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ABSTRACT
CHARACTERIZATION OF THE DONOR TO THE REACTION

CENTER IN PHOTOSYSTEM II BY ELECTRON NUCLEAR DOUBLE
RESONANCE (ENDOR) SPECTROSCOPY

By
Ivan David Rodriguez

In photosystem II(PSII) of green plants, two tyrosine free radicals are involved in
the oxygen process, along with P680, the reaction center chlorophyll. The Y,’
species functions as an electron carrier between the oxygen evolving complex and
P680. Y,', the other tyrosyl radical present in this photosystem, has an unknown
function in the photosynthetic apparatus. A characteristic, partially resolved EPR
signal is a common feature for both of these radicals. Even though Y,* and Y’
are functionally different, their chemical structure and orientation in the mem-
brane appear to be essentially the same. Only in their EPR power saturation
behavior do Y,' and Y, show a difference. The EPR lines of these protein
bound radicals are broadened owing to unresolved hyperfine stn;cture, making it
difficult to extract information from these poorly resolved spectra. Under these
conditions additional spectroscopic techniques, such as electron nuclear double
resonance (ENDOR), must be used to extract the different proton hyperfine
tensor components that contribute to the EPR spectrum. In the work presented
here we have used ENDOR spectroscopy to measure the hyperfine couplings for
the Y,' species and to explore the environment surrounding the radical. The
hyperfine couplings corresponding to the B-protons are used to determine the

geometry of the methylene group at the 1-position of the tyrosine phenol group.






The analysis shows that the dihedral angles of the two methylene group protons
relative to the phenol ring are not identical. As a result only one of the two
protons interacts strongly with the unpaired electron spin of the radical. In
addition the hyperfine tensor components of the ring protons have been deter-
mined by using two-dimensionally oriented samples. The hyperfine couplings for
the different set of protons measured from the Y,* ENDOR spectrum provided
a way to calculate the unpaired spin density distribution for the tyrosine radical
in PSIL The proposed unpaired spin density distribution for the Y,' radical, in
which large spin density is localized at the 1,3 and 5 position, is in agreement
with the expected unpaired spin density for phenoxy type radicals. We have also
been able to determine the orientation of the tyrosine ring plane by using
oriented PSII membranes, chemical models and EPR simulations. The results
from these studies show that the orientation of the Y," tyrosyl aromatic ring
plane with respect to the membrane plane is such that the angle between the
membrane plane and the line through carbons one and four is about 60°.
ENDOR is also able to probe more subtle interactions that occur between the
radical and its protein environment. The protons of nearby amino acids are
usually weakly coupled to the unpaired spin and contribute resonances in the
so-called matrix region. The solvent accessibility of the Y, binding site has been
determined by using H,O/D,O exchange and analyzing the matrix ENDOR
region. A hydrogen-bond to the Y,' radical has been observed and its spatial
characteristics with respect to the tyrosine ring plane have been determined by

using g-anisotropy and physical sample orientation techniques.
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CHAPTER 1
INTRODUCTION
Photosynthesis is the energy conversion process on which all life on earth
depends. All our fossil fuel and all our food are products of photosynthetic
reactions and the presence of oxygen in the earth’s atmosphere is a direct result
of the photosynthetic reactions of higher plants and algae. The photosynthetic

process in this type of organism can be described with the following reaction:

50 + co, &% CcHO + O,

(1)
Much progress has been made in understanding the photosynthetic process since

the above reaction was proposed, but many aspects of the molecular mechanisms
of the reactions in photosynthesis are still obscure.

The ability to perform photosynthesis is shared by some bacteria, although
photosynthetic bacteria utilize light of appreciably longer wavelength than algae
and higher plants. The photosynthetic system of bacteria uses only one light
reaction to move an electron from the ultimate donor to the final acceptor. In
contrast, algae and higher plants use two photoreactions in series to transport
clectrons from water, which is oxidized to O, (Equation 1), to the final acceptor,
nicotinamide adenine dinucleotide phosphate (NADP*). Since the primary

charge separation process and subsequent stabilization steps correspond to



2
transfer of an unpaired electron, magnetic resonance techniques such as electron
paramagnetic resonance (EPR) and electron nuclear double resonance
(ENDOR) are powerful tools to investigate the structure and function of photo-
synthetic systems.

At a molecular level there are some properties common to all photosyn-
thetic organisms. Each photosystem contains a unit called the reaction center, in
which the primary process, a light induced charge separation, takes place. The
products of these charge separations are stabilized in subsequent electron
transfer reactions. Another feature of the photosynthetic process common to
bacteria, higher plants, and algae is that all reaction centers are associated with
the so-called antenna pigments, of which chlorophyll (Chl) and bacteriochloro-
phyll (BChl) are the most important. Upon photoexcitation of one of the
antenna molecules, the energy absorbed is eventually transferred to the primary
donor of the reaction center. Once the primary donor (D) is excited it transfers

an electron to an acceptor (A), which produces the primary charge separation
(1-6)

pa ¥ p'a (2)

In higher plants and algae there are two different photosystems, Photosys-
tem I (PSI) and Photosystem II (PSII), which are connected through a series of
redox components. These two photosystems work in series to drive electrons

from the oxygen evolving complex (OEC) in PSII to the reducing site of NADP*
in PSL. Figure 1.1 shows the so called Z-scheme for higher plants and algae.
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The first intermediary acceptor, L, in PSII is a pheophytin molecule
(7-11). The secondary acceptor Q is a plastoquinone and is magnetically coupled
to a high spin iron ion (12-14). The secondary donor of PSII, known as Z, but
recently renamed Y,' owing to its tyrosine origin (15), serves to reduce rapidly
(16) the primary donor in the reaction center of PSII, P, (P stands for pigment
and the subscript refers to the wavelength of maximum absorption). The elec-
trons that reduce Y,' come from the oxidation of water that takes place at the
manganese ensemble in the OEC (17-21). As opposed to the primary donor in
PSI of green plants or to the cation radicals of bacterial systems, P, has been
difficult to trap in its oxidized state. Even at low temperatures its lifetime is 3-4
ms (22). However, the transient P,,, EPR signal has been observed in PSII
preparations under conditions where the electron transfer is inhibited by con-
centrations of ferricyanide greater than 3mM (23). PSI and PSII are connected
through a plastoquinone pool, which funnels electrons from PSII to PSI. The
acceptor side of PSI is composed of a Chl g molecule, 3 iron-sulfur centers (F,,
F,, F,) and possibly a quinone (24); NADP" is the ultimate electron acceptor in
this photosystem.

Bacterial photosynthetic reactions are less complex than plant photosyn-
thetic reactions due to the fact that they involve only one photosystem. Hence,
the structure of the reaction center of the photosynthetic purple bacteria is better
understood than that of the reaction centers in plant photosystems, particularly
because the reaction center complexes from two photosynthetic bacteria have

been crystallized (24-29). X-ray diffraction analysis of crystallized reaction
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6
centers of Rhodospseudomonas virides (24-30) has given detailed information
about the organization of the electron transfer components. In purple bacteria
the first intermediary acceptor is a bacteriopheophytin (BPh) molecule, secondary
acceptors are two quinone molecules complexed to an iron. However, in green
sulfur bacteria the acceptor side contains a BChl ¢ molecule (33-34) and two iron
sulfur centers (35). Thus, the acceptor side of the green sulfur bacteria is
similar to that of PSI in plant photosynthesis and the acceptor side of purple
bacteria is more like the acceptor side of PSII in plant photosynthesis.

The primary donor in plant and bacterial photosynthesis is a (B)Chl a
(ie., BChl g for bacterial systems and Chl g for plant systems) molecule or
molecules. In principle, EPR provides a way of determining the structure of this
species but the EPR signal of the primary donors in bacteria and plant photosyn-
thesis does not show resolved hyperfine structure. However, the linewidth of the
EPR signal does contain some information. The reduction of the linewidth in
the EPR signal of the primary donor in photosynthetic bacteria by a factor of 1.4
(ie., V2) relative to that of chemically oxidized monomeric BChl a in vitro
suggests the dimeric structure proposed by Norris and co-workers (34). Accurate
values for the electron spin density on the carbon atoms of the conjugated
radical species making up the primary donor would provide a direct test of this

hypothesis. Such information can be obtained through electron nuclear double

resonance (ENDOR).
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By using ENDOR spectroscopy Feher and co-workers (35) showed that
the hyperfine splittings, which are directly related to the unpaired spin density
distribution on the 7-system of the carbon framework of BChl a in the primary
donor, were half of those of the corresponding hyperfine splittings of BChl a in
vitro. This provided strong support for the idea that the primary donor in
bacterial systems is a BChl dimer (or special pair in Norris terminology (34)).
The assignment of the observed ENDOR lines to protons of the BChl molecule
took some effort. There are 4 classes of protons in BChl g (Figure 1.2): a) the
CH, groups on rings I and III, b) the four B-protons (one carbon away from the
conjugated system) in rings II and IV and the B-proton at C10, c) the a-protons
on the three methine positions, d) §-protons, two carbons away from the con-
jugated rings.

Even though the protons of the CH, groups are g-protons, they can be
distinguished from other B-protons because of the rapid rotation of the CH,
groups, even at temperatures below 80K (35). The a-protons have very strong
anisotropic hyperfine splittings and are difficult to observe due to line broaden-
ing. The 8-protons have very small hyperfine splittings and their ENDOR lines
will be grouped close to the free proton frequency; because their hyperfine
splittings are dependent on geometry they will be difficult to detect in the frozen
state. The B-protons on the ring are coupled to the unpaired electron spin
densities on the adjacent ring carbons, but their ENDOR lines may be broad-
ened because of differences in their position with respect to the Chl plane. The

hyperfine splitting of a B-proton is given by (36)



(4D

‘umfydoayd (ouajoeq) pafed are
wole ‘TP [e1U3d 3y} oYM s[nasjoy s[Aydoropyoousioeq pue spAydoromy)

1 218y



OHY =¥'q hAudosolu)
€49 =Y -0 11Aydosoy)

;;za-o-\._uno
tH9002  HD

| |
0=3 II..wI H)

€4 — HD ==Y4:9q 11Aydo0jyd0!43}309g
€Y —IH)—H =¥ D 11Aydoi0ojy20143}20g
1434A4d




10
8 = (B, + B,COS’6)p (3)

where B, and B, are constants (B,/B, = 10), 6 is the dihedral angle between the
C.-Cg-H plane and the p, orbital at the C,, and p is the spin density on the C,
atom. For rotating CH, groups <cos’d >= 1/2 and ag = (B, + 1/2B)p.

By using the above guidelines and in vifro model compound studies, the
ENDOR lines of the BChl g in the primary donor were assigned (37-40). In
addition, the use of triple ENDOR techniques (40) permitted the determination
of the sign of the hyperfine splittings, strengthening the assignment of various
lines to @ and B-protons.

As we have seen, for the bacterial photosystem the proposed special pair
hypothesis was strongly supported by proton ENDOR experiments. For the
primary donor in plant photosynthesis, however, the results were less unam-
bigious (35,37,41). Norris and co-workers (37,41) obtained a low temperature
ENDOR spectrum of the chemically oxidized algae S. lividus (37) and C. vulgaris
(41) PSI reaction center chlorophylls and compared them with the low tempera-
ture spectrum of Chl a cation radical in solution, oxidized with I, or FeCl,. They
made assignments by selective deuteration and chemical modification in vitro
(37,39,42) of Chl 3. Based on their findings they concluded that the unpaired
electron was delocalized between two Chl a molecules of the in vivo special
pair. However, ENDOR experiments on PSI particles made from spinach
chloroplasts (43) led to similar data but different conclusions. O’Malley and
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Babcock (44) compared the proton ENDOR spectra of the primary donor in PSI
from spinach chloroplasts and PSI particles to the corresponding ENDOR
spectrum of monomeric Chl a cation radicals. They interpreted the hyperfine
splittings of the radical in vivo in terms of a Chl g cation radical monomer. The
reduction in the a-carbon hyperfine splittings, and hence the a-carbon unpaired
spin densities observed for the in vivo species when compared to the in vifro
radical, was attributed to differences in the composition of the ground state
orbital of the two systems (44). For the primary donor in PSI in plants, a
mixture of 75% D, and 25% D,, where D, and D, represent the ground and
first excited state orbitals calculated by Petke and co-workers for Chl g cation
radical (45), gave good agreement between calculated and experimental spin
density reduction factors. The following interactions of the pigment ion with its
protein environment were given as possible factors responsible for lowering the
D, level in vivo: ligation of the central Mg atom with its protein surroundings,
hydrogen bonding to the 9-keto carbonyl group (Figure 1.2) and electrostatic
interactions with charged amino acid residues. O’Malley and co-workers pro-
posed that the primary donors of PSII and PSI in plants were both monomeric
Chl a species in which the D, orbital makes a significant contribution to the
unpaired spin density distribution. Up to this date whether the primary donors
in plant photosynthesis are monomeric or dimeric structures is an open question.

The secondary donor to the oxidized reaction center (B)Chl depends on
cach photosystem: Y, for PSII in plants, a cytochrome for bacteria, and plas-

tocyanin for PSI. Here we focus on Y,’, the intermediate electron carrier
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between the Mn complex in the OEC and the reaction center in PSII (Figure 1)
(46) . This radical was first observed by EPR in PSII that had lost the ability to
evolve oxygen (47). Based on EPR (48,49) and optical (19,50) data it was
suggested that the Y,' was a plastoquinone cation radical. However, it has been
recently postulated that Y," species corresponds to a tyrosine residue in PSII
(15,51). Another cofactor known as Y, (15,16,51) shows a similar EPR signal to
that of Y,' but different kinetic behavior. The similarity of their EPR spectra
suggests that both radicals have the same molecular structure and probably the
same orientation within the protein structure. In oxygen evolving material the
Y,' EPR signal decays in about 1 msec (52), whereas the Y,* EPR signal is
stable for hours. The role of this latter radical in the oxygen evolving process is
not clear, but recently Rutherford et al. (53) suggested that Y, may be involved
in maintaining the integrity of the manganese complex in the OEC.

Joliot and co-workers (54) noted that four flashes were needed before O,

could be released. This observation led to Kok’s S-state model. (55) which is

well accepted:
SOMSIE‘SQQS,}&S‘ (4)
1 |
28,0
N\
0,

In this model S represents the water splitting center, the subscripts indicate the

number of stored oxidizing equivalents and O, evolution occurs only after the S,
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state has been reached. A manganese cluster has been associated with the OEC
and the water splitting process (56-58). It has been suggested that the S-state
transitions correspond to valence changes in this Mn cluster. A stoichiometry of -
four Mn per PSII in O, evolving PSII membranes has been determined (59).
Even though the stoichiometry for the Mn is well established, the organization
and valence states of these ions remain uncertain. At least four different
experimental approaches have been used to address this question: X-ray (60-62),
UV-VIS (20,21,63), extraction/quantitation techniques (64-66) and magnetic
resonance (67-78). Focusing on the latter technique, a multiline EPR signal has
been attributed to the Mn ensemble that is in the S, state (67). The authors
suggested Mn,(IILIV) or Mn [(III),,(IV)] structures for this Mn species from
spectral simulations (68). However, Hansson and co-workers explained the
observed EPR spectrum with a Mn,(ILIII) model (69,70). Brudvig and dePaula
(71-73) have suggested that the S = 1/2 multiline EPR signal arises from an
excited state in an envelope of states of different spin multiplicities. This implies
that magnetic exchange interactions occur between at least three or all four of
the Mn ions in the OEC and explains the observation of another EPR signal
with a g = 4.1 (74,75) also associated with the OEC. The spectral properties of
this species are characteristic of an S = 3/2 state. Brudvig and co-workers and
Rutherford et al. have provided experimental support to indicate that both the
multiline and the g = 4.1 EPR signals originate from different configurations of
the S, state in the OEC (76,77). Brudvig and Crabtree (78) proposed a cubane-

like Mn O, cluster as the structure of the manganese ensemble in the lower
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S-states and suggested that the S-state transitions involve mainly a Mn(III) to
Mn(IV) valence changes in the Mn cluster.
Acceptor Side

The observed EPR signal of the reduced acceptor components of the
green bacteria are similar to those of PSI and the reduced acceptor components
of the purple bacteria are quite similar to those of PSII. In PSI, A, displays an
EPR signal with g = 2.0017 and linewidth of 11.5 G and the A, EPR signal has
a g = 2.0054 and linewidth of 10.8 G; A, is believed to be a Chl anion radical.
The lower g-value and broader linewidth of the A, EPR signal as compared to a
Chl g anion radical in vitro has been explained in terms of magnetic interactions
between the nearby iron sulfur centers (33).

