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1. INTRODUCTION
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Figure 1. Increasing share of solar energy in gross final energy consumption in EU (28

countries). Source data from the Eurostat database.
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Figure 2. Figure-scheme of photosynthesis and an ‘artificial leaf’ mimic. A) The OEC and the 

reaction center in natural photosynthesis are part of the same structural unit (PSII) where water 

oxidation takes place, while Fd and ATP synthase are separate proteins that carry out the synthesis of 

NADPH and ATP, respectively. B) One example of an artificial leaf is the Co complex and NiMoZn 

complexes are separated by a Si junction, where H2O is oxidized in the anode and H+ is reduced in the 

cathode.
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1.1. Photosynthesis: energy storage
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Chloroflexus aurantiacus
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Figure 3. The Z-scheme describing the four phases of photosynthesis.
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Chloroflexus aurantiacus
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1.2. Structure of the Photosystem II

Thermosynechococcus vulcanus

19, 20

Figure 4. The structure of the PS II dimer analyzed at 1,9 Å resolution.21 The dimer is 

presented from a perpendicular direction to the membrane normal and its structure contains 

19 subunits per monomer, of which 16 are transmembrane subunits and 3 are membrane-

peripheral subunits required for oxygen evolution. The reaction center core complex of PS II, 

where most of the electron-transfer cofactors are bound is form by D1 and D2.
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Figure 5. Arrangement of cofactors in the PS II structure of a monomer.21 The vertical line 

located in the middle represents the local pseudo-C2 axis. 

1.2.1. Electron Transfer Reactions in PS II
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Figure 6. The catalytic Kok cycle. The five intermediate states are known as the S states: S0,

S1(dark stable), S2, S3, and S4 (not yet isolated.)
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1.2.2. Geometric and Electronic Structure of the Oxygen Evolving Complex
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Figure 7. The Mn4O5Ca cluster and its protein surrounding.
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Figure 8. The Mn4O5Ca cluster poised at the S2 state.

1.2.3. Mechanistic studies of Photosystem II
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1.3. Manganese model systems – the manganese catalase
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Figure 9. The manganese catalase cluster (MnIIIMnIV).

Lactobacillus plantarum

Thermus thermophilus
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2. MATERIALS AND METHODS
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2.1. The Spin Hamiltonian Formalism
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2.1.1. Electron and nuclear Zeeman interaction

B

SgLBSgBH eeeEZ

e eg

g

B

g

zyx ggg

29



L

SLHSO

g

eg

I B

IBgIgBH nnnnNZ

ng

30



2.1.2. The Zero-Field Splitting
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2.1.3. The Hyperfine Interaction
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2.1.4. Nuclear Quadrupole Interaction
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2.1.5. The Electron Exchange Interaction
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2.2. The Spin Hamiltonian of the Mn Cluster of the OEC.
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2.3. The Spin Hamiltonian of the 17O-Mn Cluster of the OEC.
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2.4. EPR spectroscopy techniques and spectral analysis
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Figure 10. EPR techniques used in this work , described in the text below.
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2.4.2.a. Two and Three-Pulses Electron Spin Echo (ESE) Envelope 

Modulation (ESEEM)
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Figure 11. ENDOR signals for S=1/2, I=1/2 spin system: weak (left) and strong (right) field 

limits.
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2.4.2.d. Davies ENDOR
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2.4.2.e. Mims ENDOR
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2.4.2.f. ELDOR-detected NMR 
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The assignment of the two substrate water sites of the tetra-
manganese penta-oxygen calcium (Mn4O5Ca) cluster of photosys-
tem II is essential for the elucidation of the mechanism of biological
O-O bond formation and the subsequent design of bio-inspired
water-splitting catalysts. We recently demonstrated using pulsed
EPR spectroscopy that one of the five oxygen bridges (μ-oxo)
exchanges unusually rapidly with bulk water and is thus a likely
candidate for one of the substrates. Ammonia, a water analog, was
previously shown to bind to the Mn4O5Ca cluster, potentially dis-
placing a water/substrate ligand [Britt RD, et al. (1989) J Am Chem
Soc 111(10):3522–3532]. Here we show by a combination of EPR and
time-resolved membrane inlet mass spectrometry that the binding
of ammonia perturbs the exchangeable μ-oxo bridge without dras-
tically altering the binding/exchange kinetics of the two substrates.
In combination with broken-symmetry density functional theory,
our results show that (i) the exchangable μ-oxo bridge is O5 {using
the labeling of the current crystal structure [Umena Y, et al. (2011)
Nature 473(7345):55–60]}; (ii) ammonia displaces a water ligand to
the outer manganese (MnA4-W1); and (iii) as W1 is trans to O5,
ammonia binding elongates the MnA4-O5 bond, leading to the per-
turbation of the μ-oxo bridge resonance and to a small change in the
water exchange rates. These experimental results support O-O bond
formation between O5 and possibly an oxyl radical as proposed by
Siegbahn and exclude W1 as the second substrate water.

PSII | OEC | water oxidizing complex | water-oxidation | Mn cluster

In oxygenic photosynthesis, light-driven water splitting is cata-
lyzed by the oxygen-evolving complex (OEC) of the membrane

bound, pigment-protein complex photosystem II (PSII). The
OEC consists of an inorganic tetra-manganese penta-oxygen
calcium (Mn4O5Ca) cluster (1–3) and the nearby redox-active
tyrosine residue YZ (D1-Tyr161) that couples electron transfer
from the Mn4O5Ca cluster to P680, the photo-oxidant of PSII.
The cluster resembles a “distorted chair”, where the base is
formed by an oxygen-bridged (μ-oxo) cuboidal Mn3O4Ca unit (1)
(Fig. 1A). The fourth Mn (MnA4) is located outside of the cu-
boidal unit and is linked via a μ-oxo–bridged ligation (O4) to one
of its corners (MnB3). A second linkage between the outer Mn
and the cube is provided by a fifth oxygen O5. The Mn4O5Ca
cluster is also held together by six carboxylate ligands and has only
one directly coordinating nitrogen ligand, D1-His332 (Fig. 1B).
The OEC cycles through a series of five intermediate states

that are known as S states (4) (Fig. 1A): S0, S1 (dark stable), S2,
S3, and S4 (not yet isolated), where the subscript refers to the
number of oxidizing equivalents stored in the OEC through
successive electron withdrawals by YZ

•. In the 1.9-Å resolution
structure, the S state of the cluster was assigned to be S1 (1).
However, this is unlikely as all Mn-Mn, Mn-Ca, and Mn-O/N
distances of the crystal structure are ∼0.1 Å longer compared
with those determined by extended X-ray absorption fine structure

(EXAFS) spectroscopy (5–7). Moreover, the central O5 has
unusually long bonds to three Mn ions and to the Ca ion, outside
the range seen for model complexes. All these structural details
suggest that the Mn ions of the cluster were photoreduced during
X-ray data collection, and as such, the X-ray structure represents
a nonphysiological, overreduced S state (8, 9). This structural
ambiguity can be eliminated by combining the X-ray data with
spectroscopic constraints and the introduction of computational
modeling. In these unified models, O5 is generally considered to
be a μ-oxo bridge betweenMnA4 andMnB3 in the S1 and S2 states,
rendering this unit bis–μ-oxo bridged, and MnD1 as five co-
ordinate (10–13) (Fig. 1B).
The S2 state is readily observed using EPR spectroscopy and

related techniques. In this state, the four Mn ions of the OEC are
coupled together, resulting in a ground electronic state with one
unpaired electron, i.e., effective spin Seff = 1/2 (14). A distinctive
“multiline” EPR spectrum is observed at liquid helium temper-
ature, where the line splittings reflect the coupling of the four
55Mn magnetic nuclei to the unpaired electron spin (hyperfine
interaction) (Fig. 1C). The unpaired electron of the Mn4CaO5
cluster also couples to other magnetic nuclei in the vicinity of the
OEC (e.g., 17O, 14N/15N, 1H/2H), such as those that coordinate
the Mn ions, e.g., 17O, 14N/15N, 1H/2H. These hyperfine cou-
plings are sufficiently small so that the interactions are not di-
rectly observed by continuous wave (CW)-EPR spectroscopy.
Such interactions can instead be detected using pulse magnetic
resonance techniques that probe NMR transitions (15). Such
techniques include electron spin echo envelope modulation
(ESEEM), electron nuclear double resonance (ENDOR), and
electron–electron double-resonance–detected NMR (EDNMR).
Each technique is suited to probe specific electron–nuclear
interactions of the OEC. For example, exchangeable oxygen sites
of the OEC, which are potential substrate sites (16), have been
recently studied with W-band EDNMR using 17O isotopic la-
beling (17). This methodology is particularly useful as it allows
all water-exchangeable sites, including fully deprotonated Mn–
μ-oxo bridges, to be observed. It is known from time-resolved
membrane inlet mass spectrometry (TR-MIMS) that at least one
substrate is bound in all S states and exchanges with bulk water
on a seconds timescale (16, 18–20). In the equivalent EDNMR
experiment performed in the S1 state, rapid mixing of PSII with
17O-labeled water led to the uptake of the 17O label at three
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differentMn-ligand sites: (i) as one μ-oxo bridge,most likelyO4 or
O5; (ii) as a terminal hydroxide ligand, most likely W2, a ligand of
MnA4; and (iii) as a terminal water ligand, most likely W1, also
a ligand of MnA4 (17). This latter species dominates the weakly
coupled “matrix” envelope, which also has contributions from the
Ca-bound waters (W3/W4) and second coordination shell H2O
ligands. These assignments are based on comparison with model
compounds and the recent 1.9-Å resolution PSII crystal structure in
conjunction with density functional theory (DFT) models (10).
Enzymological studies have indicated that there are at least

