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the catalytic center as well as other important co-factors and key residues in the enzyme. The latest crystal
structural data of PSII have enabled detailed analyses of the location and possible function of water molecules
in the enzyme. Significant progress has also been made recently in the investigation of channels and pathways
through the protein complex. Through these studies, the mechanistic significance of water for PSII is becoming

gﬁﬁgig,d:gem Il increasingly clear. An overview and discussion of key aspects of the current research on water in PSIl is presented
Water here. The role of water in three other systems (aquaporin, bacteriorhodopsin and cytochrome P450) is also
Channel outlined to illustrate further points concerning the central significance that water can have, and potential appli-
Proton cations of these ideas for continued research on PSIL. It is advocated that water be seen as an integral part of the
Oxygen protein and far from a mere solvent.

Grotthuss

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

PSII is a large homodimeric transmembrane protein complex
found in the thylakoid membranes of higher plants, cyanobacteria
and green algae. At a recent count it consists of more than 40 protein
subunits that are stably or transiently bound in the complex [1]. Its
function as a water-plastoquinone oxidoreductase has been studied
for many years, and readers are referred to the numerous excellent
books and reviews for details of specific aspects of the biochemistry,
mechanism and energetics of this enzyme [2-8]. Briefly, PSII utilizes
the sun's energy to split water into electrons, protons and oxygen
(2H,0 — 4e~ + 4 H" + 0,). Energy from absorbed photons is trans-
ferred from large chlorophyll antennae to the reaction center, where a
special assembly of two chlorophyll molecules, known as Pggo, is
found. Excitation of Pggg leads to charge separation, where an electron
is transferred to a pheophytin, the plastoquinone Q4 and finally to
plastoquinone Qg. In the course of two charge separation events, Qg is

Abbreviations: AQP, aquaporin; bR, bacteriorhodopsin; BRC, bacterial reaction center;
CYP, cytochrome P450; FTIR, Fourier transform infrared; KIE, kinetic isotope effect; LCS,
large channel system; MD, molecular dynamics; MSMD, multiple steered molecular dy-
namics; Pego, the primary donor in Photosystem II; PBD, photothermal beam deflection;
PSII, Photosystem II; Qa, the first quinone acceptor in Photosystem Il/bacterial reaction
center; Qg, the second quinone acceptor in Photosystem II/bacterial reaction center;
Tyrp, the D2-Tyr160 residue in Photosystem II; Tyrz, the D1-Tyr161 residue in
Photosystem II; WT, wild-type
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reduced and protonated twice to give the plastoquinol QgH, that leaves
the acceptor side of PSII, to be replaced by a plastoquinone molecule
from the plastoquinone pool of the thylakoid membrane. The electron
hole at Pggo is filled via a proton-coupled electron transfer reaction
from a redox-active tyrosine residue, D1-Y161, also known as Tyr.
The TyrZ radical thus formed is re-reduced by a Mn4CaOs cluster. This
cluster is the catalytic heart of PSII, buried in the protein matrix on the
luminal side of PSIL It is ligated by amino acid residues mainly from the
D1 subunit of PSII, and is where water oxidation takes place. Four charge
separation events lead to the accumulation of sufficient oxidation equiv-
alents in the Mn4CaOs cluster to oxidize two water molecules. During
this process, the MnsCaOs cluster undergoes transitions between a
number of intermediate states known as S,-states (n = 0-4). These
transitions are known collectively as the S-cycle. Overall, water oxidation
is one of the most energetically demanding reactions in nature (AE,, =
1.23 V), with the excited Pggq that drives the numerous steps in charge
separation lying 1.83 eV above the Pggo ground state.

Water is much more than a solvent for PSII — it is also the substrate.
In order for water to access the catalytic Mn4CaOs cluster, channels are
needed. Not only that, there is also the need to conduct protons away
from the Mn4CaOs cluster during the catalytic cycle as part of a process
referred to as redox leveling [6,9,10] (see more details later). Water is
involved by forming the pathways for this and other proton conduction
events in PSIL. As such, there is much interest in discovering both
channels that permit the flow of substrate and products to and from
the Mn4CaOs cluster, as well as proton pathways that in other cases
also involve water molecules.
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In the following we give an overview of the advances in discovering
the location, function and role of water molecules in PSII, including the
channels and pathways associated with them. Beginning with an analy-
sis of the position of the water molecules resolved in the highest resolu-
tion crystal structure to date, we will present a review of studies dealing
with the structure and characterization of channels and pathways in
PSII, as well as the mechanistic implications of their properties. As will
be discussed below, water plays key roles in redox reactions both at
and away from the site of water oxidation. Understanding the location,
organization and role of water is an important part of unraveling the
mechanism and function of PSIL Finally, we will extend our attention
to a number of other well-investigated protein systems where water
plays functionally important roles, demonstrating the importance of
considering water as an integral part of the machinery of many protein
systems.

2. Analysis of water molecules resolved in the PSII crystal structure

One of the major advances that came with the 1.9 A crystal structure
of PSII from Thermosynechococcus vulcanus (PDB ID: 3ARC, [11])
compared to earlier structures [12-14] is that for the first time a large
number of water molecules were resolved. In total 2795 water
molecules were found in the dimeric PSII complex. In this section, the
distribution and location of these water molecules are discussed.

Visualization of the water molecules associated with the PSII com-
plex with the protein and co-factors hidden shows that the majority
of water molecules are found above and below the thylakoid membrane
plane (Fig. 1A). Not surprisingly there are only very few water mole-
cules found within the transmembrane region. While this is perfectly
reasonable given that the transmembrane region is embedded in the
hydrophobic region of the thylakoid membrane under physiological
conditions, it is nevertheless an important observation to point out.
PSII is not replete with water throughout its structure, and clearly not
a uniform “sponge”. For instance, no channels linking the MnsCaOs
cluster to the stroma have been found in previous analyses of the
structure [15,16] and this is confirmed by this crystal structure.

The constituent monomers in the PSII complex were individually
refined in the asymmetric unit cell for building the crystal structure [11].
When the monomers and their associated co-factors and water mole-
cules are overlaid onto each other, it can be seen that the protein struc-
tures are essentially identical. Analysis of the resolved water molecules
reveals, however, that they are unevenly distributed between the two
monomers, with 1457 water molecules being associated with one

monomer, and 1338 water molecules with the other. The positions of
the water molecules have been compared (Fig. 1).

Where two water molecules (or more strictly speaking, oxygen
atoms assigned to water molecules) from the two monomers are
located within a distance of 1 A of each other, these were designated
as conserved and overlapping water molecules. The remaining water
molecules were designated as non-conserved water molecules between
the two monomers. This analysis revealed that 294 (20%) and 175 (13%)
of the water molecules from the two respective monomers (hereinafter
referred to as monomer 1 and monomer 2) do not overlap with a
corresponding water molecule in the other monomer (Fig. 1B). The
remaining 1163 water molecules in each monomer are conserved
between the two monomers.

Two comments can be made about this observation. Firstly, the ma-
jority of resolved water molecules in PSII are localized in well-conserved
positions between both monomers. An average of 83% of the water
molecules associated with each monomer are located at essentially
exactly the same spots in both monomers. This suggests that these
water molecules are stably coordinated in well-defined locations, there-
fore crystallizing well in the structure. These may therefore include
important water molecules that could have a functional role or take
part in reactions. Examples include the water molecules ligated directly
to the Mn,4CaOs cluster, as well as chains of water molecules that may be
involved in proton transport (discussed further below). It should be
pointed out, however, that even mobile water molecules can have func-
tional roles [17-19] and these may not be visible in the crystal structure.
Also, the fact that water crystallizes in well-defined locations does not
necessarily indicate a functional role. Nevertheless, water molecules
found in locations conserved between the PSII monomers are unlikely
to be there adventitiously.

Secondly, it is interesting to note that a significant number of water
molecules (469 in total) are not conserved between the monomers
(Fig. 1B). This represents an average of 17% of water molecules associat-
ed with each monomer that are not conserved. These are in some cases
due to a slightly larger shift in position than the <1 A search criteria
employed (just over 40 water molecules would be reclassified as con-
served if a criterion of <2 A was used instead), but otherwise there
are no corresponding water molecules in the monomers at these posi-
tions. These water molecules may represent sites that are not occupied
as stably or consistently.

A further interesting analysis concerning the water molecules,
conserved between the monomers or not, is whether they are located
on the surface or in the interior of the complex. Since the complex is

Fig. 1. Water molecules in the crystal structure of the monomers in the PSII dimer complex, overlaid onto each other. (A) All resolved waters molecules are shown (red: monomer 1; blue:
monomer 2). (B) Only the water molecules not in found in corresponding positions in both monomers are shown. The protein structure of PSII is shown as a gray line ribbon. The dashed
lines represent the membrane planes of the thylakoid membrane. To aid orientation, the location of the Mn4CaOs cluster is marked with an asterisk.
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found in an aqueous environment, it would not be surprising that water
would bind to hydrophilic sites on the protein surface. Such surface
water molecules, however, are arguably of lesser mechanistic interest,
and more related to contact with the bulk solvent.

To investigate this more closely, the following analysis was
performed on monomer 1. A solvent accessibility surface was calculated
for the PSII monomer using a 1.4 A probe criterion (Discovery Studio
3.1, Accelry Software Inc.). Water molecules that were found on this
surface were then manually selected and designated as surface water
molecules. The remaining water molecules were thereby internal
water molecules (Fig. 2).

This analysis showed that 912 water molecules in monomer 1 (63%)
could be defined as surface water molecules on PSII (Fig. 2A). Of these,
22% were found on the stromal surface, with the remaining 78% found
on the luminal surface. This discrepancy likely reflects the larger surface
area of the PSII complex exposed to the lumen compared to the stroma.
Another factor may be the fact that the large phycobilisome antenna
complex is attached to the stromal side of cyanobacterial PSII dimeric
complex in vivo. The exact details of the attachment are still under inves-
tigation [20,21], but perhaps the stromal surface is more optimized for
association with the antenna complex rather than to water molecules.

Of the remaining 545 internal water molecules (Fig. 2B), the major-
ity of them (84%) are found on the luminal side of PSIl among the extrin-
sic proteins PsbO, PsbV and PsbU and the substantial loops of the D1, D2,
CP43 and CP47 subunits that extend from the transmembrane region
below the luminal plane. The high number of water molecules here re-
flects the abundance of hydrophilic side chains in the extrinsic subunits,
as well as a relatively open protein packing in this region which allows
the entry of water molecules. This can be contrasted with the stromal
side, where the surface is made up of the short loops linking the (hydro-
phobic) transmembrane helices, with little opportunity for water pene-
tration. Some water molecules are nevertheless observed here,
including the region around Qg (see below), as well as in association
with chlorophyll molecules. In fact, as noted in [11] there are seven
chlorophyll molecules where water serves as one of the ligands to the
central Mg atom. These include the accessory chlorophyll molecules
Chlp; and Chlp;, that are closely associated with the Pggg complex, as
well as two chlorophyll molecules (Chl-18 and Chl-31) that are found
near and symmetrically placed about Pggg.