The g-value and linewidth of A, are not characteristic of an anion of Chl
It was suggested that A,, the intermediate that give rise to the EPR signal with
g = 2.0054 and linewidth of 10.8 G, was a phylloquinone anion radical (79-81).
Anions of semiquinone usually show a near gaussian EPR signal with a linewidth
of 5-15 G at X-band (82-85). Semiquinone anion radicals can be differentiated
from Chl anion radicals by their higher g-value which is close to 2.005. Based on
EPR and optical work it was suggested that the A, radical was a phylloquinone
anion radical (86). This was also supported by ENDOR studies on model and
biological samples (87). However, recent experiments by Barry et al. (88)
concluded that the EPR spectrum attributed to A, does not arise from a phyllo-
quinone. These authors suggested that an amino acid in the PSI protein struc-

ture could be responsible for this signal.
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The analog to the acceptor side of PSII in plants, ie., the purple bacteria,
has a BPh as primary acceptor (11) and an iron quinone complex as secondary
acceptor. This primary acceptor shows two different EPR signals. The first one
has g = 2.003 and a linewidth of about 13 G (89). The second signal is the
so-called split pheophytin EPR signal (10,89-98), which shows g = 2.003 and a
linewidth varying from 60-100 G. The second signal can be only detected at
cryogenic temperatures (less than 10K) and is probably due to a magnetic
coupling interaction between the pheophytin anion and the reduced quinone-iron
complex. Such interactions are consistent with the fact that the split signal is
only observed when the iron-quinone complex is in its reduced, paramagnetic
state.

The quinone-iron complex also shows an EPR signal with g = 1.87 and a
broad linewidth (=100 G). This signal was first observed in bacteria (94-97) and
later on in PSII particles (90,91,98,99). The observed broad line can be ex-
plained by a coupling between the quinone and the high spin iron ion (100-101).
Removal of the iron by detergents in bacteria (102) results in an EPR signal,
after reduction, that is characteristic of a quinone anion radical (103). PSII
reaction centers depleted of iron were first reported by Klimov and co-workers
(89). They measured the amount of iron present in the centers by monitoring
the split pheophytin anion signal. They found that when the split pheophytin
signal was diminished after photoreduction a small EPR signal with g = 2.0044
and linewidth of 9.2 G was formed. This signal is similar to the one found in the

iron uncoupled quinone acceptors in bacteria.
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In an effort to identify the EPR signal from the primary intermediate
acceptor I", Feher (104) performed a low temperature ENDOR study of I
generated in reaction centers of Rps. Sphaeroides R-26 that were supplemented
with horse-heart cytochrome c. Some of the ENDOR lines in the sample in vivo
were similar to those observed in the BPh g anion radical in vitro. Fajer
(105,106) performed ENDOR experiments on the anion radicals of BPh a, b and
BChl g, b and reaction center of Rps. viridis at high (liquid state) and low
temperature (frozen solutions). At 170K the reaction centers of Rps. viridis
showed ENDOR resonances similar to those observed for BChl b anion radical
and for BPh b anion radicals in vifro. It is clear from the EPR and ENDOR
parameters (g-values, linewidth and hyperfine splitting values) that it is not
possible to distinguish between BPh g and BChl a anion radicals for I". How-
ever, they do indicate that the species involved certainly is a monomer and not a
dimer. The identification of this molecule as BPh a is concluded from optical
data (107,108), which is also consistent with the ENDOR and EPR data. The
possibility of more than one intermediary besides BPh g was ruled out by
picosecond optical experiments (109) performed on C. vironsum and Rps. viridis.
These authors also measured the decrease of the triplet EPR intensity of the
primary donor as a function of illumination at 80K. They found that the
decrease of the triplet state of the primary donor was matched by an increase of
the I" EPR signal intensity. They concluded that there is no other intermediary

acceptor capable of triplet state generation via back reaction.
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Feher and co-workers performed ENDOR studies in the solid state (Le.,
frozen solutions) on reaction centers of Rps. sphaeroides (110,111) where the iron
was substituted by zinc. These authors were able to identify the ENDOR lines
arising from the methyl, methylene and exchangeable hydrogens that are believed
to bond to the carbonyl oxygens (112). Several sets of ENDOR lines corres-
ponding to small hyperfine splittings (matrix ENDOR (112)) were also observed
in the ENDOR spectra of both Q; and Q; (the acceptor quinones), indicating
dipolar interactions with residues from the surrounding protein. In addition to
these lines, ENDOR transitions from nitrogens, most likely from the imidazole of
histidine, were observed.

In these studies it was found that the quinone binding site was asym-
metric, making the two carbonyl oxygens on the quinone nonequivalent. They
found that in Q; the nonequivalence of the oxygens was less pronounced than in
Q; . These conclusions were based on experiments performed with reaction
centers in which the native quinone was substituted with model quinones and
from ’O hyperfine splittings. This asymmetry of the two oxygens was attributed
to either different strengths of the hydrogen bonded protons or to the presence
of the positive charge on Zn** that had been substituted into the Fe** site. The
difference in the observed hyperfine splittings of Q; and Q; is presumably related
to the change in redox potential that leads to the electron transport for Q; and
Q;. Also by using a simple dipole-dipole approximation these authors estimated
the bond lengths of the hydrogen bonded protons in both Q; and Q;.
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Although a great deal of information has bceﬁ obtained from these
experiments the picture is not completed yet. The matrix ENDOR lines have
not been explored in detail, in particular, the difference between the ENDOR
spectra of Q; and Q;. Also a study of the pH dependence of the spectra may
give some information about the proposed proton uptake by the semiquinones
(113,114). The ENDOR spectra from metal-free reaction centers may provide
more information about the structure of the metal complex, the binding site, and

the function of the Fe®* or other divalent ions substituted into this site (110).

It was first suggested by Weaver that Y, was a plastoquinone (PQ)
radical (115). Kohl and Wood tested this hypothesis by extracting PQ from
chloroplasts from green plants and reconstituting them with deuterated PQ
(116). The narrowing of the Y,' EPR signal as a result of the reconstitution
with deuterated PQ gave support to Weaver’s idea. EPR simulations of the Y,'
spectrum based on a plastosemiquinone anion radical also provided support to
the PQ model for the species Y, (117). However, based on the requirement of
a high redox potential for Y,' and on its spectroscopic properties it was pro-
posed that the species responsible for Y," and Y," was a PQ cation radical
(49,118). EPR on oriented membranes was used to assign the major, partially
resolved hyperfine splittings in the Y,' and Y,' EPR spectra to the 2-methyl
group of the plastoquinone molecule. It was also suggested that the orientation
of the radical with respect to the membrane plane was such that the ring of the
PQ cation radical was perpendicular to the membrane plane (49). An indirect
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way to test the hypothesis that Y, and Y, are plastoquinone molecules is by
determining quantitatively the amount of plastoquinone in the PSII system by
using high performance liquid chromatography (HPLC). Such a determination
was done by Takahashi and Katoh (119) and by deVitry ef al. (120). In their
experiments they extracted PQ from PSII preparations and analyzed the organic
extract by HPLC. The former group found 2 PQ/PSII while the latter found only
1.15. f Y,' and Y,' are both plastoquinone molecules there should be 4
plastoquinone molecules per reaction center, one for Q, and one for Q,, one for
Y,' and one for Y,'. There are some possible explanations for their results:
a) Y, and Y, are covalently bound; b) Y, and Y are trapped by the denatur-
ation of the membrane which collapses around these species upon addition of
organic solvent; c) Y, or Y, are not quinones. The results presented in Chapter
3, in which the PSII membranes were digested or "open" prior to the extraction
with organic solvents, shows that there are only about 2 quinones per reaction
center, suggesting that Y, and Y, are not plastoquinones molecules. These
results agree with those presented by other workers (119,120) and give support
to the tyrosine origin proposed by Barry and co-workers (15).

A more direct way of determining the structure of these radicals is by
using ENDOR spectroscopy. In Chapter 4, I assign the main couplings of the
Y," ENDOR spectrum by using oriented PSII membranes. By using these
samples we have been able to obtain the ENDOR signal corresponding to the
a-protons at the 3-5 positions. These signals possess a high anisotropy making

them hard to detect; by using oriented samples, however, the relative
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concentration of the sample is increased as compared to an unoriented or
powder sample. A complete picture of the unpaired spin density distribution on
the tyrosine aromatic ring was obtained by using the hyperfine coupling constants
for each set of protons. The unpaired spin density distribution obtained from
these calculations is in agreement with the expected spin density distribution in
tyrosine model compounds. I have calculated the dihedral angle (Equation 3) for
the methylene protons within the tyrosine model. The apparent quartet structure
observed in the Y,' EPR spectrum can be explained in terms of near degeneracy
between one of the S-methylene protons and the two a-protons at the 3-5
positions. Also the orientation of the Y,' radical with respect to the membrane
plane was elucidated.

A second approach to study this radical and its environment was to try to
exchange any exchangeable hydrogen with deuterium in the radical binding site.
After incubating the PSII membranes isolated from chloroplasts no noticeable
change was observed in the Y," EPR spectrum. But when the ENDOR spec-
trum was analyzed, several differences were observed between the exchanged
sample and the control sample (i.e., one that had received the same treatment as
the exchanged sample but for which protonated solvents instead of deuterated
solvents were used). We found that changes occurred more quickly in the
so-called matrix region. This region around the free proton frequency has been
attributed to dipole-dipole interactions between the radical and the more distant
amino acid protons in the binding site (121). Under conditions in which the

D,0 exchange is not complete (as described in Chapter 5) several resonances
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are absent in this matrix region indicating a rapid exchange. A pH effect was
observed: samples at different pH’s (e.g., pH = 6.0 compared to pH = 7.5)
show different intensities and ENDOR transitions after the exchange process.
Because the matrix region contains resonances from protons more remote from
the radical, it is not surprising that it responds more rapidly to the conditions in
bulk water.

If the samples are incubated for 6 hours at pD = 7.5, freeze dried and
resuspended in D,O a more complete exchange was obtained. With the help of
previous work on model quinones (122) we assigned two resonances (3.5 and
7.1 MHz) to a hydrogen bonded proton. The axial nature of the hyperfine
tensor and the fact that it is essentially traceless support this conclusion. Also
we conclude that the binding site for Y, and probably for Y,* is well shielded
from the bulk water (as indicated by the slow exchange). In addition by using a
dipole-dipole approximation we have calculated the bond length for the hydrogen
bonded proton.

It will be shown that in combination with computer simulation of the
oriented EPR spectra, the use of oriented PSII membranes, theoretical calcula-
tion, D,O/H,O exchange, and ENDOR spectroscopy, detailed information about
the structure, unpaired spin density distribution and the orientation of the

tyrosine radical in the membrane can be obtained.
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CHAPTER 2
EPR AND ENDOR SPECTROSCOPY
Introduction
In electron paramagnetic resonance (EPR) spectroscopy electron spin

transitions between different electronic Zeeman levels are stimulated. The
coupling of the unpaired electron(s) with magnetic nuclei leads to the splitting of
these levels into hyperfine sublevels, thus increasing the number of EPR
transitions. Delocalization of the unpaired electron in an organic #-radical
results in the coupling between this unpaired electron and all magnetic nuclei
within the sr-system creating in this way a multispin ensemble. If the coupling
constants are the same for the different interacting nuclei of the same spin the

number of resonance lines L, is given by (1):
Ly = 2IN + 1 (1)

where N is the number of nuclei with spin . The relative intensities, C, for the

case of I=1/2 follows the binomial series:

T
C=18K)t KI (2)

where K =0,1,2,---N.

30



dfer
e

Te8r

ane
fie);

Soly



31
If, on the other hand, the coupling constants for the different nuclei are
different, as for example the radical of triphenylmethyl with one set of three
equivalent protons and two sets of six equivalent protons, then the number of

resonance lines is given by:

L, = (2N,I, + 1)(2N,I, + 1)+ « (2N, I, + 1)

k
= Il (2N,I, + 1) (3)
i=]

Therefore the number of lines increases multiplicatively with the number of
non-equivalent nuclei and it may increase to such an extent that the individual
lines can no longer be resolved. For our example of triphenylmethyl we would
expect theoretically 4x7x7 = 196 lines. This high density of spectra lines is one
of the limitation in EPR spectroscopy. This limits the utility of this technique in
the investigation of large organic radicals because of its insufficient resolving
power.

One way of improving the resolution in EPR is offered by double reson-
ance methods in which the sample is simultaneously irradiated with two resonant
fields. Electron nuclear double resonance (ENDOR) was first used by Feher in
the study of solids (2) and later applied by Hyde and Maki to organic radicals in
solution (3). This technique overcomes the resolution problem in EPR by
introducing additional selection rules. If we consider just the isotropic

interactions between the unpaired electron(s) and the magnetic nuclei we have
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seen that the number of lines in EPR increases multiplicatively (Equation 3)

whereas in ENDOR they increase additively:

L = 2M (4)

where M is the number of nonequivalent groups of protons. If we compared the
EPR and ENDOR spectra of the bis (biphenylylene) allyl radical we see that
from the 1250 lines expected in the EPR spectrum (5x5x5x5x2) only about 400
are observed. The ENDOR spectrum, on the other hand, shows all five possible
line pairs, one for each set of equivalent protons (see Figure 2.1). The hyperfine
coupling constants can be extracted without too much difficulty. However,
unequivocal assignments of this coupling constants to individual groups can only
be achieved by selective isotopic labelling.

The magnetic moment u, associated with the spin of an electron is given

by the following equation:

H, = -gBS (5)

where B is the Bohr magneton, g is the so-called g value for the free electron
cqual to 2.0023; S is the spin of the electron which is equal to 1/2, meaning that
the spin angular momentum is equal to = 1/2 (h/2m) where h is Planck’s

constant. In an homogeneous magnetic field, the direction of the spin angular
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Figure 2.1. EPR Spectrum in CCl, (T=293K) and ENDOR spectrum in
mineral oil (T=330K) of bis (biphenylylene) allyl radical. From
reference 11,
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momentum is restricted to = 1/2 (h/27r). This means that there are two possible
configuration for the alignment of the spin magnetic moment with respect to the
magnetic field: a parallel and an antiparallel configuration, which correspond to
the Zeeman levels of the unpaired electron. The energies associated with these

levels are + 1/2 gBH and the resonance condition for these two Zeeman com-

ponents is given by:

hv = gpH (6)

where H is the magnetic field and v is the resonance frequency. The electron
paramagnetic resonance experiment is performed by placing a sample in a
microwave cavity in the presence of an homogeneous magnetic field of several
thousands gauss and constant microwave frequency. The magnetic field is swept
until Equation 6 is satisfied and an EPR signal is recorded. However, the
situation is not as simple as it appears from the above discussion. The EPR
spectra usually do not consist of a simple absorption line but is a more complex,
multiline spectra. This observation leads to the conclusion that the magnetic

field experience by the unpaired electron can be described by:
H=H, + H, (7)
where H, is the external applied magnetic field and H, is a perturbing field

originating in the sample itself. H, gives rise to the observed hyperfine

interaction between the unpaired electron and a nearby nucleus. This perturbing
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field can be divided into two different parts: an isotropic or orientationally
independent part and an anisotropic part which arises from dipolar interactions.
In solution, where molecules tend to be tumbling rapidly (see discussion below),
the anisotropic part of H, averages to zero and therefore the EPR spectrum is a
result or measure of isotropic interactions. When the radical is immobilized the
dipolar interactions are no longer averaged to zero and the contribution to the
spectra from the anisotropic part of H, can be observed. However extracting the
principal anisotropic elements of the H, tensor from this immobilized spectra
may be difficult due to the fact that all possible orientations of the radical with
respect to the external magnetic field are present. But studying immobilized
radicals by ENDOR both the isotropic and anisotropic parts of H, can be
obtained. This will be discussed in more detail in the next sections.
Electron Nuclear Hyperfine Interaction

The interaction between the electron and magnetic dipole gives rise to the
hyperfine splitting observed in an EPR spectrum. The direction of the compo-
nents of the electron and nuclear-spin angular momenta in a magnetic field are
defined by M, and M, where M, = x 1/2 and M, can have 2I+1 values between
~I and L. The splitting of the electronic Zeeman levels, which are defined by
M,, into sublevels defined by M,, is a direct result of this hyperfine interaction.
This hyperfine splitting is governed by the selection rules AM, = %1 and
AM, = 0. A single proton (I = 1/2) will split each Zeeman level into two
sublevels giving rise to a two line spectrum. In general, the number of

resonances lines are given by Equations 1 and 3.
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Spin Hamiltoni

The spin Hamiltonian for the simplest case of a radical with one unpaired

electron (S = 1/2) and one magnetic nucleus (I = 1/2), e.g, a proton is:

H-p§-§-§+h§-ﬁ-i-g,p,£-ﬁ (8)

where B = Bohr magneton

§ = electron spin operator

é = electron g tensor

H = external Zeeman magnetic field vector

h = Planck’s constant

1:\ = hyperfine coupling tensor

:E = nuclear spin operator

g, = nuclear g value
B, = nuclear magneton

The first item in this equation is called the electron-Zeeman term and describes
the interaction between the applied magnetic field and the unpaired electron.
The magnitude of the Zeeman splitting is dictated by the g-tensor which
describes one of the orientation dependent magnetic interaction encountered in
an EPR experiment. The third term is called the nuclear-Zeeman term and it
has little effect at X-band frequencies (4). If the orbital angular momentum of
the unpaired electron were completely quenched, the g-tensor would be isotropic
and equal to the free electron g-value, 2.0023. However, deviations from this

g-value have been observed and interpreted in terms of spin orbit interactions
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between ground and excited states of the radical (5,6). If the orbital of the

unpaired electron is a carbon 2P, orbital, the observed g-shifts when the field is
applied perpendicular to the z axis are a result of the following: promotion of a
o-bonding electron to pair with the odd electron in the r-orbital, which gives a
positive g-shift approximately equal to 2§/v, where § is the spin orbit coupling
constant and v, is the frequency of the electronic transition ("promotional
frequency"). The other effect which is reflected as a g-shift is a promotion of the
odd electron from the mr-orbital into an antibonding orbital to give a negative
g-shift approximately equal to -2¢/v,, where v, is the promotional frequency of
this transition. In general the promotional energy corresponding to v, is greater
than that corresponding to v, and therefore g, and g are expected to be
greater than the free electron g-value. The value of g . can only be affected by
promotion of a o-bonding electron to an antibonding state. The high energy
required for this transition means that g, . will be close to the free electron value,
and therefore the z axis is expected to be the direction of the minimum g-value
for the radical.

