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Abstract

In PSII, there are two redox-active tyrosines, D and Z, with different midpoint potentials and different reduction kinetics. The factors

responsible for these functional differences have not yet been elucidated. Recent model compound studies of tyrosinate and of tyrosine-

containing dipeptides have demonstrated that perturbations of the amino and amide/imide group occur when the tyrosyl aromatic ring is

oxidized [J. Am. Chem. Soc. 124 (2002) 5496]. Accompanying density functional calculations suggested that this perturbation is due to spin

density delocalization from the aromatic ring onto the amino nitrogen. The implication of this finding is that spin density delocalization may

occur in redox-active, tyrosine-containing enzymes, like Photosystem II. In this paper, we review the supporting evidence for the hypothesis

that tyrosyl radical spin density delocalizes into the peptide bond in a conformationally sensitive, sequence-dependent manner. Our

experimental measurements on tyrosyl radicals in dipeptides have suggested that the magnitude of the putative spin migration may be

sequence-dependent. Vibrational spectroscopic studies on the tyrosyl radicals in Photosystem II, which are consistent with spin migration, are

reviewed. Migration of the unpaired spin may provide a mechanism for control of the direction and possibly the rate of electron transfer.

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

Redox-active tyrosine residues (Fig. 1) play important

roles in catalysis in several enzymes, including ribonucleo-

tide reductase, prostaglandin H synthase, and Photosystem

II. In these enzymes, tyrosyl radicals are proposed to act as

intermediaries in long-distance electron transfer reactions.

Environmental factors can play important roles in control-

ling the role of the redox-active tyrosine in catalysis. This is

particularly clear in the case of Photosystem II, which

contains two unmodified, redox-active tyrosines. These

two tyrosines, D and Z, have different reduction kinetics

and different midpoint potentials (see discussion below).
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The environmental interactions that control the midpoint

potential and the electron transfer properties of these redox-

active tyrosines are still unknown. In an effort to understand

the biological function of tyrosyl radicals, we have per-

formed model compound studies, in which the functional

differences imposed by peptide bond formation and peptide

sequence have been investigated.
2. Overview of electron transfer in Photosystem II

The primary chl donor of PSII is called P680. After light

absorption, P680 transfers an electron from an excited

electronic state to a nearby pheophytin (Pheo), which in

turn reduces a bound plastoquinone, called QA (Fig. 2). QA

reduces a second quinone, QB. Unlike QA, which is a single

electron acceptor, QB is a two-electron acceptor. The fully

reduced quinol form of QB, QBH2, acts as a diffusible

electron carrier in the membrane. On the donor side of PSII,

P680
+ oxidizes a tyrosine residue, Z, which in turn oxidizes

the catalytic site of water oxidation. The catalytic site

contains four manganese atoms, in addition to calcium

and chloride ions. The release of oxygen requires four

sequential charge separations and oxidations; the catalytic



Fig. 1. One electron oxidation to form a neutral tyrosine radical in

tyrosinate (A) and in the tyrosinate-containing dipeptide, pro– tyr (B).
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site can accumulate the four oxidizing equivalents necessary

to generate oxygen from water. The sequentially oxidized

forms of the catalytic site are called the Sn states, where n

refers to the number of oxidizing equivalents stored at the

active site (reviewed in Ref. [1]). Redox-active tyrosine D is

an additional redox-active component in PSII. Tyrosine D

may play a role in photoassembly of the catalytic site [2].

An oxygen-evolving PSII preparation is composed of

multiple subunits. Both intrinsic and extrinsic subunits are

present. CP47 and CP43 are intrinsic, chlorophyll-binding

proteins. The Mn-stabilizing protein (MSP or 33 kDa

protein), the 24-kDa proteins, and the 18-kDa proteins are

extrinsic subunits that modulate the properties of the cata-

lytic site in plants. The 18- and 24-kDa subunits are not
Fig. 2. Schematic of PSII structure.
present in cyanobacteria (reviewed in Ref. [3]). Two of the

hydrophobic PSII subunits, called D1 and D2, bind most of

the prosthetic groups that are involved in electron transfer.

These subunits form the heterodimer core of the PSII

reaction center [4]. Recently, 3.7 and 3.8 Å structures of

cyanobacterial PSII have been reported [5,6]. These struc-

tures are not yet at high enough resolution to resolve amino

acid side chains or to define all of the subunits.
3. Tyrosyl radicals in Photosystem II

As mentioned above, PSII contains two well-character-

ized redox-active tyrosine residues, D and Z, with charac-

teristic EPR spectra in the oxidized state (Fig. 3A). Redox-

active tyrosine Z conducts electrons between P680 and the

manganese cluster and is required for oxygen evolution [7].

Redox-active tyrosine D forms a stable neutral radical (Fig.