The two analyses above (conserved vs. non-conserved between
monomers; surface vs. internal water molecules) can be combined to re-
veal that essentially all of the water molecules not conserved between

residues were surface-exposed water molecules. Of the 545 internal
water molecules, only 21 were found to be non-conserved between
the monomers. These include a number of molecules that lie in crevices
open enough to be almost counted as surface accessible. Therefore, a
large majority of internal water molecules are found in the same
positions in both monomers, which is consistent with (though not
necessarily prove) that they may serve either structural or functional
purposes. Amongst these are chains of water molecules in channel
structures that may indicate function associated with catalysis
(discussed further below).

By contrast, a much higher proportion of the surface water mole-
cules were not conserved between the two monomers. Of the 294
non-conserved water molecules, 273 were found on the surface. This
represents 30% of the total number of surface water molecules, and
reinforces the notion that the surface bound water molecules may be
of little interest for the function of PSIL. It is also worth noting that the
average B-value for the conserved luminal internal water molecules in
the crystal structure is 28 A%, compared to the much higher average
B-factor of 51 A2 for non-conserved water molecules overall in PSII
(PDB ID: 3ARC). In other words, the non-conserved water molecules
show on average much higher isotropic displacements in the diffraction
data (for comparison, conserved luminal water molecules that were
instead found on the protein surface had on average an intermediate
B-value of 41 A?).

In summary, the latest 1.9 A resolution crystal structure of PSII has
revealed that a large number of water molecules are associated with
the protein complex. However, the distribution of water molecules is
far from uniform throughout the protein matrix, with more than half
of these molecules located on the protein surface and likely to be of less-
er interest for PSII function. The transmembrane region is essentially
free of water, but there are a number of interesting exceptions including
ligation to chlorophyll molecules’ central Mg. Nevertheless, it is clear
that the luminal side of PSII with the extrinsic protein complexes is by
contrast well-supplied with water. The fact that the water molecules
found inside the protein matrix are in conserved positions in both con-
stituent monomers also suggests that they are not adventitious. They
allow us to verify earlier results on channel systems and bottlenecks
(see below) and provide a platform for more detailed future analyses.
Whether these are simply favorable hydrophilic pockets that happen
to be water-filled or whether they have a functional roles clearly require
further consideration and experiments. A number of these topics are
reviewed and discussed below.

Fig. 2. Distribution of water molecules (A) on the surface (blue spheres) and (B) in the interior (red spheres) of PSIL The surface-bound water molecules have been removed from panel B

for clarity. The protein structure of PSII is shown as a gray ribbon.
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3. Photosystem II and the need for channels

Considering that the catalytic heart, the Mn4CaOs cluster, is buried in
the luminal side of the thylakoid membrane, molecular access would be
limited, thereby restricting substrate and product diffusion in and out of
the complex. Even before the availability of crystal structure data it had
been suggested that entry and exit routes for substrate and products
may be necessary for PSII to function efficiently, and that there may be
control mechanisms involved ([22,23], reviewed in [15]). In the case
of substrate water, it has been suggested that an over-abundance may
cause undesirable side-reactions e.g. due to short circuiting of the
water oxidation mechanism [22,24]. In the case of product O,, highly
reactive singlet O, (10,) could be generated if ordinary triplet O, were
to come into contact with triplet Pggo that can sometimes form as a re-
sult of recombination with Pheo™ after initial charge separation (Pdgo-
Pheo™ — 3Pgg Pheo). As a powerful oxidant, 10, can damage the pro-
tein structure or the MnyCaOs cluster, leading to irreversible loss of
enzyme activity. For this reasons it was suggested that it is crucial
that oxygen be removed quickly and reliably from the Mn,4CaOs cluster
to minimize the chance of '0, formation, and that specific channels
may exist for O, transport in order to protect PSII [23,25]. Finally, as
mentioned above, the removal of protons is as crucially important for
PSII activity as charge separation and electron transfer due to the need
for so-called redox leveling [6,9,26]. This is necessary to allow the
same Tyrz with a constant redox potential to repeatedly reduce an
increasingly oxidized Mn4CaOs cluster by preventing accumulation of
positive charge and thereby untenably high redox potentials (reviewed
in [6]). Efficient and synchronized proton removal from the Mn4CaOs
cluster during water oxidation is therefore very important. Malfunction
of proton egress will impair and even stop the reaction cycle and lead to
energy loss or non-specific side reactions.

From all this evidence it becomes clear that certain protein
infrastructure in PSII is essential for organized transport of substrate
and products to and from the Mn4CaOs cluster. Since the availability
of crystal structure data for PSII a number of investigations have been
dedicated to search for channels from the cluster to the surface of this
large transmembrane protein complex. For water and oxygen move-
ment, there is physical movement of the transported molecules, and
therefore as a basic criterion the channels must be of a sufficient size
and the nature of the amino acid residues lining the channels should
be favorable, e.g. hydrophilic for water transport. Protons, in contrast,
do not travel “naked” in an aqueous environment. Rather, net proton
transport results from a series of proton transfer steps between
hydrogen-bonded water molecules and/or protonatable amino acid
side chains according to the Grotthuss mechanism [27-29]. This transfer
takes place through the interconversion of covalent bonds and hy-
drogen bonds along a network of hydrogen-bonded water molecules
and residues. Although net proton transfer is achieved, the proton
that exits is not the same as the one that entered in the first place.
(The proton is not a simple hydronium Hs0™" either, but rather
something in between the conformational extremes of an Eigen cation
([(H0)3H30]%) and a Zundel cation ([H,0-H™ - OH,] [30,31]).

These requirements are not mutually exclusive, however, and
assignment of channels or paths to the transport of a particular mole-
cule(s) is a major challenge. For example, a water-filled channel could
be used for water transport but potentially it can also function better
as a proton pathway if the water molecules are well-ordered and
hydrogen-bonded to allow efficient proton “hopping”. The dynamics
of hydrogen-bonded molecules would then be important for determin-
ing which is favored, since well-set hydrogen-bonded networks are
preferable for efficient proton transfer. Gases can also permeate
through water-containing channels, with the relative hydrophilicity/
hydrophobicity of the gas and the channel affecting the rate [32-34].
Therefore it is relevant to ask whether channels are specialized for
specific molecules or whether they can be used concurrently or consec-
utively for the transport of more than one species.

Previous reviews [16,35,36] have discussed in detail the develop-
ment of proposals of channels in PSIL. In the following, key features of
these channels are summarized, though more focus is placed on recent
developments since the publication of the 1.9 A resolution crystal struc-
ture, as well as comparisons to earlier discussions. Readers are referred
to the other reviews for more complete descriptions and analyses of the
earlier studies.

4. Water and O, transport in PSII
4.1. Proposals based on static crystal structures

When research on channels in PSII first began, static models of PSII
were analyzed for continuous spaces that extended all the way from
the catalytic center to the lumen [15,37,38]. Channel radius was one of
the main criteria investigated, since it determined which molecules
would be able to pass through.

The channels described were named (i), (ii) and (iii) in Murray &
Barber [37], “back”, “narrow”, “broad” and “large channel system”
(LCS) in Ho & Styring [15] and channels A-G in Gabdulkhakov et al.
[38]. A larger number of channels were identified in [38] due to the
use of a smaller probe radius and allowance for short breakages which
would nevertheless permit Grotthuss-type proton transfer via hydro-
gen bonding. With some minor differences, however, the three studies
discovered mostly overlapping channel systems (compared in detail in
[16], and correspondence tables for these different nomenclatures can
be found in [16,36,39]).

On the basis of their structures and dimensions, each of the identi-
fied channels had the potential to transport water. At the same time,
their suitability to transport O, or protons was also considered. The
“back” channel in [15] correlates to channel (i) in [37] and channels A
that forks into two different branches (A1/A2) in [38]. Channel (i) was
suggested by the authors to serve as O, path while the other two studies
assigned this channel to water transport. In [15] it was found that “back”
channel was blocked right at the Ca of the Mn4CaOs cluster, which
restricted water access to the Mn ions. However, it was suggested that
dynamic conformational changes at this point might allow passage to
the “broad” channel and thereby the Mn ions.

Another strong candidate for a water-filled channel was the LCS
described in [15], consisting of a number of branches radiating towards
the lumen. Two branches of the LCS overlapped well with channel (ii) in
[37] and channels B1/B2 in [38]. Considering the comparable large
diameter of this channel it was proposed in [15,38] that its primary
purpose may be efficient oxygen removal. As explained above, the pres-
ence of O, poses a significant threat to PSI], as it could react with excited
triplet chlorophyll to form the highly reactive '0.. A voluminous escape
route would prevent the accumulation of O, to high concentrations and
avoid O, diffusion towards Pggo.

A third channel system is the “narrow” channel [35], corresponding
to channels D, E, F in [38] that lead into the “broad” channel [35], corre-
sponding to channel (iii) in [37] and channel C and partially G in [38].
This system exits towards the PsbO and PsbU subunits and is a path
that has generally been suggested to serve for proton transport. Reason-
ing for this assignment was its narrowness as well as its hydrophilicity,
which would favor proton movement over water or oxygen transport.
These channels also find agreement with other studies that have
suggested residues D1-D61, E65 and D2-E312 (part of the “broad”
channel and its equivalent) to be involved in a potential hydrogen-
bonded proton path [12,40]. (Proton transport pathways will be
discussed in more detail in a separate section below.)

Some experimental efforts have been made to identify potential O,
channels in PSII using Kr- and Xe-perfusion studies on PSII crystals
[14,38,41], but the results are so far inconclusive. As discussed in
[16,36], only three of the 25 and 26 Xe-binding sites reported in [41,38],
respectively, were in agreement ([14] was a precursor to [38], and only
10 sites were found there). Furthermore, the Xe-binding sites proposed



18 K. Linke, F.M. Ho / Biochimica et Biophysica Acta 1837 (2014) 14-32

in [38] to constitute the O, exit pathway were located in the interface
between the two PSIl monomers in the dimeric complex, rather than
within the transmembrane region of a monomer itself. As such, it is
unclear whether these sites are physiologically relevant for O, removal
from the Mn4CaOs cluster. In any case, it is not certain that noble gas
perfusion of crystals is optimal for identifying efficient O, exit path-
ways, as Xe-binding sites represent places where binding of such a
hydrophobic species would be favorable enough to be resolvable in the
X-ray diffraction data. This is arguably contrary to the aim of O, removal,
where mobility should be high. Sites identified by perfusion studies may
be more consistent with trapping sites (see [16] for further discussions
and comparisons to other enzymes involving O, entry or exit).

