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ABSTRACT OF THE DISSERTATION

Light-Induced Fourier Transform Infrared Difference Spectroscopy Study of the
Molecular Mechanism of Photosynthetic Oxygen Evolution

by

Christopher John Kim

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2020
Dr. Richard J. Debus, Chairperson

Oxygenic photosynthesis produces nearly all the O, on Earth and sustains nearly
all of its biomass. This process is catalyzed by Photosystem II (PSII), a large,
transmembrane protein embedded in the thylakoid membranes of plants, algae, and
cyanobacteria. PSII is catalyzed by a Mn4CaOs cluster. As light energy is absorbed by the
reaction centers of PSII, the Mn4CaOs cluster accumulates oxidizing equivalents through
a discreet and precisely choreographed light-induced electron transfer. The light induced
oxidations cause the catalytic cluster to cycle through five oxidation states, S, (n=0-4)
where ‘n’ refers to the number of oxidizing equivalents. After formation of the S4 state, the
cluster oxidizes two water molecules, releases Oz and returns to the So state, the lowest
oxidation state of its catalytic cycle. The oxidation of water is a thermodynamically and
kinetically demanding reaction. This is managed by PSII through the careful choreography
of proton and electron transfers to the MnsCaOs cluster throughout the catalytic cycle. The
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MnsCaOs’s reactivity in each catalytic step is carefully controlled by its protein
environment. Identifying key amino acid residues, determining their responsibility in the
reaction, and characterizing the proton egress pathways during the individual S state
transitions are paramount in understanding the oxygen evolution mechanism.

This study interrogates and identifies the amino acid residues responsible for
controlling the MnsCaOs cluster’s reactivity and determines the role of each residue
through Fourier transform infrared (FTIR) difference spectroscopy. FTIR difference
spectroscopy is capable of characterizing the dynamic structural rearrangements during
PSII’s catalytic cycle. A combination of site-directed mutagenesis (D1-V185N, DI-
S169A, DI-E189G, D1-E189S, D1-E329A), isotopic substitutions, and the substitution of
Sr?* for Ca?" in PSII’s catalytic center were used to further delineate the dominant water
access and proton egress pathways that link the catalytic cluster with the thylakoid lumen,
characterize the influence of specific protein residues on substrate water molecules and on
the network of hydrogen bonds in these pathways, and elucidate the potential substrates

and mechanisms of the S, to Ss transition.
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Chapter 1
Introduction and Literature Review
1.1 BACKGROUND/SIGNIFICANCE

Global consumption of energy has steadily increased year over year from
approximately 5 GJ per person per annum in the late-Paleolithic era to over 20 GJ per
person per annum today. In absolute terms, the total global energy consumption has
increased approximately 600,000 PJ (/—3). This growth in energy consumption is heralded
by the 150 years of fossil-fueled industrial development and is coupled to massive increase
in productivity (4, 5). However, the reliance on the combustion of oil, natural gas, and coal
to fill energy demand is the primary driver to the changes in the composition of the
atmosphere, the oceans, and climate change, which, in turn, underpin the endangering of
ecosystems and the negative externalities that primarily impact the socioeconomically
disadvantaged (3, 6).

Of the many sustainable alternatives to fossil fuels, one option provides rich, high
energy density and is freely and abundantly available: the sun. Although a mixture of
sustainable alternatives (such as hydropower, biomass/biofuels, geothermal and ocean
thermal energy conversion, wind and tidal power) will be important components of man’s
environmentally sustainable future, the solar resource dwarfs all renewable, nuclear, and
fossil fuel capacities by orders of magnitude. More solar energy strikes the Earth in an hour
than is consumed by mankind in one year. The primary challenge lies in harnessing solar
energy and storing it — nature has mastered this quandary: plants rely solely on sunlight,

water, and CO; to meet all their energy needs. There are many lessons to learn from natural



photosynthesis to construct useful and economically viable artificial systems to meet

mankind’s energy needs (7—10).

1.2 INTRODUCTION TO PHOTOSYNTHESIS

Approximately 3 Billion years ago, nature developed a highly efficient light-driven
nanomachine to capture and convert solar energy and store it in energetically rich chemical
bonds. This process, called photosynthesis is carried out by both prokaryotic and
eukaryotic domains and is classified based on its released byproducts: anoxygenic (non-
oxygen evolving) and oxygenic (oxygen evolving). The complex reactions that consist of
oxygenic photosynthesis occurs within the specialized organelles known as chloroplasts

and can be simplified as the following reaction:

6C0, + 6H,0 >, 6(CH,0) + 60, (D
Within less than a second of light absorption, O is released. The process of oxygenic
photosynthesis is comprised of two distinct reactions: light dependent and light
independent reactions, also known as the Calvin cycle or dark reactions. The light
independent reactions occur within the stroma, the fluid-filled space of the chloroplast. At
its core, the light independent reactions consist of carbon fixation (the conversion of carbon
dioxide and water into sugar) and the generation of one molecular equivalent of
nicotinamide adenine dinucleotide phosphate (NADP") and two molecular equivalents of
adenine diphosphate (ADP) for the light dependent reactions.
The light dependent reactions are performed by a chain of four large integral
membrane protein super-complexes located in the thylakoid membrane: Photosystem II

(PSII), Cytochrome bef (Cty bsf), Photosystem I (PSI), and ATP Synthase. The light
2



reaction is initiated with the absorption of photon by light-harvesting antenna protein
complexes. The absorbed energy is subsequently transferred from antenna pigment to
antenna pigment until it reaches the reaction center by photoactive chlorophyll (chl)
molecules located in PSI and PSII, which in turn loses an electron to the electron transport
chain (ETC). The donated electron is replaced through the oxidation of water, in which O»
is created as a byproduct. As first proposed by Hill and Bendall and further characterized
by Duysens, the electron proceeds from PSII to Cty bef to PSI and ultimately leads to the
reduction of NADP" to NADPH (71, 12). Through a process called photophosphorylation,
Cty bsf utilizes energy of the electrons as they transverse through the ETC to pump protons
from the stroma to the lumen. This transmembrane protein gradient generates the proton

motive force used by ATP Synthase to generate adenine triphosphate (ATP) (13).

1.3 PHOTOSYSTEM 11

Virtually all the O2 on Earth is created though oxygenic photosynthesis by PSII. A
combination of computational modeling and crystallography has provided a three-
dimensional picture of PSII’s intricate features. Structures have been solved to 1.85 — 2.44
A (14-20) in cyanobacteria, 2.7 — 3.8 A in algae (2/-25) and 2.7 - 5.3 A (26-28) in plants.
PSII is a water:plastoquinone oxido-reductase integral to the thylakoid membrane that
consists of over 20 protein subunits, 60 organic and inorganic cofactors, and a MnsCaOs
cluster: the oxygen evolving complex (OEC). It is an approximately 700 kDa dimer in vivo.
Each monomeric complex consists of four, large, membrane-spanning proteins (DI
(PsbA), D2 (PsbD), CP43, CP47) twelve small membrane spanning proteins (PsbE, PsbF,
PsbH, Psbl, PsbJ, PsbK, PsbL, PsbM, PsbTc, PsbW, PsbX, PsbZ), and four extensive

3



protein units (PsbO, PsbP, PsbQ, PsbTn). Structurally, D1 and CP43 subunits are the
closest proximity to the OEC. The D1 and D2 are homologous and form a heterodimer at
the core of each monomeric complex. The extensive units, PsbO, PsbP, and PsbQ, flank
the OEC on the lumen side. The CP43 and CP47 polypeptides are surrounded by the D1-
D2 dimer and serve as the light-harvesting antenna proteins of PSII, transferring excited
energy to the photochemically active chl a (Psgo) (Figure 1.1) (29-34).

Through a series of highly concerted light-induced electron transfers, PSII
accumulates four oxidizing equivalents to split water into H" and O,. The catalytic cycle,
therefore, consists of four sequential charge separation events coupled with four oxidation
events. The charge separation events occur in PSII upon the transference of light energy
from the antenna complexes and the excitation of Psgo to Pegoe. Within 3 picoseconds, Pego®
reduces a pheophytin (Pheo) resulting in the formation of the radical pair, Peso” Pheo™. The
charge separation is rapidly stabilized (within 300 ps (35, 36)) by the oxidation of Pheo™
by the primary plastoquinone electron acceptor, Qa. Qa™ is then oxidized by the loosely-
bound, secondary plastoquinone electron acceptor Qg via a non-heme iron center. The once
reduced Qg™ accepts another electron. The doubly reduced Qg is stabilized by stroma-side
protons to form plastoquinol (PQH»). PQH: leaves the binding site, upon which the empty
Qg binding site is filled with a plastoquinone from the PQ pool in the thylakoid membrane.
Over the course of the entire catalytic cycle, two plastoquinols are produced (37). The
oxidation events begin with the reduction of Pego™" by redox-active Tyrosine 161 (Y,). Y’
subsequently oxidizes the MnsCaOs cluster (Figure 1.2). This process or extracting four

protons and electrons from two water molecules is thermodynamically and kinetically



difficult. Proton and electron extraction must be coupled together to prevent charge

accumulation on the OEC and the creation of an additional energetic barrier to oxidation.

1.4 THE WATER OXIDIZING COMPLEX

The MnsCaOs cluster serves as the interface between the single-electron
photochemistry and the oxidation of water. As first discovered by Kok and Joliot, the
Mn4CaOs cluster cycles through five oxidation states with a period of four light-induced
events (38, 39). The light-induced oxidations cause the OEC to progress through five
oxidation states, S, (n=0-4) where n refers to the number of oxidizing equivalents. After
four, separate, light-induced oxidations, the transient Sy triggers the formation of the O-O
bond, release of O, and the immediate relaxation to the So state, where it subsequently
rebinds to one substrate water molecule. Further oxidation returns the OEC from the So
state to the S; state: the S state predominates as the dark-stable resting state. This cycle of
S-states involves a precise sequence of electron and proton transfers in order to prevent the
inhibition of the oxidation of the OEC by Y, by its increasing redox potential. Proton
transfers precede the oxidation of the MnsCaOs cluster during the S to S;3 and the S3 to Sa
transitions (40, 41).

As mentioned above, the resulting proton gradient formed from oxidation of water
(on the lumen side) and the formation of the plastoquinol (on the stroma side) provides the
motive force for the synthesis of ATP. One catalytic cycle of PSII can be summarized in

the following equation:

h
2H,0 + 2PQ + 4 H}yyoma ——— Oz + 2PQHy + 4 Hifyen (2)



Rapid advancements and progress in structural studies (including the development XFEL-
based serial femtosecond X-ray crystallography, puled EPR spectroscopy, membrane inlet
mass spectrometry, and computational studies) of PSII has advanced our understanding of
the MnsCaOs cluster as its conformation changes throughout the course of the catalytic
cycle [for recent reviews see (42—48)].

High resolution structures of the MnsCaOs cluster for all the S-states (except for the
transient S4) have been reported (14, 15, 19, 49). The Mn4CaOs cluster is arranged as a
distorted chair-like structure where Mnl, Mn2, Mn3, Ca, O1, O2, O3, and O5 form a
distorted cuboidal structure linked to the fourth “dangling” manganese ion (Mn4) by two
p-oxo O4 and OS. Four of these waters are bound to the MnsCaOs cluster: W1 and W2 are
bound to Mn4, and W3 and W4 are bound to the calcium ion (Figure 1.3) (50). The cluster
is bound to PSII by six carboxylate groups and one histidine residue supplied by the D1
and CP43 proteins. There are numerous, immobilized water molecules localized around
the Mn4CaOs cluster that are involved in the hydrogen-bond networks, which efficiently
transport protons away from the catalytic cluster and facilitate the access of the substrate
water molecules. There are at least three pathways connecting the lumen of the thylakoid
to the OEC: one including Mn4 and D1-D61, another including the Ca? ion and Tyrosine
161 (Y,), and the third including the CI" ion located near D2-K317 (42, 51-53). The
network of hydrogen bonded water molecules beginning at D1-D61 has been identified as
the proton egress pathway during the transition from the S3 state to the S4 state (42, 51-56).