3A, dashed line) and is not required for steady state oxygen

evolution [8,9]. Site-directed mutagenesis shows that tyro-

sine Z is tyrosine 161 of the D1 polypeptide and that

tyrosine D is tyrosine 160 of the D2 polypeptide [8–12].

These redox-active tyrosines are therefore predicted to be in

C2 symmetrically related positions in the D1 and D2

subunits. However, as described above, only one of the

two side chains is involved in the electron transfer events

that lead to water oxidation. Such structural symmetry, but

functional asymmetry, is also observed in the arrangement

of the bacteriopheophytin acceptors in the bacterial reaction

center [13].

The tyrosyl radicals in PSII have different midpoint

potentials [11,14]. The rates at which Dox and Zox are

reduced also differ by orders of magnitude. In oxygen-

evolving samples, Zox is reduced by the manganese-con-

taining catalytic site in the microsecond–millisecond time

scale [7,15]. As shown by Babcock et al. [16], the rate of

reduction depends on the S state. In samples from which

the manganese is removed, the EPR lifetime of Zox

increases to the millisecond time scale [17]. Under illumi-

nation, an EPR signal from Zox is generated in these PSII

preparations (Fig. 3). In the dark, Zox is reduced by

exogenous and endogenous donors (see Ref. [18] for a
Fig. 3. (A) EPR spectra of Dox and Zox. (B) Numbering for tyrosyl radical

and definition of methylene angles. The angles h1 and h2 are not necessarily
equal.



I. Pujols-Ayala, B.A. Barry / Biochimica et Biophysica Acta 1655 (2004) 205–216 207
recent example). On the other hand, Dox is stable in the

dark for minutes to hours, depending on the PSII prepara-

tion (for example, see Ref. [19]). There is one spin of Dox

per reaction center, and up to one spin of Zox can be

generated (reviewed in Ref. [20]). For both signals, the g

value is 2.004, the width is f 20 G, and partially resolved

hyperfine splittings are observed (Fig. 3A).

Because D and Z are both tyrosine residues with different

functions, each tyrosine must have a different interaction

with its environment. Although the EPR signals of Dox and

Zox are similar, magnetic resonance techniques can detect

small differences in the distribution of conformations at the

methylene carbon (Fig. 3B) (for examples, see Refs. [21–

24]). Changes in the conformation at the methylene carbon

alter the EPR spectrum by changing hyperfine couplings to

the h-protons (Fig. 3B). However, these data suggest only

subtle differences in structure at the C1–Ch single bond,

when Dox and Zox are compared.

One possible modulator of D and Z midpoint potential is

the polarity of their environments [25]. A potential, addi-

tional modulator of Z and D redox potential is the identity

of the proton acceptor. The g values of Zox and Dox predict

that both residues are deprotonated when oxidized [21,26].

D and Z may be either tyrosinate or tyrosine in the ground

state and, therefore, proton transfer may be coupled to the

electron transfer reaction. With just a few exceptions, the

majority of the literature supports the conclusion that, for

both Z and D, proton transfer accompanies electron trans-

fer, indicating that tyrosine Z and D are neutral in the

ground state (see Refs. [27,28] and references therein).

However, changes in pH have been reported to have

differential effects on the oxidation kinetics of tyrosine D

and Z [29,30]. This result suggests that, while proton

transfer accompanies the redox reactions of both D and

Z, the mechanism of proton transfer distinguishes the

redox-active tyrosines.

When proton transfer accompanies electron transfer,

alterations in the pKa of the proton acceptor(s) can have

an important impact on the midpoint potential. Early models

of PSII, based on the nonwater splitting bacterial reaction

center, had originally suggested that a histidine is in close

proximity to each redox-active tyrosine, with His-189-D2

predicted to be in close proximity to tyrosine D and with

His-190-D1 predicted to be in close proximity to tyrosine Z

[31,32].

The role of histidine 189 of the D2 polypeptide was

investigated in our laboratory through the use of reaction-

induced FT-IR spectroscopy [27]. Magnetic resonance

experiments had shown that histidine 189 is hydrogen

bonded to Dox [33–36]. However, magnetic resonance

techniques observe only the paramagnetic state and cannot

give information about structural changes, linked to electron

transfer reactions, in PSII. A valuable aspect of difference

FT-IR spectroscopy is that structural changes in the envi-

ronment of redox-active tyrosines will also be observed. In

this technique, light and dark spectra are subtracted, to give
the difference spectrum associated with Dox reduction. To

test whether histidine 189 is a proton acceptor for tyrosine

D, FT-IR spectroscopy, isotopic labeling, site-directed mu-

tagenesis of His-189-D2, and chemical complementation

were combined [27]. This work showed that His-189-D2 is

involved in a reversible protonation reaction, when the

tyrosyl radical Dox is reduced. In this study, efficient proton

transfer was found to be a requirement for efficient Dox

electron transfer [27].

