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Abstract

Tyrosine (YD) in the D2 reaction centre polypeptide of photosystem II (PSII) is redox-active and, under illumi-

nation, forms a dark-stable radical Y�

D. The origin of its stability and the functional role of Y�

D are not well understood.

For understanding the electronic structure and reactivity of Y�

D, it is crucial to unambiguosly establish its hyperfine

structure. There is considerable variation in the hyperfine data of Y�

D and their interpretation in literature. In the present

study, the hyperfine structure of tyrosine radical Y�

D in PSII was probed by EPR in conjunction with carefully designed

site specific isotope labelling. A comprehensive series of different selectively 2H-, 13C- or 17O-labeled tyrosine were

synthesized and incorporated in Spirodela oligorrhiza with more than 95% enrichment. The 13C- and 17O-hyperfine

interactions were obtained from spectral simulations. From the anisotropy of the hyperfine interactions the spin

densities at all phenoxyl ring positions were precisely obtained. Comparison of the absolute differences in individual

spin densities between Y�

D and neutral tyrosine radical in vitro with those of computationally calculated spin densities

yield excellent agreement for a well ordered hydrogen bond between Y�

D and the surrounding protein matrix with a

bond length of 1.5 �AA. Enantioselective labeling confirms that the b-methylene hydrogens of Y�

D in S. oligorrhiza are

oriented in a highly constrained specific position making Y�

D strongly immobilized, thereby ensuring a firm hydrogen

bond of the phenoxyl oxygen to the protein matrix.
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1. Introduction

The reaction centre of photosystem II (PSII)

contains two redox-active tyrosine residues, des-

ignated YZ and YD, at positions 161 of the D1 and
ed.
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160 of the D2 polypeptide, respectively [1,2]. Their

properties, reviewed in [3–5], are widely different.

YZ is in the �active branch� of the reaction centre,

mediating electron transfer from the O2 evolving

Mn cluster to the oxidized reaction centre chlo-

rophyll P680þ. Its midpoint potential must be near
1 V and even when the O2 evolving complex is

inactivated the oxidized form, the tyrosyl radical

Y�

Z lives at most a few seconds. YD is in the �in-
active branch� and normally remains in its oxidized

state during photosynthesis as the stable neutral

tyrosyl radical Y�

D. Like YZ, it can be oxidized by

P680þ in sub-ls times when its deprotonation is

not rate-limiting [6], but its reduction in the dark
can take hours [7] in spite of its high midpoint

potential (titrated at 0.76 V [8]). Although YD does

not participate in the steady-state electron transfer

from water to P680þ, it is in slow equilibrium with

the water-oxidizing complex: Y�

D oxidizes the

complex from its S0 state to the S1 state in tens of

minutes [9], while YD will reduce the S2 state to S1

and the S3 state to S2 in a few seconds (see Ref.
[10]). The functional role of Y�

D might be in pre-

venting disassembly of the Mn cluster byMn2þ loss

at night, and/or in preventing photo-oxidative

damage during excess illumination by mediating an

electron transfer cycle in PSII [11,12]. It has also

been proposed that the redox potential of P680 is

modulated by the redox state of YD [13], but in the

case of Y�

Z, where a slightly decreased excitation
trapping efficiency of the reaction centre by the

oxidized tyrosine has in fact been reported, the rate

of charge recombination was not increased [14].

The remarkable differences in potential and re-

activity of Y�

Z and Y�

D are poorly understood. The

stability of Y�

D indicates that it resides in a highly

isolated protein environment. ESEEM experi-

ments showed that there is little variation in the
orientation of the alkyl chain of Y�

D with respect to

its phenoxyl ring [15]. Moreover, enantioselective

deuteration of the methylene group provided evi-

dence that the Y�

D phenoxyl ring is strongly im-

mobilized in a constrained position [16] in

Synechocystis, with a well-ordered hydrogen bond

interaction between its phenol oxygen and a pro-

ton from D2 His-189 (in cyanobacteria; D2 His-
190 in higher plants) [17]. Evidence for such a

hydrogen bond comes from spectroscopic, molec-
ular modeling, and mutagenesis studies [18,19] and

seems more convincing than the assignment of D2

His-189 at a distance of 11.3 �AA from YD in the

recent X-ray structure [2] which would rule it out.

At the current resolution of 3.7 �AA, the assignment

of individual amino acid residues in the X-ray
structure is necessarily speculative.

