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SUMMARY 

 

Tyrosyl radicals can facilitate proton-coupled electron transfer (PCET) reactions 

that are linked to catalysis in many biological systems. One such protein system is 

ribonucleotide reductase (RNR). This enzyme is responsible for the conversion of 

ribonucleotides to deoxyribonucleotides. The 2 subunit of class Ia RNRs contains a 

diiron cluster and a stable tyrosyl radical (Y122•). Reduction of ribonucleotides is 

dependent on reversible, long-distance PCET reactions involving Y122• located 35 Å 

from the active site. Protein conformational dynamics are postulated to precede diiron 

cluster assembly and PCET reactions in RNR. Using UV resonance Raman spectroscopy, 

we identified structural changes to histidine, tyrosine, and tryptophan residues with metal 

cluster assembly in 2. With a reaction-induced infrared spectroscopic technique, local 

amide bond structural changes, which are associated with the reduction of Y122•, were 

observed. Moreover, infrared spectroscopy of tyrosine-containing pentapeptide model 

compounds supported the hypothesis that local amide bonds are perturbed with tyrosyl 

radical formation. These findings demonstrate the importance of the amino acid primary 

sequence and amide bonds on tyrosyl radical redox changes. We also investigated the 

function of a unique tyrosine-histidine cross-link, which is found in the active site of 

cytochrome c oxidase (CcO). Spectrophotometric titrations of model compounds that 

mimic the cross-link were consistent with a proton transfer role in CcO. Infrared 

spectroscopic data support the formation of tyrosyl radicals in these model compounds. 

Collectively, the effect of the local structure and the corresponding protein dynamics 

involved in tyrosyl radical-mediated PCET reactions are illustrated in this work. 
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CHAPTER 1 

INTRODUCTION 

 

 
1.1. Biological Proton-Coupled Electron Transfer, Tyrosyl Radicals, and Protein 

Conformational Dynamics 

 

 A prerequisite for biological function in many enzyme systems, from 

photosynthesis to cellular respiration, is the coupling of catalysis to electron transfer 

processes.
1
 In biology, electron transfer is often accompanied with proton transfer. Net 

proton-coupled electron transfer (PCET) processes can occur by either a concerted 

mechanism or stepwise transfer of an electron and a proton (see Figure 1.1).
2-4

 In the 

consecutive, stepwise scheme, either subatomic particle may be transferred first. The 

transfer of a proton preceding an electron is designated as PT/ET, whereas the transfer of 

electron preceding proton is the ET/PT mechanism.  If a proton transfer is in the rate-

limiting step, a kinetic isotope effect, KIE, is observed upon deuterium exchange.
5-8

  The 

determination of the exact mechanism may be complicated when the second step is very 

fast so that isolation of the intermediate, if one exists, is difficult.  Concerted proton and 

electron transfer (CPET) occurs when the transfer of the electron and the proton is 

synchronous.  A specific example of CPET is hydrogen-atom transfer (HAT), in which 

strong electronic coupling between donor and acceptor allows for simultaneous transfer 

of both proton and electron adiabatically.
9
 In general, CPET mechanism for proton and 

electron motion is thermodynamically preferred, because it prevents the formation of 

charged species.
3
 Model systems for elucidating PCET mechanisms have demonstrated 

the importance of proton transfer in the oxidation of amino acids in biology.
10,11
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Figure 1.1. Diagram of proton-coupled electron transfer reactions. The example shown is 

the oxidation of phenol (blue) to a neutral phenoxyl radical (red). Phenol is the functional 

group of the amino acid, tyrosine. Oxidation of tyrosine may occur via PT/ET (top), 

ET/PT (bottom) or CPET (middle) mechanisms.  

 

 

Oxidation of tyrosine (Figure 1.2) causes the loss of both a proton and an electron 

to generate a neutral tyrosyl radical. The unpaired electron spin of the tyrosine radical is 

delocalized over the 1΄, 3΄ and 5΄ carbons and the phenoxyl oxgen.
12

 The coupling of 

proton transfer to electron transfer is linked to the drop of the pKA of the phenoxyl OH 

from ~10 in the reduced state to -2 in the radical state.
13

  The reduction potential of 

protonated tyrosine in solution is pH dependent.
14-16

  The midpoint potential for 

tyrosinate has been reported as ~700 mV for pH > 10 and, subsequently, this value was 

shown to increase linearly (+63 mV/pH unit) as the pH was decreased from 10 to 4.
16

 

Electrostatics, such as charge and hydrogen bonding interactions, are expected to 

modulate midpoint potentials of amino acids.
17

 The importance of noncovalent 

CPET PT       PT 

ET 

ET 

O

OH

O

OH

- 

+ 
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interactions on the midpoint potential of tyrosine and other aromatic amino acids has just 

begun to be illustrated.
15,16,18,19

 The participation of the peptide (i.e. amide) bonds 

surrounding redox-active tyrosine residues in electron transfer reactions has also been 

investigated.
20-22

  PCET reactions are dependent upon the pKA and the midpoint potential 

of the amino acid residue(s) involved.  These studies have demonstrated the importance 

of the environmental factors that control PCET reactions. 

 

 

Figure 1.2. Scheme of the single electron oxidation of tyrosine (red) to tyrosyl radical 

(blue).  

 

 

Tyrosyl radicals can participate in long-distance PCET reactions in many 

biological systems, such as photosystem II
23

 (PSII), cytochrome c oxidase
24,25

 (CcO), and 

ribonucleotide reductase
26

 (RNR).  These PCET processes are often required for 

catalysis.  The biological process for the production of oxygen via photosynthesis is an 

excellent example.  This system uses light-initiated PCET reactions to perform water 

oxidation.  A tyrosyl radical, YZ•, in PSII has been proposed to facilitate such reactions.
27
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Modified tyrosine residues, such as those found in cytochrome c oxidase
28

 (cross-linked 

tyrosine-histidine) and galactose oxidase
29,30

 (cross-linked tyrosine-cysteine), have also 

been suggested to play a role in PCET reactions.  

 Tyrosine is not the only amino acid that may perform PCET reactions. Cysteine 

residues plays a role in PCET reactions for all classes of RNR enzymes.
31

 In class III 

RNRs, a glycyl radical, necessary for substrate reduction, is generated by S-

adenosylmethonine and an iron-sulfur protein.
32

 In class I RNRs, a tryptophan residue 

(W48 in E. coli) has been proposed to participate in the conserved PCET pathway (as 

discussed in section 1.4). In addition, W48 may assist in generating Y122• during RNR 

activation under certain conditions.
33,34

 Tryptophan radicals have also been observed in 

DNA photolyase,
35

 galactose oxidase,
36

 and cytochrome c peroxidase.
37

 A tryptophan 

residue has been shown to mediate electron transfer in a genetically altered azurin 

protein.
38

   

Many factors influence the rate at which electron transfer reactions occur. The 

semi-classical expression for the rate of electron transfer reactions is represented as 

]4/)λ(exp[
πλ4

π4
B

20

B

2

A-D

2

ET TkG
Tkh

H
k ,

39,40
 where kB is the Boltzmann constant, T is 

temperature in Kelvin, G
0
 is the Gibb’s free energy,  is the reorganizational energy, h 

is Planck’s constant, and HD-A is electronic coupling between the reactants and products 

in the transition state. Three important terms from this expression are HD-A, G
0
 and . 

G
0
 is related to the redox potential difference between donor and acceptor pairs.  the 

reorganization energy, is the energy required to reorient the nuclear components from the 

reactant to transition state. The reorganization energy has both inner-sphere, i, and 
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outer-sphere, o, components. i comprises nuclear perturbations (i.e. changes in bond 

lengths and angles) of the redox-centers, whereas o comprises structural perturbations of 

the intervening medium. In small molecules, o reflects the reorganization of polar 

solvent molecules. In proteins, however, this term may include conformational dynamics 

of the surrounding protein matrix. Although proteins vary in structure and function,  has 

been determined in ~700 ± 100 mV range for an array of different proteins (reviewed in 

ref 26). It has been proposed that the protein matrix provides a rigid scaffold for the 

redox centers and thus reduces the reorganizational energy that can be significant in 

smaller molecules.  

HD-A is the electronic coupling strength between reactants and products in the 

transition state. In the square potential barrier approximation, the probability of electron 

tunneling, HD-A
2
, decreases exponentially with distance (rD-A) between donor (D) and 

acceptor (A) molecules: )]r(βexp[ 0ADADAD rHH  .
41

 The  term is a coefficient 

that describes the exponential decay of the electronic coupling with respect to distance 

(i.e. the barrier height). This parameter is dependent on the pathway of electron transfer; 

for proteins, the  value has been estimated in the ~1.0 – 1.4 A
-1

 range.
42

 However, this 

range of  values can drastically alter the resulting calculated distance between acceptor 

and donor. Gray et al. have demonstrated experimentally that the secondary structural 

elements of proteins will modulate the efficiency of ET between redox centers (reviewed 

in 43).  

In some biological systems, such as photosystem II, the distances between redox 

pairs may be quite large (i.e. rD-A > 10 Å) and thus direct wavefunction overlap between 

redox centers is insignificant. Therefore, the protein matrix must facilitate the electronic 
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interaction between donor and acceptor. The electronic states of the protein structure can 

bridge the redox centers. The barrier height is reduced to extend the D-A wavefunctions 

and this superexchange coupling effect allows for direct electron tunneling from acceptor 

to donor.
44

 The expression of the electronic coupling term for these situations is slightly 

changed to account for the effect of covalent bonds (C), hydrogen bonds (H), and 

through-space jumps (TS): TSHCADH .
42,45

 The mechanism by which 

the protein milieu mediates these long-distance electron transfer reactions is still not 

resolved.
46,47

 The determination of the mechanism of ET reactions and elucidation of ET 

factors,  and  in biological systems is often not straightforward, because electron 

transfer reactions can be coupled to non-ET processes such as proton transfer (PT) or 

protein conformational changes.  

Protein conformational dynamics have been postulated to precede or gate electron 

transfer reactions in many enzyme systems.
48

 In photosystem II, protein conformational 

changes have been reported to precede oxidation reactions at the manganese cluster.
49,50

 

In ribonucleotide reductase, slow conformational changes have been hypothesized to gate 

nucleotide reduction.
51

 Spectroscopic identification or characterization of these rate-

limiting protein conformational changes in RNR has not been well studied. In this thesis, 

the mechanism of tyrosine-mediated electron transfer reactions using model compounds 

and the protein conformational dynamics that accompany or precede ET processes in 

ribonucleotide reductase are investigated.  
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1.2. Photosystem II of Photosynthesis 

 Photosystem II (PSII) is responsible for splitting water to produce molecular 

oxygen in plants, algae and cyanobacteria.  This membrane-bound protein complex is 

found in the thylakoid membrane of photosynthetic organisms. Oxygen production is 

coupled to the translocation of protons from the stromal to the luminal side, which drives 

ATP synthesis. PSII is composed of more than 20 polypeptides. The redox-active 

cofactors (Figure 1.3) are primarily located in the intrinsically bound D1 and D2 

subunits.
52,53

 In addition, CP43 and CP47 are chlorophyll binding proteins that are closely 

associated with the D1 and D2 subunits.  

Water oxidation in PSII occurs at the oxygen-evolving complex (OEC).  This 

complex is composed of four manganese atoms, ligated by oxygens, and calcium.  

Although its binding site is controversial, chloride also plays a significant role in H2O 

oxidation.
54,55

  To initiate water oxidation, absorption of light produces a charge 

separation.  Although the primary donor to PheoD1 is under debate, the excited state 

responsible for charge separation is most likely a chlorophyll molecule on the D1 subunit 

(ChlD1).
56-58

  The ChlD1 molecule has been proposed to reduce PheoD1 and the positive 

charge migrates to P680
+
, the chlorophyll dimer.

59
  With a reduction potential of  ~ 1.3 

V,
60,61

 P680
+
 is considered the most oxidizing species in biology. 
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Figure 1.3. Arrangement of the redox-active cofactors in cyanobacterial PSII (PDB: 

3BZ1). The OEC is composed of four manganese (purple spheres) atoms and one calcium 

(yellow sphere) atom. The ―acceptor‖ side is at the top and the ―donor‖ side is at the 

bottom. The tails of the chlorophyll, pheophytin, and plastoquinone molecules have been 

removed for clarity. The magnesium atoms of the chlorophyll molecules are shown as 

wheat spheres. The green, blue, and red colors represent carbon, nitrogen, and oxygen, 

respectively. 
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On the ―acceptor‖ side, a strongly bound plastoquinone, QA, oxidizes the PheoD1
-
 

resulting in the P680
+
QA

-
 state.

62,63
  Consequently, QA

-
 transfers an electron to the weakly 

bound plastoquinone, QB.  With a second charge separation event, the doubly-reduced 

QBH2 dissociates from the quinone binding site out to the thylakoid membrane.  QBH2 

eventually transfers electrons to the cytochrome b6f complex.  

On the ―donor‖ side, P680
+
 is reduced by the redox-active tyrosine, Y161 (YZ)

64
 of 

the D1 subunit, generating the transient, neutral radical (YZ•) on the nanosecond 

timescale.
65

  YZ• subsequently oxidizes the manganese cluster
27

 on the micro- to 

millisecond timescale.
66

 The kinetics depend on the number of stored oxidizing 

equivalents (0 to 4) at the cluster.  The manganese cluster cycles through five S (i.e. 

oxidation) states, S0 – S4, as described by the Kok cycle.
67,68

  Molecular oxygen is 

released at the transient S4 state.  Excluding the S4 state, all other S state advancements 

are induced by P680 photochemical oxidation.  The S4 state is of great interest, but has not 

yet been identified.
69-71

  Proposals for the mechanism of water splitting, including the 

structure of the OEC, have been reviewed.
72

  

 The tyrosine residue, YZ, of photosystem II links the OEC to P680 and is essential 

for O2 evolution.  An analogous tyrosine residue is located in the D2 subunit, Y160 (YD). 

Both of these tyrosine residues are redox-active and both form                                                                                      

neutral radicals (YZ• and YD•) when oxidized by P680
+
.
23,64,73-75

  A comparison of the 

properties of these two similar and yet distinct tyrosine residues have been thoroughly 

reviewed, previously.
76

  

Briefly, both of these residues share similar environments. YZ and YD are 

equidistant to P680 (both separated from P680 by ~13 – 14 Å).
52,53,77-79

  Both tyrosine 
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residues are within hydrogen bonding distances to a histidine (D1-H190 for YZ and D2-

H189 for YD).
53

  The primary sequences, IYZPIG and IYDPLG, are also similar.
52

 

However, there are some properties that distinguish YZ and YD.  The redox 

potential of YD is ~240 mV lower than that of YZ (~930 mV).
80-83

  The decay rate of YD• 

is much slower (minutes to hours) than that of YZ• (microseconds to milliseconds).
84

  YZ 

facilitates water oxidation; whereas, YD has been implemented in the assembly of the 

manganese cluster
85

 and in photoprotection.
19,86

  Together, the different properties of 

these two tyrosine residues in photosystem II underscore the importance of 

environmental factors on the utility of redox-active tyrosine residues in biology.  The 

mechanism of electron transfer via tyrosine residues in vitro is discussed in more detail in 

Chapter 2.  

 

 

1.3. Cytochrome c Oxidase 

Cellular respiration is the process by which organisms generate a usable, 

sustainable source of energy from NADH.  Cytochrome c oxidase (CcO) is the terminal 

membrane-bound enzyme in the electron transport chain of the mitochondrion and some 

bacteria.  CcO plays a critical role in cellular respiration through the reduction of 

dioxygen to water, while preventing the generation of harmful reactive oxygen species 

(ROS).
87

  Protons are translocated across the membrane to drive ATP synthesis.  The 

reaction, 4H
+
 + 4e

-
 + O2  2H2O, is exothermic and drives the active translocation of 

protons across the inner mitochondrial membrane.
88

  Reduction of molecular oxygen is 

carried out at the heme a3/CuB binuclear center (see Figure 1.4) and requires four 
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electrons.
89

  Dioxygen only binds when the binuclear center is in the ferrous-cuprous 

state. 

 

 

Figure 1.4. Structure of the heme a3/CuB binuclear center of bovine heart cytochrome c 

oxidase (PDB: 2DYR). The ligands to CuB, His-240, His-290, His-291, are also shown. 

The orange sphere represents the iron of heme a3 and the cyan sphere represents CuB.  

 

 

The binuclear center donates three of the necessary reducing equivalents.  Under 

fully reduced conditions, the iron of another CcO redox center, heme a, is responsible for 

the remaining electron.  During steady-state turnover, however, in which the heme a iron 

is unable to provide this reducing equivalent, the source of the fourth electron is 

undefined.  A novel, post-transcriptional covalent cross-link (Figure 1.4) involving the 

C5' of tyrosine (Y244; bovine heart numbering) and the -nitrogen of histidine 240 was 

established from X-ray crystallography.
28,90,91

  H240 is one of the three histidine ligands 

to CuB.  The importance of Y244 has been demonstrated through mutational studies, but 
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the biological function of this residue remains controversial.
24,25

  Proton
92-94

 and/or 

electron
95-99

 donation to O2 has been proposed.   

Spectroscopic identification of the Y244 radical during turnover has been 

problematic. The study of the electronic structure and properties of the tyrosyl radical and 

its involvement in O2 reduction remains to be fully elucidated. To identify the functional 

significance of this unique modification, model compounds have been synthesized (see 

Figure 1.5).
100-107

  Physical and structural studies of active site model compounds may 

help to illustrate the function of this modified tyrosine in O2 reduction. The functional 

significance of this cross-linked moiety will be discussed further in Chapter 3. 
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Figure 1.5. Structures of synthetic cytochrome c oxidase tyrosine-histidine model 

compounds.
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1.4. Ribonucleotide Reductase 

 Ribonucleotide reductases (RNRs) catalyze the reduction of ribonucleotides to 2΄-

deoxyribonucleotides and thus play a critical role in DNA biosynthesis and repair by 

providing the necessary monomers (Figure 1.6).
108-110

 The process is initiated by 

abstraction of 3΄-hydrogen atom using a transient active site cysteine radical. Loss of the 

2΄-hydroxyl group as H2O leads to oxidation of two additional active site cysteines and 

release of the deoxynucleotide product. The reaction of the active state of the protein 

requires reduction of the disulfide bond by glutaredoxin (GR) or thioredoxin (TR) 

proteins.  

 

Figure 1.6. Schematic diagram of the ribonucleotide reductase catalytic reaction.  

 

 

There is no other de novo pathway that circumvents ribonucleotide reductase for 

the production of these DNA precursors.  Thus, RNR is indispensible for life in all 

organisms. Ribonucleotide reductase has gained a broad interest from all aspects of 

chemistry.  First, in rapidly proliferating cells, RNR has been shown to be overexpressed 



 15 

and directly correlated to tumor growth in cancer cells.
111,112

  Thus, RNR has become a 

useful pharmaceutical target for anti-cancer drugs.  Second, these proteins might have 

served as the evolutionary link between RNA and DNA.
113,114

  Third, RNR is grouped 

within a family of nonheme diiron proteins with similar structural components, but 

different catalytic mechanisms.
115

  The mechanism of assembly of the metal cluster is of 

interest.  Another hallmark of ribonucleotide reductase is a long-range proton-coupled 

electron transfer pathway involving amino acid residues as the transient radical 

intermediates.
26,31

  RNR provides a paradigm for the mechanistic elucidation of other 

biological systems.  This thesis is aimed at understanding how structural dynamics 

control electron transfer and metal cluster assembly in RNR. 

 

1.4.1 Three Classes of Ribonucleotide Reductase Enzymes 

 Deoxyribonucleoside 5΄-di- or tri-phosphate production results from complex 

radical chemistry initiated by a transient radical centered at an active site cysteine (C439 

in E. coli) residue.  This transient radical is generated via proton-coupled electron transfer 

reactions from metallo-cofactors.  

The RNR proteins comprise three classes, which are distinguished by their 

oxygen requirements, subunit composition, and radical initiation cofactors as shown in 

Figure 1.7.  Class I enzymes contain a stable tyrosyl radical adjacent to a -oxo bridged 

diiron cluster.  Class II RNRs initiate ribonucleotide reduction with a radical centered on 

adenosylcobalamin.  Class III proteins utilize a stable glycyl radical facilitated by S-

adenosylmethonine and an iron-sulfur protein. Class I is subdivided further into 3 

subclasses Ia, Ib and Ic.  Classes Ia and Ib both use tyrosyl radicals for thiyl radical 
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generation, whereas the equivalent residue in class Ic is replaced with a phenylalanine.
116

  

In lieu of a Y•, the recently discovered class Ic enzymes use a Fe
III 

–O–Mn
IV

 cofactor as a 

radical initiator.
117

  

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Diagram depicting the three classes of RNR required for generation of the 

transient cysteine radical. 

 

 

Class Ia and Ib enzymes have identical radical initiation cofactors and both are 

composed of two homodimeric complexes 2 2.
118

  The radical propagation pathways 

for cysteine radical formation in the active site are also similar.  The class Ia family is 

found in mammals, viruses, bacteriophages, and bacteria, whereas the class Ib is limited 

to particular bacteria.
109

  The significant difference distinguishing these two subclasses is 

that class Ib enzymes lack a second allosteric regulation site, a feature of class Ia.
119

  

Unlike class Ia, the class Ib proteins are not inhibited by dATP.  This characteristic has 

been linked to the absence of the ~50 amino acid terminus in the 2 subunit of class Ib.
120
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Some bacteria express both sets of genes (nrdAB for IA and nrdEF for Ib).
121

  Although 

they appear to have similar aerobic ribonucleotide reduction activity,
122

 the reason for 

expression of both gene sets is an interesting unresolved enigma. 

 

1.4.2 RNR Reaction Mechanism 

The radical-dependent catalytic mechanism has been proposed to be similar in all 

three classes.
123

  C439• abstracts a hydrogen atom at the 3΄-carbon of the ribose sugar 

(see Figure 1.8).
124

   

 

 

Figure 1.8. Proposed mechanism of ribonucleotides in 2 subunit of class Ia RNR. 

 

 

After the abstraction, the 2΄-hydroxyl group leaves as water, gaining a proton 

from another conserved active site cysteine (C225 or C462).  These two catalytically 
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3΄-nucleotide radical.  Regeneration of the C439• produces the deoxyribonucleotide.  

Two other additional cysteines located outside of the active site, close to the carboxyl 

end,
31

 re-reduce active site cystine, allowing multiple turnover events.  Fully reduced 2 

protein is regenerated through interactions with the thioredoxin and glutaredoxin systems.  

The RNR catalytic mechanism was deduced from studies of the class II enzyme, 

Lactobacillus leichmannii, which served as a prototype to generalize the RNR reaction 

mechanism in all classes.
125,126

 

 

1.4.3 Class Ia RNR Subunit Composition 

 One focus of this thesis is the Escherichia coli class Ia enzyme, one of the most 

extensively studied RNR. Class Ia RNR, encompassing bacterial, mammalian and viral 

proteins, contains two homodimeric subunits, 2 and 2.
127

 2, formerly R1, is a 172 

kDa dimer and houses the nucleotide (NDP or NTP) reduction site. RNR activity is 

highly regulated in vivo to ensure the appropriate balance of the deoxyribonucleotides 

required by the cell.
128

 The 2 subunit is composed of two allosteric regulation sites. One 

site regulates specificity and the other controls the overall activity. Specificity is achieved 

through the binding of a particular effector, which induces a structural change at the 

active site of 2 and binding of the appropriate substrate.
119

 The overall activity of RNR 

is stimulated in the presence of ATP or low concentrations of dATP and inhibited with 

high concentrations of dATP.
129

 Thus, the relative cellular concentrations of these two 

species controls the rate at which nucleotide reduction takes place. The substrate 

specificity site, also referred to as the ―high affinity‖ site, is the pocket where ATP, 

dATP, dTTP, and dGTP bind and regulate reduction of the precise nucleotides required 
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by the cell. An allosteric mechanism has been proposed that describes the relationship 

(see ref 108 for details). The general trend shows that binding of dGTP stimulates dADP 

production, whereas dTTP and dCTP stimulate dGDP formation and ATP/dATP binding 

favors pyrimidine reduction.  

 The small homodimer of 87 kDa, 2, contains a tyrosyl radical (Y•) located at 

position 122 adjacent to a -oxo bridged diferric cluster. This was the first reported case 

of a protein-containing tyrosyl radical in biology.
130

 Y122• is absolutely required for 

turnover; mutation to a phenylalanine eliminates enzymatic activity.
131

 Substrate analogs 

that trap the radical during the chemical reduction process have shown a stoichiometric 

decrease in Y122• content with the formation of substrate analog radical.
132-134

 Site-

specific replacement of Y356, a putative member of the electron transfer pathway, with 

3-,4-dihydroxyphenylalanine (DOPA) has also demonstrated the importance of Y122•.
135

  

DOPA is a radical trap, because DOPA has a lower reduction potential than tyrosine.  In 

the study,
135

 DOPA356• was formed concomitantly with Y122• reduction when 

DOPA356Y- 2 was mixed with 2, substrate, and effectors. 

Y122• has an unusually long half-life of 2 weeks at 4°C,
136

 even though tyrosyl 

radicals are strong oxidants. The typical lifetime of a tyrosyl radical in solution is on the 

s timescale.
103

 The midpoint potential versus the standard hydrogen electrode (SHE) for 

Y• in 2 and solution at pH 7.0 are ~1000
137

 and ~950
14-16

 mV, respectively. Thus, the 

reason for prolonged lifetime is not derived from redox stability. More likely, since Y122 

is buried deep inside the protein and surrounded by a hydrophobic core, solvent 

inaccessibility is the main reason for enhanced stability. The stoichiometry of Y122 and 

Fe per 2 has also been determined. For the standard 2 purification protocol,
138

 a typical 
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Y122•/ 2 yield is 1.1 – 1.4 using the relation,

 

11

406416
411

cmM1784

5

)A(2)A(3
A

]Y[

nmnm
nm

.
139

 In vivo studies using Saccharomyces 

cerevisiae determined a maximal 0.89 Y• in one .
140

 In addition, there are only 3 – 3.5 

Fe atoms per dimer. The reason for the distribution in these values is not well understood. 

Within class Ia, there are some differences between the mouse (i.e. mammalian) 

and E. coli (i.e. bacterial) RNRs. The tyrosyl radical in the mouse RNR (Y177) is 

hydrogen bonded,
141

 whereas the E. coli tyrosyl radical (Y122) is not hydrogen 

bonded.
142

  In both organisms, reduction of the stable radical is accomplished chemically 

through incubation of small reducing agents such as hydroxyurea,
143

 hydrazine,
144

 or 

hydroxylamine.
145,146

  Incubation of the mouse small subunit, M2 (analogous to E. coli 

2) with hydroxyurea reduces the radical and leads to a loss of iron.
147

  In E. coli, 

however, hydroxyurea treatment forms a stable Met- 2 state, in which Y122 is reduced 

and the diiron center remains oxidized. The 2 structures of the two species appear 

similar, but distinct differences such as water arrangement and carboxylate flexibility in 

the mouse protein might account for the slight differences in comparison to the E. coli 

2.
148

 Moreover, since the tyrosyl radical in the mouse enzyme is hydrogen bonded to 

water, Y177• is more solvent accessible and the stability is less than that of Y122• in E. 

coli.
149

  

 

1.4.3 Diiron Cluster Redox States and Assembly in Class Ia RNR Enzymes 

There are four states of the E. coli 2 protein as depicted in the Figure 1.9 below. 

The crystal structures of three states have been resolved.
150-152

 However, to this date, 
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there is no crystal structure and only limited other structural data
153

 for the fully oxidized, 

control (Y122•-containing) 2 protein. The binuclear iron center has been studied using 

Raman, EPR, and Mössbauer spectroscopies and magnetic susceptibility.
136,154-158

 

 

 

Figure 1.9. Diagram representing the different redox states of the class Ia RNR 2 

protein. 
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center is in high spin, diferric state. The diferrous (reduced) 2 is formed through the 
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active state.
159

  The iron may also be substituted with cobalt
160

 or manganese
159

, but these 

metals do not form Y122• when exposed to O2.   

Assembly of the diferric cluster of RNR has been proposed to be limited by 

protein conformational change(s).
161

  In addition, metal binding has been shown to be 

regulated by allosteric effects.
162

  Conformational changes involving the iron-ligating 

carboxylate residues accompany diiron cluster redox changes.
152,163

   

 

1.4.4 Proton-Coupled Electron Transfer Pathway in Class Ia RNRs 

In the presence of substrate and effectors, the subunits 2 and 2 are thought to 

form an active 1:1 complex ( 2 2) with an affinity of KD ≤ 0.2 M.
164

  However, 

mammalians enzymes have shown to be in a preferred hexameric state ( 6 6).
165

 

Recently, dATP inhibition was shown to be correlated with tetramer formation ( 4 4) in 

E. coli.
166

 This interaction is inhibited by biomimetic peptides that contain the carboxyl 

terminal amino residues of the 2 subunit.
167-169

 The use of synthetic peptides for binding 

2 has given new information concerning the mechanism of electron transfer (ET) 

between Y356 and 2.
170,171

  Also, conformational dynamics of 2 during ET and 

turnover have been studied.
172

 Nucleotide reduction requires the association of 2 and 2 

with the presence of substrate and effectors. Because catalysis is initiated with a transient 

cysteine radical, the mechanism of C439• formation is an important question, which is 

just beginning to be elucidated.  

Based upon a docking model of individual 2
31

 and 2
150,153

 E. coli structures, 

Y122• is ~35 Å from C439 at the active site. This distance has been supported by the 

Salmonella typhimurium class Ib holoenzyme structure
173

 and pulsed electron double 
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resonance (PELDOR)
174

 experiments. Assuming an electron tunneling model and that 

electron transfer is rate-limiting, nucleotide reduction would occur at 10
-4

 – 10
-9

 s
-1

.
26

  

The rate projection accounts for a  range of 1.1 – 1.4 Å, which is the range for nearly all 

ET reactions in biology,
26

 and assumes a favorable driving force for the oxidation of 

cysteine. The reduction potential of cysteine in solution is about 1.3 V.
175

 Compared to 

the redox potential of ~1 V,
137

 C439 oxidation by Y122• would be thermodynamically 

unfavorable. If the cysteine residue is deprotonated, the redox potential would drop to 

770 mV, which is in a thermodynamically favorable range.
176

 Since the pKA of cysteine 

in solution is about 8.2,
177

 deprotonation of C439 seems unlikely. However, the protein 

environment can significantly alter the pKA and midpoint potential of the amino 

acids.
16,178

 The exact mechanism for C439 oxidation in class Ia enzymes is not yet fully 

resolved. 

 

1.4.6 Conformational Gating and Rate-Limiting Step in Nucleotide Reduction 

The kinetics of nucleotide reduction have been explored both by Erickson
179,180

 

and Stubbe
51

. From these cases, the rate-limiting step is controversial. The identity of the 

rate-limiting step or process is crucial for the elucidation of the radical initiation 

mechanism in class I enzymes. Initial kinetics studies suggested that the oxidation of the 

active site cysteines, C225 and C462 (see Figure 1.8), following nucleotide reduction is 

kinetically competent.
179

 In addition, these data supported an asymmetric complex of 

2 2. The rate-limiting step for the overall reaction was proposed by Erickson to occur 

after the oxidation of the peripheral cysteines, C754 and C759.
180

 These cysteine residues 

are proposed to be a shuttling system for reducing the active site cystine via thioredoxin 
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or glutaredoxin.
124,181,182

 Stubbe, however, proposed a possible rate-limiting 

conformational gating step
51

 preceding nucleotide reduction in addition to the slow post 

nucleotide reduction process.
180

 The Y122• content was monitored using UV-visible 

spectroscopy along with the formation of dCDP from rapid chemical quenching. There 

was no significant change in Y122• during the course of the reaction when monitored 

with a 2 ms time resolution. Since the chemistry is fast (< 2 ms) and the overall 

nucleotide reduction is much slower (~ 100 ms), a physical gated step was 

hypothesized,
51

 but there is no spectroscopic evidence for such an event during turnover. 

 

 

Figure 1.10. Proposed proton-coupled electron transfer pathway in ribonucleotide 

reductase class Ia enzymes. 

 

 

Since nucleotide reduction occurs in the 2 – 14 s
-1

 range
180

 and the putative rate-

limiting step is postulated to be a conformation change preceding nucleotide reduction
51

, 

the direct electron tunneling from C439 to Y122• model fails. An electron hopping 

pathway (Figure 1.10) has been proposed involving several amino acids as kinetic 
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intermediates.
26,31

 This proposal has been supported by site-directed mutagenesis
131,183-186

 

and unnatural amino acid replacement
170,187,188

 studies. To date, there has been no 

spectroscopic characterization of these intermediates during turnover for the wild-type 

enzyme. 

As a first step in determining the identity of the rate-limiting step, we set out to 

explore how structural dynamics effect or mediate the electron transfer and activation 

processes of RNR. Structural dynamics have previously been shown to be important 

during electron transfer processes of other protein systems, such as photosystem I 

(PSI)
189,190

 and photosystem II (PSII)
191,192

, for example. In order to monitor such 

reactions, we have employed two novel vibrational techniques towards the study of RNR: 

reaction-induced Fourier-transform infrared (FT-IR) and ultraviolet resonance Raman 

(UVRR) spectroscopy. 

 

 

1.5. Vibrational Spectroscopy 

 Vibrational spectroscopy offers complementary information to X-ray 

crystallographic studies such as changes in protonation state, electronic distribution, 

hydrogen bonding, and other electrostatic interactions of molecules. Two vibrational 

techniques, Fourier-transform infrared (FT-IR) and ultraviolet resonance Raman (UVRR) 

spectroscopies have been invaluable for the study of protein conformational dynamics in 

proteins.  
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1.5.1 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FT-IR) spectroscopy is sensitive to changes in normal 

vibrational modes of molecules.
193

  Vibrational frequencies ( ) are associated with the 

force constant, k, of a covalent bond(s) involving two or more atoms of defined mass. 

This relationship
194

 is expressed as 
k

2

1
, in which  is the reduced mass.  In a 

diatomic molecule the reduced mass is described as 
21

21

mm

mm
, where m1 and m2 are 

the masses of the two atoms.  In the simplest approximation, the vibrations of a diatomic 

molecule may be represented by the harmonic oscillator model. Quantum mechanics 

expresses the allowed energy levels (E(n)) of a harmonic oscillator as )
2

1
()( nhnE , 

where h is Planck’s constant and n is the vibrational quantum number (n = 0, 1, 2, …).  

For a vibrational transition to occur, a change in the electric dipole moment is required.  

In a harmonic diatomic molecule, the selection rule n = ±1 is applicable.  However, in 

an anharmonic molecule, weak transitions from n = ±2, ±3, … (i.e. overtone bands) 

may also be observed.  

In larger (i.e. polyatomic) molecules, the description of the molecular transitions 

is more complicated than the harmonic diatomic molecule. The number of different types 

of vibrational motions available or possible for a polyatomic, nonlinear molecule can be 

explained with 3N–6 degrees of freedom, where N is the number of atoms in the defined 

system or molecule.  A polyatomic, linear molecule has 3N – 5 degrees of freedom.  The 

difficulty in describing the vibrations of polyatomic molecules is the calculation of the 

reduced mass for a specific normal mode. Calculating these vibrations is complicated 
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because, for a particular normal mode, vibrations can be coupled. However, molecules 

can be partitioned into functional groups. The frequencies for these group types allow for 

the identification of structural elements of a larger molecule using FT-IR spectroscopy. 

For instance, proteins are composed of amino acids connected by amide bonds, which 

primarily give rise to amide I (C=O stretching) and amide II (NH bending coupled with 

C–N stretching) vibrational bands.  The frequency of the amide I mode may help to 

describe the secondary elements of proteins as  helices (1655 – 1660 cm
-1

) or  sheets 

(1630 – 1640 cm
-1

).
195

 

Theoretical approaches such as density functional theory (DFT) may be used to 

calculate vibrational modes in small molecules.  Proteins, however, are too large for the 

high level quantum mechanical methods such as DFT. Therefore, quantum 

mechanics/molecular mechanic (QM/MM) methods are often used.  QM/MM 

calculations can provide quantitative information for FT-IR spectra, including geometry, 

electron density and charge distribution from the quantum mechanical part.   

FT-IR spectroscopy has the ability to detect and distinguish subtle perturbations 

of the protonation state, electronic distribution, hydrogen bonding, and other electrostatic 

interaction(s). Thus, the technique can be used to monitor protein structural dynamics and 

to determine reaction mechanisms.  Development of improved time-resolved FT-IR 

spectrometers has allowed the study of protein dynamics in real time.
196-198

  

The application of FT-IR difference spectroscopy has emerged as a powerful tool 

to monitor reaction mechanisms in proteins.  A small protein of 20 kDa (e.g. ubiquitin 

carrier protein) has around 10
4
 modes of vibrations.

199
  Thus, the protein FT-IR 

absorbance spectrum is broad and difficult to interpret small changes.  FT-IR difference 
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spectroscopy, established with studies of the proton pump bacteriorhodopsin, emphasizes 

the changes that are only affected by the reaction.
200,201

 There are some excellent reviews 

that discuss the application of FT-IR spectroscopy to proteins studies.
200,202-206

  Since its 

emergence, FT-IR difference spectroscopy has been used to study the mechanisms of 

water oxidation of photosystem II
207,208

 and dioxygen reduction in cytochrome c 

oxidase.
98,209,210

 FT-IR difference spectroscopy has also been employed to monitor 

electron transfer reactions in bacterial reaction centers,
211

 photosystem I,
212,213

 and 

ribonucleotide reductase.
214

    

In difference spectroscopy, a reaction is monitored by taking a snapshot before 

and after an event. The two snapshots are subtracted so that vibrational modes, which are 

not affected by the reaction or stimulus, are canceled out. Vibrational frequencies that 

shift in energy or change in amplitude are displayed in the difference spectrum. An 

example of the use of difference FT-IR spectroscopy is shown in Figure 1.11.  In this 

example, the photolysis-induced FT-IR difference spectra of tyrosinate was monitored at 

79 K. Tyrosyl radicals may be generated from tyrosinate samples with five 266 nm laser 

pulses of an Nd:YAG laser.  FT-IR spectra collected of tyrosinate prior to photolysis 

were subtracted from spectra collected after photolysis (Figure 1.11, bottom spectrum) to 

yield the FT-IR difference spectrum. Photo-oxidation of tyrosinate has been shown to 

cause perturbations of the ring and CO stretching frequencies.
20,215,216

 These spectral 

changes are discussed further in ensuing chapters. 