EPR and FT-IR spectroscopy were used to investigate

the role of His-190 in the D1 polypeptide. Early work had

suggested that His-190 is not the proton acceptor for

tyrosine Z [37,38]. Recently, our laboratory has provided

additional evidence supporting that conclusion [18]. While

a glutamine mutation at His-190 had deleterious effects on

Z electron transfer reactions at room temperature, at lower

temperatures, these deleterious effects were dramatically

reduced in magnitude. These results suggest that the

glutamine substitution at His-190 causes a temperature-

dependent structural destabilization of PSII [18]. This

structural destabilization may be responsible for some or

all of the phenotypic changes documented in this mutant

[39,40]. This conclusion is supported by preliminary con-

clusions from recent low resolution PSII X-ray structures,

which both suggest that His-190 and tyrosine Z are not in

close proximity [6,41], but see [77].
4. Labeling and the EPR identification of Dox and Zox,

plastoquinone or tyrosine?

In the 1980s, Babcock et al. suggested that a likely origin

of the Dox EPR signal was plastoquinone, which was bound

on the donor side of PSII and was oxidized by the primary

chlorophyll donor, P680
+ , to give a plastoquinone cation

radical [42]. To test this idea, Barry and Babcock [26]

deuterated plastoquinone by growth of a cyanobacterial

methionine auxotroph on 2H3-labeled methionine. When

no change in the Dox EPR signal was observed, a tyrosine

origin for the signal was tested. Tyrosine was deuterated by

growth of cyanobacteria under conditions in which the

organism was a functional auxotroph for tyrosine. This

was accomplished by growth of cultures in the presence

of all three aromatic amino acids: tyrosine, tryptophan, and

phenylalanine. Deuteration of tyrosine resulted in narrowing

of the Dox EPR signal and provided support for a tyrosyl

radical assignment of the Dox signal [26]. Further experi-

ments, in which tyrosine was specifically deuterated,

showed that the aromatic ring of Dox was not covalently

modified with another amino acid and that the expected odd

alternate pattern of spin density was observed [43]. These

experiments were performed using intact cyanobacterial

cells. After the development of PSII purification method

from this organism [44], a tyrosine origin for Zox was

demonstrated by Boerner and Barry [21] through specific

deuteration.
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5. FT-IR band assignments in Photosystem II, tyrosine

or plastoquinone?

As stated above, FT-IR spectroscopy has the potential to

reveal information about the interactions of redox compo-

nents with the protein environment. The expected tyrosine-

based oxidation changes are perturbations to the ring

stretching (o8a, o19a) and CO stretching (o7a) vibrations,
as unpaired spin density delocalizes to the phenol oxygen

[45,46]. Other spectral contributors arise from redox-linked

and protonation changes in the environment, as described

above. In our work, isotopic labeling, EPR, fluorescence,

and kinetic FT-IR experiments of tyrosine were used to

assign vibrational lines to redox-active tyrosines [19,47–

50]. When alternative spectral assignments were proposed

[51–53], additional experiments were performed to evaluate

that interpretation [54,55]. This project, in which tyrosyl

radical and plastoquinone anion radical vibrational bands

must be distinguished, is described below.
6. FT-IR studies on the plastoquinone acceptors in PSII

In 1990, Berthiomeiu et al. [56] assigned a light-induced

FT-IR spectrum to QA reduction in PSII. The spectrum was

acquired in the presence of the electron donor and PSII

inhibitor, hydroxylamine. A band at 1478 cm�1 was

assigned to the CO vibration of QA
�. In 1997, time-resolved

FT-IR experiments confirmed that a band at 1478 cm�1

decayed with kinetics that were consistent with the decay of

QA
� [57]. Similar assignments for QB

�have been proposed

[58]. In 1999, a plastoquinone methyl labeling experiment

was reported by Razeghifard et al. [49], and this experiment

supported the assignment of a band at 1480 cm�1 to QA
�.

Data were collected under cryogenic conditions (80 K),

where QA
� can be generated quantitatively by illumination.

At the available spectral resolution of the experiments, this

1480 cm�1 contributor from QA
� may be equivalent to the

1478 cm�1 spectral component, observed in the kinetic

experiments [57]. Accompanying density functional calcu-

lations suggested a ring CC antisymmetric stretching vibra-

tion assignment for the 1480 cm�1 band [49], not a CO

assignment. Thus several lines of evidence are consistent

with a QA
� contribution at 1480 cm�1.