For understanding the electronic structure and

reactivity of Y�

D, it is crucial to establish the

complete hyperfine structure and spin-density dis-

tribution of the unpaired p-electrons. The EPR

spectrum of Y�

D is largely characterized by its hy-

perfine interactions (HFI) as determined with EPR

[20,21], ESEEM [15] and ENDOR [22] spectros-
copy of the unpaired electron spin density with the

nuclear magnetic moments of the 30 and 50 a-pro-
tons and one of the two so-called b-methylene

protons (see Fig. 1A for the chemical structure and

nomenclature). The isotropic b-methylene proton

hyperfine interactions are via a hyperconjugative

mechanism directly related to the orientation of

the b-protons with respect to the plane of the ty-
rosine phenol ring and the spin-density at the

nearest ring carbon C10. Small alterations of this

so-called dihedral angle h of the b-protons, dras-
tically influences the magnitude of the isotropic

HFI and therefore basically determines the shape

of the Y�

D EPR spectrum. The lineshape is rela-

tively insensitive to the smaller couplings of the

system. Both the HFI and the spin-density distri-
bution are suitable probes for protein-induced

structural changes, providing for example infor-

mation on the phenoxyl oxygen–carbon bond

length, puckering of the phenoxyl ring [23–25], and

the orientation of methylene b-protons [26,27].

There is considerable variation in the hyperfine

data of Y�

D and their interpretation in the literature

[21]. Although the distribution of spin density over
the tyrosine radical has been earlier obtained with

the semi-empirical McConnell relations for iso-

tropic proton HFI [28,29], accurate determination

of the spin density at all positions could not be

achieved. The density at the carbon C10 is uncer-

tain since it is related to the conformational angles

of the b-methylene protons, which are difficult to

obtain and may vary. There is uncertainty in the
sign of the small densities at C20 and C60 positions

of tyrosine. Proton ENDOR/EPR cannot distin-



Fig. 1. Numbering scheme and directions of the principal axes of the g-tensor in the tyrosine radical. The Euler angle / represents an

in-plane rotation of the hyperfine components, defined in the molecular axes system, relative to the g-axes frame (A). Structure of

(2S,3R)[3,30,50-2H3]-LL-tyrosine (B) and (2S,3S)[2,3,30,50-2H4]-LL-tyrosine (C).
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guish between electron spin density at ring C40 and

the phenolic oxygen when the McConnell relations

are employed, since neither atom has an attached
proton. Earlier, isotopic enrichment of the tyrosine

with 17O combined with EPR spectral simulation

has been used to determine the spin density at C40,

viz. 0.28� 0.01, in Synechocystis reaction centers

[30]. In order to give a full unequivocal description

of the spin-density distribution of Y�

D, we have

applied incorporation of selectively 2H-, 13C-, and
17O-enriched tyrosines in the higher plant Spiro-

dela (S.) oligorrhiza (duckweed) in the present

work. Most of the tyrosine phenol ring carbons,

oxygen (C10, C20, C30, C40, C50, C40) and the b-
methylene hydrogens were specifically labeled.

Since 13C-HFI are, with respect to proton HFI,

more sensitive to changes of the spin density, 13C-

enrichment allows more accurate determination of

the total spin-density distribution. Additional 2H-
labeling of the 30 and 50 positions was used to

partially suppress the proton HFI, facilitating

better observation of the other 1H-, 13C- and 17O-

HFI. Enantioselective deuteration of the b-meth-

ylene hydrogens (see Figs. 1B and C) yields the

orientation of both hydrogens in S. oligorrhiza.

The in vivo data of isotopically labelled Y�

D in S.

oligorrhiza are compared with data for isotopically
labelled tyrosine radicals in alkaline frozen solu-
tion [31] and discussed in terms of differences in

hydrogen bond interaction to the O0
4 oxygen. Our

results provide precise HFI and spin-density dis-
tribution on Y�

D in PSII of S. oligorrhiza and

clearly show that the conformation of the aromatic

ring of Y�

D is highly constrained and strongly im-

mobilized, locking the phenoxyl ring in a fixed

position, thereby ensuring a firm hydrogen bond

of the phenoxyl oxygen to the protein matrix.
2. Materials and methods

2.1. Incorporation of 2H-, 13C- or 17O-labeled

tyrosine in S. oligorrhiza

Highly enriched selectively 13C- (>98%) or 17O-

labeled (43%) tyrosine was synthesized as described

[32]. Enantioselective deuteration of the b-methy-
lene hydrogens was performed as described [33,34].

