UC Riverside
UC Riverside Electronic Theses and Dissertations

Title

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

Permalink
https://escholarship.org/uc/item/8320p4s4
Author

Kim, Christopher |

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8320p4s4
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

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

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Chemistry
by

Christopher John Kim

December 2020

Dissertation Committee:
Dr. Richard J. Debus, Chairperson
Dr. Ryan Julian
Dr. Chia-en Chang



Copyright by
Christopher John Kim
2020



The Dissertation of Christopher John Kim is approved:

Committee Chairperson

University of California, Riverside



ACKNOWLEDGEMENTS

Dr. Richard J. Debus. Thank you for giving me the opportunity to learn and work under
your supervision and for your mentorship, patience, and support during my time at UCR. I
am amazed by your passion and dedication to teaching and research and have benefitted
immensely from the countless conversations and discussions. Thank you for encouraging
me to explore different ideas and for constantly making time to address my many, many
questions. I often boast that I have had a uniquely positive experience as a graduate student.
Anh P. Nguyen. Thank you all your support in the lab. The body of work in this
dissertation was only made possible by your laboratory expertise, management of cell
cultures, and countless “prep” days.

Mom, Dad, Grandma, Grandpa. My accomplishments are the product of generations of
prayers and sacrifices. I am constantly bolstered by your prayers for me and your pride in
my studies.

Grace. This Ph.D. was only made possible through your countless sacrifices and steadfast
support. I am truly a lucky guy. We started dating shortly before I started my PhD. Five
years, two knee surgeries, thousands of miles travelled, one wedding, one pandemic, and
one daughter later, we are finally closing this chapter of our lives — it’s been a wild ride. I
look forward to seeing what the next chapter of our lives has in store for us.

Charis. Maybe one day, you will find this document, and maybe one day, you will

understand it in its entirety. Your smiles and laughter are the highlight of my day.

v



This research was made possible by the work and expertise shared by our many
collaborators and through the funding of the Department of Energy, Office of Basic Energy

Sciences, Division of Chemical Sciences (Grant DE- SC0005291).

The text of this dissertation, in full or in part, is a reprint of the material as it appears in:

(1) Kim, C. J., and Debus, R. J. (2017) Evidence from FTIR Difference Spectroscopy
That a Substrate HoO Molecule for O, Formation in Photosystem II Is Provided by
the Ca Ion of the Catalytic Mn4CaO5 Cluster. Biochemistry 56, 2558-2570.

(2) Kim, C. J., Bao, H., Burnap, R. L., and Debus, R. J. (2018) Impact of D1-V185 on
the Water Molecules That Facilitate O, Formation by the Catalytic Mn4CaOs
Cluster in Photosystem II. Biochemistry 57, 4299-4311.

(3) Kim, C. J., and Debus, R. J. (2019) One of the Substrate Waters for O2 Formation
in Photosystem II Is Provided by the Water-Splitting Mn4CaOs Cluster’s Ca** Ion.
Biochemistry 58, 3185-3192.

(4) Kim, C. J., and Debus, R. J. (2020) Roles of D1-Glul89 and D1-Glu329 in O>
Formation by the Water-Splitting Mn4Ca Cluster in Photosystem Il. Biochemistry
59,3902-3917.

The co-author, Richard J. Debus, directed and supervised the research which forms
the basis for this dissertation. The other co-authors provided methodological and technical

expertise.

In addition to the papers listed above, I am co-author on the following manuscripts
that were published (or are in preparation) as part of my thesis work but are not covered in
individual chapters. The results and conclusions from these papers are highly relevant to
the chapters of this dissertation:

(1) Banerjee, G., Ghosh, I., 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.



(2) Ghosh, 1., Banerjee, G., Kim, C. J., Reiss, K., Batista, V. S., Debus, R. J., and
Brudvig, G. W. (2019) D1-S169A Substitution of Photosystem II Perturbs Water
Oxidation. Biochemistry 58, 1379—-1387.

(3) Banerjee, G., Ghosh, 1., Kim, C. J., Debus, R. J., and Brudvig, G. W. (2019)
Bicarbonate rescues damaged proton-transfer pathway in photosystem II. Biochim.
Biophys. Acta - Bioenerg. 1860, 611-617.

(4) Ghosh, 1., Banerjee, G., Reiss, K., Kim, C. J., Debus, R. J., Batista, V. S., and
Brudvig, G. W. (2020) D1-S169A substitution of photosystem II reveals a novel
S2-state structure. Biochim. Biophys. Acta - Bioenerg. 1861, 148301.

(5) de Lichtenberg, C., Pham, L. V., Walter, K., Liang, F., Kim, C. J., Magnusson, A.,
Ho, F., Debus, R. J., Lindblad, P., Messinger, J. Is exchange rate of the fast substrate
water in the S2 state of photosystem II limited by diffusion through the water
channels? Lessons from mutations in the O1 channel. Manuscript in preparation.

(6) de Lichtenberg, C., Kim, C. J., Debus, R. J., Messinger, J., Effects of the D61A and
E189Q mutations on the exchange of substrate water in photosystem II. Manuscript
in preparation.

vi



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)).
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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).
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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).

27



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
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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

36



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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CP43-R357

FIGURE 2.1 The Mn4CaOs cluster and its environment showing three proposed water
access/proton egress pathways each containing water molecules. Only selected residues are
illustrated. Except as noted, the amino acid residues are from the D1 subunit. Salmon-
colored spheres, manganese; yellow sphere, calcium; green sphere, chloride; red spheres,
oxygen atoms of p-oxo bridges and water molecules, including the water molecules
coordinated to Mn4 (W1 and W2) and Ca*" (W3 and W4) and other water molecules
mentioned in the text (i.e., Wx and W5). The coordinates for this figure were constructed
with QM/MM methods (10) starting from the coordinates in the 1.9 A X-ray
crystallographic model (/) and were kindly provided by V. S. Batista and coworkers.
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FIGURE 2.2 Mid-frequency FTIR difference spectra of Ca**-containing (black) and Sr**-
containing (red) PSII core complexes produced by four flash illuminations. The spectra of
30 Ca?-containing and 36 Sr*"-containing samples were averaged (44,100 and 54,000
scans, respectively). To facilitate comparisons, the spectra of the Sr**-containing samples
were multiplied vertically by factors of 1.6 to 1.8 (approximately normalizing the spectra
to the peak-to-peak amplitudes of the positive ferrocyanide band at 2038 cm™ and the
negative ferricyanide band at 2115 cm™). The dark—dark traces show the noise level and

the stability of the baseline.
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FIGURE 2.3 FTIR difference spectra of PSII core complexes containing Ca** (black) and
St?* (red) between 3100 and 2150 cm! in response to four flash illuminations. The data
were collected simultaneously with the spectra in Figure 2.2. The spectra of the Sr**-
containing samples were multiplied vertically as in Figure 2.2, and were shifted vertically
to coincide approximately at 3700 cm’!. Dark-dark traces show the noise level and the
stability of the baseline. The upper set of traces includes the S>—Si spectrum of Sr-PSII
hydrated with D,'%0 (blue).
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FIGURE 2.4 The FTIR difference spectra of PSII core complexes containing Ca** (black)
or Sr*" (red) in the weakly hydrogen-bonded O—H stretching region in response to four
flash illuminations. The data were collected simultaneously with the spectra shown in
Figure 2.2, were multiplied vertically as in Figure 2.2, and were shifted vertically to

coincide at approximately 3700 cm’!. Dark-dark traces show the noise level and the
stability of the baseline.
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FIGURE 2.5 The FTIR difference spectra of PSII core complexes containing Ca** (black)
or Sr** (red) in the weakly deuteron-bonded O-D stretching region in response to four
successive flash illuminations. The spectra of 30 Ca®*-containing and 61 Sr**-containing
samples hydrated with D,'°0 were averaged (48,000 and 91,500 scans, respectively). The
data were recorded simultaneously with the D,'°O data shown in Figures S1 and S2,
respectively. The spectra of the Sr**-containing samples were multiplied vertically by
factors of 1.6 to 2.3 as in Figure 2.8, and were shifted vertically to coincide approximately
at 2800 cm!. Dark-dark traces show the noise level and the stability of the baseline.
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FIGURE 2.6 The Sy+1—Sn D2!°0—D,'30 double-difference spectra of PSII core complexes
containing Ca®" (black) or Sr** (red) in the D-O-D bending region. The data of Figures S1
and S2 were subtracted directly but were offset vertically to maximize overlap. The lower
traces show the noise levels and were obtained by calculating the D>'°0—D,'30 difference
spectra of the dark—dark traces shown in Figures S1 and S2.
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FIGURE 2.7 Comparison of the mid-frequency FTIR difference spectra of Ca®'-
containing PSII core complexes in response to four successive flash illuminations applied
at 0°C after hydration with D»'°0 (red) or D2'%0 (green). The data represent the averages
of 32 samples (48,000 scans for each trace). The data were normalized to maximize
overlap. Dark-minus-dark control traces are included to show the noise level and the
stability of the baseline (lower traces).
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FIGURE 2.8 Comparison of the mid-frequency FTIR difference spectra of St**-containing
PSII core complexes in response to four successive flash illuminations applied at 0°C after
hydration with D2'°O (red) or D2'%0 (green). The D2!'%0 and D>'%0 data represent the
averages of 61 samples (91,500 scans for each trace) and 62 samples (91,900 scans for
each trace), respectively. The spectra have been multiplied vertically by factors of 1.6 to
2.3 to maximize overlap with the data of Ca-containing PSII (Figure 2.7) and are shown
with the same vertical scale used in Figure 2.7. Dark-minus-dark control traces are included
to show the noise level and the stability of the baseline (lower traces).
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Chapter 3
Impact of D1-V185 on the Water Molecules that facilitate Oz Formation by the

Catalytic Mn4CaOs Cluster in Photosystem 11

3.1 ABSTRACT

The oxidations of the O2-evolving MnsCaOs cluster in Photosystem II are coupled
to the release of protons to the thylakoid lumen via one or more proton egress pathways.
These pathways are comprised of extensive networks of hydrogen-bonded water molecules
and amino acid side chains. The hydrophobic residue, D1-V185, is adjacent to numerous
water molecules in one of these pathways. The D1-V185N mutation dramatically slows O-
O bond formation. This impairment has been attributed to a disruption of water molecules
that facilitate proton egress or whose rearrangement is required for catalysis. In this study,
FTIR spectroscopy was employed to characterize the impact of the D1-V185N mutation.
By analyzing carboxylate stretching modes, carbonyl stretching modes of carboxylic acids,
O—H stretching modes of hydrogen-bonded water molecules, and D—O—D bending modes,
we obtain evidence that the D1-V185N mutation perturbs the network of hydrogen bonds
that extends from Yz to D1-D61 to a greater extent than any mutation yet examined, but
does not alter the water molecules that interact directly with D1-D61. The mutation also
alters the environments of the carboxylate groups whose pK, values change in response to
the Sy to Sz and S; to S;3 transitions. Finally, the mutation alters the environment of the
water molecule whose bending mode vanishes during the S, to Ss transition, consistent

with assigning the Ca?*-bound W3 as the water molecule that deprotonates and joins oxo

74



bridge OS5 during the S to S3 transition, possibly as the second substrate water molecule

for O, formation.

3.2 INTRODUCTION

Nearly all the molecular oxygen in the biosphere is produced by the catalytic
Mn4CaOs cluster in Photosystem II (PSII). Molecular oxygen is released as the by-product
of oxidizing water to provide the electrons and protons needed by plants, algae, and
cyanobacteria to drive ATP formation and CO; fixation. Our understanding of water
oxidation by the Mn4CaOs cluster has advanced rapidly in the last five years because of
new developments in X-ray crystallography and the synergism between recent structural,
computational, and advanced biophysical studies (for review, see refs /-7). PSII is a large
protein complex that is integral to the thylakoid membrane. The structure of PII has been
determined to 1.85 — 1.95 A in cyanobacteria (8-10), 2.78 A in a red alga (/7), 2.7A in pea
(12, 13), 3.2 A in spinach (14), and 5.2 A in Arabidopsis thaliana (15). PSII is dimeric in
vivo, with each monomer containing 20 — 22 subunits and having a molecular weight of
approximately 350 kDa. At the core of each monomer is a heterodimer of two subunits
known as D1 and D2. Light-induced separations of charge within the D1/D2 heterodimer
drive the oxidation of the Mn4CaOs cluster, with tyrosine Yz serving to transfer electrons
from the Mn4CaOs cluster to Pego®*. Four electrons are removed from the MnsCaOs cluster
during each catalytic cycle, advancing the cluster through five oxidation states. These states
are termed S,, where “n” denotes the number of oxidizing equivalents stored (n = 0 — 4).

The S; state predominates in dark-adapted samples. The S4 state is a transient intermediate
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whose formation triggers the utilization of the four stored oxidizing equivalents to form O»
from two substrate-water-derived metal ligands, the regeneration of the Sy state, and the
binding of at least one of two new substrate water molecules. The cluster’s metal ions are
ligated by six carboxylate groups, one histidine side chain, and four water molecules. All
but one of the amino acid ligands are provided by the D1 subunit.

In the highest resolution structures, the MnsCaOs cluster consists of a distorted
Mn;3CaOg4 cube that is linked to a fourth Mn ion (denoted Mn4) by two oxo bridges (denoted
04 and OS5, see Figure 3.1). Considerable evidence supports identifying OS5 as the
deprotonated form of one of the two substrate water molecules (/6-19). It is present as a -
hydroxo bridge in the So state (/9) and as a fully deprotonated p-oxo bridge in the S» state
(16). The Mn4CaOs cluster is structurally flexible. In the S» state it interconverts between
two nearly isoenergetic conformations (20-24). In one conformation, O5 coordinates to
Mn4, leaving Mn1 five-coordinate. In the second conformation, O5 coordinates to Mnl,
leaving Mn4 five-coordinate. During the S to S; transition, an additional oxygen joins O5
between Mn4 and Mnl (25-29). This additional oxygen [denoted O6 (29)] has been
proposed to correspond to a water molecule that deprotonates and relocates from the Mn4-
bound W2 position (30-37) or the Ca**-bound W3 position (24, 38-42). It is thought to
correspond to a deprotonated form of the second substrate water molecule (24, 26, 27, 29,
31, 33-35, 37-41, 43-46). Its relocation to a position between Mn4 and Mn1 and adjacent
to OS5 during the S> to S3 transition would ensure that the two substrate oxygen atoms have
opposite spins as the O-O bond is formed in the S4 state, substantially decreasing the

activation energy for bond formation (26, 27, 43, 47). The relocation also would ensure
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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 (27, 45). The subsequent formation of the Yz'S3 state locks the two oxygen
atoms in position for O-O bond formation in the Sy state (48).

The oxidations of the Mn4CaOs cluster are coupled to the release of protons, with
electrons and protons being removed alternatively as the S state cycle proceeds (50-52).
The alternating deprotonations and oxidations prevent the redox potential of the MnsCaOs
cluster from rising to levels that prevent its subsequent oxidation by the Yz* radical anion.
Deprotonation of the Mn4CaOs cluster takes place via one or more proton egress pathways
that link the Mn4CaOs with the thylakoid lumen. These pathways are comprised of
networks of hydrogen-bonded water molecules and protonatable amino acid side chains
[e.g., refs (53-61)]. Elements of these networks are undoubtedly dynamic in nature (55,
62). One such network includes a series of hydrogen-bonded water molecules that stretches
from Yz to DI-D61 (see Figure 3.1). D1-D61 is the initial residue of a proton egress
pathway that facilitates the S3 to S4 transition (63-69). Adjacent to numerous water
molecules in this network is the hydrophobic residue, D1-V185. The side-chain of this
residue lies 3.7 A from OS5 and 3-5 A from waters W2, W3, W5, W6, and W7. The D1-
V185N mutation has been shown to dramatically slow the rate of Oz release and extend the
kinetic lag phase of the S3 to S4 transition (70). This lag phase occurs prior to Mn
reduction/O; formation has been attributed to proton movement (50-52, 71, 72) and/or a
structural rearrangement (73). The alterations caused by the D1-V185N mutation have

been attributed to a disruption of the hydrogen bonded water molecules in the proton egress
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pathway that facilitates the S3 to S4 transition (70). Indeed, the D1-V185N mutation was
constructed to disrupt the orientation and dynamics of these water molecules (70).

