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Rationalizing the 1.9 A Crystal Structure of Photosystem II—A
Remarkable Jahn-Teller Balancing Act Induced by a Single Proton

Transfer**
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Green plants and algae oxidize water to molecular oxygen in
photosystem II (PS II) within a calcium/tetramanganese site
known as the water-oxidizing complex (WOC). Oxygen is
generated by the WOC in a four-electron process involving
a series of intermediate states (S states, labeled S,...S,) of
increasingly higher mean oxidation level.!l Over the past
decade, X-ray crystallographic (XRD) structures of PSII at
progressively improved resolution” have revealed much
detail of the WOC. At present, only PS II from thermophilic
cyanobacteria has been crystallized for XRD study and the
enzyme is presumed to be in the dark stable S, state. The first
PSII structure (at 3.5 A resolution) to resolve side chain
positions was presented by Barber and co-workers.* Con-
sistent with subsequent studies at higher resolution, it
revealed the compact Mn;Ca “cube” structure of the WOC
connected more distantly to a single Mn, referred to as the
“dangler”. More recent improved structures at 3.0A and
2.9 A P4l substantially clarified the metal- and protein-
supplied ligand positions within the WOC, but were still of
insufficient resolution to reveal the positions of bridging oxo
groups and water molecules (including the substrate water
molecules). Finally, Umena et al.,”? using a new crystalliza-
tion method, produced an atomic resolution structure at
1.9 A, the most resolved to date. Despite this remarkable
achievement, revealing, for the first time, the positions of
bridging O atoms within the Mn,Ca core of the WOC, aspects
of the new structure have been met with scepticism.
Central concerns over this structure involve 1) the identity
and unexpected placement of the O(5) moiety (Figure 1),
which appears to be either a weakly bound oxo, hydroxo, or
water ligand at distances of 2.4-2.7 A from four of the metal
atoms in the WOC, and 2) the disparity in some key metal—
metal distances when compared with earlier, high-precision
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extended X-ray absorption fine structure (EXAFS) results®™®!
and the previous lower-resolution XRD structures (see
Table 1). Although the Mn EXAFS data do not unambigu-

Table 1: Metal-metal distances from EXAFS studies,>® and the Loll

et al.?*9 and Umena et al.?" XRD structure determinations for the PS II
WOC, compared with the model geometries obtained from our DFT
calculations (Opt).

Parameter!?! EXAFSE! Loll®  Opt®  Umena®  Opt®
2.94 1.9
AMn(1)-Mn(2)]  2.69-2.77  2.65 2794  2.80 2.897
AMn(2)}-Mn(3)]  2.69-2.77 270  2.851  2.90 2.895
AMn(1)-Mn(3)] 329 3.625 330 3.425
fMn(3)-Mn(4)] 325 3372 2.94 3.035
AMn(1)-Mn(4)] 543 5331 498 5.088
f[Ca-Mn(1)] 338 3520  3.48 3.376
f[Ca-Mn (2)] 322 3205 333 3.185
fCa-Mn(3)] 329 3317 343 3.484
f[Ca-Mn (4)] 463 4043 3.80 3.817
{O(5)-Mn(1)] - 2.60 2.641
f{O(5)-Mn(3)] - 2.40 2,615
{O(5)-Mn(4)] - 2.47 2.605
10(5)-Ca] - 2.80 2.711

[a] Refer to Figure 1 for Mn atom numbering. [b] in A. [c] Resolution of
the XRD structure in A.

ously assign the individual near (less than 3 A) metal-metal
distances within the cluster, they clearly indicate that two Mn-
Mn vectors of a magnitude of approximately 2.7 A exist
within the functional WOC in the S, and S, states. These are
totally consistent with the Mn1-Mn2 and Mn2-Mn3 distances
of 2.65 A and 2.70 A in the 2.9 A resolution XRD structure,
but are significantly shorter than the corresponding Mn-Mn
distances of 2.80 A and 2.90 A seen in the 1.9 A resolution
XRD structure.

