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SUMMARY

Using the 2.9 Å resolution structure of the membraneintrinsic protein-cofactor complex photosystem II
(PSII) from the cyanobacterium Thermosynechococcus elongatus, we calculated and characterized nine
possible substrate/product channels leading to/
away from the Mn4Ca cluster, where water is oxidized
to dioxygen, protons, and electrons. Five narrow
channels could function in proton transport, assuming that no large structural changes are associated
with water oxidation. Four wider channels could
serve to supply water to or remove oxygen from the
Mn4Ca cluster. One of them might be regulated by
conformational changes of Lys134 in subunit PsbU.
Data analyses of Kr derivatized crystals and complexes with dimethyl sulfoxide (DMSO) confirm the
accessibility of the proposed dioxygen channels to
other molecules. Results from Xe derivatization suggest that the lipid clusters within PSII could serve as
a drain for oxygen because of their predominant
hydrophobic character and mediate dioxygen release from the lumen.
INTRODUCTION
Photosystem II (PSII) is a multisubunit pigment-protein complex
located in the thylakoid membrane of cyanobacteria, algae, and
plants that functions as a water:plastoquinone oxidoreductase.
It uses solar energy to convert water to molecular oxygen (O2),
protons, and bound electrons by a series of consecutive reactions. The crystal structure of PSII isolated from the cyanobacterium Thermosynechococcus elongatus was determined at 2.9 Å
resolution (Guskov et al., 2009). PSII is a homodimer with a
molecular weight of about 750 kDa (Zouni et al., 2005) consisting
of 20 different protein subunits, 17 of which are membraneintrinsic (PsbA to PsbF, PsbH to PsbM, PsbT, PsbX to PsbZ,
and ycf12) and 3 of which are membrane-extrinsic (PsbO, U,
and V). Each monomer of PSII harbors nearly 100 cofactors.
Light-excitation of the reaction center (RC) of PSII formed by
subunits PsbA (D1) and PsbD (D2) results in the oxidation of

a chlorophyll (PD1) and the reduction of a plastoquinone (QB)
and affords reducing equivalents (plastoquinol, QBH2) that ultimately lead to the production of carbohydrates in the Calvin
cycle (Kern and Renger, 2007; Renger, 2008; Wydrzynski and
Satoh, 2005).
The catalytic site of water oxidation is the Mn4Ca cluster (water
oxidizing complex (WOC)) located at the lumenal side of PSII and
shielded from the aqueous phase by the membrane-extrinsic
subunits PsbO, PsbU, and PsbV. Electrons are extracted from
the WOC by oxidized PD1 via a redox-active tyrosine of PsbA
(YZ, A-Tyr161) hydrogen bonded to A-His190. By repeated excitation of the RC, the WOC cycles through five successive oxidation states, called Si-states (i = 0 4), leading to the oxidation of
two water molecules to O2, four protons, and four electrons in the
millisecond time range (Kern and Renger, 2007; Kok et al., 1970;
Renger, 2008; Wydrzynski and Satoh, 2005).
Because water as the substrate of the WOC is a major component of the surrounding medium and because the side product
(O2) is potentially harmful, the function of the catalytic cycle of
PSII requires controlled delivery of the educt to and efficient
removal of products (electrons, O2, and protons) from the
Mn4Ca cluster, which has to be ensured by the protein environment. This led to various hypotheses about the quantity, location, specificity, and texture of channels connecting the WOC
with the lumen. On the basis of the first crystal structure of PSII
at 3.8 Å resolution (Zouni et al., 2001), it was suggested that
the membrane-extrinsic subunit PsbO with its tubelike structure
could have a function in product and educt transport (Rutherford
and Faller, 2001). With the improvement of crystal structures at
3.5 Å (Ferreira et al., 2004) (PDB ID 1S5L) and 3.0 Å resolution
(Loll et al., 2005) (PDB ID 2AXT), more detailed analyses of
possible channels for water and oxygen transfer became feasible. Using different approaches, several groups suggested
a rather complex transport network consisting of three to four
channels formed by various subunits in PSII (Barber et al.,
2004; De Las Rivas and Barber, 2004; Ho, 2008; Ho and Styring,
2008; Ishikita et al., 2006; Murray and Barber, 2007).
The most recent structure of PSII at 2.9 Å resolution revealed
new details in the environment of the WOC (PDB ID 3BZ1 and
3BZ2) (Guskov et al., 2009). In particular, a chloride-binding
site was identified at a distance of 6.5 Å from the Mn4Ca cluster,
and a refined proposal was made concerning the channels in the
protein that might be utilized for the transport of protons, oxygen,
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Figure 1. The Mn4Ca Cluster of PSII and
Possible Trajectories of Substrate/Product
Channels Leading to the Lumen
(A) View from the stromal side onto the membrane
plane showing the Mn4Ca cluster (only Ca [orange
sphere], Mn1 and Mn4 [red spheres] are visible),
the chloride ion (Cl , green sphere), and putative
channels connecting the cluster to the lumenal
side. Water/oxygen channels are in blue (A1), light
blue (A2), and pink (B1); possible proton channels
(C to G) are in yellow. Adapted from Guskov et al.
(2009).
(B) Schematic view (same view as in panel A) of
possible substrate and product channels in PSII.
Minimum diameters of the water/oxygen channels
(in Å) are indicated by black arrows. Thick colored
arrows indicate the suggested paths for water
supply (blue), oxygen (pink), and proton (yellow)
removal. Note U-Lys134 from subunit PsbU that
closes a side-exit of channel B1 and could open
it by a conformational change; see Figure 3.
(C) Enlarged view of the putative channels in the
vicinity of the Mn4Ca cluster (Ca, Mn1, and Mn4
visible) in relation to functionally important residues (A-Tyr161 is the redox-active YZ) with an
example of a channel cross-section: cyan bold
line, cross-section of the actual channel; yellow,
cross-section and surface of the channel C calculated by CAVER; and black arrow, radius at given
point. The surface of the actual channel is colored
blue, red, and gray for positively charged, negatively charged, and neutral atoms, respectively.
(D) Side view of one PSII monomer along the
membrane plane showing openings of the channels toward the lumen. Openings of the channels
A1 (at the back side), A2 (not seen), B1, and CD
are located close to the membrane surface. Adapted from Guskov et al. (2009).

and water. Extending this description, we propose here nine
channels obtained by further calculations based on the 2.9 Å
resolution structure. We also present data from crystal structures
of PSII derivatized with gaseous Xe or Kr or cocrystallized with
dimethyl sulfoxide (DMSO) that support our conclusions concerning the channels.
The physical properties of Xe and Kr make them particularly
good analogs of dioxygen because of their solubility in hydrophobic environments, and their van der Waals radii (2.16 Å for
Xe and 2.02 Å for Kr) are comparable to that of O2 (2.13 Å along
the O=O bond). Xe and/or Kr were used similarly to identify
hydrophobic cavities and possible channels for oxygen transport
in different proteins (Cohen et al., 2006; Luna et al., 2008; Prange
et al., 1998; Svensson-Ek et al., 2002). Studies in a different
context prompted us to perform cocrystallization of dimeric
PSII with DMSO, which turned out to be a probe for the accessibility of protein channels.
RESULTS
Theoretical Calculations
In total, more than 80 possible trajectories of channels were
calculated using the program CAVER (Petrek et al., 2006) starting from several different origins that cover the area of the

