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ABSTRACT: In initial events of the photosynthesis by higher plants, the photosystem 1l (PSII)
generates photoinduced primary charge—separated (CS) state composed of reduced pheophytin
(Pheop1™) and oxidized special pair (P*™) in chlorophylls a (Chla) Ppi/Pp2 in the D1/D2
heterodimer, ultimately leading to the water oxidation at the oxygen—evolving Mn1CaOs cluster
by P*™. To understand molecular mechanism of the efficient generation of the initial oxidative
state, we have characterized cofactor geometries and electronic coupling of the photoinduced
primary CS state in quinone pre-reduced membrane of PSIlI from spinach using the time-
resolved EPR method. It has been revealed that that the electronic coupling between the charges
is significantly weak in the CS state separated by 1.5 nm, showing an importance of regulated
cofactor-cofactor electronic interaction between a vinyl substituent in Pheop: and an accessory
chlorophyll to inhibit the energy-wasting charge-recombination after the primary electron-

transfer processes.
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In the primary event of the photosynthesis by green plants and cyanobacteria, the light energy
is transferred through antenna complexes to the reaction center (RC) of the photosystem Il (PSII)
in the thylakoid membrane. The RC is composed of the D1/D2 heterodimer, possessing the
chlorophyll a (Chla) pair (Pp1/Pp2), the accessory Chla (Chlpi/Chlp2), the pheophytins
(Pheop1/Pheopy), two quinones, and two additional Chla as the redox active cofactors.! It has
been suggested that the electron is transferred to Pheop: from Chlpi* electronically excited via
the antenna, following hole-transfer to the “special pair (P)” of Pp1/Pp2 generating the primary
charge-separated (CS) state of P*" Pheop:™.2* Subsequently, the electron is transferred from
Pheop: ™ to the secondary acceptor quinone (Qa).2 On the donor site, the hole is transferred from
P** to a tyrosine residue (Tyrz) nearby Pp1.?° The oxidation states in the MnsCaOs cluster are
then generated resulting in the splitting of water to produce the molecular oxygen by utilizing
their chemical potentials.® If Qa is pre-reduced or depleted, the electron-transfer (ET) reaction is
blocked at Pheop: and therefore, the primary CS state is deactivated by the triplet
recombination.” Lubitz and co-workers suggested that the excited triplet state generated by the
charge-recombination (CR) resides in Chlps from a time-resolved electron paramagnetic
resonance (TREPR) measurements at a cryogenic temperature.® Several studies have been
performed to understand mechanisms of an extremely high redox potential of P*™ in PSII while
the photosynthetic reaction centers (PRC) do not have such potentials in purple bacteria.>*? For
chemically oxidized PSII RC samples, the cationic charge was reported to be localized on the D1
part (Pp1) at 70-80 % over Pp1/Pp2,>° lowering the singly occupied molecular orbital (SOMO)
level to oxidize the Mn4CaOs cluster. On the primary CS state, Matysik et al.}?> demonstrated
that the cationic charge is localized at a single Chla site by using the photo-CIDNP method.

Ultrafast spectroscopic studies have also denoted the predominance of the cationic charges on



the D1 part in the primary CS states (namely, P p1** Pheop:1™) as the short-lived intermediate in

the PSII reaction centers.®
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Figure 1. X-ray structure of the cofactors in PSII reaction center taken from a PDB code 3ARC. Reference protein
axes are set in (gx, 9y, gz) in Pheop: to express the direction (d) of the spin dipolar coupling and the pseudo C;
symmetry axis (C2).

In the primary CS states, the above oxidative and localized cationic charge would cause a
strong electronic interaction with Pheop:™ and thus suffer from an energy-wasting CR process,
since the distance between the charges is expected to be shorter in PSII than in the purple
bacterial? in which the hole distribution is highly delocalized on the special pair. However, no
experimental studies have been performed to understand how cofactor geometries play roles on
the electronic interaction of the primary CS state in which the anionic charge may significantly
influence the electronic state. In particular, Pheop: employs a vinyl group as a terminal
substituent which is located in close proximity to Chlp: as shown in Figure 1, whereas the
bacterial pheophytin (Ha) utilizes an acetyl group as one of the electron-tunneling routes
between the accessory chlorophyll (Ba) and Ha.™ It has been unclear how the vinyl substituent

