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ABSTRACT: High-frequency, high-field EPR at 330 GHz was used to study the photo-oxidized primary
donor of photosystem | (") in wild-type and mutant forms of photosystem | in the green alga
Chlamydomonas reinhardtiirhe main focus was the substitution of the axial ligand of the chlorophyll

a and chlorophylla’ molecules that form the/& heterodimer. Specifically, we examined PsaA-H676Q,

in which the histidine axial ligand of the A-side chlorophgl (P») is replaced with glutamine, and
PsaB-H656Q, with a similar replacement of the axial ligand of the B-side chloroalfi?i), as well as

the double mutant (PsaA-H676Q/PsaB-H656Q), in which both axial ligands were replaced. We also
examined the PsaA-T739A mutant, which replaces a threonine residue hydrogen-bonded tektite 13
group of R with an alanine residue. The principgtensor components of thedg" radical determined

in these mutants and in wild-type photosystem | were compared with each other, with the monomeric
chlorophyll cation radical (Cht*) in photosystem Il, and with recent theoretical calculations for different
model structures of the chlorophwi cation radical. In mutants with a modifieg; Rxial ligand, theg,,
component of R¢™ was shifted down by up to Z 1074, while mutations near £had no significant
effect. We discuss the shift of tlgg, component in terms of a model with a highly asymmetric distribution

of unpaired electron spin in the;dg™ radical cation, mostly localized orgPand a deviation of thedP?
chlorophyll structure from planarity due to the axial ligand.

The initial electron donor in photosystem | (PSi&)P;od*, Thermosynechococcus elongatlisrevealed that f3yis not
the excited state of a pair of excitonically coupled chlorophyll a Chla dimer, as had been assumed, but a heterodimer of
(Chl) molecules (Ch&' and Chla; see Figure 1), which are  Chl a (Ps) and Chla (P,), the 13-epimer of Chla (see
coordinated by subunits PsaA and PsaB, respective®)( Figure 1). The side chain of a threonine residue (PsaA-
The first stage of electron transfer forms the cation radical Thr739) is in position to donate a hydrogen bond to the
P700™. The electronic properties of¢g™* are determined by~ 13'-keto oxygen. (The numbering system refers to the
the nature of electronic states of the oxidized Chl dimer, as polypeptides ofchlamydomonas reinhardijiThe hydroxyl
well as its interaction with the prOtEin environment. SUrpriS- group of this Thr residue also seems to participate in a
ingly, the 2.5-A resolution crystal structure of PS1 from hydrogen bonding network involving a bound water mol-
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to K.R. (DE-FG02-00ER15097). F-M. was supported by an EU Marie- ©0XYgen of R. This water_has three other potential hydrogen
Curie Fellowship (ERBCHRXCT940524) and the DFG (SFB472).  bond partners around it: hydroxyls of PsaA-Ser607 and
* Protein Data Bank entries 1PSS (RCRifodobacter sphaeroides PsaA-Tyr603 and the backbone oxygen of PsaA-Gly739.

1JB0 (PS1 offhermosynechococcus elonggiesd 1PPR (peridinia )
chlorophyll protein ofAmphidinum cartergdewere used. However, B has no comparable H-bond network. Thus,
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@J. W. Goethe University. resonance (ENDOR) measurements afP that estimated

1 Abbreviations: BChl, bacteriochlorophyll; Chl, chlorophyll; @ =5:1 localization of unpaired electron spin om £3).

ENDOR, electron nuclear double resonance; EPR, electron paramag-However, Fourier transform infrared (FTIR) difference spec-
netic resonance; FTIR, Fourier transform infrared; hfc, hyperfine i i i i
coupling; HF-EPR, high-field (frequency) EPR;,Rhlorophylla’ on ELa of B??i\?avehbfen ilnterl’]p:et(jed n te”rm; ?[r/va mnO?hel TWWhICCf?I
the A-side of Rog Ps, chlorophylla on the B-side of Ry PS1, pho- € positive charge IS shared equally betwee € wo S

tosystem |; PS2, photosystem II; RC, reaction center; WT, wild type. (4) (see ref5 for an alternate interpretation).
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Ficure 1: Structure and IUPAC numbering system for @hTThe
Chl @ isomer has the opposite stereochemistry at positién 13

The other major interaction between thgohls and their
environment is that of the axial ligand and the central
Mg(Il), which is provided by the protein in the form of two
histidine residues: PsaA-His676x)Rand PsaB-His656 .

