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Electron transfer is one of the most fundamental reactions observed in nature.  

Long-range electron transfer (ET) processes in biological systems often utilize aromatic 

amino acids as redox-active intermediates.  Both tryptophan and tyrosine have been 

recognized as playing critical roles in mediating ET reactions that are essential to life, 

including photosynthesis and respiration.  In contrast to the tyrosine radical, only a few 

studies have focused on the elusive tryptophan radical, which can exist in two distinct 
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protonation states.  One primary aim of this dissertation is the characterization of neutral 

tryptophan radicals within a protein scaffold to identify spectral markers of structure and 

local environment.  Emphasis was placed on the use of resonance Raman spectroscopy, 

which has the capability to provide molecular-level detail but has been undervalued in 

this field. 

Azurin, a blue copper protein, is used as a model protein for the study of redox-

active amino acids.  Two neutral tryptophan radicals in different protein environments 

(ReAz108W• and Az48W•) were generated and characterized in detail via multiple 

spectroscopic techniques.  The effects of hydrogen-bonding, environmental polarity, and 

geometry on absorption, EPR, and resonance Raman spectra of the radical were 

identified.  Through this research, a spectroscopic library was established that correlates 

radical spectral parameters to local environment and structure.  Rapid-flow mixing to 

generate the tryptophan cation radical enabled resonance Raman characterization of that 

species for the first time.  Furthermore, a quantitative model for the photophysics of 

tryptophan radicals was developed. 

Study of the Az48W• radical revealed the ability of tryptophan to act as an 

excited-state reducing agent.  Electron and proton transfer pathways within the protein 

were proposed and have begun to be probed using multiple techniques.  Additionally, a 

related azurin variant was shown to demonstrate multistep ET between tryptophan, 

tyrosine, and the copper center on the sub-microsecond timescale.  This system was 

investigated spectroscopically and biochemically to identify specific interactions that 

mediate these ET processes.  It was found that the rapid proton-coupled electron transfer 

from tyrosine relies on intramolecular proton transfer to a nearby glutamate residue.  
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These results have implications for understanding native systems and engineering 

multistep ET pathways within other proteins. 



1 

1 Introduction 

1.1 Electron transfer theory and application to biomolecules 

Proteins are essential for life as we know it.  These chains of polypeptides vary in 

size, structure, and function, and are able to achieve remarkable diversity despite arising 

from combinations of only 20 fundamental building blocks.  One aspect of proteins that 

provides additional functionality is the ability to incorporate metal centers.  

Approximately half of all proteins have been characterized as metalloproteins, and metals 

found in natural proteins range from iron and copper to vanadium and tungsten.1-3  The 

metal centers in these bioinorganic systems can be involved in many functions, including 

structure, catalysis, transport, and electron transfer; the protein fold and composition 

dictates the function of the metal.  In the research environment of today, there is great 

interest in understanding the pathways of biological energy transduction, which is 

critically dependent on electron transfer chemistry.  Because these reactions are often 

profoundly complex and rely on a number of interrelated factors, the way in which nature 

controls electron motion is still a subject of active research.   

Electron transfer (ET) reactions have been studied extensively over the last 50 

years, both theoretically and experimentally.4-12  The semiclassical expression for 

nonadiabatic electron transfer rates was developed by Marcus4,5 and has been shown over 

the years to be valid for a number of systems.13,14  This expression (Equation 1.1) is 

applicable to cases where the coupling between the electron donor (D) and acceptor (A) 

is weak:4,14 

= 	ℋ exp	 − ( ∘ )
   (1.1) 
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where  represents the reorganization energy, −Δ ∘ is the thermodynamic driving force, 

T is temperature, and ℋ  represents the electronic coupling matrix element between D 

and A.  From Equation 1.1, it is apparent that a number of factors influence the observed 

electron transfer rate; the critical components of an efficient bioinorganic ET system are 

discussed below.8,14 

The exponential component of the equation demonstrates that the interplay 

between driving force and reorganization energy can significantly impact ET rates.  The 

resulting parabolic dependence of the rate on the thermodynamics of the system is 

depicted in Figure 1.1.  A maximum ET rate is achieved when −Δ ∘ = ; this is known 

as the “activationless” condition.  Normal ET rates occur in the region where  > −Δ ∘ > 

0, and if the driving force exceeds the reorganization energy (  < −Δ ∘ ), ET kinetics are 

predicted to slow down again.  This proposal of an “inverted” region was highly 

controversial at the time of its derivation, but its existence has been experimentally 

verified in a number of systems.13,15  Today it is recognized that ET in the Marcus 

inverted region is important in nature, particularly in the realm of photoinduced electron 

transfer;4,6,16 this is relevant to the model of the photoinduced electron transfer processes 

observed in azurin.   
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Figure 1.1 Diagram showing the effect of increasing driving force 
(−Δ ∘) on ET rates (log kET).  Insets show the potential energy curves 
for the reactants (R) and products (P) and their intersection points for the 
three relationships between reorganization energy ( ) and driving force 
(−Δ ∘) described in the text. 
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The protein fold around a redox-active component has an impact on both the 

reorganization energy and the driving force of ET reactions.  Studies on azurin are used 

to illustrate these effects; azurin is a blue copper electron transfer protein that serves as a 

particularly relevant example for the work presented here.  The reduction potential of 

wild-type azurin is a moderate 310 mV,17 but can be increased by up to 200 mV relative 

to the wild-type protein with a single mutation and with as few as three mutations can 

span a range of 700 mV.18  This variability is a dramatic illustration of how the reduction 

potential of a metal center is carefully tuned by the amino acids directly ligated to the 

metal (inner sphere) as well as those in the nearby vicinity (outer sphere).  The protein 

environment of azurin also reduces the reorganization energy associated with electron 

transfer by constraining the geometry of the active site; the  of 0.7 eV measured for the 

Cu(II/I) reduction in azurin is more than 1 eV lower than that for a solution-phase 

CuII/I(phen)3 compound, which is observed to have  = 2.4 eV.19,20,  

The other critical component of Equation 1.1 is the electronic coupling matrix 

element (ℋ ).  This parameter reflects the strength of the overlap between the 

wavefunctions of the donor and acceptor at the transition state.  Under the Hopfield 

model of a square tunneling barrier,12 the coupling decreases exponentially with distance 

as a function of the decay factor, β, according to Equation 1.2: 

ℋ ( ) = ℋ ( ) { ∗( )} (1.2) 

The values of β vary significantly depending on the environment; for vacuum, β = 3.5 Å-

1, while polyene linkers can exhibit decay factors as low as β = 0.04 Å-1.14  The square-

barrier model is sufficient to describe electron transfer through homogeneous media such 
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as solvent, but this is not an appropriate approximation for tunneling through a protein 

environment.  In this situation, it is more applicable to use the superexchange relation 

developed by McConnell and model the protein medium as a bridge composed of n 

repeating units.21  The individual couplings between the donor and bridge (hBb), acceptor 

and bridge (hAb), and between bridge sites (hbb) dictate the overall matrix element as per 

Equation 1.3: ℋ = ( ) ℎ  (1.3) 

The energetic gap between the localized electron and reduced bridge state is represented 

by Δ .  Because tunneling through a protein usually involves an inhomogeneous 

pathway, the bridge is better described not as a single medium but as a combination of 

covalent bonds, hydrogen bonds, and through space gaps.  This concept has been 

formulated by Beratan and Onuchic as a model that provides a simplistic approximation 

to a protein environment but still allows differentiation between the types of bridge states 

within a protein.9,10  In this model, the overall coupling is described as a product of the 

individual couplings of each bridge (Equation 1.4): ℋ ∝ ∏ ∏ ∏   (1.4) 

where , , and  represent the coupling decays for transmission through a covalent 

bond, a hydrogen-bond, and through space, respectively.  The decay of a covalent bond is 

given as 1.4 Å-1, and it is evident that, like the simple homogeneous medium 

approximation, the coupling will decay exponentially with distance.  The decay across a 

hydrogen bond is a function of the distance, r, of the separated heavy atoms (Equation 

1.5): =	 exp	[−1.7( − 2.8)]  (1.5) 
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The through-space decay is given as Equation 1.6: =	 	exp	[−1.7( − 1.4)] (1.6) 

 Analysis of the common protein secondary structure motifs of β-sheets or α-

helices can provide a general approximation of the expected distance decay constant for a 

given protein because those elements are defined by a certain geometry and hydrogen-

bonding network.7  This analysis shows that the extended β-sheets are better ET 

mediators for a given distance, with ββ-sheet = 1.0 Å-1 and βα-helix = 1.3 Å-1.  Thorough 

analysis of the protein environment between the donor and acceptor will provide a better 

estimation of the electronic coupling than simply measuring the edge-to-edge distance, 

and an algorithm entitled “PATHWAYS” has been implemented based on Equations 1.4-

1.6.  This program examines a protein structure and can identify the single pathway or 

multiple pathways that promote the strongest electronic coupling.22  In spite of this 

sophisticated approach for the calculation of ℋ , experimental data on intramolecular 

electron transfer rates of many proteins are generally consistent with a more simplistic 

analysis; the experimental results gives rise to the “electron tunneling timetable” for 

protein ET that is shown in Figure 1.2.14  It is clear that most of the proteins exhibit a 

decay constant that falls between 1.0 Å-1 and 1.3 Å-1, as predicted by the initial 

approximation. 

  



7 

 

 

 
 

 

 
Figure 1.2 Electron tunneling timetable for activationless (−Δ ∘ = 
λ) electron transfer in a number of proteins modified with ruthenium 
labels attached at histidine residues.  The protein distance decay 
parameters for α-helices (1.3 Å-1) and β-sheets (1.0 Å-1) are shown as 
solid black lines with the average protein decay parameter of 1.2 Å-1 
shown as the dashed line.  The distance decay parameter for water (1.6 
Å-1) and vacuum (3.5 Å-1) are also shown.  Figure adapted from Gray 
and Winkler, PNAS 2005.14 
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Other research groups have extended this approximation and ignore the specifics 

of the protein medium altogether to obtain the following empirical equation for the ET 

rate (Equation 1.7):11,23 log = 13.0 − 0.6( − 3.6) − 	3.1(( 	 ) )   (1.7) 

This equation is based on the distance between D and A (R) and accounts for the protein 

matrix by including a term for density (ρ) of 0.76, which is in the prefactor of 0.6 (1.2 – 

0.8ρ) using a density parameter that was averaged across many proteins studied.23  This 

analysis reverts to the approximation of a protein as a uniform tunneling barrier.  While 

this equation is vastly oversimplified, it serves the purpose of illustrating the interplay 

between driving force and reorganization energy and can provide a baseline upon which 

to estimate ET rates when experimental measurements are not viable.   

1.2 Long-range electron transfer in proteins  

At all levels of theory applied, the kinetics of electron tunneling are generally 

exponentially dependent on distance.  This dependence restricts the rate at which ET 

reactions can occur.  However, there are many cases in nature where ET rates exceed 

these limits.  Examples of proteins that exhibit anomalous electron transfer kinetics 

include Photosystem II (PSII), which shuttles an electron 24 Å in 30 µs,24 ribonucleotide 

reductase (RNR), which has a catalytic turnover rate of ~10 s-1 despite necessary ET over 

35 Å,25 and DNA photolyase, which demonstrates ultrafast ET across 15 Å in 30 ps!26  

From Figure 1.2, it would seem that these kinetics are physically impossible.  To 

circumvent the apparent limitations, these protein systems use radical intermediates to 

provide electron-hopping sites for multistep electron transfer; by dividing the distance 



9 

 

 

into many shorter steps, kET can be increased by many orders of magnitude.  Multistep 

electron transfer is also frequently employed for natural photoinduced reactions.27,28  

Inclusion of a second, exergonic electron transfer step can prevent unfavorable back 

reactions and long-range charge separation can proceed on a rapid timescale with 

minimal loss in oxidizing power.16,27,29  It is important to note that a multistep electron 

transfer mechanism is distinct from the superexchange mechanism that involves 

tunneling through the protein.  In the superexchange process, the bridge states never have 

occupancy of the transferring electron and the kinetics involve a single elementary rate.21  

In contrast, a multistep mechanism is defined by discrete, observable oxidized (or 

reduced) intermediates.30  Both superexchange pathways and multistep ET processes 

have been shown to modulate ET rates in proteins.29,31  The latter process will be the 

focus of the rest of this chapter.   

It has been proposed that in nature, electron transfer over 14 Å requires an ET 

intermediate.32  Many types of cofactors are observed in nature, including heme groups, 

iron-sulfur clusters, quinones, and flavins; additionally, intrinsic amino acids such as 

tryptophan, tyrosine, cysteine, and even glycine are capable of participating in electron 

transfer reactions.33  The proteins described in the previous paragraph utilize tyrosine and 

tryptophan in their ET processes.  They belong to a growing class of proteins identified 

with aromatic amino acid radical intermediates.33-35 

1.3 Amino acid radical intermediates 

The first amino acid radical to be discovered was tyrosine,36 which has been 

studied in a number of biological systems.33,37-39  The tyrosyl radical (Tyr•) has been 

shown to be critical for the function of PSII, RNR, prostaglandin H synthase, and 
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catalase, as well as postulated to play a role in galactose oxidase, KatG, and lignin 

peroxidases.40-44  Considerably fewer reports have focused on the tryptophan radical, 

which is also prevalent in proteins such as cytochrome c peroxidase, lignin and versatile 

peroxidases, DNA photolyase, and even RNR.33,35,45,46  Both tryptophan and tyrosine 

undergo a significant shift in pKa upon oxidation (Figure 1.3).47  

   



11 

 

 

 
 

 

 
 

Figure 1.3 Thermodynamic square scheme for the oxidation and 
deprotonation of tyrosine (top) and tryptophan (bottom) with 
thermodynamic parameters given for each process.  The mechanism 
most commonly observed is highlighted in yellow. 
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This substantial change in pKa indicates that both tryptophan and tyrosine have a 

propensity for proton-coupled electron transfer (PCET), where proton motion is 

intimately coupled to electron motion in either a concerted or stepwise process.25  The 

PCET reaction of tyrosine has always been observed to occur in a concerted fashion, 

which has a lower activation barrier than the stepwise mechanism and avoids the 

formation of high-energy charged intermediates within the low dielectric of a protein 

(Table 1.1).48-53  However, protons are much heavier than electrons, and therefore PCET 

proceeds at an inherently slower rate than the decoupled pure electron transfer.54  Local 

hydrogen-bonding environments within proteins, such as those found within the 

photosynthetic reactions centers, may accelerate these rates,55-57 but the precise molecular 

mechanisms that dictate PCET rates for protein-derived tyrosine oxidation reactions are 

still poorly understood.  This is a dynamic field of research, and many small-molecule 

model compounds have been studied to address these questions.55,56  It is a much more 

challenging task to affect PCET rates in proteins because of the difficulty associated with 

engineering hydrogen bonds within a complex biomolecule.   

The thermodynamics of tryptophan oxidation and deprotonation differ from 

tyrosine (Figure 1.3 and Table 1.1).  The tryptophan cation radical (TrpH•+) has a 

physiologically accessible redox potential and pKa, so the kinetic barrier for formation of 

this intermediate is lower than that of tyrosine.58,59  Therefore, the kinetics of generation 

of TrpH•+ are dictated by standard Marcus theory and can occur on the ultrafast 

timescale, as mentioned above.  Once generated, TrpH•+ either continues the ET chain by 

oxidizing the next cofactor, as is observed in DNA photolyase, or deprotonates to form 

the neutral tryptophan radical (Trp•); solution-phase rate constants for deprotonation are 
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~106 s-1.26,60  There are significant kinetic barriers for simultaneous reprotonation and 

reduction of Trp•, because the closed-shell Trp- has a pKa of ~17,61 which often results in 

the persistence of neutral tryptophan radicals over a longer timescale than expected based 

on the intrinsic thermodynamic instability.62-64 
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Table 1.1 Reduction potentials for amino acids and other relevant 
electron transfer couples presented in this thesis (reported against NHE 
in aqueous conditions, pH 7).  **Potentials for Trp•/Trp and TyrH•+/Tyr 
are calculated from pKa data and available potentials.58,61,65,66 
 

Redox couple Eº' Reference 

Cu2+/+ 0.31 17 

Re(phen)(CO)3(His)2+/+ 2 67 

TrpH•+ / TrpH 1.15 58 

Trp• / TrpH 1.01 58 

Trp• / Trp- 0.41 ** 

TyrH•+ / TyrH 1.45 ** 

Tyr• / TyrH 0.91 58,65,66 

Tyr• / Tyr- 0.72 58,65,66 

NO2Tyr• / NO2Tyr- 1.10 68 
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Despite growing prevalence, the study of amino acid radicals is not always 

straightforward.  Their transient nature prevents structural determination via X-ray 

diffraction, and many proteins containing amino acid radicals are quite large and 

complex.  Spectroscopic techniques remain crucial for characterization of these radical 

intermediates.  However, the metal centers often required to generate the highly oxidizing 

organic radicals complicates spectroscopy; tyrosine radicals in RNR and tryptophan 

radicals in a number of peroxidases are spin-coupled to their respective iron centers,69 

and the large visible extinction coefficients of hemes (ε~105 M-1 cm-1) obscure 

measurements of radical absorption spectra (ε~103 M-1 cm-1).70  In order to gain a full 

understanding of the effects of protein environment on the redox reactions of tryptophan 

and tyrosine, systematic studies on model protein systems would be valuable.  The ability 

to engineer amino acid radicals into designed proteins would provide the ultimate test of 

our understanding of the interrelated factors governing the thermodynamics and kinetics 

of these complex reactions.  Finally, installing radical intermediates into a protein system 

may guide the design of artificial solar energy storage devices, which must separate 

charges rapidly with little free energy loss.  

1.4 Azurin is a model protein system 

As mentioned above, the use of a model protein system as a platform upon which 

to generate and characterize amino acid radicals, particularly tryptophan radicals, would 

be highly beneficial.  Pseudomonas aeruginosa azurin is a type I, blue copper protein 

from a soil bacterium that serves as an electron shuttle in the denitrification cycle.71  

Azurin is a small, 128 residue β-barrel protein with a Greek key fold motif (Figure 1.4A).  

The coordination sphere around the copper center in azurin contains a strongly-coupled 
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cysteine residue (C112), two histidines (H46 and H117), as well as an axial methionine 

ligand (M121) and the backbone carbonyl of a glycine residue (G45) (Figure 1.4B).72  

This protein has been studied extensively to gain a detailed understanding of the ligand 

field and as a model for electron transfer proteins.7,20  Azurin also contains two native 

tyrosines and one native tryptophan located in the center of the hydrophobic core of the 

protein; this tryptophan-48 residue exhibits unique properties and is completely solvent-

excluded, to the point of not undergoing H/D exchange on the indole nitrogen.  

Photophysically, it exhibits a red-shifted absorption in the UV and the most blue-shifted 

fluorescence observed for a natural protein; the fluorescence is also highly quenched in 

the holoprotein.73,74  A number of studies have been carried out to elucidate the physical 

basis for these unique features.74-77  Azurin exhibits remarkable thermal and chemical 

stability,78 and the structure has been shown to be robust towards mutations, even with 

large inorganic labels such as ruthenium tris(bipyridine) attached to the protein.7  These 

properties, in conjunction with the fact that the protein is easily manipulated and 

monitored due to its bright blue color (ε628 nm = 5900 M-1 cm-1),79 render azurin an ideal 

protein platform upon which to engineer and characterize amino acid radicals.   
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Figure 1.4 (A)  Wild-type (WT) azurin crystal structure (4AZU)72 
showing β-barrel fold and location of aromatic amino acids in the 
protein.  The metal center is also highlighted.  (B)  Copper coordination 
site with ligands indicated.72  (C)  Absorption and fluorescence spectra 
of W48 in WT Az .  Spectra are normalized to peak intensity for 
comparison of features. 
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1.5 Experimental investigations of amino acid radicals in azurin 

Prior to the initiation of our work on azurin, this protein had been studied 

extensively by the Gray group at Caltech, albeit with a different approach and 

intention.62,80,81  Upon commencement of this project, we became interested in studying 

the previously-reported long-lived tryptophan radical at position 108 with the use of 

vibrational spectroscopy.62  Resonance Raman (RR) spectroscopy is a vibronic technique 

that allows selective investigation of a particular chromophore; this technique allows 

single moieties within a large protein system to be characterized using much lower 

concentrations than those required for FT-IR or even absorption spectroscopy.82  This 

selectivity is particularly useful for the study of amino acid radicals in proteins because 

oxidation shifts the absorption spectra to much lower energies relative to the closed-shell 

species.59,83  Furthermore, resonance Raman spectroscopy has the capability of achieving 

ultrafast time resolution for characterization of solution-phase species at ambient 

temperatures,84,85 which are conditions typically outside of the realm of electron 

paramagnetic resonance (EPR) spectroscopy, another commonly used technique in the 

study of amino acid radicals.  Finally, RR peak frequencies and intensities are sensitive 

indicators of local chromophore environment and geometry,86 which will be important to 

gain a better understanding of the role of the protein environment on ET properties.   

An important advantage of our efforts is that our lab has the capacity to compare 

the vibrational spectra of the radical species to that of the closed-shell tryptophan residue 

at the exact same position in the protein.  These experiments coupled with calculations 

enabled more rigorous mode assignments of the neutral tryptophan radical than a prior 
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study.87  Furthermore, the effects of different buffer environments on vibrational 

frequencies are investigated and results are presented in Chapter 3.64   

As mentioned earlier, the single tryptophan-48 residue in wild-type azurin 

exhibits unique properties.  Previous reports had postulated that electron transfer from the 

tryptophan to copper(II) was responsible for its fluorescence quenching.74,75  It was 

discovered in our group that photoexcitation of this residue in a tyrosine-deficient mutant 

of azurin using UV light under anaerobic conditions did reduce the copper center directly 

through the protein.  This process gave rise to a long-lived, neutral tryptophan radical 

with spectroscopic features distinct from those previously reported for the 108 radical.  A 

discussion of the effects of protein environment on the spectroscopic markers of 

tryptophan radicals is described in Chapter 4, with emphasis on the utility of resonance 

Raman spectroscopy.63   

Tryptophan has been known to play a role in accelerating ET processes in natural 

protein systems, but only recently has it been shown to enhance ET rates in an engineered 

azurin mutant.29  In that system, tryptophan was used as a transient intermediate to 

facilitate ET between a copper center and a rhenium label.  Multistep ET between 

tryptophan and tyrosine has been observed in natural proteins,88,89 though it is more 

challenging to engineer this type of relay into a protein system because of the 

requirement of concerted PCET for tyrosine oxidation.  In our research, it was found that 

direct photoexcitation of wild-type azurin can initiate a multistep ET reaction that 

involves copper reduction and transient formation of both tryptophan and tyrosine 

radicals.  Spectral and kinetic analyses of these processes are presented in Chapter 5.  The 
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role of the protein architecture in facilitating charge transfer over long distances within 

complex protein systems is discussed.90 

In addition to being a sensitive and selective technique capable of providing 

molecular-level details about chromophore environment in the ground state, resonance 

Raman intensities report on excited-state structure and dynamics.91  This information can 

shed insight into the normal modes responsible for photochemistry, such as electron 

transfer or electron ejection, and can help clarify interactions between multiple excited 

states in a molecule.92,93  Because the tryptophan-48 residue is uniquely situated within 

the protein, the quantitative comparison of its UV resonance Raman (UVRR) intensities 

to those of solution-phase L-tryptophan enables determination of the effects of 

environment on the excited state broadening parameters and structural distortions.  This 

analysis is presented in Chapter 6.  A similar analysis applied to the neutral tryptophan 

radicals in different protein environments is presented in Chapter 7.  It was found that 

oxidation of tryptophan perturbs the excited state significantly, and there is little 

correlation between the closed-shell results and those found for the neutral radicals. 

Most of the results presented in this thesis report on the neutral tryptophan radical.  

Characterization of the tryptophan cation radical is also a crucial component of 

understanding tryptophan-mediated ET reactions in nature, for it is the initial product 

formed following ET.26  However, because of the rapid deprotonation rates generally 

observed for the cation radical in nature,26,60 the charged species is more challenging to 

study.  A paper reporting the isotropic EPR spectra of the tryptophan cation radical and 

derivatives was published a few years ago; this report used rapid mixing of tryptophan 

with cerium(IV) in a sulfuric acid solution in a flow system to achieve spectra with 
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reasonable signal-to-noise ratios.94  In Chapter 8, a similar approach was implemented 

using a micro-mixer and small quartz capillary to obtain spectra of the tryptophan cation 

radical on a microscope resonance Raman system.  The RR spectra of this species have 

never been reported, and normal mode assignments were determined with the help of 

calculations and measurements of isotopically-substituted tryptophan derivatives.   

General conclusions on the effects of protein environment on the properties of 

tryptophan radicals as well as implications for their roles as ET intermediates, both innate 

and engineered, are discussed in Chapter 9.  Additionally, this chapter proposes future 

directions as well as specific experiments to probe the outstanding issues pertaining to 

this project. 
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2 Experimental Techniques 

2.1 Preparation and characterization of azurin protein samples 

The protocol for azurin mutation, expression, purification, labeling, and 

characterization has been published in many reports as well as described in detail a 

number of times.  Unless otherwise noted, the procedure followed in this research 

precisely mirrors that previously published.1-7  Therefore, an effort towards conciseness 

was made here to constrain details to those essential to reproduce the unique results 

reported in this thesis.   

2.1.1 Azurin site directed mutagenesis 

Azurin was expressed from a plasmid generously donated by Dr. Brian Leigh and 

Professor Harry Gray at Caltech.  All mutations were made via primers obtained from 

Invitrogen (Carlsbad, CA).  Single-amino-acid mutations were introduced by performing 

polymerase chain reaction (PCR) with the use of a QuikChange Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA).  The timing sequence used in the thermal 

cycler for carrying out PCR is given in Table 2.1.  Following PCR and Dpn1 digestion, 

the PCR product was stored at -20 ºC. 
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Table 2.1 PCR thermal cycler temperature and timetable 

 

Step Temp (ºC) Time 
1 95 1 min 
2 95 30 sec 
3 55 1 min 
4 68 10 min 
5 Loop steps 2-4 17 x 
6 68 10 min 
7 4 hold 
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Table 2.2 Recipes for microbiological media used to prepare azurin 
mutants 
 
SOC Media8 
Tryptone 5 g 
Yeast extract 5 g 
NaCl 0.5 g 
Water 965 mL 

250 mM KCl 10 mL 
2 M MgCl2 5 mL 

Separate addition after autoclaving: 
1 M sterile glucose 20 mL 

Luria broth9 
Tryptone 10 g 
Yeast extract 5 g 
NaCl 10 g 
Agar (if making plates) 15 g 
Water 1 L 

Terrific broth10 
Tryptone 12 g 
Yeast extract 24 g 
Glycerol 4 mL 
Water  900 mL 

Autoclave separately and then combine with: 
Monobasic potassium phosphate 2.31 g 
Dibasic potassium phosphate 12.54 g 
Water 100 mL 
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2.1.2 Amplification of PCR product 

The PCR product was transformed into XL1-Blue Supercompetent cells provided 

with the QuikChange Site-Directed Mutagenesis Kit.  Sterile conditions were used for all 

procedures involving the manipulation of live cells.  Briefly, PCR product was thawed on 

ice and 5 µL was mixed with 25 µL XL1-Blue cells.  This reaction mixture was allowed 

to sit on ice for 20 minutes, then heat-shocked at 42 ºC for 40 seconds.  Following heat 

shock, the cells were returned to sit on ice for 2 minutes, then 500 µL of SOC media 

(Table 2.2) was added and the cells were shaken at 37 ºC, 240 rpm in a bench top shaker 

for 1 hr.  Cells were then plated onto agar plates containing Luria broth (Table 2.2) and 

70 µg/mL ampicillin (LB-amp), inverted, and placed into a incubator for >16 hrs.  Single 

colonies from these plates were picked to inoculate 5 mL of LB + 70 µg/mL ampicillin 

and this solution was placed in a bench top shaker at 37 ºC for 16 hrs.  Centrifugation at 

5000 rpm afforded a pellet of transformed cells. 

2.1.3 Isolation of azurin-containing plasmid 

The plasmid containing the gene for expression of azurin was obtained using the 

QIAPrep Miniprep DNA purification kit (Qiagen, Valencia, CA).  Isolation of plasmid 

was performed by following the instruction manual, and purified DNA was sequenced by 

SeqWright (Houston, TX) to verify that the mutations were correctly implemented. 

2.1.4 Creation of azurin cell stocks 

Invitrogen BL21 Star (DE3) chemically competent cells were used for the 

expression of azurin.  Transformation of these cells was performed as described in 

section 2.1.2.  Cell stocks of each mutant were made by collecting a pellet of transformed 
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cells, washing twice with LB-amp, resuspending in a solution of sterile 30% glycerol in 

LB-amp, and rapid-freezing in liquid nitrogen.   

2.1.5 Expression of azurin 

Terrific broth10 containing 70 mg/L ampicillin (TB-amp) was used for the growth 

of cells to express azurin.  A single touch of a pipette tip to the cell stock surface was 

used to inoculate 300 or 600 mL of TB-amp to form a starter growth.  This flask was 

shaken at 200 rpm at 37 ºC for 12-16 hrs.  Following the overnight inoculation, the starter 

growth was distributed evenly into either 6 L or 12 L of TB-amp media and shaken for an 

additional 4 hrs at 37 ºC.  Induction of protein expression was accomplished by the 

addition of 1 mL of a 2 M isopropyl β-D-1-thiogalactopyranoside (IPTG) solution per 

liter, for a final concentration of 2 mM IPTG.  Protein expression was allowed to proceed 

for 4-5 hrs and the cells were spun down in a centrifuge (5000 rpm, 5 min) before being 

collected into one vial and washed twice with Tris-HCl buffer, pH 7.8.  An average wet 

cell pellet weighed ~4-5 grams per liter of growth media.  Cell pellets were stored at -80 

ºC until lysis. 

2.1.6 Lysis of cells containing azurin 

Cell pellets were thawed at room temperature.  Approximately 20 mL of 

phosphate buffer per 25 g cell pellet was used for suspension of the cells and 

approximately 500 µL lyophilized hen egg lysozyme (USB Corporation, Santa Clara, 

CA) and 40 µL DNAse I (10 units/µL, Roche, Basel, Switzerland) was added.  The 

mixture was allowed to sit at room temperature for ~1.5 hrs and then centrifuged at 9500 

rpm for 30 min at 4 ºC.  The supernatant was decanted and brought to pH 4.5 in 50 mM 

acetate buffer by addition of an aliquot of 1 M sodium acetate buffer, pH 4.5.  
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Approximately 1 gram of copper(II) sulfate was added and the mixture was centrifuged 

again at 9500 rpm for 15 min at 4 ºC.  The supernatant was decanted and allowed to sit at 

4 ºC for ~4 days.4 

2.1.7 Purification of azurin 

Following lysis, the solution of cell lysate containing azurin was exchanged into 1 

mM acetate buffer, pH 4.5, using a 50 mL Amicon Ultrafiltration Cell with a 3,000 

NMWL YM filter installed (Millipore, Billerica, MA).  This process generally required 

multiple centrifugations to remove white particulate matter and three complete 

exchanges.  An FPLC (fast-protein liquid chromatography) column packed in-house 

containing 10 mL Source 15S cation-exchange beads (Amersham Biosciences, 

Piscataway, NJ) was used to purify azurin.  The crude protein was loaded onto the 

column equilibrated with 1 mM acetate buffer, pH 4.5, and eluted with a slow gradient of 

300 mM acetate buffer, pH 4.5, introduced over 100 mL.  Fractions were collected in 2 

mL aliquots and assessed for purity using absorption spectroscopy as described below.   

Because azurin has relatively few aromatic amino acids and a copper center with 

a well-separated absorption feature, the ratio of the absorbance value at 280 nm to that at 

628 nm (R = A280 / A628) can provide information on the purity levels of the protein.  The 

theoretical extinction coefficient at 280 nm can be calculated based on the method of 

Pace,11 and the extinction coefficient of the copper(II) center is taken to be 5900 M-1    

cm-1.12  Because of the similarity in binding affinity between copper and zinc,13 all 

protein samples have some minor contribution from Zn-substituted azurin which forms 

either during the expression or lysis process; this contributes to the absorption at 280 nm 

but not 628 nm and therefore increases the observed values of R above the theoretical 
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limit.  The wild-type azurin was determined to be pure if R < 1.9, in concert with the 

literature,14 while single-tryptophan mutants containing no tyrosine residues required R < 

1.4.  It should be noted that purity ratios much closer to the theoretical limit were 

frequently achieved.  Pure protein was collected, exchanged into 50 mM acetate buffer, 

pH 4.5 and stored at 4 ºC; the protein could be stored almost indefinitely without loss of 

integrity (as assessed by absorption).  Yields of pure azurin were generally ~30 mg/liter 

growth media.   

2.1.8 Labeling of azurin mutants 

The covalent attachment of a rhenium phototrigger to azurin requires a surface-

exposed histidine to be engineered into the protein.  The generous gift of pure rhenium(I) 

(4,7-dimethyl-1,10-phenanthroline) tris-carbonyl aquo triflate was provided by Dr. Brian 

Leigh.  The protein mutant that was labeled was the single-tryptophan-containing 

[W48F/Y72F/H83Q/Q107H/Y108W] mutant (Az107H/108W).  An aliquot of the protein 

was exchanged into ~1 mL of 25 mM HEPES buffer, pH 7.4, to a concentration of ~1 

mM and the rhenium molecule was dissolved into ~100 µL water in 10-fold molar 

excess.  The two solutions were combined and allowed to sit at 37 ºC for ~1 week.4   

To purify the labeled protein, a HisTrap HP column (Amersham Biosciences) was 

used.  This column was stripped of intrinsic metal by rinsing with ~50 mL of  buffer 

containing 20 mM potassium phosphate, 500 mM sodium chloride, and 50 mM 

ethylenediaminetetraacetic acid at pH 7.4.  The stripped column was charged with ~10 

mL of 100 mM copper(II) sulfate in deionized water and then rinsed with ~50 mL 20 mM 

potassium phosphate, 750 mM sodium chloride at pH 7.2.  The protein was exchanged 

into buffer containing 20 mM potassium phosphate, 750 mM sodium chloride at pH 7.2 
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on an Amicon device and loaded onto the column.  Protein that was labeled did not stick 

to any binding sites on the column and therefore came off of the FPLC immediately.  The 

unlabeled protein was eluted with 20 mM phosphate buffer, pH 7.2, containing 750 mM 

ammonium chloride.  Labeled protein fractions were assessed by absorption spectroscopy 

using the extinction coefficient of the rhenium label (ε355 nm ~ 6000 M-1 cm-1) and 

combined.  Pure, labeled protein (ReAz108W) was exchanged into 50 mM acetate 

buffer, pH 4.5 for storage at 4 ºC; in this case it is important to continue to verify the 

integrity of the protein solution after extended storage duration. 

2.2 Sample preparation for spectroscopic experiments 

2.2.1 Preparation of protein samples for ultraviolet resonance Raman 

spectroscopy 

Protein samples for ultraviolet resonance Raman (UVRR) spectroscopy were 

prepared by dilution of a stock solution of > 1 mM protein into the appropriate buffer to a 

final concentration of 25 – 50 µM.  The absorption spectra and fluorescence spectra of 

mutants were measured prior to UVRR and then re-measured following the UVRR 

experiment.  These samples were measured in aerated buffers. 

2.2.2 Preparation of protein samples for radical generation 

All studies on the tryptophan radical were performed under deoxygenated 

conditions.  Absorption experiments were performed in a custom-made atmosphere-

controlled cuvette with an attached round bottom flask (Figure 2.1); EPR and resonance 

Raman experiments were performed in an atmosphere-controlled EPR tube (Figure 2.1).  

Both of these apparatuses have 24/40 ground glass joints for direct attachment to a 

Schlenk line, and Kontes valves for sealing the protein solution from the atmosphere 
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prior to detachment from the line.  Samples were prepared by dilution of the stock protein 

solution (~1 mM unlabeled protein, ~250 µM ReAz108W) into an appropriate buffer in 

the round bottom region of the cuvette-apparatus or the EPR tube.  These samples were 

prepared initially to be more dilute than intended due to slight concentration upon 

degassing (due to removal of water on the vacuum line).  The cuvette/EPR tube was then 

attached to the high vacuum Schlenk line via the ground glass joint, and the solution was 

subjected to repeated pump-purge cycles.  Liquid nitrogen was used to trap any 

inadvertently evaporated solvent, and gaseous nitrogen was used as the inert gas for 

backfilling.  Each pump-purge cycle consisted of 10 quick pump purges followed by 

stirring under nitrogen for 10-15 minutes.  At least 3 cycles of this were repeated for each 

sample before it was declared deoxygenated.  This procedure was rigorous enough to 

remove all traces of oxygen that might react with the surface-exposed ReAz108W• 

radical, and the seal provided by the Kontes valve allowed the samples to remain air-free 

for a number of hours. 

The samples for rapid-freeze-quenching EPR experiments (Chapter 5) were 

prepared by degassing on the Schlenk line in an atmosphere-controlled vial and transfer 

in a glove-box (MBraun 100) to a 3 mm i.d. Suprasil EPR tube.  In the glove-box, the 

tubes were capped either with a standard blue cap or a rubber septum and placed inside 

Ziplock bags.  The bag was sealed in an inflated state so that the tube would remain 

immersed in an inert atmosphere and be prevented from air leakage through the cap.  

However, experiments were later done with this step omitted, and no change was 

observed; the EPR caps are generally sufficient to exclude air over a short period of time. 

  



38 

 
 

 
 

Figure 2.1 Image of atmosphere-controlled EPR tube (left) and 2 
mm μ 1 cm cuvette (right). 
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2.3 Generation of ReAz108W• 

2.3.1 Flash-quench methodology 

The rhenium label on the Az107H/108W protein (ReAz108W) is used to employ 

the “flash-quench” mechanism for generation of highly reactive species, developed by the 

Gray group at Caltech.15-17  The phenanthroline ligand provides a near-UV absorption 

between 300 – 400 nm (Figure 2.2B).1,3,16-18  Laser excitation generates the Re(I) excited 

state, which is both a strong oxidant and a strong reducing agent, as shown in the Latimer 

diagram (Figure 2.2A).16  In the presence of an external quencher such as 

[CoIII(NH3)5Cl]2+, Re(I)* can give up an electron to form the Re(II) species.  Upon 

reduction, the [CoII(NH3)5Cl]+ molecule decomposes to form the [CoII(H2O)6]
2+ 

molecule, which cannot be re-oxidized with the redox couples in solution.  In this way, it 

acts as an irreversible quencher.  The Re(II) species is highly oxidizing and abstracts an 

electron out of the nearby tryptophan-108 residue.2,3  The transiently-formed tryptophan 

cation radical deprotonates within the time-resolution of available instrumentation, and a 

neutral ReAz108W• radical is formed and observed for hours.2,4  Because of the distance 

between tryptophan and the copper center (~20 A), electron transfer from reduced 

copper(I) to tryptophan-108 is not observed (Figure 2.2C).2,4 
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Figure 2.2 (A)  Modified Latimer diagram for 
ReI(dmphen)(CO)3(H107) photophysics with indicated potentials vs. 
NHE.16  Relevant potentials and timescales for tryptophan oxidation also 
shown on diagram.4,19  (B)  Absorption spectrum of ReAz108W with 
rhenium label (355 nm) and copper (628 nm) absorption bands 
indicated.  (C)  Pictorial representation of flash-quench process in 
ReAz108W. 
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2.3.2 Experimental details of photolysis equipment 

Photolysis of ReAz108W with [Co(NH3)5Cl]2+ quencher in deoxygenated solution 

was achieved with the 355 nm third harmonic output from a Q-switched 20 Hz Nd:YAG 

laser (Quantel Brilliant) as described previously.20  Samples were photolyzed for 30-60 

seconds with ~500 μJ pulses in a defocused beam (~5 mm diameter) to create the radical 

species ReAz108W•.   

2.4 Generation of Az48W•  

Photolysis of Az48W in deoxygenated solution was achieved using 280 (and 290) 

nm light.  An optical parametric oscillator (Opotek) pumped with 355 nm light at 20 Hz 

produced 560 (580) nm light, which was passed through a β-barium borate (BBO) crystal 

to produce the 280 (290) nm beam.  Samples were photolyzed for 60 seconds (unless 

otherwise noted) with ~25 μJ pulses in a defocused beam to create the radical species 

Az48W•.  Variation of the excitation wavelength within the absorption band of 

tryptophan yielded identical spectra but with different yields.  Experiments performed 

using exogenous electron scavenger or Zn-substituted proteins were also carried out; 

these results are presented in greater detail in Chapter 4. 

2.5 Spectroscopic Methods 

2.5.1 Absorption spectroscopy 

Generally, absorption spectroscopy was performed in atmosphere-controlled 2 

mm by 1 cm quartz cuvettes along the 1 cm pathlength using a UV-Vis-NIR 

spectrophotometer (Shimadzu UV-3600).  The absorption spectrum of each radical was 

determined by calculating a difference spectrum of sample before and after photolysis.  
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The spectral bandwidth was 1 nm.  Any variations to this methodology are indicated 

within each relevant chapter. 

2.5.2 Fluorescence spectroscopy 

Fluorescence spectra of 50 μM azurin mutants were acquired with a JY Horiba 

FL3-11 spectrofluorometer.  The excitation wavelength was varied depending on whether 

tryptophan (290 nm) or tyrosine (275 nm) was being probed, and entrance and exit slit 

bandpasses were 3 nm.  The emission wavelength range was 295 – 500 nm in 1 nm 

increments with 1 sec integration times. 

2.5.3. Ultraviolet resonance Raman spectroscopy 

Ultraviolet resonance Raman spectroscopy (UVRR) experiments were performed 

using a tunable Ti:Sapphire laser.  This instrumentation has been described in detail 

elsewhere.21,22  A 1 kHz Ti:Sapphire laser (Photonics Industries, Bohemia, NY) provided 

~1-Watt beam at wavelengths between 826 - 946 nm.  The fundamental was directed 

through a lithium triborate (LBO) crystal, and the resulting 413 - 473 nm beam was then 

passed through a β-barium borate (BBO) crystal to produce 1 - 6 mW of 206.5 – 236.5 

nm UV excitation.  The UV beam was focused with a pair of cylindrical lenses to a spot 

size of ~230 μm x ~75 μm at the sample.  The power at the sample was ~0.25 - 3 mW.  

Scattered light was collected in a ~135° backscattering geometry and focused onto the 

entrance slit of a prism-based prefilter.23  The prefilter was manually adjusted to 

accommodate the UV excitation wavelengths to allow for acquisition of UVRR spectra to 

within 200 cm-1 of the Rayleigh line.23  Raman scattered light was dispersed in a 0.5 m 

spectrograph (JY Horiba, Spex 500M equipped with a 3600 gr/mm holographic grating), 

and imaged onto a CCD detector (Princeton Instruments, Pixis 400B).  The spectral 
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response was determined by a deuterium lamp, and the bandpass (~15 cm-1) and accuracy 

(≤1 cm-1) were determined from ethanol calibration spectra.  UVRR power dependence 

studies indicated that the current experiments were performed under conditions of linear 

response (Figure 6.1).   

Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 

pulse, and discarded after a single-pass through the laser beam to eliminate artifacts from 

photolyzed sample.  Fifteen-minute UVRR spectra were collected for ~50 µM protein 

samples.  Spectra of buffer-only solutions were also acquired and subtracted from 

corresponding sample spectra with a scalar factor to minimize contributions from the 

quartz capillary and the Raman water bend.   