The second term in Equation 8 describes the interaction between the
unpaired electron and a nucleus of non-zero spin. This interaction is referred to
as the electron-nuclear hyperfine interactions. This term represents the hyperfine
interaction between the electronic and nuclear spins, which is described by the
tensor j. This term is usually divided into two parts: the orientation-
independent part (isotropic), which describes the so-called Fermi contact

interaction (7), and the orientation-dependent part (anisotropic), which arises
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from dipolar interactions between the electronic and nearby nuclear magnetic

moments. Therefore the hyperfine interaction can be described by the following

equation:

>i>
[
[ |
[+})
wno»
- >
+
>
s>
>

s - (9)

where a is the isotropic hyperfine coupling constant and T is the dipolar
hyperfine tensor. The first term in this equation is known as the Fermi contact
term and the second term is known as the dipolar coupling term.

I ic Hyperfine I .

The first term in Equation 9 can be written as:

a8 - = (2F) gBg,p, |¥,|%8 - i (10)

where § , is the electron wave functions evaluated at the nucleus. This
equation predicts that the hyperfine splitting can only be observed if the
probability of finding the unpaired electron at the interacting nucleus is different
than zero. It is apparent from this equation that the isotropic hyperfine
interaction will only be nonzero if | ,,|? is nonzero ie., if the orbital of the
unpaired electron has s-character. For a proton the differences in magnitude of
the isotropic coupling can be as large as 500 gauss in the hydrogen atom and as
small as a few milligauss for some proton in organic radicals. Why should

|, |? vary so much? We can find the answer to this by analyzing the shape of
the atomic and molecular orbitals: p and d atomic orbitals and 7r-molecular

orbitals have zero density at the nucleus (ie., |, |* vanishes) and orbitals of
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this type can not give rise to isotropic splitting. Therefore, |¥,|* depends on
the amount of s-character of the orbital or in a molecule the amount of a sigma
character.
Ani ic Hyperfine I .
The second term in Equation 9 corresponds to the anisotropic or direction

dependent part of the effective Hamiltonian. This term can be written as:

§.7.7a [gBg,B,(3cos’® - 1)/r’18 - 1 (11)

where r is the vector between the electron and the nucleus, 68 is the dipolar angle
between r and the applied magnetic field. This is an oversimplification of the
dipolar Hamiltonian and it only holds true under the following conditions:
1) The g-value is isotropic
2) The dominant energy term is the electronic Zeeman term allowing
the quantization of S to be along the applied magnetic field, also i
is assumed to be quantized in this direction (taken to be the z
axis).
3) The x and y components of the S and 1 matrices are neglected
because they are assumed to be quantized along the z axis.
4) Assume that a p-orbital on the interacting nucleus is the one that
interacts with the unpaired electron.
When a radical is tumbling fast in solution, ie., at a rate faster than the
reciprocal of the hyperfine frequency (see Equation 12 below) then the field at

the electron due to the nuclear dipolar interaction will average to zero.
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Therefore we may expect to see dipolar hyperfine interaction only in a viscous
liquid, a solid or an immobilized radical. In these types of systems collision are
so infrequent that all orientations in space can not become magnetically
equivalent during a time shorter than the reciprocal hyperfine frequency Av:

Ay = gﬁﬁﬂ (12)

where AH is the hyperfine splitting. A splitting of 1 gauss, at g = 2.0 will give a
frequency of about 2.8 MHz which corresponds to a time of 3.5 x 107 sec. The
characteristic time for random tumbling of a molecule in a liquid is in the order
of 107*° sec., that is, sufficiently fast relative to the limit imposed by the
magnitude of most hyperfine interactions.
ENDOR
The derivation given here follows that given by Wertz and Bolton (8).
Before going into a detailed description of the ENDOR processes, let us look
briefly at a simple ENDOR experiment on an immobilized radical with S = 1/2
and I = 1/2. Figure 2.2 shows a general block diagram of an EPR-ENDOR
spectrometer. Suppose that we have two hyperfine lines with resonant field at
H, and H_ as pictured in Figure 2.3 with an arbitrary g-value and a coupling of
20 MHz. An ENDOR experiment will proceed in the following way:
1) A sample is placed in the ENDOR cavity; the EPR signal is
optimized by adjusting several spectrometer parameters and the
field is locked at the desired position, let us say H,.
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Figure 2.2. General block diagram of an EPR-ENDOR spectrometer.
From reference 11.
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2) The microwave power is then increased to partially saturate the
EPR signal in part 1.

3) An oscillating radio frequency is applied to the sample by means of
a frequency generator. This creates a magnetic field H_, on the
sample. With the frequency generator, the 10-20 MHz region is
scanned while the intensity of the EPR signal is recorded. Besides
noise, the base line should be constant indicating a constant EPR
absorption. The horizontal axis will be a measure of the frequency
of the rf generator.

At frequencies v,, and v, of the rf generator two signals will be recorded
(Figure 2.4), one for the electron coupled parallel to the applied magnetic field
and the other with it antiparallel. These signals represent changes in the EPR
absorption intensity which is the ENDOR spectrum. If we measured the fre-
quencies of these lines at the maximum of each peak we will see that the
difference between v, and-vu is numerically equal to the hyperfine coupling,
that is 20 MHz that we obtained from the EPR spectrum in our example but
measured with a greater precision. Also the mean of the absolute frequencies of
v,, and v_, will be close to the NMR frequency (v,) of the nucleus in the field
H,. Since v, = g B,Hh, if the nucleus responsible for the hyperfine splitting
had been uncerta.in, it would have been possible to establish its identity from the
value of g,. If we repeat the experiment, but setting this time the magnetic field
at H_ instead of H,, an ENDOR spectrum similar to the one previously
described would be recorded. However, the relative intensities of the two
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ENDOR lines may not be the same in the two spectra. The ENDOR lines
typically represent a change of about one percent of the EPR line intensity,
therefore a spectrometer with high sensitivity is required. Even though sensitivity
may be a problem in ENDOR spectroscopy, the information that can be
retrieved from an unresolved EPR spectrum, e.g., hyperfine coupling constant,
identity of an unknown interacting nucleus, quadrupole couplings in a system with
I21, is invaluable. Before considering the so-called steady state ENDOR
experiment in detail, let us look at the energy levels and possible transitions of
this system.
ENDOR Levels and ENDOR Transitions

To obtain a full description of the lines observed in an ENDOR spectrum
we need to return to the full Hamiltonian including the nuclear Zeeman term
(and quadrupole term if I = 1). We also need to consider each state at low
microwave power and during or immediately after going through one of the
frequencies v,, or v, at high rf power. The relative populations of each state
depends on the relaxation mechanisms within the system, which in turn affects
directly the behavior of the ENDOR resonances in the spectrum. These
relaxation processes will be considered in more detail in the next section.

An effective spin Hamiltonian describing the interaction between a nucleus
(I = 1/2) and an electron (S = 1/2) in a magnetic field was presented earlier
(Equation 8). This Hamiltonian can be simplified by assuming a fixed magnetic
field and a fixed orientation of a single crystal such that effective g and A values
may be used. Therefore Equation 8 becomes:
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H=p - SgH + haAS- T - gB, I - & (13)

The first-order energy levels (W, ;) obtained from this Hamiltonian are:

W12 = 1/2 gBH + 1/4 hA - 1/2,g.8.H (14a)
W52 = 1/2 gBH - 1/4 hA + 1/2 g,B8,H (14b)
W.,/2,.12 = -1/2 gBH + 1/4 hA + 1/2 g B8R (1l4c)
W12 = -1/2 gBH - 1/4 hA - 1/2 g B H (14d)

where g = electronic g-value

B = Bohr magneton

H = external magnetic field

h = Planck’s constant

A = hyperfine coupling constant
g, = nuclear g-value

B, = nuclear magneton

‘These energy levels are schematically represented in Figure 2.5a and b; the
nuclear transitions at frequencies v,, and v_, are also shown. These nuclear
transitions are determined by the selection rules AM, = 0 and AM, = *1. In an

ENDOR experiment we do not try to look directly at the absorption of rf power



VT e . -
B N FR R D R T it it
B B TR~ AR AY A,




Figure 2.5.

51

Energy levels of a system with S = 1/2 in a constant magnetic
tield. The EPR transitions are shown with wide arrows. The
solid line represents nuclear transitions which will give rise to
ENDOR lines. Microwave saturation of the transition M, = +
1/2 (hv,,) (8). Microwave saturation of the transition M, = -
1/2 (hw,) (b). Energy levels at constant microwave frequency
(c). From reference 11.
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at v, and v,, but we look for the changes in the EPR transitions as the
population of various states is redistributed. The energy difference for the

allowed transitions can be obtained from Equations 14a and 14b:

|W1/z,1/z - wuz,-uz' = hy, = |hA/2 - g,B,H| (15)

Equation 15 can be rewritten as:

Vo, = |A/2 - gBH/h| = |A/2 - y,| (16)

In the same way we obtain for v, the following equation:

Vo = |A/2 + g BH/h| = |A/2 + y| 17)

The reason why absolute magnitude are used in Equations 15, 16 and 17 is
because the order of the energy levels can not be established because an
oscillating rf field is used in the ENDOR experiment and we can obtain only the
energy difference between the energy levels, ie., we are unable to determine
information on the sign of A from the simple ENDOR experiment we consider
here. The principal results obtained from the magnitudes of v,, and v_, are the

determination of the hyperfine coupling A from

lAI - vnl x vnz (18)
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where minus sign applies when |A|/2 < v,. An inhomogeneously broadened
EPR line is composed of an envelope of many single spin packets; a spin packet
is defined as a homogeneously broadened line. The spin-spin relaxation time T,,
is the main cause of the inhomogeneous broadening observed in the EPR line.
In an ENDOR experiment one spin packet of width I' = 1/T,_ is saturated and
only spins with this packet take part in the ENDOR transitions. In addition to
T,,, anisotropy of the g-tensor and hyperfine interactions contribute to EPR line
broadening. ENDOR will only depend on the anisotropy of their hyperfine
interactions. The net result is that resonance lines are usually narrower in an
ENDOR spectrum than in an inhomogeneously broadened EPR spectrum which
facilitates the measurement of the hyperfine coupling from ENDOR frequencies.
ENDOR lines often have linewidths of about 10 KHz, but they have been
observed to range from 3 KHz to 1 MHz.

The concentration of the nuclei present in most EPR and ENDOR
experiments is usually too low to permit their NMR detection; that is why
ENDOR is used instead of performing an NMR experiment at the nuclear
resonance frequency. This greater sensitivity of the ENDOR experiment over
regular NMR is due to the following: 1) since the energy of the EPR quantum
is greater than that of the NMR quantum, one may have much greater difference
in population for the more widely spaced levels. 2) The fact that the nucleus is
not only acting in the applied magnetic field but also in the magnetic field of the
electron (which is usually on the order of 10° to 10° gauss at the nucleus)

increases the effectiveness of the interacting nucleus in changing the intensity of
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an EPR line during an ENDOR experiment. Therefore a greater population

difference can be induced than if only an external magnetic field determines

these population differences.

Even in our simple four level system (Figure 2.5), there are at least three
different relaxation times that govern the distribution of population among the
energy levels in an ENDOR experiment. These relaxation times not only dictate
the temperature range over which the experiment can be performed, but also
other experimental conditions such as microwave power; furthermore, these
relaxation times determine the nature of the observed ENDOR spectrum.
Besides T,,, the spin-lattice relaxation time, one is concerned with T, , the
nuclear spin-lattice relaxation time and T,, the cross relaxation time. When
there are no microwave or rf fields present, the reciprocal of these relaxation
times, T,,, T,, and T,, represent the transition rates between the levels which
they connect (see Figure 2.6a). T, is associated with the nuclear transitions
(AM, = 0, AM, = =x1) and the cross relaxation times T, is associated with the
"spin flips", that is, processes for which A(M; + M,) = 0. In general,

T,, << T, << T,,. Usually to do an ENDOR experiment in the solid-state one
has to work at very low temperature (~4K). Under these conditions microwave
power saturation can be achieved without too much problem because T,, is
relatively long. A longer T,, also means that the nuclear transitions (ie., AM, =
*1) will be able to compete with the electronic (ie., AM,; = =1) transitions. One

may define the relaxation time T,, based on the width of a normalized line:
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Figure 2.6. Relaxation paths for a system with S = 1/2 and I = 1/2 and are
labeled by their relaxation times as described in the text (a).

Relative state population in the absence of a microwave mag-
netic field (b). From reference 11.
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1/T,, = k 4T (19)

where

T is half the linewidth at half height

k is a constant which depends on the lineshape

v, is the electronic magnetogyric ratio.

T,, can be no shorter than T,, to avoid contribution to line broadening from
spin-lattice relaxation. If T, is not too long and if the above condition holds (ie.,
T,, 2 T,,) one may achieve a steady-state condition.

Let us look in more detail at the steady-state ENDOR experiment
described for our system with S = 1/2 and I = 1/2. The microwave field H,,
necessary to partially saturate the EPR signal will be at its optimum value when
v,? H,*.T,.T,, = 3 (9). The next step is to increase the power level of the rf
generator and hence the amplitude of the rf magnetic field H,,. This H,, is set
8O that Ny, the rate of upwards transitions at v,,, is relatively large when
compared to the reciprocal of T,, that is Ny = 1. In other words a large value of
H,,, is required to allow the transitions AM, = 0, AM, = 1 to compete with the
A(M, + M,) transitions, the latter transitions correspond to cross relaxation
Processes. When the rf generator frequency passes through the value v_,, an
ENDOR line is observed. The ENDOR line corresponding to v_, will be also
Observed when the rf generator goes through the frequency v_,. If the only
cffective relaxation pathways were those that we have just discussed, it would be
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necessary to saturate the line at the H_ field after going through the frequency
v,, before being able to see the ENDOR line corresponding to v_,.

The next subject that we need to consider is the relative populations of
the energy levels under different conditions. If no external magnetic field is
present, the population for our simple 4 level system would consist of four
degenerate levels with the individual populations at each level equal to N/4,
where N is the total number of unpaired electrons. If we now applied an

external magnetic field, the populations of states will be:

N H N
M, =+ 1/2 N, = —— exp (- gﬁT ) =~ —— (1 - € (20a)

N H N
M,=-1/2 N,,= —2 eXP (+ gﬁl‘) = —2 (1 + €) (20b)

where € = gBH/2KkT, k is the Boltzman constant and T is the absolute
temperature. To avoid repeating the use of the factor N/4 all population
numbers will be divided by it, therefore Equations 20a and 20b will become 1 - €
and 1 + ¢, respectively. These populations are schematically represented in
Figure 2.6b. If for example the M, ,, transition is induced by a microwave field,
the only relaxation path will be T,, (Figure 2.6b) because the relaxation through
T, will be too slow since T, is in series with it and T,, << T, << T,
Although the ENDOR experiment only involves partial saturation of the
€lectron spin transitions let us assume, for the sake of simplicity, total
©Qualization of populations of states M, = 1/2 and M, = -1/2, these are shown
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in Figure 2.7a and 2.7b, respectively. To be able to saturate the M, = 1/2
transition we should note that the |1/2,1/2> and |1/2,-1/2> states have a
population difference equal to ¢, but in the absence of microwave saturation the
difference is equal to ¢, = g 8 H/2KT. Therefore, if a short circuiting path is
provided, there could be a partial depopulation of the |1/2,1/2> state as
compared to the |1/2,-1/2> state. This short circuiting path is provided by the rf
field at the v, frequency. The rate of transition between the |1/2,1/2> and the
|1/2,-1/2> states must be at least equal to T,™. If, on the other hand, the M, =
-1/2 transition is to be saturated, it will be the |1/2,-1/2> and the |-1/2,1/2>
states which will go through the "depopulation" process. The difference in
population will be again ¢, and the rf field at v, will induce the nuclear
transition and therefore an ENDOR line.

It can be seen that the magnitude of the "ENDOR effect" depends upon
the relative magnitudes of the relaxation times, T,_, T, and the cross relaxation
time T,. Optimum ENDOR signals are obtained when T,_ and T,  are
comparable.

ADi ic Hyperfie I .

