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Abstract

Tyrosine radicals play catalytic roles in essential metalloenzymes. Their properties—midpoint potential, stability. . .—or environment varies

considerably from one enzyme to the other. To understand the origin of these properties, the redox tyrosines are studied by a number of

spectroscopic techniques, including Fourier transform infrared (FTIR) and resonance Raman (RR) spectroscopy. An increasing number of

vibrational data are reported for the (modified-) redox active tyrosines in ribonucleotide reductases, photosystem II, heme catalase and

peroxidases, galactose and glyoxal oxidases, and cytochrome oxidase. The spectral markers for the tyrosinyl radicals have been recorded on

models of (substituted) phenoxyl radicals, free or coordinated to metals. We review these vibrational data and present the correlations existing

between the vibrational modes of the radicals and their properties and interactions formed with their environment: we present that the r7a(C–O)

mode of the radical, observed both by RR and FTIR spectroscopy at 1480–1515 cm� 1, is a sensitive marker of the hydrogen bonding status of

(substituted)-phenoxyl and Tyr
S

, while the r8a(C–C) mode may probe coordination of the Tyr
S

to a metal. For photosystem II, the information

obtained by light-induced FTIR difference spectroscopy for the two redox tyrosines TyrD and TyrZ and their hydrogen bonding partners is

discussed in comparison with those obtained by other spectroscopic methods.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Among the free amino acid radicals identified in pro-

teins, the redox couple tyrosyl radical/tyrosine was shown

essential in many biologically important processes (see

Ref. [1] for a review). It has been evidenced in key

enzymes such as ribonucleotide reductase [2,3], which

provides precursors of DNA synthesis, and photosystem

II (PSII) [4,5]—the membrane protein complex where

photosynthetic oxygen evolution takes place in plants,

algae and cyanobacteria.

Ribonucleotide reductase: In class I ribonucleotide re-

ductase (RNR), the redox active Tyr122 (amino acid num-
0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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bering according to E. coli sequence) is located at 5–6 A of

the di-iron cluster on the R2 subunit (Fig. 1A) [6]. The Tyr
S

is generated upon reduction of oxygen into water at the iron

cluster (Ref. [7] and references therein). Tyr
S

initiates the

formation of a thiyl radical at the active site for ribonucle-

otide reduction on the R1 subunit. This thiyl radical,

proposed to occur on Cys439, in turn initiates catalysis on

the nucleotide substrate [7–10].

Photosystem II: In PSII, two redox tyrosines, TyrD and

TyrZ, have been evidenced, at homologous positions on the

two polypeptides D2 and D1 forming the core of the

membrane protein complex (reviewed in Refs. [11–13]).

Light absorption at a chlorophyllic species so-called primary

electron donor P680 induces a charge separation between

P680 and an electron acceptor plastoquinone QA. TyrZ and/or

TyrD reduce the highly oxidizing P680
+ , generating the Tyr

radicals. TyrZ is located at c 7 Å of the Mn4-Ca
2+ active

center for oxygen evolution [14–18]. TyrZ is directly



Fig. 1. Scheme of the Tyr
S

environment in (A) class I ribonucleotide reductase (modified from Ref. [6]), (B) photosystem II [16–18], (C) prostaglandin H

synthase [151], (D) DNA photolyase of A. nidulans [152] with postulated Trp and Tyr residues involved in the electron-transfer reaction. (E) His-Tyr
S

at the

CuB-Heme a3 of cytochrome c oxidase [35] and (F) cysteinyl-Tyr
S

at the active site of galactose oxidase or glyoxal oxidase [46].
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involved in the physiological electron and proton transfer

reactions associated with water oxidation into molecular

oxygen (Fig. 1B, see below). TyrD is not essential for

oxygen evolution. However, mutation of this strictly con-

served redox tyrosine in the obligatory photoautotrophic

Thermosynechoccocus species largely increases the growth

generation time and tendency to revert [M. Sugiura et al. in

preparation]. The interactions of TyrD with the Mn-Ca2 +

cluster and P680
+ are reviewed in Ref. [19].

Stable or transient tyrosine radicals are also implicated in

a variety of regulatory enzymes that are important in

primary metabolism.

Prostaglandin synthases: Prostaglandin synthases are

essential for the production of a variety of prostaglandins

from arachidonic acid. This process implies both a cyclo-

oxygenase reaction, which converts arachidonic acid to

prostaglandin G2, and the hydroxylation of prostaglandin

G2 into prostaglandin H2 (Fig. 1C). This latter peroxida-

tion reaction involves a highly oxidizing intermediate so-

called compound I, an oxoferryl protoporphyrin IX radical

cation (FeIV=O PPIX+ S) [20,21] that generates Tyr
S

by

intraprotein electron transfer. Tyr
S

in turn initiates the

cyclooxygenase reaction by forming the arachidonate

radical [22,23] which reacts with oxygen to yield prosta-

glandin G2. Crystallographic data revealed that the Tyr
S

would be located between the heme and arachidonate
binding sites, well positioned to couple the two enzyme

activities [24].

Catalases and peroxidases: More generally, for most

catalases and peroxidases having a protoporphyrin prosthetic

group at the active site, the highly oxidizing compound I or,

alternately, an oxoferryl protoporphyrin IX and a protein-

based radical species are generated by the two-electron

oxidation of the protoporphyrin by alkhyl- or hydrogen-

peroxides [25]. A Trp
S

intermediate relevant for substrate

oxidation was observed for cytochrome c peroxidase [26],

while formation of an oxoferryl protoporphyrin IX-Tyr
S

intermediate was evidenced in beef liver catalase [27], turnip

and cytochrome c peroxidases [28,29] and catalase-perox-

idases from Mycobacter tuberculosis and Synechocystis

[30,31].

DNA photolyase and cryptochrome-1: Finally, an elec-

tron transfer from a tyrosine residue to a tryptophane radical

was detected in the DNA photolyase of Anacystis nidulans

[32] (Fig. 1D), while tryptophane radicals only were

detected in the same enzyme of E. coli [33]. DNA photo-

lyases are flavoproteins that catalyze UV-induced repair of

major UV-damaged DNA lesions by reduction of pyrimi-

dine dimers. Recently, a transient Tyr
S

was also detected in

the blue light photoreceptor cryptochrome-1 from Arabi-

dopsis thaliana [34] which shows large sequence homology

with DNA-photolyase.
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1.1. Modified redox active tyrosines

Redox active modified tyrosines are also implicated in a

number of metallo-radical enzymes, which couple substrate

oxidation with oxygen reduction into H2O2 or water.

Cytochrome oxidase: In cytochrome oxidase, the termi-

nal enzyme in the respiratory chain of the mitochondria, as

well as in other heme-copper terminal oxidases, the active

site for oxygen reduction is located at a binuclear metal

center formed by a high-spin heme A (heme a3) and copper

CuB [35–38] (Fig. 1E). A tyrosine, which forms a covalent

bond to an histidine ligand of CuB [35,36], was shown to be

redox-active by 125I� labeling and peptide mapping analysis

[39]. The His-Tyr
S

was also observed during the reaction of

the heme-copper oxidases with H2O2 [40,41].

Galactose and glyoxal oxidases: Thioether-Tyr, resulting

from the covalent binding of the sulfur atom of adjacent

cysteine at the a position of the phenol ring, was identified

at the active site of galactose oxidase [42–44] and glyoxal

oxidase [45]. Glyoxal oxidase is a fungal enzyme and the

physiological partner of lignin peroxidase and Mn peroxi-

dase. It couples the oxidation of a number of aldehydes and

a-hydroxy carbonyl compounds with the reduction of O2 to

H2O2. Galactose oxidase catalyzes the two-electron oxida-

tion of primary alcohols to aldehydes with the concomitant

reduction of dioxygen to hydrogen peroxide. Although

dissimilar in primary sequence, the two enzymes have very

similar active sites, in which the modified tyrosine directly

coordinates to the active site copper ion [46] (Fig. 1F).

Catalysis implies redox reactions of both the copper and

cysteinyl-Tyr ligand (Ref. [47] and references therein).