It was previously shown that mutation of the axial ligands
could perturb By (6—8). While mutation of PsaB-His656
caused shifts of proton hyperfine couplings (hfcs) to the
Pzoo™ radical cation, as seen by ENDOR spectroscopy,
mutation of the ligand to had almost no effect upon the
ENDOR spectrum@, 8). Thus, it was concluded that the
hole was primarily localized ong? Interestingly, mutation

of PsaA-His676 to GIn did have a noticeable effect upon
the Poo"/Pr;o FTIR difference spectrum in the region
assigned to the t&eto group {, 9). Mutations of axial
ligands on either side had significant effects upon thgP
Pzo0 Visible difference spectrum and increased the midpoint
potential of Bog™*/Psoo (7, 8).

The use of high-frequency, high-field EPR enables the
complete resolution of thg-tensor of slightly anisotropic
radicals, such as organic cofactors. Priseteal. (10) were
the first to completely resolve thgttensor of Rys™, using
deuterated PS1 from. elongatusand a frequency of 140
GHz. Use of a sulfficiently high field and/or frequency allows
resolution of theg-tensor without having to resort to
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PS1 and four mutants in which amino acids serving as axial
ligands or H-bond donors have been targeted.

EXPERIMENTAL PROCEDURES

The axial ligand mutants7f and the PsaA-T739A mutant
(5) have been described. Isolation of thylakoid membranes
from C. reinhardtiiwas performed as described previously
(7). To generate the At radical, concentrated thylakoid
membranes were mixed with a small amount of ferricyanide
in a Teflon cup and illuminated with strong white light for
10 s before being placed in liquid nitrogen under continuous
illumination. The Chi™ sample has been described previ-
ously (L2) and was remeasured at the same time as#&" P
samples.

The HF-EPR spectrometer, as well as a procedure for
simulation spectra, has been described previousB). (
Spectra were recorded at a magnetic field of +1.6.7 T
and a temperature of 10 K. We used a P-doped Si standard
([P] ~ 10 spins/cn) for field calibration and measurement
of sampleg-tensor principal values. Spectra ofof** were
recorded before and after addition of thestandard; the
standard was added through the waveguide tube so that the
sample would not be moved. The P-Si standawdlue was
calibrated using Mn(lIl) in MgO at 240 GHz. We have used
the effectiveg value of Mr#™ in MgO standard ey =
2.00101+ 0.00005 {4)] and obtained they value of our
reference P-Si standard; & 1.998544 0.00005), which is
in good agreement with the literature value of 1.99850
0.00010 {5). The simulations were fits to the data made
via a home-written program that allows for an admixture of
dispersion and absorption, and optimization of ghealues
and line widths. All fits were done using a Gaussian line
shape only. In some spectra, we observed lines from Mn(ll)
contaminating the samples. When possible, these were
simulated as well (not shown).

RESULTS AND DISCUSSION

Figure 2 shows the high-field EPR spectra recorded for
C. reinhardtiiPso0™ cation radicals from the wild type (WT),
from single mutants PsaA-T739A, PsaA-H676Q, and PsaB-
H656Q, and from double mutant PsaA-H676Q/PsaB-H656Q.
All spectra were simulated, and the simulation parameters
are given in Table 1.

When theg values for the wild-type and mutant PS1s were
compared, a relationship was clearly seen between the side
of the Bgo dimer perturbed by the mutation and thg
component. Only mutation of the axial ligand tg @PsaB-
H656Q and PsaA-H676Q/PsaB-H656Q mutants) caused a
significant shift in theg,, value. The slight differences
between they,, value in the R mutants (PsaA-H676Q and
PsaA-T739A) and in WT were within the limits of experi-

deuteration of the sample, which eliminates the large proton mental error.
hyperfine couplings that would otherwise broaden the EPR  Results of previous ENDOR studies supported the model

lines. Brattet al. (11) reported the complete resolution of
the Poo™ EPR spectrum at 330 GHz using protonated PS1
from spinach. They found essentially identiogdtensor

in which the unpaired electron spin distribution within the
P7o0™ radical cation is strongly localized to;Rsee refl6
for a recent review). The structural inequivalence gfiRd

principal components as in the previous study, but also found Ps is determined first by the difference in their configura-

a temperature dependence &y, indicating that the Rg"