As discussed above when a radical is tumbling fast in solution all the
anisotropic interactions are averaged to zero but when the motion is slowed
down this is no longer true. We have to understand these anisotropic
interactions to be able to analyze the ENDOR spectra of powders and

non-oriented solids.
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Let us consider the case of an organic radical in a single crystal. To
simplify the explanation we are going to assume that the g-tensor is isotropic but

A, the hyperfine coupling tensor is not. The spin Hamiltonian describing such a

system will have the following form:

H=gpH + § -gpBH I +hS§ - A1 (21)

-~

where A is composed of nine cartesians components representing the coupling
between the tensors S and I each of which consist of three vector components
(9). If we choose a set of laboratory axes x' y' z', and take the direction of the
magnetic field along the z' direction and use the strong field approximation, ie.,

that the electron Zeeman interaction dominates, we can rewrite Equation 21 as

H = gpnl'sx' = gﬁlB:'Is' + h(sz'As'x'Ix' + s:'As':’I:') (22)

Since we took the magnetic field along the z' direction all the S,, and S, terms
in Equation 22 are eliminated. Then if we take S = 1/2 we will have the

following expression for the ENDOR frequency:
Voo ™ |V t R/2| (23)

which is analogous to the expression:

Voo = |V £ A/2| (24)
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which is the general form of the "ENDOR resonance condition". R in equation
23 is equal to:

2 2 2 1/2
R = (A!'K' + A‘lyl + A’I’I)

(25)
If the crystal is oriented in such a way that the tensor is diagonal to the
laboratory x' y' ' axes system, then R = A_,_.. R can be considered as an
effective hyperfine coupling for each particular orientation of the radical with
respect to the magnetic field. As can be seen R depends on the orientation of
the radical with respect to the field and in general involves contributions of the
different components of the hyperfine tensor. From a study of R versus the
rotation angle of the external magnetic field around the axes of the single crystal,
all the components of A can be obtained. Let us briefly see how this is
accomplished. First the crystal is oriented by either its external morphology or
by X-ray analysis. Then orthogonal crystal axes are chosen, let us call them xyz.
In general for molecular crystals one must pick orthogonal axes that are not
symmetry axes of the radical or molecules in the crystal. The direction of the
external magnetic field relative to our xyz axes can be obtained by using the
direction cosines; 1, 1, 1, (9). Therefore we measure R from the ENDOR
spectra which in a general way is given by (9,10)

R = [ 1 (AL + AL + AL) + 13(A}, + A}, + A},)






+ 13 (AL + AL, +Al) + 211 (AA, +AA, +AA)
+ 211, (AA,, + A A, + A A,)

+ 211, (A A, + AA, + AA,)]" (26)
Equation 26, can be rewritten as (17):

R=[1]T, + 1T, +1]7T, +2L1T,

+ 21 1T + 211.°T

1/2
x“z"xz yzys]

where T,, are the elements of a symmetric tensor, that is, the square of the
hyperfine tensor. Therefore if we can obtain the T,, elements, then we can also
obtain the A,, elements.

To obtain the T,, elements we take data with each individual xyz
component perpendicular to the external magnetic field, then we calculate R by
using the direction cosines and Equation 26. Next the T matrix is rotated to a
new XYZ coordinate system and diagonalized. In its diagonal form T, = AZ so
the principal values of the diagonalized A tensor in the new coordinate system
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XYZ are determined. We can now separate the isotropic components from the

anisotropic components in the A tensor. The isotropic part is given by:

A, = 3(Ag + By + By) (27)

and the anisotropic components are given by:

By = Ay - Ay, (28a)
By = Ay - A, (28b)
Bu - sz = Aino (280)

We should note that the dipolar tensor is traceless, Le., the anisotropic
components add to zero. Finally, we must relate the principal axes of the total
hyperfine tensor in the new XYZ coordinate system to our laboratory axes
system xyz. This is done by calculating the direction cosines of the XYZ axes
relative to the xyz axes.

Unfortunately many radicals cannot be studied in single crystals because
the crystals are too small or no crystal can be obtained. The latter is particularly
true for biological systems. When studying a powder sample, where the mole-
cules are randomly oriented with respect to the external magnetic field, e.g.,
frozen radicals, biological samples, important information can still be obtained.
The concepts introduced in this chapter will be seen again in Chapters 4 and 5
where treatment of experimental ENDOR data will be discussed.
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CHAPTER 3
PLASTOQUINONE QUANTITATION IN PHOTOSYSTEM I MEMBRANES
Introduction

In 1959 Kofler and co-workers (1) isolated plastoquinone (PQ, Figure
3.1a) from dried lucerne. Interest in its physiological function arose after the
realization that a related substance, ubiquinone (Figure 3.1b), was involved in
mitochondrial electron transport. Plastoquinone, so named because of its
localization in the plastids of plant cells, and to avoid confusion with ubiquinone,
was found to occur exclusively in oxygen-evolving material: algae, including blue
green algae, and higher plants (2-5). It soon became apparent that plasto-
quinone is not a single substance but a series of related substances that can be
isolated from green plant material. The most abundant and probably the most
important is plastoquinone 9 or PQ, (6), also known as plastoquinone A. Its
structure was elucidated by Trenner et al. (7) and by Kofler (1). Studies of
photosynthetic reactions (8-11) indicated the importance of this species in serving
in several functions in Photosystem II (PSII).

The first demonstrated protein bound quinone in photosynthetic systems
was the primary acceptor quinone of reaction centers from the photosynthetic
bacterium Rhodobacter spheroides (12-16). The electron acceptor system of these
Teaction centers is now recognized as a complex containing two ubiquinones (Q,

and Q,) acting in series as primary and secondary acceptor quinones (16-18). An
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Figure 3.1. Structure of plastoquinone-9 (a) and ubiquinone-9 (b).
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iron atom (Fe**) is located close enough to interact magnetically with semi-
reduced forms of both acceptor quinones (18-21), but is not directly coordinated
to them (22). Although iron may be involved in electron transfer between them
(23), this function is not certain (24). Klimov ef al. (25) demonstrated that a
similar iron-PQ acceptor complex was present in PSII. The iron does not under-
go changes in oxidation state during the electron transfer reactions. In photo-
synthetic bacteria, as in PSII, iron is coupled to Q, and Q, (26). Replacement of
this metal by other divalent cations, e.g., Mn**, Co** Cu®, did not show any
changes in the electron transfer characteristics of the iron-depleted reaction
centers; however, the presence of a metal ion is necessary to establish the native
electron transfer properties of Q, (27). DeVault has suggested that the role of
the iron is primarily electrostatic (28).

Besides Q, and Q,, plastoquinone has also been implicated as playing a
role on the donor side of PSIL EPR and optical data, as well as
extraction/reconstitution results, had been interpreted to indicate that the radicals
that give rise to characteristic Signal II EPR spectra, Y,' and Y,' were plasto-
quinone cation radicals (29-32). The Y,' species acts on an intermediate
electron carrier between the oxygen-evolving complex and the reaction center of
PSIL, P,,, (35). The Y,' species has an EPR spectrum essentially identical to
Y,® but its function has yet to be elucidated. A donor side specific plasto-
Quinone requirement was also suggested by the results of electron tfansfer assays
in membranes that had been extracted and reconstituted with a variety of vari-

Ously substituted quinones (9). Although recent work now strongly indicates that
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Y, and Y," are tyrosine radicals, the possibility that an additional quinone
requirement occurs on the donor site of PSII remains. Quinone quantitation is a
means by which to assess this possibility and, in fact, played an important role in
casting doubt on the assignment of Y," and Y, as plastoquinone species
(23,24,33,51).

There have been several determinations of the concentration of quinones
in PSII membranes (23,24,33). In these studies between one and two quinones
per reaction center were found. These groups used organic solvents to extract
the quinones from the membranes without any chemical treatment prior to the
extraction. Under these conditions quinones from acceptor side (i.e., Q, and Q)
are most likely to be extracted, because they appear to be fairly loosely bound
and probably close to the surface of the membrane (16). If PQ species are also
functional on the donor side of PSII, they might be deeper in the membrane
structure and therefore more difficult to extract. If there are quinones buried in
the membrane protein, denaturation by organic solvent addition could cause the
membrane to collapse around the quinones and physically trap them before they
are released into solution and hence before the extraction is completed. By
disrupting or digesting the membranes with, for example, urea or chymotrypsin
prior to the extraction with organic solvents, the possibility of the quinones being
trapped by the membranes is likely to be reduced.

In the experiments reported here we have used high pressure liquid
chromatography (HPLC) to determine the amount of plastoquinone present in

PSII membranes. Different chemical and enzymatic treatments were used prior
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to the extraction of the membranes with organic solvents. The release of
quinones as a function of the incubation time under these various treatments was
also studied. An average of 1.52 + 0.23 quinones per reaction center was found.
This number is in agreement with those previously reported (23,24,33). This
suggests that there are no PQ molecules deeper in the membrane structure of
PSII membranes.

Materials and Methods

Market spinach was used for preparing chloroplasts. Leaves were kept in
the dark at 4°C prior to use, then washed in cold distilled water and deveined
under low light conditions. They were broken in a Waring blender for 12 s in a
standard reaction solution containing 0.4 M NaCl, 20 mM HEPES, 2 mM MgCl,,
1 mM EDTA and 2 mg/ml bovine serum albumin, pH adjusted to 7.5. The
homogenate was then strained through 8 layers of cheese cloth and centrifuged
for 2 minutes (5,000 rpm, SS - 34 Sorvall rotor) at 4° C. The pellets were resus-
pended in a medium consisting of 0.5 M sucrose, 2 mM phosphate, pH adjusted
to 7.5. Chlorophyll concentration ranged between 1-2 mg chlorophyll/ml as
determined by the Sun and Sauer method (36).

The extraction and purification of PQ, from these chloroplasts is based on
modifications to procedures described by Barr et al (37). The chloroplast
preparation (100 ml) was mixed with H,O (400 ml), isopropanol (500 ml), and
heptane (500 ml) in a ratio of 2:2.5:2.5. The mixture was divided into three
equal aliquots, separated in erlenmeyer flasks and protected from light. The
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flasks were shaken on a reciprocal shaker for about 5 hours, after which the
contents of each flask was transferred to a separatory funnel and stored over-
night protected from light at about 12° C to allow phase separation to proceed.
The dark green epiphase (ie., organic phase) that formed was washed with a
mixture of methanol:water (1:1). The hypophase (iLe., aqueous phase) of this
mixture was discarded and the epiphase was stored protected from the light at
about 12° C. Under these conditions additional hypophase was formed and
discarded. The epiphase was washed with heptane and anhydrous sodium sulfate
(Na,SO,) was added. Then the mixture was filtered and rotovapped to dryness.

Column chromatography was carried out with silica gel (60-200 mesh,
Grade 950; MCB chemicals). The organic extract from the previous step was
dissolved in about 7 ml of heptane and added to the top of the column with a
pipet. After allowing this aliquot to soak evenly in the column, a solvent mixture
of ether:CH,Cl,:hexane(1:15:84) was used as a mobile phase. Most of the
carotenoids and chlorophyll were removed by this chromatography. The fraction
that eluted following these two components was collected and rotovapped to
dryness. A second chromatography was performed on the concentrate collected
in the previous separation by following the same protocol but using CH,Cl,:hex-
ane(15:85) as the solvent mixture. Plastoquinones were absorbed and held by
the column while some of the other components (xantophylls, chlorophyll and
carotenoids) in a yellowish fraction were eluted. After the yellowish fraction was
eluted the solvent mixture was gradually changed to a final mixture that consisted
of ether:hexane(50:50). The fraction collected with this last solvent mixture was
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concentrated by evaporation and redisolved in about 7 ml of heptane. A final
chromatographic separation was performed on this fraction. The solvent com-
position used for this step was ether:CH,Cl,:hexane (3:12:85). The first fractions
eluting from the column were rich in plastoquinones. The plastoquinones
obtained were then recrystalized from ethanol (200° proof). The absorption
spectra in Figure 3.2 show the UV optical characteristics of the plastoquinones
obtained by this method and those of a standard of plastoquinone (supplied by
Dr. P.F. Sorter from Hoffman-LaRoche, Nutley, NJ). The agreement is clear.
Analysis of PSII Membranes

PSII particles were isolated from spinach by following the procedures in
(38). The samples were treated at room temperature by using one of the
following before extracting with organic solvents: a) 1M NaCl, b) 8M urea, or
c) chymotrypsin (2 mg/mg chl at pH = 6.0). A control sample was used where
no treatment was given prior to extraction with organic solvents. All three treat-
ments were done as functions of incubation time. The protocols for subsequent
PQ, extraction and quantitation were based on those described by DeVitry et al
(24) After each treatment the membranes were extracted at room temperature
by using hexane or heptane and 0.4% methanol (MeOH). The results presented
here were obtained by using hexane extraction of PSII particles (270 mg of
chlorophyll), although both hexane and heptane mixtures gave identical deter-
minations of PQ,. To oxidize any endogenous reduced quinone and to keep the
quinones oxidized during extraction, the extraction was carried out in the pre-

sence of DCIP (270 umole/mg Chl). The samples were extracted three times
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Figure 3.2. Absorption spectra of oxidized (solid trace) and reduced (dash
trace) of PQ, extracted from spinach chloroplasts (a) and of a
standard of PQ, (b).
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with the hexane/MeOH mixture (=3-5 ml/per extraction) by shaking by hand in a
separatory funnel. The organic phase was collected, evaporated to dryness,
dissolved in n-heptane (=1 ml) and filtered with a sxhca Sep Pak (Waters
Associates). The Sep Pak was washed with benzene (=10 ml) followed by a wash
with a mixture that contained (3:2) hexane: CH,Cl, (=10 ml). The eluant was
evaporated to dryness and dissolved in ethanol (Aldrich, HPLC grade) and
applied to an HPLC column. HPLC was done on a Waters bondapack C-18
column (reverse phase, 3.9 x 30 mm) with methanol-isopropanol (3:1 v/v) at a
rate of 1.5 mi/min. The absorbance of the mobile phase was monitored at 254
nm, which is appropriate for the 255 nm absorbance maximum for oxidized PQ,
(Figure 2). Retention time for PQ, was found to be seven minutes by using a
standard solution of PQ, previously extracted and purified from spinach chloro-
plasts. To determine the percent recovery for these procedures a control
experiment was done with a standard of pure plastoquinone of known concentra-
tion. Under the conditions described at least 90% of the quinone was recovered.
Results

Figure 3.3 shows typical HPLC elution profiles for the PSII extracts.
Figure 3.3a is the elution profile of a standard sample of purified PQ. Traces
3.3c, 3.3d and 3.3¢ are the analysis of the extracts treated prior to the extraction
with chymotrypsin, 1M NaCl and 8 M urea, respectively. Trace 3.3b is the
control sample, ie., no treatment before the extraction and trace 3.3f is a sample
trace showing the background when the sample size was too large or the sample

was not filtered with a Sep Pak as described in the methods section.
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Table 1 shows the levels of PQ, found in PSII particles isolated from
spinach. Results represent an average of three measurements for each analysis.
The analysis of the organic extract gives an average of 7.19 + 1.1 nmol PQ,/mg
Chl. There are about 250 chlorophylls per reaction center in photosystem II
membrane preparations (39); taking the molecular weight of chlorophyll to be
890 g/mole, this gives a ratio of PQ, to PSII in our analysis of 1.5 PQ,/PSII. The
amount of PQ, found in the samples that were chemically treated prior to the
extraction with organic solvents and those samples with no pretreatment is the
same within experimental error.

In our initial experiments, partial reduction of the samples was detected
after the extraction. To keep all the quinones in the oxidized state DCIP was
added (24) and the samples protected from light. The presence of reduced
quinones gave inaccurate results for two reasons: 1) the retention time of
reduced PQ, is expected to be different from that of oxidized PQ,, and 2) the
absorption maximum for oxidized PQ, is 255 nm (40) and that of reduced PQ, is
290(40). The eluant was monitored at 254 nm and therefore, any reduced
quinones will go essentially undetected.

Figure 4 shows the time course study of release of PQ, from the mem-
branes. The release of the quinones takes less than a minute. The amount of
PQ, remains constant (with an average of 7.16 nmol PQ,/mg chl) even after 20
minutes of incubation in NaCl, urea or chymotrypsin. Longer extraction times
(more than 30 minutes) do not increase further the amount of PQ, found in the

samples.
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Table 1 LEVEL OF PQ, IN PSII PARTICLES

Molar Ratio
nmol/mg Chlp (PQ,/PSII particles)

No treatment 725 = 1.1 1.61
chymotrypsin 6.78 = 1.0 1.50
(2mg/mg Chl)

1M NaCl 693 = 1.0 1.54
8M urea 7.78 £ 1.2 1.74
*Tabata et al. 7.4 1.65
*Omata et al.* 83 1.85

*deVitry et al. 52 1.16

*No Treatment
‘in PSII's reaction centers =~ 50 Chl/p,,
®rom Clamydomonas reinharditi reaction centers
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Discussion

Three different methods for quantitation of plastoquinone have been
reported in the literature. The first method is based on solvent extractions of
plastid lipids, separation by thin layer chromatography (TLC) and spectrophoto-
metric analysis (4). The second method uses hexane extraction combined with a
separation step into a mixture of water and methanol to reduce interference
from chlorophylls and carotenoids (3). The organic extract is then examined as
in the previous method. The third method provides an analytical procedure to
analyze quinones quantitatively and utilizes high performance liquid chromatog-
raphy (HPLC) (23). The HPLC procedure is excellent for small sample analysis
and requires minimal sample preparation as compared to the other two methods.