2.5.4 Visible resonance Raman spectroscopy 

A mixed-gas Kr-Ar laser (Coherent Innova 70C) provided excitation at 458 nm 

(1.2 mW), 488 nm (11 mW), 514.5 nm (13 mW), 530.9 nm (13 mW), and 568.2 nm (11 

mW).  The beam was focused into an atmosphere-controlled EPR tube containing sample 

at room temperature.  Scattered light was collected at 90° relative to the incident beam by 

an F/1.2 camera lens and imaged onto the spectrograph entrance slit opened to 100 μm.  

Rayleigh scattering was rejected by an appropriate long-pass edge filter for each 

wavelength.  Raman scattered light was dispersed in an F/5, 0.32 m spectrograph (Horiba 

Jobin Yvon iHR 320) equipped with a 1200 gr/mm grating blazed at 500 nm and detected 

by a thermoelectrically-cooled CCD detector (Horiba Jobin Yvon Synapse).  The 

bandpass and accuracy were 8 cm-1 and ≤1 cm-1, respectively.  Samples were 

characterized by absorption spectroscopy immediately prior to RR experiments to ensure 
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that the radical was present.  RR spectra were collected for approximately 3 hours, with 

re-photolysis approximately every 30 min during this period.  There was no indication of 

photodamage during the RR experiments.  RR spectra of the sample prior to photolysis 

were subtracted from post-photolysis spectra to remove peaks from solvent or the Cu(II) 

center.  A broad background caused by laser light scattering and/or fluorescence was 

removed by subtraction of an interpolated fit to the background.  This data workup 

process is described below.   

Resonance Raman cross-sections of the tryptophan radical Az48W• were 

determined using the ratio of peak intensities between Az48W• peaks and the bleach of 

the Cu(II)-S(Cys) band at 408 cm-1.  The absolute RR cross sections for this mode were 

previously reported.24  The values used for 488, 514.5, 530.9, and 568.2 nm were 0.3, 0.9, 

2.38, and 6.79 μ 10-10 Å2/molecule, respectively; the latter two cross-sections are 

reported experimental values, while the former two values were taken from the fitted data 

presented in this prior report.24  Depolarization ratios of 0.4 and 0.35-0.45 for the copper 

and radical peaks, respectively, were used to determine the absolute Raman cross 

sections.24  The procedure used in quantifying absolute RR cross-sections is described in 

detail in Chapter 7. 

2.5.5 Microscope-based visible resonance Raman spectroscopy  

Resonance Raman spectroscopy was also performed with a homebuilt Raman 

microscope system.  A mixed-gas Kr-Ar laser (Coherent Innova 70C) provided excitation 

at 458 nm, 488 nm, 514.5 nm, and 568 nm.  The 40-70 mW beam was sent through an 

interference filter (Semrock) for the appropriate wavelength and directed into a modified 

fluorescence alignment port of a Zeiss Axio Imager A1m upright microscope.  A 
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broadband beamsplitter (Edmund Optics) directed a small portion (~10%) of the beam 

downward to the entrance aperture of a 10x objective.  The power at the sample was 

~2.5-3.5 mW.  Back-scattered light was collected and collimated with the same objective 

and passed through the beamsplitter to the microscope sideport.  The light was focused 

onto a 100 µm entrance slit and Rayleigh light was rejected using the appropriate long-

pass edge filter (Semrock RazorEdge).  Raman scattered light was dispersed in an f/5 

0.32 m spectrograph (Horiba Jobin Yvon iHR-320) equipped with a 1200 grooves/mm 

grating blazed at 500 nm (default) or 2400 grooves/mm grating blazed at 400 nm (high 

resolution, indicated when appropriate) and imaged onto a Peltier-cooled CCD (Horiba 

Jobin Yvon Synapse).  The spectral bandpass was <10 cm-1 for the 1200 gr/mm grating 

and <5 cm-1 for the 2400 gr/mm grating.  Wavelength calibration was performed using 

ethanol calibration for the 1200 gr/mm grating and a Ne lamp (Oriel Pen Lamp PN 6032) 

with known assignments for the 2400 gr/mm grating.  Spectral accuracy was ± 1 cm-1 and 

± 0.5 cm-1 for the 1200 gr/mm and 2400 gr/mm grating, respectively.  Spectra were not 

explicitly corrected for instrument response; however, because this spectral window is in 

the middle of the visible range, where the optical components and electronics are 

optimized, a qualitative analysis indicates that <10% change in resonance Raman 

intensities is anticipated across the entire spectral window. 

Spectra of blank and sample solutions were obtained to isolate peaks from the 

cation tryptophan radical.  Blank spectra were generated by mixing either 1 mM 

tryptophan derivative/ 225 mM sulfuric acid, or 1 mM cerium sulfate/225 mM sulfuric 

acid with 225 mM sulfuric acid.  This mixture contains signal from solvent and other 

reagents, such as sulfate, but does not contain signal from tryptophan cation radical.25  
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This blank spectrum was then subtracted from the spectra of 1 mM tryptophan 

derivative/225 mM sulfuric acid mixed with 1 mM cerium sulfate/225 mM sulfuric acid.  

Spectra were collected for ~3 hrs for each sample and blank solution.  The blank spectra 

were multiplied by a scalar such that the desired subtraction of (sample – blank) 

contained minimal contributions from the strong sulfate peaks at 980 cm-1 and 1055 cm-1.  

Resonance Raman intensity analysis was performed by using the isolated 980 cm-1 sulfate 

peak as an internal standard.   

The mixer used for the microscope-based experiments is described in detail in 

Chapter 8, with images. 

2.5.6 EPR spectroscopy 

X-band EPR spectra were obtained using a Bruker ELEXSYS E500 spectrometer 

equipped with a Bruker ER4131VT variable temperature unit.  Spectra were recorded at 

125 K.  Values of the g-factor were determined with an accuracy of ±0.0001 by 

calibration with a standard of solid 2,2-diphenyl-1-picrylhydrazyl (DPPH), g=2.0036 and 

a standard of phosphorous-doped silicon powder sample, g=1.99891.26  Some 

experiments utilized small sealed capillaries containing phosphorous-doped silicon 

powder sample as internal standards within the EPR tubes to calibrate for frequency 

differences between samples.  EPR spectra of protein samples were acquired before and 

after photolysis.  Each spectrum was acquired for ~15 min (before photolysis) and ~60 

min (after photolysis) using the following instrumental parameters (unless otherwise 

noted): modulation frequency, 100 kHz; modulation amplitude, 1.0 G, time constant, 20 

ms; and microwave power, 2-6.4 μW.  This microwave power was chosen following 
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progressive microwave saturation experiments monitored to examine dipolar coupling, 

and was found to be well below saturation levels.27   

2.6 Data analysis 

Unless otherwise noted, all data analysis was performed using Igor Pro 

(Wavemetrics, Lake Oswego, OR).  All graphs representing data were also made using 

this software.   

2.6.1 Resonance Raman spectra 

Resonance Raman spectroscopy requires meticulous data processing prior to 

generation of a complete vibrational spectrum; this is due to the high sensitivity of the 

CCDs used for recording data as well as the inherent low efficiency of the Raman 

scattering process.  The fixed readout noise of a CCD means that one should accumulate 

signal for the longest collection time possible before saturation of the pixels at 65536 

counts; however, the propensity for detection of cosmic rays means that CCD acquisition 

times should not exceed one minute, lest multiple cosmic rays overlap to give rise to a 

false positive peak.  Because of these inherent realities of RR spectroscopy, data 

collection often requires hours, particularly in the visible regime, and it is important that 

laser power and sample integrity be monitored throughout the experiment.  Furthermore, 

it is critical that spectra of the corresponding “blank” be obtained for all samples, because 

often stray room light or peaks from capillary walls can appear in the spectrum with 

similar breadth as sample vibrational peaks.   

Typical data workup for both visible and ultraviolet resonance Raman spectra 

involve the following steps: 
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1. Individual 1 minute spectra are collected and compared to ~10-15 other spectra.  

Cosmic rays are identified by their sharp intensity and narrow breadth (only 1-2 

pixels wide).  Vibrational bands due to sample can generally be identified even in 

the 1-minute scans; solvent peaks are also evident.  The representative signatures 

of each component of the spectrum are shown in Figure 2.3.  Manual removal of 

cosmic rays down to the “average” value for the other spectra is performed. 

2. The resulting spectra are summed.  A representative summed spectrum of sample 

is compared to that of buffer in Figure 2.4.  Contributions from the capillary 

scattering, diatomic O2 and N2, as well as sample can be easily identified in this 

comparison.  Buffer and capillary contribution is removed by fractional 

subtraction from the sample using the form: 

Buffer-corrected sample = Sample Sum – x*(Buffer Sum) 

Usually x is very close to 1 for samples without significant scattering or self-

absorption.  This factor varies for the visible resonance Raman spectra of 

ReAz108W• because of flocculation of the cobalt quencher; for those samples, an 

appropriate subtraction factor to remove the water Raman bend is used. 

3. A residual baseline due to fluorescence and a scattering background is often 

observed.  This is removed by manual designation of points that reflect the 

intended baseline and subtraction of an interpolated fit to that broad background.  

This phenomenon with the interpolated baseline as well as the corrected final 

spectrum is shown in Figure 2.5.   

4. Additional corrections may be applied to account for concentration, self-

absorption, instrument response, internal standard intensity, or relative intensity 
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across samples.  The exact procedure followed varies from sample to sample and 

depends on the level of analysis required.  These details are described in each 

chapter. 

5. Peaks from ethanol are used to optimize signal collection and determine 

frequency calibration; this gives rise to the abscissa wave.  Accuracy and 

precision based on ethanol peak calibrations is found to be ± 2 cm-1 for UVRR 

spectra, ± 1 cm-1 for visible resonance Raman spectra, and ± 0.5 cm-1 for high-

resolution visible resonance Raman spectra measured on the microscope system. 
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Figure 2.3 Representative UVRR spectra (228 nm excitation) of 50 
µM L-tryptophan in 20 mM phosphate buffer, pH 7.2.  This graph shows 
each of the 1-minute spectra overlaid.  The cosmic rays such as those 
indicated on the figure are removed manually.  Features due to sample 
vibrational modes and solvent are also indicated on figure.28 
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Figure 2.4 Summed UVRR spectra (228 nm excitation) of 50 µM L-
tryptophan in 20 mM phosphate buffer, pH 7.2 (solid line) compared to 
the summed spectra of the 20 mM phosphate buffer, pH 7.2 blank 
(dotted line).  Features due to capillary scattering, diatomic oxygen and 
nitrogen in air, as well as sample vibrational modes are indicated on 
graph. 
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Figure 2.5 Representative UVRR spectrum (228 nm excitation) of 
50 µM L-tryptophan after a 1:1 subtraction of buffer spectrum (top, solid 
line).  Also shown on the graph are baseline points (X), the interpolated 
baseline between the designated points (dotted line), and the resultant 
corrected spectrum resulting from the subtraction of the baseline from 
the buffer-subtracted spectrum (bottom, solid line).  
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2.6.2 EPR spectra 

Spectra acquired prior to photolysis allowed removal of the background Cu(II) 

and residual cavity signal.  The EPR spectra of the aromatic radicals were obtained from 

scaled subtraction of spectra (after photolysis) – (before photolysis, spline fitted).  This 

procedure is shown in Figure 2.6.  A 5-point Savitsky-Golay smoothing algorithm was 

applied if noted.   

  



54 

 
 

 
 

Figure 2.6 Representative uncorrected X-band EPR spectra 
measured at 125 K of Az48W-Cu(II) prior to photoexcitation (dotted 
line) and after 280 nm photoexcitation (solid line).  Decreased intensity 
of the Cu(II) signal is observed because of copper reduction from 
tryptophan, and new signal is observed with g ~ 2.00.  These results are 
discussed in detail in Chapter 4. 
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2.6.3 EPR simulations 

Simulations of the powder pattern EPR spectra were performed using MATLAB 

(Mathworks) to run the EasySpin program for S=1/2 systems with anisotropic g-factors 

and hyperfine coupling constants.29  This software is based on the second-order 

perturbation solution of the standard spin Hamiltonian.  The SIMPLEX method is used to 

minimize the standard deviation between experimental and fitted spectra.  Simulations of 

the tryptophan radicals were performed by allowing almost the hyperfine coupling 

constants (hfccs) to vary over a reasonable range in order to find the best fit to the 

experimental spectra.  The relationships between the hfccs were guided by theoretical 

predictions.30-32  Gaussian line widths were constrained to 4 G in the simulations.  

Simulations of the tyrosyl radical in Chapter 5 were guided by the algorithm provided by 

Svistunenko and Cooper.33  In this algorithm, certain parameters of the tyrosyl radical 

were held constant, including the gy and gx values and hfccs for all ring protons.33 

Gaussian line widths were constrained to 4.5 G in those simulations. 

2.7 Calculations 

Calculations were performed using the Gaussian 03W and Gaussian 09 quantum 

chemistry programs operating on a Windows platform.34  The geometry and harmonic 

vibrational frequencies of closed-shell molecules were calculated using spin-restricted 

DFT with the hybrid B3LYP functional.  Calculations for the radicals were performed 

using spin-unrestricted DFT with the B3LYP functional.  A 6-31G(d) basis set was 

selected for all calculations on 3-ethylindole and its derivatives and a 6-31+G basis set 

was selected for all calculations on neutral L-tryptophan and N-acetyltryptophanamide 

and their derivatives.  Initial geometry optimization on the latter molecules was 
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performed with a starting torsion angle of ~90º between the protein backbone and the 

indole plane.  Molecular orbitals were generated and viewed using GaussView.35  

Visualization of vibration normal modes was carried out with the aid of software.36 
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3 Resonance Raman characterization of a stable 

tryptophan radical in an azurin mutant 

3.1 Abstract 

Tryptophan radicals play a significant role in mediating biological electron 

transfer and catalytic processes.  Here, we employ visible and UV resonance Raman, 

EPR, and absorption spectroscopy, along with pH/isotope studies and calculations to 

probe a neutral closed-shell tryptophan and its oxidized radical counterpart in a modified 

azurin protein.  Comparison of the resonance Raman spectra of the radical and closed-

shell species combined with vibrational analysis reveals important structural differences 

between these two tryptophan species.  We experimentally observe a significant 

reduction in bond order of the pyrrole ring of the radical, as evidenced by a 208 cm-1 

downshift of the W3 mode (predominantly C2 – C3 stretch).  Analysis of the spectra 

acquired at acidic pH and in deuterated buffer highlights those vibrational modes of the 

radical that are sensitive to the hydrogen-bonding environment.  The most significant 

change caused by the deuterated buffer is a 45 cm-1 downshift of an indole nitrogen 

displacement mode (W17).  Our spectra provide strong evidence that the radical species 

is a strong hydrogen bond acceptor, particularly in an acidic environment.  Furthermore, 

the pKa for this tryptophan radical must be less than 4.0, which falls below previously 

reported values for L-tryptophan in aqueous solution.  The normal mode assignments of 

the tryptophan radical help characterize its local environment, conformation, hydrogen 

bonding, and protonation state within a protein. 

3.2 Introduction 
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Electron transfer (ET) is central to a vast array of biological processes and often 

involves the formation of amino acid radical intermediates.  For example, in photosystem 

II (PSII), the >20 Å transfer of electrons proceeds via a tyrosine radical (TyrZ•).1,2  In the 

ribonucleotide reductase (RNR) enzymes, ET occurs over distances >35 Å,3 and both 

tyrosine and cysteine residues are known to dramatically enhance the kinetics.4,5  In fact, 

it has been proposed that biological ET over distances >14 Å requires radical 

intermediates.6  Other examples of ET mediated by amino acid radicals are the enzymes 

cytochrome c peroxidase (trp•), galactose oxidase (tyr•), and DNA photolyase (trp•).7   

These and other examples illustrate the prevalence and importance of amino acid radicals 

in biological ET, and motivate our investigation of these elusive intermediates. 

The first amino acid radical to be discovered was tyrosine,8 which has been 

studied in a number of biological systems.7,9-11  In contrast, very little is known about the 

structure and dynamics of tryptophan radicals.  One source of complexity is the protein-

modulated shift in pKa upon radical formation.  Cation and neutral tryptophan radicals 

have both been shown to play biologically significant roles in several enzymatic 

reactions.12-19  Characterization of neutral and cation radicals is crucial for understanding 

tryptophan-mediated ET reactions because the thermodynamic driving force depends on 

the protonation state of the radical.20-23  Much of the work of identification and 

determination of the structures and environments of amino acid radicals in proteins have 

been gained through electron paramagnetic resonance (EPR) and related electron 

magnetic-resonance techniques such as electron-nuclear double-resonance (ENDOR) 

spectroscopy.18,24-29  A noteworthy success in recent years is high-frequency (≥ 95 GHz) 
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and multi-frequency EPR techniques26,28,30-33 which are clearly able to distinguish amino 

acid radicals that otherwise have similar spectral signatures at lower frequencies.  

Advanced EPR techniques also provide valuable insights into the structure and 

immediate environment around the radical.15,26,34   

A full understanding of biological ET would benefit greatly from structural 

insights on the sub-nanosecond timescale and at ambient temperature, which are 

conditions that are typically outside the realm of magnetic resonance experiments.   Fast 

kinetics are expected to characterize some elementary steps, such as deprotonation of a 

radical in proton-coupled electron transfer.23,35-37  Vibrational spectroscopy reveals 

unique molecular fingerprints of amino acid radicals, as demonstrated by several FTIR 

studies of tyrosine radicals.9,38,39  Our preference for resonance Raman (RR) spectroscopy 

is motivated by (1) high sensitivity of the technique, (2) selectivity of signal to a specific 

chromophore without obfuscation from other residues, backbone, or solvent, and (3) 

exceptional time resolution.  The strong visible absorption band of aromatic amino acid 

radicals has allowed for numerous RR studies on the tyrosine radical9 and a single RR 

study on the tryptophan radical.40  Visible RR studies of tryptophan radicals have yet to 

provide the valuable insights that UV resonance Raman (UVRR) has provided for closed-

shell tryptophan residues in proteins;41-46 however, we expect that visible RR studies 

should reveal many aspects of the structure and microenvironment of biological radicals.  

Lastly, we note that RR has the capability of subpicosecond time resolution47-49 which 

renders time-resolved RR experiments an ideal probe of long-range ET reactions 

involving amino acid radical intermediates.  These and other advantages of RR 
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spectroscopy underlie our current efforts to establish important foundations for ongoing 

and future structural studies of amino acid radicals.     

Here, we present the first direct comparison of the vibrational structure of a 

stable, neutral tryptophan radical in a protein to its closed-shell counterpart and report the 

effects of pH and D2O buffer.  The azurin protein system shown in Figure 3.1 was 

developed by the Gray group.  Incorporation of a covalently attached rhenium(I) 

phototrigger results in the formation of a remarkably long-lived tryptophan radical at 

position 108.50-53  The resonance Raman spectrum of the radical is analyzed with the aid 

of calculations and close comparison to the UVRR spectrum of the closed-shell species.  

Implications for the study of tryptophan intermediates in biological electron hopping 

reactions are discussed.  
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Figure 3.1   (A)  Crystal structure of ReAz108W: pdb code 1R1C.  
Tryptophan 108 residue is highlighted (orange) with distances to nearby 
redox centers.  (B)  Schematic of tryptophan mode W3 with atom 
labeling.  (C)  Schematic of analogous tryptophan radical mode W3• 
with atom labeling.   
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3.3 Materials and Methods 

3.3.1 Chemicals   

Materials were purchased and used as obtained from Fisher Scientific unless 

otherwise noted.  D2O (>99% isotopic purity) was obtained from Spectra Stable Isotopes. 

3.3.2 Preparation of azurin samples   

Expression, isolation, labeling, purification, and characterization of azurin mutant 

[W48F/Y72F/H83Q/Q107H/Y108W]AzCu(II), Az108W, were carried out as previously 

described.51-53  Unlabeled protein samples were prepared by dilution of a >1 mM stock 

solution into an appropriate buffer immediately prior to the experiment.  Rhenium-

labeled samples [Re(I)(CO)3(4,7-dimethyl-1,10-phenanthroline)(H107)]Az(108W), 

ReAz108W, were prepared by dilution of a stock solution of 250 μM ReAz108W into an 

appropriate buffer, and an aliquot of 50 mM exogenous quencher, [CoIII(NH3)5Cl]Cl2, in 

deionized water was added to this solution to obtain a final concentration of 5 mM 

[CoIII(NH3)5Cl]2+.  The sample was placed in an atmosphere-controlled 3 mm i.d. EPR 

tube (for EPR and resonance Raman experiments) or cuvette (for absorption experiments) 

and degassed on a vacuum line with repeated pump/purge cycles.  For radical 

experiments in D2O, buffer was exchanged by repeated concentration on the vacuum line 

to ~1 mM and dilution into deuterated buffer to ensure minimal contamination from 

protiated solvent.  Final protein concentrations were ~10 μM (absorption), ~50 μM 

(UVRR), and ~100 μM (EPR and visible RR) in ~50 mM phosphate (pH 7.2 or pD 7.6) 

or acetate (pH 4.0) buffers.   
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Photolysis of a degassed solution containing ReAz108W and quencher was 

achieved with the 355 nm third harmonic output from a 20 Hz Nd:YAG laser.  Samples 

were photolyzed for 10 s with ~500 μJ pulses in a defocused beam to create the radical 

species (ReAz108W•).  For EPR experiments, the samples were frozen in liquid nitrogen 

immediately after photolysis and transferred into the cavity while frozen. 

3.3.3 EPR spectroscopy  

EPR spectra were obtained using an X-band Bruker ELEXSYS E500 

spectrometer equipped with a Bruker ER4131VT variable temperature unit.  Spectra were 

recorded at 125 K.  Field calibration was accomplished by using a standard of solid 2,2-

diphenyl-1-picrylhydrazyl (DPPH), g=2.0036.  Data were acquired for ~15 min using a 

modulation frequency of 100 kHz, modulation amplitude of 1.5 G, and microwave power 

of ~ 2 mW.  EPR spectra with the sample removed from the cavity were acquired and 

subtracted from sample spectra to remove background signal.   

3.3.4 Absorption spectroscopy 

Absorption spectra of ReAz108W• were obtained using a UV-Vis-NIR 

spectrophotometer (Cary 5000 Varian Instruments).  The absorption spectrum of 

ReAz108W• was determined by taking the difference of ReAz108W with 

[CoIII(NH3)5Cl]2+ before and after 355 nm photolysis.  The spectral bandwidth was 0.6 

nm.  

3.3.5 Resonance Raman spectroscopy 

Resonance Raman (RR) spectroscopy was performed at room temperature.  A 

mixed-gas Kr-Ar laser (Spectra-Physics Stabilite) provided 514.5 nm excitation.  The 8 

mW beam was focused into an EPR tube containing sample.  Scattered light was 
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collected 90° relative to the incident beam by an F/1.2 camera lens and imaged by an F/7 

lens onto the spectrograph entrance slit opened to 110 μm.  Rayleigh scattering was 

rejected by a 514.5 nm long-pass edge filter (Semrock RazorEdge).  Raman scattered 

light was dispersed in an F/6.9, 0.75 m spectrograph (Spex Industries model 1700 

equipped with a 500 gr/mm grating) and detected by a peltier-cooled CCD detector 

(Princeton Instruments, Pixis 256).  The bandpass (~10 cm-1) and accuracy (≤1 cm-1) 

were determined from ethanol calibration spectra.  Samples were characterized by EPR 

immediately prior to RR to ensure that the radical was present.  Resonance Raman 

spectra of ReAz108W• were collected for approximately 3 h, with re-photolysis 

approximately every 30 min during this period.   

RR spectra of ReAz108W prior to addition of [CoIII(NH3)5Cl]2+ were subtracted 

from sample spectra to remove peaks due to the ReI label.  A broad background caused 

by laser light scattering was eliminated by an interpolated fit to the baseline.  The 5 mM 

[CoIII(NH3)5Cl]2+ quencher control spectra contained no sharp peaks in the resonance 

Raman spectra.   

Instrumentation for ultraviolet resonance Raman spectroscopy has been described 

in detail elsewhere.41  Briefly, a 1 kHz Ti:Sapphire laser (Photonics Industries) provided  

>1-Watt beam at 920 nm; the fundamental was directed through a lithium triborate 

(LBO) crystal, and the resulting 460 nm beam was then passed through a β-barium borate 

(BBO) crystal to produce > 8 mW of 230 nm UV excitation.  The UV beam was focused 

with a pair of cylindical lenses to a spot size of ~230 μm x ~75 μm at the sample.  The 

power at the sample was ~3 mW.  Scattered light was collected in a ~135° backscattering 

geometry and focused onto the entrance slit of a prism-based prefilter.  Raman scattered 
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light was dispersed in a 0.5 m spectrograph (JY Horiba, Spex 500M equipped with a 

3600 gr/mm holographic grating), and imaged onto a CCD detector (Princeton 

Instruments, Pixis 400B).    The spectral response was determined by a deuterium lamp, 

and the bandpass (~15 cm-1) and accuracy (≤1 cm-1) were determined from ethanol 

calibration spectra.  Previous UVRR power dependence studies of azurin indicated that 

the current experiments were performed under conditions of linear response (data not 

shown).   

Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 

pulse, and discarded after a single-pass through the laser beam to eliminate artifacts from 

photolyzed sample.  Fifteen-minute UVRR spectra were collected for Az108W samples 

under the following conditions: 50 μM Az108W in phosphate buffer, pH 7.2, 50 μM 

Az108W in phosphate buffer (D2O), pD 7.6, and 50 μM Az108W in acetate buffer, pH 

4.0.  Spectra of buffer-only solutions were also acquired and subtracted from 

corresponding Az108W spectra.   

3.4 Results  

Earlier studies on ReAz108W• used both optical and magnetic techniques to 

generate and characterize the neutral radical.52  Similar techniques were used in our 

current work to confirm the presence of this radical under different buffer conditions 

(Figure 3.2).  The EPR spectra of ReAz108W• are in close agreement with previously 

reported spectra.52  The X-band g-value was found to be 2.004, and the slight features 

with ~5 G separation have been attributed to the tryptophan radical.15  Few differences 

were observed between the protiated (Fig. 3.2B) and deuterated (Fig. 3.2A) solvent, 
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which is consistent with a deprotonated neutral radical, and the slight differences 

observed at low pH (Fig.3. 2C) are attributed to changes in protein geometry.  The 

absorption spectrum obtained for ReAz108W• (Figure 3.2 inset) shows characteristic 

double maxima at 511 nm and 537 nm that persisted for more than 1 hr, similar to 

previous reports.52  These results confirm the production and persistence of a tryptophan 

radical in azurin.      
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Figure 3.2 X-band (9.4 GHz) EPR spectra at 125 K of ~100 μM 
ReAz108W• with 5 mM [CoIII(NH3)5Cl]2+ under different buffer 
conditions.  (A)  50 mM phosphate buffer (D2O), pD = 7.6; (B)  50 mM 
phosphate buffer (H2O), pH 7.2; (C)  50 mM acetate buffer (H2O), pH 
4.0.  The spectra are offset for clarity.  Inset  Absorption spectrum of 
~10 μM ReAz108W• with 5 mM [CoIII(NH3)5Cl]2+ in 50 mM phosphate 
buffer (H2O), pH 7.2 (1 min after photolysis).  The excitation 
wavelength for RR experiments is indicated at 514.5 nm. 

 
 
  



72 

 

 

The ultraviolet resonance Raman spectra of Az108W and visible resonance 

Raman spectra of ReAz108W• in both protiated and deuterated buffer are compared in 

Figure 3.3.  Visible RR spectra of ReAz108W• show at least twelve bands, the strongest 

of which have frequency maxima at 1595 cm-1, 1562 cm-1, 1462 cm-1, 1345 cm-1, 1177 

cm-1, 1152 cm-1, 1082 cm-1, and 995 cm-1.  The normal modes of vibration of the radical 

were assigned by comparison to calculations and a previous report40 (see Table 3.1); the 

assignments are discussed extensively in Appendix A.  The effects of buffer condition on 

the resonance Raman spectra of ReAz108W• are shown in Figure 3.4 and summarized in 

Table 3.2.  Several bands, particularly those with frequency < 900 cm-1, show buffer-

dependent shifts.  Almost all modes shift to lower frequencies in D2O, with the largest 

change (-45 cm-1) occurring in the W17• mode around 875 cm-1.  Two intense peaks—

1345 cm-1 and 1177 cm-1— occur at the same frequencies in all three conditions.  The pH 

7.2 modes at 1562, 1224, 1082, and 995 cm-1 shift to 1537, 1227, 1078, and 1006 cm-1 , 

respectively, at acidic pH.  These shifts are discussed below.  A significant shoulder 

appears on the high-energy portion of the 1537 cm-1 peak.  The acetate buffer used in the 

low pH experiments gives rise to intense Raman bands that we are unable to subtract 

completely.   
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Figure 3.3 Resonance Raman spectra of (A) ~100 μM ReAz108W• 
with 5 mM [CoIII(NH3)5Cl]2+  in ~50 mM phosphate buffer, pH 7.2 (λex 
= 514.5 nm), (B) 50 μM Az108W in 50 mM phosphate buffer, pH 7.2 
(λex = 230 nm),  (C) 50 μM Az108W in 50 mM phosphate buffer (D2O), 
pD 7.6 (λex = 230 nm), and (D) ~100 μM ReAz108W• with 5 mM 
[CoIII(NH3)5Cl]2+ in ~50 mM phosphate buffer (D2O), pD 7.6 (λex = 
514.5 nm).  Colors scheme is as follows:  yellow (W17 and W17•); red 
(W16 and W16•); blue (W10 and W10•); orange (W6); black (W4 and 
W4•); green (W3 and W3•); and pink (W2 and W2•). 
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Table 3.1 Mode assignments and frequencies (cm-1) of tryptophan 
resonance Raman bands for Az108W (λex = 230 nm) and ReAz108W• 
(λex = 514.5 nm).  Frequency shifts between ReAz108W• and Az108W 
(Δ rad) are included.  (--) indicates peaks that are not observed for a 
particular species. 

 

Mode 
Az108W 

H2O pH 7 (cm-1)
ReAz108W• 

H2O pH 7 (cm-1)
Δ rad (cm-1)

W18 764 760 -4 
W17 880 875 -5 
W16 1012 995 -17 
W14 1079 -- -- 
W13 1129 1082 -47 
W12 1149 1177 28 
W10 1239 1152 -87 
W7 1352 / 1364 1224 -128 
W6 1435 -- -- 
W5 1462 1498 36 
W4 1498 1462 -36 
W3 1553 1345 -208 
W2 1583 1562 -21 
W1 1621 1595 -26 
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Figure 3.4 Resonance Raman spectra (λex = 514.5 nm) of ~100 μM 
ReAz108W• with 5 mM [CoIII(NH3)5Cl]2+ in (A) ~50 mM phosphate 
buffer (D2O), pD 7.6, (B) ~50 mM phosphate buffer, pH 7.2, and (C) 
~50 mM acetate buffer, pH 4.0; (*) indicates residual contribution from 
Re(I) inorganic label; (**) indicates residual peak from acetate buffer. 
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Table 3.2 Summary of frequencies (cm-1) for tryptophan modes of 
ReAz108W• (λex = 514.5 nm) in D2O, H2O, and acidic buffers.  
Frequency shifts relative to the ReAz108W• species in H2O, pH 7.2 are 
indicated with parentheses.   

 

Mode 
ReAz108W• 
D2O pD 7.6 

ReAz108W• 
H2O pH 7.2 

ReAz108W• 
H2O pH 4.0 

W18• 752 (-8) 760 749 (-11) 
W17• 830 (-45) 875 886 (+11) 
W16• 990 (-5) 995 1006 (+11) 
W13• 1086 (+4) 1082 1078 (-4) 
W12• 1177 0 1177 1177 0 
W10• 1149 (-3) 1152 1151 (-1) 
W7• 1228 (+4) 1224 1227 (+3) 
W5• 1496 (-2) 1498 -- -- 
W4• 1460 (-2) 1462 1453 (-9) 
W3• 1345 0 1345 1345 0 
W2• 1558 (-4) 1562 1537 (-25) 
W1• 1593 (-2) 1595 1590 (-5) 
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Table 3.3 Summary of frequencies (cm-1) for tryptophan modes of 
Az108W (λex = 230 nm) in D2O, H2O, and acidic buffers.  Frequency 
shifts relative to the Az108W species in H2O, pH 7.2 are indicated with 
parentheses.   

Mode 
Az108W 

D2O pD 7.6 
Az108W 

H2O pH 7.2 
Az108W 

H2O pH 4.0 
W18 760 (-4) 764 762 (-2) 
W17 862 (-18) 880 879 (-1) 
W16 1013 (+1) 1012 1014 (+2) 
W14 1083 (+4) 1079 1081 (+2) 
W13 1120 (-9) 1129 1135 (+6) 
W12 1140 (-9) 1149 1152 (+3) 
W10 1240 (+1) 1239 1240 (+1) 

W7 
1152 / 
1359 (-200 / -5) 1352 / 1364 1353 /1367 (+1 / +3)

W6 1391 (-44) 1435 1442 (+3) 
W5 1458 (-4) 1462 1464 (+2) 
W4 1482 (-16) 1498 1494 (-4) 
W3 1552 (-1) 1553 1552 (-1) 
W2 1576 (-7) 1583 1582 (-1) 
W1 1618 (-3) 1621 1622 (+1) 
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Ultraviolet resonance Raman spectra of Az108W show peaks expected for 

tryptophan.  Band assignments for Az108W were made by comparison to previous 

studies of tryptophan normal modes (see Table 3.1).54  UVRR spectra of Az108W under 

different buffer conditions show changes in tryptophan modes as a function of solvent 

(Table 3.3).  Spectra of the protein in H2O and D2O are similar (Figs. 3.3B and 3.3C); 

observed frequency differences involve modes that are sensitive to hydrogen bonding, 

including mode W17, which consists of mostly N-H/pyrrole motion, and the N-H 

bending modes W6 and W4.55  Notable shifts for modes W13, W12, and W2 are also 

observed when changing solvent from H2O to D2O.  Additionally, the Fermi resonance 

doublet at 1352/1364 cm-1 in H2O becomes a single peak at 1359 cm-1 in D2O; this 

reduction is accompanied by the appearance of one new band around 1152 cm-1.  Under 

acidic conditions (pH 4.0), the vibrational structure of tryptophan shows only slight 

changes, as evidenced by UVRR mode frequencies.  Shifts in peak positions of Az108W 

in H2O at neutral pH, D2O at neutral pD, and H2O at acidic pH are summarized in Table 

3.3.  An additional peak in the UVRR spectra around 1600 cm-1 can be attributed to 

phenylalanine residues, as there are no tyrosine residues in this azurin mutant.   

3.5 Discussion 

3.5.1 Vibrational differences between Az108W and ReAz108W• 

The oxidation of tryptophan significantly perturbs the electronic structure of this 

residue, as is evident from its absorption band, which is highly red-shifted relative to the 

closed-shell species.56  A primary aim of the present work is the identification of the 

normal modes of the tryptophan radical and comparison to corresponding modes of the 

closed-shell species.  As expected, the internal coordinates of various modes change for 
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the radical with respect to the closed-shell species; therefore, calculations were used to 

help identify the best correspondence between the sets of normal modes (see Appendix A 

for an extended discussion of mode assignments).57-61  The intense W3• mode of the 

radical is of particular interest because the closed-shell counterpart mode, W3, is a 

conformational marker in UVRR spectra of tryptophan residues in proteins.55  The 

frequency of the W3• mode decreases more than 200 cm-1 upon formation of the radical.  

This dramatic shift is predicted due to changes in electron density on the pyrrole ring;59-61 

consideration of resonance structures is a starting point for understanding the reduction in 

bond order between the C2 and C3 atoms of the radical species relative to the closed shell 

residue.  Our calculations predict a mode at 1376 cm-1 (experimentally observed at 1345 

cm-1) with pyrrole displacements that closely resemble those of the W3 mode for the 

neutral species (Figs 3.1B and 3.1C).  This assignment is also in agreement with previous 

predictions for the W3 mode shift.58,59  In addition to large differences predicted upon 

protonation of the radical,57-59,61 smaller frequency shifts of W3• may potentially be used 

to identify different conformations of tryptophan radicals. 

There are a number of other modes affected by the oxidation of the tryptophan 

residue that reflect altered displacements in the plane of the indole ring.  The W1• and 

W2• benzene-like Φ8 C-C stretching modes shift ~25 cm-1 to lower frequencies, 

consistent with less π-bond electron density and decreased C-C bond order.  Similarly, 

W16•, the benzene ring-breathing mode, and W18•, the pyrrole ring-breathing mode, also 

shift to lower frequencies.  Tryptophan modes with significant indole N-H contribution 

will be altered upon formation of the neutral, deprotonated radical.  Both the W6 and W4 

modes contain large N-H bending displacements and demonstrate empirical correlations 
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between frequency and indole hydrogen bonding strength.55,62  The analogous radical 

mode W4• is downshifted 36 cm-1 upon oxidation and loss of the indole proton; 

assignment of this radical as a neutral, deprotonated species is discussed below.  Shifts in 

the W4• peak position may be used to characterize solvent exposure or hydrogen-bond 

accepting strength of tryptophan radicals in different environments.  The corresponding 

W6• mode is not observed nor calculated to exist.63  Interestingly, the benzene-like Φ19a 

ortho-C-H bending mode W5• is predicted to appear at a higher frequency than the Φ19b 

para-C-H bending + C2-N stretching mode W4•, which is the reverse of what is observed 

for the closed-shell species.  The prominent W10• mode, which is a mixed C-H bending 

and C8-N stretching mode, shifts to lower energies, as does the W13• mode, another C-H 

bending mode.  As predicted, the ortho-C-H bending W12• mode increases in energy 

relative to W12.  Frequency changes upon oxidation are summarized in Table 3.1; our 

mode assignments for the radical generally agree with a previous report40 with the 

exception of a few modes.  The differences in mode frequencies between tryptophan and 

its neutral radical highlight the utility of vibrational spectroscopy as a probe of amino 

acid oxidation state.  We describe below the influence of environment (pH) and isotopic 

substitution of the solvent on the modes of the closed-shell and radical species. 

3.5.2 pH and isotope buffer effects on vibrational structure of ReAz108W• 

The effects of buffer condition on the resonance Raman spectrum of the 

tryptophan radical, ReAz108W• are presented in Figure 3.4.  Most of the peaks shift to 

lower frequency by approximately 5 cm-1 when ReAz108W• is placed in D2O (Table 

3.2).  However, the W17• mode, which involves significant motion of the indole 

nitrogen, exhibits a large downshift (45 cm-1) in D2O; the analogous shift for the closed-
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shell species is only 18 cm-1.  Additional tryptophan modes that serve as hydrogen 

bonding markers,55 such as W4• and W2•, also show decreased  frequencies upon 

deuteration.  These changes reveal the strong interaction between the deprotonated 

tryptophan radical and the solvent environment.  This hydrogen bonding may impart 

kinetic stability since a strong hydrogen bond would diminish the energetic benefit of 

reprotonation and reduction.52   

Acidic conditions provide additional information about the interactions between 

ReAz108W• and solvent.  The hydronium ion should act as a strong hydrogen bond 

donor; therefore, we expect a stronger hydrogen bond between solvent and the tryptophan 

radical at acidic pH relative to neutral pH.  It is well-established that in the closed-shell 

species, the W17 frequency increases with increasing strength of the N-H bond.55  An 

extension of this argument for the radical species implies that the W17• frequency should 

similarly increase with hydrogen bond strength to the nitrogen.  The +11 cm-1 shift for 

W17• from pH 7.2 to pH 4.0 indicates that the deprotonated radical does form a hydrogen 

bond at low pH.  Conversely, modes W2 and W4 show frequency increases with 

enhanced tryptophan proton donation;55 the frequencies of the corresponding radical 

modes W2• and W4• are observed to decrease with pH by 25 cm-1 and 9 cm-1, 

respectively.  These shifts provide further evidence that ReAz108W• has strong 

hydrogen-bond accepting character, and the strength of this hydrogen bond increases in 

an acidic environment.   

We postulate that the peak position of W3• in the radical spectrum may be used as 

an indicator of conformation since the torsion angle of the closed-shell indole plane with 

respect to the peptide backbone can be determined from the W3 frequency in UVRR 
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spectra.55  The UVRR spectra of Az108W reveal a constant W3 frequency upon 

exchange of H2O for D2O, and for pH as low as 4.0.   We conclude that the current set of 

buffer conditions have no observable effect on the orientation of tryptophan within the 

protein.  Likewise, the frequency of the radical W3• mode in D2O and H2O and at acidic 

pH is fixed, indicating that the tryptophan radical within the protein is not significantly 

perturbed under these different conditions.  This mode may provide information about 

structural perturbations for other tryptophan radicals in azurin. 

Resonance Raman spectroscopy can be used to definitively assign protonation 

state of the radical for the following reasons:  The W3• mode is calculated to shift ~100-

150 cm-1 upon protonation;59,61  vibrational contributions from the additional proton are 

expected to significantly alter modes with N-H displacement;61 and according to our 

calculations, the W6• mode that is predicted and observed to be absent in the RR 

spectrum of the neutral radical is expected to reappear for the cation radical.  Our results 

indicate that ReAz108W• is not protonated at pH 4.0 because only minor differences 

were observed in the RR spectra of ReAz108W• at pH 4.0 and pH 7.2.  In addition, the 

frequency of the W3• mode at 1345 cm-1 remains constant.  These observations suggest 

that while the pKa for L-tryptophan radicals was found to be around 4.3 in pulse 

radiolysis studies,22,64 the protein environment and limited solvent exposure reduces the 

pKa of ReAz108W• to less than 4, consistent with what has been observed in 

voltammetry experiments.65   

In summary, the resonance Raman spectra of ReAz108W• provide information 

about the structure and environment of the tryptophan radical.  Alterations in electron 

density cause significant frequency and intensity changes for specific indicator bands, 
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such as W3, upon radical formation.  Solvent studies as well as comparison to Az108W 

UVRR bands reveal that this tryptophan radical can be rigorously characterized as a 

neutral deprotonated radical, albeit one that is a strong hydrogen-bond acceptor.  The 

observed low pKa has implications for the role of tryptophan as an intermediate along 

multistep electron transfer pathways.50   

3.5.3 Ultraviolet resonance Raman spectra of Az108W 

RR spectra provide information about conformation and local environment.41,62,66  

Ultraviolet resonance Raman spectra of Az108W in D2O and acidic buffer allow 

investigation of conformation, solvent exposure, and hydrogen bonding of the closed-

shell tryptophan residue (Table 3.3).  Using the previously published correlation between 

the W3 mode frequency and torsion angle between the indole plane and the peptide 

backbone,55  the Az108W W3 frequency of 1553 cm-1 in H2O, D2O, and acidic buffer 

corresponds to a torsion angle of 99º, which is in very good agreement with the published 

structure (98º, pdb: 1R1C).   

The crystal structure of ReAz108W indicates that the indole ring is ~40% solvent-

exposed; one water molecule is found only 2.31 Å from the indole nitrogen52 and is likely 

to be hydrogen-bonded to the indole.  As expected, UVRR spectra of this azurin mutant 

show frequencies and intensities that are indicative of partial solvent exposure relative to 

other mutants (data not shown).  The Fermi resonance doublet intensities between 1340 

cm-1 and 1360 cm-1 have been used as indicators of hydrophobicity;54,67-69 in Az108W, 

the ratio I1360/I1340 is 1.06, which is consistent with partial solvent exposure.68  The extent 

of solvent interaction is also revealed by the W17 mode frequency that supports moderate 

hydrogen bonding.70  The significant shifts observed for modes W17 (-18 cm-1) and W6 
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(-45 cm-1) upon deuteration of the indole ring agree with calculations and previously 

observed frequency shifts for aqueous L-tryptophan.54  Other modes show minor isotopic 

effects.   

Under acidic conditions, there are only minor changes in Az108W mode 

frequencies.  The W6 mode frequency increases 6 cm-1, implying increased hydrogen 

bonding.55  This enhancement is likely due to a local conformational change of the 

protein environment around the tryptophan residue.52  There are three protonatable side 

chains (107H, 106E, 104E) within close proximity of the 108W residue; electrostatic 

changes due to protonation may allow for greater solvent interaction with the indole ring.  