tions, with B being the 13-epimer of Chla. Second, R

radical may become more anisotropic at lower temperatures.accepts hydrogen bonds from side chains of PsaA-ThrA739
In this study, we have used high-field EPR to resolve and PsaA-Tyr731 and from a water molecule, while there
completely theg-tensor components of;&" in wild-type are no hydrogen bonds tg PThe electronic states of,g"
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side of Pgo (13'*-keto group of R) upon the hfc from a group
on the other side (12-methyl group of)P Although a
decrease in the hfc from the 12-methyl protons gfi®
WT expected if spin density is redistributed from t® P after
removal of the H-bond to B one might also expect a
decrease in all the hfcs assigned tpdnd a corresponding
A-H676Q increase in the hfcs assigned tg Fhese were not observed
(20, 21). While one might argue that “indirect effects” could
explain this, such an argument would undermine the claim
B-H656Q that ENDOR spectroscopy is the “method of choice” for
obtaining information about spin localization. By its nature,

A-H676Q/ hyperfine spectroscopy will be sensitive to differences in
B-H656Q local spin density; however, thetensor is more of a global
measure of spin distribution within the system, and high-
A-TT39A field EPR is therefore a complementary method for examin-
ing environmental effects upon a radical. On the basis of
Chl *+ our analysis of mutations in the axial ligands to &d R
z and in the H-bond donor to the %Reto of R, we also

conclude that the spin is strongly localized a5} 8onsistent
with the previous conclusions from hyperfine measurements.
2.0035 2.0030 2.0025 2.0020 2.0015 Mutation of the B axial ligand provoked a decrease in
0z While mutation of the axial ligand or H-bond donor to
Pa had no large effect. While we can explain tgecificity
of the effect by localization of the spin ongPthe effect
itself (shift of g, requires some discussion. Previously,
changes irgx caused by mutation of H-bond donors have
been observed and theoretically explained (se@2dbr a
recent example). To the best of our knowledge, this is the
first time that a shift ing,, of a cofactor radical caused by a
mutation in a nearby residue has been observed, and it was
not expected. We now turn to a discussion of this effect and
its possible origins.

Itis known from density functional theory (DFT) quantum
chemical calculations that the optimized structure of &hl
is very planaiin vacuo (23, 24). However, this planarity is
seriously perturbed ing?(2, 25) due, at least in part, to its
Fieure 2: High-field EPR spectra of g in C. reinhardfii PS1 interaction with the histidi.ne axial ligand. InsPthe position
Spectra were recorded at 10 K and a magﬁetic field strethh of of the. central Mg(ll) deviates from .the mean plane .Of the
approximately 11.611.7 T, using frequencies of 32827 GHz. four nitrogen atoms by 0.4 A (see Figure 3A). There is also
The magnetic fields were calibrated using a P/Si standard (seea significant deviation of atoms 1and 13 of ring V from
Experimental Procedures). Spectra were scaled and offset to enablghe macrocycle mean plane. Moreover, the peripheral vinyl
easy comparison in panel A. Spectra are shown in black, with group at position 3 (see Figure 1) is also rotate@° out

simulations in red. In panel B is a comparison of the spectra from : :
WT (blue) and the PsaB-H656Q mutant (red), including the signal of plane so that the plane of the vinyl group is almost

from the P/Si standard (aj = 1.998-1.999), to enable direct ~Perpendicular to the main plane of the macrocycle. This same
comparison. dihedral angle characterizes the position of the acetyl group

in the R bacteriochlorophyll found in the X-ray structure
are also perturbed by interaction of the Chls with their axial of the Rgs special pair in reaction centers frdRhodobacter
ligands, and the perturbations may not be equal across thesphaeroides[PDB entry 1PSS Z6)]. This out-of-plane
two sides. These structural and environmental differencesposition of the 3-vinyl group of P might explain the tilt

S

—WT

B

2,004 2003 2002 20001 2000 1.999 1998

are thought to influence the spin density distribution g, between thez-axis of the Ros" g-tensor and the molecular
such that most of it is localized on one of thefChls, z-axis of B (27). The study of the spin-correlatedof*A1~*
consistent with the results of hyperfine spectrosc@yyL {— radical pair by Zectet al (27) preceded publication of the

19). The fact that mutation of thegPaxial ligand affected high-resolution PS1 structurel)( they expected that the
the Poo™ *H ENDOR spectrum (primarily by increasing the  3-vinyl group would be in plane, since it could not participate
hfc assigned to the 12-methyl protons), while mutation of in hydrogen bonding, unlike the 3-acetyl group of BChl. A
the R, axial ligand had no effect, was used to identifyd3 similar explanation was put forwar@®) for the tilt between
the chlorophyll on which the spin was localized i’ (6, the z-axis of theg-tensor of Bss™ and the moleculaz-axes