The three methods mentioned above are based on extraction of the
plastoquinones from the membranes with organic solvents without any enzymatic
digestion or chemical pretreatment. The rationale for disrupting the membranes
before extracting with organic solvents is to reduce the possibility of quinones
being trapped within the membrane when these protein/lipid structures are
denatured by the addition of the organic solvents. For enzymatic digestion,
chymotrypsin (2 mg/mg Chl, pH = 6.0) was used. Chymotrypsin catalyzes the
hydrolysis of peptides in two distinct states (40). The first one is the combination
of the substrate with chymotrypsin to form an enzyme substrate complex. The
ester bond of the substrate is cleaved and water then attacks the complex and
regenerates the enzyme. Tests on various synthetic peptides as substrates

showed that the enzyme is an endopeptidase, ie., it can split certain types of
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peptide linkages wherever they occur in a peptide chain, in contrast to the
exopeptides which can split only terminal peptide bonds (42). Moreover,
chymotrypsin is specific for those peptide linkages in which the carbonyl function
is contributed by aromatic amino acid residues, e.g., tyrosine, tryptophan, and
phenylalanine; it also hydrolyzes the amides of these amino acids. The active site
in chymotrypsin has two distinct features, a hydrophobic zone for binding and
positioning the substrate in the active site and a catalytic portion for removing
and transferring the acyl group (Figure 3.5). Figure 3.6 shows some of the com-
pounds hydrolized by chymotrypsin (43). By treating the membranes with
chymotrypsin prior to extraction with organic solvents, the polypeptides can be
broken down to molecules of smaller size, thus allowing an easier diffusion of the
quinones into solution upon subsequent extraction with organic solvents.

From similarities of the bacterial reaction center in function and amino
acid sequence homology to Photosystem II, it was proposed that the D-1 and D-2
polypeptides carry the reaction center of PSII (44, 45). The model is based
on the homology of the bacterial and plant photosystem; the X-ray structure and
mutation data of the former allowed a detailed, but largely speculative, descrip-
tion of the Q, and Q, binding site of the latter (46). According to this model,
amino acids from the end of transmembrane helix IV (see Figure 3.7), from the
beginning of transmembrane helix V, and from the parallel helix between these
two and a stretched sequence between the end of the parallel helix and the
beginning of helix V make up the binding site of Q, and herbicides on the D-1
subunit (47). Trebst has proposed that the four histidines on helices IV and V
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Figure 3.5. Illustration of the active-site in chymotrypsin.
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Figure 3.6. Some of the compounds hydrolized by chymotrypsin.
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of both D-1 and D-2 subunits are involved in Fe binding (48). According to the
model the binding site of Q, is composed of a histidine (his), a peptide bond and
a tryptophan. Chymotrypsin cleaves the C-side of phenylalanine, tryptophan,
tyrosine, leucine, methionine and asparagine (see Figure 3.6). Therefore chymo-
trypsin should be able to release Q, and Q, from their binding sites. In addition,
chymotrypsin should facilitate the release of any other quinone buried in the
membrane structure by breaking down the protein structure and allowing the
quinone to diffuse and go into solution more easily.

Another approach to release the quinones from the membranes is to
unfold the membrane prior to extraction with organic solvents. 8 M urea was
used for this purpose (Figure 3.8). Although the mechanism of action of urea is
not fully understood, it is evident that it disrupts noncovalent interactions (42).
Polypeptide chains devoid of cross-link usually assume a random coil conforma-
tion in 8 M urea (43) as evidenced by physical properties such as viscosity and
optical rotatory dispersion spectroscopy. We would expect the same effect on
the PSII membranes. The folding through the membrane of the plastoquinone
and herbicide binding protein subunits of Photosystem II has been described by
Trebst (48). The model folding of the D-1 and D-2 polypeptides, in homology to
the L and M subunit of bacterial reaction centers predicts five transmembrane
helices and three parallel helices. The proposed folding of D-1 and the D-2
polypeptides is shown in Figures 3.9a and 3.9b, respectively. Unfolding the
polypeptides in Photosystem II should make the membrane more accessible to

the solvent, permitting the quinones to be more easily extracted.
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Figure 3.8. Schematical representation of the effect of 8M urea on
proteins.
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Figure 3.9b.

Predicted folding of the amino acid sequence of the D-2 subunit of PSII
(from 46).
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A third way to facilitate the extraction of quinones from Photosystem 11
particles is to shock the membranes by a change in the ionic strength of the
medium. High salt concentration removes the extrinsic polypeptides in PSII
particles (49) making the system more accessible (50). Again, by making the
system more open, the possibility of physically trapping the quinones and
therefore the possibility of incomplete extraction due to a well shielded site for
the quinones is reduced.

Despite these precautions, in all cases (no pretreatment or pretreatment
with 1 M NaCl, 8 M urea and chrymotrypsin) the amount of quinone found was
essentially the same. Moreover, if we examine the amount of plastoquinone
released as a function of the incubation time in the different media, we see that
it is released relatively quickly (=1 minute) and that the process is independent
of the treatment. If the PSII membranes are incubated for longer periods of
time the amount of quinone remains constant and equal to about two plasto-
quinone molecules per reaction center. This result suggests that there are no
quinones buried deep in the membrane structure and inaccessible to simple
solvent extraction. It also suggests that the quinones present in the system are
relatively easily extracted, probably close to the surface in the protein structure.
These results are in agreement with those reported previously, ie., about 2
plastoquinones per reaction center (see Table 1) in PSII particles where no
chemical or enzymatic treatment was given to the samples prior to the extrac-

tion.
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O’Malley et al. suggested that the Y," and Y,* species where cations of
plastoquinone (32). If Y,' and Y,' are both plastoquinone molecules we should
obtain four plastoquinone molecules per reaction center. The fact that we find
only 2 suggests that Y,' and Y, are not plastoquinone molecules. Recently
Barry and Babcock have proposed that Y,' and probably Y,' are tyrosine
radicals (51). Our results show that there is only about 2 quinones per reaction
center, which correspond to Q, and Q,, giving support to the tyrosine structure
proposed for Y,' and Y,". It seems unlikely that the suggestion by Sadawasser
and Dilley (9) that functional PQ, are present in the oxidizing site is correct.
The effect observed upon extraction of the quinones on their experiments is
likely to be due to removal of some other component from the chains of electron
carriers or to the removal of Q, or Q, themselves. Although it is possible that
there might be quinones covalently bound to the membrane, making their
extraction and detection more difficult, there is no evidence in any similar system

to suggest that this is likely.
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CHAPTER 4
CHARACTERIZATION OF THE ELECTRON DONOR TO THE
REACTION CENTER IN PHOTOSYSTEM II BY ENDOR SPECTROSCOPY

Introduction

In Photosystem II (PSII) of green plants, two tyrosine free radicals are
involved in the aoxygen evolving process, along with the reaction center chloro-
phyll, P.,,. The first of those two radicals, Y," functions as an electron carrier
between the oxygen evolving complex (OEC) in PSII and P, (1). Y,* the other
tyrosyl radical present in this photosystem, has an unknown function in the
photosynthetic apparatus, although Rutherford et al (2) suggested that it may
play a role in maintaining the integrity of the manganese complex in the OEC.
A characteristic, partially resolved EPR signal first observed by Commoner et al.
in 1956 for Y,' (3) and in 1975 by Babcock and Sauer for Y," (1), is a common
feature for both of these radicals. Even though Y,' and Y,' are functionally
different, their chemical structure and orientation in the membrane appear to be
essentially the same. Only in their EPR power saturation behavior do Y, and
Y, show a difference (4,5), which has been attributed to a magnetic interaction
between Y,' and the manganese of the water splitting complex that does not
oceur for Y,'.

Tyrosine radicals are not exclusive to photosynthetic material. For

example, they are also found in the enzyme ribonucleotide diphosphate reductase
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(RDPR), which catalyzes the formation of deoxyribonucleotides from ribonucleo-
tides, a reaction essential for DNA synthesis in living cells (6,7). A characteristic
EPR signal was reported for the bacterial enzyme in 1972 (8). Even though the
radicals in the RDPR enzyme and the Y,* species in PSII are both tyrosine
molecules, the lineshape of the Y,* EPR spectrum differs from that observed for
the radical in the RDPR enzyme. One explanation for this difference is that the
B-CH, protons in the two radicals have different orientations with respect to the
phenol ring (9).

The EPR lines of these protein bound radicals are broadened owing to
unresolved hyperfine structure, making it difficult to extract information from
these poorly resolved spectra. When radicals are tumbling fast in solution, all
anisotropic interactions are averaged out and an isotropic spectrum is observed.
But when radicals are immobilized, as in the case of biological samples, the
anisotropic interactions no longer average to zero and a powder type spectrum is
obtained. Under these conditions additional spectroscopic techniques, such as
electron nuclear double resonance (ENDOR), may be used to extract the dif-
ferent proton hyperfine tensor components that contribute to the EPR spec-
trum. An ENDOR approach to these immobilized radicals, therefore, has the
potential to provide both isotropic and anisotropic tensor components and thus
to provide significant information on radical spin distribution and structure that is
not available from the EPR spectrum alone (10).

An additional advantage of ENDOR is that it can specifically detect dif-
ferent classes of protons. In the tyrosine model for the Y.’ radical there are 4
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kinds of protons: matrix protons, hydrogen-bonded protons, a-protons and
B-protons (see Figure 4.1). With the help of H,O/D,O exchange the matrix pro-
tons and hydrogen-bonded protons have been investigated for Y,* in the PSII
membrane fragments, the studies are discussed in detail in the following chap-
ter. Although the unpaired spin density distribution for the Y,' radical needs to
be established, in general for the tyrosine and phenoxy radicals it is mainly
localized at the 1, 3 and 5 positions (6,12-15). Therefore, we expect the largest
hyperfine couplings from the protons or groups (e.g. -CH,-) interacting directly
with the unpaired spin density at these positions.

There has been some solution EPR work done on tyrosine radicals
(12,16-18) and tyrosine radicals in single crystals have been studied by EPR (12)
and by ENDOR (13). All of these groups reported a triplet splitting of about
7 G from the a-protons at the 3-5 positions and a major doublet splitting of
15-19 G from one of the B-methylene protons or as representing the sum of the
splittings of both of these protons with the center line of the expected triplet
being broadened by restricted rotation. In the work reported here we have used
powder ENDOR techniques to measure the hyperfine coupling for the Y," spe-
cies and have assigned the major hyperfine interactions in the radical.

The hyperfine coupling constant corresponding to the B-proton is used to
determine the geometry of the -CH,- at the 1 position (6,12,17). The ring
protons at the 2,6 and 3,5 are more difficult to measure owing to their large
anisotropies, but by using two-dimensionally oriented samples we were able to

determine their hyperfine tensor components. The hyperfine couplings for the



110
different sets of protons measured from the Y,* ENDOR spectrum provide a
way to calculate the unpaired spin density distribution for the tyrosine radical in
PSII. We have also been able to determine the orientation of the tyrosine ring
plane with respect to the membrane plane by using oriented PSII membranes,
chemical models and EPR simulations.
Materials and Methods

Oxygen evolving PSII particles were isolated from spinach and tris washed
when required by using procedures based on those in (19). Oriented membranes
were prepared by resuspending the PSII particles at approximately 8 mg Chl/ml
in a buffer contained 20 mM Mes (pH = 6.0) and 10 mM NaCl. The suspen-
sion of membranes was painted onto Mylar sheets and dried at 12°C for 48
hours in a closed dark container. By drying the strips in the presence of a
saturated solution of ZnSO, the relative humidity was kept at 90%. The EPR
and ENDOR of these samples were recorded in such a way that the external
magnetic field was either parallel (ie., 0°) or perpendicular (Le., 90°) to the
membrane plane. The X-band EPR and ENDOR spectra were recorded on a
Bruker ER 200D spectrometer equipped with a Bruker ENDOR accessory(20)
operating at temperatures and instrument setting indicated in the figure captions.

Results

Figure 4.2 shows the Y, ENDOR spectrum of a powder PSII sample
recorded at 10K. In the low frequency region of the Y," spectrum (Figure 4.2a)
a complex structure, particularly in the region around the free proton frequency,
vy = 14.7 MHz at X-band in our instrument (matrix ENDOR), is observed.
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These bands arise from dipolar coupling between the immobilized radical and its
surrounding protein environment as discussed in detail in the following chapter.
In addition to the matrix there are at least six other resonances. In the high
frequency region (Figure 4.2b) two bands are observed. In the analysis that
follows we begin with the larger couplings, proceed to the weakly coupled
protons, and then present data on the orientation of the radical in the photosyn-
thetic membrane.

Based on EPR and ENDOR studies, O’Malley and Babcock proposed a
plastoquinone cation radical origin for Y,* (21,22). In their interpretation they
assigned the two bands at 28.1 and 30.3 MHz in Figure 4.2b to the hyperfine
components of the methyl group at position 2 in the plastoquinone cation
radical. However, in the proposed tyrosine model there are no methyl groups
but a methylene at the 1 position. For this type of -CH,- group we do not
expect the dihedral angle to be the same for both protons. A difference in this
angle will produce different hyperfine couplings for the two B-protons; the
smaller the dihedral angle between the B-proton and the p_ orbital at carbon 1,
the stronger the interaction between the unpaired spin density at this position
and hence the larger the coupling (see Equations 1, 2, and 3 below).

For B-protons axial symmetry is expected with the largest hyperfine tensor
component lying along the C-CH, bonding direction. Because the isotropic
coupling value for the B-protons is expected to be positive (23), we ascribe the
largest component along this direction. For the Y,' radical, the direction from
carbon 1 to one of the methylene protons corresponds to the parallel hyperfine
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tensor component (an); we assign the resonance with a coupling of 31.4 MHz
(Figure 4.2b) to this tensor element (an). The other band with a hyperfine
coupling of 27.2 MHz corresponds to the perpendicular hyperfine tensor com-
ponent (a ) The magnitude of the hyperfine coupling for this 8-proton of the
methylene group in the Y,' radical is consistent with the observation by Sjoberg
et al, (6) that the major splitting observed in the RDPR EPR spectrum is
attributed to one of the B-protons in the tyrosine radical in this enzyme. Hence
the second B-proton of the Y,' radical in the -CH,- group should exhibit a
smaller hyperfine coupling and therefore it should resonate in the low frequency
region (Figure 4.2a).

Information about the orientation of the radical ring plane with respect to
the membrane plane can be obtained by using oriented PSII membranes. The
Y,' ENDOR of oriented PSII samples in the high frequency region (23-33 MHz)
is illustrated in Figure 4.3b and 4.3c. When the applied magnetic field is perpen-
dicular to the membrane plane (Figure 4.3b) the major contribution to the Y,'
ENDOR spectrum is a broad band at 30.1 MHz (an). The situation is reversed
when the field is rotated by 90° and the band at 28.1 MHz (a ) is the major
contribution to the spectrum. These observations indicate that the tyrosine
phenol ring plane is close to perpendicular to the membrane plane.

These assignments are consistent with studies on Y,' in blue green algae
and with models in which B-protons at the 1 position and a-protons at the 2-6
and 3-5 positions were substituted by deuterium (24). When deuterium was

substituted at the 3-5 positions only a doublet with a coupling constant of about
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High frequency Y, ENDOR spectrum for powder (a) and
oriented samples with the magnetic field applied perpendicular (b)
and parallel (c) to the membrane plane. The correspondent EPR
spectrra are shown in the insets: T = 4K; microwave power 6.3
MW rf power at 10MHz, 150 W; fm deviation 150 KHz.
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15 G for the immobilized tyrosine and about 12 G for the biological sample was
observed. This corresponds to the coupling of one of the B-protons and supports
the assignment of the large coupling observed in the Y,' spectrum to one of the
B-protons. When the substitution was on the S-methylene protons a set of
resonances with a major coupling constant of about 6.5 G was observed for both
the model and biological samples. When deuterium was substituted at the 2-6
positions little or no change was observed for either sample. EPR and ENDOR
studies on the enzyme RDPR, where the same specific isotropic substitution
approach was used (20) (ie., substitution of a-protons at the 3-5 positions and
B-protons at the 1 position) also support our assignment for the resonances
observed in the Y, ENDOR spectrum and the general idea that carbons 1, 3
and 5 in the aromatic ring carry a high unpaired spin density.

Owing to the small unpaired spin density at the 2-6 carbons in the
aromatic tyrosine ring, we expect the protons at these positions to have a small
hyperfine coupling and therefore to resonate in the low frequency region (Figure
4.2a). On the other hand, a larger hyperfine coupling is expected for the 3-5
a-protons due to the greater unpaired spin density at the carbons in these
positions. ENDOR bands from a-proton are in general of too weak intensity to
be observed in powder ENDOR. However, studies made on the benzoquinone
anion radical have shown that ENDOR bands of substantial intensities may be
observed from ring protons (25). In general, a-protons give rise to relatively
broad ENDOR lines with principal values of the hyperfine tensor approximately

equal to 0.5a,,, a,,, 1.5a,,, where a,__ is the isotropic hyperfine coupling
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(26). Hence, the ENDOR spectrum for an a-proton should exhibit a rhombic
signal with a buildup of intensity at the isotropic coupling with shoulders near
0.5a,,, and 1.5a,, . For the Y’ radical we could not observe the a-proton
resonances at the 3-5 positions in the ENDOR powder spectrum. But by using
oriented PSII membranes we have been successful in observing the ENDOR
lines corresponding to these protons. Figure 4.4 shows the Y,* ENDOR spec-
trum in oriented PSII membranes in the 20-30 MHz region recorded at 108K
with the magnetic field applied perpendicular (Figure 4.4a) and parallel (Figure
4.4b) to the membrane plane. We expect a-protons at the 3-5 positions to
resonate in this region. The resonances observed in these spectra show some of
the characteristics expected for an a-proton.