FTIR difference spectroscopy is an ideal method for characterizing structural
changes (74-77) and has been employed extensively to study the S state cycle in PSII (78-
84). FTIR is especially suited for probing changes in hydrogen bonding. In PSII, the C=0
stretching modes of hydrogen-bonded carboxylic acids have been monitored in the 1760 —
1730 cm™ region (67, 69, 85-89, 108), the N-H stretching mode of the protonated histidyl
group of D1-H337 that forms a strong hydrogen bond with the O3 oxo bridge has been
monitored in the 3000 — 2400 cm™ region (90), the O-H stretching modes of weakly
hydrogen-bonded water molecules have been monitored in the 3700 — 3500 cm™ region
(69, 88, 89, 91-98, 108), the O—H stretching modes of strongly hydrogen-bonded water
molecules have been monitored in the 3200 — 2500 ¢cm™! region (69, 88, 89, 92, 97-99, 108),
and D—O—D bending modes have been monitored in the 1250 — 1150 cm’! region (69, 98,
100). In this study, we employed FTIR spectroscopy to characterize the impact of the D1-
V185N mutation on the carboxylate groups and water molecules that form part of a putative
proton egress pathway leading from the Mn4CaOs cluster to the thylakoid lumen. We find
that the D1-V185N mutation perturbs this network to a greater extent than any other
mutation yet examined, alters the environments of the carboxylate groups whose pK,
values change in response to the Si to Sz and S to S3 transitions, and alters the environment
of the water molecule whose D-O-D bending mode disappears during the S»> to S;3
transition. The latter observation is consistent with identifying W3 as the water molecule

that deprotonates and joins O5 during the S> to S3 transition.
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3.3 MATERIALS AND METHODS

Construction of Mutant and Propagation of Cultures. Cells and thylakoid
membranes of the D1-V185N mutation-bearing strain of Synechocystis sp. PCC 6803 have
been characterized previously (70). The mutation was constructed in the psb4-2 gene of
Synechocystis sp. PCC 6803 and transformed into a strain of Synechocystis that lacks all
three pshbA genes and contains a hexahistidine-tag (His-tag) fused to the C-terminus of
CP47 (101). The wild-type strain described in this manuscript was constructed in an
identical manner as the D1-V185N strain but with a transforming plasmid that carried no
mutation. Large-scale cultures were propagated as described previously (/02).

Purification of PSII core complexes. Oxygen-evolving PSII core complexes were
purified as described previously in buffer containing 1.2 M betaine, 10% (v/v) glycerol, 50
mM MES-NaOH (pH 6.0), 20 mM CaCl,, 5 mM MgCl,, 50 mM histidine, 1 mM EDTA,
and 0.03% (w/v) n-dodecyl f-D-maltoside (69). These were concentrated to approx. 1 mg
of Chl/mL, flash-frozen, and stored at —80 °C.

Preparation of FTIR samples. PSII core complexes were transferred into 40 mM
sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl,, 5 mM NaCl, 0.06% (w/v) n-dodecyl
-D-maltoside, concentrated, mixed with 1/10 volume of fresh 100 mM potassium
ferricyanide, then dried lightly with dry N2 gas (98). Samples were then rehydrated and
maintained at a relative humidity of 95% by spotting six 1 pL droplets of 40% (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 40% (v/v)

79



glycerol(OD); (98% D, Cambridge Isotope Laboratories, Inc., Andover, MA) in D,'°0
(99.9% D, Cambridge Isotope Laboratories, Inc., Andover, MA) or D>'*0 (98% D, 97%
180, Cambridge Isotope Laboratories, Inc., Andover, MA), respectively (69, 98, 100).
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 (69, 98). For each
sample, the absorbance at 1657 cm™ (amide I band) was 0.6 — 1.1.

FTIR Spectroscopy. Spectra were recorded with a Bruker Vertex 70 spectrometer
(Bruker Optics, Billerica, MA) outfitted with a pre-amplified, midrange D317 photovoltaic
MCT detector (Kolmar Technologies, Inc., Newburyport, MA), as described in ref. 98.
After dark adaptation, samples were given 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 was included to allow the oxidation of Qa™ by the
ferricyanide. Difference spectra of the successive S-state transitions (e.g., Sn+1—minus—Sn
difference spectra, henceforth written Sy+1—Sn), were obtained by dividing the transmission
spectrum obtained after the n flash by the transmission spectrum obtained 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 — 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 illumination cycle was repeated 15 times. The spectra of
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20-61 samples were averaged (see figure legends). The amplitudes of the D1-V185N
difference spectra were multiplied by factors of 1.2 to 1.4 to normalize the peaks
corresponding to the reduction of ferricyanide to ferrocyanide by Qa™ (at 2115 and 2037
cm’!, respectively) to those in the corresponding wild-type spectra (this procedure
normalizes the spectra to the extent of flash-induced charge-separation).

Other Procedures. Chlorophyll concentrations were determined as described in ref.

(103).

3.4 RESULTS

Midfrequency Region. The mid-frequency difference spectra produced by four
flashes given to wild-type and D1-V185N PSII core complexes are compared in Figure 3.2
(black and red traces, respectively). The spectra produced by the first, second, third, and
fourth flashes of the wild-type samples closely resemble spectra presented previously for
PSII preparations from Synechocystis sp. PCC 6803, Thermosynechococcus elongatus, and
spinach, and correspond predominantly to S>-Si, S3-S2, So-S3, and S1-So difference spectra,
respectively [e.g., refs. (78-80, 82-84, 104-106)]. The S2-Si spectrum of D1-V185N PSII
core complexes (upper red trace in Figure 3.2) showed substantial changes in throughout
the mid-frequency region. In the amide I region, the 1707(-) cm™ feature was enhanced
and a positive feature appeared at 1677 cm™ in place of the 1681(-) cm™! and 1672(+) cm™
features of the wild-type. In the asymmetric carboxylate stretching [vasym(COO™)] and
amide I region, the 1629(-) cm™! feature was enhanced, a positive feature appeared at 1603
cm’, the 1587(+) cm™, 1560(-) cm’', and 1544(-) cm’' features were diminished
substantially, a negative feature appeared at 1573 cm™, and the 1531(+)/1523(-) cm™
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derivative feature was eliminated. The features in the symmetric carboxylate stretching
[Vsym(COO")] region were diminished: the 1416(-)/1410 (+) cm™ derivative feature shifted
to 1423(-)/1416(+) cm™, the 1400 (-) cm™ feature shifted to 1388(-) cm™, the 1364(+)
cm™! and 1354(-) cm! features shifted to 1368(+) cm™ and 1360(-) cm’!, respectively, and
a small positive feature appeared at 1288 cm™’. Also, the 1260(+)/1250(-) cm™' feature was
diminished. In the carbonyl stretching [v(C=0)] region, the 1746(-) cm™ feature was
diminished and replaced by a negative feature at 1737 cm™!. An expanded view of this
region is shown in Figure 3.3 (top left panel).

The S3-S» spectrum of DI-V185N also showed changes throughout the mid-
frequency region (second set of traces in Figure 3.2). In the amide I region, a negative
feature appeared at 1704 cm™!, the 1697(+) cm™ feature was enhanced, the 1687(-) cm™
and 1675(-) cm™! features were diminished, and the 1675(-)/1666(+)/1659(-) cm™! feature
was replaced with a negative feature at 1661 cm™!. In the Vasym(COO~)/amide II region, a
negative feature appeared at 1622 cm’!, and the 1537(+) cm™ and 1524(+) cm™! features
were replaced with a 1549(+)/1541(-)/1531(+)/1521(-)/1509(+) cm™ feature. In the
vsym(COO") region, the 1423(-)/1414(+) cm™ derivative feature was eliminated, the
1383(+) cm™! feature shifted to 1376 cm’!, and the 1344(+) cm™! feature shifted to 1348
cm’!. In the v(C=0) region, the 1746(+) cm™! feature was diminished and shifted to 1750
cm’'. An expanded view of this region is shown in Figure 3.3 (top right panel).

The So-S3 spectrum of DI1-V185N was diminished substantially in amplitude and
showed substantial changes throughout the mid-frequency region (Figure 3.2, 3rd set of

traces). In the amide I region, the 1700(-) cm™ and 1679(+) cm™! features were nearly
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eliminated. In the Vasym(COO")/amide II region, the 1650(-) cm™ feature shifted to 1646
cm’! the 1642(+) cm™ and 1625(-) cm™ features were eliminated, the 1587(-) cm™! feature
was replaced with a 1583(+) cm! feature, the 1544(+) cm™ and 1509(-) cm! features were
sharply diminished, and the 1529(-)/1522(+) cm™! feature was eliminated. In the vsym(COO~
) region, the 1443(-) cm™ feature was sharply diminished, and the 1414(+)/1392(-
)/1384(+)/1365(-)/1358(+) cm™' feature was replaced with a 1424(+)/1416(-
)/1402(+)/1376(-)/1365(+) cm™ feature, the 1345(-) cm™ feature shifted to 1349(-) cm™,
and the 1324(-) and 1280(-) cm™! features were diminished. In the v(C=0) region, the
1746(+) cm™! feature was eliminated (see expanded view in Figure 3.3, lower left panel).

The S1-So spectrum of D1-V185N also was diminished substantially in amplitude
and showed substantial changes throughout the mid-frequency region (Figure 3.2, 4th set
of traces). In the vsym(COO") region, the 1421(+) cm™! and 1395(+) cm™! features shifted to
1424(+) cm™ and 1387(-) cm’!, respectively. Most other features throughout in the mid-
frequency region were sharply diminished or eliminated. In the v(C=O) region, the
1753(+)/1745 cm™! derivative feature was eliminated (see expanded view in Figure 3.3,
lower right panel).

Strongly H-bonded O-H stretching region. The O-H stretching vibrations of
strongly H-bonded OH groups are observed as very broad positive features between 3200
and 2500 cm-1 (69, 88, 89, 92, 97-99, 108). These features have been observed in PSII
core complexes from Synechocystis sp. PCC 6803 and Thermosynechococcus elongatus
and in PSII membranes from spinach and are diminished or eliminated (presumably
downshifted) in the presence of D>O (69, 92). These regions of wild-type and D1-V185N
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PSII core complexes are compared in Figure 3.4. In the S>-S; spectrum (Figure 3.4, upper
traces), the broad feature is overlain with numerous positive features that correspond to the
N-H stretching vibrations and their Fermi resonance overtones from the imidazole group
of a histidine residue (91, 92, 107) recently identified as D1-H337 (90). Our data show that
the DI1-V185N mutation causes only slight perturbations in this region of any of the
difference spectra.

Weakly H-bonded O—H stretching region. The O—H stretching vibrations of weakly
hydrogen bonded OH groups of water molecules appear between 3700 and 3500 cm™.
These features are shifted 930-960 cm™! to lower frequencies in D,'°O and approximately
10 cm™ to lower frequencies in H2'%0 (69, 91, 92). These features have been examined in
PSII from Thermosynechococcus elongatus (91-93, 100), Synechocystis sp. PCC 6803 (69,
88, 89, 94, 96, 98 ,108), and spinach (95, 97). In our wild-type samples, this region of the
S»-S; spectrum exhibited a weak negative feature at 3663 cm™!, a weak positive feature at
3617 cm™, and a large negative feature at 3584 cm’! (Figure 3.5, upper black trace).
Corresponding features in the O—-D region were observed at 2710(-) cm™!, 2682(+) cm™,
and 2650(-) cm™ (Figure 3.6, upper black trace). The D1-V185N mutation diminished the
3663(-) cm™! feature and replaced the broad positive feature centered at 3617 cm™ with a
broad negative feature centered at 3619 cm™! (Figure 3.5, upper black trace). Corresponding
D1-V185N-induced changes were observed in the O-D region of the S>-Si spectrum
(Figure 3.6, upper red trace): the negative feature at 2710 cm™ was diminished and the
broad positive feature centered at 2682 cm™! was replaced with a broad negative feature

centered at 2683 cm’’.
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The weakly hydrogen bonded O—H regions of the S3-S», So-S3, and Si-Sp spectra in
our wild-type samples showed broad negative features centered at approximately 3600,
3618, and 3611 cm’!, respectively (Figure 3.5, lower black traces). The corresponding
negative features in the O-D regions showed minima at 2634, 2675, and 2663 cm™,
respectively (Figure 3.6, lower black traces). The apparent D1-V185N-induced decrease in
the intensity of the 3600 cm™! feature in the S3-Sz spectrum (Figure 3.5, second red trace)
may be the result of a shift in the baseline because similar mutation-induced decrease was
not observed in the O-D region (Figure 3.6, second red trace). The D1-V185N mutation
produced little significant change in the O—H or O—D regions of the So-S3 or S1-So spectra
(Figures 5 and 6, third and fourth sets of traces).

D-O-D Bending Region. D-O-D vibrational modes appear near 1210 cm™ (100,
109) and are inherently weak. However, they can be observed in D,'°0-D,'*0 double
difference spectra (69, 98, 100). The mid-frequency FTIR difference spectra of wild-type
PSII hydrated with D2'°O or D,'®0 are shown in Figure 3.7. The corresponding spectra of
D1-V185N are shown in Figure 3.8. In Figure 3.8, the difference spectra of the mutant
samples were multiplied vertically by factors of 1.2 to normalize the spectra to the
amplitudes of the negative peak of ferricyanide at 2115 cm™ and the positive peak of
ferrocyanide at 2037 cm™! in the corresponding wild-type spectra shown in Figure 3.7. To
calculate the D,'°0-D,'®0 double difference spectra, the difference spectra shown in
Figures 7 and 8 were subtracted directly. The resulting Sp+1-Sp D2'°0-D2'%0 double
difference spectra of wild-type and D1-V185N in the D-O-D bending [6(DOD)] region are

compared in Figure 3.9 (black and red traces, respectively). The double difference spectra
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for the wild-type PSII core complexes resembled those reported previously for
Thermosynechococcus elongatus (100) and Synechocystis sp. PCC 6803 (69, 98). The
negative feature at 1263 cm™ in the S-S; double difference spectrum was reported
previously in spectra from Thermosynechococcus elongatus and was not assigned to a
d(DOD) mode (100). It has not been reported previously in spectra from Synechocystis sp.
PCC 6803 (69, 98). It may be relevant that samples exhibiting this feature were equilibrated
at a relative humidity of 95% (ref. /00 and this study), whereas samples not exhibiting this
feature were equilibrated at a relative humidity of 99% (69, 98).

In the S»-S1 D2'%O-minus-D2'%0 double difference spectrum, the DI1-V185N
mutation shifted the intense 1221(-) and 1210(+) cm to 1224(-) and 1212(+) cm™,
respectively, shifted the less intense 1188(-) and 1174(+) cm™ features to 1196(-) and
1184(+) cm’!, respectively, and eliminated the negative feature at 1263 cm™ (Figure 3.9,
upper pair of traces). In the S3-Sz D»'°0-D,!%0 double difference spectrum, the D1-V185N
mutation shifted the weak 1200(+) and 1192(-) cm™ features to 1194(+) and 1184(-) cm™,
respectively, diminished the 1238(-) cm! feature and shifted it to 1232 cm™!, and eliminated
the 1265(-) and 1171(+) cm™! features. There were few recognizable features in the So-Ss
and S1-So D2!%0-D2'8%0 double difference spectra (Figure 3.9, lower two pairs of traces),
possibly because of the lower amplitudes of the So-S3 and Si-S¢ difference spectra, as was

observed in spectra equilibrated with H,O (Figure 3.2).

3.5 DISCUSSION
Carboxylate Residues. The oxidations of the Mn4CaOs cluster during the S state

cycle alter vsym(COO") and Vasym(COO™) modes of carboxylate groups and amide I and
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amide II modes in the polypeptide backbone (105, 106, 110). On the basis of a recent
QM/MM study, it was concluded that multiple carboxylate ligands of the MnsCaOs cluster
contribute to most of the features in the vsym(COO") region of the S;-Si spectrum (/717).
However, the individual mutation of four of the Mn4CaOs clusters carboxylate ligands, D1-
DI70H (112, 113), DI-E189Q (114, 115), D1-E189R (115), D1-E333Q (96), and D1-
D342N (102) produced little or no changes to any of the mid-frequency Si+1-Sn FTIR
difference spectra (also see ref. /7/6). Experimentally, mutations constructed at residues
involved in the network of hydrogen bonds that extend from at least D1-N298 and Yz to
D1-D61 and the D1-E65/D1-R334/D2-E312 triad and located 5 — 11 A from the nearest
Mn ion (e.g., D1-D61A, D1-E65A, DI-N87A, D1-Q165E, D1-N181A, D1-R334A, D1-
N298A, D2-E312A, and D2-K317A), cause numerous changes throughout the mid-
frequency FTIR difference spectra, including in the vsym(COO™) region of the S>-Si
spectrum (67, 69, 85, 87-89, 108).