The So, Si1, and S, states have similar structures with the exception that the Mn3-

Mn4 bond distances in the Sy state is longer indicating that the O5 bridge is protonated



(57). In the dark-stable S; state, the OS5 is shifted closer to Mn4; the Mn1-O5 distance is
too long to be considered a bond (15). The S> consists of one bipyramidal five-coordinate
Mn(III) ion and three octahedral six-coordinate Mn(IV) ions (58—60) and the Sz states
consisting of four octahedral six-coordinate Mn(IV) ions (6/-63).

Computational calculations and experimental evidence have shown that, in the S»
state, the MnsCaOs cluster can adopt two different conformations. The two conformations
are isoenergetic and have a barrier of 6-7 kcal/mol, as calculated by QM/MM and EPR
measurements (64—68). The two different S; state structures have similar Mn-Mn distances
but differ in their Mn-O distances and in their distribution of the manganese oxidation
states. In the open cubane conformation, Mn4 is coordinated with O5. In the closed cubane
conformation, Mn1 is coordinated with O5. The structural variance allows for the cofactor
for the S» state to access different ground spin states. In the low spin structure, the Mn ions
are predominantly antiferromagnetic, resulting in a multiline EPR signal at approximately
g=2 (g-factor a dimensionless quantity used to characterize the angular momentum and
magnetic moment of an item). This conformation is referred to as “open cubane.” In the
high spin structure, the Mn ions are predominantly ferromagnetic resulting in a broad EPR
signal at g > 4.1. This conformation is referred to as “closed cubane” (69-73).

Recent time-resolved serial femtosecond crystallography has shown the insertion
of an oxygen (referred to as O6 or Ox) near O5 during the S> to S3 transition (79, 74). This,
coupled with O5’s unusually long distances to nearby Mn ions, suggests that O5 and a
water molecule (or a water-derived ligand) are the substrates for O, formation (57, 75-77).

This unknown water’s origin is debated; several different models have been suggested to



explain the origin of this water and mechanism for the formation of the O=0O bond. The
structural flexibility of the Mn4CaOs cluster in the S state is a key aspect in the proposed
mechanisms. One set of models (referred to as the “carousel” or “pivot” model) argues that
during the S, to transition, waters are rotated around Mn4 such that W2 would become O5
and the displaced O5 would shift over and become O6/Ox (78—81). Another set of models
suggest that O6/Ox originates from the calcium-bound W3 (20, §2—84). In this model, W3
would either be inserted onto Mn1 and either become O6/Ox or force OS5 to shift to become
06/0«. Because the substrate waters are chemically identical to the bulk solvent, directly

interrogating the origin of the unknown water is challenging.

1.5 LIGHT-INDUCED FOURIER TRANSFORM INFRARED DIFFERENCE
SPECTROSCOPY

Reaction-induced Fourier transform infrared (FTIR) difference spectroscopy is a
rapid, sensitive method that has since been demonstrated to be adept at characterizing
changes in protein conformations, protonation states of amino acids, and the network of
hydrogen bonded water molecules (85, 86). Since the first publication of the S>-minus-S;
FTIR difference spectra by Noguchi et al. in 1992 (87) and subsequent S3-minus-S» spectra
by Chu et al. in 2000 (88), the spectra of the entire catalytic cycle of PSII has been
characterized (89, 90).

Initial band assignments for PSII’s IR spectra were assigned through the infrared
characteristic group frequencies: vibrational frequencies of specific groups correspond to
their specific chemical bonds (9/). These band group frequencies have been verified
experimentally through a combination of site-directed mutagenesis and isotopic

8



substitutions. Bands in the mid-frequency (1800 — 1200 cm) region include: the
asymmetric and symmetric stretches at 1600 — 1500 cm™ and 1450 — 1300 cm™ respectively
for deprotonated carboxylate (COO") groups, the carbonyl (C=0) stretches at 1600 — 1800
cm’!, the amide I (C=O stretch) bands at 1700 — 1600 cm™! and the amide II (CN stretch
and NH bend) bands at 1600 — 1500 cm™ respectively for polypeptide amide groups (92—
98). Bands in the low-frequency region between 650-350 cm™! have been attributed to
vibrations involving MnsCaOs cluster (94, 99-104). Assignments of O-H stretching and
bending modes were identified by the frequency shifts caused by H>!%0 substitutions and
confirmed by its similarities to the O-D stretching and bending modes. These features have
been monitored around 3200 — 2500 cm™' for the highly polarized network of strong
hydrogen bonds (705) near the MnsCaOs cluster (55, 97, 106—111) and around 3700 — 3500
cm’! is for the O-H stretching vibrations for weakly hydrogen bonded water molecules (55,
97,115, 116, 103, 108—114). Weak H-O-H bending modes appear near 1640 cm™ and have
been monitored through D-O-D bending around 1250 — 1150 cm™ (55, 110, 117).

The combination of site-directed mutagenesis of amino acid ligands, isotope
labeling, and spectroscopic characterizations of PSII core complexes can help identify the
key amino acid residues responsible for the complex choreography involved in water
oxidation and elucidate the proton egress pathways during the S-state cycle. (For reviews,

see (118, 119)).



1.6 References

(1)

(2)

€)

(4)

()

(6)

(7)

(8)

)

Smil, V. (2017) Energy and civilization: A history. Energy Civiliz. A Hist. MIT
Press.

International Energy Agency (IEA). (2019) World Energy Outlook 2019 —
Analysis - IEA. World Energy Outlook 2019.

Valérie Masson-Delmotte,Panmao Zhai,Hans-Otto Portner,Debra Roberts, J.
S. and P. R. S. (2018) Global warming of 1.5°C. Ipcc - Sri5.

Brockway, P. E., Saunders, H., Heun, M. K., Foxon, T. J., Steinberger, J. K.,
Barrett, J. R., and Sorrell, S. (2017) Energy rebound as a potential threat to a
low-carbon future: Findings from a new exergy-based national-level rebound
approach. Energies 10, 51.

Sakai, M., Brockway, P. E., Barrett, J. R., and Taylor, P. G. (2019)
Thermodynamic efficiency gains and their role as a key “engine of economic
growth.” Energies 12, 110.

Haberl, H., Fischer-Kowalski, M., Krausmann, F., Martinez-Alier, J., and
Winiwarter, V. (2011) A socio-metabolic transition towards sustainability?
Challenges for another Great Transformation. Sustain. Dev. 19, 1-14.

United States. Dept. of Energy. Office of Science. (2004) Basic Research
Needs for the Hydrogen Economy. Report of the Basic Energy Sciences
Workshop on Hydrogen Production, Storage and Use, May 13-15, 2003. Basic
Res. Needs Hydrog. Econ.

Lewis, N. S., Crabtree, G., Nozik, A. J., Wasielewski, M. R., Alivisatos, P.,
Kung, H., Tsao, J., Chandler, E., Walukiewicz, W., Spitler, M., Ellingson, R.,
Overend, R., Mazer, J., Gress, M., Horwitz, J., Ashton, C., Herndon, B.,
Shapard, L., and Nault, R. M. (2005) Basic Research Needs for Solar Energy
Utilization. Report of the Basic Energy Sciences Workshop on Solar Energy
Utilization, April 18-21, 2005. Basic Energy Sci. Work. Sol. Energy Util. 276.

Barber, J. (2009) Photosynthetic energy conversion: Natural and artificial.
Chem. Soc. Rev. 38, 185-196.

10



(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Scholes, G. D., Fleming, G. R., Olaya-Castro, A., and Van Grondelle, R. (2011,
October) Lessons from nature about solar light harvesting. Nat. Chem. Nat
Chem.

Hill, R., and Bendall, F. (1960) Function of the two cytochrome components
in chloroplasts: A working hypothesis. Nature 186, 136—137.

Duysens, L. N. M., Amesz, J., and Kamp, B. M. (1961) Two photochemical
systems in photosynthesis. Nature 190, 510-511.

Shevela, D., Bjorn, L. O., and Govindjee. (2013) Oxygenic Photosynthesis, in
Natural and Artificial Photosynthesis, pp 13—63. John Wiley & Sons Inc.,
Hoboken, NJ, USA.

Umena, Y., Kawakami, K., Shen, J. R., and Kamiya, N. (2011) Crystal
structure of oxygen-evolving photosystem II at a resolution of 1.9A. Nature
473, 55-60.

Suga, M., Akita, F., Hirata, K., Ueno, G., Murakami, H., Nakajima, Y.,
Shimizu, T., Yamashita, K., Yamamoto, M., Ago, H., and Shen, J. R. (2015)
Native structure of photosystem II at 1.95 A resolution viewed by femtosecond
X-ray pulses. Nature 517, 99-103.

Tanaka, A., Fukushima, Y., and Kamiya, N. (2017) Two different structures of
the oxygen-evolving complex in the same polypeptide frameworks of
photosystem IL. J. Am. Chem. Soc. 139, 1718-1721.

Hellmich, J., Bommer, M., Burkhardt, A., Ibrahim, M., Kern, J., Meents, A.,
Miih, F., Dobbek, H., and Zouni, A. (2014) Native-like Photosystem II
Superstructure at 2.44 A Resolution through Detergent Extraction from the
Protein Crystal. Structure 22, 1607-1615.

Young, I. D., Ibrahim, M., Chatterjee, R., Gul, S., Fuller, F. D., Koroidov, S.,
Brewster, A. S., Tran, R., Alonso-Mori, R., Kroll, T., Michels-Clark, T.,
Laksmono, H., Sierra, R. G., Stan, C. A., Hussein, R., Zhang, M., Douthit, L.,
Kubin, M., De Lichtenberg, C., Vo Pham, L., Nilsson, H., Cheah, M. H.,
Shevela, D., Saracini, C., Bean, M. A., Seuffert, 1., Sokaras, D., Weng, T. C.,
Pastor, E., Weninger, C., Fransson, T., Lassalle, L., Briuer, P., Aller, P.,
Docker, P. T., Andi, B., Orville, A. M., Glownia, J. M., Nelson, S., Sikorski,
M., Zhu, D., Hunter, M. S., Lane, T. J., Aquila, A., Koglin, J. E., Robinson, J.,
Liang, M., Boutet, S., Lyubimov, A. Y., Uervirojnangkoorn, M., Moriarty, N.

11



(19)

(20)

21)

(22)

(23)

W., Liebschner, D., Afonine, P. V., Waterman, D. G., Evans, G., Wernet, P.,
Dobbek, H., Weis, W. L., Brunger, A. T., Zwart, P. H., Adams, P. D., Zouni,
A., Messinger, J., Bergmann, U., Sauter, N. K., Kern, J., Yachandra, V. K., and
Yano, J. (2016) Structure of photosystem II and substrate binding at room
temperature. Nature 540, 453—457.

Kern, J., Chatterjee, R., Young, 1. D., Fuller, F. D., Lassalle, L., Ibrahim, M.,
Gul, S., Fransson, T., Brewster, A. S., Alonso-Mori, R., Hussein, R., Zhang,
M., Douthit, L., de Lichtenberg, C., Cheah, M. H., Shevela, D., Wersig, J.,
Seuffert, 1., Sokaras, D., Pastor, E., Weninger, C., Kroll, T., Sierra, R. G., Aller,
P., Butryn, A., Orville, A. M., Liang, M., Batyuk, A., Koglin, J. E., Carbajo,
S., Boutet, S., Moriarty, N. W., Holton, J. M., Dobbek, H., Adams, P. D.,
Bergmann, U., Sauter, N. K., Zouni, A., Messinger, J., Yano, J., and
Yachandra, V. K. (2018) Structures of the intermediates of Kok’s
photosynthetic water oxidation clock. Nature 563, 421-425.