  

 

 



 29 

 

 

 

Figure 1.11. Diagram of difference spectroscopy as applied to monitoring structural 

changes during a reaction.  The example shown here is the photo-oxidation of tyrosinate 

to generate the tyrosyl radical at 79 K. Top: FT-IR absorbance spectra of tyrosinate 

before (solid line) and after (dashed line) 5 laser pulses from the 266 nm output of 

Nd:YAG laser. Bottom: Photolysis-induced FT-IR difference spectrum of tyrosinate. The 

bottom spectrum was multiplied by 10 for clarity.  
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Assignments to vibrational modes may be accomplished through the comparison 

to model compounds and stable isotope labeling. Since a vibration is related to the 

reduced mass of the atoms involved in the motion, vibrational modes are sensitive to 

isotopes. Difference FT-IR spectroscopy with isotope incorporation has led to the 

assignment of crucial events and vibrational modes in the photosystems
213,217

 and 

cytochrome c oxidase.
98,209,210

 

 

1.5.2 Ultraviolet Resonance Raman Spectroscopy 

Raman spectroscopy has proven to be a powerful technique for probing structural 

elements of aqueous biological samples and for providing conformational information of 

the target molecule due to the low Raman cross-section of water. This technique involves 

exciting the sample with a single wavelength and recording the resulting inelastic (i.e. 

Raman) scattered photons. Scattered radiation consists of Stokes and Anti-Stokes 

scattering, which correspond to the cases when the photon loses or gains energy, 

respectively, upon interaction with the molecule. The difference in energy between the 

frequency of incident radiation and Stokes/AntiStokes frequencies correlate to vibrational 

and rotational energies, vn, (see Figure 1.12). Thus, the Raman spectrum displays 

analogous frequencies to infrared spectra. In contrast to infrared spectroscopy, for 

vibrational modes to be Raman active, the polarizability tensor ( of the induced dipole 

must change during the course of the vibration. Dipole moments ( ) of atoms are induced 

by an electric field (E):  = E. The resulting signal intensity (In) of a Raman band of 

frequency, vn, be expressed as: 
2

0

4

42

57

α)(
3

2

if

ifsn Iv
c

I , where I0 is the intensity of the 
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incident radiation, c is the speed of light, vs is the frequency of the scattered light (vn = v0 

– vs), and v0 is the frequency of the incident beam.
218

 For the resonant Raman effect, the 

polarizability scattering tensor  can be expressed adiabatically as: 

CBAif
.
218,219

 Of this equation, the A-term enhancement is caused from Frank-

Condon electronic overlap of ground and excited states and results in only totally 

symmetric modes. In B-term enhancement, nontotally symmetric modes dominate and 

are caused through mixing of two different excited states. The C-term involves excitation 

of forbidden or weakly allowed 0-0 electronic transitions and provides enhancement of 

overtones and combination modes.  

 

 

Figure 1.12. Energy level diagram representing the different Raman processes and 

infrared absorption scheme for reference. Adapted from reference 
220

. 
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Resonance Raman spectroscopy results from a resonant effect, in which the 

intensities for of Raman-active modes are selectively enhanced when the energy of the 

incident photons approaches an electronic transition (Ee). Thus, the technique permits the 

selective monitoring of specific chromophores in large biological systems. In additions, 

this resonance process allows for the use of concentrations as low as 10
-8

 M. The theory 

and principles of the resonance Raman effect have been well reviewed and described 

previously.
220-223

 

Resonance Raman spectroscopy has been used in both visible and UV regions for 

a variety of applications.
224-226

  Ultraviolet resonance Raman (UVRR) spectroscopy has 

been extended to study structure and dynamics in a number of protein systems.
227-230

  In 

our lab, UVRR difference spectroscopy has been used to study the structural dynamics of 

PSI
190

 and the electron transfer intermediates of PSII.
231

  In RNR, Raman spectroscopy 

has previously been used to assign the hydrogen bonding state of Y• in the mouse and E. 

coli 2 proteins as well as to elucidate structural details of diiron center.
142

 Prior to this 

thesis work, ultraviolet resonance Raman spectroscopy had not been applied to the study 

of RNR chemistry. 

 

 

1.6 Electron Paramagnetic Resonance Spectroscopy 

 Electron paramagnetic resonance (EPR) spectroscopy uses microwave radiation to 

detect and study paramagnetic molecules, which include organic radicals, transition ions 

and triplet states.  In the presence of a magnetic field (see Figure 1.13), the degeneracy of 

one unpaired electron spin is split into two spin states, ms = + ½ and ms = - ½, where ms 
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is the quantum number for the z component of the electron spin. The splitting of 

degenerate states in the presence of an external magnetic field is called the Zeeman 

effect.
232

 Resonance between the magnetic field-induced energy states occurs when E = 

hv = ge BB is met. In this equation, h is Planck’s constant, v is microwave frequency (in 

GHz), ge is the electron g-factor, B is the Bohr magneton, and B is the applied magnetic 

field. The magnetic moment or g-factor of a free electron is 2.002322.
232

 However, the 

local environment surrounding an electron perturbs the magnetic moment and thus, 

structural information can be obtained from the determined g-factor(s). In these cases, the 

resonance is represented as E = ge(1- ) BB = g BB, in which g is the g-factor for the 

radical and  is the measure of the shielding from the surrounding environment. 

Additionally, the electron spin may be delocalized over an area of the molecule in 

organic radicals. For example, the resulting unpaired electron spin is delocalized over the 

1΄, 3΄, and 5΄ carbons of the phenoxyl ring and oxygen for the neutral tyrosyl radical 

generated from light-irradiated tyrosinate powder samples.
23,233

 

The number of allowed values for the spin angular momentum, Ŝ, is given by 

(2S+1). With one unpaired electron (e.g. tyrosyl radical), the multiplicity allowed (2*(
1
/2) 

+ 1) is 2 as shown in Figure 1.13. However, with two or more electrons, S can be 1, 
3
/2, 2 

… and the resulting multiplicity allowed is equal to 3, 4, 5… respectively. In all cases in 

this thesis work, S = ½ is valid and situations with higher S values will not be discussed 

further.  
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Figure 1.13. Energy diagram for a free electron as a function of the applied magnetic 

field (B). The ms represents the quantum number for the spin moment of the electron 

oriented either parallel (ms = - ½) or antiparallel (ms = + ½) to the magnetic field. The red 

arrow illustrates the situation when the splitting of the energy level, induced by the 

applied magnetic field intensity, is in resonance with the microwave frequency. 

 

  

The magnetic moment of the unpaired electron is sensitive to the orientation of 

any nearby magnetic dipole. The existence of a magnetic dipole, either electronic or 

nuclear, can cause splitting of the resonance and is referred to as hyperfine splitting.  

Much like for the electron spin angular momentum, the nuclear spin angular momentum 

(Î) has (2I + 1) number of allowed energy states. Figure 1.14 illustrates the effect of a 

nearby nuclear spin (I = ½) on the EPR spectrum for an unpaired electron (S = ½). The 

field experienced by an unpaired electron is the sum of the external, applied magnetic 

field (Bapp) and the nuclear spin magnetic field (Bloc): Bloc = Bapp + a1mI1 + a2mI2 + ... 

anmIn, in which a is the hyperfine splitting constant and mI is the quantum number for the 

z component of the nuclear spin angular momentum. There are two types of hyperfine 

splitting interactions: isotropic and anisotropic. Isotropic hyperfine splitting is orientation 

independent; anisotropic hyperfine splitting is dependent on the orientation of the 

external magnetic field with respect to the molecular axis of the radical. The hyperfine 
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coupling values obtained from X-band and high-frequency EPR spectroscopies provide 

valuable information concerning the spin density delocalization and structural details of 

the environment surrounding the radical. 

 

 

Figure 1.14. Diagram of electron energy levels in applied magnetic field (B) and 

corresponding expected EPR lines (bottom). Right: Hyperfine splitting of energy levels 

induced by nucleus of I = ½ (e.g. hydrogen atom). a is the hyperfine splitting constant for 

a particular nuclear spin. The dashed gray line (bottom, right) is the expected absorbance 

line if a = 0. The red arrow illustrates the situation when the splitting of the energy levels, 

induced by the applied magnetic field intensity, is in resonance with the microwave 

frequency. 

 

 

For example, the EPR signal of Y122• in Figure 1.15II is centered at g ~ 2.0047
234

 

similar to that of a light generated crystalline tyrosyl radical (Figure 1.15I),
235

 but 

exhibits a lineshape difference.
20

 The spin distribution is delocalized at the phenolic 

oxygen and the 1΄, 3΄, and 5΄ carbons of the tyrosyl radical ring,
236

 similar to tyrosyl 

radicals in model tyrosinate powders.
233, 23

 The differences between the model tyrosyl 

radical and Y122 EPR lineshape are attributed to the stressed angle (~30°)
237

 of the 
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phenyl ring relative to the -methylene protons. The spin delocalized on the 1΄-carbon 

interacts with the -methylene protons in an angular dependence
238

 and results in the 

hyperfine splitting of tyrosyl radical EPR signals. , -{
2
H}-tyrosine labeling causes the 

collapse of the Y122• doublet to a singlet.
236

 The protons of the 3’ and 5’ carbons account 

for the remaining hyperfine splitting patterns.
130

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. X-band EPR spectra of the tyrosyl radicals from (I) photolysis-induced 

tyrosinate samples and from (II) Y122• in ribonucleotide reductase. B) Diagram of 

tyrosyl radical. C) Schematic view of tyrosyl radical along C1΄-C  bond. Figures B and C 

are adapted from reference 12. 

 

 

EPR spectroscopy has been an invaluable tool towards the structural study of 

ribonucleotide reductase. This technique has been applied to characterize the spin 

delocalization of Y122• in 2,
236

 to help develop the current proposed mechanism for 

nucleotide reduction using radical-trapping substrate analogs,
132,239,240

 and to elucidate the 

I. 

II. 

 

B. 

C. 

3΄ 

5΄ 
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mechanism of the 2 activation process.
241,242

  The structure of intermediate X, which is 

the intermediate proposed to be responsible for Y122 oxidation, has been studied 

extensively with EPR spectroscopy. Prior to the UV-Visible spectroscopy correlation for 

determining Y122•/ 2,
139

 EPR spectroscopy was used to first quantify the Y122• content 

in ribonucleotide reductase.
158

 EPR spectroscopy can be used to determine second order 

reduction kinetics for 2-Y122• electron scavengers,
243,244

 A high-field EPR study was 

among the first studies to characterize protein conformational changes linked with Y122 

oxidation. A ring rotation along the C -C  bond of Y122 was proposed.
153

   

 

 

1.7 Thesis Overview 

 In this thesis, conformational changes that accompany a PCET reaction and iron 

assembly have been identified in ribonucleotide reductase.  To monitor such structural 

changes, FT-IR and UV resonance Raman spectroscopies have been used.   

In Chapter 2, the mechanism of electron transfer involving tyrosine in synthesized 

pentapeptide (RSYTH, IYPIG, EYPIG, and RYPIG) model compounds was investigated.  

Structural changes at the amide bond were proposed from FT-IR spectroscopic data.  

These structural changes were shown to be dependent on the amino acid content of the 

peptide.  The results suggested that the composition of the primary sequence in proteins 

may influence the redox properties of amino acid radicals in biological systems. 

In Chapter 3, the role of the unique post-translational modified tyrosine-histidine 

cross-link in cytochrome c oxidase was studied in a synthesized model compound.  

Spectrophotometric titrations suggested that the cross-linked tyrosine residue plays a key 
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role in proton donation during O2 reduction.  EPR spectroscopic data suggest that the 

copper is not spin coupled to the light-generated phenoxyl radical.  Cryogenic FT-IR 

spectroscopy led to the unambiguous assignment of (CO) mode of the phenoxyl radical 

in both the ligand and Cu-complex models.  These data support that the cross-linked 

tyrosine residue may be oxidized at the CuB site in cytochrome c oxidase.   

Chapter 4 describes the development of the pump injection apparatus used in the 

FT-IR spectroscopic studies of ribonucleotide reductase 2.  

In Chapter 5, the reaction of the tyrosine radical-containing E. coli 2 protein 

with hydroxyurea, a well known Y122• reducing agent, was monitored.  Using the FT-IR 

pump system, structural changes were observed for the 2 and hydroxyurea reaction.  

The results suggested that the amide I region in the 2 FT-IR spectra corresponds to local 

structural changes linked to Y122• redox changes. 

In Chapter 6, the mechanism of Y122• reduction was investigated.  FT-IR spectra 

of 1-{
13

C}tyrosine-labeled β2 samples displayed loss of intensity at one of the amide I 

vibrational bands.  These results support that the conclusion that the 1700 – 1600 cm
-1

 

region exhibits local amide I structural changes.   

In Chapter 7, the assembly of the metal cluster in 2 was studied using UV 

resonance Raman spectroscopy.  The Apo- 2-minus-Met- 2 Raman data measured at pH 

7.6 were consistent with the protonation of histidine.  
15

N-histidine labeling studies 

supported these results.  Tyrosine and tryptophan structural changes, consistent with 

changes in hydrogen-bonding interactions and orientation, were also observed. 

Protonation of histidine explains the unusual clustering of charged groups in iron-free 2 

and provide further insight into the mechanism of PCET control during catalysis. 
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2.1 Abstract 

 Tyrosyl radicals are important in long-range electron transfer in several enzymes, 

but the protein environmental factors that control midpoint potential and electron-transfer 

rate are not well understood.  To develop a more detailed understanding of the effect of 

protein sequence on their photophysical properties, we have studied the spectroscopic 

properties of tyrosyl radicals at 85 K.  Tyrosyl radical was generated by UV-photolysis of 

pentapeptides in polycrystalline samples.  The sequence of the pentapeptides was chosen 

to mimic peptide sequences found in redox-active tyrosine containing enzymes, 

ribonucleotide reductase and photosystem II.  From EPR studies, we report that the EPR 

line shape of the tyrosyl radical depends on peptide amino acid content.  We also present 

the first evidence for a component of the tyrosyl radical EPR signal, which decays on the 

seconds time scale at 85 K.  We suggest that this transient results from a spontaneous, 

small conformational rearrangement in the radical.  From FT-IR studies, we show that 

amide I vibrational bands (1680 – 1620 cm
-1

) and peptide bond skeletal vibrations (1230 

– 1090 cm
-1

) are observed in the photolysis spectra of tyrosine-containing pentapeptides.  

From these data, we conclude that oxidation of the tyrosine aromatic ring perturbs the 

electronic structure of the peptide bond in tyrosine-containing oligopeptides.  We also 

report composition dependent alterations in these bands.  These results support the 

previous suggestion
1
 that spin delocalization can occur from the tyrosine aromatic ring 

into the peptide bond.  We hypothesize that these composition-dependent effects are 

mediated either by electrostatics or by changes in conformer preference in the peptides.  

Our findings suggest that primary structure influences the functional properties of redox-

active tyrosines in enzymes. 
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2.2 Introduction 

 The aromatic side chain of tyrosine can participate in long-distance electron-

transfer reactions in enzymes.  In many cases, these electron-transfer reactions are 

essential steps in the enzyme’s catalytic mechanism.  For example, one-electron 

oxidation/reduction of a tyrosine side chain occurs in prostaglandin H synthase,
2
 

galactose oxidase,
3
 ribonucleotide reductase (RNR)

4
 and photosystem II (PSII).

5,6
  While 

there have been previous model compound studies of tyrosyl and phenoxyl radical 

structure (see, for example, refs 1, 7-12, 13), the influence of peptide bond formation on 

the structure, function, and redox potential of the radical is not well understood.  

 EPR (electron paramagnetic resonance) studies have shown that the unpaired 

electron spin of the tyrosyl radical is primarily located on the aromatic ring, with 

maximum densities at the 1´, 3´ and 5´ positions.
1,11,12,14,15

 Similar spin density 

distributions have been reported for the Y122• and Y160• radicals in RNR and PSII.
4,11,16-

18
 

 However, it is clear that the protein environment of the tyrosine can control the 

function of the redox active amino acid.
19,20

  One mechanism of redox potential control is 

suggested by recent DFT (density functional theory) calculations on tyrosyl radical, 

which report that spin density delocalizes to the terminal groups of tyrosine.
1
  Of 

particular interest is the fact that the amount of spin density delocalization was predicted 

to be conformation-dependent.  This conformation dependence offers a method for 

midpoint potential control,
21,20

 because there is a correlation between increased spin 

delocalization and decreases in midpoint potential (reviewed in ref 22).  In previous DFT 

calculations, the amount of spin density on the amino nitrogen of tyrosyl radical was 
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predicted to be 0.016 in the Boltzmann averaged conformation.
1
  The predicted 

14
N 

hyperfine interaction is less than ~0.4 G for X-band EPR.  Thus, this amount of spin 

density delocalization is small and would not be detected by field-swept EPR techniques 

alone.
1
  Interestingly, a coupling, which was attributed to the amide nitrogen, was 

detected in previous ESEEM studies of a PSII tyrosyl radical.
23

  A possible, small amount 

of spin density delocalization in tyrosyl radical is thus easily reconcilable with previous 

conclusions that the sum of the spin density on the aromatic ring and the oxygen is close 

to one.
11,12,15

 

 While this predicted amount of spin density delocalization to terminal groups is 

small, it may be significant, particularly if it is sensitive to conformation or electrostatics.  

The significance could arise from control of midpoint potential, as discussed above, or 

from a directional control mechanism.
20

  Because it is difficult to detect a small hyperfine 

splitting with field swept EPR spectroscopy, we used Fourier transform infrared (FT-IR) 

spectroscopy to test this theoretical prediction.
1
  In this technique, UV photolysis pulses 

are applied to produce a tyrosyl radical, and FT-IR spectra are collected before and after 

illumination and are subtracted to construct a photolysis-induced difference spectrum.  

This spectrum is exquisitely sensitive to small changes in force constant.  DFT 

calculations predicted that spin density delocalization would upshift the frequency of the 

amino NH bending mode.
1,24

  Such an upshift was indeed detected in the photolysis FT-

IR spectrum of tyrosyl radical, and the vibrational band was shown to be 
15

N sensitive, as 

expected.
1
  In addition, when tyrosyl radical was generated by photolysis in some 

tyrosine-containing dipeptides, a contribution to the FT-IR spectrum from the amide I 

and II (peptide bond) vibrational bands was observed.
1
  Taken together, these results 
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suggest that spin density delocalization occurs in tyrosinate and tyrosine-containing 

dipeptides. 

 The question addressed in this paper is whether spin density delocalization can 

occur when tyrosyl radicals are formed in oligopeptides and, if so, whether this effect is 

sensitive to amino acid content.
1,25

  Accordingly, we report the results of EPR and FT-IR 

studies of tyrosyl radicals generated in pentapeptides.  The primary sequences of the 

pentapeptides used in our study were based on sequences containing redox-active 

tyrosine residues in two enzymes PS II and RNR (Figure 2.1).
26,27

 

 

 

 

Figure 2.1. Structure of pentapeptide RSYTH, which is the sequence surrounding the 

tyrosyl radical in the R2 subunit of Escherichia coli RNR.  The arrow shows the rotation 

of the aromatic ring along the C1´-C  bond. 
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2.3 Materials and Methods 

2.3.1 Materials 

 L-Tyrosine (denoted as Y in the figures), boric acid, sodium hydroxide, and 

hydrochloric acid were purchased from Sigma (St. Louis, MO).  Polyalanine (MW 1000-

5000) was purchased from MP Biomedicals, LLC (Aurora, OH).  The tyrosine-containing 

dipeptide IY and a control dipeptide, RE, were purchased from Bachem (King of Prussia, 

PA).  The tyrosine-containing pentapeptides, IYPIG, EYPIG, RYPIG, and RSYTH were 

purchased from Sigma-Genosys (The Woodlands, TX).  The pentapeptide samples were 

purified by the manufacturer on Discovery Bio Wide Pore C-18 column (mobile phase A, 

0.1% TFA/water; mobile phase B, 0.1% TFA/acetonitrile).  The purity of each sample 

was assessed from the chromatograms, monitored at 214 nm, and was reported in the 

range from 94 to 99% homogeneity.  The UV-visible absorption spectra of the samples 

were recorded at 100 M concentration in 1 cm quartz cuvettes on a Hitachi U-3000 

spectrophotometer (Figure 2.2).  As shown in Figure 2.2, the spectra of pentapeptides, 

tyrosinate, and the dipeptide, IY, were similar.  The extinction coefficients of these 

compounds at 266 nm (used as the excitation wavelength for generation of tyrosyl 

radicals) were also similar, with values between 890 and 1000 M
-1

 cm
-1

. 

 The sequences of pentapeptides were chosen to maximize the solubility of the 

synthesized peptides.  The pentapeptide, IYPIG, represents the sequence containing the 

redox-active tyrosine, Y160, in a cyanobacterial PSII D1 subunit (NCBI entry, 

NP_682634
26

).  Two other pentapeptides, EYPIG and RYPIG, are variants of the D1 

sequence, in which the amino terminal isoleucine has been replaced by a glutamic acid or 

an arginine.  This change in amino acid content should have the effect of modulating 
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peptide charge.  The Protparam-predicted isoelectric points are 4.0 for EYPIG, 5.5 for 

IYPIG, and 8.8 for RYPIG (http://us.expasy.org/tools/protparam.html).  The 

pentapeptide, RSYTH, shown in Figure 2.1, is based on the amino acid sequence 

containing the redox-active tyrosine, Y122, in the R2 subunit of Class I RNR from E. coli 

(NCBI entry, 1MXR_B
27

). 

 For EPR and FT-IR spectroscopic studies, the samples were dissolved in 10 mM 

borate-NaOH buffer, pH 11.00 ± 0.05.  The sample concentration was 100 mM for FT-IR 

spectroscopy (unless indicated otherwise), and 16 mM for EPR spectroscopy. 

 
 

Figure 2.2. Room temperature absorption spectra of tyrosinate, dipeptide IY, 

pentapeptides (relative to borate buffer) and borate buffer (relative to water) measured at 

1 cm path length.  The inset shows the spectral absorption at 266 nm wavelength, which 

is the wavelength used for photolysis.  

http://us.expasy.org/tools/protparam.html


 68 

2.3.2 NMR Spectroscopy 

NMR spectra of pentapeptides were recorded at room temperature on a Bruker 

DRX-500 NMR spectrometer operating at 500.13 MHz using a 5 mm probe equipped 

with Z gradients.  The water peak was suppressed using a standard Watergate sequence.  

The samples were suspended in 10 mM borate-NaOH buffer, pH 11, containing 10% 

(v/v) D2O (purchased from Cambridge Isotope Laboratories, Andover, MA).  The 

Shigemi (Allison Park, PA) sample tubes were susceptibility matched to D2O. 

 

2.3.3 EPR Spectroscopy 

EPR spectra were recorded in polycrystalline samples at 85 K on a Bruker EMX 

6/1 (Billerica, MA) X-band EPR spectrometer with ST-9605 cavity and a Dewar insert 

(Wilmad Glass, Buena, NJ).  The samples were placed into fused quartz sample tubes (3 

mm i.d.) and frozen to 85 K under a flow of cooled nitrogen gas inside of the Dewar.  A 

strong pitch EPR standard, g = 2.0028 ± 0.0002 (Bruker) was used for the cavity 

calibration and for calculation of the field offset.  After recording of a background EPR 

spectrum for each sample, the spectrometer was switched to a time sweep with magnetic 

field set to 3271.5 G, and trains of flashes were fired at 6.5 s intervals from a Surelite III 

Nd:YAG laser (Continuum, Santa Clara, CA; wavelength, 266 nm quadrupled output; 

flash energy, 115 mJ; pulse width, 7 ns).  The energy density incident at the EPR cavity 

was 234 mJ cm
-2

, and it was attenuated as necessary with a 44% transmittance beam 

splitter, with a concave lens, and by increasing the laser Q-switch delay.  The flash 

energy was measured with a Scientech (Boulder, CO) Vector S310 meter with a PHD50 

pyroelectric detector.  Another EPR spectrum was collected after completion of the flash 
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sequence, and the pre-illumination background was subtracted from this spectrum to 

present in Figure 2.2.  A photolysis spectrum of the borate buffer was then subtracted.  

The spectrometer settings were as follows: microwave frequency, 9.21 GHz; power, 200 

μW; modulation amplitude, 2 G; modulation frequency, 100 kHz; time constant, 81.92 

ms; conversion time, 81.92 ms; number of scans, 8.  Control experiments showed that 

there was no microwave power saturation under these conditions (data not shown).  In the 

time-sweep mode, data acquisition parameters were the same, except that the magnetic 

field was set to 3271.5 G, the time constant was changed to 2.56 ms, and the conversion 

time was changed to 40.96 ms.  Representative EPR spectra and kinetic traces are 

presented in the figures.  The variation in EPR amplitudes from experiment to experiment 

was in the 10–15% range. 

 

2.3.4 FT-IR Spectroscopy  

FT-IR spectra were recorded at 85 K on a Nicolet Magna 550 II spectrometer with 

a MCT-A detector (Nicolet, Madison, WI) in a rapid scan mode. 6 μL liquid samples 

were placed between a pair of CaF2 windows separated by a 6 μm spacer in a liquid 

nitrogen cryostat (R. G. Hansen & Associates, Santa Barbara, CA).  3062 interferograms 

were collected within 620 s at 4 cm
-1

 resolution and 2.53 cm s
-1

 mirror velocity.  Three 

hundred seconds after the start of data collection, the sample was illuminated by a train of 

five laser flashes from a Surelite I or III Nd:YAG laser (Continuum, Santa Clara, CA; 

wavelength, 266 nm quadrupled output; flash energy, 34 mJ; pulse width, 7 ns) at a 

frequency of 10 Hz.  The energy density incident at the IR sample was 58 mJ cm
-2

; where 

indicated it was attenuated with a 44% transmittance beam splitter, with a concave lens, 
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and by increasing the laser Q-switch delay.  Lower energy and fewer flashes were 

sufficient to saturate the signal compared to the EPR experiments.  This was due to the 

short (6 μm) path length of the FT-IR sample.  The set of interferograms was Fourier 

transformed in Omnic v.5.2 software (Nicolet, Madison, WI) using Happ-Genzel 

apodization, two levels of zero filling, and a Mertz phase correction.  Processed data were 

averaged in Igor Pro v. 5.03 (Wavemetrics, Lake Oswego, OR) to produce the single 

beam spectra before (T1) and after (T2) illumination.  Photolysis spectra, associated with 

the production of the radical (Figures 2.6 – 2.9) were calculated as A = –log(T2/T1).  

The photolysis spectrum (spline interpolated) of the borate buffer was interactively 

subtracted from the photolysis spectrum of each sample.  For some differential spectra 

acquired at low excitation energy density, a smooth polynomial-fitted baseline was also 

subtracted from the data.  The ground state absorption spectra (Figure 2.5) were 

calculated through ratio of the single beam spectrum (before photolysis) to an open beam 

background, which was recorded with no sample in the cryostat.  The borate buffer 

absorbance spectrum was then interactively subtracted.  All FT-IR data were obtained on 

three different samples and were averaged.  The peak positions were determined with the 

Igor Pro ―FindPeak‖ operation, which searches for a minimum or a maximum by 

analyzing the smoothed first and second derivatives of the waveforms. 
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2.4 Results and Discussion 

2.4.1 EPR Spectroscopy of the Tyrosyl Radical 

Tyrosyl radicals were generated by UV irradiation of polycrystalline samples at 

85 K and detected by EPR spectroscopy.  UV photolysis of an alkaline tyrosinate solution 

gave rise to an EPR signal (Figure 2.3, panel Ib) with an apparent g value of 2.0045 and a 

line shape similar to those previously reported for tyrosyl radical.
1,11,12

  This component 

of the radical signal was stable between 77 and 100 K (see next section for details).  The 

EPR line shape and the g value of the radical produced in the IY dipeptide (Figure 2.3, 

panel Ic) were similar to those observed in tyrosinate (Figure 2.3, panel Ib) and to data 

previously reported.
1
  Some perturbation of the EPR line shape was observed when Y and 

IY were compared to three pentapeptides, IYPIG (Figure 2.3, panel Id), EYPIG (Figure 

2.3, panel Ie) and RYPIG (Figure 2.3, panel If).  The EPR spectra of these three 

pentapeptides were similar.  However, the EPR spectrum of the R2-based pentapeptide, 

RSYTH (Figure 2.3, panel Ig) was distinct from the PSII-based peptides and was more 

similar to the spectrum generated in tyrosinate (Figure 2.3, panel Ib) or in the dipeptide 

IY (Figure 2.3, panel Ic).  The g values of all tyrosine-containing samples were 

indistinguishable (range: 2.0042 – 2.0045), given the precision of the X-band 

spectrometer, which was calibrated with a strong pitch EPR standard. 
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Figure 2.3. Panel I: 85 K EPR spectra of tyrosyl radicals generated by UV photolysis of 

tyrosinate Y (b), an isoleucine-tyrosine IY dipeptide (c), and the pentapeptides IYPIG, 

EYPIG, RYPIG and RSYTH (d-g). The spectra are displayed with vertical offsets. The 

sample concentration was 16 mM. The photolysis spectrum of borate buffer (a) was 

subtracted from all presented spectra (b-g). The vertical line indicates the peak position at 

3271.5 G at which the kinetics (see panel II) were monitored. Panel II: Initial time course 

of the EPR amplitude at 3271.5 G upon multiple flash excitations. The traces are 

displayed with vertical and horizontal offsets. 
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We conclude that a tyrosyl radical is generated in all the pentapeptide compounds.  

However, the spectra reveal small differences, when the R2- and PSII-based peptides are 

compared.  The EPR line shape results from hyperfine coupling of the unpaired electron 

with the 3´ and 5´ ring protons and with the -protons of the methylene group.  The 

hyperfine interaction with the -protons depends on the dihedral angle ( ) (Figure 2.1) 

and is thus sensitive to rotation at the C1-C  single bond.
11,13,28,29

  Recent DFT 

calculations
24

 on tyrosinate and tyrosyl radical have predicted that two conformers of 

tyrosinate are populated at room temperature, with ring dihedral angles of +168° 

(conformer A) and -69° (conformer B).  These conformers will be frozen in at low 

temperatures, where large scale conformational rearrangement is prevented.  On the other 

hand, there is only one conformer of tyrosyl radical populated at room temperature, 

conformer A with a ring dihedral angle of 165°.  For the radical, conformer B is predicted 

to be 2.5 kcal/mol higher in energy when compared to conformer A.
24

  Therefore, we 

predict that when photolysis is carried out at 85 K, the initial, populated radical states 

have ring dihedral angles that are representative of the tyrosinate ground state (+168 and -

69°).
24

  Note that the initially populated B conformational state is predicted to be unstable 

in the radical and should decay at higher temperatures.  These predictions are in good 

agreement with previous experimental results.
28,29

  Therefore, we hypothesize that the 

spectral differences observed in Figure 2.3, panel I, may be due to small composition-

dependent differences in the population of allowed tyrosyl radical conformers. 
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2.4.2 Stability of the Tyrosyl Radical at Cryogenic Temperatures 

Tyrosyl radical generated by UV illumination at room temperature has a lifetime 

of 77 s.
30

  To estimate the radical stability at 85 K, the amplitude of the EPR signal was 

monitored at a single field position (3271.5 G, shown in Figure 2.3, panel I, by the 

vertical line).  Following a laser flash, the EPR amplitude reached a maximum within a 

time period shorter than conversion time (40.96 ms) of the spectrometer’s digitizer, and 

then decayed slightly on the seconds time scale to a steady-state level.  Each consecutive 

flash in the 50-flash sequence resulted in a smaller amplitude increment (Figure 2.3, 

panel II).  The interval between the flashes in this experiment was 6.5 s (to allow 

acquisition of 50 traces within the 8192-point acquisition limit of the spectrometer 

digitizer).  Neither the decay nor the stable component was observed in photolysis 

experiments on the borate buffer alone (Figure 2.3, panel Ia and IIa). 

The series of 50 kinetic segments was analyzed by a global exponential fit using 

Igor Pro, and the best fit resolved a decaying component, with a lifetime varying from 1 

to 2 s between the samples, and a stable (nondecaying) component.  The stable 

component has the EPR line shape shown in Figure 2.3, panel I.  The lifetime of the 

decaying component showed no apparent correlation with the sample type.  Also, the 

global fit residual plots indicate that the lifetime does not vary from flash to flash (data 

not shown).  Among the six compounds, the contribution of the minor decaying 

component to the overall amplitude varied from 13% to 22% for the 1st flash to 1% to 

6% for the 50th flash.  This corresponds to a 20 – 60% decrease in its absolute amplitude 

over the course of the multiple flash experiments.  The stable component was very stable 

at liquid nitrogen temperature as the photoinduced EPR signal, (Figure 2.3, panel I) 
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decreases only by 3 – 5% in its amplitude and does not change its line shape upon sample 

storage for 24 h at 77 K. 

To obtain a better resolution of the kinetic components, tyrosinate samples were 

illuminated with trains of five flashes with longer (50 s) intervals between the flashes 

(Figure 2.4, panel I).  Three different photon densities were employed in the 266 nm 

photolysis pulse.  Note that the spectral line width of tyrosyl radical was independent of 

photolysis photon density, given the difference in signal-to-noise ratio (data not shown).  

Because the light-exposed sample area was larger at the lowest energy (due to use of a 

concave lens), the signals were first normalized to the initial amplitude (derived from a 

two-exponential fit), and then all five traces were analyzed by global multiexponential 

fitting. 

Figure 2.4, panel I, shows the experimental data, the global fit curves, and the 

residuals of the fit.  By analyzing the residuals and the standard deviations, we found that 

the best fit to these data is provided by a two-exponential function with a stable 

(nondecaying) component.  In addition to the 1 – 2 s component found with the shorter 

interval between the flashes (Figure 2.3, panel II), a component with a lifetime of ca. 20 s 

was found in this analysis.  Figure 2.4, panel II, shows the dependence of amplitudes on a 

flash number for each of the energy densities.  

These data show that the fast decaying components are not caused by a 

photochemical or thermal artifact.  Should the fast component(s) result from such an 

artifact, one would expect a higher contribution at higher energies.  However, this is not 

the case, as seen from Figure 2.4, panel II.  The contribution of the fastest, 0.7 s 

component was similar at all excitation energies. 
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Figure 2.4. Panel I: Initial time course of the EPR amplitude at 3271.5 G upon multiple 

flash excitation of tyrosinate at three different energy densities. The sample concentration 

was 16 mM. The traces are displayed with vertical offsets, and the time scale of the first 

trace is horizontally expanded. Each signal is an average of data from three different 

samples and is normalized to its initial amplitude. Solid lines represent the global (two-

exponential and a stable component) fits, with the residuals represented on an expanded 

vertical scale at the top of the panel in matching colors (see Materials and Methods for 

details). Panel II: The flash number dependencies of the normalized amplitudes of the 

two decaying components and the stable component. These kinetic components were 

derived from global analysis of the EPR signal kinetics in tyrosinate samples. Data were 

acquired at 85 K. 
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We conclude that all three EPR kinetic phases arise from tyrosyl radical.  Because 

our DFT calculations
24

 and previous experimental work from other groups
28,29

 point to 

the existence of an unstable radical conformer (see above), we interpret the relaxing 

phases as slight, spontaneous conformational rearrangements in a small radical 

population.  To explain our results, these conformational rearrangements must slightly 

alter the EPR amplitude at the monitoring field and must be allowed at cryogenic 

temperatures.  

 

2.4.3 Ground-State FT-IR Spectra 

Figure 2.5 shows the ground state spectra of tyrosinate (a), an IY dipeptide (b), 

and the four pentapeptides (c-f).  The first two spectra are similar to previously reported 

spectra.
1
  The most prominent difference observed in the dipeptide is the presence of a 

strong absorption in the amide I region (1680 – 1620 cm
-1

), which overlaps with the OH 

bending band of water.
31

  In the pentapeptides (Figure 2.5, parts c-f), an amide I band is 

also observed, as expected.  The amide I band is assignable to the C=O stretching 

vibration of the peptide bond.  This band has been used to predict secondary structural 

content due to its sensitivity to hydrogen bonding.
32

  For pentapeptides, we expect that at 

room temperature there is no single, well-defined conformation, but rather that there 

exists an ensemble of structures, which interconvert rapidly.
33,34
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Figure 2.5. Ground-state FT-IR spectra of tyrosinate Y (a), the dipeptide IY (b) and the 

pentapeptides IYPIG (c), EYPIG (d), RYPIG (e), and RSYTH (f) at 85 K. The sample 

concentration was 100 mM. The data are displayed with vertical offsets. 
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When the amide I regions of the different pentapeptides are compared at 

cryogenic temperatures, the FT-IR absorption spectra (Figure 2.5, parts c-f) show only 

small frequency variations, which are probably caused by changes in relative amplitude 

in this region.  For example, all the spectra show two similar components between 1677 

and 1672 and 1644 – 1642 cm
-1

 (Figure 2.5, parts c-f).  Because no large frequency 

variations are observed, these FT-IR absorption data provide no evidence for large 

changes in the average, trapped cryogenic conformation as a function of amino acid 

content.  However, small changes in average conformation cannot be ruled out.  In 

addition, these data provide no evidence for intermolecular hydrogen bonding,
32

 which 

would occur if higher molecular weight oligomers were formed.  Note that the 

pentapeptide samples (Figure 2.5, parts c-f) also exhibit bands in the 1200 – 1050 cm
-1

 

region, which may be assigned to skeletal stretching vibrations of the peptide bond (see 

discussion below).
35,36

  As expected, these bands are not present in tyrosinate or in the IY 

dipeptide (Figure 2.5, parts a and b). 

 

2.4.3 Differential FT-IR Spectra 

Figure 2.6 shows the photolysis-induced difference spectra of tyrosinate (a), a 

dipeptide IY (b), and two pentapeptides, IYPIG (c) and RSYTH (d), which are based on 

the sequences of the redox-active tyrosine domains in PSII and RNR, respectively.  These 

spectra will reflect vibrational perturbations due to oxidation of tyrosinate to produce the 

radical.  Figure 2.7 compares the spectrum of IYPIG (a) with those of EYPIG (b) and 

RYPIG (c), which are variants of the PSII sequence in which the terminal isoleucine has 
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been replaced by a glutamic acid or an arginine.  This substitution will modulate the 

peptide charge.   

 

 
 

Figure 2.6. Photolysis-induced difference FT-IR spectra of Y (a), the dipeptide IY (b), 

and pentapeptides IYPIG (c) and RSYTH (d). Data were acquired at 85 K. The sample 

concentration was 100 mM in 
1
H2O. The photolysis spectrum of borate buffer (Figure 

2.7f) was subtracted from each spectrum. The spectra are displayed with vertical offsets. 