The discrepancies between the XRD and EXAFS data
have led some to suggest™*”l that the crystal structures
generally, and the 1.9 A resolution structure in particular,
have undergone photoreduction of the Mn atoms during data
collection, increasing the Mn" content and distorting the
cluster from the functional S, state to as low as S_;. This is
despite the fact that in the later studies great pains were taken
to minimize such X-ray exposure. The claims of photo-
reduction arise from two sources—monitoring the effects of
progressive X-ray exposure using Mn EXAFS™*" and high
level computational modeling of the WOC cluster.”
Although the 2.9 A structure is quite consistent with the
results from EXAFS (including one-dimensional oriented Mn
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paradigms. The high oxidation paradigm
(i.e. Mn™,Mn",) has been favored by most
computational groups, based on spectro-
scopic (principally X-ray absorption near
edge structure (XANES), electron para-
magnetic resonance (EPR) evidence.'”
However, this largely empirical assign-
ment relies heavily on comparisons with
model systems, none of which are precise
analogues of the actual WOC Mn environ-
ment. Recently, we have shown, using
a new time-dependent DFT approach,
that when the metal-ligand environments
are properly accounted for, the available

| Glu 189
Csp 342

His 332

X %é His 337

Mn XANES data are most consistent with
the low oxidation paradigm.®®< An exten-
sive re-examination of other spectroscopic
data also supports this conclusion.®™ Fur-
ther, a very recent study by Dismukes and
co-workers,””) employing a totally different
approach that simply counts the electrons
removed from four Mn" ions during pho-
toassembly of the functional enzyme (from
the apo-protein), clearly establishes the
validity of the low oxidation paradigm.
This raises the possibility that the assumed
Mn oxidation levels in the functional

His 337

enzyme may hold the key to understanding

Figure 1. The experimental (a) and modeled (b) WOC region geometries for the 2.9 A PS 1|
structure type (purple spheres =Mn atoms; for the full model see the Supporting Informa-
tion, Figure S1). Extra components (oxygen species) are present in the modeled structure
which are not resolved at 2.9 A in the XRD structure (see text). The inferred position of O(3),
which is a ps-oxo bridge, is indicated in the XRD structure (dashed circle in a). The N, of
His337 points away from this oxo bridge in both structures, consistent with the absence of
any H-bonding interaction. c,d) The corresponding geometries for the 1.9 A PS Il structure
type (for the full model see Figure S2). The orientation of His337 and the O(3)-His337
distance are now consistent with H-bonding being present, as explicitly included in the
model (dashed line in (d). The experimental W(2) and O(5) positions are well reproduced in
the model, with W(2) now an OH™ group (H,O in b). Both computational structures (b) and
(d) have identical formal total charge (0) and mean Mn oxidation state (+3.0; water
molecules on Ca have been removed for clarity). They are single-proton shifted tautomers of

the apparent discrepancies in the XRD
and EXAFS data of PS II.

To address this issue we have under-
taken large scale (approximately 200
atom) full DFT modeling of the WOC
region employing the highest feasible
levels of theory, including explicit charac-
terization of the peptide sequence His332—
Ala344 on the D1 reaction-center poly-
peptide, which dominates the immediate
environs of the Mn,Ca core (see Support-

each other (from W(2) to His337, see text).

EXAFS studies on plant PS II membranes),” recent compu-
tational studies®*¥ on the 1.9 A WOC structure suggest
that the Mn-Mn distances are generally too long for the
cluster topology and mean Mn oxidation level (average + 3.5)
assumed for the S, state by those workers.