Ibrahim, M., Fransson, T., Chatterjee, R., Cheah, M. H., Hussein, R., Lassalle,
L., Sutherlin, K. D., Young, L. D., Fuller, F. D., Gul, S., Kim, I. S., Simon, P.
S., de Lichtenberg, C., Chernev, P., Bogacz, 1., Pham, C. C., Orville, A. M.,
Saichek, N., Northen, T., Batyuk, A., Carbajo, S., Alonso-Mori, R., Tono, K.,
Owada, S., Bhowmick, A., Bolotovsky, R., Mendez, D., Moriarty, N. W.,
Holton, J. M., Dobbek, H., Brewster, A. S., Adams, P. D., Sauter, N. K.,
Bergmann, U., Zouni, A., Messinger, J., Kern, J., Yachandra, V. K., and Yano,
J. (2020) Untangling the sequence of events during the S; — S;3 transition in
photosystem II and implications for the water oxidation mechanism. Proc.
Natl. Acad. Sci. U. S. A. 117, 12624—-12635.

Ago, H., Adachi, H., Umena, Y., Tashiro, T., Kawakami, K., Tian, N. K. L.,
Han, G., Kuang, T., Liu, Z., Wang, F., Zou, H., Enami, 1., Miyano, M., and
Shen, J. R. (2016) Novel features of eukaryotic photosystem II revealed by its
crystal structure analysis from a red alga. J. Biol. Chem. 291, 5676-5687.

Sheng, X., Watanabe, A., Li, A., Kim, E., Song, C., Murata, K., Song, D.,
Minagawa, J., and Liu, Z. (2019) Structural insight into light harvesting for
photosystem II in green algae. Nat. Plants 5, 1320—1330.

Shen, L., Huang, Z., Chang, S., Wang, W., Wang, J., Kuang, T., Han, G., Shen,
J. R, and Zhang, X. (2019) Structure of a C2SoMoNo-type PSII-LHCII
supercomplex from the green alga Chlamydomonas reinhardtii. Proc. Natl.
Acad. Sci. U. S. A. 116,21246-21255.

12



24)

(25)

(26)

(27)

(28)

(29)

(30)

G

(32)

(33)

Nagao, R., Kato, K., Suzuki, T., Ifuku, K., Uchiyama, I., Kashino, Y., Dohmae,
N., Akimoto, S., Shen, J. R., Miyazaki, N., and Akita, F. (2019) Structural basis
for energy harvesting and dissipation in a diatom PSII-FCPII supercomplex.
Nat. Plants 5, 890-901.

Pi, X., Zhao, S., Wang, W., Liu, D., Xu, C., Han, G., Kuang, T., Sui, S. F., and
Shen, J. R. (2019) The pigment-protein network of a diatom photosystem 11—
light-harvesting antenna supercomplex. Science 365, eaax4406.

Wei, X., Su, X., Cao, P., Liu, X., Chang, W., Li, M., Zhang, X., and Liu, Z.
(2016) Structure of spinach photosystem II-LHCII supercomplex at 3.2 A
resolution. Nature 534, 69-74.

Van Bezouwen, L. S., Caffarri, S., Kale, R., Kouril, R., Thunnissen, A. M. W.
H., Oostergetel, G. T., and Boekema, E. J. (2017) Subunit and chlorophyll
organization of the plant photosystem II supercomplex. Nat. Plants 3, 1-11.

Su, X., Ma, J., Wei, X., Cao, P., Zhu, D., Chang, W., Liu, Z., Zhang, X., and
Li, M. (2017) Structure and assembly mechanism of plant C2SoMb»-type PSII-
LHCII supercomplex. Science 357, 815-820.

9) Cox, N., Pantazis, D. A., and Lubitz, W. (2020) Current Understanding of
the Mechanism of Water Oxidation in Photosystem II and Its Relation to
XFEL Data. Annu. Rev. Biochem. 89, 795-820.

Huang, K., Zhang, J. Y., Liu, F., and Dai, S. (2018) Synthesis of Porous
Polymeric Catalysts for the Conversion of Carbon Dioxide. ACS Catal. 8,
9079-9102.

Chrysina, M., Heyno, E., Kutin, Y., Reus, M., Nilsson, H., Nowaczyk, M. M.,
DeBeer, S., Neese, F., Messinger, J., Lubitz, W., and Cox, N. (2019) Five-
coordinate MnlV intermediate in the activation of nature’s water splitting
cofactor. Proc. Natl. Acad. Sci. U. S. A. 116, 16841-16846.

Junge, W. (2019) Oxygenic photosynthesis: History, status and perspective. Q.
Rev. Biophys. 52.

Pantazis, D. A. (2018) Missing Pieces in the Puzzle of Biological Water
Oxidation. ACS Catal. 8, 9477-9507.

13



(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

Vinyard, D. J., and Brudvig, G. W. (2017) Progress Toward a Molecular
Mechanism of Water Oxidation in Photosystem II. Annu. Rev. Phys. Chem. 68,
101-116.

Schatz, G. H., Brock, H., and Holzwarth, A. R. (1988) Kinetic and Energetic
Model for the Primary Processes in Photosystem I1. Biophys. J. 54, 397-405.

Schatz, G. H., Brock, H., and Holzwarth, A. R. (1987) Picosecond kinetics of
fluorescence and absorbance changes in photosystem Il particles excited at low
photon density. Proc. Natl. Acad. Sci. 84, 8414—-8418.

Vinyard, D. J., Ananyev, G. M., and Charles Dismukes, G. (2013, June)
Photosystem II: The reaction center of oxygenic photosynthesis. Annu. Rev.
Biochem. Annu Rev Biochem.

Kok, B., Forbush, B., and McGloin, M. (1970) Cooperation of Charges in
Photosynthetic O» Evolution—I. A Linear Four Step Mechanism. Photochem.
Photobiol. 11,457-475.

Joliot, P., Barbieri, G., and Chabaud, R. (1969) Un Nouveau Modele Des
Centres Photochimiques Du Systeme 1. Photochem. Photobiol. 10, 309-329.

Klauss, A., Haumann, M., and Dau, H. (2015) Seven steps of alternating
electron and proton transfer in photosystem ii water oxidation traced by time-
resolved photothermal beam deflection at improved sensitivity. J. Phys. Chem.
B 119,2677-2689.

Dau, H., Limberg, C., Reier, T., Risch, M., Roggan, S., and Strasser, P. (2010)
The Mechanism of Water Oxidation: From Electrolysis via Homogeneous to
Biological Catalysis. ChemCatChem. John Wiley & Sons, Ltd.

Vogt, L., Vinyard, D. J., Khan, S., and Brudvig, G. W. (2015) Oxygen-evolving
complex of Photosystem II: An analysis of second-shell residues and hydrogen-
bonding networks. Curr. Opin. Chem. Biol. Elsevier Ltd.

Pérez-Navarro, M., Neese, F., Lubitz, W., Pantazis, D. A., and Cox, N. (2016)
Recent developments in biological water oxidation. Curr. Opin. Chem. Biol.
Elsevier Ltd.

Askerka, M., Brudvig, G. W., and Batista, V. S. (2017) The O:-Evolving
complex of photosystem II: Recent insights from quantum

14



(45)

(46)

(47)

(48)

(49)

(50)

(51

(52)

(53)

mechanics/molecular mechanics (QM/MM), extended X-ray absorption fine
structure (EXAFS), and femtosecond X-ray crystallography data. Acc. Chem.
Res. 50,41-48.

Cox, N., Pantazis, D. A., Neese, F., and Lubitz, W. (2013) Biological water
oxidation. Acc. Chem. Res. 46, 1588—1596.

Siegbahn, P. E. M. (2013) Water oxidation mechanism in photosystem II,
including oxidations, proton release pathways, O-O bond formation and O»
release. Biochim. Biophys. Acta - Bioenerg. 1827, 1003—1019.

Cox, N., and Messinger, J. (2013) Reflections on substrate water and dioxygen
formation. Biochim. Biophys. Acta - Bioenerg. 1827, 1020—-1030.

Cox, N., Pantazis, D. A., Neese, F., and Lubitz, W. (2015) Artificial
photosynthesis: Understanding water splitting in nature. Interface Focus.
Royal Society of London.

Suga, M., Akita, F., Yamashita, K., Nakajima, Y., Ueno, G., Li, H., Yamane,
T., Hirata, K., Umena, Y., Yonekura, S., Yu, L. J., Murakami, H., Nomura, T.,
Kimura, T., Kubo, M., Baba, S., Kumasaka, T., Tono, K., Yabashi, M., Isobe,
H., Yamaguchi, K., Yamamoto, M., Ago, H., and Shen, J. R. (2019) An
oxyl/oxo mechanism for oxygen-oxygen coupling in PSII revealed by an x-ray
free-electron laser. Science (80-. ). 366, 334-338.

Vogt, L., Ertem, M. Z., Pal, R., Brudvig, G. W., and Batista, V. S. (2015)
Computational insights on crystal structures of the oxygen-evolving complex
of photosystem II with either Ca** or Ca*" substituted by St**. Biochemistry 54,
820-825.

Bondar, A. N., and Dau, H. (2012) Extended protein/water H-bond networks
in photosynthetic water oxidation, in Biochimica et Biophysica Acta -
Bioenergetics, pp 1177-1190.

Linke, K., and Ho, F. M. (2014) Water in Photosystem II: Structural functional
and mechanistic considerations. Biochim. Biophys. Acta - Bioenerg.

Vassiliev, S., Zaraiskaya, T., and Bruce, D. (2012) Exploring the energetics of
water permeation in photosystem II by multiple steered molecular dynamics
simulations. Biochim. Biophys. Acta - Bioenerg. 1817, 1671-1678.

15



(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

Service, R. J., Hillier, W., and Debus, R. J. (2010) Evidence from FTIR
difference spectroscopy of an extensive network of hydrogen bonds near the
oxygen-evolving Mn4Ca cluster of photosystem II Involving D1-Glu65, D2-
Glu312, and D1-Glu329. Biochemistry 49, 6655-6669.

Debus, R. J. (2014) Evidence from FTIR difference spectroscopy that D1-
Asp61 influences the water reactions of the oxygen-evolving Mn4CaOs cluster
of photosystem II. Biochemistry 53, 2941-2955.

Dilbeck, P. L., Hwang, H. J., Zaharieva, 1., Gerencser, L., Dau, H., and Burnap,
R. L. (2012) The D1-D61N mutation in Synechocystis sp. PCC 6803 allows
the observation of pH-sensitive intermediates in the formation and release of
O from photosystem II. Biochemistry 51, 1079-1091.

Lohmiller, T., Krewald, V., Sedoud, A., Rutherford, A. W., Neese, F., Lubitz,
W., Pantazis, D. A., and Cox, N. (2017) The First State in the Catalytic Cycle
of the Water-Oxidizing Enzyme: Identification of a Water-Derived p-Hydroxo
Bridge. J. Am. Chem. Soc. 139, 14412—-14424.

Kulik, L. V., Epel, B., Lubitz, W., and Messinger, J. (2007) Electronic structure
of the MnsO«Ca cluster in the So and S; states of the oxygen-evolving complex
of photosystem II based on pulse >>Mn-ENDOR and EPR spectroscopy. J. Am.
Chem. Soc. 129, 13421-13435.

Kulik, L. V., Epel, B., Lubitz, W., and Messinger, J. (2005) **Mn pulse
ENDOR at 34 GHz of the So and S; states of the oxygen-evolving complex in
photosystem IL. J. Am. Chem. Soc. 127,2392-2393.