Copper amine oxidase: In copper amine oxidase, the

2,4,5-trihydroxyphenylalanine quinone or topaquinone TPQ

cofactor results from a posttranslational copper-dependent

oxidation of a conserved tyrosine residue [48,49]. This TPQ

forms a transient iminosemiquinone radical during the

enzyme turnover.

1.2. A specific role for tyrosine?

The tyrosine radicals are crucial for the redox reactions

catalyzed by these enzymes, as demonstrated for some of

them using site-directed mutagenesis or specific labeling

[1,12,13,21]. The specific role of tyrosine as compared to

other possible redox cofactors is, however, not fully under-

stood. Except for the transient Tyr
S

evidenced in DNA-

photolyase or cryptochrome and for TyrD in PSII, the Tyr
S

are generated during metal- and oxygen or H2O2-mediated

transformations [9,12,20,25,40,47]. A specific role for rad-

ical chemistry, i.e. homolytic cleavage of C–H, S–H, or O–

H bonds, which involves coupled electron and proton

transfer reactions, in contrast to pure electron transfer

reactions, and the involvement of high midpoint potentials

have been proposed.

In ribonucleotide reductase, the Tyr
S

di-iron site on R2

and the active site for ribonucleotide reduction on R1 are
separated by 35 Å. Long-range electron transfer between

these two sites was demonstrated using an enzyme inhibitor

[50,51]. Conserved tryptophane and tyrosines between the

redox Tyr122 and Cys439 could serve as redox intermediates.

The occurrence of pure electron transfer, concerted electron

and proton transfer, or hydrogen atom transfer is debated.

Discontinuity in hydrogen-bonded paths between Tyr122 and

Cys439 is not in support of a hydrogen atom transfer

mechanism. Local coupling of proton/electron transfer is

proposed to occur during the reaction cycle, notably for

Cys439 oxidation to meet the thermodynamic requirements

of its oxidation by Tyr
S

, while other steps might solely

involve ‘‘classical’’ electron transfer, followed by proton

release/uptake [1,9].

In galactose oxidase, oxidation of the substrate alcohol

involves a two-electron oxidation, deprotonation and the

cleavage of one of the Ca–H bonds within the hydroxy-

methylene group. This occurs through oxidation of the

copper, protonation of the tyrosinate Cu ligand and cleavage

of the Ca–H bond by the cysteinyl-Tyr ligand. The strong

kinetic isotope effect associated with the oxidation of Ca
1H-

or Ca
2H-labeled substrates and the strong temperature

dependence of this effect were interpreted in favor of a

hydrogen atom abstraction mechanisms from the substrates

by the coordinated cysteinyl-Tyr
S

radical [52,47]. For pros-

taglandin H synthase, and for TyrZ of PSII, direct involve-

ment in the oxidation of the substrate arachidonic acid [20]

or Mn-bound water or hydroxyl [52–56] was proposed,

through (concerted) proton and electron abstraction from

C–H or O–H bonds.

Detailed analysis of the properties of the Tyr
S

/Tyr redox

couples should help clarify the advantages of using (mod-

ified) tyrosines in catalysis. The elucidation of the struc-

tural parameters at the origin of their specific properties in

each enzyme is determinant. Indeed, the properties of these

redox active tyrosines, their midpoint potential, the stability

or reactivity of the radical, largely vary from one enzyme to

the other, or within the same enzyme, as exemplified by the

two redox-active tyrosines in PSII [11–13]. In practice, it

would be useful to correlate the spectroscopic character-

istics of the redox-active tyrosines with their specific

properties and with the characteristics of their environment,

such as their hydrogen bonding interactions. Vibrational

spectroscopy, which probes directly the properties of chem-

ical bonds, is specially suited to detail the chemical

properties of the redox tyrosines and to address the main

issue of the hydrogen bonding status of the tyrosine

radicals.

In the following, we summarize the different hypotheses

formulated for the oxidation mechanism of the two redox

active tyrosines of PSII. We compare the methodology of

Fourier transform infrared (FTIR) and resonance Raman

(RR) spectroscopy and analyze the principal diagnostic

vibrational modes reported for tyrosine radicals and phe-

noxyl derivatives. The vibrational data on redox tyrosines in

proteins and notably in PSII are summarized and are
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compared with those obtained by other spectroscopic tech-

niques, such as high-field EPR (HF-EPR), ESEEM, and

ENDOR spectroscopy, to describe the properties of the

tyrosinyl radicals. We also underline the specific informa-

tion obtained using FTIR difference spectroscopy

concerning the pKA and interactions formed by reduced

tyrosine and its environment.
2. Redox active tyrosines in photosystem II

PSII is a transmembrane protein that carries out the

initial steps of oxygenic photosynthesis. Water oxidation

into molecular oxygen takes place at the so-called ‘‘oxygen

evolving complex’’ (OEC), containing four Mn and one

Ca2 + [11–13,57–59, for recent reviews]. The sequential

accumulation of four oxidizing equivalents at the OEC

corresponds to five oxidation states denoted S0 to S4.

Molecular oxygen is released upon the S4-to-S0 transition.

The mechanism of water oxidation is not well understood

[12,13]. It was first underlined that TyrZ plays a role in the

stabilization of the P680
+QA

� charge-separated state, as

compared to charge recombination [11]. More recently, it

was proposed that the redox couple TyrZ
S

/TyrZ takes part

directly in water oxidation [14,15,53,55,60]. The large

difference in pKA for reduced and radical tyrosines led to

the conclusion that deprotonation accompanies radical

formation. The relative flexibility of TyrZ
S

observed in

Mn-depleted PSII suggested that different chemical groups

may be involved as proton acceptor and donor upon TyrZ
oxidoreduction. In addition, the short distance between

TyrZ and the Mn cluster, the comparison of OH bond

dissociation energies for Mn-bound water or hydroxyl

and TyrOH, and the thermodynamic advantage to oxidize

the Mn4Ca-cluster maintaining a constant charge in the

complex are some of the experimental results and argu-

ments put forward for the possible role of TyrZ as H
S

abstractor from the Mn-bound substrate or as electron

acceptor from the Mn4Ca-cluster and of a proton from

the bound water (Refs. [14,15,55,60]).

Alternately, (i) the oscillating behavior of proton release

in the lumen upon S-state transitions [61–63], (ii) the

electrochromic shift of the absorption band of a chlorophyll

of P680, coincident with the lifetime of TyrZ
S

[64], as well as

(iii) the effect of pH and 1H/2H exchange on the electron

transfer kinetics between TyrZ and P680
+ [63,65–67] sug-

gested that the oxidation of TyrZ coincides with a proton

transfer to a nearby acceptor B, creating an uncompensated

charge in the vicinity of P680. The reduction of TyrZ
S

in

oxygen evolving PSII could result from pure electron trans-

fer from the Mn cluster and restitution of the proton by the

base BH. The recent three-dimensional structure of PSII

showed that D1-His190 could be this base (see below) [18].

Different oxidation/reduction mechanisms of TyrZ, mod-

ulated by the oxidation-state of the Mn cluster cannot be

excluded from the available experimental data [14,15,
56,63]. In particular, it was proposed that the S1-to-S2
oxidation step, occurring at temperatures as low as 140 K,

is not compatible with the large proton or protein motions

stemming from the (concerted) electron and proton abstrac-

tion model [56]. In contrast, H
S

abstraction could be the

limiting step during the S3-to-S0 transition resulting in

oxygen evolution [68] (reviewed in Ref. [63]).

A better understanding of the mechanism of TyrZ oxida-

tion in both Mn-depleted and oxygen evolving PSII requires

the analysis of the parameters that determine its optical,

magnetic and vibrational signatures. In this respect, the

comparison of experimental data obtained on the two

redox-active tyrosines TyrZ and TyrD of PSII is very useful.