We assign the resonance at about 27 MHz in Figure 4.4a to the a_ hyper-
fine tensor component of the a-protons at these positions; in our axis system the
x-axis is in the ring plane and perpendicular to the y-axis which is along the C-H
bond, the z-axis is perpendicular to the ring plane. When the magnetic field is
applied paralle]l to the membrane plane (Figure 4.4b) a broad band at 22.6 MHz
with an overlapping resonance at 21.7 MHz is observed. These resonances are
assigned to the z (a,***-*’) and z'(a_,***-*’) hyperfine tensor components of
these a-protons. The observed splitting of the a_ hyperfine tensor component is
likely to be a result of a slight inequivalence of protons 3 and 5. This ine-
quivalence may be attributed to the fact that the tyrosine molecule is embedded
in a protein matrix, making the microenvironment surrounding each proton

inequivalent. A similar phenomenon has been observed by Broustolon et al. (26)
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Figure 4.4. Oriented Y,* ENDOR spectra with magnetic field applied perpen-
dicular (a) and parallel (b) to the membrane plane. T = 108K;
microwave power 6.3 mW; rf power at 10 MHz, 150W; fm
deviation 150KHz.
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in y-irradiated single crystals of potassium hydrogen glutarate. These authors
attributed the observed inequivalence for the a-protons in their system to the fact
that the C-H bond is not a symmetry axis. The third component of this rhombic
tensor is a resonance observed at about 18.5 MHz in Figure 4.5a, this ENDOR
line corresponds to the 0.5a,,, part of the hyperfine tensor (a,***-*) This
assignment is based on the studies mentioned earlier on the RDPR enzyme in
which the resonances corresponding to the protons at the 3-5 positions disap-
peared after substitution of these a-protons with deuterium. Even though we see
a weak band corresponding to the a, component of this tensor at 4K the other
two parts a, and a_ are not observed at this temperature in either powder or
oriented samples. It is only in the 103 to 114 K temperature range that we see
the higher frequency resonances corresponding to the a-protons at the 3-5
positions. If we examine Figure 4.4 we see that when the magnetic field is
applied perpendicular to the membrane plane (Figure 4.4a) the a, component of
the a-protons at the 3-5 position is the sole contribution to the spectrum. This
suggests that the ring plane is not exactly perpendicular to the membrane plane
but at an angle of about 60° (see discussion below and Figure 4.6).

Oriented PSII membranes provide a way of detecting weak ENDOR sig-
nals (ie., a-protons at the 3-5 positions) by increasing the effective spin con-
centration as compared to powder samples. These samples also provide a way
to simplify the analysis of the weaker hyperfine couplings observed in Figure
4.2a. Figure 4.5 shows the Y, ENDOR spectra for oriented PSII samples with
the magnetic field applied perpendicular (Figure 4.5a) and parallel (Figure 4.5b)
to
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Figure 4.5. High resolution oriented Y,* ENDOR spectrum with magnetic field
applied perpendicular (a) and parallel (b) to the membrane plane
T = 4K; microwave power 6.3 mW; rf power at 10 MHz, 150 W;
fm deviation. 30 KHz.
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the membrane plane recorded at 10K. Couplings labeled a;™ (7.1 MHz) in
Figure 4.5b and a ™ (3.5 MHz) in Figure 4.5b have been assigned to the parallel
and perpendicular hyperfine tensor components of a hydrogen-bonded proton
respectively as discussed in the following chapter. Owing to the characteristic
axial line shape observed for the resonances with coupling of 3.1 MHz in Figure
4.5a and 4.1 MHz in Figure 4.5b and to the fact that the second B-proton should
have a relatively small hyperfine coupling as explained above, we expect this
B-proton from the methylene group to resonate in this low frequency region. We
assign these resonance to the perpendicular (a _Lﬁ" = 3.1 MHz) hyperfine tensor
components of the second B-proton. Based on their rhombic line shape, on the
small coupling values and on the ratio of hyperfine couplings which are charac-
teristic of an a-proton, we assign the resonances with couplings of 4.8 and 1.2
MHz in Figure 4.5a and the resonance with coupling of 3.2 MHz in Figure 4.5b
to the x, y and z hyperfine tensor components of the a-protons at the 2-6
positions respectively (see Table 1).

Computer simulations of the oriented Y," EPR spectra (Figure 4.6) were
performed by using the program developed by Brok et al (27). The data used
as input for these simulations were the anisotropic g-tensor components, the
values of the hyperfine tensor components for @ and S-protons and the Euler
angles that define the orientation of these tensor components with respect to the
molecular axes (see Table 2) and the orientation of the radical with respect to
membrane plane. This orientation was obtained by first analyzing the Y,'
ENDOR spectra of oriented PSII membranes, then by using a tyrosine molecular
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Table 1 Assignments of Y,' ENDOR lines within the tyrosine model

CH CH H-alpha H-alpha
H-bonded H(1) H(2) (2-6 pos) (3-5 pos)
3.5MHz(a )" 272MHz(a,) 3.1MHz(a,) 12MHz(a) 8.0MHz(a )
7. lMHz(au)" 314MHz(a)) 4.1MHZ(a)) 3.2MHz(a,) 16.0MHz(a,)
4.8MHz(a,) 25.5MHz(a )

6, = 45° ¢t 1° 6, = 76° £ 1°
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Type
of a_ a, a 6 ¢ ¥
Proton
B-H 11.20 9.7 9.7 17 65.0 -30.0
a-H 9.1 2.86 5.7% -12.0 -12.0 0.0
a-H 9.1 2.86 5.0” -10.0 -10.0 0.0

*) small dihedral angle

®) splitting of the a_ component explained in text
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model, the angle between the line through the C,-C, carbons and the membrane

plane and the angle between the direction of the g, component and the mem-
brane plane, that could explain the observed ENDOR spectra were elucidated.
The procedure and experimental data used to obtain the latter angle is described
in detail in the following chapter. Finally, these angles were used to simulate the
oriented Y,' EPR spectra. This orientation is schematically represented in
Figure 4.7.
Di .

B-Protons

In its protein binding site, the tyrosine radical is expected to have its
B-methylene group rotationally immobile. Under these conditions, the isotropic

hyperfine coupling constant varies according to the following set of equations:

apl - p‘=1 B cos’f, (1)
iso - B 29 2
apz p¢=1 cos’'6, (2)
and 6, + 6, = 120° (3)

where a';: and a';: are the isotropic hyperfine couplings for the methylene
protons 1 and 2 respectively, B is a constant, p_, is the unpaired spin density at
the C, position and 8, and 6, are the dihedral angles between the p, orbital at

the ring carbon and the CgH, and CgH, protons, respectively (see Figure 4.8).
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Equations 1 and 2 are a modification to the semiempirical relationship proposed
by Heller and McConnell (28); Equation 3 is obtained from geometrical
considerations. This equation predicts that if 6, = 6, then ai;‘: = ai;: . If on
the other hand 6, # 6,, then the interactions will not be the same between the
B-protons and the unpaired spin density at C, and the hyperfine tensor com-
ponents for one proton will not be the same as the hyperfine tensor components
of the second B-proton.

Equation 1 and 2 indicate that with a knowledge of Pc,s the orientation of
the methylene protons with respect to the ring can be deduced. However,
reports on the spin density distribution on the tyrosine radical are in conflict.
Box and co-workers (13) assigned a spin density of only 0.185 in calculations in
which simple Huckel theory was used. Fasanella and Gordy (12) give an
experimental value of 0.32 and SCF calculated value of 0.312 for Pc,- Sealy and
co-workers (17) assigned an unpaired spin density at this carbon of 0.5. By using
the isotropic hyperfine coupling constant measured from the Y,* ENDOR spec-
trum for the S-methylene protons, ai;‘: = 10.2 G and ai;: = 1.2 G, and by
solving Equations 1, 2 and 3 simultaneously we can obtain a more precise value
for Pc, and the values for 6, and 6,. Taking B as 50 G (18,29) we find Pc, =
0.40 = 0.02 and 6, = 44° and 6, = 76°. Table 3 shows the dihedral angles (6,
and 6,) for different tyrosine radical systems. Sealy and co-workers (17) have
suggested that the low energy conformation for the methylene group in the

tyrosine radical corresponds to 6, = 6, = £60°. But as can be seen in Table 3

this situation (Le., 8, = 6,) occurs rarely. It is recognized that protein molecules
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Table 3 Dihedral angles (6, and 6,) for the -CH,- group in tyrosine
radicals in dlfferent systems.

System e, 6, Ref.

Solution

Tyrosine 60° 60° (17)

Radical

Crystal

Tyrosine 30° 80° (13)

Radical

RDPR

Tyrosine 27° 93° (36)

Radical

Y,

Tyrosine 45° 76° (this work)

Radical
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are not static but in a state of constant motion (30). Torsional fluctuations of
tyrosine in which the ring rotates 180° along the C, - Cg bond are known to
occur in proteins (31,32). However, these ring "flips" rarely occur because of the
large energy barrier that results from steric hinderance (33,34). A more common
motion is the jiggle of the ring (ie., torsional oscillations without executing a
180° flip). This type of oscillation has been studied for tyrosine rings buried in a
protein matrix (35). The average oscillation angles are typically in the range of
10-15° for isolated groups (Le. near the protein center) but oscillations increase
markedly near the protein surface (36). Our conclusion from the H,0/D,0
exchange experiment that the Y,' radical is in an isolated pocket deep in the
membrane (11) is supported by the results of Innes and Brudvig where they
found a distance of 21.4 A from the membrane surface to the radical site (37).
These results suggest that the oscillation angle should be relatively small for Y,'
(~10°). Another set of conformational studies of amino acids in proteins
indicates that the preferred position of the aromatic ring is parallel to the main
chain on which it lies flat (38). The above conformational studies in proteins
along with our own results suggest that the low energy configuration for the
B-protons of the tyrosine molecule in proteins is when 6, # 6,.
a-Protons

For a-protons we expect the sign of the isotropic hyperfine coupling to be
negative (39). We use this to assign the three observed hyperfine tensor com-
ponents of these protons as negative as follows: a, = -8.0 MHz, a, = -16.0 MHz
and a, = -25.5 MHz. The isotropic coupling constant (a,, ) is -16.5 MHz or
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-5.89 G. The spectral features, rhombic line shape, and the values of the
hyperfine tensor components are consistent with a C-H fragment in which the
unpaired electron at the carbon interacts with the hydrogen nucleus. Stone and
Walters (14) and Dixon and co-workers (15) have studied the effect of subti-
tuents in phenoxy type radicals. These authors made the important observation
that the algebraic sum of the ortho (ie., 3-S positions) and meta (ie., 2-6
positions) isotropic hyperfine coupling constants for a-protons in a para-
substituted phenoxy radical is approximately independent of the substituent. This
simple rule enabled them to deduce empirically that these two coupling constants
must generally have opposite signs. In the majority of cases the following
relationship for para-substituted phenoxy radicals holds true:

la, +a, | =47 x02G 4)

where a_ is the hyperfine coupling constant for the a-protons at the 3-5 positions
and a_ is the hyperfine coupling constant at the 2-6 positions. The large coupling
constant (a_) usually corresponds to a positive spin density so that the small
coupling constant (a,) usually corresponds to negative spin densities.

The assignments of the couplings for the a-protons at the 2-6 positions is
not as clear as those for the 3-5 positions due to overlapping resonances in the
region where these protons resonate. However, by assuming the rhombic or near
rhombic tensor for the 2-6 a-protons and by applying Equation 4, we can

facilitate the assignment. We have assigned the hyperfine tensor components as
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being a, = 1.2 MHz, a, = 3.2 MHz and a, = 4.8 MHz, which yield an isotropic
hyperfine coupling constant of 3.4 MHz or 1.2 G. Therefore using our values for
a, = a;:)""’ = 589G and a, = a;z""’ = 1.2 G and assuming that the larger
coupling is negative and the smaller coupling positive, we get from Equation 5 a
value of 4.7 G, providing support for our assignments for these protons.
By using the isotropic hyperfine couplings for the a-protons at the 3-5 and

2-6 positions and the isotropic coupling for the B-protons we can calculate the
electron spin density distribution in the tyrosyl radical. Based on this unpaired
spin density distribution, the anisotropic hyperfine interaction for the a-protons

can be calculated. Comparison between the experimental and calculated hyper-
| fine tensor components provides a way to investigate the spin density distribu-
tion. Our procedure for determining the hyperfine tensor components for the
a-protons on the Y,' radical is based on the method of Heller and Cole (40).
This procedure has been used to calculate the principal hyperfine tensor com-
ponents for the ring protons in the p-benzoquinone anion radical (25). Due to
the general characteristics of the unpaired spin density distribution for the
tyrosine radical we expect that the dipole-dipole interactions between the
a-protons and the spin density on C,, C, and C, will be a major contributors to
the observed net a-dipolar tensor. The tyrosine radical can be considered a
seven member odd-alternate aromatic radical (39) and therefore significant spin

density is exprected on the oxygen.
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By using the McConnel relationship (41):

where a, _ is the isotropic hyperfine coupling constant for the a-protons, p is the
unpaired spin density at the carbon directly attached to the hydrogen and Q is
the McConnell constant which has a value of about 26.5 G for this type of
aromatic system (42) the unpaired spin density distribution can be calculated. By
applying Equation 5 for the a-protons and by using the hyperfine couplings listed
in Table 1 we have calculated the unpaired spin density distribution for the Y,'
tyrosine radical. The calculated spin density distribution is schematically repre-
sented in Figure 4.9. These assignments were tested by calculating the hyperfine
tensor components for the a-protons. If the spin distribution, bond distances and
related bond angles are known, the total anisotropic hyperfine interactions from
the nuclei and in the molecular plane can be calculated as previously described
(25,40). The bond distances of carbon-carbon and carbon-oxygen were taken to
be 1.4 A and the bond distance of carbon-proton was taken as 1.088 A (40). The
related angles for each nucleus can be worked out (see Table 4). The spin
density, bond distance and angle for each nucleus where the unpaired spin
density is localized is used as imput for the computer program written in our
lab. The output gives the hyperfine tensor components a_,, a and a_, and the

angle between the principal anisotropic hyperfine tensor and the chosen axis

system.
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Figure 4.9. Calcualted unpaired spin density distribution in the phenyl moiety
of tyrosine in the Y,* radical.
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Table 4 Bond distance in A and related bond angle in degrees

nuclei c,C ¢, C C C C 0

bond distance 216 108 216 34 39 34 2.66

related bond angle -341 00 341 210 00 -21 -65.6
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To obtain the best fit between experimental and calculated hyperfine

tensor components for the a-protons, we first held constant the spin density at
C,(Pe2)r Ci(Pe3)s Cs(Pos) ColPos) by using the "average" Q value for these type of
protons of 26.5 G (42). We then proceeded to change the spin density at C (p,,)
and at the oxygen (p,), while holding the spin density at C,(p,,) constant at 0.44.
We found that by changing p, from 0.20 to 0.28 and p_, from 0 to -.08 the error
in the calculated hyperfine coupling was between 8 and 12%. We choose to use
an intermediate value of p, = 0.24 and p,, = -0.04. Next we proceeded to see
the effect of changing the Q value for the a-protons and therefore changing p,,
P.» Pos and p . For these we hold p_,, p,,, and p, constant and equal to 0.44,
-0.04 and 0.24, respectively. The Q value in these type of aromatic systems
usually ranges from approximately 20 G to 33 G (42-44). We performed our cal-
culations over a range of Q values between 18.6 G and 34 G, therefore changing
Py = Ps from 0.32 to 0.17 and p_, = p_ from -.06 to -.03. We found that the
best fit was obtained when Q = 25.6 G. But when Q was 30 G or even 22 G
the results obtained were quite reasonable and within a relatively small error
(less than 20%).

Finally, we investigated the effect of changing p_,. This was done by
keeping constant p_,, p,,, P.s P.e 80d p,, and changing p_, and p_,. The value of
p,, and p_, that best fit our data were 0.42 and -.04, respectively. The spin
density distribution illustrated in Figure 4.9 has an estimated error of approx-
imately £11%. Our calculated hyperfine tensor components for the a-protons at
the 3-5 positions are shown in Table 5.
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Table 5 Experimental and calculated hyperfine tensor components for
a-protons at the 3,5 positions in the Y,' radical

Experimental Calculated %
(MHz) (MHz) Error
25.5 23.0 9.8
16.0 17.8 11.3

8.0 85 6.3
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One of the calculated hyperfine tensor components for the a-protons at
the 2-6 position (a,) shows a relatively large error, 41% (Table 6). The agree-
ment is not as good for the hyperfine tensor components of these protons
because of the incomplete resolution of the ENDOR lines for both orientations
(Figure 4.4). The ENDOR determination of this tensor is affected by a large
error that prevents a reliable comparison between experimental and calculated
values. Also, these couplings are relatively small and even a difference of less
than 1 MHz between the calculated and experimental values will be reflected as
a large error. Another explanation for this large error may be the difference in
dipolar interaction for the a-protons at the 2-6 positions when compared to the
dipolar interaction of the a-protons at the 3-5 positions. O’Malley et al (25)
have done similar calculations for the anion radical benzoquinone. They found
that the hyperfine tensor components of the a-protons depend critically on the
nearest neighbor carbon spin density value, which causes the principal hyperfine
tensor components to deviate from those expected for an isolated C-H fragment.
The overall effect of the unpaired electron delocalization is to drive the rhombic
C-H tensor to axiality (25). Nevertheless the calculated isotropic value for the
a-protons at the 2-6 position is very close to values found in other phenoxy type
radicals (14,39). To have a more precise picture of the unpaired spin density
distribution we need to know the unpaired spin density at the axygen and carbon
1. For all the other carbons (C,, C,, C,, C, and C,) we have a direct way of
calculating the unpaired spin density at these positions. This is not the case for
the oxygen and C,, however, by substituting the oxygen by one of its isotopes
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Table 6 Experimental and calculated hyperfine tensor components for
a-protons at the 2,6 positions in the Y,' radical.