4.2. Comparison of channel proposals with resolved water molecules in the
crystal structure

With so many well-resolved water molecules in the crystal struc-
ture, it becomes possible to compare them directly with the channel
proposals. When the channels identified in [15] are overlaid onto the

1.9 A resolution crystal structure it can be seen that the positions of
the relevant water molecules are in excellent agreement with the chan-
nels (Fig. 3). This is despite the fact that the channels were calculated on
the earlier 3.0 A resolution crystal structure, confirming that there was
already a high level of accuracy in the determination of the structure of
the protein matrix there. This correspondence not only verifies the
presence of these previously defined open spaces but also that they
are favorable for the presence of water molecules. Even though they
were originally not all proposed as water channels, it was nevertheless
expected that they would contain water.

Although the water molecules in these channels correspond to only
~7% of all the resolved water molecules, we found that removal in silico
of water molecules located in these channels leaves the Mn,CaOs cluster
in a much drier environment (Fig. 4). This is strong indication of the
relevance of those channels for the water supply of the catalytic center
of PSIL Of course, a much more important question is whether water
would actually flow through these channels from the Mn,CaOs cluster
all the way to the surface. This is a question that has been addressed
by more dynamic simulations (see below).

Fig. 3. Superposition of (A) the narrow and broad channels, (B) the large channel system and (C) the back channel [15] with water molecules in the same regions resolved in the 1.9 A
resolution crystal structure of PSII [11]. (D) The amino acid residues lining the large channel system are shown together with the resolved water molecules. Hydrophobic residues are
colored green. In each panel, the position of the Mn4CaOs cluster is marked with an asterisk. In (B), two of the oxygen channels identified in [42] (channels 4ai and 4ci) are marked

with dashed arrows (see Section 4.2 for details).
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A

Fig. 4. Water molecules within a 10 A radius around the Mn4CaOs cluster. (A) All resolved water molecules in the region shown. (B) Water molecules located in previously identified
channels removed.

An interesting observation can also be made here about the extent of
water filling in the large channel system (LCS; Fig. 3B and D). While the
LCS is in certain parts replete with close-lying, hydrogen-bonded water
molecules, in other parts there are empty regions where no water
molecules are resolved in the crystal structure. In Fig. 3D, the residues
lining the LCS are visualized, with hydrophobic amino acid residues
marked in green. Comparison of the gaps in water occupation in the
LCS with these residues reveals that there is quite a good correlation be-
tween these gaps and hydrophobic residues, suggesting that either
water molecules are not present at all or that they are too disordered
to be resolved.

Not only is this correlation reasonable, it also provides further sup-
port for the proposal of the LCS being more favorable for O, exit. In ad-
dition to the larger volume of the LCS as mentioned above, these regions
in the LCS with no resolved water molecules may be where O, diffuse
through with reduced disruption to the hydrogen-bonding network
between water molecules. This can be compared to the other narrower
channels where O, molecules would have to displace and move past
water molecules in single file in order to permeate (e.g. the much
narrower “back” channel). Aside from the steric restrictions, this would
also incur an energetic penalty in disrupting hydrogen bonds. A larger
pool of water molecules as found in the LCS increases the chance for
hydrogen bonds to reform should there be disruption due to the pres-
ence of O,. Indeed, a very recent study [42] focusing particularly on the
identification of O, diffusion paths in PSII using a combination of MD,
implicit ligand sampling and wavefront propagation analysis has found
three likely O, diffusion paths starting from the Mn4CaOs cluster. Two
of these correspond to two branches of the LCS (marked in Fig. 3B). It
is particularly interesting to note that the most favorable O, pathway
identified in [42] (Channel 4ai) overlaps with an arm of the LCS with
an obvious gap in crystal water molecules (Fig. 3B & D), probably
reflecting unfavorable binding for water, but not a problem for oxygen
access. The other overlapping channel (Channel 4ci) was not identified
as a water channel in [39], but it was found to be favorable for O, diffu-
sion. This channel can be seen to overlap with the central branch of the
LCS, and gaps can also be seen there.!

4.3. Proposals from simulations of the dynamic PSII

A significant limitation of the studies analyzing the crystal structure
is that one static picture of the protein is considered. By contrast, it is
known that even small changes in conformations under dynamic,

1 As the focus of that study was the diffusion of O, through PSII and not directly related
to the current topic on the role and function of water in PSI], the reader is referred to [42]
for further details of this important result.

physiological conditions can lead to temporary changes (“breathing”)
in the protein structure that cause changes in channel pore size, opening
or closing of bottlenecks, or even formation of transient channel sys-
tems. Examples of this can be found in acetylcholine esterase [43,44],
cholesterol oxidase [45] and 12/15-lipoxygenase [46]. More recent
studies of PSII have therefore followed up on the earlier analyses of
channels by applying methods taking into account protein dynamics
and flexibility.

In Vassiliev et al. [47], molecular dynamics (MD) simulations were
employed to study the movement of water through PSII and determine
the most frequented water paths. A large number of paths were found
and visualized using a fiber tracking technique to construct streamlines
based on diffusional motion of all water molecules in the protein taken
over the course of the entire simulation. These streamlines indicate
regions where directional motions of water molecules are most
pronounced, allowing the paths for water flow through the protein to
be inferred, even if explicit water permeation was not observed in all
channels due to the relatively short simulation times (when compared
to the timescale for water diffusion). This fiber tracking technique is
also used in e.g. medical magnetic resonance imaging (where it is
known as diffusion tensor imaging [48,49]).

Using this technique, the majority of the earlier described channels
were confirmed and refined, though new and additional pathways, con-
nections and exit points were also discovered [47]. For example, more
branches and outlets were found for the LCS (large channel system),
which as a whole was shown to transport most of water molecules to
the Mn4CaOs cluster in this simulation. Under the dynamic conditions
simulated, additional paths were found to connect the LCS to the
“narrow” channel. On the other hand, at certain points of some water-
filled channels (e.g. “back” channel), there were disrupted streamlines,
suggesting disrupted water flow, possibly due to some other factors
making water passage unfavorable (e.g. hydrophobicity). This illus-
trates that the dynamic MD approach provides insights beyond the spa-
tial criterion used in the examination of the static crystal structures.
Given the large number of water paths identified, Vassiliev et al. argued
that water movement between the lumen and the Mn4CaOs cluster is
unlikely to be a problem. Nevertheless, some regulatory control may
exist. The MD simulation revealed transient and rapid opening and
closing in a number of paths and exits due to conformational changes
of amino acid residues under dynamic conditions. This could have the
effect of intermittently preventing water exit/entry and shows that
there may be dynamic control mechanisms that limit/control water
access.

This work has been recently extended to identify/verify water per-
meation paths using a water injection method to explicitly track the
flow of water molecules, as well as for the first time consider the
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energetics of moving water molecules through such channels [39].
Bruce and co-workers used a water injection method in silico based on
the 1.9 A crystal structure of PSII [11]. Starting from the PSII complex
that was fully hydrated using a standard protocol, additional water
was repeatedly injected at short intervals at the two water binding
sites at the Mn4CaOs cluster (W2 and W3 bound to the Mn4CaOs cluster
in [11]). This created a water over-pressure, driving the flow of water
out of the complex. This was designed to accelerate water movement
through PSII and overcome the issue of the short MD simulation times
compared to the timescale of water flow through the complex. Water
flow could then be explicitly followed rather than inferred from stream-
lines. Following the water movement thus observed, 21 water paths
were identified. These paths were then assessed for viability for water
permeation from an energetic point of view using multiple steered
MD (MSMD) in which an external force was applied to water molecules
to move them along the identified water paths. Potentials of mean force
were calculated as a function of the position in pathways as individual
water molecules were pulled through the channels from the bulk sol-
vent towards the Mn4CaOs cluster. This allowed the determination of
the energies and activation barriers for water permeation through the
different channels.

An activation energy threshold for water permeation of <15 kcal/mol
filtered out all but five of the 21 channels initially identified by the injec-
tion protocol. While it was found that in general the barriers for water
permeation in those five channels were low (<5 kcal/mol), indicating
fast water movement in most sections, every channel contained at least
one bottleneck region with an energy barrier of ~9-10 kcal/mol, indicat-
ing that water movement at these spots is slowed down. This suggested
that unlimited water access to the Mn4CaOs cluster does not exist. Using
aquaporin as a benchmark, a water permeation rate of ~5000 s~ was
estimated for the ~10 kcal/mol barriers found for these five channels.
As pointed out in [39], this is a significant result. The energy barriers dis-
covered support the idea of water flow and access regulation in PSII, but
these permeation rates are still alone or in combination sufficient not to
limit the rate of water oxidation (~50-100 turnovers s~ ': e.g. [50,51]).

Significantly, all five of the water channels overlap with earlier
described paths, including channels that had been proposed for O, or
H* transport. The “back” channel was however confirmed as not
being permeable to water, with an energy barrier of ~22 kcal/mol in a
hydrophobic area around residues CP43-F292, -F358 and D1-L91 (cf.
an estimated water permeation rate of ~10~> molecule s~! for
a > 20 kcal/mol barrier: [39]). The possibility for O, transfer in one or
more of these channels was however not excluded. There may also
not be a unique path for water transport to the catalytic center, and
the authors also noted that paths taken by the water molecules at the
two separate binding sites at the Mn4CaOs cluster in the first phase of
the study did not cross each other [39].

Looking again at the overlay of the static channels and crystal water
molecules (Fig. 3) and comparing this with the locations showing high
energy barriers for water permeation [39], breakages in water chains
in the crystal structure can indeed be seen at corresponding sites. For
example, in the “narrow” channel [35] a gap in the water chain can be
seen at D1-N338, D2-N350, CP43-P334 (Fig. 3A). This channel corre-
sponds to channel 2 in [39] and at this point an energetic barrier to
water permeation of 9 kcal/mol has been determined [39]. Thus the
lack of a water molecule in the crystal structure is consistent with this
position being less favorable for stable water coordination. Also, a signif-
icant break can also be seen at CP43-F292 and -F358 in the “back” chan-
nel, where despite a substantial channel radius there is no water
molecule resolved here (Fig. 3C). Again correspondence can be found
with the results in [39], where an energetic barrier of 22 kcal/mol was
found at this point.

The positions of the crystal water molecules (or lack thereof) pro-
vide direct experimental confirmation of the theoretical calculations.
The theoretical results in turn offer an explanation for the gaps observed
in the water chains, suggesting that these were actual breaks due to

unfavorable energetics, rather than being experimental artifacts. These
studies also demonstrate that, although the initial analyses were
performed on static structures, the structural details of the channels
and their locations remain essentially valid even when protein dy-
namics and energetics are taken into account, as in the later MD
studies. Such remarkable agreement between theoretical simulations/
calculations and crystallographic structure data reinforces the potential
and relevance of such computational methods in helping us to better
understand the processes of molecule transport in PSIl, among others.