To rationalize the XRD results and provide insight into
the mechanism of oxygen evolution in PS II, several groups
have used density functional theory (DFT) to explore models
of the WOC.B81014151 Of Jate, these have involved large-scale
calculations including the metal centers and surrounding
protein components, with structures constrained at their
peripheries by the available XRD data.** 134 Cruycial in
these calculations is an assumed mean oxidation level for the
Mn ions, which has long been known to be significantly above
+2.0 in the functional enzyme. From spectroscopic data, the
mean level in the S, state must be + 3.0 or +3.5. We have
labeled these alternatives the “low” and “high” oxidation
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ing Information). This approach has been

applied to both the 2.9 A (Loll) and 1.9 A

(Umena) structures. These results,
together with the corresponding XRD portions, are shown
in Figure 1 and in the Supporting Information (full model
structures). The mean Mn redox level is +3.0 for both
structures (low oxidation paradigm S,). An important differ-
ence is that in the 1.9 A structure, His337 is directly orientated
towards the ps-oxo bridge (O(3)) and, as our recent calcu-
lations showed,®™ is close enough (O(3)-Nyys37 =2.67 A) to
engage in H-bonding (Figure1). In the 2.9 A structure
however, His337 is unlikely to be involved in H-bonding as
it is further away and not orientated towards the inferred
position of the ;-oxo bridge.

In the 2.9 A model structure, our large scale calculations
reveal that the oxidation state pattern for Mn1-Mn4 is I1I/IV/
III/II, in agreement with our earlier calculations on smaller
scale models for the low oxidation paradigm S, state.'! The
calculated metal-metal distances listed in Table 1 are all close
to the XRD values and consistent with the EXAFS data. The
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Mnl1-Mn2 and Mn2-Mn3 vectors are short, while the Mn3-
Mn4 is long. The short Mn—Mn distances arise because Mn2 is
in the IV oxidation state, which allows short di-p-oxo bridged
vectors to Mnl and Mn3, without Jahn-Teller “frustration”
which would be present if Mn2 was in the III oxidation state.
The long Mn3-Mn4 distance is a consequence of a single oxo
bridge between these ions with both terminal oxygen groups
on Mn4 being water molecules. This arrangement favors the I1
oxidation state for Mn4 in the S, state and we have recently
highlighted the importance of this for redox accumulation
within the cluster.[”

If Mn2 acquires the III oxidation state, the vectors to Mn1
and/or Mn3 must elongate as a bridging oxo group which
connects these metals with Mn2 is now always located on
a Jahn-Teller axis of Mn2. If the Jahn-Teller distortion is
along one of the p,-oxo bridges, then either the Mn1-Mn2 or
Mn2-Mn3 vectors will elongate. However, if the distortion is
along the ps-oxo bridge (O(3) in Figure 1), then both the
Mn1-Mn2 and Mn2-Mn3 distances will be elongated. This is
precisely the circumstance in our model of the 1.9 A structure
(see Table 1), where the Mn oxidation state pattern is now III/
II/ITV/IIT instead of IT/IV/III/IT present in the 2.9 A struc-
ture. Specifically, our calculations show that it is the Mn2
bond to the ps-oxo bridge that weakens as a result of the Jahn—
Teller distortion and H-bonding to His337. Also, the Mn3-
Mn4 vector shortens as a consequence of Mn4 now being in
the III state. Remarkably, as depicted in Scheme 1, this total

Mn4, :
O2)enes

04—Mn3—03

----------- >3 H

o N
Mnl1-Mn2 = 2.80 (2.65) A N %
%337
NX N

Mn1-Mn2 = 2.90 (2.80) A
Mn2-Mn3 = 2.90 (2.90) A
Mn1-Mn3 = 3.43 (3.30) A
Mn3-Mn4 = 3.04 (2.94) A
Mn1-Mn4 = 5.09 (4.98) A

Mn2-Mn3 = 2.85 (2.70) A
Mnl-Mn3 =3.63 (3.29) A
Mn3-Mn4 = 3.37 (3.25) A
Mnl-Mn4 = 5.33 (5.43) A

Scheme 1. Diagram illustrating the interconversion of structures mod-
eling the 2.9 A (left) and 1.9 A resolution (right) XRD structures, as
mediated by proton transfer from a water molecule (W2) to His337.
Bond lengths listed are those of our computational models, with the
corresponding XRD values in parentheses.