Briefly, EPR, ESEEM and ENDOR (or ESE-ENDOR)

spectroscopies on PSII WT and mutants showed that the

two Tyr
S

present very similar spin distribution, but different

hydrogen bonding pattern (reviewed in Refs. [12,13]). TyrD
S

forms a well-defined hydrogen bond to D2His189 in spin-

ach or two hydrogen bonds (to D2His189 and possibly

D2Gln164) in Synechocystis (Synechocystis numbering)

[12,13,69–72]. It is generally accepted that D2His189 is

the proton-accepting base upon TyrD
S

formation. The inter-

actions formed by TyrZ
S

and the homologuous histidine on

the D1 polypeptide (D1His190) are under debate [12,54],

while the role of D1His190 as proton acceptor upon TyrZ
S

formation was demonstrated in Mn-depleted PSII (reviewed

in [12,13]). The recent crystallographic data obtained on

photosystem II from the cyanobacterium Thermosynecho-

coccus elongatus indicated a hydrogen bond between TyrZ
and D1His190 [18].

In Mn-depleted PSII, the electron transfer kinetics be-

tween TyrD and TyrZ and the oxidized primary donor P680
+

are identical at high pH (pH>7.5), but differ by a factor of

10000 at pH below 7, the reduction of P680
+ by TyrD being

largely slowed down [73,74]. The drastic effect of pH on the

kinetic of TyrD oxidation titrates with an apparent pKA of

7.7 [74], which seems also to determine the efficiency of

TyrD oxidation at low temperature [75]. Restricted proton

transfer is expected at cryogenic temperature and it was

proposed that this pKA is either that of reduced TyrD or that

of the D2His189 distal nitrogen [75].

In oxygen evolving PSII, the predominant nanosecond

phases of TyrZ oxidation by P680
+ , sensitive to 1H/2H instead

of H/D exchange, decrease at pH below 7 [76]. This was

assigned to a restricted proton transfer from TyrZ to

D1His190, inhibited at pH below 6 by D1His190 proton-

ation [76]. The ability to oxidize TyrZ at low temperature

also depends on pH, with an apparent pKA at c 5.5 in Mn-

depleted PSII [77]. In Mn-depleted PSII core complexes, the

disappearance at high pH of the large deuterium kinetic

isotope effect of TyrZ
S

formation was assigned to the

deprotonation of TyrZ, with a pKA of 8.5 in WT PSII

[65,67] or 10.5 in the D1His190Ala mutant [66].

The molecular origin of the pH dependence of TyrD and

TyrZ oxidation kinetics is a key question to better under-

stand the function of PSII, as well as the implication of the



C. Berthomieu, R. Hienerwadel / Biochimica et Biophysica Acta 1707 (2005) 51–66 55
histidines in hydrogen-bonding networks and the localiza-

tion of the proton released upon Tyr
S

formation.
Fig. 2. Reaction-induced FTIR difference spectroscopy. (A) Infrared

absorption spectrum of a concentrated pellet of PSII enriched membranes

from spinach deposited between two CaF2 windows, with a path length

below 10 AM. This spectrum is dominated by contributions of the

polypeptide backbone, with the peptide r(CMO) amide I mode between

1700 and 1620 cm� 1, and the r(CN) + y(NH) amide II mode maximum at

c 1546 cm� 1. The contribution of the aqueous buffer in the sample is

evaluated by the spectrum with dashed line, maximum at c 1640 cm� 1.

The sample absorption is kept below 0.9 absorption units to avoid spectral

distortions induced by the non-linear response of the MCT detector for
3. RR and FTIR studies of phenoxyl and tyrosyl radicals

RR and FTIR spectroscopies have been used to evidence

the presence of Tyr
S

radicals in proteins and to probe the

properties of these radicals, e.g. their hydrogen-bonding

status [2,41,45,78–83]. This implies that spectral markers

for structural and electronic properties of these radicals are

identified. To this aim, the vibrational signatures of Tyr
S

in

proteins are compared with spectra recorded with model

compounds [84–102]. We review the data reported on

(modified) phenoxyl model compounds and Tyr
S

by RR

and infrared spectroscopy and the influence of hydrogen

bonding interaction, solvent polarity or coordination to a

metal on the vibrational modes of these radicals.

RR and FTIR spectroscopies give complementary infor-

mation regarding the vibrational properties of the Tyr
S

/Tyr

redox couple (see below). Their experimental utilization is

also different. RR spectroscopy can probe the Tyr
S

radical

selectively, by the enhancement of vibrational modes related

to the phenoxyl k!k* (electronic) transition at c 410 nm.

In contrast, FTIR spectroscopy is not selective and all

vibrations from the protein and cofactors will contribute to

the infrared absorption spectrum. Also, for experiments
performed in transmission mode, the high absorption of

the aqueous buffer limits the FTIR sample thickness below

10 Am and implies the use of highly concentrated protein

samples (Fig. 2A).

No information on specific residues or active sites are

obtained directly from the infrared absorption spectrum of a

protein. FTIR difference spectra between the absorption of

the reduced and the radical state must be analyzed

[103,104]. The radical must be generated rapidly on the

sample without any perturbation such as dilution, change in

temperature, or pH. The IR modes of phenoxyl or tyrosinyl

radicals in aqueous buffer were first obtained by UV-

irradiation at low temperature (Fig. 2C) [92–94]. Recently,

electrochemistry coupled to ATR-FTIR spectroscopy was

used to generate the relatively stable 2,4,6-tri-substituted

phenoxyl radicals [102]. In PSII, the FTIR difference

spectra were obtained photochemically (Fig. 2B). For sam-
strongly absorbing samples. (B) Superimposition of the TyrD
S

/TyrD FTIR

difference spectra obtained with PSII core samples from Synechocystis sp.

PCC 6803 unlabeled (thin line) or with 13C1(4)-labeled tyrosine (bold line)

[82]. Negative bands correspond to the dark-adapted state (TyrD-state),

positive bands to the light-induced state (TyrD
S

-state). As compared to the

absorption spectrum, the difference spectra induced by UV–Vis light are

enlarged by factors of 100 to 5000 to visualize the thin bands, which are

highly reproducible provided the sample temperature and integrity remain

unchanged during the reaction. Single vibrators, selectively perturbed at

active sites in a protein, contribute to the difference spectra. Note that in the

TyrD
S

/TyrD FTIR difference spectra, mainly one positive band at 1503

cm� 1 and one negative band at 1250 cm� 1 are clearly downshifted to 1476

and 1226 cm� 1, respectively, in the spectrum recorded with the PSII

sample containing 13C1(4)-Tyr. This demonstrates the involvement of the

tyrosine CO group at these frequencies. The almost perfect superimposition

of the spectra in the whole spectral range at the exception of these

frequencies, together with the clear determination of the signal downshifts,

guarantees the quality of the data. (C) QA
�/QA FTIR spectrum recorded with

PSII enriched membranes of spinach [81]. (D) UV-induced Tyr
S

/Tyr�(thin

line) and 2H ring labeled 2H4Tyr
S

/2H4Tyr
�(bold line) FTIR spectra. The

negative bands correspond to the tyrosinate IR modes perturbed upon

radical formation. The positive bands correspond to the UV-induced Tyr
S

.

The downshift by c 78 cm� 1 induced by the Tyr ring 2H labeling on the

negative band at 1500 cm� 1 is in total agreement with the assignment of

this band to the r19(C–C) mode of tyrosinate. Themuch smaller shift of� 21

cm� 1 observed for the positive band at 1513 cm� 1 (shifted to 1492 cm� 1)

reliably excludes that this signal corresponds to a tyrosine ring r(C–C)

mode. In contrast, this downshift together with the downshift by 37 cm� 1 of

this positive band upon ring 13C6 labeling (not shown, Ref. [93]) are very

close to those predicted by normal mode calculations on the radical for the

r(C–O) IR mode of Tyr
S

(Ref. [93] and references therein). The labeling

studies are a strong argument to show that formation of Tyr
S

and not

perturbation (or protonation) of tyrosinate was obtained by the UV-

photochemistry performed at 40 K for the tyrosinate sample in borate buffer

at pH 11 [92,93].