plays a role on the electronic couplings for the initial light-energy conversion in the plants. We



have herein observed the primary CS states in quinone pre-reduced membranes of PSII from
spinach in frozen solution and in oriented multilayers at 77 K using the X-band TREPR method.
We show that, although the cationic charge is localized at Pp: and the molecular conformation of
Pheop: is conserved after the primary charge-separations, the electronic coupling between the

charges is significantly weak.
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Figure 2. a—d) TREPR spectra of the quinone doubly-reduced membrane of PSII in buffer/glycerol solution at

several delay times at T = 77 K. e—g) Zoom-in views of the TREPR spectra at the center field regions of 338 mT

obtained after baseline corrections, showing the primary CS state. h) Time profiles of the peaks at 338.3 mT (solid
line) and at 345 mT (dotted line). The colored lines in e)-h) are computed TREPR signals obtained by the powder-

pattern calculations of the transverse magnetizations.

Figure 2a—d show TREPR spectra of the quinone doubly-reduced membrane of PSII from
spinach in frozen solution at 77 K obtained by the 532 nm pulsed laser irradiations. At the later
delay time of 1.2 pus in Figure 2c, a broad A/E/E/A/A/E polarization pattern, where A and E

denote microwave absorption and emission, respectively, is assigned to the fine structure of the

recombined 3Chlp1* after singlet-triplet (S—To) conversion of the primary CS state.® A minor



broad signal by the triplet carotenoid* is superimposed in Figure 2a-d as detailed in Figure S1 of
Supporting Information. In the early delay times before 1 ps, one can see sharp signals as
indicated by a solid arrow in Figure 2a. To obtain the sharp spectrum components at the center
region (Figure 2e—g), each TREPR spectrum in Figure 2a-c has been subtracted from the sigmoid
line—shape at the delay time of 2.0 us (Figure 2d) for the magnetic field (Bo) from 334 to 343 mT,
as shown in Figure S2 of Supporting Information. The expanded spectrum of the sharp
component in Figure 2e exhibits an A/A/E/E fine structure with a distorted shape and is changed
to the weak absorptive signal in Figure 2g by increasing the delay time. Figure 2h shows time
profiles of the EPR signals of the sharp component at 338.3 mT (solid line) and of the absorptive
peak at 345.0 mT (indicated by the dotted arrow in Figure 2a) due to the recombined 3Chlps*.
The decay lifetime (0.5 us) of the solid line is coincident with the rise time of the dotted line. It
is known, in the PSII RC, that the primary CS state of P* Pheop:~ is deactivated by transferring
both the electron and the hole to Chlp: to generate *Chlp:* as the CR product.® Thus, the

A/AJE/E pattern in Figure 2e is attributable to the primary CS state of P""Pheop:~".

Figure 3. a) Quantum mechanical electron spin polarization model to compute the TREPR spectrum (bottom) by the
primary singlet CS and the subsequent triplet CR leading to the T1, T, and T3 spin states in the presence of Bo. b)

Geometries of the primary CS state (top) and of the recombined Chlp;* (bottom) taken from the X-ray structure.



By the spin correlated radical pair (SCRP) model,'®'® the EPR spectrum shape is highly
affected by the electron spin-spin dipolar coupling (d), the spin—spin exchange coupling (J) and
the spin multiplicity of the precursor excited state to generate the CS states. We have calculated
time developments of the transient EPR intensities by numerical analysis of the coupled
stochastic—Liouville equation (SLE)*® on the basis spin functions of S, T+, To, T- in P*Pheop:™
and T, T2, T3 spin states in 3Chlpi*, as shown in Figure 3a. With applying principal axis
orientations in P* and Pheopi~,2%?! as described in the Supporting Information, the g—tensors
(Gp and Gprneo) have been computed in a reference axis system of X’-Y’-Z’ represented by the
principal axes of the d coupling. We have taken into account J, d, isotropic and anisotropic
hyperfine couplings (HFC), and relaxation kinetics by the singlet and triplet CRs (ks and kt in
Figure 3a)!° and by the spin—relaxations, as detailed in Supporting Information with Figure S3.
In the present X-band EPR calculation, the computed spectrum was not significantly affected by
the orientations of Gp. This is because the g-anisotropy is small (grx = 2.00329, gpy = 2.00275,
and ge; = 2.00220)% in P*. Thanks to large magnetic anisotropies in d and in HFC of Pheop:™,
however, the EPR spectrum shape obtained by the powder-pattern integration from all the
possible field directions was highly dependent on the d-direction (€ and ¢ defined as the polar
and azimuthal angles with respect the principal axes of the g-tensor in Pheo™) in Figure 3b or on
the conformation of the Pheop:™. (See Figure S4.) Concerning the anisotropic magnetic
interactions, the following parameters have been utilized based upon the X-ray structure: 1) the
spin-dipolar coupling (as characterized by Drp = -0.75 mT and Erp = 0.04 mT) which is
dependent of the Bo-direction of e = (I, m, n), as expressed by d = Dre(n?>~1/3)/2 + Erp(I>-m?)
with the inter—spin vector d (= Z’ axis) directing to (6, ¢) = (99°, —140°) in the (gx, gy, gz) axis