5. Proton transport in PSII
5.1. Proton pathways to the lumen

As mentioned above, protons are generated during water oxidation,
and for each charge separation event and concomitant oxidation of the
Mny4CaOs cluster, one proton needs to be removed from the cluster
(though not necessarily during the same S-state transition) in order to
achieve redox leveling [9,26,52]. Experimental investigations [53-55]
have established that protons are released into the bulk aqueous
phase during the S-cycle, with a pattern of (0,1,2,1) for the S; — S,
So — Ss3, S3 = [S4] — Sp and Sg — S; transitions, respectively. Addi-
tionally, although proton release is not uniform across the S-state tran-
sitions, it has been proposed that each deprotonation is in fact coupled
to an oxidation of the Mn,CaOs cluster in a strictly alternating manner
to achieve redox-leveling (Fig. 5). The blockage of a proton transfer
step would prevent the continuation of the catalytic cycle [10,26,52,56].
While this is experimentally most established for the S3 — [S4] — So
transition [57-59], the validity of this alternating pattern has been
established though extension to other S-states through pH-dependence
studies [60,61], time-resolved FTIR spectroscopy [62] and most recently
the study of H/D kinetic isotope effects (KIE) during the S-state transitions
using photothermal beam deflection (PBD) experiments [63] (Fig. 5).
The role of electrostatic interactions around the Mn4CaOs cluster in
triggering proton release has also been investigated both in theory
and experiment [58,59,64]. In addition to the need for redox leveling,
since water oxidation by PSII contributes to the generation of a pro-
ton gradient across the thylakoid membrane that ultimately drives
ATP synthesis by ATP-synthase, directional proton transfer against
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Fig. 5. The extended S-state cycle showing the time constants for the alternating electron
and proton transfer steps. The KIE for each step are given in italics in parentheses.
Adapted from [63], Copyright © 2012 National Academy of Sciences.
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the proton gradient is required. Therefore, specialized pathway(s)
supporting efficient Grotthuss-type proton transfer mechanisms
have been proposed to exist in PSII [12,35,65-67]. Such pathways
are expected to create local environments that direct proton move-
ment and include mechanisms to prevent proton backflow back to
the catalytic site. There is currently significant interest in identifying
and characterizing putative proton pathways in PSII, and much yet
remains to be understood.

In a range of experimental studies, impairment of PSII activity due to
site-directed mutations has been assigned to disruption of a proton
transport pathway (reviewed in [16,68]). Residues such as D1-D61,
-E65 and CP43-R357 have particularly been implicated in proton
transport. Building on these experimental studies and their 3.5 A
resolution crystal structure, Barber and co-workers proposed a
potential proton pathway that leads all the way from D1-D61 near
the Mn4CaOs cluster to the extrinsic protein PsbO at the lumenal
side of PSII [12,67]. In this proposal, residues such as D1-D61, -E65,
D2-E312 and -K317 were also included. There were also early calcula-
tions of pK, values of amino acid residues near the Mn4CaOs cluster that
suggested possible paths for proton exit towards the lumen [40].

As mentioned above, Murray & Barber [37], Ho & Styring [15] and
Gabdulkhakov et al. [38] have also proposed proton pathways based
on their channel investigations. This function was suggested in [15] to
be filled by the “narrow” and “broad” channel systems. These corre-
spond to the channels D, E, F and channels C, G in [38], respectively,
which were also proposed for proton transport. Murray and Barber pro-
posed their water-filled channels (ii) and (iii) to be putative proton
pathways (corresponding to branches of the LCS and the broad channel,
respectively). As shown in the overlay analysis above (Fig. 3), these
channels have been shown to be filled with water. However, consid-
eration of the existence of water channels alone is not sufficient for
assignment of proton transport pathways, given the requirement of
directionality, efficiency and synchronization to the catalytic cycle.
Recent research efforts have therefore directed away from water
channels as the only target in favor of hydrogen-bonded networks
of protonatable amino acid side chains in combination with well-
ordered water molecules.

Two recent studies have focused on identifying hydrogen bonding
networks in PSII with a view of identifying possible proton exit path-
ways and long-range connections within the protein complex. Service
et al. [69] employed FTIR difference spectroscopy to look for hydrogen
bonding networks conducive to proton conduction in wild-type (WT)
PSII as well as the mutants D1-D61A, -E65A, -E329Q and D2-E312A.
By examining changes in the S, , 1 — S, difference spectra (were S,
and S,  ; represent the S-states n and n + 1, respectively) associated
with these mutations, it could be seen that the properties of the
Mny4CaOs cluster were substantially altered. Substantial decreases in
transition efficiencies in the S, — S; and S; — Sy transitions were
observed in these mutants, and remarkably even more so than muta-
tions of some ligands to the Mn,CaOs cluster (D1-D170H, -E189Q and
-E342N).

Special focus was also placed on a characteristic negative band at
1747 cm™ ! that is associated with changes in the environment around
a protonated carboxylate group. In the S,-S; difference spectra, it could
be seen that this band was eliminated by partial dehydration or the mu-
tation of D1-E65A, -E329Q and D2-E312A. However, the D1-D61A mu-
tation had no effect. These results were interpreted as indication that
(1) an extended hydrogen bonding network connects D1-E65, -E329
and D2-E312 and an as yet unidentified carboxylate residue that is
responsible for this negative 1747 cm™! band in the WT difference
spectrum and (2) disruption of this network through mutation or dehy-
dration stopped the transmission of structural perturbations that lead to
changes around the carboxylate group responsible for this band,
thereby eliminating this negative band. The fact that D1-D61A did not
affect this band was interpreted as indication that the carboxylate
group responsible for the negative band lies closer to the other three

residues, even though D1-D61 can be seen in the PSII structure to be
part of the same hydrogen bonding network as the other residues. To-
gether with the data on impairments to S-state transitions, it was sug-
gested that these residues may form a dominant proton exit pathway.
The involvement of D1-E329 in proton exit is less clear, given that anal-
ysis of the PSII structure puts this significantly further away (~20 A)
from the other residues, and it remains open whether its connection
in the extended network to the other residues are permanent or transi-
tory. Also, it can be pointed out that since these residues are not all in
direct hydrogen bonding contact with each other, water molecules are
no doubt involved in any hydrogen bonding network. This can also be
verified by examining the crystal structure.

In another study, Bondar & Dau [70] examined the distribution and
pattern of charged and polar amino acid residues as well as bridging
water molecules in the PSII complex on the basis of the 1.9 A resolution
crystal structure. Hydrogen-bonded networks resulting from these
interactions were considered with regard to PSII functionality, in partic-
ular long-range proton transfer and conformational coupling between
subunits. Clusters formed by carboxylic residues (Asp/Glu) were identi-
fied and numerous networks of different sizes, ranging from only two
residues bound to one water molecule to bigger networks of carboxyl
groups and water molecules were catalogued [70]. Several notable res-
idues already implicated previously in proton transport (e.g. D1-D61,
-E65, D2-E312) were included in these networks. It was suggested
that many of the clusters could be connected together to form
continuous hydrogen-bonding networks, potentially facilitating
proton exit. Also, such connections may transmit information about
protonation processes over long distances and trigger well-defined
structural adjustments throughout the PSII complex. Potential effects
of protein dynamics were also considered, with some potential links
that were slightly too long for hydrogen bonding being possibly short-
ened transiently under physiological conditions or through specifically
induced conformational changes directly linked to the catalytic cycle.
The D1-D61/D2-E312 carboxylate dyad was particularly of interest,
and it was suggested that it could share a proton and undergo proton-
ation/deprotonation during the catalytic cycle. This may also be coupled
to protein conformational changes due to extensive connections to
other hydrogen bonding networks. Asp/Glu clusters and nearby water
molecules on the luminal surface of the PSII complex were considered
as possible “antennae” to facilitate proton release from the protein
into the bulk. This possibility has also been suggested earlier by Shutova
et al. [71] in relation to clusters of carboxylic acid groups on the surface
of PsbO. Reduced oxygen evolution activity and retarded oxygen release
kinetics observed in a PsbO-less mutant was attributed to a disruption
to proton release from PSII [72].

We have also investigated a putative proton pathway in PSII through
a parallel approach using both in silico MD simulations and in vivo site-
directed mutagenesis in Chlamydomonas reinhardtii [73,74]. From MD
simulations, a region at D1-D61, -E65, -N334, -R335 and D2-E312
has been identified as forming a “hotspot” with a highly interconnected
hydrogen bonding network together with a number of water molecules
(Fig. 6). In particular, D1-D61 was very stably connected to both
D1-E65 and D2-E312 through chains of hydrogen-bonded water
molecules, consistent with their putative role in proton transfer. To
investigate the roles of the other residues, the mutants D1-R334K,
-R334N and -N335R have been constructed both in silico and
in vivo. Our in vivo results have shown impairment in photoautotro-
phic viability and oxygen evolution activity for the mutants, with
activity in the order WT > R334K > R334N > N335R, and changes
have also been found in the miss factor for the S-state cycle. These ef-
fects were reflected in the extent of disruptions to the hydrogen
bonding network in the hotspot in a corresponding order, as seen
in the MD simulations. It was found that the mutations of the D1-
R334 and -N335 residues, though not protonatable residues that
would directly participate in proton transfer in the WT PSII, never-
theless cause conformational changes that disrupt the integrity of
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Fig. 6. Investigation of a putative hotspot for proton transport. (A) MD snapshot of the hotspot in WT PSII (B) in vivo photoautotrophic viability of WT* and mutants of Chlamydomonas

reinhardtii grown on minimal medium.

the hotspot and reduce the connectivity via water molecules be-
tween D1-D61 and -E65/D2-E312, as well as the network of hydro-
gen bonds in the region more generally. This demonstrates the need
to look beyond protonatable residues and consider the proton path-
way as a whole, including the structural and electrostatic effects of
other constituent residues in the pathway.

Our results also find agreement with the discussion in [70] on the
possible role of D1-E65/D2-E312 dyad in proton transport and its con-
nection to other hydrogen bonding networks as seen in the crystal
structure. Considering the direct and stable salt-bridging interactions
between D1-E65, -R334 and D2-E312, already evident in the crystal
structure, we further suggest that this triad may represent a proton
release group/proton loading site. Such sites have been proposed in
e.g. bacteriorhodopsin [75,76] and cytochrome c oxidase [77]. It can
also be noted the charged residues involved in the proton release
group of bacteriorhodopsin are two Glu residues and an Arg residue,
which is the same motif as observed here in PSII (Fig. 6A).