Mn4Ca cluster and using various grid sizes from 0.4 to 0.6 Å.
The most probable trajectories were assigned on the basis of
several criteria, such as channel diameter, length, hydrophobicity, and the physical and chemical properties of the transported molecules, and were merged by their similarity into two
channels for water, one for oxygen, and five for proton transport
(Figures 1A, 1B, and 1D). The assignment in this analysis is
based on the following assumptions: the radius of the water
channel has to be greater than 1.49 ± 0.26 Å, where 1.49Å is
the radius of water (Quillin et al., 2000) and 0.26 Å is the estimated maximal coordinate error calculated by SFCHECK
(Vaguine et al., 1999) for the crystal structure of PSII at 2.9 Å
resolution. The oxygen channel must be the widest (because
the radius for oxygen is 1.52 Å and that for dioxygen is 2.13 Å
along the O=O bond), the most hydrophobic (as oxygen is hydrophobic) and desirably the shortest (to provide fast oxygen
removal from the Mn4Ca cluster). Regarding the proton channels, the length of the bottleneck (channel narrows) was taken
as the most significant parameter (must not be longer than the
maximal length of a hydrogen bond, 3.5 Å ± 0.26 Å). In terms
of the radius, all channels, which are not wide enough for water
or dioxygen transport (radii below 1.49 Å ± 0.26 Å), but still
capable of accommodating water molecules, were postulated
as possible proton channels (Figures 1A and 1B).
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Figure 2. Profiles of Putative Water and Dioxygen Channels
(A) Graphic presentation of water channel A2.
(B) Structural presentation of water channel A2; the red mesh has a radius of 1.49 Å.
(C) Graphic presentation of dioxygen channel B1.
(D) Structural presentation of dioxygen channel B1; the violet mesh has a radius of 1.52 Å. Amino acid residues around narrow passes are shown in stick presentation in B and D.

Water Channels (A1 and A2)
We suggest that channels A1 and A2 (Figures 1A, 1B, and 1D) play
the leading role in water supply from the lumen to the Mn4Ca
cluster. Both channels originate at the lumenal surface of subunits
CP43 (PsbC) and D1 (PsbA) with their entrances being 15 Å apart
and join at a distance of 14 Å from the Mn4Ca cluster. The lengths
of the channels are roughly 25 Å and 35 Å with minimal radii of
1.24 Å and 1.38 Å for A1 and A2, respectively (see Figures 2A
and 2B for the profile of a trajectory for channel A2). The channels
are formed mainly by residues of subunits D1 and CP43 as well as
by head groups of digalactosyldiglycerol (DGDG) lipids DGDG1
and DGDG2. The amount of polar residues forming the walls of
channel A1 is 26, and that of nonpolar (hydrophobic) residues is
28, but the ratio between them is dependent on their position along
the channel—there is a gradual increase of nonpolar (hydrophobic) groups toward the Mn4Ca cluster. At the channel entrance
near the lumen, polar (hydrophilic) groups predominate (up to
85%), whereas near the Mn4Ca cluster only 40% of the atoms
belong to polar groups. A similar decrease of polarity from the
lumen toward the Mn4Ca cluster is observed along channel A2.
Oxygen Channels (B1 and B2)
The only channel found to be suitable for dioxygen removal from
the Mn4Ca cluster is channel B1. It is 33.5 Å long and leads

away from the Mn4Ca cluster starting at the side of the Ca,
Mn1, and Mn2 atoms. This channel is formed by residues of
subunits D1, CP43, and cytochrome c-550 (PsbV), and its
surface is lined mainly with nonpolar (hydrophobic) groups
(60% of all the contributing atoms). Although this channel is
not the shortest one, its minimal radius of 1.44 Å renders it the
best candidate for easy diffusion of dioxygen. The profile of
this channel is depicted in Figures 2C and 2D.
The profile of channel B1 features a sharp turn (Figure 1B),
where a possible accumulation of dioxygen molecules could
take place. Interestingly, this turn is separated from the lumen
by the side chain of the C-terminal Lys134 from subunit PsbU
(U-Lys134). The side chain of this residue is held in this position
by one salt bridge formed with Asp79 from subunit PsbV
(U-Lys134NZ$$$$V-Asp79OD2, 3.26Å), whereas there is no strong
hydrogen bond to the terminal carboxylate group of PsbU (the
closest interactions are U-Lys134OXT$$$$D-Arg384NH2 [4.35 Å]
and U-Lys134O$$$$D-Arg384NH1 [3.57 Å]; see Figures 3A,
3C, and 3E), but we can not exclude that water molecule(s)
mediate(s) these long hydrogen bonds.
To evaluate the possibility of forming another channel, we
changed the conformation of U-Lys134 manually by using the
software COOT (Emsley and Cowtan, 2004) and performed
50 cycles of the ‘‘model_minimize’’ procedure for the energy
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termed B2 (Figures 3B, 3D, and 3F), with minimal radius of
1.75 Å, a length of 29.5 Å, and a predominance of hydrophobic
residues at its surface (see Table 1).

Figure 3. Scheme of Activation of the Second Possible Dioxygen
Channel B2
Minimum diameters of the oxygen channels (in Å) are indicated by black
arrows. Thick colored arrows indicate the suggested paths for water supply
to (blue, channel A1) and oxygen removal (pink, channels B1 and B2) from
the Mn4Ca cluster.
(A) Channel B2 is closed by U-Lys134.
(B) Channel B2 is open after conformational change of U-Lys134.
(C) View of closed conformation of U-Lys134 gray/pink (‘‘closed’’).
(D) View of open conformation of U-Lys134 green (‘‘open’’).
(E and F) Graphical presentations of the profiles of trajectories for ‘‘closed’’ (E)
and ‘‘open’’ (F) conformations of U-Lys134 in channel B2.

minimization excluding phase information (solvent-free structure
idealization) in CNS 1.2 (Brünger et al., 1998). In the new position,
U-Lys134 has good stereochemical properties with a Gfactor =
0.18, whereas the Gfactor in the original position was only slightly
higher (Gfactor = 0.26). The Gfactor is a score based on the
observed distributions of stereochemical parameters: The higher
it is, the more preferred is the conformation (Laskowski et al.,
1993). In the changed conformation, U-Lys134 forms new
putative hydrogen bonds U-Lys134NZ$$$$B-Glu387OE1 (2.68 Å),
U-Lys134NZ$$$$D-Glu343OE1 (3.17 Å) and U-Lys134OXT$$$$
D-Arg348NH1 (2.58 Å). This conformational change is associated
with the opening of an additional putative oxygen channel,

