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LETTER

REPLY TO WANG ET AL.:

Clear evidence of binding of Ox to the
oxygen-evolving complex of photosystem II is best
observed in the omit map
Mohamed Ibrahima

, Nigel W. Moriartyb, Jan Kernb, James M. Holtonb,c,d, Aaron S. Brewsterb,
Asmit Bhowmickb, Uwe Bergmanne,f, Athina Zounia, Johannes Messingerg,h, Vittal K. Yachandrab,
Junko Yanob,1

, Holger Dobbeka, Nicholas K. Sauterb, and Paul D. Adamsb,i

Wang et al. (1) performed their own analysis of our
crystallographic data (2) and questioned our, and
similar previous (3–5), results that a newly inserted
water (Ox) in the catalytic center of photosystem II (PSII)
can be uniquely identified in the room temperature
crystal structures taken at various time points during
the S2-to-S3 transition of the water oxidation reaction
in PSII. They suggest that the results can be explained
by the movement of the existing ligand, O5, without
incorporating a new water (Ox). The following four
points describe why their claim is not valid.

1) Wang et al. claim that they can fit our data using a
single population, but their approach ignores the ex-
perimental validation. We reported independent ex-
perimental evidence to support thepopulation of each
flashed state (MIMS, EPR, Mn Kβ XES) (2) showing that
two conformer refinement is the valid approach.

2) Wang et al. claim that the isomorphous difference
peak position (Fig. 1 in ref. 1) does not coincide with
where we modeled Ox. However, the center of the
positive peak position of the isomorphous differ-
ence map cannot be simply used to determine
atomic positions (due to the convolution of posi-
tional changes). The computed Fmodel-Fmodel differ-
ence map using our published structural models for
the 0F and 2F state shows good agreement with the
experimental Fobs-Fobs map, whereas a computed
Fmodel-Fmodel map using a model similar to the one
suggested by Wang et al. is missing important
features (Fig. 1).

3) Chemical restraints are required for refinements at
this resolution (∼2.1 Å). Ignoring chemical knowledge
will produce models with poor stereochemistry. To
replicate the results by Wang et al. we had to apply
implausible chemical restraints relating toO5 (Fig. 2A
and B). Indeed, we observe that in the refined model
by Wang et al., all of the O5-Mn distances are longer
than expected (2.63, 2.25, and 2.54 Å), implying that
O5 is not ligated by any of the Mn. This is not chem-
ically feasible given the proximity to the Mn atoms
and knowledge from related inorganic model com-
pounds (6, 7). Furthermore, relaxing all O5 restraints
resulted in the O5 closely approximating our model
(Fig. 2A). It should be noted that both refinement ap-
proaches resulted in higher Rfree values compared to
our original model [24.8% and 24.5% vs. 24.1% (2)].

4) Wang et al. do not discuss the electron density
omit maps we used in our analysis. At crystallographic
resolutions of∼2.1 Å, it is still challenging to accurately
determine light atom positions that are close to heavy
metal atoms. Therefore, we used omit maps (2, 3) to
locate O5 and Ox positions (figure 4C of ref. 2). These
clearly show that one oxygen alone cannot explain the
observed electron density, and modeling of two
oxygens (O5 and Ox) is required (Fig. 2 C and D).