Because D1-V 185 is located adjacent to numerous water molecules in the network
of hydrogen bonds that links Yz with D1-D61, the D1-V185N mutation would be expected
to substantially perturb this network. Indeed, the D1-V185N mutation alters features in the
Vsym(COO") and Vasym(COO")/amide 11 regions of the S>-S; spectrum to a greater extent than
any mutation yet examined. In the vsym(COQO") region, the substantial decrease of the
1400(-) cm! feature is also produced by the D1-Q165E and D1-R334Q mutations (87).
The substantial decrease of the 1364(+) cm™! feature is also produced by the D1-D61A (69),
D1-Q165E (87), D1-R334A (87), D1-N298A (108), and D2-E312A (67) mutations, by the

substitution of St** for Ca®" (97, 98, 117-120), and to lesser extents by the D1-N181A (88)
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and D2-K317A (85) mutations. Finally, alteration of the 1416(-)/1410(+) cm! feature is
also produced by D1-D61A (69), D1-N87A (89), D1-N181A (88), D1-R334A (87), D1-
N298A (108), and D2-K317A (85) mutations. In the Vasym(COO’)/amide II region, the
substantial decrease of the 1587(+) cm™ feature is also produced by the D1-D61A (67, 69),
DI-N181 (88), D1-Q165E (87), D1-R334A (87), D1-N298A (108), and D2-K317A (85)
mutations. This feature corresponds to a vasym(COO™) mode because it shifts in globally
13C-labeled samples (105, 106, 110, 121) but not in globally '*N-labeled samples (85, 105,
106, 110, 122). The substantial decrease of the 1544(-) cm™! feature is also produced by the
DI1-D61A (67, 69), D1-E65A (67), D1-R334A (87), D1-N298A (108), and D2-E312A (67)
mutations, and to a lesser extent by the D1-E329Q mutation (67). The elimination of the
1531(+)/1523(-) cm™ feature is also produced by the D1-D61A (67, 69), D1-R334A (87),
D1-N298A (108), D2-E312 (67), and D2-K317A (85) mutations and to a lesser extent in
some preparations having Sr** substituted for Ca*" (98, 117, 119). The 1544(-) and
1531(+)/1523(-) cm! features correspond to amide I modes because they shift in both *C
labeled (105, 106, 110, 121) and 5N labeled (85, 105, 106, 110, 122) samples.

These similarities of the D1-V185N-induced changes in the S>-S; spectrum to those
produced by the other mutations imply that the D1-V185N mutation perturbs the same
extensive network of hydrogen bonds that is perturbed by the other mutations, as expected
from the recent X-ray crystallographic structures (8-/0). However, the overall extents of
the changes to the vsym(COOQO") and vasym(COO")/amide Il regions are greater than those that

are caused by the other mutations, implying that the D1-V185N mutation perturbs the
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networks of hydrogen bonds located between Yz, D1-D61, and the D1-E65/D1-R334/D2-
E312 triad to a greater extent than the other mutations.

In addition to altering features throughout the vsym(COO") and Vasym(COO")/amide
IT regions of the S»>-Si spectrum, the D1-V185N mutation also alters features throughout
the S3-S> spectrum. In wild-type PSII, the features in the So-S3 and S1-So spectra reverse
those in the S>-S1 and S3-S» spectra (78-80, §2-84). Because of the alterations produced by
the D1-V185N mutation to the S>-S; and S3-S; spectra, it is not surprising that the mutation
produces substantial changes in these regions of the So-S3 and Si-So spectra. The lower
amplitudes of these spectra and the relative absence of features in the S1-So spectrum may
reflect the lower efficiency of the S state transitions in the D1-V185N mutant (70).

Networks of H-bonds. The extensive networks of hydrogen bonds in the vicinity of
the Mn4CaOs cluster have been studied on the basis of changes to the v(C=0O) modes of
protonated carboxylic acid groups (67, 69, §5-89,108). In the S»>-S1 spectrum of wild-type,
the 1746(-) cm™ feature has been assigned to a carboxylate group whose pKa value
decreases in response to the charge that develops on the MnsCaOs cluster during the S; to
S, transition. This feature is diminished or eliminated by the D1-D61A, DI1-E65A, D1-
E329Q, D1-R334A, D1-N298A, and D2-E312A mutations, and by overly dehydrating
samples (67, 69, 87, 108). That the same v(C=0) mode is altered by all of these mutations
and treatments implies the existence of an extensive network of hydrogen bonds that
extends more than 20 A across the MnsCaOs cluster (67, 69, 83, 87). In the S3-S; spectrum
of wild-type, the small 1745(+) cm’! feature has been assigned to a carboxylate group

whose pKa value increases in response to the structural changes that occur during the S> to
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S3 transition. This feature is altered by the D1-D61A mutation and eliminated by the D1-
QI65E, D1-N298A, and D1-E329Q mutations (67, 69, 87, 108). That the same v(C=0)
mode is altered by all three mutations implies the existence of an additional network of
hydrogen bonds that extends more than 13 A across the Mn4CaOs cluster (69, 83, 87).
Elements of these networks of hydrogen bonds may exist only transiently (55, 62). During
the S3 to S transition, the 1746(-) cm™ and 1745(+) cm™! features appear to be reversed,
resulting in a positive feature at 1746 cm™' in the So-S3 spectrum (83, 87). The D1-V185N
mutation alters the 1746(-) cm™! feature in the S»-S; spectrum, resulting in a feature with a
maximum at 1737 cm! and a lower frequency shoulder. The mutation also alters the
1745(+) cm™! feature in the S3-Sz spectrum, diminishing its intensity and shifting it to 1750
cm’!. These alterations, in particular the 5-9 cm™ shifts, have been observed in no other
mutant. The shifts imply that the D1-V185N mutation alters the environments of the
carboxylate groups whose pK, values change in response to the S; to S> and S» to S3
transitions.

Hydrogen-bonded Water Molecules. The broad positive feature observed between
3200 and 2500 cm™ in the S»-S; spectrum has been studied with QM/MM methods and
attributed to the coupled O-H stretching vibrations of strongly hydrogen-bonded water
molecules in the network that links D1-D61 with the Ca** ion and Yz (97). In the QM/MM
analyses, the broad feature is dominated by the O-H stretching vibrations of W1 and W2
(97). This feature is eliminated by the DI1-D61A mutation (69), consistent with the
hydrogen bond that exists between this residue and W1 in the recent X-ray crystallographic

structural models (8-10). The broad positive features in the other Sy+1-Sn spectra have been
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assigned to the strongly hydrogen bonded O-H stretching vibrations of water molecules in
networks of hydrogen bonds that are highly polarizable (92, 99). That the DI1-V185N
mutation only slightly perturbed these regions of the Sy+1-Sn spectra implies that D1-V185
has limited influence on the networks of hydrogen bonds in the vicinity of W1 and W2.
The features observed between 3700 and 3500 cm™! in the S>-S1 spectrum also have
been studied with QM/MM methods. They have been attributed to the coupled O-H
stretching vibrations of weakly hydrogen-bonded water molecules in the extended network
of hydrogen bonds that links D1-D61 with the Ca** ion and Yz (97). The broad negative
features observed in the other Sn+1-S; spectra in this region are presumed to have the same
origin (92, 93). Consequently, these features contain contributions from multiple water
molecules. The 3663(-) cm™! and 3617(+) cm™ features in the S»-Si spectrum are
diminished by the D1-N181A mutation and eliminated by the D1-D61A, D1-N298A, and
D1-E333Q mutations (69, 88, 96, 108). The 3617(+) cm™ feature is also eliminated by the
D1-N87A and D1-N87D mutations (89, 108). These features are also diminished sharply
by the substitution of Sr** for Ca?" (98). The broad negative feature centered at 3603 cm’!
in the S3-S» spectrum is also altered by the D1-D61A mutation. Consequently, the Ca?" ion
and the D1-D61, D1-N87, D1-N181, DI1-N298, and D1-E333 residues all influence the
network of hydrogen bonds that links D1-D61 with the Ca** ion, Yz, and beyond. In the
S2-S1 spectrum of D1-V185N PSII core complexes, the decrease of the 3663(-) cm™! feature
and the replacement of the broad positive 3617 cm™! feature with a broad negative feature
centered at 3619 cm™! implies that D1-V 185 participates in the same network of hydrogen

bonds. The replacement of the 3617(+) cm™! feature with a negative 3619(-) cm™ feature

91



further implies that the perturbation of this extended network by the D1-V185N mutation
is at least as substantial as the perturbations introduced by the D1-D61A mutation.

The D-O-D bending region. The H-O—H bending mode [6(HOH)] is sensitive to
hydrogen bond interactions and disappears when a water molecule deprotonates (700).
Unfortunately, S(HOH) modes appear near 1640 cm™!, a congested region of the spectrum.
In contrast, 5(DOD) modes appear near 1210 cm™', a region nearly devoid of overlapping
protein modes (100, 109). Because these modes are very weak, they are detected in D>'°0-
D,'®0 double difference spectra (69, 98, 100). In such a double difference spectrum, a shift
of a single §(DOD) mode would show as up to four peaks, two from D>!°O and two from
D,'%0. Fewer peaks may be observed because of spectral overlap. In wild-type samples,
the number of features in the D2!°0-D,'*O double difference spectrum of the Si to Sz
transition (Figure 3.9, upper pair of traces) implies that at least two d(DOD) modes are
shifted during this transition (69, 98, 100). In wild-type samples, the amplitudes of most of
the features oscillate during the S state cycle. For example, the 1210(+) cm’! feature in the
S»-S1 double difference spectrum becomes negative (at 1211-1213 cm™) in the S3-S, and
So-S3 double difference spectra and positive again (at 1213 cm™) in the S;-So double
difference spectrum. Also, the 1221(-) cm™ feature in the S>-S; double difference spectrum
becomes positive (at 1225 cm™) in the S3-Sz double difference spectrum and positive (at
1221 cm™) in the So-S3 double difference spectrum. The oscillations imply that the (DOD)
modes that are altered during the S; to S» transition are altered reversibly during the S state
cycle (69, 98, 100). One of these DOD molecules must form a hydrogen bond with D1-

D61 because the D1-D61A mutation eliminates the intense 1221(-) cm™! and 1210(+)
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cm’! features from the S>-S1 D2!'%0-minus-D,'30 double difference spectrum (69). Because
the D1-V185N mutation shifted the 1221(-) and 1210(+) cm’! features in this spectrum
(and the corresponding 1225(+) and 1213(-) features in the S3-S> double difference
spectrum) by only 2-3 cm™ [no more than is observed between different wild-type sample
preparations (69, 98, 100)], we conclude that the mutation has limited influence on the
water molecules that interact with D1-D61. The same conclusion was reached on the basis
of the limited perturbations caused by the D1-V185N mutation in the 3200 — 2500 cm™!
region of the S»-S1 spectrum (see above).

The larger 8-10 cm™' mutation-induced shifts of the 1188(-) and 1174(+) cm’!
features in the S>-S; double difference spectrum, in addition to other changes observed
between 1200 and 1140 cm! in the S2-S; and S3-S> double difference spectra, shows that
the D1-V185N mutation perturbs at least one water molecule whose bending mode changes
reversibly during the S state cycle. This conclusion is consistent with the changes observed
between 3700 and 3500 cm™ in the S»-S; spectrum that were attributed to D1-V185N-
induced alterations in the extended network of hydrogen bonds that links D1-D61 with the
Ca?" ion and Yz (see above).

Another D1-V185N-induced alteration to the S3-S»> double difference spectrum
(Figure 3.9, second pair of traces) is the decreased intensity of the 1238(-) cm™! feature and
its 6 cm™ shift to 1232 cm™. In wild-type PSII, the 1238(—) cm™! feature in the S3-S double
difference spectra has no positive counterpart in any of the other double difference spectra,
implying that the bending mode of one water molecule is eliminated during the S> to S3

transition (69, 98, 100). Therefore, the 1238(—) cm™ feature must correspond to a water

93



molecule that deprotonates during the S» to S3 transition (or to a water molecule that
physically replaces the water molecule that deprotonates, see below). The 1238(-) cm’!
feature in the S3-S> double difference spectrum is eliminated or shifted substantially by the
substitution of Sr*" for Ca®" (98). Because crystallographic (/23) and computational (49,
124, 125) studies show that the substitution of Sr>* for Ca** perturbs only W3, W4, and
W35, it has been proposed that (1) W3 is the water molecule that deprotonates and joins O5
between Mn4 and Mn1 during the S> to S; transition and (2) W5 moves to the coordination
position on Ca?" vacated by W3 (98). Equating W5 with the 1238(-) cm™ feature (98)
would be consistent with this feature’s alteration by the D1-V185N mutation: W5 is within
47 A of DI1-V185 in the recent X-ray crystallographic structures of PSII (8-10).
Consequently, the D1-V185N-induced shift of the 1238(—) cm™! feature in the S3-S> double
difference spectrum would be consistent with identifying W3 as the water molecule that

deprotonates and joins O5 during the S> to S3 transition.

3.6 SUMMARY AND CONCLUSIONS

The D1-V185N mutation perturbs the extensive network of hydrogen bonds that
extends from Yz to D1-D61 to a greater extent than any other mutation yet examined, yet
does not alter water molecules that interact directly with D1-D61. These perturbations are
likely the reason that the mutation dramatically slows the structural rearrangement or
proton release event that is the rate-limiting step for the Sz to S4 transition. The mutation
also alters the environments of the carboxylate groups whose pK. values change in
response to the Si to Sz and S» to S; transitions. Finally, the mutation alters the environment
of the water molecule whose bending mode disappears during the S; to S3 transition,
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consistent with assigning the Ca**-bound W3 as the water molecule that deprotonates and
joins OS5 during the S> to S3 transition, possibly as the second substrate water molecule for

O; formation.
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3.8 ADDITIONAL NOTES

Abbreviations: Chl, chlorophyll; EDTA, ethylenediaminetetraacetic acid; FTIR,
Fourier transform infrared; MES, 2-(N-morpholino)-ethanesulfonic acid; Psso, 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 Pggo™.
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FIGURE 3.1 Water molecules and selected residues in the vicinity of the Mn4CaOs cluster.
Residues are from the DI subunit unless noted otherwise. Salmon-colored spheres,
manganese ions; yellow sphere, calcium; green sphere, chloride; red spheres, oxygen atoms
of p-oxo bridges and water molecules. The coordinates for this figure were constructed
with QM/MM methods (49) based on the coordinates in the 1.9 A X-ray crystallographic

model (8) and were kindly provided by V. S. Batista and coworkers.
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FIGURE 3.2 Mid-frequency FTIR difference spectra of wild-type (black) and D1-V185N
(red) PSII core complexes in response to four successive flash illuminations applied at 0°C.
The data (plotted from 1770 cm™ to 1170 cm™) represent the averages of 22 wild-type and
20 D1-V185N samples (33,000 and 30,000 scans, respectively). The DI-V185N spectra
were multiplied vertically by factors of 1.2 to 1.4 to approximately normalize the wild-type
and mutant spectra to the extent of flash-induced charge separation. The dark-dark control
trace of the mutant (lower red trace) also multiplied by a factor of 1.4. The dark-dark

control traces show the noise level and the stability of the baseline.
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FIGURE 3.3 FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core

complexes in the v(C=0) region. The data are expanded from those shown in Figure 3.2.
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FIGURE 3.4 FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core
complexes between 3100 and 2150 cm™ in response to four successive flash illuminations
applied at 0°C. The data were collected simultaneously with that shown in Figure 3.2. The
spectra of the DI-V185N samples were multiplied vertically as in Figure 3.2, and were
shifted vertically to coincide approximately at 3700 cm™'. Dark-dark control traces show

the noise level and the stability of the baseline (lower traces).
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FIGURE 3.5 FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core
complexes in the weakly hydrogen bonded O—H stretching region in response to four
successive flash illuminations applied at 0°C. The data were collected simultaneously with
that shown in Figure 3.2, were multiplied vertically as in Figure 3.2, and were shifted
vertically to coincide approximately at 3700 cm™. Dark-dark control traces show the noise

level and the stability of the baseline (lower traces).
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FIGURE 3.6 FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core

complexes in the O-D stretching region in response to four successive flash illuminations
applied at 0°C. The data represent the averages of 32 wild-type and 61 D1-V185N samples
(48,000 and 90,300 scans, respectively) after hydration with D>!°O and were recorded
simultaneously with the D>'°0 data shown in Figures 3.7 and 3.8, respectively. The D1-
V185N spectra were multiplied vertically by factors of 1.2 as in Figure 3.8 and were shifted
vertically to coincide approximately at 2750 cm™'. Dark-dark control traces show the noise

level and the stability of the baseline (lower traces).
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FIGURE 3.7 Mid-frequency FTIR difference spectra of wild-type PSII core complexes in

response to four successive flash illuminations applied at 0°C after hydration with D,'0

(red) or D280 (green). The D>'°0O and D>'%0 data represent the averages of 32 samples

(48,000 scans for each trace) and 30 samples (44,400 scans for each trace), respectively.