Proton Channels (C, D, E, F, and G)
At the other side of the Mn4Ca cluster, five narrower channels
(C, D, E, F, and G) start at positions of Mn3 and Mn4 with mostly
polar (hydrophilic) groups forming the walls and minimum diameter of 1.3 Å (Table 1). Channels C and G originate at atom Mn4
and harbor the chloride ion Cl (Guskov et al., 2009), but they
have different exits (see Figures 1A, 1B, and 1D). Channels D,
E, and F initiate at atom Mn3 and diverge, though channels E
and F share the same exit to the lumen (EF). Similarly, channels
C and D unite to channel CD before exiting into the lumen. As
mentioned above, all proton channels have short narrow sections
that might be filled with fixed water molecules at such positions.
To evaluate the suitability of the narrow channels C–G for
proton transfer, we placed water molecules manually inside
these channels (see Figure 4B for details). In all five channels,
it was possible to model water chains with respect to the geometry and presence of donor/acceptor amino acids for proton
jumps occurring by the Grotthuss mechanism (proton-hopping)
(Brzezinski and Adelroth, 2006; Cukierman, 2006). The proton
transfer over long distances is thought to involve a cascade of
‘‘hops,’’ each ‘‘hop’’ relocating a proton via water molecules or
protonatable amino acid side chains, as illustrated in Figures
4C and 4D. This process requires a well-defined orientation of
hydrogen bonds and an electrostatic environment that enables
transient stabilization of the proton along the transfer pathway.
Residue A-Glu65, which has been proposed to be involved in
a proton exit pathway (Barber et al., 2004; De Las Rivas and
Barber, 2004; Ishikita et al., 2006), is located at the bottleneck of
channel C (Figures 4A and 4B). There is enough space within
this channel for one water molecule being placed between Cl
and the WOC (the 2.9 Å resolution structure (Guskov et al., 2009)
revealed a patch of electron density at this position, which was interpreted as an ordered water molecule), two between Cl and
A-Glu65 and five after the bottleneck at A-Glu65 (Figure 4B). Other
conserved residues proposed to participate in proton transfer
(Barber et al., 2004; De Las Rivas and Barber, 2004; Ishikita
et al., 2006) are located at the channel walls as well—that is,
A-Asp61, D-Glu312, O-Arg178, and O-Asp250 (Table 1). (Note that
there are different numbering schemes for the PsbO sequence.)
In channel D, five water molecules before the first narrow pass
when coming from the WOC, two water molecules between the
first and second narrow pass and five water molecules after the
second narrow pass were modeled. In channel E, we were able
to locate six water molecules before and 14 after a narrow pass.
In channel F, six water molecules could be assigned before the first
narrow pass, three water molecules are located between the first
and second narrow pass, and nine are located after this pass. In
channel G, it was possible to model five water molecules in addition to the present chloride ion before and 17 waters after a narrow
pass. Radii and amino acids at narrow passes are given in Table 1.
Experimental Channel Contouring with Noble Gases
and DMSO
To confirm possible hydrophobic pathways for dioxygen transfer
away from the Mn4Ca cluster experimentally, we determined the
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Table 1. The Substrate/Product Channels at the Lumenal Side of PSII
Residues at
Narrowest narrowest
Residues with dominance of
radius (Å) point
Length (Å) polar groups in channel

Starting
Channel point

End
point

A1

CP43, D1

Ca, Mn1,
Mn2

1.24

C-Asp360,
DGDG2

25

C-Leu401, A-Leu343, C-Phe358,
A-Asp342, A-Ala344, A-Gln165,
C-Gly306,C-Trp291, C-Pro307,
A-His190, A-Asn296, A-Gly164,
A-Gly166, A-Ile163,C-Asp360, DGDG2, C-Phe292, A-Leu91
C-Gly220, C-Glu221, C-Lys215,
C-Arg362, C-Ser226, C-Asn228

A2

D1,
CP43,
PsbO

Ca, Mn1,
Mn2

1.38

A-His92,
C-Trp359,
A-Ile89

35

A-Asp342, A-Ala344, A-Gln165,
A-His190, A-Asn296, A-Gly164,
A-Gly166, A-Ile163, DGDG2, A-His92,
C-Arg357, C-Asp360, C-Trp359,
A-Ala88, O-Arg99, DGDG1, A-Glu98,
O-Thr39, O-Gly38, O-Glu100

C-Leu401, A-Leu343, C-Phe358,
C-Trp291,C-Gly306, C-Gly219,
C-Pro307, C-Phe292, A-Leu91,
A-Ile89, C-Pro345, C-Thr346

B1

Ca, Mn1,
Mn2

CP43, D1, 1.44
PsbV,

C-Val410,
A-Glu329,
A-Asp342

33.5

1.55

C-His398,
C-Val417,
V-Ser65

A-Asp342A, A-Glu329, A-Pro340,
V-Lys160, C-Glu413, C-His398,
V-Lys73, C-Met396, C-Asn418,
C-Ala399, C-Glu83, V- Gln60,
C-Lys79, DGDG5, DGDG6

A-Glu189, C-Val410, A-Leu341,
C-Gly409, A-Leu343, V-Ser65,
C-Gly408, C-Leu401, V-Lys129,
V-Tyr61, C-Thr397, C-Val417,
C-Phe419, V-Ala64, D-Leu352,
C-Thr412, A-Ala188

1.44

C-Val410,
A-Glu329,
A-Asp342

29.5

A-Asp342, A-Glu329, A-Pro340,
A-Ala344, C-Glu413, V-Tyr163,
V-Asp79, V-Ser77, V-Gly157

1.75

U-Lys134,
V-Pro76,
V-Asp79

A-Glu189, C-Val410, D-Leu352,
A-Leu342, V-Lys160, V-Lys73,
V-Ile71, U-Tyr133, V-Pro76,
V-Gly159, U-Lys134

B2

Ca, Mn1,
Mn2

PsbU,
PsbV

Residues with dominance of
hydrophobic groups in channel

C

Mn3, Mn4 D1, D2,
PsbO

0.66

A-Glu65,
A-Arg334,
A-Asn335

31.5

A-Asn181, A-Asp61, A-Arg334,
A-Asn335, A-Glu65, A-Phe182,
D-Glu312, O-Arg178, D-Glu310,
O-Asp183, O-Asp250, D-Pro309,
A-Arg64, O-Arg141

A-His332, A-Pro173, A-Glu333,
D-Phe314, A-Ile60, D-Lys317,
A-Val185, D-Leu320, D-Leu321,
O-Asp184, O-Pro185, O-Phe182,
A-Pro66, A-Pro57, D-Phe311,
A-Ile63, O-Pro143