Based on these observations, we conclude that the
suggested model of a modified Mn4O5Ca cluster (1)
cannot explain the PSII 2F state data (2–5) and that a
model containing an additional oxygen (Ox) is neces-
sary to fit the data.
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Fig. 1. Comparison of isomorphous difference electron density maps. (A) Theoretical isomorphous differencemap using publishedmodels for the
2F and 0F state contoured at ±4σ (blue/orange) [Fmodel(6w1v)-Fmodel(6w1o), 6w1o.pdb for phases, 6w1v.pdb model, 1% error, 2.09-Å
resolution]. (B) Observed isomorphous difference map at ±3.5σ [6w1v-6w1o Fobs(6w1v)-Fobs(6w1o), 6w1o.pdb for phases, 6w1v model]. (C)
Theoretical isomorphous difference map using a changed O5 position and no Ox, as suggested by Wang et al. (1) at ±4σ [Fmodel(6w1v
modified)-Fmodel(6w1o), 6w1o.pdb for phases, modified 6w1vmodel]. Metal-O5 distances are indicated in Å in B and C. Note the clear absence of
a positive peak feature (red dashed circle) near the Ox position in the theoretical isomorphous difference map based on the model suggested by
Wang et al. (1) (C), while this feature is strongly visible in both the observed Fobs-Fobs map (B) or the theoretical Fmodel-Fmodel map (A) based on the
published structural models for the 2F and 0F state (2). Fmodel were generated from structural models using phenix.fmodel (8). Isomorphous
difference maps were generated with phenix.fobs_minus_fobs_maps either from the Fmodel obtained in this way or using the structure factors
deposited in the PDB for 6w1o and 6w1v. A structural model approaching the suggested model by Wang et al. was generated by modifying the
6w1v model in the following way. Atom O6 (Ox) of residue OEY, chain A, was deleted from the PDB file and the position of atom O5 of the OEY
residue was adjusted manually to obtain distances to Mn1, Mn3, Mn4, and Ca as close as possible to the values reported by Wang et al. This
resulted in distances of 2.64, 2.26, 2.44, and 2.61 Å between O5 and Mn1, Mn3, Mn4, and Ca, respectively. It was not possible to achieve the
exact distances reported by Wang et al. (2.63, 2.25, 2.54, and 2.60 Å) without distorting the entire Mn cluster, and hence this was used as the
closest possible approach. From this structural model, theoretical structure factors Fmodel were generated with phenix.fmodel and used for
subsequent generation of the Fmodel-Fmodel map in C. The two Fmodel-Fmodel maps in A and C were contoured to a sigma level to approximately
match the volume of the main positive and negative peaks near Mn1 and Mn4 in the experimental Fobs-Fobs map at 3.5σ contour level (B).

Fig. 2. Results of different refinements for the OEC in PSII and omit maps. (A and B) To explore the feasibility of a model for the OEC in the 2F
data that contains no additional bridging oxygen ligandOx, we performed refinements against our 2F data (6w1v; ref. 2) starting with aMn4O5Ca
cluster with O5 placed in a position approximately similar to the position suggested by Wang et al. (1) and explored different refinement
strategies. Upon refinement with phenix.refine (8), employing loose restraint settings (sigma values of 0.5 Å), the O5 atom moved back into a
position closer to Mn4 andMn3 and more distant fromMn1, closer to the model we obtained in our original work (2). The resulting refined model
(final Rfree of 0.2483) with O5 distances in Å and the Fo-Fc density contoured at ±3σ (blue/orange) is shown in A. To force O5 to stay close to the
starting position, we had to tightly restrain it to this position (sigma values of 0.005 Å). The resulting structural model (final Rfree of 0.2454)
together with the Fo-Fc density is shown in B. Upon tightly restraining O5, a new positive Fo-Fc peak is visible between O5 and Mn4, indicating
that this model does not properly explain the experimental data. We further evaluated the proposed model by generating omit maps (C and D).
We first used our publishedmodel 6w1v (C) and omitted O5 and Ox separately. The resulting omit map is shown in magenta (O5) and blue (Ox) at
5σ contour level. In addition, both O5 and Ox were omitted together, and the resulting omit map is shown as green mesh at 3σ contour level. The
shape of this density clearly indicates that the experimental data cannot be described by a single atom. In comparison, we computed Fo-Fc maps
assuming a position of O5 as suggested by Wang et al. (D). The resulting Fo-Fc map with O5 placed in the model is shown in blue/orange at ±3σ.
In addition, the omit map obtained by removing O5 from the model is shown as green mesh contoured at 3σ. The Fo-Fc map with O5 present in a
position close to what Wang et al. suggested shows a strong positive peak to the right (toward Mn1), indicating that an additional atom needs to
be included in the model. In addition, a weaker positive peak is visible to the left of O5 (towardMn4, red dashed circle), indicating that O5 should
move closer to Mn4.
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