two independent ammonia-binding sites, SYI and SYII (21, 22)
in PSII. Ammonia binding at the SYI site is chloride-concen-
tration dependent, is S-state independent, and results in the in-
hibition of oxygen-evolving activity (21–23), indicating that SYI
likely represents one of the chloride sites identified in the crystal
structure (1). In contrast, ammonia binding to SYII is in-
dependent of the chloride concentration (21, 22, 24, 25) and
does not reduce O2 evolution. It binds only upon formation of
the S2 state, to be subsequently released at some later point
during the S state cycle (after S3), such that it is not bound upon
return to the S1 state (26). SYII exhibits steric selectivity for
small Lewis bases and appears to be only accessible to ammonia.
The ESEEM study by Britt et al. (25) demonstrated that SYII

represents a Mn coordination site. Interestingly, the bound 14NH3
species displayed a large, rhombic quadrupole coupling (e2Qq/h)
of 1.61 MHz, with η = 0.59. From comparison with model com-
pounds, it was suggested that the ammonia is taken up as an
amido bridge between either two Mn ions or one Mn ion and the
Ca ion, i.e., replacing or modifying one μ-oxo bridge of the com-
plex. Low-frequency FTIR spectroscopy supports this basic hy-
pothesis, identifying a putative Mn-μO-Mn or Mn-μO-Ca
vibrational mode (27) lost upon ammonia addition (28).
Here we investigate the binding of ammonia to the OEC, using

multiple-pulse EPR techniques and TR-MIMS. It is shown that,
although ammonia significantly perturbs all exchangeable Mn-O
ligand signals, it only moderately affects the exchange rates of
both substrate waters. Instead of it displacing a μ-oxo bridge, our
data support a mechanism in which ammonia modifies the μ-oxo
bridge by displacing a water ligand trans to the bridge position,
specifically the water ligand W1 trans to the μ-oxo bridge O5.
Broken symmetry (BS)-DFT calculations, which model this dis-
placement, quantitatively reproduce all spectroscopic observ-
ables. Together, our data show that W1 is not a substrate binding
site, but instead favor O5 as one of the two substrate waters.

Results and Discussion
Ammonia Binds to the OEC Without Significantly Changing Its Electronic
Structure. PSII isolated from the thermophilic cyanobacteria
Thermosynechococcus elongatus was used throughout this study.
Ammonia was added to PSII samples in the S1 state, which was
advanced before the EPR measurements to the S2 state by low-
temperature (180 K) illumination with visible light. In agreement
with the literature, this resulted in an unperturbed S2-state multiline
EPR signal similar to the “no NH3” spectrum shown in Fig. 1C
(26). Subsequent annealing of the sample to 260 K for 30 s led to
the induction of the ammonia-modified multiline form (NH3
spectrum, Fig. 1C) (26). No change was observed in the background

cytochrome c550/b559 signals upon annealing the sample at 260 K.
The ammonia-modified S2-state multiline signal is also centered
about g ≈ 2.0, spread over the 250- to 430-mT field range and
characteristically contains more hyperfine peaks than the control
sample (at least 24 vs. 20; see Fig. 1C) (24, 29). Simulations of the
EPR and 55Mn-ENDOR spectra using the spin Hamiltonian for-
malism are given in Fig. S1 and Table S1.
Nitrogen ligands of the OEC can be readily detected using

ESEEM. In this type of pulse EPR experiment, the EPR signal in-
tensity (spin echo) is recorded as a function of the time intervals
between the successive microwave pulses. Signal intensity modu-
lations arise from the weak coupling of the electron spin with nearby
magnetic nuclei such as 14N [I(14N) = 1]. Both native 14N-PSII and
universally labeled 15N-PSII [I(15N) = 1/2] were measured. X-band
three-pulse ESEEM experiments of 14NH3-containing PSII illumi-
nated at 180 K and subsequently annealed at 260 K (see above) are
shown in Fig. 2 A and B. A new modulation, consistent with 14NH3
binding to the Mn4O5Ca cluster, is observed in the light-minus-dark
difference spectra only after the 260-K annealing step (25). The
bound 14NH3 species displays three sharp nuclear-quadrupole lines
(N.Q.L.) at 0.5, 1.0, and 1.5 MHz in the Fourier-transformed spec-
trum (Fig. 2B). Spin Hamiltonian simulations of the lineshape are
shown in Fig. 2A and B as dashed red lines and the fitted parameters
(Table 1, Fig. S2, and Table S2) for T. elongatus are similar to those
reported in the earlier higher-plant study (25). The relatively small
magnitude of the hyperfine coupling supports the assignment of
14NH3 as a ligand to one of the MnIV ions as opposed to the MnIII

ion of the S2 state. This is because the MnIV ions carry a lower spin
density (spin projection) than theMnIII ion and thus their ligands are
expected to display smaller effective hyperfine couplings (30).
In contrast to the X-band measurements, at Q-band, no dif-

ference is seen between the control and the 14NH3-treated
sample (Figs. 2C and 2D). Instead, the observed ESEEM mod-
ulation is dominated by a 14N hyperfine coupling assigned to
the D1-His332 ligand of MnD1 (31). At Q-band the histidine
14N signal is at or near the cancellation condition and as such
displays a maximal ESEEM response (30, 31). As a consequence
of the D1-His332 14N coupling matching the cancellation con-
dition, the signal of the bound ammonia in comparison is sup-
pressed at Q-band and no direct information on its binding site
can be obtained in this way. However, the 14N histidine ESEEM
signal, which resolves multiple spectral lines at 0.6, 2.0, and
7.3 MHz, and 14.8 MHz representing single-quantum (SQ) and
double-quantum (DQ) transitions, respectively, can be used as
spin probe reporting on the electronic structure and the oxida-
tion state of MnD1. Spin Hamiltonian simulations of the line-
shape of this signal are shown in Fig. 2 C and D (dashed red
lines). The parameters used (Table 1, Fig. S2, and Table S2) are
similar to those reported earlier by Stich et al. (31) for PSII
purified from Synechocystis sp. 6803. The relatively large mag-
nitude of the D1-His332 14N coupling suggests that it is ligated to
the only MnIII ion in the S2 state, i.e., to the Mn ion that carries
the largest spin density/spin projection (11, 30, 31). As the D1-
His332 signal does not change upon the addition of ammonia,
the oxidation state and ligand field of the MnD1 ion cannot
change. Thus, the binding site of ammonia at the manganese
tetramer is unlikely to be proximal to the MnD1 but instead is

Fig. 1. (A) The S-state cycle of the OEC. The crystal
structure of the manganese tetramer is also shown,
indicating the unusual ligation of O5, equidistant
between MnA4 and MnD1 (1). (B) A representative,
unified DFT model of the OEC in the S2 state (10).
The oxygen ligands W1 (pink), W2 (cyan), and O4/O5
(green) were assigned as sites exchangeable with
solvent water in the S1 state (17). (C) The effect of
ammonia on the CW-EPR (multiline) signal of the S2
state [11,29] (Fig. S1 and Table S1).

15562 | www.pnas.org/cgi/doi/10.1073/pnas.1304334110 Pérez Navarro et al.
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distal to it, consistent with NH3 binding to a MnIV ion. It is also
noted that protons in the vicinity of the OEC can be readily
detected using Q-band 1H-ENDOR (SI EPR Theory/Simulations
and Fig. S3A). The addition of NH3 does not change the width of
the signal envelope, which has been assigned to the protonated
oxygen ligands on MnA4 (32). The absence of a large proton
coupling suggests ammonia does not replace one of the μ-oxo
bridges of the OEC, excluding this previous suggestion for its
binding site (25).