system from Pheop:™ to Ppi™ (red solid arrow in Figure 3b), and 2) the nitrogen hyperfine



tensors of (Axx, Ayy, Az) = (0.0, 0.0, 0.82) mT in Pheop: .2 Both the TREPR spectra and their
time evolutions have been reproduced as shown by the red lines in Figure 2e-h by using J = -
0.20 mT, ks = 0.5 pus?, kr = 1.5 us™ and Tire = 0.5 ps as the spin—lattice relaxation time. kr =
1.5 pst is in line with a reported submicrosecond recombination kinetics of the CS state
obtained by the transient absorption method on the quinone pre-reduced PSIl membrane.?? The
quick spin relaxation for T = 77 K may originate from librational charge motions to induce
fluctuations of the J-coupling?® in the primary CS state due to low-frequency cofactor motions to
cause the cationic charge redistributions in the special pairs, as predicted by the molecular
dynamics simulation.!* The time—development of the triplet EPR signal at 345 mT has also been
reproduced as shown by the blue line in Figure 2h, by applying the triplet—triplet electron spin
polarization transfer model in Figure 3a?* using the principal axes (X,Y,Z) of the tensor
orientation (a, B, ) = (55°, 74°, 15°) on the zero field splitting (ZFS) interaction of 3Chlp,*
obtained from the single—crystal TREPR study.® From Dgre = —0.75 mT, the CS distance is
estimated to be rcc = 1.5 nm by the point—dipole approximation of Dre ~ —(3/2)(gf)? Ircc®. This
IS consistent with the center—to—center distance between Pheop: and Pp: from the X-ray
structure in Figure 3b.

To confirm the above assignment of the center field spectra (Figure 2e-g) as the primary CS
state and to obtain validities both of the molecular geometries and J, we have observed the
TREPR spectra for the oriented multilayer?® of PSII on a plastic sheet, as shown in Figure 4.
Figure 4a and 4b show entire views of the TREPR spectra at the sample orientation that normal
vectors from the sheet plane are parallel (¢ms = 0) and perpendicular (fms = m/2) to the Bo
directions, respectively, at a delay time of 0.8 us. It is known that the membrane normal vector

C> coincides with the pseudo C»> symmetric axis in Figure 1 and is preferentially oriented



perpendicular to the plastic sheet.?! Thus, Figure 4a and 4b are attributable to Bo parallel and

perpendicular to C», respectively.
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Figure 4. TREPR data of the quinone pre—reduced PSII membranes oriented as the multilayers on a plastic sheet. a)
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and b) were obtained for the sample orientations that the C, axis is parallel and perpendicular to By, respectively, at

a delay time of 0.8 us. c¢) Cofactor orientations are shown with respect to the C, axis as taken from the X-ray

structure. d—e) The TREPR spectra at the center field regions of 337 mT for the d) parallel and €) perpendicular

orientations at 0.5 us. Computed spectra are shown by the red lines in a), b), d) and e) for the corresponding sample
orientations and the delay times. f) 3D spin polarization imaging mapped to all possible Bg directions at 338.3 mT as
computed from the powder-pattern TREPR spectrum of Figure 2e. The red area denote that the A/E polarization is

strong, while the blue region corresponds to the strong E/A polarization.