However, in Ref. [49] the spectrum associated with

plastoquinone reduction in vitro was reported. This in vitro

reduction spectrum is different from the spectrum assigned

to a pure QA
� spectrum in Ref. [56]. In particular, the relative

intensities of bands in the 1650–1630 and 1480–1460

cm�1 regions differ when the model compound and PSII

spectra are compared. As noted [59] in the presence of

hydroxylamine, oxidation of tyrosine D and chl Z may be

observed in PSII. Chl Z [59,60] and tyrosine D (see

discussion below) have overlapping spectral contributions

in the 1480 cm�1 region. The chl Z contribution is 15N

sensitive and can be distinguished on this basis [59]. This is
a region in which strong IR absorption from CH bending

and CC stretching vibrations is expected, so it is not

surprising that there can be overlapping contributions from

multiple PSII species QA
�, D, chl, in this region.
7. Redox-active tyrosines in PSII have a spectral

contribution at 1478 cm�1

In Fig. 4A, we present a difference FT-IR spectrum,

which has an intense band at 1478 cm� 1. The evidence that

this spectrum arises from tyrosine Z oxidation and not from

QA reduction is reviewed here. In particular, a combination

of kinetic and isotopic labeling work has shown that a

component of the 1478 cm� 1 band is assignable to the

CO stretch (o7a) of Zox.

7.1. Overview

In early work, the FT-IR spectrum, assigned to Zox-

minus-Z, was acquired under conditions in which an EPR

signal from tyrosyl radical Zox was observed [19,47,61].

This spectrum was observed in cyanobacterial PSII under

conditions in which QA
� contributions were determined to

be negligible [19,48]. Site-directed mutants, generated on

the donor side of PSII, were observed to alter the spectrum

[18]. Finally, the PSII inhibitor, hydroxylamine, which

blocks formation of Zox [62], changes the spectrum

[19,48]. Taken together, these experiments support a Zox

assignment.

7.2. Kinetic experiments

Kinetics are a valuable tool in making spectral assign-

ments when there are overlapping spectral contributions, as

in the case of the 1478 cm� 1 region. In published work

[55], the decay kinetics of QA
� and Zox were monitored with

chl fluorescence and EPR spectroscopy, respectively. Cya-

nobacterial manganese-depleted PSII was employed, in

which Z is the terminal electron donor and QA is the

terminal electron acceptor. Potassium ferricyanide and fer-

rocyanide were present as exogenous electron acceptor and

donor, respectively. The decay of QA
� was monoexponential

and gave an overall rate constant of 3.2 s� 1 [55]. The decay

of Zox (Fig. 4H) was observed to be biexponential. To

explain these kinetic data, we proposed a model in which

Zox and QA
� recombine with a rate constant of 1.8 s� 1 in

60% of the centers [55]. In the other 40%, QA
� is oxidized by

potassium ferricyanide with a time constant of 1.4 s� 1, and

Zox is reduced slowly by ferrocyanide (rate constant, 0.2

s� 1). A critical point is that there is a slow phase in Zox

decay, which is clearly distinguishable (factor of 16) from

the decay of QA
�.

FT-IR spectroscopy was then used to follow the decay of

the 1478 cm� 1 band (Fig. 4A–E). With the available time

resolution (1.3 s per spectra), fast-decaying components,



Fig. 4. Difference FT-IR spectra of Zox–Z in spinach PSII, showing the decay of the signal (A–E). Effects of 13C6 (ring) tyrosine labeling on the FT-IR

spectrum, associated with the oxidation of tyrosine Z in manganese-depleted cyanobacterial PSII (F). Time dependence of Zox decay as assessed by FT-IR (G)

and EPR (H) measurements in manganese-depleted spinach PSII. Spectra were recorded in 1.3 s, according to the conditions described in Ref. [55]. (Figure

reprinted with permission from Biophysical Journal.)
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originating from recombination of Zox and QA
� and the

oxidation of QA
� by ferricyanide, will not be observed. Fits

to the FT-IR kinetics (Fig. 4G) indicated that a slow decay-

ing component of the 1478 cm� 1 band has a 0.2 s� 1 rate

constant [55]. This rate constant matches the slow phase

observed in the EPR-derived decay of Zox, but is clearly

distinguishable from the 16-fold faster rate of QA
� decay.

Therefore, this kinetic experiment supports a Zox assignment

for a component of the 1478 cm� 1 band.

7.3. [13C]tyrosine labeling

Another experiment supporting the Zox assignment was

performed by labeling tyrosine with 13C. Labeling the

tyrosine ring at all six positions (13C6) or at one (13C1)

position caused a downshift of a component of the 1478

cm� 1 band [19,48,55]. This is illustrated in Fig. 4F for the
13C6 labeling case. Fig. 4F (solid line) is the isotope-edited,

double-difference spectrum. To construct this isotope-edited

spectrum, the Zox-minus-Z spectrum, acquired with the 13C

isotopomer, was subtracted from the natural abundance

control data. The spectrum of the natural abundance 12C

control is shown superimposed as a dashed line on the

isotope-edited data (Fig. 4F, solid line). Isotope shifts of

bands in the 1800–1200 cm� 1 region are observed in the

double-difference spectrum. In particular, a component of

the 1478 cm� 1 band, which is positive in the isotope-edited

spectrum, shifts to 1423 cm� 1, becoming negative (Fig. 4F,

solid line). The entire 1478 cm� 1 band does not shift,

however. Remaining, nonisotope sensitive intensity was

assigned to Chl, due to observed 15N sensitivity [38,59].