D

Mn3, Mn4 D1, D2,
PsbO,

0.72

O-Tyr177,
O-Arg178,
A-Arg64

30

A-Ala336, C-Gly353, C-Met356,
A-Gly62,C-Gly338, A-Ile63,
C-Leu337

1.01

A-Ile63,
C-Leu337,
C-Thr335

A-Glu333, C-Glu354, C-Arg357,
A-Ser169, A-Asp61, Asn338,
C-Thr335, O-Tyr177, O-Arg178,
A-Arg64A

E

Mn3, Mn4 CP47,
PsbU

1.08

C-Pro334,
D-Asn350,
A-Asn335

52

A-Glu333, C-Glu354, C-Arg357,
A-Asp170, A-Asn87, A-Ser169,
A-Asp61, C-Thr335, A-Asn338,
A-Asn335, D-Asn350, O-Asn181,
B-Arg384, O-Ser192, U-Asn130,
U-Asn61, U-Thr60, U-Tyr51

A-Ala336, C-Met356, A-Ile63,
C-Gly338, C-Leu337, C-Pro334,
D-Gly349, O-Leu183, U-Leu132,
O-Ala191, B-Ala386

F

Mn3, Mn4 CP47,
PsbU

0.96

A-Asn338,
C-Pro334,
C-Lys339

42

1.12

U-Asp126,
U-Asn130,
O-Asn181

A-Glu333, C-Glu354, C-Arg357,
A-Ser169, A-Asp61, A-Ile63,
C-Thr335, C-Lys339, A-Asn338,
D-Asn350, O-Asn181, U-Asp126,
U-Asn130, U-Asn61, U-Tyr51,

A-Gly62, A-Ala336, C-Gly353,
C-Met356, C-Met342, C-Leu337,
C-Pro334, C-Gly333, O-Ala191,
U-Leu121, B-Ala386

0.88

D-Thr316,
D-Leu320,
O-Pro185

51

A-Glu333, A-His332, A-Asn181,
D-Lys317, A-Arg334, D-Thr316,
O-Lys186, O-Ala199, D-Glu323,
D-Glu302, D-Tyr296, B-Glu364,
B-Ser365, O-Glu205, O-Asn212,
B-Arg422

A-Val185, D-Leu321, D-Leu320,
O-Pro185, D-Leu319, O-Ile198,
O-Pro201, O-Ala197

G

Mn3, Mn4 PsbO

Nonconserved residues are marked by bold italic, and all other residues listed are strictly conserved. Residues are labeled first with PSII subunit name,
their three-letter code, and sequence number.

Structure 17, 1223–1234, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1227

Structure
Substrate/Product Channels in Cyanobacterial PSII

Figure 4. Profile of Trajectory for Proton Channel S
(A) Graphic presentation.
(B) Structural presentation with putative (manually
modeled) water molecules; the blue mesh has a radius
of 1.49 Å.
(C and D) Schematic view of proton transfer in a protein
(green) via a ‘‘proton wire,’’ according to the Grotthuss
mechanism. The wire consists of a hydrogen-bonded
(dashed lines) chain of water molecules and protonatable
amino acid residues. A proton enters from the left, the blue
arrows show the positive charge propagating by sequential ‘‘hops’’ through the chain (C), and a proton exits at the
right (D). Before the next proton can be transferred, the
components of the chain must rotate (red arrows) to rearrange the chain to the original configuration (C). Adapted
from Brzezinski and Adelroth (2006).

At all Xe pressures, one of the Xe atoms (Xe5) is riding on the
noncrystallographic C2-axis relating the monomers in the PSII
dimer (Figures 5A and 5B). At 30 bar, 26 Xe are found in each
of the two monomers (Table 3). Surprisingly, none of the Xe
atoms is found in the calculated channels described above.
Among the 26 assigned Xe atoms located at 30 bar in each
monomer, one (Xe2) is located in the hydrophobic interior of
the b-barrel of PsbO (Figure 5D), but there is no direct connection
between the internal cavity of PsbO and the Mn4Ca cluster.
Seven atoms (Xe5, Xe9, Xe10, Xe14, Xe21, Xe24, and Xe25;
Figure 5B) and their C2-symmetry related mates are found at
the monomer-monomer interface. The remaining Xe sites are
located in the membrane spanning part of PSII at approximately
half height of the membrane (Figures 5C and 5D) (see Table 3 for
a detailed description of the Xe positions).
To understand how Xe (or O2) could escape from the lumen
into the membrane, we calculated possible pathways with

structure of PSII crystals derivatized with Xe or Kr under pressure
(see Experimental Procedures and Table 2). The Xe atom has
more electrons (thereby facilitating its detection with X-rays)
and comparable van der Waals radius to O2 (2.16 Å for Xe, and
1.52 Å for dioxygen, 2.13 Å along the O=O bond) so that it can
mimic oxygen in X-ray crystallographic studies (Brunori et al.,
1999; Prange et al., 1998; Svensson-Ek et al., 2002). In total,
ten Xe derivative data sets were collected, and three of them
were used for assignment (see Table 2 for statistics) and refinement of the Xe positions (see Table 3 for details on each dataset).
Peaks lower than the 9 s level were excluded (Table 3). The
number of detectable Xe atoms in the structure increased with
the pressure applied to the crystal. Pressurizing with ten bar allowed us to resolve only 19 Xe in the PSII dimer (Guskov et al.,
2009), whereas 35 and 53 Xe atoms were identified at 14 and
30 bar, respectively. These Xe sites have reasonably good correlation (60%) with those obtained by Murray et al. (2008).

Table 2. Crystallographic Statistics for Xe and Kr Derivative Data Sets and DMSO Complex Data Set
Noble gas

Xe

Xe

Xe

Kr

Pressure, bar

10

14

30

40

DMSO

Incubation time, min

5

5

5

8

Wavelength, Å

2.1

2.1

2.1

0.86

0.98

Space group

P212121

P212121

P212121

P212121

P212121

Unit cell parameters
a, Å

127.6

128.7

127.9

131.45

128.16

b, Å

224.8

226.3

224.5

226.90

225.68

c, Å

306.5

306.5

306.0

307.06

306.86

a = b = g, 

90

90

90

90

90

Resolution, Å

30–4.2 (4.3–4.2)a

30–4.5 (4.6–4.5)a

30–4.5 (4.6–4.5)a

30–4.5 (4.6–4.5)a

30–3.4 (3.5–3.4)a

Measured reflections

442,227

225,447

306,108

267,126

541,402

Unique reflections

117,764

90,277

94,705

105,238

119,850

Redundancy

3.75

2.49

3.23

2.53

4.51

Rsym

0.108 (0.465)a

0.110 (0.473)a

0.106 (0.491)a

0.121 (0.525)a

Completeness, %

94.8 (90.3)

Number of Xe/Kr sites in PSII dimer

19

a

a

88.0 (73.9)
35

a

93.8 (88.1)
53

For data in the highest resolution shell.
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Table 3. Positions of Xe and Kr Atoms Found in the Difference Electron Density Map
Sigma
level Kr
site