Since the spatial orientations of the ZFS principal axes of X-Y-Z and d (Figure 4c) are both
modulated by the sample rotations (Omg) with respect to the laboratory frame, one can
characterize the conformations of X-Y-Z and d by introducing a distribution function?® in the Bo-
direction angle, as detailed in Supporting Information. In fact, an enhanced A/E-polarized Z-
transitions is observed in Figure 4a, while an enhanced E/A Y-transition is detected in Figure 4b.
These are both coincident with the residence of the triplet product at Chlp; by the geminate CR,

since the principal Z and Y axes are roughly parallel and perpendicular to the C» axis,



respectively in Figure 4c. Figure 4d and 4e show the TREPR spectra at the center field regions at
the earlier delay time of 0.5 us for &me = 0 and =/2, respectively, corresponding to the primary
CS states in Figure 2e. The spectrum pattern (E/A or A/E) is clearly dependent on the sample
orientation in Figure 4d and 4e. To obtain a clearer 3D view how the spin polarization of the
SCRP is modulated by the Bo-direction, we mapped in Figure 4f a Bo-direction dependence of
the absorptive or emissive EPR intensity at a lower field strength (338.3 mT in Figure 2e)
obtained from the computed powder-pattern TREPR spectrum that reproduced Figure 2e. From
the color legend in Figure 4f, the red color represents the strong microwave absorption, while the
blue one corresponds to the strong emission at 338.3 mT. The blue emissive regions thus
represent that the E/A polarization is generated when the Bo-direction is close to the inter—spin Z’
axis (d-vectors in Figure 4), while the red area specifies that the A/E polarization is generated
when By is directing perpendicular to the d based upon the transition scheme in Figure 3a. This
is because the sign of d depends on the Bo-direction, as expressed above. This color map thus
explains that the powder-pattern spectrum shape in Figure 2e is strongly contributed by d. From
Figure 4c and 4f, it is predicted that the E/A polarization is detected when By is parallel to C»,
while the A/E polarization is obtained for the Bo perpendicular to C2, as shown by the green Bo-
vectors on the imaging view of Figure 4f. The experimental results in Figure 4d and 4e are well
coincident with this prediction, strongly supporting the assignments of the TREPR spectra as
Po1™"Pheop: ™. This also implies that the d coupling is stronger than the isotropic coupling of J =
—0.2 mT. We conducted the model calculations (red lines in Figure 4) of the EPR transitions
(Figure 3a) with setting a distribution angle?® of 4 = 20° on the CS state, as detailed in
Supporting Information. Experimental spectra in Figure 4d and 4e were well reproduced using J

=-0.2 mT, Drp =-0.75 mT and Erp = 0.04 mT with (6, ¢) = (99°, —140°). We also performed
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the calculations in Figure S5 on the Owg effects of the TREPR spectra of the CS state for another
set of the input parameters: Drp = —0.50 mT and Erp = 0.08 mT with (6, ¢) = (90°, -140°)
representing that the hole is fully delocalized in Pp1/Pp2, as in the special pair of the PRC, which
is identified by the dotted d vector with rcc = 1.8 nm in Figure 3b.1% ° This parameter set
produced highly deviated spectra from the experiments, excluding the delocalized hole
distribution in the CS state as shown in Figure S5. The agreements of the red lines in Figure 2
and 4 with the experimental spectra thus demonstrate that the cofactor conformation in Pheop:™
are unchanged by the ET and that the hole is localized at Pp:™, as shown in Figure 4b, indicating
that the electron tunneling route in Chlp1Pheops is not disrupted, as shown by the dotted line in
Figure 4c. From the localized electron and hole at rcc = 1.5 nm, a strong electrostatic
stabilization is anticipated. This may avoid the Tyrz oxidization to produce the CS state of
Tyrz’(H")“Pheop:™ from Ppi™Pheopi™. When Qa is not pre-reduced, however, the
subsequent ET from Pheop:™ to Qa will eliminate this electrostatic stabilization, resulting in
Tyrz' (HY)Qa™" via P™Qa™".> The above electrostatic interaction by Pheops™ might cause the
more localized cationic charge distribution'? than the distribution® at 70-80 % on Pps in the
chemically oxidized PSII sample, contributing to the strong d-coupling.