Additional deuteration of the tyrosine 30 and 50

a-hydrogens [35] was accomplished for a number

of selected samples. As a result the following series

of labeled tyrosine was used for bio-incorpo-

ration: [30,50-2H2]-LL-tyrosine, [10-13C1]-LL-tyrosine,

[10-13C1; 30,50-2H2]-LL-tyrosine, [20-13C1]-LL-tyrosine,

[20-13C1; 30,50-2H2]-LL-tyrosine, [30-13C1]-LL-tyrosine,
[30,50-13C2]-LL-tyrosine, [4

0-13C1]-LL-tyrosine, [4
0-13C1;
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30,50-2H2]-LL-tyrosine, [4
0-17O1; 3

0,50-2H2]-LL-tyrosine,

(2S,3R) [3,30,50-2H3]-LL-tyrosine and (2S,3S) [2,3,30,

50-2H4]-LL-tyrosine (see Figs. 1B and C for the

enantioselectively labeled tyrosines).

S. oligorrhiza was grown under aseptic condi-

tions on half-strength Hutner�s medium [36] under
continuous light (20 lE m�2 s�1) at 25 �C. The
medium was continuously bubbled with sterile

air containing 5% CO2. A spontaneous tyrosine-

tolerant plant of S. oligorrhiza was obtained by

growing wild-type plants in half-strength Hutner�s
medium containing 40 mg/l tyrosine along with

a mixture of other amino acids. This tyrosine-

containing medium was found to be toxic for
most wild-type S. oligorrhiza. A selected tyrosine-

tolerant plant was subcultured on a medium

containing increasing concentrations (up to 80

mg/l) of tyrosine. For labeling of S. oligorrhiza, a

mixture of non-enriched amino acids [37] and the

specific labeled tyrosine (75 mg/l) were added to

the culture medium. 3–5 plants of tyrosine-toler-

ant S. oligorrhiza were inoculated in a culture
flask containing 100 ml of culture medium. Plants

were harvested when the surface of the medium

was completely covered with plants (2–3 weeks

later).

2.2. Sample preparation

Thylakoid membranes from S. oligorrhiza were
isolated as described [38] using 25 mM Tricine

buffer (pH 7.8) containing 15 mM NaCl, 5 mM

MgCl2 and 0.4 M sucrose. For the preparation of

the EPR sample the membranes were resuspended

in a 25 mM MES buffer (pH 7.8) containing

15 mM CaCl2, 5 mM MgCl2, 25% v/v glycerol and

3 mM Na-EDTA. For analysis of the extent of

labeled tyrosine incorporation, the thylakoid
membranes were hydrolyzed, [37] and the resulting

amino acids were derivatized according to Husek

[39] to increase the volatility of the amino acids.

Gas-chromatography and electron impact mass

spectrometry (GC-MS, GC Chrompack 25 m

fused silica column, CP-sil-5CB 0.25 mm id.; MS

ITD 700, Finnigan MAT) was used to determine

the amount of incorporation. Y�

D radicals were
photoaccumulated by illuminating the EPR sam-

ple for a few seconds at room temperature. Prior
to freezing in liquid nitrogen, the samples were

kept in complete darkness for 3 min at room

temperature to ensure disappearance of all radical

species except for the long-lived Y�

D. In vitro ty-

rosine radicals were prepared in NaOD as

described [31].

2.3. EPR measurements

X-band (9.2 GHz) EPR experiments were per-

formed with a Varian E-9 spectrometer equipped

with a 100 kHz field modulation unit. For all ex-

periments a 0.25 mT field modulation was used.

An Oxford Instruments flow cryostat provided
cooling for experiments at low temperatures

(95 K).

2.4. Simulations

All EPR spectra were simulated using a powder

EPR simulation program based on that of

Hoganson and Babcock [40], which takes into
account the appropriate nuclear g values for 1H,
2H, 13C, and 17O, anisotropic HFIs and g values

for upto eight nuclei, Euler angles, and spin packet

line width parameters, as described in details ear-

lier [31]. For the Y�

D not deuterated at positions 30

and 50, best results were obtained with spin packet

linewidth parameters of about 0.20 mT, while for

the 30 and 50 deuterated Y�

D a value of about 0.28
mT was used. The EPR spectrum of the [40-17O1;

30,50-2H2]-labelled Y�

D was simulated with spin

packet linewidth of 0.52 mT. The variation in spin

packet linewidth may be rationalized by a nuclear

spin-dependent line broadening caused by different

relaxation behaviour of the different nuclei [31].