Haumann, M., Miiller, C., Liebisch, P., Iuzzolino, L., Dittmer, J., Grabolle, M.,
Neisius, T., Meyer-Klaucke, W., and Dau, H. (2005) Structural and oxidation
state changes of the photosystem Il manganese complex in four transitions of
the water oxidation cycle (So — Si, S1 — Sz, So — S3, and S3,4 — So)
characterized by X-ray absorption spectroscopy at 20 K and room temperature.
Biochemistry 44, 1894-1908.

Cox, N., Retegan, M., Neese, F., Pantazis, D. A., Boussac, A., and Lubitz, W.
(2014) Electronic structure of the oxygen-evolving complex in photosystem II
prior to O-O bond formation. Science (80-. ). 345, 804—808.

Zaharieva, 1., Chernev, P., Berggren, G., Anderlund, M., Styring, S., Dau, H.,
and Haumann, M. (2016) Room-Temperature Energy-Sampling K X-ray

16



(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

Emission Spectroscopy of the MnsCa Complex of Photosynthesis Reveals
Three Manganese-Centered Oxidation Steps and Suggests a Coordination
Change Prior to O Formation. Biochemistry 55, 4197-4211.

Schuth, N., Zaharieva, 1., Chernev, P., Berggren, G., Anderlund, M., Styring,
S., Dau, H., and Haumann, M. (2018) Ka X-ray Emission Spectroscopy on the
Photosynthetic Oxygen-Evolving Complex Supports Manganese Oxidation
and Water Binding in the S3 State. Inorg. Chem. 57, 10424—10430.

Pantazis, D. A., Ames, W., Cox, N., Lubitz, W., and Neese, F. (2012) Two
interconvertible structures that explain the spectroscopic properties of the
oxygen-evolving complex of photosystem II in the S 2 state. Angew. Chemie -
Int. Ed. 51, 9935-9940.

Yamanaka, S., Isobe, H., Kanda, K., Saito, T., Umena, Y., Kawakami, K.,
Shen, J. R., Kamiya, N., Okumura, M., Nakamura, H., and Yamaguchi, K.
(2011) Possible mechanisms for the O-O bond formation in oxygen evolution
reaction at the CaMnsOs(H20)4 cluster of PSII refined to 1.9 A X-ray
resolution. Chem. Phys. Lett. 511, 138—145.

Bovi, D., Narzi, D., and Guidoni, L. (2013) The S; State of the oxygen-evolving
complex of photosystem-ii explored by QM/MM Dynamics: Spin surfaces and
metastable states suggest a reaction path towards the S; state. Angew. Chemie
-Int. Ed. 52, 11744-11749.

Isobe, H., Shoji, M., Yamanaka, S., Umena, Y., Kawakami, K., Kamiya, N.,
Shen, J. R., and Yamaguchi, K. (2012) Theoretical illumination of water-
inserted structures of the CaMn4Os cluster in the S, and S3 states of oxygen-
evolving complex of photosystem II: Full geometry optimizations by B3LYP
hybrid density functional. Dalt. Trans. 41, 13727-13740.

Vinyard, D. J., Khan, S., Askerka, M., Batista, V. S., and Brudvig, G. W. (2017)
Energetics of the S, State Spin Isomers of the Oxygen-Evolving Complex of
Photosystem II. J. Phys. Chem. B 121, 1020-1025.

Boussac, A., and Rutherford, A. W. (2000) Comparative study of the g=4.1
EPR signals in the S, state of photosystem II. Biochim. Biophys. Acta -
Bioenerg. 1457, 145-156.

Haddy, A. (2007) EPR spectroscopy of the manganese cluster of photosystem
II. Photosynth. Res. 92, 357-368.

17



(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

Boussac, A., Rutherford, A. W., and Sugiura, M. (2015) Electron transfer
pathways from the S-states to the Ss-states either after a Ca®'/Sr** or a CI/T
exchange in Photosystem II from Thermosynechococcus elongatus. Biochim.
Biophys. Acta - Bioenerg. 1847, 576-586.

Boussac, A., Ugur, 1., Marion, A., Sugiura, M., Kaila, V. R. 1., and Rutherford,
A. W. (2018) The low spin - high spin equilibrium in the S>-state of the water
oxidizing enzyme. Biochim. Biophys. Acta - Bioenerg. 1859, 342-356.

Boussac, A. (2019) Temperature dependence of the high-spin Sz to S; transition
in Photosystem II: Mechanistic consequences. Biochim. Biophys. Acta -
Bioenerg. 1860, 508-518.

Suga, M., Akita, F., Sugahara, M., Kubo, M., Nakajima, Y., Nakane, T.,
Yamashita, K., Umena, Y., Nakabayashi, M., Yamane, T., Nakano, T., Suzuki,
M., Masuda, T., Inoue, S., Kimura, T., Nomura, T., Yonekura, S., Yu, L. J.,
Sakamoto, T., Motomura, T., Chen, J. H., Kato, Y., Noguchi, T., Tono, K., Joti,
Y., Kameshima, T., Hatsui, T., Nango, E., Tanaka, R., Naitow, H., Matsuura,
Y., Yamashita, A., Yamamoto, M., Nureki, O., Yabashi, M., Ishikawa, T.,
Iwata, S., and Shen, J. R. (2017) Light-induced structural changes and the site
of O=0O bond formation in PSII caught by XFEL. Nature 543, 131-135.

Rapatskiy, L., Cox, N., Savitsky, A., Ames, W. M., Sander, J., Nowaczyk, M.
M., Rogner, M., Boussac, A., Neese, F., Messinger, J., and Lubitz, W. (2012)
Detection of the water-binding sites of the oxygen-evolving complex of
photosystem Il using W-band 'O electron-electron double resonance-detected
NMR spectroscopy. J. Am. Chem. Soc. 134, 16619—16634.

Navarro, M. P., Ames, W. M., Nilsson, H., Lohmiller, T., Pantazis, D. A.,
Rapatskiy, L., Nowaczyk, M. M., Neese, F., Boussac, A., Messinger, J., Lubitz,
W., and Cox, N. (2013) Ammonia binding to the oxygen-evolving complex of
photosystem II identifies the solvent-exchangeable oxygen bridge (p1-oxo) of
the manganese tetramer. Proc. Natl. Acad. Sci. U. S. A. 110, 15561-15566.

Lohmiller, T., Krewald, V., Navarro, M. P., Retegan, M., Rapatskiy, L.,
Nowaczyk, M. M., Boussac, A., Neese, F., Lubitz, W., Pantazis, D. A., and
Cox, N. (2014) Structure, ligands and substrate coordination of the oxygen-
evolving complex of photosystem II in the S; state: A combined EPR and DFT
study. Phys. Chem. Chem. Phys. 16, 11877-11892.

Retegan, M., Krewald, V., Mamedov, F., Neese, F., Lubitz, W., Cox, N., and
Pantazis, D. A. (2016) A five-coordinate Mn(IV) intermediate in biological

18



(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

water oxidation: Spectroscopic signature and a pIVot mechanism for water
binding. Chem. Sci. 7, 72—84.

Askerka, M., Wang, J., Vinyard, D. J., Brudvig, G. W., and Batista, V. S.
(2016) S5 State of the O2-Evolving Complex of Photosystem II: Insights from
QM/MM, EXAFS, and Femtosecond X-ray Diffraction. Biochemistry 55, 981—
984.

Askerka, M., Vinyard, D. J., Brudvig, G. W., and Batista, V. S. (2015) NH;3
Binding to the S» State of the Oz-Evolving Complex of Photosystem II:
Analogue to H>O Binding during the S; — S; Transition. Biochemistry 54,
5783-5786.

Retegan, M., and Pantazis, D. A. (2016) Interaction of methanol with the
oxygen-evolving complex: Atomistic models, channel identification, species
dependence, and mechanistic implications. Chem. Sci., pp 6463—-6476. Royal
Society of Chemistry.

Isobe, H., Shoji, M., Shen, J. R., and Yamaguchi, K. (2015) Strong Coupling
between the Hydrogen Bonding Environment and Redox Chemistry during the
S> to S3 Transition in the Oxygen-Evolving Complex of Photosystem II. J.
Phys. Chem. B 119, 13922-13933.

Ugur, L., Rutherford, A. W., and Kaila, V. R. I. (2016) Redox-coupled substrate
water reorganization in the active site of Photosystem II - The role of calcium
in substrate water delivery. Biochim. Biophys. Acta - Bioenerg. 1857, 740-748.

Shoji, M., Isobe, H., and Yamaguchi, K. (2015) QM/MM study of the S> to S3
transition reaction in the oxygen-evolving complex of photosystem II. Chem.
Phys. Lett. 636, 172—179.

Zscherp, C., and Barth, A. (2001) Reaction-induced infrared difference
spectroscopy for the study of protein reaction mechanisms. Biochemistry 40,
1875-1883.

Barth, A., and Zscherp, C. (2002, November) What vibrations tell us about
proteins. Q. Rev. Biophys. Q Rev Biophys.

Noguchi, T., Ono, T. aki, and Inoue, Y. (1992) Detection of Structural Changes
upon Si-to-S; Transition in the Oxygen-Evolving Manganese Cluster in

19



(88)

(89)

(90)

1)

(92)

(93)

(94)

(95)

(96)

Photosystem II by Light-Induced Fourier Transform Infrared Difference
Spectroscopy. Biochemistry 31, 5953—-5956.

Chu, H. A., Hillier, W., Law, N. A., Sackett, H., Haymond, S., and Babcock,
G. T. (2000) Light-induced FTIR difference spectroscopy of the S>-to-S; state
transition of the oxygen-evolving complex in Photosystem II. Biochim.
Biophys. Acta - Bioenerg. 1459, 528-532.

Hillier, W., and Babcock, G. T. (2001) S-state dependent fourier transform
infrared difference spectra for the photosystem II oxygen evolving complex.
Biochemistry 40, 1503—15009.

Noguchi, T., and Sugiura, M. (2001) Flash-induced fourier transform infrared
detection of the structural changes during the S-state cycle of the oxygen-
evolving complex in photosystem II. Biochemistry 40, 1497-1502.

Tammer, M. (2004) G. Sokrates: Infrared and Raman characteristic group
frequencies: tables and charts. Colloid Polym. Sci. John Wiley & Sons.

Noguchi, T., Ono, T. aki, and Inoue, Y. (1995) Direct detection of a carboxylate
bridge between Mn and Ca?" in the photosynthetic oxygen-evolving center by
means of Fourier transform infrared spectroscopy. BBA - Bioenerg. 1228, 189—
200.

Noguchi, T., and Sugiura, M. (2003) Analysis of flash-induced FTIR difference
spectra of the S-state cycle in the photosynthetic water-oxidizing complex by
uniform '°N and '3C isotope labeling. Biochemistry 42, 6035-6042.

Kimura, Y., Mizusawa, N., Ishii, A., Yamanari, T., and Ono, T. A. (2003)
Changes of Low-Frequency Vibrational Modes Induced by Universal '°N- and
3C-Isotope Labeling in S»/S; FTIR Difference Spectrum of Oxygen-Evolving
Complex. Biochemistry 42, 13170-13177.

Yamanari, T., Kimura, Y., Mizusawa, N., Ishii, A., and Ono, T. A. (2004) Mid-
to low-frequency fourier transform infrared spectra of S-state cycle for

photosynthetic water oxidation in Synechocystis sp. PCC 6803. Biochemistry
43, 7479-7490.

Noguchi, T., Ono, T. aki, and Inoue, Y. (1995) A carboxylate ligand interacting
with water in the oxygen-evolving center of photosystem II as revealed by
Fourier transform infrared spectroscopy. BBA - Bioenerg. 1232, 59-66.

20



(97) Noguchi, T., and Sugiura, M. (2002) FTIR detection of water reactions during
the flash-induced S-state cycle of the photosynthetic water-oxidizing complex.
Biochemistry 41, 15706—15712.