The effects of deuterated and acidic buffer on the UVRR frequencies of Az108W are 

consistent with the observed changes for the tryptophan radical under these different 

buffer conditions.  

3.5.4 Summary and implications for tryptophan radicals as electron transfer 

intermediates 

Tryptophan radicals have been observed as intermediates in a number of catalytic 

and long-range electron transfer processes,7,50,71 and may be involved in proton-coupled 

electron transfer.10,21,71,72  A long-standing question is whether the radical is 

protonated.13,23  The tryptophan side chain has a pKa of ~17, which decreases by more 

than 13 pKa units upon oxidation in a protein.73  Therefore, like tyrosine,7 the oxidation 

of tryptophan is typically accompanied by the loss of a proton under most physiological 

conditions.  This proton loss has significant implications for electron hopping reactions 

since the driving force is critically dependent on the protonation state of the radical.20-23  

The energetics, mechanisms, and timescales of proton and electron loss for tyrosine and 
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tryptophan are active areas of research and vibrational spectroscopy is well suited to the 

study of these problems. 

In particular, the exceptional stability of ReAz108W• allows for relatively 

straightforward resonance Raman characterization of this tryptophan radical.  The 

unusual stability of this particular azurin mutant has been speculated to arise from a 

kinetic barrier to reprotonation.  Other azurin mutants have been shown to undergo 

electron hopping reactions and thus, this protein is ideal for studies of engineered 

tryptophan radicals in other environments.50   Azurin mutants with single tryptophan 

residues in environments of varying hydrophobicity have been constructed, and we 

expect that time-resolved resonance Raman studies will elucidate the effects of solvent, 

hydrogen bonding, and conformation on the structure and lifetime of these radicals.  

Information gained from the present model system may aid in understanding the 

tryptophan radicals observed in nature and elucidate tryptophan-mediated proton-coupled 

electron transfer reactions in a protein matrix. 

In summary, this paper presents a comprehensive analysis of the resonance 

Raman spectra of a long-lived tryptophan radical and its closed-shell parent within a 

model electron transfer protein.  The assignment of ReAz108W• as a neutral radical 

species is corroborated by our spectra.  The frequency changes observed in D2O and at 

pH 4 reveal partial solvent exposure and strong hydrogen-bond acceptance of the radical.  

The detailed analysis and assignments of the normal modes reported here serve as an 

important basis for future studies of multistep electron transfer and proton-coupled 

electron transfer in natural protein systems.   
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4 Spectroscopic comparison of photogenerated tryptophan 

radicals in azurin: Effects of local environment and structure 

4.1 Abstract 

Tryptophan radicals play a significant role in mediating biological electron 

transfer.  We report the photogeneration of a long-lived, neutral tryptophan radical 

(Az48W•) from the native residue tryptophan-48 in the hydrophobic core of azurin.  The 

optical absorption, electron paramagnetic resonance, and resonance Raman spectra 

strongly support the formation of a neutral radical, and the data are consistent with direct 

electron transfer between tryptophan and the copper(II) center.  Spectra of the long-lived 

Az48W• species are compared to those of a previously studied, solvent-exposed radical at 

position 108 to identify signatures of tryptophan radicals that are sensitive to the local 

environment.  The absorption maxima of Az48W• display a ~23 nm hypsochromic shift 

in the nonpolar environment.  The majority of the resonance Raman frequencies are 

downshifted by ~7 cm-1 relative to the solvent-exposed radical, and large changes in 

intensity are observed for some modes.  The resonance Raman excitation profiles for 

Az48W• exhibit distinct maxima within the absorption envelope.  Electron paramagnetic 

resonance spectroscopy yields spectra with partially resolved lines caused by hyperfine 

couplings; the differences between the coupling constants for the buried and solvent-

exposed radical are primarily caused by variations in structure.  The insights gained by 

electronic, vibrational, and magnetic resonance spectroscopy enhance our fundamental 

understanding of the effects of protein environment on radical properties.  Hypotheses for 
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the proton transfer pathway within azurin and a deprotonation rate of ~5 μ 106 s-1 are 

proposed.   

4.2 Introduction 

Redox-active aromatic amino acids play critical roles as intermediates in a variety 

of biological electron transfer (ET) processes, including enzymatic and multistep electron 

transfer reactions.1-8  The tyrosine radical was the first amino acid radical identified and 

has been well characterized.9,10  Considerably fewer reports have focused on the 

tryptophan radical, which is also prevalent in proteins.1,2,4,7  The oxidation reaction of 

tryptophan is complex because it is often accompanied by the loss of a proton under 

physiological conditions.11,12  This propensity for proton loss indicates that tryptophan 

neutral radicals may participate in proton-coupled electron transfer (PCET) reactions, 

which are critical in numerous catalytic and energy conversion reactions.13-15  Currently, 

a library of spectral properties and correlations with tryptophan radical environment is 

not available, in contrast to the well-studied closed-shell tryptophan residue.16-18  The 

missing depth of knowledge on tryptophan radical spectroscopy is one factor that has 

obstructed our understanding of tryptophan-mediated ET reactions.  We have embarked 

on a comprehensive analysis of the radical in a protein environment to establish 

correlations between the spectral properties of tryptophan radicals and structure, solvent 

polarity, and hydrogen bonding.19  These spectroscopic markers in turn may be utilized to 

provide insight into electron transfer kinetics and mechanisms. 

 Our initial aim has been characterization of engineered amino acid radicals in the 

well-studied blue-copper ET protein azurin.  Azurin contains a single native tryptophan 

residue, tryptophan-48, in a hydrophobic region of the β-barrel core 10 Å from the copper 
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center.20  This tryptophan residue has previously been examined in the context of 

intramolecular ET pathways through azurin21 and displays unique spectroscopic features, 

including the smallest Stokes shift observed for the tryptophan fluorescence in any 

natural protein.  Furthermore, the fluorescence intensity is highly quenched in the 

holoprotein relative to the apo- species.22,23  It has been proposed for over two decades 

that this fluorescence quenching derives from excited-state electron transfer between 

tryptophan and the copper(II) center;24,25 however, this process has not been 

experimentally confirmed until now.   

In a protein environment, the mechanism of electron ejection from tryptophan is 

complex.  Ultraviolet excitation of aqueous tryptophan model compounds has been 

shown to directly produce the tryptophan cation radical Trp+• (pKa ~ 4) or the neutral 

radical Trp• depending on pH.26-29  In peptide and protein systems that are engineered to 

photoinitiate ribonucleotide reductase activity, photoionization of tryptophan is followed 

by electron transfer from tyrosine to the tryptophan radical.30-32  In other systems, such as 

the photolyases and cryptochromes, electron transfer along tryptophan and tyrosine 

residues is initiated by photoexcitation of an FAD cofactor, followed by electron 

abstraction from the aromatic amino acid.33,34  While photoionization of tryptophan to 

generate a solvated electron and highly oxidizing tryptophan radical has been utilized to 

initiate intraprotein ET,32 to the best of our knowledge, there have been no prior reports 

of direct ET from excited-state tryptophan to a redox cofactor in a protein system.       

Magnetic and optical spectroscopies are the primary techniques for 

characterization of amino acid radicals in natural protein systems.  Much of the 

knowledge of amino acid radicals in proteins has been gained through electron 
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paramagnetic resonance (EPR) and related electron magnetic-resonance techniques.35,36  

EPR spectra provide direct evidence of the spin density, electronic structure, and 

geometry of organic radical species.37  High-frequency (≥ 95 GHz) and multi-frequency 

EPR studies are also able to provide valuable insights into the structure and immediate 

environment around the radical.38-42  The information obtained through EPR spectroscopy 

is complementary to that obtained from optical and vibrational spectroscopy.  However, 

despite some experimental advantages, absorption and resonance Raman (RR) 

spectroscopies have seen limited application in the study of tryptophan radicals within 

protein systems.2,19,43  Collectively, these methods allow determination of the radical 

protonation state, conformation, environment hydrophobicity, and hydrogen bonding 

within a protein matrix.  A systematic correlation between these three spectroscopic 

techniques will facilitate full characterization of both long-lived and transient neutral and 

cationic tryptophan radicals.   

The goal of the current work is to utilize multiple spectroscopic tools to 

characterize a tryptophan radical in different protein environments.  We have observed 

photoinduced reduction of the Cu(II) center from the native tryptophan-48 residue in a 

tyrosine-deficient mutant of azurin and report here on the electronic, magnetic, and 

vibrational spectra of the oxidized neutral tryptophan radical, Az48W•.  The properties of 

this long-lived radical in its natural hydrophobic pocket are compared to those of a 

tryptophan radical in a partially solvent-exposed environment at position 108 generated 

in a rhenium-labeled azurin mutant (ReAz108W•).19,44  This comparison enables 

identification of spectral signatures of tryptophan radicals that are sensitive to local 

environment.  Electron and proton transfer pathways and kinetics are discussed.   
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4.3 Materials and Methods 

4.3.1 Chemicals   

Materials were purchased and used as obtained from Fisher Scientific unless 

otherwise noted.  D2O (>99% isotopic purity) was obtained from Acros Organics. 

4.3.2 Sample preparation and labeling 

Expression, isolation, purification, labeling, metal exchange, and characterization 

of Pseudomonas aeruginosa azurin mutants with single tryptophan residues at positions 

108 [W48F/Y72F/H83Q/Q107H/Y108W]AzCu(II) (Az108W) and 48 

[Y72F/Y108F]AzCu(II) (Az48W) were carried out as previously described.44,45  

Unlabeled protein samples were prepared by dilution of a >1 mM stock solution into an 

appropriate buffer immediately prior to the experiment.  The rhenium-labeled Az108W 

mutant [Re(I)(CO)3(4,7-dimethyl-1,10-phenanthroline)(H107)]Az(108W), ReAz108W, 

was prepared by dilution of a stock solution of 250 μM ReAz108W into an appropriate 

buffer, and an aliquot of 50 mM exogenous quencher, [CoIII(NH3)5Cl]Cl2, in deionized 

water was added to this solution to obtain a final concentration of 5 mM 

[CoIII(NH3)5Cl]2+.  The sample was placed in an atmosphere-controlled 3 mm i.d. EPR 

tube for visible RR and EPR experiments.  An atmosphere-controlled 2 mm μ 1 cm 

cuvette was used for absorption experiments.  The samples were deoxygenated on a 

vacuum line with repeated pump/purge cycles.  For ultraviolet resonance Raman (UVRR) 

experiments, the sample was flowed once through a 100 μm i.d. quartz capillary and then 

discarded.  Final protein concentrations were ~50 μM (absorption and UVRR), and ~100 

μM (visible RR and EPR) in ~20 mM phosphate (pH 7.2 or pD 7.6) or acetate (pH 4.0) 

buffers.   
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For experiments utilizing N2O as an electron scavenger, samples were degassed 

on a vacuum line and backfilled with gaseous N2O.  The evacuation/backfill procedure 

was repeated three times to ensure saturation of the solution with N2O. 

4.3.3 Photolysis of azurin mutants 

Photolysis of ReAz108W with [Co(NH3)5Cl]2+ quencher in deoxygenated solution 

was achieved with the 355 nm third harmonic output from a Q-switched 20 Hz Nd:YAG 

laser (Quantel Brilliant) as described previously.19  Samples were photolyzed for 10 

seconds with ~500 μJ pulses in a defocused beam (~5 mm diameter) to create the radical 

species ReAz108W•.  Photolysis of Az48W in deoxygenated solution was achieved 

using 280 nm light.  An optical parametric oscillator (Opotek) pumped with 355 nm light 

at 20 Hz produced 560 nm light, which was passed through a β-barium borate (BBO) 

crystal to produce the 280 nm beam.  Samples were photolyzed for 60 seconds (unless 

otherwise noted) with ~30 μJ pulses in a defocused beam to create the radical species 

Az48W•.  Photolysis with 290 and 230 nm yielded identical spectra but with different 

yields.   

4.3.4 EPR spectroscopy  

X-band EPR spectra were obtained using a Bruker ELEXSYS E500 spectrometer 

equipped with a Bruker ER4131VT variable temperature unit.  Spectra were recorded at 

125 K.  Values of the g-factor were determined with an accuracy of ±0.0001 by 

calibration with a standard of solid 2,2-diphenyl-1-picrylhydrazyl (DPPH), g=2.0036 and 

a standard of phosphorous-doped silicon powder sample, g=1.99891.46  EPR spectra of 

ReAz108W and Az48W samples were acquired before and after photolysis.  Each 

spectrum was acquired for ~15 min using a modulation frequency of 100 kHz, 
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modulation amplitude of 1.0 G, and microwave power of ~ 6.4 μW which was well 

below saturation levels.  Spectra of ReAz108W and Az48W acquired prior to photolysis 

allowed removal of the background Cu(II) signal.  The EPR spectra of ReAz108W• and 

Az48W• were obtained from scaled subtraction of spectra (after photolysis) – (before 

photolysis, spline fitted).  In a separate set of experiments, the microwave power 

saturation behavior was monitored to examine dipolar coupling.47 

Simulations of the powder pattern EPR spectra were performed using the 

EasySpin program for S=1/2 systems with anisotropic g-factors and hyperfine coupling 

constants.48  This software is based on the second-order perturbation solution of the 

standard spin Hamiltonian.  The SIMPLEX method is used to minimize the standard 

deviation between experimental and fitted spectra.  Simulations of the two radicals were 

performed by allowing the hyperfine coupling constants (hfccs) to vary over a reasonable 

range in order to find the best fit to the experimental spectra.  Gaussian line widths were 

constrained to 4 G in the simulations.   

4.3.5 Absorption spectroscopy 

Absorption spectra of ReAz108W• and Az48W• in atmosphere-controlled quartz 

cuvettes were obtained using a UV-Vis-NIR spectrophotometer (Shimadzu UV-3600).  

The absorption spectrum of each radical was determined by calculating a difference 

spectrum of sample before and after photolysis.  The [Co(NH3)5Cl]2+ quencher consumed 

in the ReAz108W• system has a negligible absorption (extinction coefficient < 50 M-1 

cm-1 ) in the spectral region where the radical absorbs; thus, effects of small changes in 

quencher concentration were neglected.49  The spectral bandwidth was 1 nm.   
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4.3.6 Resonance Raman spectroscopy 

A mixed-gas Kr-Ar laser (Coherent Innova 70C) provided excitation at 458 nm 

(1.2 mW), 488 nm (11 mW), 514.5 nm (13 mW), 530.9 nm (13 mW), and 568.2 nm (11 

mW).  The beam was focused into an atmosphere-controlled EPR tube containing sample 

at room temperature.  Scattered light was collected at 90° relative to the incident beam by 

an F/1.2 camera lens and imaged onto the spectrograph entrance slit opened to 100 μm.  

Rayleigh scattering was rejected by an appropriate long-pass edge filter for each 

wavelength.  Raman scattered light was dispersed in an F/5, 0.32 m spectrograph (Horiba 

Jobin Yvon iHR 320) equipped with a 1200 gr/mm grating and detected by a 

thermoelectrically-cooled CCD detector (Horiba Jobin Yvon Synapse).  The bandpass 

and accuracy were 8 cm-1 and ≤1 cm-1, respectively.   Samples were characterized by 

absorption spectroscopy immediately prior to RR experiments to ensure that the radical 

was present.  RR spectra were collected for approximately 3 hours, with re-photolysis 

approximately every 30 min during this period.  There was no indication of photodamage 

during the RR experiments.  RR spectra of the sample prior to photolysis were subtracted 

from post-photolysis spectra to remove peaks from solvent or the Cu(II) center.  A broad 

background caused by laser light scattering and/or fluorescence was removed by 

subtraction of an interpolated fit to the background.   

Resonance Raman cross-sections were determined using the ratio of peak 

intensities between Az48W• peaks and the bleach of the Cu(II)-S(Cys) band at 408 cm-1.  

The absolute RR cross sections for this mode were previously reported.50  The values 

used for 488, 514.5, 530.9, and 568.2 nm were 0.3, 0.9, 2.38, and 6.79 μ 10-10 

Å2/molecule, respectively; the latter two cross-sections are reported experimental values, 
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while the former two values were taken from the fitted data presented in this prior 

report.50  Depolarization ratios of 0.4 and 0.35-0.45 (data not shown) for the copper and 

radical peaks, respectively, were used to determine the absolute Raman cross sections.50   

Instrumentation for UVRR spectroscopy has been described in detail elsewhere 

and is included in Appendix B.51   

4.3.7 Calculations and mode assignments 

Calculations were performed using the Gaussian 03W quantum chemistry 

program operating on a Windows platform.52  The geometry and harmonic vibrational 

frequencies of 3-ethylindole were calculated using DFT with the hybrid B3LYP 

functional.  Calculations for the 3-ethylindole neutral radical and 3-ethylindole cation 

radical were performed using spin-unrestricted DFT with the B3LYP functional.  A 6-

31G(d) basis set was selected for all calculations.  Molecular orbitals were generated and 

viewed using GaussView.52  

Mode assignments for previously unassigned peaks were made by comparing 

results from calculations of closed-shell 3-ethylindole (3EI) to 3-ethylindole neutral 

radical (3EI•) with the aid of software to visualize atomic displacements53 as described in 

detail previously;19 a summary of these results is presented in Appendix B.  Unless 

otherwise noted, nomenclature used here follows standard mode descriptions in the 

literature54 and all radical mode assignments listed here are identical to those previously 

reported for ReAz108W•.19   

4.4 Results  
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4.4.1 Absorption spectra of Az48W• and ReAz108W• 

 The difference absorption spectrum of Az48W after photolysis with 280 nm light 

is presented in Figure 4.1 and compared to the difference absorption spectrum of 

ReAz108W•.  Both spectra were acquired after 180 s of photolysis.  The Az48W• 

spectrum shows a bleach of the ground state tryptophan absorption at 290 nm and a 

bleach of the Cu(II) ligand-to-metal charge transfer (LMCT) band at 630 nm that is 

characteristic of oxidized blue copper proteins.  This bleach is accompanied by an 

absorption increase in the spectral region reported for neutral tryptophan radicals, 486 nm 

and 516 nm.11,44  Two isosbestic points at 430 nm and 527 nm persist throughout the 

duration of the photolysis (Figure 4.1, inset).  These spectral features suggest that direct 

excitation of the tryptophan residue reduces the copper center and generates Az48W•, a 

neutral tryptophan radical.  Az48W• persists for over two hours and the spectrum does 

not change under acidic or deuterated buffer conditions, as shown by the absorption and 

resonance Raman spectra (see Appendix B, Figure B.1).  We discuss the stability of the 

radical and the origin of the main absorption bands further below.   
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Figure 4.1  Difference absorption spectra of ReAz108W• and 
Az48W• in 20 mM phosphate buffer, pH 7.2.  The spectrum of 
ReAz108W• is offset by 500 M-1 cm-1 for clarity.  Inset:  Difference 
absorption spectra of Az48W• with increasing photolysis time. 
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Substitution of zinc for the copper center led to only a small absorbance from 

Az48W• (Figure 4.2, A).  Photolysis experiments in the presence of N2O, a solvated 

electron scavenger,55 resulted in bleach of the LMCT absorption band but no indication 

of Az48W• (Figure 4.2, B).  Deoxygenation was necessary for generation of the long-

lived Az48W• species, and control experiments using a tryptophan- and tyrosine-

deficient azurin mutant indicated no change in absorbance spectra after photolysis (data 

not shown).    
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Figure 4.2 Difference absorption spectra after 280 nm photolysis of  
(A) Zn(II)Az48W, (B) Cu(II)Az48W + N2O (saturated), and  (C) 
Cu(II)Az48W in 20 mM phosphate buffer, pH 7.2.  Absorbance for (B) 
has been scaled by a factor of 0.8.   
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4.4.2 EPR spectroscopy 

The X-band first-derivative EPR difference spectra of both azurin radicals in 

frozen solution are presented in Figure 4.3.  The zero crossing for both radicals occurs 

near a g-value of 2.0028, which is expected for an organic π-radical.35  Minimal g-tensor 

anisotropy is observed; this result is typical for a radical with spin density only on light 

atoms such as carbon and nitrogen.  Hyperfine structure is readily apparent in both EPR 

spectra.  The Az48W• spectrum clearly shows additional hyperfine features at the wings 

of the spectrum and some anisotropy.  By comparison, the spectrum of ReAz108W• is 

broadened and only shows a hint of bands at the wings.  The spectrum of the Cu(II) 

ReAz108W• radical is identical to that previously published for the Zn-substituted 

ReAz108W• protein, suggesting that the line shape is not affected by the metal center.44  

Because saturation phenomena were observed at microwave powers around 100 μW for 

Az48W•, low microwave powers of ~6 μW were employed to avoid broadening of the 

hyperfine features.   

Simulations of the Az48W• and ReAz108W• spectra yield values for hfccs 

(Figure 4.3 and Table 4.1) and reveal that the spin density is predominantly located on 

the nitrogen, C3, C5, and C7 atoms, in agreement with prior reports.35,38,39  The g-values of 

both radicals were constrained to those obtained at high field for ReAz108W• (gxx = 

2.00355, gyy = 2.00271, gzz = 2.00221);44 this constraint resulted in satisfactory fits to the 

experimental data.  The dominant hyperfine features are caused by coupling to the β-

methylene protons (Hβ1 and Hβ2 at angles θ1 and θ2, respectively, from the π-system, see 

Figure 4.4).  Large anisotropic coupling to the indole nitrogen gives rise to the shoulders 

near the edges of the EPR spectrum, and this effect is most prominent in the case of 
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Az48W•.  The hfccs found from the simulations are summarized in Table 4.1.  A 

hydrogen bond with hfccs constrained to values reported previously was included in the 

simulations of ReAz108W•, as discussed further below.35   

Microwave power saturation experiments were performed to identify the power at 

half-saturation and to probe dipolar coupling between the tryptophan radical and copper 

in Az48W• and ReAz108W• (Figure 4.3, inset).47  The EPR signal intensity was fit to 

Equation 4.1:  

2
211 /

/ ]/[ bPP
PKS

+
=   (4.1) 

where S is the first-derivative peak-to-peak amplitude, K is a constant that depends upon 

parameters of the instrument, P is the microwave power, P1/2 is the microwave power at 

half-saturation, and b is a parameter that depends on line-broadening.47  The best fit to the 

data yields a power at half-saturation (P1/2) for Az48W• of 40 μW with b = 1; this value 

for b reflects an inhomogeneously broadened line in the absence of dipolar coupling to a 

paramagnetic ion.47  The best fit to the ReAz108W• data gives a P1/2 of 600 μW with b = 

1.1.   
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Figure 4.3 X-band (9.4 GHz) first-derivative EPR difference spectra 
(“Expt.”) and simulations (“Sim.”) at 125 K of ReAz108W• and 
Az48W• in 20 mM phosphate buffer, pH 7.2.  Inset:  Log-log plot 
showing microwave power saturation data for Az48W• () and 
ReAz108W• () with best-fit lines to Equation 1.   
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Table 4.1 EPR simulation g-tensor (gii) and hyperfine tensor (Ai in 
Gauss) principal values for ReAz108W• and Az48W• from fits of the 
EPR powder spectra.  EPR parameters for tryptophan radical W111• in 
E. coli ribonucleotide reductase35,38 are presented for comparison.   
 

Tryptophan 
radical 

Tensor 
Element 

gii 
a Ai (

14N) Ai (Hβ1) Ai (Hβ2) Ai (H5) b Ai (H7) b  
Ai 

(N…H
-OH) c

ReAz108W•  xx 2.00355 §1 2.1 11.5 -6.0 §|1| -1.2 
 yy 2.00271 §1 1.5 14.3 -2.1 -7.9 1.9 
 zz 2.00221 10.4 2.3 11.9 -4.8 -4.2 -0.8 
 iso 2.00282 3.5-4.1 2.0 12.6 -4.3 -4.2 ~0 
         

Az48W• xx 2.00355 §1 6.6 9.0 -7.1 -1.8 NA 
 yy 2.00271 §1 7.3 8.7 -1.8 -3.9 NA 
 zz 2.00221 11.8 5.0 7.4 -2.9 -4.9 NA 
 iso 2.00282 3.9-4.6 6.3 8.4 -3.9 -3.5 NA 
         

RNR W111• 35,38 xx 2.0031 <1 13.8 27 6.8 <1.0 -1.18
 yy 2.0031 <1 13.8 27.5 <1.0 6.1 1.93 
 zz 2.0023 10.5 13.8 28.3 5 5.1 -0.79

 
 
a The g-tensor principal values were constrained to those values presented in Miller et 
al.44 
b Negative sign for ring proton values reflects positive carbon spin density;56 the x-axes 
of H5 and H7 are rotated 30± with respect to g-tensor x-axis.57    
c Hyperfine tensor assigned to the proton of a hydrogen-bond donor to the deprotonated 
indole nitrogen.  The hfccs were constrained to values previously obtained for 
hydrogen-bonded tryptophan radicals.35,38  A hydrogen bond was not applicable (NA) 
in the simulation of Az48W•.  
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Figure 4.4 Left:  Orientation of β-methylene protons Hβ1 and Hβ2 
and the protein backbone R with respect to the tryptophan indole plane 
denoted by C2-C3-C4.  View is along the Cβ-C3 axis, where  the Cβ label 
is omitted from the figure for clarity.  θ1 and θ2 are the dihedral angles of 
the β-methylene protons relative to the normal to the indole plane; χ2,1 is 
the dihedral angle of the tryptophan indole plane with respect to the 
protein backbone R (χ2,1 = θ 2 +30˚).  Right:  Molecular structure of the 
neutral tryptophan radical with numbering scheme and spin densities for 
ReAz108W• (bold) and Az48W• (italics).   Spin densities on nitrogen 
reflect the average values within a plausible range (see main text for 
details).  
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4.4.3 Resonance Raman spectroscopy  

The 514.5 nm resonance Raman difference spectra of Az48W• and ReAz108W• 

are shown in Figure 4.5.  The positive peaks reflect vibrations of the radical.  Negative 

peaks from the Cu(II)-ligand normal modes are also observed in the difference spectrum 

of Az48W•.50  The resonance Raman frequencies and intensities differ for the two radical 

species.  Most peaks are downshifted in Az48W• relative to ReAz108W• (Table 4.2).  An 

intense peak at 542 cm-1, which has been labeled W19• (see below), is observed in the 

spectrum of Az48W•; this mode intensity is weak in the 514.5 nm excitation RR 

spectrum of ReAz108W•.  There are additional peaks in the RR spectrum of Az48W• that 

were not previously reported in the spectrum of ReAz108W•.  These include a second 

band near the W3• mode, a band at 1111 cm-1, and three resolved peaks near the strong 

W16• mode for both Az48W• and ReAz108W•.  Additionally, the W17• mode is 

narrower and occurs at lower frequencies than previously reported.19  The vibrational 

mode frequencies remain constant under different buffer conditions for both Az48W and 

Az48W• (Appendix B, Figure B.3).  The comparison of calculations with experimentally-

observed values and depictions of these normal modes are presented in Appendix B 

(Figure B.4 and Table B.1).  UVRR spectra of the closed-shell species Az48W were also 

acquired, and the results are presented in Appendix B (Table B.2).   
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Figure 4.5 Resonance Raman difference spectra (514.5 nm 
excitation) of (A) Az48W• and (B) ReAz108W• in 20 mM phosphate 
buffer, pH 7.2.  Spectra are offset for clarity and normalized to the W1• 
intensity.  Insets:  (C) Normal mode for W19• where displacement 
vectors are enlarged 5μ.  (D) Singly-occupied molecular orbital 
(SOMO) of Trp•. 
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Table 4.2 Mode assignments and frequencies (cm-1) of tryptophan 
radical resonance Raman bands for Az48W• and ReAz108W• (λex = 
514.5 nm) and the frequency differences between the solvent-exposed 
(ReAz108W•) and buried (Az48W•) tryptophan radicals (Δenvironment).  
The W7• mode was not identified in ReAz108W•. 

 

Mode 
Az48W• pH 

7 (cm-1) 
ReAz108W•  
pH 7 (cm-1) 

Δenvironment 
(cm-1) 

W1• 1588 1596 -8 

W2• 1559 1563 -4 

W5• 1492 1501 -9 

W4• 1457 1463 -6 

W3• 1342 1345 -3 

W7• 1332 -- -- 

W12• 1163 1176 -13 

W10• 1148 1149 -1 

W14• 1111 1114 -3 

W13• 1071 1082 -11 

W16• 1006 1004 2 

W17• 838 849 -11 

W18• 752 756 -4 

W19• 542 535 7 
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The Raman excitation profiles are compared to the absorbance of Az48W• in 

Figure 4.6.  The W1• and W2• cross-sections are largest with 488 nm excitation.  This 

excitation wavelength coincides with the high energy portion of the absorption band, and 

these cross-sections are approximately threefold lower with 514.5 nm excitation.  The 

cross-sections of the W3• and W10• modes are also greatest with 488 nm excitation; 

however, the decrease with 514.5 nm excitation is less than twofold.  In contrast, the 

cross-section of the W19• mode is greatest with 514.5 nm excitation; this excitation 

wavelength overlaps with the second, low energy region of the absorption band.    
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Figure 4.6 Resonance Raman cross-sections for five vibrational 
modes and absorption cross-section for Az48W• based on difference 
spectra.  Negative absorption cross-section reflects bleach of the copper 
signal.   
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4.5 Discussion 

The present analysis of a tryptophan radical in a hydrophobic cavity with 0% 

solvent-exposed surface area (Az48W•) and one that is hydrogen-bonded to water in a 

~40% solvent-exposed region of the protein (ReAz108W•) sheds new light on the effects 

of environment and conformation on magnetic, electronic, and vibrational spectral 

properties.  The oxidized radical species is very sensitive to the protein environment and 

shows large systematic shifts for the absorption and resonance Raman bands.  In contrast, 

the analogous closed-shell residues, tryptophan-48 and tryptophan-108, exhibit only 

subtle or non-systematic spectral changes.  The data for the radicals and subsequent 

analysis lay the foundations for a better understanding of the role of the protein matrix on 

radical reactivity.  Furthermore, with knowledge of redox potentials and estimated 

electron transfer kinetics, we propose a rate and mechanism for the key deprotonation 

event that creates an unusually long-lived neutral tryptophan radical in a protein core. 

4.5.1 Spin densities and conformations of Az48W• and ReAz108W• 

EPR spectroscopy has been the prevailing technique for identification and 

determination of the structures of aromatic amino acid radicals in proteins.7,8,38-42  The 

differences between the EPR spectra of ReAz108W• and Az48W• were analyzed with 

simulations to obtain hfccs (Table 4.1), which in turn provided direct information on the 

spin densities and conformation of tryptophan radicals.35  We emphasize at the outset that 

our simulations do not yield unique sets of anisotropic hfccs for the two radicals, 

primarily because the experimental spectra are not well-resolved.  A preferred set of 

parameters that yields a reasonable fit to the experimental spectra for Az48W• and 

ReAz108W• are shown in Table 4.1.  We favor the set presented here not only because 
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they result in simulated spectra that fit the experimental spectra well, but also because the 

hyperfine coupling constants are consistent with prior literature on tryptophan radicals 

and aromatic systems in general.  For example, we have constrained our anisotropic g-

values for both Az48W• and ReAz108W• to those previously determined at high field for 

the latter radical species.44  

The best-fit simulations for Az48W• and ReAz108W• were determined by 

constraining the β-protons to have nearly axial symmetry.58  The hfccs for the β-protons 

that we have selected are consistent with prior reports as well as theoretical studies on 

aromatic π-radicals.39,59,60  The spin density on C3 (ρ
π

C3) as well as the orientation of the 

tryptophan ring, defined by the dihedral angles θ for the two β-protons relative to the pz 

orbital of the C3 center (Figure 4.4), can be found using Equation 4.2:35,56 

)cos"'()( θρ π
β

2
3 BBHA Ciso +=    (4.2) 

The values of B' = 0 and B" = 58 G are used in Equation 4.2, as done by others, and the 

difference between the projection of the proton dihedral angles is constrained to 120˚.35  

A spin density of ρπC3 = 0.50 is found for Az48W•, and dihedral angles θ1 and θ2 of –62˚ 

and 58˚, respectively, are obtained for the two β-protons.  This result implies a dihedral 

angle of the plane of the indole ring with respect to the protein backbone (R in Figure 

4.4), χ2,1, of 88˚; this geometry is consistent with the dihedral angle of 90˚ found in the 

crystal structure of wild-type azurin.20  A spin density of ρπC3 = 0.45 is found for 

ReAz108W•.  The dihedral angles obtained for the two β-protons are –74˚ and 46˚, which 

gives a χ2,1 for ReAz108W• of 76˚, comparable to the torsion angle of 82˚ that is found in 

the crystal structure of ReAz108W.44  The small 6˚ discrepancy may reflect differences 

between crystal packing and solution phase conformation as well as the error for the fit.  
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The coupling constants to protons H5 and H7 on the indole ring and to the indole nitrogen 

are anisotropic as expected.  Spin densities for Az48W• determined from these hfccs are 

0.16 for C5 (ρ
π

C5) and 0.14 for C7 (ρ
π

C7).  The spin density at the nitrogen (ρπN) ranges 

from 0.21 – 0.23.  In this analysis, we use the following relationship between the dipolar 

coupling parameter A'
|| and spin density (Equation 4.3):35   

)./()(./' GAAMHzA isozzIIN   134695 −==πρ   (4.3) 

The range of values for the spin density depends upon the magnitude of the isotropic 

coupling constant, which in turn depends upon Axx = Ayy = Aperp.  These axial 

components are too small to be determined from our spectra, but are likely §1 G.35  

Similarly, spin densities for ReAz108W• are 0.17 for C5, 0.17 for C7, and 0.18 – 0.20 for 

N.    

We also verified that the inclusion of a representative set of hydrogen-bond hfccs 

also yielded a simulation for ReAz108W• that was an acceptable match to the 

experimental spectrum.  We emphasize that our EPR spectra are not sufficiently resolved 

to give proof for a hydrogen bond to ReAz108W•; nonetheless, the inclusion of these 

hfccs are reasonable in view of the evidence for a hydrogen bond from UV resonance 

Raman data, fluorescence data (see Appendix B, Figure B.2), and the crystal 

structures.16,19,20,44  It is possible that this hydrogen bond to ReAz108W• may perturb the 

structure and electronic spin density of the neutral radical towards that of the cation 

radical.19  In the limit of a protonated tryptophan radical, large decreases in ρπC3 and ρπN 

and increases in ρπC5 and ρπC7 are predicted.39  A ~15 percent change in the spin density at 

the nitrogen (0.22/0.19) in the expected direction is observed for the spin densities 

derived for ReAz108W• in comparison with Az48W•.  However, these changes in spin 
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density distribution do not account for the bulk of the observed differences in the EPR 

spectra.  Instead, the orientation of the indole ring, which differs between the two azurin 

mutants, is the dominant influence on the shape of the EPR spectra.35  Future experiments 

utilizing high-frequency and double resonance EPR techniques are expected to give more 

accurate determination of the spin densities and g-values of these two tryptophan 

radicals.   

Microwave power saturation experiments were employed to characterize 

exchange and dipolar coupling between unpaired spins.47  These experiments have 

generally been replaced by pulsed EPR experiments that measure saturation recovery; 

however, the CW-EPR power saturation experiment is readily available in our lab and 

has been shown by others to yield quantitative insights on the spin-spin interaction 

between neighboring metal centers or metal-radical systems.3,47,61  The best-fit curve for 

the dependence of peak-to-peak signal amplitude of Az48W• on power yielded a P1/2 of 

40 μW, which is at least an order of magnitude lower than that observed previously for a 

tryptophan radical located 10 Å from a paramagnetic iron center in a peroxidase protein.3  

The low value of P1/2 measured here indicates a lack of spin-spin interactions in Az48W•, 

and therefore suggests an intraprotein ET reaction generates a tryptophan radical and 

diamagnetic Cu(I) center.  Microwave saturation experiments on ReAz108W• indicate a 

much higher saturation power of 600 μW; this value is similar to that observed for 

tryptophan radicals in the presence of heme cofactors.3  The increased power required for 

EPR saturation of this radical is likely due to spin-spin relaxation facilitated by the 

paramagnetic Cu(II) center that is located 20 Å away from the tryptophan radical at 

position 108.44 
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4.5.2 Absorption differences between ReAz108W• and Az48W• 

The Az48W• absorption spectrum undergoes a ~23 nm hypsochromic shift 

relative to ReAz108W• and other neutral tryptophan radicals in aqueous solution and in 

proteins.2,11,44  The absorption bands of Az48W• are also blue-shifted by ~60 nm relative 

to those expected for a cation radical.11  The electronic absorption data clearly show that 

Az48W• is a non-hydrogen-bonded neutral tryptophan radical, consistent with its location 

in a hydrophobic cavity within azurin.  The absorption shifts observed for the radical are 

significantly greater than those observed for the closed-shell tryptophan residues in 

Az108W and Az48W (see Appendix B, Figure B.2) or tyrosine radical absorption 

maxima in different solvent environments.62  Evidently, the tryptophan radical absorption 

frequency is an unusually sensitive reporter of local environment, hydrophobicity, and/or 

hydrogen-bonding.  Another novel finding from our work is the presence of two peaks in 

the absorption spectrum of the radical with distinct Raman excitation profiles.  These 

features  can be attributed to distinct electronic transitions or a vibrational progression.  

Our interpretation of the absorption spectrum in the context of the resonance Raman 

excitation profile is discussed below.     

We assume that each tryptophan radical that persists on the timescale of the 

experiment causes reduction of Cu(II) to Cu(I).  Spin integration of the EPR spectra also 

support near-quantitative reduction of Cu(I) for each Az48W• radical generated.  By 

invoking the known extinction coefficient of Cu(II) azurin (5900 M-1 cm-1), a lower limit 

on the extinction coefficients for the two peaks of Az48W• can be calculated:  ε(486 nm) 

~ 950 M-1 cm-1 and ε(516 nm) ~ 1250 M-1 cm-1.63  These values are approximately two-

fold lower than the extinction coefficients of 1750 – 2300 M-1 cm-1 that were previously 
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determined for neutral tryptophan radicals in aqueous solution using pulse radiolysis.11  

Our new values are likely more accurate than those reported previously because of the 

inclusion of the copper(II) absorbance as an internal standard.  However, it is also 

possible that the variation in extinction coefficient is influenced by the nonpolar protein 

environment, relative to the aqueous environment of the prior work.  Our estimates also 

do not take into account any decay of Az48W• that occurs between photolysis and 

measurement of the absorption spectrum; however, this effect is expected to be minimal 

based on the timescale of the measurement (approximately five minutes) relative to the 

lifetime of the radical (over two hours). 

4.5.3 Changes in resonance Raman frequencies and intensities between Az48W• 

and ReAz108W•  

Resonance Raman frequencies are sensitive to small changes in solvent 

interaction, hydrogen bonding, and π-electron density.18,51,64  The RR spectra of Az48W• 

and ReAz108W• clearly show that the protein environment exerts a strong influence on 

the vibrational frequencies and band intensities of tryptophan radicals.  In fact, the 

frequency decreases observed in the visible RR spectrum of Az48W• relative to 

ReAz108W• are greater than the corresponding shifts of the closed-shell species as 

determined by UVRR spectroscopy (see Appendix B, Table B.2).  These general 

downshifts suggest perturbation of the π-electron density around the indole ring.  The 

systematic variation in vibrational frequencies as well as the significant blueshift in the 

absorption spectra for the Az48W• radical may, in part, be due to lack of an indole 

hydrogen bond.  Alternatively, the presence of π-π interactions between Az48W• and a 

phenylalanine residue at position 110 could also perturb the electron density.  Variations 
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in relative Raman cross-sections of bands reflect different resonance enhancement factors 

at the excitation wavelength; 514.5 nm coincides with the low energy absorption peak for 

Az48W•, whereas the same wavelength lies near the higher energy absorption band for 

ReAz108W•.   

The RR spectrum of Az48W• in comparison to the ReAz108W• allows the 

identification of modes that are most sensitive to solvent and/or protein environment and 

hydrogen bonding.  These include the bands assigned as W1•, W5•, W12•, W13•, and 

W17•.  Each of these modes decreases in frequency 8 to 13 cm-1 for the non-hydrogen-

bonded radical in a nonpolar environment.  The former four modes predominantly 

involve ring breathing and stretching displacements, suggesting that the π-bonding 

electron density on Az48W• is altered from that of ReAz108W•.  The presence of strong 

π-π interactions between Az48W• and nearby residues may contribute to these observed 

shifts.  The W17• mode, which involves significant nitrogen displacement, serves as a 

hydrogen-bonding indicator.18,19  The frequency of this mode is observed to increase with 

N-H bond strength, which reflects increased hydrogen bonding to the tryptophan 

radical.19  The -11 cm-1 shift observed for Az48W• compared to ReAz108W• is 

consistent with the absence of a hydrogen bond to the indole nitrogen of Az48W• and 

agrees with prior observations.19   

The W3• mode, which consists of predominantly C2-C3 stretching character, is 

one of the most prominent signatures of the radical and is also a good indicator of its 

protonation state.19  The 212 cm-1 downshift in W3• frequency relative to closed-shell 

tryptophan supports the assignment of Az48W• to a neutral species.  An additional band 

near the W3• mode is observed and has been assigned to the W7• mode, which is a 
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“benzene-like” stretching mode that was previously unidentified in the ReAz108W• 

radical due to overlap with the intense W3• band.  This assignment agrees with our 

calculations and a prior study that reports the W7• mode near 1330 cm-1.43   The Az48W• 

spectrum also allows the assignment of the W14• mode, which consists primarily of N-C2 

stretching character.  The closed-shell W14 mode is predicted to shift +40 cm-1 upon 

oxidation, and the assignment of the radical peak at 1111 cm-1 to W14• agrees with the 

predicted value and expected frequency increase for this mode.  Additionally, this mode 

shows significant nitrogen displacement, suggesting that this peak should shift in 

different hydrogen bonding or solvation conditions.  The observation that the 1114 cm-1 

band in the RR spectrum of solvent-exposed ReAz108W• is influenced by acidic pH or 

deuterated buffer, as reported in a previous publication, supports the assignment of this 

band.19  Improved experimental conditions have allowed the resolution of three peaks 

near the strong W16• mode for both Az48W• and ReAz108W•; in contrast to our prior 

report, the current spectra have no residual phosphate buffer peaks.  The W17• mode is 

also affected by this procedure.  This mode is now observed to be narrow and 

downshifted considerably for the radical species relative to the closed-shell tryptophan, 

which is in better agreement with calculations.   

The predominant spectral change between the RR spectra for Az48W• and 

ReAz108W• with 514.5 nm excitation is the appearance of a high intensity peak at 542 

cm-1 for Az48W•.  In the UVRR spectrum of closed-shell tryptophan, a small peak is also 

observed in this spectral region; however, the 542 cm-1 mode has not been assigned 

according to the standard tryptophan mode nomenclature.  We have labeled this mode 

W19 and W19• for the closed-shell and radical species, respectively.  The mode is best 
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described as an in-plane benzene/pyrrole ring breathing distortion, but it also involves 

significant displacement of the Cβ nucleus in the protein backbone (Figure 5, inset C).  

This mode is expected to downshift upon formation of the radical, as observed 

experimentally.  As a starting point to explain the strong enhancement of the W19• mode, 

we examine the singly-occupied molecular orbital (SOMO) of the tryptophan neutral 

radical (Figure 4.5, inset D).  This orbital shows extended electron density onto the 

backbone atoms;65 thus, one can reasonably expect enhancement of a mode that includes 

significant Cβ displacement.  We are pursuing additional calculations to obtain electron 

density difference maps for the relevant electronic transitions of the tryptophan neutral 

radical.   

