da. 
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Appendix B.   
 
Supporting information for Chapter 3 

Table B.1 Primers for Asn62Cys series of CYC1 mutants. 

Mutation  Sequence (5’ → 3’) 

Asn62Cys Forward GGACGAATGTAACATGTCAGAGTACTTGACTAAC 
 Reverse CATGTTACATTCGTCCCACAACACGTTTTTCTTG 
Asp60Ala Forward GTTGTGGGCCGAATGTAACATGTCAGAGTACTTGACTAAC 
 Reverse CATTCGGCCCACAACACGTTTTTCTTGATATTGGC 
Asn62Cys/Trp59Tyr Forward GTGTTGTATGACGAATGTAACATGTCAGAGTACTTG 
 Reverse CATTCGTCATACAACACGTTTTTCTTGATATTGGC 
Asn62Cys/Trp59Phe Forward CGTGTTGTTTGACGAATGTAACATGTCAGAGTACTTG 
 Reverse CATTCGTCAAACAACACGTTTTTCTTGATATTGGC 
Asn62Cys/Met64Leu Forward AAACGTGTTGTGGGACGAATGTAACCTGTCAGA 
 Reverse GCTGGGTTAGTCAAGTACTCTGACAGGTTACAT 
Asn62Cys/Asp60Ala/
Trp59Tyr 

Forward GTGTTGTATGCCGAATGTAACATGTCAGAGTACTTG 

 Reverse CATTCGGCATACAACACGTTTTTCTTGATATTGGC 
Asn62Cys/Asp60Ala/
Trp59phe 

Forward GTGTTGTTTGCCGAATGTAACATGTCAGAGTACTTG 

 Reverse CATTCGGCAAACAACACGTTTTTCTTGATATTGGC 
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Figure B.1. MALDI-TOF mass spectrometry of Fe(III) yeast iso-1 cytochrome c 
WT*. Expected mass: 12655 Da; observed mass: 12640 Da. 

 

Figure B.2. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys. Expected mass: 12644 Da; observed mass: 
12648 Da. 

 

Figure B.3. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys/Asp60Ala. Expected mass: 12600 Da; 
observed mass: 12608 Da. 
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Figure B.4. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys/Trp59Tyr. Expected mass: 12621 Da; 
observed mass: 12624 Da. 

 

Figure B.5. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys/Trp59Phe. Expected mass: 12605 Da; 
observed mass: 12609 Da. 

 

Figure B.6. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys/Met64Leu. Expected mass: 12626 Da; 
observed mass: 12640 Da. 
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Figure B.7. MALDI-TOF mass spectrometry of unlabelled Fe(III) yeast iso-1 
cytochrome c Asn62Cys/Asp60Ala/Trp59Phe. Expected mass: 12561 
Da; observed mass: 12571 Da. 
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Figure B.8. MALDI-TOF mass spectrometry of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c Asn62Cys. 
Expected mass: 13147 Da; observed mass: 13155 Da. 

 

Figure B.9. MALDI-TOF mass spectrometry of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c 
Asn62Cys/Asp60Ala. Expected mass: 13103 Da; observed mass: 
13116 Da. 

 

Figure B.10. MALDI-TOF mass spectrometry of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c 
Asn62Cys/Trp59Phe. Expected mass: 13108 Da; observed mass: 
13118 Da. 
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Figure B.11. MALDI-TOF mass spectrometry of (2,2´-bipyridyl)2(5-cysteinyl-1,10-
phenanthroline)Ru(II)-modified yeast iso-1 cytochrome c 
Asn62Cys/Met64Leu. Expected mass: 13129 Da; observed mass: 
13136 Da. 
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Figure B.12. MALDI-TOF mass spectrometry of (4-4´-dimethyl-2,2´-bipyridyl)2(5-
cysteinyl-1,10-phenanthroline)Ru(II)-modified yeast iso-1 
cytochrome c Asn62Cys. Expected mass: 13203 Da; observed mass: 
13219 Da. 

 

Figure B.13. MALDI-TOF mass spectrometry of (4-4´-dimethyl-2,2´-bipyridyl)2(5-
cysteinyl-1,10-phenanthroline)Ru(II)-modified yeast iso-1 
cytochrome c Asn62Cys/Asp60Ala. Expected mass: 13159 Da; 
observed mass: 13171 Da. 

 

Figure B.14. MALDI-TOF mass spectrometry of (4-4´-dimethyl-2,2´-bipyridyl)2(5-
cysteinyl-1,10-phenanthroline)Ru(II)-modified yeast iso-1 
cytochrome c Asn62Cys/Trp59Phe. Expected mass: 13164 Da; 
observed mass: 13175 Da. 
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Figure B.15. MALDI-TOF mass spectrometry of (4-4´-dimethyl-2,2´-bipyridyl)2(5-
cysteinyl-1,10-phenanthroline)Ru(II)-modified yeast iso-1 
cytochrome c Asn62Cys/Met64Leu. Expected mass: 13185 Da; 
observed mass: 13210 Da. 
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Figure B.16. UV–Vis spectra of the pyridine hemochrome assay for Fe(III) (red 
line), Fe(II) (blue line), and Fe(III)-Fe(II) difference (green line) for 
cytochrome c WT* and variants. Absorbance values were compared 
with published extinction coefficients for c-type cytochromes to 
determine the concentration of the original protein.41 
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Figure B.17. UV–Vis spectra of the pyridine hemochrome assay for Fe(III) (red 
line), Fe(II) (blue line), and Fe(III)-Fe(II) difference (green line) for 
yeast iso-1 cytochrome c Asn62Cys/Asp60Ala/Trp59Phe. 
Absorbance values were compared with published extinction 
coefficients for c-type cytochromes to determine the concentration 
of the original protein.41 