(98) Noguchi, T., Sugiura, M., Inoue, Y., Itoh, K., and Tasumi, M. (1999) FTIR
studies on the amino-acid ligands of the photosynthetic oxygen-evolving Mn-

cluster, in Fourier Transform Spectroscopy: Twelfth International Conference,
pp 459-460. Waseda University Press Tokyo.

(99) Chu, H. A., Gardner, M. T., O’Brien, J. P., and Babcock, G. T. (1999) Low-
frequency fourier transform infrared spectroscopy of the oxygen- evolving and
quinone acceptor complexes in photosystem II. Biochemistry 38, 4533-4541.

(100) Chu, H. A., Sackett, H., and Babcock, G. T. (2000) Identification of a Mn-O-
Mn cluster vibrational mode of the oxygen-evolving complex in photosystem
II by low-frequency FTIR spectroscopy. Biochemistry 39, 14371-14376.

(101) Chu, H. A., Hillier, W., Law, N. A., and Babcock, G. T. (2001) Vibrational
spectroscopy of the oxygen-evolving complex and of manganese model
compounds. Biochim. Biophys. Acta - Bioenerg. 1503, 69—82.

(102) Kimura, Y., Ishii, A., Yamanari, T., and Ono, T. A. (2005) Water-sensitive
low-frequency vibrations of reaction intermediates during S-state cycling in
photosynthetic water oxidation. Biochemistry 44, 7613-7622.

(103) Chu, H. A., Debus, R. J., and Babcock, G. T. (2001) D1-Asp170 Is structurally
coupled to the oxygen evolving complex in photosystem II as revealed by light-
induced fourier transform infrared difference spectroscopy. Biochemistry 40,
2312-2316.

(104) Chu, H. A., Gardner, M. T., Hillier, W., and Babcock, G. T. (2000) Low-
frequency fourier transform infrared spectroscopy of the oxygen-evolving
complex in Photosystem II. Photosynth. Res. 66, 57-63.

(105) Zundel, G. (2007) Hydrogen Bonds with Large Proton Polarizability and
Proton Transfer Processes in Electrochemistry and Biology, pp 1-217. John
Wiley & Sons, Ltd.

(106) Noguchi, T., Suzuki, H., Tsuno, M., Sugiura, M., and Kato, C. (2012) Time-
resolved infrared detection of the proton and protein dynamics during
photosynthetic oxygen evolution. Biochemistry 51, 3205-3214.

21



(107) Pokhrel, R., Service, R. J., Debus, R. J., and Brudvig, G. W. (2013) Mutation
of lysine 317 in the D2 subunit of photosystem II alters chloride binding and
proton transport. Biochemistry 52, 4758—4773.

(108) Banerjee, G., Ghosh, 1., Kim, C. J., Debus, R. J., and Brudvig, G. W. (2018)
Substitution of the D1-Asn87 site in photosystem II of cyanobacteria mimics

the chloride-binding characteristics of spinach photosystem II. J. Biol. Chem.
293, 2487-2497.

(109) Nakamura, S., Ota, K., Shibuya, Y., and Noguchi, T. (2016) Role of a Water
Network around the Mn4CaOs Cluster in Photosynthetic Water Oxidation: A
Fourier Transform Infrared Spectroscopy and Quantum Mechanics/Molecular
Mechanics Calculation Study. Biochemistry 55, 597-607.

(110) Kim, C. J., and Debus, R. J. (2017) Evidence from FTIR Difference
Spectroscopy That a Substrate HO Molecule for O> Formation in
Photosystem II Is Provided by the Ca Ion of the Catalytic MnsCaOs Cluster.
Biochemistry 56, 2558-2570.

(111) Nagao, R., Ueoka-Nakanishi, H., and Noguchi, T. (2017) D1-Asn-298 in
photosystem Il is involved in a hydrogen-bond network near the redox-active
tyrosine Yz for proton exit during water oxidation. J. Biol. Chem. 292,
20046-20057.

(112) Noguchi, T. (2008) FTIR detection of water reactions in the oxygen-evolving
centre of photosystem II. Philos. Trans. R. Soc. B Biol. Sci. 363, 1189—1194.

(113) Pokhrel, R., Debus, R. J., and Brudvig, G. W. (2015) Probing the effect of
mutations of asparagine 181 in the D1 subunit of photosystem II.
Biochemistry 54, 1663—1672.

(114) Noguchi, T., and Sugiura, M. (2000) Structure of an active water molecule in
the water-oxidizing complex of photosystem II as studied by FTIR
spectroscopy. Biochemistry 39, 10943—10949.

(115) Shimada, Y., Suzuki, H., Tsuchiya, T., Tomo, T., Noguchi, T., and Mimuro,
M. (2009) Effect of a single-amino acid substitution of the 43 kDa
chlorophyll protein on the oxygen-evolving reaction of the cyanobacterium
Synechocystis sp. PCC 6803: Analysis of the Glu354GIn mutation.
Biochemistry 48, 6095-6103.

22



(116) Service, R. J., Yano, J., Dilbeck, P. L., Burnap, R. L., Hillier, W., and Debus,
R. J. (2013) Participation of glutamate-333 of the D1 polypeptide in the
ligation of the Mn4CaOs cluster in photosystem Il. Biochemistry 52, 8452—
8464.

(117) Suzuki, H., Sugiura, M., and Noguchi, T. (2008) Monitoring water reactions
during the S-state cycle of the photosynthetic water-oxidizing center:
detection of the DOD bending vibrations by means of Fourier transform
infrared spectroscopy. Biochemistry 47, 11024—11030.

(118) Debus, R. J. (2015) FTIR studies of metal ligands, networks of hydrogen
bonds, and water molecules near the active site MnsCaOs cluster in
Photosystem II. Biochim. Biophys. Acta - Bioenerg. 1847, 19-34.

(119) Noguchi, T. (2015) Fourier transform infrared difference and time-resolved
infrared detection of the electron and proton transfer dynamics in
photosynthetic water oxidation. Biochim. Biophys. Acta - Bioenerg. 1847, 35—
45.

23



uﬁd.ﬁeuuoz
proye[Ay [,




FIGURE 1.1 View along the membrane plane of PSII. Alpha helices are depicted as
ribbons, beta strands as arrows. On the right half, the D1 subunit is depicted in blue, the
D2 subunit in orange, the CP43 subunit in gray, the CP47 subunit in red, and water
molecules as burgundy dots. Figure was created from the 4UB6 structure (74).

25



Local C2 axis

Fe2+

g

' 4
4

Mn4CaOs cluster

FIGURE 1.2 Key cofactors in the electron transport chain. The hydrophobic tails of
chlorophylls, pheophytins, and plastoquinones have been omitted for clarity. Figure was
created from the 4UB6 structure (14).
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FIGURE 1.3 The Mn4CaOs cluster and its environment. Only selected residues are
illustrated. All residues are from the D1-subunit unless otherwise specified. Pink spheres,
manganese; yellow sphere, calcium; red spheres, oxygen atoms. Water molecules, W3 and
W4, are coordinated to Ca?" and water molecules, W1 and W2, are coordinated to Mn4.
Figure was created from the 4UB6 structure (74).
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Chapter 2
Evidence from FTIR Difference Spectroscopy that a Substrate H2O Molecule for O2
Formation in Photosystem II is Provided by the Ca ion of the Catalytic Mn4CaOs

Cluster

2.1 ABSTRACT

The Oz-producing MnsCaOs catalyst in Photosystem II oxidizes two water
molecules (substrate) to produce one O molecule. Considerable evidence supports
identifying one of the two substrate waters as the Mn4CaOs cluster’s oxo bridge known as
Os. The identity of the second substrate water molecule is less clear. In one set of models,
the second substrate is the Mn-bound water molecule known as W2. In another set of
models, the second substrate is the Ca?>"-bound water molecule known as W3. In all of
these models, a deprotonated form of the second substrate moves to a position next to O5
during the catalytic step immediately prior to O-O bond formation. In this study, FTIR
difference spectroscopy was employed to identify the vibrational modes of hydrogen-
bonded water molecules that are altered by the substituting Sr** for Ca**. Our data show
that the substitution substantially altered the vibrational modes of only a single water
molecule: the water molecule whose D-O-D bending mode is eliminated during the
catalytic step immediately prior to O-O bond formation. These data are most consistent
with identifying the Ca*’-bound W3 as the second substrate involved in O-O bond

formation.
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2.2 INTRODUCTION

The light-driven oxidation of water in photosystem II (PSII)! produces nearly all of
the O on Earth and powers the production of nearly all of Earth’s biomass. Photosystem
II is an integral membrane protein complex in the thylakoid membranes of cyanobacteria,
algae, and plants (/-5). It is a 700 kDa homodimer in vivo. Each monomer contains 20
different subunits and nearly 60 organic and inorganic cofactors. The largest subunits
include the membrane-spanning polypeptides CP47, CP43, D2, and D1. These have
molecular weights of 56 kDa, 52 kDa, 39 kDa, and 38 kDa, respectively. The O»-evolving
catalytic center consists of an inorganic MnsCaOs cluster (Figure 2.1). Light-induced
separations of charge within PSII drive the accumulation of oxidizing equivalents on this
cluster. During each catalytic cycle, the cluster accumulates four oxidizing equivalents,
cycling through five oxidation states termed S,, where “n” denotes the number of oxidizing
equivalents that are stored (n =0 —4). The S; state is predominant in dark-adapted samples.
The S4 state is a transient intermediate. Its formation initiates the utilization of the four
stored oxidizing equivalents, the formation of the O-O bond, the release of O> and two
protons, the re-binding of at least one substrate water molecule, and the regeneration of the
So state. An additional proton is released during each of the So — S; and S2 — S3
transitions. The Mn4CaOs cluster thus serves as the interface between one-electron
photochemistry and the four-electron/four-proton process of water oxidation/O> formation
(6-9).

Recent 1.85 A (5), 1.9 A, (1), and 1.95 A (2) structural models of PSII show that

the Mn4CaOs cluster consists of a distorted Mn3CaO4 cube and a fourth Mn ion (labeled
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Mn4) that is connected to the cube by one of the latter’s corner oxo bridges (denoted O5)
and by another oxygen bridging ligand (labeled O4). The ligands of the Mn and Ca ions
include six carboxylate side chains (five from D1 and one from CP43) and one histidine
side chain (from D1). In addition, two water molecules (W1 and W2) coordinate to Mn4
and two others (W3 and W4) coordinate to the Ca** ion. Networks of hydrogen bonds in
the Mn4CaOs cluster’s environment efficiently transport protons away from the cluster and
permit the access of water. These networks contain many water molecules and form at least
three pathways connecting the thylakoid lumen with the cluster, with one including Mn4
and D1-D61, a second including the Ca?" ion and Yz, the redox-active tyrosine residue
whose radical form, Y7', is the immediate oxidant of the Mn4CaOs cluster in each S state,
and a third including the CI™ ion that is located near D2-K317 (1, 8, 11-13).

Our understanding of the O, formation reaction has improved rapidly over the past
five years because of developments in crystallography (e.g., the development of
femtosecond crystallography conducted with X-ray free electron lasers) and the interplay
between new structural information, computational studies, and advanced biophysical
methods including pulsed EPR spectroscopy, X-ray absorbance spectroscopy, and
membrane inlet mass spectrometry [for recent reviews, see (//-19)]. This interplay has
revealed that the Mn4CaOs cluster is conformationally flexible, adopting “open cubane”
and “closed cubane” conformations during the S state cycle, and that this conformational
flexibility is central to the cluster’s function (20-38). In the “open cubane” conformation,
O5 coordinates to Mn4, forming an oxo bridge linking Mn4 with Mn3. In the “closed

cubane” conformation, O5 coordinates to Mn1, forming an oxo bridge linking Mn1 with

30



Mn3 and forming one vertex of a distorted Mn3CaOs cube. In the So and S; states, the
“open” conformation is favored, with Mnl being a Mn(III) ion that has an open
coordination position. In the S> state, the “open” and closed” conformations are nearly
isoenergetic and readily interconvert so that either Mn1 or Mn4 is a five-coordinate Mn(I1I)
ion depending on whether OS5 is coordinated to Mn4 or Mn1, respectively. The “closed”
conformation of the S; state, with Mn4 being five-coordinate, is an obligatory intermediate
between the S> and S states. During the S, — S3 transition, the one Mn(III) ion present in
the S» state undergoes oxidation to Mn(IV) and a water-derived ligand moves from
elsewhere on the cluster to join OS5 between Mnl and Mn4, thereby filling the empty Mn
coordination position. Powerful evidence supporting the insertion of a water-derived ligand
near O5 during the S, — Sj3 transition has been provided by a recent pulse EPR/electron-
electron double resonance-detected NMR study (27) and by a very recent 2.35A structural
model of the S3 state obtained with femtosecond XFEL crystallography (39).
Consequently, the Sz state consists of four six-coordinate Mn(IV) ions. The “open”
conformation is favored in the S3 state.