So far, the MD simulations have not explicitly accounted for the
presence of a hydrated proton, and therefore transient effects of such
changes in conformation and pKj are not yet accounted for. Such calcu-
lations would involve a higher level of theory and computation, but
have been performed in other systems such as cytochrome c oxidase
(e.g. [78]; see also more generally: [28,35,79]). Clearly there is scope
for similar studies to be performed for PSII.

5.2. Proton conduction at the Mn,CaOs cluster

Apart from identifying the overall path leading from the Mn4CaOs
cluster to the lumen, the question of the initial proton transfer steps di-
rectly at the cluster has also been of particular interest. As these steps
are intimately coupled to the mechanism of the S-state cycle itself
(including where and when individual protons are released from the
Mn4CaOs cluster), a strong dependence on the individual S-state transi-
tions is expected. As the exact water oxidation mechanism is still under
discussion (see for example reviews in [36,80-82]), it is not surprising
that opinions differ in the literature in this regard. In all cases, however,
water molecules bound to and in the second ligand sphere of the
Mny4CaOs cluster are proposed to play important roles in the transfer
steps.

Prior to the 1.9 A resolution crystal structure of PSII, Sproviero et al.
[56,83] had considered proton release from water molecules bound to
the Mn4CaOs cluster for each of the S-state transitions, with CP43-
R357 being assigned a special role in hydrogen bonding and proton

removal. The involvement of non-substrate water at the cluster for pro-
ton transfer was described for the S, — Sy transition, where a water
molecule between Mn(4) and D1-D61 was proposed to be the link be-
tween the Mn4CaOs cluster and the proton exit pathway starting from
D1-D61. A ligated, non-substrate water molecule at Mn(4) was also in-
volved in the initial transfer steps after deprotonation of the substrate
water.

In analyzing their 1.9 A resolution crystal structure of PSII, Umena
et al. [11] suggested that a group of water molecules close to the
Mn4CaOs cluster could be involved in a proton exit pathway leading
from Mn(1)/Mn(4) to the lumen via a network that includes D1-Y161,
-H190 and -N298 [11]. The direct involvement of D1-Y161 (Tyrz) in
the removal of protons from the Mn4CaOs cluster has been suggested
before and is known as the hydrogen-atom abstraction model [84,85]
(also known more generally as the hydrogen-atom transfer mechanism,
or HAT mechanism, in the broader field of proton-coupled electron trans-
fer reactions: [86,87]). However, experimental evidence [88] as well as
energetics considerations (see e.g. discussion in [89]) have argued against
this model. For the highly oxidizing potential required for water oxida-
tion to be maintained at the powerful redox couple between Tyr; and
D1-H190 following charge separation, the proton must remain within
this amino acid pair after tyrosine oxidation. Removal of proton to the
lumen in connection to tyrosine oxidation would lead to a loss of this
oxidation potential [89]. Therefore, it has been argued that an active
proton exit pathway passing close to or directly involving Tyr, as is the
case for the suggestion in [11], is not likely to be favorable [90], since
the proton from the Tyrz/D1-H190 couple could then also “slip” and
exit to the lumen. Additionally, the proton path proposed in [11] passes
through the residues D1-N298, -A411 and -N322 on the way to the
lumen. Grotthuss-type proton transfer through such non-protonatable
side chains or via their backbone moieties would be rather unusual.
Indications of high energy barriers for proton transfer via this path have
been noted in [90].

Based on cluster model hybrid DFT calculations, Siegbahn has pro-
posed mechanisms for the transfer and release of protons from the
Mn4CaOs cluster during the S, — Ss and S3 — S, transitions [91]. The
calculations included identification and structures of transition states
between the S-states intermediates, thus revealing the proton transfer
steps within the first and second coordination sphere water ligands
around the cluster (Fig. 7). There were two particularly important sec-
ond ligand sphere water molecules that were involved in both transi-
tions, shuffling protons around the Mn4CaOs cluster to transfer the
released proton to D1-D61, the start of the proton exit pathway. One
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Fig. 7. Proton transport around the Mn4CaOs cluster as proposed by Siegbahn on the basis
of cluster model hybrid DFT calculations [91]. The (A) first and (B) second transition states
from the S9 state are shown. The Mn4CaOs cluster and the chloride ion are shown as ball-
and-stick models. The water molecules directly involved in proton transport are shown as
stick models, as are the D1-D61 and D2-K317 residues. D1-D61 was proposed to be the
first amino acid residue of the proton exit pathway. For clarity, the remaining amino
acid residues and water molecules included in the calculations are shown as light line
models. Key hydrogen bonds for the proton transport mechanism are shown as green
dashed lines. The location of the proton and the water molecules involved are highlighted
with the dashed ovals. The path for proton transport is indicated with arrows in (B). See
the main text for the designations of the marked water molecules.

Adapted from and redrawn using molecular coordinates in [91]

of these second-sphere water molecules (labeled W1 in [91], but here-
inafter referred to W15" to avoid confusion in nomenclature) was
found between a ligand water bound to Mn(4) (labeled W2 in the crys-
tal structure [11], hereinafter W2%) and the substrate water that was
proposed to bind to Mn(1) upon the cluster reaching the S, state (here-
inafter W*"*), W15 was held in place by hydrogen bonding not only to
both W2' and W*®, but also to the chloride ion near the cluster in all but
one transition states (a structural role for CI~ has also been recently
been suggested in [92], where MD simulations showed that a salt-
bridge formed between D2-K317 and D1-D61 upon Cl™-depletion in
silico, which could interfere with proton transfer). The other second
sphere water molecule (W25") was located between and hydrogen
bonded to the ligand water molecules W1" and W2" bound to Mn(4)
[11]. W1t is also hydrogen bonded to D1-D61 (Fig. 7).

In principle the same proton pathway around the cluster is used dur-
ing both S; — S; and S;3 — S, transitions according to this mechanistic
proposal. After W1' initially losing a proton directly to D1-D61, thereby
forming the first transition state of the S, — Ss transition, proton trans-
fers take place subsequently in the sequence W'® — W15" —
W2t — W25 — W1k across the various transition states until Sy is
reached (Fig. 7). The distances and degrees of association between the
protons with the water molecules vary between the transition states,
but overall the same path is used to transfer protons from W*“° to
D1-D61 as WP becomes increasingly deprotonated ahead of 0-O
bond formation. It can be seen from the transfer sequence that the
second-sphere water molecules play a central role in proton transfer, al-
ternating with the ligand water molecules. Another interesting result

from this study is that the energy barrier for one of the proton transfer
steps during the S3 — S,4 transition is almost as high as for 0-O bond
formation [91]. It was noted that the accuracy of the calculations was
not high enough to definitively assign this step as rate-limiting, and
the energy barrier for the O,-release step has not yet been determined.
Nevertheless, these are good indications for the importance of efficient
proton transfer from the Mn4CaOs cluster.

While Siegbahn has proposed a single proton exit pathway, multiple
pathways have also been suggested. In addition to demonstrating the
alternating pattern of electron and proton release during the S-cycle
through the PBD and kinetic isotope effect (KIE) experiments, Klauss
et al. [63] also proposed the existence of two distinct proton exit path-
ways at the MnsCaOs cluster.

One exit path is proposed to be used during the proton release
associated with the S, — Ss transition. Here, the initial deprotonation/
proton release is suggested to originate from a water molecule in the
water cluster between Tyr;z and the Mn,CaOs cluster as seen in the crys-
tal structure. Distinct from other suggested proton paths, D1-D61 is not
involved and this alternative exit path is found close to the Tyrz/D1-
H190 couple instead (Fig. 8; questions regarding the hydrogen-atom
abstraction mechanism are again likely to be relevant here). A large
H/D KIE (5.7) and high activation energy (470 4+ 50 meV) were ob-
served for proton release step, which would in this model result in a
delocalized proton vacancy in the water cluster. This proton vacancy is
subsequently filled in the following electron transfer step during the
overall S, — Ss transition. This electron transfer was proposed to be di-
rectly coupled in a concerted manner to a proton transfer from the
Mn4CaOs cluster (third step in Fig. 8). This concerted electron-proton
transfer leading to the internal movement of a proton to the water clus-
ter was suggested to explain the comparatively high H/D KIE of 1.7 for
this otherwise electron-only transfer step in the extended S-cycle
(Fig. 5).

In contrast to this proton pathway for the S, — Ss transition, a sec-
ond proton pathway that does involve D1-D61 was proposed to be
used during first deprotonation associated with the onwards transition
from the S5 state. In this step, a lower H/D KIE (2.4) and lower activation
energy (180 meV) were experimentally determined. The proton exit
pathway for the Sg — S; transition was not discussed in detail in [63],
but intermediate values were observed both for the H/D KIE on the
PBD transients (3.0) and the activation energy (340 4 75 meV).

In proposing these two, S-state transition dependent pathways,
Klauss et al. also relied on earlier studies of a D1-D61N mutant
[93,94]. The S3 — So transition was found to be significantly slowed
down in this mutant, as measured by UV-Vis spectroscopy and polaro-
graphic measurements of O, release (~15-51 times slower in the D61N
mutant compared to WT). The S, — Ss transition was, however, much
less affected by the mutation (~2-4 times slower) and to a similar ex-
tent as for the S; — S, transition that does not involve proton transfer
(~2-5 times slower). Together with the PBD data, it was therefore ar-
gued that D1-D61 was involved in the proton exit pathway for the
S3 — Sp transition, but not for the S, — S5 transition. It is interesting
to note that the possible existence of an alternative proton exit path
was also raised in Dilbeck et al. [93] that was relied on by Klauss et al.
In addition to the differences in O, release kinetics, there were also dif-
ferent H/D KIEs and pL sensitivities with respect to the miss factors for
S-state transitions measured in the D1-D61N mutant compared to
WT. An alternative proton pathway was therefore suggested to operate
where the D1-D61N mutation was present. Note that this differs subtly
from the proposal in Klauss et al. [63], where two separate proton path-
ways are used even in WT PSII, with the S-state transition in question
being the decisive factor instead.

6. Oxidation of and proton transfer from Tyrp

From the discussions above, the central role of water in proton trans-
fer from and around the Mn4CaOs cluster is evident. However, water is
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Fig. 8. Proton transfer sequence and pathway for the S, — Ss transition as proposed by Klauss et al. [63]. This path is distinct from the path involving Asp61 during the first proton release

during advancement from the S; state (Copyright © 2012 National Academy of Sciences.).

also involved in reactions in other parts of PSII. One such reaction is the
oxidation of the D2-Tyr160 residue, also known as Tyrp.