The J-coupling is revealed to be much weaker (-0.2 mT) in the present CS state than J =-0.9
mT in P™Ha™ despite the shorter inter-spin distance of 1.5 nm in PSII than in the purple
bacteria.'® 1° In the PSII RC, Pp1™" Pheop:™" is deactivated by transferring both the electron and
the hole to Chlp: producing 3Chlps* as the CR product.'® This one-step recombination is viewed
as the superexchange ET mediated by a virtual state of Pp:™Chlp1™Pheop: which energy is
higher by AE than Pp1*~Chlps~-Pheop:™. The ET sequence described by Pp;**Chlps-Pheopi™

* —> Pp1™ ~"Chlp1™Pheop1 —> Pp1 Chlp1* Pheop: is then useful to evaluate the bridge-
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mediated electronic coupling (Vcr) for this one-step recombination,?® that is |Vcgr| =
|Veheo|[VrD1|/AE, Where |Vpneo| is the transfer-integral between the lowest unoccupied molecular
orbitals (LUMO) of Chlp: and Pheop:. Similarly, |Vrp1| denotes the transfer-integral between the
highest occupied molecular orbitals (HOMO) of Pp: and Chlp:. AE = 2,040 cm™ was estimated
as the vertical tunneling energy gap.'® 2’ By this Vcr interaction, the J-coupling is induced as the
configuration interaction from the excited states of Chlpi1*.% In the purple bacteria, |Vcr| =
IVen||Ves|[/AE has been considered from the superexchange mechanism.!® 26 Here, |Vgn| is the
transfer-integral between Ha and the bacteria chlorophyll (Ba) and corresponds to [Veneo| in the
present study. |[Vcr| = 2.2 cm™ was obtained from J = =0.9 mT in P Ha™".*® Since J is
proportional to [Vcr[?, ** 26 [Vcr| = 1.0 cm? is evaluated from J = —0.2 mT in Pp1** Pheop:™. The
CR rate of kt = 1.5 pst is smaller in the PSII than kt = 400 ps™* in the bacterial PRC.16 1% 2°
These triplet recombination processes are both activationless,?> " as described in Supporting
Information. Thus, the present weaker J-coupling (-0.2 mT) is consistent with the smaller kT,
since kr is proportional to [Vcr[?.3° This means that the electronic coupling between the unpaired
orbitals is weaker even for the closer separation distance of 1.5 nm in Pp1*"Pheop:™ than in P™
Ha ~ of the purple bacteria.

In PSII, the vinyl group of -CH=CHz: is directing to Chlp: as shown in Figure 1 and A4c,
whereas the acetyl group —C(CH3)=0 is substituted in Ha as the electron-tunneling route'!
generating [Ven| = 135 cm™ for BA™Ha—> Ba“Ha™ in the purple bateria.'®* The vinyl group in
the plant may restrict the |Vpeneo| coupling and thus weaken the electronic interaction in the CS
state. When |Vpneo| = [Vpp1| is assumed, [Veneo| = 45 cm™ is estimated for the dotted interaction in
Figure 4c from |Vcr| = [Veheo|[Vep1[/AE and |Vcr| = 1.0 cm™. This significantly weaker coupling

is rationalized by the lower electron affinity (EA = -1.55 eV) of ethylene®! than EA = 0.0 eV in
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acetaldehyde,®? since such a low EA will restrict the hybridization of LUMO in the vinyl group
with the electron-accepting frontier orbital in the aromatic ring plane. This is in line with the
smaller spin density at the vinyl group in Pheo™ than the spin density at the acetyl group in HA™,
as reported by O’Malley.'® Moreover, [Veneo| < [VeH| is well consistent with the slower time scale
(37 ps)* in the forward ET from Chlp:~"to Pheops than = 1 ps in the ET*? from Ba™ to Ha of the
purple bacteria.

In conclusion, we have characterized the geometry, the orientation, and the electronic character
of the primary CS state in the PSII using the TREPR method. The localized hole distribution at
Pp1™ which is essential in oxidizing Mn4CaOs has been demonstrated in the primary CS state
with rcc = 1.5 nm. The weak J-coupling between Pp:* and Pheop:i™ is explained by the limited
spin density at the terminal vinyl group in Pheop:1™, regulating the orbital overlap between Chlp;
and Pheop:™ to inhibit the energy-wasting recombination for the close separation distance
between the cofactors in Figure 4c. Above fundamental characteristics of the regulated cofactor-
cofactor interactions of the primary CS state are essential keys to the artificial light-energy
conversion systems and are informative for understanding the evolutions of the molecular

engineering in the higher plants.
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