When tyrosine was 13C labeled at the carbon bound to the

phenol oxygen, a 13C1 induced downshift (to 1469 cm� 1)
was also observed [50]. Additional isotopic shifts were

observed in the ring stretching region of this spectrum

(1600–1500 cm� 1), which could be due to the expected

isotope sensitive in the ring stretching vibrations. However,

the rest of the spectrum was not assigned, due to the

possibility of baseline difficulties in the amide I and II

region, which can distort frequencies in the double-differ-

ence spectrum. To summarize, a component of the 1478

cm� 1 band downshifts in samples in which tyrosine is

either 13C6 or
13C1 ring labeled.

7.4. [2H]plastoquinone labeling

As stated above, control experiments indicated that under

the conditions used to acquire the Zox-minus-Z spectrum

(�10jC) in cyanobacteria, there is a low steady state

concentration of QA
�. To test this conclusion, we investigat-

ed the effect of 2H plastoquinone labeling under these

conditions [50]. If Z oxidation dominates the FT-IR spec-

trum, then the effects of plastoquinone labeling on the

spectrum should be minimal. If QA reduction dominates

the FT-IR spectrum, then the isotope effects will resemble

those recorded at 80 K [49]. Mass spectrometric analysis

was used to show that tyrosine is not labeled under the

conditions used for 2H quimone labeling [50]. With plasto-

quinone labeling, the spectral results showed only a minor

change in the amplitude of the 1478 cm�1 line. The changes

induced by tyrosine labeling were more dramatic. The small

spectral change observed with plastoquinone deuteration

allowed an estimate of the amount of QA
� contributing to

the spectrum under these conditions. This was performed

through a comparison with isotope-edited spectra acquired

at 80 K, where QA
� is produced in maximum yield. The
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results indicated that only 10% of the centers produced a

stable QA
� under the conditions employed to measure the

Zox-minus-Z spectrum in cyanobacterial PSII. This low

level of QA
� is consistent with earlier EPR and fluorescence

controls (see discussion above), and is another indication

that this �10 jC spectrum is dominated by oxidation of the

redox-active tyrosine residue.

7.5. [2H4]tyrosine labeling

In the course of this 13C-labeling work, mass spectro-

metric analysis revealed that 13C label from the tyrosine ring

is incorporated into plastoquinone [50]. Although the

amount of this label scrambling was at relatively low levels

(f20% for the 13C1 isotopomer and 60% for the 13C6

isotopomer) and QA
� contributions to the data were also

determined to be small (<10%) [50], isotope labeling under

conditions in which plastoquinone is not significantly la-

beled is clearly advantageous. In addition, an improvement

in spectral baseline and signal-to-noise would allow the

assignment of the entire 1800–1200 cm�1 region. There-

fore, tyrosine was d4 ring labeled in PSII, and FT-IR spectra

were acquired [63]. Early [26] and recent [50] mass spec-

trometry experiments showed that no significant 2H label

was incorporated into plastoquinone from tyrosine. The PSII

data (Fig. 5D–F) were compared to model compound data

obtained from d4-labeled tyrosinate (Fig. 5A–C). Compar-

ison of the two data sets shows that the double-difference,

isotope-edited spectra (natural abundance-minus-2H4 la-
Fig. 5. Difference FT-IR spectra associated with the oxidation of tyrosinate at 77 K

spectra were acquired on natural abundance tyrosinate and 2H4-ring-labeled tyros

edited spectrum (A–B). In D and E, spectra were acquired on natural abundance Z

(D–E). See Ref [63] for experimental details. (Figure reprinted with permission fr
beled tyrosine) exhibit multiple bands that are similar in

frequency and relative amplitude.