Experimental Calculated %
(MHz) (MHz) Error

4.8 6.8 41

32 34 6.3

1.2 1.1 83
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(*’0) we can directly measure the couplings (spin for *’0, S"o = 5/2) and
therefore get a better estimate of the unpaired spin at these positions. Such
experiments are in progress. Our calculated unpaired spin density distribution
for the Y,' radical is in agreement with the expected unpaired spin density
distribution for these types of phenoxy radicals, ie., carbons 1, 3 and 5 carry a
higher unpaired spin density than carbons at the 2,6 positions.
Orientation of Y," With Respect to the Membrane Plane

The orientation of the tyrosine radical, Y,’, in the membrane is an
essential parameter for the simulation of the oriented Y,' EPR spectra of
Figures 4.6a and 4.6b. Figures 4.3b and 4.3c show the Y,* ENDOR spectra in
the 23-33 MHz region. The two bands observed correspond to the ayand a,
components of one of the B-protons as described above. If the ring plane were
parallel to the membrane plane, application of the magnetic field perpendicular
to the membrane plane, and hence perpendicular to the aromatic ring plane,
should pick up mainly the perpendicular component of the tensor (a,). The
opposite is observed, that is, when the magnetic field is perpendicular to the
membrane plane the main contribution to the spectrum is the a) component, and
when the magnetic field is paralle]l to the membrane plane the a, component
shows a greater contribution. These results suggest that the tyrosine ring plane is
perpendicular to the membrane plane.

The geometry of the radical in the membrane might be further investi-
gated by studying the Y, ENDOR spectra in Figures 4.4a and 4.4b. When the
magnetic field is applied perpendicular to the membrane plane the a, component
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is the sole detectable contribution to the ENDOR spectrum in this region
(Figure 4.4a). When the Y," ENDOR spectrum is recorded under the same
conditions as in Figure 4.4a, but in the 10-20 MHz region a small band at about
18.5 MHz is observed (data not shown but see the following chapter). This band
has been assigned to the y component of the hyperfine tensor for the a-protons
at the 3-5 positions (a, = 8.0 MHz). The fact that a, is relatively much stronger
than the a, component suggests that at least one of the a-protons at the 3-5
positions should be nearly parallel to the membrane normal (see Figure 4.7).
This suggests that the angle between the membrane normal and the line through
the C, - C, carbons is not equal to 0°. When the magnetic field is applied
parallel to the membrane plane (Figure 4.4b) the z component (a,) of the hyper-
fine tensor for the a-protons at the 3-5 positions is the major contribution to the
Y,' ENDOR spectrum.

We have estimated an angle of approximately 60° for the orientation of
the g, component of the Y,' radical with respect to the membrane plane and an
angle of about 15° for the orientation of the g, component with respect to the
membrane normal. The latter is discussed in detail in the following chapter. To
test this estimation of these angles we simulated the oriented Y,* EPR spectra.
The simulations are shown in Figure 4.6b for the field applied perpendicular to
the membrane plane and in 4.6d for the field parallel to the membrane plane.
The results of this simulations support the proposed orientation of the radical
with respect to the membrane (Figure 4.7).



149

By plotting the g-value of the zero crossing of the oriented Y," Q-band
EPR spectra against the angle between the magnetic field and the normal to the
membrane plane, Hoff et al (45) found a similar orientation for the aromatic
ring with respect to the membrane. Even though they were assuming a plasto-
quinone origin for the Y, species, their results are still valid for the tyrosine
model for Y, since the directions of the g-tensor components they assumed are
the same for the plastoquinone cation radical as for the tyrosine radical. They
were looking at the orientation of the g-tensor components with respect to the
membrane plane, making their findings independent of the model. The proposed
orientation of the Y,' radical in PSII is schematically represented in Figure 4.7.

Conclusions

The Y,' EPR signal in an oriented multilayer of PSII membranes provides
a way of gaining more insight into the structure and orientation of the radical in
the membrane. The apparent quartet structure observed in the Y,' powder EPR
spectrum and more noticeably in oriented membranes, can be explained in terms
of an approximate degeneracy between the a-protons at the 3-5 positions and
one of the B-protons. We found that the preferred geometry or low energy
configuration of g-protons in Y," in PSII is when 6, # 6,. The situation in which
| 6, = 6, seems to occur rarely in this type of systems. a-protons possess a large
anisotropy making them hard to detect by ENDOR spectroscopy due to line
broadening. The use of oriented samples facilitated the detection of these
signals by increasing the relative concentration of the radical in the samples. The
proposed unpaired spin density distribution for the Y,* radical, in which large
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spin density is localized at the 1, 3, and 5 position, is in agreement with the
expected unpaired spin density for phenoxy type radicals. The orientation of the
Y,’ tyrosyl aromatic ring plane with respect to the membrane plane is such that
the angle between the membrane plane and the line through the C,-C, carbons

is about 60° (see Figure 4.7).
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CHAPTER 5
H,O/D,0 EXCHANGE OF THE Y,' RADICAL IN PSII

STUDIED BY ENDOR SPECTROSCOPY

Introduction

In photosystem II (PSII) the charge separation process that occurs upon
light absorption involves the transfer of an electron from the reaction center
P, to the primary acceptor, a pheophytin molecule. To stabilize the initial
charge separation to ciissipative recombinaton subsequent forward electron
transfer must be fast. For P*,,, species formed in PSII, this fast electron transfer
is performed by a component Y, (1), which donates electrons to the oxidized
reaction center chlorophyll in less than 1 us (2). The oxidized form of this
donor, Y,' is subsequently reduced by the manganese cluster, which is the site of
O, evolution in photosynthesis. The Y,’ is paramagnetic and has a characteristic
EPR signal with g = 2.0046 and line width of approximately 20 gauss. There is
a second radical associated with PSIL, Y,* that has the same EPR line width,
g-value, and partially resolved hyperfine structure as Y,'. These observations
have lead to the conclusion that species with the same chemical structure give
rise to these radicals (3). The behavior of these radicals only differ in their
microwave power saturation characteristics (4,5).

Recently, Barry and Babcock have demonstrated a tyrosine neutral radical
(Le., deprotonated) origin for Y,' and postulated a similar origin for Y," (6).
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With EPR alone it is difficult to extract more detailed information on hyperfine
couplings, spin densities, and local protein effects, because both Y,* and Y, are
immobilized on the EPR time scale. As a result g and hyperfine anisotropies are
not averaged to zero and severe line broadening and loss of spectral resolutions
occurs in the EPR spectrum.

A way to extract the information hidden in the EPR spectrum of immobil-
ized radicals is by using electron-nuclear double resonance (ENDOR) spectros-
copy, which has the capability to recover valuable information on hyperfine
coupling that is usually obscured by immobilization (7). In the preceding
chapter, we used ENDOR to recover isotropic and anisotropic hyperfine coupling
constants for the ring and S-methylene protons on the Y,' radical. In these
studies, we were able to extract detailed information on unpaired electron spin
densities in the radical. ENDOR is also able to probe more subtle interactions
that occur between the radical and its protein environment. The protons of
nearby amino acids are usually weakly coupled to the unpaired spin and
contribute resonances to the ENDOR spectrum of the radical near the free
proton frequency, in the so-called matrix region (9). Recent work has also
shown that hydrogen bonds formed between a radical and a proton donor in its
immediate environment can be detected by ENDOR and that information on the
orientation of the hydrogen bond can usually be obtained from the spectrum
(10-14).

In the ENDOR work reported here on the Y,' radical, we have studied
these two classes of more weakly coupled protons. The solvent accessibility of
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the site has been determined by using D,O/H,O exchange. A hydrogen bond to
the Y,* radical has been observed and its spatial characteristics with respect to
the tyrosine ring plane has been determined by using g-anisotropy and physical
sample orientation techniques. A preliminary account of some of this work has
appeared (14).
Materials and Methods

Oxygen evolving PSII particles were isolated from spinach and tris-washed
when required by using procedures based on those described earlier (15).
D,0/H,0O exchange was done with tris-washed PSII (t.w. PSII) particles by
following several different protocols. The first method involved resuspension of
pellets of t.w. PSII in a D,O buffer that contained 50 mM Hepes and 10 mM
NaCl at pD = 7.5 followed by incubation for up to 12 hours in the dark at
4°C. The second approach was to incubate t.w. PSII particles in a D,O buffer
containing 50 mM Mes and 10 mM NaCl at pD = 6.0 for three days in the dark
at 4°C. The buffer was changed twice during the course of exchange. Brief
periods of room light (2-3 minutes) were given at 6 hour intervals during
incubation. We found that freeze-thaw cycles accelerate the exchange process;
this was done three times for the samples reported here. A third way to
perform the D,O/H,O exchange was to lyophilize t.w. PSII particles that had
been resuspended in a D,O buffer at pD = 7.5 followed by resuspension of the
lyophilized material in D,O. Exchange was also performed by combining the
first method with a lyophilization step.
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The Y,* EPR line shape did not change following these procedures in the
D,O exchanged sample or in the H,O control. Additional free radicals are
generated in substantial amounts after long periods of dark, cold incubation (24
hours at pD = 7.5 and about 9 days at pD = 6.0). EPR and ENDOR were
recorded on samples that did not show any additional free radical.

Oriented membranes were prepared by resuspending the PSII particles at
approximately 8 mg Chl/ml in a buffer containing 20 mM Hepes and 10 mM
NaCl at pH = 6.0 (33). The suspension of membranes was painted onto mylar
sheets and dried at 4°C for 48 hours in a closed container protected from light.
The relative humidity in the container was maintained at 90% by drying the
strips in the presence of a saturated solution of ZnSO,. If the samples were
incubated for longer than 48 hours another free radical was observed. The
ENDOR spectra were recorded on samples that only showed the Y," EPR
spectrum and no other radical. Eight to ten PSII-coated strips were placed in
quartz EPR tubes. The samples were frozen and stored in liquid N,. The Y’
EPR signal was stable over a period of about 72 hours when stored in this
fashion. After this period of time only 10 to 15% of the signal had decayed as
judged by comparing the Y,* EPR spectra recorded immediately after
illumination and after 72 hours of dark adaptation at 77K.

EPR and ENDOR spectra were recorded with samples that contained 3-6
mg Chli/ml. For oriented PSII membranes the spectra were recorded in such a
way that the external magnetic field was either parallel to the membrane plane
(ie., 0°) or perpendicular to the membrane plane (ie.,, 90°). The X-band EPR
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and ENDOR spectra were recorded on a Bruker ER200D spectrometer
equipped with a Bruker ENDOR accessory (16). Temperature and instrument
settings used are given in the figure legends.
Results

Figure 5.1 shows the Y,' matrix ENDOR spectra recorded at 4K for
samples incubated for three days in H,O (Figure 5.1a) or in D,O (Figure 5.1b)
at pH/pD = 6.0. An unusual feature of these spectra when compared to matrix
ENDOR spectra of model compounds is the occurrence of several well-resolved
lines in this weak coupling region. This occurs because each protein site is
structured and identical, as opposed to the more disordered solvent environment
that occurs for radicals in frozen solution. These ENDOR matrix transitions are
produced by dipolar couplings between the radical and nearby amino acid
protons (within 5-6 A) surrounding it. This interaction varies as 1/r*, where r is
the distance between the radical and the interacting magnetic nuclei. Solvent
accessibility to the radical site can be investigated by looking at the changes in
this matrix region that occur upon H,0/D,0O exchange. The most noticeable
change in Figure 1 is the disappearance of the resonance labeled with an arrow
(a = 0.3 MHz) after the D,O/H,O exchange, indicating that exchangeable
protons do exist at a fairly short separation distance from the radical. The bulk
of the protons in the protein environment surrounding the radical, however, do
not appear to exchange under these conditions.

Hydrogen-bonded protons constitute the second set of protein bound

protons that can be detected in the ENDOR spectrum of the radical. As
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Figure 5.1. Y,' matrix ENDOR spectra of samples incubated in H,O (a) and
D,0, (b) at pH/pD = 6.0. T = 4k; microwave power 6.3 mW, rf
at 10 MHz, 150W; fm deviation 30 KHz.
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opposed to the more distant protons that contributes to the matrix, we expect
the hydrogen-bonded protons to exhibit larger couplings but to retain a purely
dipolar hyperfine tensor (10).

Hydrogen-bonded protons should exchange with solvent water, depending
on solvent accessibility, but -CH,- protons and a-protons on the tyrosine aromatic
ring (Figure 5.2) are not expected to exchange under mild conditions. Figure
5.3b shows the ENDOR spectrum of t.w. PSII particles that were incubated for 6
hours at pD = 7.5 and subsequently freeze dried and resuspended in D,O. The
resonance with a coupling of 7.1 MHz is absent in the D,O exchange sample as
compared to that of the H,O control (Figure 3a). Another resonance with a
hyperfine coupling of 3.5 MHz is also absent in the D,O exchanged sample and
an underlying set of resonances becomes apparent. These latter resonances have
been assigned to the a-protons at the 2-6 positions and to one of the
B-methylene protons as described in detail in the preceeding chapter. The 3.5
and 7.1 MHz resonances that disappear upon exchange are typical of those
observed for H-bonded protons in model compounds (10-12) and we assign these
to perpendicular (a,™) and parallel (al") hyperfine tensor components of an
H-bonded proton, respectively. The unpaired spin in the tyrosine radical is
confined to the phenol ring, the only hydrogen bond active species is the phenol
oxygen, and we conclude that the hydrogen bond we observe in Y,' involves this
phenol oxygen. In accord with the general characteristics of hydrogen-bond
interactions (10) we also conclude that the hydrogen bond hyperfine tensor
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Figure S.2. The phenol moiety of tyrosine showing the carbon numbering
system used in the text.
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Figure 5.3. Y, ENDOR spectra of samples incubated in H,O (a) and in D,O
(b) at pH/pD = 7.5. T = 115K; microwave power 6.3 mW, rf at
10 MHz, 150 W; fm deviation 150 KHz.
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components are oriented with respect to the O--H bond with a * along the
hydrogen bond axis and a;™ perpendicular to the O--H bond direction.

Figure 5.4 shows the Y,* ENDOR spectra of t.w. PSII membranes
incubated in D,O (Figure 5.4b) and H,O (Figure 5.4a), at pD/pH = 6.0 for
three days at 4°C. The resonance at 7.1 MHz in the D,O exchanged sample
(Figure 5.4b) decreases in intensity as compared to that of the H,O control
(Figure S.4a) but it is not completely absent as was the case under the exchange
conditions in Figure 5.3b, where the sample was incubated at pD = 7.5. Thus at
lower pD’s the rate of exchange appears to be slower. It is apparent that the
pD/pH has an effect on the exchange and probably on the configuration of the
protein structure surrounding the radical. A similar pH effect has been observed
by Volker et al (17). In samples where the donor side of PSII was exposed to
added trypsin the oxygen evolving capacity was only slightly affected at pH = 6.0
but was destroyed at pH = 7.5. The pH-dependence of the proteolitic activity of
trypsin could not account for this effect (18). Volker et al (19) showed that a
trypsin treatment at pH = 6.0 did not show any effect on the Y,* EPR signal
while at pH = 7.5 trypsin treatment resulted in complete loss of the signal.

For the Y,' radical Brok et al (20) have determined the principal g-tensor
components as follows: g, = 2.0023, g, = 2.0076, and g = 2.0044. In single
crystal tyrosine radical experiments, Gordy and Fasanella (21) determined the
orientation of these g-tensor axes with respect to the molecular axes and con-
cluded that the g, component is perpendicular to the ring plane, g, is along the
C-O bond and the g component is in the plane and perpendicular to g,. The
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Figure 5.4. Y, ENDOR spectra of samples incubated in H,O (a) and D,O
(b) at pH/pD = 6.0. T = 115K; microwave power 6.3 mW, hf at
10 MHz, 150W; fm deviation 150 KHz.
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extent of g-anisotropy is fairly substantial and suggests that an orientation
selection experiment that takes advantages of this g-anisotropy can be used to
investigate the direction of the hyperfine tensor components, a ™ and a™, with
respect to the tyrosine molecular axes. Recording the ENDOR spectrum with
the magnetic field set to the high field side of the Y,* EPR spectrum (ie., the g,
area) should select only the molecules whose z-axis is orientated along the
magnetic field; conversely x,y orientation can be selected by performing the
ENDOR experiment at lower field. This approach was used by O’Malley and
Babcock to investigate the orientation of the principal hyperfine tensor
components for the hydrogen-bonded proton present in the p-benzoquinone
anion radical (10).

Figure 5.5 shows the Y,* ENDOR spectrum recorded with the magnetic
field set at the EPR zero crossing, g = 2.0046 (Figure 5.5a) and at the high field
side, g = 2.0 (Figure 5.5b). Both a ™ and a““ for the hydrogen-bonded proton
are evident in Figure 5.5a, whereas a "™ is the only hyperfine tensor component
observed in Figure 5.5b. Since the direction of g, is perpendicular to the ring
plane, the observation of only the a ™ component of hyperfine tensor when the
g, orientation is selected demonstrates that O--H axis lies in the plane of the
ring, Le., that the hydrogen bond is in the ring plane.