Ammonia Perturbs All Exchangeable Oxygen Ligands of the Manganese
Tetramer.EDNMR (32), a pump–probe technique, which employs
two independent microwave pulses, has recently been shown to be
the magnetic resonance method of choice for the detection of
(17O) ligands of metallocofactors, such as the Mn4O5Ca cluster
of the OEC. In this experiment, the EPR signal is monitored
at a fixed microwave frequency matched to the resonator (probe

pulse). Before the detection sequence, a microwave pulse of
varying frequency, termed the high turning-angle (HTA) pulse, is
applied (pump pulse). The pumping (HTA) pulse drives spin-
forbidden transitions where both the electron spin and the nuclear
spin state change (jΔmsj = 1, jΔmIj = 1). Magnetic nuclei appear
as doublets centered about their characteristic (Larmor) fre-
quencies; i.e., νN(14N) = 10.46 MHz and νN(17O) = 19.6 MHz at
3.4 T. As described in Rapatskiy et al. (17), in S2-state PSII
samples resuspended in H2

17O-containing buffer, two structured
signal envelopes are observed centered at the Larmor frequency
and at twice the Larmor frequency of 17O. These two signal
envelopes correspond to SQ and DQ transitions of exchangeable
oxygen ligands of the manganese tetramer (Fig. 3A). Three
components were identified (17): (i) a large coupling, assigned to
a μ-oxo bridge from comparison with model complexes, most
likely O4 or O5; (ii) an intermediate coupling, assigned to the
terminal oxygen ligand of MnA4 (W2); and (iii) a weak coupling
(unsplit matrix line), representing the second terminal oxygen li-
gand of MnA4 (W1) but also including contributions from W3 and
W4. The couplings of W1 and W2 are proposed to differ due to
their protonation state. In DFT models, W2 is preferentially
a hydroxo ligand in the S2 state, whereas W1 represents a water
ligand (10, 13). In comparison with the hydroxo ligand (W2), the
water ligand (W1) is expected to have a much smaller coupling,
owing to its additional covalent bond to hydrogen, which weakens
its bond to the MnIV ion.
Ammoniabinding to theOECmodifies the 17O signal profile (17)

(Fig. 3A and Fig. S4). The widths of the 17O single- and double-
quantum envelopes narrow by ∼30%, and the splitting of the two
outer single-quantumsatellite peaks, which corresponds to the large
coupling (μ-oxo bridge), becomes unresolved. Additionally, the
sharp central matrix line (W1) appears to be of lower intensity.
The intermediate coupling is best resolved in the double-

quantum region, owing to spectral congestion in the single-quan-
tum region. Ammonia binding modifies the intermediate-coupling
feature, narrowing it by ∼1–2MHz. Furthermore, the whole double-
quantum region becomes more symmetric compared with the
spectra of the control sample (Fig. 3A, Fig. S4, and Table S3);
this asymmetry was previously thought to be due to the matrix
signal (17). The reduced asymmetry in the double-quantum re-
gion is taken as additional evidence that the matrix component is

Fig. 2. (A) X-band three-pulse ESEEM traces measured at the center of the
S2-state multiline signal (Fig. 1, B0 = 333 mT, microwave frequency = 9.4
GHz). The data represent annealed-minus-dark difference traces collected
on ammonia (14NH3)-treated

14N-PSII (black) and (14NH3)-treated
15N-PSII

(blue). The traces shown in A were measured with an interpulse spacing τ of
136 ns. Additional data traces using the τ-values 152 ns, 168 ns, and 184 ns
are shown in Fig. S2. (B) Fourier transform (FT) of the X-band time domain
data. N.Q.L. identifies the nuclear-quadrupole lines caused by the coupling
of the OEC with the added 14N (I = 1). The spectrum shown represents the
sum of the FT of the four ESEEM traces measured using different τ-values
(136–184 ns) to minimize spectral artifacts. (C) Q-band three-pulse ESEEM
traces measured at the center of the S2-state multiline signal (B0 = 1.22 T,
microwave frequency = 34.0 GHz). The data represent light-minus-dark and
annealed-minus-dark difference spectra of native 14N-PSII (black) and am-
monia (14NH3)-treated

14N-PSII (blue) respectively. The time domain data
were measured using an interpulse spacing τ of 260 ns. Additional data
traces using τ-values of 240 ns and 300 ns are shown in Fig. S2. (D) Corre-
sponding FT of the data traces presented in C. S.Q. and D.Q. identify single-
quantum and double-quantum transition lines from the coupling with
14N-His332. The red dashed lines superimposing the data represent a simu-
lation using the spin Hamiltonian formalism (SI EPR Theory/Simulations, Fig.
S2, and Table S2). The label N.Q.L. identifies the quadrupole lines observed
in the X-band 14N-ESEEM spectrum.

Table 1. Experimentally determined ESEEM and EDNMR spin
Hamiltonian parameters: Comparison with calculated magnetic
resonance parameters from DFT

Hyperfine couplings jAisoj/MHz

Exchangable ligands, 14N/17O

Experiment/
Theory His332*, 14N* W1 17O/NH3

14N* W2 17O* O5 17O†

DFT
Native 4.8 1.7 5.2 17.4
+NH3

‡ 5.2 1.5 4.3 12.2
Δ§ 0.4 — −0.9 −5.2
Δ/%§ 8.3 — −17 −30

Experiment
Native 7.2 1.4 4.5 9.7
+NH3* 7.2 2.4 3.1 6.5
Δ§ 0.0 — 1.4 3.2
Δ/%§ 0.0 — −31 −28

*Calculated (projected) BS-DFT hyperfine values directly comparable to
experiment (/MHz).
†Calculated (raw) BS-DFT hyperfine values are not directly comparable to
experiment; the percentage change (Δ) due to ammonia binding can, how-
ever, be compared.
‡NH3 replacing W1.
§Δ = difference between native and +NH3 samples.

Pérez Navarro et al. PNAS | September 24, 2013 | vol. 110 | no. 39 | 15563

CH
EM

IS
TR

Y
BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

52



reduced by ammonia binding to the OEC, which is further sup-
ported by considering the power dependence of the EDNMR
signal (for further details see SI EPR Theory/Simulations and Fig.
S4). Thus, ammonia likely displaces W1, perturbing W2 and the
μ-oxo bridge signal. It is also noted that the water ligands of the
Ca2+ ion (W3, W4) were measured independently using 17O-
Mims ENDOR, and no change was observed; ergo, W3 and W4
are not displaced by ammonia (Fig. S3B).

The Site of Ammonia Binding: A Mechanism for the Perturbation of
the μ-oxo Bridge. The binding of ammonia as a terminal ligand to
MnA4 instead of W1 could potentially modify the hyperfine
coupling of the μ-oxo bridge O5 via the trans effect. To test
whether this rationale can quantitatively explain the observed
spectral changes, DFT calculations were performed using pre-
viously reported S2-state OEC models consistent with geometric,
thermodynamic, and spectroscopic parameters (10, 17). Calcu-
lated EPR parameters (33, 34) of both the W1- and the NH3-
containing structure are shown in Table 1 and Tables S2–S4. This
single-ligand substitution quantitatively reproduces all experi-
mental observables, including the 14N hyperfine and quadrupole
couplings of the bound ammonia, the ∼1-MHz decrease in the
17O hyperfine coupling of the terminal hydroxide (W2), and the
14N-His332 hyperfine coupling and its insensitivity to ammonia
addition. Although it is currently not possible to reliably calcu-
late projected hyperfine coupling constants for bridging ligands,
as this is yet to be calibrated in model systems, it is possible to
compare the raw BS-DFT values to ascertain the effect of the
ammonia ligand. The calculations show that ammonia binding at
the W1 site selectively perturbs the O5 μ-oxo bridge. The ob-
served change in coupling is again quantitatively reproduced,
with a decrease in the hyperfine coupling of O5 by 30%, the same

as seen for the μ-oxo bridge species using EDNMR. All other
μ-oxo bridge couplings are calculated as being very similar for
the H2O- and the NH3-containing structure, including the O4,
which actually increases upon NH3 binding, excluding it as the
exchangeable bridge. The only exception is O1, where the cal-
culated raw BS-DFT hyperfine has a large percentage change;
however, the absolute magnitude of the O1 hyperfine coupling is
small and the absolute change is only 0.55 MHz (Table S4).
From this, we can confidently assign the site of NH3 binding to

the W1 coordination site of MnA4. A comparison of the different
geometries of the two BS-DFT structures (with and without NH3)
shows a small elongation of the MnA4-O5 bond of 0.02 Å upon
NH3 substitution, as expected. This bond lengthening reduces the
MnA4 to O5 spin polarization and consequently the overall spin
density on O5, resulting in the 30% decrease in the observed
17O hyperfine value. This change should also modify the vibrational
mode of the O5 bridge, consistent with low-frequency IR spec-
troscopic results reported in ref. 28. Indeed, vibrational frequencies
computed for the optimized structures of the two models indicate
that a MnA4–O5 stretching mode along the MnA1-MnD1 vector at
644 cm−1 shifts upon NH3 binding to 617 cm−1 with concomitant
∼50% loss in intensity, consistent with experimental observations.