Sigma level Xe site
Site

Noble gas position

Neighboring residues

30 bar

14 bar

10 bar

40 bar

1

Near B-tail of DGDG2,
12 Å away from
channels A1, A2

DGDG2, C-Phe431, C-Phe284, A-Ile160, A-Phe295, C-Cys288,
A-Ile163, B-Thr287

17.98

19.52

23.68

6.65

2

b-barrel inside PsbO

O-Leu69, O-Phe121, O-Ile237, O-Phe168, O-Phe265, O-Leu225,
O-Ile66, O-Ile269, O-Leu111, O-Ala267, O-Ala153

16.49

18.29

22.19

7.98

3

Near A-tail of DGDG8

DGDG8, D-Leu122, D-Phe153, D-Ile150, D-Val154, Chl21, D-Ile123,
D-Ala119

16.38

14.21

16.39

4

In chlorophyll cluster
of CP47

B-Ala244, B-Val245, B-Ala248, Chl15 tail, Chl13 tail, Chl23 tail, Chl25 tail

15.44

13.67

18.48

5.94

5

C2 fold axis, at
monomer interface

M-Leu13, M-Leu13*, M-Ala12, M-Ile9, M-Ile9*, M-Leu16, M-Leu16*

15.29

12.11

15.65

6.56

6

In D1

A-Leu200, A-Gly204, A-Trp278, A-Val281, A-Gly282, A-Phe285,
DGDG6 tail, Chl37

15.11

12.78

13.43

6.51

13.29

7

Near QC

CarD2, QC, J-Val21, J-Ile24, J-Val25, F-Leu34

14.95

10.93

8

Near middle of
A-tail of DGDG8

In the middle
of DGDG8, D-Leu89, D-Trp111, D-Thr112, D-Leu116, D-Leu158,
D-Trp167

14.84

11.46

9

At monomer interface

Car3 chain, Car4 chain, Car5 chain, Chl27, SQDG13* tail

14.19

9.38

13.03

10

At monomer interface

b-DM26 tail, M-Thr11, M-Ala12, M-Val15, T-Thr5, T-Phe8, Chl27*

13.64

9.77

11.60

11

In chlorophyll cluster
of CP47

Chl12, Chl13, Chl21, Chl22, B-Phe247

13.20

11.03

12

Near tunnel II (QB) exit

X-Val36, X-Thr33, D-Pro39, SQDG24 tail,
Chl8 head group, QB tail

12.01

11.40

13

Near A-tail of DGDG2

A-tail DGDG2, A-Ala152, A-Ala156, C-Phe431, C-Phe435

11.63

9.96

14

At monomer interface

SQDG13, B-Leu29, B-Phe108

11.45

10.06

15

At N terminus of PsbX

Car7, X-Leu16, X-Phe19, H-Ile44, H-Leu53

11.28

10.11

16

Near DGDG9

B-Trp468, B-Ala471, B-Phe479, D-Pro140, D-Tyr141

10.73

9.23

17

Between PsbK
and PsbX

X-Leu10, X-Val13, X-Leu14, K-Val24, K-Val27

10.51

18

Near Car16

Z-Trp47, Z-Ile48, Z-Val51, Car16

10.31

10.02

19

Near PG3

PG3, Chl44, C-Trp443

10.17

9.87

20

Near monomer interface

MGDG14, L-Phe35, Car5*

10.01

6.48
10.70
6.93
6.72

21

At monomer interface

T-Ile14, ChlD1, SQDG12*

22

Near to QA head

QA, D-Leu210, D-Phe261, D-Leu267

9.89
9.81

23

Near A-tail of DGDG1

DGDG1, A-Phe93, A-Phe117, C-Phe218, ChlZD1

9.75

24

At monomer interface

T-Val7, T-Phe10, T-Ala11, DGDG15*

9.66

25

At monomer interface

T-Val7, T-Phe8, T-Ala11, b-DM27, Car4*

9.36

26

Near A-tail of DGDG2

A-Met127, A-Ser148, C-Leu438, C-Leu442, Chl41, DGDG2

9.29

27

Near A-tail of DGDG23

DGDG23, C-Val432, C-Leu433, Chl37

9.10

28

Oxygen channel B2

V-Ile71, V-Lys73, V-Pro76, A-Pro340

6.41

29

Oxygen channel B1

C-Val407, C-Gly408, C-Val417, C-Phe419,

6.31

30

Near to chlorophyll
cluster of CP43

C-Pro90, C-Thr94, C-Phe301, C-Tyr302

6.24

31

In chlorophyll
cluster of CP47

B-Leu149, Chl13, Chl14, Chl16, Chl23

6.07

Asterisks indicate residues from the other monomer. Sites that coincide with those in Murray et al. (2008) are marked by bold italic. Residues are
labeled first with PSII subunit name, their three-letter code, and sequence number.
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Figure 5. Xe Positions in PSII
Asterisks and yellow/cyan colors indicate Xe atoms and residues from the two monomers.
(A) Example of difference anomalous electron density for Xe sites at 10 bar Xe pressure at the monomer-monomer interface at the 7s level (Xe5 is located on the
local C2 axis).
(B) Xe positions at the monomer-monomer interface and possible dioxygen escape from the lumen via PSII, shown by cyan arrows. Possible trajectories of diffusion channels for Xe (or dioxygen) connect Xe sites 5/10/25/24/21/9/14/membrane interior (yellow) and Xe5 with the lumen (red).
(C) Xe distribution in PSII at 30 bar, view of the Xe sites (red spheres) from the lumen. The monomer-monomer interface is indicated by a black dashed line, and the
local C2 axis relating the two monomers in the dimer is indicated by an orange ellipse. The lipids found in each monomer are shown with oxygen colored red and
carbons colored yellow for one and cyan for the other monomer. Note the pseudosymmetric distribution of the Xe sites.
(D) View of the Xe sites in dimeric PSII in the membrane plane showing the distribution along the membrane height. The C2 axis relating the two monomers is
indicated by a black arrow. Note the predominant location of the Xe sites in the middle of the membrane between fatty acid chains of lipids.