change is triggered by a single proton relocation from
a terminal water molecule on Mn4 to the N, of His337. This
allows His337 to engage in H-bonding with the p;-oxo bridge
(an interaction strongly inferred from the 1.9 A structure)
which weakens its bond with Mn2, converting it from the IV
to III oxidation state and forcing the Mn1-Mn2 and Mn2-Mn3
vectors to lengthen. As is apparent from Figure 1 and Table 1,
our calculated model is in very good agreement with the 1.9 A
structure with all Mn—Mn distances within 0.13 A, all Mn-Ca
distances within 0.15 A, and all metal-O(5) distances within
0.22 A of the XRD values.

In addition to these observations, our computational
model now reveals, for the first time, the nature of the
anomalous central O(5) moiety and its unusual placement in
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the 1.9 A structure. The position of this group has proven very
difficult to rationalize®%>' because it is roughly equidistant
from several metals, with no strong interaction with any of
them. To date, it has been modeled as an oxo or hydroxo
group with Mn-O distances significantly shorter than those
seen experimentally, a consequence of the high mean Mn
oxidation levels assumed in the calculations. From Scheme 1
and Figure 2, our modeling shows that O(5) is a water ligand,

Figure 2. Local region of the O(5) moiety, modeled as a water mole-
cule, in the computational model of the 1.9 A XRD structure. Shown
are the d orbitals of Mn involved in the Jahn—Teller elongation on Mn1,
Mn3, and Mn4, which all point directly towards the O(5) atom and
account for the anomalously long distances of O(5) to these metals.

delicately “balanced” upon a “Jahn-Teller tripod” in the cleft
region of the cluster defined by Mn1, Mn3, Mn4, and Ca, and
H-bonded to the now terminal hydroxide group on Mn4,
a result of the proton re-location noted above. The fact that
this ligand is positioned at the convergence of Jahn-Teller
axes on Mnl, Mn3, and Mn4 accounts for the anomalously
long bond distances to these metals. Further, the position of
O(5) is consistent with the location we have earlier identified
for one of the two substrate water molecules.**!

The 1.9 A structure is an extremely important advance in
our understanding of PSII and the WOC in particular.
Because our calculations indicate that the O(5) group is an
obvious candidate for a substrate species, it is vital that the
relevance of this structure to the functional state of the
enzyme be established. Our studies herein show that the two
best resolved structures now available are both computation-
ally consistent with each other and with independent data
(Mn EXAFS). Importantly, this result has been achieved
without the need to invoke photoreduction of the Mn centers.
The 2.9 A and 1.9 A XRD structure forms are simply and
remarkably single-proton tautomers of each other, having the
same overall average Mn oxidation level of 4 3.0 but a differ-
ent sequence of Mn oxidation states, III/IV/III/II and III/II1/
III/II1, respectively. Further, the mean oxidation state in both
model structures is in agreement with the value obtained from
the recent experimental study of Dismukes and co-workers.”!
The two tautomers are only separated energetically by
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approximately 40 kJmol ™, in favor of the 1.9 A structure.
This may well have functional relevance in the enzyme
mechanism or photoassembly process, as it highlights the
significance of His337, previously known from PS II muta-
tional studies to be functionally important in its assembly,
possibly as an H-bond donor.'® The keys to this outcome are
that the mean Mn oxidation level in the S, state is + 3.0 not
+ 3.5, as we have recently shown,®*4<! and that N, on His337
must be deprotonated in the 2.9 A structure and protonated
in the 1.9 A structure. In fact, it has proven impossible for us
and others to rationalize the detail of the 1.9 A structure in
particular, in terms of the higher oxidation state.**!*l While
an argument could be made implying that the crystal
structures are indeed photoreduced, this essentially random
process would need to occur systematically and uniformly in
two crystal matrices of essentially the same PS II material,
producing two distinctly resolved outcomes for the WOC
region and maintaining a coherently identifiable distinction
(in both cases) between the two monomers (A and B) within
the crystallized dimer. This strikes us as very improbable.
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