The dark-dark control traces show the noise level and the stability of the baseline (lower

traces).
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FIGURE 3.8 Mid-frequency FTIR difference spectra of D1-V185N PSII core complexes
in response to four successive flash illuminations applied at 0°C after hydration with D>!°0
(red) or D2'%0 (green). The D2!%0 and D,'®0O data represent the averages of 61 samples
(90,300 scans for each trace) and 60 samples (89,900 scans for each trace), respectively.
The D1-V185N spectra have been multiplied vertically by factors of 1.2 to approximately
normalize the spectra to the extent of flash-induced charge separation in the corresponding
wild-type spectra of Figure 3.7. The dark-dark control traces were also multiplied by

factors of 1.2 and show the noise level and the stability of the baseline (lower traces).
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FIGURE 3.9 The Sy+1-Sn D2'°0-D!80 double difference spectra of wild-type (black) and
D1-V185N (red) PSII core complexes in the D-O-D bending region. The data of Figures
3.7 and 3.8 were subtracted directly but were offset vertically to maximize overlap. The
lower traces show the noise levels and were obtained by calculating the D>!°0-D,!'30

difference spectra of the dark-dark traces shown in Figures 3.7 and 3.8.
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Chapter 4
One of the substrate waters for Oz formation in Photosystem II is provided by the
water-splitting MnsCaOs cluster’s Ca?* ion

4.1 ABSTRACT

During the catalytic step immediately prior to O-O bond formation in Photosystem
II, a water molecule deprotonates and moves next to the water-splitting Mn4CaOs cluster’s
OS5 oxo bridge. Considerable evidence identifies O5 as one of the two substrate waters that
ultimately form O». The relocated oxygen, known as O6 or Ox, may be the second. It is
currently debated whether O6/Ox originates as the Mn-bound water denoted W2 or as the
Ca?*-bound water denoted W3. To distinguish between these two possibilities, we analyzed
the D-O-D bending mode of the water molecule that deprotonates/relocates to become
06/0x. We show that this D-O-D bending mode is not altered by the D1-S169A mutation.
Previously, we showed that this D-O-D bending mode is altered substantially when Sr*" is
substituted for Ca**. Because Sr*"/Ca" substitution alters this D-O-D bending mode but
the D1-S169A mutation does not, we conclude that the water-derived oxygen that relocates
and becomes O6/Ox derives from the Ca*’-bound W3. This conclusion provides an

important constraint for proposed mechanisms of O-O bond formation in Photosystem II.

4.2 INTRODUCTION

The MnsCaOs cluster in Photosystem II (PSII) produces nearly all the molecular
oxygen on Earth. The oxygen is released as the by-product of oxidizing water to provide
the electrons and protons that ultimately drive the production of all of Earth’s biomass. Our
understanding of water oxidation by the MnsCaOs cluster has advanced rapidly in recent
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years because of new developments in X-ray crystallography and the synergism between
structural, computational, and advanced biophysical studies (for recent reviews, see refs /-
4). PSII is a large protein complex that is integral to the thylakoid membrane and is dimeric
in vivo. Each monomer contains approximately 20 subunits and has a molecular weight of
approximately 350 kDa. Its structure has been determined to 1.85 —1.95 A in cyanobacteria
with crystallography (5-7) and to 2.7 — 5.2 A in various plant species with cryo-EM (8-11).
Structures of reaction intermediates have been determined to 2.35 A (12) and recently to
2.04 —2.08 A (13) in cyanobacteria with serial femtosecond crystallography. At the core
of each PSII monomer is a heterodimer of two subunits known as D1 and D2. Light-
induced electron transfer within the D1/D2 heterodimer drives the oxidation of the
Mn4CaOs cluster, with tyrosine Yz serving to transfer electrons from the Mn4CaOs cluster
to Psgo™. The MnsCaOs cluster is arranged as a distorted Mn3CaOs cube that is linked to a
fourth Mn ion (denoted Mn4) by two oxo bridges (see Figure 4.1). One of these bridges is
denoted OS5. Considerable evidence supports identifying O5 as the deprotonated form of
one of the two substrate water molecules that ultimately form the O-O bond (/4-17). Four
electrons are removed from the Mn4CaOs cluster during each catalytic cycle, advancing
the cluster through five reaction intermediates termed Sy, where “n” denotes the number of
oxidizing equivalents stored (n = 0 — 4). The S; state predominates in dark-adapted
samples. Both substrate water molecules are bound to the Mn4CaOs cluster by at least the
S> state (/8-20). The S4 state is a transient intermediate whose formation triggers the
utilization of the four stored oxidizing equivalents to form O from two substrate-water-

derived metal ligands. This process regenerates the So state. Because of its transient nature,
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the S4 state remains uncharacterized. Recent efforts have concentrated on characterizing
the Ss state, the transition between the S, and S3 states, and the identity of the second water-
derived oxygen that combines with O5 to form the O-O bond.

The S, state consists of three six-coordinate Mn(IV) ions and one five-coordinate
Mn(III) ion. The Mn(III) ion becomes a six-coordinate Mn(IV) ion during the S> to S3
transition (22). The S, state can adopt two nearly isoenergetic forms that differ in the
location of O5 (23, 24). Both forms are observable at cryogenic temperatures, but in the
recent 2.08 A room-temperature structure of the S state, only one of these is evident: O5
coordinates to Mn4 and the five-coordinate Mn(III) is Mnl (73, 25). During the S; to S3
transition, a water molecule or water-derived metal ligand deprotonates and moves to a
position on Mn1 in close proximity to OS5, completing this Mn ion’s coordination shell (12,
13, 22). This water-derived oxygen has been identified in the recent 2.35 A (12) and 2.07
A (13) structures of the S; state. It has been denoted 06 (/2) or Ox (13). This oxygen is
frequently identified as a deprotonated form of the second substrate water molecule (22,
26-37) although, rather than being the second substrate itself, it may be positioned to
replace OS5 during the S4 to So transition, becoming a substrate during the next cycle of O»
formation (/3).

The origin of Os/Ox is under debate. In one set of models (3/-33, 35, 38-41) [e.g.,
the “carousel” (38, 39) and “pivot” (33, 35) models], O¢/Ox originates from the Mn4-bound
W2. In these models, during the S> to S3 transition, W2 deprotonates and relocates to the
OS5 position, OS5 relocates to the Os/Ox position, and W2 is replaced on Mn4 by a water

molecule (labeled Wy) that had previously formed a hydrogen bond with the O4 oxo bridge.
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Consequently, in the S3 state, W2 has become OS5, O5 has become O¢/Ox, and Wx occupies
the same position on Mn4 that had been occupied by W2 in the S» state. In a competing set
of models (29, 30, 34, 37, 42-44), O¢/Ox originates from the Ca?*-bound W3. In most of
these models (29, 30, 34, 37, 44), during the S> to S3 transition, the relocation of W3 is
coupled to its deprotonation' and it is replaced on Ca?" by a nearby water molecule such as
W5 (the water molecule that bridges W3 and W2). Consequently, in the S3 state, W3 has
become O¢/Ox and W5 (or another water molecule) occupies the same position on Ca**
that had been occupied by W3 in the S; state’.

Whether O6/Ox is the second substrate and combines with O5 to form O: in the S4
state (22, 26-37) or is simply positioned in the S; state to replace O5 during the S4 to So
transition (/3), determining its origin during the S»> to S; transition is essential for
understanding the molecular mechanism of O, formation. In this study, D-O-D vibrational
modes were analyzed to determine if O6/Ox originates from the Mn4-bound W2 or the
Ca?"-bound W3 (D-O-D modes were analyzed instead of H-O-H modes because the latter
appear in a congested spectral region). During the S to S3 transition, one D-O-D bending
mode is eliminated (45-48), meaning that the water molecule corresponding to this mode
either deprotonates or relocates to a different environment. If O6/Ox originates from the
Mn4-bound W2, this mode must correspond to Wx (or to a nearby water molecule that
replaces Wx during this transition). If O6/Ox originates from the Ca®’-bound W3, this
mode must correspond to W5 or another nearby water molecule that replaces W3 during

this transition.
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The side chain of DI1-S169 forms a hydrogen bond with Wx and its backbone
carbonyl forms a hydrogen bond with W1 (D1-D61 also forms a hydrogen bond with W1).
A recent computational study has shown that the D1-S169A mutation causes structural
perturbations that are localized near this residue and Wx (49). Therefore, if O6/0Ox
originates from the Mn4-bound W2, the DI-S169A mutation should alter the D-O-D
bending mode of Wx (or the water that replaces Wx). Similarly, crystallographic (50) and
computational (21, 51, 52) studies have shown that substituting Sr>* for Ca®" causes
structural perturbations that are localized primarily near the Ca*>* ion and that include W3
and W5. Therefore, if 06/Ox originates from the Ca**-bound W3, then substituting Sr*>* for
Ca?" should alter the D-O-D bending mode of the water molecule that replaces W3 (e.g.,
W5).

In this study, we show that the D-O-D bending mode that is eliminated during the
S» to S3 transition is not altered by the D1-S169A mutation. Previously, we showed that
this mode is altered substantially when Sr?* is substituted for Ca*>" (47). Because Sr**/Ca?"
substitution alters this D-O-D bending mode substantially but the D1-S169A mutation does
not, we conclude that the water-derived oxygen that relocates to Mn1 during the S> to S3
transition derives from the Ca’**-bound W3. This conclusion provides an important

constraint for proposed mechanisms of O-O bond formation in Photosystem II.

4.3 MATERIALS AND METHODS
Construction of Mutants and Purification of PSII Core Complexes. The D1-S169A

mutation was constructed in the pshbA-2 gene of Synechocystis sp. PCC 6803 as described

previously (49). Large-scale cultures of mutation-bearing Symnechocystis cells were
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propagated as described previously (46). The wild-type strain described in this manuscript
was constructed in an identical manner as the mutant strain but with a transforming plasmid
that carried no mutation. Oxygen-evolving PSII core complexes were purified under dim
green light at 4 °C with a Ni-NTA superflow affinity resin (Qiagen, Valencia, CA) as
described previously (46). The purified PSII core complexes were suspended in 1.2 M
betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaClz, 5 mM MgCla,
50 mM histidine, 1 mM EDTA, and 0.03 % (w/v) n-dodecyl B-D-maltoside, concentrated
to approx. 1 mg of Chl per mL, flash-frozen in liquid N2, and stored at —80 °C. To verify
the integrity of the large-scale cultures that were harvested for the purification of D1-
S169A PSII core complexes, an aliquot of each large-scale culture was set aside and the
sequence of the relevant portion of the pshA-2 gene was obtained after PCR amplification
of genomic DNA (53). No trace of the wild-type codon was detected in any of the mutant
cultures.

Preparation of FTIR samples. PSII core complexes were transferred into 40 mM
sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl,, 5 mM NaCl, 0.06% (w/v) n-dodecyl
-D-maltoside, concentrated, mixed with 1/10 volume of fresh 100 mM potassium
ferricyanide, spread in the center 13 mm of a 25 mm BaF> window, then dried lightly with
N> gas (47). The lightly dried samples were rehydrated with six 1 uL drops of a solution
of20% (v/v) glycerol(OD)3 (98% D, Cambridge Isotope Laboratories, Inc., Andover, MA)
in D>'%0 (99.9% D, Cambridge Isotope Laboratories, Inc., Andover, MA) or D>'*0 (98%
D, 97% '#0, Cambridge Isotope Laboratories, Inc., Andover, MA), respectively (45-48).

A second window was placed over the first with a thin O-ring spacer in between (46-48).
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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 (46-48). For each
sample, the absorbance at 1657 cm™ (amide I band) was 0.6 — 1.1.

FTIR Spectroscopy. Spectra were recorded with a Bruker Vertex 70 spectrometer
(Bruker Optics, Billerica, MA) outfitted with a pre-amplified, midrange D317 photovoltaic
MCT detector (Kolmar Technologies, Inc., Newburyport, MA), as described previously
(47). After dark adaptation (see previous paragraph), samples were given 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 was included to
allow the oxidation of QA" by the ferricyanide. Difference spectra of the successive S-
state transitions (e.g., Sn+i—minus—S, difference spectra, written as Sn+1—Sy in this study),
were obtained by dividing the transmission spectrum obtained after the n™ flash by the
transmission spectrum obtained 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 — 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 illumination cycle was repeated
19 times. The spectra of 30-60 samples were averaged (see figure legends). The amplitudes
of the D1-S169A difference spectra were multiplied by factors of 1.14 to 1.25 to normalize

the amplitudes of the peaks corresponding to the reduction of ferricyanide to ferrocyanide
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by Qa™ (at 2115 and 2037 cm’!, respectively) to those in the corresponding wild-type
spectra (this procedure normalizes the spectra to the extent of flash-induced charge-

separation).

4.4 RESULTS

The mid-frequency FTIR difference spectra produced by the first, second, third,
and fourth flashes applied to wild-type PSII core complexes hydrated with D,'°0 or D,!%0
are compared in Figure 4.2. These closely resemble the difference spectra reported
previously for wild-type samples rehydrated in D2'°0O or D2!%0 (45-48) and correspond
predominantly to S>-Si, S3-S2, So-S3, and Si-So FTIR difference spectra, respectively.
Corresponding spectra from D1-S169A PSII core complexes rehydrated in D2!°O or D230
are compared in Figure 4.3. The spectra produced by the third and fourth flashes applied
to the D1-S169A PSII (labeled So-S3 and S1-So in Figure 4.3) are more distinct than in our
previous study (49) because many more spectra were averaged for this study owing to the
weak intensities of D-O-D bending modes. The amplitudes of the D1-S169A difference
spectra are lower than those of wild-type despite being normalized to the extent of flash-
induced charge-separation in the wild-type. Despite the lower amplitudes, the spectra
produced by the first three flashes are recognizable as corresponding predominantly to S»-
S1, S3-So, and So-S; difference spectra. The lower amplitudes of the D1-S169A difference
spectra and the relatively indistinct nature of the difference spectrum produced by the 4"
flash probably arise because (i) some D1-S169A PSII reaction centers lack functional
Mn4CaOs clusters both in vivo and in vitro (49), and (ii) the efficiency of the S state cycle
is diminished in D1-S169A compared to wild-type (i.e., the “miss parameter” in D1-S169A
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is twice that in wild-type) (49). The larger “miss parameter” means that a significant
fraction of D1-S169A PSII fails to advance to the next S state following each saturating
flash. In wild-type PSII, the features in the mid-frequency FTIR difference spectra oscillate
during the S state transitions, so that features that appear during the S; to S and S to S3
transitions are reversed during the S3 to So and So to S; transitions (54-62). Therefore, if
significant fractions of mutant PSII reaction centers fail to advance between S states in
response to saturating flashes, PSII centers that undergo the Sz to So or So to Si transitions
after the third or fourth flashes will have the spectral features corresponding to these
transitions partly canceled by PSII centers undergoing the S; to S» or S to S3 transitions,
giving rise to difference spectra having low amplitudes. This situation undoubtedly applies
to the D1-S169A difference spectra produced by the third flash and especially the fourth
flash in Figure 4.3. Because the D1-D169A “S1-So” spectrum obtained after the fourth flash
undoubtedly corresponds to a substantial mixture of S state transitions, these fourth-flash
double difference spectra will not be considered further here.

The alterations to the FTIR difference spectra caused by the D1-S169A mutation,
e.g., the diminished features at 1679(-), 1544(-), 1532(+), 1525(-), 1415(-), and 1409(+)
cm’! in the S-Si spectrum and the absence of features at 1667(+), 1516(-), 1422(-), and
1413(+) cm™ in the S3-S» spectrum were noted in our previous study of the D1-S169A
mutant and were attributed to mutation-induced alterations to the network of hydrogen
bonds that extends from D1-D61 to the Ca** ion and Yz (49).

Because D-O-D vibrational modes have very weak intensities, they are best

observed in D2'°0 — D2!%0 double difference spectra (45-48). To calculate D,'°0 — D,'%0
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double difference spectra, the difference spectra shown in Figure 4.2 and Figure 4.3 were
subtracted directly. The resulting Sy+1-Sn D2!°0-D,'*0 double difference spectra of wild-
type and D1-S169A in the D-O-D bending [6(DOD)] region are compared in Figure 4.4
(black and red traces, respectively). The double difference spectra for wild-type resemble
those reported previously for Thermosynechococcus elongatus (45) and Synechocystis sp.
PCC 6803 (46-48). The features between 1270 and 1250 cm™ do not appear in all published
wild-type double difference spectra (45-48). Subtle differences in sample humidity have
been speculated to be the cause of this lack of reproducibility (48). These features will not
be considered further here. In contrast, the features at 1241 cm™! in the wild-type S3-S; and
So-S3 double difference spectra vary only 1-3 cm™ between studies, the features between
1225 and 1200 cm! in the S»-Si, S3-S2, So-S3 , and Si-So wild-type double difference
spectra vary only 1-3 cm’!, and the weaker features between 1195 and 1170 vary 1-6 cm™
(45-48). In this study, the features between 1240 and 1170 cm™ in the D2'°0 — D2'%0 double
difference spectra of D1-S169A aligned well with those in wild-type, with shifts of only 1-
2 cm’! (e.g., their frequencies were effectively unchanged from wild-type).