W1 Is Not a Substrate Water. TR-MIMS, a mass spectrometric
pump–probe technique, employing H2

18O labeling, provides im-
portant information regarding the binding of the substrate to the
catalyst during the S-state cycle (16). This experiment involves
poising the OEC in the desired S state with light flashes and the
subsequent rapid injection (t1/2 = 3 ms) of isotopically labeled
water (H2

18O), followed by successive light flashes to release the
product O2. By varying the incubation time of the sample in la-
beled water, the extent to which 18O is incorporated into the
product O2 is varied, allowing the determination of substrate water
exchange rates with the bulk solvent. These experiments have
established that the two substrate waters exchange with different
rates that also vary independently with the S states. Thus, the two
substrates bind at chemically distinct sites. The slowly exchanging
substrate (Ws) is bound throughout the S-state cycle, whereas the
fast-exchanging substrate (Wf) is bound latest in the S2 state (16,
18, 20, 35, 36).
TR-MIMS data monitoring the fast and slow substrate ex-

change in the S2 state at pH 7.6 in the presence of 100 mM
NH4Cl (red) or 100 mM NaCl (black) are shown in Fig. 3B. If
ammonia displaces a substrate, a major slowing or even abol-
ishment of one exchange rate is expected. This is not observed
experimentally: The exchange rates of Ws and Wf with bulk water
lie within factors of 1.5 in the presence and absence of NH4Cl.
This demonstrates that ammonia does not displace a substrate
water, but instead slightly modifies exchange rates by binding in
their vicinity. Thus, the combined EPR and TR-MIMS data ex-
clude W1 as a substrate site. Importantly, these results exclude O-
O bond mechanisms that involve both terminal Mn oxygen ligands
on MnA4, i.e., the Kusunoki-type mechanism (37).

This model also provides a simple rationale for ammonia
binding/release during the S-state cycle (24, 26). In the lower S
states (S0, S1), MnA4 is usually considered to be in the MnIII
oxidation state and is thus potentially five-coordinate, with W1
being only a weakly associated ligand. It is noted that DFT cal-
culations support assigning the Jahn–Teller axis of MnA4

III along
the W1/O5 axis (13, 38, 39). As such, ammonia does not bind in
these S states as its nominal binding site is preferentially un-
occupied. Upon formation of the S2 state, the MnA4 is oxidized
to +IV and is required to be six-coordinate, thus allowing am-
monia to bind to the OEC. As NH3 is a better (more tightly
bound) ligand to MnIV than water in the S3 and presumably the
S4 states, ammonia is unlikely to be released until after the O-O
bond formation step, at which point MnA4 returns to its +III
oxidation state and is again five-coordinate.

O5 Represents a Substrate Site. The slow rate of exchange ofWs and
the observation that the rate is S-state (i.e., Mn oxidation state)

Fig. 3. (A) W-band 17O-EDNMR spectra of native and 14NH3-treated
14N-PSII

samples (17). The black line represents the data; the red dashed line repre-
sents the total simulation. Fitted isotropic hyperfine values are listed in Table 1.
A complete list of parameters is given in Table S3. The colored traces represent
the four components of the fit: the 14N of D1-His332, blue; the strongly cou-
pled 17O species, green; the intermediately coupled 17O species, orange; and
the weakly coupled 17O species, pink. (B) TR-MIMS traces monitoring substrate
exchange in the S2 state at pH 7.6 in the presence of either 100 mMNH4Cl (red
triangles) or 100 mM NaCl (black squares). The lines represent biexponential
(34O2, Left) and monoexponential (36O2, Right) fits. NH4Cl: kf = 52 s−1, ks = 2 s−1.
NaCl: kf = 38 s−1, ks = 3 s−1.
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dependent suggest thatWs represents aMn–oxygen ligand (16, 18,
20, 35). In Rapatskiy et al. (17), three exchangeable Mn-O ligands
were identified, and thus, all three potentially represent WS: W1,
W2, and a μ-oxo bridge, either O4 or O5. As described above, the
ammonia effect excludes W1 and demonstrates that O5 (and not
O4) represents the exchangeable bridge. Thus, we can now reduce
the number of possible candidates for Ws to only two: W2 and O5.
A series of studies are converging with regard to the role of O5

instead of W2 as the Ws substrate site. Critical to this assignment
has been the recent demonstration that one of the μ-oxo bridges
(shown here to be O5) exchanges rapidly with bulk water (17),
with an exchange rate consistent with mass spectrometry mea-
surements (16, 18–20) and over 1,000 times faster than that seen in
synthetic model systems (40). A rationale for this enhanced ex-
change rate was recently provided by the theoretical study of
Pantazis et al. (13), where it was shown that O5 has a flexible
coordination, acting as either a μ-oxo linkage to the outer Mn
(MnA4) or a vertex of the cuboidal unit proper. Similarly, the OEC
appears to contain several pathways for internal oxygen exchange
between terminal water ligands to Ca or Mn, which may allow
a calcium-ligated bridge such as O5 to exchange rapidly (41).
Site-selective perturbations such as protein mutagenesis pro-

vide further support for the assignment of O5 over W2 as Ws.
The replacement of Ca with Sr strongly enhances the exchange
rate of Ws (36). As O5 (not W2 or O4)) is a ligand to Ca/Sr (1),
this result is readily understood (36, 41). Similarly, the mutation of
the D1-Glu189 (bridge between MnD1 and Ca), the D1-Asp170
(bridge between MnA4 and Ca), and the CP43-Glu354 (bridge
between MnB3 and MnC2) all enhance the rate of Ws exchange
(20, 42, 43). As O5 is a ligand to MnA4, MnB3, andMnD1 (owing to
its two isoenergetic forms in the S2 state and potentially the S3
state) (1, 13), the observed perturbation in the exchange rate seen
in these mutants is again readily explained.

An O-O Bond Formation Mechanism Involving O5. The O-O bond
reaction can proceed via either (i) a nucleophilic attack of O5 by
a nearby substrate, i.e., between the μ-oxo bridge (O5) and a
terminal hydroxide/Ca2+-bound water (W3), or (ii) an oxo/oxyl
radical coupling of O5 and an as yet unidentified water (possibly
previously bound to Ca/MnA4) that is located proximal to O5 in
the S3/S4 states, as proposed by Siegbahn (12) (see also refs. 41, 44).
Of the two pathways to O-O bond formation, only the nucle-

ophilic attack mechanism has been previously observed in Mn
model systems, albeit with a much slower rate than seen for the
OEC (45, 46). In contrast, the radical coupling mechanism has
no precedence in Mn model chemistry, but has been demon-
strated as an efficient O-O bond formation pathway in second-
row transition metal catalysts; see, for example, the ruthenium
(Ru-Hbpp) dimer complex (47). This latter mechanistic route
has been demonstrated in silico by Siegbahn as the most efficient
O-O bond formation pathway (12).
A unique feature of the oxo/oxyl mechanism proposed by