The two substrate waters are coordinated to the MnsCaOs cluster by at least the S»
state (16, 40, 41). One of these becomes positioned for the formation of the O-O bond
during the regeneration of the So state, whereas the second becomes the water-derived
ligand that joins OS5 between Mn4 and Mnl during the S, — Sz transition. The
repositioning of this ligand ensures that the two oxygen atoms that will form the O-O bond
are held in close proximity only after the S; state is fully formed, thereby preventing

deleterious catalase-like activity in the lower S states (15, 27-35, 42, 43). The subsequent
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formation of the Y7'S3 state locks the two oxygen atoms in position for O-O bond formation
(44). Considerable evidence supports identifying the first substrate molecule (or substrate-
derived ligand) with the O5 oxo bridge (45-47). The identity of the second substrate water
molecule is less clear. In one set of models (29, 32, 35, 48-50) [e.g., the “carousel” (35, 48)
or “pivot” (32, 49) models], the second substrate is the Mn4-bound W2. In these models,
W2 moves to a position between Mn4 and M1 during the S> = S3 transition and is replaced
by a water molecule (labeled Wx or Wyew in these models) that had previously formed a
hydrogen bond with the O4 oxo bridge. In these models, Wx (or Wyew) entered the
environment of the MnsCaOs cluster during a previous S state cycle via the chain of water
molecules and hydrogen bonds involving D1-D61. In a competing set of models (23, 33,
51-53), the second substrate is the Ca?*-bound W3. In these models, W3 deprotonates and
moves to a position between Mn4 and Mnl during the S; — S; transition. It is replaced by
a nearby water molecule such as W5 (the water molecule that bridges W3 and W2) or the
Ca?"-bound W4. In these models, W5 (or W4) entered the environment of the Mn4CaOs
cluster during a previous S state cycle via the chain of water molecules and hydrogen bonds
involving the Ca** ion and Yz.

Identifying the second substrate water molecule is essential for understanding the
molecular mechanism of O formation. In this study, FTIR difference spectroscopy was
employed to determine if the second substrate water is the Mn4-bound W2 or the Ca?'-
bound W3. FTIR difference spectroscopy is an extremely sensitive probe of structural
changes that occur during an enzyme’s catalytic cycle (54-57). In PSII, the vibrational

modes of many functional groups change frequency as the MnsCaOs cluster advances
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through the S state cycle. These include many that have been assigned to carboxylate side
chains or hydrogen-bonded water molecules (58-64). FTIR difference spectroscopy is
particularly suitable for studying hydrogen-bonded water molecules. In PSII, the O-H
stretching modes of water molecules that are weakly hydrogen-bonded have been
monitored between 3700 and 3500 cm™ (62, 65-72), highly polarizable networks of water
molecules that are strongly hydrogen-bonded have been monitored between 3200 and 2500
cm™ (62, 66, 71-73), and D-O-D bending modes have been monitored near 1210 cm™ (71,
74).

Sr?* is the only cation that can competitively replace Ca*>" in PSII and support Oz
formation (75-77). The substitution of Sr** for Ca®" produces little change in the structural
(78, 79) or electronic (47, 80-82) properties of the MnsCaOs cluster, but alters a feature at
606 cm™ in the S;—S; FTIR difference spectrum that corresponds to a Mn—O—Mn cluster
mode (83, 84). Substituting Sr** for Ca?" also slows the S state transitions (76, 85-87),
especially the Sz to So transition. The substitution also alters the positions of water
molecules in the immediate vicinity of the Ca®" ion, especially those of W3, W4, and W5
(10, 79, 88, 89). The slowing of the S state transitions by Sr?* has been attributed to the
resulting alteration of the hydrogen bond network that links the Ca®" ion and Yz with the
CI" ion and D1-D61 (10, 62, 79, 81, 90, 91).

In this study, we examined the FTIR difference spectra of PSII core complexes for
water vibrational modes altered by the substitution of Sr** for Ca**. Our data are most

consistent with identifying W3 as the second substrate that becomes part of the O-O bond.
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2.3 MATERIALS AND METHODS

Propagation of Cultures. Large volume cultures of Synechocystis sp. PCC 6803
having a hexahistidine tag on CP47 (92) were propagated in glass carboys as described
earlier (93). To prepare Sr-containing PSII core complexes, CaCl, was replaced by an
equivalent concentration of SrCl in the growth media (87, 94).

Purification of PSII core complexes. Intact, O2-producing PSII core complexes
were purified as described earlier (7/). For the purification of Sr-containing PSII, all
buffers contained SrCl» instead of CaCl,. The PSII core complexes were isolated in a buffer
consisting of 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM
CaCl; or 20 mM SrClz, 5 mM MgCl,, 50 mM histidine, 1 mM EDTA, and 0.03% (w/v) n-
dodecyl f-D-maltoside. They were concentrated to approx. 1 mg of Chl/mL, flash-frozen
in liquid N, and stored at —196 °C (vapor phase nitrogen).

Preparation of FTIR samples. Purified PSII core complexes were transferred into
a buffer consisting of 40 mM sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl, or 5 mM
SrClz, 5 mM NaCl, 0.06% (w/v) n-dodecyl -D-maltoside. They were then concentrated,
mixed with 1/10 volume of fresh 100 mM potassium ferricyanide, spread in the center 13
mm of a 25 mm diameter BaF, window, and then dried lightly with a stream of dry N gas
(71). The lightly dried samples were rehydrated and maintained at a relative humidity of
99% by spotting six 1 pL droplets of 20% (v/v) glycerol in water around the window’s
periphery before a second window was placed on the first with a thin o-ring spacer in
between. For samples having natural abundance H>'°O exchanged for D>'°0 or D,'%0, the

lightly dried samples were rehydrated with 20% (v/v) glycerol(OD)3 (98% D, Cambridge
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Isotope Laboratories, Inc., Andover, MA) in D2°O (99.9% D, Cambridge Isotope
Laboratories, Inc., Andover, MA) or D2'%0 (98% D, 97% 180, Cambridge Isotope
Laboratories, Inc., Andover, MA), respectively (71, 74). Sealed samples were equilibrated
in the FTIR sample compartment at 0°C in darkness for 1.5 h, illuminated with 6 pre-
flashes, then dark-adapted for 30 min (77). For each sample, the absorbance at 1657 cm™!
(amide I band) was 0.6 — 1.1.

FTIR Spectroscopy. Spectra were obtained with a Bruker Vertex 70 spectrometer
(Bruker Optics, Billerica, MA) containing a pre-amplified, midrange D317 photovoltaic
MCT detector (Kolmar Technologies, Inc., Newburyport, MA), as described previously
(71). After dark adaptation, samples were illuminated at 0°C with six flashes at 13 s
intervals. Two transmission spectra were recorded before the first flash and one
transmission spectrum was recorded starting 0.33 s after the first and subsequent flashes
(each transmission spectrum consisted of 100 scans). The 0.33 s delay allowed for the
oxidation of QA by the ferricyanide. The difference spectra of the successive S-state
transitions (e.g., Sn+1—minus—S, difference spectra, henceforth written S,+1—S,), were
obtained by dividing the transmission spectrum obtained after the n™ flash by the
transmission spectrum obtained immediately before the n™ flash, then converting the ratio
to units of absorption. The background noise level and the stability of the baseline were
obtained by dividing the second pre-flash transmission spectrum by the first and converting
the ratio to units of absorption (these spectra are labeled dark—dark in each figure — note
that these are control difference spectra obtained without a flash being given). The sample

was then dark-adapted for 30 min and the cycle was repeated. For each sample, the
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illumination cycle was repeated 15 times. The spectra of 30-62 samples were averaged (see
figure legends).
Other Procedures. The concentrations of chlorophyll were measured as described

earlier (95).

2.4 RESULTS

Mid-frequency Region. The mid-frequency difference spectra that were produced
by four flash illuminations applied to Ca?'-containing and Sr**-containing PSII from
Synechocystis sp. 6803 are compared in Figure 2.2. The spectra produced by the first,
second, third, and fourth flashes applied to the Ca?"-containing PSII core complexes (black
traces) closely resemble spectra presented previously for PSII purified from Synechocystis
sp. PCC 6803, Thermosynechococcus elongatus, and spinach. These correspond
predominantly to the S>—S1, S3—S2, So—S3, and S1—S¢ difference spectra, respectively [e.g.,
refs. (58, 60, 61, 96-101)]. The S>—S1 spectrum of St**-substituted PSII (upper red trace in
Figure 2.2) exhibited significant changes in the symmetric carboxylate stretching
[Vsym(COO")] region: the positive shoulder near 1434 cm™ was diminished, the 1415(-)
cm’! feature was eliminated, the 1400(—) cm™ peak was shifted to 1403 cm™, a positive
feature appeared near 1390 cm’!, and the 1364(+) cm™' feature was diminished
substantially. Changes were also observed in the asymmetric carboxylate stretching
[Vasym(COO™)])/amide 1I region: the 1586(+) cm™ feature and the 1531(+)/1523(-) cm’!
derivative feature were diminished substantially. No significant changes were observed in
the amide I or carbonyl stretching [v(C=0)] regions (near 1650cm™ and 1747 cm™,

respectively). Similar changes in the S;—S: spectrum produced by the biosynthetic
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substitution of Sr** for Ca?" have been reported in Synechocystis sp. PCC 6803 (94) and
Thermosynechococcus elongatus (102) PSII core complexes and in Ca**-depleted spinach
PSII membranes that had been reconstituted with Sr>* (62, 84, 102-105).

The substitution of Sr** for Ca?" induced fewer changes in the S3—S>, So—S3, and
S1—So spectra (Figure 2.2, bottom three pairs of spectra). In the S;—S; spectrum, the
1507(+) cm™! feature was enhanced and shifted to 1505 cm™ and the 1495(—) and 1422(-)
cm! features were eliminated. In the So—Ss; spectrum, the 1587(—) and 1365(-) cm’
features were eliminated, reversing changes that were observed in the S>—S; spectrum
(Figure 2.2, top pair of traces). In the S;—So spectrum, the 1551(—) cm™! feature was
diminished, a positive feature appeared near 1431 cm™!, and the 1411(-) /1395(+) cm™!
features were diminished and shifted slightly to higher frequencies. These changes also
appear to reverse changes observed in the S>—S; spectrum (Figure 2.2, top pair of spectra).
Similar Sr**-induced changes have been reported in the corresponding spectra of
Thermosynechococcus elongatus PSII core complexes (/02) and spinach PSII membranes
(102). Importantly, the features in the carbonyl stretching [v(C=0)] regions appeared
largely unchanged aside from a slight decrease in the amplitudes of the 1745(+) and 1746
(+) cm™! features in the S3—S; and So—Ss spectra, respectively.