8). However, one might well ask what the assignment would of the BChlis 29).

have been had mutants in the H-bond donor (PsaA-Thr739) The perturbation of the planarity of the electronisystem
been the first ones analyzed, as mutation of this residuecould explain changes . In the PsaB-H656Q mutant (and
caused adecreasein the same hfc 20, 21). It is not PsaA-H676Q/PsaB-H656Q), we might expect a returngof P
straightforward to rationalize the effect of a mutation on one toward a more planar structure after mutation of the axial
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Table 1: Experimenta-Tensor Components of Primary Donor Cation Radicab®in Wild-Type and Mutant Photosystem | @f.
reinhardtii and Theoreticaf-Tensor Components for Model Chf* Structures

gxxa gyya gzza Oxx — gzzb Oxx — gyyb gyy - gzzb
WT 2.00304 2.00262 2.00220 84.7 41.6 43.1
PsaA-H676Q 2.00305 2.00260 2.00224 80.4 45.1 35.3
PsaB-H656Q 2.00301 2.00260 2.00205 96.2 40.8 55.4
PsaA-H676Q/PsaB-H656Q 2.00300 2.00261 2.00210 89.8 38.3 515
PsaA-T739A 2.00301 2.00255 2.00220 80.3 45.9 34.4
Chl** (PS2¥ 2.00304 2.00252 2.00213 91 52 39
(Chla*™) modef 2.00291 2.00258 2.00197 94 33 61
(Chla**) modef 2.00290 2.00278 2.00219 71 12 59

a Experimental error of 34 x 1075 ® The difference §i — gj) is multiplied by a factor of 19 ¢ From ref12. ¢ This represents a structure of
chlorophyll optimizedin vacuo(13). ® This represents a structure of antenna chlorophyA.icarterae(13).

9
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¢
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Ficure 3: Structures of various chlorophylls with distorted
planarity. In each case, the chlorophyll is show from the side as a that is a difference in vinyl group orientation; it is in plane

ball-and-stick model using CPK colors (central Mg in green). (A)
Ps of T. elongatusPS1 (molecule 1012 of PDB entry 1JBO),
including the axial ligand, PsaB-His660 (homologous with His656
of C. reinhardti). (B) Antenna chlorophyll in the peridinin
chlorophyll protein ofA. carterae(molecule 601 of PDB entry

1PPR), including the water molecule serving as the axial ligand,

coordinated by His66. (C) Chlorophyll ec®f T. elongatusPS1
(molecule 1021 of PDB entry 1JB0), including the water molecule
serving as the axial ligand, coordinated by PsaB-Asn591.

A. carteraestructure reveals that, unlike the plafmawacuo
structure, this chlorophyll actually deviates from planarity
due to axial ligation by a water molecule of the central
Mg(Il) such that its position deviates from the mean plane
of the four nitrogen atoms by 0.36 A (Figure 3B), although
the 3-vinyl group remains in plane. The same effect of devi-
ation of Mg(ll) from the mean plane of chlorophyll and
bacteriochlorophyll cation free radical models was shown
in a DFT study of axial Mg ligation by water moleculely.
Water molecules also serve as axial ligands to the central
Mg(Il) of both accessory chlorophylls in PS32), and they
exhibit a similar deviation from planarity (Figure 3C). Be-
cause of the similar deviation of Mg(ll) observed in both P
of PS1 and the antenna chlorophyllAfcarterag we might
expect a similar value fokg,,in Pyo™ of WT PS1, assuming
that the unpaired electron in;@g™ is mostly localized on
one of the Chls. The maximal experimental difference that
we observed is-15 x 107° (Table 1), which is not far from
the theoretical estimation of 22 10°° by RHF-INDO (13).

It should be noted that the effect observed here consists
of not only a shift of theg,, component but also a conser-
vation of theg,, andg,y values. As we can see from the data
in Table 1, the RHF-INDO calculation4 8) did not predict
conservation of they, component. One possible reason for

in the antenna chlorophyll oA. carteraeand out of plane

in Ps of PS1. However, it is also possible that semiempirical
calculations 13), and the theory33) on which these methods
are based, are not always sufficiently reliable. The effects
ong factor calculations should also be considered at the DFT
level of theory 84—37). Although application of DFT t@
factor calculations of large systems suffers from quantitative
inaccuracy, it can be quite successful in prediction of general

ligand histidine. Therefore, in accordance with the argument trends. In receng factor DFT calculations37) for a model

described above and assuming that ;P the unpaired
electron is mostly on £ g,; of Pyg™ in WT should be
different from g,; of Psos™ in mutants of the axial ligand
of Ps.