CAVER starting from Xe5 and using the same restrictions as employed for oxygen channel calculations (see above). The analysis
yielded three main trajectories that are wide enough for dioxygen
diffusion (cyan arrows) and two connecting various Xe sites and
ending in the membrane interior (yellow in Figure 5B), whereas
one entrance channel for dioxygen initiates in the lumen (red in
Figure 5B) and is connected with the exit channels (yellow).
No Xe was found in the calculated oxygen channels B1 and
B2. Since the reason for this could be the size of the Xe atom,
the experiment was repeated with Kr, which has lower atomic
weight (Kr, 83.80; Xe, 131.30) and smaller atomic radius of
2.02 Å. However, Kr has one significant disadvantage as the
anomalous signal is three times less than that of Xe (Xe,

11.830e; vs. Kr, 3.794e) complicating the assignment of Kr
atoms at low resolution (around 4 Å). Despite this fact and taking
into account the good (70%) correlation between binding sites
of Xe and Kr atoms, we determined 12 binding sites of Kr in each
PSII monomer (23 for the dimer, one of them on the C2-axis)
(Table 3). Indeed, two Kr binding sites are located in putative
oxygen channels—Kr9 in channel B2 and Kr10 in channel B1
(Figures 6A, 6B, and 6C).
To test for the possible access of other small molecules to the
Mn4Ca cluster via the calculated channels, we cocrystallized
PSII with DMSO. Data of the cocrystals could be collected to
3.4 Å resolution (Table 2). In the resulting electron density, we
found two DMSO molecules, DMS1 and DMS2, located inside

1230 Structure 17, 1223–1234, September 9, 2009 ª2009 Elsevier Ltd All rights reserved

Structure
Substrate/Product Channels in Cyanobacterial PSII

Figure 6. Kr (Blue Spheres) and DMSO Sites in the
Dioxygen Channels
(A) Difference anomalous electron density for Kr sites 9
and 10 contoured at 5 s level (green mesh). The calculated
trajectory of channel B1 is indicated by a red surface.
(B) Schematic view of Kr positions. (For U-Lys134, see
Figure 3B.)
(C) Surface of oxygen channel B1 (colored according to
polarity of amino acid side chains: gray, apolar; blue, positively charged; and red, negatively charged) with CAVER
trajectory (red line) and Kr sites (blue spheres).
(D) 2Fo-Fc electron density for DMSO sites DMS1 and
DMS2 contoured at 1.5 s level (green meshes); hydrogen
bonds to DMSO oxygen are indicated by black dashed
lines.

the putative oxygen channels at a distance of 11.6 Å and 13.8 Å
from the WOC, respectively (Figure 6D), and forming hydrogen
bonds to V-Lys160N (DMS1) and V-Lys73NZ (DMS2).
DISCUSSION
The presence of a specific channel for dioxygen removal from
the WOC to avoid oxidative damage of PSII was first postulated
by Anderson (2001). Besides this protective function, such
a channel might be necessary to avoid accumulation of O2 in
the vicinity of the Mn4Ca cluster, which, according to the work
of Clausen et al. (Clausen and Junge, 2004; Clausen et al.,
2005), could retard or inhibit water splitting by favoring back
reactions. The same argument holds for proton removal (Clausen
and Junge, 2008). Finally, channels are needed to allow and
regulate water access to the WOC. We could identify nine
distinct channels connecting the Mn4Ca cluster with the lumen,
two of them being possible pathways for water, two for oxygen,
and five being putatively connected to proton exit pathways.
In comparison to previous studies (Ho and Styring, 2008; Murray and Barber, 2007), we could locate a higher number of
substrate and product channels. Application of the structural
model at 2.9 Å resolution (Guskov et al., 2009) including all cofactors, especially the 25 lipids per monomer, revealed differences
with regard to the channels described in the earlier studies. The
‘‘channel i’’ (Murray and Barber, 2007) or ‘‘back channel’’ (Ho
and Styring, 2008) is partially blocked by the head group of lipid
DGDG2, thereby branching into two channels and favoring the
new channel A2 (Figures 1A and 1B, channels A1 and A2). Channels B1 (Figures 1A and 1B) and C are almost identical to those
reported earlier (Ho and Styring, 2008; Murray and Barber, 2007),
whereas channels D to G were first described on the basis of the
2.9 Å structure (Guskov et al., 2009). In the present analysis, we
could identify one additional putative oxygen channel (B2) that
depends on the conformation of U-Lys134.
The arrangement of possible channels obtained from our
structural model suggests a strict spatial separation of water/

oxygen and proton transport to and from the
Mn4Ca cluster (Figures 1A and 1B). Both educt
and product fluxes, in turn, are spatially separated from electron flow out of the WOC, as suggested by the position of redox-active A-Tyr161
relative to the channels (Figure 1C).
The high number of possible proton channels could be necessary to ensure fast removal of protons from the Mn4Ca cluster.
However, the ability of a channel to transport protons does not
only depend on the inscribed water molecules, but also on the
presence of protonatable groups with suitable pKa values
(Figures 4C and 4D). In this respect, it is intriguing that many
amino acid side chains that have been proposed on the basis
of electrostatic calculations to be involved in proton exit pathways (Ishikita et al., 2006) are located at the walls of channel
C. Of particular interest is A-Glu65, which is located at the bottleneck of this channel and surrounded by manually modeled water
molecules (Figure 4B). Mutation of this residue in PSII of Synechocystis species PCC6803 to Asp, which is also protonatable,
has only a marginal influence on the O2 evolution (93% of wildtype). In contrast, mutation to the nonprotonatable groups Gln
or Ala reduces the O2 evolution to about 20% (Chu et al.,
1995). Taking into account the distance of A-Glu65 to the
Mn4Ca cluster of 11 Å, a direct involvement of this residue in
the water oxidation chemistry can be ruled out, whereas participation of A-Glu65 in proton transfer is likely.
At 2.9 Å resolution, a chloride ion could be identified that is
ligated by subunits D1 and D2 (atoms D-Lys317NZ, A-Asn181ND,
and A-Glu333N) (Guskov et al., 2009). At this position, the Cl
blocks channels C and G (Figures 1C and 4B) and possibly
contributes to the confinement of water molecules. Two of the
water molecules manually placed in the present model are
ligands to Cl (Figure 4B). D-Lys317 has also been proposed to
be involved in the proton exit pathway (Ferreira et al., 2004; Ishikita et al., 2006; Murray and Barber, 2007).
There is experimental evidence favoring the importance of Cl
in water oxidation (see Yocum, 2008) despite its position at
a distance of 6.5 Å from the WOC. Notably, it has been suggested to play a role in proton removal, while being bound to
a lysine residue with an anomalously low pKa value (Olesen
and Andreasson, 2003). This proposal is in agreement with the
range of pKa values for D-Lys317 in the absence of Cl , calculated on the basis of the 3.0 Å structure (Ishikita et al., 2006),
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and our present assignment of proton channels. Concerning the
mechanism of chloride action, we suggest two (nonexclusive)
possibilities: (a) Cl could influence the pKa values of nearby protonatable groups adjusting them for efficient proton transfer
away from the WOC, and (b) blockage of the channel by Cl
could avoid leakage of water out of the channels C and G toward
the Mn4Ca cluster and serve to stabilize the water chains necessary for proton transfer.
We were able to confirm the accessibility of the putative
oxygen channels B1 and B2 experimentally by using Kr derivatization and DMSO cocrystallization. Our data show that even
molecules with radii greater than those used as restriction for
our calculations—that is, DMSO, which has a disk shape with
radius 3.39 Å (Pacak, 1987), but in molecular dynamics simulations an effective radius of 2.1 Å is used (Norberg and Nilsson,
1998)—are able to penetrate these channels. The minimal radius
of the putative oxygen channel that harbors DMSO is 1.55 Å for
B1 and 1.75 Å for B2 (with U-Lys134 in the ‘‘open’’ position;
Figure 3B). This may reflect the dynamic character of the channels or ‘‘breathing’’ of the protein structure and points to the
limits of the static picture of channels discussed by Ho (2008).
An asymmetric deformation of channels would be a possible
explanation for the puzzling observation that a nonspherical
particle like a DMSO molecule can enter the putative oxygen
channels, although it has a larger diameter than the spherical
Xe. In a similar way, the nonspherical O2 could overcome narrow
passes of channels. Regarding this problem, our assignment of
the broader channels to either oxygen or water transport is tentative. We can exclude neither oxygen diffusion through the water
channels nor water penetration into the oxygen channels.
Interestingly, it was shown by EPR measurements of spinach
PSII that the accessibility of the Mn4Ca cluster to alcohols
depends on the size of the alcohol with good accessibility for
MeOH and ethanol, less accessibility for n-propanol, and no
accessibility for isopropanol (Force et al., 1998). They found no
evidence for access of DMSO to the WOC and estimated a
minimum distance of 6 Å, which is in agreement with our location
of DMSO. Since cyanobacterial and plant PSII have the same
function in water splitting, we can assume that they possess
similar channels especially in the vicinity of the WOC, where
the channels are formed exclusively by the highly conserved
subunits PsbA and PsbC.
In contrast to the results of Ho and Styring (2008), our water
(A1 and A2 defined as ‘‘back channel’’ in Ho and Styring, 2008)
and oxygen channels (B1 and B2 defined as ‘‘large channel’’ in
Ho and Styring, 2008) have contact with Mn1, Mn2, and Ca
ions of WOC. Channels B1 and B2 are wide enough for the
passage of methanol (MeOH, radius 1.7 Å; Norberg and Nilsson,
1998), which appears to interact with the Mn4Ca cluster (Boussac et al., 1999; Force et al., 1998). Therefore, these channels
are possible pathways for MeOH access from the lumen to the
WOC. However, MeOH passage through channels A1 and A2
cannot be excluded because of the protein dynamics discussed
above.
MeOH was suggested to replace a substrate water, maybe the
one that is less tightly bound to the Mn4Ca cluster (Ahrling et al.,
2006; Frasch et al., 1988; Nöring et al., 2008). Assuming that
MeOH reaches the Mn4Ca cluster through channels A or B, we
suggest that MeOH most likely binds to Mn1 or Mn2 that are