The shaded areas represent regions assigned to the peptide backbone. 
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The spectra of two control peptides, RE (d) and polyalanine (e), and of the borate 

buffer (f) are also shown in Figure 2.7 (parts d-f).  As expected, photolysis produces no 

vibrational bands in any of the borate, RE, or polyalanine samples, which do not contain 

tyrosine. 

Assignments of the differential absorbance bands observed in the tyrosine-

containing samples are based on correlations with previously published data
1,9,10,25,37-40 

 

and our recent density functional calculations of tyrosyl radical.
24

  Unique vibrational 

bands of tyrosinate (Figure 2.6a) are observed as negative spectral features.  Negative 

bands from tyrosinate are observed at 1605 – 1602 ( 8a/NH2 bend), 1502 – 1499 ( 19a), 

1266 – 1263 ( 7a´) and 1174 – 1172 ( 9a) cm
-1

.  To summarize, two symmetric ring 

stretching ( 8a, 19a) bands and the CO stretching ( 7a´) and CH bending ( 9a) vibrational 

modes are observed in the photolysis spectra of tyrosinate (Figure 2.6a).
1,30

  These bands 

are also observed in the dipeptide (Figure 2.6b) and all the pentapeptide samples (Figure 

2.6, parts c and d; Figure 2.7, parts a-c) at similar frequencies.  In the dipeptide and 

pentapeptides, oxidation also perturbs the frequency of a negative band at 1578 – 1575 

cm
-1

 (Figure 2.6, parts b-d).  This band may be assigned to a combination of the ring 8b 

stretching vibration, a carboxylate stretching mode, and an NH2 bending mode.
24

  The 

corresponding band is observed at 1550 cm
-1

 in the tyrosinate samples (Figure 2.6, a).
1,24

  

Oxidation of tyrosine is known to perturb the frequency of the CO stretching and ring 

stretching vibrations.
1,9,10

  Unique vibrational modes of the radical will be positive bands 

in the photolysis spectra.  A tyrosyl radical NH2 bending/CO2 stretching band
1,24

 

contributes to the spectrum at ~1640 cm
-1

; this band overlaps a positive contribution  

from the OH2 bending mode of the solvent.  The broad 8a stretching vibration of the 
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radical is observed at ~1560 – 1550 cm
-1

, where it also overlaps other spectral 

contributions.  A positive band at 1516 – 1514 cm
-1

 is observed in all samples and 

corresponds to 7a´ (the CO stretching) vibration of the radical.
1,24

  Observation of 

tyrosinate and tyrosyl radical bands in the photolysis-derived FT-IR spectrum confirms 

that a tyrosyl radical is generated in each sample, as expected from the EPR results 

presented in Figure 2.3, panel I.  The relative amplitudes of the ~1515 and ~1265 cm
-1

 

bands give a measure of radical yield under the FT-IR conditions. 

In our previous work, 
15

N sensitive bands in the photolysis spectrum of tyrosinate 

at 1647/1627/1603 cm
-1

 were assigned to NH2 bending modes.  The observation of these 

bands was attributed to a delocalization of spin to the amino group.
1
  In the photolysis 

spectrum of dipeptides, candidates for amide I (C=O stretch)
35

 and amide II (combination 

CN stretch, NH bend)
35

 bands were observed.  For example, in the dipeptide HY, 

derivative-shaped bands at 1628 (-)/1620 (+) and 1548 (+)/ 1531 (-) cm
-1

 were assigned 

to amide I (C=O stretching) and amide II (C-N stretching, NH bending) modes, 

respectively.
1
  In the dipeptide IY, a 1543 (+)/1531 (-) cm

-1
 shoulder was assigned to an 

amide II band and an inflection point at 1622 cm
-1

 was suggested to arise from an amide I 

band (see ref 1 and also Figure 2.6b).  Observation of amide I and II bands in dipeptides 

was attributed to spin delocalization to the amide bond.
1
  In dipeptides, there is no 

transition dipole coupling to complicate spectral interpretation, and the amide I band is 

observed at low frequency relative to the amide I band in polypeptides and proteins. 

As shown in Figures 2.6 and 2.7, all the pentapeptide spectra exhibit a ~1543 cm
-1

 

shoulder on the CO stretching band, which may be assignable to an amide II vibration.  In 

addition, all pentapeptides (Figures 2.6 and 2.7) display derivative-shaped bands in the 
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1680 – 1620 cm
-1

 polypeptide amide I region.
35

  These derivative-shaped bands have a 

negative component between 1684 and 1679 cm
-1

 and a positive component between 

1658 and 1648 cm
-1

.  This observation is consistent with a perturbation of the amide I 

force constant by oxidation of the aromatic ring.  Interestingly, in RSYTH, an additional 

1638 (-)/ 1615 (+) cm
-1

 band (Figure 2.6, d) is also observed in the amide I region.  This 

is an indicator of composition-specific interactions between the tyrosyl radical and the 

amide bond. 

All pentapeptides also exhibit derivative-shaped bands in the photolysis spectra in 

the 1230 – 1090 cm
-1

 region (Figure 2.6, parts c and d; Figure 2.7, parts a-c), which are 

not present in the tyrosinate and in the dipeptide.  These bands of the photolysis spectra 

result from perturbation of three spectral bands in the ground-state spectra at 1207 – 

1206, 1194 – 1192, and 1144 – 1141 cm
-1

 (Figure 2.5, parts c-f).  In the pentapeptides, 

these bands overlap the 1173 – 1172 cm
-1

 band (CH bending 9a), which are also present 

in spectra of tyrosinate and the dipeptide IY.  In the photolysis spectrum of IYPIG 

(Figure 2.6c), the 1204/1193 cm
-1

 pair shifts down to 1180/1165 cm
-1

 and the 1143 band 

shifts to 1119 cm
-1

.  In the photolysis spectrum of RSYTH (Figure 2.6d), the 1209/1198 

cm
-1

 pair shifts to 1179/1165 cm
-1

 and the 1139 band shifts to 1119 cm
-1

.   
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Figure 2.7. Photolysis-induced difference FT-IR spectra of IYPIG (a), EYPIG (b) and 

RYPIG (c), two control peptides, RE (d) and polyalanine (e), and borate buffer (f). The 

sample concentration was 100 mM, except for polyalanine, where the concentration was 

estimated as ~15–75 mM, based on the molecular mass range provided by the 

manufacturer. The photolysis spectrum of borate buffer (f) was subtracted from each 

pentapeptide’s spectrum (a-c), but the control spectra (d-e) are presented without the 

buffer subtraction. Data were acquired at 85 K. The spectra are displayed with vertical 

offsets. The shaded areas represent regions assigned to the peptide backbone. 
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Assignments in this spectral region are complex.  In previous Raman and infrared 

studies, spectral bands in the 1200 – 1050 cm
-1

 were assigned to CH3 rocking vibrations, 

along with C–C and C–N backbone skeletal stretches.
35,41

  Other spectral contributions 

are also possible.  The higher frequency bands are similar in frequency to the calculated 

frequencies for the NC  and the C C  stretch in polyalanine, while the third band is close 

in its frequency to NC  and C C  stretching vibrations observed in polyglycine.
35

 A 1204 

cm
-1

 band in collagen was attributed either to amide III or CH2 wagging vibration.
42

  Note 

that the ground state spectrum of polyalanine has weak and relatively broad bands at 

1213 and 1190 cm
-1

 (not shown), which were not perturbed, as expected, in photolysis 

spectrum (Figure 2.7e). 

Taken together, these reports suggest that the 1230 – 1090 cm
-1

 region is 

associated with the vibrations of the peptide backbone.  To explain their appearance in 

the photolysis spectrum, we propose that oxidation of the aromatic ring alters the force 

constants of these normal modes, as well as the force constants of the amide I and II 

bands.  The frequencies of some of these bands do not exhibit marked composition 

dependency.  In EYPIG (Figure 2.7b), the bands are observed at 1207/1196 cm
-1

, 

1180/1164 cm
-1

 and 1145/1120 cm
-1

, while in RYPIG (Figure 2.7c) the bands are 

observed at 1207/1196, 1179/1165, and 1142/1123 cm
-1

.  However, we note the presence 

of a composition specific band at 1101 cm
-1

 in RYPIG (Figure 2.7c) and less prominent 

1099 cm
-1

 band in EYPIG (Figure 2.7b); these bands are not noticeable in the other 

pentapeptides.  Similar frequencies (1105 and 1108 cm
-1

) were reported in Raman and 

infrared spectra of polyalanine.
35
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The spectra in Figure 2.7b also provide evidence for perturbation of an amino acid 

side chain, adjacent to the redox-active tyrosine.  In the spectrum of EYPIG, a variant of 

the D1 sequence, in which the amino terminal isoleucine has been replaced by a glutamic 

acid to add extra negative charge, differential features at 1571 (+)/1552 (-) and 1438 

(+)/1429 (-) are observed (Figure 2.7b).  These unique bands are not present either in the 

IYPIG pentapeptide based on the original D1 sequence or in the RYPIG peptide in which 

isoleucine has been replaced by arginine to add extra positive charge.  These frequencies 

are consistent with oxidation-induced perturbation of the asymmetric and symmetric 

stretching vibration of the adjacent carboxylic acid side chain.
43

 

 

2.4.4 Differential FT-IR Spectra of Pentapeptides in D2O 

 The photolysis-induced FT-IR difference spectra of pentapeptides dissolved in 

D2O are displayed in Figure 2.8. In all pentapeptide spectra in Figure 2.8, derivative 

shapes at 1710–1703 (+)/1677–1675 (-)/1654–1651 (+) cm
-1

 are observed, which are not 

present in the tyrosinate samples (Figure 2.8e). The intensity of the 7a´ mode for the 

tyrosyl radical in the spectra in Figure 2.8a–e is lower in D2O media compared to H2O. 

The observed 1628 (-)/1612 (+) cm
-1

 derivative-shaped peak in RSYTH peptide further 

supports the proposal of composition-specific interactions with the tyrosyl radical. 
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Figure 2.8. Photolysis-induced difference FT-IR spectra of EYPIG (a), RYPIG (b), 

IYPIG (c), RSYTH (d), and Y (e). The sample concentrations were 50 mM in 5 mM Na-

borate, pD 11.0. Data were acquired at 79 K. The spectra are displayed with vertical 

offsets. The spectra are averages of 3 sets of different samples.  
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2.4.5 Photolysis Spectra Observed at Lower Photon Densities and at Lower Sample 

Concentrations 

To rule out the possibility that bands in the photolysis spectra are due to multi 

photon processes, secondary products, and sample decomposition, we report FT-IR 

photolysis spectra of tyrosinate and two pentapeptides at excitation energy densities
8,25

 

times lower than used in the FT-IR experiments described above.  As seen from Figure 

2.9, panel I, the spectra collected at the two different energy densities consist of the same 

set of differential bands, although the signal-to-noise ratio is lower in the case of low 

excitation energy.  At lower signal-to-noise, a background contribution from the ground-

state absorption spectrum becomes more obvious.  This background contribution 

resembles a roll in the differential spectrum baseline.  Importantly, the sets of spectral 

features in the amide I region and in 1230 – 1090 cm
-1

 region are well resolved in both 

IYPIG (Figure 2.9b) and RSYTH (Figure 2.9c) at significantly lower energy densities. 
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Figure 2.9. Panel I: Photolysis-induced difference FT-IR spectra of tyrosinate Y (a, solid 

line), IYPIG (b, solid line) and RSYTH (c, solid line) with lower photon density (8 mJ 

cm
-2

) in the photolysis pulse. The dotted lines show the spectra of the corresponding 

pentapeptides, acquired with the standard excitation energy (58 mJ cm
-2

). Panel II: 

Photolysis-induced difference FT-IR spectra of IYPIG (a, solid line) and RSYTH (b, 

solid line) at a concentration of 10 mM. Dotted lines represent the spectra of the 

corresponding pentapeptides at 100 mM on an arbitrary scale for presentation purposes. 

See Figure 2.6 for correct scale. Data were acquired at 85 K. The spectra are displayed 

with vertical offsets. 
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To verify whether any of the observed differential spectral features could be 

related to aggregation of the pentapeptides at a concentration of 100 mM, differential FT-

IR spectra of two pentapeptides, IYPIG and RSYTH, were also acquired at 10 mM 

(Figure 2.9, panel II).  The observed similarity of the 10 and 100 mM photolysis spectra 

(except for the difference in signal-to-noise) indicates that the differential bands do not 

arise from artifacts due to molecular aggregation.  Another independent verification that 

aggregation does not occur in these peptides under these conditions (borate buffer, pH 

11) is the one dimensional NMR spectrum, which is sensitive to oligomeric state.
44

  

Figure 2.10 shows 
1
H NMR spectra of two pentapeptides, IYPIG (a, b) and RSYTH (c, d) 

at 10 and 100 mM concentrations.  The common features of these spectra include peaks 

in the 6.5 – 7.0 ppm range, which can be ascribed to aromatic ring protons, and sets of 

peaks at 4.2 ppm ( -proton) and at 2.7 ppm ( -protons).
45

  The unique peak at ~7.5 ppm 

in RSYTH can be ascribed to ring protons of histidine residue, and unique features in the 

0.7 – 0 .9 ppm range in IYPIG can be ascribed to the -protons in isoleucine.
45

  Most 

importantly, the observed 
1
H NMR peak line widths for the two pentapeptides, IYPIG 

and RSYTH are indistinguishable at 10 and 100 mM concentrations, and therefore there 

is no evidence of the line broadening associated with peptide oligomerization.  These 

NMR results support conclusions reached from our analysis of the ground state FT-IR 

spectrum (see discussion earlier). 
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Figure 2.10. Room temperature 
1
H NMR spectra of 10 mM IYPIG (a), 100 mM IYPIG 

(b), 10 mM RSYTH (c), and 100 mM RSYTH (d). The spectra are displayed with vertical 

offsets. 

 

 

2.5 Conclusions 

In this paper, we report several novel findings concerning the photophysical 

properties of tyrosyl radicals in peptides.  First, we find that the EPR line shape of the 

radical depends on peptide amino acid content.  Second, we present evidence for a 

decaying component of the EPR signal of tyrosyl radical.  We assign this transient to a 

spontaneous, small structural rearrangement in the radical.  Third, we show that amide I 

vibrational modes and peptide bond skeletal stretch bands are observed in the photolysis 

spectra of tyrosine-containing pentapeptides.  From these data, we conclude that 

oxidation of the tyrosine aromatic ring perturbs the electronic structure of the peptide 

bond in tyrosine-containing oligopeptides.  Fourth, we report composition-dependent 
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alterations in these bands, suggesting that the perturbative mechanism depends either on 

conformation or electrostatics. 

We interpret the perturbative mechanism to be spin density delocalization to the 

amide group, in agreement with previous DFT calculations.
1,20,21

  Other possible 

mechanisms for this perturbation can be considered.  One possibility is that an 

intermolecular interaction between the pentapeptides perturbs the amide bond.  However, 

such an interpretation is not supported by the finding that the photolysis spectra, acquired 

at 10 and 100 mM, are similar.  It is also not supported by the NMR spectra, reported 

here and recorded at these two concentrations.  A second possibility is that there is an 

intramolecular change in hydrogen bonding, which is induced by photolysis, and that this 

hydrogen bonding involves the peptide bond.  However, a direct interaction between the 

tyrosyl radical and the peptide nitrogen is very unlikely, due to steric constraints.  A third 

possibility is that conformational rearrangement or changes in solvation may underlie the 

observed perturbation.  These possibilities cannot be excluded, but because the 

experiments were conducted at cryogenic temperatures, these changes must be subtle, if 

they occur.  Note that a solvation shell perturbation upon tyrosinate oxidation has been 

previously reported.
1
  Our work suggests that primary structure has an impact on the 

structure and function of redox-active tyrosine residues.  Secondary and tertiary structural 

interactions are also expected to influence reactivity; in future work, the impact of these 

additional control mechanisms on tyrosyl radicals will be explored. 
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3.1 Abstract 

 Heme-copper oxidases have a crucial role in the energy transduction mechanism, 

catalyzing the reduction of dioxygen to water.  The reduction of dioxygen takes place at 

the binuclear center, which contains heme a3 and CuB.  The X-ray crystal structures have 

revealed that the C6′ of tyrosine 244 (bovine heart numbering) is cross-linked to a 

nitrogen of histidine 240, a ligand to CuB.  The role of the cross-linked tyrosine at the 

active site still remains unclear.  In order to provide insight into the function of the cross-

linked tyrosine, we have investigated the spectroscopic and electrochemical properties of 

chemical analogues of the CuB–His–Tyr site.  The analogues, a tridentate histidine–

phenol cross-linked ether ligand and the corresponding Cu-containing complex, were 

previously synthesized in our laboratory.
1
  Spectrophotometric titrations of the ligand and 

the Cu-complex indicate a pKA of the phenolic proton of 8.8 and 7.7, respectively.  These 

results are consistent with the cross-linked tyrosine playing a proton delivery role at the 

cytochrome c oxidase active site.  The presence of the phenoxyl radical was investigated 

at low temperature using electron paramagnetic resonance (EPR) and Fourier transform 

infrared (FT-IR) difference spectroscopy.  UV photolysis of the ligand, without bound 

copper, generated a narrow g = 2.0047 signal, attributed to the phenoxyl radial.  EPR 

spectra recorded before and after UV photolysis of the Cu-complex showed a g = 2 signal 

characteristic of oxidized copper, suggesting that the copper is not spin-coupled to the 

phenoxyl radical.  An EPR signal from the phenoxyl radical was not observed in the Cu-

complex, either due to spin relaxation of the two unpaired electrons or to masking of the 

narrow phenoxyl radical signal by the strong copper contribution.  Stable isotope (
13

C) 

labeling of the phenol ring (C1′) Cu-complex, combined with photoinduced difference 

FT-IR spectroscopy, revealed bands at 1485 and 1483 cm
-1

 in the 
12

C-minus-
13

C-isotope-

edited spectra of the ligand and Cu-complex, respectively.  These bands are attributed to 

the radical 7a stretching frequency and are shifted to 1468 and 1472 cm
-1

, respectively, 

with 
13

C1′ labeling.  These results show that a radical is generated in both the ligand and 
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the Cu-complex and support the unambiguous assignment of a vibrational band to the 

phenoxyl radical 7a stretching mode.  These data are discussed with respect to a possible 

role of the cross-linked tyrosine radical in cytochrome c oxidase. 

 

 

3.2 Introduction 

Cytochrome c oxidase (CcO), the terminal enzyme in the respiratory electron 

transfer chain, plays a crucial role in energy transduction through the catalytic reduction 

of molecular oxygen to water.
2
  This reaction drives the translocation of four protons 

across the inner mitochondrial or bacterial plasma membrane and generates the 

electrochemical proton gradient necessary for ATP synthesis.
3
  The reduction of O2 to 

water takes place at the heme a3/CuB binuclear site while avoiding the release of harmful, 

reactive oxygen species.  The enzyme contains two additional redox centers, heme a and 

CuA.  X-ray crystallographic studies on a variety of CcO enzymes
4-6

 and protein chemical 

analysis
7
 have identified a unique covalent cross-link between C5' of tyrosine 244 

(bovine heart numbering) and the -nitrogen of histidine 240, a ligand to CuB.  Mutational 

studies have revealed that this highly conserved, modified tyrosine is required for CcO 

enzymatic activity, although its specific biological function is under debate.
8,9

 

In the catalytic mechanism of O2 reduction, scission of the O-O bond forms a so-

called P intermediate with the heme a3 iron in an oxyferryl state (Fea3
4+

=O
2-

).
10-12

  The 

heme a3 iron and CuB donate three of the four electrons required for the bond breakage.   

Under mixed-valence conditions, in which heme a3 and CuB are reduced and heme a and 

CuA are oxidized, the origin of the fourth electron is still unknown.  It has been proposed 

that due to its local proximity to the active site and its terminal location in the proton K-
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channel, the cross-linked tyrosine may act as an electron
13-17

 and proton donor to 

O2.
11,18,19

  

Several infrared (IR) spectroscopic studies of cytochrome c oxidase from 

Rhodobacter sphaeroides,
16

 Paracoccus denitrificans
20-23

 and bovine heart
21,24,25

 have 

been carried out, but definitive assignment of spectral contributions from the tyrosine-

histidine radical has been problematic.  A previous EPR study on CcO incubated with 

H2O2
26

 attributed a g = 2 signal to the cross-linked tyrosine.  However, subsequent work 

showed that this signal may arise from a tryptophan cation radical
25,27-29

 or another, 

unmodified tyrosyl radical.
17,30,31

  Budiman et al. have proposed a radical migration 

pathway
31

 from the tyrosine-histidine radical to tyrosine 129 (bovine heart numbering).  

These results suggest that the cross-linked tyrosine may play a role in O2 

reduction to water.  To define its functional significance, several groups have synthesized 

and studied model compounds, which mimic the tyrosine-histidine cross-link
1,32-38 

or the 

heme a3/CuB binuclear site.
39-44

  In a recent study, a functional CcO model was used to 

support the idea that the cross-linked tyrosine is essential for the catalytic reduction of O2 

under steady-state conditions.
45

  Although these studies have afforded a better 

understanding of some of the physicochemical properties of the cross-link, little is known 

about the electronic structure of the Cu-coordinated tyrosine-histidine moiety.  

Nagano and coworkers were the first to present vibrational assignments for a 

light-induced phenoxyl radical of a tyrosine-histidine-CuB model complex using 

resonance Raman spectroscopy.
37,46

  Recently, we reported the synthesis and structural 

characterization of two analogs of the active site of cytochrome c oxidase, a tridentate 

cross-linked histidine-phenol ligand and its corresponding Cu-complex.
1
  Using 
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spectrophotometric titrations, we showed that the acidity of the phenolic proton of the 

ligand is lower when compared to p-cresol.  Subsequent Cu-coordination produced an 

additional decrease in pKA, which is consistent with the proposed proton delivery role of 

the cross-linked tyrosine.  In contrast to the ligand, the phenoxyl radical was not detected 

in the time-resolved optical absorption spectra recorded at room temperature of the 

copper-containing compound.
1
 

In this study, we use stable isotopes to show that a phenoxyl radical is generated 

in a copper-containing histidine-phenol cross-linked model compound and assign 

vibrational bands to the radical and singlet forms.  

 

 

3.3 Materials and Methods 

3.3.1 Materials 

L-Tyrosine, Tris(hydroxymethyl)aminomethane hydrochloride, acetonitrile, 

sodium hydroxide, and hydrochloric acid were purchased from Sigma (St. Louis, MO).  

13
C4′-Tyrosine (98–99 %) was obtained from Cambridge Isotope Laboratories (Andover, 

MA).  

 

3.3.2 Synthesis 

Synthesis of the unlabeled ligand 1 and copper complex 2 have already been 

described.
1
  Whereas our previous synthesis relied on commercial 2-bromophenol as the 

starting material, preparation of the 
13

C-labeled ligand 3 necessitated the use of 1-
13

C-
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phenol (99% 
13

C) as the starting material and required development of an alternative 

route to the key aryllead(IV) reagent. 

N

OH

CH2OMe

N

N

NMe

Cu
*C

N

OH

CH2OMe

N

N

NMe

*C

1  * = natural abundance 

3  * = 13C enriched

2  * = natural abundance 

4  * = 13C enriched

 

Phenol in the presence of bromine and acetic acid yields, not unexpectedly, 

predominantly p-brominated material.  Consequently, our attention was turned to directed 

ortho-metalation (DoM)
47

 for specific C-2 activation.  Considerable precedent exists in 

the literature for utilizing MOM protection as a directing group for o-metalation of 

phenolic compounds.
48,49

  Protection of the 
13

C-phenol to provide 5 proceeded smoothly.  

However, extensive experimentation was necessary to identify a sufficiently selective and 

efficient method for the o-metalation.  Success was achieved with t-BuLi in Et2O at low 

temperature to yield trimethylstannane derivative 6 in 85% yield.  Transmetalation of 6 

afforded the desired aryllead(IV) reagent 7. 

e 

d 9  R1 = MOM, R2 = Z 

10  R1 = MOM, R2 = CH2C5H4N 

3  R1 = H, R2 = CH2C5H4N  

H
N N

MeO
NMeZ

a) t-BuLi, ClSnMe3, -25 °C, 90%; b) Pb(OAc)4, cat. Hg(O2CCF3)2, 86%; 

c) cat. Cu(OAc)2, 68%; d) 1) cyclohexadiene, Pd/C, 99%,  

2) picolyl carboxaldehyde, Na(OAc)3BH, 66%; e) HCl(g), then NaOH, 83%

OMOM

RC
13

NN

OR
1

NMeR
2MeO

C
13

5  R = H 

6  R = SnMe3 

7  R = Pb(OAc)3

+
c 

b 

a 
8
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The synthesis of the 
13

C-labeled ligand 3 proceeded in an identical fashion to the 

synthesis of the non-labeled ligand 1.
1
  Aryllead reagent 7 was coupled to previously 

synthesized Z-protected N-methyl histidinol methyl ether (8) to afford 9.  Removal of the 

Cbz protection group and reductive amination installed the pyridine residue, yielding 10.  

Finally, MOM-deprotection gave the 
13

C-labeled ligand 3 in an overall yield of 29% from 

5.  Addition of copper to ligand 3 under identical conditions as for the non-labeled ligand 

1
1
 afforded a dark blue solution that yielded needles (4) suitable for single crystal X-ray 

analysis and biophysical studies.  The 
12

C-ligand (1) and the Cu-complex (2) will 

hereafter be referred to as the ―ligand‖ and the ―Cu-complex‖; the corresponding 

isotopically labeled compounds will be referred to as the 
13

C-labeled ligand and Cu-

complex.  

 

3.3.3 Spectrophotometric Titrations 

The pKA values of the 
13

C-labeled ligand and the corresponding Cu-complex were 

determined from the UV-visible spectra recorded on a Hewlett-Packard (8452) diode 

array spectrophotometer over the pH ranges 3.3–9.2 and 4.9–8.7, respectively.  The 

values were compared to those obtained for the corresponding unlabeled compounds.
1
  

Due to limited solubility, the 
13

C-labeled ligand and the Cu-complex were dissolved in 

80% aqueous/20% acetonitrile mixtures in the presence of 0.1 M KCl.  The spectra were 

analyzed by singular value decomposition (SVD) and global pKA fitting as previously 

described
35

 to determine the pKA values and the intermediate spectra.   
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3.3.4 Electrochemical Titrations 

Electrochemical experiments were carried out with a CH Instrument 440 

electrochemical workstation at room temperature using a glassy carbon working 

electrode, Ag/AgCl (saturated with 0.1 M KCl) reference electrode and a platinum wire 

counter electrode.
50

  The experiments were carried out in the presence of 10 mM Na-

phosphate, pH 7.0 (0.2 M KCl). 

 

3.3.5 EPR Spectroscopy 

 EPR spectra on samples in fused quartz sample tubes were recorded at 100 K on a 

Bruker (Billerica, MA) EMX 6/1 X-band EPR spectrometer, equipped with a ST-9605 

cavity and a Wilmad (Buena, NJ) liquid nitrogen dewar.
35,51

  The unlabeled ligand and 

Cu-complex were prepared as 50 mM solutions in 35% acetonitrile/65% 10 mM Tris-

HCl, pH 8.5 (ligand) or in 20% acetonitrile/80% 10 mM Tris-HCl, pH 6.2 (Cu-complex).   

Tyrosinate samples (50 mM) were prepared in 10 mM Tris-HCl, pH 11.0.  The Cu-

complex was unstable at high pH values, and limited solubility precluded the 

examination of 50 mM tyrosine and ligand solutions at pH 6.2.  These high 

concentrations were necessary for comparison to the Fourier transform infrared (FT-IR) 

experiments. 

Tyrosyl or phenoxyl radicals were generated by photolysis with the 266 nm 

output from a Surelite III Nd:YAG laser  (Continuum, Santa Clara, CA).  The pulse 

energy was 70–80 mJ at a frequency of 10 Hz, and 50 flashes were employed.  The 

spectrometer conditions were as follows: microwave frequency, 9.21 GHz; microwave 

power, 200 W; modulation frequency, 100 kHz; modulation amplitude, 3 G; time 
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constant, 2.6 s; conversion time, 1.3 s.  Microwave power dependence experiments 

(Figure 3.3) showed that there was no saturation of the signals from any of the samples 

under these conditions.  The final photolysis-induced EPR spectrum was generated by 

subtracting background signals observed before photolysis using the Igor Pro v. 5.03 

(Wavemetrics, Lake Oswego, OR) software. 

 

3.3.6 FT-IR Spectroscopy 

 FT-IR spectra were obtained with a Nicolet Magna 550 II spectrometer, equipped 

with an MCT-A detector (Nicolet, Madison, WI).  Samples were sandwiched between 

two CaF2 windows, partitioned by a 6 m spacer, and cooled to 79 K using a Hansen 

(R.G. Hansen & Associates, Santa Barbara, CA) liquid nitrogen cryostat prior to data 

collection.  Sample conditions and preparations were similar to those described above for 

the EPR experiments, with the tyrosinate samples prepared at pH 11, and the ligand and 

Cu-complex at pH 8.5 and 6.2, respectively.  Data were recorded before and after 

photolysis for 120 s at 4 cm
-1

 resolution and with a 2.5 cm s
-1

 mirror velocity.  After 2 

minutes of data collection, the samples were illuminated with 5 (tyrosinate and the 
12

C- 

and 
13

C-labeled ligands) or 50 (
12

C- and 
13

C-labeled Cu-complexes, buffer blank) 266 nm 

laser flashes using a Surelite III Nd:YAG laser (Continuum, Santa Clara, CA) with pulse 

energies of 70 – 80 mJ  (at 10 Hz).  The data were processed using Omnic v. 5.2 software 

(Nicolet, Madison, WI), a Happ-Genzel apodization function, two levels of zero filling, 

and a Mertz phase correction.  FT-IR absorption spectra and FT-IR light-minus-dark 

difference spectra were generated in Igor Pro v. 5.03 as previously described.
52

  To 

construct the absorption spectrum, the single beam spectrum was ratioed to an open beam 
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background, the absorbance was calculated, and the appropriate buffer blank interactively 

subtracted from the data. 

 

 

3.4 Results 

3.4.1 Structure of the Cu-complex 

The structure of the 
13

C-labeled Cu-tridentate ether complex was determined by 

single crystal X-ray analysis (Figure 3.1).  As mentioned above, an alternative route 

toward synthesizing the aryllead(IV) reagent had to be developed because of the 

necessity to use different starting materials for the 
12

C-complex (2-bromophenol) and the 

13
C-labeled ligand (1-

13
C-phenol).  There are four molecules of the complex and 

associated perchlorate anion in the unit cell of the primitive, acentric, orthorhombic space 

group P212121.  The copper atom is coordinated in a square-planar geometry by three 

nitrogens of the ligand and a chlorine atom.  The equatorial chloride forms a weak bond 

to copper in the adjacent monomeric unit (Cu–Cl:  2.76 Å).  An analysis of the bond 

distances and angles about the C1', which was substituted with 
13

C, reveals that the 

structure is within experimental error identical to our previously characterized 
12

C-

analogue.
1
  The very slight variations observed in the derived parameters (bond distances 

and angles) are due to statistical variation (Table 3.1).   
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Figure 3.1. X-ray crystal structure of the 
13

C-labled Cu-complex. 

 

Table 3.1. Comparison of Bond Length and Angles at C1´ 

 

C
13 

 

     

 

O(1)—C(1) 
 

1.355(5) 
 

C(1)—C(2) 
 

1.398(6) 
 

C(1)—C(6) 
 

1.394(5) 

O(1)—C(1)—C(6) 118.9(3) O(1)—C(1)—C(2) 122.6(4) C(6)—C(1)—C(2) 118.5(4) 

 

C
12 

 

     

 

O(1)—C(1) 
 

1.358(3) 
 

C(1)—C(2) 
 

1.395(4) 
 

C(1)—C(6) 
 

1.403(4) 

O(1)—C(1)—C(6) 118.7(2) O(1)—C(1)—C(2) 122.7(2) C(6)—C(1)—C(2) 118.7(2) 
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3.4.2 Spectrophotometric titrations 

SVD and global pKA fitting of the UV-visible spectra recorded for the 
13

C-labeled 

ligand over a wide pH range revealed three pKA values, 4.5, 7.4, and 8.8, which are 

attributed to the pyridine, imidazole, and phenol, respectively.  These are identical within 

experimental error to our previously observed pKA values for the unlabeled ligand.
1
  A 

single pKA of 7.7 was observed for the 
13

C-labeled Cu-complex, which is consistent with 

a pKA of 7.8 observed for the 
12

C- analogue.
1
  

 

3.4.3 Electrochemical Titrations 

Cyclic voltammetry studies were performed on tyrosine, the natural abundance 

ligand, and the Cu-complex to access the effect of the cross-link and Cu
2+ 

on the redox 

properties of the phenolate/phenoxyl radical couple.  Parts A, B, and C of Figure 3.2 

show the cyclic voltammograms for the tyrosine, ligand, and Cu-complex, respectively.  

The cyclic voltammetry showed irreversible behavior, with anodic redox potentials of 

0.67, 0.78 and 0.73 eV, respectively (950, 1060, and 1010 mV versus NHE electrode), 

attributed to the oxidation of tyrosine or phenol to the corresponding radicals in tyrosine, 

the ligand and the Cu-complex, respectively.  A peak with a redox potential of 0.42 eV in 

the Cu-complex is assigned to the Cu(II)/Cu(I) couple; this peak is absent in the ligand. 
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Figure 3.2. Cyclic voltammograms of the natural abundance tyrosine (A), ligand (B), and 

Cu-complex (C). The electrochemical experiments were carried out with a CH Instrument 

440 electrochemical workstation at room temperature using a glassy carbon working 

electrode, Ag/AgCl (saturated with 0.1 M KCl) reference electrode, and a platinum wire 

counter electrode.
50

 The experiments were carried out in the presence of 10 mM Na-

phosphate pH 7.0 (0.2 M KCl). 
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3.4.4 EPR Spectra 

Figure 3.4 depicts the photolysis-induced EPR spectra (after photolysis-minus-

before photolysis) derived from the natural abundance Cu-complex (panel A), ligand 

(panel B), and tyrosinate (panel C).  For comparison, a photolysis-induced blank, 

acquired on the 35% acetonitrile/65% 10 mM Tris-HCl, pH 8.5, buffer alone is shown in 

Figure 3.4D.  Figure 3.5 exhibits the EPR spectra of the ligand (panel A) and tyrosinate 

(panel B) on an expanded scale, displaying spectral line shapes.  The UV photolysis of 

tyrosinate at 100 K generated an EPR signal (Figure 3.4C and 3.5B) similar to the 

previously reported spectra,
53,54

 with a g value of 2.0044.  A previous EPR study of 

tyrosinate demonstrated that upon oxidation, the spin density is located on the phenoxyl 

oxygen and carbons 1', 3', and 5' on the phenoxyl ring.
53

  In the tyrosyl radical, the 

spectrum is dominated by hyperfine couplings to the C1' and C3' hydrogens, as well as 

conformation-sensitive couplings to the beta-methylene hydrogens.
53

  At 1 mM 

concentrations, tyrosyl radicals exhibited a similar EPR lineshape at pH 5 and 11, 

although the signal intensity at pH 5 is ~50% of the amplitude observed at pH 11.
55

  In 

previous work, the change in signal intensity was attributed to the increase in midpoint 

potential of tyrosine at low pH values. 

Photolysis of the ligand also generated a stable EPR signal (Figure 3.5A) with a 

similar g value (2.0047) to the neutral tyrosyl radical.
51

  The EPR spectrum of the ligand 

is similar to the spectrum we previously reported for a related His-phenol cross-linked 

compound.
35

  Therefore, the EPR signal of the ligand suggests the formation of a neutral 

phenoxyl radical.  The EPR line shape of the ligand (Figure 3.5A) lacks the hyperfine 

structure present in the tyrosinate spectrum (Figure 3.5B) due to the absence of beta-
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methylene protons.  Moreover, spin quantization under non-saturating conditions showed 

that the radical yield is a factor of ~4 lower in the ligand, compared to tyrosinate.   

 

 

Figure 3.3. Power saturation curves of (A) Cu-complex, (B) ligand, and (C) tyrosinate 

EPR amplitudes after photolysis. EPR spectra were recorded after photolysis (see 

Materials and Methods for details) as a function of the microwave power and the 

integrated amplitudes of each signal (black dots) were plotted against the square root of 

the microwave power (Power
1/2

). The thin gray line is a reference for determining the 

non-saturated power conditions. 
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Figure 3.4. EPR spectra of radicals generated by UV photolysis of (A) the Cu-complex, 

(B) the ligand, and (C) tyrosinate. Panel D shows the results of photolysis of a buffer 

blank, containing 35% acetonitrile in 10 mM Tris buffer.  To generate these data, the 

spectrum obtained before photolysis was subtracted from one obtained after photolysis.  

The temperature was 100 K (see Materials and Methods for details).  In (A and B), eight 

trials were averaged, and in panels C and D, four trials were averaged.   
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Figure 3.5. EPR spectra of radicals generated by UV photolysis of (A) the ligand and (B) 

tyrosinate.  The spectra are reproduced from Figure 3.4B and C, respectively, but on an 

expanded scale.  For presentation purposes, in this figure, the spectrum for the ligand 

(Figure 3.4A) is multiplied by a factor of 2.  The temperature was 100 K (see Materials 

and Methods section and Figure 3.4 legend). 
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Note that our EPR results differ from previous reports in which cross-linked 

compounds are based on p-cresol and in which hyperfine couplings to the equivalent –

CH3 protons dominate the EPR spectrum.
33,36,46

  In earlier work, including our EPR 

simulations of the His–phenol cross-linked radical, it was concluded that the spin 

distribution on the phenoxyl radical is only modestly perturbed by the imidazole cross-

link.
35,36,56

  However, our previous time-resolved optical absorption spectra of the ligand
1
 

and the related cross-linked His–phenol compound
35 

have shown that the imidazole cross-

link causes a substantial red shift of the radical’s electronic spectrum.  