RR intensities reflect structure and dynamics and report on vibrational modes that 

are Franck-Condon coupled to the electronic excitation(s).50,66  Modes that have 

significant displacement in the resonant excited state are enhanced in RR spectroscopy.  

For Az48W•, the absorption band shows two distinct peaks at 486 and 516 nm (Figure 

4.1), and the RR intensities for the most intense vibrational modes exhibit differential 

enhancement across these absorption peaks (Figure 4.6).  The Raman excitation profiles 

indicate that the high-frequency W1• and W2• intensities overlap with the high energy 

portion of the absorption band, W3• and W10• intensities overlap with both bands, and 

the low-frequency W19• profile coincides with the low energy region of the absorption.  

Dispersion in the peak positions of Raman excitation profiles can have a number of 

origins.  For example, Raman excitation profiles for some modes of closed-shell 

tryptophan reveal differential vibronic coupling to nearby electronic excited states.67  

While existing theoretical treatments do not show evidence of multiple transitions in the 
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visible absorption of the radical,65,68 we consider it plausible that two or more electronic 

transitions give rise to the variation in the excitation profiles.  The features in the visible 

absorption spectrum may also arise from a vibrational progression.  This interpretation is 

also feasible based on the observation that the two peaks are relatively narrow and spaced 

~1200 cm-1, close to the frequency of the several strong resonantly enhanced radical 

modes.  In this case, relatively large Franck-Condon factors for low frequency modes 

may give rise to the observed dispersion.  Additional measurements and calculations are 

ongoing to unambiguously discern these and other possible origins for the Raman 

excitation profiles observed here for Az48W•.  

4.5.4 Proposed electron transfer mechanism and proton transfer pathways  

We now address the question of the mechanism of tryptophan radical generation.  

At long times, it is clear from our steady-state absorption experiments that the formation 

of the tryptophan radical is associated with reduction of the nearby Cu(II) center.  

Furthermore, the EPR power saturation experiments reveal that the electron transfer must 

have occurred intramolecularly, since an intermolecular process cannot explain the low 

power saturation for Az48W•.   The intramolecular reduction may occur by one of two 

mechanisms: (1) direct electron transfer from the photoexcited tryptophan residue, or (2) 

indirectly by a solvated electron that is photoejected from tryptophan.  We argue against 

the second possibility because the presence of saturated N2O did not affect the reduction 

of Cu(II).  Thus, the aqueous solvated electron is unlikely to be the reducing agent, which 

is consistent with the solvent-excluded location of the W48 residue.  Instead, association 

between N2O and the protein matrix appears to quench the long-lived tryptophan radical, 

though the details of this interaction have not been determined.  Substitution of redox-
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inactive zinc, which eliminates a direct ET pathway altogether, reduced the efficiency of 

tryptophan oxidation by 80%.  Therefore, in the copper(II) protein, we estimate that a 

solvated electron route contributes much less than 20% to the overall mechanism of 

copper(II) reduction, and the dominant path in Az48W is one that involves direct ET.  

Previous reports on the fluorescence quenching of tryptophan-48 in holoazurin have 

invoked either energy transfer or electron transfer to the metal center.24,25  In other 

protein systems, even those without nearby exogenous electron or energy acceptors, 

tryptophan fluorescence is known to be quenched by electron transfer to the amide 

backbone.69  Therefore, a proposal of direct electron transfer from tryptophan-48 to 

Cu(II) through the amide backbone is consistent with previous studies.   

The accumulation of Az48W• and Cu(I) as a function of photolysis time allows 

modeling of the kinetics associated with the ET reaction.  We estimate an electron 

transfer rate between excited-state tryptophan-48 and copper(II) to be ~109 s-1 (see 

Appendix B).24,70,71  Other groups have studied possible electron transfer pathways 

through azurin to the copper center using the disulfide bond or a gold electrode as the 

electron donor.21,72  Experiments based on photolysis of the disulfide bond imply an ET 

route through Trp-48 and Val-49 to Cys-112 and Cu(II) via a hydrogen bond,21 while ET 

in azurin adsorbed on a gold electrode relies on the backbone conformation of Trp-48.72  

In our experiments, the electron from the indole π-system of Trp-48 may tunnel through 

the backbone to the copper center by either or both of these proposed pathways (Figure 

4.7):  (1) an 8-bond pathway from indole to copper that requires tunneling through a 3.61 

Å hydrogen bond between Asn-47 and Cys-112 (consistent with the electrode work), or 

(2) an 11-bond pathway to Cu(II) via Val-49 that requires tunneling through a hydrogen 
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bond of 2.82 Å (consistent with the disulfide work).  In either case, the non-bonded 

distance from Trp-48 to Cu(II) is short (10 Å), and the electron transfer rate is expected 

to be high.71,73 
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Figure 4.7 Crystal structure of azurin (4AZU) showing residues 
involved in proposed proton and electron transfer pathways.  Inset:  
Space-filling model of π-π interactions between Trp-48 and Phe-110 in 
protein interior. 
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A high forward electron transfer rate is not sufficient for the formation of the 

long-lived tryptophan neutral radical and reduced copper center.  In fact, the back 

electron transfer from the reduced copper center to the tryptophan cation radical 

Az48W+• is predicted to be faster than the forward electron transfer due to the high 

driving force and low reorganization energy.71  Therefore, we expect that most of the 

Cu(I)-Az48W+• initially generated will rapidly decay back to Cu(II)-Az48W.  Analysis of 

radical concentration as a function of photolysis conditions and time provides an estimate 

of the quantum yield of 10-4 for radical production.  To stabilize the long-lived 

tryptophan radical that is observed, deprotonation of the cation radical, which has a pKa 

~ 4,11 is necessary.  Based on the estimated forward and back electron transfer rates from 

semi-classical ET theory,70 the deprotonation rate, kdeprot, is predicted to be 5 μ 106 s-1 

(see Appendix B).  This rate is a calculated extrapolation from the steady-state 

accumulation of Az48W• and is similar to that observed for the deprotonation of 

tryptophan radicals in aqueous solution74 or in DNA photolyase.2   

An important question remains:  how does the tryptophan radical lose a proton 

after it has transferred an electron to Cu(II)?  A direct loss of a proton to the solvent is 

highly unlikely, because the tryptophan residue is encapsulated in a solvent-excluded 

cavity of the protein.  Instead, the following proton transfer pathway is proposed.  In the 

ground state, the indole proton is positioned to participate in a cation-π-like interaction 

with a phenylalanine residue at position 110 (110F) (Figure 4.7, inset); UV resonance 

Raman frequencies and intensities of Az48W support π-π interactions between 48W and 

110F.75,76  Following photoinduced ET, this proton may transfer to 110F.  Threonine-17 

(17T), which is only ~5 Å from 110F, can also act as a proton acceptor,77 and this 
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solvent-exposed residue may promote release of the proton to solvent.  We propose that 

the hydrophobicity of the tryptophan local environment destabilizes the intermediate 

tryptophan cation radical, and release of the proton is energetically favorable.  Back 

electron transfer from Cu(I) to neutral Az48W• to generate the Az48W- anion product is 

unfavorable, particularly within the hydrophobic protein environment.  The inability to 

form the anion product is supported by the observation that the closed-shell pKa of 

tryptophan is ~17.78  Therefore, we propose that the Az48W• neutral radical is kinetically 

stable after deprotonation.   

4.6 Summary 

Aromatic amino acid radicals are integral to a variety of biological ET reactions.  

Understanding the role of the protein matrix on the reactivity of these intermediates is a 

critical, and very challenging, area of research.  Here, we have employed electronic, 

vibrational, and magnetic resonance techniques coupled with calculations to characterize 

neutral tryptophan radicals in two well-defined protein environments: a hydrophobic core 

and a solvent-exposed region.  This comprehensive multi-spectroscopic approach enables 

the identification of features that are most sensitive to local environment and 

conformation.  EPR and vibrational data support the presence of a hydrogen-bond for the 

solvent-exposed radical and provide structural details of conformation and bond order.  

The absorption spectra are similarly sensitive to local environment and show an 

unusually large blueshift of over 20 nm for the non-polar region of the protein.  The 

absorption spectrum has distinct features, and Raman excitation profiles coincide with 

different regions of the absorption band.  Finally, the generation of a neutral radical in a 

hydrophobic core is possible because of fast, intramolecular electron transfer to the 
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copper center combined with a deprotonation event that occurs on the timescale of 200 

ns; our observation that this radical is long-lived suggests a large barrier for 

reprotonation.  These results provide fundamental insight into the spectral properties of 

tryptophan radicals and will help enhance our understanding of the reactivity of these 

important ET intermediates. 
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5 Multistep Electron Transfer in Azurin Mediated by 

Tryptophan and Tyrosine 

5.1 Abstract 

Long-range electron transfer (ET) processes in biological systems often utilize 

aromatic amino acids as redox-active intermediates.  Previously, it was reported that 

photoexcitation of the native tryptophan residue in a mutant of the blue copper protein, 

azurin, induces an ET process which generates a long-lived neutral tryptophan radical.  

Here, we report that production of this radical in the wild-type protein is quenched via 

proton-coupled electron transfer from a nearby tyrosine residue.  The quenching occurs 

rapidly because of the optimized position and hydrogen-bonding environment of the 

redox-active tyrosine.  This multistep ET reaction leads to charge separation over 19 Å 

on the sub-microsecond timescale.  The findings reveal the specific role of the protein 

architecture in facilitating charge transfer over long distances within complex protein 

systems. 

5.2 Introduction 

Chemists and biologists have long sought an understanding of the mechanisms of 

long-range electron transfer (ET) in proteins.1-3  Amino acids residues, particularly 

tryptophan and tyrosine, may mediate ET between cofactors and enable electrons to 

travel long distances, including across membranes.4-10  Additionally, electron transfer 

between tryptophan and tyrosine has been reported in some proteins, such as the DNA 

photolyases, cryptochromes, and ribonucleotide reductases.11-13  These examples 

highlight the prevalence of amino acid radicals in biological ET.  However, it remains an 
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outstanding challenge to replicate the long-range and efficient ET reactions that are found 

in nature. 

One challenging type of ET reaction to understand is the charge-neutral proton-

coupled electron transfer (PCET) process, which occurs for all redox-active tyrosine 

residues.  In the PCET mechanism, deprotonation is coupled to oxidation because of 

thermodynamic and kinetic considerations;14,15 these charge transfer events can proceed 

in a stepwise or concerted fashion.14,16,17  In nature, PCET reactions typically follow the 

concerted mechanism and occur on the microsecond timescale.18  This rate can be 

increased by up to three orders of magnitude in the presence of an intramolecular 

hydrogen bond.19  The photosynthetic reaction centers are known to have enhanced 

tyrosine PCET rates because of such interactions.20  The enhancement of PCET rates via 

modification of hydrogen-bond structure has been investigated with model 

compounds.21,22  It is a much more challenging task to affect PCET rates in proteins 

because of the difficulty associated with engineering hydrogen bonds within a complex 

biomolecule.  Here we report on rapid multistep charge separation in the blue copper 

protein, azurin, that includes copper reduction and transient formation of both tryptophan 

and tyrosine radicals.  Spectral and kinetic analysis reveals that the PCET event in azurin 

occurs in the sub-microsecond timescale, and is modulated by the hydrogen-bond 

environment around tyrosine.   

5.3 Materials and Methods 

5.3.1 Chemicals   
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Materials were purchased from Fisher Scientific and used as received unless 

otherwise noted.  D2O (>99% isotopic purity) was obtained from Acros Organics (Morris 

Plains, NJ); spectroscopic grade glycerol was obtained from Alfa Aesar (Ward Hill, MA).   

5.3.2 Preparation of azurin samples   

Expression, isolation, purification, metal exchange, and characterization of 

Pseudomonas aeruginosa azurin (WT Az) and mutants with 0, 1, or 2 tyrosine residues— 

[Y72F/Y108F]AzCu(II) (Az48W),  [Y108F]AzCu(II) (Az48W/72Y), [Y72F]AzCu(II) 

(Az48W/108Y) , and [E106A]AzCu(II) (E106A WT Az)-- were carried out as 

previously described.23,24  Protein samples were prepared by dilution of a >1 mM stock 

solution into an appropriate buffer immediately prior to the experiment.  Samples for D2O 

experiments were prepared by 200-fold dilution into a D2O buffer, followed by 

concentration on a vacuum line.  An atmosphere-controlled 2 mm μ 1 cm cuvette was 

used for absorption experiments.  The samples were deoxygenated on a vacuum line with 

repeated pump/purge cycles.  The sample was degassed in an atmosphere-controlled vial 

and transferred in a glove-box (MBraun 100) to a 3 mm i.d. Suprasil EPR tube, capped, 

and then frozen immediately after removal from the glove-box for EPR experiments.  For 

ultraviolet resonance Raman (UVRR) experiments, the sample was flowed once through 

a 100 μm i.d. quartz capillary and then discarded.  Final protein concentrations were ~100 

μM (absorption in main text), ~500 μM (EPR), ~50 µM (UVRR), and 50-150 µM 

(titrations) in ~20 mM phosphate buffers adjusted to the appropriate pH/pD with 

HCl/NaOH.   

Samples for RFQ in 60% glycerol were prepared by a similar method as above 

with the substitution of an appropriate amount of glycerol prior to degassing.   
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5.3.3 Photolysis of azurin  

Photolysis of Az48W and WT Az in deoxygenated solution was achieved using 

290 nm light.  An optical parametric oscillator (Opotek) pumped with 355 nm light at 20 

Hz produced 580 nm light, which was passed through a β-barium borate (BBO) crystal to 

produce the 290 nm beam.  Samples for absorption spectra were photolyzed uniformly 

over the height of the sample along the 1 cm pathlength of the cuvette for 3 periods of 60 

seconds each with ~25 μJ pulses in a 2 mm diameter beam to create the radical species 

W48•.  Samples for RFQ EPR spectroscopy were photolyzed at room temperature in EPR 

tubes and then frozen rapidly by immediately plunging the entire tube into liquid 

nitrogen.    

5.3.4 Determination of radical yield 

Quantitative yields of W48• were calculated using Beer’s law (ε290 nm of W48 = 

3840 M-1 cm-1) to obtain the amount of excited-state tryptophan W48* and taking into 

account the volume of each sample in the cuvette, which varied (<20%) over all samples.  

These yields also accounted for protein concentration (ε628 nm of Cu(II) azurin = 5900 M-1 

cm-1)25, incident laser power, and photolysis time.  Concentrations of the W48• species 

were determined by subtracting a fraction of the spectrum before photolysis from the 

post-photolysis result; this fraction was determined by complete removal of the 

copper(II) bleach at 628 nm (Figure 5.1).  This method reports the amount of copper(II) 

reduced as well as the absorption spectrum of W48• without interference from the 

overlapping copper peak.  We used homogeneously high purity sample with the ratio 

Abs280 nm/Abs628 nm < 1.9 for WT Az26 and assume that for the Az48W mutant, a 1:1 ratio 

of copper(I) and W48• is generated.27  This improved analysis method combined with the 
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use of high purity sample resulted in extinction coefficients of W48• that are slightly 

modified relative to our prior publication: ε(485 nm) = 1600 M-1 cm-1, ε(515 nm) = 2100 

M-1 cm-1.  The yield W48•/W48* was calculated after each minute and averaged after 

three minutes for each trial.  The yields presented in the text of the paper represent the 

average yield over 3 independent trials for WT Az and W48 Az in both H2O (pH 7.2) and 

D2O (pD 7.6) phosphate buffer, and 2-3 trials at different pH values.  
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Figure 5.1 Difference spectra that isolate tryptophan radical 
absorption.  These curves were generated by subtraction of a fraction of 
pre-photolysis spectra from post-photolysis spectra such that the signal 
from Cu(II) bleach was eliminated. 
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5.3.5 Absorption spectroscopy 

Absorption spectra in 1-cm open top and atmosphere-controlled quartz cuvettes 

were obtained using a UV-Vis-NIR spectrophotometer (Shimadzu UV-3600).  The 

spectral bandwidth was 1 nm.  The absorption spectrum shown in Figure 1 was 

determined by calculating a 1:1 difference spectrum of sample before and after 

photolysis.   

5.3.6 EPR spectroscopy 

X-band EPR spectra were obtained using a Bruker ELEXSYS E500 spectrometer 

equipped with a Bruker ER4131VT variable temperature unit.  Spectra were recorded at 

125 K.  Values of the g-factor were determined with an accuracy of ±0.0001 by 

calibration with external standards of solid 2,2-diphenyl-1-picrylhydrazyl (DPPH), 

g=2.0036, and phosphorous-doped silicon powder sample, g=1.99891.28  The double 

difference spectra of post-photolyzed WT Az and post-photolyzed W48 Az were 

calibrated for frequency differences using a small sealed capillary containing 

phosphorous-doped silicon powder sample within the EPR tubes.  EPR spectra of Az48W 

and WT Az samples were acquired before and after photolysis.  Each spectrum was 

acquired for ~15 min (before photolysis) and ~60 min (after photolysis) using the 

following instrumental parameters (unless otherwise noted): modulation frequency, 100 

kHz; modulation amplitude, 1.0 G, time constant, 20 ms; and microwave power, 2 μW.  

This microwave power was chosen following progressive microwave saturation 

experiments to be well below saturation levels.29  The EPR difference spectra of WT Az 

and Az48W• were obtained from scaled subtraction of spectra (after photolysis) – (before 

photolysis, spline fitted).   



146 

 

 

Simulations of the powder pattern EPR spectra were performed using the 

EasySpin program for S=1/2 systems with anisotropic g-factors and hyperfine coupling 

constants (hfccs).30  This software is based on the second-order perturbation solution of 

the standard spin Hamiltonian.  The SIMPLEX method is used to minimize the standard 

deviation between experimental and fitted spectra.  Certain parameters of the tyrosyl 

radical were held constant as per the algorithm developed by Svistunenko and Cooper.31 

5.3.7 UV resonance Raman spectroscopy   

Instrumentation for ultraviolet resonance Raman spectroscopy has been described 

in detail elsewhere.32  Briefly, a 1 kHz Ti:Sapphire laser provided  >1-Watt average 

power at 912 nm; the fundamental was directed through a lithium triborate (LBO) crystal, 

and the resulting 456 nm beam was then passed through a �-barium borate (BBO) crystal 

to produce > 8 mW of 228 nm UV excitation.  This was found to be the optimal 

wavelength for enhancement of tryptophan and tyrosine residues.  The power at the 

sample was ~3 mW.  Scattered light was collected in a ~135° backscattering geometry 

and focused onto the entrance slit of a prism-based prefilter.  Raman scattered light was 

dispersed in a 0.5 m spectrograph equipped with a 3600 gr/mm grating and imaged onto a 

CCD detector.  The spectral response was determined by a deuterium lamp.  The 

bandpass of the spectrograph was less than 15 cm-1, and the accuracy of peak 

assignments was ~2 cm-1 as determined from ethanol calibration spectra.  Previous 

UVRR power dependence studies of azurin indicated that the current experiments were 

performed under conditions of linear response (data not shown).   

Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 
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pulse, and discarded after a single-pass through the laser beam to eliminate artifacts from 

photolyzed sample.  Fifteen-minute UVRR spectra were collected for 50 μM Az48W, 50 

µM Az48W/108Y, 50 µM Az48W/72Y, and 50 μM WT Az samples in the following 

buffers: 20 mM phosphate (H2O), pH 7.2, 20 mM phosphate (D2O), pD 7.6, 20 mM 

acetate, pH 4.0.  Spectra of buffer-only solutions were also acquired and subtracted from 

corresponding azurin spectra.   

Mode frequencies for the overlapping Y8a/Y8b modes in the difference spectra of 

azurin mutants were determined by Gaussian decomposition of difference spectra.   

5.3.8 Fluorescence spectroscopy 

Fluorescence spectra of 50 μM azurin mutants were acquired with a JY Horiba 

FL3-11 spectrofluorometer.  The excitation wavelength was 275 nm, and entrance and 

exit slit bandpasses were 3 nm.  Contributions from the individual tyrosine residues were 

obtained by subtracting the fluorescence emission spectrum of Az48W from the 

Az48W/72Y and WT Az samples to give the emission of Y72 and Y72+Y108, 

respectively.  The fluorescence spectrum of Y108 was obtained by subtracting the 

Az48W/72Y spectrum from WT Az. 

5.3.9 Determination of pKavalues for tyrosine residues in azurin 

 To determine the pKa values, absorption spectra were taken of different azurin 

mutants in buffered solutions ranging from pH 9 to pH 13.5.  A stock solution of >1 mM 

protein in 50 mM sodium acetate buffer, pH 4.5, was diluted into the appropriate buffer 

to obtain a concentration of ~50 µM protein.  The effective pH values of the solution 

were corrected to account for this dilution factor.  Different buffers were used, such as 20 

mM carbonate (pH 9-11), 20 mM borate (pH 11.1-11.9), and 20 mM phosphate (pH 12- 



148 

 

 

13.5); the pH was adjusted with HCl and/or NaOH and measured immediately prior to 

preparation of samples.  Samples in pH 9 – pH 12 were allowed to equilibrate at room 

temperature for ~1 hr prior to measurement; there was no change in absorption at these 

pH values over this time frame.  For samples at pH > 12, protein was diluted into buffer 

immediately prior to measurement.  All spectra were zeroed at 360 nm to adjust for 

differences in baseline and normalized for concentration prior to analysis.  A control 

titration was carried out with Az48W to correct for changes in the protein backbone and 

Cu(II) absorption as a function of pH (data not shown).33 

Analysis of pH titration data for single-tyrosine mutants was carried out using 

equation 5.1: 

 ( ) = 	 	× ( 	 + 1 −	 )	  (5.1) 

 

Where Ctot is the concentration of protein, and the extinction coefficients for 

tyrosinate and tyrosine are given as εTyrO- and εTyrOH, respectively.  The absorption data as 

a function of pH was fit to equation 1 using Igor Pro V.6.02A and a non-linear least 

squares fitting algorithm to determine εTyrO-, εTyrOH, and pKa.   

Analysis of pH titration data for WT Az was carried out using equation 5.2 below: 

 ( ) =
	 	× ( , 	 + , 1 −	 + , 	 +

, 1 −	 )	  (5.2) 
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Where εn,TyrO-, εn,TyrOH, and pKan refer to the individual absorption coefficients and 

pKa values of Y72 and Y108.  Fitting was carried out as described above. 

5.4 Results and Discussion 

5.4.1 Quantum yield of W48• in Az48W and WT Az 

Previously, we found that photoexcitation of the W48 residue in a tyrosine-

deficient mutant of azurin (Az48W) results in reduction of the copper(II) center and 

generation of a long-lived neutral tryptophan radical, W48•.  This stable radical is formed 

because of irreversible deprotonation of the initially-formed tryptophan cation radical.  

The steady-state difference spectrum of this mutant is presented in Figure 5.2 and shows 

the appearance of two peaks at ~500 nm that are attributed to the neutral tryptophan 

radical as well as a bleach at 630 nm that reflects the decrease in Cu(II) absorption.27  

Formation of the tryptophan neutral radical in azurin is hindered in the presence of 

tyrosine.  The yield of radical formation per photoexcited tryptophan, ΦW48•/W48* 

(Az48W), is 0.045 ± 0.003 in the tyrosine-free mutant.  However, in the wild-type protein 

(WT Az) where two tyrosine residues are present, the yield of neutral radical formation, 

ΦW48•/W48* (WT Az), decreases by 70% to 0.014 ± 0.002.  There is also a decrease in the 

yield of copper(I) formation.  Since the 290 nm light used for excitation is primarily 

absorbed by the tryptophan residue, these observations indicate that the tryptophan 

radical is quenched in the presence of a tyrosine residue.  This quenching, which is 

attributed to intramolecular PCET from tyrosine to tryptophan, must occur during the 

lifetime of the tryptophan cation radical and competes with other relaxation pathways, 

such as deprotonation of the tryptophan cation radical or back-ET from the Cu(I) center.34  
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Therefore, the experimental yield of W48• radical formation (ΦW48•/W48*) reflects the 

extent of reductive quenching from tyrosine. 

These proteins were subjected to a series of experiments to test and shed light on 

this proposed PCET mechanism, including a probe of pH and isotopic effects, 

identification of the radical by EPR spectroscopy, investigation of single-tyrosine 

mutants, and thermodynamic and kinetic analysis.  Because tyrosine oxidation is coupled 

to deprotonation, the PCET rate and therefore the yield of neutral W48• may exhibit a 

pH-dependence or isotope effect, particularly if the tyrosyl proton is lost directly to 

solvent.14,15,19,35  It was found that the yield of formation of W48• in WT Az relative to 

Az48W is constant from pH 4 to pH 10, indicating that the extent of quenching by 

tyrosine does not depend strongly on pH (Figure 5.2 inset).  The pH-independent 

behavior is consistent with intramolecular proton transfer between tyrosine and a nearby 

basic residue.19  Similar pH data were reported for small-molecule model systems 

designed for intramolecular PCET.19,36  At the highest pH of 12, W48• is not observed in 

WT Az.  The sharp decrease in W48• yield at pH 12 may reflect protein structural 

changes or an enhanced tyrosine-to-tryptophan ET rate that is consistent with decoupling 

of the proton transfer and electron transfer events in tyrosine, as has also been observed 

in model systems.37   

The extent of quenching was also measured in D2O.  A large kinetic isotope effect 

(KIE) is often observed for proton transfer because of the high reorganization energy 

involved in transferring the heavy atom.  Direct excitation experiments on WT Az in D2O 

showed only a slight increase in W48• yield (ΦW48•/W48* for WT Az = 0.016± 0.004), 

which corresponds to a subtle decrease in PCET rate.38  This result is somewhat 
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unexpected, but may reflect the complicated dependence of KIE on proton transfer 

distance and vibrational modes, particularly for intramolecular proton transfer.35  For 

example, a similarly minor isotope effect has also been reported for Photosystem II, 

which also exhibits efficient intramolecular proton transfer,39 and an inverse KIE was 

recently shown for PCET from a tryptophan residue.40 
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Figure 5.2 Difference absorption spectra following 3 min. of 290 nm 
photolysis of WT Az and Az48W (H2O, 20 mM phosphate buffer, pH 
7.2).  Sample concentrations were normalized to 50 µM initial protein.  
Inset:  Ratio of W48• yields in WT Az relative to in Az48W (after 3 
min. photolysis) as a function of pH.   
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5.4.2 EPR spectroscopy and rapid freeze quench results 

A primary technique for characterization of organic radicals in proteins is electron 

paramagnetic resonance (EPR) spectroscopy.  Analysis of EPR spectra can provide 

information on the spin density, hydrogen-bonding, and geometry of a protein-derived 

radical; however, X-band EPR alone is not capable of distinguishing between tyrosine 

and tryptophan radicals.41  In order to characterize the EPR signatures of the radicals 

formed, photoexcitation followed by rapid freeze quenching of the azurin mutants in a 

60% glycerol-containing solution was performed.  The difference spectrum (post- minus 

pre-photolysis) of WT Az contrasts with that of the Az48W mutant (Figure 5.3).  The 

EPR spectrum of Az48W reflects only the tryptophan radical,27 while that of WT Az has 

different spectral features.  Simulations of these EPR spectra reveal significant 

differences in g-values between tryptophan and tyrosine radicals, and helps identify the 

predominant radical in WT Az.27   

The spectrum observed for WT Az is assigned to a tyrosyl radical on the basis of 

the shifted g-values and lack of tryptophan residues other than W48 in the protein.41,42  

The calculated gx value for WT Az is much higher than any reported for a tryptophan 

radical;42,43 an increase in g-value is expected for a tyrosyl radical because of spin density 

on the oxygen, which has a greater spin-orbit coupling constant than nitrogen or carbon.41  

The simulation parameters obtained (Table 5.1) are similar to those previously reported 

in the literature for tyrosyl radicals31 and suggest that the radical is hydrogen-bonded.44  

Absorption experiments performed in the glycerol-containing buffers give similar results 

to those observed in pure aqueous buffer. 
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Simulations of the tyrosine radical were guided by the algorithm provided by 

Svistunenko and Cooper.31  The hyperfine coupling constants (hfccs) for protons at the 

C3, C5, C2, and C6 positions and the Euler angles of all protons were held constant at 

values that are nearly conserved for all reported simulations of tyrosine radicals (Figure 

5.4 for atomic numbering scheme).31  The torsional angle χ2,1 and the spin density on C1 

(ρC1) can be determined by calculating the hfccs for the Cβ protons, Hβ1 and Hβ2, and the 

gx value (Figure 5.4).  The selected simulation was obtained by allowing the hfccs for the 

Cβ protons and the gx value to vary over a reasonable range in order to find the best fit to 

the experimental spectrum.  Gaussian line widths were constrained to 4.5 G in the 

simulations.  Hfccs that yielded successful match between data and simulation are given 

in Table S1; resulting spin density distribution is presented in Figure S2.  The torsion 

angle χ2,1 obtained from these hfccs is consistent with the crystal structure of the protein 

(χ2,1 = -80° EPR vs. -80.5° crystal).45  Although the extrapolated gx value from this 

simulation is lower than most tyrosyl radicals, it is in agreement with the gx value 

calculated for a tyrosyl radical with a close hydrogen bond to a protonated glutamic acid 

residue, a very similar geometry to our proposed system.46 
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Figure 5.3 X-band EPR derivative difference spectra of wild-type 
(WT Az) and Az48W azurin in 20 mM phosphate buffer/60% glycerol, 
pH 7.2, following photolysis at room temperature with rapid freeze 
quenching.  Also shown are the computer simulations for Y108• and 
W48• and the gx values obtained from the simulations.27  EPR spectra 
were recorded at 125 K. 
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Figure 5.4   (A) Orientation of β-methylene protons Hβ1 and Hβ2 

and the protein backbone R with respect to the tyrosine phenol plane 
denoted by C2-C1-C6.  View is along the Cβ-C1 axis, where the Cβ label 
is omitted from the figure for clarity.  θ1 and θ2 are the dihedral angles 
of the β-methylene protons relative to the normal to the phenol plane; 
χ2,1 is the dihedral angle of the tyrosine phenol plane with respect to the 
protein backbone (χ2,1 = θ2 + 30°).  (B) Molecular structure of the 
tyrosyl radical with numbering scheme and spin densities for Y108•.  
Only the spin density on C1 and the torsion angle χ2,1 were varied in the 
simulations. 
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Table 5.1 EPR simulation g-tensor (gii) and hyperfine tensor (Ai in 
gauss) principal values for Y108• from fits of the EPR powder pattern 
difference spectrum of WT Az following photolysis at 295 K and RFQ.  
Variables indicated with * were held constant in the simulation. 
 
 

Tensor 
Element gii Ai (Hβ1) Ai (Hβ2) Ai (H2/6)* Ai (H3)* Ai (H5)* 

xx 2.00656 5.71 5.35 1.78 -9.13 -9.81 

yy 2.00399* 13.92 0.71 2.68 -2.85 -2.85 

zz 2.00230* 14.27 3.93 0.54 -6.82 -7.31 

iso 2.00428 11.30 3.33 1.67 -6.27 -6.66 
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5.4.3 Effects of glycerol-containing buffer on ET reactions 

Experiments were performed in buffer containing 60% glycerol to enable rapid 

freeze quenching (RFQ) of samples following photoexcitation.  As measured by 

absorption spectroscopy, the yield of W48• formation under RFQ buffer conditions for 

Az48W was reduced by a factor of 4 relative to that obtained in pure aqueous buffer 

(ΦW48•/W48* (Az48W, glycerol) = 0.011, Figure 5.5).  This decrease may reflect a 

reduction in the deprotonation rate of W48•+ because of the lack of nearby water as the 

accessible proton acceptor.  Additionally, the effect of glycerol on the reorganization 

energy may cause a shift in the back ET rate from Cu(I) to W48•+.  The yield of W48• 

formation in WT Az (ΦW48•/W48* (WT Az, glycerol) = 0.001, Figure 5.5, inset) was 

decreased at least 10-fold relative to that in Az48W (glycerol) and also relative to WT Az 

in pure H2O.  The variation between the aqueous and the glycerol-containing samples 

likely reflects changes in protein dynamics in the two solvents; specifically, in glycerol, 

deprotonation of the W48•+ species may be more inhibited than the competing PCET 

pathway, preventing formation of the W48• species.  This is consistent with the results 

obtained using EPR spectroscopy, where RFQ of WT Az samples gave rise to a signal 

representing Y108• without overlapping contributions from W48• (Figure 5.3). 
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Figure 5.5 Difference absorption spectra following 5 minutes of 290 
nm photolysis of WT Az and Az48W in 60% glycerol/water (20 mM 
phosphate buffer, pH 7.2) solutions.  Inset:  Difference absorption 
spectrum of WT Az in 60% glycerol following 5 minutes of 290 nm 
photolysis with scaled subtraction of pre-photolysis spectrum to isolate 
and quantify amount of W48• in solution.  Subtraction procedure 
described in Section 5.3.4.  
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5.4.4 Identification of redox-active tyrosine residue 

The tyrosyl radical is not stable at room temperature, as evidenced by the lack of 

optical absorption features at 410 nm.47  This observation combined with the decreased 

overall yield of Cu(I) formation in WT Az suggests that the tyrosyl radical may be 

reduced by the copper center.  This third ET event regenerates the protein in its initial 

state of Cu(II) and closed-shell tyrosine and tryptophan (Figure 5.6).   

Additional mutants were analyzed to identify the tyrosine residue that is 

undergoing PCET in WT Az.  There are two tyrosine residues in WT Az, Y108 and Y72, 

at distances 8.8 and 14.5 Å from the W48 residue, respectively.45  Quantum yield 

measurements of W48• were performed upon photoexcitation of the single-tyrosine 

mutants W48/Y72/F108 (Az48W/72Y) and W48/F72/Y108 (Az48W/108Y).  The yield 

of W48• production in Az48W/72Y is two-fold greater than that found in Az48W/108Y, 

and the yields are similar to those of Az48W and WT Az, respectively.  This result 

indicates that Y72 does not quench W48•+ as efficiently as Y108, and therefore suggests 

that the redox-active tyrosine is Y108.   
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Figure 5.6 Electron and proton transfer processes occurring in WT 
Az.  Processes in which the rate constants are zero are omitted; the 
stable initial and final states of the protein are outlined.   
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The proton transfer path and local environment of Y108 was investigated via 

examination of the crystal structure of azurin (PDB 4AZU).45  The backbone amide of 

K103 and the carboxylate group of E106 are both in close proximity to the phenolic 

oxygen (2.8 Å O-N distance, 2.8 Å O-O distance respectively) (Figure 5.11A).  Because 

a hydrogen bond donor and acceptor are equidistant to the phenolic oxygen, Y108 may 

act as both a H-bond acceptor and donor in the closed-shell species.  This amphoteric 

property results in cancellation of spectral signatures that typically report on strength of 

hydrogen bond acceptance or donation and is consistent with results from absorption, 

emission, and ultraviolet resonance Raman spectroscopy.  All three spectroscopic 

techniques indicate that Y108 is protonated at pH 7 but do not show clear evidence of 

either strong hydrogen bond donation or acceptance.48,49   

5.4.5 Characterization of tyrosine residues in azurin via absorption and emission 

spectroscopy 

The absorption and emission of tyrosine residues in proteins can indicate the 

polarity and hydrogen bonding status of the phenol group.49  Tyrosinate absorption and 

emission are red-shifted from neutral tyrosine, and the strength of hydrogen bonding and 

local polarity are correlated to slight shifts in UV absorption or emission.  To isolate the 

weaker absorption of tyrosine from the tryptophan-containing mutants, spectra of the 

Az48W mutant were subtracted from the tyrosine-containing mutants (WT Az, 

Az48W/72Y, and Az48W/108Y) until the distinct absorption of the Lb band of 

tryptophan at 292 nm was removed while maintaining positive features throughout the 

spectrum (Figure 5.7).  The absorption of all tyrosine residues reflects neutral tyrosine 

rather than tyrosinate (see below for spectrophotometric titration of tyrosines).  Slight 
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shifts are observed for the tyrosine residues in the protein relative to the L-tyrosine model 

compound, which has two absorption maxima at 275 nm and 281 nm.  The spectrum of 

WT Az, which reflects both Y72 and Y108, has peaks at 278 nm and 284 nm, while the 

Y72 mutant has absorption bands at 281 nm and 287 nm and the Y108 mutant has bands 

at 277 nm and 284 nm.  Unfortunately, these small shifts are sensitive to subtraction 

parameters, so it is difficult to compare the strengths of hydrogen bonds or relative local 

polarities in the two azurin mutants; however, the systematic bathochromic shift of the 

absorption maxima for the protein indicate that the tyrosine residues in azurin have 

stronger hydrogen bonds and/or are in enhanced hydrophobic environments relative to 

the model compound L-tyrosine in aqueous solution.   
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Figure 5.7 Difference absorption spectra of the tyrosine residues in 
azurin mutants in 20 mM phosphate buffer, pH 7.2.  Spectra are offset 
for clarity. 
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The difference emission spectra in Figure 5.8 show isolated tyrosine fluorescence.  

These spectra are derived by subtracting the large contribution of the narrow W48 

fluorescence peak centered at 308 nm from the spectra of the azurin mutants.50  The large 

relative fluorescence signal from tryptophan causes these difference emission spectra to 

be sensitive to subtraction parameters.  Despite this source of error, the resulting 

difference spectra indicate that all tyrosine residues are protonated and do not participate 

in unusually strong hydrogen bond donation or acceptance.  Further characterization of 

the tyrosine residue microenvironments is carried out via ultraviolet resonance Raman 

spectroscopy, which is much more sensitive to hydrogen bond structure than broad 

electronic spectra.     

  



166 

 

 

 
 

 
 

Figure 5.8   Difference emission spectra of the tyrosine residues in 
azurin in 20 mM phosphate buffer, pH 7.2.  Spectra are offset for clarity. 
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5.4.6 Characterization of tyrosine residues in azurin via ultraviolet resonance 

Raman spectroscopy 

Ultraviolet resonance Raman (UVRR) spectroscopy allows selective excitation of 

a particular chromophore to obtain information about vibrational normal modes within a 

large protein framework.  The use of 228 nm excitation probes tryptophan and tyrosine 

residues within a protein.  The frequencies and intensities of UVRR modes can provide 

information on the microenvironment of each residue, including hydrophobicity, solvent 

polarity, conformation, and hydrogen bonding.  To characterize the tyrosine residues in 

azurin, UVRR spectra of the mutants Az48W, Az48W/72Y, and Az48W/108Y were 

obtained and compared to those of WT Az and L-tyrosine (Figure 5.9).  Tyrosine normal 

modes are indicated with the standard nomenclature scheme.  Spectra of Az48W/108Y at 

various time points following dilution into D2O buffer were also measured to determine 

whether the limited solvent-exposure of Y108 prevents H/D exchange.  It was found that 

immediately (~ 1 minute) after addition of D2O, the vibrational bands of Y108 were 

consistent with that of fully exchanged phenol, unlike what is observed for the 

completely solvent-excluded W48.  Subtractions of Az48W spectra from Az48W/72Y 

and Az48W/108Y spectra were performed to isolate the weaker tyrosine peaks from 

those of the intense tryptophan modes (Figure 5.10).     

Several vibrational modes and relative intensities have been shown to act as 

hydrogen-bond indicators in tyrosine UVRR spectra.  The Y8b mode consists of ring-

breathing coupled to -OH bending, and the frequency of this mode decreases with 

increasing strength of hydrogen-bond donation.49  In the extreme case of fully 

deprotonated tyrosinate, this mode is found at ~1560 cm-1.   For Y72, Y108, and the 
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model compound L-tyrosine, this mode appears at 1605 cm-1, 1602 cm-1, and 1602 cm-1, 

respectively, and these results are consistent with tyrosine residues that are not strong 

hydrogen bond donors.  However, it is important to note that the Y8b peak is a low-

intensity mode with 228 nm excitation and overlaps with tryptophan and phenylalanine 

modes.  The Y7a′ and Y7a mode frequencies also indicate hydrogen bonding status at the 

phenolic hydrogen; these are intense bands in a less congested region of the spectrum.  

The Y7a′ mode appears at 1265 – 1275 cm-1 for strongly hydrogen-bond donating species 

and 1230-1240 cm-1 for strongly hydrogen-bond accepting species, while the Y7a mode 

frequency shows the opposite trend in the range 1205-1215 cm-1.51  In the Y72 mutant, 

the Y7a′ and Y7a modes appear at 1259 cm-1 and 1210 cm-1, respectively; the Y7a′ and 

Y7a modes are observed at 1257 cm-1 and 1215 cm-1 for the Y108 mutant.  These results 

indicate that both tyrosine residues may participate in weak hydrogen bonds.  An 

additional hydrogen-bonding marker in the tyrosine UVRR spectrum may be found in the 

Fermi doublet between the Y1 and 2xY16a modes.48  For off-resonance Raman spectra, it 

has been shown that the intensity ratio I850:I830 is less than 1 for hydrogen bond donation 

and greater than 1 for hydrogen bond acceptance, and this trend persists in the resonance 

Raman spectra of tyrosine.49  Both azurin mutants show an intensity ratio of ~1 in the 

UVRR spectra, which indicates weak hydrogen bond donation or acceptance.  As with 

the previously-mentioned spectral markers, this result indicates weak hydrogen bonding.  

In summary, the UVRR and absorption analyses indicate that the tyrosine residues in 

azurin are in more hydrophobic environments relative to L-Tyr in water and act as weak 

hydrogen-bond donors or acceptors. 
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As presented in the main paper, an alternate explanation to the lack of spectral 

markers for strong hydrogen-bond donation or acceptance is the idea that two strong, 

opposing hydrogen bonds may cancel the spectral shifts.  This hypothesis is supported by 

examining the crystal structure of azurin around Y72 and Y108.45  The microenvironment 

around the solvent-exposed Y72 is dominated by hydrogen bonding to water, which is 

consistent with the spectroscopic evidence of weak H-bonding to Y72.  In contrast, the 

environment around Y108 is enriched in polar residues; two lysine residues, two 

glutamate residues, and one glutamine residue are in the immediate vicinity.  These 

residues may create a well-ordered environment where the phenolic oxygen can 

participate as a strong H-bond acceptor and donor to an amide and glutamate, 

respectively (Figure 5.11). This amphoteric nature of tyrosine would likely result in the 

observed spectroscopic signatures.48  
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Figure 5.9 UVRR spectra (228 nm excitation) of azurin mutants and 
L-tyrosine in H2O (20 mM phosphate buffer, pH 7.2).  Spectra were 
normalized to the ClO4

- internal standard intensity and corrected for 
concentration differences; spectra are offset for clarity. 
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Figure 5.10 Difference UVRR spectra of azurin mutants with Az48W 
spectrum subtracted to show tyrosine vibrational modes.  Subtraction 
parameters were determined based on the goal of removing tryptophan 
signal.    
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5.4.7 Identification of the intramolecular proton acceptor for Y108 

An important goal of the current work is identification of the proton acceptor in 

the PCET reaction of Y108.  Based on the structural analysis, it is likely that upon 

oxidation of tyrosine, the phenolic proton is transferred to the carboxylate group of the 

nearby glutamate residue, E106.  Evidence supporting this assignment of the proton 

acceptor was obtained using a mutant of WT Az in which the glutamate was replaced by 

an alanine residue (E106A).  This mutation restored the yield of W48•, ΦW48•/W48* 

(E106A WT Az), to 0.040± 0.002 (Section 5.4.8).  Removal of the intramolecular proton 

acceptor likely forced the proton to be released to solvent, and the resulting decreased 

kinetics of tyrosine deprotonation prevented efficient quenching of W48•+.  To our 

knowledge, there are no other confirmed examples of glutamate as proton acceptor in 

biological tyrosine oxidation.  However, glutamate has been implicated in proton-transfer 

pathways in membrane-bound systems such as cytochrome c oxidase52 and 

quinol:fumarate reductase.53  It has also been predicted to play a role in the concerted 

PCET process observed in a versatile peroxidase mutant.46  Furthermore, experiments 

with model compounds using tyrosine residues with appended carboxylate groups show 

enhanced PCET rates as well as minimal pH dependence.19,54  The proton tunneling path 

is short in these model compounds, and this geometry leads to rates that are accessible 

even in frozen solution and yields that exhibit little or no isotope effect.  These prior 

observations are consistent with our experimental findings, and support the identification 

of E106 as the proton acceptor.  
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Figure 5.11 Crystal structure of WT Az (PDB ID 4AZU) showing 
proposed residues involved in the long-range electron transfer (ET) and 
proton transfer (PT) processes.  Inset A:  Microenvironment of Y108 
with nearby hydrogen bond partners.  Inset B:  π−π interaction between 
W48 and F110 responsible for deprotonation of W48•+.27 
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5.4.8 Direct photolysis experiments on E106A WT Az mutant 

To probe the role of glutamate as proton acceptor in the PCET reaction from 

Y108, the mutant E106A WT Az was created.  A structural study based on X-ray 

diffraction of single crystals was not performed for this mutant.  However, a model of the 

mutant suggests the geometry shown below (Figure 5.12).  In the E106A mutant, the 

phenol ring of Y108 has greater exposure to solvent, with 30% solvent-accessible surface 

area, and there is no obvious proton acceptor within close hydrogen-bonding distance.  