Strongly H-bonded O-H stretching region. The O-H stretching modes of O-H

groups that are strongly hydrogen-bonded appear as very broad (positive) features between

3200 and 2500 cm-! (62, 66, 71-73). These features, observed in Synechocystis sp. PCC
6803 and Thermosynechococcus elongatus PSII core complexes and spinach PSII

membranes, are diminished or eliminated in the presence of D>O (66, 71). These regions
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of the difference spectra of Ca?*-containing and Sr**-containing PSII from Synechocystis
are compared in Figure 2.3. In the So—S; spectrum (Figure 2.3, upper traces), the broad
feature is overlain with numerous positive features that correspond to a mixture of C—H
stretching from aliphatic groups and N—H stretching from the imidazole group(s) of at least
one histidine residues and to its(their) Fermi resonance overtones (65, 66, 106). Our data
show that substituting Sr** for Ca®" has no apparent effect on any of the features in this
region. In contrast, in the S>—S; spectrum, the broad feature was eliminated in the presence
of DO (Figure 2.3, blue trace), showing that it corresponds to the O—H stretching modes
of strongly hydrogen-bonded O-H groups. Previously, the broad feature in the S,—S;
spectrum was shown to be unaltered by the substitution of Sr** for Ca®" in
Thermosynechococcus elongatus PSII core complexes [see Figure S5 in ref. (/07)] and in
spinach PSII membranes (62).

Weakly Hydrogen-bonded O—H and O-D stretching regions. The O—H stretching

modes of O-H groups that are weakly hydrogen-bonded appear between 3700 and 3500

em-1 (62, 65-69, 71, 72, 74, 108-113). These features downshift 930-960 cm™ in D,'°0
and approximately 10 cm™ in H2'80 (63, 66, 71, 109). These features have been studied in
PSII from Thermosynechococcus elongatus (65-67, 74), Synechocystis sp. PCC 6803 (68,
70-72), and spinach (62, 69). In our Ca?"-containing PSII core complexes, the S»—S;
spectrum exhibited a weak 3663(—) cm™! feature, a weak 3619(+) cm’! feature, and a strong
3584(—) cm’! (Figure 2.4, upper black trace). Corresponding features in the O-D region
were observed at 2711(-), 2681(+), and 2651(=) cm™ (Figure 2.5, upper black trace). The

substitution of Sr** for Ca** diminished the 3663(—) cm™ feature, eliminated the 3619(+)
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cm’! feature, and slightly upshifted the 3584(—) cm’! feature to 3586 cm™! (upper red trace).
Corresponding Sr**-induced changes were observed in the O-D region of the S>—S;
spectrum (Figure 2.5, upper red trace). Slight alterations in the weakly hydrogen-bonded
O-H region have been reported in Sr**-substituted spinach PSII membranes (62).

The weakly hydrogen bonded O—H regions of the S3—S», So—S3, and S1—S¢ spectra
in our Ca*"-containing Synechocystis PSII core complexes showed broad negative features
with minima at approximately 3606, 3620, and 3617 cm™!, respectively (Figure 4, lower
black traces). The corresponding negative features in the O—D regions showed minima at
approximately 2647, 2676, and 2663 cm’!, respectively (Figure 2.5, lower black traces).
The apparent Sr**-induced decrease in the intensity of the 3606 cm™! feature in the O-H
region of the S3—S» spectrum (Figure 2.4, second red trace) may be caused by a baseline
shift because a similar Sr**-induced decrease was not observed in the O-D region (Figure
2.5, second red trace). The substitution of Sr** for Ca*>* produced no significant alterations
to the O—H or O-D regions of the So—S3 spectrum (Figures 4 and 5, third set of traces), but
may have caused a slight downshift and intensity increase of the 3617 cm™ feature in both
the O—H region and in the corresponding O—D region of the S1—So spectrum (Figures 4 and
5, fourth set of traces).

D-0O-D Bending Region. D-O-D bending modes have very weak intensities and are
best observed in D2!%0-D,'®0 double-difference spectra (71, 74). The mid-frequency
difference spectra of Ca-containing PSII hydrated with D>'°O or D»!80 are compared in
Figure 2.7 and the difference spectra of Sr-containing PSII hydrated with D2!%0 or D,'%0

are compared in Figure 2.8. In Figure 2.8, the difference spectra of the Sr-containing
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samples were multiplied vertically by factors of 1.6 to 2.3 to maximize overlap with the
corresponding spectra of the Ca-containing samples (as in Figure 2). To calculate the
D,'°0—-D,'®0 double-difference spectra, the difference spectra shown in Figures S1 and S2
were subtracted directly. The resulting Sp+1—Sn D2!°0—D,'*0 double-difference spectra of
Ca?*-containing and Sr**-substituted Synechocystis PSII in the D-O-D bending [§(DOD)]
region are compared in Figure 2.6 (black and red traces, respectively). The double-
difference spectra for Ca®’-containing PSII resembled those reported previously for
Thermosynechococcus elongatus (74) and Synechocystis sp. PCC 6803 (71). In the S>—S;
D,'°0-D,'®0 double-difference spectrum, the substitution of Sr** for Ca*" decreased the
amplitudes of the 1211(+) and 1180(+) cm™!' features and eliminated the 1149(+) cm™
feature (Figure 2.6, upper pair of traces). In the S3—S; D2!'%0-D,'%0 double-difference
spectrum, the substitution of Sr*" for Ca®* eliminated the 1239(—) cm™ and the 1224(+)
cm™! feature (2™ pair of traces). In the So—S3 D2'°0—D,'30 double-difference spectrum,
the substitution of Sr** for Ca** decreased the amplitude of the 1224(+) cm™! feature and
appeared to shift the 1242(—) cm™! feature to 1237 cm™ (3™ pair of traces). In the S;-So
D,'°0-D,'0 double-difference spectrum, the substitution of Sr** for Ca** appeared to
eliminate the 1213(+) cm’! feature and to increase the amplitudes of the 1199(-) and

1186(+) cm™' features (4™ pair of traces).

2.5 DISCUSSION

Carboxylate Residues. Isotopic labeling studies have shown that the features
observed in the Sp:1—S, FTIR difference spectra of intact, Ca®'-containing PSII
preparations between 1450 and 1300 cm™ correspond to changes in the symmetric COO™
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stretching modes of carboxylate groups and that the features observed between 1600 and
1450 cm! correspond to changes in the asymmetric COO™ stretching modes of carboxylate
groups and amide II (NH bend and CN stretch) modes from the polypeptide backbone (97,
98, 114). In addition, changes to histidyl modes have been observed between 1120 and
1090 cm™ (106, 115) and changes in the CN and NH> vibrations of a protonated Arg group
(attributed to CP43-Arg357) have been observed between 1700 and 1550 cm™ (716). The
Sr?*-induced changes to the mid-frequency difference spectra reported in this study (Figure
2.2) resemble those reported previously in Sr**-substituted PSII from Synechocystis sp.
PCC 6803, Thermosynechococcus elongatus, and spinach (62, 84, 94, 102-105). These
Sr**-induced perturbations have been interpreted as changes to the vsym(COO~) modes of
multiple carboxylate groups that ligate the MnsCaOs cluster (94, 102). These altered
carboxylate ligands do not include the C-terminus of the D1 subunit (at D1-A344) because
experiments performed with L-[1-'*CJalanine demonstrated that the vsym(COO™) mode of
D1-A344 does not change when Sr** substitutes for Ca>" (94). The histidyl modes between
1120 and 1090 cm™! also do not change when Sr?* substitutes for Ca*" (102).

Recently, the vsym(COO™) region of the S>—S; spectrum was simulated on the basis
of QM/MM methodology (63). The QM region used in the analysis included the Mn4CaOs
cluster, Yz, the cluster’s six carboxylate and single histidine protein ligands, additional
residues that interact with these ligands or Yz (i.e., D1-D61, D1-H190, D1-H337, CP43-
R357), and fifteen water molecules including W1, W2, W3, W4 and others that participate
in a hydrogen-bond network located between D1-D61, the Ca** ion, and Yz. It was

concluded that the vsym(COO™) modes of the carboxylate groups that were included in the
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QM region (including D1-D61) are strongly coupled. Consequently, it was concluded that
multiple carboxylate groups contribute to most of the features in the vsym(COO™) region of
the S>—S1 spectrum (63)?. For example, in the simulated spectrum, the 1364(+) cm™' feature
that is diminished by Sr*>" substitution is comprised primarily of contributions from D1-
E189 and D1-E354, with minor contributions from D1-D61, D1-D170, and D1-E189 (63).

The only substantial Sr**-induced change in the amide I and Vasym(COO~)/amide 11
regions of the mid-frequency difference spectra is the diminished 1586(+) cm™! feature in
the S,—S1 spectrum and the corresponding decreased amplitude of the 1587(—) cm™! feature
in the So—S3 spectrum (Figure 2.2). This feature corresponds to a Vasym(COO™) mode
because it shifts 30 — 35 cm™! in samples that are globally labeled with *C (97, 98, 114,
124) and is largely insensitive to global labeling with >N (97, 98, 114, 122, 125). The
absence of significant Sr**-induced changes to the amide I and amide II modes in the mid-
frequency Sn+1—Sn spectra implies that the substitution of Sr** for Ca** produced little or
no change in the protein structure that surrounds the Mn4CaOs cluster. This conclusion
correlates with magnetic resonance studies showing that the substitution produces little
change in the cluster’s electronic properties (47, 8§0-82) and with X-ray crystallographic
(79), X-ray absorption (78), and computational (/0, 88, 89) studies showing that the
substitution produces little change in the structure of the MnsCaOs cluster or its
surroundings.

Networks of H-bonds. Features in the v(C=0) region of COOH groups in the
Sn+1—Sn spectra are probes of extensive hydrogen bond networks in the MnsCaOs cluster’s

environment (60, 121, 123). The 1747(—) cm™ feature in the S2—S; spectrum has been
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identified with a carboxylate residue whose pKa, value decreases because of the charge that
forms on the Mn4CaOs cluster during the S1 — S, transition. This feature is diminished or
eliminated by the D1-D61A, D1-E65A, D1-E329Q, D1-R334A, and D2-E312A mutations,
and by overly dehydrating samples, providing evidence for an extensive hydrogen bond
network extending over at least 20 A (71, 121, 123). The small 1745(+) cm™! feature in the
S3—S, spectrum has been identified with a carboxylate residue whose pKa value increases
because of structural changes that occur during the S; — S3 transition. This feature is
altered by the D1-D61A mutation and eliminated by D1-Q165E and D1-E329Q mutations,
providing evidence for another hydrogen bond network extending over at least 13 A (71,
123). Elements of these networks may exist only transiently. The 1747(-) cm™ and small
1745(+) cm™! features appear to be reversed during the S; to So transition, resulting in a
1746(+) cm™! feature in the So—S3 spectrum (723). Substituting Sr** for Ca®" only slightly
diminished the amplitudes of the 1747(-) cm™ and 1745(+) cm™! features in the S,—S; and
S3—S» spectra, respectively, implying that the networks of hydrogen bonds probed by these
features were largely unaffected by the substitution.

Hydrogen-bonded Water Molecules. Recently, the hydrogen-bonded O-H
stretching regions of the S>—S; spectrum were simulated with QM/MM methods (62). On
the basis of these simulations, the broad positive feature observed between 3200 and 2500
cm’! was assigned to the coupled O-H stretching modes of strongly hydrogen-bonded water
molecules in the network of hydrogen bonds that links D1-D61 with the Ca** ion and Yz
(62). This feature is dominated by the O-H stretching modes of W1 and W2 (62). The

feature is positive because the hydrogen bonds of W1, W2, and the other water molecules
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are strengthened by the charge that forms on the MnsCaOs cluster during the S; — S
transition (62). This strengthening shifts the O-H stretching modes to lower frequencies.
The positive features in the other S;+1—S, spectra were assigned previously to the O-H
stretching modes of strongly hydrogen-bonded waters in networks of hydrogen bonds that
are highly polarizable (66, 73). The absence of Sr**-changes in these regions of the Sy+1—Sn
difference spectra implies that the substituting Sr** for Ca*" has limited influence on
networks of hydrogen bonds near W1 and W2. In contrast, the mutation D1-D61A
eliminated the broad feature from the So—S; spectrum (77), consistent with the hydrogen
bond that exits between this residue and W1 in the recent crystallographic structural models
(1, 2, 5).