In the Cu-complex, the intense EPR signal from Cu
2+

 was observed both before 

and after photolysis (Figure 3.6), indicating that the oxidation state of the metal ion does 

not change.  Photolysis was associated with only a small change in the amplitude of this 

copper signal (Figure 3.6, solid line, repeated from Figure 3.4), which is due to a 

background artifact created during subtraction of the spectra. A small baseline artifact 

was also apparent when experiments were conducted at lower Cu-complex 

concentrations, at which the expected copper hyperfine splittings could be observed (data 

not shown).  The observation of a Cu
2+

 EPR signal after photolysis (Figure 3.6) indicates 

either that the resulting phenoxyl radical is not spin-coupled to the metal ion or that the 

phenoxyl radical produced by photolysis of the Cu-complex remains somehow 

undetectable by EPR.  Our analysis of the FT-IR intensities (see below) suggests that the 

radical yield in the copper complex decreases by a factor of 40.  This is supported by our 

time-resolved optical spectrum of the Cu-complex, which failed to show an ~480 nm 

peak, attributed to the phenoxyl radical in analogous spectra of the ligand
1
 and the related 

cross-linked His–phenol compound.
35

  Nagano et al.
37

 also did not observe a distinct band 
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in the transient optical spectrum of their Cu-bound ortho-imidazole-bound para-cresol-

based model compound. 

 

Figure 3.6. EPR spectra generated before (dashed line) and after (dotted line) photolysis 

of the Cu-complex. The temperature was 100 K (see Materials and Methods section and 

Figure 3.4 legend). The spectrum shown in the solid line is the after photolysis-minus-

before photolysis difference spectrum (repeated from Figure 3.4A).   To generate the 

final data, eight trials were averaged. 

 

 

3.4.5 FT-IR Spectroscopy 

Photolysis-induced difference FT-IR spectroscopy was employed to monitor 

structural changes induced by oxidation.  The FT-IR absorption spectra for tyrosinate and 

the 
12

C- and 
13

C-labeled ligands and Cu-complexes were recorded (Figure 3.7).  The FT-

IR data were acquired before and after UV photolysis and then subtracted to generate the 
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difference FT-IR spectra shown in Figure 3.8.  Under the conditions employed in our FT-

IR measurements, the phenol ring is expected to be unprotonated in tyrosinate (pKA 10), 

primarily protonated (~67%) in the ligands (pKA 8.9) and protonated in the Cu-

complexes (pKA 7.7–7.8).  The limited solubility of tyrosine and the ligand at high 

concentrations, necessary for the FT-IR experiments, and the limited stability of the 

copper complex precluded the use of the same pH for all of the experiments.  

Tyrosyl radical formation is expected to perturb vibrational bands of the phenol 

ring ( 8a and 19a) as well as the frequency of the CO vibrational band ( 7a).
57,58

  

Negative bands in the difference spectra arise from vibrational bands unique to the 

ground (singlet) state of tyrosinate/phenol, whereas positive bands correspond to 

vibrational bands of the neutral tyrosyl/phenoxyl radical species.  Only vibrational bands, 

which are perturbed by the oxidation of the phenol ring, will contribute to the photolysis-

induced difference spectrum.  As expected, photolysis of the blank (Figure 3.8A) resulted 

in no defined difference spectrum. 
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Figure 3.7. FT-IR absorbance spectra of tyrosinate (A), the natural abundance ligand (B), 

the 
13

C ligand (C), the natural abundance Cu-complex (D), and the 
13

C Cu-complex. The 

concentrations were 50 mM. The temperature was 79 K. Data were recorded at 4 cm
-1

 

resolution (120 s; 2.5 cm s
-1

 mirror velocity). The buffer was 10 mM Tris-HCl pH 11.0 

(A), 35% acetonitrile/65% 10 mM Tris-HCl pH 8.5 (B, C), or 20% acetonitrile/80% 10 

mM Tris-HCl pH 6.2 (D, E). The buffer spectrum was interactively subtracted. For 

clarity, the spectral region between 1460 and 1350 cm
-1

 in panels B-E was removed due 

to acetonitrile absorption. The final spectra are averages of data obtained from 5 (A), 8 

(B), 9 (C), 24 (D), or 23 (E) different trials. 
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3.4.6 Ring and CO Stretching Vibrations of Tyrosinate/Phenol 

In Figure 3.8B, negative bands of tyrosinate, corresponding to the bands perturbed 

in the singlet state, are observed at 1605 ( 8a), 1500 ( 19a) and 1263 ( 7a′) cm
-1

.  These 

vibrational assignments are based upon previous reports.
51,52,59,60

  The assignments of 

other vibrational bands have been discussed.
35,51,60

  A similar set of bands, with different 

frequencies, are observed for the 
12

C-ligand (Figure 3.8C) and Cu-complex (Figure 3.8E).   

To assign these bands to ring and CO stretching frequencies, 
13

C labeling of the CO ring 

carbon was performed in tyrosinate (C4'), the ligand (C1') (Figure 3.8D), and the Cu-

complex (C1') (Figure 3.8F).  All three vibrational bands, 8a, 19a, and 7a′, are predicted 

to be sensitive to labeling at this ring position.
60

  Isotope-edited spectra (double 

difference spectra), 
12

C (light – dark)-minus-
13

C (light – dark) were constructed to 

identify the frequencies of these isotope sensitive bands (Figure 3.9).  In the isotope-

edited spectra, the singlet bands from the 
12

C-compound are negative; the 
13

C-isotope 

shifted bands are positive.  These bands are marked in Figure 3.9 with dotted lines.   
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Figure 3.8.  Photolysis-induced difference FT-IR spectra recorded from: (A) a blank 

(35% acetonitrile in 10 mM Tris buffer), (B) tyrosinate, (C) natural abundance ligand, 

(D) 
13

C-ligand, (E) natural abundance Cu-complex, and (F) 
13

C Cu-complex.  The 

temperature was 79 K (see Materials and Methods for details). For clarity, the spectral 

region between 1460 and 1350 cm
-1

 in panels B-E was removed due to acetonitrile 

absorption.  The final spectra are derived from 1 (A), 5 (B), 8 (C), 9 (D), 24 (E) or 23 (F) 

different trials. Tick marks on the y-axis correspond to 22.5 x 10
-3

 absorbance unit. 
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Figure 3.9.  Isotope-edited, 
12

C (light – dark)-minus-
13

C (light – dark), FT-IR spectra, 

showing vibrational bands sensitive to 
13

C labeling. The data were derived from 

tyrosinate (A), the ligand (B), and the Cu-complex (C).  The 
12

C-minus-
13

C-isotope-

edited FT-IR spectrum of the ligand (B) is the subtraction of Figure 3.8D from Figure 

3.8C. The 
12

C-minus-
13

C-isotope-edited FT-IR spectrum of the Cu-complex is the 

subtraction of Figure 3.8F from Figure 3.8E.  Tick marks on the y-axis correspond to 15 x 

10
-3

 absorbance unit. For clarity, the spectral region between 1460 and 1350 cm
-1

 in 

panels B-E was removed due to acetonitrile absorption.  The tyrosinate spectrum (A) was 

reproduced from reference.
51

  

 

 

 



 122 

Isotope editing was also used to identify the analogous bands in the difference 

FT-IR spectra of the ligand and Cu-complex.  From the isotope-edited spectrum of the 

ligand (Figure 3.9B), the negative bands at 1601, 1526, and 1292 cm
-1

 are attributed to 

8a, 19a and 7a', respectively, with 
13

C-isotope shifts (positive bands) to 1591, 1516, and 

1276 cm
-1

, respectively (Table 3.2 and Figure 3.9B).  Our related, His–phenol cross-

linked compound exhibited negative features at 1592, 1511, and 1265 cm
-1

, which were 

assigned to perturbation of the singlet 8a, 19a, and 7a' bands, respectively, in the 

photolysis-induced FT-IR spectrum.
35

  In the isotope-edited spectrum of the 
12

C Cu-

complex (Figure 3.9C), these same three vibrational modes appear at 1616, 1535, and 

1234 cm
-1

, with similar isotope shifts as those observed in the ligand (Table 3.2).  

 

 

 

Table 3.2. Assignments of Vibrational Frequencies
a
 with 

13
C-Isotope Shifts  

 
 

tyrosinate
b 

 

 
ligand 

 
Cu-complex  

 (∆exp
c
) (∆calc

d
)   (∆exp

c
)   (∆exp

c
) assignment 

1609 -9 -6  1601 -10  1616 -12 8a 

1501 -11 -9  1526 -10  1535 -10  19a 

1268 -33 -24  1292 -16  1234 -10 7a 
 

tyrosyl radical• 

 

 
ligand• 

 
Cu-complex•  

 (∆exp
c
) (∆calc

d
)   (∆exp

c
)   (∆exp

c
) assignment 

1554 N.D.
e
 0  N.O.

f
   N.O.

f
  8a 

1517 N.D.
e
 -27  1485 -17  1234 -11 7a 

 
a
Frequencies are in cm

-1
. See Materials and Methods for experimental details. 

b
Tyrosinate 

assignments based on previous isotope-edited spectra and DFT calculations.
51,60

 
c
This 

work; derived from double difference spectra (Figure 3.9). 
d
See ref 60. 

e
N.D., not 

determined. 
f
N.O., not observed 
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For the ligand in the singlet state, histidine–phenol cross-linking downshifts the 

highest energy, 8a phenol ring stretching mode and upshifts the 19a ring stretching mode 

(Table 3.2).  Copper complexation upshifts both ring stretching modes relative to the 

non-metal-bound compound.  Previously, changes in the frequency of the 7a' CO mode 

have been reported as a function of hydrogen bonding and protonation state of the phenol 

ring.
59

  For a protonated phenol, the CO stretching vibration is observed between 1275 

and 1265 cm
-1

 in proton donating states, with less intensity and at lower frequency (1240 

and 1230 cm
-1

) in proton accepting states, and at ~1255 cm
-1

 in non-hydrogen bonded 

states.  For a deprotonated phenol, the CO vibrational band was reported at 1266 cm
-1

.  

As mentioned above, under the conditions employed in our FT-IR measurements, the 

phenol ring is expected to be unprotonated in tyrosinate, protonated (67%) in the ligand 

and protonated in the Cu-complex.  The upshift in CO frequency for the ligand (1292 cm
-

1
) compared to that of tyrosine (1268 cm

-1
) is therefore larger than expected, based on the 

expected change in protonation.  The upshift is attributed to a strengthening of the C–O 

single bond due to contribution of the C–C stretch to the 7a´ mode in the cross-linked 

ligand.  For an ortho-substituted amino phenol in a solid, a mode at 1290 cm
-1

 is 

predicted.
61

  

In the 
12

C-minus-
13

C isotope edited spectra, the decrease in the CO frequency and 

intensity of the 7a' mode of the Cu-complex (1234 cm
-1

) (Figure 3.9C), compared to the 

ligand (1292 cm
-1

) (Figure 3.9B), is attributable to the expected change in protonation, if 

the COH group of the Cu-complex is hydrogen bonded as a proton acceptor.  The origin 

of the derivative-shaped band at 1303/1292 cm
-1

 and the positive band at 1255 cm
-1

 in the 

Cu-complex (Figure 3.9C) is under investigation, but the observation of multiple 
13

C-
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sensitive bands in this region suggests some heterogeneity in the CO frequency, and 

possibly, in the interactions of the phenolic OH group with the Cu
2+

 ion in the Cu-

complex.  An alternative pairing of the negative 1234 cm
-1

 with the positive 1255 cm
-1

 

band is considered less likely, due to the expectation that 
13

C labeling will downshift the 

band,
60

 and that the negative 1234 cm
-1

 band arises from the singlet state. 

 

3.4.7 Ring and CO Stretching Vibrations of the Radical 

Unique vibrational bands arising from the radical are observed as positive bands 

in the photoinduced difference spectra in Figure 3.8.  In the 
12

C-minus-
13

C isotope-edited 

spectra (Figure 3.9), the natural abundance bands from the radical are positive ( ) and the 

13
C-shifted bands are negative ( ).  The positive band at ~1517 cm

-1
 for tyrosine (Figure 

3.9A, ) is assigned to the tyrosyl radical 7a CO stretching band on the basis of multiple 

isotopic labeling experiments and DFT calculations.
51,60

  The frequency of the 
13

C4' 

shifted band is not obvious in the isotope-edited spectrum (Figure 3.9A) and may overlap 

with the negative 19a vibrational band at 1501 cm
-1

.  A 
13

C-isotope shift of 27 cm
-1

 is 

predicted (Table 3.2).
60

 

On the basis of the isotope-edited spectra (Figure 3.9B and 3.9C, ), the bands at 

1485 and 1483 cm
-1

, are attributed to the 7a CO stretching in the ligand and Cu-complex, 

respectively.  These bands shift to 1468 and 1472 cm
-1

 with 
13

C labeling (Figure 3.9B and 

3.9C, ; Table 3.2).  The isotope-edited spectra in Figure 3.9 provide unambiguous 

support for the conclusion that a radical is generated by photolysis in both the ligand and 

the copper complex.  In turn, this result confirms that the failure to observe a free radical 
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signal in the EPR experiment is most likely due to the large background signal from the 

Cu
2+

 ion and/or the low photolysis yield of the radical.   

The 7a' CO frequency is substantially downshifted in the ligand radical (Figure 

3.9B) compared to the frequency observed in the tyrosyl radical (Figure 3.9A).  Because 

the imidazole cross-linking does not significantly change the unpaired spin density 

distribution,
35

 this effect may be caused by a decrease in the paired π-electron density in 

the CO bond or an inductive effect on the ionic character of the CO bond.  However, the 

CO frequency in the radical state is not significantly shifted by copper (Figure 3.9B and 

3.9C), suggesting that the CO frequency shifts observed in the radical states of the ligand 

and Cu-complex are not mediated by the partial negative charge on the phenolic oxygen.   

In our previous studies on the related, histidine–phenol cross-linked compound, 

we suggested that the radical CO stretching vibration might arise from bands at 1522 or 

1498 cm
-1

.
35

  However, 
13

C isotope-sensitive bands with these frequencies are not 

observed in the data presented here for the ligand or the Cu-complex.  Attribution of a 

1487 cm
-1 

band, observed previously in our histidine–phenol cross-linked compound,
35

  

to the CO stretching vibration is consistent with the data presented here.   

 

3.4.8 Yield of the Radical in the Ligand and Copper Complex 

To estimate the yield of the radical the amplitudes of bands in the isotope-edited 

spectra (Figure 3.9) were compared after correction for any differences in concentration, 

flash number, flash energy, and gain.  Our EPR measurements (Figure 3.5) suggest that 

the radical yield is decreased by a factor of 4, when tyrosinate is compared to the ligand.  

The FT-IR data in Figure 3.9A (tyrosinate) and B (ligand) were collected on different FT-
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IR spectrometers.  However, analysis of the intensities of the CO 7a´ band in Figure 3.9A 

(tyrosinate, 1268/1235 cm
-1

) and B (ligand, 1292/1276 cm
-1

) is qualitatively consistent 

with the EPR measurement.  The FT-IR comparison predicts a 2.5-fold decrease in the 

ligand radical yield compared to tyrosine.  A similar comparison was conducted for 

Figure 3.9B (ligand) and C (copper complex), which were collected on the same FT-IR 

spectrometer but with a different number of flashes (5, Figure 3.9B; 50, Figure 3.9C).  

Analysis of the intensities of the CO 7a´ band in Figure 3.9B (ligand, 1292/1276 cm
-1

) 

and C (1234/1224 cm
-1

) gives a 40-fold decrease in the copper complex radical yield 

compared to that of the ligand. 

 

3.4.9 Other Vibrational Bands 

The broad ~1650 and ~1620 cm
-1

 peaks in the tyrosinate difference spectrum 

(Figure 3.8B) have previously been assigned to an overlap of solvent bands and perturbed 

NH2 bending modes.
51,60,62

  The photoinduced difference spectra of the natural abundance 

and 
13

C-labeled ligand and Cu-complexes (Figure 3.8C–F) contain a similar series of 

broad peaks in the ~1660–1650 cm
-1

 region.  However, these compounds do not contain 

any NH bands that can be perturbed upon oxidation.  Therefore, in the case of the ligand 

and the Cu-complex, these broad bands are attributed to changes in solvent interactions 

alone.  

The 8a ring stretching mode of the tyrosyl radical is expected between 1550 and 

1560 cm
-1

.
51,58,60

  A candidate for this band is observed at 1554 cm
-1

 in the isotope-edited 

spectrum from tyrosinate (Figure 3.9A); however, the magnitude of the experimental 

isotope shift has not been established.
60

  DFT calculations predict that the 8a ring 
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stretching mode of the radical will be insensitive to ring 4' labeling.
60,63

  In agreement 

with this expectation, the 8a ring stretching mode is not observed in the isotope-edited 

spectra derived from the ligand and the Cu-complex (Figure 3.9B and C).   

 Some vibrational bands are observed in the 
12

C- and 
13

C-labeled ligands and Cu-

complexes but are absent in the tyrosinate difference spectrum (Figure 3.8).  These bands 

may arise from a perturbation of the imidazole cross-link upon radical formation.  One 

such band appears at 1511–1508 cm
-1

 (pos.)/1494–1490 cm
-1

 (neg.) in the ligands and 

Cu-complexes (Figure 3.8C–F).  The analogous positive peak may be at 1522 cm
-1

 in our 

related phenol-histidine cross-linked model.
35

  

 

 

3.5 Discussion 

3.5.1 Spectrophotomotmetric titrations 

Our previous spectrophotmetric titrations on the natural abundance ligand and its 

copper complex
1
 and those presented here for the 

13
C-labeled ligand and Cu-complex 

have measured the pKA of the phenolic proton.   These studies indicate that the ligand 

pKA of 8.8 and the Cu-complex pKA of 7.8 are significantly lower than the pKA  of 

tyrosine.
35

  These results are consistent with the cross-linked tyrosine facilitating proton 

delivery at the enzyme active site.  These data are in agreement with previous studies on 

other model compounds,
33,38,64

 which gave a pKA value of 8.65 for a tripodal chelating 

ligand, containing an ortho-imidazole-phenol linkage, and a pKA of 8 for a corresponding 

Zn-complex.  For the ligand, a lower phenolic pKA compared to unperturbed tyrosine or 

phenol would be expected, either through an inductive electron-withdrawing effect or 
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through resonance stabilization of the phenolate anion by the N-linked imidazole.
42,38

 

Further reduction would be expected upon coordination of the cross-linked imidazole to 

the copper because copper will withdraw electron density from the imidazole and 

stabilize the phenolate anion.
64

 

 

3.5.2 Electrochemical titrations 

The 670 mV potential of tyrosine (950 mV vs SHE electrode) is similar to that 

reported previously at pH 7.0.
65

  At pH 7.0, our electrochemical data indicate that the redox 

potentials of the ligand phenol and the Cu-complex phenol are 110 and 60 mV more 

positive than that of tyrosine, respectively, consistent with imidazole withdrawing electron 

density from the phenolate ring.
33

  The 110 mV increase in the redox potential of the ligand 

over that of tyrosine is similar to that observed previously between the oxidation potential 

of 2-imidazol-1-yl-4-methylphenol and p-cresol (66 mV) recorded at pH 11.5.
33

  The 

moderate increase in the potential of the Cu-complex (60 mV) compared to that of 

unperturbed tyrosine and the lowering of the phenolic proton pKA may ensure proton 

delivery during dioxygen reduction.  The change in pKA will allow re-reduction of the 

tyrosyl radical following its oxidation during the splitting of the dioxygen bond.
33

  

 

3.5.3 EPR 

UV photolysis of polycrystalline samples of the ligand clearly generated a 

paramagnetic species as indicated by a relatively narrow EPR signal with a corresponding 

isotropic g value of 2.0047.  This observed g-value is in good agreement with the g value 

of tyrosyl radical and suggests the formation of a neutral phenoxyl radical in the ligand.  
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This result also suggests that the spin distribution of the photolysis-induced phenoxyl 

radical is not noticeably perturbed upon addition of an o-substituted imidazole group.  

Our previous EPR simulations on the related histidine–phenol cross-linked compound 

corroborate this idea.
35

  DFT calculations have also shown that o-substitution yields only 

minor effects on the spin distribution of the deprotonated cross-linked tyrosine radical, 

consistent with our results.
56,66

  EPR studies of other tyrosine–histidine model compounds 

have confirmed this conclusion.
36

  

  Previously, it was proposed that the S = 1/2 tyrosyl radical in cytochrome c 

oxidase might spin couple with the S = 1/2 CuB.
67,11

  This would result in no CuB
2+

 EPR 

signal as observed for the magnetically-coupled Cu-tyrosyl radical in galactose 

oxidase.
68,69

  However, Collman and co-workers have shown that a tyrosyl radical near a 

binuclear site analog does not necessarily spin couple with CuB.
45

  The absence of a 

phenoxyl radical EPR signal for the Cu-complex presented here is consistent with 

tyrosine–histidine–CuB model studies with
45

 or without
46

 a heme group.  Nagano and co-

workers
46

 observed no EPR phenoxyl radical signal for a copper ligated 2-[4-[[bis-(1-

methyl-1H-imidazol-2-ylmethyl)amino]methyl]-1H-imidazol-1-yl]-4-methylphenol 

compound, Cu
II
-BIAIP, upon light excitation in a temperature range from 4 to 90 K.  

This lack of a phenoxyl radical EPR signal was attributed to a weak signal intensity 

stemming from spin relaxation of the two unpaired interacting electrons.
46

  From the 

relative intensities of the tyrosinate, ligand and Cu-complex EPR signals in our studies, it 

is evident that production of a phenoxyl radical species in the Cu-complex will be 

masked by the broad EPR signal from Cu
2+

 itself (Figures 3.4 and 3.6).  Thus 

conventional continuous-wave X-band EPR spectroscopy alone is too insensitive for the 
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detection of such a paramagnetic species.  The absence of a phenoxyl radical in our time-

resolved optical absorption spectra generated following UV photolysis of the Cu-complex 

was attributed to possibly quenching by the copper.
1
 

A tyrosine radical has been identified in the PM and the F• oxyferryl intermediates 

of P. denitrificans using EPR spectroscopy;
31

 these intermediates were generated upon 

addition of stoichiometric amounts of hydrogen peroxide to the oxidized enzyme at high 

and low pH, respectively.  This radical has been assigned to tyrosine 129 (Tyr 167 in P. 

denitrificans) based on a multifrequency EPR (34 and 285 GHz) study of various tyrosine 

variants close to the binuclear center.  However, because mutation of this tyrosine does 

not severely impact the turnover activity of the enzyme, it may not be involved in direct 

electron donation at the binuclear center during dioxygen turnover.
28,31

  

 

3.5.4 FT-IR spectroscopy 

Photolysis-induced FT-IR difference spectra were acquired to gain structural 

information and provide insight into the functional role of the tyrosine–histidine moiety 

in CcO.  FT-IR spectroscopy detects changes in force constants, which are associated UV 

photolysis and phenoxyl radical generation.  Unique positive vibrational modes were 

detected in the ligand and the Cu-complex compared to the tyrosyl radical, indicating that 

that the o-substituted imidazole force constants are perturbed upon oxidation of the 

phenoxyl group.  This conclusion is supported by our previous FT-IR studies of a related 

cross-linked histidine–phenol analog
35

 and by previous ab initio calculations
66

 for 

histidine-substituted tyrosine models.  We also observed a large spectral shift (~100 nm) 

in the time-resolved optical absorption difference spectra between the radical generated 
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in the ligand and unperturbed tyrosyl radical,
1
 which may suggest significant mixing of 

the imidazole and phenoxyl electronic states in the ligand.  

With oxidation, the frequencies of the radicals in the ligand and the Cu-complex 

are essentially identical and thus the copper does not seem to dramatically alter the 

electronic structure of the radical species.  This observation is consistent with resonance 

Raman data reported for the biomimetic cross-linked BIAIP ligand and Cu
II
-BIAIP 

compound although the resonance Raman frequencies reported for the 7a mode are 

significantly higher than those reported here.
46

  Stable isotope labeling of the C1' carbon 

in the present study aided in the assignment of the CO frequency of the cross-linked 

phenoxyl radical in the ligand and the Cu-complex.  Our assignments are consistent with 

FT-IR vibrational assignments for the tyrosine-histidine radical in cytochrome c oxidase.  

A band at 1489 cm
-1

 in the Raman spectrum of the PM state of cytochrome bo3 was 

tentatively assigned to the (CO) of the tyrosine-histidine radical.
70

  In previous FT-IR 

difference studies, a frequency of 1479 cm
-1

 in the PM-minus-O spectrum of both the R. 

sphaeroides
16

 and P. denitrificans
21

 enzymes was attributed to the CO stretching 

vibration of the tyrosyl radical.  Recently, based on isotope labeling, a band at 1519 cm
-1

 

was identified as the phenoxyl radical ring stretching frequency of the cross-linked 

tyrosine in the PM-minus-O FT-IR difference spectrum of P. denitrificans CcO.
23

  

Nyquist and co-workers attributed bands at 1528 and 1517 cm
-1

 to the C–C ring 

stretching frequencies of the tyrosine–histidine radical in R. sphaeroides cytochrome c 

oxidase.
16

  However, previous Raman spectroscopic studies of ortho-imidazole-bound 

para-cresol-based model compounds, with and without copper, have attributed bands 

around 1530–1533 cm
-1

 to the CO stretching vibration.
34,37,46

  The good agreement 
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between the vibrational assignments presented here for the ligand and the Cu-complex 

and those observed in the spectra of the PM intermediate of cytochrome c oxidase from 

different species provides further support for the presence of a tyrosyl radical in the PM 

intermediate of cytochrome oxidase.  These data indicate that these compounds are useful 

markers for future assignments of additional, tyrosine-histidine cross-link vibrational 

bands in CcO. 

Several experimental results argue against the FT-IR bands in the Cu-complex 

resulting from a dissociated ligand in solution rather than the Cu-complex.  First, the 

time-resolved optical absorption spectrum of the ligand shows a band at ~500 nm, while 

the spectrum of the Cu-complex does not.  The spectrophotometric titrations of the ligand 

and the Cu-complex give significantly different pKA values for the phenolic proton (8.8 

for the ligand and 7.7 for the Cu-complex); the additional pKA values of 4.5 and 7.4, 

attributed to the pyridine and imidazole, are not observed in the Cu-complex, arguing 

against a dissociated ligand being present in the Cu-complex sample.  A phenoxyl radical 

signal is observed in the EPR spectrum of the photoinduced ligand, while this signal is 

absent in the Cu-complex.  Moreover, while the vibrational frequencies attributed to the 

C–O stretch of the cross-linked phenoxyl radical are similar in the ligand and the Cu-

complex, the C–O stretches for the phenolate anion in the two compounds are 

significantly different.  Furthermore, we expect the Cu-imidazole bond to be stable at pH 

6.2 and only at significantly lower pH might the imidazole become protonated and the 

Cu-bond break.  A Jahn-Teller effect would be most prominent in the axial (dz
2
) direction 

and not along the equatorial Cu-imidazole bond. 
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In summary, our studies show that a Cu
2+

 EPR signal is detected in the Cu 

complex both before and after following photolysis.  Stable isotope (
13

C) labeling of the 

phenol ring provides unequivocal support for the formation of the phenoxyl radical in 

both the ligand and the Cu-complex, following UV photolysis.  Together, these results 

indicate that the C–O stretching frequency of the cross-linked tyrosyl radical would be 

expected at ~1480–1490 cm
-1

 rather than that in the 1530–1535 cm
-1

. Together, our EPR 

and FT-IR results suggest that CuB
2+

 at the active site of cytochrome c oxidase is not 

spin-coupled to the cross-linked tyrosyl radial.  Collman and co-workers have shown that 

a stable Fe
III

-superoxide-Cu
I
 cytochrome c oxidase model compound reacts inter-

molecularly with exogenous Tyr244 mimic compounds.  This reaction leads to the 

formation of a phenoxyl radical and an oxyferryl (Fe
IV

=O
2-

)-cupric species, which is 

analogous to that observed in the P intermediate of the enzyme.
44

  Moreover, 

mutagenesis of the cross-linked tyrosine to phenylalanine or histidine leads to essentially 

an inactive enzyme, reflecting the importance of this residue.
8,71

  The absence of an EPR 

signal from the cross-linked tyrosyl radical in current EPR studies on cytochrome c 

oxidase has been suggested to be due to the migration of the cross-linked tyrosine radical 

to tyrosine 129 (Tyr 167 in P. denitrificans).
31,17

  This pathway would compensate for the 

expected thermodynamic barrier to the fourth electron reduction reaction.
72

  MacMillan et 

al. have suggested that tryptophan 126 (Trp 272 in P. denitrificans) may be an important 

intermediate on this pathway.
28

  Our results demonstrate that the fourth electron required 

for dioxygen bond cleavage may originate from the cross-linked tyrosine, with the radical 

ultimately ending up on tyrosine 129 by the way of tryptophan 126. 
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4.1 Introduction and Background 

 In the chapters to follow, a reaction-induced FT-IR spectroscopic technique has 

been employed for the identification of protein conformational dynamics, which are 

coupled to redox changes of the ribonucleotide reductase 2 tyrosyl radical. In this 

chapter, a brief overview of the reaction-induced FT-IR syringe pump, which we have 

developed, is presented.  

As introduced in Chapter 1, class Ia ribonucleotide reductase (RNR) enzymes 

exploit transient amino acid radicals, which perform long-distance proton-coupled 

electron transfer (PCET) reactions, to facilitate ribonucleotide reduction (reviewed in 1).  

The oxidation of C439 (Escherichia coli numbering) initiates this reduction process. 

Formation of C439• is mediated by a stable tyrosyl radical, Y122•, which is located 35 Å 

away.  Spectroscopic identification of transient intermediates in the proposed PCET 

pathway
2
 (Y122• – W48 – Y356 – Y731 – Y730 – C439), during turnover in the wild-

type RNR, has not yet been successful. The caveat is that the PCET reactions occur 

quickly and are masked by slow, rate-limiting conformational change(s).
3
 This pre-

steady-state and steady-state kinetic analysis of the RNR reaction has underscored the 

importance of protein conformational dynamics in biological PCET reactions. Prior to 

this thesis work, structural information for the electron transfer events in RNR was 

limited. A previous high-field electron paramagnetic resonance (EPR)
4
 study suggested a 

redox-linked rotation of Y122 along the C –C  bond in the wild-type enzyme.  

The conformational gating process in RNR limits the information that may be 

ascertained from the PCET reactions. The use of non-natural amino acids has allowed for 

the elucidation of PCET mechanistic details in RNR by switching the rate-limiting step 



 144 

from a conformational gating to an electron transfer process. For instance, fluorotyrosine 

has been utilized in RNR and other enzymes, such as photosystem II (PSII),
5
 because 

compared to tyrosine, fluorination of the tyrosine ring perturbs the pKA and/or midpoint 

potential.
6,7

  The role of Y356, which is the proposed interprotein electron transfer link 

between subunits 2 and 2, has been investigated with site-specific replacement with 3-

nitrotyrosine,
8
 aniline,

9
 and 3,4-dihydroxyphenylalanine

10
 (DOPA). It was concluded that 

nucleotide reduction proceeds independent of the protonation state of the Y356, 

suggesting that electron shuttling from Y731 to Y356 is not mediated by hydrogen atom 

transfer (HAT).
7,11

  Using a suppressor tRNA/aminoacyl-tRNA synthetase method, 

incorporation of 3-aminotyrosine into Y730 and Y731 in 2 subunit was possible.
12

  In 

these modified 3-NH2Y730 and 3-NH2Y731 2 samples, nucleotide reduction was observed 

and the data supported a hydrogen atom transfer mechanism in this subunit. The use of 

these non-natural amino acid residues has demonstrated the ability to probe intra- and 

inter-subunit proton-coupled electron transfer reactions of RNR. The function of the 

protein conformational dynamics that interplay with PCET processes in ribonucleotide 

reductase, however, was not addressed in these studies.  

Protein conformational changes are postulated to play a central role in controlling 

proton-coupled electron transfer reactions.
13

 Protein structural dynamics have been 

implicated in affecting electron transfer reactions required for photosynthetic reaction 

centers.
14

 For example, the rate-limiting step in initial charge separation of 

photosynthesis has been correlated to protein structural dynamics.
15

  Protein 

conformation changes surrounding the Mn4Ca cluster of oxygen-evolving complex 

(OEC) are proposed to precede oxidation changes to the cluster.
16

  These previous studies 
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have established the utility of the protein matrix dynamics in modulating electron transfer 

reactions.  

 Vibrational spectroscopy has emerged as a powerful tool to monitor protein 

dynamics and electron transfer mechanisms in biological systems.
17

 Specifically, Fourier-

transform infrared (FT-IR) spectroscopy has been used to identify structural dynamics 

and to elucidate reaction mechanisms of proteins (see refs 18-20, for example).  The 

amide (i.e. peptide) bonds of the protein backbone yield several vibrational bands, of 

which the amide I and II modes are the most intense and useful bands for functional 

studies of the proteins.
21

  The amide I band, which is found in the 1600–1700 cm
-1

 

region, results mostly from C=O stretching vibrations of the peptide backbone. This 

amide vibration is very sensitive to perturbations in molecular geometry and hydrogen 

bonding of the atoms involving this mode.
22,23

 The frequency of the amide I mode may 

help to describe protein conformational changes in proteins. Protein structural 

components can be assigned to  helices (1655 – 1660 cm
-1

) or  sheets (1630 – 1640 

cm
-1

) using FT-IR analysis.
24

 The amide II band, which is found in the 1480–1575 cm
-1

 

region, results mostly from a coupling of CN stretching and in-plane bending of the N–H 

group.  

FT-IR spectroscopy has the ability to detect and distinguish subtle changes, such 

as perturbations of the protonation state, electronic distribution, hydrogen bonding, and 

other electrostatic interaction(s). Thus, the technique can be used to probe protein 

structural dynamics and to determine reaction mechanisms. Development of improved 

time-resolved FT-IR spectrometers has allowed the study of protein dynamics in real 

time.
25-27

 Time-resolved FT-IR and FT-IR difference spectroscopic studies were initiated 
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with the work by Rothschild, Siebert, and Gerwert on the light-driven proton pumping 

reactions in bacteriorhodopsin.
25,28,29

 

FT-IR difference spectroscopy provides a means to study perturbations sensitive 

to a chemical- or photolysis-induced reaction. This difference technique emphasizes only 

the changes that are affected by the reaction.
28,30

 There are some excellent reviews that 

discuss the application of FT-IR spectroscopy to proteins studies.
20,31-34

 The technique 

has been extended towards the studies of water oxidation in photosystem II
35,36

 and 

dioxygen reduction in cytochrome c oxidase.
37-39

 Most of the successful FT-IR difference 

spectroscopic studies of enzymes have focused on light-initiated reactions. The 

application of reaction-induced FT-IR spectroscopy to non-photo-inducible 

proteins/enzymes, however, has not been widely reported. The limited number of studies 

is partially attributed to the lack of affordable, commercially available stopped-flow FT-

IR instruments. Here, we describe the development of a reaction-induced FT-IR 

spectroscopic technique to identify protein conformational dynamics linked to PCET 

reactions in ribonucleotide reductase. 

 

 

4.2 Description of Instrument 

4.2.1 Sample Cell 

 The hallmark of our stopped-flow setup (Figure 4.1) is the fabricated sample flow 

cell. The sample cell is composed of two 32 x 3 mm CaF2 windows, which are 

sandwiched together. One of the windows has been customized with a pair of through 
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holes (1.5 mm diameter) separated by 19 mm. The windows were customized by and 

purchased from Spectral Systems, LLC (Hopewell Junction, NY).  

 

 

Figure 4.1. Diagram of the syringe-pump setup developed for the reaction-induced FT-

IR experiments. The dashed line represents the flow-cell holder in the FT-IR instrument. 

 

 

The two windows are separated by a 6 m spacer composed of a Mylar material, 

which was donated by Steiner Films (Williamstown, MA). The spacer itself is stabilized 

in place by a thin layer of clear vacuum grease. By using a spacer, the pathlengths for the 

experiments are controlled by the thickness of the spacer material. Thus, the pathlength 

can be altered easily by changing the thicknesses of the spacer. For the majority of the 

RNR experiments, 6 m has been used, but we have material in the 6 – 12 m 

thicknesses range.  

A pair of coned nanoports from Upchurch Scientific (Oak Harbor, WA) was 

bonded to the surface of the customized window at the location of the two through holes. 
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With the complementary coned nut, these connections allow for unobstructed flow rates 

with minimal dead volume.  

 

4.2.2 Pump 

The syringe pump that delivers the samples to the sample cell was purchased from 

FIAlab Instruments (Bellevue, WA). The microCSP-3000 syringe pump is computer 

automated with a 24,000 increment step motor, which drives the syringe piston at rates 

from 1.5 to 600 s per full stroke.  

 

 

4.3 Experiments 

4.3.1 RNR 2 Inhibitor Selection 

 Ribonucleotide reductase has been proposed as the rate-limiting step in DNA 

biosynthesis. This enzyme is overexpressed during tumor growth in cancer cells. 

Therefore, RNR has become an attractive target for anti-cancer pharmaceuticals.
40

 The 

four main groups of drugs that target RNR activity are substrate analogs, peptidomimetic 

inhibitors, tyrosyl radical scavengers and iron chelators. Substrate analogs,
41

 such as 

Cytarabine and gemcitabine, are suicidal inhibitors, which bind to nucleotide binding site 

and react to generate unusual products leading to the inactivation of RNR. Gemcitabine 

(2',2'-difluoro-2'-deoxycytidine, dFdC), which is currently used for pancreatic cancer and 

non-small cell lung cancer therapy,
40

 induces the concomitant loss of tyrosyl radical in 2 

and formation of a stable radical in the 2 subunit.
42

 Peptidomimetic inhibitors, which 

match or mimic the carboxyl terminus of the 2 subunit, compete with binding of 2 to 
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2 and prevent the formation of the active 2 2 complex.
43,44

 An iron chelator, 

Triapine
®
 (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 3-AP), is in Phase II 

clinical trials for the treatment of cervical carcinoma and has been shown to bind to the 

iron cluster in RNR and to consequently reduce Y122• (see ref 40 and refs therein).   

The most popular and well-studied RNR inhibitors are radical scavengers, such as 

hydroxyurea, N-methylhydroxylamine, hydrazine and 4-methoxyphenol. These Y122• 

reducing agents are not postulated to have a binding site in 2.
45-47

 Hydroxyurea (HU), 

specifically, has previously been widely used in cancer therapy for several decades, 

especially for the treatment of chronic and acute myeloid leukemias and refractory 

malignant lymphoma.
48,49

 HU has also been effective as a therapy agent against HIV.
50

  

In mammalian enzymes, hydroxyurea has been shown to reduce the diferric cluster in 

addition to the Y•.
51

 4-methoxyphenol (or 4-hydroxyanisole) has been shown to be a 

potent inhibitor for RNR and has been used in the past for the treatment of melanomas, 

although the target may be towards tyrosinase activity.
52

  The kinetics for the reduction of 

Y122• by these radical scavengers have been extensively studied and are summarized in 

Table 4.1.  