The yields of W48• generated from the E106A WT Az are enhanced considerably from 

those of WT Az (Figure 5.13).  As stated in the main text, in order for Y108 to quench 

the high-energy W48•+ species, PCET must occur on the timescale of ~200 ns.  This rate 

is feasible if the tyrosine can transfer the proton to the nearby glutamate, but PCET rates 

are notably slower when the proton is transferred to solvent; observed PCET rates from a 

tyrosine to a covalently-attached ruthenium tris-bipyridine complex are decreased by 2 

orders of magnitude (to ~104 s-1) upon removing the intramolecular hydrogen bond.19  

Using the kinetic model developed in the main text (Figure 5.6), a decrease in PCET rate 

from  ~107 s-1 to ~106 s-1 is consistent with our photolysis result for E106A WT Az.  This 

decrease reflects the effect of removing the intramolecular hydrogen bond to glutamate, 

and emphasizes the critical role this native H-bonding geometry plays in the ultrafast 

multistep ET process observed in WT Az.     
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Figure 5.12 Model of protein microenvironment around Y108 upon 
replacing E106 with alanine.    
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Figure 5.13 Difference absorption spectra of Az48W, WT Az, and 
E106A WT Az following 3 min. of 290 nm photolysis (H2O, 20 mM 
phosphate buffer, pH 7.2).  Sample concentrations were normalized to 
50 µM initial protein.  Yields of W48• per excited tryptophan shown in 
legend. 
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5.4.9 Characterization of pKa values of tyrosines in azurin 

The presence of the strong hydrogen bond that enables efficient intramolecular 

proton transfer between E106 and Y108 was probed by pKa analysis of single-tyrosine 

mutants.  Spectrophotometric titration of Az48W/108Y indicates an anomalously high 

pKa value of ~12.5.  This value exceeds the standard pKa value of <12 for model 

compounds and Y72.  Poor solvent shielding due to low solvent-exposed surface area and 

close interaction between the phenolic oxygen of Y108 and the negatively charged 

carboxylate group of E106 likely prevents further ionization.55  These effects of protein 

environment and hydrogen bonding on the tyrosine pKa and redox potential are 

complicated and interrelated.56,57  Our results are similar to those reported for 

ribonucleotide reductase, where a high pKa value has been observed for the Y122 residue, 

which participates in a PCET reaction and is found in close proximity to an aspartate 

residue.55  Another example of tyrosyl radical formation in a modified reaction center of 

Rh. sphaeroides showed that replacement of the native histidine residue with glutamate 

increased the apparent pKa of this reaction by ~2 pKa units.58  Our observation of a high 

pKa value for Y108 and efficient PCET in WT Az is consistent with these examples of 

enhanced PCET in strongly hydrogen-bonded environments.   

To obtain the pKas of the tyrosine residues in azurin, pH titrations were carried 

out using absorption spectroscopy.  A representative set of spectra obtained at different 

pH values is shown in Figure 5.14.  Because of strong absorption from the tryptophan 

residue, 305 nm was chosen as the absorption wavelength for tyrosinate in the titration 

data (see spectra of model compound in inset).  From the best-fit curves, the pKa values of 

Y72 and Y108 were found to be 11.6 and ~12.5, respectively (Figure 5.15).  An accurate 
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value of the dissociation constant for Y108 could not be obtained due to its high pKa and 

protein degradation at pH > 13.   

The anomalously high pKa values for both tyrosine residues in azurin has been 

previously noted.59,60  Analysis of the microenvironment around Y72 shows the phenol 

oxygen to be within hydrogen bonding distance of at least one solvent molecule and 

backbone carbonyl oxygen atoms of nearby hydrophobic residues.61  This structure has 

the effect of shielding the tyrosine within a hydrophobic cavity, thereby increasing the 

pKa of the phenol.     

As mentioned above, the microenvironment of the Y108 residue is more polar; 

the neighboring residues include two lysine and two glutamate residues.  The close 

proximity to the negatively-charged glutamate is likely the dominant contributor to the 

high pKa, as discussed in the main text. 
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Figure 5.14 Absorption spectra of Az48W/72Y at different pH values.  
The wavelength chosen for the titration analysis of the protein data is 
indicated on the graph.  Inset:  Representative spectra of 50 µM N-
acetyl-tyrosinamide at pH 7.2 and N-acetyl-tyrosinate-amide at pH 13.1.   
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Figure 5.15 pH titration curves for azurin mutants.  Data are indicated 
by markers and best-fit curves are shown on graph as solid curve.  (A) 
Az48W/Y72; (B) Az48W/Y108; (C) WT Az. 
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Table 5.2 Best-fit parameters for titration curves of Az48W/Y72, 
Az48W/Y108, and WT Az using equations 1 (single-tyrosine mutants) 
and 2 (WT Az) (see below).   

 
 

 εY72- 

(M-1 cm-1) 
εY72  

(M-1 cm-1)
pKaY72 εY108-  

(M-1 cm-1)
εY108  

(M-1 cm-1) 

pKaY108 

Az48W/72Y 2250 150 11.6 -- -- -- 

Az48W/108Y -- -- -- 2780 190 12.5 

WT Az 1740 190 11.0 2560 100 12.6 
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5.4.10 Thermodynamic analysis of multistep ET process in azurin 

An optimized driving force for tyrosine-tryptophan ET is critical for this long-

range charge separation event in azurin.  For model compounds in solution, tryptophan 

has a higher reduction potential than tyrosine as both the neutral and cation radical, which 

would facilitate ET from tyrosine to tryptophan.34  These thermodynamics are likely 

strongly modulated by the local protein environment.  It has been reported that a critical 

contribution to phenol reduction potential is the pKa of the proton-accepting base.36  The 

presence of an intramolecular hydrogen bond between the phenolic proton and an H-bond 

acceptor has been shown to lower the reduction potential,57 and  studies of tyrosine 

derivatives indicate that the reduction potential may be inversely correlated with 

pKa.
55,62,63  These prior findings suggest that the redox potential of Y108 may be lower 

than that of free tyrosine in solution (E°(TyrO•/TyrOH) = 0.9 V).34  In contrast, the 

hydrophobic environment of W48 in azurin likely raises the TrpH48•+/TrpH48 potential 

relative to the model compound (E°(TrpH•+/TrpH) = 1.15 V)34 because the nonpolar 

cavity further destabilizes the charged species.  These shifts in tryptophan and tyrosine 

potentials may serve to increase the driving force for PCET between Y108 and W48•+.  

Experimental results were incorporated into a kinetic model for the electron and 

proton transfer reactions (Figure 5.6) with the goal of extracting the tyrosine PCET rate.  

The kinetic parameters have been optimized from those presented previously.27  The 

lifetime of the tryptophan cation radical is limited to ~200 ns because of the high back ET 

rate from Cu(I).  The quenching of W48•+ by PCET from Y108 therefore likely occurs 

within this window (kPCET ~ 107 s-1), because electron transfer from tyrosine to the neutral 

radical generates the kinetically and thermodynamically unfavorable tryptophan 
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anion.27,64  This ultrafast PCET is higher than most rate constants reported for model 

compounds, but it is feasible given the efficient intramolecular proton transfer from Y108 

to E106.  Previous literature on intramolecular PCET to a nitrogen-based proton acceptor 

reports rates >107 s-1.21  Furthermore, calculations suggest that formation of the neutral 

tyrosyl radical may be more effective in the presence of a hydrogen bond to a glutamate 

anion than a neutral histidine.65  In WT Az, removal of the proton acceptor, E106, 

eliminated efficient PCET from Y108 to W48•+; this result suggests that a concerted 

mechanism is likely for the tyrosine-to-tryptophan ET reaction in this protein.   

5.5 Conclusions 

In conclusion, the use of aromatic amino acid chains as a mediator for long-range 

electron transfer has been the subject of much investigation.  In natural protein systems, 

PCET reactions from tyrosine residues are believed to occur preferentially with histidine 

residues as the intramolecular proton acceptor.20  Here we report on a small, natural 

system that demonstrates multistep ET between tyrosine, tryptophan, and copper, with 

participation of a native glutamate residue as the intramolecular proton acceptor (Figure 

4).  This PCET reaction occurs rapidly and exhibits little isotope/pH dependence.38  

These findings demonstrate the significant effect that the protein environment exerts on 

the reactivity of amino acid radical intermediates.  Future studies aimed at characterizing 

the detailed molecular interactions required for these ET/PCET reactions and engineering 

additional multistep electron transfer pathways are underway.   
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6 Effects of protein environment on excited state structure 

and dynamics of tryptophan as measured by ultraviolet 

resonance Raman excitation profiles 

6.1 Abstract 

Ultraviolet resonance Raman spectroscopy of tryptophan is gaining prevalence as 

a spectroscopic tool to investigate proteins.  In addition to frequency shifts, resonance 

Raman intensities provide a great deal of information about the structure and dynamics of 

electronic excited states of molecules.  The deep-UV resonance Raman excitation profile 

(RREP) of closed-shell tryptophan in a model compound is compared to that of a 

tryptophan residue in a hydrophobic protein pocket; self-consistent analyses of the 

resonance Raman intensities and absorption spectra were performed to determine the 

excited state structure and dynamics.  The effects of protein environment are discussed; 

differences in dynamics between the solvent-exposed and hydrophobic protein-derived 

tryptophan are manifested as a slight decrease in inhomogeneous broadening.  Significant 

increases in the dimensionless displacements for tryptophan within a protein have 

implications for tryptophan photochemistry, including photoionization and excited-state 

electron transfer.   

6.2 Introduction 

Tryptophan is an important amino acid involved in such diverse processes as 

protein folding, thermodynamic stability, and electron transfer.1-7  The indole moiety is 

an innate fluorophore, and the fluorescence reports on the local environment around 

tryptophan.8  However, emission spectra are usually broad and unstructured, and the 
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factors affecting fluorescence wavelength and intensity are complicated and can easily be 

misinterpreted.9-11  In contrast, ultraviolet resonance Raman (UVRR) spectroscopy 

reports on structure, geometry, hydrogen-bonding, and environmental polarity in a well-

characterized fashion with selective enhancement of signal from tryptophan residues.12-15  

This technique is rapidly gaining popularity, particularly in the study of tryptophan-

membrane interactions,16,17 and a number of empirical studies have been performed 

correlating tryptophan spectroscopic markers to environment.15,18,19  These studies 

facilitate understanding of the role of the tryptophan residue within proteins. 

Tryptophan has three absorption bands in the near-UV region of the spectrum, 

designated by the standard Platt nomenclature scheme.20  The Lb, La, and Bb bands 

exhibit frequency maxima and extinction coefficients of 287 nm (5600 M-1 cm-1), 273 nm 

(6000 M-1 cm-1), and 225 nm (36,600 M-1 cm-1), respectively.21  The Lb and La bands are 

near-degenerate and the transition dipoles lie along orthogonal vectors in the molecular 

axis.  Generally, the polar La state is the emitting state.11,22  The extensive use of 

tryptophan absorption and fluorescence spectra as spectroscopic probes has led to 

extensive study of the photochemistry of the La and Lb bands.11,23  However, resonance 

Raman (RR) experiments must be performed with higher frequency excitation 

wavelengths so that the Raman scattered lines remain at higher energy than the 

fluorescence emission.  Therefore, a vast majority of the UVRR experiments probing any 

of the aromatic amino acids utilize the higher energy Bb transition for excitation.21,24-26  

This transition has a higher extinction coefficient than the La and Lb transitions and 

shows delocalized transition density along the entire indole ring, with polarization along 

the long axis of the molecule.21,27  Because of this delocalization, excitation into this 
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electronic state enhances more in-plane vibrational modes than are observed upon 

excitation into the La or Lb bands.  One exception is the W2 mode, which is resonantly 

enhanced both with La,b and the deep-UV Ba transition but not Bb excitation of 

tryptophan.21   

In contrast to the well-studied La and Lb transitions, only limited analysis of the 

Bb electronic transition and coupled normal modes of tryptophan has been reported.  

Specifically, to our knowledge, the effects of protein environment on the excited state 

structure and dynamics have not been quantitatively examined.  Resonance Raman 

spectroscopy provides a direct probe of these excited state distortions and initial 

dynamics because the band intensity results from evolution of the ground state 

wavefunction on the excited-state potential energy surface.28  Absorption spectra exhibit 

broad bandshapes which result from both homogeneous and inhomogeneous broadening 

while resonance Raman intensities reflect excited state displacements as well as the two 

broadening mechanisms; simultaneous modeling of these two spectral measurements 

constrains these parameters.28,29  In turn, the structural dynamics can be used to identify 

the molecular displacements of normal modes that are relevant to excited-state 

photochemistry of tryptophan, such as photoionization or excited-state electron 

transfer.30-35    

As the use of UVRR spectroscopy to characterize tryptophan residues extends 

into more diverse applications, a thorough understanding of the effects of protein 

environment on the resonance Raman parameters becomes necessary.  This analysis is 

not based on empirical observations but rather, on identification of the photophysical 

properties of the molecule.15  A complete model of the excited state dynamics is obtained 
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through self-consistent analysis of the absorption spectrum and resonance Raman 

excitation profiles for tryptophan in two distinct solvent environments, a model 

compound of L-tryptophan in phosphate buffer (L-Trp) and a completely solvent-

excluded tryptophan within the hydrophobic protein pocket of a mutant of azurin 

(Az48W), W48.36  It was found that the homogeneous linewidth remains constant and the 

inhomogeneous broadening parameter is only moderately sensitive to environment.  The 

large changes in resonance Raman cross-sections are attributed to increases in excited-

state distortions for the hydrophobic tryptophan residue.  Implications of these analyses 

with respect to the photochemical processes of tryptophan are discussed. 

6.3 Materials and Methods 

6.3.1 Chemicals   

All chemicals were purchased from Fisher Scientific.  Compounds were used as 

received without further purification.  Deionized water (Barnstead Nanopure Diamond) 

was used to prepare all buffers.    

6.3.2 Preparation of azurin samples   

Expression, isolation, purification, and characterization of Pseudomonas 

aeruginosa azurin mutants were carried out as previously described.37-40  In these 

experiments, the following azurin variants were used:  wild-type azurin (WT Az), an 

azurin mutant deficient in tyrosines but containing the single native tryptophan residue at 

position 48 (W48), [Y72F/Y108F]AzCu(II) (Az48W), and a mutant deficient in tyrosine 

and tryptophan residues [W48F/Y72F/Y108F]AzCu(II) (All-F Az) for subtraction of 

non-tryptophan derived signal.  Protein samples were made by dilution of a stock solution 

of >1 mM protein into 20 mM phosphate buffer, pH 7.2, for a final concentration of ~30 
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µM protein.  The sample was flowed once through a 100 μm i.d. quartz capillary and then 

discarded.  An appropriate amount of a stock solution of 500 mM NaClO4 was added to 

provide an internal standard at 50 mM concentration.   

6.3.3 UV resonance Raman Spectroscopy   

Excitation wavelength dependence experiments were performed using a tunable 

Ti:Sapphire laser.  This instrumentation has been described in detail elsewhere.41,42  

Briefly, a 1 kHz Ti:Sapphire laser (Photonics Industries) provided ~1-Watt beam at 

wavelengths between 826 - 946 nm.  The fundamental was directed through a lithium 

triborate (LBO) crystal, and the resulting 413 - 473 nm beam was then passed through a 

β-barium borate (BBO) crystal to produce 1 - 6 mW of 206.5 – 236.5 nm UV excitation.  

The UV beam was focused with a pair of cylindrical lenses to a spot size of ~230 μm x 

~75 μm at the sample.  The power at the sample was ~0.25 - 3 mW.  Scattered light was 

collected in a ~135° backscattering geometry and focused onto the entrance slit of a 

prism-based prefilter.  The prefilter was manually adjusted to accommodate the UV 

excitation wavelengths to allow for acquisition of UVRR spectra to within 200 cm-1 of 

the Rayleigh line.43  Raman scattered light was dispersed in a 0.5 m spectrograph (JY 

Horiba, Spex 500M equipped with a 3600 gr/mm holographic grating), and imaged onto 

a CCD detector (Princeton Instruments, Pixis 400B).  The spectral response was 

determined by a deuterium lamp, and the bandpass (~15 cm-1) and accuracy (≤1 cm-1) 

were determined from ethanol calibration spectra.  UVRR power dependence studies 

indicated that the current experiments were performed under conditions of linear 

response (Figure 6.1).   
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Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 

pulse, and discarded after a single-pass through the laser beam to eliminate artifacts from 

photolyzed sample.  Fifteen-minute UVRR spectra were collected for ~50 µM protein 

samples.  Spectra of buffer-only solutions were also acquired and subtracted from 

corresponding sample spectra with a scalar factor to minimize contributions from the 

quartz capillary and the Raman water bend.   
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Figure 6.1 Power dependence of azurin spectra:  UVRR spectra (230 
nm excitation) of 30 µM WT Az containing 50 mM perchlorate at 
various excitation powers.  Spectra are normalized for perchlorate 
intensity. 
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6.3.4 Data analysis and calculation of absolute UVRR cross-sections   

Data were analyzed using Igor Pro (Wavemetrics) software.  The use of 50 mM 

perchlorate provided an internal standard with a high intensity peak at 932 cm-1, which 

falls in a spectrally uncongested region for tryptophan.44  The absolute Raman cross-

sections of this molecule have been determined with the preresonance corrections in the 

UV region of the spectrum, making it an ideal internal standard for the study of resonance 

Raman intensities in proteins.44  Unless otherwise noted, the normal mode assignments 

and nomenclature presented here are consistent with literature values.12,15 

The instrument response, including effects from collection optics, was taken into 

account by taking a spectrum of a known primary deuterium standard source (Optronics 

Laboratories model 45D Model OL220C) and comparing to a secondary deuterium light 

source (Acton Research Corporation) at each excitation wavelength.  These spectra were 

acquired by centering the prefilter and spectrograph to the desired wavelength, and 

opening the prefilter and spectrograph slits to 60 µm and 2.14 mm.  The lamp was placed 

approximately 12 inches in front of the UV collection lens, and the focusing lens was 

maintained in position for collection of typical UVRR spectra of proteins.  No other 

optics, such as diffusion or attenuation optics, were placed between the lamp and prefilter 

slit.  The spectrum of the primary deuterium lamp was divided by the known theoretical 

curve of the spectral output of the lamp to obtain the instrument response as a function of 

wavelength.  Each experimental spectrum was then corrected for the instrumental 

response by dividing the observed experimental spectrum by the instrument response.  

The observed intensity for each of the standard lamps is compared to the theoretical 
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intensity of the primary standard lamp in Figure 6.2 and the instrument response function 

obtained is shown in Figure 6.3.  
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Figure 6.2 Response of primary standard lamp and secondary 
standard lamp (left axis) compared to theoretical standard lamp response 
(right axis).  The prefilter and spectrograph slits widths were 60 µm and 
2.14 mm, respectively. 
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Figure 6.3 Instrument response obtained by dividing the observed 
primary lamp intensity by the theoretical standard lamp curve. 
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Self-absorption corrections were also necessary; the high extinction coefficient 

and steep slope of the absorption band in this region of the spectrum may cause 

differential absorption of the Rayleigh exciting and Raman scattered photons and result in 

apparent changes in relative intensities.  While the backscattering geometry mitigates 

these effects relative to the right angle setup often used in resonance Raman 

experiments,45 a simple correction factor based on concentration of sample and the 

absorption spectrum was applied to the observed Raman intensity based on the following 

equation:46  = ( )( )[ ( )( ) ]  (6.1) 

 Where Ac is the correction factor applied to a particular mode for a given incident 

wavelength, k0 and k are the absorption coefficients at the incident and scattered 

wavelengths and b represents the pathlength.  For these experiments, because a 100 µm 

i.d. capillary was used, the pathlength was taken to be 0.01 cm.  

The spectra were first corrected for both instrument response and self-absorption 

effects.  These corrected spectra were used to obtain absolute resonance Raman 

intensities of sample peaks by comparison to the intensities of the internal standard, ClO4
-

.  Equation 6.2 was used to first determine the absolute Raman cross-section of 

perchlorate (sClO4) including preresonance effects:44 = ( − ) [( ) ]   (6.2) 
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Where K2 is a constant set to 2.34 ä 10-2 barns/str, n0 is the excitation wavelength in cm-1, 

ne is the electronic transition for perchlorate found to be 128,000 cm-1,44 and nmn is the 

vibrational frequency of the standard, set here to be 932 cm-1.44   

With the corrected absolute resonance Raman intensities of perchlorate and the 

spectra normalized for perchlorate peak intensity, the following equation was used to 

determine the cross-sections of tryptophan:44 

# = # ( # )    (6.3) 

Where sW# represents the absolute Raman cross section for a given tryptophan mode at a 

given wavelength, IW# and IClO4 represent the observed peak intensities of the bands, CClO4 

and CW represent the concentrations of the species, n0 is the excitation wavelength in cm-

1, and nClO4 and nW# are the vibrational frequencies for perchlorate and the tryptophan 

normal mode.   

6.3.5 Error in Raman cross-sections 

Errors in the resonance Raman cross-sections were determined by varying the 

subtraction parameter of the buffer-only solution from the sample spectra to obtain upper 

and lower limits of acceptable removal of buffer signal.  The spectra were then corrected 

for baseline effects by subtracting a spline fit to the broad background, and the peak 

intensities for each vibrational mode were obtained for the slightly over-subtracted and 

under-subtracted spectra.  The spread in these values was determined and the difference 

between the high and low values and average value was used to obtain a standard 

deviation.  This standard deviation was compounded with the error obtained for the 

perchlorate standard using the same process.  The final error was determined as a 
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percentage of the total peak intensity and then multiplied by the measured peak intensity 

for each vibrational mode.  

6.3.6 Absorption spectroscopy 

Absorption spectroscopy was carried out using a UV-Vis spectrophotometer (HP 

8453).  Concentrations of samples were determined using the copper(II) extinction 

coefficient of 5900 M-1 cm-1 at 628 nm.47  Absorption spectra of samples were obtained 

before and after UVRR spectroscopy and indicate very little photodegradation (less than 

5%), suggesting a low photoalteration parameter.48   

6.4 Theory and Analysis 

6.4.1 Time-dependent wavepacket formalism for resonance Raman intensities 

Resonance Raman spectroscopy provides a technique for observing the 

vibrational normal modes of a particular chromophore by using excitation wavelengths 

that are resonant with an electronic transition of that molecule.  Observed vibrational 

frequencies report on the ground state structure and geometry, while the peak intensities 

provide information on the excited state structure and early time dynamics of the 

chromophore.  Resonance Raman (RR) intensities arise from a projection of the excited-

state geometry change onto the ground-state geometry and propagation of the wavepacket 

on the excited state potential energy surface (Figure 6.4); therefore, quantitative analysis 

of the RR intensities can provide mode-specific information about the excited state that is 

inaccessible with simple absorption spectroscopy.28  The absorption (sAbs) and resonance 

Raman (sRR) cross-sections are modeled using the time-dependent formalism of Lee and 

Heller,49 shown mathematically below:28 
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 = ℏ ( )	 exp	[ ( ) ] | ( ) ( 	 /ℏ) ( ) /ℏ (6.4) 

= ℏ ( ) 	 exp	[ ( ) ] | ( ) ( 	 /ℏ) ( ) /ℏ  (6.5) 

In these equations, ES and EL are the energies of the scattered and incident photons (cm-

1), respectively, E0 is the zero-zero electronic transition energy (cm-1), M is the transition 

dipole (Å), θ is the Gaussian inhomogeneous broadening (cm-1), ΓG is the Gaussian 

homogeneous broadening (cm-1), εi is the energy of the vibrational state (cm-1), |iÚ and |fÚ 

are the initial and final vibrational wavefunctions in the Raman process, and |i(t)Ú is the 

initial ground state wavepacket propagating on the excited state surface.28,31,50  The 

separable harmonic oscillator approximation with equal ground and excited state 

frequencies was used here.  Therefore, the overlap between the final and initial states can 

be simplified to the following expressions for absorption and RR:28 

0|0( ) = exp − ∆ 1 − ℏ − ℏ ( + )   (6.6) 

1|0( ) = ∆	√ 	 ℏ − 1 0|0( )     (6.7) 

Where Δ represents the dimensionless displacement of the excited state for that 

vibrational mode (Figure 6.4).  Expressions 6.6 and 6.7 can be substituted into 

expressions 6.4 and 6.5, and with a given set of parameters the numerical solution can be 

calculated simultaneously for the absorption and resonance Raman profiles. 

There are two important things to note about the interpretation of these equations 

and the pictorial representation of the time-dependent formalism for RR intensities 
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(Figure 6.4).  Modes that have no displacement along the normal coordinate in the 

excited state will show no Raman intensity.  At t=0, the overlap between the initial and 

final wavepackets is zero; modes without displacement will not propagate away from the 

Franck-Condon region and therefore the overlap remains zero for that final vibrational 

state.28  Additionally, because the resonance Raman intensities depend on Δ2, solutions to 

these equations can only provide absolute values of Δ; to extract out the sign of Δ 

additional experiments are required, such as resonance hyper-Raman spectroscopy.51  

When more than one electronic transition contributes to the resonance Raman intensities, 

the relative signs of Δ will be significant, because the displacements add at the amplitude 

level before being squared to give the Raman cross-section.51  This can give rise to de-

enhancement of strong modes when the signs of Δ for strongly scattering modes are 

opposite for two nearby electronic states, as discussed below.52      
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Figure 6.4 Pictorial representation of the time-dependent formalism 
applied to resonance Raman and absorption cross-sections.  The 
dimensionless displacement of the excited state potential energy surface 
is shown here as Δ; |i(0)Ú represents the initial projection of the ground-
state wavepacket onto the excited state and |i(t)Ú shows the propagation 
along the excited state potential energy surface. 
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6.4.2 Quantitative modeling of resonance Raman intensity profiles 

Resonance Raman intensity profiles and absorption cross-sections were modeled 

using the program RunRaman within MATLAB v.7.6.0 (Mathworks),53 which is a 

modification of the Fortran program RRModel.f written by Anne Myers Kelley.  An 

input file containing numerical values for E0 (cm-1), M (Å), θ (cm-1), ΓG (cm-1), 

frequencies and Δs for each normal mode to be modeled is written, and the program 

calculates the absorption and resonance Raman cross-sections from those parameters.  A 

representative input file is shown in Appendix C.  To use this program, initial guesses for 

the displacements Δ were based off of relative intensities of each of the modes (w2Δ2 ∂ 

IRR), and scaled accordingly to reproduce the observed cross-sections.  The homogeneous 

and inhomogeneous broadening parameters were optimized iteratively until the best 

agreement was reached between experimental and calculated absorption spectra and 

resonance Raman excitation profiles.28,50,53 

6.5 Results 

6.5.1 Deep UV absorption spectra of L-tryptophan and Az48W 

The absorption spectra of L-tryptophan and isolated W48 residue in Az48W are 

shown in Figure 6.5.   The absorption spectrum of the tryptophan W48 in azurin was 

isolated by scaled subtraction of the spectrum of All-F Az from that of Az48W until the 

distinctive peaks from the phenylalanine residues at ~260 nm were removed.  This 

subtraction results in a spectrum that looks like model compound L-Trp, with a shift of 

the peak maxima and a slight decrease in the molar extinction coefficient of the Bb band.  

This decrease in absorption may be an artifact of the subtraction; however, it is also 

possible that it is due to excitonic interactions between W48 and F110.54  Because it is 
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not clear that the lowered extinction coefficient is not of physical origin, the absorption 

spectrum was modeled as it is presented in Figure 6.5.  The wavelengths probed in this 

RREP study are indicated with arrows and span across the Bb electronic transition for 

both species.  The transition for Az48W is red-shifted with respect to that of model 

compound for both the Bb transition and the La,b electronic transitions.   
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Figure 6.5 Absorption spectra of L-Trp and W48 in 20 mM 
phosphate buffer, pH 7.2.  Excitation wavelengths used in UVRR 
experiments are shown with arrows; electronic transitions are labeled 
with the Platt notation.20  The extinction coefficients for L-Trp and W48 
were assumed to be identical (5500 M-1 cm-1) at 280 nm. 
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6.5.2 Excitation wavelength dependence of resonance Raman spectra of L-

tryptophan and Az48W  

The deep-UV resonance Raman spectra of L-tryptophan in phosphate buffer are 

shown as a function of excitation wavelength in Figure 6.6.  The largest feature in the 

spectrum is due to the internal standard, perchlorate, and is labeled as such.  The 

vibrational bands of tryptophan are indicated with the standard W# nomenclature 

scheme;12 the peaks labeled in the spectrum are the bands used for the RREP analysis.  

These bands were chosen because of high overall intensity and their ability to be 

measured at all excitation wavelengths used.  There are no frequency shifts or significant 

changes in relative intensity across the excitation wavelengths scanned; this observation 

suggests that the dominant enhancement for the RREP occurs through a single electronic 

transition.  Spectra have undergone the correction processes described above. 
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Figure 6.6 UV resonance Raman spectra of L-tryptophan in 20 mM 
phosphate buffer, pH 7.2, with different excitation wavelengths.  Spectra 
are corrected for instrument response, self-absorption, and 
concentration, and normalized to the perchlorate peak intensity.  
Vibrational bands indicated (W#) are those used in RREP analysis.  
Spectra have been offset for clarity. 
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Resonance Raman spectra of W48 at different excitation wavelengths are shown 

in Figure 6.7.  Similar to the absorption spectrum, contributions from the tryptophan-48 

were isolated by subtracting a fraction of the All-F UVRR spectra until bands 

representing phenylalanine at 1604 cm-1 or amide backbone vibrational modes at 1240 

cm-1 were minimized.  The All-F UVRR spectra are shown in Figure 6.8.  Because the 

All-F mutant has one additional phenylalanine than Az48W, negative peaks from the 

phenylalanine bands at 1000 cm-1 and 1604 cm-1 are expected to present interference at 

the wavelengths where phenylalanine is most strongly enhanced, 210- 220 nm.21  

Moreover, the protein backbone is enhanced in the deep-UV region, 206.5 – 215 nm, 

giving rise to amide peaks that are more intense than the tryptophan peaks at those 

wavelengths.12,55,56  This artifact prevented determination of the cross-sections for the W1 

mode at the lowest excitation wavelengths measured, and those values were not 

considered in the analysis of the RREP.  As is observed in the UVRR spectra of L-Trp, 

there are no significant frequency shifts or differences in relative intensities across the 

excitation profile.  It should be noted that these spectra are normalized for sample 

concentration and contain the same amount of perchlorate as the model compound; in 

contrast to the model compound, the tryptophan bands are dominant over the 932 cm-1 

perchlorate band at almost all excitation wavelengths. 
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Figure 6.7 UV resonance Raman spectra of W48 in 20 mM 
phosphate buffer, pH 7.2, with different excitation wavelengths.  Spectra 
are corrected for instrument response, self-absorption, and 
concentration, and normalized to the perchlorate peak intensity.  
Vibrational bands indicated (W#) are those used in RREP analysis.  
Spectra have been offset for clarity. 
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Figure 6.8 UV resonance Raman spectra of All-F Az in 20 mM 
phosphate buffer, pH 7.2, with different excitation wavelengths.  Spectra 
are corrected for instrument response, self-absorption, and 
concentration, and normalized to the perchlorate peak intensity.  
Vibrational bands are indicated (F#, Amide #) to show peaks interfering 
with W48 peaks.  Spectra have been offset for clarity. 

  



216 

 

 

6.5.3 Resonance Raman cross-sections for L-Tryptophan and Az48W 

The absolute resonance Raman cross-sections for the dominant modes of 

tryptophan both in a model compound and in the hydrophobic pocket of Az48W are 

presented in Tables 6.1 and 6.2.  The values were calculated by comparing the peak 

intensity to that of perchlorate, as described in Equation 6.3.  The RR cross-sections 

obtained for L-Trp are lower than W48 by approximately a factor of 2, and it is clear that 

the maximum intensities are observed at a longer wavelength for Az48W than L-Trp.   

The resonance Raman cross-sections are directly compared to the absorption of 

the Bb band in Figure 6.9.  The RREPs of L-Trp are broad and fall within approximately 

the middle of the absorption band.  In contrast, the RREPs of W48 in Az48W are much 

narrower and fall along the low-energy region of the absorption profile.  The resonance 

Raman cross-sections increase and both the absorption maximum and RREPs shift to 

lower energies in the protein environment. 
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Table 6.1 Absolute resonance Raman cross-sections (barns/str) of 
L-tryptophan in 20 mM phosphate buffer, pH 7.2, for excitation between 
206.5 nm and 236.5 nm.  1 barn = 10-24 cm2/molecule.  Cross-sections 
that were not determined are indicated n.d. 
 
 

Excitation 
Wavelength 

(nm) 

Excitation 
Energy  
(cm-1) 

Resonance Raman Cross-sections (barns/str) 

W18 W17 W16 W7 W3 W1 

206.5 48426.2 0.319 0.074 0.188 0.069 0.138 n.d. 

210 47619 0.394 0.172 0.404 0.086 0.132 n.d. 

215 46511.6 0.516 0.201 0.483 0.121 0.258 0.073 

220 45454.5 1.016 0.297 1.168 0.369 0.685 0.131 

225 44444.4 0.882 0.246 0.881 0.182 0.288 0.053 

228 43859.6 0.768 0.159 0.695 0.171 0.271 0.065 

230 43478.3 0.298 0.076 0.346 0.080 0.094 0.032 

233 42918.5 0.144 0.045 0.183 0.063 0.098 0.062 

236.5 42283.3 0.086 0.054 0.083 0.047 0.066 0.053 
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Table 6.2 Absolute resonance Raman cross-sections (barns/str) of 
W48 from Az48W in 20 mM phosphate buffer, pH 7.2, for excitation 
between 206.5 nm and 236.5 nm.  1 barn = 10-24 cm2/molecule.  Cross-
sections that were not determined are indicated n.d. 
 

Excitation 
Wavelength 

(nm) 

Excitation 
Energy  
(cm-1) 

Resonance Raman Cross-sections (barns/str) 

W18 W17 W16 W7 W3 W1 

206.5 48426.2 0.091 0.046 0.061 n.d. 0.162 n.d. 

210 47619 0.241 0.067 0.896 0.047 0.121 n.d. 

215 46511.6 0.542 0.083 0.399 0.178 0.436 0.064 

220 45454.5 1.044 0.354 0.934 0.354 0.709 0.158 

225 44444.4 1.342 0.419 1.343 0.422 0.577 0.097 

228 43859.6 2.269 0.591 1.606 0.738 1.089 0.283 

230 43478.3 1.377 0.320 1.082 0.402 0.577 0.175 

233 42918.5 0.742 0.162 0.582 0.317 0.458 0.152 

236.5 42283.3 0.283 0.084 0.205 0.129 0.176 0.119 
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Figure 6.9 Resonance Raman cross-sections for six vibrational 
modes used in the RREP analysis and absorption spectra for L-Trp (left) 
and W48 in Az48W (right).  The cross-sections and absorption spectrum 
of W48 were determined from difference spectra as discussed in the text. 
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6.5.4 Resonance Raman intensity calculations 

 The simultaneous modeling of the absorption spectra and resonance Raman 

excitation profiles was carried out using the equations described above.  The 

homogeneous linewidth ΓG was constrained by the slope along the low-energy edge of 

the absorption spectrum, with iterative changes made to the inhomogeneous broadening 

(θ) to reflect the breadth of the absorption spectrum and displacements along the normal 

modes (Δs) optimized to agree with the experimental values (Table 6.3).  Depictions of 

the normal modes with atomic displacement vectors are given in Figure 6.10.   

The experimental and simulated absorption spectra of L-Trp and W48 obtained 

from modeling the Bb electronic transition with the parameters listed in Table 6.3 are 

presented in Figure 6.11.  There is good agreement on the lower-energy side of the 

spectrum; additional overlapping electronic transitions, including the Ba excited state,26 

contribute to deviations between the experimental and calculated spectra towards the 

higher energy region of the spectrum.  The experimental and simulated resonance Raman 

excitation profiles of L-Trp and W48 are shown in Figures 6.12 and 6.13, respectively.  

The shift of the excitation profile towards lower energy is apparent for the W48 

tryptophan residue.  
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Table 6.3 Excited state displacements of tryptophan in aqueous 
solution and a protein environment.  Frequencies listed are the 
experimentally-observed values for L-tryptophan; the slight changes 
observed for W48 do not impact the calculated Δ or reorganization 
energies (λint).  Displacements were obtained by empirically fitting 
equations 6.4 and 6.5 with the following parameters: ΓG, L-Trp = 1740 cm-

1, θL-Trp = 660 cm-1, E0, L-Trp = 44000 cm-1, and ML-Trp = 1.00 Å; ΓG, W48 = 
1700 cm-1, θW48 = 520 cm-1, E0, W48 = 42800 cm-1, and MW48 = 0.945 Å.  
The reorganization energy λint (cm-1) is calculated with equation 6.8. 

Mode 
Frequency 

(cm-1) Δ (L-Trp) λint (L-Trp) Δ (W48) λint (W48) 

W18 760 0.34 44 0.66 166 

W17 879 0.16 11 0.31 42 

W16 1016 0.29 43 0.45 103 

W7 1361 0.14 13 0.24 39 

W3 1553 0.17 22 0.28 61 

W1 1617 0.075 5 0.14 16 
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Figure 6.10 (Top) Atomic displacement vectors  of the vibrational 
modes used in the resonance Raman intensity analysis.12  Arrows are 
magnified for illustrative purposes.  Calculations of N-
acetyltryptophanamide were used as a model for both L-tryptophan and 
protein-derived W48.  (Bottom) Calculation on 3-ethylindole showing 
molecular orbitals primarily involved in the Bb electronic 
transition.27,57,58 
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Figure 6.11 Experimental and simulated absorption spectra of 
tryptophan as a model compound (L-Trp) and within a protein 
environment (W48).  The simulated absorption spectrum was calculated 
using equation 6.4 with the parameters given in Table 6.3.  Only the 
lowest energy electronic transition was modeled; discrepancies at higher 
energies are due to additional electronic transitions not included in the 
simulation. 
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Figure 6.12 Comparison of experimental (points) and calculated 
(solid lines) resonance Raman excitation profiles for L-tryptophan 
model compound.  Resonance Raman excitation profiles were calculated 
with Equation 6.5 using the parameters specified in Table 6.3.  Error 
bars for the experimental points are shown and calculated as described 
above. 
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Figure 6.13 Comparison of experimental (points) and calculated 
(solid lines) resonance Raman excitation profiles for W48 in Az48W 
protein.  Resonance Raman excitation profiles were calculated with 
Equation 6.5 using the parameters specified in Table 6.3.  Error bars for 
the experimental points are shown and calculated as described above. 
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6.6 Discussion 

6.6.1 Effects of protein environment on excited-state structure and dynamics 

Resonance Raman spectroscopy of tryptophan has been used extensively to 

characterize tryptophan polarity, hydrogen-bonding, and intermolecular interactions such 

as protein-lipid, protein-DNA, and protein-metal interactions.15-17,54,59-61  Many of the 

spectroscopic markers that indicate tryptophan microenvironment include resonance 

Raman peak intensities, particularly for the W7 mode, which is in Fermi resonance with a 

combination band and reports on environmental hydrophobicity.15  However, with the 

exception of one study many years ago,26 a quantitative analysis of the resonance Raman 

intensities and determination of the excited state properties has not been carried out.  

Here, we report on the changes in excited state dynamics observed between tryptophan in 

an aqueous solution (L-Trp) and a tryptophan residue buried within the hydrophobic 

pocket of azurin (W48).  The empirically-observed increase in peak intensities gives rise 

to high S/N for protein-derived tryptophan residues and helps explain the increasing 

number of UV resonance Raman studies of proteins.  However, a quantitative 

understanding of the origin of this increase in UVRR signal is lacking. 

The values of the homogeneous linewidth, ΓG, of 1740 cm-1 and 1700 cm-1 for L-

Trp and W48, respectively, are similar to the value of 1700 cm-1 reported previously for 

L-tryptophan.26  In an idealized solution, ΓG represents only excited-state decay and pure 

dephasing mechanisms; therefore, a linewidth larger than ~50 cm-1 is greater than can be 

justified for a molecule in condensed phase and may reflect many low frequency solute-

only or solvent-solute modes contributing to a solvent-induced homogeneous broadening 
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mechanism.28,62-64  This effect is often observed in the case of broadened absorption and 

resonance Raman profiles, and is likely to be a relevant contributing factor in these 

experiments.62  Because of experimental limitations and high Raman scattering of the 

quartz capillary in which the sample is contained, low energy bands are obscured and it is 

impossible to quantify the intensities of any bands lower than ~500 cm-1.  The similarity 

between ΓG for tryptophan studied here in two different environments suggests that 

solvent interactions do not strongly affect this parameter.   

The solvent environment is expected to contribute to the inhomogeneous 

broadening parameter, θ.  This parameter reflects the ensemble effects of many 

molecules being in slightly different microenvironments, which gives rise to a 

distribution of electronic transition energies and Raman excitation profiles but not overall 

damping of the RR intensities.28,31  Unsurprisingly, there is a change in θ between L-Trp 

and W48; tryptophan in aqueous solution is modeled with an inhomogeneous broadening 

parameter of 660 cm-1 while the protein environment decreases that to 520 cm-1.  This is 

consistent with W48 being in the center of a solvent-excluded pocket of the protein,36 

where there is less variation in local environment or geometry.  However, 

inhomogeneous broadening is not the primary factor contributing to the increased Raman 

cross-sections. 

The transition dipole of the Bb electronic state of tryptophan is predicted by 

several calculations to lie along the long axis of the molecule.27,57,65  The electronic 

molecular orbitals identified as dominating the Bb transition are described as HOMO - 1 

Ø LUMO and HOMO Ø LUMO + 1.57  The orbitals responsible for the latter transition 

are shown in Figure 6.10; the electronic transition density is localized along the pyrrole 
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ring of tryptophan.  This property explains the selective enhancement of the modes with 

displacement along the pyrrole ring.  The electronic transition moment length, M, of 1 Å 

for L-Trp obtained from the calculation is consistent with that predicted by Marconi;27 

the transition length was found to decrease to 0.945 Å for W48.  As mentioned above, 

this decrease may be an artifact of the subtraction procedure to remove contribution from 

the backbone amide absorption.  However, in the ground state, the W48 residue is seen to 

interact strongly with a nearby phenylalanine via π-cloud overlap.35  Because the 

absorption cross-section depends on M2, the decrease of 5% in the transition moment 

length observed here corresponds to a ~10% decrease in cross-section.  This decrease is 

similar to the decrease previously observed for the tryptophan Bb absorption due to π-π 

interactions between neighboring tryptophan residues (17%).54  This analysis is 

consistent with the interpretation of the decreased transition moment being of physical 

origin.  The energy of the zero-zero transition decreases slightly for W48, from 44,000 

cm-1 to 42,800 cm-1, which reflects the observed red-shift in the absorption spectrum.    