accessible from these channels. Since water approaches the
Mn4Ca also from this side, Mn1, Mn2, and Ca are good candidates for the binding of substrate water.
It is puzzling that, contrary to expectation, no Xe is located in
any of the channels assigned to water or oxygen transport. This
finding was also reported by Murray et al. (2008), but not interpreted. We assume that the reason for this observation is associated with the properties of Xe atoms, which have higher affinity
for hydrophobic sites and are unable to penetrate into smaller
cavities, compared with Kr atoms (Luna et al., 2008). This difference of noble gas binding was shown for other proteins as well
(Quillin et al., 2000). All the Xe binding sites found in PSII are
purely nonpolar (Table 3) and formed either by nonpolar amino
acids or by nonpolar amino acids and nonpolar side chains of
lipids or Chl a molecules, in some cases also by nonpolar carotenoids.
In contrast, none of the channels for water and oxygen transport is entirely nonpolar but contains also polar, sometimes even
charged, amino acid side chains that appear to be essential for
efficient transport of these educt and product molecules, but
are less well suited to accommodate the nonpolar noble gases.
This agrees with the finding that the additional Xe sites found at
higher noble gas pressure are again exclusively nonpolar.
Our finding that channel B2 is only blocked by U-Lys134, and
wide enough for oxygen transport otherwise, is intriguing.
Indeed, we could demonstrate by modeling that a simple conformational change, in which one hydrogen bond is replaced by two
possible others, is sufficient to open this channel (Figure 3). To
check the relevance of this finding, we analyzed the PsbU amino
acid sequences of 40 species of cyanobacteria and two species
of red algae. From these, we chose those sequences that show
at least 85% homology in the 80 C-terminal residues with PsbU
from T. elongatus, which presumably have a similar tertiary
structure. This list revealed that, at the C-terminal position, four
sequences have Lys134, and 22 have Arg134 (9.5% and
52.4%, respectively). Since Arg134 can form hydrogen bonds
like Lys134, it could open channel B2 as described in Figure 3
for Lys134. Of the remaining 16 sequences, 11 (26.2%) terminate
at Tyr133 and two have Gly134, so that channel B2 is always
open. Asp134 is found in three (7.1%) cases, and here the accessibility of channel B2 is not clear.
Okumura et al. (2001) investigated the activity of PSII from the
red alga Cyanidium caldarium reconstituted with mutant PsbU.
They showed that mutants lacking the C-terminal Lys exhibit
a similar level of oxygen evolution as PSII with full-length wildtype PsbU. Provided that the channels are properly formed in
the reconstituted samples, this experiment has two possible
implications: Either channel B2 is irrelevant or U-Lys134 is not
a barrier for passing oxygen.
Analysis of the Xe sites and calculations with CAVER revealed
several possible pathways connecting the Xe sites in the
membrane-spanning part of PSII with the lumen (Figure 5B).
The Xe (and corresponding Kr) sites are located predominantly
in the middle of the membrane. All of them are at some distance
away from cofactors of the electron transfer chain that are
responsible for charge separation and electron transport in the
RC. The distribution of Xe sites along the membrane normal is
reminiscent of the distribution of O2 in lipid bilayers (Marsh
et al., 2006) and suggests that there might be oxygen diffusion
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pathways through the interior of PSII provided by the high lipid
content. The physiological significance of these pathways could
be the following: even though O2 is probably guided away from
the WOC into the lumen via the putative channels B1 and B2 discussed above, it may accumulate in the vicinity of PSII. The pathways in the PSII interior will then guide O2 into the membrane
(Figure 5B), where it can diffuse away faster than in the lumen
and may exit elsewhere from the thylakoid membrane. Note
that the membrane surface is a barrier for oxygen diffusion, but
not insurmountable (Subczynski and Wisniewska, 2000). Thus,
PSII itself could contribute to fast O2 removal by facilitating O2
diffusion into the membrane, while still minimizing contact of
O2 with the RC. The latter effect is important as chlorophyll triplet
states are likely formed in the RC and could react with O2 to form
harmful singlet oxygen.
Given the many structural details revealed at 2.9 Å resolution,
in particular integral lipids and the chloride ion, our theoretical
analysis of educt and product channels connecting the WOC
with the lumen is probably more reliable than similar analyses
based on less resolved structures, but necessarily remains
hypothetical. Adding protein dynamics to the model is not trivial
and would not remove the tentativeness because of our still
limited knowledge about structural details of the Mn4Ca cluster.
Instead, we presented experimental evidence that the wider
channels are principally accessible to small molecules. Our
assignment of channels, which favors a strict spatial separation
of molecule, proton, and electron fluxes in photosynthetic water
oxidation, may serve as a good basis for future research.
EXPERIMENTAL PROCEDURES
Calculation of Channels
All calculations were performed using the program CAVER (Petrek et al., 2006)
with a grid size (the distance between two nodes) of 0.4 Å. This program does
not describe the topography of channels completely, but indicates molecular
trajectories with radii of inscribed spheres (Figure 1C). The crystal structure of
PSII at 2.9 Å resolution (PDB ID 3BZ1 and 3BZ2) served as a model including all
cofactors except for Mn4Ca (which was used as the starting point for calculations of channels). Because of limitations of the software, we excluded all other
ions (non-heme Fe2+, Ca2+, Cl ). The resulting paths were visualized with
Pymol (DeLano, 2008).
Putative water molecules were placed manually with respect to all geometric
parameters (hydrogen bond lengths and angles between donor and acceptor)
using the program COOT (Emsley and Cowtan, 2004). The estimated maximal
coordinate errors were calculated by the program SFCHECK (Vaguine et al.,
1999).