The rate constants for the reduction of Y122• in 2 with these exogenous electron 

donors have only been well described in 
1
H2O. For our reaction-induced FT-IR 

spectroscopic studies, we exchange 2 samples in 
2
H2O to eliminate spectral overlap of 

the amide I vibrations with the bending modes of 
1
H2O (~1650 cm

-1
). Thus, in Chapters 5 

and 6, we have determined the second-order rate constants for the reduction of Y122• 

using hydroxyurea, N-methylhydroxylamine, and 4-methoxyphenol in 
2
H2O. Also, we 
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have examined these reaction kinetics at 20°C, because hydroxyurea has been shown to 

exhibit a temperature dependence.
53

   

 

Table 4.1: Second-order kinetic rate constants (kobs) for the reduction of Y122•. 

 

2 inhibitors kobs (M
-1

s
-1

) at p
1
H 7.6 Reference 

Hydroxamic Acids 

Hydroxyurea 
0.41

 b
 - 0.46

 a
 (25°C); 

0.36
 b

 (20°C) 

54, 55 

56 

N-Methylhydroxylamine 0.41 
a
 (25°C) 55 

Alkoxyphenols 

4-Methoxyphenol 0.9
 b

 (20°C) 56 

4-Ethoxyphenol 0.8
 b

 (20°C) 56 

4-Allyloxyphenol 1.3
 b

 (20°C) 56 

Others 

Didox
c
 0.010 

 a
 (25°C) 55 

Catechol 3.2
 a

 (25°C) 55 

Hydrazine 0.013
 a

 (25°C) 57 

Phenylhydrazine 0.18
 a

 (25°C) 57 

a
 Monitored with UV/Vis spectroscopy  

b
 Monitored with EPR spectroscopy 

c 
3,4-

Dihydroxybenzohydroxamic acid  

 

 

 For our initial experiments, presented here and in Chapter 5, we have studied the 

reaction of the 2 protein with hydroxyurea. This reaction is among the most studied for 

exogenous reduction of Y• in ribonucleotide reductase. From the rate constant of the 

reaction of 2 and HU that we determined in 
2
H2O at 20°C (0.028 ± 0.003 M

-1
s

-1
),

58
 we 

have derived the FT-IR reaction scheme shown in Figure 4.3. For the hydroxyurea 
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reaction, we estimate ~ 60% of Y122• is reduced (using [HU] = 50 mM) over the 10 

minute data collection. 

 

 

Figure 4.2. Reaction scheme for the reaction-induced FT-IR experiments using our 

sample flow cell. Following manual mixing of oxidized, control 2 and reducing agent 

(see text for details), the syringe pump injects the sample into the flow cell. After the 30 

second injection, FT-IR data collection is turned ―ON‖ for 2 minutes and these initial 

data points are averaged and dubbed ―Ox‖ (or oxidized). Following a six minute 

incubation, data collection is turned ―OFF‖ to allow for hydroxyurea-induced reduction 

of Y122•. Then, FT-IR data collection is turned ―ON‖ for 2 minutes and these final data 

points are averaged and dubbed ―Red‖ (i.e. reduced). To generate the FT-IR difference 

spectra (see Figure 4.7; for example), the FT-IR absorbance spectra of ―reduced‖ are 

subtracted from ―oxidized‖. 

 

 

 The kinetics for the reactions, displayed in Table 4.1, do not provide a thorough 

mechanism of action. A detailed analysis of the mechanism of RNR inhibitors and 

development and application of techniques to monitor the reaction of these inhibitors is 

required for the design of new anti-cancer treatments. Thus, we applied our reaction-

induced FT-IR spectroscopic technique to describe the details for these reactions (see 

Chapter 6). In the following sections, experiments are described to test the validity of our 

designed reaction-induced FT-IR syringe pump. 
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4.3.2 Photosystem II 

For the validation of our flow-cell, we have performed preliminary FT-IR 

absorption measurements of 
2
H2O-exchanged Tris-washed photosystem II, which was 

isolated from spinach, as a standard. The FT-IR absorbance spectrum for this PSII sample 

in 
2
H2O buffer is shown in Figure 4.3. The spectrum is similar to previous reports, in 

which a conventional FT-IR spectrometer was used.
59

  

 

 
 

Figure 4.3. FT-IR absorbance spectra of photosystem II complexes collected at 20°C 

with the 6 m pathlength of the sample cell and reaction-induced FT-IR syringe pump 

setup. PSII samples were exchanged in 5 mM Tris-
2
HCl, p

2
H 7.6. The data were 

collected and analyzed by Dr. Ilya R. Vassiliev. 

 

 

There are several inherent benefits associated with this flow-cell system as 

compared to a standard set of FT-IR windows with the conventional system. First, the 

sample compartment of IR spectrometer remains closed and constantly purged with 

nitrogen gas. This allows for rapid sample collection, while maintaining the IR beam path 

free of H2O and CO2 vapor. Multiple replicates of the experiments can be performed on 
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samples within several minutes while they remain in a stable state. Second, the 

experiments are performed at fixed pathlengths of the IR cell, which allows for the results 

from different experiments at identical sample concentration to be quantitatively 

analyzed. These pilot experiments demonstrate the reliability of monitoring FT-IR 

absorption spectra of proteins on shorter time scale compared to conventional FT-IR 

systems. 

 

4.3.3 BSA Control 

 FT-IR absorbance spectra of bovine serum albumin (BSA) collected in 
2
H2O-

based buffer are shown in Figure 4.4A. The BSA FT-IR spectra are similar to, but with 

better signal-to-noise than reported previously.
60

 We have performed consecutive FT-IR 

measurements on a series of BSA samples (Figure 4.4A) from high to low concentration. 

The sample cell was cleaned between BSA data collections with 600 L of buffer (5 mM 

Tris-
2
HCl). The integrity of these cleaning steps is illustrated in Figure 4.8. The shape of 

the BSA spectra was reproducible at different concentrations and the amplitude of amide 

I band displayed a linear dependence on BSA concentrations in the 6.25 to 25 mg mL
-1

 

range (Figure 4.4B). These data confirm that the pathlength (6 m) and protein 

concentrations used in the reaction-induced FT-IR spectroscopic setup obey Beer’s law. 
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Figure 4.4. Dependence of amide I amplitude on the concentration of BSA. FT-IR 

spectra (A) of BSA were recorded in 5 mM Tris-
2
HCl, p

2
H 7.6 and were performed in 

duplicate. In (B), the intensity of the amide I bands from (A) were plotted against the 

concentration (in mg/mL).  

 

 

The FT-IR absorbance spectrum of the reaction of BSA with hydroxyurea at 250 

M in 
2
H2O is shown in Figure 4.5A. The reaction conditions were setup to mimic the 2 

reaction with hydroxyurea (Section 4.3.4). A 225 L sample of 278 M BSA was 

manually mixed (by pipette) with 25 L of 500 mM hydroxyurea and was immediately 

injected into the flow-cell using the syringe pump. Following injection, two minutes of 

data were recorded before and after a six minute incubation time. The FT-IR difference 

spectrum for the reaction of BSA with hydroxyurea is displayed in Figure 4.5B. As 

expected, there are no significant spectral changes observed. 
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Figure 4.5. FT-IR spectra of the reaction of BSA with hydroxyurea at 20°C. A) FT-IR 

absorbance spectrum of BSA and hydroxyurea. B) FT-IR difference spectrum of ―after‖-

―before‖. Two minutes of data were collected before and after a six minute incubation. 

The ―before‖ spectrum was acquired immediately following the injection into the sample 

cell. The protein samples were prepared at 250 M concentrations (final) in 5 mM Tris-
2
HCl and the final hydroxyurea concentrations were 50 mM. The spectra are averages of 

5 different samples. 

 

 

4.3.4 RNR and Hydroxyurea in 
2
H2O 

 The first reported FT-IR absorbance spectrum of the E. coli 2 subunit of 

ribonucleotide reductase is shown in Figure 4.6. The 
2
H2O-based buffer single beam 

spectrum was subtracted from the 2 single beam spectrum to generate the 2 infrared 

absorbance spectrum in Figure 4.6.  
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Figure 4.6. FT-IR absorbance spectrum of hydroxyurea reaction with ribonucleotide 

reductase 2 subunit in 
2
H2O, collected at 20°C. The protein samples were exchanged 

into 5 mM Hepes, p
2
H 7.6 buffer.  The protein concentrations were 250 M and 

hydroxyurea was 50 mM.  The spectra are averages of 7 different samples. 

 

 

 The corresponding reaction-induced FT-IR difference spectra of 2 and 

hydroxyurea reactions are displayed in Figure 4.7. The data are generated from 1:1 

subtraction of the ―oxidized‖ – ―reduced‖ FT-IR absorbance spectra (Figure 4.6). The 

reactions were performed in 5 mM Hepes (dotted line) and 5 mM Tris-
2
HCl (solid line) 

buffers at p H 7.6. The confidence of the labeled peaks (in cm
-1

) in Figure 4.7 is 

confirmed by the reproducibility of the spectral contributions using different buffer 

systems. Assignment of the observed vibrational modes in Figure 4.7 is discussed in 

detail in Chapters 5 and 6. 
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Figure 4.7. FT-IR difference spectra of hydroxyurea reaction with ribonucleotide 

reductase 2 subunit in 
2
H2O, collected at 20°C. Spectra were generated by subtracting 

―oxidized‖-minus-―reduced‖ 2 FT-IR absorbance spectra.  The protein samples were 

exchanged into 5 mM Hepes, p
2
H 7.6 (dotted line) or 5 mM Tris, p

2
H 7.6 (solid line) 

buffer.  The protein concentrations were 250 M and hydroxyurea was 50 mM.  The 

spectra are averages of 7 (dotted line) and 8 (solid line) different samples. 

 

 

4.3.5 Washing Procedure 

 One concern with this system is the ability to wash sample from the flow cell 

windows between experiments. Contamination from experiment to experiment could 

cause undesirable vibrational signals. The cleaning procedure consists of two steps: 

cleaning the sample injection lines (400 L of 
2
H2O-buffer) followed by the sample flow 

cell (600 L of 
2
H2O-buffer) itself. Figure 4.8 shows the effectiveness of the cleaning 

procedure. A FT-IR spectrum of the appropriate buffer is collected, followed by the 

collection of the 2 sample (dashed line) FT-IR spectrum. Following the cleaning 

protocol, another FT-IR spectrum of the buffer is recorded. Subtraction of the buffer FT-

IR spectra as after-minus-before washing generates the solid line in Figure 4.8. 
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Figure 4.8. FT-IR spectra to describe washing experiment of the reaction-induced FT-IR 

syringe pump technique. 

 

 

It follows from these measurements that the cleaning protocol is sufficient for 

complete displacement of the residual sample from the previous injection. In conclusion, 

the initial experiments, presented here, demonstrate to the capabilities of this reaction-

induced FT-IR spectroscopic technique for the efficient study of protein conformational 

dynamics and electron transfer reactions in ribonucleotide reductase and other biological 

systems. 
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5.1 Abstract 

 Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to 

deoxyribonucleotides.  Class I RNRs are composed of two homodimeric proteins, 2 and 

2. The class Ia E. coli 2 contains dinuclear, antiferromagnetically coupled iron centers 

and one tyrosyl free radical, Y122•/ 2. Y122• acts as a radical initiator in catalysis.  

Redox-linked conformational changes may accompany Y122 oxidation and provide local 

control of proton-coupled electron transfer reactions.  To test for such redox-linked 

structural changes, FT-IR spectroscopy was employed in this work.  Reaction-induced 

difference spectra, associated with the reduction of Y122• by hydroxyurea, were acquired 

from natural abundance, 
2
H4 tyrosine, and 

15
N tyrosine labeled 2 samples.  Isotopic 

labeling led to the assignment of a 1514 cm
-1

 band to the 19a ring stretching vibration of 

Y122 and of a 1498 cm
-1

 band to the 7a CO stretching vibration of Y122•.  The 

reaction-induced spectra also exhibited amide I bands, at 1661 and 1652 cm
-1

.  A similar 

set of amide I bands, with frequencies of 1675 and 1651 cm
-1

, was observed when Y• was 

generated by photolysis in a pentapeptide, which matched the primary sequence 

surrounding Y122. This result suggests that reduction of Y122• is linked with structural 

changes at nearby amide bonds and that this perturbation is mediated by the primary 

sequence.  To explain these data, we propose that a structural perturbation of the amide 

bond is driven by redox-linked electrostatic changes in the tyrosyl radical aromatic ring.   

 

 

5.2 Introduction 

 Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to 

deoxyribonucleotides.
1-3

 Class I RNRs are composed of a 1:1 complex of two 

homodimeric proteins, 2 and 2. 2 contains the binding site for substrates and 

allosteric effectors that govern turnover rate and specificity, and 2 houses the essential 
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diferric-tyrosyl radical (residue 122, Y122•) cofactor.
1-4

 Y122• acts as a radical initiator, 

 2
5
, ~35 Å removed.

6-8
 Long distance proton-coupled 

electron transfer (PCET) is facilitated by a series of amino acid radical intermediates, 

which serve to accelerate the reaction rate into a physiologically relevant range.
9-15

  

 In this work, vibrational spectroscopy is used to show that electron transfer to and 

from the tyrosyl radical (Y122•) in RNR is coupled to a conformational change in the 2 

subunit. Such redox-linked conformational changes are important because they can 

modulate the interaction of Y122 with its hydrogen bonding partner and provide local, 

structural control of its PCET reactions. 

 In previous work, high resolution magnetic resonance studies of Y122•
16

 were 

performed.  Comparison with the X-ray structure of reduced 2 suggested that a C -C  

single bond rotation may occur when Y122 is oxidized.  This single bond rotation was 

attributed to an electrostatic repulsion between Asp-84 and Y122• and would disconnect 

Y122• from the hydrogen bond network at the diiron site.  A Y• conformational 

rearrangement has also been proposed to occur with Y oxidation in pentapeptides and 

tyrosinate at 85 K.
17

 

 To identify redox-linked structural changes associated with electron transfer 

reactions in 2, we have performed FT-IR spectroscopy on the purified E. coli subunit in 

2
H2O buffer (Figures 5.7 and 5.8).  FT-IR spectroscopy has emerged as a powerful tool in 

elucidating enzyme mechanisms (reviewed in 18).  This approach has been used to study 

redox-active tyrosines in other proteins, such as photosystem II
19

 and cytochrome c 

oxidase
20

. 
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5.3 Materials and Methods 

5.3.1 Materials   

L-Tyrosine, Tris(hydroxymethyl)aminomethane hydrochloride, boric acid, 

sodium hydroxide, and hydrochloric acid were purchased from Sigma (St. Louis, MO). 

The RSYTH pentapeptide was purchased from Sigma-Genosys (The Woodlands, TX). 

{
2
H4}-tyrosine (L-tyrosine-ring-

2
H4, 98%), {

15
N}-tyrosine (L-tyrosine-

15
N, 98%) and 

deuterium oxide, 
2
H2O, (98%) were obtained from Cambridge Isotope Laboratories 

(Andover, MA). Hydroxyurea was purchased from Calbiochem (San Diego, CA).  

 

5.3.2 Expression and Purification of the 2 Subunit of RNR    

Natural abundance (NA) E. coli 2s were over-expressed in BL21(DE3) cells 

containing the pTB2 vector, as described previously.
21

 The pTB2 plasmid, which is 

composed of the 2 gene under the control of a T7 promoter and terminator as well as an 

Amp
R
 selection marker, was transformed into the BL21(DE3) cells using the Stratagene 

standard protocol. A single colony of transformed cells was inoculated into 5 mL 

LB/Amp ([Amp] = 100 g/mL) and grown for ~ 12 h at 37°C and 200 rpm. The starter 

culture was diluted 20-fold into 100 mL LB/Amp solution (500 mL shaker flask). The 

overnight culture (grown ~ 12 h) was diluted 20-fold into 800 mL LB/Amp solutions 

(typically in 2–4 x 3.2 L shaker flasks). The cultures were grown for 3 additional hours, 

at which point IPTG was added at a final concentration of 0.5 mM. The cells were 

harvested after 4 – 5 h at 37°C and 200 rpm post IPTG induction by centrifugation at 

10,000 x g and 4°C for 15 min. The cell pellets were then transferred to 50 mL Falcon 

tube, flash frozen in liq. N2, and stored at -80°C.  
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The 2 protein was typically purified from 6 – 10 g of cell pellet. All purification 

steps were performed at 4°C. For each g of cell pellet, 5 mL of purification buffer (50 

mM Tris, 5 % glycerol, pH 7.6) was added with 1 mM PMSF (from 100 mM PMSF in 

isopropanol). The cells were resuspended by gentle stirring. Cells were lysed through a 

single passage of a French press at 14,000 psi. After lysis, sodium ascorbate and 

Fe(II)(NH4)2(SO4)2 (5 mg per g cell each; dissolved in 10 mL purification buffer) were 

added dropwise to the lysed cells while stirring. The cell extract was stirred for an 

additional 15 min to increase radical yield. The lysate was centrifuged at 15,000 x g and 

4°C for 30 min to remove the cellular membrane and debris. DNA was precipitated by 

the dropwise addition of 0.2 volumes of 6 % streptomycin sulfate (in purification buffer) 

to the supernatant while stirring. The cell extract was again stirred for an additional 15 

min. The DNA was then removed by centrifugation at 15,000 x g and 4°C for 35 min. 

Protein was precipitated by the slow (20 min) addition of 0.39 g of (NH4)2SO4 (s) per mL 

supernatant while stirring. The mixture continued stirring for an additional 40 min. The 

protein precipitate was isolated by centrifugation at 15,000 x g and 4°C for 45 min. The 

protein pellet was redissolved in 10 mL purification buffer with 1 mM PMSF and 

subsequently desalted on a G25 (2.5 x 45 cm; 200 mL) column, which was pre-

equilibrated in purification buffer. The protein was collected manually by monitoring the 

A280nm of the eluate. The brownish, pooled eluate was loaded onto a DEAE (5 x 15 cm; 

150 mL) fast flow anion exchange column, which was pre-equilibrated in purification 

buffer. After loading, the column was washed with 2 column volumes (CV) of 

purification buffer immediately followed by 1.5 CV of 110 mM NaCl (in purification 

buffer). The 2 protein was eluted from the DEAE column by a linear gradient (500 x 
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500 mL) from 100 – 500 mM NaCl (in purification buffer). Fractions containing 2, 

determined as Y•/ 2 ≥ 0.9 (for calculation of [Y•] and [ 2], vide supra), were pooled, 

diluted with equal volume of purification buffer, and loaded onto a Q-Sepharose (5 x 10 

cm; 100 mL) column, which was pre-equilibrated with purification buffer. The 2 protein 

was eluted from the Q column by a linear gradient (500 x 500 mL) from 200 – 700 mM 

NaCl (in purification buffer). Fractions containing 2 were pooled, diluted with equal 

volume of purification buffer, and concentrated using a YM30 ultrafiltration device. 

SDS-PAGE was used to monitor the purification (Figure 5.1). 

 

 

 

 

 

 

 

 

Figure 5.1. SDS-PAGE showing the purification of the E. coli RNR 2 subunit. Lanes: 

A) and I) molecular weight standards, B) cell lysate, C) after streptomycin sulfate 

treatment, D) after ammonium sulfate treatment, E) Sephadex G-25 eluent, F) DEAE 

eluent, G) Q-Sepharose eluent, and H) purified natural abundance 2. 

 

 

 

Global incorporation of {
2
H4}-labeled tyrosine or {

15
N}-labeled tyrosine into the 

2 was accomplished using minimal media. The procedure was reported previously for 3-

fluorotyrosine incorporation,
22

 except that the thiamine concentration was changed to 25 

mg/L and that the tyrosine concentration was changed to 600 mg/L.
23

  For negative 
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control experiments, Met- 2, in which the tyrosyl radical is reduced and the diiron cluster 

remains oxidized, was produced by incubating 2 (~0.25 mM) with hydroxyurea (HU, 50 

mM) at room temperature for ≥ 30 min. The HU was then removed
24

 using an Amicon 

YM30 (Beverly, MA) concentrator. 
2
H2O buffer exchange was performed through the 

use of three sequential concentration and dilution steps in YM30 concentrators. The 2 

sample was exchanged into 
2
H2O-based buffer (Figure 5.4) to eliminate overlap of the 

water OH bending mode with the amide I C=O band at ~1650 cm
-1

 for the infrared 

experiments.
25

 

 

5.3.3 UV-Visible Spectroscopy and Kinetic Studies   

Room temperature absorbance spectra of the purified  sample were recorded on 

a Hitachi U-3000 spectrophotometer using 1 cm quartz cuvettes. The concentration of  

(Figure 5.2A) was determined using A280 nm and  ~131,000 M
-1

cm
-1

.
22

 The Y• yield was 

determined from the absorbance at 416, 411, and 406 nm (Figure 5.2B), according to the 

following equation, 11

406416
411

cmM1784

5

)A(2)A(3
A

]Y[

nmnm
nm

.
26

  The Y122• per 

was 1.2-1.4 for the natural abundance  preparation, 1.0-1.3 for the {
2
H4}-tyrosine 

preparation, and 0.9-1.3 for the {
15

N}-tyrosine preparation. 
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Figure 5.2. Representative UV-Visible absorbance spectrum of a purified, natural 

abundance 2 sample (A).  In (B), the y axis was expanded by a factor of ten to show the 

tyrosyl radical band at 410 nm.   

 

 

By monitoring the decay of the Y122• 410 nm absorption band,
27-31

 the rate 

constants for Y122• reduction were determined (Figures 5.3 and 5.4). The second-order 

rate constants were obtained on a Varian Cary 50 (Varian, Walnut Creek, CA) 

spectrophotometer equipped with a temperature controller. The 
1
H2O or 

2
H2O buffer 

contained 5 mM Tris-HCl, p
1
H or p

2
H 7.6.  The p

1
H and p

2
H are reported as the 

uncorrected meter reading.  The reaction was monitored at 1.8 min intervals for 30 min at 
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20
o
C; the experiment was conducted in triplicate. The rate constant in 

1
H2O was 

determined to be 0.40 ± 0.06 M
-1

s
-1

, in reasonable agreement with the previously reported 

value of 0.33 M
-1

s
-1

.
29

 The rate constant in 
2
H2O was determined to be 0.028 ± 0.003 M

-

1
s

-1
. 

 

 
 

Figure 5.3. Representative examples of the UV-Visible absorbance spectra, used to 

derive the rate constant for Y122• reduction by HU.  The temperature was 20
o
C, the 

sample was the purified, natural abundance 2 (20 M), and the experiment was 

conducted either in 
2
H2O buffer with 50 mM HU (A) or 

1
H2O buffer with 2.5 mM HU 

(B). The loss of the Y• absorbance at 410 nm is indicated by the arrow. 
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Figure 5.4. Data used to derive the averaged rate constants for Y122• reduction by HU. 

The decrease in A410 nm was monitored as a function of time (see example in Figure 

5.3) in three separate experiments. The Abs values were determined by the fitted base-

line method.
31

 The averaged data (three experiments) were fit to the equations, -ln( Abs) 

= 0.0834 t + 2.83 (A, 
2
H2O, 50 mM HU), or -ln( Abs) = 0.0602 t + 3.04 (B, 

1
H2O, 2.5 

mM HU), where t is in min. The standard deviations were used to estimate the error in 

the measurement. The rate constant was derived by dividing through by the HU 

concentration. 

 

 

5.3.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 

 EPR measurements were performed to verify the incorporation of 
2
H4-tyrosine 

into the 2 subunit. EPR spectra were recorded at 10 K with a Bruker (Billerica, MA) 

EMX X-band EPR spectrometer equipped with a standard Bruker TE cavity and an 

Oxford (Concord, MA) liquid helium cryostat.  The natural abundance, 
2
H4-tyrosine 

labeled, and Met- 2 samples were prepared at 50 M concentrations in 5 mM Tris-
1
HCl, 

p
1
H 7.6 solutions. Another sample of natural abundance 2 was prepared as 50 M 

solution in 5 mM Tris-
2
HCl, p

2
H 7.6. The spectrometer settings were as follows: 

microwave frequency, 9.44 GHz; power, 0.2 mW; center field, 3358 G; sweep width, 100 
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G; modulation amplitude, 3 G; modulation frequency, 100 kHz; time constant, 1310.72 

ms; conversion time, 327.68 ms; resolution, 2048; number of scans, 1.  

 

 

Figure 5.5. Representative EPR spectra of purified E. coli 2 samples recorded at 10 K. 

The data are natural abundance (A) and 
2
H4-tyrosine labeled (B) 2. (C) is the natural 

abundance Met- 2 spectrum. The protein concentrations are 50 M in 5 mM Tris-LCl, 

pL 7.6. In (A), the solid line represents the NA- 2 sample prepared in 
1
H2O buffer and 

the dashed line represents the NA- 2 sample prepared in 
2
H2O buffer. 

 

 

The EPR signal of the tyrosyl radical (Y122•) for the natural abundance (NA) 2 

protein is shown in Figure 5.5A. The EPR spectrum is a doublet and is similar to 

previously reported Y122• EPR spectra.
27

 This EPR lineshape is different than that for a 

neutral tyrosyl radical generated from UV photolysis. The primary reason for the 

formation of a doublet is due to the strained ring conformation of Y122• in RNR.
32
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Exchange of the natural abundance 2 into 
2
H2O buffer (Figure 5.5A; dashed line) 

slightly alters the lineshape of Y122•. From previous isotopic labeling EPR and ENDOR 

studies,
1,32,33

 the spin density for Y122• is primarily located on carbons 1’, 3’ and 5’ and 

the phenoxyl oxygen in agreement with the EPR studies of tyrosinate in powder.
34-36

 

These EPR studies demonstrate that the spin densities for all tyrosyl radicals in Nature, 

transient or stable, are independent on the environment in which the radical resides. After 

treatment of hydroxyurea to form Met- 2 (Figure 5.5C), the EPR signal of natural 

abundance 2 disappears, as expected.  

With {
2
H4}-tyrosine global labeling, the lineshape of the {

2
H4}-Y122• spectrum 

(Figure 5.5B) displays the loss of the hyperfine structure present in the NA- 2 Y122• 

EPR spectrum (Figure 5.5A). A similar lineshape was observed for the incorporation of 

the {3,5-
2
H2}-tyrosine isotopomer in 2.

37
 This behavior qualitatively demonstrates that 

our labeling efficiency is high.  

 

5.3.5 FT-IR Spectroscopy 

FT-IR spectra were collected at 20
o
C on a Nicolet Magna 550 II spectrometer 

equipped with a MCT-A detector (Nicolet, Madison, WI). A Cavro syringe pump 

(GlobalFIA, Fox Island, WA) injected samples into a temperature controlled 

demountable sample cell (Harrick Scientific Products, Pleasantville, NY) composed of 

two CaF2 windows and separated by a 6 m spacer, stabilized by vacuum grease. One of 

the CaF2 windows was customized by Spectral Systems, LLC (Hopewell Junction, NY) 

with a pair of through holes and equipped with nanoports (Upchurch Scientific, Oak 

Harbor, WA) for sample injection through the window. A 14-port selection valve allowed 
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for user-controlled sample injection into the sample cell from outside the FT-IR 

spectrometer.  

To generate the reaction-induced FT-IR spectra, the reduction of Y122• was 

performed by addition of HU (25 L; final concentration, 50 mM) to the oxidized 

(natural abundance, {
2
H4}-tyrosine, or {

15
N}-tyrosine labeled)-  sample. The 

2
H2O 

buffer contained 5 mM Tris-
2
HCl, p

2
H 7.6. The FT-IR absorption spectrum in 

2
H2O 

showed the expected downshift of ~1550 cm
-1

 amide II intensity to ~1450 cm
-1

 (amide 

II'), indicating a substantial amount of deuterium exchange (Figure 5.6; see references 38, 

39 and references therein). A negative Met  control was conducted by mixture of a 

Met  sample (225 L; final concentration, 240-250 M) with 25 L HU. A negative  

control experiment was conducted by mixture of a sample with 5 mM Tris-
2
HCl, p

2
H 

7.6 buffer (25 L). In each case, the sample was injected into the FT-IR sample cell 

immediately after mixing; the sample cell was filled in approximately 30 s.  Data (120 s, 

595 interferograms, mirror velocity 2.5 cm s
-1

) were collected at 4 cm
-1

 resolution. The 

data were acquired either immediately following (oxidized spectrum) or 8 min (reduced 

spectrum) after sample injection. The data were processed using a Happ-Genzel 

apodization function, two levels of zero filling, and a Mertz phase correction. Each data 

set was ratioed to an open beam background and converted to absorbance. The 

absorbance spectra were subtracted to generate the reaction-induced difference spectrum 

(oxidized-minus-reduced).  
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Figure 5.6 FT-IR absorbance spectrum of a natural abundance 2 (250 M) in 5 mM 

Tris-
2
HCl, p

2
H 7.6 buffer at 20

o
C. 

 

 

For the FT-IR photolysis experiments,
17

 tyrosinate or pentapeptide samples (50 

mM) were prepared in 10 mM sodium borate, p
2
H 11.0, 

2
H2O buffer. The samples (6 L) 

were sandwiched between two CaF2 windows, which were separated by a 6 m spacer. 

The sample was cooled to 80 K using a Hansen (Santa Barbara, CA) liquid nitrogen 

cryostat. Tyrosyl radicals were generated using the 266 nm output (5 flashes) from a 

Surelite III Nd:YAG laser (Continuum, Santa Clara, CA) with pulse energies of 50 – 55 

mJ at 10 Hz. Data were recorded before and after photolysis for 200 s at 4 cm
-1

 resolution 

and a 2.5 cm s
-1

 mirror velocity. The data were processed using a Happ-Genzel 

apodization function, two levels of zero filling, and a Mertz phase correction. The data 
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were ratioed to an open beam background, and absorbance spectra were generated. The 

reaction-induced difference spectrum was generated by subtraction of the pre-photolysis 

data from the post-photolysis data.   

Omnic v. 5.2 (Nicolet, Madison, WI) software and Igor Pro v. 5.03(Wavemetrics, 

Lake Oswego, OR) software were used to process the FT-IR data.
17

 

 

 

5.4 Results and Discussion 

The reaction-induced difference spectrum of natural abundant 2, associated with 

the reduction of Y122•, is presented in Figures 5.7A and 5.8A.  These data were acquired 

by one electron reduction of Y122• with hydroxyurea
27,29,31,40

 over 10 min.  Based on the 

rate constant in 
2
H2O (Figures 5.3 and 5.4), an estimated ~60% of Y122• is reduced 

during the 10 min FT-IR measurement. 

In the difference spectrum shown in Figure 5.7 A, unique bands of tyrosyl radical, 

Y122•, will be positive features; unique bands of Y122 will be negative features. Using 

model compounds and DFT calculations, it has been shown that oxidation of tyrosine 

leads to an upshift of the CO stretching vibration to 1516 cm
-1

 ( 7a) and to perturbations 

of the aromatic ring stretching frequencies, at ~1600 ( 8a) and ~1500 ( 19a) cm
-1

 

(Figures 3.6A and 3.7A; see ref 41 and references therein). Oxidation of the tyrosine 

aromatic side chain in peptides and in tyrosinate at pH 11 gave similar results for the CO 

and 19a ring stretching modes (Figure 5.7D and E; references 17, 42). Previous Raman 
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studies of the E. coli and mouse 2 subunits have attributed bands at 1498
43

 and 1515
44

 

cm
-1

, respectively, to the CO vibration. 

 

 
Figure 5.7. Reaction-induced FT-IR spectra, monitoring redox-linked structural changes 

induced by Y122• reduction with 50 mM hydroxyurea.  Spectra (A-C, F and G) were 

acquired at 20°C in 
2
H2O buffer.  In (A), the (250 M) 2 sample was natural abundance, 

in (B) 
2
H4-tyrosine labeled, and in (C) 

15
N-tyrosine labeled. In (D) and ((E), Y• was 

generated using 266 nm photolysis at 80 K in the RSTYH peptide (D) or in tyrosinate (E) 

at p
2
H 11.  (F) is a (250 M) Met 2 control difference spectrum, which lacks Y122•, but 

was mixed with hydroxyurea. (G) is a (250 M) 2 control difference spectrum, in which 

2 was mixed with buffer, instead of hydroxyurea. The difference spectra were 

constructed: Y•-minus-Y. The spectra are averages from 8 (A), 6 (B), 8 (C), 5 (D), 3 (E), 

6 (F), and 11 (G) samples.   
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Figure 5.8. The 1700-1300 cm
-1

 region of the reaction-induced FT-IR spectrum, 

monitoring redox-linked structural changes induced by Y122• reduction with 50 mM 

hydroxyurea.  Spectra 5.8A, B and C are expanded and repeated from Fig. 5.7A, B and C, 

respectively. 
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To identify Y122•/Y122 contributions to the natural abundance spectrum (Figures 

5.7A and 5.8A), the 2 subunit was labeled with the 
2
H4-tyrosine isotopomer (Figures 

5.7B and 5.8B). 
2
H4 tyrosine labeling resulted in a downshift of a negative band at 1514 

cm
-1

 to 1432 cm
-1

 (Figures 5.8A and B). This band was not observed in a negative Met 2 

control (Figure 5.7F) or in a negative control, in which the 2 subunit was mixed with 

buffer instead of hydroxyurea (Figure 5.7G). Based on previous model compound studies 

and DFT calculations
41

, we assign this band to a ring stretching vibration ( 19a) of Y122.  

From DFT calculations, he expected isotope-induced downshift is 80 cm
-1

.
41

 

2
H4 labeling also resulted in a downshift of a positive band at 1498 cm

-1
 to 1480 

cm
-1

 (Figures 5.8A and B).  This band was not observed in the negative controls (Figure 

5.7F or G) and is assigned to the CO stretching vibration ( 7a) of Y122•.  From DFT 

calculations, the expected isotope-induced downshift is ~20 cm
-1

.
41

 The assignment of the 

1498 cm
-1

 band is in agreement with previous Raman studies.
43

 

These data establish that the CO vibrational band of Y122• is downshifted ~20 

cm
-1

 from its frequency in Y• model compounds,
17,41

 where it is observed as a positive 

band at 1516 cm
-1

 (Figures 5.7D and E).  The symmetric ring stretching mode, 8a, at 

negative 1605 cm
-1

 (Figure 5.7E) was not observed when Y• is generated in the 

pentapeptide (Figure 5.7D) or in 2 (Figure 5.7A). 

In addition to bands associated with tyrosine oxidation, the reaction-induced 

spectrum in Figure 5.7A reveals coupled, oxidation-induced effects on the protein 

environment. For example, Figure 5.7A exhibits a negative band at 1661 cm
-1

 and a 

positive band at 1652 cm
-1

.  This is a spectral region characteristic of amide I C=O 
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vibrational bands (Figure 5.3).
25

  These data suggest that Y122• reduction is coupled with 

a structural change in the 2 subunit. 

As a first step in interpretation of the amide I spectral contributions, we studied a 

pentapeptide, RSYTH, matching the sequence containing Y122 in the 2 subunit.
17

 The 

pentapeptide spectrum in 
2
H2O buffer (Figure 5.7D) exhibited several bands in the amide 

I region, at 1675 and 1651 cm
-1

, which were not observed when tyrosyl radical was 

generated in a powder tyrosinate sample (Figure 5.7E).
17

 This result suggests that 

electron transfer reactions are linked with a structural change in one or more peptide 

bonds in the pentapeptide and in the 2 sample. Because the pentapeptide is expected to 

have no defined structure in solution, the amino acid composition must mediate this 

redox-linked interaction.  We propose that this conformational change occurs at adjacent 

peptide bonds to Y122•. 

15
N-labeling of tyrosine in 2 was employed (Figures 5.7C and 5.8C) to test if the 

structural perturbation occurs at the S121-Y122 amide bond.  The effect of 
15

N labeling is 

expected to be detectable {for example, see ref 45}, because the amide I normal mode 

involves nitrogen displacement.
25

  However, 
15

N labeling had no significant effect on the 

reaction-induced spectrum (Figure 5.8A and C).  This result is consistent with the 

conclusion that the redox-linked structural change does not perturb the Ser-Tyr amide 

linkage, but other amide bonds near Y122. 

  We hypothesize that the structural perturbation of the amide bond in the 2 and 

the pentapeptide samples is driven by an electrostatic change.  Electrostatic maps predict 

a change in aromatic ring charge distribution.
46

 An oxidation-induced change in charge 

distribution will lead to alterations in the C-N bond ionic character, planarity, and force 
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constant through a Stark effect. This interpretation is congruent with recent ESEEM 

studies of pentapeptide samples, which have shown composition-dependent changes in 

nuclear quadrapole interactions in tyrosyl radicals.
47

  

Redox-linked structural changes at Y122/Y122• may partially control PCET 

reactions during the RNR reaction cycle.
5,16

 These conformational alterations are likely to 

cause changes in Y122 interactions with its hydrogen bonding partner.
16

 Therefore, these 

structural changes may play a role in regulation of Y122 midpoint potential and its 

reversible protonation/deprotonation reactions. This work provides spectroscopic 

evidence for dynamic structural changes in RNR. 
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6.1 Abstract 

Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to 

deoxyribonucleotides, the rate-limiting step in DNA biosynthesis. Class Ia RNRs consist 

of two homodimeric proteins, 2 and 2. In 2, ribonucleotides are reduced to 

deoxyribonucleotides via radical chemistry initiated by a transient cysteine thiyl radical. 

C439• in the E. coli enzyme is generated by a stable tyrosyl radical Y122• located 35 Å 

away in 2. Structural changes are proposed to precede these reversible proton-coupled 

electron transfer (PCET) reactions. We have previously shown that reduction of Y122• in 

2 by the exogenous radical scavenger, hydroxyurea, is linked to protein structural 

changes.
1
  Incorporating isotopic-labeled tyrosine in 2, we are able to probe these 

structural changes using a reaction-induced Fourier-transform infrared (FT-IR)  

spectroscopic technique. FT-IR difference spectra of globally incorporated 1-{
13

C}-

labeled tyrosine yielded spectral shifts in the 1600 – 1650 cm
-1

 (amide I) and the ~1500 

cm
-1

 (amide II) regions, which are distinct from natural abundance 2. These frequency 

shifts are consistent with amide I structural changes for the Y122-T123 amide bond. The 

reduction of Y122• with N-methylhydroxylamine or 4-methoxyphenol generated 

identical amide I frequencies to the hydroxyurea reaction in the FT-IR reaction spectra. 