A second approach to deconvolute the weak coupling region of the Y,*
ENDOR spectrum is to use oriented PSII membranes. In these samples we have
a single crystal type situation where orientation of the radicals with respect to the

external magnetic field is constant throughout the sample, as opposed to powder
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Figure S.5. Orientation selection ENDOR spectra of Y,’; The fields at which
the two spectra were microwave power 6.3 mW, rf at 10 MHz,
150W; fm deviation 150 KHz.
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sample, ie., frozen PSII membranes, where essentially all orientations are
possible. We used these samples in the preceding chapter to analyze the
orientation of the hyperfine tensor of the 3,5 and -CH,- protons and here we
apply this technique to the hydrogen bonded proton. Figure 5.6 shows the Y,*
EPR spectra for oriented PSII membranes with the direction of the magnetic
field perpendicular (Figure 5.6a) and parallel (Figure 5.6b) to the membrane
plane. These EPR spectra are similar to those reported for oriented PSII
membranes by Rutherford (33) and indicate that we have a well oriented
population. Figure 5.7 shows the Y,* ENDOR spectra of these oriented PSII
membranes in the 10-20 MHz region recorded at 108K. When the magnetic
field is perpendicular to the membrane plane (Figure 5.7a) the intensity of the
parallel hyperfine tensor component (a)™ = 7.1 MHz) is decreased as compared
to Figure 5.7B where the field is parallel to the membrane plane. The situation
with respect to the perpendicular hyperfine tensor component (a,™ = 3.5MHz)
is not as clear owing to overlap of different ENDOR lines in this region. These
spectra indicate that the ring plane of the Y,' tyrosine radical is tilted with
respect to the membrane plane.

Another free radical is observed along with the Y, EPR spectrum if the
samples are incubated for long periods of time, more than two weeks at pD/pH
= 6.0 or longer than 24 hours at pD/pH = 7.5, during the D,O/H,O exchange
experiment (Figure 5.8). This is not a result of deuterium substitution or
exchange, as this radical is also observed in the H,O control sample. When

these samples are illuminated, a composite EPR spectrum with g = 2.0035 and
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Figure 5.6. Oriented Y,* EPR spectra with the magnetic ficld applied perpen-
dicular (a) and parallel (b) to the membrane plane T = 115K;
microwave power 6.34 mW, rf at 10 MHz, 150W; fm deviation 150
KHz.
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Figure 5.7. Oriented Y,* ENDOR spectra with the magnetic field applied per-
pendicular (a) and parallel (b) to the membrane plane. The
correspondent EPR are shown in the inset. T = 108K; microwave
power 6.3 mW, rf at 10 MHz, 150W; fm deviation 150 KHz.
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line width of 11 G is observed. If the sample is then incubated in the dark for a

period of about 3 hours the contribution of the Y, EPR spectrum is absent and
a signal with g = 2.0026 and line width of approximately 10 G is obtained
(Figure 5.9). When preparing oriented samples, the same type of radical is
observed if the drying time is too long. In both cases the characteristics of this
radical correlate with those of a chlorophyll cation radical. This radical can also
be formed by using high concentrations of K,IrCl, (=15mM) (22), by illuminating
tw. PSII membranes at -154°C in the presence of SmM K,IrCl, or K,Fe(CN),
(23) and by adding 2 M urea to t.w. PSIIs.

Di .

The protons interacting with the unpaired electron spin density in the
Y,' radical can be divided into two classes. Protons bonded directly to the ring
or to the methylene carbon at the 1 positon have both isotropic (Fermi contact)
and anisotropic (dipole-dipole) hyperfine interactions. The second class of
protons derive from the protein and are not covalently bonded to the tyrosine
head group. The electron-nuclear interactions of these more distant protons
consist only of dipolar interactions. H-bonded and matrix protons fall under this
second group.

The occurrence of matrix ENDOR lines depends on whether there are
magnetic nuclei in the local environment of the unpaired spin, typically within §
to 6 A (9). In the protein binding site the radical is in a well-defined, highly
structured environment. This situation will produce specific dipole-dipole

interactions between the radical and nearby amino acid protons leading to the
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Figure 5.9. EPR signal observed when samples are incubated for too long in
D,0 or H,0 (a) as described in the text. EPR signal of the
radical observed after Y,' decayed (b) T = 298K.
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resolved matrix ENDOR spectra observed in Figure 5.1. These spectra contrast
markedly with the matrix ENDOR spectra observed in model compounds
(10-12,14). In the models the solvent environment is not locally ordered, the
dipole-dipole interactions vary widely, and the poorly resolved spectra commonly
observed in these cases result.

Because the matrix ENDOR spectra in the Y,* radical is produced
primarily by relatively weak interactions between the radical and nearby amino
acid protons, some of which are likely to be exchangeable, the solvent
accessibility of the binding site can be monitored. After three days of D,O/H,O
exchange at pD/pH = 6.0 only a few changes where observed in the Y’ matrix
ENDOR region (Figure 5.1) suggesting that only the most weakly coupled and
more distant protons (=5-6 ;\) are exchanged. This implies that the binding site
is well-shielded from solvent water but that it is slowly accessible. Under harsher
conditions, incubation for 6 hours at pD/pH = 7.5 followed by freeze drying and
resuspension in D,0O/H,O, are we able to exchange the hydrogen bonded proton
closer to the radical (Figure 5.3). Taken together, the results indicate that the
Y,' radical is well shielded from the aqueous phase and is most likely buried
deep in the membrane as suggested by the results of Debus ef al (24). This
conclusion is supported by data obtained by Innes et al (25) that showed that
the microwave power saturation behavior of the Y, EPR spectrum was depen-
dent upon added Dy** -EDTA. From the concentration dependence they esti-
mated a distance of 21.4 A from the radical binding site to the membrane surface
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in tw. PSII, consistent with the idea that the radical is well-shielded from solvent
water.

Our observation of a hydrogen-bonded proton' to the Y,* radical and our
conclusion that the radical is sequestred from the aqueous phase rationalize two
aspects of the in vivo chemistry of this species. First, upon axidation of the
tyrosine phenol the pKa of the hydroxyl proton decreases from 10.1 (26) to
about -1.6 (27). The occurrence of the hydrogen bond probably results from the
deprotonation of this highly acidic species according to the following sequence:

. ..,.o o®
o/
- H+
Te-
v
R R R
pKa = 10.1 pKa = -1.6

where B is a base (eq. lysine, histidine, peptide nitrogen) in the immediate
vicinity. Such a sequence predicts that the tyrosine radical of the Y,' species is
actually the neutral, ie., deprotonated form and that the formal positive charge
has been transferred to the base B. This is in agreement with the g-value of the
Y,' species, which is much more consistent with a neutral radical than with a
protonated radical (6). Second our postulated location of Y,' in an environment
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isolated from the aqueous phase may account for the unusual stability of the
radical to reduction. Model compound electrochemical work on tyrosine in
solution has provided a value of +0.8V at pH = 7.0 for its redox potential
(28,29) in good agreement with the estimate of +0.76V for the Y," midpoint
potential made by Boussac and Etienne (22). This value is characteristic of a
highly oxidizing species, one that would be expected to be reduced quickly by
reductants (e.g., ascorbate) in the chloroplast milieu. If, however, the Y,' species
is isolated from the reductants, as our H,O/D,O exchange data indicate, then its
stability to reduction becomes understandable.

Although the EPR properties of Y,' and Y,' are sufficiently similar that
one can sometimes infer properties of the Y,* species (6,24) from those of the
stable Y,' species, the hydrogen bond situation of the Y," remains an open
question. The reason for this is that the hydrogen bond influences the Y,* EPR
line width only slightly and ENDOR must be used to document its occurrence.
To date, we have not been successful in trapping the Y,' species under
conditions appropriate for ENDOR and thus we cannot comment on either the
solvent accessibility or the hydrogen bonding state of this radical. Such
information, of course, would be extremely useful in characterizing the role of Y,
in transferring electrons between the site of water oxidation and the reaction
center chlorophyll P,,,.

The unusual microwave power saturation observed for the Y, EPR
spectrum (30,31) was the first suggestion of a strong interaction between the

Y,' radical and the protein environment. This anisotropic power saturation
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behavior, in which the center of the EPR spectrum saturates at lower power than
the wings, has also been observed in model semiquinone systems (32). In the
models this phenomenon has been explained in terms of solvent induced
anisotropic spin lattice relaxation that results from hydrogen bonds to the
oxygens at the 1,4 ring positions. Although the tyrosine radical Y, has only a
single carbonyl oxygen that participates in a hydrogen bonding interaction, it is
likely that this contributes to the observed power saturation behavior of the Y,'
EPR spectrum. In this regard a comparison of the power saturation behavior of
Y,' to that of the tyrosine radical in ribonucleotide reductase, where the
hydrogen bond interaction looks to be substantially weaker or missing altogether,
may be informative.

Because the hyperfine tensor for the Y,' hydrogen-bonded proton is
purely dipolar, we can use the principal components to estimate the O--H
bond distance. Such an analysis has been carried out for the benzoquinone
anion radical (10). The procedure relies upon a point dipole approximation that
relates unpaired electron spin density, distance between dipoles and hyperfine

coupling as follows:

3cos’e,-1

3
r

a, = 78.4 p, [ ] (1)

where a,(i = x, y, or z) is in MHz, p_ is the unpaired spin density on the
hydrogen-bonded atom, in this case the phenol oxygen, 6, is the angle between
the applied magnetic field and the line joining the proton and its hydrogen
partner and r is the distance in A between the two atoms (10,12). This equation
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predicts that the major coupling (a;™) is along the O-H direction and that the
sign of this tensor component is positive; the smaller coupling is two-fold
degenerate and negative. By using equation 1, the direction of a““ and a ™,
and the unpaired spin density at the axygen for Y," estimated in the preceding
chapter (0.2 to 0.28), we find an O-~-H distance of 2.0 to 2.3 A for the
hydrogen bonding interaction.

The aromatic ring plane in the tyrosine radical lies nearly perpendicular to
the membrane plane, with an angle between the C,-C, axes and the membrane
plane of afound 60°. We can further investigate the orientation of the radical
with respect to the membrane plane by looking at the directions of a,™ and
a ™ within the context of the Y, ENDOR spectra of oriented PSII membranes.
From the orientation selection experiment we know that a ™ lies perpendicular
to the ring plane, whereas a|" is parallel. When the magnetic field is applied
perpendicular to the membrane plane (Figure 5.7a) the intensity of al"' is
smaller as compared to the a,™ component. When the field is rotated 90° with
respect to the membrane plane (Figure 5.7b) the intensity of a,™ is much
stronger as compared to Figure 5.7a but contributions from the a,™ component
remain. There are three possible explanations for the observed lack of
resolution between the hyperfine tensor components of the H-bonded proton.
The first explanation is poor orientation of the PSII membranes causing a large
spreading of all possible angles (mosaic spread) giving rise to a situation similar
to that found in a powder spectrum. A second possibility is that the H-bonded
proton is not exactly co-planar with the ring plane. A third explanation would be
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that the ring plane is not exactly perpendicular to the ﬁembrane plane, ie., that
the angle between the g, component and the membrane normal is not exactly
90°.

Although partial disorientation on this type of samples is expected, the
mosaic spread is not so large (=~10°) that the resolution of the individual
hyperfine tensor components for the various protons cannot be obtained, as
shown in the preceding chapter. In addition, the Y,' EPR spectra for these
oriented samples demonstrated a well oriented population, eliminating the first
possibility. From the orientation selection experiment we know that the
H-bonded proton is in the plane of the ring, eliminating the second possibility.
Therefore we conclude that the ring plane is twisted with respect to the
membrane normal. We estimate a twist angle of 15° + 5°, which is supported
by EPR simulations of the Y,' oriented samples. The proposed orientation of
the Y,' radical with respect to the membrane plane is schematically represented
in Figure 5.10.

Conclusions

The ENDOR studies presented here for the Y,' radical indicate that this
technique is suitable for studying these type of biological systems to provide
information not only on the radical itself but also on protons from amino acids in
the immediate vicinity. The Y, binding site is found to be inaccessible to
solvent water under most experimental conditions; only with fairly drastic
treatment can protons in this site be exchanged. This observation is consistent

with the stability of Y,’. It also suggests that the protein is labile to a certain
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extent. There is a H-bonded proton present that may play an important role in
the redox chemistry of the radical. The O--H distance has been estimated to
be between 2.0 to 2.3 A. Not only is the ring plane not exactly perpendicular to
the membrane plane but it is also twisted with respect to the membrane normal
by about 15°.

All studies presented here were performed on Y,' and, although we
believed that Y,* and Y,' have the same structure and similar orientation with
respect to the membrane, the presence of an hydrogen-bonded proton to Y,' can
not be tested by ENDOR at present owing to the instability of this radical.
Although we do not have any evidence, it is possible that the hydroxyl proton
released by the Y,' and Y,' species upon oxidation may be hopping on and off
from the radical to a nearby base depending on the oxidation state of the
tyrosine molecule. Another possibility is that it may just be a Bohr proton.
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CHAPTER 6
FUTURE WORK

The ENDOR studies presented here show that this is a suitable technique
for studying protein bound radicals and their local environments. We were able
to obtain the unpaired spin density distribution on the aromatic tyrosine ring of
the Y,' species. We determined the geometry of the B-protons with respect to
the tyrosine ring and the orientation of the radical with respect to the membrane
plane. The accessibility of the radical binding site was studied and a hydrogen-
bonded proton was detected on the Y,' radical. The spatial characteristics of this
H-bonded proton were investigated and the H-bond distance was determined.

One way to strengthen our assigments of the various lines on the Y,*
ENDOR spectrum is by using ENDOR triple resonance techniques which will
allow the determination of the sign of the hyperfine coupling constant. This will
. be specially useful for the resonances in the low frequency region (10-20 MHz),
Le., a-protons at the 2-6 positions and the B-protons with the large dihedral
angle. Another way of approaching this problem is by doing ENDOR in vivo of
samples that are specifically labeled with isotopically substituted tyrosine. By
performing these experiments the ENDOR lines corresponding to the a-protons
at the 2-6 and 3-5 positions and to the B-protons can be unequivocally assigned
in model samples. The results of these experiments can the be extrapolated to

the Y,' radical. Even though the unpaired spin density distribution on the model
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tyrosine is expected to be slightly different than the in vivo samples this approach
provides way of testing our assigments of the Y,* ENDOR spectra.

The torsional rotations of the aromatic tyrosine ring along the C, - C
bond discussed in Chapter 4 can be further investigated. The changes in the
high frequency ENDOR region (20-30 MHz) and the low frequency region
(10-20 MHz) can be monitored as a function of temperature in the tyrosine
samples (in vitro), where the B-protons are substituted by deuterium and com-
pared to a control sample, ie., no isotopic substitution, over the same tempera-
ture range.

The Y, matrix ENDOR lines still need to be investigated. In liquids these
lines average to zero by the rapid tumbling of the radical. So matrix ENDOR
can be used to probe the amount of molecular motion as a function of the
temperature. Therefore, the matrix ENDOR could also be used to investigated
the torsional rotations mentioned above.

We have seen that the protein enviroment surrounding the radical plays
an important role in determining the function and estability of the radical. One
of the interactions that is likely to influence profoundly the behavior of the
radical in the binding site is the H-bond. A direct way of studying this interac-
tion is by studying the ENDOR spectrum of perdeuterated tyrosine (in vitro) in
protonated solvent. We have seen that this interaction is not the same in all
biological systems. For example, a strong hygrogen bond is observed on the Y,'
radical but in the enzyme RDPR this interaction is weaker as judged by its
ENDOR spectrum. The strengh of the H-bond under different conditions can
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also be investigated by using perdeuterated tyrosine in vifro in different solvent
environments and by monitoring the changes in the ENDOR spectrum.

To obtain an accurate value of the unpaired spin density at the oxygen,
the phenoxy 'O can be replaced by *’O. Since the hyperfine interaction with
the oxygen is much larger than with the protons, they should be resolvable in the
EPR spectrum and there should be no need for ENDOR. One would expect
that each line in the Y,' spectrum will be split into a sextet arising from the
interaction of the unpaired electron with the nucleus I = 5/2. The hyperfine
coupling for 'O (a,) in the Y,' radical can be estimated by using the following

equation (1):

a, = QP + QciPee (1)

where a_ is the hyperfine coupling in gauss, Q_ and Q,, are constants for the
oxygen and carbon 4 with approximate values of -40.4 and -16.7 gauss, respec-
tively, and p, and p,, are the unpaired spin density at the oxygen and the carbon
directly attached to the oxygen (ie., carbon 4). With a p, = 0.24 and p,, = -0.04
for the Y,' species (Chapter 4), the multiplets mentioned above should have a
hyperfine coupling of about 9 gauss. Most of these lines will overlap but the
lines at the low field and the high field positions (ie., the lines at the beginning
and the end of the EPR spectrum) are likely to be resolvable. The individual
spin densities that can be calculated from Equation 1 and the hyperfine coupling
measured are substantially dependent on the choice of Q’s for the oxygen and
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the carbon 4. Nevertheless this experiment will provide a direct way of calcula-

ting the unpaired spin density at the oxygen. In addition it may give some

insight about the H-bond interaction.
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