Table 1

Main vibrational modes of phenoxyl derivatives

r(C–C), Argon r7a(C–O), Argon r19b(C–C), Argon r19a(C–C), Argon r9a(C–C), Argon

PhO
S

1552, 1550 1504, 1481 1515 1406–1398, 1397 1163–1157, 1167

2,4,6-Tri-tert-butyl-PhO
S

1573 1505

2,6-Di-tert-butyl-4-methoxy-PhO
S

1592 1511–1509

Metal-coordinated

2,6-di-tert-butyl-4-methoxy-PhO
S

1628–1614 1520–1494

p-Methoxy-PhO
S

1607

p-Methyl-PhO
S

1574 1513 1537

p-Ethyl-PhO
S

1574 1515

Tyr
S

1577 1513 1535

Cys-Tyr
S

1587 1530

Metal-coordinated

2,SCH3-para-tert-buthyl-PhO
S

1595–89 1517–12

Glyoxal/galactose oxidase 1595–91 1487–6

2-Imidazol-phenoxyl 1587 1530

These data summarize some of the results described in Refs. [81,84–100,102,112,113]. The data in italics correspond to IR modes of PhO
S

obtained in an

argon matrix.
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ples with absorption maxima of up to 0.9 a.u., the difference

spectra show IR absorbance changes of 10� 6 to 10� 3 a.u.

corresponding to single IR modes. (see Fig. 2 for details on

the technique).

In these difference spectra, IR modes from both the

radical and resting states are obtained. In proteins, FTIR

difference spectroscopy brings thus information on the

reduced tyrosines, for example TyrD and TyrZ in PSII

[78,81–83] or His-Tyr in cytochrome c oxidase [105,106].

The pKA and hydrogen-bonding status of reduced Tyr can

be deduced from their IR modes [82]. FTIR difference

spectroscopy can also be used to identify neighboring amino

acids perturbed by Tyr oxidation, and their implication in

hydrogen bonding interaction or as proton acceptor (donor).
1 The sample concentration may be critical to obtain reliable UV-

induced FTIR difference spectra of phenoxyl derivatives. k-Stacking,
electrostatic, and/or hydrogen bonding interactions between phenol or

tyrosine molecules in solution were observed by NMR for concentrations

greater than 10 mM [93]. To avoid IR signals consecutive to changes in

these interactions, in addition to the IR modes of the radical itself in radical-

minus-reduced FTIR difference spectra, concentrations were fixed at 10

mM in Ref. [93]. The 10 times larger concentrations (100 mM) used in the

work by Ayala et al. [94] or Cappuccio et al. [95], may well increase the

signal-to-noise in the UV-induced FTIR difference spectra but also

introduce IR contributions not directly related to radical formation. The

effect of Tyr concentration on these spectra should be studied, notably as

regards the interpretation of changes in the amine NH force constant upon

radical formation. These changes may be due to inter molecular interactions

in the samples rather than to an intramolecular interaction between the k
system of the tyrosyl radical and the amino group [94].
4. Uncoordinated radicals

The characteristic IR and Raman frequencies of radicals

from tyrosine or simplified models, phenol, p-methyl or p-

ethyl phenol, have been recorded on unlabeled or specifi-

cally 2H-, 13C-, 17O- and 18O-labeled compounds. The

radicals were generated chemically, electrochemically, or

by UV-photochemistry at ambient or cryogenic temperature

in aqueous buffer [81,84–95,102] and recently in argon

matrix [96]. These data show that RR and IR modes may be

used as markers of the interactions of the radical with its

environment.

4.1. r7a(C–O) mode

RR spectra of phenoxyl or Tyr radicals in (frozen)

solution are characterized by an intense mode at 1498–

1515 cm� 1 identified as the r7a(C–O) mode using 17O-

labeling [84–91].

The FTIR difference spectra of ( p-substituted) phenol or

tyrosine radicals obtained by UV photochemistry at low

temperature (77–40 K) in borate buffer (Fig. 2D) [81,92,93]
show that the radicals contribute one predominant IR mode

at 1504 cm� 1 for phenoxyl and at c 1515 cm� 1 for Tyr
S

or

p-methyl-phenoxyl [81,92,93]. This signal was assigned to

the r7a(C–O) mode, according to its sensitivity to ring 2H-,

ring 13C-, and 18O-isotope labeling [92,93], as reported by

RR spectroscopy. A similar assignment was proposed for the

signal detected at 1516–1510 cm� 1 in radical-minus-re-

duced FTIR difference spectra recorded with tyrosinate (Fig.

2D) and a series of X-Tyr and Tyr-X di-peptides, although

the downshift upon specific 13C1(4)-labeling could not be

detected in these dipeptides [94].1 Finally, the r7a(C–O)

mode was reported at 1505 and 1509 cm� 1 for 2,4,6-tri-tert-

butylphenoxyl and 2,6-di-tert-butyl-4-methoxyphenoxyl, re-

spectively [102] (Table 1).

The abovementioned studies on models were all per-

formed in strongly interacting environments. In contrast,

Spanget-Larsen et al. [96] reported IR modes of the phenoxyl

radical and of its labeled derivatives generated in an argon

matrix, devoid of possible electrostatic or hydrogen-bonding

interactions. The radicals were generated by UV-irradiation,

at 308 nm, of nitrosobenzene or nitrobenzene. An intense IR

mode was observed at 1481 cm� 1. The frequency down-

shifts of this mode upon 2H5- and
13C1(4)-phenol labeling
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(� 14 and � 26 cm� 1, respectively) were in agreement with

those observed for the r7a(C–O) mode of PhO
S

at 1505

cm� 1 (c� 15 cm� 1 for 2H5-PhO
S

) or that of Tyr
S

at 1513

cm� 1 in frozen solutions (� 21 and � 29 cm� 1, respective-

ly) [85,86,90,92,93]. These data thus demonstrate that the

r7a(C–O) mode of PhO
S

contributes at 1481 cm� 1 for the

radical generated in argon matrix. This is a strong experi-

mental evidence for the sensitivity of the r7a(C–O) mode

frequency to the environment of the (substituted)phenoxyl

radicals. The polarity of the medium substantially increases

the frequency of the r7a(C–O) mode up to 24 cm� 1.

4.2. r8a(C–C) mode

The second larger mode detected by RR spectroscopy at

1550–1585 cm� 1 was assigned to dominant ring Cortho–

Cmetha vibration, denoted r8a(C–C) [84–91]. The frequency

and intensity of this mode is sensitive to ring substituents in

para position and to the coordination of the phenoxyl

radical to a metal (see below, [86,91,97–101]). This mode

is reported at 1577 cm� 1 for p-methyl-phenoxyl and 1565

cm� 1 for Tyr
S

by RR [86,89]. It contributes at 1606 cm� 1

for p-methoxy-phenoxyl [86] and as a strong band at 1592

cm� 1 for 2,6-di-tert-butyl-4-methoxyphenoxyl [102]. In the

FTIR spectrum of PhO
S

generated in an argon matrix [96],

this mode is reported at 1550 cm� 1, indicating that it is not

a sensitive marker of the polarity of the environment for

phenoxyl. A very weak IR signal at 1593–1585 or 1577

cm� 1 for Tyr
S

[93,94] and at 1574 cm� 1 for p-methyl-

phenol
S

[93] was also tentatively assigned to this mode

(Table 1).

4.3. Other modes

In the 1800–1000 cm� 1 region, low-intensity signals at

1398–1406 and 1163–1157 cm� 1, sensitive to phenoxyl
17O- and/or 13C6-labeling, have been assigned to the r19a(C–

C) and r9a(C–C) modes by RR spectroscopy [90]. These

modes were not detected by infrared spectroscopy for PhO
S

in solution. They were reported at 1397 and 1167 cm� 1 for

the phenoxyl
S

generated in an argon matrix [96] and do not

seem to be useful markers of the interactions formed by Tyr
S

in proteins. In contrast, bands of low intensity detected at

1535–1537 cm� 1 for Tyr
S

and p-methyl-phenol
S

in solution

but also observed upon TyrZ
S

and TyrD
S

formation in PSII

[78,82,93] may correspond to the IR r19b(C–C) mode

observed at 1515 cm� 1 for non-interacting PhO
S

in an argon

matrix [96]. This mode of moderate intensity, sensitive to
2H5-phenol labeling but insensitive to 13C1(4)-labeling, may

be a useful infrared marker of the interactions formed by Tyr
S

in proteins. Further experimental data, however, are needed

to confirm this possibility.