Siegbahn is that the second, fast-exchanging water substrate (Wf)
binds to the OEC late in the S-state cycle, a conclusion sup-
ported by FTIR difference spectroscopy (48). This additional
substrate from the bulk binds to the open coordination site of
MnD1 as a water/hydroxide ion in the S3 state, forming an oxyl
radical in the S4 state (Fig. 4) (12). Superficially, this appears to
be in disagreement with TR-MIMS measurements, which suggest
that Wf has a similar affinity in the S2 state to that in the S3 state,
requiring it to be in a chemically similar environment in both
states. The inherent structural flexibility of the OEC provides
a rationale for this problem, suggesting a second binding sequence
for Wf, reconciling the oxo/oxyl mechanism with the observation
that Wf is already bound in the S2 state. Instead, of binding di-
rectly to MnD1, the second substrate could bind to the solvent-
accessible outer MnA4 ion, as the open coordination site of the
complex can exist at either MnA4 or MnD1 via the facile movement
of the O5/Ws bridge. In this instance, the terminal hydroxide
ligands of MnA4 in the S3 state (W2 and Wf) would be indistin-
guishable, owing to rapid interchange, and could be considered

to represent the same species. O5/Ws, which upon proton move-
ment from Wf returns to the putative S3 state proposed by Sieg-
bahn, represents in this tautomeric structure a terminal hydroxide
ion bound to a MnIV ion. This ligand motif is considered to ex-
change with bulk solvent on a seconds timescale in Mn model
complexes. The MnD1-bound oxygen is, however, within a more
hydrophobic pocket compared with the MnA4-bound oxygen,
which explains why two exchange rates are still observed for
the two putative MnIV-O(H) substrate ligands in the S3 state. The
hydrophobic region about MnD1 potentially acts to stabilize the
subsequent ligand oxidation of the MnD1-bound oxygen to an
oxyl radical upon advancement to the S4 state.
Thus, a concerted tetramer mechanism involving O5, which

uses the unique geometry of the Mn4O5Ca cluster to bind and
position the two substrates, provides a rationale for the substrate
exchange phenomenology described in the literature. The sequen-
tial uptake of the two substrates ensures that simultaneous binding
of both substrates does not occur in the resting states (S0, S1) of the
catalyst, which is likely critical for efficient (high turnover fre-
quency) and highly selective O2 product formation.

Materials and Methods
14N- and 15N-PSII core complex preparations from T. elongatus were isolated
as described earlier (49, 50) with modifications described in SI Materials and
Methods. The S2 state was generated by short, white-light illumination (5 s)
with a tungsten lamp at 185–200 K.

EPR measurements were performed at X-band using Bruker ELEXSYS 500
and 580 spectrometers, at Q-band using a Bruker ELEXSYS E580 spectrometer,
and at W-band using a Bruker ELEXSYS E680 spectrometer. X-band CW and
pulse EPR measurements were performed at 8.6 K and 4.2 K, respectively. Q-
and W-band pulsed EPR measurements were performed at 4.8–5.2 K. Ex-
perimental settings were as reported in refs. 11 and 17 and in Figs. S1–S3.

TR-MIMS experiments were performed at 20 °C using a modified mem-
brane-inlet cell connected to a magnetic sector field isotope ratio mass
spectrometer. Further details regarding experimental procedures and data
analysis are described in SI Materials and Methods and refs. 16, 19, and 35.

Density functional theory calculations of geometries, exchange coupling
constants, vibrational frequencies, and EPR parameters were performed
similarly to those described in refs. 10 and 17. Computational details and
Cartesian coordinates of the optimized structures are given in SI Materials
and Methods and Table S5, respectively.
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Fig. 4. (Left) Site for NH3 binding to the OEC poised in the S2 state. NH3

displaces W1, a water ligand of the outer MnA4 (a MnIV ion in the S2 state),
which slightly affects the binding strength of the oxo-bridge O5, which is
trans to this position. (Right) O-O bond formation mechanisms consistent
with this study (see main text): (I) a nucleophilic attack of O5 by a nearby
substrate; (II) an oxo/oxyl radical coupling of O5 and an as yet unidentified
additional water marked Wf (possibly W2). Mn, purple; Ca, yellow; N, blue;
O, red; and substrate O, green.
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SI Materials and Methods
Photsystem II (PSII) core complex preparations from wild-type
Thermosynechococcus elongatus (1) were isolated as described
earlier (2–4). X-band samples were prepared with the following
modifications. After the loading of the Ni column with the sol-
ubilized membranes, the resin was washed with buffer 2 [1 M
betaine, 10% (wt/vol) glycerol, 40 mM Mes, 15 mM MgCl2,
15 mM CaCl2, 100 mM NaCl, 1 mM L-histidine, 0.03% (wt/vol)
β-DM, pH 6.5] until the optical density of the eluate at 665 nm
decreased below 0.05 (∼15 h). Then, PSII core complexes were
eluted with buffer 3 [1 M betaine, 40 mM Mes, 15 mM MgCl2,
15 mM CaCl2, 200 mM NaCl, 180 mM L-histidine, 0.06% (wt/vol)
β-DM, pH 6.5]. The eluate was then concentrated and washed in
buffer 4 (1 M betaine, 15 mM MgCl2, and 15 mM CaCl2) by
using centrifugal filter devices (Ultrafree-15; Millipore) until the
Mes concentration was estimated to be lower than 0.5 mM. 15N–

labeled PSII samples were prepared from cells grown in a me-
dium with 15NH4Cl and

15NO3- salts. PSII core complexes were
finally resuspended in buffer 4 (+ 40 mM Mes) at a Chl con-
centration of ∼2–3 mg Chl·ml−1 and stored in liquid N2 until use.
PSII material for Q/W-band measurements was instead stored at
−80 °C until use. The S2 state was generated by short (5 s) white-
light illumination with a tungsten lamp at 200 K, using an eth-
anol bath cooled down with dry ice. Resuspension of the PSII
samples in labeled H2

17O (90%) buffer was achieved as reported
in ref. 5. Ammonia was added at a ratio of 1:10 vol/vol to the
samples from a stock solution of 1 M ammonium chloride
(14NH4Cl) in 1 M Hepes (pH 7.6) buffer, yielding a free-base
NH3 concentration of 2 mM. PSII samples were reconcentrated
using Millipore microcentrifuge filters to the desired concen-
tration. Samples were then placed in Q/W-band tubes and left in
complete darkness for ∼10 min. To observe a minimally per-
turbed S2 multiline signal, the sample was illuminated at 185 K
(ethanol/liquid N2 bath). To observe the ammonia-modified
multiline, the sample was first illuminated at 200 K and then
subsequently annealed at ∼260 K (ethanol + CO2/dry ice bath)
for 30 s before freezing to 80 K. X-band samples were given two
saturating YAG (532 nm) light flashes and 1 h dark adaptation
before the addition of 14NH4Cl solution to maximize S2 state yields.

Time-resolved membrane inlet mass spectrometry (TR-MIMS)
experiments were performed in a stirred, temperature-controlled
(20 °C) membrane-inlet cell (165 μL volume) connected to a mag-
netic sector field isotope ratio mass spectrometer (ThermoFinnigan
DeltaPlus XP) via a cooling trap (liquid N2). Samples were loaded in
darkness. After 20min of degassing, the samplewas advanced to the
S2 state with one saturating Xe-lamp flash. Subsequently the sample
was rapidly diluted with H2

18O (97%, 8 ms mixing time) and two
further flashes were applied (interflash separation 10 ms), gener-
ating O2. The delay between the dilution and the double flash was
incremented between 8 ms and 10 s. The final 18O sample enrich-
ment was 22%. Molecular oxygen dissolved in the H2

18O was re-
moved from the delivery syringe (modifiedHamilton CR-700-50) by
glucose/glucose oxidase and catalase (6). After 5 min, four addi-
tional flashes were given at 2 Hz and used for normalization. Data
analysis was performed as described earlier (6–8).
Density functional theory calculations used an initial model

geometry taken from Ames et al. (9) (model 1d2′ of that study),
and were performed with the quantum chemical program system
“ORCA” (28). This structure was reoptimized for the ammonia-
modified S2 state, after replacement of W1 with NH3 (1d2′-NH3)
(Table S5). Geometry optimizations used the BP86 functional
(10, 11) along with the 2010 dispersion corrections of Grimme

(12) and the zero-order regular approximation (ZORA) to ac-
count for scalar relativistic effects (13–15). All atoms except
carbon and hydrogen, for which the split-valence polarized SVP
basis set was used, were described with the relativistically recon-
tracted def2-TZVP(-f) basis sets (16). Decontracted def2-TZVP/J
basis sets (17) were used for the resolution of the identity ap-
proximation to Coulomb exchange (RI-J). Tight self-consistent
field (SCF) convergence and regular integration grids (Grid4
in ORCA convention) were applied. Optimizations were performed
with the conductor-like screening model (COSMO) (18) with
a dielectric constant of 8.0. Harmonic vibrational frequencies were
computed for the optimized geometries, using numerical two-side
differentiation with an increment of 0.01 Bohr. Both structures,
with and without NH3, were confirmed as genuine minima by the
absence of imaginary frequencies (negative Hessian eigenvalues).
Exchange coupling constants were computed by the broken

symmetry (BS)-DFT approach, using the TPSSh functional (19)
with the RI-J approximation to the Coulomb exchange and the
chain-of-spheres approximation to exact exchange (20). Scalar
relativistic effects were included with ZORA paired with the
segmented all-electron relativistically contracted (SARC) def2-
TZVP(-f) basis sets and the decontracted def2-TZVP/J Coulomb
fitting basis sets for all atoms. Increased integration grids (Grid5
and GridX5) were used in the calculation of all magnetic param-
eters. For the calculation of the hyperfine tensors, specially con-
structed basis sets based on SARC def2-TZVP but with added
flexibility in the core region were used for the N and O atoms.
These basis sets are described in ref. 21. The radial integration grids
were increased to an integration accuracy of 9 (in ORCA conven-
tion) for 14N and 17O. Picture change effects were included in the
calculation of EPR parameters. Details regarding the application of
the BS-DFT approach for the calculation of EPR parameters in
manganese systems can be found in recent work (9, 22–27).