For example, ring stretching vibrations, observed in the

PSII spectrum (Fig. 5F), resemble ring stretching vibrations

observed in the model compound (Fig. 5C). In the PSII data

(Fig. 5F), bands at (�) 1602 and (+) 1583 cm�1 were

assigned to o8a of Z and its isotopomer, respectively. Bands

at (+) 1558 and (�) 1547 cm�1 were assigned to o8a of Zox

and its isotopomer, respectively [63]. These frequencies are

within 5–20 cm�1 of the observed frequencies of these

bands in model tyrosinate and tyrosyl radical (Fig. 5C). A

positive 1421 cm�1 band in Fig. 5F was assigned to the

isotopically shifted o19a band, which is the most intense

spectral feature in the in vitro data (Fig. 5C). In the Zox

minus-Z spectrum, o19a of the unlabeled Z species was

tentatively assigned to a negative spectral feature at 1531

cm�1. In Fig. 5F, a (+) 1480/(�) 1471 cm�1 derivative-

shaped feature was assigned to the CO stretching vibration,

o7a, which is downshifted (37–28 cm�1) from the observed

(+) 1517/(�) 1499 cm�1 frequencies in the model com-

pound (Fig. 5C). Notice that the magnitude of the 2H4

isotope effect for this band is one half the isotope effect

observed for o7a in model tyrosyl radical (Fig. 5C). This

may be due to decreased coupling between CO and ring

vibrational modes caused by the decrease in frequency. The

downshift of Zox CO frequency was attributed [63] to

delocalization of spin density from the phenol oxygen to

the amide/imide bonds (see below). In Fig. 5F, there were no

intense bands observed at (�) 1258 and (+) 1234 cm�1. In
(A–C) and of tyrosine Z in photosystem II at 263 K (D–F). In A and B,

inate, respectively, in 10 mM borate–NaOH, pH 11. C shows the isotope-

and 2H4-ring labeled Z, respectively. F shows the isotope-edited spectrum

om Ref. [63]. Copyright (2003) Journal of the American Chemical Society.)
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the model compound (Fig. 5C), these spectral features arise

from the CO stretching vibration (o7aV) of tyrosinate and its

isotopomer. In the PSII data (Fig. 5F), weak bands at (�)

1245 and (+) 1230 cm�1 may correspond to o7aVof Z and its

isotopomer, but the signal-to-noise was not sufficient to

assign these bands with confidence [63]. Therefore, we

concluded that the amplitude and, possibly, frequency, of

o7aV is perturbed, when Z is compared to the model

tyrosinate compound. This result is consistent with a pro-

tonated, hydrogen-bonded state for Z; in such a state, the

intensity of the CO band is known to be small [63,64].

Contributions to the in vivo isotope-edited spectrum (Fig.

5F) at f1700 cm�1 were attributed to a small amount of

incorporation of label into glutamic acid [63]. Glutamic acid

does not make any additional contribution to the spectral

region between 1605 and 1230 cm�1 [65].

The FT-IR spectrum, associated with tyrosine D oxida-

tion, has also been reported [19,27,38,47,48,54]. Tyrosine D

can be distinguished from tyrosine Z on the basis of its slow

decay kinetics [47]. While the spectra of tyrosine D and Z

have 1478 cm�1 bands, the spectra are not identical. See

Ref. [54] for a discussion of this point.
8. Alternant assignments for tyrosine Z and D

Alternant assignments for tyrosine D and Z, which do not

involve a spectral contribution at 1478 cm�1, have been

presented [51–53]. Bands were assigned to a CO vibration

of Dox (1503 cm�1) and Zox (1512 cm�1) based on isotopic

labeling of tyrosine. Bands at 1275 and 1279 cm�1 were

assigned to the CO stretching vibration of D and Z.

To discuss these alternant tyrosine Z assignments, one

concern is the choice of a time regime for data acquisition.

A time regime was chosen in which the majority of Z (80–

85%) had already decayed, as assessed by optical techni-

ques [53]. No 1478 cm�1 band was observed under these

conditions, but this might be expected, because the concen-

tration of Zox was low [55].

In addition, no mass spectrometry experiments were

performed to track label scrambling, and the putative

isotope effects observed in those data are not easily ratio-

nalized and do not closely resemble the isotope shifts

observed for tyrosine model compounds [63,66–68]. In

difference spectra acquired from model compounds, the

CO stretching vibration (o7a) and ring stretching vibrations

(o8a and o19a) have similar intensities, and labeling of the

ring either with 13C or 2H4 causes isotope shifts in observed

ring and CO vibrational bands (see Refs. [63,66–68] and

Fig. 5C). However, in Ref. [53], isotope shifts were not

observed for all bands. To give examples, there was no shift

of bands, assignable to o8a of Z and Zox, in the 13C1

tyrosine-labeled sample, and there was no shift of Z o19a
in the 13C1 or

13C6 sample (see Table 1 in Ref. [53]). To give

another example, while a shift of a putative CO vibration

(1512 cm�1) was observed when tyrosine was 13C1 labeled,
there was no clear evidence for a 1512 cm�1 band shift

when tyrosine was 13C6 labeled or 2H4 labeled (but see

Table 1 in Ref. [53]). In addition, upon 2H4 labeling, the

most intense band in the difference spectrum should be the

isotopically shifted o19a ring vibration of Z (see Fig. 5C,F

for an example). However, this band was not observed in

Ref. [53]. Taken together, these results might be most

consistent with label scrambling. Another point to consider

is that kinetics were never used to track the amplitude of the

1512 cm�1 band and to correlate band amplitude changes

with Zox decay, as assessed by another technique.