Finally, strong IR bands characterize the radicals at

frequencies below 1000 cm� 1, at 898, 784, and 635

cm� 1 [96]. The presence of an IR mode at c 610 cm� 1,

sensitive to 18O-labeling, could explain the origin of the
combination band detected by FTIR at 2110 cm� 1 for PhO
S

in solution, and downshifted by 26 cm� 1 for 18O-labeled

phenoxyl [92,93].

The mode assignments described above result from the

effect of isotope labeling and from predictions performed by

theoretical calculations. Ab initio and density functional

quantum chemical calculations reproduce relatively correctly

both the experimentally determined frequencies and isotope

shifts for Tyr
S

and phenoxyl radicals [90,96,100,107–109].

Schnepf et al. [100] underlined that only the r7a(C–O)

mode exhibited a serious deviation from the experimentally

determined frequency. This mode was calculated at lower

frequencies than observed and its frequency did not follow

the trend predicted upon increasing quinoı̈d character of the

CO bond in H <CH3 <CH3O
� para-substituted PhO

S

. It

was therefore suggested that the r7a(C–O) mode is partic-

ularly sensitive to the molecular environment of the oxygen.

Calculations performed on isolated and hydrogen-bonded

phenoxyl predicted an upshift by 29 cm� 1 of the r7a(C–O)

vibration frequency upon hydrogen bonding to two water

molecules [110]. Comparison of the IR data by Spanget-

Larsen et al. [96] and those obtained in aqueous buffer [84–

94] nicely demonstrates experimentally the sensitivity of

this mode to the polarity of the environment.
5. RR data on metal-phenoxyl complexes and related

enzymes

Metal coordinated radicals reveal a similar band pattern

as the free radicals with the r8a(C–C) and r7a(C–O) modes

dominating the RR spectra. However, comparison of the RR

spectra recorded with free or Ga-, Sc-, Fe-, Zn- or Cu-

coordinated 2,6-di-tert-butyl-4-methoxyphenoxyl radical

showed that coordination to these metals induces a signif-

icant frequency increase of the r8a(C–C) mode from 1590

cm� 1 to 1614–1628 cm� 1 [98–100,102]. The r8a(C–C)

mode intensity is also largely enhanced by excitation in the

k!k* transition in these complexes and the r7a/r8a inten-
sity ratio is reversed for the metal-coordinated versus free

radical [98–100] ( see, however, Ref. [102]). The upshift of

the r8a(C–C) may reflect the shortening of the Cortho–Cpara

bond, i.e. the increased semiquinoı̈d structure of the radical.

The frequency of the r7a(C–O) mode in these com-

plexes, comprised between 1494 and 1520 cm� 1, as com-

pared to 1511–1509 cm� 1 for the free radical, does not

follow the same trend. The r8a(C–C)–r7a(C–O) frequency

difference was taken as an empirical measure of the electron

withdrawing capacity of the metal (i.e. the increased k
character of the Metal: : :O bond). This frequency difference

also correlates with the midpoint potential of the phenoxyl/

phenolate couple for p-methoxy-substituted phenoxyls

[100]. In contrast, for 2,4-di-tert-butyl-phenoxyl radicals

coordinated to a series of alkaline earth metal ions and

monovalent cations (Na+, K+), it was shown that the

midpoint potential of the phenoxyl/phenolate couple and



C. Berthomieu, R. Hienerwadel / Biochimica et Biophysica Acta 1707 (2005) 51–6658
its efficiency in substrate oxidation by electron and proton

transfer correlate to the Lewis acidity character of the cation

[101]. In these complexes there is no correlation between

the r7a(C–O) frequency or r8a(C–C)–r7a(C–O) frequency

difference and the midpoint potential of the phenoxyl radical

or the Lewis-acidity of the metal [101].

These data demonstrate that at least in metal-complexes,

the frequencies of the r7a(C–O) and r8a(C–C) modes depend

on various factors, as the nature of ortho- and para-substitu-

ents and the interactions formed by the oxygen, which are

interdependent, but possibly also on other factors as the

charge density of the metal, determined by the whole coor-

dination sphere [100]. More experimental data and modelling

of these various factors are needed to detail the origin of the

r7a(C–O) and r8a(C–C) frequencies in these complexes.

In galactose and glyoxal oxidases, the modified cys-Tyr
S

ligand of Cu has very similar r8a(C–C) and r7a(C–O) mode

frequencies, at 1595–1591 and 1487–1486 cm� 1, although

the midpoint potentials of the cys-Tyr
S

/cys-Tyr couples are

largely different, at 640 mV for glyoxal oxidase [45] and

400 mV for galactose oxidase [111]. The frequencies of the

r7a(C–O) mode of these cys-Tyr
S

differ significantly from

those reported for the related model compound 2,SCH3-

para-tert-phenoxyl coordinated to Cu2 + or Zn2 +, at 1512–

1517 cm� 1 [112]. These data illustrate the strong influence

of the coordination sphere of the metal on the properties of

the r7a(C–O) mode in these enzymes. A better knowledge

of this mechanisms could unravel possible functional impli-

cations. The r8a(C–C) mode was strongly enhanced for the

cys-Tyr
S

ligand of Cu [45], as observed in the phenoxyl-Cu

or-Fe complexes discussed above [98–100] and this is

considered as a marker of metal coordination. The absence

of a strong-enhanced r8a(C–C) mode in the RR spectrum of

the Tyr
S

of mouse ribonucleotide reductase has been taken

as an evidence that this Tyr
S

is not coordinated to the di-iron

cluster [79].

Finally, the covalent bond between histidine and tyrosine

enhances the double bond character of the tyrosinyl C–O

bond. This was demonstrated by RR spectroscopy with a

model of covalently bound His-Tyr, 2-imidazole-phenol.

Spectra recorded with 2-imidazole-phenoxyl, unlabeled or

specifically 18O- and 2H-labeled on the phenolic moiety,

showed that the r8a(C–C) and r7a(C–O) modes of the

radical appear at 1530 and 1587 cm� 1, respectively [113].

IR signals at 1522 or 1498 cm� 1 have been proposed to

account for the r7a(C–O) mode of the 2-imidazole-phenoxyl

[95]. A signal at 1489 cm� 1 was recently assigned by RR to

the r7a(C–O) mode of the his-Tyr
S

radical associated to the

P-intermediate of cytochrome b0 from E. coli [41]. These

assignments remain, however, tentative due to the lack of

experimental results with specifically labeled compounds.

5.1. Conclusions on the models

Among the reported vibrational modes of tyrosine or

phenoxyl radicals, mainly the r7a(C–O) and r8a(C–C)
modes are useful to diagnostic the presence and properties

of Tyr
S

in proteins. The intensity of the r8a(C–C) mode may

reveal possible interaction of the Tyr
S

with Fe or Cu. The

r7a(C–O) mode detected both by IR and RR is very

sensitive to the interactions formed by the Tyr
S

oxygen. It

is a marker of the polarity of the environment of phenoxyl

radicals. Its frequency depends directly on the hydrogen

bonding interactions formed by non-coordinated tyrosine

radicals in proteins.
6. TyrZ and TyrD radicals in photosystem II

6.1. IR modes of TyrD
S

and TyrD
S

in photosystem II

PSII is not easily accessible to RR spectroscopy, due to

the fluorescence from the large number of intrinsic chlor-

ophylls. Thus, most of the vibrational data on PSII were

obtained using FTIR difference spectroscopy (reviewed in

Ref. [114]). The FTIR difference spectra corresponding to

TyrD oxidation in PSII (denoted TyrD
S

/TyrD spectra) have

been reported on both spinach and Synechocystis sp. PCC

6803 PSII, using optimized experimental protocols to avoid

contributions from other redox cofactors of the PSII protein,

notably the quinone QA. Similar TyrD
S

/TyrD spectra were

obtained by four different research groups [81–83,115,116],

while a different spectrum was reported by the research

group of Prof. B.A. Barry [117–119]. Actually, a general

discrepancy exists between the results of Prof. B.A. Barry

and colleagues and those from the other infrared spectro-

scopists working on PSII, not only for spectra assigned to

TyrD
S

/TyrD, but also for those assigned to TyrZ
S

/TyrZ, to

oxidation of the oxygen evolving complex (S2/S1 spectra)

and to the reduction of the primary quinone acceptor QA,

denoted QA
�/QA [120–123]. Different independent research

groups have discussed these discrepancies precisely

[81,116,124].