Together, the data support that the redox-linked structural changes in the RNR tyrosyl 

radical occur locally and are independent of reducing agent. In addition, significant 

structural changes were observed in the reaction-induced FT-IR spectra among 

hydroxyurea, N-methylhydroxylamine, and 4-methoxyphenol. We propose that these 

conformational changes are a possible result from alternate pathways for Y122• 

reduction. These data emphasize the potential for this reaction-induced FT-IR 
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spectroscopic technique for resolving the subtle differences of these reaction 

mechanisms.  

 

 

6.2 Introduction 

Ribonucleotide reductase (RNR) catalyzes the radical-mediated reduction of 

ribonucleoside diphosphates (NDPs) to deoxyribonucleoside diphosphates (dNDPs).
2,3

 

There are three classes of RNRs and the mechanism for NDP reduction is universally 

conserved throughout all organisms.
4
 Substrate reduction is initiated by a transient 

cysteine radical (C439•, in E. coli numbering). The three classes are distinguished 

primarily by the nature of the cysteine radical initiator. Of the three classes, class Ia, 

composed of mammalian and E. coli RNRs, is a heterodimer of homodimers, 2 and 2. 

The large subunit, 2, houses the binding sites for the nucleotide substrate and effectors. 

In 2, a stable tyrosyl radical (Y122•) resides adjacent to an antiferromagnetically 

coupled -oxo bridged diferric cluster. Y122• is responsible for generating the transient 

thiyl radical at the active site in 2. No structure of the active complex has yet been 

determined. However, a docking model of the individually solved structures of 2
5
 and 

2
6
 estimated a 35 Å distance separating these two residues. A pulsed-electron double 

resonance (PELDOR) spectroscopic study
7
 has supported this distance, which indicates 

no large structural rearrangement of the complex to bring the residues closer for direct 

electron transfer.  

A series of transient amino acid radicals (ref 8 and refs therein) have been 

proposed to shuttle the electron from the active site to 2 and back. Site-directed 
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mutagenic studies
9-12

 have unveiled the importance of these intermediates; the 

mechanism of these intermediates during turnover is beginning to be established through 

use of non-natural amino acids
13-15

. Previous kinetic studies have identified a lag phase 

preceding the reversible proton-coupled electron transfer (PCET) reactions required for 

C439• formation.
16

 A physical, conformational gating was postulated to drive the PCET 

processes and ultimately nucleotide reduction. Since there is no crystal structure for the 

Y122•-containing 2 or the active complex, a model for this conformational gating 

process is currently unknown.  

Only limited structural information is available for the active 2 protein. A high 

field electron paramagnetic resonance (EPR) spectroscopic study gave evidence for 

motion of the phenoxyl ring of Y122 along the C –C  bond upon oxidation with H2O2.
17

 

Our previous work using Fourier-transform infrared (FT-IR) spectroscopy suggested that 

perturbations of the amide bonds surrounding Y122 are linked to reduction of the radical 

with hydroxyurea.
1
  

In this work, we have incorporated 1-{
13

C}-labeled tyrosine globally into the 2 

subunit of the Escherichia coli RNR. Our reaction-induced FT-IR of the 1-
13

CY-labeled 

2 exhibits discrete spectral shifts from that of the natural abundant (NA) 2 difference 

spectrum. These data suggest that the 1650 – 1600 cm
-1

 bands in these reaction-induced 

IR spectra arise from redox-linked amide I changes in the local peptide bonds 

surrounding Y122. In addition, using other Y122•-reducing agents, N-

methylhydroxylamine (N-MHA) and 4-methoxyphenol (4-MP), the (-) 1661/(+) 1653 

cm
-1

 frequencies are identical to that of the reaction of 2 with hydroxyurea. These data 
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provide evidence that the redox-linked protein conformational changes in the reaction-

induced FT-IR spectra are independent of reducing agent.  

 

 

6.3 Materials and Methods 

6.3.1 Materials 

L-Tyrosine, Hepes: 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-

methylhydroxylamine hydrochloride, sodium hydroxide, and hydrochloric acid were 

purchased from Sigma (St. Louis, MO). 4-methoxyphenol was acquired from VWR 

International (Radnor, Pennsylvania). 1-{
13

C}-tyrosine (L-tyrosine-1-
13

C, 98%), 4-{
13

C}-

aspartic acid (D,L-aspartic acid-4-
13

C, 99%), and deuterium oxide, (
2
H2O, 98%) were 

obtained from Cambridge Isotope Laboratories (Andover, MA). Hydroxyurea was 

purchased from Calbiochem (San Diego, CA). 

 

6.3.2 2 Overexpression and Purification 

Escherichia coli natural abundance (NA) and isotope-labeled 2 protein was 

overexpressed and purified from E. coli BL21(DE3)/pTB2 cells, using standardized 

protocols. Global incorporation of {
2
H4}-, {

15
N}-, and 1-{

13
C}-labeled tyrosine into 2 

was performed using minimal media.
1
 Incorporation of 4-{

13
C}-labeled aspartatic acid 

into 2 was performed as described previously for the manganese-stabilizing protein.
18

 

Typical yields for natural abundance (NA) 2 were 20 – 25 mg protein per g of cells. 

Prior to FT-IR or kinetic experiments, the protein samples were exchanged into 5 mM 
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Hepes, p
2
H 7.6 (p

2
H values are recorded as the uncorrected meter reading

19
) as 

previously described.
1
   

 

6.3.3 UV-Visible Spectroscopy: Hydroxyurea, N-Methylhydroxylamine, and 4-

Methoxyphenol Kinetic Studies 

 

Room temperature UV-visible absorbance spectra of the purified E. coli 2 

-3000 spectrophotometer using 1 cm quartz 

cuvettes. The concentration of natural abundance and isotope-labeled 2 samples were 

determined using 280nm ~131,000 M
-1

cm
-1

. The Y• yield was determined from the 

absorbance at 416, 411, and 406 nm as previously described.
1,20

 The ratio of Y122• per 

– 1.4 for the NA 2. By monitoring the decay of the Y122• 

410 nm absorption band, the rate constants for Y122• reduction were determined for 

hydroxyurea (HU), N-methylhydroxylamine (N-MHA), and 4-methoxyphenol (4-MP). 

The second-order rate constants for these reducing agents were obtained on a Varian 

Cary 50 (Varian, Walnut Creek, CA) spectrophotometer equipped with a temperature 

controller. The 
1
H2O or 

2
H2O buffer were prepared as 5 mM Hepes, p

1
H 7.6 or p

2
H 7.6. 

The reactions were monitored at 1.8 min intervals for 30 min at 20°C; the experiments 

were performed in triplicate. 

 

6.3.4 Fourier-Transform Infrared (FT-IR) Spectroscopy 

Reaction-induced FT-IR spectra were collected at 20
o
C on a Nicolet Magna 550 II 

spectrometer equipped with a MCT-A detector (Nicolet, Madison, WI). A Cavro syringe 

pump (GlobalFIA, Fox Island, WA) injected samples into a temperature controlled 

demountable sample cell (Harrick Scientific Products, Pleasantville, NY) composed of 
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two CaF2 windows and separated by a 6 m spacer and stabilized with vacuum grease. 

One of the CaF2 windows was customized by Spectral Systems, LLC (Hopewell Junction, 

NY) with a pair of through holes and equipped with nanoports (Upchurch Scientific, Oak 

Harbor, WA) for sample injection through the window. A 14-port selection valve allowed 

for user-controlled sample injection into the sample cell from outside the FT-IR 

spectrometer.  

To generate the reaction-induced FT-IR spectra, the reduction of Y122• was 

performed by addition of HU (25 L; final concentration, 50 mM) to the oxidized 

(natural abundance, {
2
H4}-tyrosine, {

15
N}-tyrosine, 1-{

13
C}-tyrosine, or 4-{

13
C}-aspartic 

acid labeled)-  samples. In addition, the reduction of Y122• was performed by addition 

of N-MHA (25 L; final concentration, 50 mM) or 4-MP (25 L; final concentration, 2.5 

mM) to the oxidized, natural abundance  samples. The 
2
H2O buffer contained either 5 

mM Tris-
2
HCl, p

2
H 7.6 or 5 mM Hepes, p

2
H 7.6. A negative Met  control was 

conducted by mixture of a Met  sample (225 L; final concentration, 240-250 M) with 

25 L HU. In each case, the sample was injected into the FT-IR sample cell immediately 

after manual mixing; the sample cell was filled in approximately 30 - 45 s.  Data (120 s, 

595 interferograms, mirror velocity 2.5 cm s
-1

) were collected at 4 cm
-1

 resolution. The 

data were acquired either immediately following (oxidized spectrum) or 8 min (reduced 

spectrum) following sample injection. The data were processed using a Happ-Genzel 

apodization function, two levels of zero filling, and a Mertz phase correction. Each data 

set was ratioed to an open beam background and converted to absorbance spectra. The 

absorbance spectra were subtracted to generate the reaction-induced difference spectrum 

(oxidized-minus-reduced).  
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Photolysis-induced FT-IR spectra of tyrosinate or 4-methoxyphenol were 

performed at 79 K using a Hansen (Santa Barbara, CA) liquid nitrogen cryostat. 

Tyrosinate samples were prepared at 100 mM concentrations in 5 mM sodium borate, 

p
2
H 11.0. 4-Methoxyphenol samples were prepared at 100 mM concentrations in 5 mM 

Hepes, p
2
H 7.6. The 4-methoxyphenol samples were prepared in p

2
H 7.6 buffer for 

comparison to the reaction-induced FT-IR spectra and the tyrosinate samples were 

prepared in p
2
H 11.0 buffer for solubility. Phenoxyl radicals were generated from 5 laser 

flashes from 266 nm output of Surelite III (Continuum, Santa Clara, CA) Nd:YAG laser 

with pulse energies of 45 – 55 mJ at 10 Hz. Data were recorded before and after 

photolysis for 200 s at 4 cm
-1

 resolution and a 2.5 cm s
-1

 mirror velocity. The data were 

processed using a Happ-Genzel apodization function, two levels of zero filling, and a 

Mertz phase correction. The data were ratioed to an open beam background, and 

absorbance spectra were generated. The reaction-induced difference spectrum was 

generated by subtraction of the pre-photolysis data from the post-photolysis data. Omnic 

v. 5.2 (Nicolet, Madison, WI) software and Igor Pro v. 5.03(Wavemetrics, Lake Oswego, 

OR) software were used to process the reaction- and photolysis-induced FT-IR data.
21

  

 

 

6.4 Results and Discussion 

6.4.1 Kinetic Analysis of 2 Reduction by Hydroxyurea, N-Methylhydroxylamine, 

and 4-Methoxyphenol in 
2
H2O 

 

Rate constants for 2 reducing agents such as hydroxyurea and N-

methylhydroxylamine have been extensively studied both aerobically and anaerobically 

for the E. coli enzyme.
1,22-28

 The reactions have been described well for the Y122• 
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reduction in 
1
H2O, but the rate constants have not been reported for the reactions in 

2
H2O. 

For the infrared experiments, the reactions were monitored in 
2
H2O buffer to eliminate 

spectral overlap of the 
1
H2O bending mode to the protein amide I region (~1650 cm

-1
). 

By monitoring the decay of the Y122• 410 nm absorption band,
1,22-25,28

 the rate constants 

for Y122• reduction were determined (Figures 6.1-6.3 and 6.6). The decay of 410 nm was 

determined using the fitted base-line (F.B.L.) method: 

2

AbsAbs
AbsAbs(FBL) 400nmnm420

410nm410nm .
28

  

 

 

Figure 6.1. UV-visible kinetic data, which are associated with the reduction of Y122• 

from control 2 (40 M) with hydroxyurea (HU, 2.5 mM), recorded at 20°C in 
1
H2O and 

at p
1
H 7.6. In (A), a representative example of the UV-Visible absorbance spectra, used 

to derive the rate constant is shown. The loss of the Y• absorbance at 410 nm is indicated 

by the arrow. The y-axis tick marks represent 1 x 10
-1

 absorbance units. In (B) are the 

data used to derive the averaged rate constants for Y122• reduction by HU. The 

Abs410nm values were determined by the fitted base-line (F.B.L.) method.
28

 The 

averaged data (three experiments) were fit (red line) to the linear equation, y = 2.3445 + 

0.050975 * t, where t is in min. The standard deviations were used to estimate the error in 

the measurement. The rate constant (0.34 ± 0.01 M
-1

s
-1

) was derived by dividing through 

by the HU concentration. The y-axis tick marks represent 5 x 10
-1

 arbitrary units. 
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The reaction of control 2 with hydroxyurea in 
1
H2O at 20°C and p

1
H 7.6 was 

monitored with UV-Vis spectroscopy (see Figure 6.1A). The natural log of the 410 nm 

decay using the FBL method was plotted versus time in Figure 6.1B. The kinetic data in 

Figure 6.1B were fit (red line) to a linear function, y = C0 + k1t, where t is in minutes. 

Likewise, the corresponding reaction of 2 with hydroxyurea was monitored in 
2
H2O at 

2O°C (Figure 6.2). 

 

 

Figure 6.2. UV-visible kinetic data, which are associated with the reduction of Y122• 

from control 2 (40 M) with hydroxyurea (HU, 50 mM), recorded at 20°C in 
2
H2O and 

at p
2
H 7.6. In (A), a representative example of the UV-Visible absorbance spectra, used 

to derive the rate constant is shown. The loss of the Y• absorbance at 410 nm is indicated 

by the arrow. The y-axis tick marks represent 1 x 10
-1

 absorbance units. In (B) are the 

data used to derive the averaged rate constants for Y122• reduction by HU. The 

Abs410nm values were determined by the fitted base-line (F.B.L.) method.
28

 The 

averaged data (three experiments) were fit (red line) to the linear equation, y = 2.5931 + 

0.076704 * t, where t is in min. The standard deviations were used to estimate the error in 

the measurement. The rate constant (0.026 ± 0.001 M
-1

s
-1

) was derived by dividing 

through by the HU concentration. The y-axis tick marks represent 5 x 10
-1

 absorbance 

units. 

 

 

From the linear fit, the rate constant for the reaction of 2-Y122• with 

hydroxyurea in 
1
H2O at 20°C was determined to be 0.34 ± 0.01 M

-1
s

-1
, which is in good 
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agreement with previously reported values of 0.33 M
-1

s
-1

 from UV-visible
24

 and 0.36 M
-

1
s

-1
 from EPR

29
 spectroscopic studies. For the corresponding reaction in 

2
H2O from 

Figure 6.2, the second-order rate constant drops to 0.026 ± 0.001 M
-1

s
-1

. The resulting 

kinetic isotope effect (

OH

OH

k

k

2
2

2
1

KIE ) was calculated as 13. For the FT-IR conditions 

([HU] = 50 mM), an estimated ~ 60 % reduction of Y122• was estimated during the 

course of the 10 min FT-IR experiments.
1
  

In Figure 6.3, the reaction of control 2 with N-methylhydroxylamine in 
2
H2O is 

shown. The natural log plot of the 410 nm versus time is displayed in Figure 6.3B. The 

data in Figure 6.3B does not follow the expected linear trend for Y122• reduction. The 

non-linear fit to the data suggests that there are competing reactions. Incubation of the 

Met 2 form with N-methylhydroxylamine in 
2
H2O (Figure 6.4) produced the appearance 

of a weak positive 410 nm band over 30 min. During the 30 minute incubation of the N-

MHA reaction of Met 2 in 
1
H2O (see Figure 6.5), no emergence of a 410 nm peak was 

observed. Moreover, mixing of the Met 2 form with either hydroxyurea or 4-

methoxyphenol in 
2
H2O also did not lead to the formation of the 410 nm feature (data not 

shown). The results suggest that the reaction of control 2 with N-MHA in 
2
H2O leads to 

reduction of Y122• and reduction of the diferric cluster with subsequent Y122 oxidation.  
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Figure 6.3. UV-visible kinetic data, which are associated with the reduction of Y122• 

from control 2 (40 M) with N-methylhydroxylamine (NMHA, 50 mM), recorded at 

20°C in 
2
H2O and at p

2
H 7.6. In (A), a representative example of the UV-Visible 

absorbance spectra, used to derive the rate constant is shown. The loss of the Y• 

absorbance at 410 nm is indicated by the arrow. The y-axis tick marks represent 1 x 10
-1

 

absorbance units. In (B) are the data used to derive the averaged rate constants for Y122• 

reduction by NMHA. The Abs410nm values were determined by the fitted base-line 

(F.B.L.) method.
28

 The initial 10 minutes of the averaged data (three experiments) were 

fit (red line) to the linear equation, y = 2.6112 + 0.12332 * t, where t is in min. The 

standard deviations were used to estimate the error in the measurement. The rate constant 

for Y122• reduction (0.041 ± 0.001 M
-1

s
-1

) was derived by dividing through by the 

NMHA concentration. The y-axis tick marks represent 5 x 10
-1

 absorbance units. 

 

 

 

The rate constant for the reduction of Y122• by N-methylhydroxylamine in 
2
H2O 

at 20°C (Figure 6.3B), was determined to be 0.041 ± 0.001 M
-1

s
-1

. This value was 

obtained from the linear fit of the initial 10 minutes of the reaction. Fitting the change in 

absorbance of the 410 nm peak versus time (Figure 6.3A) to a biexponential equation 

(data not shown) for the control 2 and N-MHA reaction in 
2
H2O produced a similar rate 

constant (0.045 ± 0.003 M
-1

s
-1

) for the first exponential (i.e. Y122• reduction).  The 

corresponding rate constant for the reaction of control 2 with N-methylhydroxylamine 

in 
1
H2O at 20°C (data not shown) was determined to be 0.18 ± 0.01 M

-1
s

-1
. From these 

determined rates at 20°C, the KIE for N-MHA was estimated to be 4.4.  
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Figure 6.4. UV-visible kinetic data, which are associated with the reaction of Met- 2 (40 

M) with N-methylhydroxylamine (NMHA, 50 mM), recorded at 20°C in 
2
H2O and at 

p
2
H 7.6. In (A), a representative example of the UV-Visible absorbance spectra, used to 

derive the rate constant is shown. The gain of the Y• absorbance at 410 nm is indicated 

by the arrow in the inset. The y-axis tick marks represent 1 x 10
-1

 absorbance units. In (B) 

are the data used to illustrate Y122• formation from the NMHA reaction with Met 2. The 

Abs410nm values were determined by the fitted base-line (F.B.L.) method.
28

 The standard 

deviations were used to estimate the error in the measurement. The y-axis tick marks 

represent 5 x 10
-1

 arbitrary units. 

 

 

Gerez and Fontecave showed that the aerobic reaction of Met 2 with hydrazine in 

1
H2O caused the re-generation of the 410 nm absorption band.

30
 These previous data 

suggested that hydrazine can reduce the diferric cluster, even in the presence of oxygen. 

In the case of the Met 2 reaction with N-MHA in 
2
H2O (Figure 6.4), aerobic reduction of 

the diferric cluster leads to the spontaneous reactivation of 2. The lack of reactivation of 

Met 2 with N-MHA in 
1
H2O (Figure 6.5) suggests that the reduction of the diferric 

cluster is much slower than the reduction of Y122•. These data suggest that the second 

exponential for the N-MHA reaction with control 2 in 
2
H2O corresponds to the 

reactivation of Y122•. From the N-MHA data, we propose that the reduction of Y122• is 
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limited by a proton transfer, but the reduction and subsequent oxidation of the diiron 

cluster is not. 

 

 

 
 

Figure 6.5. UV-visible kinetic data, which are associated with the reaction of Met- 2 (40 

M) with N-methylhydroxylamine (NMHA, 2.5 mM), recorded at 20°C in 
1
H2O and at 

p
1
H 7.6. A representative example of the UV-Visible absorbance spectra is shown. The y-

axis tick marks represent 1 x 10
-1

 absorbance units. 

 

 

 The reaction of control 2 and 4-methoxyphenol, monitored with UV-visible 

spectroscopy, is shown in Figure 6.6A. From the linear (red line) fit to the natural log plot 

(Figure 6.6B), the rate constant for this reaction in 
2
H2O at 20°C was determined as 0.52 

± 0.04 M
-1

s
-1

. The corresponding second-order rate constant for the reaction of control 2 

with 4-methoxyphenol in 
1
H2O at 20°C (data not shown) was determined to be 0.83 ± 

0.02 M
-1

s
-1

, which is within reasonable agreement to a previously reported value of 0.9 

M
-1

s
-1

 using EPR spectroscopy.
29

 From these rates, the KIE for 4-MP at 20°C was 

estimated to be ~1.6.  
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Figure 6.6. UV-visible kinetic data, which are associated with the reduction of Y122• 

from control 2 (40 M) with 4-methoxyphenol (4-MP, 1 mM), recorded at 20°C in 
2
H2O and at p

2
H 7.6. In (A), a representative example of the UV-Visible absorbance 

spectra, used to derive the rate constant is shown. The loss of the Y• absorbance at 410 

nm is indicated by the arrow. The y-axis tick marks represent 1 x 10
-1

 absorbance units. 

In (B) are the data used to derive the averaged rate constants for Y122• reduction by 4-

MP. The Abs410nm values were determined by the fitted base-line (F.B.L.) method.
28

 The 

averaged data (three experiments) were fit (red line) to the linear equation, y = 2.5985 + 

0.031248 * t, where t is in min. The standard deviations were used to estimate the error in 

the measurement. The rate constant (0.52 ± 0.04 M
-1

s
-1

) was derived by dividing through 

by the 4-MP concentration. The y-axis tick marks represent 5 x 10
-1

 arbitrary units. 

 

 

6.4.2 Reaction-Induced FT-IR Difference Spectroscopy 

 Reaction-induced FT-IR spectroscopy was used to identify protein structural 

dynamics linked to Y122• redox changes. The FT-IR absorbance spectra for control 2, 

hydroxyurea (HU), N-methylhydroxylamine (N-MHA), and 4-methoxyphenol (4-MP) 

were recorded (Figure 6.7). The FT-IR absorption spectrum in 
2
H2O showed the expected 

downshift of ~1550 cm
-1

 amide II intensity to ~1450 cm
-1

 (amide II'), indicating a 

substantial amount of deuterium exchange (Figure 6.7; also see references 1,19,31,32). 

 



 205 

 

Figure 6.7. FT-IR absorbance spectra collected at 20°C. The data are (A) 250 M natural 

abundance, control 2, (B) 50 mM hydroxyurea, (C) 50 mM N-methylhydroxylamine, 

and (D) 2.5 mM 4-methoxyphenol. All samples (A) – (D) were prepared in 5 mM Hepes, 

p
2
H 7.6 buffer. The y-axis tick marks represent 5 x 10

-2
 absorbance units. 

 

 

The reaction-induced difference FT-IR spectra of E. coli 2 with hydroxyurea 

were previously reported in Tris-
2
H2O buffer.

1
 The 2 samples were mixed manually 

with hydroxyurea and immediately injected into the FT-IR sample cell with the 

GlobalFIA pump. The FT-IR data were collected as two 120 s acquisitions with a 6 min 

interval separating the ―oxidized‖ and ―reduced‖ data. These FT-IR absorption spectra 

were subtracted (1:1) to yield the difference spectra. Only those vibrational bands that are 

affected by the reduction of Y122• with hydroxyurea are revealed in the difference 

spectrum. Redox changes to tyrosine result in perturbations to the ring vibrational modes 

( 8a and 19a) and the CO vibration ( 7a) as expected.
33-35

 Unique bands attributed to the 



 206 

tyrosyl radical, Y122•, are positive; whereas the reduced (singlet) tyrosine features are 

negative.  

 

6.4.3 Tyrosyl radical ring and CO vibrational modes 

In our previous report, the CO stretching ( 7a) frequency for the light-generated 

tyrosyl radical in 
2
H2O solution was observed at 1516 cm

-1
,
1
 similar to other model 

studies in 
1
H2O.

21,33-37
 The assignment of this band in model tyrosine was supported by 

specific isotope labeling
35

 and density functional theory (DFT)
38

 calculations. Resonance 

Raman studies for the E. coli 2 protein have assigned a ~1498 cm
-1

 band to the CO 

mode for Y122•.39,40
 In Figure 6.8A, the presence of a 1499 cm

-1
 positive band for the 

NA- 2 sample corroborates the assignment. This 7a mode of Y• is predicted to 

downshift by 23 cm
-1

 upon 
2
Hring labeling.

38
 In the 

1
H4–minus–

2
H4 isotope-edited 

spectrum (Figure 6.8A), the positive 1499 cm
-1

 peak shifts to the negative 1481 cm
-1

 

feature.  The -18 cm
-1

 spectral shift supports the 7a assignment.  

In addition to the CO mode, the totally symmetric ring stretching mode, 8a, is 

also perturbed by oxidation of the phenol ring. The symmetric 8a ring stretching mode is 

observed at 1610 – 1600 cm
-1

 region for singlet tyrosinate and 1620 – 1610 cm
-1

 for 

singlet tyrosine models.
40

 For Y•, the 8a mode is observed in the 1550 – 1560 cm
-1

 

region.
34,35,38,41

  A candidate for this mode of Y122• in 2 may be assigned to the positive 

1563 cm
-1

 feature in Figure 6.8A. Our UV Raman study of control 2 led to the 

assignment of a 1556 cm
-1

 peak to this mode.
40

 This band is sensitive to 
2
Hring labeling; 

the 1563 cm
-1

 band in the 
1
H4–minus–

2
H4 isotope-edited spectrum might shift either to 

1553 (  = -10) cm
-1

 or to 1513 (  = -50) cm
-1

. The spectral shift to the 8a mode has not 
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been determined experimentally for the model tyrosyl radical, albeit DFT calculations 

predict a -38 cm
-1

 shift.
38

  

 

 

Figure 6.8. Isotope-edited FT-IR spectra of E. coli 2 with 50 mM hydroxyurea collected 

at 20°C. The data in (A) are 
1
H4-minus-

2
H4 and (B) 

14
N-minus-

15
N tyrosine-labeled 2 

samples. The 
1
H4-minus-

2
H4-isotope-edited and 

14
N-minus-

15
N-isotope-edited FT-IR 

spectra of tyrosine-labeled 2 are generated from data reported previously.
1
 The spectra 

were normalized to provide the same Y122•/ 2 content. The y-axis tick marks represent 1 

x 10
-4

 absorbance units. 

 

 

6.4.4 Tyrosine ring vibrational modes 

In the 
1
H4Y–minus–

2
H4Y isotope-edited spectrum (Figure 6.8A), the 1513 cm

-1
 

peak shifts to 1433 cm
-1

 for a spectral shift of -80 cm
-1

. The magnitude of this downshift 

is in good agreement with the predicted -83 cm
-1

 shift from DFT calculations
38

 for the 

19a ring mode of singlet tyrosine. As expected, no tyrosine ring spectral shifts were 

observed for the 
14

NY-minus-
15

NY isotope-edited spectrum in Figure 6.8B. 

 

 

 

 



 208 

Table 6.1. Assignments of 2 Vibrational Frequencies
a
 with 

2
H4 Isotope Shifts  

 

Tyrosinate
b
 2

c
  

Assignment  ( exp, calc)  ( exp) 

1500 -80, -83 1513 -80 19a 

 

Tyrosyl radical•
b
 2

c
  

Assignment  ( exp, calc)  ( exp) 

1554 N.D.
d
, -38 1563 N.D.

d
 8a 

1516 N.D.
d
, -27 1499 -17 7a 

a
 Frequencies are in cm

-1
. See Materials and Methods for experimental details.  

b 
See ref 

38. 
c
 This work; derived from isotope-edited spectra (Figure 6.8A). 

d
 N.D., not 

determined.  

 

 

6.4.5 2 Spectral Dependence on Reducing Agent 

Previously, we reported redox-linked structural changes for the reaction of control 

2 with hydroxyurea.
1
 Distinct features were observed at (-) 1661/(+) 1653 cm

-1
, which 

were assigned to local perturbations of the amide bonds surrounding Y122. To defend the 

hypothesis that the spectral features in the 1650 – 1600 cm
-1

 region arise from 2 amide I 

changes and not from reducing agent, we sought other reducing agents that are IR 

invisible in this region. N-methylhydroxylamine and 4-methoxyphenol are well known, 

potent 2 radical scavengers. The FT-IR absorbance spectra of the two inhibitors are 

displayed in Figure 6.7C and 6.7D, respectively. The infrared spectra of these 2 

inhibitors confirm no spectral contributions in the 1700 – 1600 cm
-1

 region. 

Figure 6.9 shows the FT-IR difference spectra of hydroxyurea-treated (Figure 

6.9A), N-methylhydroxylamine-treated (Figure 6.9B), and 4-methoxyphenol-treated 
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(Figure 6.9B) 2 samples. The frequencies in the 1600 – 1650 cm
-1

 region, specifically (-

) 1661/(+) 1653 cm
-1

, are identical. These results suggest that the amide I region of the 2 

FT-IR difference spectrum is independent of the reducing agent. Therefore, the 1650 – 

1600 cm
-1

 region of the 2 difference spectrum arises from the protein amide bond 

conformational changes (i.e. hydrogen bonding or geometry).  

 

 

Figure 6.9. Reaction-induced FT-IR spectra of E. coli natural-abundance 2 collected at 

20°C. The data are reactions of control 2 with (A) 50 mM hydroxyurea, (B) 50 mM N-

methylhydroxylamine, and (C) 2.5 mM 4-methoxyphenol. The 2 samples were prepared 

at 250 M final concentrations in 5 mM Hepes, p
2
H 7.6. The spectra are averages of (A) 

16, (B) 13, and (C) 4. The y-axis tick marks represent 2 x 10
-4

 absorbance units. 

 

 

Although the amide I region are identical for the reducing agents, there are some 

spectral differences. Comparing the hydroxamic acids, the reactions of control 2 with 

hydroxyurea (Figure 6.9A) or N-methylhydroxylamine (Figure 6.9B) exhibit some 
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unique spectral differences. The intensities of (+) 1563, (+) 1413, and (+) 1395 cm
-1

 

features are increased in Figure 6.9B compared to the hydroxyurea reaction; whereas the 

(+) 1531 cm
-1

 band in the N-MHA reaction loses intensity. No significant changes in 

intensity to the amide I or tyrosine/tyrosyl radical peaks are observed for these two 

hydroxamic acid derivatives. In the N-MHA reaction, shown in Figure 6.9B, new spectral 

features arise at (-) 1531, (-) 1387/(+) 1376, and (-) 1337 cm
-1

. 

Under anaerobic conditions, hydroxylamine has been shown to reduce the diiron 

cluster, albeit, on a slower time scale than Y122• reduction.
30

 Reactivation of the protein 

was achieved when the reduced 2 was subsequently exposed to O2. In other words, 

aerobic reduction of 2 with hydroxylamine in 
1
H2O, did not cause reduction of the 

diferric cluster.
30

 From the UV-visible spectroscopy data, presented in this work, we have 

observed the reactivation of Met 2 (Figure 6.4) with N-methylhydroxylamine in 
2
H2O in 

the presence of molecular oxygen. The conditions for the UV-visible experiments are 

similar to the reaction-induced FT-IR reactions (Figure 6.9B). The differences between 

the hydroxyurea (Figure 6.9A) and N-methylhydroxylamine (Figure 6.9B) reactions may 

be attributed in part to redox chemistry of the diiron center.   

 To investigate the spectral contributions, if any, of the reducing agents to the 

reaction-induced FT-IR spectra (Figure 6.9), we used 4-methoxyphenol. FT-IR spectra of 

the 4-methoxyphenol radical in solution can be generated using light-oxidation (see 

Figure 6.10B).  
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Figure 6.10. Photolysis-induced FT-IR spectra collected at 79 K. The data are (A) 100 

mM tyrosinate in 5 mM Na-borate, p
2
H 11.0, (B) 100 mM 4-methoxyphenol in 5 mM 

Hepes, p
2
H 7.6, (C) 5 mM Na-borate buffer, and (D) 5 mM Hepes buffer. See Materials 

and Methods for details. The spectra are averages of (A) 4, (B) 4, (C) 4, and (D) 4. The y-

axis tick marks represent 1 x 10
-2

 absorbance units. 

 

 

Oxidation of tyrosinate is known to perturb the phenoxyl ring ( 8a, 19a) and CO 

( 7a) vibrational modes. The assignments for the tyrosinate/tyrosyl radical FT-IR 

difference spectra have been discussed in detail, previously (see 21,35 and references 

within). In Figure 6.10A, the positive feature at 1516 cm
-1

 is assigned to the CO ( 7a) 

mode for the radical.
1,21,34-38,41

 For singlet tyrosinate, negative bands at 1601, 1558, and 

1501 cm
-1

 are assigned to the ring vibrational modes, 8a, 8b, and 19a, respectively.
1,21,34-

38,41
 In comparison to tyrosinate, the photolysis-induced FT-IR spectrum of 4-

methoxyphenol in Figure 6.10B is simplified. We assign the negative 1508 cm
-1

 for 

reduced 4-MP to a ring stretching mode and the positive 1494 cm
-1

 to the CO stretching 
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vibration of the 4-MP radical. As expected, we observe no changes in the sodium borate 

(Figure 6.10C) or Hepes (Figure 6.10D) buffer samples. 

 Figure 6.9C gives rise to similar features at (-) 1516/(+) 1511/(-) 1504 cm
-1

 to the 

model 4-methoxyphenol data in Figure 6.10B. The amide I bands (i.e. 1650 – 1600 cm
-1

 

region) in Figure 6.9C are identical to the other hydroxamic acid inhibitors in Figures 

6.9A and 6.9B. This result further supports the conclusion that the amide I structural 

changes in the reaction-induced FT-IR spectra of 2 are independent of reducing agent. 

The effective loss of the Y122• 7a mode at ~1498 cm
-1

 in Figure 6.9C is due to spectral 

overlap with a negative ~1490 cm
-1

 CO vibration from the radical 4-MP (Figure 6.10B). 

In comparison to the hydroxyurea reaction from Figure 6.9A, the reduction of Y122• with 

4-methyphenol causes complete loss, or decreased intensity, of bands at (+) 1621, (+) 

1563, (+) 1463, (-) 1443, (+) 1414, and (-) 1406 cm
-1

. In addition, appearances of unique 

bands are observed at (+) 1578 and (+) 1558 cm
-1

. These differences suggest that 

alternate pathways for 2 reduction may be utilized for these inhibitors. 

 

6.4.6 Amide I and II Vibrations 

Our previous studies with tyrosine-containing pentapeptides supported structural 

changes upon oxidation of the tyrosine residue.
1,21

 The reaction-induced FT-IR spectra of 

the RSYTH peptide, which is the primary sequence of E. coli 2 surrounding Y122, 

yielded the set of peaks, (-) 1675/(+) 1651 cm
-1

. Model tyrosine, which has no 

amide/peptide bonds, lacks these IR features. These frequencies are similar to that of NA-

2 in Figure 6.11A, suggesting that the (-) 1661/(+) 1653 cm
-1

 peaks may arise from local 
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amide I structural changes. To test this hypothesis, we incorporated {
15

N}-tyrosine and 1-

{
13

C}-tyrosine globally into the 2 subunit (see Materials and Methods for details). 

There are no spectral shifts in the 
14

NY–minus–
15

NY isotope-edited spectrum 

(Figure 9B). The {
15

N} labeling of tyrosine is predicted to have no effect on the ring and 

CO modes of the phenoxyl radical.
38

 Minimal shifts (~1-3 cm
-1

)
42,43

 are expected in the 

amide I region for 
15

N labeling, though no observable shifts are observed in the isotope-

edited spectrum. 
15

N-labeling is expected to have a much larger effect (~25-30 cm
-1

) on 

the amide II vibration.
42,44

 No spectral shifts in amide II region are observed with 
15

N-Tyr 

labeling (Figure 6.8B). The lack of amide II contributions in the 
14

N–minus–
15

N-tyrosine 

isotope-edited spectrum supports that the S121-Y122 amide bond may not be involved in 

redox-linked structural changes of 2.
1
  

Labeling of the 2 protein with 1-{
13

C}-tyrosine causes significant changes in the 

FT-IR difference spectrum, compared to the natural abundance (see Figure 6.11). 

Subtraction of the FT-IR difference spectra of 1-{
13

C}-tyrosine labeled 2 samples 

(Figure 6.11A) from natural abundance 2 (Figure 6.11A) results in the isotope-edited 

spectrum (Figure 6.12). 
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Figure 6.11. Reaction-induced FT-IR spectra of E. coli 2 with 50 mM hydroxyurea 

collected at 20°C. The data are (A) natural-abundance (NA) 2, (B) 1-{
13

C}-tyrosine-

labeled 2, and (C) 4-{
13

C}-aspartate-labeled 2 samples. All 2 samples were prepared 

at 250 M concentrations in 5 mM Hepes, p
2
H 7.6 buffer. Spectra are averages of (A) 13, 

(B) 10, and (C) 6 different samples.  The y-axis tick marks represent 2 x 10
-4

 absorbance 

units. 

 

 

In the 1-
12

CY–minus–
13

CY isotope-edited spectrum in Figure 6.12, there are 

several discrete shifts in the 1700 – 1600 cm
-1

 region. In an FT-IR study of the R-minus-

O of P. denitrificans  cytochrome c oxidase, a set of positive bands at 1660 and 1617 cm
-1

 

were assigned in part to amide I modes from tyrosine.
45

 A 30 – 55 cm
-1

 shift in amide I 

mode is expected for specific 1-{
13

C}-labeling of tyrosine.
31,42,44,46-49

 The 
12

C–minus–
13

C 

tyrosine-isotope-edited spectrum (Figure 6.12) exhibits a significant (+) 1653 cm
-1

 band. 

Based upon previous studies,
31,42,44,46-49

 we expect a negative feature in the 1623 – 1598 

cm
-1

 range. The presence of a (-) 1614 cm
-1

 peak in Figure 6.12 supports the 
13

C-induced 

shift of the amide I mode.  
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Figure 6.12. Isotope-edited FT-IR spectra of E. coli 2 with 50 mM hydroxyurea 

collected at 20°C. The data are 
12

C-minus-
13

C tyrosine-labeled 2 samples. The 
12

C-

minus-
13

C-isotope-edited FT-IR spectrum of tyrosine-labeled 2 is the subtraction of 

Figure 6.11B from Figure 6.11A. The spectra were normalized to represent the same 

Y122•/ 2 content prior to subtraction. The y-axis tick marks represent 1 x 10
-4

 

absorbance units. 

 

 

Kandori and coworkers observed a decrease in a 1663 cm
-1

 peak by a factor ~1/2 

upon incorporation of 1-
13

C-tyrosine in cytochrome bo.
50

 The amplitude 1652 cm
-1

 in 

Figure 6.11A of NA- 2 is approximately halved upon 1-
13

C-tyrosine incorporation 

(Figure 6.11B). This result further supports our assignment of the Y122-T123 amide 

bond involvement in the amide I structural change linked to the reduction of Y122• in 2. 

