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Chapter 6

Redox Levels and Potentials

6.0.1 ABSTRACT

So far, we have been concerned with the highly optimized photon-to-charge
conversion in photosynthetic bacterial reaction centers and a biomimetic
system. In plant photosystems photons are not only converted to charges,
the photogenerated holes are also utilized for water oxidation. The pho-
tosystem |l reaction center performs photoinduced charge separation in a
similar protein-cofactor architecture as the bacterial reaction center. Yet
the mechanism is less understood and the oxidation potential of the primary
donor (P6807) is the highest known to biological systems. Only recently,
spectroscopic evidence for coherent charge separation processes have been
discovered. In this chapter we do not discuss the dynamics of coherent
charge transfer in photosystem Il. Rather, we show how density functional
theory can be used to model large complexes the size of reaction centers
and provide a qualitatively correct picture of static redox levels, coupling
between chromophores and vertical charge transfer energies. Additionally,
we present evidence that the high oxidation potential of P680 implies a
very small dielectric constant of the local protein environment.

Parts of this chapter are to be submitted:
T. ). Eisenmayer, J. Marcelis, H. J. M. de Groot and F. Buda, 2014.



CHAPTER 6. REDOX LEVELS AND POTENTIALS

6.1 Introduction

Photosystem Il (PSII) is the complex that powers the biosphere. Not only
does it transform solar irradiation into charge separated states, it also cou-
ples this ultrafast process to the relatively slow catalytic cycle of water
oxidation, whilst operating at the highest known oxidation potential in bi-
ological systems. Only recently (2011) a highly accurate crystal structure
of PSII has been resolved [1]. The functioning of PSIl has been studied
intensively [2-6]. A remarkable difference with the bacterial reaction center
(bRC), considered in the previous chapters, is its absorption spectrum [7].
Apart from the fact that the absorption maximum at 680 nm is shifted towards
the blue, the PSII absorption band is broad with little fine structure, mean-
ing that all cofactors absorb at approximately the same wavelength. This is
in stark contrast with bRCs where the different cofactor pairs (P, Pr;,BaBp
and H 4 Hp) exhibit distinct absorption peaks. The electron transfer chain is
therefore more easily understood (P — B — H) [8]. In PSII, there may be
multiple charge separation pathways that only recently are being uncovered
[9,10], and the coherent mixing of charge transfer states into the delocal-
ized excitons due to long-living collective vibrations is recently suggested
to be the cause of its high efficiency [11,12,13]. In this Chapter we will not
discuss these features, but rather concentrate on the larger supramolecular
architecture of the reaction centers using static density functional theory
methods to assess the relative energies of frontier orbitals, to calculate
charge transfer integrals between cofactor pairs and to assess the energies
of the different charge transfer states. Additionally, we discuss the fact
that the PSII primary donor has an oxidation potential of ~ 1.2 V [14-16]
enabling it to oxidize water, whereas the bRC operates at only 0.5 V [17].
For PSII, we analyze how the oxidation potential of the primary donor is
affected by geometrical distortion and by varying the dielectric constant of
the environment.

6.2 Models and Methods

The total photosystem |l model is extracted from the latest X-ray crystal-
lographic data (PDB-entry 3ARC [1]) and comprises the 4 chlorophyll pig-
ments, 2 pheophytins and the 12 closest surrounding residues (653 atoms
in total, see Figure 6.1 and Appendix | for the full list). For this large
supramolecular complex we perform density functional theory calculations
using the ADF quantum chemical suite [18] at the BLYP/TZP level of the-
ory. The same computational setup is used for a model of bRC (PDB-entry
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6.2. MODELS AND METHODS

1M3X) comprising also all the cofactors and the direct protein environment.
We also subdivide the total model into 5 smaller cofactor-pair models, in-
cluding interstitial and surrounding amino acids. We shall refer to these
models based on their constituent cofactors: Pheop1Chlpi, ChlpiPpi,
PD1PD2, PDQCthg and CthQPhGODQ.

Figure 6.1: Total model of PSII including 653 atoms, 6 cofactors and 12
residues.