SI EPR Theory/Simulations
EPR and 55Mn-Electron Nuclear Double Resonance Data and Spin
Hamiltonian Simulations. Spectra were simultaneously fitted as-
suming an effective spin S = 1/2 ground state (for details, see refs.
26, 29). The basis set that describes the Mn-tetramer spin man-
ifold can be built from the product of the eigenstates of the in-
teracting spins:

j12 MI1I2I3I4m1m2m3m4
�
: [S1]

Here, Mi refers to the electronic magnetic sublevel, ±1/2; Ii takes
the value 5/2 for each 55Mn; and each mi takes the values –Ii, 1 −
Ii, ..... , Ii − 1, Ii.
The spin Hamiltonian that describes the spin manifold is

Ĥ = βe~B0 ·Ĝ ·~S+
X
i

�
gnβn~B0 ·~Ii +~S ·Âi ·~Ii

�
: [S2]

It contains (i) the electronic Zeeman term for the total electronic
spin, (ii) nuclear Zeeman terms for the 55Mn nuclei, and (iii) hy-
perfine terms for the 55Mn nuclei. This Hamiltonian was used to
simulate all spectra. The electronZeeman termwas treated exactly.
The nuclear Zeeman and hyperfine terms were treated using sec-
ond-order perturbation theory. The nuclear quadrupole coupling
was not explicitly considered. Spectral simulations were performed
numerically, using the EasySpin package (30) in MATLAB.
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Historically, ammonia binding was thought to significantly alter
the electronic structure of the oxygen-evolving complex (OEC), as
proposed by Peloquin et al. (29). There, it was suggested that
NH3 binding led to an interchange of the valence states of the
Mn cluster such that the only Mn in the +III oxidation state was
located at a different Mn site (29). This proposal now seems
unlikely. As shown in the main text, the MnD1-His332 signal,
which can be considered a spin probe of the electronic structure
of the OEC, does not significantly change upon NH3 binding,
requiring that the oxidation state of MnD1, the most likely can-
didate for the MnIII, does not change (9, 26, 27, 31, 32). The
effect of NH3 binding is probably more similar to that seen upon
the replacement of the Ca2+ ion with Sr2+. Sr2+ has only a subtle
effect on the electronic structure of the OEC, perturbing the
MnD1

III ion, which leads to changes in the hyperfine tensor an-
isotropy of all four Mn nuclei and thus a modified S2 multiline
EPR spectrum (26). Simulations of the EPR and 55Mn-electron
nuclear double resonance (ENDOR) data are shown in Fig. S1
and support this basic model. The fitted g and hyperfine tensors
reported in Table S1 are approximately the same in terms of both
magnitude and symmetry in both the control and the NH3 sample,
confirming that the oxidation state pattern for the OEC does not
change upon ammonia binding, consistent with the 14N-electron
spin echo envelope modulation (ESEEM) MnD1-His332 data
shown in Fig. 2 C and D in the main text.

14N-ESEEM/17O-Electron–Electron Double-Resonance–Detected NMR
Data and Spin Hamiltonian Simulations. Spectra were simulta-
neously fitted assuming an effective spin S = 1/2 ground state (for
details, see ref. 5). The basis set that describes the ligand-Mn-
tetramer spin manifold (excluding 55Mn nuclei) can be built from
the product of the eigenstates of the interacting spins:

j 12 M I m
�
: [S3]

Here M refers to the electronic magnetic sublevels ±1/2; I takes
the value 1 for 14N and 5/2 for 17O; and mi takes the values –Ii,
1 − Ii, ..... , Ii − 1, Ii.
The spin Hamiltonian that describes the single nucleus–elec-

tron spin manifold is

Ĥ = βe~B0 ·Ĝ ·~S+ goβn~B ·~I +~S · Â ·~I: [S4]

It contains (i) the electronic Zeeman term for the total electronic
spin, (ii) the nuclear Zeeman term for the 14N/17O nucleus, and
(iii) the hyperfine term for the 14N/17O nucleus. This Hamiltonian
was used to simulate all 14N-ESEEM spectra and 17O-electron–
electron double-resonance–detected NMR (EDNMR) data.
X-band three-pulse ESEEMmeasurements were performed on

both 14N-PSII and 15N-PSII treated with ammonia (14NH3). As
PSII contains additional cofactors such as cytb559 and cytc550,
which also exhibit nitrogen couplings, annealed-minus-dark dif-
ference spectra are reported. The annealed S2 spectrum is gener-
ated by low-temperature illumination (185–200 K) and subsequent
annealing to allow the ammonia to bind (260 K), whereas the dark
S1 spectrum represents the initial state. Nitrogen signals attribut-
able to the OEC are seen only in the S2 state whereas the cytb559
and cytc550 nitrogen signals should be unchanged in both S1 and S2.
The annealed-minus-dark subtraction introduced no artifacts as
evidenced by the comparison of the 14N-PSII and universally la-
beled 15N-PSII data, which are essentially identical. The annealed-
minus-dark difference spectrum is assigned to a single 14N of the
Mn4O5Ca cluster-bound ammonia. This species displays three
sharp nuclear-quadrupole lines at ∼0.5, 1.0, and 1.5 MHz in the
Fourier-transformed spectra. Spin Hamiltonian simulations of the
ESEEM spectra, measured at a series of τ-values, are shown in Fig.
S2, Left and all fitted parameters are given in Table S2 along with

DFT estimates for the hyperfine and quadrupole couplings. Our
DFT calculations nominally reproduce the small experimental
isotropic hyperfine coupling and the magnitude of the quadrupole
coupling/electric field gradient. A multipole estimate was used to
estimate the through-space interaction (Adip), which suggests Adip
should be approximately axially symmetric, as observed experi-
mentally. This simple calculation does, however, overestimate Adip
by a factor of 2.
The fitted spin Hamiltonian parameters of the 14NH3 coupling

reported in Table S2 are similar to those reported in the earlier
higher-plant study (33). As seen in this earlier study, the quad-
rupole coupling shows significant asymmetry (η ≈ 0.5). The recent
crystal structure provides a rationale for this anomalous result,
assuming NH3 displaces the W1 ligand. W1 is in H-bonding dis-
tance to the D1-Asp61 and the Asp61/W1 couple has been pro-
posed as important for proton movement from the OEC (34–36).
Thus, an NH3 ligand in the site of W1 is likely to have an elec-
trostatic environment that is distorted away from axial symmetry.
The role of such counter ions has recently been shown to be
important for the calculation of quadrupole couplings of Mn
complexes (21). As Asp61 is not included in our DFTmodels, this
asymmetry is not reproduced in our calculations, although the
magnitude of the quadrupole coupling is reproduced.
As a final proof that this signal represents a 14NH3 ligand to the

OEC, 15NH3 instead of 14NH3 was added to 14N-PSII. In an-
nealed-minus-dark difference spectra, the modulation described
above was lost, replaced with transitions that now appear near
0 MHz in the Fourier-transformed spectra, consistent with a 15N
ligand interaction.
Spin Hamiltonian simulations were also performed for the

14N-His332 signal seen using Q-band ESEEM, shown in Fig. S2,
Right. A complete parameter list is given in Table S2 and com-
pared with earlier literature data along with DFT estimates for
the hyperfine and quadrupole couplings. As with the NH3 li-
gand, our DFT calculations nominally reproduce the experi-
mental isotropic hyperfine coupling and quadrupole coupling, and
the DFT values are not significantly changed by the replacement of
W1 with NH3. It is noted that the fitted parameters are slightly
different from those of our previous report using W-band EDNMR
(5) but are similar to those of earlier ESEEM studies of Yeagle
et al. (37) and Stich et al. (38), measured using PSII purified from
spinach and Synechocystis (6803), respectively. This is currently
under investigation and may reflect partial breakdown of the S =
1/2 ground-state approximation at W-band. In addition, current
simulations do not very well reproduce ESEEM data traces col-
lected using longer τ-values (>300 ns) compared to those with
shorter τ-values (<300 ns). This is also being further investigated.