Overall, the resonance Raman excitation profile calculations presented here yield 

results for L-Trp consistent with the previous study performed over 20 years ago.26  

Recently, additional methods to quantitatively predict the RREPs of tryptophan using a 3-

methylindole model have been implemented.58,66  These papers use physically excessive 

values for homogeneous and inhomogeneous linewidths that are inconsistent between the 

two references.58,66  To test these parameters, both reported sets—θ = 3800 cm-1, ΓG = 

1000 cm-1 66 and θ = 1000 cm-1, ΓG = 3800 cm-1 58— along with the predicted Δs66 were 

modeled over the L-Trp data set, and both give very poor match to the experimental 

results.  The parameters in Refs. 56 and 64 give calculated RR cross-sections that are too 
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small and an absorption spectrum that is too broad.  This comparison supports the 

validity of the smaller broadening parameters determined here and underscores the 

importance of the use of experimental data in deriving photophysical models of the 

amino acids. 

6.6.2 Structural dynamics and excited state distortion  

The experimentally observed and calculated resonance Raman cross-sections 

using the parameters given in Table 6.3 show good agreement.  This consistency suggests 

that the primary factor affecting the observed cross-section of tryptophan residues within 

proteins is increased displacement of the excited state, reflected by a near two-fold 

increase in Δ.  However, while the high- and low-energy edges of the profile match up 

well for both the model compound and the protein-derived tryptophan, the calculated 

RREPs predict a higher peak intensity than is observed.  The deviations between the 

calculated profile peak intensity and the observed intensities is likely due to 

deenhancement mechanisms because of overlap between the Bb and Ba excited states.52  

Destructive interference between these two overlapping states was previously noted and 

modeled for tryptophan to give a calculated absorption spectrum and RREP that matched 

well with experiment.26   

 In addition to determining excited-state lifetimes and broadening mechanisms, 

resonance Raman spectroscopy and absolute displacements can be used to calculate the 

mode-specific reorganization energy for the excited-state transition.67  This is most often 

applied to local charge transfer bands, particularly for metal complexes or intramolecular 

charge transfer,68 but can also be applied to understand photochemical structural 
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dynamics such as those observed in DNA.30,31  The internal reorganization energy for 

each mode, λint, is calculated with the use of Equation 6.8: =	    (6.8) 

Where ν represents the frequency of the given mode and Δ is the dimensionless 

displacement.  It is also possible to obtain the solvent reorganization energy by explicitly 

including a damped Brownian oscillator in the model of the homogeneous broadening for 

the RREP calculations;69 however, because the solvent contributions are likely to be low 

in the protein environment this model was not included in the calculations presented here.  

As can be seen from Equation 6.8, a slight increase in Δ will give a large increase in 

reorganization energy.  The increased cross-sections observed for W48 result in a total 

reorganization energy of 430 cm-1 which is three-fold larger than the 140 cm-1 measured 

for L-Trp.  It should be noted that this value is only a lower bound on the reorganization 

energy because there are additional vibrational modes that will contribute to the overall 

nuclear reorganization in the Bb excited state.    

6.6.3 Implications for involvement of excited-state tryptophan in electron transfer 

processes 

Calculations of reorganization energy are important for understanding the 

photochemistry of tryptophan.  Aqueous model compounds of tryptophan photoionize 

upon UV irradiation to produce the solvated electron and a transient tryptophan cation 

radical;23,33,70 in a biological setting this solvated electron may go on to produce reactive 

radical species.  The photoionization quantum yield increases with decreasing 

wavelength, and follows the profile of the Bb absorption band.23,33  Electron ejection is 

proposed to occur from a transient intermediate state that is efficiently coupled to the Bb 
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transition and competes with internal conversion down to the La fluorescent state.23,33,71  

The vibrational modes that are strongly coupled to the Bb transition may report on the 

excited state structural distortions responsible for electron ejection.  All modes studied in 

this work except for W16 involve significant pyrrole ring atomic displacements (Figure 

6.10), suggesting that these in-plane ring distortions are photochemically relevant. 

Quantitative modeling of the excited-state geometry changes can provide 

additional information on the mechanism of this photoionization.  The calculated total λint 

is lower for solvent-exposed L-Trp than for solvent-excluded W48, suggesting that 

formation of the solvated electron would proceed via a lower activation barrier and occur 

much faster for the solvent-exposed derivative.  This result is consistent with what is 

observed in ultrafast transient absorption experiments, where photoionization takes place 

on the timescale of solvent reorganization for polar solvents and is prevented in nonpolar 

solvents like cyclohexane.72  Similarly, no solvated electron formation is observed for 

transient absorption experiments performed on Az48W (data not shown).  

In addition to direct photoionization, tryptophan can also be involved in excited-

state electron transfer out of the La or Lb states.32  Examples of this include direct 

excitation of the W48 residue in Cu(II) azurin,35,73,74 lysozyme in the presence of an 

electron acceptor,34 and L-Trp in an aqueous solution.75  Furthermore, direct excited-state 

ET from tryptophan to other biological partners may have relevance towards 

understanding of innate multistep electron transfer pathways through amino acid 

radicals.76  While the current analysis focuses on the photophysics of the Bb state, 

identifying the structural distortions coupled to excited-state electron transfer in the 
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lower-lying La and Lb states via an analogous analysis may aid in understanding protein 

systems that exhibit these ET properties. 

6.7 Conclusions 

The quantitative analysis of the absorption and resonance Raman excitation 

profiles of tryptophan provides information about the excited-state dynamics and 

structural distortions within the Bb electronic state for tryptophan residues in two distinct 

solvent environments.  The primary effect of environment is observed in the large 

increases in dimensionless displacements (Δ) required to accurately model the intense 

vibrational bands of W48.  The increase in Δ corresponds to increased reorganization 

energy for this charge-transfer-like transition, and may be responsible for the differences 

in photochemical properties between the two tryptophan residues.  Additionally, analysis 

of the structural distortions may shed insight on the vibrational modes coupled to 

photoionization or excited state electron transfer.     
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7 Excited state properties of neutral tryptophan radicals in 

azurin from resonance Raman intensity analysis 

7.1 Abstract 

Tryptophan radicals play a significant role in mediating biological electron 

transfer and catalytic processes.  Resonance Raman spectra of two tryptophan radicals in 

distinct protein environments have been measured using multiple visible excitation 

wavelengths.  Analysis of the resonance Raman intensities and absorption spectra reveals 

that the wavelength-dependent enhancement of the vibrational modes and multiple bands 

in the absorption spectrum are the result of strong vibronic coupling to a single excited 

state rather than two overlapping electronic transitions.  The excited state dynamics and 

structural distortion parameters of tryptophan neutral radicals are quantified for the first 

time.  Differences in radical environment results in increased homogeneous and 

inhomogeneous linewidths for the solvent-exposed radical, and this result is discussed in 

terms of the radical photophysical properties.   

7.2 Introduction 

Redox-active aromatic amino acids play important roles in mediating biological 

electron transfer (ET) reactions, such as those involving membrane translocation 

(Photosystem II, cytochrome c oxidase), DNA synthesis and repair (ribonucleotide 

reductase, DNA photolyase), and enzymatic pathways (cytochrome c peroxidase, 

prostaglandin H synthase).1-8  The tyrosine radical was the first amino acid radical 

identified and has been well characterized.9,10  Considerably fewer reports have focused 

on the tryptophan radical, which is also prevalent in proteins.1,2,4,7  Because of the 



241 

 

 

transient nature of ET intermediates, spectroscopy provides an important means by which 

amino acid radicals can be characterized.2,5,11  Tryptophan radicals exhibit strong 

absorption features as well as unique electron paramagnetic resonance (EPR) and 

resonance Raman (RR) spectra.12-16  Recently, our lab reported the characterization of 

two neutral tryptophan radicals in azurin in distinctive local environments of the protein: 

a solvent-exposed radical at position 108 generated with the use of a rhenium 

phototrigger (ReAz108W•) and a hydrophobic tryptophan radical in the solvent-excluded 

β-barrel core of the protein generated via direct photoexcitation (Az48W•).12  A detailed 

study was carried out to identify the effects of environment on the spectral markers of 

tryptophan neutral radicals.12  However, this study was largely focused on empirical 

changes because of environment rather than fundamental properties.  Thorough 

understanding of the photophysical properties of tryptophan radicals will provide a better 

method for interpretation of the absorption and resonance Raman spectra.  Furthermore, a 

picture of the excited-state potential energy surface of the tryptophan radical may help 

shed light on proposed photoinduced electron transfer reactions involving tryptophan.17 

Resonance Raman spectroscopy allows selective observation of a chromophore 

under physiologically relevant conditions—aqueous solvents, low concentrations, 

ambient temperatures— which makes it well-suited for the study of biological molecules.  

Resonance Raman also has the capability of subpicosecond time resolution18-20 which 

renders time-resolved RR experiments an ideal probe of long-range ET reactions 

involving amino acid radical intermediates.  Resonance Raman frequencies are sensitive 

to the ground state geometry and provide information about molecular-level interactions 

that simple electronic spectroscopy such as absorption and fluorescence cannot 
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achieve.21-23  This advantage has been exploited in the study of closed-shell tryptophan 

residues.23-26  In addition to ground state frequencies, RR intensities provide a direct 

probe of excited state structure and dynamics because the band intensity results from 

evolution of the ground state wavefunction on the excited-state potential energy surface.27  

Simultaneous modeling of the absorption spectrum and resonance Raman intensity 

profiles allows determination of the homogeneous and inhomogeneous broadening 

mechanisms as well as the dimensionless displacements of each normal mode coupled to 

the electronic excited state.17,27,28  While a qualitative hypothesis for the enhancement 

mechanism for the vibrational modes of the phenoxyl radical has been proposed,29-31 a 

quantitative analysis of the resonance Raman excitation profiles (RREPs) of amino acid 

radicals has not been reported, to our knowledge.   

In contrast to their closed-shell parent molecules, the excited state lifetimes of 

aromatic doublets are short and the radicals are non-fluorescent in the solution phase.32  

The reasons for this behavior are not well-understood; it has been proposed that D* 

lifetimes are inherently short due to a high density of states which allow for fast internal 

conversion, the energy gap law has been invoked because of the NIR absorption of the 

D0-D1 transition, and conical intersections may be involved in deactivation of the excited 

states.32,33  It is likely that the exact mechanism responsible for the doublet lifetime is 

molecule-specific, for it was recently found that the phenylene diamine radical cation 

deactivates via initial intramolecular charge transfer followed by twisting while stillbene 

deactivation goes via both internal conversion and ultrafast isomerization.33,34  For 

complex aromatic ions, the observed transitions generally represent the D0 – D2 transition 

rather than the D0 – D1 transition because the lowest energy allowed absorption is 
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generally in the near IR.32,35  Calculations on indolyl radicals also suggest that this is the 

case for tryptophan and there is a low-lying D0 – D1 transition at 2500 – 3000 nm that has 

not yet been observed.32,35  There is also disagreement about the number of visible 

excited states expected for the neutral indolyl radical; one theoretical study predicts one 

excited state at ~500 nm36 while another predicts two at ~700 nm and 475 nm.35  

Experimental investigation of the excited-state(s) of tryptophan radicals is challenging for 

a number of reasons, including a short lifetime of the transient species,37 photochemical 

decay, interference from multiple species upon photogeneration,38 and large quantities of 

sample required for the study of tryptophan radicals within proteins.   

The long-lived nature of the aforementioned tryptophan radicals in azurin and 

non-destructive character of the CW resonance Raman experiments permits detailed 

characterization of the excited-state dynamics of tryptophan radicals for the first time.  

The multiple peaks of the absorption spectrum and differential enhancement of the 

vibrational modes (Figure 7.1) are shown to result from strong vibronic coupling within a 

single excited state, supporting the work of Crespo et al.36  The variations in parameters 

required to model the absorption and RREPs between the two radicals are discussed in 

terms of structural distortions as well as implications for doublet excited-state dephasing 

mechanisms.  
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Figure 7.1 Resonance Raman cross-sections for nine vibrational 
modes used in the RREP analysis and absorption spectra for Az48W• 
(left) and ReAz108W• (right).  The cross-sections and absorption 
spectrum of W48 were determined from difference spectra as discussed 
in the text.  Error bars are omitted for clarity. 
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7.3 Materials and Methods 

7.3.1 Chemicals   

All chemical reagents were purchased from Fisher Scientific.  Compounds were 

used as received without further purification.  Deionized water (Barnstead Nanopure 

Diamond) was used to prepare all buffers.    

7.3.2 Preparation of azurin samples   

Expression, isolation, purification, and characterization of Pseudomonas 

aeruginosa azurin mutants were carried out as previously described.39-42  In these 

experiments, azurin variants with single tryptophan residues at positions 108 

[W48F/Y72F/H83Q/Q107H/Y108W]AzCu(II) (Az108W) and 48 

[Y72F/Y108F]AzCu(II) (Az48W) were studied.  Experiments on the tryptophan radicals 

were carried out as described previously.12,13  The rhenium-labeled Az108W mutant 

[Re(I)(CO)3(4,7-dimethyl-1,10-phenanthroline)(H107)]Az(108W), ReAz108W, was 

prepared by dilution of a stock solution of 250 μM ReAz108W into an appropriate buffer, 

and an aliquot of 50 mM exogenous quencher, [CoIII(NH3)5Cl]Cl2, in deionized water 

was added to this solution to obtain a final concentration of 5 mM [CoIII(NH3)5Cl]2+.  

Unlabeled protein samples of Az48W were prepared by dilution of a stock solution of >1 

mM into an appropriate buffer prior to the experiment.  The sample was placed in an 

atmosphere-controlled 3 mm i.d. EPR tube and deoxygenated on a vacuum line with 

repeated pump/purge cycles.  Final protein concentrations were ~100 μM in ~20 mM 

phosphate buffer, pH 7.2.   
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7.3.3 Photolysis of azurin mutants 

Photolysis of ReAz108W with [Co(NH3)5Cl]2+ quencher in deoxygenated solution 

was achieved with the 355 nm third harmonic output from a Q-switched 20 Hz Nd:YAG 

laser (Quantel Brilliant) as described previously.13  Samples were photolyzed for 10 

seconds with ~500 μJ pulses in a defocused beam (~5 mm diameter) to create the radical 

species ReAz108W•.  Photolysis of Az48W in deoxygenated solution was achieved 

using 280 nm light as described previously.12  An optical parametric oscillator (Opotek) 

pumped with 355 nm light at 20 Hz produced 560 nm light, which was passed through a 

β-barium borate (BBO) crystal to produce the 280 nm beam.  Samples were photolyzed 

for 60 seconds (unless otherwise noted) with ~30 μJ pulses in a defocused beam to create 

the radical species Az48W•.    

7.3.4 Absorption spectroscopy 

Absorption spectra of ReAz108W• and Az48W• in atmosphere-controlled quartz 

cuvettes were obtained using a UV-Vis-NIR spectrophotometer (Shimadzu UV-3600).  

The absorption spectrum of ReAz108W• was determined by calculating a difference 

spectrum of sample before and after photolysis.  To isolate the spectrum of the W48• 

species, a fraction of the spectrum before photolysis was subtracted from the post-

photolysis result; this fraction was determined by complete removal of the copper(II) 

bleach at 628 nm.43  The spectral bandwidth was 1 nm.  The extinction coefficient of 

Az48W• was reported previously;12 the maximum extinction coefficient of ReAz108W• 

was determined by scaling it to the maximum extinction coefficient of Az48W• to give 

values that are consistent with the literature values.13,15,44 



247 

 

 

7.3.5 Visible resonance Raman spectroscopy   

Visible resonance Raman spectroscopy on the tryptophan neutral radicals was 

performed using instrumentation described previously.12  A mixed-gas Kr-Ar laser 

(Coherent Innova 70C) provided excitation at 458 nm (1.2 mW), 488 nm (11 mW), 514.5 

nm (13 mW), 530.9 nm (13 mW), and 568.2 nm (11 mW).  The beam was focused into 

an atmosphere-controlled EPR tube containing sample at room temperature.  Scattered 

light was collected at 90° relative to the incident beam by an F/1.2 camera lens and 

imaged onto the spectrograph entrance slit opened to 100 μm.  Rayleigh scattering was 

rejected by an appropriate long-pass edge filter for each wavelength.  Raman scattered 

light was dispersed in an F/5, 0.32 m spectrograph (Horiba Jobin Yvon iHR 320) 

equipped with a 1200 gr/mm grating and detected by a thermoelectrically-cooled CCD 

detector (Horiba Jobin Yvon Synapse).  The bandpass and accuracy were 8 cm-1 and ≤1 

cm-1, respectively.  The use of a polarizer was employed for measurements of 

depolarization ratios, using the same sample and measurements of alternate polarizations 

across the entire spectral collection time to minimize artifacts from radical decay.  

Samples were characterized by absorption spectroscopy immediately prior to RR 

experiments to ensure that the radical was present.  RR spectra were collected for 

approximately 3 hours, with re-photolysis approximately every 30 min during this period.  

There was no indication of photodamage during the RR experiments.  RR spectra of the 

sample prior to photolysis were subtracted from post-photolysis spectra to remove peaks 

from solvent or the Cu(II) center.  A broad background caused by laser light scattering 

and/or fluorescence was removed by subtraction of an interpolated fit to the background.   
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7.3.6 Data analysis and calculation of absolute resonance Raman cross-sections   

Resonance Raman cross-sections for Az48W• were determined using the ratio of 

peak intensities between Az48W• peaks and the bleach of the Cu(II)-S(Cys) band at 408 

cm-1 based on the assumption of initial 1:1 radical generation to copper reduction.12,43  

The absolute RR cross sections for this mode of Cu(II) in azurin were previously 

reported.45  The values used for 458, 488, 514.5, 530.9, and 568.2 nm were 0.08, 0.3, 0.9, 

2.38, and 6.79 μ 10-10 Å2/molecule, respectively; the latter two cross-sections are 

reported experimental values, while the former two values were taken from the fitted data 

presented in this prior report.45  The differential cross–sections for the tryptophan 

radicals, •, relative to the standard Cu(II) peak were found using equation 7.1:46,47 

• = ( ( ) •( ) ( )) ∗ •( ) ∗ [ •][ ( )] ( )  (7.1) 

Where νs is the energy of the scattered photon, I is the peak intensity, [X] represents 

concentrations of the standard and sample, and ( ) is the differential cross-section 

of the Cu(II) standard peak.  The differential cross-section is related to the absolute cross-

section, sRR, by equation 7.2:27 = 	( ) ∥     (7.2) 

Where ρ is the depolarization ratio and ∥  is the empirical Raman intensity of both 

parallel and perpendicularly scattered light components.  A depolarization ratio of 0.4 

was used for the copper peaks, as found previously.48  Depolarization ratios of 0.35-0.45 

were used for the radical peaks to determine the absolute Raman cross sections (Figure 

7.2 and Table 7.1).  The instrument response, including effects from collection optics, 
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was controlled for by taking a spectrum of a known primary tungsten standard source 

(Optronics Laboratories) and comparing to a secondary tungsten light source (Acton 

Research Corporation) at each excitation wavelength.  By dividing the spectrum of the 

primary lamp by the known theoretical curve of the spectral output of the lamp, the 

instrument response as a function of wavelength can be obtained.  Each experimental 

spectrum was then corrected for the instrumental response by dividing out the observed 

experimental spectrum by the instrument response.  Calculations of self-absorption 

correction factors were also performed48,49 and it was determined that for the low 

concentrations of radical and low extinction coefficients, only a 5% correction would be 

necessary.  Because the error inherent in these resonance Raman intensity measurements 

far exceeds 5%, this correction was simply compounded with the assumed error rather 

than explicitly applied.  Measured cross-sections were corrected for radical decay across 

sample collection time by using a decay time constant of 3 hours.12,44   

Because of the difficulty in obtaining precise values of the concentrations of 

ReAz108W• and lack of a suitable internal intensity standard, these absolute cross-

sections were more challenging to obtain.  The similarity in the absorption spectrum 

between the radicals and the shift of ~20-25 nm for the peak maxima was exploited to 

estimate resonance Raman cross-sections with respect to those calculated more precisely 

for the Az48W• radical.  It was found that the overlay of the 488 nm excitation RR 

spectrum of Az48W• with the 514.5 nm excitation RR spectrum of ReAz108W• results in 

comparable relative intensities for most of the RR bands between W1• and W19•; a 

similar trend was observed for overlay of the 458 nm excitation RR spectrum of Az48W• 

with the 488 nm excitation spectrum of ReAz108W• and the 530.9 nm excitation RR 
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spectrum of Az48W• with the 568 nm excitation spectrum of ReAz108W• (Figure 7.3).  

Because of this property, the spectra were normalized to the W1• band arbitrarily and the 

cross-section for ReAz108W•, W1•(514.5 nm) was set to equal Az48W•, W1•(488 nm), 

ReAz108W•, W1•(568 nm) was set to equal Az48W•, W1•(530.9 nm), and so on.  It is 

acknowledged that this method of estimation only results in approximate cross-sections 

known for the ReAz108W• species; the errors reported are large and reflect that the 

accuracy of this measurement is only known to approximately an order of magnitude.  

However, this is sufficient for the purposes of our analysis here, for even knowing the RR 

cross-section within an order of magnitude can constrain the broadening parameters to an 

acceptable range.   
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Figure 7.2 Visible resonance Raman spectra (514.5 nm excitation) 
of Az48W• in phosphate buffer, pH 7.2, for parallel and perpendicularly 
scattered light.  Asterisks indicate interfering laser line at 530.9 nm.   
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Table 7.1 Calculated depolarization ratios for selected modes of 
Az48W• using 514.5 nm excitation.   
 
 

Mode 
Assignment 

Mode Frequency 
(cm-1) 

Depolarization 
Ratio 

W19• 542 0.34 
W17• 838 0.35 
W16• 998 0.30 
W13• 1066 0.35 
W10• 1148 0.36 
W12• 1163 0.38 
W7• 1332 0.35 
W3• 1342 0.35 
W4• 1457 0.35 
W2• 1559 0.38 
W1• 1588 0.37 
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Figure 7.3 Comparison of relative Raman intensities for Az48W• 
(dotted lines) and ReAz108W• (solid lines) at different excitation 
wavelengths.  It is apparent that similar relative intensities across the 
spectral window are observed for almost all pairs of spectra. 
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7.3.7 Error in Raman cross-sections 

Errors in the absolute resonance Raman cross-sections were significant due to 

inability to obtain accurate concentrations of either radical species throughout the spectral 

collection, lack of a non-reactive internal standard, approximations for the ReAz108W• 

extinction coefficient, and method for determination of the ReAz108W• cross-sections by 

overlay of those spectra with the Az48W• spectra as in Figure 7.2.  Because of these 

challenges, we acknowledge that the cross-sections can only be known approximately, 

with a likely factor of ~2-fold error.  Only the order of magnitude of the cross-section 

was considered a significant figure for constraints of the RREP parameters. 

7.4 Theory and Analysis 

7.4.1 Time-dependent wavepacket formalism for resonance Raman intensities 

Resonance Raman spectroscopy provides a technique for observing the 

vibrational normal modes of a particular chromophore by using excitation wavelengths 

that are resonant with an electronic transition of that molecule.  Observed vibrational 

frequencies report on the ground state structure and geometry, while the peak intensities 

provide information on the excited state structure and early time dynamics of the 

chromophore.27  Resonance Raman intensities arise from a projection of the excited-state 

geometry change onto the ground-state geometry and propagation of the wavepacket on 

the excited state potential energy surface (Figure 7.4); therefore, quantitative analysis of 

the RR intensities can provide mode-specific information about the excited state that is 

inaccessible with simple absorption spectroscopy.27  The absorption and resonance 

Raman cross-sections are modeled using the time-dependent formalism of Lee and 

Heller,47 shown mathematically below:27 
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 = ℏ ( )	 exp	[ ( ) ] | ( ) 	| |/ℏ ( ) /ℏ (7.4) 

= ℏ ( ) 	 exp	[ ( ) ] | ( ) | |/ℏ ( ) /ℏ  (7.5) 

In these equations, ES and EL are the energies of the scattered and incident photons (cm-

1), respectively, E0 is the 0-0 electronic transition energy (cm-1), M is the transition dipole 

(Å), θ is the Gaussian inhomogeneous broadening (cm-1), ΓG is the Lorentzian 

homogeneous broadening (cm-1), εi is the energy of the initial vibrational state, |iÚ and |fÚ 

are the initial and final vibrational wavefunctions in the Raman process, and |i(t)Ú is the 

initial ground state wavepacket propagating on the excited state surface.27,46,50  The 

separable harmonic oscillator approximation with equal ground and excited state 

frequencies was used here.  Therefore, the overlap between the final and initial states can 

be simplified to the following expressions for absorption and RR:27 

0|0( ) = exp − ∆ 1 − ℏ − ℏ ( + )   (7.6) 

1|0( ) = ∆	√ 	 ℏ − 1 0|0( )     (7.7) 

Where Δ represents the dimensionless displacement of the excited state for that 

vibrational mode (Figure 7.4).  Expressions 7.6 and 7.7 can be substituted into 

expressions 7.4 and 7.5, and with a given set of parameters the numerical solution can be 

calculated simultaneously for the absorption and resonance Raman profiles. 

There are two important things to note about the interpretation of these equations 

and the pictorial representation of the time-dependent formalism for RR intensities 

(Figure 7.4).  Modes that have no displacement along the normal coordinate in the 

excited state will show no Raman intensity if it is assumed that the ground and excited-
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state vibrational frequencies are identical:  At t=0, the overlap between the initial and 

final wavepackets is zero; modes without displacement will not propagate away from the 

Franck-Condon region and therefore the overlap remains zero for that final vibrational 

state.27  Additionally, because the resonance Raman intensities depend on Δ2, solutions to 

these equations can only provide absolute values of Δ; to extract out the sign of Δ 

additional experiments are required, such as resonance hyper-Raman spectroscopy.51  

When more than one electronic transition contributes to the resonance Raman intensities, 

the relative signs of Δ will be significant, because the displacements add at the amplitude 

level before being squared to give the Raman cross-section.51  This can give rise to de-

enhancement of strong modes, when the signs of Δ for strongly scattering modes are 

opposite for two nearby electronic states.52      
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Figure 7.4 Pictorial representation of the time-dependent formalism 
applied to resonance Raman and absorption cross-sections.  The 
dimensionless displacement of the excited state potential energy surface is 
shown here as Δ; |i(0)Ú represents the initial projection of the ground state 
wavepacket onto the excited state and |i(t)Ú shows the propagation along 
the excited state potential energy surface.   
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7.4.2 Quantitative modeling of resonance Raman intensity profiles 

 Resonance Raman intensity profiles and absorption cross-sections were modeled 

using the program RunRaman,53 which is a modification of the Fortran program 

RRModel.f written by Anne Myers Kelley.27,46  An input file containing numerical values 

for E0 (cm-1), M (Å), θ (cm-1), ΓG (cm-1), frequencies and Δs for each normal mode to be 

modeled is written, and the program calculates the absorption and resonance Raman 

cross-sections from those parameters.46,53  A representative input file is shown in 

Appendix C.  To use this program, initial guesses for the displacements Δ were based off 

of relative intensities of each of the modes (w2Δ2 ∂ IRR), and scaled accordingly to 

reproduce the observed cross-sections.  The homogeneous and inhomogeneous 

broadening parameters were optimized iteratively until the best agreement was reached 

between experimental and calculated absorption spectra and resonance Raman excitation 

profiles.27,46,53  Because of the error inherent in the resonance Raman cross-sections 

reported here, a range of parameters for θ and ΓG that give rise to satisfactory fits to the 

experimental data are reported. 

7.5 Results 

7.5.1 Excitation wavelength dependence of resonance Raman spectra of Az48W• 

and ReAz108W• 

The visible resonance Raman spectra of Az48W• and ReAz108W• in phosphate 

buffer are shown as a function of excitation wavelength in Figure 7.5 and 7.6.  The 

spectral features are similar to those previously reported.12  Vibrational bands of the 

tryptophan neutral radical are indicated with the standard W•# nomenclature scheme;13,54 

the peaks labeled in the spectrum are the bands used for the RREP analysis.  These were 



259 

 

 

chosen because they were the bands with the highest overall intensity and could be 

measured at all excitation wavelengths used.  Spectra have undergone the correction 

processes listed above.  The RR spectrum of ReAz108W• at 458 nm was not measured 

due to the lack of absorption at that wavelength. 
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Figure 7.5 Visible resonance Raman spectra of Az48W• with 
different excitation wavelengths.  Vibrational bands indicated (W#•) are 
those used in RREP analysis.  Spectra have been normalized to the W1• 
peak intensity; breaks in the spectrum at 568 nm are due to large 
negative peaks representing Cu(II) bleach.  Spectra are offset for clarity. 
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Figure 7.6 Visible resonance Raman spectra of ReAz108W• with 
different excitation wavelengths.  Vibrational bands indicated (W#•) are 
those used in RREP analysis.  Spectra have been normalized to the W1• 
peak intensity; breaks in the spectrum at 568 nm are due to large 
contribution from Cu(II) bands.  Spectra are offset for clarity. 
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7.5.2 Resonance Raman Cross-Sections of Az48W• and ReAz108W• 

The resonance Raman cross-sections for the dominant modes of the tryptophan 

neutral radical at positions 48 and 108 are compared to the absorption spectrum in Figure 

7.1.  The absorption spectrum of Az48W• has a narrower profile as well as two distinct 

bands.  Within those peaks, the RREPs follow a trend.  The cross-sections of the high 

frequency modes such as W1• and W2• are largest with 488 nm excitation.  This 

excitation wavelength coincides with the high energy portion of the absorption band, and 

these cross-sections are approximately threefold lower with 514.5 nm excitation.  The 

mid-frequency modes between 1500 – 1000 also show the greatest enhancement at 488 

nm excitation; this amplification with lower wavelengths decreases with the frequency of 

the mode.  In contrast, the cross-section of the W19• mode is greatest with 514.5 nm 

excitation; this excitation wavelength overlaps with the second, low energy region of the 

absorption band.   

The absorption spectrum of ReAz108W• is much more broad and has less 

structure.  Similarly, the RREPs are less well-defined; the high frequency modes show 

the largest intensity with the 514.5 nm excitation that is coincident with the high energy 

side of the absorption band.  The mid frequency modes are also most intense with 514.5 

nm excitation, while the lower frequency W17• and W19• mode intensity is highest with 

531 nm excitation and falls off gradually even at 568 nm excitation.   
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7.5.3 Resonance Raman Intensity Calculations 

 To probe the photophysical properties of the excited state, the simultaneous 

modeling of the absorption spectra and resonance Raman excitation profiles was carried 

out using the equations described above.  The parameters used for the model as well as 

the dimensionless displacements found for the normal modes are listed in Table 7.2.  The 

experimental and calculated absorption spectra of Az48W• obtained from modeling the 

electronic transition is presented in Figure 7.7.  The calculation captures the vibronic 

structure in the absorption spectrum and there is good agreement between experiment and 

the calculation throughout the entire absorption band.  Because a range of homogeneous 

and inhomogeneous broadening parameters are often shown to fit the absorption 

spectrum, the experimental RR cross-sections can be used to constrain the parameters.  

However, in these experiments the large uncertainty in RR cross-section as discussed 

above gives rise to a small range of ΓG (30 – 250 cm-1) and θ (220 – 250 cm-1) values that 

fit the absorption spectrum equally well.  The calculated RREPs for the ΓG= 30 cm-1, 100 

cm-1, and 250 cm-1 are shown along with the experimental data points in Figure 7.8.  The 

range in Δs in Table 7.2 reflects the slight changes required to accommodate the range of 

θ and ΓG.    
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Figure 7.7 Experimental and simulated absorption spectra of 
Az48W•.  This simulated absorption spectrum was calculated using 
equation 7.4 with the following parameters:.E0 = 19320 cm-1, ML-Trp = 
0.35 Å, θ = 250 cm-1, ΓG = 100 cm-1, and the Δs given in Table 7.2.   
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Table 7.2 Excited state displacements of Az48W•.  Displacements 
were obtained by empirically fitting equations 7.4 and 7.5 with the 
following parameters: E0 = 19310-19330 cm-1, and ML-Trp = 0.35 Å.  The 
range of Δs indicated reflects the range of θ = 220 – 250 cm-1 and ΓG  = 
30 – 250 cm-1. 

 

Mode ν (cm-1) Δ 
W1• 1588 0.35-0.36 
W2• 1559 0.38-0.39 
W3• 1342 0.39 
W4• 1457 0.32-0.36 
W7• 1332 0.40-0.41 
W10• 1148 0.49-0.52 
W12• 1163 0.42-0.43 
W13• 1071 0.44 
W19• 542 1.11-1.12 
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Figure 7.8 Comparison of experimental (points) and calculated 
(lines) resonance Raman excitation profiles for Az48W• using ΓG = 30 
cm-1 (dotted line), 100 cm-1 (solid line), and 250 cm-1 (dashed line).  
Resonance Raman excitation profiles were calculated with Equation 7.5 
using the parameters specified in Table 7.2.  Error bars for a 50% error 
in the measured value are shown. 
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The resonance Raman profiles and absorption spectrum of ReAz108W• were 

more challenging to constrain because of the large error in the estimation of the cross-

sections as well as less-resolved vibronic features in the absorption spectrum.  A similar 

approach was applied for the identification of the best-fit parameters for the absorption 

spectrum, which is shown in Figure 7.9.  The range of broadening parameters that could 

be used to give a satisfactory fit to the absorption spectrum was much larger for this 

radical:  ΓG = 70 cm-1 – 700 cm-1, θ = 340 cm-1 – 460 cm-1.  The dimensionless 

displacement parameters used for the calculation are presented in Table 7.3, and the 

experimental resonance Raman excitation profiles are compared to the calculated profiles 

for ΓG = 70 cm-1, 250 cm-1, and 700 cm-1 in Figure 7.10.  Each of these sets of parameters 

gives equivalently good match to the experimental absorption spectrum, with variance 

across an order of magnitude for the RR intensities.  The best-fit parameters for both 

radical species were used to model the absorption spectra in Figures 7.7 and 7.9; the 

reasons for their selection are discussed below. 
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Figure 7.9 Experimental and simulated absorption spectra of 
ReAz108W•.  This simulated absorption spectrum was calculated using 
M = 0.427 Å, θ = 450 cm-1, ΓG  = 250 cm-1, E0 = 18,330 cm-1, and the Δs 
given in Table 7.3.   
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Table 7.3 Excited state displacements of ReAz108W•.  
Displacements were obtained by empirically fitting equations 7.4 and 
7.5 with the following parameters: E0 = 18140-18350 cm-1, and ML-Trp = 
0.427 Å.  The range of Δs indicated reflects the range of θ = 340 – 460 
cm-1 and ΓG  = 70 – 700 cm-1. 

 

Mode ν (cm-1) Δ 
W1• 1596 0.49 – 0.50 
W2• 1563 0.34 - 0.35 
W3• 1345 0.65 
W4• 1463 0.45 
W10• 1149 0.55 
W12• 1176 0.40 - 0.41 
W13• 1082 0.35 – 0.36 
W17• 849 0.36 
W19• 535 1.05 – 1.06 
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Figure 7.10 Comparison of experimental (points) and calculated 
(lines) resonance Raman excitation profiles for ReAz108W• using ΓG = 
70 cm-1 (dotted line), 250 cm-1 (solid line), and 700 cm-1 (dashed line).  
Resonance Raman excitation profiles were calculated with Equation 7.5 
using the parameters specified in Table 7.3.  Error bars for a 50% error 
in the measured value are shown. 
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7.6 Discussion 

A primary aim of this work is to gain understanding of the photophysical basis for 

the mode-specific enhancement of resonance Raman intensities that is observed at 

different excitation wavelengths.  This is particularly evident in Figure 7.1 when 

comparing the intensities of modes W1• and W2• to W19•.  There are two primary 

reasons that this may be observed: multiple overlapping electronic states or vibronic 

progression.52,55,56  Neither in-depth experimental nor theoretical studies of the 

photophysics of tryptophan radicals have been reported.  Here, the resonance Raman 

intensity analysis allows determination of some excited-state dynamics and structural 

information that may serve as an important foundation for future time-resolved or 

theoretical studies of the effects of environment on tryptophan radicals. 

7.6.1 Excited state parameters found from the resonance Raman intensity analysis  

Quantitative analysis of resonance Raman intensities in conjunction with 

absorption cross-sections can enable determination of the distribution of broadening 

mechanisms within a molecule.  Although both homogeneous and inhomogeneous 

broadening increase the linewidth of the absorption spectrum, homogeneous broadening 

reflects the lifetime dephasing of the molecule as well as low-frequency modes and 

therefore damps the intensity on the amplitude level.  In contrast, inhomogeneous 

broadening reflects variations in local environment across a bulk solution of molecules, 

which produces a probabilistic distribution of transition energies.  Resonance Raman 

intensities are primarily affected by these homogeneous dephasing times, thus providing 

a constraint on the values of ΓG for a given system.27   
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In these systems of long-lived but thermodynamically unstable tryptophan 

radicals, there is significant error in the measurement of the absolute resonance Raman 

cross-sections.  This error is due to a number of factors, including a finite lifetime of the 

species which results in decaying concentrations over the course of the experiment.  For 

the Az48W• samples, the strongly-scattering Cu(II) peak of azurin provides an internal 

standard, so these intensities are known with relatively good accuracy.  The lack of an 

internal standard for the ReAz108W• species is a hindrance; however, it has been shown 

that for closed-shell tryptophan, environmental changes only impose at most a ~4x 

increase of the resonance Raman intensities.57-59  Therefore, the approximation that the 

ReAz108W• cross-sections should be similar to those of Az48W• is a reasonable 

assumption to make.  A shift of RREP maximum according to a shift in absorption 

maximum is also not unprecedented, for this is also observed for closed-shell UVRR 

spectra of tryptophan.57  While a completely quantitative analysis is not possible, the REP 

intensities here still permit significant constraints on the calculation parameters.   

The parameters that give the best match to the experimental absorption as well as 

the least deviation in the resonance Raman profiles are those used for the simulations of 

the absorption spectra and given in Figures 7.7 and 7.9.  The absorption spectrum of the 

ReAz108W• radical redshifts by ~20 nm relative to that of the Az48W• species; the 

RREP analysis finds the zero-zero transition energy for ReAz108W• to be ~1000 cm-1 

lower, indicating that this apparent shift in absorption maximum reflects the 

thermodynamics of the radicals rather than just changes in broadening mechanism.  The 

molecular orbitals predicted to be involved in the electronic transition show that the 
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transition will have a moderate dipole moment due to the polar nature of the SOMO 

(Figure 7.11).36  Therefore, the stabilization of the first excited state by the polar 

protein/solvent environment is likely to be responsible for the shifted transition energy.   

The values for Δ do not change significantly across the entire range of ΓG 

sampled, which suggests that these are relatively robust parameters.  The relative Δs for 

each mode are important to accurately reproduce the vibronic structure, and the absolute 

values of Δ reflect the breadth and magnitude of vibronic coupling; values that were too 

large shifted the centroid of the absorption spectrum away from the zero-zero point.  

Furthermore, the radical Δs do not vary significantly depending on environment, in 

contrast to what was observed for the closed-shell tryptophan RREPs.57  In an electronic 

transition with a large dipole, such as a charge transfer band, the Δs of a given state can 

provide the internal reorganization energy for the excitation.17,45  This can provide 

information about the barriers for photoinduced electron transfer in that molecule,17,60 as 

was observed for closed-shell tryptophan.57  However, the radical absorption does not 

have significant charge transfer character and the species is unlikely to undergo 

photoionization or excited state electron transfer due to the high reduction potential.61  

The Δs thus primarily reflect on the normal modes that are coupled to the electronic 

transition, which are distributed throughout the indole ring, and reveal the magnitude of 

change in equilibrium structure between ground and excited states.  The pictorial 

representations of these normal modes are shown along with the electronic transition in 

Figure 7.11.   
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Figure 7.11 (Top) Pictorial representation of normal modes of the 
tryptophan radical used in the RREP analysis.  (Bottom) Molecular 
orbitals involved in the lowest energy electronic transition of the 
tryptophan neutral radical.36 
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Once the electronic transition energy and the Δs were constrained, the distribution 

of broadening was varied between entirely homogeneous to dominantly inhomogeneous 

to find the best match to the RR intensities.  The homogeneous broadening parameters for 

Az48W• and ReAz108W• are 100 and 250 cm-1, and the inhomogeneous broadenings are 

250 and 450 cm-1, respectively.  This increase in broadening for the 108 radical is 

observed across the range of acceptable Γs and θs, suggesting this is not simply an 

artifact of this selected set of parameters.   

Even with the best match presented here there are systematic deviations observed 

between theory and experiment.  A large value of ΓG gives calculated RR cross-sections 

that match well with the low-frequency W19• mode but underestimates all other modes.  

Alternately, a small value of ΓG enables the calculated cross-sections to match up well 

with the high frequency modes but predicts much higher intensities for the low-frequency 

modes than were observed.  Typically, the intensities of the high-frequency modes are 

preferentially used to constrain ΓG;27 however, in this case the low-frequency mode was 

close in energy to the internal standard, which provides reassurance that no significant 

instrumental corrections that were overlooked.  Because a majority of the modes were 

mid-frequency, it was found that the medium-range ΓG provided the best match overall 

with the exception of a few points near the tops of the profiles.  Importantly, the band 

shapes of these excitation profiles do seem to track with the observed frequency 

dependence, where the high frequency modes are most enhanced at high energies, and the 

low-frequency modes are most strongly enhanced at low frequencies; the mid-range 

modes are evenly enhanced through the two main absorption peaks.  This is analogous to 



276 

 

 

what was previously observed for β-carotene, which suggests that the simplistic model 

used for the RREP calculations here may need to incorporate more sophisticated effects 

in order to accurately reproduce the cross-sections quantitatively.62  

7.6.2 Effects of environment on excited state lifetime of tryptophan radicals 

The spectral properties of tryptophan radicals, including absorption spectra, 

vibrational frequencies, and EPR parameters, are sensitive to environmental changes.12  It 

is therefore anticipated that the excited-state structure and dynamics may also report on 

environment.  The changes in absorption spectral breadth and resolution of the vibronic 

features can be quantitatively analyzed using RREPs.  It is found that the ReAz108W• 

species has greater linewidths for both the homogeneous and inhomogeneous broadening 

parameters.  Solvent exposure is known to have an effect on the bulk property of site 

inhomogeneity and  slight changes in local environment, which will be manifested as an 

increased θ.17,27  However, an increased ΓG was also required to accurately fit the 

absorption spectrum.  This is different than what is observed for closed-shell tryptophan 

RREPs57 and suggests that the radical excited-state lifetime can act as a marker for 

environment.  One interpretation of this effect may be that the coupling of the 

ReAz108W•* state to solvent via hydrogen bonding may enhance the deactivation rates; 

the solvent-excluded Az48W• lacks this relaxation pathway and therefore presents a 

smaller homogeneous linewidth.  Future experiments to probe the doublet excited-state 

lifetime may be carried out via ultrafast transient absorption and emission studies 

contingent upon instrumental availability.    

7.6.3 RREP model supports assignment of single electronic state 
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As mentioned above, the analysis of REPs can shed insight into the nature of the 

electronic transition(s).  For the tryptophan radicals, one outstanding question to answer 

with these RREPs was whether the significant changes in relative intensities observed 

across the excitation wavelengths were due to two overlapping electronic states or a 

vibronic progression within a single electronic state (Figure 7.1).32,63  Multiple bands 

observed for other organic radicals are generally attributed to vibronic structure.  