The TyrD
S

/TyrD and QA
�/QA spectra reported by us and

others are illustrated in Fig. 2B and C [81–83,115,116,125–

133]. These spectra are fingerprints of the changes experi-

enced not only by the redox active species (TyrD and QA,

respectively) but also by amino acid side chains and by the

polypeptide backbone, influenced by the oxidoreduction

reaction. Accordingly, these spectra differ largely. Tyrosine
13C-labeling at the C(4) ring carbon bearing the phenolic

oxygen (13C1(4)-Tyr) induces two clear band downshifts in

the TyrD
S

/TyrD spectrum (Fig. 2B) [82] that were also

observed by Noguchi et al. [83], while the rest of the spectra

superimpose almost perfectly. The first TyrD
S

/TyrD spectra

were obtained in the presence of formate in phosphate buffer

pH 6 and with ferrocyanide and ferricyanide as exogenous

electron donor/acceptor couple in rigorously controlled

conditions to obtain solely spectral contributions from the

electron donor side of PSII—i.e. TyrD
S

/TyrD—without con-

tamination from the electron acceptor side, i.e. signals from

QA
�/QA [81–83]. Similar spectra were then obtained in the



Fig. 3. FTIR difference spectra in the absorption region of r7a(C–O) IR

mode of the Tyr
S

radical for PSII samples from Synechocystis sp. PCC

6803 with unlabeled tyrosine—thin line, or 13C1(4)-labeled tyrosine—thick

line. (A) TyrD
S

/TyrD in the D2His189Gln mutant [59], (B) TyrD
S

/TyrD in WT

[59], (C) TyrZ
S

/TyrZ in WT PSII [54]. (D) Tyr
S

/Tyr� recorded with 10 mM
12C- (thin line) or 13C1(4)- (thick line) tyrosinate solutions in borate buffer

pH 12 [72].
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absence of formate and with different buffers, excluding any

influence of these compounds especially on the TyrD and

TyrD
S

IR modes (Ref. [116] and Hienerwadel et al. in

preparation).

Identical QA
�/QA spectra were reported by all research

groups in the field [81,125–133]. Prof. Barry and col-

leagues assigned spectra similar to a QA
�/QA spectrum either

to TyrD
S

/TyrD or TyrZ
S

/TyrZ [117–119] or to Chl+/Chl [123].

They assigned a characteristic positive band of the QA
�/QA

FTIR spectrum at 1478–1479 cm� 1 [81,125–130] to the

r7a(C–O) mode of either TyrD
S

or TyrZ
S

or to a mode of

Chl+[117–119,122,123]. These alternate assignments were

based on the identification of spectral changes induced by

specific isotope labeling or site-directed mutants in experi-

ments which induced, however, rather intensity changes

than clear band shifts [117–119]. We conclude that a

mixture of IR signals from the redox tyrosines and from

the acceptor quinone prevented convincing assignment of

IR modes to TyrD, TyrD
S

, TyrZ, TyrZ
S

in these spectra. These

results will not be further discussed hereafter.

Due to the rapid decay of the TyrZ
S

intermediate in

oxygen evolving PSII, the IR signatures of TyrZ
S

have been

only reported in PSII samples deprived of the Mn4Ca-

cluster. Up to now, TyrZ
S

/TyrZ [78] or TyrZ
S

QA
�/TyrZQA

[128] FTIR difference spectra from spinach or Synchocystis

sp. PCC 6803 have been reported.

6.1.1. r7a(C–O) mode

In the TyrZ
S

/TyrZ and TyrD
S

/TyrD spectra, the IR contribu-

tions from the tyrosine itself have been deduced from

comparison with model compounds [81] and by using PSII

samples from Synechocystis sp. PCC 6803 with specifically
13C- or 2H-labeled tyrosine side-chains [78,82,83]. This

specific labeling downshifts only the frequency of the IR

modes implying motions of the labeled atoms. In particular,

the use of 13C1(4)-Tyr labeling demonstrated the contribu-

tion of the r7a(C–O) modes of TyrD
S

at 1503 cm� 1 and that

of TyrZ
S

at 1512 cm� 1. For the labeled PSII samples, these

signals were unambiguously downshifted to 1476 (TyrD
S

)

and 1486 cm� 1 (TyrZ
S

) (Figs. 2B and 3) [78,82,83]. Such

27-cm� 1 downshift upon 13C1(4)-Tyr labeling corresponds

to that observed for Tyr
S

generated by UV-photochemistry

in vitro (Fig. 3D, [93]). The r7a(C–O) IR mode of TyrD
S

was

observed at the same frequency, 1503 cm� 1, in PSII

samples containing or not formate and/or phosphate buffer

[81–83,115,116].

6.1.2. r(C–C) mode

For TyrZ
S

and TyrD
S

, another IR mode sensitive to 13C6-

and 2H4-Tyr isotope labeling is identified at 1533–1532

cm� 1 [78,82]. This mode, not reported by RR spectroscopy

on Tyr
S

models, may correspond to the IR-active r19b(C–C)

mode observed at 1515 cm� 1 for non-interacting PhO
S

in

an argon matrix [96]. The frequency and intensity of this IR

mode may thus also be a probe of the interactions formed by

Tyr
S

in the protein.
6.2. Effect of hydrogen-bonding interaction on the r7a(C–O)

IR mode

The hydrogen bond formed by TyrD
S

to D2His189 is

disrupted in the D2His189Gln mutant of Synechocystis sp.

PCC 6803 [71]. TyrD
S

/TyrD FTIR difference spectra recorded

with this D2His189Gln mutant with unlabeled or 2H4-

labeled Tyr demonstrated that the r7a(C–O) mode of TyrD
S

in this mutant contributes at 1498 cm� 1 (Fig. 3, Ref. [82]).

Therefore, it was concluded that the hydrogen bond formed

between D2His189 and TyrD
S

induced an up-shift by 6 cm� 1

of the TyrD
S r7a(C–O) mode [82].

The r7a(C–O) mode of TyrZ
S

at 1512 cm� 1 thus indicates

that TyrZ
S

is more strongly hydrogen-bonded than TyrD
S

in

Mn-depleted PSII [82]. It was proposed that TyrZ
S

forms a

strong hydrogen bond to D1His190, the histidine homolo-

gous to D2His189 on the D1 polypeptide. This residue has

been proposed at hydrogen bonding distance from TyrZ in

the recent three dimensional structure of PSII [18]. Alter-

nately, additional hydrogen bonding to another base could

explain the r7a(C–O) mode frequency. In particular, the

frequency observed for TyrZ
S

coincides with that obtained for

Tyr
S

formed by UV-photochemistry in frozen borate buffer,
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where Tyr
S

is hydrogen-bonded to water molecules (Fig. 3).

The IR mode of TyrZ
S

at 1512 cm� 1 has a larger width at

half height (13 cm� 1) than that of TyrD
S

(9 cm� 1). The same

feature is found for the 13C1(4)-labeled r7a(C–O) at 1484

and 1476 cm� 1(Fig. 3). This may correspond to the more

distributed hydrogen bonding pattern of Tyr
S

deduced from

the 2H-ESE-ENDOR analysis [134].