1H-ENDOR. Protons in the vicinity of the OEC can be readily
measured using Q-band 1H-ENDOR (5). The magnitude of a
proton coupling within a metallocofactor is usually derived from
a simple dipolar (through-space) interaction between the electron
spin and the nearby proton spin and thus allows the distance of
the proton to the metal center(s) to be obtained. The width of the
1H-ENDOR signal envelope (of ≈9 MHz) for the OEC in the S2
state has previously been assigned to the terminal water/OH-
ligands (W1/W2) of MnA4, i.e.,

1H protons ∼2.4–3 Å away from
one of theMn ions of the OEC that carries a spin projection of ∼1
(5, 39–41). In addition, the width of the envelope has been sug-
gested to exclude a protonated oxygen bridge (μ-hydroxo).
The 1H-ENDOR envelopes for 14N-PSII with and without

ammonia (14NH3) are shown in Fig. S3A. The two are very
similar, suggesting that the nearest approach of a 1H nucleus to
the Mn ions is essentially the same for the OEC with and without
an NH3 ligand. In our DFT models, the protons of both the NH3
and the W1/W2 ligands are between 2.4 and 2.7 Å away from
MnA4. As such, the 1H-ENDOR envelope is expected to not
change considerably upon addition of ammonia, as observed
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experimentally. Importantly, the absence of a large proton cou-
pling suggests ammonia does not replace one of the oxygen
bridges (μ-oxo) of the OEC, forming an amido (-NH2-) bridge as
previously suggested in ref. 33.

17O-Mims ENDOR. Water molecules that are not directly co-
ordinated to the Mn ions are not well visualized by using W-band
EDNMR, and they provide only a small contribution to the signal
envelope (5). These species, i.e., the waters bound to the Ca2+

ion, W3 and W4, can instead be measured using W-band Mims
ENDOR (5). Fig. S3B shows the 17O-Mims ENDOR spectra of
W3/W4 in PSII samples with and without added ammonia. In
both samples, a similar signal envelope is observed centered
at the Lamor frequency of 17O [∨N(17O) ≈ 19.6 MHz], suggest-
ing ammonia does not displace W3 or W4. The signal has a width
of <1 MHz (FWHM) and a near-Lorentzian lineshape, with a
resolved splitting of 0.5 MHz.

17O-EDNMR Simulations/Power Dependence. Spin Hamiltonian sim-
ulations of the EDNMR signals in Fig. 3 (14N-PSII) and Fig. S4
(15N-PSII) were performed as described in ref. 5. All parameters
are given in Table S3. The anisotropic (dipolar, Adip) component
for each of the three 17O hyperfine tensors (large, intermediate,
and matrix) was kept fixed to that reported in ref. 5 in both the
native and the ammonia-treated samples along with all line-
widths. It is noted that the fitted linewidths presumably repre-
sent the unresolved quadrupole splittings. In addition, the
unresolved quadrupole is expected to lead to the nonequal peak
intensities for the double-quantum peaks of each 17O doublet.
As such, the relative intensities of each doublet peak are allowed
to vary by 50%.
As the 17O double-quantum region for the ammonia-treated

sample was symmetric about twice the 17O Larmor frequency,

only two hyperfine couplings (large and intermediate) needed to
be included to reproduce the double-quantum spectral profile.
In the 17O-EDNMR experiments described here, the line in-

tensities of the three different 17O species predominately depend
on the magnitude of the anisotropic (dipolar) coupling Adip
(5, 42) and the amplitude of the pump pulse [high turning angle
(HTA) pulse]. As such, the relative line intensity attributable to
different 17O species will change as the amplitude of the HTA
pulse is varied. In Rapatskiy et al. (5), the amplitude of the HTA
pulse was set such that the signal from the largest coupled spe-
cies was maximal. Increasing the amplitude of the HTA pulse
begins to suppress the largest coupled species relative to more
weakly coupled species; it effectively enhances the contribution
of the more weakly coupled components. Thus, by monitoring
the power dependence (the magnitude of the EDNMR signal as
a function of the HTA pulse amplitude) at different positions
within the signal envelope, more information on the contribution
of each species can be obtained. In a simple sense, the power
dependence represents another way to discern the number of
species that make up the signal envelope. Unfortunately, the
power dependence cannot yet be simulated, and thus, the con-
tribution of each 17O component is simply fitted (5).
The power dependence of the 17O-EDNMR envelope is shown

in Fig. S4 C and D. In the control sample, the power dependence
of the satellite lines (strongly coupled species) about the 17O
Larmor frequency was significantly different from that of the
central line (weakly coupled, matrix species) at the 17O Lamor
frequency. This is in contrast to the ammonia-treated sample.
Here the power dependences of the satellites and the central line
are more similar, suggesting the range of couplings that make up
the envelope has decreased. That is to say, the 17O profile in the
ammonia-treated sample contains a smaller contribution from
a third matrix component, i.e., W1.
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Fig. S1. X-band CW-EPR and Q-band pulse-EPR 55Mn-ENDOR spectra of the control and NH3-containing OEC of PSII derived from Thermosynechococcus
elongatus poised in the S2 state (1, 2). (A) X-band CW EPR. The S1-state background of cyt b559 and cyt c550 was subtracted from the data after illumination. In
native samples, a point mutation was made to replace the tyrosine YD (D2-Tyr160) with a phenylalanine, removing from the spectrum the YD

• signal. In samples,
treated with ammonia, the YD

• signal, centered at about g ≈ 2, was removed for clarity of presentation Experimental parameters: microwave frequencies,
9.4097 GHz (control) and 9.4075 GHz (NH3); microwave power, 20 mW; modulation amplitude, 25 G; time constant, 80 ms; temperature, 8.6 K. (B) Q-band pulse
55Mn-Davies ENDOR. The S1-state spectrum was subtracted from the S2-state data to remove a small Mn2+ contamination. Experimental parameters: microwave
frequencies, 34.0368 GHz (native) and 34.0159 GHz (NH3); magnetic field, 1,220 mT; shot repetition time, 1 ms; microwave pulse length (π), 24 ns; τ, 268 ns; radio
frequency pulse (πRF), 3.5 μs; temperature, 5.2 K. The red dotted lines represent a least-squares fitting to the whole dataset, using a model based on the spin
Hamiltonian formalism. The optimized parameter sets are given in Table S2.

1. Boussac A, Sugiura M, Inoue Y, Rutherford AW (2000) EPR study of the oxygen evolving complex in His-tagged photosystem II from the cyanobacterium Synechococcuselongatus.
Biochemistry 39(45):13788–13799.
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Fig. S2. (Left) X-band three-pulse ESEEM annealed-minus-dark difference spectra of ammonia (14NH3)-treated
14N-PSII and 15N-PSII (SI Materials and Methods).

(Right) Q-band three-pulse ESEEM light-minus-dark and annealed-minus-dark difference spectra of control and ammonia (14NH3)-treated
14N-PSII, respectively.

Spectra were collected using the sequence tp−τ−tp−T−tp−τ−echo, where the length of the π/2 microwave pulse was set to tp = 8 ns (X-band) and tp = 12 ns (Q-
band); the interpulse distance (τ) was set to the values τ = 136, 152, 168, and 184 ns (X-band) and τ = 240, 260, and 300 ns (Q-band); and the interpulse distance (T)
was swept over the range from 64 to 6,464 ns in steps of ΔT = 8 ns (X-band) and from 100 to 8,176 ns in steps ofΔT = 16 ns (Q-band). Experimental parameters: B0 =
333 mT (X-band), 1.22 T (Q-band); temperature, 4.2 K (X-band), 5.2 K (Q-band); shot repetition time of 5 ms (X-band), 1 ms (Q-band). The red dashed lines
superimposing the data represent simulations using the spin Hamiltonian formalism (Table S4). The modulation due to protons in the X-band data was simulated
using a single, isolated 1H species. The decay of the ESEEM traces (data and simulations) was fitted to a third-order polynomial (X-band) and a biexponential decay
(Q-band) function. A low-pass filter (3 dB, 10 MHz) was applied to the Q-band ESEEM simulations in an attempt to model the resonator bandwidth.
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Fig. S3. Q-band 1H- and W-band 17O- ENDOR spectra of control and NH3-treated
14N-PSII of Thermosynechococcus elongatus poised in the S2 state (200 K

white light), exchanged in H2
17O-based buffer in the S1 state, measured at the center of the multiline EPR spectrum. Spectra were symmetrized around the

Larmor frequency of the 1H and 17O nuclei, respectively. (A) Q-Band 1H-Davies ENDOR. Spectra were acquired using the pulse sequence tinv−tRF−T−tp−τ−2tp−
τ−echo, with an inversion microwave pulse of length tinv = 128 ns and a radio frequency π pulse of length tRF= 20 μs. The length of the π/2 microwave pulse in
the detection sequence was set to tp = 64 ns and the interpulse delays to T = 1.5 μs, τ = 468 ns, and temperature 5.2 K. The RF frequency was swept 20 MHz
around the 1H-Larmor frequency of about 53 MHz in 50-kHz steps. The magnetic field was B0 = 1.22 T. (B) W-band 17O-Mims ENDOR. Spectra were collected
using the pulse sequence tp−τ−tp−tRF−T−tp−τ−echo, with tp = 24 ns, tRF= 14 μs, τ = 300 ns, T = 1 μs, and temperature 4.8 K. The RF frequency was swept
6.4 MHz around the 17O-Larmor frequency of about 19.7 MHz in 43 kHz steps. The magnetic field was B0 = 3.40 T.