However, in the mutant S>-S; double difference spectrum (top red trace in Figure
4.4), the features at 1220(-) and 1213(+) cm™' showed substantially lower intensities than
the corresponding features of wild-type. In addition, a new positive feature appeared at
1228 cm’!. In the mutant S3-S double difference spectrum (second red trace in Figure 4.4),
all of the main features between 1275 and 1200 cm™ aligned closely with those in wild-
type but the positive features near 1173 cm™! were replaced with negative features near

1179 cm™. In the mutant So-S3 double difference spectrum (third red trace in Figure 4.4),
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all of the main features aligned closely with those in wild-type, but the amplitudes were

substantially lower than in wild-type.

4.5 DISCUSSION

The alteration of a single D-O-D bending mode in a Sy+1-Sn difference spectrum
could produce up to four peaks in a D,'°0-D,'®0 double difference spectrum, two
corresponding to D,'°0 and two corresponding to D,'*0. However, spectral overlap will
cause fewer peaks to be evident. In wild-type samples, the number of features in the D,'°O-
D,'®0 double difference spectrum of the S to Sy transition (e.g., Figure 4.4, upper pair of
traces) implies that at least two d(DOD) modes are altered during this transition (45-48).
In wild-type samples, the amplitudes of most of these features oscillate during the S state
cycle. For example, the 1211(+) cm™' feature in the S»-S; double difference spectrum
becomes negative (at 1212-1216 cm™) in the S3-S> and So-S3 double difference spectra and
positive again (at 1215 cm™) in the Si-So double difference spectrum. Also, the 1222(-)
cm’! feature in the S»-S1 double difference spectrum becomes positive (at 1226 cm™) in the
S-S double difference spectrum and positive (at 1221 cm™') in the So-S3 double difference
spectrum. The oscillations imply that most of the (DOD) modes that are altered during
the Si to S, transition are altered reversibly during the S state cycle (45-48). Some of these
modes must correspond to the water molecules that were identified as moving during the
S state transitions in the recent X-ray crystallographic structures of the S» (13), S3 (12, 13),
and Sy (/3) states, including the water labeled W20 in ref. /3 and W195 in ref. 49. Some
must correspond to water molecules that interact with D1-D61 because the 1222(-),
1211(+), and 1179(+) cm™! features in the S>-S1 D»'°0-D,!'*0 double difference spectrum

128



are eliminated by the D1-D61A mutation (46). The frequencies of the modes that are
eliminated by the D1-D61A mutation appear to be largely unaltered by the D1-S169A
mutation, but the substantially lower amplitudes of the 1220(-) and 1213(+) cm™! features
in the D1-D169A S>-S1 double difference spectrum and of the corresponding 1223(+) and
1212(-) em™ features in the D1-S169A So-S; double difference spectrum imply that a
second 6(DOD) mode may contribute to these features in wild-type. Therefore, at least one
D-0O-D molecule whose 6(DOD) mode changes reversibly during the S state cycle may be
altered by the D1-S169A mutation. The 3(DOD) mode of this D-O-D molecule may
correspond to the 1228(+) cm™! feature in the mutant S,-S; double difference spectrum.
This D-O-D molecule may correspond to Wx or to another water molecule nearby.
According to a recent QM/MM analysis, the D1-S169A mutation alters the positions of
Wx and W20/W195 (49).

The 1241(-) cm’! features in the wild-type S3-S» and So-S; double difference
spectra have no positive counterparts in any other double difference spectrum (45-48). The
lack of any positive counterparts implies that the bending mode of a single water molecule
is eliminated during each of the S, to S3 and S3 to So transitions (45-48). Therefore, the
1241(-) cm™ features correspond to one water molecule that either deprotonates or
relocates to a different environment during the S» to S3 transition and to another that
deprotonates or relocates to a different environment during the Ss to Sy transition. The data
of Figure 4.4 (second and third set of traces) show that the D1-S169A mutation does not

alter either of these modes significantly.
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S> to S3 transition. The side chain of D1-S169 forms a hydrogen bond with Wx.
The recent QM/MM study of the DI1-S169A mutation shows that the structural
perturbations caused by this mutation are localized near this residue, with Wx shifting 0.5
A, W20/W195 shifting 0.3 A, and D1-D61 and CP43-R357 shifting 0.18 and 0.12 A,
respectively (49). Because the D1-S169A mutation shifts the position of Wx and eliminates
a hydrogen bond involving Wx, the mutation should alter the (DOD) mode of Wx and
other water molecules in its vicinity. Therefore, if O6/Ox originates from the Mn4-bound
W2, the DI-S169A mutation should alter the 6(DOD) mode that vanishes during the S, to
Ss transition. However, our data show that the D1-S169A mutation does not alter this mode.
Both crystallographic (50) and computational (21, 51, 52) studies have shown that
substituting Sr** with Ca?" causes structural perturbations that are localized near the Ca?*
ion and that include W3 and W5. Consequently, if O6/Ox originates from the Ca?*-bound
W3, then Sr**/Ca*" substitution should alter the §(DOD) mode of the water molecule that
replaces W3 (e.g., W5). We showed previously that Sr**/Ca®" substitution eliminates or
(more likely) downshifts the 1241(-) cm™ feature in the S3-S, double difference spectrum
by 15 cm™!, moving it underneath the 1226(+) cm™! feature (47). We also showed that the
1241(-) cm™! feature is shifted approximately 6 cm by the D1-V185N mutation (48).
Identifying this feature with W5 would be consistent with its alteration by the D1-V185N
mutation because W5 is only 4.7 A from D1-V185 (5-7). The replacement of W3 by W5
during the S; to S3 transition was proposed originally on the basis of DFT calculations (34).
On the basis of additional recent DFT calculations, it has been proposed that the alterations

produced by substituting Sr** for Ca*" are less localized that thought previously and that
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Sr?*/Ca®" substitution causes the pKa values of W1, W2, D1-D61, D1-His332, and DI-
His337 to increase (63). Nevertheless, Sr**/Ca’*" substitution substantially alters the
d(DOD) mode of only a single water molecule, the water whose d(DOD) mode vanishes
during the S; to S3 transition (47).

The deprotonation/relocation of W3 to the O6/Ox position and its replacement by
W5 or another nearby water molecule would be consistent with recent a time-resolved
FTIR study (64). The results of this study show that the S; to S3 transition includes a ~ 100
usec phase that precedes electron transfer and that represents changes to the C-O stretching
mode of Yz (evidence of a strengthened hydrogen bond interaction with Yz") in addition
to changes in vsym(COO") modes of carboxylate groups and the O-H stretching modes of
hydrogen bonded water molecules. This phase was attributed to the
rearrangement/reorientation of water molecules in a network of hydrogen bonds that
includes both Yz and the MnsCaOs cluster, consistent with the relocation of W3 and its
replacement by another water molecule in the network (64). A W3 origin for O6/Ox also
would be consistent with the recent serial femtosecond crystallography study of the Si, So,
Ss, and Sp states at 2.04 — 2.07 A and, indeed, was proposed by the study’s authors (13).
Several water molecules near oxo bridge O1 (which bridges Mn1 and the Ca*" ion) were
observed to move during the individual S state transitions and O6/Ox is coordinated to both
Mn1 and the Ca®" ion in the 2.07 A structure of the S; state, (13).

The S; to Sy transition. The S3 to So transition is a multistep process involving the
movements of water molecules and the rearrangement of networks of hydrogen bonds as

0O is formed and released and at least one substrate water molecule is re-bound (13, 65,

131



66). The 1241(-) cm™ feature in the wild-type So-S; double difference spectra may
correspond to the water molecule that is expected to replace OS5 during the regeneration of
the So state. This water would deprotonate during the process of forming a hydroxo bridge
between Mn4 and Mnl during the S4 to So transition (/7, 67, 68) and would further
deprotonate to form an oxo bridge during the So to S; transition (/7). The origin of this
water molecule remains unknown, but because the 1241 cm™! feature is shifted no more
than 2 cm™! by the D1-S169A mutation (Figure 4.4) and is shifted only 5 cm™ when Sr** is
substituted for Ca?* (47), it must not interact strongly with either D1-S169 or with the Ca®*
ion. It should be noted, however, that the same computational study that proposed that W5
replaces W3 on Ca?" during the S; to Ss transition also proposed that this water molecule
relocates again during the S4 to So transition, moving to the OS5 position for the next cycle

of O, formation (34).

4.6 SUMMARY AND CONCLUSIONS

In this study, we show that the D-O-D bending mode that is eliminated during the
S» to S3 transition is not altered by the D1-S169A mutation. Because the substitution of
Sr?* for Ca®' alters this D-O-D bending mode substantially (47) but the D1-S169A
mutation does not, we conclude that the water-derived oxygen that relocates to Mn1 during
the S; to Ss transition derives from the Ca**-bound W3. We also conclude that the water
molecule that is expected to replace O5 during the S4 to So transition does not interact
strongly with either the Ca?" ion or D1-S169. These conclusions provide important
constraints for proposals for the molecular mechanism of O-O bond formation in
Photosystem II.
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4.8 ADDITIONAL NOTES

Abbreviations: Chl, chlorophyll; EDTA, ethylenediaminetetraacetic acid; FTIR,
Fourier transform infrared; MES, 2-(N-morpholino)-ethanesulfonic acid; Peso, chlorophyll
multimer that serves as the light-induced electron donor in PSII; PSII, photosystem II; Qa,
primary plastoquinone electron acceptor; Yz, tyrosine residue that mediates electron
transfer between the MnsOsCa cluster and Peso ™.

! Whether deprotonation precedes (34, 44) or follows (30, 37) relocation depends
on the specific model.

2 In some variations (29, 30), W3 relocates to Mn4, with O35 first moving to Mnl1,

so that W3 becomes O5 and O5 becomes O6/0x.
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FIGURE 4.1 Water molecules and selected residues in the vicinity of the MnsCaOs cluster.
All residues shown are from the D1 subunit. The salmon-colored spheres are manganese
ions. The yellow sphere is the Ca?" ion. The red spheres are the oxygen atoms of p-oxo
bridges. The coordinates for this figure were constructed with QM/MM methods (27) based
on the coordinates in the 1.9 A X-ray crystallographic model (5) and were kindly provided

by V. S. Batista and coworkers.
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FIGURE 4.2 Mid-frequency FTIR difference spectra of wild-type PSII core complexes in
response to four successive flash illuminations applied at 0°C after hydration with D,'°0
(red) or D2'80 (green). The D,'%0 data represent the averages of 30 samples (56,800 scans
for each trace) and the D,'®0 data represent the averages of 30 samples (57,000 scans for
each trace). The dark-dark control traces show the noise level and the stability of the

baseline (lower traces).
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FIGURE 4.3 Mid-frequency FTIR difference spectra of D1-S169A PSII core complexes
in response to four successive flash illuminations applied at 0°C after hydration with D,!%0
(red) or D>'%0 (green). The D,'°0 data represent the averages of 60 samples (112,500 scans
for each trace) and the D>'80 data represent the averages of 60 samples (114,000 scans for
each trace). The spectra have been multiplied vertically by factors of 1.14 to 1.25 to
normalize the spectra to the extent of flash-induced charge separation in the corresponding
wild-type spectra (Figure 4.2). The dark-dark control traces show the noise level and the
stability of the baseline (lower traces). The dark-dark control traces were multiplied by

factors of 1.15.
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FIGURE 4.4 The Sy+1-Sy D2'°0-D>'80 double difference spectra of wild-type (black) and
D1-S169A (red) PSII core complexes in the D-O-D bending region. The data of Figure 4.2
were subtracted directly but were offset vertically to maximize overlap. The lower traces
show the noise levels and were obtained by calculating the D>'°0-D,'%0 difference spectra

of the dark-dark traces shown in Figure 4.2.
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Chapter 5
Roles of D1-Glu189 and D1-Glu329 in O: formation by the water-splitting Mn4Ca

cluster in Photosystem II

5.1 ABSTRACT

During the catalytic step that precedes O-O bond formation in Photosystem II, a
water molecule deprotonates and moves next to the water-splitting Mn4CaOs cluster’s O5
oxo bridge. The relocated oxygen, known as O6 or Ox, may serve as a substrate, combining
with O5 to form O during the final step in the catalytic cycle, or may be positioned to
become a substrate during the next catalytic cycle. Recent serial femtosecond X-ray
crystallographic studies show that the flexibility of D1-E189 plays a critical role in
facilitating the relocation of O¢/Ox. In this study, the D1-E189G and D1-E189S mutations
were characterized with FTIR difference spectroscopy. The data show that both mutations
support MnsCa cluster assembly, substantially inhibit advancement beyond the S; state,
and substantially alter the network of H bonds that surrounds the MnsCa cluster.
Previously, the DI-E189Q, D1-E189K, and D1-E189R mutations were shown to have little
impact on the activity, electron transfer rates, or spectral properties of Photosystem II. A
rationale for this behavior is presented. The residue D1-E329 interacts with water
molecules in the O1 water network that has been suggested recently to supply substrate
during the catalytic cycle. Characterization of the D1-E329A mutant with FTIR difference
spectroscopy shows that this mutation does not substantially perturb the structure of PSII
or the water molecules whose O-H stretching modes change during the catalytic cycle. This
result provides additional evidence that the water molecules whose vibrational properties
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change during the S; to S, transition are confined approximately to the region bounded by

D1-N87, DI1-N298, and D2-K317.

5.2 INTRODUCTION

Plants, algae, and cyanobacteria use sunlight as an inexhaustible source of energy
and water as an inexhaustible source of electrons and protons to supply nearly all of Earth’s
molecular oxygen and drive the production of Earth’s biomass. The oxygen is released as
the by-product of water oxidation by the Mn4Ca cluster in Photosystem II. Our
understanding of water oxidation by the Mn4Ca cluster has advanced rapidly in recent years
because of the advent of XFEL-based serial femtosecond X-ray crystallography and the
growing synergism between structural, computational, and advanced biophysical studies
(for recent reviews, see refs (/-5)). PSII is a large protein complex that is integral to the
thylakoid membrane. Its core is dimeric in vivo. Peripheral to the core is the light-
harvesting apparatus. Each monomer of the PSII core contains approximately 20 subunits
and has a molecular weight of approximately 350 kDa. The structure of PSII has been
determined to 1.85 — 1.95 A in cyanobacteria (6-12) and to between 2.7 and 5.3 A in a
number of algae and plants (/3-20). Structures of intermediates of water oxidation by the
Mn4Ca cluster have been determined to 2.35 A (21),2.04 —2.08 A (11),2.15-2.50 A (22),
and recently to 2.01 — 2.27 (/2) in cyanobacteria with serial femtosecond X-ray
crystallography.

At the core of each PSII monomer is a heterodimer of two subunits known as D1
and D2. Light-induced charge separation between Pggo and a pheophytin molecule in the
D1/D2 heterodimer drives the oxidation of the MnsCa cluster, with the redox-active
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tyrosine Yz serving to transfer electrons from the MnsCa cluster to Pego®*. Four electrons
are removed from the Mn4Ca cluster during each catalytic cycle, advancing the cluster
through five reaction intermediates termed Sn, where “n” denotes the number of oxidizing
equivalents stored (n = 0 — 4). The S; state predominates in dark-adapted samples. Both
substrate water molecules are bound to the MnsCa cluster by at least the S; state (23-25).
The Sy state is a transient intermediate whose formation triggers the utilization of the four
stored oxidizing equivalents to form O from two substrate-water-derived metal ligands.
This process regenerates the So state and involves the binding of at least one of the two
new substrate water molecules. Because of its transient nature, the S state remains
uncharacterized. The Mn4Ca cluster’s five metal ions are connected by oxo bridges and are
ligated by six bridging carboxylate groups and one histidine side chain. All but one of these
protein ligands are provided by the D1 polypeptide (see Figure 5.1). Numerous
immobilized water molecules are located on or near the Mn4Ca cluster, including two that
are bound to Mn4 (these are denoted W1 and W2) and two that are bound to the Ca ion
(these are denoted W3 and W4).