The deviation of Chlat* from planarity would shiftg,,
from the value in planar Cll™. There is a question of which
kind of deviation would contribute most heavily to the shift
of g,z the deviation of Mg(ll) from the macrocycle plane
or the vinyl group rotation. There was a difference of:22
107%in the values ofy,; calculated by RHF-INDO3), based
on either the optimizeéh vacuo structure of Chla or the
chlorophyll in the peridinir-chlorophyll antenna protein
from Amphidinum carterag30) used as a model for a

of the BChl cation radical with perturbed planarity of the
electronicz-system due to the rotation of the 3-acetyl group,
variation of theg-tensor anisotropy (as measured bg =

O — Oz was observed. Variation dfg during such rotation
was within the limits of~170 x 1075, with a maximum
value at~30—40° out of plane, and shifts im,, mostly
accounted for this variation. It is difficult to make a semi-
guantitative estimation of that effect in our case based on
the results published in r&f7, because there are many un-
determined factors that can influence the result. For example,
the data published in re&§7 do not allow one to determine
the relative contribution of paramagnetic (spiorbit/orbital
Zeeman) and diamagnetic (relativistic mass correction and

monomeric Chl species (see Table 1). Examination of the gauge correction) terms. In the recent very precise DFT
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calculations of the-tensor for quinones3g), it was shown
that the contribution to thg,, component could range from
domination by the spirorbit coupling term to domination

Biochemistry, Vol. 43, No. 7, 20041785

these results with results of theoretical estimations ofgthe
factor for different models of the Cla** radical cation led
us to explain the changes in tgg component in terms of a

by the diamagnetic term for different quinones and model deviation of the Chl structure from planarity.

solvated complexes of quinones. At the same time, at the

qualitative level, we might expect a similar effect for the ACKNOWLEDGMENT

shift of g,.in Pg, as well as conservation gfx andg,y, due
to the rotation of the 3-vinyl group, as was seen for rotation
of the 3-acetyl group in BCHI However, because of the
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preparing some of the thylakoid membranes used in this

difference in spin-orbit coupling constants between the work.

acetyl oxygen in BChl and the vinyl carbon in Chl(33), REFERENCES

we might also expect that the magnitude/ai,, caused by

rotation of the corresponding substituent at position 3 would 1. Jordan, P., Fromme, P., Witt, H. T, Klukas, O., Saenger, W., and

be smaller in Chl than in BChl.

Thus, a model of localization of unpaired electron spinin 2
the Pqo'™ cation radical on B, coupled with its nonplanar

structure, may reasonably explain the experimentally ob- 3

served negative shift aj,; seen in the PsaB-H656Q mutant
by a return of B toward a planar (or near-planar) structure
after mutation of the axial ligand histidine. Small changes
in the distribution of unpaired electron spin betwegraRd

Ps, due to changes in the protein environment, might also
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H676Q/PsaB-H656Q (as well as among WT, PsaA-H676Q,
and PsaA-T739A) are limited by the error of measurement
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In Figure 2, the o™ EPR spectra are also compared to
that of Ch™ from PS2 (2, 40, 41), which has been used
as a representative monomeric chlorophyll cation radical. We
note that they,, value of Ch}™ is similar to that of Pog™ in 9
the mutants affecting the axial ligand of.RHowever, the
relevance of this fact is uncertain, as the current limited
resolution of the PS2 structure$( 43) precludes a similar
analysis of this Chl in terms of its planarity or coordination.
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(44) in their study of the electronic structure of these radicals 11-

in deuterated PS1 and PS2 at 130 GHz; they found that the
0.z of Pyoo™ was higher than that of Chi* by 21 x 1075

Our data are in agreement with their results, except for a 12.

shift in the absolutey values, which is due to the use of a
differentg value for Mn(ll) in the MnO/MgO standard.

CONCLUSIONS

In this work, we report for the first time the effect of
mutations upon the high-field EPR (330 GHz) spectra of the
Pz00"* radical cation. The only mutations to cause significant
changes were those that affected the axial ligandspiRich
allowed an independent identification of Rs the spin-
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