However, closed-shell tryptophan exhibits two near-degenerate, orthogonal electronic 

transitions (La and Lb),
64 with some resolved vibronic progression  in the Lb band, so it is 

reasonable to postulate that the tryptophan neutral radical would also have two 

overlapping transitions.  Additional support for this is found in the resonance Raman 

enhancement profiles; the higher energy La transition of tryptophan is responsible for 

enhancing the high frequency W1 and W2 modes,38,65 similar to what is seen for the 

tryptophan radicals.13  As mentioned above, calculations disagree on the number of 

predicted transitions of the neutral radical in the visible, leaving this an unresolved issue 

until now.35,36  The accurate fit to the absorption band and good reproduction of the band 

shapes of the RREPs indicates that the multiple peaks observed in the absorption 

spectrum as well as differential enhancement of vibrational modes derives from a single 

electronic transition with significant vibronic coupling.  This is consistent with results 

from the recent calculations as well as the measured depolarization ratios.   

7.6.4 Comparison to closed-shell tryptophan UVRR excited state parameters 

The resonance Raman excitation profiles and calculated excited-state properties 

for closed-shell tryptophan UVRR spectra are reported in Chapter 6.57  In contrast to the 

radical, the closed-shell tryptophan absorption is broad and unstructured, and both the 
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homogeneous and inhomogeneous linewidths are very large.  A slight increase in θ was 

necessary to account for environmental effects, but ΓG remained essentially unchanged.  

Additionally, the Δs for closed-shell tryptophan changed significantly depending on the 

environment, which is not the case here.  Overall, it seems that there is little correlation 

between the effects of environment on the closed-shell excited state parameters and the 

neutral radical excited state parameters.   

7.7 Conclusions 

Tryptophan radicals have been identified in many biological electron transfer 

processes, and a number of studies have probed how the spectroscopic markers of 

tryptophan radicals can provide information about their role in these ET 

reactions.12,16,66,67  The two peaks in the absorption spectrum of tryptophan neutral 

radicals have been observed in a number of studies, but the molecular origin of these 

distinct peaks has never been addressed.12,15  This study represents the first time that the 

photophysical properties of a tryptophan radical have been rigorously characterized.  

Through the quantitative analysis of the absorption and resonance Raman excitation 

profiles, the multiple peaks in the absorption spectrum can definitively be assigned to 

vibronic structure within a single electronic transition, and the progressions observed can 

be assigned to specific normal modes.  This has implications for using wavelength-

dependent resonance Raman spectroscopy to selectively probe a single tryptophan radical 

within a complex protein containing many redox-active tryptophans.   
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8 Visible resonance Raman characterization and normal 

mode assignments of the tryptophan cation radical 

8.1 Abstract 

Resonance Raman spectra of the tryptophan cation radical were obtained using a 

Ce(IV) aqueous sulfuric acid solution in a fast-flow mixing system.  Electronic structure 

calculations coupled with the use of isotopically-modified derivatives allowed the 

assignment of normal modes of the tryptophan cation radical based on experimental 

results for the first time.  Resonance Raman spectra recorded at multiple wavelengths 

allowed assignment of the absorption spectrum to a single electronic transition that is 

hypsochromically shifted from that observed in proteins and model compounds due to ion 

pairing, pi-stacking, or dielectric effects induced by the sulfuric acid solution.  Analysis 

of these normal modes and identification of vibrational bands that may serve as markers 

of microenvironment will aid in characterization of tryptophan cation radicals observed 

in complex protein systems.   

8.2 Introduction 

Many biological processes utilize redox-active cofactors to facilitate long range 

electron transfer (ET) processes.  Aromatic amino acid radicals on tyrosine and 

tryptophan residues have been observed or implicated in a number of protein systems, 

including the photosynthetic reaction centers, ribonucleotide reductase, prostaglandin H 

synthase, and DNA photolyase.1-4  Tyrosyl radicals are always observed in the neutral 

form and have been identified in a number of proteins.  As a result, the neutral tyrosyl 

radical has been studied extensively.2,5-7  Investigation of tryptophan is more challenging.  
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Like tyrosine, it can undergo proton-coupled electron transfer to give the neutral radical 

product.  Alternately, tryptophan can act as a simple electron transfer reagent to form the 

cation radical due to a biologically accessible redox potential of 1.15 V vs. NHE and pKa 

value of ~4.8,9  Identification of the protonation state of the tryptophan radical is not 

always straightforward; however, it is critical for understanding the tryptophan-mediated 

ET reactions because the thermodynamic driving force depends on the protonation state 

of the radical.9-12   

Historically, identification and determination of the structures and environments 

of amino acid radicals in proteins has been gained through electron paramagnetic 

resonance (EPR) spectroscopy, which can provide valuable insights into the structure and 

immediate environment around the radical.13-18  Additionally, high resolution EPR 

spectra and simulations of the isotropic coupling constants of the tryptophan radical 

cation have been reported.19  However, because many electron transfer reactions in 

proteins occur on the ultrafast timescale and in the solution-phase, magnetic spectroscopy 

is limited in the systems to which it can be applied.   

Electronic absorption and vibrational spectroscopies are complementary 

techniques to EPR.  Ultrafast transient absorption is capable of excellent time resolution 

and has been used extensively in the study of the DNA photolyase and related 

cryptochrome protein systems, but electronic transitions of tryptophan radicals are often 

broad and may suffer from overlapping contributions from cofactors such as hemes.3,20  

In contrast, resonance Raman (RR) spectroscopy offers selectivity and sensitivity and 

permits the study of a particular chromophore without obfuscation from other residues, 

backbone, or solvent.  Resonance Raman spectroscopy can provide information about 
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molecular-level interactions, as has been shown for closed-shell tryptophan,21-24 and it 

has been proposed that vibrational spectroscopy of tryptophan radicals can also provide 

information about the microenvironment of the residue.25,26  We recently demonstrated 

the utility of resonance Raman spectroscopy in the analysis of neutral tryptophan radicals 

in different environments within azurin.25,27  However, vibrational spectroscopy of the 

tryptophan cation radical has been much more challenging due to its transient nature, 

which gives rise to relatively few confirmed occurrences in proteins despite its biological 

significance.  Putative resonance Raman spectra of tryptophan cation radicals have been 

plagued with interfering bands from sensitizer molecules, excited states, and low signal to 

noise ratios.28-30  To the best of our knowledge, the unambiguous visible resonance 

Raman spectrum of the tryptophan cation radical with normal mode assignments has not 

previously been reported.   

In this work, we have used a fast-flow mixing device with Ce(IV) as a one-

electron oxidizing agent to generate and characterize the species attributed to the L-

tryptophan cation radical using resonance Raman spectroscopy.  The model compound 

N-acetyltryptophanamide (NATA) was also used and provided similar spectra to that of 

L-tryptophan (Trp).  This fast-mixing approach is similar approach to that reported in 

reference 19.19  The spectrum is analyzed with the aid of calculations and isotopically 

substituted tryptophan derivatives.  The assignment of normal modes will facilitate 

identification and characterization of tryptophan cation radicals within protein 

environments.   

8.3 Materials and Methods 

8.3.1 Chemicals   
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Deuterated water (>99%) was obtained from Sigma Aldrich and d5-L-tryptophan 

(d5-Trp) was purchased from Cambridge Isotopes Laboratory.  Deionized water 

(Barnstead Nanopure Diamond) was used to prepare all protiated samples.  All other 

tryptophan derivatives, sulfuric acid, and cerium sulfate were purchased from Fisher 

Scientific.  Compounds were used as received without further purification.  Stock 

concentrations of tryptophan derivatives and cerium sulfate were 1 mM reagent in 225 

mM H2SO4 or D2SO4.  Solutions were sparged with nitrogen for >1 hr prior to the 

experiment to thoroughly remove oxygen; however, identical signals were observed for 

all sparged, aerated, and oxygen-saturated solutions with estimated oxygen 

concentrations of <1 µM, 3 mM, and 15 mM, respectively.  

8.3.2 Rapid mixing device   

A rapid mixing device was created as shown in Figure 8.1 (top).  A Y-union 

connector (PN P-512, Upchurch Scientific) was bolted to an anodized aluminum base 

(Thorlabs BA2) and connected via 250 µm i.d. PEEK tubing (Upchurch Scientific) to a 

450 µm o.d., 320 µm i.d. quartz microcapillary.  Solutions were pumped through tubing 

to the mixing device via a dual port syringe pump (KD Scientific); the probed time delay 

following mixing was controlled by varying the rate of dispensation of the syringe pump.  

It was found that a rate of 100 µL/min for each solution gave the highest signal, which 

corresponds to a linear flow rate of ~40 mm/s and a mixing time of ~1 s at ~ 4 cm away 

from the mixing region.  Spectra were collected with variable mixing times from ~100 

ms to ~2 s in order to enhance S/N for a particular experiment (Figure 8.2).  All signal 

disappeared if the solution was not flowing. 
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Figure 8.1 Equipment used for resonance Raman experiments.  
(Top) Rapid mixing device.  Solutions of reagents were introduced into 
the rapid mixing device at ports A and B and mixed at point C.  The 
laser beam probed the mixed samples at point D, and waste was 
collected at point E.  (Middle) Microscope system with beam entry 
points and sample platform indicated.  The mixing device was placed on 
the platform of the microscope with the capillary aligned horizontally.  
(Bottom) Plastic flowing cuvette used for rapid mixing absorption 
experiments.  The plastic cuvette had 1 cm pathlength. 
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Figure 8.2 Single 1-minute spectra of 1 mM CeIV(SO4)2 + 1 mM L-
Trp in 225 mM H2SO4 probed at varying delay times.  Observed buffer 
peaks and assigned peaks of TrpH•+ are indicated. 
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8.3.3 Resonance Raman Spectroscopy   

Resonance Raman spectroscopy was performed with a homebuilt Raman 

microscope system.  A mixed-gas Kr-Ar laser (Coherent Innova 70C) provided excitation 

at 458 nm, 488 nm, 514.5 nm, and 568 nm.  The 40-70 mW beam was sent through an 

interference filter (Semrock) for the appropriate wavelength and directed into a modified 

fluorescence alignment port of a Zeiss Axio Imager A1m upright microscope.  A 

broadband beamsplitter (Edmund Optics) directed a small portion (~10%) of the beam 

downward to the entrance aperture of a 10x objective.  The power at the sample was 

~2.5-3.5 mW.  Back-scattered light was collected and collimated with the same objective 

and passed through the beamsplitter to the microscope sideport.  The light was focused 

onto a 100 μm entrance slit and Rayleigh light was rejected using the appropriate long-

pass edge filter (Semrock RazorEdge).  Raman scattered light was dispersed in an f/5 

0.32 m spectrograph (Horiba Jobin Yvon iHR-320) equipped with a 1200 grooves/mm 

grating blazed at 500 nm (default) or 2400 grooves/mm grating blazed at 400 nm (high 

resolution, indicated when appropriate) and imaged onto a Peltier-cooled CCD (Horiba 

Jobin Yvon Synapse).  The spectral bandpass was <10 cm-1 for the 1200 gr/mm grating 

and <5 cm-1 for the 2400 gr/mm grating.  Wavelength calibration was performed using 

ethanol calibration for the 1200 gr/mm grating and a Ne lamp (Oriel Pen Lamp PN 6032) 

with known assignments for the 2400 gr/mm grating.  Spectral accuracy was ± 1 cm-1 and 

± 0.5 cm-1 for the 1200 gr/mm and 2400 gr/mm grating, respectively.  Spectra were not 

explicitly corrected for instrument response; however, because this spectral window is in 

the middle of the visible range, where the optical components and electronics are 
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optimized, a qualitative analysis indicates that <10% change in resonance Raman 

intensities is anticipated across the entire spectral window. 

Spectra of blank and sample solutions were obtained to isolate peaks from the 

tryptophan cation radical.  Blank spectra were generated by mixing either 1 mM 

tryptophan derivative / 225 mM sulfuric acid, or cerium sulfate / 225 mM sulfuric acid 

with blank 225 mM sulfuric acid.  This mixture contains signal from solvent and other 

reagents, such as sulfate, but does not indicate tryptophan cation radical.  This blank 

spectrum was then subtracted from the spectra of 1 mM tryptophan derivative / 225 mM 

sulfuric acid mixed with 1 mM cerium sulfate / 225 mM sulfuric acid.  Spectra were 

collected for ~3 hrs for each sample and blank solutions.  The blank spectra were 

multiplied by a scalar such that the desired subtraction of (sample – blank) contained 

minimal contributions from the strong sulfate peaks at 980 cm-1 and 1055 cm-1.  

Resonance Raman intensity analysis was performed by using the isolated 980 cm-1 sulfate 

peak as an internal standard.  Data analysis was carried out using IGOR Pro v.6.23 

(Wavemetrics, Lake Oswego, OR).  

8.3.4 UV resonance Raman Spectroscopy   

Instrumentation for ultraviolet resonance Raman spectroscopy has been described 

in detail elsewhere.31  Briefly, a 1 kHz Ti:Sapphire laser (Photonics Industries) provided  

>1-Watt beam at 912 nm; the fundamental was directed through a lithium triborate 

(LBO) crystal, and the resulting 456 nm beam was then passed through a β-barium borate 

(BBO) crystal to produce > 6 mW of 228 nm UV excitation.  The UV beam was focused 

with a pair of cylindrical lenses to a spot size of ~230 μm x ~75 μm at the sample.  The 

power at the sample was ~3 mW.  Scattered light was collected in a ~135° backscattering 
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geometry and focused onto the entrance slit of a prism-based prefilter.  Raman scattered 

light was dispersed in a 0.5 m spectrograph (JY Horiba, Spex 500M equipped with a 

3600 gr/mm holographic grating), and imaged onto a CCD detector (Princeton 

Instruments, Pixis 400B).    The spectral response was determined by a deuterium lamp, 

and the bandpass (~10 cm-1) and accuracy (≤1 cm-1) were determined from ethanol 

calibration spectra.  Previous UVRR power dependence studies indicated that the current 

experiments were performed under conditions of linear response (Figure 6.1).   

Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 

pulse, and discarded after a single-pass through the laser beam to eliminate artifacts at pH 

7.2, 20 mM phosphate buffer (D2O) at pD 7.6, 225 mM H2SO4 in from photolyzed 

sample.  Fifteen-minute UVRR spectra were collected for ~50 µM tryptophan derivative 

samples under the following buffer conditions: 20 mM phosphate buffer H2O, and 225 

mM D2SO4 in D2O.  Spectra of buffer-only solutions were also acquired and subtracted 

from corresponding sample spectra.   

8.3.5 Absorption spectroscopy 

 Absorption spectroscopy was carried out using a UV-Vis spectrophotometer (HP 

8453).  Absorption spectra of 1 mM NATA and 1 mM cerium sulfate in 225 mM H2SO4 

following rapid mixing were obtained in a polycarbonate 1 cm pathlength cuvette 

equipped with ports for a flow system (Malvern Instruments DTS1061).  Due to 

limitations of the connectors and the syringe pump, the maximum flow rates accessible 

were 1 mL/min, which corresponds to a linear flow rate of only 1 mm/s.  Additionally, 
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monitoring of the NATA ground state absorption in the UV was prevented due to the 

opacity of the cuvette in that UV range. 

8.3.6 Calculations 

 Calculations were performed using the Gaussian 09W quantum chemistry 

program operating on a Windows platform.32  The geometry and harmonic vibrational 

frequencies of L-tryptophan and NATA were calculated using DFT with the hybrid 

B3LYP functional.  Calculations for the L-tryptophan and NATA cation radicals were 

performed using spin-unrestricted DFT with the B3LYP functional.  A 6-31+G basis set 

was selected for all calculations.  Molecular orbitals were generated and viewed using 

GaussView.32  

8.3.7 Mode assignments 

Mode assignments for the observed peaks of the tryptophan cation radical were 

made by comparing results from calculations of closed-shell NATA to the N-

acetyltryptophanamide cation radical (NATAH•+) with the aid of software to visualize 

atomic displacements33 as described in detail previously.25  Vibrational modes were 

assigned based on visual match of the nuclear displacements of the indole ring as well as 

calculated mode similarities.  Peaks were assigned on the basis of their predicted 

frequencies as well as the calculated and measured isotope shifts.  The assignment 

procedure is discussed further below.  Unless otherwise noted, nomenclature used here 

follows standard mode descriptions in the literature.34   

8.4 Results 
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The oxidation of L-tryptophan and tryptophan derivatives by cerium(IV) is 

thermodynamically favorable and irreversible, based on the redox potentials of 1.15 V for 

L-tryptophan in aqueous solution and 1.44 V for Ce(IV) in sulfuric acid solution.  In 

deoxygenated buffer on a short timescale (<1 s), this oxidation is not coupled to a 

chemical reaction, and the species that is probed in these experiments represents the 

simple one-electron oxidized tryptophan cation radical.  

8.4.1 Resonance Raman spectra of N-acetyltryptophanamide radical cation 

The visible resonance Raman spectra of NATAH•+ are compared to the ultraviolet 

resonance Raman spectra of closed-shell NATA in both protiated and deuterated buffer in 

Figure 8.3.  The UVRR spectra of NATA in H2O and D2O buffers are very similar to 

those previously reported,21,34,35 and the vibrational modes were labeled with the W# 

nomenclature scheme used extensively in the literature.34  In contrast, the vibrational 

spectrum of NATAH•+ or TrpH•+ has yet to be unambiguously characterized and lacks 

definitive normal mode assignments.  The visible resonance Raman spectrum of 

NATAH•+ shows a number of bands, predominantly in the high frequency region of the 

spectrum.  The strongest of these bands have frequency maxima at 1636, 1612, 1544, 

1497, 1463, 1418, 1355, 1264, and 1165 cm-1.  To assign these band frequencies 

accurately, high-resolution RR spectra of the high frequency region modes were obtained 

(Figure 8.4).  Because it was found that the excitation wavelength of 514.5 nm gave 

higher signal (discussed further below), this wavelength was chosen for the high-

resolution experiments as well as the experiments performed on the other tryptophan 

derivatives.  As mentioned above, the normal modes of vibration of the radical were 

assigned by comparison of the calculated frequency shifts upon oxidation to the observed 
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peak maxima; additionally, the calculated shifts upon isotopic substitution for a given 

mode were taken into account.  The comparison of calculated and assigned mode 

frequencies and shifts upon oxidation and isotopic substitution in deuterated solution are 

given in Table 8.1.  The UVRR spectra of NATA in phosphate buffer are identical to that 

observed in 225 mM sulfuric acid, with the exception of overall intensity; for this reason, 

the phosphate buffer UVRR spectrum is used for the basis of comparison to the cation 

radical. 
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Figure 8.3 UV (228 nm excitation) and visible (568 nm excitation) 
resonance Raman spectra of (A) NATA in aqueous buffer (20 mM 
phosphate buffer, pH 7.2), (B) NATAH•+ in 225 mM H2SO4 in the 
presence of 500 µM CeIV(SO4)2, (C) NATAD•+ in 225 mM D2SO4 in the 
presence of 500 µM CeIV(SO4)2, and (D) NATA in 20 mM phosphate 
buffer (D2O), pD 7.2).  Normal mode assignments for both species are 
shown.  Spectra are normalized for maximum band intensity and offset 
for clarity. 
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Figure 8.4 High resolution visible resonance Raman spectra (514.5 
nm excitation, 2400 gr/mm grating) of (A) NATAH•+ in 225 mM H2SO4 
in the presence of 500 µM CeIV(SO4)2 and (B) NATAD•+ in 225 mM 
D2SO4 in the presence of 500 µM CeIV(SO4)2.  Normal mode 
assignments for both species are shown.  Spectra are normalized for 
maximum band intensity and offset for clarity. 
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8.4.2 Resonance Raman spectra of L-tryptophan radical cation 

 The spectra of L-tryptophan upon oxidation with cerium were also measured 

using both protiated and deuterated sulfuric acid as well as L-tryptophan perdeuterated 

across the indole ring (d5-Trp).  In 225 mM sulfuric acid solution (pH < 1), L-tryptophan 

is cationic because of protonation of both the carboxy group and the amino group; 

therefore, upon oxidation, the L-tryptophan cation radical is actually a dication.  

Therefore, the TrpH•+ species is less stable than NATAH•+ and the resultant signal is 

lower.  For this reason, NATAH•+ peaks were used for initial assignment of the normal 

modes, but verified by comparison to those observed for TrpH•+ due to the availability of 

an additional isotopically substituted derivative.  The interchange between NATA and 

TrpH is justified because both the closed-shell UVRR spectra and visible RR spectra of 

the cation radical species are very similar for the two derivatives.  The spectra of TrpH•+ 

and derivatives are presented in Figure 8.5 and the frequencies of observed peaks 

compared to calculated shifts are given in Table 8.2.   
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Figure 8.5 Visible resonance Raman spectra (514 nm excitation) of 
(A) TrpD•+, (B) TrpH•+, and (C) d5-TrpH•+ in 225 mM sulfuric acid in 
the presence of 500 µM CeIV(SO4)2.  Inset:  High-resolution spectra of 
high frequency region of the spectra obtained with 2400 gr/mm grating 
of (A) TrpD•+, (B) TrpH•+, and (C) d5-TrpH•+ in 225 mM sulfuric acid 
in the presence of 500 µM CeIV(SO4)2.  Normal mode assignments are 
shown.  Spectra have been smoothed with a 5 point Savitzky-Golay 
algorithm and are normalized for maximum band intensity and offset for 
clarity. 
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Table 8.1 Assignment and comparison of observed vibrational 
frequencies and predicted shifts of N-acetyltryptophanamide (NATA) 
upon oxidation to NATAH•+.  Calculated shifts for NATAD•+ are 
indicated.  Results for TrpH•+ calculated and observed in prior literature 
reports are also included.  All values reported in wavenumbers (cm-1); 
NA indicates not observed and/or assigned. 

Trp 
Mode 

νNATA 
(calc.) 

νNATA 
(obs.) 

νNATA•+ 
(calc.) 

Calc. 
Δ ox 

Calc. 
Δ 
D2O 

νNATA•+ 
(obs.) 

Obs. 
Δ ox 

Obs. 
Δ 
D2O 

νTrpH•+ 
(calc.)36 

νTrpH•+ 
(obs.)28 

νTrpH•+ 
(obs)29 

W18 777 761 773 -4 -5 707 -54 -4 746 753 NA 

W17 903 883 881 -22 -34 885 2 -5 851 NA NA 

W16 1044 1012 1039 -4 0 NA NA 0 NA 1008 NA 

W14 1126 1078 1178 53 4 1145 67 -1 1074 1170 NA 

W11 1236 1203 1246 9 4 1210 7 7 NA  NA NA 

W10 1265 1238 1216 -49 -7 1165 -73 -3 NA  NA NA 

W9 1300 1257 1325 25 -3 1264 7 9 NA  NA NA 

W8 1329 1308 1353 24 -10 1305 -3 12 
1258 / 
1350  NA NA 

W7 1404 1361 1413 9 7 1355 -6 -2 1358 
1283 / 
1328 NA 

W6 1465 1437 1469 4 -52 1418 -19 -48 1443 NA  NA 

W5 1538 1462 1524 -14 4 1497 35 -12 1459 1434 NA 

W4 1499 1497 1500 1 -8 1463 -34 -6 1481 1522 NA 

W3 1601 1552 1537 -64 -8 1544 -8 0 
1459 / 
1040  NA NA 

W2 1669 1576 1588 -81 1 1612 36 0 1550 1593 NA 

W1 1627 1616 1646 19 -9 1636 20 -3 1581 1646 1609 
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Table 8.2 Assignment and comparison of observed vibrational 
frequencies and predicted shifts of TrpH•+ upon isotopic substitution 
into D2O and with d5-Tryptophan from present work.  All values 
reported in wavenumbers (cm-1); NA indicates not observed and/or 
assigned. 

 

Tryptophan 
Mode 

Calc. 
NATAH•+ 
frequency 

Calc. Δ 
D2O 

Calc. Δ 
d5-Trp 

Obs. 
TrpH•+ 

frequency 
Obs. Δ 

D2O 
Obs. Δ 
d5-Trp 

W18 773.4 -5.4 -50.4 NA NA NA 

W17 880.9 -33.9 -59.9 884 -2 -54 

W16 1039.4 -0.4 -185.4 NA NA NA 

W14 1178.4 3.6 -301.4 1140 -5 -1140 

W13 1113 17 NA NA NA NA 

W12 1222 NA -58 NA NA NA 

W11 1245.6 4.4 -22.6 NA NA NA 

W10 1216 -7 -322 1164 -3 -290 

W9 1325 -3 NA 1264 6 NA 

W8 1353 -10 -22 1307 10 -21 

W7 1413 7 7 1361 -6 NA 

W6 1469 -52 -89 1418 -53 -78 

W5 1524 4 -34 1495 -7 -25 

W4 1500 -8 NA 1467 -10 NA 

W3 1537 -8 -60 1542 -2 -29 

W2 1588.4 0.6 -24.4 1610 0 -17 

W1 1646 -9 -27 1635 -4 -19 
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 8.4.3 Resonance Raman excitation profile of N-acetyltryptophanamide cation 

radical   

Resonance Raman excitation profiles (RREPs) can shed insight into excited state 

structure and dynamics, as well as help identify and characterize the nature of the excited 

state.  The observation that the resonance Raman signal of the transient NATAH•+ 

species increased upon changing the excitation wavelength from 568 nm to 514.5 nm 

prompted a study of the resonance Raman signal intensity with respect to the internal 

standard of the sulfate peaks as a function of excitation wavelength (Figure 8.6).  As is 

apparent from Figure 8.6, the relative intensities of the NATAH•+ peaks are constant 

across the spectrum for all excitation wavelengths (scaled data not shown).  The 

intensities of the strongest vibrational modes relative to the 980 cm-1 band of sulfate are 

shown in Figure 8.7.  The RREP of NATAH•+ shows maximum intensity for almost all 

bands with 488 nm excitation.  This result was unexpected because RREPs are expected 

to follow the absorption spectrum of a species, which has been reported to occur at 560 

nm for the tryptophan cation radical.37-39  The discrepancy between the observed RREP 

maximum and the anticipated absorption spectrum maximum may be due to a number of 

factors, including a shifted RREP because of excited state dynamics, additional 

underlying excited states, or solvent effects.  This will be explored further below in the 

discussion section.   
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Figure 8.6 Resonance Raman spectra of NATAH•+ in 225 mM 
sulfuric acid in the presence of 500 µM CeIV(SO4)2 using (A) 458 nm 
excitation, (B) 488 nm excitation, (C) 514.5 nm excitation, and (D) 568 
nm excitation.  Spectra are normalized to the 980 cm-1 band of sulfate 
(indicated).  Spectrum A has been smoothed with a 5 point Savitzky-
Golay algorithm and residual signal from sulfate is indicated with (**). 
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Figure 8.7 Resonance Raman intensities of NATAH•+ relative to the 
980 cm-1 band of sulfate  Resonance Raman peak heights were used.  
Error was estimated based on qualitative instrument response. 
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8.4.4 Visible absorption spectra of N-acetyltryptophanamide cation radical in 

sulfuric acid solution   

To identify the origin of the shifted RREP, absorption spectra of rapidly mixed 

solutions of 1 mM NATA with 1 mM CeIV(SO4)2 in varying concentrations of sulfuric 

acid were obtained (Figure 8.8).  Due to the cuvette, wavelengths shorter than 400 nm are 

obscured.  Additional limitations were encountered due to the limited solubility of cerium 

sulfate in low concentrations of sulfuric acid or at higher pH values.  However, despite 

these challenges, it is apparent that the sulfate concentration plays a role on the 

absorption spectrum of the transient species; with lower sulfate concentration, the 

absorption spectrum shifts to the red.  At 225 mM H2SO4, the absorption maximum 

occurs at ~465 nm; at 55 mM H2SO4, which is the concentration at which solubility of 

cerium becomes limited, the absorption maximum occurs at 480 nm.  There is also a 

broad shoulder that appears around 515 nm and increases in intensity with decreasing 

sulfate concentration.  Even at the lowest sulfate concentrations accessible, there is still a 

40-fold excess of counter ion relative to the maximum concentration of NATAH•+ in 

solution.  This ratio suggests that in the limit of zero sulfate counter-ion concentration, 

the absorption is likely to be further redshifted to more closely align with that previously 

reported absorption maximum of ~550 nm in the literature.  The effects of solvent and 

ion pairing on the observed absorption spectra of aromatic cation radicals is discussed 

further below.  
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Figure 8.8 Absorption spectra of 1 mM NATA + 1 mM CeIV(SO4)2 
in varying sulfate concentrations.  The flow rates of the solutions were 
200 µL/min, which corresponds to a linear flow rate of ~0.2 mm/s and a 
probe time of 30 seconds after mixing.  Probe times as low as 3 seconds 
were measured and found to give approximately the same results, with 
greater noise resulting from poor cuvette and mixer stability. 
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8.4.5  Absorption spectroscopy of reagents before and after resonance Raman 

spectroscopy in rapid mixing device 

 The possibility of colored oxidation products that give rise to RR spectra was 

investigated.  In order to probe the product after mixing of NATA with cerium sulfate 

and generation of the NATAH•+ species, absorption spectra of the reagents and waste 

were obtained (Figure 8.9).  Following reduction of Ce(IV) by NATA, the strong 

absorption of Ce(IV) in aqueous solution at 318 nm disappears, indicating that the Ce(III) 

species is formed irreversibly.  The waste product shows a small new absorption at 452 

nm, which may represent either the absorption of the Ce(III) or possible irreversible 

degradation of NATAH•+.  Only a small decrease in the peaks representative of closed-

shell NATA is seen after mixing with Ce(IV).     
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Figure 8.9 Absorption spectra of 500 µM NATA in 225 mM H2SO4, 
330 µM CeIV(SO4)2 in 225 mM H2SO4, and the waste generated ~2 hrs 
after mixing of 1 mM NATA in 225 mM H2SO4 with 1 mM CeSO4 in 
225 mM H2SO4 for resonance Raman experiment.  Spectra were 
measured in a 4 mm pathlength quartz cuvette. 
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8.5 Discussion 

8.5.1 Differences in vibrational normal modes and resonance Raman spectra of 

closed-shell NATA and NATAH•+:  Vibrational mode assignments based on 

calculated and observed frequencies and isotope shifts    

The oxidation of NATA significantly perturbs the electronic structure, as 

evidenced by the significant bathochromic shift in the absorption spectrum relative to that 

of closed-shell NATA.  A primary aim of this work is the identification of the normal 

modes of the tryptophan cation radical and comparison to corresponding modes of the 

closed-shell species.  As expected, the internal coordinates of various modes change for 

the radical with respect to the closed-shell species; therefore, calculations were used to 

help identify the best correspondence between the sets of normal modes.  In addition to 

the calculated frequencies, the calculated shifts upon isotopic substitution of the 

exchangeable indole and amino protons or the ring protons were used to guide normal 

mode assignments, as suggested by recent literature.40  Additionally, previous reports of 

purported vibrational bands of TrpH•+ and calculations of expected vibrational 

frequencies for TrpH•+ were compared to the peaks assigned here.28,29,36   

One point in which we differ from these prior reports is in the use of a more 

complicated molecule upon which the calculations were based.  Previous studies used 

calculations based on indole, 3-methylindole, or 3-ethylindole (3EI) to guide their normal 

mode assignments.28,29,36,40  With the advent of faster processors and less expensive 

computing time, it is possible to carry out an electronic structure calculation using an 

intermediate basis set on large molecules such as NATA and NATAH•+ within a 

reasonable amount of time.  This calculation enables more accurate assignments of 
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normal modes and scaled frequencies; the backbone carbonyl and amide groups more 

closely represent the structure of a tryptophan residue within a protein.  The use of a 

larger structural model for calculations only results in minor changes to the frequencies 

of closed-shell NATA; the vibrational spectrum is somewhat insensitive to the non-

resonantly enhanced modes that exhibit atomic displacements distant from the indole 

ring.  This claim is supported by the high similarities between the normal modes of 3EI 

and NATA and agreement between the calculated and observed NATA frequencies, 

which gives an average scaling factor of 0.97.   

This effects of including the backbone in the normal mode calculations will likely 

be most significant for the tryptophan cation radical; in this species, the electronic 

transition involves changes in electronic density on atoms away from the indole ring.41  

Calculations also predict spin delocalization onto the backbone atoms for the tryptophan 

cation radical in a number of conformations, though this is not found for the tryptophan 

neutral radical.42  This delocalization is in accordance with what has been observed for 

the EPR and FT-IR spectra of tyrosyl radicals in proteins and model compounds, where a 

nontrivial amount of spin delocalizes onto the backbone nitrogen and isotopic 

substitution impacts vibrational band positions.43,44  Therefore, any normal modes with 

significant displacement of these atoms involved in the electronic transitions will 

contribute to the resonance Raman spectrum.  This delocalization requires that we 

include the entire backbone when considering predictions of the RR spectral frequencies.  

Furthermore, it is evident that vibrational mixing onto the backbone occurs, and some 

normal mode scrambling occurs.  Graphical depictions of calculated NATA normal 
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modes for the closed-shell and cation radical (NATAH•+) species are shown in Figures 

8.10 and 8.11. 
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Figure 8.10 Depictions of low frequency calculated N-
acetyltryptophanamide normal modes for the closed shell (NATA) and 
cation radical (NATAH•+) species.  Mode numbering is as described in 
the literature.34  All displacements are in the plane of the indole ring.  
Atomic numbering scheme referred to in the text is shown on mode 
W18. 
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Figure 8.11 Depictions of high frequency calculated N-
acetyltryptophanamide normal modes for the closed shell (NATA) and 
cation radical (NATAH•+) species.  Mode numbering is as described in 
the literature.34  All displacements are in the plane of the indole ring.   
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The differences between the 3EI and NATA calculations are predominantly 

observed in the high frequency region of the spectrum.  There is relatively poor 

correspondence between the W1 and W2 modes of NATA and NATAH•+; both assigned 

modes reflect the closest match in terms of ring distortion to those in the literature.  In 

contradiction to the predicted downshifts upon oxidation, these modes are observed at a 

higher frequency in the cation radical than the closed-shell species; however, the 

agreement between the observed and calculated frequency shifts upon isotopic 

substitution, particularly for the d5-TrpH•+ (Table 8.2), lends support to the assignment of 

these bands.  Other vibrational bands in which the calculated and observed frequency 

relate with a scaling factor of ~0.97 and the calculated and observed isotopic shifts 

correspond well are the W4•+, W6•+, and W10•+ modes.  The W4•+ mode is predicted to 

have no well-matched mode in the d5-NATAH•+ analog, and the W10•+ mode is 

predicted to have a significant frequency shift upon perdeuteration, consistent with the 

assigned peaks.  All three of these modes contain N-H displacement and may serve as 

hydrogen-bond indicators for TrpH•+ within proteins.34    

One mode of particular interest in the study of vibrational spectra of tryptophan 

and tryptophan radicals is the W3 mode, which has been shown to serve as a 

conformational marker in closed-shell tryptophan and proposed to serve as an indicator of 

protonation state for the tryptophan radical.22,25  In closed-shell 3EI and NATA as well as 

the corresponding mode in 3EI•+, this mode predominantly reflects C2-C3 stretching (see 

Figure 8.10 for atomic numbering scheme), but the most closely-matched mode of the 

NATAH•+ radical has mixing of the C2-C3 with benzene ring stretch and N-H 

displacement.  This mixing has been noted previously in the literature.36,45  Though the 
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C2-C3 stretch is the more dominant displacement in NATA than in NATAH•+, the mode 

assigned here as to W3•+ contains the largest amplitude of C2-C3 displacement in the 

high-frequency region of the spectrum.  This mode has a calculated frequency of 1537 

cm-1 and has been assigned to the experimentally observed band at 1544 cm-1.  In 

deuterated buffer this mode frequency remains constant, as one would expect if the C2-C3 

stretch were dominant, and the mode shifts by ~-30 cm-1 in the d5-TrpH•+ spectrum.  

These isotope shifts are comparable to what is observed in the UVRR spectrum of 

NATA, which shows no frequency shift upon NH/D substitution and ~-30 cm-1 shift upon 

perdeuteration of the indole ring.40  The similarity between the isotopic shifts for NATA 

and NATAH•+ as well as reasonable agreement with the calculated isotopic shifts 

supports the assignment of this band to the W3•+ mode.   

Perdeuteration of the indole ring significantly perturbs the vibrational spectrum of 

both closed-shell TrpH and the cation radical TrpH•+.  This normal mode scrambling has 

precluded attempts to thoroughly assign the closed-shell Raman spectrum of d5-TrpH;40 

however, UVRR studies of the modes that were assigned have enabled identification of 

the effects of hydrogen bonding and conformation on those band frequencies.46  This 

ability underscores the utility of this tryptophan derivative for characterization of 

tryptophan residues in proteins, and highlights the need for the normal modes of the d5-

TrpH•+ to be assigned.  This work assigns some of the high intensity bands in the RR 

spectrum by visually matching the normal modes as well as predicted and observed 

isotope shifts as shown in figure 8.5.  However, the 1411 cm-1 and 1423 cm-1 bands of d5-

TrpH•+ were unable to be matched to a corresponding closed-shell vibrational mode; 
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higher level calculations along with additional experiments may aid in the assignment of 

these modes in the future.     

The resonance enhancement mechanism relies on normal modes that are coupled 

into the electronically excited state; this coupling may help explain the significant 

difference in intensity patterns between the cation radical and closed-shell species.  The 

closed-shell UVRR spectrum of NATA relies on excitation into a high-lying electronic 

state, the Bb band, to avoid interference from the fluorescence at longer wavelengths.  

This spectrum shows intensity primarily in the low-frequency modes (Figure 8.3).  In 

contrast, the resonance Raman spectrum of NATAH•+ is obtained with excitation into the 

lowest-lying electronic state and high-frequency peaks dominate the spectrum.  This 

mode enhancement pattern likely reflects the differences in excited state that are 

accessed; UVRR spectra of tryptophan excited into the lower energy electronic state 

show a similar enhancement pattern.47  

8.5.2 Absorption spectrum and resonance Raman intensity maxima perturbed by 

intermolecular interactions    

The absorption spectrum and resonance Raman excitation profile of NATAH•+ 

and TrpH•+ appear to be blueshifted by ~3600 cm-1 (from 560 nm to 465 nm) from 

previously reported values of absorption spectra from TrpH•+ in proteins and model 

compounds.9,37,48  However, the reported absorption spectra for putative tryptophan 

cation radicals are often broad and can span a large range of absorption maxima.37,38  

Additionally, the conditions for generation and observation of these radicals within 

proteins are generally mild, due to limitations of protein stability.  The current 

experiment uses high concentrations of tryptophan/NATA, low pH, and high ionic 
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strength solutions.  These solvent conditions may impact the apparent absorption spectra 

due to ion pairing, hydrogen bonding, dimerization of the radical cations, pi-stacking, or 

dielectric effects.  These possible contributors to the shifted absorption spectrum are 

discussed below. 

The effects of ion pairing on the absorption spectra of aromatic radicals have been 

studied previously, predominantly using time-resolved spectroscopy with photoionization 

or pulse radiolysis.49-53  The radical anion of benzophenone in the presence of an amine 

cation exhibits an absorption maximum that is blueshifted by up to 700 cm-1 in an organic 

solvent.49  Addition of substoichiometric amount of sodium or lithium salts results in 

blueshifts of 1000 cm-1 and 1750 cm-1, respectively, while excess salt concentrations 

further shift the spectrum.54  Photogenerated benzophenone radicals in hydrogen-bonding 

solvents exhibit more pronounced hypsochromic shifts, up to 2600 cm-1, with increases in 

energy correlating to the increased hydrogen bonding strength of the solvent.  Another 

example of the effects of ion pairing on absorption spectra is observed for the fluorenone 

radical anion in the presence of sodium ions; the free radical ion absorbs at 570 nm while 

the presence of a contact ion pair increases the energy by ~2100 cm-1.52  In the 

experiments presented here, the solvent is an excellent hydrogen bond partner and there 

are solvated sulfate ions in at least 400-fold excess relative to the NATA cation radical; 

therefore, ion pairing between the delocalized cation and the large sulfate anion may give 

rise to the observed blue-shift in the absorption spectrum.  The dependence of the 

absorption spectrum on sulfate concentration lends support to this hypothesis.  Hydrogen 

bonding of the radical cation to solvent may also have an effect.    
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Another intermolecular interaction to be considered is self-association of the 

NATA radical cation.  In polycyclic aromatic systems such as perylene and tetracene, it 

has been shown that dimerization of the radical cations can occur in sulfuric acid.55  The 

dimer of perylene exhibits a blueshift of the visible absorption band by 1300 cm-1 while 

the near-infrared absorption band of tetracene blueshifts by 1700 cm-1 upon dimerization.  

This dimerization has been shown to occur even when the radical cations are at 

concentrations of ~300 µM; the high dielectric constant of the solvent as well as 

delocalization of the charge over the aromatic pi system are thought to mitigate the 

electrostatic repulsion of the two cationic species.55  This literature shows that 

dimerization of NATAH•+ is a possible mechanism to account for the observed blueshift 

in the absorption spectrum.  However, this paper also rejects the possibility of ion pairing 

between the cation radicals and the sulfate anions in solution, which contrasts with 

previous results on ionic radical interactions with alkali cations.  It is evident that these 

contrasting mechanisms can both impact the absorption spectrum of a radical ion, and it 

is not clear which effect will dominate in the NATAH•+/Ce(IV) system.  However, we 

believe that because of the high ionic strength of the sulfuric acid solution, the effects of 

ion pairing between the aromatic cation and the inorganic anion cannot be ignored. 

The polarity of the environment around NATA may also influence the apparent 

absorption spectrum of the radical cation.  The dielectric of the matrix around 

polyaromatic hydrocarbon radical cations has recently been shown to play a significant 

effect on their electronic transitions.56  Dissolving aromatic hydrocarbons such as 

anthracene in oleum, or fuming sulfuric acid, produces the one-electron oxidized radical 

cation species.  In nearly all cases, the identity of the solvent results in a change in the 
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lowest electronic transition relative to the absorption spectrum maximum in an inert Ar 

matrix; naphthalene shows a -550 cm-1 change in energy, while the transition energies of 

the larger radicals of anthracene, tetracene, and pentacene increase by 2600 cm-1, 3800 

cm-1, and 2600 cm-1 respectively.  The order of magnitude of these shifts is similar to that 

observed for NATAH•+ here.   

There are a number of differences between the conditions under which NATAH•+ 

is generated in these experiments and previously observed TrpH•+ absorption spectra in 

proteins or model compounds.9,37,48  The collective effects of high concentration, self-

association, ion pairing, hydrogen bonding, and the high dielectric of the medium may act 

cumulatively to give the observed hypsochromic shift of the absorption spectrum of 

NATAH•+.  Future experiments and additional calculations are underway to identify the 

molecular mechanism that is responsible for this shift.     