From these models we calculate charge transfer integrals between adja-
cent cofactors with the method of Senthilkumar [19,20] as implemented
in ADF at the B3LYP/TZP level. Additionally, we compute the charge
transfer energies of the 6 most likely charge transfer configurations in
PSII, being Pheoy,,Chl},,, Chly, Ph, Ppi Pl PhhPpy PhhyChlp, and
Chl},,Pheop,,. These energies are calculated using the method of Wu
and van Voorhis [21,22] implemented in the CPMD suite [23], known as
constrained DFT (CDFT). Within this formalism the DFT energy is opti-
mized under a charge density constraint corresponding to a cofactor with
charge +1 and a cofactor with -1. We use the BLYP functional [24,25]
and a plane-wave basis set with an energy cutoff of 70 Ry and employ
dispersion-corrected atom-centered pseudopotentials (DCACP) [26,27]. Fi-
nally, we extract only the Pp; chlorophyll as a model for calculating the
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oxidation potential of the primary donor under different solvation condi-
tions as expressed by a range of dielectric constants (1 < € < 80) within
the conductor-like screening model (COSMO) [28]. The oxidation poten-
tial is calculated by subtracting the energy at the B3LYP/TZP level in the
ground state closed-shell system from the energy of the cationic chlorophyll
(Pgl) under the same solvation conditions. This is compared with the bac-
tertochlorophyll (Pr) of the Rhodobacter Sphaeroides reaction center and
with undistorted chlorophyll after geometry optimization with ADF at the
B3LYP/TZP level.
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Figure 6.2: HOMO-, LUMO-levels and HOMO-LUMO gaps (vertical bars) for
the full model (~ 650 atoms). In the bRC the smallest gap is at the special pair
and there is a moderate redox gradient for unidirectional electron transfer (red
arrows) while the LUMO on Bpg is higher in energy then P. For PSII, the gaps
are similar and there is a smaller gradient for unidirectional electron transfer.
It is suggested that there is a lower lying LUMO on the D2 branch at C'hlps.

6.3 Results and Discussion

The single-point density optimization of the total PSIl model is evaluated
by first considering the localization of the frontier orbitals. We find that
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6.3. RESULTS AND DISCUSSION

these orbitals are neatly localized on individual cofactors and we can thus
associate orbital energies with specific cofactors. This can be done for
the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals. We can then define a local energy gap for every cofactor that
is a crude approximation of the 'true’ site energy. Notwithstanding the
approximate nature of the absolute energies and energy gaps, we are
interested in a qualitative description of the electronic structure of the
entire complex. Figure 6.2 summarizes the energy gaps and frontier orbital
energies for the cofactors in PSIl (right) and compares these with bRC
(Left). It can be seen that the qualitative picture of the electronic structure
of bRC is correct. The special pair (P) gap is smallest, the gaps of the two
accessory bacteriochlorophylls (B) on either side are expectedly larger
and of the same magnitude and the gaps of the bacteriopheophytins (H)
are even larger and also of the same magnitude. This corresponds to the
absorption spectrum of bRC [29], where the special pair peak is the most
red-shifted, followed by a peak consisting of B4 p and farthest to the
blue a peak corresponding to H 4 g. Therefore, by using the generalized
gradient approximation (GGA, i.e. BLYP) for the exchange-correlation
energy within DFT one can qualitatively describe the electronic structure
of a protein-cofactor complex the size of the bRC (red arrows, Figure
6.2)and make an educated guess about the directionality of the charge
separation in the complex along the B-branch [8,29]. If we consider the PSII
orbital energies (Figure 6.2, right) and HOMO-LUMO gaps the picture is
different, yet qualitatively consistent with the PSII experimental absorption
spectrum showing only one broad peak that contains all cofactors [7].
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Figure 6.3: TDDFT spectra (left: BLYP/TZP, right: B3LYP/TZP).
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CHAPTER 6. REDOX LEVELS AND POTENTIALS

With linear response TDDFT calculations on the 6 cofactor models (with
local protein environment included) we are able to reproduce this as
shown in Figure 6.3. Interestingly, the BLYP functional provides more
accurate site energies centered around 680 nm compared to the hybrid
B3LYP functional that overestimates the excitation energies. The narrow
range of site-energies in PSIl is therefore reproduced and Figure 6.3
clearly illustrates the difference with the electronic structure of bRC.
What both reaction centers do have in common is the unidirectionality
of electron transfer, despite the twofold-symmetric architectures. Within
the orbital energies pictures discussed above a higher LUMO-energy at
Bp is observed for bRC and a lower LUMO-energy at C'hlps for PSII. In
this static picture these discontinuities in the redox gradients along the
inactive branches may be related to the directionality of electron transfer
steps. However, dynamic effects would need to be taken into account to
substantiate this.

While the orbital energy picture gives some insight into the possible elec-
tron transfer paths, also the electron coupling between different cofactors
will be considered for the static structure. In Figure 6.4, we show the charge
transfer integrals between adjacent cofactor pairs that are a measure for the
electronic coupling.
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Figure 6.4: Charge transfer integrals between the cofactor LUMO's (meV).
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6.3. RESULTS AND DISCUSSION

The magnitude of the charge transfer integrals compares nicely with the
related heme-heme macrocycle electronic coupling found to be ~ 10 meV
[30]. Our calculations show a strong coupling between the chlorophylls con-
stituting the special pair and weaker couplings with the accessory chloro-
phylls and pheophytins. By comparing the D1 and D2-branches it can be
seen that the coupling strength between the special pair and the accessory
Chlps is significantly lower than with its counterpart on the D1-branch.
The center-to-center distances between the special pair chlorophylls and
the accessory chlorophylls may contribute to this effect as the Pp; —Chip;
distance (10.38 A) is 0.13 A shorter than the Ppy — Chlps distance (10.51
A) according to the latest crystal structure [1]. Another factor of influence
may be that the water (Waterp;) that coordinates to Chlp; is hydrogen
bonded to a tryptophan (T'hr179p1), whereas the water that coordinates
to C'hlps has no surrounding residues in its proximity that it can form a
hydrogen bond with [1].
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Figure 6.5: Vertical charge transfer energies from constrained DFT of nearest-
neighbour cofactor pairs in atomic units, calculated including the direct protein
environment. The internal charge transfer state in the special pair with the
electron on Ppy and the hole on Pps is found to be the lowest in energy.