Tyrp is located on the D2 subunit of PSII, symmetrically positioned
with respect to Tyrz on the D1 subunit. Tyrp can also be oxidized after
light absorption by PSII, giving a long-lived radical. As for Tyr, there is
an adjacent His residue (D2-H189) within hydrogen bonding distance
to Tyrp, which has been implicated in this proton-coupled oxidation
process [95,96]. Like Tyr, the oxidation of Tyrp is also a proton-coupled
electron transfer process, giving the neutral radical Tyrp’, Unlike TyrZ,
however, Tyrp has a much longer lifetime, and does not directly par-
ticipate in the water oxidation mechanism. Certain possible roles in
photoactivation, oxidation of overly reduced Mn-clusters and tuning of
the charge separation process have however been proposed (see review
in [97]). Also, in contrast to Tyrz that is oxidized and re-reduced in the ns
and ps—-ms time ranges, respectively [98,99], formation of the Tyrp takes
place in the ms timescale, and involves a series of equilibria involving
Psso, Tyrz and the Mn4CaOs cluster [100,101]. However, at elevated pH
this oxidation is much more rapid and can proceed even at cryogenic
temperatures [102,103]. Once formed, Tyrp, is generally stable for hours
and can be easily detected by EPR spectroscopy. Further discussion and
comparisons of Tyrz and Tyrp can be found in [96,97].

The origins of the differences between Tyr; and Tyrp oxidation was
very recently investigated by Saito et al. [104]. The results of these stud-
ies have assigned special roles for nearby water molecules in affecting
the energy profile of the mechanism of Tyrp oxidation.

In the 1.9 A resolution crystal structure [11], a water molecule near
Tyrp was found to occupy one of two alternative positions near the phe-
nolic oxygen (proximal: 2.73 A between the water and phenolic oxygen
atoms; distal: 4.30 A). The environment around Tyrp and these water
sites is rather hydrophobic, with a number of Phe residues surrounding
this water molecule. In addition to the disordered occupancies at these
sites (occupancies of 0.30-0.35 and 0.60-0.65 for the proximal and
distal sites, respectively: supplementary material in [11]), this indicates
that there is significant water mobility in this region. Based on potential
energy profiles obtained from QM/MM calculations, [104] reported that
the proximal position could only be occupied where the Tyrp was in its
reduced form (Tyrp-OH), whereas the distal position was preferentially
occupied where Tyrp has been oxidized to Tyrp (Fig. 9A). Crucially,
the phenolic proton in the Tyrp-OH was found to be hydrogen-
bonded to the water molecule in the proximal position rather than
being hydrogen-bonded and shared between both the phenolic oxygen
and Ne of D2-His189. It is instead the Ne of D2-His189 that remains pro-
tonated throughout and occupies this shared hydrogen bond position.

This is a central difference with the Tyr,/D1-H190 situation, where it is
the phenolic proton from Tyr that is shared between the two residues.
The mechanistic consequence is that while the oxidation of Tyrp, is also
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Fig. 9. Mechanism for the proton-coupled electron transfer during oxidation of Tyrp as
proposed by Saito et al. [104] based on QM/MM calculations. (A) A water molecule
moves between the proximal and distal positions as resolved in the crystal structure.
(B) The concerted proton transfer along a chain of amino acid residues and water mole-
cules away from Tyrp upon its oxidation.

Adapted from [104], Copyright © 2013 National Academy of Sciences.


image of Fig.�9

K. Linke, F.M. Ho / Biochimica et Biophysica Acta 1837 (2014) 14-32 25

a proton-couple electron transfer, the phenolic proton is not a “rocking
proton” [105] in a low barrier hydrogen bond between the tyrosine
and histidine residues upon tyrosine oxidation, as is the case for the ox-
idation of Tyr; (reviewed in [96]). Rather, the proton from Tyrp it must
be released elsewhere.

Upon Tyrp oxidation, therefore, it was necessary that (1) the pheno-
lic proton of Tyrp be released away from the Tyrp/D2-His189 region and
(2) the nearby water molecule move from the proximal to the distal
position at the same time (Fig. 9). Significantly, the proton transfer
was energetically favorable according to the QM/MM calculations,
with a fully concerted proton transfer reaction taking place over
~13 A. Starting with a protonated water approaching the distal position
adjacent to D2-Arg180, a concerted series of proton transfer reactions
lead to proton transfer to D2-Arg180, through a chain of three water
molecules, and ending at D2-His61 that is found near the luminal
surface (Fig. 9B). The possibility of such a proton exit pathway was
also raised by [11] (supplementary information). Interestingly, the par-
ticipation of D2-Arg180, not usually a residue associated with proton
transfer, was energetically possible here due to its salt-bridging to
D2-Asp333, thereby forming a neutral ion pair.

The combination of the release of the phenolic proton into the bulk
upon Tyrp oxidation and the requirement for the displacement of the
water molecule near Tyrp in conjunction with this process was pro-
posed as the reason for the long lifetime of Tyrp. The reverse processes
required for re-reduction were energetically unfavorable. The reverse
proton transfer would be an uphill process and the movement of the
water near Tyrp back to the proximal position would incur reorganiza-
tional energy costs. Re-reduction was therefore proposed to be inhibited
due to a lack of proton source and the absence of the connecting water at
the proximal position [104].

In this proposal, therefore, the water molecules involved are directly
linked to the oxidation mechanism and stability of the resulting Tyrp.
Both the single water molecule near Tyrp and the water chain involved
in proton transfer would have a one-way gating function that stabilizes
the resulting Tyrp radical. If this mechanism is correct, however,
proposals concerning the electrostatic role of Tyrp [97,102,106-109]
become more questionable. In these earlier studies, the released pheno-
lic proton was assumed to be localized near Tyrp, thereby acting as a
positive charge in a hydrophobic environment influencing e.g. the loca-
tion of the charge on Pgg after primary charge separation, the pK, of
nearby ionizable amino acids and the redox potential of Pdgo. In [104],
the proton is instead transported ~13 A away from TyrD. Therefore,
there would no longer be such charge localized at Tyrp/D2-His189.
Another point of consideration is whether the fully concerted proton
transfer mechanism over ~13 A proposed in [104] operates under dy-
namic conditions, given that the QM/MM calculations were restricted
to a set chain of amino acid residues and water molecules that
were energy optimized at each step of the calculation. A fully con-
certed mechanism would require a perfect alignment of all parts in
the multi-component chain, as opposed to the more diffusive nature of
the “traditional” Grotthuss mechanism, which may be more prevalent
under dynamic conditions.

Finally, based on the possibility of an ancestral homodimeric origin
for the D1 and D2 subunits of PSII, a comparison was made in [104] be-
tween the regions around Tyrp and Tyr; as a way to identify a potential
proton transfer pathway from the Mn,CaOs cluster. This proposed path-
way begins at Tyrz, and leads ultimately to D1-Asp61 through a number
of water molecules ligated to the Mn4CaOs cluster or the chloride ion/
D1-Asn181. This is certainly an interesting analysis, but there are
many open questions. With the path beginning at Tyr, it is clearly
reminiscent of the hydrogen-atom abstraction model, though it is not
explicitly stated what the source of proton would be. The analogous
path around the cluster does allow for H™ shuffling, but no doubt the
energetics around Tyr; and Tyrp are very different due to the pres-
ence/absence of the cluster and the different protein environments.
Note also that while D2-H61 lies near the luminal surface, D1-D61 is

still fairly buried inside the protein due to the presence of the extrinsic
subunits nearby, in particular PsbO. Therefore while an analogous
path may be identified geometrically between the D1 and D2 subunits,
caution is required before more experimental and/or computational
evidence is available.

7. Proton pathways at Qg

Apart from the donor side of PSII, water molecules/chains have also
been proposed to be of importance on the acceptor side, in particular for
the protonation of Qg.

The plastoquinone Qg is the final electron acceptor in PSII, which
upon accepting two electrons and concomitantly two protons to form
plastoquinol QgH, exchanges with oxidized plastoquinones in the plas-
toquinone pool in the thylakoid memebrane. Electron transfer from Qa
to Qg is mediated by a non-heme iron, which is coordinated by four
histidine residues (D1-H215, -H272 and D2-H214, -H268) and a
bidentate bicarbonate ligand (for a recent review see [110]). The steps
in protonation are much better understood in the functionally anal-
ogous Qg of the bacterial reaction center (BRC) of photosynthetic
bacteria, and have been used as a starting point for identifying path-
ways for Qg protonation in PSII (e.g. [111]; see also [110,112]). Two
(partially overlapping) pathways are believed to be involved in the
delivery of each of the two protons to Qg in BRC. Both start near
the surface, ending with either Asp-L213 and Ser-L223, or Glu-L212
to protonated Qg and QgH™, respectively, and water molecules have
been shown to be part of these transfer pathways. It should be noted,
however, that the details of this mechanism (e.g. the identity of the
pathways, the sequence of electron and proton transfers and loading
events, the protonation states of the amino acids involved during the
cycle, the orientation and binding of Qg) have not been uncontroversial
[110,113-119].

Key residues near the Qg site of PSII (e.g. D1-His215, -E244, -Tyr246,
-Tyr246, -His252, -Ser264) have been variously considered to transfer
protons to Q, in hydrogen-bonded networks probably in conjunction
with water (see for example: [110,112,120-122]). The residues D1-
His252/Ser264 in PSII are analogous to Asp-L213/Ser-L223 in one of the
proton pathways for in BRC. The PSII residues here are found close to
the stromal surface and are in proximity of a number of resolved water
molecules in the crystal structure. Therefore, there is likely to be easy ac-
cess to protons from the bulk for protonating Qg via these residues [112].
However, there are also key differences between PSII and BRC around Q.
Significantly, the important Glu-L212 residue in BRC is replaced by an al-
anine in the corresponding position. The most recent crystal structure of
PSII [11] also shows a distinct lack of resolved water molecules near the
Qg binding site. The bicarbonate ion ligating to the non-heme iron has
also long been known to be unique to PSIL

Results from a very recent QM/MM study [123] have suggested that
the first protonation of Qg after the first reduction indeed takes place via
D1-His252 and -Ser264. For this first protonation of Qg in PSII, these
amino acid residues appear to play the key roles, with involvement of
water limited to bulk water molecules providing external protons, as
also suggested in [112]. Mutants at D1-Ser264 have been shown to con-
fer herbicide resistance by interfering with herbicide binding to the Qg
pocket [124-129]. More importantly for the present discussion, howev-
er, these mutants nevertheless show impaired growth and PSII activity
in the absence of herbicides. This would be consistent with reduction
in Qg protonation efficiency, leading to a block on the PSII acceptor
side. There is also indication that the Qg/Qg potential is also affected
[124,126].

A more intriguing aspect is the protonation of QgH™, since the resi-
due in the position homologous to Glu-L212 in BRC is alanine and thus
unable to protonate. Here, water molecules have been proposed to
play a more important mechanistic role.