The higher frequency of this band (1653 cm
-1

) indicates that the tyrosine is in an -

helical secondary structure.
48,51

 These data are in good agreement with the X-ray 

structures of Met 2,
6,17

 which is predominantly composed of -helix structure 

surrounding Y122.   

In addition to amide I perturbations, there are contributions in Figure 6.12 to the 

amide II (C-N; ~ 1540 – 1550 cm
-1

) region, which has also been observed previously 

with 1-{
13

C}-tyrosine labeling.
50

 A positive 1547 cm
-1

 band in Figure 6.12 shifts to 1537 
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cm
-1

 (  = -10 cm
-1

). These data strongly support that the redox-linked protein 

conformational changes in 2 occur at nearby amide bonds surrounding Y122•. 

Specifically, reduction of Y122• causes perturbation of the Y122-T123 amide bond.  

 

6.4.7 Other Vibrational Modes 

The 1589-1563 and 1413-1395 cm
-1

 bands in the NA- 2 FT-IR difference 

spectrum in Figure 6.9A may result from the as and s, respectively, of the COO- for 

deprotonated Asp or Glu residue in 
2
H2O. In 

2
H2O solutions, the COO- group of 

glutamate and aspartate have been observed at 1566 and 1584 cm
-1

, respectively, for the 

symmetric stretch motion.
52

 The protonated forms of these residues are expected at a 

much higher symmetric stretching frequency (1700 – 1780 cm
-1

) range.
53

 However, this 

mode is very sensitive to the environment and may shift + 60/- 40 cm
-1

 accordingly. 

Upon chelation to cations, this mode has been shown to shift as high as ~1700 cm
-1

.
54

 In 

this extreme case, the as mode might be responsible for the (+) 1686 cm
-1

 band in NA-

2. The redox-induced structural changes in 2 have been linked to electrostatic-driven 

interactions between Y122 and D84.
1
 Since D84 is chelated to the diiron cluster and is 

involved in interactions with Y122, it is also reasonable to assign the ~1686 cm
-1

 feature 

in Figure 6.9 to the as of D84. The corresponding antisymmetric mode for deprotonated 

Asp/Glu is expected at ~1420 – 1400 cm
-1

.
53,55

 The exact location is dependent upon the 

environment and coordination. The 1413 and/or 1395 cm
-1

 vibrations might be correlated 

to the as Asp or Glu vibrational mode.  

To assign carboxylate contributions, 2 samples were labeled with 4-{
13

C}-

aspartic acid. The reaction-induced FT-IR spectra of these isotope-labeled 2 samples 
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with hydroxyurea are shown in Figure 6.12C.  Based on previous reports, 65% 

incorporation of 
13

C-aspartic acid is expected.
18

 Compared to natural-abundance 2 

difference spectrum in Figure 6.12A, possible decreases in the intensities for the (+) 1563 

and (+) 1415 cm
-1

 features were discerned. These vibrational frequencies support the 

presence of at least one deprotonated aspartate residue. In addition, the (-) 1406 cm
-1

 in 

Figure 6.11A seems to vanish. The emergence of a (-) 1381 cm
-1

 peak with 
13

C-labeling 

in Figure 6.11C provides evidence for structural changes to an aspartate residue. A 

potential downshift of 25 cm
-1

 from 1406 cm
-1

 is good agreement with 4-{
13

C}aspartic 

acid labeling
56

 and supports the assignment to antisymmetric stretch for deprotonated 

aspartate residue. Vibrational frequencies for protonated (C=O) aspartic acid residues are 

expected in the 1760 – 1730 cm
-1

 region.
18,53,56

 We conclude that the perturbed aspartate 

group in Figure 6.9 is deprotonated and assign the aspartate residue to position 84. In the 

Met 2 structure, D84 is within hydrogen bonding distance to Y122. Upon oxidation of 

tyrosine, electrostatic interactions drive rotation of the Y122.
17

 D84 is a ligand to the 

diiron center. Structural perturbations of the aspartate-84 residue may cause structural 

changes to the diiron center through alterations in the electrostatic environment. 

Furthermore, the lack of the (+) 1563 and (+) 1414/(-) 1406 cm
-1

 features in the reaction 

of control 2 and 4-methoxyphenol (Figure 6.8C) suggests that aspartate residue may not 

be altered during the reaction. These data support the conclusion that these radical 

scavengers of 2 have alternate pathways for Y122• reduction. 

The 1589 cm
-1

 frequency may alternatively be attributed to an arginine residue, 

specifically R120. The symmetric stretch of the guanidinium group of Arg has been 

observed around 1586 cm
-1

 in 
2
H-exchanged samples.

52
 In the protein environment, 
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arginine contributions have been assigned to the 1580 - 1590 cm
-1

 region.
45,57

 The 

corresponding asymmetric stretch of the guanidinium group of arginine may contribute to 

the 1636 or 1623 cm
-1

 frequency in the NA- 2 difference spectrum.
53,57

  

The positive features at 1686 and 1398 cm
-1

 may be attributed to the (C=O) and 

(CN) modes, respectively, of asparagine or glutamine.
53,57

 From the Met 2 X-ray 

structure, a glutamine residue at position 80 is within 5.5 Å from the reduced Y122. 

Movement
17

 along the C -C  bond of Y122 upon oxidation could cause the Y122• and 

Q80 distance to shorten. Interactions with Q80 could potentially help to stabilize Y122•.  

The positive 1455 cm
-1

 band could be attributed to tryptophan CH, CC, CN 

modes. A ~1412 cm
-1

 peak is expected for tryptophan in 
1
H2O solution, but expected to 

downshift to 1382 upon 
2
H-exchange.

53
 However, if exchange is poor, a ~1412 cm

-1
 peak 

would be observed in Figure 6.9. In UV resonance Raman (UVRR), a 880 cm
-1

 W17 

tryptophan mode is expected to downshift ~20 cm
-1

 in 
2
H2O.

58
  Based upon our UVRR 

study for Apo 2-minus-Met 2 (see Chapter 7), no spectral shift of the W17 band was 

observed in 
2
H-exchanged protein samples.

40
 From this study, we proposed that the 

exchange of the tryptophan protons is slow. Since the (+) 1414 cm
-1

 band in Figure 6.9A 

may arise from aspartate perturbations, tryptophan may be responsible for the (+) 1395 

cm
-1

 peak.  

The 1462–1461 and 1443–1439 cm
-1

 peaks could be attributed to histidine ring 

vibrations, which are relatively insensitive to 
1
H/

2
H exchange. A 1439 cm

-1
 peak was 

observed in the infrared spectrum of 4-methylimidazole.
53

  Imidazole ring stretching 

vibrations have also been reported in the range of 1490 – 1469 cm
-1

 in both 
1
H2O and 

2
H2O.

59-61
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Spectral changes to tryptophan and histidine residues support that the electronic 

distribution of the diferric cluster may be linked to Y122 redox changes. Perturbations of 

the diferric cluster could be responsible for adjusting the pKA and/or midpoint potential 

of neighboring redox-active amino acids. The alterations in the electronic or electrostatic 

environment may further provide a mechanism of control for intraprotein proton-coupled 

electron transfer reactions in the 2 subunit of ribonucleotide reductase.  

 

 

6.5 Conclusions 

 In this study, we presented redox-linked structural studies of the ribonucleotide 

reductase 2 subunit. When oxidized, 2 houses a stable tyrosyl radical at position 122 

and a diferric cluster. Using UV-visible spectroscopy, we examined the reduction rates of 

Y122• using the exogenous electron donors, hydroxyurea, N-methylhydroxylamine, and 

4-methoxyphenol. The hydroxamic acid derivatives, hydroxyurea and N-

methylhydroxylamine, had significant kinetic isotope effects. 4-Methoxyphenol, 

however, did not display such a considerable 
2
H2O effect. We propose that these 2 

radical scavengers may participate in different net PCET processes during Y122• 

reduction.  

 Reaction-induced FT-IR experiments gave evidence for redox-linked 

perturbations of local amide bonds surrounding Y122. 2 samples labeled with tyrosine 

isotopes supported these data and suggest that the Y122-T123 amide bond is involved. 

Global labeling of 2 with an aspartic acid isotope led to the tentative assignments of 

spectral features to a deprotonated aspartate. Structural changes to aspartate residues may 
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cause electrostatic and/or electronic changes to the diferric center. The redox-linked 

communication between tyrosine and the diferric center in 2 could serve as a means for 

local PCET control. Contributions from other amino acids have been discussed here. 

Future labeling experiments will resolve the assignments of these residues. 

 The dependence of the radical scavenger on 2 infrared spectra was also 

investigated. Amide I modes were identical for all reactions. These data support the 

conclusion that the amide I bands are independent of 2 inhibitor. Various spectral 

features, however, were different among these reactions. We propose that some of these 

vibrational differences are potentially a result from alternate pathways for Y122• 

reduction. Further experiments to determine the activation energies for these reactions 

may help to confirm this hypothesis. These data illustrate the potential for this reaction-

induced FT-IR spectroscopic technique to resolve the subtle differences of these reaction 

mechanisms. 
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7.1 Abstract 

The  subunit of class Ia ribonucleotide reductases (RNR) contains an 

antiferromagnetically coupled -oxo bridged diiron cluster and a tyrosyl radical (Y122•). 

Reduction of ribonucleotides is initiated by long-distance proton-coupled electron 

transfer reactions, which generate a reduced Y122 and a transiently oxidized, active site 

cysteine radical.  A tryptophan, W48, forms a transient tryptophan cation radical during 

the assembly of the iron cluster. Assembly of the diiron cluster has been proposed to be 

rate limited by a protein conformational change, and allosteric effects have been reported 

to regulate metal binding.  In this study, an ultraviolet resonance Raman (UVRR) 

difference technique describes the structural changes, induced by the assembly of the iron 

cluster and by the reduction of the tyrosyl radical.  Spectral contributions from aromatic 

amino acids are observed through UV resonance enhancement at 229 nm.  Vibrational 

bands are assigned by comparison to histidine, phenylalanine, tyrosine, and tryptophan 

model compound data and by isotopic labeling of histidine in the 2 subunit.  Reduction 

of the tyrosyl radical gives rise to Y122• Raman bands at 1499 and 1556 cm
-1

 and to 

Y122 Raman bands at 1170, 1199, and 1608 cm
-1

.  There is little perturbation of other 

aromatic amino acids when Y122• is reduced.  On the other hand, assembly of the iron 

cluster is accompanied by protonation of histidine. 
 
In addition, structural perturbations of 

tyrosine and tryptophan, which are attributed to changes in tyrosine conformation and in 

tryptophan hydrogen bonding and dihedral angle, are observed.  Analysis of the UVRR 

spectrum and comparison to X-ray structures suggest that the perturbed tryptophan is 

W48 and that the perturbed tyrosine is Y122.  In summary, our work shows that 
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electrostatic and conformational perturbations of aromatic amino acids contribute to the 

structural perturbations, which are associated with metal cluster assembly in RNR.           

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

7.2 Introduction 

 Ribonucleotide reductase (RNR) participates in DNA biosynthesis by reducing 

ribonucleotides to produce deoxyribonucleotides.
1-4

  In all organisms, production of a 

transient cysteine radical at the active site is required for catalysis.
5
  In E. coli and other 

class Ia enzymes, RNR consists of two subunits, 2 and 2.  A conserved tyrosine 

residue, Y122, is required for catalysis.  The active site is located in the homodimeric 2 

(formerly R1) subunit.  The thiyl radical in 2 is generated by the stable tyrosyl radical 

(Y122•), which is adjacent to a diferric cofactor in the homodimeric 2 (formerly R2) 

subunit.
6
  Reduction of Y122• and subsequent oxidation of C439 is proposed to be 

mediated by reversible long-distance proton-coupled electron transfer (PCET) 

reactions.
7,8

  These reactions occur over a conserved pathway and a distance of 35 Å.
7-9

  

The catalytically essential Y122• forms during the activation of the apoprotein 

(Apo- 2).
10

  The apoprotein lacks both the iron cluster and the tyrosyl radical, but these 

species are spontaneously generated in the presence of Fe
2+

 and molecular oxygen.
11

  

During the reduction of O2, two reducing equivalents are provided by the oxidation of the 

iron cluster and a third originates from the oxidation of Y122.  The fourth electron most 

likely arises from exogenous reductant(s).
10-12

  The mechanism of 2 activation is an 

important process in class I RNR chemistry and is not yet fully understood {reviewed in 

13}.                      
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The crystal structures of Apo- 2 (Figure 7.1B),
14

 Red- 2  (diferrous protein),
15,16

 

and Met- 2 (Figure 7.1A; diferric protein lacking the tyrosyl radical)
2,17

 have been 

solved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. A) The coordination environment of the Met- 2 E. coli 2 subunit, which 

contains a diferric cluster and a reduced tyrosyl radical (PDB: 1RIB). All histidine, 

tryptophan, and tyrosine residues located within 11 Å of the cluster are shown. The iron 

atoms are displayed as orange spheres; the red spheres represent the oxygen atoms of 

water, hydroxide or oxygen that are ligated to the diiron cluster. The black, dashed lines 

represent hydrogen bonding interactions discussed within the text.  B) The corresponding 

environment in the metal free (Apo- 2) E. coli 2 subunit (PDB coordinates were 

graciously provided by H. Eklund).  
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In analysis of the structures, removal of the iron was inferred to cause protonation 

of ligating histidine residues.
14

  Such protonation would provide charge compensation for 

a cluster of formerly, ligating carboxylate groups.  Local rearrangements of amino acid 

side chains in the vicinity of the metal site were also observed.  Most notably, rotameric 

shifts in the conformation of aspartate and glutamate residues were evident when the 

Met- 2 and Apo- 2 structures were compared (Figure 7.1A and B). 

Protein dynamics are proposed to play an important role in RNR.  Although there 

is no three-dimensional structure of the fully oxidized, active protein, electron 

paramagnetic resonance (EPR)
17

 and Fourier-transform infrared (FT-IR)
18

 spectroscopic 

studies have given insight into the structural changes linked with Y122 redox changes.  

Reduction of the tyrosyl radical with hydroxyurea was observed to perturb the structure 

of the amide bond
18

 and result in rotation of Y122.
17

  In addition, carboxylate shifts occur 

during redox changes at the diiron cluster.
15

  A slow protein conformational change has 

been proposed to be rate limiting in enzymatic turnover.
19

  A protein conformational 

change has also been proposed to accompany and possibly regulate the assembly of the 

diferric iron cluster in RNR.
20,21

   

In this study, we have used ultraviolet resonance Raman (UVRR) spectroscopy to 

identify structural changes associated with the assembly of the iron cluster in the E. coli 

2 subunit and with the reduction of the tyrosyl radical.  Use of UV probe wavelengths 

enhances spectral contributions from histidine, tyrosine, and tryptophan side chains and 

allows structural changes in aromatic amino acids to be directly monitored.
22-30

  The 

resonance Raman vibrational spectrum is sensitive to changes in protonation state, 

hydrogen bonding, and electrostatics.  Difference UVRR spectroscopy allows a focus on 
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the structural changes of interest.  Our data provide the first spectroscopic evidence for 

histidine protonation upon iron removal.  With metal cluster assembly, significant 

differences are also induced in the structure and/or local environment of tyrosine and 

tryptophan residues.  These experiments give new information concerning 

conformational changes, which are coupled with metal binding in RNR. 

 

 

7.3 Materials and Methods 

7.3.1 Materials 

L-Tyrosine, L-tryptophan, L-histidine, L-phenylalanine, succinic acid, HEPES: 4-

(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, boric acid, lithium hydroxide, 8-

hydroxyquinoline-5-sulfonic acid, sodium hydroxide and hydrochloric acid were 

obtained from Sigma (St. Louis, MO).  Deuterium oxide, 
2
H2O (98%), and 

15
N3 L-

histidine:HCl:H2O (98%) were purchased from Cambridge Isotope Laboratories 

(Andover, MA).  Hydroxyurea was obtained from Calbiochem (San Diego, CA).   

 

7.3.2 E. coli 2 Overexpression, Purification, and 
15

N Histidine Labeling 

 Escherichia coli wild-type 2 protein was overexpressed and purified (Figure 7.3, 

black line) from E. coli BL21(DE3) cells transformed with pTB2, using protocols 

previously described.
18,31

  The resulting yield was 60 - 120 mg protein per liter.  Met- 2, 

the form of the protein with a reduced tyrosyl radical and an oxidized diiron cluster 

(Figure 7.3, blue line), was prepared by incubating with and subsequently removing 

hydroxyurea as described.
18

  The iron-free form of the protein (Apo- 2; Figure 7.3, red 
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line) was generated by dialyzing Met- 2 (2 mL, 100 M) against an iron chelator, 

lithium 8-hydroxyquinoline-6-sulfonate (400 mL), as described.
11,32

  The chelator was 

removed by dialysis against 50 mM Tris-HCl, 5% glycerol, pH 7.6 and subsequent 

chromatography on a desalting Sephadex G25 column.  The ferrozine method of iron 

quantitation showed that at least 92% of the iron was removed by this treatment in the 

natural abundance sample.  All protein samples were exchanged into 5 mM HEPES, 

NaOL, pL 7.6 through four sequential concentration and dilution steps using an Amicon 

(Beverly, MA) YM30 concentrator. 

15
N histidine labeling was accomplished by overexpressing and purifying 2 from 

the histidine auxotroph, AW608Thr(DE3)/pTB2 (Figure 7.2).   

 

   

Figure 7.2. Characterization of E. coli histidine auxotroph, AW608Thr. Left: AW608Thr 

cells plated on minimal media in the presence (I) and absence (II) of histidine. The letters 

A, B, and C designate three single colonies. Right: SDS-PAGE of natural abundance 2 

expression from AW608Thr(DE3)/pTB2 cells. Lane 1 is pre-induction with IPTG, lane 2 

is molecular markers (MW: 250, 150, 100, 75, 50, 37, and 25 kDa), and lane 3 is post-

induction with IPTG. The arrow represents the expected migration of 2 (monomer size: 

43.5 kDa) 

  1           2         3  I II 
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 E. coli AW608Thr cells were lysogenized with DE3 using a kit from Novagen 

(Madison, WI) to incorporate the T7 gene.  The minimal media used for incorporation of 

15
N3 histidine was the same as described previously,

33
 except 135 mg/L of labeled 

histidine was supplemented.  The resulting yield was about 50 mg protein per liter.  

Using this method, incorporation of 
15

N into histidine has been confirmed previously by 

NMR spectroscopy.
34,35

 

 

7.3.3 UV-Visible Spectroscopy 

 Absorption spectra of the purified E. coli 2 protein were collected at room 

temperature on a Hitachi U-3000 spectrophotometer in 1 cm quartz cuvettes.  The 

concentrations of the control, Met- 2, and Apo- 2 forms (Figure 7.3A) were determined 

using the A280 nm and ε = 131, 131, and 120 mM
-1 

cm
-1

, respectively.  The Y• yield for the 

control 2 protein was determined as previously described.
36

  In the natural abundance 

preparation, quantitation yielded 1.1 – 1.4 Y• per dimer.  In the 
15

N3 histidine 

preparations, quantitation yielded 0.7 Y• per dimer. 

 

7.3.4 UV Raman experiments 

 UVRR spectra at 229 nm were recorded at room temperature using a Raman 

microscope system (Renishaw inVia, Hoffman Estates, IL) and 8 cm
-1

 spectral 

resolution.
37,38

  The 250 W, 229 nm probe beam was generated from a frequency-

doubled Ar ion laser (Cambridge LEXEL 95, Fremont, CA).  Samples were recirculated 

through a jet nozzle with a 0.12 mm diameter to prevent UV damage.  Control 

experiments at 400 W UV probe power showed no significant alterations in the UVRR 
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difference spectrum, Apo- 2-minus-Met- 2, supporting the conclusion that the samples 

were undamaged by the lower power, 250 W UV probe beam.  Protein samples were 

prepared at 50 M concentrations and were exchanged into 5 mM HEPES, NaOL, pL 7.6 

(p
2
H reported as the uncorrected meter reading

39
) prior to UVRR measurements.  To 

generate Raman difference spectra (Figure 7.9), UVRR data, recorded on the same day 

(Figure 7.4), were subtracted and averaged.  The background signal of the buffer was 

adopted as an internal intensity standard in this subtraction.  Amino acid samples were 

prepared at 1 (tyrosine and tryptophan) or 20 (histidine and phenylalanine) mM 

concentrations in 5 mM HEPES (pL 7.5; Y, W, F, H), borate (pL 11.0; Y, H) or succinate 

(pL 4.0; H). 

 

 

7.4 Results 

7.4.1 UV absorption spectra of 2 

 In Figure 7.3, we present the UV visible absorption spectra of control, Met- 2 and 

Apo- 2 samples, which are similar to previous reports.
11,40

  The control 2 absorbance 

spectrum (Figures 7.3A and B, black line) is defined by characteristic peaks at 325, 370, 

390 and 410 nm. The μ-oxo bridged iron cluster contributes to the shoulder at 325 

and the band at 370 nm.
11,41,42

  The tyrosyl radical (Y122•) displays a characteristic sharp 

410 nm band with a weak, broad 390 nm shoulder.
42,43

  The Met- 2 state of the protein 

lacks the stable tyrosyl radical and therefore does not exhibit the 410 nm band (Figures 

7.3A and B, blue line).  When iron is removed, there is complete loss of spectral features 

over 300 nm, as expected for Apo- 2 (Figures 7.3A and B, red line). 
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Figure 7.3.  Room temperature UV-Visible absorbance spectra of E. coli 2 samples. In 

both panels, the black line represents control 2, the blue line represents Met- 2, and the 

red line represents Apo- 2. The samples were prepared at 7.5 M in 5 mM HEPES, p
1
H 

7.6. The spectra in panel (B) are multiplied by a factor of 10.  The y-axis tick marks 

represent 2.5 x 10
-1

 absorbance units. 

 

 

7.4.2 UVRR Spectra of 2 

 In Figure 7.3, we present the UVRR spectra of the control (Figure 7.4A), Met- 2 

(Figure 7.4B), and Apo- 2 (Figure 7.4C) samples.  The spectra were acquired with 229 

nm excitation and at room temperature on a flowing sample.  Overall, the UVRR spectra 

of the control, Met- 2, and Apo- 2 forms are similar (Figure 7.4).  At 229 nm excitation, 
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the vibrational bands of tryptophan and tyrosine are expected to be resonantly enhanced 

due to the overlap of the Raman probe with the Bb and La electronic transitions,
44-47

 

respectively.  Histidine and phenylalanine have weaker Raman signals at this excitation 

wavelength due to their - * (histidine) and La (phenylanine) electronic transitions at 

~207 nm.
22,45

  To investigate the origin of the observed frequencies in the 2 subunit 

spectra (Figure 7.4), model compound UVRR data were acquired from tyrosine (Figure 

7.5), tryptophan (Figure 7.6), phenylalanine (Figure 7.7), and histidine (Figure 7.8). 

 

 
 

Figure 7.4. UVRR spectra of E. coli 2 collected with a 250 W, 229 nm beam for a 21 

min exposure time. The data were collected from control (A), Met- 2 (B), and Apo- 2 

(C) samples.  The protein concentrations were 50 M in 5 mM HEPES, p
1
H 7.6.  The 

spectra are representative data recorded from one sample.  The y-axis tick marks 

represent 1 x 10
4
 intensity units. 
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7.4.4 Model Compound Data: Tyrosine and Tyrosinate 

 In Figure 7.5, we present the UVRR spectra of tyrosine acquired in 
1
H2O buffers 

(blue) at p
1
H 7.5 (panel A) and p

1
H 11 (panel B) and in 

2
H2O buffers (green) at p

2
H 7.5 

(panel A) and p
2
H 11 (panel B).  In Figure 7.5A (p

1
H 7.5, blue), the 1614 and 1600 cm

-1
 

bands are assigned to the symmetric Y8a and to asymmetric Y8b ring stretching modes of 

protonated tyrosine in 
1
H2O (Table 7.1).  The Y8b mode shifts to 1589 cm

-1
 with 

2
H-

exchange (see Figure 7.5 inset).  The Y7a' CO vibrational mode, expected at ~1250 cm
-1

, 

is not well resolved in the UVRR spectra with 229 nm excitation.
25

  The 1208 cm
-1

 band 

in Figure 6.5A is assigned to the Y7a Cring−CH2 stretch of Tyr.
45

  The 1179 cm
-1

 band in 

Figure 7.5A is attributed to the Y9a CH bending mode.  The 822/849 cm
-1

 doublet for 

tyrosine is assigned to a Fermi resonance between the overtone Y16 (CH bending) band 

and the 1 (ring breathing) mode.  The 822 cm
-1

 feature shifts to 814 cm
-1

 when 

exchanged into 
2
H2O (Figure 7.5A, green line).  

In tyrosinate, the Y8a and Y8b ring stretching modes downshift to 1606 and 1555 

cm
-1

 (Figure 7.5B), respectively, with the loss of the phenolic proton.  The 1208 cm
-1

 

Cring−CH2 mode is unaffected by the deprotonation of tyrosine; the Y9a mode is shifted 

from 1179 cm
-1

 (tyrosine) to 1176 cm
-1

 (tyrosinate).  The Y1 band (849 cm
-1

) is not 

perturbed by the protonation state of tyrosine.  However, the 2×Y16 feature is shifted to 

827 cm
-1

 for tyrosinate and is the only tyrosinate feature sensitive to 
2
H-exchange (  = -

13 cm
-1

, Figure 7.5B, compare blue and green).  
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Figure 7.5.  UVRR spectra of 1 mM tyrosine collected with a 250 W, 229 nm beam for 

a 21 min exposure time. The tyrosine was dissolved in (A) 5 mM HEPES, pL 7.5 or (B) 5 

mM borate, pL 11.0. The inset is the expansion of the 1570 – 1610 cm
-1

 region of (A) to 

highlight the Y8b mode. The spectra in blue were collected in 
1
H2O, and the spectra in 

green were collected in 
2
H2O at the corresponding pL. The spectra are averages of data 

obtained from 3 separate samples. The y-axis tick marks represent 1 x 10
4
 intensity units.  

 

 

7.4.5 Model Compound Data: Tryptophan 

 In Figure 7.6, we present the UVRR spectra of tryptophan acquired in 
1
H2O 

buffers (blue) and in 
2
H2O buffers (green) at pL 7.5 (Table 6.1). In Figure 7.6, the 1618 

cm
-1

 band is assigned to the W1 phenyl ring mode, analogous to the benzene-derived 8a 

mode.
23

  Excitation profiles for tryptophan show that the W2 mode ( 8b-like), expected 

at 1575 cm
-1

,  is not well resolved with 229 nm excitation.
48

  This band is not observed in 

Figure 7.6. The 1550 cm
-1

 band is assigned to the W3 pyrrole ring stretching mode.  The 

weak 1460 cm
-1

 feature arises from the tryptophan W5 mode.  The Fermi W7 doublet at 
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1343/1360 cm
-1

 is composed of a fundamental and an out-of-plane combination band.
49

  

This doublet sharpens at ~1360 cm
-1

 with increasing hydrophobicity.  An increase in 

intensity is observed for this band with 
2
H-exchange (Figure 6.6, green).  The pronounced 

1011 cm
-1

 (W16) band is attributed to an out of phase benzene and pyrrole ring breathing 

mode.
50

  The 880 cm
-1

 tryptophan band (W17) is an indole vibration with a large 

contributing NH pyrrole bending motion, which results in sensitivity to H-bonding.
51

  A 

downshift to 862 cm
-1

 is observed in 
2
H2O (Figure 7.6, green).  In addition to the 

2
H-

sensitivity of the W17 mode, the intensities of the W3, W7, W16, and W18 bands 

increase in 
2
H2O (Figure 7.6, green). 

 

 

Figure 7.6. UVRR spectra of 1 mM tryptophan collected with a 250 W, 229 nm beam 

for a 21 min exposure time. The tryptophan was dissolved in 5 mM HEPES, pL 7.5. The 

spectrum in blue was collected in 
1
H2O, and the spectrum in green was collected in 

2
H2O. 

The spectra are averages of data obtained from 3 separate samples. The y-axis tick marks 

represent 1 x 10
4
 intensity units.  

 

 

 7.4.6 Model Compound Data: Phenylalanine 

 In Figure 7.7, we present the UVRR spectrum of phenylalanine.  The ring 

vibrations of phenylalanine (Figure 7.7) include the symmetric F8a mode at 1603 cm
-1
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and the asymmetric F8b mode (shoulder at ~1585 cm
-1

).  The 1206 cm
-1

 feature is 

assigned to the symmetric Cring−CH2 ( 13) stretching vibrational mode.
45

  The F9a mode 

of phenylalanine is observed at 1184 cm
-1

 in Figure 7.7.  The ring breathing mode, F12, 

of phenylalanine is assigned to the 1003 cm
-1

 band.
52

  The shoulder at 1032 cm
-1

 

corresponds to the F18a mode.
45

  The phenylalanine F8a ring stretch contribution at 1603 

cm
-1

 (Figure 7.7) overlaps with the tyrosine Y8b (Figure 7.5; ~1600 cm
-1

) ring vibrational 

mode.  This F8a mode is among the most intense spectral features derived from 

phenylalanine at this Raman excitation wavelength (see Figure 7.7).  However, in these 

229 nm probe spectra, the 8a scattering ratio is ~34 for tyrosine (Figure 7.5A, blue) 

compared to phenylalanine (Figure 7.7), similar to previous reports.
48

  Therefore, 

phenylalanine is expected to make minimal contribution to the UVRR spectra (Figure 

7.4) and to the difference UVRR spectra (Figure 7.9) of the 2 subunit.                                                        

 

 
Figure 7.7. UVRR spectrum of 20 mM phenylalanine collected with a 250 W, 229 nm 

beam for a 21 min exposure time. The phenylalanine was dissolved in 5 mM HEPES, 

p
1
H 7.5. The spectrum is an average of data obtained from 3 separate samples. The y-axis 

tick marks represent 5 x 10
3
 intensity units. 
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7.4.6 Model Compound Data: Histidine 

In Figure 7.8, we present the UVRR spectra of histidine in 
1
H2O (blue) and 

2
H2O 

(green) buffers and at pL 4.0 (panel A), pL 7.5 (panel B) and pL 11.0 (panel C).  

Extensive pH dependence is observed (Table 7.1), as previously described.
53,54

   

 

 

Figure 7.8. UVRR spectrum of 20 mM histidine collected with a 250 W, 229 nm beam 

for a 21 min exposure time. The histidine was dissolved in (A) 5 mM succinate, pL 4.0, 

(B) 5 mM HEPES, pL 7.5, or (C) 5 mM borate, pL 11.0. The spectra in blue were 

collected in 
1
H2O, and the spectra in green were collected in 

2
H2O at the corresponding 

pL. In D and E, the effects of 
15

N labeling in 5 mM succinate, p
2
H 4.0 (D) and in 5 mM 

HEPES, p
2
H 7.5 (E) are shown.  Data in green were acquired from natural abundance 

histidine; data in pink were acquired from 
15

N3 labeled histidine.  The spectra are 

averages of data obtained from 3 separate samples. The y-axis tick marks represent 4 x 

10
4
 intensity units. 

 



 243 

The UVRR data for protonated histidine in 
1
H2O solution (Figure 7.8A, pL 4.0, 

blue line) exhibits 5 bands at 1630 ( C=C + C=N), 1488 ( N–H), 1268 ( =C–HN), 

1195 ( N –C2–N  + N–H), and 923 ( C–H) cm
-1

.  The UVRR data for deprotonated 

histidine in 
1
H2O (Figures 7.8B and C, blue lines) are more complex.  At p

1
H 7.5, the 

bands are 1574 ( C=C), 1489 ( N-H), 1447 ( CH2), 1355 (shoulder; C=N + C–

C(N )), 1319 ( C=N + C–N(N )), 1239 ( =C–H + =C–N), 1161 ( =C–N + N–H), 

and 938 ( ring) cm
-1

.  At p
1
H 11, the pattern is similar with bands at 1578 ( C=C + 

C=N(N ; C=C + N-H(N )), 1486 ( N-H), 1440 ( CH2), 1355 ( C=N + C–C(N )), 

1319 ( C=N + C–N(N )), 1265 ( =C–H(N )), 1234 ( =C–H + =C–N), 1158 ( =C–N 

+ N–H), and 938 (  ring) cm
-1

. 

 For deprotonated histidine in 
2
H2O (Figures 7.8B and C, green), the intensities of 

the 1321, 1371, and 1564 cm
-1

 peaks increase.  For protonated histidine in 
2
H2O (Figure 

7.8A, green), there is a predominant 1408 cm
-1

 peak arising from the (N –C2–N ) 

mode.
22,55-57

  The 1408 cm
-1

 band provides a structural marker for protonated histidine in 

exchanged proteins. 

 

7.4.7 UVRR Difference Spectra 

Based on the model compound data discussed above, we conclude that the UVRR 

spectra of the 2 samples (Figure 7.4) are dominated by vibrational modes from tyrosine 

and tryptophan.  The assignments of the bands are summarized as labels in Figure 7.4.  

In Figure 7.9, we present difference UVRR spectra for the control, Met- 2, and 

Apo- 2 samples.  The difference spectra were constructed by subtraction of data, 
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recorded on the same day and using an internal standard, as described in the Materials 

and Methods section.   

 

 
 

Figure 7.9. UVRR difference spectra of E. coli 2 samples. The data are control-minus-

Met- 2 in 5 mM HEPES, p
1
H 7.6 (A), Apo- 2-minus-Met- 2 in 5 mM HEPES, p

1
H 7.6 

(B), Apo- 2-minus-Met- 2 in 5 mM HEPES, p
2
H 7.6 (C).  (D) and (E) show the 

protonation spectrum of histidine in 
1
H2O and 

2
H2O, respectively, and correspond to a 

subtraction of p
1
H 4-minus-p

1
H 7.5 and p

2
H 4-minus-p

2
H 7.5 in Figure 7.8.  The 

spectrum in (A) was multiplied by 2 and the spectra in (D) and (E) have been multiplied 

by 10
-3

 for comparison. The green, orange, and light blue lines correspond to a three 

adjacent point smoothing fit to the raw (thin black line) data.
38

 The spectra are averages 

of data obtained from (A) 10, (B) 10, (C) 10, (D) 3, and (E) 3 samples. The protein 

concentrations were 50 M, and the histidine concentration was 20 mM. The y-axis tick 

marks represent 1 x 10
3
 intensity units. 
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In these difference spectra, observed spectral features correspond to vibrational 

bands that are perturbed by tyrosyl radical reduction (Met-  samples) (Figure 7.9A) or 

by iron cluster removal (Apo- 2 samples) (Figures 7.9B and C).  Use of difference 

spectroscopy allows focus on spectral perturbations induced by reduction of the radical or 

by iron cluster assembly, respectively.  Data in Figures 7.9A and B were acquired in 

1
H2O buffer; data in Figure 7.9C were acquired in 

2
H2O buffer.  Figures 7.9D and E 

present model compound difference spectra, constructed from data associated with the 

protonation of histidine in 
1
H2O (Figure 7.9D) or 

2
H2O (Figure 7.9E) buffers.  These 

difference spectra were constructed by a direct one to one subtraction of the data in 

Figure 7.8. 

 

7.4.8 Spectral changes induced by Y122• reduction, relative to a control sample 

 In the control-minus-Met- 2 difference spectrum (Figure 7.9A), unique Y122• 

contributions are positive bands, while unique Y122 contributions are negative bands.  

Oxidation of the tyrosine is expected to perturb CO stretching and aromatic ring 

stretching vibrations.
58-61

  Both tyrosine and tyrosyl radical are resonantly enhanced with 

229 nm excitation, because tyrosyl radical reduction shifts the La electronic transition 

from ~240 to 220 nm.
62

  A previous UV Raman study of the tyrosyl radical in vitro 

assigned the Y7a CO stretching mode at 1510 cm
-1

 and the 8a ring stretching mode at 

1565 cm
-1

.
59

  A previous infrared study of the tyrosyl radical in vitro assigned the Y7a 

CO stretching mode at 1516 cm
-1

 and the Y8a ring stretching mode at 1554 cm
-1

.
61,63

  

In Figure 7.9A, the positive 1499 cm
-1

 feature is assigned to the Y7a mode of 

Y122•.  This assignment is supported by previous visible Raman
64

 and FT-IR
18

 studies of 
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RNR. In the FT-IR study, isotopic labeling of tyrosine was used to assign the Y7a band.
18

  

The 1499 cm
-1

 frequency is significantly downshifted compared to the CO frequency 

observed in model compounds and is upshifted from some of the reported frequencies for 

the photosystem II tyrosyl radicals.
65,66

  Therefore, this CO frequency is diagnostic for 

the production of Y122•.  In Figure 7.9A, a weak positive band at 1556 cm
-1

 is assigned 

to the ring stretching (Y8a) vibration of Y122•.
61,63

 

The control-minus-Met- 2 difference spectrum (Figure 7.9A) also exhibits 

negative bands at 1608, 1199, and 1170 cm
-1

, which we assign to the reduced tyrosine, 

Y122.  The 1608 cm
-1

 band is assigned to the Y8a mode.  While tryptophan (W1 at 1618 

cm
-1

) and phenylalanine (F8a at 1602 cm
-1

) may also make a contribution at 1608 cm
-1

, 

phenylalanine has minimal resonance enhancement,
48

 and the tryptophan W1 band is also  

weak with 229 nm Raman excitation.  Y122 is protonated in the reduced state, and either 

hydrogen bonded weakly to D84
17

 or not hydrogen bonded.
2
  The observed 1608 cm

-1
 

frequency is between the frequency expected for a protonated (1614 cm
-1

) and a 

deprotonated (1606 cm
-1

) tyrosine.  The Y8a and Y8b modes of tyrosine are not strongly 

influenced by hydrogen bonding.
25  The frequency of this band may be influenced by 

Stark effects, induced by the presence of the metal cluster.
67

  The Y8b asymmetric mode 

(~1600 cm
-1

; Figure 7.5A inset) overlaps with the Y8a band and is thus not resolvable in 

Figure 7.9A.  

In Figure 7.9A, we assign the 1199 and 1170 cm
-1

 bands to tyrosine Cring-CH2- 

(Y7a) and CH bending (Y9a) deformation modes of Y122, respectively.  The Y9a 

frequency for a protonated tyrosine is expected at approximately 1179 cm
-1

 (Figure 7.5).  