The Mn4Ca cluster is arranged as a distorted Mn3CaOj4 cube that is linked to a fourth
Mn ion (denoted Mn4) by two oxo bridges, although in the dark-stable S; state, the distance
between Mnl and OS5 is too long to be a bond (7-9, 11, 12). One of the oxo bridges is
denoted O5. While not yet definitive, a growing body of evidence supports identifying O5
as the deprotonated form of one of the two substrate water molecules that ultimately form
the O-O bond (26-30). The S; state consists of three six-coordinate Mn(IV) ions and one

five-coordinate Mn(III) ion (37-36). The S; state consists of four octahedrally-coordinated
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Mn(IV) ions (37-40). Multiple conformers of the Mn4Ca cluster in the S, (4/-46) and S3
(40, 42, 44-48) states are observed at cryogenic temperatures. These conformers differ in
spin state. In the S, state, the low spin conformer gives rise to the multiline EPR signal,
whereas high-spin conformers give rise to broad, featureless signals at g = 4.1 to g = 4.7
(41-46). The different conformers are in equilibrium. There is increasing evidence that a
high-spin conformer of the S, state is a required intermediate between the S> and S; states
(2, 40, 44-46, 48-52). In terms of structure, the prevailing view of the S, state conformers
is that O5 toggles between Mn4 and Mn1, with the low-spin conformer having O5 bound
to Mn4 (the “open” conformation) and a high spin conformer having O5 bound to Mnl
(giving rise to a cubane-like “closed” conformation) (53-55). In this view, the toggling of
OS5 is linked to a redox isomerization, with the five-coordinate Mn(III) ion being located
at the Mnl position in the “open” conformer and at the Mn4 position in the “closed”
conformer. However, it has been argued that the “closed” conformer is too high in energy
(56), is inconsistent with recent EXAFS data of the high spin conformer (57, 58), and
cannot account for chemical treatments that alter the equilibrium between high spin and
low spin conformers (59). Furthermore, only the open conformer has been observed in
serial room temperature femtosecond X-ray crystallographic studies of intermediates
between the S, and S; states (//, 12). Consequently, several models for high-spin
conformers of the S> state having “open” configurations have been proposed recently (30,
45, 46, 56, 59-61).

During the S> to S; transition, a water molecule, or water-derived metal ligand,

deprotonates and moves to a position on Mnl in close proximity to OS5, completing this
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Mn ion’s coordination shell (11, 12, 21, 22, 37-39, 62-65). This oxygen has been denoted
06 (21, 22) or Ox (11, 12) and forms an oxo or hydroxo bridge connecting Mn1 with the
Caion. It also forms an H bond with D1-Glul89. The origin of Os/Ox has been the subject
of debate. In one set of models (e.g., the “carousel” (51, 66) and “pivot” (50, 67) models),
O6/Ox originates from the Mn4-bound W2. In a competing set of models (56, 68-73), Os/Ox
originates from the Ca**-bound W3. The recent serial femtosecond X-ray crystallographic
data are more compatible with Os/Ox originating from W3 (117, 12, 22). In these data, W3
appears to be replenished via W4 from a network of H bonded water molecules (labeled
Ol inrefs. (11, 12, 22)) that connects W4 with the lumenal surface and includes residues
from CP43 and PsbV. Several water molecules in the O1 network appear to be slightly
mobile during the S> to S; transition and the density of W27 decreases concomitant with
the appearance of O¢/Ox (12). If Os/Ox originates from W3, then this oxygen could be a
deprotonated form of the second substrate water molecule that combines with OS5 in a
radical-coupling mechanism to form the O-O bond (37, 50, 56, 62, 63, 65, 67-69, 74-78).
On the other hand, recent time-resolved membrane inlet mass spectrometry (TR-MIMS)
data are more compatible with the second substrate being a deprotonated form of W2 (30).
If O¢/Ox originates from W3 (11, 12, 22, 56, 68-73) and W2 is the second substrate water
molecule (30), then O¢/Ox may simply be positioned on Mn1 during the S, to S3 transition
to replace OS5 during the S4to So transition, thereby becoming a substrate during the next
cycle of O, formation (71, 30).

The recent serial femtosecond X-ray crystallographic studies show that the

flexibility of D1-E189 plays a critical role in facilitating the relocation/insertion of Os/Ox
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during the S to S3 transition (//, 12, 22). In the S; and S; states, the carboxylate group of
this residue coordinates to Mn1 and interacts weakly with the Ca ion and a nearby water
molecule (labeled W25 in ref. (12), see Figure 5.1). W25 forms an H bond with tyrosine
Yz and bridges W3 and W4, the two water ligands of the Ca ion. During the initial stages
of the S, to S3 transition (during the first 50 us after the light-induced excitation of Pego),
DI1-E189 moves ~ 0.4 A away from the Ca ion to accommodate the subsequent insertion
of Oe/Ox (this take place mostly from 150 — 250 ps and is complete by ~ 400 us) while still
coordinating to Mn1 (71, 12). By 150 us, D1-E189 has also moved ~ 0.3 A away from
W25 to form an H bond with Os/Ox (/2). The DI-E189 residue has been examined
extensively with site-directed mutagenesis. Of the 17 mutations constructed at this position,
only the Q, K, R, I, and L mutations support photoautotrophic growth (79-81). The light-
saturated steady-state rates of O, formation by cells containing the Q, K, and R mutations
are 70-80% compared to the rate of wild-type cells. The corresponding rates in cells
containing the I and L mutations are 60% and 40%, respectively. The PSII reaction centers
in all 17 mutants contain photo-oxidable Mn ions, with the percentage ranging from a high
of 87-89% in the Q, K, R, I, D, and N mutants to a low of 30-40% in the A, T, and M
mutants (79, 80). In analyses of mutation-bearing PSII core complexes, the Q mutation
caused no apparent changes to the S; and S multiline EPR signals (80, 81), the Q, K, and
R mutations caused no apparent changes to the rates of electron transfer from Yz to Pesgo®"
or from the Mn4Ca cluster to Yz* during the Si to Sz, S2 to S3 or S3 to S transitions (82),
and the Q and R mutations caused no significant changes to the mid-frequency FTIR

difference spectra of the individual S state transitions (87, §3). In contrast, all mutations
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having smaller side chains were non-photoautotrophic and supported no significant rates
of O formation (79, 80). In response to continuous illumination at 273 K, PSII core
complexes bearing the D, N, H, G, and S mutations seemed unable to advance beyond an
apparent S;Yz* state (80). Interestingly, PSII core complexes bearing the D, N, H, G, and
S mutations exhibited neither the S; nor the S, multiline EPR signals (80), raising the
possibility that the Mn clusters in these mutants were not fully assembled. On the basis of
the observations described in this paragraph, it was proposed that D1-E189, rather than
coordinate to the MnsCa cluster, instead participates in a network of H bonds near the
Mn4Ca cluster that is vital for S state turnover and that can be maintained by the side chains
of Q, K, and R (79, 80, 82, 83). Because D1-Glu189 is now known to ligate both Mn1 and
Ca, and because of the importance of this residue’s flexibility for the relocation/insertion
of O¢/Ox during the S> to S3 transition (//, 12, 22), in this study we have reexamined the
D1-E189G and D1-E189S mutants with FTIR difference spectroscopy. Our data show that
a modified form of the S state is formed in a fraction of both mutants, demonstrating that
neither mutation completely inhibits cluster assembly. Our data also confirm that
advancement of the S state cycle beyond the S; state is largely inhibited by both mutations
and show that both mutations substantially alter the network of H bonds that surrounds the
MnyCa cluster.

The oxidations of the Mn4Ca cluster are coupled to the release of protons, with
electrons and protons being removed alternatively as the S state cycle proceeds (64, 84,
85). This alternation prevents the redox potential of the Mn4Ca cluster from rising to levels

that prevent its subsequent oxidation by Yz*. Deprotonations take place via the extensive
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network of H bonds that surrounds the MnsCa cluster. Multiple pathways leading to the
thylakoid membrane are visible in this network. This network is comprised of protonatable
amino acid side chains and water molecules. The O-H stretching modes of some of these
water molecules are strongly coupled (86) and change as the MnsCa cluster advances
through the S state cycle (§7-90). The changes that occur during the S; to S, transition to
the O-H stretching modes of weakly H bonded water molecules are modified by the
individual mutation of numerous residues (e.g., D1-D61 (97), D1-N87 (92), D1-S169 (93),
DI-N181 (94), D1-N298 (95), D1-E333 (96), CP43-E354Q (97)) and when Sr** is
substituted for Ca** (70). The changes that occur during the S; to S, transition to the O-H
stretching modes of strongly H bonded water molecules are modified by the individual
mutation of only a few residues (D1-D61 (97), D1-S169 (93), D1-N181 (94), and D1-N298
(95)). These mutation- and treatment-induced modifications confirm the strongly-coupled
nature of these modes and help localize the water molecules involved. However, the
mutations and treatments that alter water O-H stretching modes during the S; to S»
transition do not alter the changes to these modes during any of the other S state transitions,
with the exception of D1-D61A for the S; to Sz transition (97). One possibility is that the
water O-H stretching modes that change during the S; to S3, S3 to So, and So to S transitions
correspond primarily to water molecules in the O1 network that has been proposed on the
basis of recent serial femtosecond X-ray crystallographic studies (//, 12, 22) to be a
substrate entry pathway. The positions of several water molecules in this network change

slightly during the S to S3 transition (/2). It should be possible to test this possibility by
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constructing mutations of the residues that interact with these water molecules. One such
reside is D1-E329.

The carbonyl oxygen of D1-E329 forms an H bond with the n-nitrogen of D1-H332,
a ligand of Mnl. The side chain of D1-E329 interacts with water molecules W31 and W34
in the O1 network, and also with W80. It is also in close proximity to W32, one of the
water molecules in the O1 network whose position changes slightly during the S> to S3
transition. The side chain of D1-E329 also interacts with the side chain of CP43-T412,
which in turn interacts with W31 in the Ol network and with W80 (see Figure 5.1).
Previously, on the basis of the elimination of the v(C=0) modes of protonated carboxylate
residues by the D1-E329Q mutation, we demonstrated that D1-E329 participates in those
parts of the H bond network that govern the carboxylate pK, changes that accompany the
individual S state transitions (98, 99). To determine if this residue influences water
molecules in the O1 network, in this study we analyzed the FTIR difference spectra of PSII
core complexes from the DI-E329A mutant. Our data show that this mutation has no
apparent influence on any of the water molecules whose O-H stretching modes change
during the individual S state transitions. This result provides additional evidence that the
water molecules whose vibrational properties change during the Si to Sy transition are
confined approximately to the region bounded by DI1-N87, D1-N298, and D2-K317.
Analysis of additional mutations will be required to determine if the O-H stretching modes
of H bonded water molecules that change during the S> to S3, S3 to So, and So to Si

transitions correspond primarily to water molecules in the O1 channel.
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5.3 MATERIALS AND METHODS

Construction of Mutants and Purification of PSII Core Complexes. The D1-E189G,
D1-E189S, and D1-E329A mutations were constructed in the psbA-2 gene of Synechocystis
sp. PCC 6803 as described previously (79, 100). Large-scale cultures of mutation-bearing
Synechocystis cells were propagated as described previously (97). The wild-type strain
described in this manuscript was constructed in an identical manner as the mutant strains
but with a transforming plasmid that carried no mutation (/00). Oxygen-evolving PSII core
complexes were purified under dim green light at 4 °C with a Ni-NTA superflow affinity
resin (Qiagen, Valencia, CA) as described previously (9/). The purified PSII core
complexes were suspended in 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH
6.0), 20 mM CaCla, 5 mM MgCl,, 50 mM histidine, 1 mM EDTA, and 0.03 % (w/v) n-
dodecyl B-D-maltoside, concentrated to approx. 1 mg of Chl per mL, flash-frozen in liquid
No, and stored at —80 °C. To verify the integrity of the large-scale cultures that were
harvested for the purification of the PSII core complexes, an aliquot of each large-scale
culture was set aside and the sequence of the relevant portion of the psbA4-2 gene was
obtained after PCR amplification of genomic DNA (700). No trace of the wild-type codon
was detected in any of the mutant cultures.

Preparation of FTIR samples. PSII core complexes were transferred into 40 mM
sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl,, 5 mM NaCl, 0.06% (w/v) n-dodecyl
-D-maltoside, concentrated, mixed with 1/10 volume of fresh 100 mM potassium
ferricyanide, spread in the center 13 mm of a 25 mm BaF> window, then dried lightly with

N> gas (70). The lightly dried samples were rehydrated with six 1 uL drops of a solution
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0f20% (v/v) glycerol to maintain the sample humidity at 99% RH (/07). A second window
was placed over the first with a thin O-ring spacer in between (70, 72, 91, 102). 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 (70, 72, 91, 102). For each
sample, the absorbance at 1657 cm™ (amide I band) was 0.6 — 1.1.

FTIR Spectroscopy. Spectra were recorded with a Bruker Vertex 70 spectrometer
(Bruker Optics, Billerica, MA) outfitted with a pre-amplified, midrange D317 photovoltaic
MCT detector (Kolmar Technologies, Inc., Newburyport, MA), as described in ref. (70).
Actinic flashes (~20 mJ/flash, ~7 ns fwhm) were provided by a frequency-doubled Q-
switched Nd:YAG laser (BRIO, Quantel USA, Bozeman, MT). After dark adaptation,
samples were given 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 was included to allow the oxidation of Qa™™ by the ferricyanide. Difference spectra
of the successive S-state transitions (e.g., Sa+1—minus—Sn difference spectra, written as
Sn+1—Sh in this study), were obtained by dividing the transmission spectrum obtained after
the n flash by the transmission spectrum obtained 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 — 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 19 times. The spectra of 9-20 samples were averaged (see
figure legends). The amplitudes of the D1-E189G and D1-E189S difference spectra were
multiplied by factors of 4.0 to 5.2 to normalize the amplitudes of the peaks corresponding
to the reduction of ferricyanide to ferrocyanide by Qa™~ (at 2115 and 2037 cm™,
respectively) to those in the corresponding wild-type spectra (this procedure normalizes
the spectra to the extent of flash-induced charge-separation involving the formation of
Qa™).

Other Procedures. Chlorophyll concentrations and initial light-saturated rates of O>

evolution were measured as described previously (/03).

5.4 RESULTS

D1-E189G and D1-E189S cells were characterized previously (80). They are non-
photoautotrophic and evolve no O>. D1-E329A cells are photoautotrophic and evolve
oxygen at approximately 80% the rate of wild-type cells under light-saturated conditions.
The PSII core-complexes isolated from D1-E329A cells for this study exhibited a maximal
light-saturated oxygen-evolution rate of 5.7 = 0.2 mmol of O, (mg of Chlehr)!, similar to
the rate typically measured for wild-type in this laboratory (5.3 + 0.2 mmol of O2 (mg of
Chlehr)!, e.g., ref. (96)).

FTIR characterization of DI-E189G and DI-E189S. The mid-frequency FTIR
difference spectra produced by the first, second, third, and fourth flashes given to wild-
type PSII core complexes correspond predominantly to the S»-Si, S3-S», So-S3, and Si-So
FTIR difference spectra, respectively (87-90). The spectra of DI-E189G, D1-E189S, and
wild-type PSII core complexes are compared in Figure 5.2. The amplitudes of the D1-
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E189G and D1-E189S spectra produced by the first flash are considerably lower than that
of the corresponding spectra of wild-type but are recognizable as corresponding
predominantly to the S>-S; spectrum. The lower amplitudes (25-30% compared to wild-
type before normalization) were expected because some PSII reaction centers in these
mutants lack photo-oxidizable Mn ions ((80) and see below) and because a previous study
reported that significant fractions of Mn clusters in these mutants fail to reduce Yz~ after a
flash, although they protect Yz from reduction by exogenous Mn?" ions (80).

The amplitudes of the D1-E189G and D1-E189S spectra produced by the second,
third, and fourth flashes were extremely low. In the second-flash spectra, the features in
the veym(C=0) region, e.g., those at 1446(+) cm™!, 1425(-) cm™!, 1415(+) cm™!, and 1399(-)
cm™ in D1-E189G, could represent either a small fraction of centers that advanced to the
S, state (having not done so in response to the first flash because of a non-zero miss
parameter), a small fraction of centers that advanced to the S3 state, or a combination of
both. However, the partial reversal of features observed in this region of the third flash
spectra of D1-E189G, e.g., those at 1443(-) cm™!, 1424(+) cm™!, and 1414(-) cm™ suggest
that a small fraction of mutant PSII centers advance to the S; and So states. Many features
in the mutant spectra produced by the second, third, and fourth flashes, e.g., those at
1703(-) em™!, 1696(+) cm™!, 1553(+) cm’!, 1541(-) em!, 1517(-) em!, 1502 (+) cm’, and
1253(-) cm! resemble those of Yp'-Yp (104-107). In Mn-depleted PSII core complexes
from Synechocystis sp. PCC 6803, the Yp' radical decays in minutes in the presence of
ferrocyanide (produced by the reduction of ferricyanide by Qa™) (/08). Because 25-30%

of PSII reaction centers in D1-E189G and D1-E189S cells have been estimated to lack Mn
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ions (80), the oxidation of some Yp in DI1-E189G and D1-E189S PSII core complexes in
response to flashes spaced 13 sec apart was expected and demonstrates the presence of
some PSII core complexes lacking Mn ions. Some of the features of Yp'-Yp are also present
in the first flash spectra (e.g., the features at 1704(-) cm™, 1696(+) cm™, and 1253(-)
cm™). The other features of Yp'-Yp (e.g., those at 1553(+) cm™, 1541(-) em™, 1517(-)
cm!, 1502 (+) cm™!) undoubtedly underlie the altered features of the S>-Si spectra in the
mutants. The features of Yp'-Yp appear to dominate the spectra of the mutants that are
produced by the second, third, and fourth flashes.