 

Figure B.18. Optical spectra of unmodified Fe(III) (blue trace) and Fe(II) (red trace) 
yeast iso-1 cytochrome c Asn62Cys/Asp60Ala/Trp59Phe in 5 mM 
sodium phosphate at pH 7.0.  
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Figure B.19. Differential pulse voltammograms (DPV) of 100-200 μM unmodified 
yeast iso-1 cytochrome c at the surface of a gold electrode coated 
with 4-mercaptopyridine. All DPVs were recorded in 100 mM sodium 
phosphate at pH 7.0. DPV parameters: scan rate, 20 mV/s; pulse 
width, 100 ms; and amplitude, 25 mV. 
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Figure B.20. MALDI-TOF mass spectrometry of [Ru(2,2´-bipyridyl)2(5,6-epoxy-5,6-
dihydro-1,10-phenanthroline)](PF6)2. Expected mass: 609.11 Da; 
observed mass: 609.19 Da. 

 

Figure B.21. MALDI-TOF mass spectrometry of [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)](PF6)2. 
Expected mass: 665.17 Da; observed mass: 665.11 Da. 

 

Figure B.22. MALDI-TOF mass spectrometry of [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(1,10-phenanthroline)](PF6)2. Expected mass: 651.18 Da; 
observed mass: 651.06 Da. 
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Figure B.23. 1H NMR spectrum (500 MHz) for [Ru(2,2´-bipyridyl)2(5,6-epoxy-5,6-
dihydro-1,10-phenanthroline)](PF6)2 in acetone-d6. 
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Figure B.24. 1H NMR spectrum (500 MHz) for [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(1,10-phenanthroline)](PF6)2 in acetone-d6.  
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Figure B.25. 1H NMR spectrum (500 MHz) for [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)](PF6)2 in 
acetone-d6.  
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Figure B.26. 1H NMR spectrum (500 MHz) for [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)](PF6)2 in 
chloroform-d.  
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Figure B.27. 1H NMR spectrum (500 MHz) for [Ru(4-4´-dimethyl-2,2´-
bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)](PF6)2 in 
methanol-d4.  
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Figure B.28. Optical spectrum for [Ru(2,2´-bipyridyl)2(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)](PF6)2 in 100 mM sodium phosphate at pH 7.0. 

 

Figure B.29. Optical spectrum for [Ru(4-4´-dimethyl-2,2´-bipyridyl)2(1,10-
phenanthroline)](PF6)2 in 100 mM sodium phosphate at pH 7.0. 
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Figure B.30. Optical spectrum for [Ru(4-4´-dimethyl-2,2´-bipyridyl)2(5,6-epoxy-5,6-
dihydro-1,10-phenanthroline)](PF6)2 in 100 mM sodium phosphate at 
pH 7.0.  
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Figure B.31. Optical spectra of Fe(II)Ru-Asn62Cys, Fe(II)Ru-Asn62Cys/Asp60Ala, 
Fe(II)Ru-Asn62Cys/Trp59Phe and Fe(II)Ru-Asn62Cys/Met64Leu for 
Ru(bpy)2(phen) labelled (top) and Ru(Me2bpy)2(phen) labelled 
(bottom) in 100 mM sodium phosphate at pH 7.0.  
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Figure B.32. Optical spectra of Fe(III) (blue trace) and Fe(II) (red trace) 
Asn62Cys/Trp59Tyr labelled with Ru(bpy)2(phen) in 100 mM sodium 
phosphate at pH 7.0. 

 

Figure B.33. Optical spectra of Fe(III) (blue trace) and Fe(II) (red trace) 
Asn62Cys/Trp59Tyr labelled with Ru(Me2bpy)2(phen) in 100 mM 
sodium phosphate at pH 7.0.  
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Figure B.34. Transient absorption traces (550 nm) for Fe(II) oxidation in (2,2´-
bipyridyl)2(5-cysteinyl-1,10-phenanthroline)Ru(II)-modified yeast iso-
1 cytochrome c variants. Buffered in 100 mM sodium phosphate at 
pH 7.0 with biexponential fits (red line). 
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Figure B.35. Transient absorption traces (550 nm) for Fe(II) oxidation in (4-4´-
dimethyl-2,2´-bipyridyl)2(5-cysteinyl-1,10-phenanthroline)Ru(II)-
modified yeast iso-1 cytochrome c variants. Buffered in 100 mM 
sodium phosphate at pH 7.0 with biexponential fits (red line). 
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Appendix C.   
 
Supporting information for Chapter 4 

Table C.1 Primers for azurin mutants.  

Mutation  Sequence (5’ → 3’) 

Az_STOP Forward CTGAAATAAAGATCCGGCTGCTAACAAAGC 
 Reverse GCAGCCGGATCTTTATTTCAGAGTCAG 
Trp48TAG Forward CAACTAGGTTCTGTCCACCGCGGC 
 Reverse GAACCTAGTTGTGACCCATAACGTTCTTCGG 

 

 

 

Figure C.1. MALDI-TOF mass spectrometry of azurin Trp48-(3-F-Tyr). Expected 
mass: 13900 Da; observed mass: 13900 Da. 

 

Figure C.2. MALDI-TOF mass spectrometry of azurin Trp48-(3,5-F2-Tyr). 
Expected mass: 13918 Da; observed mass: 13914 Da. 
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