The QM/MM-based simulations mentioned in the previous paragraph assigned the
features between 3700 and 3500 cm™! in the S,—S; spectrum to the coupled O-H stretching
vibrations of weakly hydrogen-bonded water molecules in the network of hydrogen bonds
that links D1-D61 with the Ca** ion and Yz (62). The features observed in the other Sp+1—Sn
spectra in this region are presumed to have the same origin (66, 67). Consequently, these
features contain contributions from multiple water molecules. The D1-N181A mutation
diminished and the D1-D61A and D1-E333Q mutations eliminated the 3663(-) cm™
feature from the S>—S; spectrum (70-72). The D1-D61A mutation also altered the broad
3606(—) cm™! feature in the S3—S, spectrum (71). Consequently, the D1-D61, D1-N181,
and D1-E333 mutations influence the hydrogen bond network that connects D1-D61 with
the Ca?" ion and Yz. In the S>—S; spectrum of Sr**-substituted PSII core complexes, the

3663(—) cm’! feature was sharply diminished and the 3619(+) cm™! feature was eliminated.
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These alterations are consistent with Sr**-substitution causing slight perturbations in this
network. These alterations are consistent with the crystallographic (79) and computational
(10, 88, 89) studies showing that the substitution of Sr** for Ca®' alters primarily the
positions of W3, W4, and W5.

The D-O-D bending region. In a D2'°0—D,'®0 double-difference spectrum, the
alteration of a single 6(DOD) mode is manifested by the appearance of four peaks, two
from D2'%0 and two from D,'®0, although the number of peaks observed may be fewer
because some features may overlap, thereby canceling their respective intensities. The
number of features present in the D»'°*O—D>'®0 double-difference spectrum corresponding
to the S1 — S; transition (Figure 2.6, upper pair of traces) imply that the 6(DOD) modes
of at least two D>O molecules are altered during this transition (77, 74). For most of these
features, the amplitude oscillates during the S state cycle. For example, the large 1211(+)
cm’! feature in the S>—S; double-difference spectrum is negative (at 1211-1214 cm™) in the
S3—S2 and Sp—S;3 double-difference spectra, and positive again (at 1213 cm™) in the S1—So
double-difference spectrum. As another example, the large 1223(—) cm™ feature in the
S>—S1 double-difference spectrum is positive (at 1224 cm™) in the S3—S> and So—S3 double-
difference spectra. These oscillations imply that the 6(DOD) modes that are altered during
the Si to S» transition are altered reversibly during the S state cycle (71, 74). The D1-D61A
mutation eliminates the 1223(-), 1211(+), and 1180(+) features from the D,'°0-D,'*0
double-difference spectrum of the S1 — S; transition (77). Consequently, one of the water
molecules whose 6(DOD) mode changes reversibly during the S state cycle must interact

with D1-D61 (71). The substitution of Sr** for Ca** produced little change in the
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frequencies of the §(DOD) modes observed in the D»!°0—D,!30 double-difference
spectrum of the S — S transition (Figure 2.6, top traces), implying that the D>O molecules
whose 6(DOD) modes change reversibly during the S state cycle do not interact with the
Ca’" ion.

The most substantial Sr**-induced changes in the D2'°0—D,'®0 double-difference
spectrum of the So — S3 transition (Figure 2.6, second pair of traces) were the elimination
of the 1239(—) and 1224(+) cm’! features. The latter feature appears to correspond to the
1223(-) and 1224(+) cm™ features in the S>—S; and So—S; double-difference spectra,
respectively. Consequently, the elimination of the 1239(—) and 1224(+) cm™! features from
the S3—S, double-difference spectrum likely results from a Sr**-induced downshift of the
1239(-) cm™! feature to 1224 cm™'. In the So—S3 double-difference spectrum (Figure 2.6,
middle pair of traces), the substitution of Sr*" for Ca®" appears to downshift the 1242(-)
cm! feature to 1237 cm™.

In Ca*"-containing PSII core complexes, the 1239(—) and 1242(—) cm™! features in
the S3—S, and So—S; double-difference spectra have no positive counterparts in the other
double-difference spectra. This has been observed previously (71, 74). The absence of
positive counterparts implies that the 6(DOD) mode of one water molecule is eliminated
during each of the S» — S3 and S3 — Sy transitions (74). The 1239(-) and 1242(-) cm™
features may correspond to water molecules that undergo deprotonation during these
transitions. However, during one or both of these transitions, the feature may correspond
to the 3(DOD) mode of a water molecule that physically replaces the water molecule that

underwent deprotonation.
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In the 2.1 A crystallographic structural model of Sr**-substituted PSII, W3 is the
only water molecule whose position is altered substantially compared to its position in
Ca?*-containing PSII (79): the Sr**-W3 distance is 0.2-0.3 A longer than the corresponding
Ca?"-W3 distance. Recent DFT (88) and QM/MM (10, 89) studies confirm the substantial
Sr?*-shift of W3, but also predict a substantial Sr**-induced shift in the positions of W4
(10, 88, 89) and W5 (10). The frequencies of 6(HOH) and 6(DOD) modes depend on the
metal coordination (/26) and hydrogen bonding environment (/27, 128) of the water
molecule. Consequently, those water molecules whose positions shift substantially in
response to Sr**-substitution are likely to exhibit substantially altered 3(DOD) modes. In
our data, the only water molecule whose 6(DOD) mode is altered substantially by
substituting Sr*>* for Ca®" is the water molecule whose 8(DOD) mode is eliminated during
the S; — S3 transition. Consequently, we conclude that this water molecule corresponds to
W3, W4, or W5. This conclusion is far more consistent with models identifying the second
substrate water molecule as the Ca®'-bound W3 (23, 33, 51-53) than with models
identifying the second substrate water molecule as the Mn4-bound W2 (29, 32, 35, 48-50):
the position of the Mn4-bound W2 is not altered substantially by the substitution of Sr**
by Ca?’ in either the crystallographic or computational analyses. Consequently, our data
support identifying W3 as the substrate molecule that deprotonates and moves to a position
next to O5 between Mn4 and Mn1 during the So — S3 transition as a prelude to O-O bond
formation during the S; — S4 — Sy transition. The coordination position on Ca** vacated
by W3 is unlikely to remain vacant. We suggest that W5 replaces W3 as a ligand to Ca**

during the S, — Sj3 transition, as proposed in a recent DFT study (33). If this suggestion is
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correct, the 3(DOD) mode of W5 would be eliminated during the S, — S3 transition and
correspond to the 1239(—) cm™! feature in the S3—S, double-difference spectrum.

Movement of W3 and its replacement by W5 correlates with the conclusion of a
recent time-resolved FTIR study of the S, — S3 transition that appeared while the current
study was under review (/29). Both this time-resolved FTIR study (/29) and a recent time-
resolved X-ray absorption study (/30) showed that the S, — Sz transition involves
rearrangements in a hydrogen bond network that includes the Mn4CaOs cluster and its
ligation environment. Changes in the positions of water molecules near the MnsCaOs
cluster were also observed in the recent femtosecond XFEL crystallography study of the
S3 state (39). The time-resolved FTIR study showed that the S, — S3 transition includes a
~ 100 psec phase that takes place before electron transfer and that represents changes to
the C-O stretching mode of Yz" (evidence for of strengthened hydrogen bond interaction
with YZz") in addition to changes in vsym(COO™) modes of carboxylate groups and the O-H
stretching modes of hydrogen bonded waters. The authors concluded that the ~ 100 psec
phase involves the rearrangement/reorientation of water molecules in a hydrogen bond
network that includes both Yz and the Mn4sCaOs cluster, consistent with the movement of
W3 to a position near O5 and the replacement of W3 by another water molecule in the
network (129).

The 1242(—) cm™! feature in the So—S3 double-difference spectra may correspond to
the water molecule that replaces O5 during the regeneration of the Sy state, deprotonating
in the process to form a hydroxo bridge between Mn4 and Mnl (30, 131). However, if this

water molecule is W5 (now bound to Ca** as a new “W3”) as suggested in a recent DFT
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study (33), it would likely be replaced on Ca?" in turn by another water molecule that
remains unidentified but is only slightly perturbed by the substitution of Sr** for Ca**
because the 1242(—) cm™! feature in the So—S3 double-difference spectrum was shifted only
5 cm’! by the substitution of Sr** for Ca?".

An outstanding question is why the negative features observed at 1242 cm™' have
no corresponding positive features in the other S state spectra. The S3 — S4 — S transition
is a multistep process that involves the rearrangement of networks of hydrogen bonds as
O; is formed and released and at least one substrate water re-binds (/30, /32). The many
reorientations of water molecules during this transition may obscure the positive

counterparts of the negative 1242 cm! features.

2.6 SUMMARY AND CONCLUSIONS

The substitution of Sr** for Ca®" produced little or no perturbation to the
polypeptide backbone and caused only slight perturbations to the carboxylate groups and
hydrogen bond networks that surround the MnsCaOs cluster. The substitution of Sr** for
Ca?" substantially altered the (DOD) mode of only the water molecule whose §(DOD)
mode is eliminated during the S, — S3 transition. Because W3, W4, and W5 are the only
water molecules whose positions are altered substantially in the crystallographic and
computational studies of Sr**-substituted PSII, we conclude that W3 is the substrate water
molecule that moves in deprotonated form to a position next to O5 between Mn4 and Mnl
during the S; to S; transition. Finally, we suggest that W5 moves to the coordination
position on Ca** vacated by W3, in agreement with one of the conclusions of a recent DFT
study.
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2.8 ADDITIONAL NOTES

'4bbreviations:  Chl,  chlorophyll; DCMU, 3-(3,4-dichlorophenyl)-1,1-
dimethylurea;, EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic
resonance; EXAFS, extended X-ray absorption fine structure; FTIR, Fourier transform
infrared; MES, 2-(N-morpholino)-ethanesulfonic acid; Pego, chlorophyll multimer that
serves as the light-induced electron donor in PSII; PSII, photosystem II; Qa, primary
plastoquinone electron acceptor; XFEL, X-ray free electron laser; Yz, tyrosine residue that
mediates electron transfer between the MnsOsCa cluster and Peso ™.

2The simulated S,—S; FTIR difference spectra in ref. (63) disagree with earlier
studies showing that the D1-D170H (717, 118), D1-E189Q (119, 120), D1-E189R (120),
DI1-E333Q (70), and D1-D342N (93) mutations produce little or no changes to the mid-
frequency difference spectra of any of the S state transitions. The absence of mutation-
induced changes in these studies was not the result of mutants losing their mutation: the
integrity of each 21-liter culture propagated for the purification of mutation-bearing PSII
was verified by extracting genomic DNA from an aliquot of the 21-liter culture, then
amplifying and sequencing the target gene. Furthermore, features in the S>—S; spectrum

between 650 and 550 cm™!, particularly a 606(+) cm™! feature assigned to a Mn—O—Mn
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cluster mode (83, 84), were altered by the D1-D170H (//7) and D1-E189Q (/19)
mutations. Finally, mutations constructed at residues 5 — 11 A from the closest Mn ion and
outside the QM region examined in ref. (63) (e.g., D1-E65A, D1-Q165E, D1-N181A, D1-
R334A, D2-E312A, and D2-K317A), cause numerous changes in the vsym(COO") region
of the So—S; spectrum (72, 121-123). Additional work will be required to understand the
discrepancy between the spectral simulations in ref. (63) and the earlier mutagenesis

studies.
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