The r7a(C–O) mode of the non-hydrogen-bonded Tyr
S

from E. coli ribonucleotide reductase is reported at 1498

cm� 1 [2]. The same r7a(C–O) mode frequency is observed

in PSII for the non-hydrogen-bonded TyrD
S

in the

D2His189Gln mutant. This r7a(C–O) mode was recently

identified at 1515 cm� 1 for the Tyr
S

in the ribonucleotide

reductase from mouse [79]. In this enzyme, hydrogen

bonding between the Tyr
S

and a water molecule ligand of

the iron was deduced from the 5-cm� 1 downshift observed

for the r7a(C–O) mode upon H/2H exchange [79] and from

the Tyr
S

HF-EPR spectrum [135] (see below). These data,

together with the frequency of the r7a(C–O) mode reported

at 1481 cm� 1 for the phenoxyl radical obtained in argon

matrix, i.e. free from interactions [96], are fully consistent

with the observation that the formation of a hydrogen bond

will significantly increase the r7a(C–O) mode frequency of

Tyr
S

in proteins. The relationship between the r7a(C–O)

mode frequency and the type of hydrogen bonding interac-

tion should be now analyzed into details to probe the

environment of radicals in proteins. In particular, the effect

of a charge on the interacting group on the IR frequency

should be determined.

6.2.1. Theoretical calculations—hydrogen bonding

interactions

The normal modes of the radicals phenoxyl, p-methyl-

phenoxyl and Tyr
S

have been determined using DFT calcu-

lation techniques to model the structure of the tyrosine

radicals [90,108–110,136,137]. These calculations also re-

side on the reproduction of the spin densities and hyperfine

couplings determined experimentally by EPR spectroscopy

[109,138,139]. A hydrogen bonding interaction between the

phenoxyl radical and two water molecules induces an

upshift of the r7a(C–O) mode of the phenoxyl radical by

c 29 cm� 1 [110]. Positive charges near the phenoxyl

oxygen also induce an upshift of the r7a(C–O) mode

[137]. For p-methyl-phenoxyl hydrogen-bonded to imidaz-

ole, the r7a(C–O) mode frequency also depends on the

charge density residing on the imidazole moiety [137]. It is

upshifted by 22 cm� 1 upon hydrogen bonding to an

imidazolium as compared to a neutral imidazole [137].

Intermediary frequencies are computed, if a charge at larger

distance from the radical is localized on a base hydrogen-

bonded to the imidazole [137]. From these theoretical

studies and for a model where both TyrD an TyrZ are

hydrogen-bonded to the imidazole side chain of a histidine,

the lower frequency observed for the r7a(C–O) mode of

TyrD
S

compared to TyrZ
S

could result from a larger proton
delocalization upon TyrD
S

formation, through amino acids

hydrogen-bonded to the histidine. Differences between TyrZ
S

and TyrD
S

due to (an additional) hydrogen bond between

TyrZ
S

and a water molecule, however, cannot be excluded at

present.

Another theoretical simulation suggested a non-mono-

tonic behavior of the frequency of the r7a (C–O) mode as a

function of the distance between the phenoxyl oxygen and a

hydrogen-bonded water molecule [80]. A slight upshift of

the r7a(C–O) mode is calculated upon hydrogen bonding to

one or two water molecules for OBBBH distances greater than

1.65 Å, while for shorter distances, the r7a(C–O) mode

shifts down rapidly. This is explained by a less stable

structure, due to repulsive coulombic interaction between

the phenoxyl ring and the hydrogen atom [80]. These data

would rationalize the rather low frequency assigned to the

r7a(C–O) mode of the Tyr
S

by RR in bovine liver catalase,

1488–1484 cm� 1, depending on pH [80], as compared to

the other frequencies reported for Tyr
S

in proteins (1497–

1515 cm� 1, Table 1). The unambiguous assignment of Tyr
S

contribution at 1488–1484 cm� 1 in this study, however,

awaits experiments performed with specifically labeled

tyrosines. The tyrosine implicated in radical formation is

not identified, but the hydrogen bond between this Tyr
S

and

its environment was deduced from its HF-EPR spectrum

[80].

6.2.2. Comparison of vibrational data and HF-EPR and

ESEEM-ENDOR data

HF-EPR data are available for Tyr
S

obtained in amino-

Tyr or HCl-Tyr crystals irradiated with g rays [28,140,141]

and for the Tyr
S

of E. coli or mouse ribonucleotide reductase

and of PSII. These data showed that the anisotropy of the g-

factor, as well as the value of the gx tensor oriented along

the Tyr
S

C–O axis, depend on electrostatic interactions

formed by the radical and its environment [80,135,142–

145]. The gx values of the radicals are presented in Table 2.

They are paralleled with the r7a(C–O) mode frequency

determined by IR or RR spectroscopy and with the infor-

mation on hydrogen-bonding pattern of the radical deduced

from the crystallographic structure or from ENDOR or

ESEEM data. This table shows that electrostatic and/or

hydrogen bonding interactions induce an upshift of the Tyr
S

r7a(C–O) mode that roughly correlates with decreasing

values of the gx tensor. The only exception is for the Tyr
S

observed in beef liver catalase. Both HF-EPR and IR data

recorded on Tyr
S

in non-hydrogen-bonded, non-charged

environment (1481 cm� 1 and 2.0094, respectively) rein-

force this correlation. To confirm these correlations, RR data

on Tyr
S

in g-irradiated Tyr-HCl crystals would be necessary

as well as isotope labeling experiments on beef liver

catalase, to definitely assign the r7a(C–O) mode of the Tyr
S

radical, which largely differs from the other data.

For TyrD
S

and TyrZ
S

, similar gx values are detected by HF-

EPR, and similar hydrogen-bonding strength deduced from



Table 2

Summary of data obtained by FTIR/RR, HF-EPR and ENDOR/ESSEM/X-ray spectroscopies on Tyr
S

or p-methyl-phenoxyl radicals

Radical IR or RR (cm� 1) HF-EPR ( g value) Interactions, proposed according to ENDOR or ESEEM or X-ray structure

Phenoxyl (Argon) 1481a – no interactions, no charges

N-Acetyl-Tyr
S

2.0094b no interactions, no charges

E. coli class I RR 1498c 2.0089d electrostatic interaction with Fe2 (dist. 5.4 Å) no hydrogen bonde,f

Tyr
S

2.0091g

Salmonella typhimurium 2.0090h

PS II D2His189Gln 1497i 2.0083j No hydrogen bondk

PS II TyrD
S

1503i,l 2.0074j 1 or 2 BBBH, 1.67 Å or 1.87 Å (depending on organism)m

Spinach 1505

PS II TyrZ
S

1512n 2.0075j BBBH disordered, average dist. 1.95 Åm

Mouse RR Tyr
S

1515o

(1510 in 2H2O)

BBBH 1.89 Åf likely water ligand at Fe1

Herpes simplex virus 2.0076p (large splitting) BBBH 1.86 Åf

Tyr
S

–H2O 1515qr BBBH and/or interactions with Na+

Tyr
S

–HCl crystal – 2.0067s 1.6 Å dist. to COOH

2.00t 3 Å dist. to Cl�

Catalase Tyr
S

1484u 2.0073u (2.0065 minor fraction) hypothesis of a BBBH with distance < 1.65 Å

aSpanget-Larsen et al. [96]. b Mezetti et al. [140]. c Backes et al. [2]. d Un et al. [143]. e Hoganson et al. [149]. f van Dam et al. [150]. g Himo et

al. [138]. h Allard et al. [148]. i Hienerwadel et al. [82]. j Un et al. [144]. k Tang et al. [71]. l Noguchi et al. [83]. m Force et al. [134]. n Berthomieu

et al. [78]. o Hanson et al. [79]. p Schmidt et al. [135]. q Tripathi and Schuler [85]. r Berthomieu et al. [93]. s Fasanella and Gordy [141]. t Ivancich et

al. [28]. u Ivancich et al. [80].