It has been proposed [123] that the D1-His215 residue that is ligated
to the non-heme iron provides this proton to QgH™. It was argued that
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the pK, of D1-His215 is lowered due to its ligation to the positively
charged non-heme iron, thereby making proton donation from N6 pos-
sible (Fig. 10A; ligation to the non-heme iron is via the Ne atom).
Reprotonation of D1-His215 could then occur via the bicarbonate ion
bound to the non-heme iron. Although the bicarbonate ion is connected
to water molecules leading to the bulk, the distance between the bicar-
bonate ion and D1-His215 is too large for favorable direct H™ transfer.
However, an elongated electron density originating from the nearby
D1-Tyr246 residue was observed in the crystal structure. It was
suggested in [123] that this may be evidence for a tyrosine peroxide
(Tyr-OOH) having been formed at this point, possibly due to a reaction
between D1-Tyr246 and a water molecule, as an artifact of the X-ray ra-
diation used for data collection. This water molecule would have been
located between the bicarbonate and D1-His215. Its presence would
then complete a hydrogen bonding network that could transfer protons
from the bulk to D1-His215 via the bicarbonate ion and D1-Tyr246.
According to this proposal, water molecules would play an important
role both in conducting protons to the bicarbonate ion, as well as
being a crucial bridge to the D1-His215 residue.

The involvement of bicarbonate and D1-His215 during the proton-
ation of QgH™ was also proposed earlier by Shevela et al. [112]. An

 D2-H214

Fig. 10. Protonation of Qg in PSIL (A) Key residues and co-factors around Qg that may be
involved in Qg protonation. Different conformations for the bicarbonate ion and tyrosine
residues depending on the oxidation state of Q4 and Qg are shown (see [123] for details).
The N6 atom of D1-His215 proposed in [123] to protonate QgH ™ is marked with an aster-
isk. (Adapted from [123], Copyright © 2013 National Academy of Sciences.) (B) Empty site
(shaded oval) between Qg (green) and the non-heme Fe (purple sphere) on the acceptor
side of PSIL The hydrophobic residues in the region are colored yellow. Water molecules
resolved in the crystal structure are shown as red spheres.

important difference in that proposal compared to that in [123] is that
the proton pathway from the bicarbonate ion to QgH™ was suggested
in Shevela et al. to go first via the Ne atom of His272, then the Ne
atom of D1-His215 and finally the N6 atom of D1-His215 before
reaching QgH ™. Noting that the first two steps involve proton transfer
via the ligating Ne atoms of D1-His272 and -His 215 that are bound
to the non-heme iron, it is unclear whether this path is favorable.

Examining the region between Qg and the non-heme iron in the
crystal structure, there is an empty site that is able to accommodate
the extra water molecule proposed in [123]. An interesting additional
observation that can be made here is that this pocket is rather hydro-
phobic (Fig. 10B). In addition to D1-His215, -His272 (ligands to the
non-heme iron), -Ser268 and -Tyr246 (mentioned above), this pocket
is lined by D1-Val219, -1le248, -Ala251, Phe265 and -Leu271. Given
the hydrophobicity of this space, a water molecule located here could
exhibit high mobility. This would seem to be opposed to the require-
ment of a stable and well-ordered water chain for efficient proton trans-
fer. But there may be a mechanistic reason behind this. Just as the water
occupying the alternate positions in the hydrophobic region at Tyrp may
have mechanistic significance ([104], see above), perhaps a water
molecule fills this pocket only after the first reduction and protonation
(via D1-His252 and -Ser264) of Qg. The presence of this water molecule
would thereby be mechanistically coupled to the need for a complete
proton pathway for QgH™ protonation. This would also link the site of
QgH™ protonation to the specific step in the Qg reduction mechanism.
Water access to this pocket is hindered by a bottleneck formed by
D1-Tyr246, -Ser268, -His272 and the bicarbonate ion, but dynamic
movement possibly linked to the first reduction/protonation could
allow water entry, perhaps triggered by the formation of the QgH™ spe-
cies that is formed after the second reduction step. Note that there are
examples in others proteins where transient proton pathways are
formed in synchrony with specific steps in the mechanism (e.g. bacteri-
orhodopsin, cytochrome P450; see below).

It can also be noted that the four water molecules that have been
suggested to link the bicarbonate to bulk water [112] do not form a
complete hydrogen-bonded chain, and two of these are not conserved
between the two monomers according to the analysis above. However,
this is probably a reflection of high mobility of water molecules near the
bicarbonate ion. In fact, when the solvent accessibility surface calculated
above (Fig. 2A) was more specifically examined in this region, it could
be seen that these water molecules are located in a larger channel
(Fig. 11). The empty spaces in this channel may be indicative of mobile
water molecules. Furthermore, it was found there was another channel

stromal surface

Fig. 11. Cross-sectional view of water channels leading to the bicarbonate ion (ball-and-
stick representation; dashed oval) between Q4 (yellow) and Qg (green) based on examina-
tion of the solvent accessibility surface (see Fig. 2 and accompanying text). Water molecules
in the channels are shown as space-filling spheres (blue: surface exposed molecules; red:
non-surface exposed molecules). The channel to the right contains the water molecules
proposed in [112] to conduct protons to the bicarbonate ion.
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that led to the bicarbonate ion. Although no water molecules in this chan-
nel were located immediately adjacent to the bicarbonate ion (Fig. 11),
taken as a whole it is possible that there are again mobile water molecules
in this channel that could access the ion. It is unclear how such mobility
would affect the protonation reactions. It should also be remembered
that phycobilsome is usually attached to the stromal side of PSIl under
physiological conditions. It is not yet known how water and proton access
to and via these channels would be affected by this.

8. Water: a controlled and a controlling element

From the overview above, it can be seen that water in PSII is much
more than just the solvent in which the enzyme is immersed. As the
actual enzyme substrate, there may be mechanisms for controlling its
access to the active site. The energy barriers found for water movement
through channels [39] and the dynamic opening and closing of some
channels [47] may be indications of this. These correlate also with
gaps in water occupation in otherwise open channel structures as
shown in the crystal structure ([11]; see analysis above). However, as
conductors of protons, water molecules can serve another role as a
controlling element that mechanistically couples proton transport to the
catalytic cycle, facilitating efficient proton transport at specific stages of
the cycle.

In this final section, a brief overview of some examples illustrating
these different roles for water is given. It will be seen that the line
between water being the controlled or the controlling element blurs,
but these are nevertheless interesting perspectives to consider. The
mechanisms through which these respective controls are achieved can
be interesting for further study of processes involving water in PSIL. Spe-
cific examples from three proteins are presented: aquaporins, bacterio-
rhodopsin and cytochrome P450.

8.1. Aquaporins — mechanisms for controlling water flow

Aquaporins (AQP) form a big protein family and are well known for
their high-speed water transport across biological membranes. The pro-
tein forms a transmembrane pore where water molecules flow through
in single file. However, AQPs strictly exclude proton conduction despite
the existence of a water chain, due to an electric field effect culminating
in a large energy barrier at a conserved double arginine-proline-argi-
nine (NPA) motif in the middle of the channel. Proton conduction is
not actively prevented by water molecules. This research has been
reviewed extensively and will not be discussed further here, but it is
nevertheless a salutary reminder that just as the absence of a permanent
water chain does not exclude proton conduction under dynamic condi-
tions, the presence of a chain does not guarantee proton conduction
either. The reader is referred to other reviews [28,34,130,131] for
further details concerning the mechanism of proton exclusion in AQP.
Instead, attention is drawn to mechanisms for gating water flow through
APQ that have been proposed during recent years, as an example of water
being the controlled element in a protein.

Gating mechanisms for water permeation have been suggested on
the basis of X-ray crystallographic and MD studies. These share a
theme of conformational changes that lead to opening and closing of
the channel. For example, in AQPZ from E. coli, control of water flow
has been proposed to be achieved by conformational changes of the
arginine residue Arg189 that is part of the well-conserved aromatic/
arginine selectivity filter that lies in the narrowest part of the pore
[132-134]. The guanidino group of Argl189 has been found in two
distinct conformations in the crystal structure of AQPZ, which were sug-
gested to represent the open and closed states of AQPZ [133]. Subse-
quent MD simulations verified that the upward orientation of Arg189,
where the guanidino groups is oriented parallel to the length of the
channel, allows water flow while in the downward position the
guanidino group forms a hydrogen bond with Tyr183, thereby closing
the selectivity filter [134]. Furthermore, interaction of His174 with

Arg189 appears to be important in controlling the position of the
ladder [132] and removal of the long side chain of arginine in simula-
tions of a Arg189Ser mutant resulted in a permanently open channel
[134].

By contrast, a more dramatic conformational change has been sug-
gested in the spinach AQP SoPIP2;1. Here, an external loop (D-loop)
can flip towards the N-terminus across the channel opening to obscure
the cytoplasmatic pore entrance, essentially functioning like a plug
[135]. This closed conformation is thought to be stabilized by the in-
teraction of the conserved residues Arg190 and Asp191 in the D-loop
with the N-terminus of SoPIP2;1. Disruption of the hydrogen bond-
ing interaction between the D-loop and the N-terminus through
phorphorylation of certain serine residues has been suggested to
trigger channel opening in vivo [135-138], whereas protonation of the
conserved His193 (e.g. low pH) leads to stabilization of the closed
conformation [135]. Gating by phosphorylation of serine residues has
also been suggested for AQP4 in mammalian brain [139] and AQP2 in
mammalian kidney [140].

8.2. Bacteriorhodopsin — making and breaking of water chains for controlling
proton conduction

As a controlling, rather than a controlled element, there are exam-
ples where the formation or breakage of a chain of water molecules
has been attributed to the regulation of proton transport. These changes
are generally triggered by changes in amino acids interacting with crit-
ical water molecules. In a sense the amino acids involved can be viewed
as the transducing element that connects specific events in the func-
tioning of the protein to the creation or disruption of a viable proton
transport path provided by the water chains.

The detailed mechanism of the proton transfer mechanism of the
light-driven proton pump bacteriorhodopsin (bR) has been extensively
studied through a variety of biochemical, spectroscopic, crystallographic
and computational studies. Of particular interest have been the steps
following light absorption and photoisomerization of the retinal chro-
mophore bound to Lys216 via a Schiff base, including the sequence
and structural changes through the individual steps of the photocycle,
as well as the network of amino acids residues and water molecules
involved in the storage and transfer of protons. The literature is vast
and mechanistic proposals as well as controversies abound. For more
details, see a number of reviews and recent papers on the topic:
[76,141-147]. Here, two examples of recent proposals involving the
bR mechanism that are of particular relevance for the current discussion
are presented.