Issues, concerning the use of phosphate/formate in the

samples used for the tyrosine D assignments, have been

raised [54]. In addition, many of the points raised above

apply to the alternant tyrosine D assignment as well as to the

tyrosine Z assignment.
9. Oxidation of tyrosinate in vitro

One interesting point to arise from our FT-IR work is that

the bands assigned to the CO vibrations of Dox and Zox

[19,27,47,48,50,55,63] are low in frequency (1478 cm�1)

compared to the CO vibration of tyrosyl radical (1516

cm�1), produced from tyrosinate in vitro [68]. The CO

vibration of the stable tyrosyl radical in ribonucleotide

reductase is also low in frequency and has been assigned

at 1498 cm�1 [69]. The explanation for these changes in

frequency, observed in tyrosyl radicals in vivo, was inves-

tigated using model compound studies. Flash UV photolysis

was used to oxidize the aromatic ring of tyrosinate at low

temperature in polycrystalline powders (Fig. 1A). Photolysis

generated a neutral tyrosyl radical, which gave rise to an

EPR signal that resembles tyrosyl Dox and Zox (Fig. 6A).

The reaction was performed with specifically deuterated

tyrosines [67,68], and simulations were performed to deter-

mine the magnitude of specific hyperfine couplings, as

previously described [67,68,70]. Large hyperfine couplings

were observed to the 3 and 5 protons as well as to one of

two methylene protons. This result is consistent with sig-

nificant spin densities at the 1, 3, and 5 ring positions. Fig.

6B shows the EPR spectrum obtained in 13C1(4-phenol)

tyrosinate. Note the line broadening of the spectrum due to

the introduction of the nuclear spin. Ab initio calculations

[68,71,72] and 17O-labeling experiments by Babcock et al.

[73] predict significant spin density at the phenolic oxygen

of tyrosyl radical. There was no significant observed effect

in the EPR spectrum due to 15N labeling of the tyrosinate

amino group (Fig. 6C).

While CW EPR spectroscopy detected no significant 15N

effect on tyrosyl radical, vibrational spectroscopy detected a
15N shift, due to labeling of the tyrosinate amino group. In

this experiment, FT-IR spectroscopy was coupled with flash

photolysis to investigate the structural changes induced by

the photolysis (oxidation) reaction. Spectra were recorded

before and after photolysis (Fig. 7) and were then subtracted



Fig. 7. Difference FT-IR spectra, associated with the oxidation of tyrosinate

by flash photolysis, at 77 K. In A, natural abundance tyrosinate was

employed. In B, 15N-labeled tyrosinate was employed. The double-

difference spectrum (A-minus-B) is shown in C. (Figure reprinted with

permission from Ref. [68]. Copyright (2002) Journal of the American

Chemical Society.)

Fig. 6. EPR spectra of tyrosyl radical, produced by flash photolysis of

tyrosinate, at 77 K. In A (solid line), natural abundance tyrosinate was

employed. The dashed line in A shows the result of photolysis on the borate

buffer. In B (solid line), 13C1 labeled (at the ring carbon 4) tyrosinate was

employed. In C (solid line), 15N tyrosinate was employed. In each panel, the

superimposed, dotted line shows the result of spectral simulation. EPR

simulations were performed through the use of a computer program written

by Hoganson and Babcock [76]. Hyperfine interactions were obtained from

Ref. [70] with minor modifications [68]. The g value was obtained

experimentally, and the g tensor was: gxx = 2.0070, gyy = 2.0046,

gzz = 2.0024. The linewidth was 2.7, and the frequency = 9.21 GHz. (Figure

reprinted with permission from Ref. [68]. Copyright (2002) Journal of the

American Chemical Society.)
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to give the oxidation spectrum [67,68]. The expected

changes are perturbations to the ring stretching and CO

stretching vibrations, as unpaired spin density delocalizes to

the phenol oxygen [45,46]. Bands in the FT-IR difference

spectrum (Fig. 7A) were indeed assignable to ring and CO

stretching vibrational modes [68]. For example, bands were

observed to be sensitive to 13C labeling of the aromatic ring.

However, the observation that 15N labeling causes shifts of

vibrational bands in the difference spectrum was unexpected

(Fig. 7B,C). We attributed these isotopic shifts to in plane
bending modes of the amino group (Fig. 1A). To contribute

to the difference spectrum, the amino group must be

perturbed by the oxidation of the aromatic ring [68].

One possible explanation for the oxidation-induced

perturbation of the amino group is a small amount of spin

density migration from the aromatic ring to the amino

group. Other possible explanations have been discussed

[68]. Such a spin density migration has been predicted to

occur in tryptophan cation radicals, on the basis of ab initio

calculations [74]. Our density functional calculations on

tyrosyl radical, performed in collaboration with Prof. Darrin

York and Kevin Range at the University of Minnesota, also

predicted that such spin density migration can occur [68].

These calculations are in agreement with work of Wheeler

et al. [71], but do not agree with the conclusions of [75].