The mid-frequency S»-S; spectra of D1-E189G and D1-E189S PSII core complexes
were altered substantially compared to wild-type. In the carbonyl stretching [v(C=0)]
region, the negative feature at 1747 cm™ was eliminated. In the amide I region, the 1680
(-)/1671(+) cm™! feature was diminished and upshifted 2-6 cm™ and the 1663(-)/1651(+)
cm’! feature was diminished. In the overlapping asymmetric carboxylate stretching
[Vasym(COO")] and amide II region, the 1610 (-) cm™, 1586(+) cm™, and 1561(-) cm’!
features were diminished and upshifted by 7-17 cm!, the 1543(-) cm™! feature and the
1531(+)/1523(-) cm™! derivative features were abolished, and the 1510(+) cm! feature was
sharply diminished. In the symmetric carboxylate stretching [vsym(COO™)] region, the
1434(+) cm! feature was upshifted to 1443(+) cm™, the 1416(-)/1410 (+) cm™ derivative
feature was upshifted to 1424(-)/1417(+) cm™', the 1401 (-) cm™ feature was downshifted
by 7 cm™ to 1394 cm!, and the 1364(+) cm™ feature was eliminated, being replaced by a
small negative feature at 1362 cm’!. In addition, the positive feature at 1260 cm™ was

eliminated.
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FTIR characterization of DI-E329A4. The mid-frequency FTIR difference spectra
of DI1-E329A and wild-type PSII core complexes are compared in Figure 5.3. The
amplitudes of the D1-E329A spectra were similar to those of wild-type and the individual
spectra largely resembled those of wild-type. The main mutation-induced alterations were
in the v(C=0), amide 1, and overlapping amide II/Vasym(COO") regions. In the v(C=0)
region, the mutation eliminated the 1747(-) cm™ feature from the S,-S; spectrum, the
1745(+) cm™! feature from the S3-S, spectrum, the 1746(+) cm™ feature from the So-S3
spectrum, and the 1750(+)/1743(-) cm™! derivative feature from the S;-So spectrum. In the
amide I region of the S-S; spectrum, the 1697(+) cm™ and 1671(+) cm’! features were
diminished, the 1664(-) cm™ and 1651(+) cm™! features were enhanced, a small positive
feature appeared at 1687 cm™!, and a large negative feature appeared at 1678 cm™'. The
1687(+) cm™ and 1678(-) cm’! features were reversed in the So-S3 spectrum. In the
overlapping amide II/Vasym(COO") region, the 1544(-) cm™ amide II feature in the S»-S;
spectrum was diminished, as was the corresponding 1544(+) cm™ feature in the So-S;
spectrum.

Changes in the O—H stretching vibrations of strongly H bonded O-H groups of
water molecules in PSII can be observed as very broad positive features between 3200 and
2300 cm™ (87-90). This region of the FTIR difference spectra of D1-E329A PSII core
complexes is compared with wild-type in Figure 5.4 (left panel). In each of the Sy+1-Sn
spectra, the broad features in this region are largely unaltered by the D1-E329A mutation.
However, the broad feature in the S»>-S1 spectra is overlain with numerous sharp, positive

peaks (left panel of Figure 5.4, upper traces). These sharp features correspond to Fermi

160



resonance peaks that arise from coupling between H bonded His N-H stretching modes and
combinations/overtones of imidazole ring modes (/09, 110). These features form during
the S1 to S; transition and are reversed during the S3 to So transition (109, 110). In our wild-
type data, these features are present in the S>-S; spectrum and appear to reverse during the
S3 to Sp transition and, to a lesser extent, during the So to S; transition (see So-S3 and S1-So
spectra in the left panel of Figure 5.4). However, the apparent reversal during the So to S;
transition may correspond to PSII centers advancing from S3 to Sy after the fourth flash
because of a non-zero miss parameter. In D1-E329A, the sharp positive features near 2820
cm’! in the S-S spectrum and the corresponding sharp negative features near 2820 cm™
in the So-S3 and S1-So spectra are absent or are sharply decreased. These features are shown
more clearly in wild-type-minus-D1-E329A double difference spectra that are presented in
the right panel of Figure 5.4. These spectra show that the Fermi resonance peak centered
near 2820 cm’! that forms in wild-type during the S to S, transition and that is largely
reversed during the S3 to Sy transition is absent or sharply diminished in the mutant.
Changes in the O—H stretching vibrations of weakly H bonded O-H groups of water
molecules in PSII can be observed as mostly negative features between 3700 and 3500
cm’! (87-90). This region of the FTIR difference spectra of D1-E329A PSII core complexes
is compared with wild-type in Figure 5.5. In the S»>-S; spectrum, the DI-E329A
mutation slightly shifts the small 3663(-) cm™ feature to 3661 cm™, the 3617(+) cm’
feature to 3608 cm’!, and the large 3585(-) cm™ feature to 3584 cm™. Differences

between D1-E329A and wild-type in the S3-S», So-S3, and Si-So spectra are minor.
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The differences that are observed could reflect baseline shifts, especially in the S3-S»

spectrum.

5.5 DISCUSSION

DI-E189. In the dark-stable S; state, the side chain of D1-Glul89 coordinates to
Mnl with one oxygen and to the Ca ion (weakly) with the other (6-12). A long-standing
mystery is that substituting the side chain of D1-E189 with the side chains of Q, K, and R
has little impact on the spectral properties, electron transfer rates, and O» evolution activity
of PSII (79-83). In contrast, substituting D1-E189 with smaller and less flexible side chains
such as D, N, H, G, and S eliminates or substantially inhibits advancement beyond an
apparent S»Y7z* state (80). Because PSII core complexes bearing the D, N, H, G, and S
mutations exhibited neither the Si nor the S; multiline EPR signals (80), the possibility
existed that the PSII reaction centers in these mutants do not fully assemble the MnsCa
cluster. Our data confirm that Mn4Ca clusters assemble in the D1-E189G and D1-E189S
mutants in a fraction PSII centers: a single flash produces an altered, but recognizable S»-
S1 FTIR difference spectrum in both mutants. The fractions of PSII centers assembling
clusters are 25-30% on the basis of the normalization factors applied to the S-S spectra,
but may be higher because some Mn clusters in these mutants fail to reduce Y7  after a
flash (80). Our data also confirm that the D1-E189G and D1-E189S mutations substantially
inhibit advancement beyond the S; state: the second, third, and fourth flashes applied to
DI-E189G and D1-E189S PSII core complexes produced very weak spectral features,
some of which demonstrate advancement to the S3 and Sy states in a very small fraction of

PSII centers. However, the spectra produced by these flashes appear to be dominated by
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features corresponding to Yp oxidation (i.e., features of the FTIR difference spectrum of
Yp'-Yp). These features also appear to be present in the spectra produced by the first flash
and presumably arise from PSII centers lacking Mn clusters.

The alterations of the mid-frequency S»>-S1 FTIR difference spectrum produced by
the D1-E189G and D1-E189S mutations are more extensive than produced by any other
mutation studied so far, with the possible exception of D1-V185N (a non-conservative
mutation of a residue located adjacent to numerous water molecules in the extensive
network of H bonds that links Yz with D1-D61) (102). In the v(C=0) region, the negative
feature at 1747 cm™! is also eliminated by the D1-E65A (98), D1-N298A (95), and D2-
E312A (98) mutations and by sample dehydration (98) and is diminished by the CP43-
E354Q (111), D1-D61A (91), D1-R334A (99), DI-V185N (102), and D1-S169A (73, 93)
mutations. This feature downshifts in D>O and has been assigned to a protonated
carboxylate group whose pK. decreases in response to the charge the develops on the
Mn4Ca cluster during the S; to S transition (98, 99). In the vasym(COO")/amide 1I region,
the substantial decrease of the 1586(+) cm™ feature is also produced by the D2-K317A
(112), D1-D61A (91, 98), D1-Q165E (99), D1-R334A (99), D1-N181 (94), D1-N298A
(95),D1-V185N (102), and D1-S169A (73, 93) mutations. However, most of the mutations
examined previously only diminished this feature’s intensity. In contrast, the D1-E189G
and D1-E189S mutations caused it to upshift by 8-13 cm™'. Only the D1-D61A and DI-
N298A mutations have been reported to cause shifts previously (4 cm™ downshift in D1-
D61A (91, 98) and 2-3 cm™! upshift in D1-N298A (95)), although a recent characterization

of the D1-S169A mutation reports an upshift of 6 cm™ (/13). This feature corresponds to
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a Vasym(COO") mode because it shifts in globally '*C-labeled samples (174-117) but not in
globally ®N-labeled samples (171, 112, 115-117). This mode’s 8-13 c¢cm! shift in D1-
E189G and D1-E189S implies that these mutations alter this mode’s environment to a
greater extent than any mutation examined previously. A substantial decrease of the
1544(-) cm™! feature is also produced by the D1-D61A (91, 98), D1-E65A (98), D2-E312A
(98), D1-R334A (99), DI-N298A (95), and D1-S169A (73, 93) mutations, and to a lesser
extent by the D1-E329Q (98) and D1-E329A (this study) mutations. However, this feature
is decreased to a greater extent by D1-E189G and D1-E189S than by any other mutation
yet examined, except possibly D1-N298A. The elimination of the 1531(+)/1523(-) cm’!
feature is also caused by the D1-D61A (91, 98), D2-E312 (98), D2-K317A (112), D1-
R334A (99), DI-N181A (91), D1-N298A (95), D1-V185N (102), and D1-S169A (93)
mutations and to a lesser extent in some preparations having Sr?* substituted for Ca* (70,
118, 119). The 1544(-) and 1531(+)/1523(-) cm™ features correspond to amide II modes
because they shift in both '*C labeled (174-117) and "N labeled (111, 112, 115-117)
samples. The greater decrease of the 1544 cm™! feature by D1-E189G and D1-E189S
implies an even greater alteration to some parts of the protein backbone than by most
mutations examined previously. The substantial decrease of the 1509(+) cm™ feature is
also produced by the D1-D61A (/02) mutation, and to lesser extents by the CP43-E354Q
(97, 111),D2-K317A (112), D1-E333Q (96), D1-R334A (99), D1-Q165E (99), D1-S169A
(73, 93, 113), and D1-N298A (95) mutations. This feature corresponds to overlapping
amide II and Vasym(COO™) modes (/7). In the vsym(COO") region, alterations between 1434

cm™ and 1400 cm!, particularly the upshift or elimination of the 1416(-)/1410(+) cm™
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feature, are also produced by the CP43-E354Q (/11), D1-K317A (112), D1-R334A (99),
DI1-D61A (91), DI-N181A (94), D1-N87D (92), D1-V185N (102), and D1-S169A (73,
93) mutations. A substantial decrease of the 1364(+) cm™! feature is also produced by the
D2-E312A (98), D1-Q165E (99), D1-R334A (99), DI-D61A (91), D1-N298A (95), and
D1-V185N (102) mutations, by the substitution of Sr** for Ca* (70, 86, 118-121), and to
lesser extents by the DI-N181A (94) and D2-K317A (/12) mutations. However, the
decrease of this feature produced by D1-E189G and D1-E189S mutations is more extreme:
the feature is entirely eliminated, being replaced by a small negative feature at 1362 cm™.

As described in the previous paragraph, the alterations to the S>-S; FTIR difference
spectrum produced by the D1-E189G and D1-E189S mutations resemble those produced
by many other mutations that perturb the extensive network of H bonds that surrounds the
MnsCa cluster, a region bounded approximately by D1-N87, D1-N298, and D2-K317.
These similarities show that the D1-E189G and D1-E189S mutations perturb the same
extensive network of H bonds. Because D1-E189 coordinates to Mnl, one might expect
that these mutations would also perturb the structure of the Mn4Ca cluster itself. Indeed,
on the basis of a computational study that was based on a refinement of the original 1.9 A
structure of PSII, the orientation of D1-E189 was predicted to “tune” the MnsCa cluster’s
electronic properties (/22). The absence of S; and S; state multiline EPR signals in mutant
PSII core complexes having D1-E189 replaced with D, N, H, G, or S (80) supports this
prediction. Furthermore, the alterations to the S, state multiline EPR signal produced by
Sr/Ca exchange, Ca depletion, and NH3-binding/annealing have been attributed to subtle

changes in the ligation environment of the S, state’s single Mn(IIl) ion (29, 33, 123-125).
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In the low-spin conformer of the S state that gives rise to the multiline EPR signal, this
Mn(III) ion is located at the Mn1 position and is coordinated to by D1-E189. Therefore,
mutation of this residue would be expected to perturb the magnetic properties of the S>
state. The absence of the S; and S, state multiline EPR signals in mutant PSII core
complexes having D1-E189 replaced with D, N, H, G, or S (80) implies that replacing D1-
E189 with a small, inflexible side chain at least subtly perturbs the MnsCa cluster’s
structure in addition to perturbing the structural components of the network of H bonds that
surrounds the Mny4Ca cluster.

Why, then, does replacing the side chain of D1-E189 with Q not modify the S; and
S, state multiline EPR signals (80, 81), why does replacing E with Q or R not significantly
alter the appearance of the mid-frequency FTIR difference spectra (81, §3), and why does
replacing E with the strikingly dissimilar side chains of Q, K, or R permit steady-state O»
evolution rates that are 70-80% of wild-type (80, 81) and not significantly alter the rates of
electron transfer from MnsCa to Yz or from Yz to Peso™ (82)? One explanation is that
cells containing the Q, R, and K mutations have replaced the mutated amino acid residue
with the native E side chain, despite there being no wild-type gene in the organism (all
cultures harvested for the spectroscopic studies cited above had the relevant portion of their
psbA-2 gene amplified by PCR and sequenced to verify the presence of the mutated codon
and the absence of the wild-type codon). Such a replacement was recently reported for a
newly constructed D1-D170H mutation (//3), although no mechanism was provided to
explain how cells would convert the mutated amino acid residue to wild-type in the absence

of the wild-type gene”. However, it should be noted that D1-E189Q, D1-E189R, and D1-
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E189K cells evolve O2 at only 70-80% the rate of wild-type (80, §1), that the S2/S| midpoint
potential in D1-E189Q cells and PSII core complexes is decreased substantially compared
to wild-type (87), and that the D1-E189Q mutation alters the low-frequency S»>-S; FTIR
difference spectrum between 640 and 570 cm™ (81), including the 625(-) cm™ and 606(+)
cm’! features that have been assigned to Mn-O-Mn cluster modes (116, 133, 134) and a
577(-) em! feature that has been assigned to a cluster skeletal vibration or a Mn-O
stretching mode (/16). Therefore, despite the Q, R, and K mutations having little impact
on the spectral properties and electron transfer rates (79-83), the properties of D1-E189Q,
D1-E189R, and D1-E189K cells and PSII core complexes are not completely those of wild-
type. In addition, it would be curious that, if cells can convert Q, R, and K to the wild-type
E, they don’t appear to similarly convert any of the 12 mutations that eliminate
photoautotrophic growth (80), i.e., D, N, H, A, T, M, C,F, Y, V, G, and S.