C. Berthomieu, R. Hienerwadel / Biochimica et Biophysica Acta 1707 (2005) 51–66 61
the 2H-ESE-ENDOR experiments [134]. The broad signals

observed both in HF-EPR and ENDOR for TyrZ
S

were

interpreted as a distribution of slightly different hydrogen

bonds. The frequency difference between the r7a(C–O) IR

mode of TyrZ
S

and TyrD
S

may result from these different

populations or from chemically different hydrogen bonding

partners. HF-EPR, ENDOR, ESEEM and vibrational spec-

troscopies are complementary to describe the interactions

formed by a radical and its environment. Additional RR and

IR data on radicals with known hydrogen-bonding partners

will contribute to precise the correlation existing between

the spectroscopic data, the radical structures and the inter-

actions performed with the environment.
7. pKA of TyrD and TyrZ and proton transfer reactions

following radical formation

The pH and temperature dependences of the reduction

kinetics of P680
+ by TyrD or TyrZ in Mn-depleted PSII point to

proton-concerted electron transfer mechanisms, with appar-

ent pKA of 7.5–7.7 for TyrD to P680
+ [73–75], and pKA(s)

ranging form 5.5 to 10 for TyrZ to P680
+ [12,13,65–67].

Whether these pKAs correspond to TyrD, TyrZ, to the nearby

histidine (distal nitrogen) D2His189 and D1His190, or to an

apparent pKA resulting from changes within a larger number

of interacting groups, can be analyzed by FTIR spectroscopy.

Specific infrared (and RR) modes can be used to dis-

criminate neutral tyrosine (TyrOH) from tyrosinate. The

r19(C–C) contributes at c 1518 cm� 1 for TyrOH and at

c 1500 cm� 1 for tyrosinate (Refs. [82,83] and references

therein). The intense tyrosinate r19(C–C) mode is clearly

observed in UV-induced Tyr
S

/Tyr�FTIR spectra (Fig. 3)

[92–94]. This signal is absent in the TyrD
S

/TyrD and TyrZ
S

/

TyrZ FTIR difference spectra, while signals at 1513–1510

cm� 1 for TyrD, and at 1521 cm� 1 for TyrZ, sensitive to Tyr
13C1(4),

2H4, and
13C6-Tyr labeling, were assigned to this

r19(C–C) mode, with frequencies showing that TyrD and

TyrZ are neutral TyrOH at pH 6 [78,82,83].

In the IR domain where the r(C–O) or/and y(COH)
modes of reduced tyrosinate or tyrosine are expected to

contribute (1300–1100 cm� 1), two IR modes have been

unambiguously identified for TyrD and TyrZ using 13C1(4)-

labeling [78,82]. For the model compound, p-methyl-phe-

nol, the frequency and intensity of the two IR active modes

r(C–O) and y(COH) in this region are sensitive to the

presence and strength of an hydrogen bond and to the

nature of the hydrogen-bonded chemical group, hydroxyl,

carbonyl, pyridine nitrogen, imidazole (ImH) or imidazo-

lium (ImH2
+) [82]. The r(C–O) and y(COH) IR frequencies

identified for TyrD at 1275 and 1250 cm� 1 and for TyrZ at

1279 and 1255 cm� 1, respectively, correspond at best with

a model where both TyrD and TyrZ are protonated at pH 6

and hydrogen-bonded to the neutral side chain of a histidine

in PSII. Noguchi et al. [83] also assigned the signal at 1256

cm� 1 to neutral TyrD by comparison with the IR spectrum

of TyrOH. Recently, normal mode calculations using den-

sity functional theory on p-methyl-phenol-imidazole com-

plexes reproduced the experimental IR data, in favor of the

hydrogen bond between protonated TyrD or TyrZ and the

neutral side-chain of a histidine [137].

For TyrD, these IR data are in agreement with the general

view that TyrD and TyrD
S

both interact with D2His189, and

that radical formation leads to proton transfer to the nearby

histidine. The slightly higher frequency observed for the

y(COH) mode of TyrZ as compared to TyrD may indicate a

stronger interaction with its environment or a more electro-

negative environment than for TyrD. These IR data, how-



C. Berthomieu, R. Hienerwadel / Biochimica et Biophysica Acta 1707 (2005) 51–6662
ever, are in favor of a hydrogen bond between reduced TyrZ
and D1His190. A weakening or disruption of the TyrZ–

D1His190 hydrogen bond interaction upon TyrZ oxidation

could explain both the IR and kinetic or 15N ESE-ENDOR

data [12,66].

For oxygen evolving PSII, contradictory results are pro-

posed concerning the protonation of reduced TyrZ and its pKA

[83] ( reviewed in Ref. [63]). Noguchi et al. [83] assigned two

IR modes at 1522 and 1254 cm� 1 to TyrZ in the FTIR

difference spectrum corresponding to the S1-to-S2 transition

in Synechocystis sp. PCC 6803. These frequencies are similar

to those identified for TyrZ in Mn-depleted PSII [78]. If the

Tyr signals identified unambiguously using PSII samples

with 13C1(4)-labeled tyrosines are due to TyrZ (and not TyrD),

they provide experimental evidence that TyrZ is protonated in

oxygen evolving PSII and forms hydrogen bonding interac-

tions equivalent to those in Mn-depleted PSII. Upon S1-to-S2
transition, the Tyr IR modes experience an intensity decrease

without changes in frequency. Thus, the oxidation of the Mn

cluster does not modify the hydrogen-bonding interactions

formed by TyrZ, in disagreement with a direct connection

between TyrZ and the oxidizedMn site in theMn4 cluster. The

band at 1254 cm� 1 is not present in the S2/S1 spectrum

recorded with spinach PSII [83,146,147] while two IRmodes

at 1522 and 1246 cm� 1, sensitive to Ca2 + depletion, have

been assigned to TyrZ and taken as indication that Ca2 +

depletion perturbs the hydrogen bonding network around

TyrZ [146]. The origin of the 1522, 1256 and 1244–1246

cm� 1 bands should be confirmed in these S2/S1 spectra, to

better understand the interactions existing between TyrZ,

Ca2 + and Mn.

Knowing that TyrD and TyrZ are protonated at pH 6 in

Mn-depleted PSII, the proton accepting group(s) upon

TyrD
S

and TyrZ
S

formation should be precised. For TyrD,

a proton shuttling model is proposed between D2His189

and TyrD, while for TyrZ, it was proposed that D1His190

and D1Glu189 are involved in a proton transfer pathway.

TyrD
S

/TyrD spectra recorded on PSII centers with 13C-

labeled histidine in phosphate buffer at pH 6 in the

presence of formate, however, did not evidence the IR

r(C–C) mode of histidinium (HisH2
+) expected to induce a

small isotope-sensitive signal around 1633 cm� 1 [82]. In

contrast, positive IR bands between 1700 and 1740 cm� 1

in the TyrD
S

/TyrD spectrum suggested that aspartic or

glutamic groups protonate during radical formation. The

FTIR data also show that proton uptake by the phosphate

buffer accompanies TyrD
S

formation in these samples.

These IR data suggest that the apparent pKA determined

from the pH dependence of the reduction kinetic of P680
+

by TyrD in TyrZ-less mutants [74] could correspond to

proton transfer from TyrD to HisD2-189, in which the

distal His proton has to leave. There is no equivalent of

these signals in the TyrZ
S

/TyrZ FTIR difference spectrum

[78]. Experiments as a function of pH are underway to

determine the pKA of TyrD, TyrZ, and neighbouring

histidines.
8. Conclusions

Infrared and RR spectroscopies can provide key infor-

mation relative to the properties of tyrosine radicals in

proteins as well as to the role of tyrosine radicals in electron

transfer and hydrogen abstraction reactions. This role can be

deduced from specific interactions of the tyrosine with its

protein environment. For PSII, infrared marker signals of

tyrosine for both the reduced and radical state have been

identified, which precise the protonation state and specific

hydrogen bonding interaction of the tyrosines TyrD and TyrZ
with their environment. The development of adapted kinetic

setups in the mid-infrared domain should bring the time

resolution (ns) necessary to identify the characteristic tyro-

sine IR modes in intact PSII and the amino acids involved in

proton transfer reactions upon water oxidation.
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