as in Kern et al. (2005). The oxygen evolution activity under flash excitation
was found to remain unaffected by addition of DMSO up to 25% (v/v) concentration.
Data Collection and Structure Determination
All X-ray data sets from Xe- and Kr-treated crystals were collected at 100 K,
beamline 14.2 at BESSY, Berlin. We used a wavelength of 2.1 Å to optimize
the anomalous signal from Xe atoms (Mueller-Dieckmann et al., 2004) and to
diminish anomalous contributions from cations of manganese (Mn K-edge at
1.8961 Å) and iron (Fe K-edge at 1.7433 Å). This approach allowed us to obtain
a detectable anomalous signal from Xe. A data set from Kr-treated crystals
was collected at a wavelength of 0.86 Å (near the Kr K-edge, 0.8655 Å). In addition, a data set from a complex of PSII with DMSO was collected at 0.9763 Å
wavelength, beamline ID29 at ESRF, Grenoble. All data sets were integrated
and scaled with the XDS software (Kabsch, 1993). Anomalous and difference
electron density maps were calculated with the program CNS 1.2 (Brünger
et al., 1998).
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Nöring, B., Shevela, D., Renger, G., and Messinger, J. (2008). Effects of methanol on the Si-state transitions in photosynthetic water-splitting. Photosynth.
Res. 98, 251–260.

Ferreira, K.N., Iverson, T.M., Maghlaoui, K., Barber, J., and Iwata, S. (2004).
Architecture of the photosynthetic oxygen-evolving center. Science 303,
1831–1838.
Force, D.A., Randall, D.W., Lorigan, G.A., Clemens, K.L., and Britt, R.D. (1998).
ESEEM studies of alcohol binding to the manganese cluster of the oxygen
evolving complex of Photosystem II. J. Am. Chem. Soc. 120, 13321–13333.
Frasch, W.D., Mei, R., and Sanders, M. (1988). Oxidation of alcohols catalyzed
by the oxygen-evolving complex. Biochemistry 27, 3715–3719.
Guskov, A., Kern, J., Gabdulkhakov, A., Broser, M., Zouni, A., and Saenger, W.
(2009). Cyanobacterial photosystem II at 2.9-Å resolution and the role of
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complete cofactor arrangement in the 3.0 Å resolution structure of photosystem II. Nature 438, 1040–1044.
Luna, V.M., Chen, Y., Fee, J.A., and Stout, C.D. (2008). Crystallographic
studies of Xe and Kr binding within the large internal cavity of cytochrome
ba3 from Thermus thermophilus: structural analysis and role of oxygen transport channels in the heme-Cu oxidases. Biochemistry 47, 4657–4665.
Marsh, D., Dzikovski, B.G., and Livshits, V.A. (2006). Oxygen profiles in
membranes. Biophys. J. 90, L49–L51.

Okumura, A., Ohta, H., Inoue, Y., and Enami, I. (2001). Identification of functional domains of the extrinsic 12 kDa protein in red algal PSII by limited proteolysis and directed mutagenesis. Plant Cell Physiol. 42, 1331–1337.
Olesen, K., and Andreasson, L.E. (2003). The function of the chloride ion in
photosynthetic oxygen evolution. Biochemistry 42, 2025–2035.
Pacak, P. (1987). Polarizability and molecular radius of dimethyl-sulfoxide and
dimethylformamide from refractive index data. J. Solution Chem. 16, 71–77.
Petrek, M., Otyepka, M., Banas, P., Kosinova, P., Koca, J., and Damborsky, J.
(2006). CAVER: a new tool to explore routes from protein clefts, pockets and
cavities. BMC Bioinformatics 7, 316.
Prange, T., Schiltz, M., Pernot, L., Colloc’h, N., Longhi, S., Bourguet, W., and
Fourme, R. (1998). Exploring hydrophobic sites in proteins with xenon or
krypton. Proteins 30, 61–73.
Quillin, M.L., Breyer, W.A., Griswold, I.J., and Matthews, B.W. (2000). Size
versus polarizability in protein-ligand interactions: binding of noble gases
within engineered cavities in phage T4 lysozyme. J. Mol. Biol. 302, 955–977.
Renger, G., ed. (2008). Primary Processes of Photosynthesis – Principles and
Apparatus (Cambridge: RCS Publishing).
Rutherford, A.W., and Faller, P. (2001). The heart of photosynthesis in glorious
3D. Trends Biochem. Sci. 26, 341–344.
Subczynski, W.K., and Wisniewska, A. (2000). Physical properties of lipid
bilayer membranes: relevance to membrane biological functions. Acta Biochim. Pol. 47, 613–625.
Svensson-Ek, M., Abramson, J., Larsson, G., Tornroth, S., Brzezinski, P., and
Iwata, S. (2002). The X-ray crystal structures of wild-type and EQ(I-286) mutant
cytochrome c oxidases from Rhodobacter sphaeroides. J. Mol. Biol. 321,
329–339.
Vaguine, A.A., Richelle, J., and Wodak, S.J. (1999). SFCHECK: a unified set of
procedures for evaluating the quality of macromolecular structure-factor data
and their agreement with the atomic model. Acta Crystallogr. D. Biol. Crystallogr. 55, 191–205.
Wydrzynski, T., and Satoh, K., eds. (2005). Photosystem II: The light-driven
Water:Plastoquinone oxidoreductase (Dordrecht, The Netherlands: Springer).
Yocum, C.F. (2008). The calcium and chloride requirements of the O2 evolving
complex. Coord. Chem. Rev. 252, 296–305.
Zouni, A., Witt, H.T., Kern, J., Fromme, P., Krauss, N., Saenger, W., and Orth,
P. (2001). Crystal structure of photosystem II from Synechococcus elongatus
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