Frequency shifts are not related to hydrogen bonding, but Y9a may downshift to 1170 
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cm
-1

 as the Y–OH hydrogen swings to an out-of-plane configuration.
25

  An out-of-plane 

configuration is consistent with the X-ray structure of Met- 2 that assigns Y122 and D84 

as hydrogen bonding partners.
17

  

The Y7a Cring-CH2- stretch of tyrosine acts as a hydrogen bond sensor in proteins, 

because the mode has a ∂COH component.  For model tyrosine in solution, this band is 

observed at ~1210 cm
-1

 in non-hydrogen bonding or for proton accepting, hydrogen 

bonded tyrosine and at ~1205 cm
-1

 in proton donating, hydrogen bonded tyrosine.
25

  In 

Figure 7.9A, this band is observed at 1199 cm
-1

, suggesting that the Y122 forms a 

hydrogen bond in the Met- 2 state.  This observation is consistent with the high-

resolution X-ray structure {17 but see ref 2}. 

The intensity of the Y9a tyrosine feature band at 1170 cm
-1

 is approximately 

10,000 counts in the control 2 UVRR spectrum (Figure 7.4A).  The signal shown in 

Figure 7.9A is multiplied by 2 for comparison purposes.  After correction for this, the 

intensity of the Y9a band in the control-minus-Met- 2 difference spectrum (Figure 7.9A) 

is approximately 320 counts.  Because there are 32 tyrosine residues in the 2 dimer,
68

 

we conclude that ~1 tyrosine residue contributes to the control-minus-Met- 2 difference 

spectrum in Figure 7.9A.  This result is consistent with an assignment of this band to 

Y122.  Our UV-Vis spectrophotometric characterization of the natural abundance 2 

preparation gave a yield of 1.1 – 1.4 Y• per dimer.  This experiment supports the 

conclusion that difference UV Raman spectroscopy can be used to monitor redox changes 

at Y122 in the 2 subunit.  The spectrum is dominated by the bands associated with 

tyrosyl radical reduction, with little perturbation to other aromatic amino acid residues. 
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7.4.9 Spectral changes induced by iron cluster removal, relative to a Met- 2 sample: 

perturbations of tryptophan 

 

 The Apo- 2-minus-Met- 2 difference spectrum (Figure 7.9B) displays spectral 

alterations due to iron cluster assembly.  No significant contribution from Y122• 

reduction will be observed, because the tyrosyl radical is reduced under both sets of 

conditions.  In Figure 7.9B and C, we present the Apo- 2-minus-Met- 2 difference 

spectra acquired in 
1
H2O and in 

2
H2O buffer, respectively.  As expected, significant 

differences are observed when compared to the control-minus-Met- 2 data (Figure 7.9A).   

Assignments are summarized in Table 7.1. 

Comparison of the model compound data in Figures 7.5–7.8 to Figure 7.9B 

supports the assignment of bands at 880 (-)/865 (+)/846 (-) and 1010 (-)/1024 (+) cm
-1

 to 

the W17 and W16 bands of tryptophan, respectively (Figure 7.9B and Table 7.1).  As 

expected, 
2
H2O solvent isotope effects are observed for these spectral features (Figure 

7.6).  Negative bands at 1351 (-), 1542 (-), and 1611 (-) cm
-1

 in Figure 6.9B are also 

assignable to tryptophan, with possible overlapping contributions from tyrosine for the 

1611 and 1542 cm
-1

 bands.  In Figure 7.9C, bands at 1128 (-) and 1146 (+) cm
-1

 are 

attributed to 
2
H exchanged tryptophan, based on comparison to the model compound 

spectra in 
2
H2O (Figure 7.6).  

There are 14 tryptophan residues in the 2 dimer (7 residues in each monomer).
68

  

The total intensity of the W16 band (~1010 cm
-1

) in Figure 7.4 is approximately 17,000 

counts.  The intensity of the 1010 cm
-1

 W16 band in the Apo- 2-minus-Met- 2 

difference is approximately 700 counts.  This analysis suggests that at least one 

tryptophan residue is perturbed and contributes to the difference spectrum (Figures 7.9B 

and C).  
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Table 7.1. Assignments for Selected Vibrational Bands in the Apo- 2-minus-Met- 2 

Difference Spectrum and in Model Compound Data 

 

A. Tyrosine Modes 

E. coli 2
a
 

 (cm
-1

) 
Assignment

b
 

Model data, pL 7.5
c
                                                                                                                                                                                                                                                                                

 (cm
-1

) 

{
1
H2O} {

2
H2O}  {

1
H2O} {

2
H2O} 

(-) 1611 (-) 1615 Y8a (8a ring stretch) 1614 1612 

(-) 1593 (-) 1581 Y8b (8b ring stretch) 1600 1589 

(-) 1204 (-) 1206 Y7a (C-CH3) 1208 1208 

(-) 1170/ 

(+)1185  

(-) 1171/ 

(+)1187 
Y9a (CH deform) 1179 1176 

B. Tryptophan Modes 

E. coli 2
a
 

 (cm
-1

) 
Assignment

b
 

Model data, pL 7.5
c
  

 (cm
-1

) 

{
1
H2O} {

2
H2O}  {

1
H2O} {

2
H2O} 

(-) 1611 (-) 1615 
W1 (benzene ring 

stretch) 
1618 1615 

(+) 1560/ 

(-)  1542 

(+) 1556/ 

(-) 1541 
W3 (pyrrole ring stretch) 1550 1549 

(-)  1458 (-) 1460 W5 (19a ring stretch) 1460 1456 

(+) 1024/ 

(-)  1010 

(+) 1028/ 

(-) 1013 

W16 (benzene ring 

breath) 
1011 1011 

(-)  880/ 

(+) 865/ 

(-)  846 

(-) 880/ 

(+) 859/ 

(-) 840 

W17 (indole/NH bend) 880 862 

C. Histidine Modes 

E. coli 2
a
 

 (cm
-1

) 
Assignment

b
 

Model data, pL 4.0
c
  

 (cm
-1

) 

{
1
H2O} {

2
H2O}  {

1
H2O} {

2
H2O} 

N.O.
d
 (+) 1405 (N –C2–N ) N.O.

d
 1408 

 
a 

The Apo- 2-minus-Met- 2 UVRR difference spectra can be found in Figure 7.9B 

(
1
H2O) and 7.9C (

2
H2O).

 b
Assignment based on previous studies for Tyr, Trp, and 

His.
22,23,44-46,53,55,56,59,61,63,69

 
 c
UVRR spectra for Tyr, Trp, and His can be found in Figures 

7.5, 7.6, and 7.8, respectively.  
d
Not observed. 
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The 880 cm
-1

 W17 tryptophan Raman band is expected to downshift ~20 cm
-1

 

with 
2
H exchange.

51
  In agreement, our model compound results (Figure 7.6) show an 18 

cm
-1

 downshift on exchange.  However, only a moderate shift of 0-6 cm
-1

 is observed for 

the W17 bands in the Apo- 2-minus-Met- 2 difference spectrum (Figure 7.9C).  This 

result suggests that the 
2
H exchange rate of the perturbed tryptophan is slow.

70
  However, 

the intensity increases in other bands with 
2
H exchange (Figure 7.9C) are consistent with 

the scattering increases observed for exchanged tryptophan in solution (see Figure 7.6 for 

comparison).  This phenomenon is not observed in the tyrosine model data (Figure 7.5) 

and is diagnostic of exchanged tryptophan. 

It should be noted that these spectra are not consistent with the generation of a 

tryptophan radical under these conditions.
59,69,71,72

 Removing an electron or hydrogen 

atom from the tryptophan side chain significantly alters vibrational frequencies from the 

indole ring, due to changes in CC and CN bond distances.
69,72

 In the neutral tryptophan 

radical, a 200 cm
-1

 downshift of the W3 band has been reported.
72

   A 100 cm
-1

 downshift 

of the W3 mode had been calculated for the tryptophan cation radical.
69

  Shifts of the W1, 

W5, W16, and W17 modes are also expected.  For example, the W1, W16, and W17 

modes downshifted 26, 17 and 4 cm
-1

, respectively, in the neutral tryptophan radical.
72

   

 

 

7.4.10 Spectral changes induced by iron cluster removal, relative to a Met- 2 

sample: perturbations of tyrosine 

 

Bands at 1542 (-) and 1611 (-) cm
-1

 in Figure 7.9B may have overlapping 

contributions from tyrosine.  Supporting the assignment to tyrosine, the negative 1593 

cm
-1

 Y8b mode (Figure 7.9B) shifts to 1581 cm
-1

 with 
2
H-exchange (Figure 7.9C).  

Similar behavior for Y8b is observed for tyrosine in solution (Figure 7.5A and inset).
73
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Bands at 1170 (-) and 1185 (+) in Figure 6.9B are assignable to a tyrosine 

perturbation (Table 7.1).  In addition, a negative band at 1204 cm
-1

 also may contain a 

contribution from tyrosine.  The intensity of the Y9a tyrosine feature at 1170 cm
-1

 (Figure 

7.9B) corresponds to approximately 7% of the total tyrosine signal, observed in control 

2 (Figure 7.4).  Because dimeric 2 contains 32 tyrosine residues,
68

 this result suggests 

that two tyrosine residues contribute to the tyrosine signal changes observed in Figure 

7.9B.  These two tyrosines may be Y122 (in chain A and B), which are located within 6 

Å of the iron cluster.  The 1204 cm
-1

 frequency for tyrosine Y7a in Figure 7.9B is 

different from the 1199 cm
-1

 frequency observed in the control-minus-Met- 2 spectrum 

(Figure 7.9A).  This may be due to an overlapping spectral perturbation from the positive 

band at 1185 cm
-1

 in Figure 7.9B.  Observation of a tyrosine Y7a band at 1204 cm
-1

 

supports the conclusion that the perturbed tyrosine residue(s) is hydrogen bonded in the 

Met- 2 state.
17

  

 

7.4.11 Spectral changes induced by iron cluster removal, relative to a Met- 2 

sample: perturbations of histidine 

 

 With 
2
H exchange of protonated histidine in solution, the (N -C2-N ) symmetric 

stretch intensifies and shifts to 1408 cm
-1

 (Figure 7.8A, green and references 22, 55, 56).  

Figure 7.9D and E are difference spectra, associated with the protonation of histidine in 

vitro.  A 1407 cm
-1

 band dominates the difference spectrum acquired in 
2
H2O buffer 

(Figure 7.9E), but is not observed in 
1
H2O buffer (Figure 7.9D).  Similarly, a 1405 cm

-1
 

band is observed in the 
2
H exchanged Apo- 2-minus-Met- 2 difference spectrum (Figure 

7.9C, Table 7.1), but not in 
1
H2O buffer (Figure 7.9B).  This observation provides 

evidence for protonation of histidine with metal cluster removal from the 2 subunit.    
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 To confirm this interpretation, the 2 subunit was labeled with 
15

N3 histidine 

(Figure 7.10B) and compared to a natural abundance sample (Figure 7.10A).  As shown 

in Figure 7.8D for histidine in vitro, 
15

N labeling of histidine results in a 26 cm
-1

 

downshift of the 1408 cm
-1

 band.  This downshift is expected from previous studies.
74

  

Figures 7.10A and B show a similar downshift (1405 (+) to 1381 (+) cm
-1

) in the 
15

N3 

histidine labeled Apo- 2-minus-Met- 2 spectrum.  We conclude that histidine ligands 

protonate when the iron is removed from the 2 subunit.  The other vibrational bands of 

histidine are not observed, because these bands are not as intense as the 1408 cm
-1

 band 

and are less sensitive to 
15

N3 labeling (Figure 7.8D).   

 

 
Figure 7.10.  UVRR difference spectrum of E. coli 2 samples, showing the effect of 
15

N3 histidine labeling. The data are natural abundance Apo- 2-minus-Met- 2 in 5 mM 

HEPES, p
2
H 7.6 (A) and 

15
N-histidine labeled Apo- 2-minus-Met- 2 in 5 mM HEPES, 

p
2
H 7.6 (B). The spectrum in (A) is reproduced from Figure 7.9C, for comparison. The 

light blue and purple lines correspond to a three adjacent point smoothing fit to the raw 

(thin black line) data.
38

 The spectra are averages of data obtained from 10 separate 

samples. The protein concentrations were 50 M. The y-axis tick marks represent 1 x 10
3
 

intensity units.  
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7.5 Discussion 

7.5.1 Conformational gating in electron transfer proteins 

Conformational control limits electron transfer reactions in some enzymes, but 

little is known concerning the associated conformational landscape in most proteins 

{reviewed in 75}.  In RNR, a slow, rate-limiting conformational change has been 

proposed to precede substrate reduction
8,19

 and accompany assembly of the metal 

cluster.
20

  Carboxylate shifts accompany redox changes at the RNR metal center;
15,76

 such 

rearrangements also occur during catalysis in other non-heme, diiron proteins
77,78

 and in 

photosystem II.
79

  Structural changes have been shown to precede redox reactions at the 

photosynthetic oxygen-evolving complex.
80,81

  Pretuning of the protein matrix has been 

proposed to play a role in photosynthetic electron transfer in the bacterial reaction 

center.
82

  In cytochrome P450, it has been proposed that there is a rugged energy 

landscape for conformational sampling.
83

  Vibrational spectroscopy provides a method to 

describe the structural changes, induced by electron transfer reactions, in these proteins. 

 

7.5.2 Structure of the metal-free 2 subunit 

 In RNR, formation of the iron cluster occurs by binding ferrous ions to a folded 

protein, followed by metal oxidation. In the ferric form, the net +6 formal charge on the 

two iron ions is compensated by two negative charges provided by a bridging O
2-

 and by 

the ligating, negatively charged Asp 84, Glu 115, Glu 204, and Glu 238 side chains.  

Structures of the diferric (Met- 2, Figure 7.1A), diferrous (Red- 2), and metal free (Apo-

2, Figure 7.1B) form of the 2 subunit are available.
2,14-17

  The structure of the metal-

free 2 subunit shows that the carboxylates at the iron site change their rotameric 
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conformation when the iron is removed.
14

  Changes in the position and content of bound 

water molecules are also observed.  pKA shifts may occur, and low barrier hydrogen 

bonds between carboxylate groups may form.  These changes may compensate for 

destabilizing electrostatic effects.
76

  While protonation state could not be directly 

resolved at the available structural resolution, it was proposed that histidine residues 

protonate when the iron is removed from the 2 subunit.
76

 

 

7.5.3 Protein conformational changes are expected to accompany diiron cluster 

assembly 

 

 Reaction of Apo- 2 with Fe
2+

, O2, and excess reductant generates 1.2 tyrosyl 

radicals per 2 subunit and a Fe
+2

/Y122• stoichiometry of 3.3.
84

  The metal cluster 

binding site is 10 Å from the surface, and there is no obvious channel through which 

metal can access the binding site.
14

  Each  monomer contains two inequivalent iron 

binding sites, FeA and FeB, which have a 5 fold difference in metal affinity.
21,85

  

Intermediates in the assembly process can be detected {reviewed in ref 13}.  When 

reducing equivalents are abundant, an intermediate, X, accumulates with a rate constant 

of 8 s
-1

 and decays with the formation of the diferric cluster (0.8 s
-1

).
20

  X corresponds to 

an oxo-bridged Fe
3+

 Fe
4+

 dimetal center; this species generates the tyrosyl radical by 

oxidation of Y122.
10,20,84,86-88

  When reducing equivalents are limiting, a transient signal 

from a W48 tryptophan cation radical, which presumably reduces a Fe
4+

Fe
4+

 species, can 

be detected.
89,90

  W48H
+
• can also oxidize Y122 to generate the tyrosyl radical.

89
 

Because the rate constant for formation of X is independent of the concentrations 

of reactants, it was proposed that the 8 s
-1

 first order rate constant reflects a protein 

conformational change.
20

  Subsequent work has shown that binding of metal to the high 
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affinity FeB site causes a global conformational change, which inhibits iron binding to the 

other  protomer.
21,91

  Filling the FeB site also has been reported to inhibit metal binding 

to the FeA site
21

 through an allosteric effect.    

 

7.5.4 UVRR spectroscopy reveals protein conformational changes, associated with 

metal cluster assembly 

 

 In this work, we describe structural changes, which are linked to the assembly of 

the iron cluster and to the reduction of the tyrosyl radical in RNR.  To acquire these 

results, we performed UVRR experiments. Spectral contributions from tyrosine, 

tryptophan, and histidine were resonantly enhanced using a UV Raman probe beam.  The 

vibrational frequencies and intensities of these amino acids are structural markers in 

proteins.
29,92,93

  UVRR has previously been applied to other enzymes to monitor electron 

transfer reactions,
38

 protonation changes,
94,95

 folding,
96

, allosteric conformational 

changes,
92

 and dynamics.
97,98

  Contributions from carboxylic acid side chains (Figure 

7.11) are not detectable with UV probe wavelengths.  

 

 

Figure 7.11. UVRR spectrum of 20 mM aspartate collected with a 250 W, 229 nm 

beam for a 21 min exposure time. Aspartic acid was dissolved in 5 mM Hepes, p
1
H 7.5. 

The tick y-axis tick marks represent 4 x 10
3
 intensity units. 
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 In the first experiment described here, the vibrational difference spectrum 

associated with the reduction of Y122• was measured.  This experiment establishes the 

validity of the difference Raman technique, because the spectrum exhibits expected 

vibrational bands of Y122• and Y122.  In the second experiment described here, the 

vibrational difference spectrum associated with the removal of the metal cluster was 

measured.  Our results show that assembly of the metal cluster is associated with 

protonation of histidines and with perturbations of tyrosine and tryptophan. Further, from 

the UVRR spectrum of Li-8-hydroxyquinoline-5-sulfonate-Fe (Figure 7.12), no spectral 

features from the chelator are contributing to Figure 7.9, as expected. 

 

 

Figure 7.12. UVRR spectrum of a sample of lithium 8-hydroxyquinoline-5-sulfonate 

bound to iron collected with a 250 W, 229 nm beam for a 3 min exposure time. The 

chelator-iron sample was collected from the G25 column following the elution of Apo-

2. The tick y-axis tick marks represent 1 x 10
3
 intensity units. 

 

 

7.5.5 Reduction of Y122 

The control-minus-Met- 2 spectrum reflects redox changes to Y122, as expected.  

In particular, we observe the diagnostic CO ( 7a-1499 cm
-1

) and ring stretching ( 8a-

1556 cm
-1

) vibrations of the tyrosyl radical, Y122• and several normal modes, at 1170, 
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1199, and 1608 cm
-1

, arising from the reduced tyrosine, Y122. The upshift of the CO 

vibration to 1499 cm
-1

 from the ~1250 cm
-1

 CO frequency expected in singlet tyrosine is 

caused by the delocalization of spin density onto the phenolic oxygen.
58

  Recently, it has 

been shown that redox changes to Y122 result in perturbations of the amide bond.
18

  In 

RNR, Y122 oxidation causes a loss of hydrogen bond communication to the diiron 

cluster and rotation of the aromatic ring.
17

  The trigger for the observed conformational 

changes may be the change in hydrogen bonding interactions between Y122•/Y122 and 

D84
17

  or the electrostatic changes induced by Y122• reduction.
99

   Our results show that 

these conformational changes have little effect on the other aromatic amino acid residues 

in the vicinity of Y122.   

 

7.5.6 Deprotonation of histidine is associated with assembly of the metal cluster 

 Clustering of negatively charged amino acids in the interior of proteins is unusual.  

Therefore, it has been proposed that protonation of histidines compensates for charge 

differences induced by loss of iron.
76

  Histidine protonation may serve to reduce the 

extent of conformational changes associated with metal cluster disassembly.  

Alternatively, the polar nature of the metal binding site, which is located 10Å from the 

surface of the protein, might lead to dipolar relaxation.  

Our UVRR Raman data provide evidence for histidinium in the Apo- 2 subunit, 

even at slightly alkaline pH (i.e. pH 7.6).  The presence of a protonated histidine at pH 

7.6 suggests an environmental influence, which increases the pKA of the histidine side 

chain.  This hypothesis is supported by the p
2
H-dependence of the intensity of the 

positive 1405 cm
-1

 peak as shown in Figure 7.13. Based on these data, the pKA of the 
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histidine residues are between 6.0 and 8.0. An increase in histidine pKA could be due to 

the negative charges on the carboxylate ligands, which will tend to stabilize the 

protonated form of the imidazole side chains.  The only histidine residues within 11 Å of 

the cluster are the ligating histidines, H118 and H241 (Figure 7.1).  Therefore, we 

conclude that the charge states of H118 and H241 change with metal cluster assembly. 

 

 

Figure 7.13. UVRR difference spectra of E. coli 2 samples. The data are Apo- 2-

minus-Met- 2 collected in 5 mM MES, p
2
H 6.5 (black), in 5 mM TRIS, p

2
H 7.6 (red), in 

5 mM TRIS, p
2
H 8.0 (lilac), in 5 mM TRIS, p

2
H 8.5 (green), and in 5 mM TRIS, p

2
H 9.0 

(blue). The inset shows the dependence of the + 1405 cm
-1

 peak (protonated histidine) as 

a function of p
2
H. The spectra are averages of data obtained from (black) 10, (red) 9, 

(lilac) 9, (green) 9, and (blue) 9 samples. The protein concentrations were 50 M. The y-

axis tick marks represent 1 x 10
3
 intensity units. 
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7.5.7 Tryptophan hydrogen bonding and conformational changes are associated 

with assembly of the metal cluster 

 

 Our UVRR data provide evidence for a perturbation of tryptophan with metal 

cluster removal.  Alterations both in the frequency and the intensity of vibrational bands 

are observed. Changes in the Raman intensities or frequency shifts correlate with 

alterations in the tryptophan environment.  For tryptophan, frequency and/or intensity are 

influenced by indole ring orientation,
100

 hydrogen bonding,
101

 and cation-  

interactions.
102

  In particular, the frequencies of the W1, W3, W7, and W17 bands shift 

down with increasing dielectric and hydrogen bonding.  For example, the W3 band 

downshifted 5 cm
-1 

when solvating cyclohexane (1562 cm
-1

) was compared to solvating 

water (1557 cm
-1

).
101

  The frequency of the W3 band is also a conformation marker,
101

 

with a range of approximately 20 cm
-1

 for the tryptophan conformational angles found in 

most proteins.
93

   

In our data, a second derivative shaped feature, 846 (-)/865 (+)/ 880 (-) cm
-1

 

(W17) is observed in the Apo- 2-minus-Met- 2 difference spectrum (Figure 7.9B).  Our 

interpretation is that a derivative shaped band increases frequency with metal cluster 

removal.  Increasing frequency for the W17 mode has been shown to be correlated with a 

weakening of tryptophan hydrogen bonding and a lower dielectric constant.
24,101,103

  W17 

has been reported at ≥883 cm
-1

 in weak or non-hydrogen-bonded environments and at 

~877 cm
-1

 in high dielectric and strong hydrogen bonding environments.
103,104

  Therefore, 

the observed frequencies in the Apo- 2-minus-Met- 2 difference spectrum suggest a 

shift from increased dielectric or strong hydrogen bonding in the Met- 2 state (846 cm
-1

) 

to weak hydrogen bonding or low dielectric in the Apo- 2 state (880 cm
-1

).  

There are three tryptophan residues, W111, W107, and W48, within 11 Å of the 
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iron cluster (Figure 7.1).  W48, which has been linked to Y122• formation and substrate-

induced PCET, is ~ 9 Å from the nearest iron atom.  W48 participates in a potential 

hydrogen bonding network with one of the histidine ligands (Figure 7.1) and forms a 

transient tryptophan cation radical under some conditions.
89,90

  W48 exchanges protons 

with Asp237, adjacent to Glu238, potentially to mediate PCET directionality.
8,105

  W107 

is 9 Å and W111 is 4 Å from the iron cluster, but these tryptophans are not predicted to 

be in a hydrogen bonding network (Figure 7.1).  

The W3 band at ~1550 cm
-1

 is a conformation marker for tryptophan.
24

  The 

frequency of this band is affected by the torsion angle, 
2,1 

about the C2=C3-C -C  

linkage.  The correlation, 
2/11,2 )13(cos7.61542υ(W3) , between the frequency 

of the W3 band and tryptophan dihedral angle can be used to aid in the assignment of the 

Raman bands.
106

  The dihedral angles of W48, W107, and W111 in the Met- 2 form of 

the 2 subunit are -78°, -120°, and 18°, respectively.
17

  Given these values for the 

dihedral angles, the negative 1542 cm
-1

 peak in Figure 7.9B can be attributed to W48 in 

Met- 2.  In Apo- 2, the dihedral angle of W48 is -88
o
,
14

 therefore, the frequency is 

expected around ~1550 cm
-1

.  A candidate vibrational band for W48 in Apo- 2 is the 

positive feature at 1560 cm
-1

.  

To summarize, analysis of W17 frequency provides spectroscopic evidence that 

there is a decrease in tryptophan hydrogen bonding, when the Apo- 2 is compared to the 

Met- 2 state.  The frequency of the W3 band in the Met- 2 state suggests that this 

tryptophan may be W48.  The decrease in hydrogen bonding in the Apo- 2 state could be 

an electrostatic effect, driven by the generation of positive charge on histidine, which will 

destabilize a partial positive charge on W48 (Figure 7.1).  Analysis of the W3 frequency 
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change suggests that W48 undergoes a conformational alteration when the Apo- 2 and 

Met- 2 states are compared. 

These results can be compared to the Apo- 2 and Met- 2 X-ray structures.
2,14,15,17

  

Removal of the metal cluster changes the dihedral angle of W48 by -10° in chain A and 

by +2
o
 in chain B.  The change in dihedral angle is chain A consistent with our UVRR 

results, which indicate a change in conformation for one tryptophan.  The dihedral angle 

of W107 changes by -3
o
 in both chains. Further, the removal of the cluster perturbs the 

dihedral angle of W111 by -5° (chain A) and -10° (chain B).  The distance between W48 

and Asp237 changes from 2.9 to 3.1 Å, consistent with our UVRR results indicating a 

change in hydrogen bonding.  The distance between W111 and E204 and W111 and 

E115 changes from 3.0 to 3.8 Å and from 3.4 to 3.2 Å, respectively, when the Met- 2 

and Apo- 2 forms of the protein are compared.  

However, other possible explanations of the spectrum cannot be excluded.  For 

example, the indole ring of W111 is only 4 Å from the diiron cluster and cannot be 

excluded as a contributor to the spectrum.  The origin of the overall decrease of intensity, 

observed for the 1010 cm
-1

 tryptophan band, is not known.  Change in metal content may 

lead to alterations in the mechanism of resonance enhancement, which is complex in this 

spectral region.
44,45,48

   

 

7.5.8 A tyrosine conformational change is associated with assembly of the metal 

cluster 

 

 Perturbations of bands at 1170 (-) and 1185 (+) are observed in the Apo- 2-

minus-Met- 2 difference spectrum, and these bands are diagnostic of structural 

perturbations to tyrosine.  There are three tyrosine residues within 11 Å of the iron 
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cluster, redox active Y122, Y209, and Y157 (Figure 7.1).  Y122 has a hydrogen bonding 

interaction with Asp84, which is in turn within hydrogen bonding distance of ligating 

His118 (Figure 7.1).
17

  The high resolution structure of Met- 2 supports a weak hydrogen 

bond between Tyr122 and Asp84.{17 but see 2}.  Iron removal induces a shortening of 

the distance between the two residues from 3.3 to 2.7 Å.
14

  This change suggests a 

strengthening of the hydrogen bond between the Y122 and D84 residues in the Apo- 2 

form of the 2 subunit.  However, the Y9a frequency is influenced mainly by the Y–OH 

configuration,
25

 so we attribute the spectral change in tyrosine bands to a conformational 

alteration in Y122.  Redox driven changes in conformation have been reported for Y122 

previously.
17,18

  

 

7.5.9 Comparison of metal cluster assembly in RNR with other diiron nonheme 

proteins 

 

 Diferric nonheme proteins, such as ribonucleotide reductase (RNR), soluble 

methane monooxygenase hydroxylase (MMOH), and stearoyl acyl carrier protein 
9
 

desaturase ( 9D) catalyze a diverse range of reactions.  MMOH is responsible for 

oxidizing methane to methanol,
107,108

 whereas 9D introduces a double bond between 

carbons 9 and 10 of stearoyl-ACP as the first step in fatty acid biosynthesis.
109

  Although 

the functions of these enzymes differ, they each have a similar diiron center with 

coordination from two histidine and four carboxylate residues.
110

  In all three cases, the 

iron center is buried in the protein, and assembly of the cluster could disrupt the 

conformation of the protein through electrostatic effects.  During catalytic turnover, the 

diiron center cycles among several oxidation states, and the structure of the active site 

accommodates these differences by rearrangement of carboxylate ligands.
77,78,110 
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X-ray structures of the metal-free MMOH
111

 and 9D
112

 have been reported.  The 

global changes observed in the structure of the metal-free proteins are relatively minor, 

when compared to their respective holoenzymes.  In metal-free MMOH, the metal 

coordinating ligands demonstrate more flexibility compared to the holo-MMOH protein.  

Some of the normally coordinating carboxylates are disordered.  The rotameric position 

of one ligating carboxylate, Glu 114, is altered and permits its hydrogen bonding to two 

water molecules.  The disorder of some of the carboxylate groups in metal-free MMOH 

may suggest a lack of charge compensation.  As opposed to the carboxylate ligands, the 

histidine ligands are highly ordered, and protonation of the histidines was considered 

unlikely.
111

  The structure of the metal-free 9D protein also shows little difference from 

the structure of the ferrous enzyme.  Buried carboxylates shift positions slightly and are 

within hydrogen bonding distance of each other, suggesting that they may be protonated.  

As with the metal-free MMOH structure, the protonation state of histidine in Apo- 9D 

was not clear.  

In Apo- 2, there are conserved hydrogen bonding networks involving W48-

D237-H118 and Y122-D84 that may assist in stabilizing the metal binding site.  Metal-

free MMOH lacks these conserved networks, which may cause increased structural 

flexibility.  Overall, the metal-free forms of these nonheme diiron proteins exhibit stable 

structures, even in the absence of charges provided by the metal clusters.  Thus, all three 

proteins have evolved to accommodate assembly of the metal cluster in a folded form of 

the protein.  Our RNR study demonstrates the potential of UVRR studies of other 

nonheme diiron proteins.   
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7.6 Summary 

The conformational perturbations to tryptophan, tyrosine, and histidine residues, 

measured here, are associated with assembly of the iron cluster.  These changes are 

caused by alterations in charge distribution, hydrogen bonding, and configuration.  Such 

conformational plasticity is likely to play a role in facilitating the assembly of the metal 

cluster and these structural changes are likely to contribute to the conformational change, 

which has previously been proposed
20

 to accompany metal binding and oxidation. 
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CHAPTER 8 

CONCLUSIONS 

 

 Redox-active tyrosine residues are important mediators of proton-coupled 

electron transfer (PCET) reactions in biology.
1
  Tyrosyl radicals, generated from single 

electron oxidation of tyrosine, are necessary for PCET-linked catalysis in photosystem 

II,
2
 cytochrome c oxidase,

3,4
 and ribonucleotide reductase.

5
 The roles and properties of 

the tyrosyl radicals in these enzymes are significantly different. For example, Y122• of 

ribonucleotide reductase is stable for 2 weeks at 4°C,
6
 while YZ• of photosystem II is a 

transient radical with a lifetime on the micro- to millisecond timescale.
7
 The 

environmental factors that control PCET processes involving tyrosine residues are 

beginning to be elucidated.{for examples, see 8,9}   

In cytochrome c oxidase, the functional role of the unique post-translational 

modified tyrosine-histidine covalent-link during O2 reduction has not yet been resolved.  

Copper-containing model compounds were synthesized to mimic the active site geometry 

of the cross-linked moiety.
10

 UV-visible spectrophotometric titrations of the compounds 

gave pKA values of the copper-containing model compound and tyrosine as 7.7 and ~10, 

respectively. These results demonstrated the capacity for the tyrosine-histidine cross-link 

to participate as a proton donor in the enzyme. The photolysis-induced infrared spectra of 

these model compounds were consistent with the formation of phenoxyl radicals in the 

absence or presence of a ligated copper ion. With the aid of 
13

C isotope labeling, we have 

provided unambiguous assignment of the C–O vibrational mode for the phenoxyl 

radical in the models.  This assignment may be a useful structural marker to identify the 
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potential presence of an oxidized tyrosine-histidine in future FT-IR studies of cytochrome 

c oxidase. 

Protein secondary structure has previously been proposed to facilitate long-

distance electron transfer reactions.
11

 Previous work in our lab using tyrosine-containing 

dipeptides had suggested that the amide bonds surrounding the tyrosine may influence 

electron transfer reactions.
12

 To test this hypothesis, we designed pentapeptide model 

compounds to match the primary sequence of tyrosine 161 (YZ) of D1 subunit of 

photosystem II (IY161PIG) and of tyrosine 122 of the 2 subunit of ribonucleotide 

reductase (RSY122TH). At cryogenic temperatures, we measured the photolysis-induced 

infrared changes of four different pentapeptide sequences and compared to model 

tyrosine.  New spectral features were observed in the amide I region of the FT-IR 

difference spectra for these pentapeptides when compared to tyrosine. These data 

demonstrated that the peptide electronic structure is perturbed upon redox changes to 

tyrosine residues and these electrostatic-driven structural changes are dependent on the 

amino acid content.   

 These model studies illustrated the importance of the local structure in facilitating 

biological PCET reactions. In the protein matrix, conformational dynamics have been 

proposed to limit or to couple to aromatic amino acid-linked radical transport to prevent 

build-up of reactive oxygen species.
13

  In this work, we describe the development of a 

novel reaction-induced infrared spectroscopic technique to monitor protein structural 

dynamics associated with electron transfer reactions in ribonucleotide reductase and other 

enzyme systems.  Ribonucleotide reductase catalyzes the formation of DNA monomers 

through ribonucleotide reduction.
14

  In class Ia enzymes, generation of a cysteine radical 
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at the active site in the 2 subunit is required to initiate substrate reduction.  This C• is 

formed from Y122• in the 2 subunit through reversible long-distance (35 Å) PCET 

reactions.
5,15-17

  These reactions have been hypothesized to be gated by conformational 

changes.
18

  

Using the novel reaction-induced vibrational method, we have identified amide I 

structural changes linked to electron transfer reactions in the 2 subunit of ribonucleotide 

reductase.  In comparison to the photolysis-induced infrared spectra of RSYTH, which is 

the pentapeptide matching the primary sequence of Y122, a similar set of amide I peaks 

were observed. These data suggested that the structural changes in 2 are caused by local 

peptide bond perturbations surrounding Y122. To confirm these results, we prepared 2 

samples globally labeled with 
13

Ccarbonyl-tyrosine. The positive feature in the natural 

abundance 2 infrared spectra shifted from 1653 cm
-1

 to 1624 cm
-1

, consistent with the 

tyrosine amide assignment. The isotope data support the conclusion that the protein 

conformational changes are local and redox-linked to tyrosine. We propose that these 

structural dynamics are linked to changes in the electrostatic communication between 

Tyr122 and Asp84.  The interactions may be important in controlling the local PCET 

reactions. 

In addition, we have identified structural changes that are associated with diiron 

cluster assembly in the 2 subunit of ribonucleotide reductase using ultraviolet (UV) 

resonance Raman spectroscopy.  From comparison of UV Raman data to the X-ray 

structures of 2, we have assigned changes in the tryptophan and tyrosine vibrational 

bands to alterations in side-chain conformations and hydrogen bonding interactions, 

respectively.  Moreover, for the first time, we have provided spectroscopic evidence for 
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the protonation of histidine in the metal-free (Apo- 2) ribonucleotide reductase. To 

confirm these data, we labeled 2 samples with 
15

N3-histidine using a histidine 

auxotroph. UV Raman spectra of the 
15

N-histidine labeled 2 samples showed a positive 

feature shifted -24 cm
-1

. To explain these data, the histidine must have an elevated pKA. 

These findings demonstrate the ability of the UV resonance Raman technique to 

determine histidine protonation states in other metal-binding proteins. 

The structural information gathered for ribonucleotide reductase in this work 

provides a better understanding of the mechanisms for PCET reactions and metal 

assembly in RNR. From the Y122• redox-linked studies, we have developed a current 

working model for these structural changes. In the reduced state Y122 is within hydrogen 

bonding distance to D84.
15

 Upon oxidation, the more electronegative nature of the tyrosyl 

radical phenoxyl ring
8
 causes repulsion with the deprotonated aspartic acid at position 84. 

The electrostatic repulsion drives movement of the phenoxyl ring via a C -C  rotation. 

We propose that this interaction causes changes in the molecular geometry of the Tyr122-

Thr123 amide bond. A recent work postulates that the conformational changes 

surrounding the diiron cluster rate-limit the PCET processes required for nucleotide 

reduction.
19

 Our work suggests that the local protein structure plays a critical role in 

controlling electron transfer reactions involving tyrosine in ribonucleotide reductase. The 

conclusion is emphasized through the studies with model compounds. The tyrosine-

containing pentapeptide model compounds underscored the importance of the 

composition for tyrosyl radical-mediated electron transfer reactions. In the tyrosine-

histidine cross-link mimicking compounds, the effect of this unique structure in CcO on 

the functional and spectroscopic properties of tyrosine was shown. It follows that these 
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studies highlight the significance of protein structure and dynamics on the function of 

proton-coupled electron transfer reactions that control catalysis in many biological 

systems.  

Future experiments, however, to investigate the structural changes that precede 

the PCET reactions in ribonucleotide reductase are necessary.  Reaction-induced FT-IR 

spectroscopic studies involving the holoenzyme are already being designed. The use of 

incorporated unnatural amino acids to change the rate-limiting step of nucleotide 

reduction from a conformational change to an electron transfer reaction may be necessary 

to study the details of the electron transfer pathway.
20

 These future studies will aid in the 

elucidation of the mechanisms for the PCET reactions in ribonucleotide reductase. 

 Perhaps the most interesting outcome to follow from the ribonucleotide reductase 

experiments is the potential, future application of the reaction-induced FT-IR 

spectroscopic study on the various 2 inhibitors towards the design and development of 

novel anti-cancer drugs. Current models for the reduction of Y122• using radical 

scavengers, such as hydroxyurea, have been established through kinetic studies. These 

previous experiments do not provide a thorough mechanism of action. A detailed analysis 

of the mechanism of RNR inhibitors and development and application of techniques to 

monitor the reaction of these inhibitors is required. Our reaction-induced FT-IR 

spectroscopic technique has demonstrated the ability to distinguish the structural changes 

of these reactions at room temperatures. Future isotope labeling experiments will aid in 

the elucidation of the mechanisms and pathways for Y122• reduction. An understanding 

of these inhibitors’ modes of action may lead to the development of more effective 

clinical treatments of cancer. 
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