Another explanation is suggested by the flexibility and H bonding characteristics
of the Q, R, and K side chains in comparison to the native E. Photothermal beam deflection
(84, 85) and time-resolved X-ray absorption (64) measurements have shown that proton
movements precede Mn oxidation during the S; to S3 transition. Time-resolved IR studies
have shown that the initial phase of the S to S3 transition (during the first 100 us after the
light-induced excitation of Psgo) involves changes in the network of H bonds that link Yz
with the MnsCa cluster (65, 136). The recent serial femtosecond X-ray crystallographic
studies show that the side chain of DI-E189 moves during the S> to Sz transition to
accommodate the relocation/insertion of Os/Ox (11, 12, 22). In the most recent study (/2),

within 50 ps of the excitation of Peso, D1-Glu189 moves away from the Ca ion by ~ 0.4 A
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(12). By 150 ps, this residue also moves away from W25 by ~ 0.3 A, thereby weakening
the H bond between D1-Glul89 and this water molecule, which in turn forms an H bond
with the phenoxyl group of Yz. The latter movement positions D1-Glul89 to form an H
bond with O¢/Ox, whose density begins to appear ~ 150 ps and becomes maximal at ~ 400
us (1/2). The movement of DI1-Glul89 away from the Ca ion and W25 occurs before
electron transfer from Mn4Ca to Yz has begun. These movements also bring W25 and W3
closer together and have been suggested to facilitate the subsequent deprotonation of W3
by W25 (with W25 relaying the proton to Yz) in preparation for W3’s transfer to the Os/Ox
position as a hydroxide ligand (/2). Central to these proton movements and the relocation
of O¢/Ox are the flexibility and H bonding characteristics of the side chain of D1-Glul89.
We suggest that the flexibility and H bonding characteristics of the Q, K, and R side chains
explain why these disparate functional groups support the S> to S3 transition in the DI1-
E189Q, DI-E189K, and D1-E189R mutants: the flexibility and H bonding characteristics
of Q, K, and R could maintain a network of H bonded water molecules linking Yz and the
Caion and facilitate the deprotonation/relocation of W3 during the S, to S3 transition even
if the exact make-up of the network differs from that present in wild-type PSII®. In addition,
if the rate-limiting steps are not altered, electron transfer from Y7z to Peso™ and from the
Mn4Ca cluster to Yz" may occur with the same rates as in wild-type. In contrast, smaller
side chains such as those of D, N, H, G, or S presumably lack the H bonding characteristics
and/or flexibility to support the proton movements that precede Mn oxidation during the
S» to S3 transition. Consequently, these mutations may prevent advancement beyond the

S,Yz* state in the same manner as the removal of Ca?" or CI” or the treatment with
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inhibitors such as F~ or acetate (42, 137, 138). We also suggest that the ligation
environment of Mnl is sufficiently similar in D1-E189Q and wild-type to support the
appearance of the normal S; and S; state multiline EPR signals in the mutant (the EPR
properties of the K and R mutants have not yet been reported). The substantial alterations
to the S>-S1 FTIR spectrum produced by the D1-E189G and D1-E189S mutations show
that small, inflexible side chains substantially alter the network of H bonds extending from
D1-D61 to Yz. We suggest that these alterations alter the magnetic properties of the MnsCa
cluster in the S; state and the ligation environment of Mn1 in the S state sufficiently to
prevent formation of the S; and S, multiline EPR signals.

D1-E329 — protein vibrational modes. One of the most striking D1-E329A-induced
alterations to the mid-frequency FTIR difference spectra is the elimination of the main
features in the v(C=0) region from all the S,+1-Sn spectra. These features were shown
previously to be eliminated by the D1-E329Q mutation (98). The elimination of the 1747(-)
cm’! feature from the S,-S1 spectrum, the 1745(+) cm™ feature from the S3-S; spectrum,
the 1746(+) cm™! feature from the So-S3 spectrum and the 1750(+)/1743(-) cm™ derivative-
shaped feature from the S-Sy transition were interpreted previously as showing that D1-
E329 participates in those parts of the H bond net network surrounding the Mn4Ca cluster
that govern the carboxylate pK, changes that accompany the individual S state transitions
(98, 99). The participation of D1-E329 in this H bond network is also suggested by the
decreased amplitude of the 1544(-) cm™ feature in the D1-E329A S>-S; spectrum, as was
discussed above in connection with the D1-E189 mutations. The D1-E329A-induced

alterations to the amide I region are also noteworthy, particularly the appearance of a large
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negative feature at 1678 cm™! in the S»-S1 spectrum and its apparent reversal in the So-S3
spectrum. The D1-E329Q mutation perturbs the amide I region to a much lesser extent and
does not produce the 1678(-) cm™ feature in the S-S spectrum (98). Although the 1678(-)
cm’! feature is located in a region where one might expect features from the v(C=0)
vibrations of Asn or Gln or the vasym(CN3)Hs" vibration of Arg (139), this feature more
likely reflects a rearrangement of the backbone carbonyl of D1-E329. The side chain of
this residue forms a hydrogen bond with CP43-T412. Because E and Q are isosteric, this
hydrogen bond may be maintained in the D1-E329Q mutation, but the absence of this
interaction in D1-E329A may alter the backbone carbonyl of the residue at this position.
This point will be discussed further below.

DI1-E329 — strongly H bonded water molecules. The broad features observed
between 3200 cm™ and 2200 cm™! in the individual FTIR difference spectra have been
assigned to the vibrations of polarizable protons in the network of H bonds that surrounds
the Mn4Ca cluster (86, 140). On the basis of a QM/MM analysis (86), it was concluded
that the broad feature in the S>-S; spectrum is dominated by the O-H stretching modes of
W1 and W2 (86). The D1-D61A mutation eliminates this feature (97), consistent with the
H bond that exists between this residue and W1 (6, 7, 9, 11, 12, 21, 22). Other mutations
that alter this feature to a substantial degree are D1-S169A (93), DI-N181A (94), and D1-
N298A (95). This broad feature is largely unaltered by the D1-E329A mutation. Given the
large distance between D1-E189 and the two water molecules, W1 and W2, the absence of
a substantial alteration of the broad feature in the S»-Si spectrum of D1-E329A is not

surprising. The feature’s positive amplitude implies that the increased charge that develops
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on the Mn4Ca cluster during the S; to S transition strengthens the H bonds in which W1
and W2 participate (86). The positive features in this region of the other Sy+1-Sy FTIR
difference spectra imply that the structural changes and water/proton relocations that take
place during these transitions strengthen the H bonds of the water molecules that give rise
to these features. The lack of any substantial D1-E329A-induced alteration to the broad
features of the S3-Sz, So-S3, and Si-Sp spectra in this region show that the H bonded water
molecules that give rise to the positive features in these spectra do not interact with D1-
E329.

As noted earlier, the sharp features that overlie the broad features in this region
correspond to Fermi resonance peaks that arise from coupling between His N-H stretching
modes and combinations/overtones of imidazole ring modes (109, 110). That the Fermi
resonance peaks centered at 2820 cm™! are eliminated or substantially diminished by the
D1-E329A mutation implies that the N-H stretching mode giving rise to these resonance
peaks has been altered. Such an alteration could be caused by a change to the strength of
the H bond of the N-H group. Recently, this group has been assigned as the Nt-H moiety
of D1-H337 (110). One possibility is that the alterations to the polypeptide backbone
caused by the D1-E329A mutation alter the Nt-H stretching mode of D1-H337 sufficiently
to diminish/eliminate the Fermi resonance peaks near 2820 cm™!. However, the other Fermi
resonance peaks in the S»-S; spectrum appear to be unaltered. Another possibility is that
the sharp features in these spectra include Fermi resonance peaks involving D1-H332. The
Nn-H group of D1-H332 forms an H bond with the backbone carbonyl of D1-E329. The

alterations to the polypeptide backbone produced by the DI-E329A mutation, manifested
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in part by the appearance of the 1678(-) cm™ feature in the S»-S; spectrum, may alter the
interaction between the Nn-H group of D1-H332 and the backbone carbonyl sufficiently
to diminish/eliminate the Fermi resonance peaks of D1-H332 without altering those of D1-
H337¢.

D1-E329—weakly H bonded water molecules. The features observed between 3700
cm™ and 3500 cm™ in the individual FTIR difference spectra have been assigned to weakly
H bonded O-H stretching modes of water molecules that are coupled to the MnsCa cluster.
Negative features correspond to water molecules that either deprotonate or form stronger
hydrogen bonds (i.e., weakly H bonded O-H groups become strongly H bonded). Unlike
the features in the mid-frequency FTIR difference spectra, the features in the weakly H
bonded O-H stretching region do not oscillate during the S state cycle. The lack of
oscillations has been attributed, at least in part, to the consumption of the two substrate
water molecules during the S state cycle (86, 89, 90, 140). On the basis of the same
QM/MM analysis mentioned previously (86), the features in this region of the S»-S;
spectrum were concluded to arise from O-H stretching modes that are highly coupled (86).
Only nine water molecules between D2-E317 and Yz were included in the QM/MM
calculations. Nevertheless, the localization to this region and its vicinity of the water
molecules whose weakly H bonded O-H stretching modes change during the Si to S»
transition has been confirmed by the analyses of numerous mutations. For example, the
3663(-) cm™ and 3617(+) cm™! features in the S>-Si spectrum are eliminated by the D1-
D61A (91), DI-S169A (93), D1-N298A (95), D1-E333Q (96), and CP43-E354 (97)

mutations and are diminished by the D1-N181A and D1-N181S mutations (94). The
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3617(+) cm™! feature is also eliminated by the D1-N87A (92), N87D (92), and D1-V185N
(102) mutations and by the substitution of Sr** for Ca>" (70). The minor alterations to the
features in this region of in the S>-S; spectrum that are produced by the D1-E329A mutation
provides additional evidence that the water molecules whose vibrational properties change
during the Si to S, transition are confined approximately to the region bounded by D1-
N87, D1-N298, and D2-K317. None of the mutations mentioned in this paragraph (except
D1-D61A during the S> to S3 transition (97)) alter the features in this region of the S3-S,,
So-S3, or S1-So spectra. We find that the same appears to be true for the D1-E329A mutant.

Our analysis of the D1-E329A mutation was an initial attempt to test the possibility
that the O-H stretching modes of H bonded water molecules that change during the S, to
S3, S3 to So, and Sp to S; transitions correspond primarily to water molecules in the O1
channel. That the D1-E329A mutation causes little substantial change to the features of
either strongly H bonded or weakly H bonded water molecules in the S3-S», So-Ss3, or Si-
So spectra shows that analysis of additional mutations will be required to test this possibility

further.

5.6 SUMMARY AND CONCLUSION

In this study, we showed that the D1-E189G and D1-E189S mutations support
MnsCa cluster assembly, substantially inhibit advancement beyond the S» state, and
substantially alter the network of H bonds that surrounds the Mn4Ca cluster. We provided
rational for the D1-E189Q, DI1-E189K, and DI-E189R mutations’ little impact on the
activity, electron transfer rates, and spectral properties of Photosystem II. We also showed
that the D1-E329A mutant does not substantially perturb the structure of PSII or the water
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molecules whose O-H stretching modes change during the catalytic cycle, providing
additional evidence that the water molecules whose vibrational properties change during
the Si to S transition are confined approximately to the region bounded by D1-N87, D1-

N298, and D2-K317.
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5.8 ADDITIONAL NOTES

Abbreviations: Chl, chlorophyll; EDTA, ethylenediaminetetraacetic acid; FTIR,
Fourier transform infrared; MES, 2-(N-morpholino)-ethanesulfonic acid; Peso, chlorophyll
multimer that serves as the light-induced electron donor in PSII; PSII, photosystem II; Qa,
primary plastoquinone electron acceptor; Yz, tyrosine residue that mediates electron
transfer between the Mn4OsCa cluster and Pego™, Yp, tyrosine residue that acts as an
additional electron donor to Peso"™

“The original D1-D170H mutations were constructed independently in the psbA-2
(100) and psbA-3 (126) genes of Synechocystis sp. PCC 6803 and were transformed into
independently constructed Synechocystis host strains that lacked all three psbA genes. The

mutation was also constructed in Chlamydomonas reinhardtii (127). The resulting D1-
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D170H cells were only weakly photoautotrophic, assembled MnsCa clusters in only
approx. 50% of their PSII centers, and evolved O at only approx. 50% the rate of wild-
type cells. Mn-depleted D1-D170H PSII core complexes showed an elevated K for
binding Mn?* to the high-affinity Mn binding site (/26), illumination of Mn-depleted D1-
D170H PSII core particles in the presence of Mn** ions produced a Mn>" ion having altered
parallel polarization EPR properties compared to wild-type (/28), and photoactivation of
Mn-depleted D1-D170H resulted in the accumulation of non-functional high-valent Mn
ions in approx. 50% of the mutant PSII centers (/29). Although the EPR/ESEEM properties
(123, 130) and the mid-frequency FTIR difference spectra (1317, 132) of intact D1-D170H
PSII core complexes exhibited no significant perturbations, the low-frequency S>-S1 FTIR
difference spectrum showed that the mutation shifts the 606 cm™ Mn-O-Mn cluster mode
(116, 133, 134) to 612 cm™ (131). Therefore, the properties of the original D1-D170H
mutations were not completely those of wild-type. In Ref. (//3), no mechanism was
provided to explain how cells can convert D1-H170 to the D1-D170 in the absence of the
wild-type gene, although it was suggested that DI-D170H cells might be extremely
sensitive to light. However, none of the other 19 mutations constructed at D1-D170 have
been reported to be particularly light-sensitive (79, 100, 126, 127). In contrast, many
mutations constructed in the C-terminal domain of the D1 polypeptide, e.g., at D1-H332,
D1-E333, D1-H337, or D1-D342, are so light-sensitive that, for many mutations, cells had
to be propagated in very dim light to permit analysis (/35). Furthermore, none of the
mutations constructed at these C-terminal residues exhibited wild-type properties (135). If

cells can convert D1-H170 to D1-D170 in the absence of the wild-type gene, it is curious
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that they don’t appear to similarly convert any the 17 non-photoautotrophic mutations
constructed at this position, many of which prevent assembly of the Mn4Ca cluster (79,
100, 126). Also, it should be noted that the photoautotrophic mutant D1-D170E has
properties that are perturbed compared to wild-type (126, 128, 129) and that the weakly
photoautotrophic mutant D1-D170V was originally isolated as a weakly photoautotrophic
pseudo-revertant of the non-photoautotrophic mutant, D1-D170A (79).

To explain the photoautotrophic growth of the mutants D1-E189L and D1-E189]I,
it has been proposed (80) that the relative bulk and hydrophobicity of Leu and Ile cause
structural perturbations that permit the missing D1-E189 carboxylate group to be replaced
by another residue or by a water molecule or hydroxide ion. A similar explanation was
advanced (79) to explain the ability of D1-D170V cells to grow photoautotrophically and
the ability of D1-D170L and D1-D1701I cells to evolve O despite the role of D1-D170 as
a bridging ligand between Mn4 and the Ca ion.

“This possibility was suggested to us by a reviewer.
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FIGURE 5.1 Water molecules and selected residues in the vicinity of the MnsCaOs cluster
based on 4UB6 (7). All residues shown are from the D1 subunit unless indicated otherwise.
The salmon-colored spheres are the manganese ions. The yellow sphere is the Ca** ion.
The green sphere is the CI™ ion. The red spheres are the oxygen atoms of water molecules
and p-oxo bridges. The unusually long “bond” between Mnl and OS5 is depicted with a

dashed line. Water molecules are labeled as in ref. (72).
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FIGURE 5.2 Mid-frequency FTIR difference spectra of wild-type (black), DI-E189G (left
panel, red), and DI-E189S (right panel, red) PSII core complexes in response to four
successive flash illuminations applied at 0°C. The wild-type data represent the averages of
16 samples (30,400 scans for each trace). The D1-E189G data represent the averages of 20
samples (35,000 scans for each trace). The D1-E189S data represent the averages of 8
samples (15,200 scans for each trace). The D1-E189G spectra were multiplied by factors
0f'4.0 to 5.7 and the D1-E189S spectra were multiplied by factors of 3.4 to 5.9 to normalize
the wild-type and mutant spectra to the extent of the flash-induced formation of Qa™". The
dark-dark control traces show the noise level and the stability of the baseline (lower traces).

The dark-dark control traces of the mutants were multiplied by a factor of 4.0.
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FIGURE 5.3 Mid-frequency FTIR difference spectra of wild-type (black) and D1-E329A
(red) PSII core complexes in response to four successive flash illuminations applied at 0°C.
The wild-type data are the same as depicted in Figure 5.2 and represent the averages of 16
samples (30,400 scans for each trace). The D1-E329A data represent the averages of 9
samples (15,400 scans for each trace). The dark-dark control traces show the noise level

and the stability of the baseline (lower traces).
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FIGURE 5.4 Left Panel: FTIR difference spectra of wild-type (black) and D1-E329A (red)
PSII core complexes between 3100 and 2150 cm™ in response to four successive flash
illuminations applied at 0°C. The data were collected simultaneously with those that are
shown in Figure 5.3. Dark-dark control traces show the noise level and the stability of the
baseline (lower traces). Right Panel: Wild-type-minus-D1-E329A double difference

spectra. The difference spectra shown in the left panel were subtracted directly.
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FIGURE 5.5 FTIR difference spectra of wild-type (black) and D1-E329A (red) PSII core
complexes in the weakly hydrogen bonded O—H stretching region in response to four
successive flash illuminations applied at 0°C. The data were collected simultaneously with
those that are shown in Figure 5.3. Dark-dark control traces show the noise level and the

stability of the baseline (lower traces).
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