The theory summarized in [31] was used to calcu-

late the spin density from the anisotropy of the
obtained 13C- and 17O-HFI tensors.
3. Results

Fig. 2 shows the gas chromatogram (A) and

typical mass spectra of derivatized tyrosine ob-

tained from S. oligorrhiza grown in the presence of
[30,50-13C2]-LL-tyrosine (B) and of unlabeled LL-ty-

rosine (C). Two atomic mass unit difference



Fig. 3. Experimental (solid line) and simulated (dashed line) X-

band (9.2 GHz) spectra of labeled Y�

D in S. oligorrhiza. Unla-

beled, (A); [30,50-2H2]-, (B); [1
0-13C1]-, (C); [1

0-13C1, 3
0,50-2H2]-,

(D); [20-13C1]-, (E); [2
0-13C1, 3

0,50-2H2]-, (F); [3
0-13C1]-, (G); [30,50-

13C2]-, (H); [40-13C1]-, (I); [4
0-13C1, 3

0,50-2H2]-, (J).

Fig. 2. Determination of the 13C-isotope enrichment of tyrosine

residues in S. oligorrhiza by GC-MS after hydrolysis of the

protein and derivatization of tyrosine. (A) Gas chromatogram

of a protein hydrolysate of [30,50-13C2]-LL-tyrosine labeled S.

oligorrhiza after derivatization. (B) Mass spectrum of deriva-

tized [30,50-13C2]-LL-tyrosine, (C) mass spectrum of derivatized

unlabeled LL-tyrosine.
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between the labeled and unlabeled tyrosine residue

is clearly visible. For this specific sample as well as

for the other samples an average of 95� 5% up-

take of the labeled tyrosine was accomplished.

Figs. 3 and 4 show the collected experimental

(solid line) and simulated (dashed line) X-band (9.2

GHz) EPR spectra of isotope-labeled Y�

D radicals



Fig. 4. Experimental (solid line) and simulated (dashed line) X-

band (9.2 GHz) spectra of [40-17O1, 30,50-2H2]-labeled Y�

D in

S. oligorrhiza.
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in PSII of S. oligorrhiza. As expected from the GC-

MS experiments, no trace of unlabeled tyrosine

radicals is visible in the EPR spectra. The Y�

D
1H-,

13C-, 17O-HFI tensor components, Axx, Ayy and Azz,
obtained from the simulations, together with the

calculated isotropic hyperfine value (Aiso) and

the dipolar couplings ðDxx;Dyy ;DzzÞ are given in

Table 1. Best simulations of the spectra were ob-

tained using an angle / of 25�� 2 �C for positions

2, 3, 5, and 6, where / is the Euler angle trans-

forming the hyperfine components, defined in the

molecular system, to the g-axes system (Fig. 1).
Normally, assuming a regular hexagonal aromatic

ring structure, one would expect an angle / of 30�
instead of 25�� 2 �C. This relatively large de-

flection in the Euler angle of Y�

D in duckweed

compared to theoretical value may result from

a change in bond angle of C–H proton, due to

steric hindrance from the protein environment, or

from a ring structure distortion. The g-tensor was:
gxx ¼ 2:0076� 0:0002, gyy ¼ 2:0045� 0:0002, gzz ¼
2:0023� 0:0002, slightly different from the in vitro

tyrosine radical [31]. For the simulations a spin

packet linewidth parameter of 0.20 mT or 0.28 mT

was used for the protonated or deuterated samples,

respectively. Note that for almost each set of sim-

ulation parameters two spectra (Y�

D with and

without 30,50-2H2 labeling) had to be simulated. In
the following paragraphs we shall briefly discuss

the characteristics of each selectively labeled Y�

D in

S. oligorrhiza.
3.1. [10-13C1]-Tyrosine Y �

D

For accurate determination of the spin density

at C10, without being dependent on the confor-

mational variability of the methylene protons, [10-
13C1]-labeled tyrosine was incorporated into PSII.