The first concerns the uptake of proton from the cytoplasmic side
of bR in the final stages of the photocycle, leading to reprotonation
of the Schiff base (Fig. 12A). Based on time-resolved FTIR spectros-
copy and MD studies it was recently proposed that a three-water
chain transiently forms between Asp96 and Lys216 during the final
reprotonation step [17]. While only two water molecules are resolved
in this region in the crystal structure of ground-state bR, it was pro-
posed that a third, mobile water molecule completes this chain as a
result of conformational changes during the reprotonation step. The ex-
istence of a dynamic water chain between Asp96 and the Schiff base in
this later phase of the photocycle was also observed in a more recent
study based on both crystallographic analysis of a triple-mutant of bR
as well as MD simulations [147]. In addition, the protonation state of
Asp96 was found to be determinative of whether the cytoplasmic side
of the bR channel was accessible to bulk water. Only when Asp96 was
deprotonated was the channel open; conformation changes closed the
channel whenever the Asp96 was already protonated. It was thus pro-
posed that Asp96 acted as a “latch” for gating the flow of water (and
therefore protons) from the cytoplasm to Asp96 [147]. Therefore, it can
be seen that water acts as part of the controlling element for proton trans-
fer here, whereby the changes associated with a particular step in the
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Fig. 12. Water-mediated proton uptake and exit in bR. (A) Proton uptake for reprotonation
of the Schiff base in bR. A transient chain of three water molecules is proposed to form
from an original two during the reprotonation phase of the photocycle. (Adapted from
[17] Copyright © 2011 National Academy of Sciences.) (B) Proposed gating mechanism
for unidirectional flow of protons from bR (Adapted from [148] © 2010 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.).

photocycle is transduced by conformational changes in the protein that
lead to the making or breaking of proton transport paths via water chains.

The second recent proposal concerning bR is on the proton release
side and concerns the unidirectional nature of the proton transfer from
bR (Fig. 12B; [144,148]). Through a combination of time-resolved FT-IR
spectroscopic studies and MD simulations on WT and mutant bR, it
was proposed that a unidirectional gate (a “proton diode”) consisting
of Glu194, Ser193 and Glu204 operates to prevent proton back-flow
(Glu194 and Glu204 are implicated to be, or be associated with, a proton
release/storage group in bR: [75,146]). In the ground-state of bR, hydro-
gen bonding between Ser193 and Glu204 leads to a conformation that
prevents bulk water from accessing the interior of the bR channel. As a
proton is released from the core of bR during the photocycle and move
towards Glu194 and Glu 204, the hydrogen bond between Ser194 and
Glu204 is weakened/broken, thereby allowing contact between the pro-
ton transferring water molecules in the bR interior (for an alternative
view with focus on changes to pK, values rather than water access, see
[146]). In this proposal, then, Ser193 acts as a gate that opens in response
to proton release from bR, and closes otherwise to prevent proton back-

flow. The making and breaking of water chains is thereby a central part
of proton transport control, coupled to the photocycle.

8.3. Cytochrome P450 — water as a multi-functional and mechanistically
coupled controlling element

Cytochrome P450 enzymes (CYP) comprise a huge group of mono-
oxygenase heme-proteins that are essential to many cellular processes
in all known organisms. Their general function is the oxidation of a va-
riety of hydrocarbon substrates during biosynthesis or degradation.
Their involvement in drug deactivation in the human body has in
particular turned CYPs into a well-studied pharmaceutical target. The
mechanism of this enzyme has been extensively studied and reviewed
(see for example [149] and references therein). Briefly, at the base
of the enzyme active site is a low-spin ferric heme center that is
6-coordinated in the absence of substrate, with a water molecule occu-
pying an axial position. Substrate binding to the active site displaces this
coordinated water molecule, which leaves the active site along with
any other waters molecules in the site. This leads to an activated
5-coordinate, high-spin ferric heme center with an increased reduction
potential. This is followed by reduction of the heme by a reductase part-
ner (varies depending on the CYP in question), leaving a ferrous center
that favorably binds an O, molecule. Following a further reduction step,
two protonation steps and O-O bond cleavage, the Fe(IV)-oxo species
that oxidizes the substrate is obtained. During these final steps, howev-
er, protonation needs to be fine-tuned to avoid uncoupling, which
would lead to hydrogen peroxide formation rather than O-O bond
cleavage [150].

An especially interesting aspect with CYP for the current discussion
is that water plays important and distinct roles in the catalytic cycle.
As outlined below, water is present in specific places in the protein
only when needed for specific functions, and excluded otherwise. It is
an integral part of the catalytic cycle.

Though not a substrate as in PSII, the presence or absence of water in
the CYP active site, including the water ligand to the heme center, tunes
the spin, redox potential as well as O,-binding affinity of the heme cen-
ter. The large variety of channels found in different families of CYP, the
dynamic nature of the water molecules in the active site, and the
paths that they may take leaving the active site are indeed topics of
much interest [151-153]. Furthermore, in order to avoid uncoupling,
water chains leading to the active site are needed for protonation in
some but not all steps of the catalytic cycle. Different mechanisms to
synchronize water access to the catalytic cycle have been proposed.

With respect to the dehydration of the active site, it has been pro-
posed that a conserved arginine residue that forms a salt-bridge with
the 7-propionate of the heme center acts as a gate to a water channel.
This “aqueduct” links the active site to the protein surface. [18,154].
Breaking of the salt-bridge through rotation of the arginine residue
opens water access via the aqueduct. It appears that this salt-bridge
closes the aqueduct in the substrate-bound state of CYP, after the
desolvation and activation of the active site for reduction and O, binding,
as outlined above (see also [153]). This closed state of the gate maintains
the desolvation and activation. Sequence alignments of more than 500
homologues suggest that this aqueduct is present in many bacterial and
mammalian CYPs, and that water permeability is controlled by the
same arginine/7-proprionate gate gating mechanism (sometimes Lys or
His replace Arg) [18,154]. The need for conformational change for aque-
duct opening might also explain why the aqueduct has not always been
observed [18,154,155]. A more active role for the gate in water expulsion
has also been suggested [155].

To subsequently allow protonation of the oxygen-bound heme cen-
ter, water access to the active site needs to be reestablished later in the
catalytic cycle. From MD simulations and structural data [18,154], there
is strong evidence for human CYP3A4 that the aqueduct is reopened
upon binding of the reductase partner, allowing a water chain to the
active site to reform. There is thereby a synchronization of water access
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to the need for protonation of the heme-oxo-complex. The authors
suggest that reductase binding weakens and consequently disrupts
the salt-bridge between 7-propionate and Arg375. As a result, Arg375
rotates, thus opening the aqueduct and allowing for proton transfer to
take place. Besides the aqueduct, another water chain may also be re-
built after heme-oxo reduction to facilitate proton movement, possibly
for the second protonation reaction at the active site [18,154]. In this
case these ordered water molecules lead to (in CYP3A4) the Glu308
and The309 residues, and provide a hydrogen-bonded network for pro-
ton transfer with the threonine residue being the final proton deliverer.
This is in agreement with findings for the analogous Asp251 and The252
residues in the bacterial CYP101A1 (CYPcam) [154,156,157], with the
The252Ala mutation giving rise to uncoupling and formation of reactive
oxygen species due to improper protonation [157,158].

The details of the water and proton transport mechanisms in CYP are
still under investigation and discussion. There are a large number of
channels in CYP in addition to those outlined here, with differences be-
tween the huge number of different CYPs [149,151]. Nevertheless, the
apparently conserved gated aqueduct may provide a fine-tuned gating
mechanism directly linking water access to the catalytic cycle. Water
molecules can thus alternately act as the spin/redox-tuning or the pro-
ton conduction element, depending on the step in the cycle. There is
clearly a close interplay between the protein environment and the
water molecules, such that water becomes a dynamic and integral part
of the functioning of the protein.

9. Concluding remarks

Water is clearly important for the functioning of PSII. Apart from
being the very substrate for the enzyme, it is also vital for the transport
of protons to and from the Mn4CaOs cluster as well as other important
co-factors and key residues in the enzyme. New possibilities and
avenues for investigation have been opened by the latest crystal struc-
ture resolving water in the structure, but clearly much remains to be
studied. The effects of the dynamic protein has been incorporated in
some of the recent MD studies, but this will no doubt be much extended
in the future to other investigations about, for example, energetics and
redox properties. Studies of proton transfer will also benefit in this
regard. The interaction between water molecules and the surrounding
amino acid residues can have far-reaching effects, and the brief over-
view of the role of water in other, more well-studied enzymes gives a
taste of this.

Reflecting on the role of water on this more general level, it becomes
clear that water is much more than just a solvent. While a little special in
being the substrate for PSII, mechanistically it can act to regulate and
control the mechanistic function of the protein. This is of course
performed in conjunction with changes in the protein itself, but it is
worthwhile to consider protein residues and water as equally important
in this regard. Indeed, as observed in CYP, the effect of water molecules
can even be more direct, tuning the spin and redox properties of key co-
factors in the enzyme. In PSI], this is a possibility that can be explored
further. A good example is the observation that water is an axial ligand
to seven of the 35 chlorophyll molecules in the crystal structure.
Amongst these are both of the accessory chlorophylls in Psgo (Chlpg
and Chlp;), so it may be interesting to explore the effect of these water
molecules, and whether any transient changes occur e.g. upon charge
separation. It was for instance recently shown that the presence of an
axial water ligand to Pp; of the Psgg assembly in the D1-H198A mutant
affected the reduction potential of Pggg [159].

In the context of proton transport, one can also pose the question:
why are water molecules used for conduction at all, given that
deprotonatable residues can also carry out proton transport via the
Grotthuss mechanism? The logical answer is because water and amino
acid residues serve different but complementary functions. While resi-
dues could in theory provide the required transport route, there
would need to be a chain with a suitable pK, gradient in order for

directional transport to be achieved. This could lead to highly charged
regions in the protein, which may not be energetically favorable.
For longer range proton transport, it may be difficult to establish a
suitable chain based purely on amino acids. By contrast, a chain of
water molecules can provide stretches of essentially isoenergetic
paths for proton transport (of course still subject to charge and envi-
ronmental effects from the protein surrounding). This becomes a
more flexible and tunable pathway, as illustrated by the examples
above. The very mobility of water molecules, while a potential hin-
drance for proton transport, is also a strength. Such proton pathway
can be built/opened or broken/closed dynamically. By contrast, amino
acid residues are arguably more suited to act as gates, or “traffic lights”
in the proton highway.

While there may seem to be a degree of semantics in this discussion,
if the role of water is elevated and considered more as an integral part of
protein and enzyme function, deeper and interesting questions can be
asked. For example, if a region in a crystal structure is devoid of water
despite space being available, why is that so? Is it hydrophobicity, lack
of access or high mobility that is the cause? In each case, are there
underlying functional reasons, and how does the system behave under
dynamic conditions? Similarly, the significance of the location of clus-
ters, chains or even individual water molecules in relation to the protein
environment can also be interrogated. By seeing water as an integral
part of the protein, the inquiry and range of investigations can be
broadened.
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