However, in [75] only one vibrational band was considered

with an arbitrary scaling factor. The calculations of York

and Range also indicated that the in plane bending vibra-

tion of the amino group will be altered in frequency (Range

et al., unpublished results), due to spin delocalization. From

these calculations, the magnitude of the putative, nitrogen

hyperfine coupling was calculated as less than 0.5 G. As

shown by simulations with and without the 15N coupling,

such a small hyperfine coupling to nitrogen would not be

detectable in our CW EPR experiments. However, this

small delocalization of spin is detectable by vibrational

spectroscopy.
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10. Oxidation of tyrosinate in tyrosine-containing

dipeptides

A reasonable extrapolation of these conclusions is that

spin density delocalization to the amide nitrogen can occur

when tyrosyl radicals are formed in peptides and proteins.

The idea that spin density may move into the amide bond is

important because it implies that electron transfer may be

mediated through the peptide backbone in redox-active

tyrosine containing proteins. To test the idea that spin

density may delocalize into the amide bond, we performed

flash photolysis studies with tyrosine-containing dipeptides

[68]. In PSII, tyrosine Z and D are contained in the highly

conserved sequence, Ile-Tyr-Pro [3]. Accordingly, we in-

vestigated two sets of dipeptides, one that contains Tyr on

the amino terminus and one that contains Tyr on the

carboxyl terminus (Fig. 1B). Data on Ile/Tyr and Pro/Tyr

peptides are discussed here. In all four cases, an EPR signal

was produced that is characteristic of tyrosyl radical [68].

In the Tyr-Pro case, a small perturbation was observed,

consistent with a small change in methylene angle. The FT-

IR absorption spectrum showed changes relative to the

tyrosinate spectrum, consistent with the formation of the

amide or imide bond and with spectral contributions from

the additional amino acid side chain [68]. Interestingly, the

photolysis-induced FT-IR spectrum of the dipeptide showed

perturbations, relative to the photolysis spectrum of tyrosi-

nate. In particular, potential amide and imide contributions

were observed in the photolysis spectrum (Fig. 8, solid fill).

Note that sequence-dependent changes in the frequency of

the CC tyrosine ring stretching and CO tyrosine stretching

vibrations [68] were also observed (Fig. 8). These se-

quence-dependent changes may be due to alterations in
Fig. 8. Difference FT-IR spectra, associated with the oxidation of tyrosinate in dipe

had the sequence, tyr– ile (A), tyr–pro (B), ile– tyr (C), and pro– tyr (D). (Figure

American Chemical Society.)
conformation. One interpretation of this result is that spin

density delocalization occurs both in tyrosinate and in

tyrosinate-containing dipeptides [68].
11. Implications for redox-active tyrosines in PSII and

other enzymes

Our experiments on dipeptides imply that spin delocal-

ization may be important in proteins and enzymes, which

use redox-active tyrosines as electron transfer intermediar-

ies. Based on this hypothesis, some predictions can be

made. First, this idea predicts significant couplings to the

amide N in tyrosine D and Z, which might be detectable by

ESEEM or pulsed EPR techniques. Actually, indirect evi-

dence for such a coupling in Dox has been already published

in a study in which 15N histidine and 15N global labeling

were employed [36]. Second, we would expect that the FT-

IR spectrum associated with tyrosinate oxidation in proteins

would differ in some respects from the oxidation spectrum

of tyrosinate in vitro. In particular, downshifts of the CO

stretching frequency might be observed, as spin density

delocalizes into the peptide bond. Downshifts of the tyrosyl

radical CO vibration were observed in some tyrosine-con-

taining dipeptides [68], and a substantial downshift of the

CO vibration has been described previously for the tyrosyl

radical in ribonucleotide reductase [69]. In addition, our

work has suggested that the CO frequencies of Zox and Dox

are downshifted from the CO frequency observed in tyro-

sinate [19,47,48,50,54,55,63]. Third, the hypothesis predicts

that there will be amide and imide contributions to differ-

ence FT-IR spectrum, associated with tyrosine D and Z

photooxidation. Evidence for amide I and II contributions to
ptides. The radical was generated by flash photolysis at 77 K. The dipeptides

reprinted with permission from Ref. [68]. Copyright (2002) Journal of the
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these FT-IR spectra has been obtained with 15N labeling

[48] and by comparison to model compounds [63].

It will be interesting to examine other tyrosyl radical

containing enzymes to see if these are general phenomena.

Little is known about how the protein environment controls

the energetics and kinetics of redox-active tyrosines. The

idea that spin density may move into the amide bond is

important because it implies that electron transfer may be

mediated through the peptide backbone in redox-active

tyrosine-containing proteins. Such sequence-dependent spin

delocalization from the aromatic ring into the amide bond

provides a possible mechanism for directional and midpoint

potential control in some redox-active tyrosines.
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