8.5.3 Additional support for the claim that the observed species is the tryptophan-

derived cation radical   

 Cerium(IV) sulfate is known to be a single-electron oxidant with a reduction 

potential of 1.44 V in sulfuric acid.57  Oxidation of organic substrates using this reagent 

has been shown to proceed through an initial radical cation step, with the decomposition 

pathways requiring additional equivalents of cerium(IV).58  In the system reported here, 

only a single equivalent of cerium(IV) is provided; this stoichiometric ratio limits further 

reaction of the tryptophan-derived cation radical.  The back reaction of Ce(III) with 

TrpH•+ is thermodynamically unfavorable, and cerium will not participate in a chemical 

reaction to form a covalent bond within the indole manifold. 
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In the rapid mixing device, the reaction product of tryptophan or NATA with 

Ce(IV) is probed ~1 s after mixing.  These delays are similar to the time delay used in the 

fast-flow mixing electron paramagnetic resonance (EPR) experiment performed on these 

reagents.19  In this prior EPR paper, the isotropic hyperfine coupling constants for L-

tryptophan cation radical as well as tryptophan derivatives are determined.19  Because 

EPR spectra and the calculated coupling constants are highly sensitive to radical identity, 

the internal consistency within that report as well as agreement with calculations supports 

the authors’ claims of identification of the L-tryptophan radical cation species.  The 

experiment presented here is modeled after this EPR experiment, and the mixing product 

was probed at approximately the same time delay initially to confirm that the observed 

vibrations were due to the tryptophan cation radical.  The mixing conditions presented in 

Ref. 1919 are identical to those utilized here, and we have optimized the current 

experiments for maximum resonance Raman signal by extending the time delay to 1 s if 

needed (Figure 8.2).  Our device may not be as effective at mixing the two solutions, 

which may explain the delay in maximum signal with respect to the previous 

experiment.19 

While it is well-established in the literature that the reaction of L-tryptophan or 

proteins containing solvent-exposed tryptophan residues with reactive oxygen species 

such as ozone, hydrogen peroxide, or superoxide can produce oxygen-addition 

degradation products such as N-formylkynurenine (NFK) and kynurenine, these products 

require a number of steps within the reaction pathway.59-62  Tryptophan is broken down in 

living organisms by certain enzymes, such as indoleamine 2,3-dioxygenase and 

tryptophan 2,3-dioxygenase, with the use of oxygen and a heme cofactor.63,64   These are 
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kinetically slow processes, with ozone and photoinduced degradation requiring hours; the 

enzymatic mechanism has a low turnover rate of ~1 s-1.65  The reaction product observed 

in the present experiment is probed after ~1 s, though the same peaks are observed at 

~100 ms, albeit with lower signal (Figure 8.2).  The intensity of the signal of the 

oxidation product giving rise to the new vibrational modes presented here shows slight 

dependence on flow rate, and the new peaks disappear altogether if the reagents are not 

flowing or if a pre-mixed solution of NATA and cerium sulfate are introduced into the 

probe beam.  This result suggests that the transient product formed is not a 

thermodynamically-stable intermediate, as would be expected if the product were the 

result of oxygen addition to the indole ring.  Furthermore, the signal intensity relative to 

the sulfate peaks shows no dependence on dissolved oxygen concentration (<1 µM – 15 

mM dissolved O2 in H2SO4), which would be expected if the product observed was 

oxygen-dependent as in the case of the NFK-degradation pathway.     

It is also important to note that the absorption spectrum of the waste generated 

after mixing NATA with Ce(IV) and measuring the resonance Raman spectrum 

predominantly reflects closed-shell NATA, with only a small decrease in the UV 

absorption.  No absorption was observed in the longer wavelengths, which would indicate 

persistence of the radical cation.  The irreversible oxygen-addition products to 

tryptophan, NFK and kynurenine, have distinct absorption maxima at 318 nm and 361 

nm, respectively, in aqueous solution;59 the lack of defined peaks at either of those 

positions indicates that neither makes a significant contribution to the observed signal and 

therefore these are not the species observed in the resonance Raman experiments.  

Further support for these claims lies in the recently-reported UV resonance Raman 
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spectra of NFK and kynurenine, which show very different normal mode frequencies 

from NATAH•+.59  Overall, these factors support the claim that the vibrational modes 

observed in the resonance Raman experiments reflect those of the tryptophan-derived 

cation radical.  

8.5.4 Resonance Raman excitation profile provides evidence for a single excited 

electronic state 

 Resonance Raman intensities are expected to correspond to peaks in the 

absorption spectrum; by analyzing the absolute RR cross-sections a great deal of 

information can be learned about the excited state geometry and dynamics.66  On a more 

fundamental level, variation in relative RR intensities of a given species with excitation 

wavelength can indicate differences in the electronic excited states accessed.  Conversely, 

if a species exhibits constant relative RR intensities across excitation wavelengths, it is 

likely that there is only one electronic transition probed.  Calculations on the tryptophan 

cation radical predict only one electronic transition in the visible wavelengths.41,67  This 

calculation is consistent with the constant relative intensities observed for NATAH•+ 

from 458 nm – 568 nm excitation, which indicate the presence of only one electronic 

excited state giving rise to the observed resonance Raman spectra.      

8.6 Conclusions 

 In this work, we present the first resonance Raman spectrum of the tryptophan 

cation radical.  The use of isotopically-substituted derivatives as well as calculations on a 

larger model for tryptophan enables the assignment of normal modes of the radical.  The 

assignment of vibrational bands allows identification of peaks in the RR spectrum that 

should exhibit environmentally-sensitive frequency shifts, which may aid in 



324 

characterization of  tryptophan radicals within proteins.  Collectively, knowledge of the 

RR spectra of closed-shell as well as cation and neutral tryptophan radicals is critical for 

characterization of important intermediates that involve tryptophan redox chemistry 

(Figure 8.12). 
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Figure 8.12 Resonance Raman spectra of tryptophan in three 
oxidation states: (A) N-acetyltryptophanamide in 20 mM phosphate 
buffer, pH 7.2, 228 nm excitation, (B) ReAz108W• in 20 mM phosphate 
buffer, pH 7.2, 514.5 nm excitation, and (C)  N-acetyltryptophanamide 
cation radical in 225 mM sulfuric acid, pH 0, 568 nm excitation.  
Spectra are normalized to the maximum peak intensity for comparison 
and offset for clarity; dominant vibrational modes are labeled for each 
species. 
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9 Conclusions  

9.1 Summary 

Long-range electron transfer (ET) processes in biological systems often utilize 

aromatic amino acids as redox-active intermediates.  Tyrosine was the first amino acid 

radical discovered and has since been identified as playing an integral role in many well-

known proteins, including those responsible for water splitting (PSII) and DNA synthesis 

(RNR).1  Tryptophan has only recently been recognized as playing a similarly important 

role in mediating ET.1-4  In fact, the tryptophan radical has select advantages over the 

tyrosine radical that nature exploits, such as the ability to undergo ultrafast ET without 

the requirement of concomitant deprotonation.5  Additionally, the higher reduction 

potential of tryptophan can be used for oxidation of high energy substrates, which is 

observed in the versatile and lignin peroxidases.6  Potential applications of tryptophan 

radicals include the engineering of proteins for bioremediation or biofuel generation.6  

However, the protein environment will have an important effect on the properties of 

tryptophan radicals.  Understanding the role of the protein matrix on the reactivity of 

these intermediates is a critical area of research.   

In the work presented here, resonance Raman (RR) spectroscopy was used for 

characterization of tryptophan radicals, primarily using azurin as a model protein 

scaffold.  The preference for resonance Raman spectroscopy is motivated by (1) high 

sensitivity of the technique, (2) selectivity of signal to a specific chromophore without 

obfuscation from other residues, backbone, or solvent, and (3) exceptional time 

resolution.7-9  Additionally, RR intensities can provide information about the excited-state 

dynamics of a chromophore, which aid in the understanding of its photochemistry.10  The 
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self-consistent analysis of the resonance Raman intensities and absorption spectra of two 

closed-shell tryptophan residues reveals that the structural distortions of the excited state 

are significantly greater for the protein-derived residue; this may explain the nature of the 

excited-state electron transfer that this residue can perform.11  A similar examination of 

the resonance Raman excitation profiles of tryptophan neutral radicals does not yield the 

same results but instead demonstrates that the multiple bands in the absorption spectra of 

the neutral radical derive from a single excited state rather than overlapping electronic 

transitions.12  Furthermore, this analysis provides a direct measurement of the doublet 

excited-state lifetime, which is a challenging parameter to measure directly.13  These 

results contribute to the fundamental understanding of the photophysical properties of 

tryptophan. 

Resonance Raman frequencies can provide a great deal of information on the 

local environment of the ground-state chromophore.  For tryptophan, RR spectra can 

indicate environmental hydrophobicity, hydrogen-bonding, cation-pi interactions, and 

even geometry.14  Therefore, it is reasonable to postulate that the RR spectra of 

tryptophan radicals can also provide such information.  Experiments on a solvent-

exposed tryptophan radical at position 108 in azurin enabled assignment of the normal 

modes of the tryptophan neutral radical and identification of modes that were sensitive to 

buffer environment.15  This work laid a foundation for characterization of tryptophan 

radicals within different protein systems. 

The comprehensive analysis of the spectroscopic properties of tryptophan radicals 

was then extended to the characterization of a second neutral tryptophan radical, 

tryptophan-48, in a different environment of the protein.  The use of electronic, 
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vibrational, and magnetic resonance techniques coupled with calculations enabled the 

identification of spectral features that are most sensitive to local environment and 

conformation.16  This multi-spectroscopic approach may enable future characterization of 

tryptophan radicals in an unknown protein environment.  Additionally, a defined proton 

transfer pathway was proposed for the irreversible deprotonation of the highly unstable 

tryptophan-48 cation radical.16  This pathway relied on a unique cation-pi interaction 

between tryptophan and a phenylalanine residue to facilitate proton release out of the 

hydrophobic core of the protein.  This specific pair of cation-pi partners had never before 

been identified17,18 and likely is a result of the geometry of the protein cavity.  

The intramolecular electron transfer process that generates the neutral tryptophan-

48 radical and a copper(I) center demonstrated that excited-state tryptophan can serve as 

a viable reducing agent.  Following initial electron transfer, the tryptophan cation radical 

can provide sufficient oxidizing power to initiate a second electron transfer, resulting in 

rapid long-range charge separation.  The single-step tunneling required for the back 

reaction would be slower than the two-step forward ET process due to standard Marcus-

type kinetics.19  This reaction, which can be thought of as sequential electron transfer 

processes or, conversely, orthogonal electron-hole transfer, is observed to occur in wild-

type azurin.  A close interaction between tyrosine and glutamate supports the sub-

microsecond PCET reaction that quenches deprotonation of the tryptophan cation 

radical.20  Identification and characterization of this multistep electron transfer process in 

azurin presents opportunity for a number of future studies, both on innate multistep ET 

reactions and engineered systems. 
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Another important species to be characterized in the study of amino acid radicals 

is the tryptophan cation radical.  The tryptophan cation radical is a more elusive species 

than the neutral radical due to either rapid deprotonation or subsequent reactions 

following oxidation.5,21  Using a chemical oxidant and a rapid flow system,22 we were 

able to identify the resonance Raman spectrum of a tryptophan cation radical in a model 

compound for the first time.  The normal mode assignments were carried out with the aid 

of calculations and isotopic substitutions.23,24  These spectra provide a valuable 

foundation upon which to pursue resonance Raman studies of tryptophan radicals in 

natural systems. 

These comprehensive spectroscopic studies of tryptophan radicals are critical for 

development of a model to understand the role of tryptophan in complex ET reactions.  

The research presented here provides fundamental insight into the spectral properties of 

tryptophan radicals and will help enhance our understanding of the reactivity of these 

important ET intermediates.  Application of these results to natural protein systems that 

demonstrate multistep ET processes or rely on tryptophan radicals for function will 

provide the ultimate test of our knowledge.  To this end, there are a number of directions 

that this research could proceed in the future.  A few recent and ongoing projects are 

described below. 

9.2 Future directions 

9.2.1 Applying resonance Raman for characterization of tryptophan radicals, 

transient and stable, in natural protein systems 

An increasing number of proteins are postulated to rely on the involvement of 

tryptophan radicals for their native function.  The tryptophan radical in cytochrome c 
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peroxidase was one of the first known and has been characterized using EPR and related 

magnetic resonance techniques;4 in this protein, the heme group presents interfering 

absorption signatures.25  This species is long-lived at room temperature, similar to the 

neutral radicals in azurin, and has been definitively identified as a cation radical by 

ENDOR spectroscopy.4  Therefore, it serves as an ideal archetype for the characterization 

of the resonance Raman signatures of a protein-derived tryptophan cation radical and it 

will be informative to compare these results to the model compound work presented in 

Chapter 8.  Additionally, it has been suggested that in this class of proteins the oxidizing 

equivalent, generally thought to originate strictly from tryptophan, may be spread over a 

number of redox-active residues.26,27  Systematic study of the resonance Raman spectra 

of these oxidized sites in a number of mutants, even if they all derive from tryptophan 

radicals, should permit identification and characterization of the radical due to the 

sensitivity of the vibrational bands to structure and local environment.  

Another enzyme in which the tryptophan radical has been proposed to play a 

critical role is ribonucleotide reductase (RNR).28  The radical propagation pathway in this 

protein is unique and has been modeled to include as many as six amino acid radicals 

including tyrosine, tryptophan, and cysteine.28  There has been tentative support for a 

tryptophan cation radical,29 but never definitive evidence of a discrete radical 

intermediate.  This is a much more challenging system to study than azurin or even 

cytochrome c peroxidase because the active protein requires a 1:1 complex of two 

homodimeric subuntis,28 and the protein is not particularly robust towards mutations.  

Furthermore, structural determination of the active complex has not been carried out; 

pulsed EPR measurements were used to generate the proposed distances between redox 
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centers.30  These challenges render the study of radicals within RNR the ultimate test of 

our technique.  Recently, a mechanism supporting the transient generation of a neutral 

tryptophan radical rather than a cation radical has been proposed,31 and resonance Raman 

spectroscopy is well-poised to provide a definitive answer to these questions.   

9.2.2 Preventing generation of the irreversible W48• product by introducing 

mutations along the proton transfer pathway 

As is observed in Chapters 4 and 5, the irreversible deprotonation of the 

tryptophan cation radical at position 48 generates the long-lived neutral W48• species.  

The protracted lifetime of this radical was found to be highly advantageous for the study 

of this species using quasi-steady state techniques under ambient conditions.  However, 

this high yield of neutral radical which forms irreversibly precludes any possibility of 

performing time-resolved spectroscopy on this system; within each laser pulse, 5% of the 

sample is converted to photoproduct.  Because time-resolved measurements rely on 

signal averaging over the timescale of at least minutes, by the time a single data point is 

collected, a majority of the sample is destroyed.  These experiments were tried many 

times using different conditions—high and low laser powers, large volumes, concentrated 

and dilute samples, varying pathlengths, short integration times, etc—and it was found 

that under no set of conditions could reproducible results be obtained because of the 

significant photodamage.  The one possibility to avoid this outcome would have been use 

of a rapid flowing system, similar to that used for resonance Raman experiments on 

photolabile molecules,32 but the quantity of protein required to achieve results using this 

technique would have been prohibitively large. 
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Instead, another approach was tried.  If deprotonation of the cation radical could 

be prevented, presumably the Az48W protein would lack access to the destructive, 

irreversible pathway.  The electron transfer from excited-state tryptophan to form the 

cation radical would only decay via back ET, as portrayed in Figure 9.1, and the ground 

state of the system would be quantitatively recovered.  In this case, time-resolved 

spectroscopic techniques such as resonance Raman and transient absorption could be 

used to probe the reaction kinetics and spectroscopic signatures of the tryptophan cation 

radical.33  Towards this end, mutations perturbing the purported proton transfer pathway 

were designed and studied. 
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Figure 9.1 Electron transfer and deprotonation scheme for Az48W-
Cu(II) upon photoexcitation.  If the irreversible deprotonation pathway 
is removed, the only mechanism for TrpH•+ decay is through back 
electron transfer to regenerate the protein in its ground state. 
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Because the cation-pi interaction between tryptophan and phenylalanine-110 is 

the proposed initial step along the proton transfer pathway, the first mutant that was 

studied contained an FØY mutation.  It had previously been shown that an F110S 

mutation perturbed the environment around tryptophan significantly enough to allow 

water into the hydrophobic cavity and shift the fluorescence spectrum of W48.34  The 

FØY mutation is sterically conservative and expected to primarily alter the cation-pi 

affinity.18  The highly blue-shifted fluorescence spectrum of tryptophan was preserved 

and, most importantly, no neutral W48• radical was observed after photoexcitation of this 

protein (Figure 9.2).  However, this protein exhibited limited thermodynamic stability 

and was seen to degrade even when stored in an appropriate buffer at 4 ºC.  This led to 

the installation of mutations at a site further from the crucial tryptophan region. 
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Figure 9.2 Difference absorption spectra following 3 min of direct 
photoexcitation (λex = 290 nm) of Az48W (blue) and Az48W-F110Y 
(red).  Spectra are normalized for concentration.  Figure adapted from 
results from Jennifer Pomponio. 
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The subsequent step on the proton transfer pathway involves a hydrogen bond to 

threonine-17, which is a solvent-exposed residue and enables deprotonation to solvent.35  

It was postulated that changing the hydrogen-bond-accepting capabilities of this residue 

would eliminate the proton-transfer activity.  Creation of the T17A WT Az mutant was 

an understandable initial choice because alanine is the residue that, when replaced, has 

the highest propensity for maintaining proper protein folding.36  Direct excitation 

experiments of this mutant gave surprising results; an increase in W48• yield was 

observed, indicating an increased deprotonation rate (Figure 9.3A).  Analysis of a 

computer model of this protein structure enabled rationalization of these results; upon 

removing threonine and replacing it with a smaller residue, the apparent solvent-exposed 

surface area of the F110 residue increased from 0% to ~15% (Figure 9.3B).37  Therefore, 

the phenylalanine-localized proton may not have required the hydroxyl group for a 

proton-transfer intermediate; direct release to solvent became possible.  The 

deprotonation rate would therefore be predicted to increase, which is consistent with 

observations.  Future experiments introducing aliphatic residues that are isosteric or 

larger, such as valine and isoleucine, into the T17 position are underway.  Following 

development of a mutant that completely inhibits deprotonation, time-resolved 

spectroscopic studies will provide direct characterization of the kinetics involved in the 

initial ET between tryptophan and copper as well as the second ET step from tyrosine. 
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Figure 9.3 (A)  Difference absorption spectra following 3 min 
photoexcitation (λex = 290 nm) of Az48W (blue), WT Az (red), and 
T17A WT Az (green).  Spectra have been normalized for initial protein 
concentration.  (B)  Surface-filling model of WT Az (4AZU)37 around 
the deprotonation pathway showing the role of T17A in preventing 
solvent-exposure of the F110 residue. 
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9.2.3 Structural characterization is required for detailed analysis of ET and PT 

pathways 

As the exact molecular interactions between amino acids involved in proton and 

electron transfer are systematically altered, it becomes important to ascertain whether or 

not these mutations introduce structural variation, however slight.  X-ray diffraction 

studies on single crystals are required.  Therefore, crystallization of certain azurin 

mutants has begun, and in collaboration with an in-house research group that performs 

the diffraction experiments, structures of these proteins will be determined.  

9.2.4 Using unnatural amino acids to probe spectroscopic markers and alter 

thermodynamics 

Inherently, protein variation is limited to the twenty amino acids that nature 

employs.  However, technology permits us to exceed that with the advent of unnatural 

amino acid synthesis and incorporation techniques.  Unnatural amino acids have been 

shown to be useful in probing a number of biochemical and biophysical processes both in 

vitro and in vivo, from electron transfer reactions to membrane translocation to protein 

folding.38-41  There are multiple methods for incorporation of unnatural amino acids; the 

Schultz and Dougherty groups utilize innate biosynthetic pathways with genetic 

encryption to install a wide range of possible amino acid substitutes.38,42  These are the 

most universally successful techniques, but they require a significant amount of 

biological and chemical engineering and optimization.  

Expressed protein ligation is used when the unnatural amino acid to be 

incorporated resides near the beginning or the end of the polypeptide chain.43,44  A 

cleavage site for a known protease can be installed in the protein.  The smaller portion is 
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synthetically created and chemically coupled to the protein following cleavage.  This is a 

bioorthogonal technique and can be performed under mild conditions,44 but suffers from 

severe limitations regarding the location of the inserted unnatural amino acid, types of 

neighboring residues that can be present, and requirement of a peptide synthesizer.  As 

the costs and challenges of solid phase peptide synthesis decrease over the years, this will 

likely become a more common technique for unnatural amino acid incorporation. 

For smaller proteins such as azurin or α-synuclein, site-directed mutagenesis can 

be used to create a mutant of the protein with only one of the aromatic amino acids in the 

position to be studied.  Then, expression of phenylalanine, tryptophan, and tyrosine can 

be inhibited with the use of a chemical pesticide, glyphosate, and bacteria can be 

suspended prior to induction in a minimal media that is supplemented with the unnatural 

amino acid to be incorporated.45,46  A similar, but even more straightforward, technique 

relies on bacterial growth and protein expression occurring with the bacteria suspended in 

a minimal media for the entire duration of their growth, induction, and expression.  This 

was shown to be particularly successful for the incorporation of isotopically-substituted 

amino acids in proteins studied by NMR.47   

A final technique relies on chemical modification of the protein following 

purification.  This is most effective when the amino acids to be modified are rare—

cysteine, tryptophan, and tyrosine are the most commonly modified amino acids.  This 

approach can be used to incorporate thiol-reactive fluorescent probes for the study of 

Forster resonance energy transfer within a protein or generate oxidized species of 

tryptophan such as hydroxy-tryptophan or kynurenine.  Insertion of a nitro group into a 

tyrosine residue is also possible with this technique.48,49  While this is the easiest of the 
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methods for installing unnatural amino acids, it is also the most limiting, for there are 

only a few amino acid derivatives that can be made this way and often harsh reaction 

conditions are required for the chemical modification. 

In many ways, azurin serves as the ideal protein platform for installing unnatural 

amino acids because it is small, easily expressed and mutated, and exhibits remarkable 

stability.50,51  Currently, there are ongoing efforts to insert a perdeuterated tryptophan into 

positions 108 and 48 of azurin in order to characterize the resonance Raman spectra of 

neutral tryptophan radicals as a function of deuteration.  The isotopic substitution should 

primarily impact the vibrational frequencies, and comparison with calculations will 

enable rigorous determination of the normal mode assignments for the tryptophan neutral 

radical.  At this point, the d5-tryptophan has been successfully incorporated into the 

azurin mutants as shown by UVRR spectroscopy; further characterization of the 

propensity for radical generation will follow shortly (Figure 9.4).52  Insertion of a 

fluorinated tryptophan will modify the reduction potential of the residue,39,53 and a 

systematic study of the electron transfer rates between tryptophan-48 and copper would 

enable a Marcus-type analysis of this photoinduced ET from excited-state tryptophan.  

Similarly, replacement of tyrosine with fluorinated derivatives will change the redox 

potential and the pKa;
39,53 these can be used to probe the multistep ET process between 

tyrosine and tryptophan observed in wild-type azurin.      
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Figure 9.4 UVRR spectra (228 nm excitation) of azurin mutants 
with d5-tryptophan incorporated shown in comparison to the L-
tryptophan model compound spectra.  Key peaks that indicate labeled 
tryptophan incorporation are designated.52  Research performed in 
collaboration with Gregory Shimamura. 
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Nitration or amination of the redox active tyrosine residue will change the 

spectroscopic as well as thermodynamic parameters of the residue.31,54,55  Nitrotyrosine 

has a higher reduction potential than tyrosine, but a lower pKa; this may facilitate 

decoupling of the PCET process into a pure electron transfer step which will enhance the 

kinetics significantly.  An additional advantage of this unnatural amino acid is the red-

shifted absorption of the anion; nitrotyrosinate absorbance peaks at ~450 nm.54  This will 

enable observation of these processes via the in-house nanosecond time-resolved 

absorption setup.  Opposite trends are observed for aminotyrosine, which has a lower 

reduction potential, higher pKa, and blue-shifted absorption relative to either tyrosine or 

nitrotyrosine.55  These experiments will serve as important complements to those 

performed with nitrotyrosine.  Currently, a nitro group has been installed into the two 

tyrosines of wild-type azurin as well as the single-tyrosine mutants by Bethany C. 

Larson.  Spectrophotometric titrations of these single nitrotyrosine-containing mutants 

have been performed to determine their pKa, which has been shown to vary depending on 

residue environment,54 and the samples await future laser experiments. 

There are a number of techniques that can be used for the introduction of 

unnatural amino acids into azurin, and many purposes that those unnatural amino acids 

can serve.  The development of these protein variants will be an interesting and likely 

rewarding course of action for the study of the role of amino acids in ET reactions as well 

as the design of bioderived solar energy storage devices.     
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A Appendix A Supporting information for “Resonance 

Raman characterization of a stable tryptophan radical in an 

azurin mutant” 

A.1 Calculations 

Calculations were performed using the Gaussian 03W quantum chemistry 

program operating on a Windows platform.1  The geometry and harmonic vibrational 

frequencies of 3-ethylindole were calculated using spin-restricted DFT with the hybrid 

B3LYP functional.  Calculations for the 3-ethylindole neutral radical and 3-ethylindole 

cation radical were performed using spin-unrestricted DFT with the B3LYP functional.  

A 6-31G(d) basis set was selected for all calculations. 

A.2 Mode assignments 

Mode assignments were made by comparing results from calculations of closed-

shell 3-ethylindole (3EI) to 3-ethylindole neutral radical (3EI•) with the use of software 

to visualize atomic displacements (Table A.1 and Figure A.1).2  Nomenclature used here 

follows standard mode descriptions in literature.3  Modes W18, W17, and W16 are well-

matched to modes predicted for the radical, and are observed experimentally at 

frequencies that agree with prediction.  Mode W13• is expected to downshift by 39 cm-1 

relative to W13, and a similar experimental shift is observed.  Modes W12 and W10 

share only partial similarity with their counterparts W12• and W10•; these are C-H 

bending modes with minor N-H contribution.  Mode W12• is predicted to increase by 21 

cm-1 upon formation of 3EI•, and the assignment of the radical peak at 1177 cm-1 agrees 

well with the predicted value and expected increase for this mode.  The peak at 1152 cm-1 
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is assigned to W10•, and the expected shift of –67 cm-1 upon formation of 3EI• is 

consistent with the experimentally observed shift of –87 cm-1.  Both the W8 and W8• 

peaks show weak intensity; the predicted frequency shift is less than what is observed but 

due to the direction of the shift we support this assignment.  Modes W14 and W6 consist 

of large N-H bending displacements,3 and analogous normal modes are not found for the 

deprotonated tryptophan radical. 

The W1• and W2• modes are primarily benzene ring-breathing modes and show a 

similar change in frequency as predicted upon formation of 3EI•.  These modes have 

moderately high similarity to W1 and W2, especially for the displacements of the 

benzene rings, and show much higher intensity in the radical spectra.  This intensity 

change may be due to greater resonance enhancement for the radical species.   

The W4• and W5• modes are predicted to occur in the reverse order than has 

previously been assigned for tryptophan.3  The peak positions calculated relative to the 

closed-shell species agree with previous theoretical studies.4-6  Further evidence 

supporting our assignment of W4• and W5• is found in the expected solvent dependence7 

of W4 and W4• frequencies in UVRR spectra of Az108W and RR spectra of ReAz108W• 

as well as the relative independence of the W5 mode to solvent effects; these changes are 

both predicted and observed in the closed-shell species.    

W7 is a relatively strong mode of closed-shell tryptophan.  This mode consists of 

C2-C3 and N-C8 stretching character as well as some contribution from C-H bending in 

the benzene ring.  However, a well-matched mode is not found in calculations of 3EI•.   

Instead, we propose that elements of the W7 mode become significantly shifted for W7•, 
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perhaps to a calculated mode at 1278 cm-1 that shares similar pyrrole displacements to 

W7.  Further experiments are required to confirm this mode assignment. 

The W3• mode is expected to undergo significant shifts upon tryptophan 

oxidation due to large calculated changes in the pyrrole ring bond order, especially 

between C2 and C3.
4-6 Predictions for the frequency range from 1152 cm-1  to 1334 cm-1.4-

6  However, according to our calculations a well-matched mode with both C2-C3 

stretching and pyrrole ring breathing motion (Figure 3.1B) does not exist for the 

tryptophan neutral radical.2  Instead, there are three modes with significant C2-C3 

stretching character:  a low frequency mode at 1020 cm-1, a mode at 1376 cm-1, and a 

mode at 1509 cm-1.  Because the pyrrole displacements for the 1376 cm-1 mode most 

closely resemble those of W3, the assignment of this peak (experimentally observed at 

1345 cm-1) is preferred for W3•.  It is possible that the 1345 cm-1 band has contributions 

from a W7•-like mode, which should also consist of some C2-C3 stretching character.   

The W3 peak is known to indicate torsional angle of the indole ring within a 

protein,7 and UVRR spectra of Az108W indicate that this angle remains constant despite 

different solvent conditions.   We expect that, for a given tryptophan radical, the 

frequency of W3• should also remain constant in different solvent conditions if the 

structure is unchanged.  The ReAz108W• peak at 1345 cm-1 remains at the same 

frequency despite changing buffer conditions, providing further evidence that this peak is 

due to the W3• mode.   

  



358 

 

 

Table A.1 Tryptophan mode assignments3 and frequencies from 
calculations on 3-ethylindole (3EI) and 3-ethylindole radical (3EI•) 
along with experimentally observed frequencies.  Percentage difference 
between experimental and calculated frequencies is given as the scaling 
factor.  Mode similarities were calculated using an internet-based 
application to analyze vibrational modes.2  Italicized text represents 
modes with ambiguous assignments.  See above text for details. 

Ethyl indole closed-shell (3EI) Ethyl indole radical neutral (3EI•) 

Trp 
mode 

Frequency 
3EI 
 (Calc) 

Frequency 
Az108W 
(Obs) 

Scaling 
factor 

Frequency 
3EI• 
(Calc) 

Frequency 
ReAz108W● 
(Obs) 

Scaling 
factor 

Mode 
similarity 

W18 784.3 764 -2.66% 779.3 760 -2.54% 98.1% 

W17 889.7 880 -1.10% 859.5 875 1.77% 87.2% 

W16 1042.2 1012 -2.99% 1038.5 995 -4.37% 90.9% 

W14 1119.3 1079 -3.73% -- --     

W13 1155.3 1129 -2.33% 1116.2 1082 -3.16% 47.4% 

W12 1185.6 1149 -3.19% 1206.8 1177 -2.53% 37.6% 

W10 1251.8 1239 -1.03% 1185.3 1152 -2.89% 37.8% 

W8 1330.3 1315 -1.16% 1312.3 1270 -3.33% 35.3% 

W7' 
Fermi 
doublet 1364           

W7 1350.6 1352 0.10% 1277.4 1224 -4.36% -- 

W6 1464.2 1435 -2.03% -- --     

W5 1539.8 1462 -5.32% 1503.8 1498 -0.39% 71.3% 

W4 1501.1 1498 -0.21% 1469.0 1462 -0.48% 50.8% 

W3 1611.7 1553 -3.78% 1375.6 1345 -2.28% 27.2% 

W2 1634.9 1583 -3.28% 1623.6 1562 -3.94% 51.5% 

W1 1678.5 1621 -3.55% 1647.8 1595 -3.31% 42.3% 

    Average -2.42%   Average -2.45%   
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Figure A.1 Depictions of calculated 3-ethylindole normal modes for 
the closed-shell (3EI) and neutral radical (3EI•) species.  All 
displacements are in the plane of the indole ring. Vectors are enlarged 
five times.  Experimentally observed frequencies are indicated.   
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Figure A.2 UVRR spectra of 50 μM Az108W in (A) 50 mM 
phosphate buffer (D2O), pD 7.6, (B) 50 mM phosphate buffer, pH 7.2, 
and (C) 50 mM acetate buffer, pH 4.0.  Peak frequencies are listed; 
mode assignments are given in Tables 3.1 and 3.3, and Figure 3.3. 
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B Appendix B Supporting information for 

“Spectroscopic comparison of photogenerated tryptophan 

radicals in azurin: Effects of local environment and structure” 

B.1 Supplemental Materials and Methods 

B.1.1 Ultraviolet resonance Raman spectroscopy 

Instrumentation for ultraviolet resonance Raman spectroscopy has been described 

in detail elsewhere.1  Briefly, a 1 kHz Ti:Sapphire laser provided  >1-Watt average power 

at 920 nm; the fundamental was directed through a lithium triborate (LBO) crystal, and 

the resulting 460 nm beam was then passed through a β-barium borate (BBO) crystal to 

produce > 8 mW of 230 nm UV excitation.  The power at the sample was ~3 mW.  

Scattered light was collected in a ~135° backscattering geometry and focused onto the 

entrance slit of a prism-based prefilter.  Raman scattered light was dispersed in a 0.5 m 

spectrograph equipped with a 3600 gr/mm grating and imaged onto a CCD detector.  The 

spectral response was determined by a deuterium lamp.  The bandpass of the 

spectrograph was less than 15 cm-1, and the accuracy of peak assignments was ≤2 cm-1 as 

determined from ethanol calibration spectra.  Previous UVRR power dependence studies 

of azurin indicated that the current experiments were performed under conditions of 

linear response (data not shown).   

Samples were pumped through a vertically-oriented, 100 µm i.d. quartz 

microcapillary at a linear flow rate of 340 μm/ms to ensure fresh sample for each laser 

pulse, and discarded after a single-pass through the laser beam to eliminate artifacts from 

photolyzed sample.  Fifteen-minute UVRR spectra were collected for 50 μM Az108W 
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and 50 μM Az48W samples in the following buffers: 20 mM phosphate (H2O), pH 7.2, 

20 mM phosphate (D2O), pD 7.6, and 20 mM acetate, pH 4.0.  Spectra of buffer-only 

solutions were also acquired and subtracted from corresponding azurin spectra.   

B.1.2 Fluorescence spectroscopy 

Fluorescence spectra of 50 μM azurin mutants were acquired with a JY Horiba 

FL3-11 spectrofluorometer.  The excitation wavelength was 280 nm, and entrance and 

exit slit bandpasses were 2 nm.   

B.2 Supplemental calculations and modeling 

The model for the electron transfer and subsequent deprotonation kinetics of 

Cu(II)-Az48W is shown below in Figure B.1.  It was assumed that kprot=0 due to the high 

energetic cost of reprotonation of Az48W• in the hydrophobic protein pocket.  As 

described in the main text, the forward electron transfer rate constant (kET) is estimated at 

1 μ 109 s-1 for the excited state electron transfer while the back electron transfer rate 

constant (kback ET) is estimated at 1.4 μ 109 s-1.2  The back ET process is assumed to 

produce Cu(II) and an unreactive ground state Trp-48.  The fluorescence and non-

radiative rate constant (kfl + kNR') of excited-state Trp-48* is estimated at 1 μ 1010 s-1.3,4 
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Figure B.1 Electron transfer and deprotonation model for Az48W-
Cu(II) upon photoexcitation. 
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The differential rate equations describing the kinetics of these processes upon 

photoexcitation are:  
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Initial experimental conditions are: 

[Trp*]0 = 18 μM / pulse 

[Trp•+]0 = [Cu(I)]0 = [Trp•]0 = 0 

The experimental observations indicate that as tØ¶: 

[Trp48•]¶ = 6.1 nM  

[Cu(I)]¶  = 6.1 nM 

The solutions to these differential equations are given below in terms of rate constants for 

each process.   
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The deprotonation rate constant kdeprot for Az48W•+ was calculated to be 5 μ 106 s-1 on 

the basis of the steady state concentration of Az48W• after 180 seconds of photolysis. 
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B.3 Supplemental Figures 
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Figure B.2  Difference absorption spectra of Az48W• under different 
conditions:  (A) 20 mM phosphate buffer (D2O), pD 7.6; (B) 20 mM 
phosphate buffer (H2O), pH 7.2; and (C) 20 mM acetate buffer (H2O), 
pH 4.0.  Curves (A) through (C) were obtained with 280 nm excitation.  
Curve (D) was obtained in 20 mM phosphate buffer (H2O), pH 7.2, 
using 230 nm excitation.  Spectra are offset for clarity and normalized to 
the 628 nm bleach of (A) using scalar multipliers of 1.53, 2.22, and 5.65 
for (B), (C), and (D), respectively. 
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Figure B.3 Fluorescence (left) and absorption spectra (right) of 
azurin mutants in 20 mM phosphate buffer, pH 7.2:  (A) 50 μM Az48W 
and (B) 50 μM Az108W.  The absorption spectrum of (A) is offset for 
clarity. 
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Figure B.4 Top, Resonance Raman difference spectra of Az48W• 
(λex = 514.5 nm) and (bottom) Az48W (λex = 230 nm) in (A) 20 mM 
acetate buffer (H2O), pH 4.0; (B) 20 mM phosphate buffer (H2O), pH 
7.2; and (C) 20 mM phosphate buffer (D2O), pD 7.6.  Spectra are offset 
for clarity and normalized to the W1• (top) and W16 (bottom) mode 
intensities. 
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Figure B.5 Depictions of calculated 3-ethylindole normal modes for 
the closed-shell (3EI) and neutral radical (3EI•) species using 
Gaussian03.5  All displacements are in the plane of the indole ring. 
Vectors are enlarged five times.  Experimentally observed frequencies 
for 3EI are those of Az108W, and the frequencies for 3EI• are those of 
ReAz108W• and Az48W• in parentheses.   
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B.4 Supplemental Tables 
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Table B.1 Tryptophan mode assignments6 and frequencies from 
calculations on 3-ethylindole (3EI) and 3-ethylindole radical (3EI•) 
along with experimentally observed frequencies.  Percentage difference 
between experimental and calculated frequencies is given as the scaling 
factor.  Mode similarities between the closed-shell and radical species 
were determined with appropriate software.7 

 
Ethyl indole closed-shell  Ethyl indole neutral radical   

Trp mode 

Frequency 
(cm-1) 
(Calc) 

Az108W 
Frequency
(cm-1, obs.)

Scaling 
factor 

Frequency 
(cm-1) 
(Calc) 

ReAz108W• 
Frequency 
(cm-1, obs.) 

Scaling 
factor 

Mode 
similarity 

W19 562.9 551 -2.16% 558.7 535 -4.43% 92.0% 

W17 889.7 881 -1.10% 859.5 849 -1.24% 87.2% 

W16 1042.2 1014 -2.78% 1038.5 1004 -3.43% 90.9% 

W14 1119.3 1080 -3.64% 1158.6 1114 -4.00% 22.4% 

W7 1350.3 1366 1.15% 1379.8 1332 (Az48W•) -3.46% 46.4% 

    Average -1.86%   Average -3.83%   
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Table B.2 Mode assignments and frequencies of tryptophan UV 
resonance Raman bands for Az48W and Az108W (λex = 230 nm) and 
the frequency differences between the closed-shell tryptophan residues 
in the two azurin mutants (Δenvironment). 

 

Mode Az48W (cm-1) Az108W (cm-1) Δenvironment (cm-1) 
W1 1620 1620 0 
W2 1578 1582 -4 
W3 1554 1552 2 
W4 1488 1496 -8 
W5 1460 1462 -2 
W6 1440 1442 -2 
W7 1361 1366 -5 
W8 1315 1314 1 
W10 1248 1240 8 
W11 1202 1201 1 
W12 1164 1151 13 
W13 1131 1136 -5 
W14 1078 1080 -2 
W16 1012 1014 -2 
W17 877 881 -4 
W18 761 764 -3 
W19 547 551 -4 

 

 

  



376 

 

 

Table B.3 Mode assignments and frequencies of tryptophan 
resonance Raman bands for Az48W (λex = 230 nm) and Az48W• (λex = 
514.5 nm) and the frequency shifts (Δrad) observed upon tryptophan 
oxidation.  Peaks not observed for the radical are denoted (--).   

 

Mode 
Az48W H2O 
pH 7 (cm-1) 

Az48W• H2O 
pH 7 (cm-1) Δrad (cm-1)

W1 1620 1588 -32 
W2 1578 1559 -19 
W3 1554 1342 -212 
W4 1488 1457 -31 
W5 1460 1492 32 
W6 1440 --  -- 
W7 1361 1332 -29 
W8 1315 --  -- 
W10 1248 1148 -100 
W11 1202 -- --  
W12 1164 1163 -1 
W13 1131 1071 -60 
W14 1078 1111 33 
W16 1012 1006 -6 
W17 877 838 -39 
W18 761 752 -9 
W19 547 542 -5 
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C Appendix C Input file for resonance Raman intensity 

analysis program “runRaman” 

C.1 Procedure for using runRaman 

Resonance Raman intensity profiles and absorption cross-sections were modeled 

using the program RunRaman within MATLAB v.7.6.0 (Mathworks),1 which is a 

modification of the Fortran program RRModel.f written by Anne Myers Kelley.  An 

input file containing numerical values for E0 (cm-1), M (Å), θ (cm-1), ΓG (cm-1), 

frequencies and Δs for each normal mode to be modeled is written, and the program 

calculates the absorption and resonance Raman cross-sections from those parameters.  

The software was installed and implemented as described in Ref. 1.1  The iterative 

parameter optimization was not used; instead, the single-run option was implemented and 

parameter optimization was performed manually.  Values for ΓG were varied 

systematically with optimization for θ and Δ performed at each value of ΓG.  This was 

performed by calling the following function: 

[e0,gamma,u,sig,delta,alife,error] = runRaman(0, ‘ramabs.in’, absorp_file, raman_profile, 

output_file) 

As described in Ref. 1.1  This is similar to what was performed in Ref. 2.2 

C.2 Format of input file “ramabs.in” 

The format of the input file “ramabs.in” is as follows: 

nmode, nline, ntime, nstep 
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sig, temp 

e0, gamma, rkappa, u, alife 

alow, ahigh, delt, refrac 

abs_weights, raman_weights 

lb_e0, lb_gamma, lb_u, lb_sig, lb_alife, lb_delta 

ub_e0, ub_gamma, ub_u, ub_sig, ub_alife, ub_delta 

wg(1), delta(1) 

wg(2), delta(2) 

.. 

.. 

wg(nmode), delta(nmode) 

nquanta(1,1)… nquanta(nmode, 1) 

… … 

… … 

nquanta(1,nline)… nquanta(nmode, nline) 

C.3 Description of parameters for “ramabs.in” 

Nstep = number of points in calculated absorption and excitation profiles 
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Nmode = total # of vibrational modes 

Nline = # Raman lines to calculate 

Ntime = # time steps in Fourier transform (usually 2000-5000) 

E0 = electronic zero-zero energy (cm-1) 

Gamma = electronic homogeneous linewidth (cm-1) 

Rkappa = lineshape parameter in stochastic model, usually 0.1 

Sig = electronic inhomogeneous linewidth (cm-1) 

U = electronic transition length (Å) 

Alow, ahigh = minimum and maximum values of x-axis (cm-1) 

Delt = time step in Fourier transform (fs), usually 0.5 – 1.0 

Refrac = solvent refractive index 

Wg(n) = vibrational frequency (cm-1) of mode n 

Delta(n) = dimensionless displacement of mode n 

Temp = temperature (K) 

Nquanta(n,m) = # of quanta excited in mode m in Raman line n 

Alife = electronic homogeneous linewidth from lifetime broadening, often 0 
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Lb_e0, lb_gamma, lb_u, lb_sig, lb_alife, lb_delta = lower bounds on these 

parameters for iterative optimization function 

ub_e0, ub_gamma, ub_u, ub_sig, ub_alife, ub_delta = upper bounds on these 

parameters for iterative optimization function 

abs_weights = weighting factor for absorption spectrum, usually 1 

Raman_weights = weighting factor for Raman excitation profiles, usually 1 

C.4 Sample input file for “ramabs.in” 

Shown below is a sample input file used for the RREP analysis of L-Trp UVRR 

spectra: 

6,6,2500,1000. 

660.,295. 

44000.,1740.,0.1,1,00. 

40000,50005.,0.5,1.33 

1.0,1.0 

42000.,200.,0.5,100.,0,0.05 

47000.,2500.,2.0,2500.,1.5,1 

756., 0.34 

882., 0.16 

1012., 0.29 

1348., 0.14 

1551., 0.17 
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1617., 0.075 

1 0 0 0 0 0 

0 1 0 0 0 0 

0 0 1 0 0 0 

0 0 0 1 0 0 

0 0 0 0 1 0 

0 0 0 0 0 1 

 

A representative graphical output from the above input file is shown in Figure C.1. 
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Figure C.1 Sample output from MATLAB of the (A) calculated 
absorption spectrum and (B) resonance Raman excitation profiles for a 
given set of input parameters and experimental data.  These were 
obtained using the program runRaman as given in Ref. 1.1 
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