As shown in Fig. 3C, large 13C-HFI are observed

from [10-13C1] labelled Y�

D radicals in S. oligorrhiza

suggesting that the spin density at C10 is relatively

high. From the dipolar interactions a spin density

of 0.32� 0.01 was calculated. From the calculated

spin density at C10, the dihedral angles of the

methylene protons were determined using the
McConnell relation and were found to be 47� and
73�. Following [15], an angular distribution of �2�
around these central angles was used in the simu-

lations. The dihedral angles thus obtained were

kept fixed for the simulation of the spectra from

other labelled Y�

D samples. This procedure allowed

the accurate determination of all HFI (Table 1).

3.2. [20-13C1]-Tyrosine Y �

D

Determination of the low spin density at C20 is

hampered by interference from the high densities

at C10 and C30. Therefore, first the spin density at

C30 was determined (see below). Including the in-

teractions with the spin density at C10 and C30, a

spin density of )0.05� 0.01 at C20 was calculated.

3.3. [30-13C1]-Tyrosine Y �

D

From the anisotropy of the obtained HFI a spin

density of 0.21� 0.01 was found at C30. The in-

teractions with the neighbouring spin densities are

small and were neglected.

3.4. [40-13C1]-Tyrosine Y �

D

C40 is one of the blind spots in the determi-

nation of the total Y�

D spin-density distribution.

The observed 13C-HFI is nearly isotropic, indi-

cating a low density at C40. Again, the influence

of the high spin densities at C30, C50 and O40 had

to be taken into account for the calculation of the
spin density at C40 from the dipolar interactions.

This resulted in a spin density of 0.03� 0.01 for

this position.



Table 1
1H-, 13C-, and 17O-HFI (in mT) for Y�

D in S. oligorrhiza and tyrosine radicals in vitro

Atom Y�

D in S. oligorrhiza In vitro [31]

/ Axx Dxx Aiso / Axx Dxx Aiso

Ayy Dyy Ayy Dyy

Azz Dzz Azz Dzz

C10 0 )0.20 )1.22 1.02 0 )0.30 )1.23 0.93

)0.20 )1.22 )0.30 )1.23
3.45 2.43 3.40 2.47

C20 25 )0.50 0.33 )0.83 30 )0.65 0.23 )0.88
)0.75 0.08 )0.80 0.08

)1.25 )0.42 )1.20 )0.32

C30 )25 )0.50 )0.80 0.30 )23 )0.60 )0.87 0.27

)0.50 )0.80 )0.60 )0.87
1.90 1.60 2.00 1.73

C40 0 )1.00 )0.03 )0.97 0 )1.10 )0.12 )0.98
)1.10 )0.13 )1.20 )0.22
)0.80 0.17 )0.65 0.33

C50 25 )0.40 )0.83 0.43 23 )0.60 )0.87 0.27

)0.40 )0.83 )0.60 )0.87
2.10 1.67 2.00 1.73

O40 0 0.60 1.65 )1.05 0 0.50 +1.46 )0.96
0.60 1.65 0.70 +1.66

)4.35 )3.30 )4.07 )3.11

H20 25 0.17 0.01 0.16 30 0.17 0.01 0.16

0.27 0.11 0.27 0.11

0.04 )0.12 0.04 )0.12

H30 )25 )1.04 )0.36 )0.68 )23 )0.96 )0.32 )0.64
)0.33 0.35 )0.28 0.36

)0.68 0.00 )0.70 )0.06

H50 25 )0.98 )0.30 )0.68 23 )0.96 )0.32 )0.64
)0.33 0.35 )0.28 0.36

)0.68 0.00 )0.70 )0.06

H60 )25 0.17 0.01 0.16 )30 0.17 0.01 0.16

0.27 0.11 0.27 0.11

0.04 )0.12 0.04 )0.12

HR 0 0.80–0.93 0 0.00–0.46

HS 0 0.12–0.20 0 0.46–0.39

Estimated errors vary between 0.02 and 0.07 mT for all HFI. The error in the Euler angles is estimated to be �2�.
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3.5. [40-17O1]-Tyrosine Y �

D

The isotope 17O has spin 5/2, resulting in a

sixfold splitting of the EPR lines (Fig. 4). The

combined 17O- and [30,50-2H2]-labeling allowed us

to resolve the structure of the central lines, and
resulted in the accurate simulation of the respec-
tive spectra. Fig. 4 shows the experimental (solid

line) and simulated (dashed line) X-band EPR

spectrum of [40-17O1; 3
0,50-2H2]-Tyrosine Y�

D. The

central part of the experimental spectrum, corre-

sponding to non-17O-labeled Y�

D, was left out. The
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17O-HFI tensor components obtained are 0.6� 0.1

mT, 0.6� 0.1 mT and )4.35� 0.05 mT for Axx, Ayy

and Azz, respectively, resulting in a spin density at

O40 of 0.28� 0.01. Similar values have been

reported for Y�

D in Synechocystis sp. (Axx ¼ 0:5�
0:2 mT, Ayy ¼ 0:5� 0:2 mT, Azz ¼� 4:32� 0:05
mT) [30].

3.6. [50-13C1]-Tyrosine Y �

D

Despite the high symmetry of Y�

D, the spin

density at C50 is found to be slightly larger than

that of C30. Spin density at C50 was calculated to

be 0.22� 0.01.

3.7. [60-13C1]-Tyrosine Y �

D

A selectively labeled [60-13C1]-tyrosine was not

available. From the simulations of spectra for Y�

D

labeled at other positions, we find that the spin

density at C60 is )0.05� 0.01.
Fig. 5. Experimental (solid line) and simulated (dashed line) X-

band (9.2 GHz) spectra of (2S,3R)[3,30,50-2H3]-, (A) and

(2S,3S)[2,3,30,50-2H4]-, (B) labeled Y�

D in S. oligorrhiza, or in

vitro (C) and (D).
The sum of the spin densities at all positions is

0.96� 0.03, slightly lower than unity. Residual

spin density is expected at the protons (small) and

the Ca and Cb carbons of the alanine residue of

tyrosine.

EPR spectra of Y�

D with an enantioselective
deuterated methylene group are shown in Fig. 5.

The use of enantioselective deuteration of the b-
hydrogens allows unequivocal assignment of the

dihedral angle for each of the hydrogens, HR and

HS. Simulation of the spectra indicates that HR is

related to the 47� dihedral angle, whereas the di-

hedral angle for HS is 73�. Similar to Y�

D in Syn-

echocystis sp. PCC 6803 cells, the dihedral angles
of the methylene group hydrogens are shifted by

about 30� with respect to those of tyrosine radicals

in vitro [16].
4. Discussion

In this work, a comprehensive series of site
specific isotope labelled (2H-, 13C- and 17O-en-

riched) tyrosines were successfully incorporated in

PSII of S. oligorrhiza with >95% enrichment

(Fig. 2). The complete description of the spin

density distribution, the principle elements and

approximate orientation of the hyperfine tensors

of a number of carbon and proton positions of Y�

D

in PSII of S. oligorrhiza could be derived from
simulation of the EPR spectra (Figs. 3 and 4;

Tables 1 and 2). A comparison of Y�

D in PSII

(present work) with those of the neutral tyrosyl

radical in vitro [31] shows small differences in

hyperfine structure that can be related to hydro-

gen bond interaction of Y�

D with the protein

matrix. Previous studies have shown a moderate,
Table 2

Spin-density distributions of tyrosine radicals (q ¼ �0:01)

Atom Y�

D In vitro [31] Theoretical [41]

C10 0.32 0.32 0.31

C20 )0.05 )0.04 )0.05
C30 0.21 0.23 0.21

C40 0.03 0.05 0.03

C50 0.22 0.23 0.22

C60 )0.05 )0.04 )0.05
O40 0.28 0.26 0.29



Fig. 6.
P

S of the absolute differences in individual spin den-

sities of Y�

D in S. oligorrhiza, and in vitro tyr� as a function of

hydrogen bond length.
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well-ordered hydrogen bond interaction of Y�

D

with D2 His 189 in Synechocystis 6803 [17],

whereas the, distance of �11.3 �AA between Y�

D and

D2-His 189 in the recent X-ray structure of PSII,

would not support D2-His189 as H-bonding
partner of Y�

D [2]. One of the aims of the present

investigation was to assess the hydrogen bond of

the phenoxyl oxygen of Y�

D in PSII. In [41], a

density functional theoretical study of the elec-
Fig. 7. Orientations of the phenoxyl ring relative to the methylene g

hydrogens are indicated as HR and HS. The plane of the aromatic ring

the plane of the paper; the view is down the C3b–C1
0 bond. h1 and h2

the planes containing the C10–C3b–HR bonds and the C10–C3b–HS bo

for both systems are indicated.
tronic structure of p-methylphenoxyl radical as a

function of its hydrogen bond distance was pre-

sented. We examined the
P

S of the absolute

differences in individual spin densities between

Y�

D and those calculated for the p-methylphen-

oxyl radical in vacuo [41] for different strengths
of hydrogen bond by using the following eq:P

jqiðY�

DÞ � qiðcalculatedÞj, i ¼ C1 . . .C6, O4. Cal-

culated values were obtained from [41]. This

procedure provides a statistical average of the in-

dividual errors (similar to least square analysis).

The value of S of Y�

D and in vitro Tyr� is plotted as

a function of hydrogen bond length in Fig. 6. As

can be seen from this figure, the minimum of S for
Tyr� in vitro, is less pronounced compared to Y�

D.

This suggest that in Y�

D of PSII, the hydrogen

bond is well defined, with a bond length rH close to

1.50� 0.3 �AA, whereas in Tyr� in vitro, the hydro-

gen bond is not well defined and distributed with r

H in the range of 1.3–2.0 �AA. Thus our data support

a well-ordered hydrogen bond between Y�

D and the

protein matrix. The value of hydrogen bond length
for Y�

D (1.5 �AA) is close to the bond length calcu-

lated earlier from the gxx-value as determined with

high-field EPR experiments on spinach Y�

D (�1.7
�AA) [42]. The different hydrogen bond interactions

of Y�

D and of Tyr� in vitro is also reflected in
roup for S. oligorrhiza and in vitro. The prochiral b-methylene

(horizontal line between 20 and 60 positions) is perpendicular to

represent the dihedral angles between the 2pz orbital at C1
0 and

nds, respectively. The conformational distributions of h1 and h2
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especially the Dzz components of 13C- and 17O-

hyperfine tensor (Table 1). Our experimental data

are also in good agreement with the calculated
13C-, and 17O-hyperfine tensor components [43].

The orientation of the methylene hydrogens HR

and HS for Y�

D in S. oligorrhiza and for tyrosine
radicals in vitro is compared in Fig. 7. Clearly

visible are the different conformational distribu-

tions and orientations of HR with respect to HS

in the two systems. In S. oligorrhiza the HR-hy-

drogen is responsible for the largest of the two b-
hydrogen HFI, whereas for the in vitro system the

main interaction is due to HS. Similar to Y�

D in

Synechocystis, the orientation with respect to the
peptide moiety of the phenoxyl ring in S. oli-

gorrhiza is locked in one particular position. There

is, however, a small difference in the dihedral

angles of the b-methylene hydrogens in both sys-

tems. For S. oligorrhiza, h1 ¼ 47� 2� and h2 ¼
73� 2�, whereas for Synechocystis sp. PCC 6803

h1 ¼ 52� 2 and h2 ¼ 68� 2� [14]. The constrained
orientation of Y�

D found in cyanobacteria earlier
and in higher plants in the present work may be

important for its functioning in RCs of PSII; it

may also be related to the unusual stability of the

Y�

D radical.
5. Conclusions

We have succeeded in incorporating highly en-

riched isotope-labeled tyrosine in a tyrosine-toler-

ant strain of the higher plant S. oligorrhiza.

Numerous differently 13C- and 17O-labeled tyro-

sine Y�

D radicals have been studied with X-band

EPR to probe its precise electronic structure.

Spectral simulations have yielded the 13C- and 17O-

HFI tensors and allowed us to obtain the complete
free electron spin-density distribution of Y�

D in S.

oligorrhiza. In comparison with tyrosine radicals in

vitro, a small but significant redistribution of spin

density has taken place. Comparison of sum of the

absolute differences in individual spin densities

between Y�

D with those of computationally calcu-

lated spin densities yield excellent agreement for a

well ordered hydrogen bond between Y�

D and the
protein matrix with a bond length of �1.5 �AA.

Enantioselective deuteration of each of the two
b-hydrogen show that the methylene group of the

tyrosine radical in S. oligorrhiza is oriented in a

specific constrained position. The precise infor-

mation about the electronic structure of Y�

D in

PSII using comprehensive series of site directed

isotope labelling presented in this work opens up
the possibility to approach the electronic structure

of Y�

Z in PSII by the same strategy in future.
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