Where the charge separation in PSIl is initiated has been much debated
as all site energies are very similar. The charge transfer energies in Figure
6.5 are calculated by constraining a positive charge on one cofactor and a
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CHAPTER 6. REDOX LEVELS AND POTENTIALS

negative charge on its nearest neighbour. In agreement with the minimum
HOMO-LUMO gap for Ppy that can be discerned from Figure 6.2, the
lowest accessible charge transfer state is found to be internal to the
special pair and has a hole on Ppy and an electron on Pp; (PglPBQ). A
proper comparison with the dominant charge separation mechanisms found
in ultrafast spectroscopic experiments [9,10,11] would however require
dynamic effects, as energy levels are so closely spaced.

How charge transfer states mix into excitonic states in PSII to produce
stable charge separated states with high yield is an area of current de-
bate, and likely involves a coherent coupling to vibrational modes [12,13] as
we have seen in the bRC. First-principles molecular dynamics simulations
as described in the previous chapters and in the following chapter could
contribute to a better mechanistic understanding of this process.

6.3.1 Oxidation Potential

The location of the cation, Pgl, formed after charge separation is well es-
tablished [3,31]. We extract the Pp; chlorophyll from the latest crystal
structure (PDB-entry: 3ARC) and calculate the energy difference between
the ground state closed-shell system and the cationic state Pgl in vacuum.
We repeat this calculation adding a continuous solvent with increasing di-
electric constant, resulting in the blue curves in Figure 6.6. In the upper
panel we compare PSIl with the PL+ bacteriochlorophyll of bRC. There is
an intrinsic difference in oxidation potential between chlorophyll and bac-
tertochlorophyll of 0.16 eV [16] that is well reproduced. Interestingly, the
oxidation potential of P680" (PSII) is experimentally found at ~ 1.2 V [14-
16], which is a lot larger than P870" (bRC) at ~ 0.5 V [17] even when the
intrinsic difference in potential between bacteriochlorophyll and chlorophyll
is taken into account. Taking the curves in the upper panel of Figure 6.6
and relating them to these experimental values implies a very low dielectric
constant of € ~ 2 for the local environment of Pp; in PSIl and a relatively
high dielectric constant of € ~ 10 for Pr, in bRC. We conclude that the
ability of PSII to oxidize water is related to the low dielectric constant of
the protein environment surrounding the primary donor in agreement with
an earlier DFT-study [32]. This is further substantiated by considering the
lower panel in Figure 6.6, where we plot the dependence on the dielectric
constant of optimized chlorophyll (light blue line), which does not differ sig-
nificantly from the results obtained from the distorted chlorophyll extracted
from the crystal structure (dark blue line). This suggests that the high oxi-
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dation potential is not so much due to geometric distortions induced by the
protein scaffolding. Rather, electrostatic effects are found to be important.
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Figure 6.6: Oxidation potential estimated by subtracting the total DF T-energy
of the closed-shell system from the oxidized system at the B3LYP/TZP level of
theory in a continuous solvent model (COSMO) with varying dielectric constant.
The PSII chlorophyll Pp; (dark blue line) as extracted from the latest crystal
structure (PDB-entry: 3ARC) is compared with the bRC bacteriochlorophyll Py,
(red line, PDB-entry TM3X) and with optimized chlorophyll (light blue line).

6.4 Conclusions

We have used various DFT-based methods to assess site energies, elec-
tronic couplings, charge transfer energies and oxidation potentials in PSII
and have compared some of these results with the bRC. Overall we find a
good agreement with experiment and an insightful qualitative picture of the
PSII reaction center. The origin of the high oxidation potential of the PSII
primary donor P680" is suggested to be the low local dielectric constant
(€ ~ 2) of the protein matrix.
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6.6 Appendix |

List of residues comprising the total PSIl model:

Cofactors:

Pp1 (CLA 604), Ppy (CLA 605), Chlp; (CLA 606), Chlps (CLA 607),
Pheopy (PHO 608), Pheops (PHO 609).

Amino acids coordinated to cofactors:

Hispi coordinated to Pp; (HIS 198), Hisps coordinated to Ppy (HIS
197), Waterp; coordinated to Chlp; (HOH 1003), Waterpy coordinated
to Chlps (HOH 1009), Leup; coordinated to Pheop; (LEU 209), Leup
coordinated to Pheop; (LEU 210).

Other residues:

LEU 151, PHE 146, MET 198, HOH 382, TRP 191, HOH 349, GLN 199,
VAL 202.
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