Fig. S4. (A and B) W-band EDNMR spectra and (C and D) HTA power dependence of the 17O-EDNMR signal envelope of native 15N-PSII (A and B, Upper, and C)
and 15N-PSII treated with NH3 (A and B, Lower, and D). The black lines represent the data; the red dashed lines represent the summed simulations. Mea-
surements were performed using the pulse sequence tHTA−T−tp−τ−2tp−τ−echo. The high turning angle (HTA) microwave pulse was applied at microwave
frequency νmw. The detection Hahn echo pulse sequence tp–τ–2tp–τ–echo at the microwave frequency νð0Þmw , matched to the cavity resonance, was set 6 μs after
the HTA pulse to ensure near-complete decay of the electron spin coherencies. The π/2 pulse length used for detection was tp = 100 ns with an interpulse
separation of τ = 500 ns. The echo was integrated 600 ns around its maximum. The spectra were acquired via continuously sweeping the HTA frequency νmw at
fixed B0 in steps of 68.4 kHz. The amplitude of the HTA microwave pulse was varied: ω1 = 5–50 × 106 rad·s−1. In Fig. 3 of the main text, a longer π/2 pulse (200 ns)
and integration window (800 ns) and a shorter T of 1.5 μs were used. The amplitude of the HTA pulse was ω1 ≈ 10 × 106 rad·s-1.
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Table S1. Principal values of the effective G and hyperfine
tensors (Ai) for the EPR and 55Mn-ENDOR simulations (Fig. S1)

Ai, MHz

Sample G A1 A2 A3 A4

Control
x 1.988 321 259 191 161
y 1.978 345 244 219 179
z 1.974 273 272 249 230
iso 1.980 313 258 220 190
aniso 0.009 60 −20 −44 −60

+NH3

x 1.993 314 230 185 167
y 1.974 379 264 215 153
z 1.964 248 279 244 218
iso 1.981 321 246 209 170
aniso 0.019 98 −31 −44 −58

The isotropic G and Ai (i = 1–4) values are the average of the individual
values: Giso = (Gx + Gy + Gz)/3 and Ai,iso = (Ai,x + Ai,y + Ai,z)/3. The anisotropy
in the G and Ai values is expressed as the difference between equatorial
(average of x and y) and the axial (z) components of the tensor.

Table S2. Fitted and DFT-calculated spin Hamiltonian
parameters for the 14NH3 ligand and the 14N-His332 ligand
of the OEC: Comparison with literature values

Spin Hamiltonian parameters/MHz

OEC ligand jAisoj Adip* je2Qq/hj η

14NH3

Experiment 2.36 0.41, 0.26, −0.67 1.52 0.47
DFT 1d2′-NH3

† 1.46 0.78, 0.73, −1.51 2.52 0.06
(1) 2.29 0.2, 0.2, −0.4 1.61 0.59

14N-His332
Experiment 7.17 0.11, 1.43, −1.54 2.00‡ 0.81
DFT 1d2′† 4.83 1.17, 0.97, −2.14 2.13 0.78
DFT 1d2′-NH3

† 5.23 1.16, 0.97, −2.13 2.15 0.77
(2) 6.95 0.2,1.3, −1.5 1.98‡ 0.82

*Theoretical Adip values represent a multipole estimate as described in Force
et al. (3).
†The 1d2′ model as reported in Ames et al. (4). 1d2′-NH3 is an optimized DFT
model with NH3 bound instead of W1.
‡The quadrupole tensor was rotated relative to the hyperfine tensor
around the Euler angles ½ α β γ �= ½ 0 −13 26 �8, similar to ref. 2, where
½ α β γ �= ½−30 0 40 �8.

1. Britt RD, Zimmermann JL, Sauer K, Klein MP (1989) Ammonia binds to the catalytic manganese of the oxygen-evolving complex of photosystem II. Evidence by electron spin-echo
envelope modulation spectroscopy. J Am Chem Soc 111(10):3522–3532.

2. Stich TA, Yeagle GJ, Service RJ, Debus RJ, Britt RD (2011) Ligation of D1-His332 and D1-Asp170 to the manganese cluster of photosystem II from Synechocystis assessed by
multifrequency pulse EPR spectroscopy. Biochemistry 50(34):7390–7404.

3. Force DA, Randall DW, Lorigan GA, Clemens KL, Britt RD (1998) ESEEM studies of alcohol binding to the manganese cluster of the oxygen evolving complex of photosystem II. J Am
Chem Soc 120(51):13321–13333.

4. Ames W, et al. (2011) Theoretical evaluation of structural models of the S2 state in the oxygen evolving complex of Photosystem II: Protonation states and magnetic interactions. J Am
Chem Soc 133(49):19743–19757.
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Table S3. Fitted spin Hamiltonian parameters for the
exchangeable 17O ligands of the OEC in the presence
and absence of ammonia

BS-DFT
calculations/

MHz
Fitted spin Hamiltonian

parameters/MHz 1d2′/1d2′-NH3

17O signal jAisoj Adip A(η) jAisoj Site

Strong 9.7 2.2 0.55 — —

Intermediate 4.5 0.6 0.08 5.20 W2
Matrix 1.4 0.6 0.06 1.69 W1

NH3

Strong 7.0 2.2 0.55 — —

Intermediate 3.1 0.6 0.08 4.32 W2
Matrix — — — — —

EDNMR linewidth for 17O signals: strong, 3.5 MHz [single quantum (SQ)],
7.4 MHz [double quantum (DQ)]; intermediate, 3.3 MHz (SQ), 5.0 MHz (DQ);
and matrix, 2.2 MHz (SQ), 3.8 MHz (DQ).

Table S4. Calculated 17O μ-oxo bridge hyperfine couplings:
Comparison with experimental parameters

17O μ-oxo bridge hyperfine couplings
jAisoj/MHz*

Method ST ΔE/cm−1 O1 O2 O3 O4 O5

DFT
1d2′† 1/2 25.6 0.52 23.05 4.90 4.48 17.41
1d2’-NH3

† 1/2 27.6 1.07 23.19 4.81 5.34 12.21
Δ‡

— 2.0 0.55 0.14 −0.09 0.86 −5.20
Δ, %‡ 7.8 106 1 −2 19 −30

Experiment
Native 1/2 — 9.7
+NH3 1/2 — 7.0
Δ‡

— — 2.7
Δ, %‡ −28 ≥ O5§

ΔE, energy-gap between the ground and first excited spin state.
*Calculated (raw) BS-DFT hyperfine values are not directly comparable to
experiment; the percentage change (Δ) due to ammonia binding can, how-
ever, be compared.
†The 1d2′ model as reported in Ames et al. (9). 1d2′-NH3 is an optimized DFT
model with NH3 bound instead of W1.
‡Δ = difference between control and +NH3 samples.
§The experimental 28% decrease in the oxo bridge hyperfine best matches O5.
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Table S5. Optimized model geometries used for EPR parameter
and vibrational frequency calculations

DFT model x/Å y/Å z/Å

1d2′
Atom

Mn 29.19414 36.61847 65.00569
Mn 28.9668 36.43165 67.6823
Mn 29.01561 38.18004 69.82962
Mn 26.62394 38.66455 68.47251
Ca 29.67399 39.73626 66.98265
O 28.45455 37.61803 66.31241
O 30.00886 35.70723 66.38433
O 30.065 37.71235 68.40141
O 28.18288 39.5523 68.91232
O 27.66949 37.12485 68.98152
H 33.26521 35.97244 63.9053
C 33.39239 36.9531 63.41026
H 34.41265 36.98277 62.98899
C 33.18412 38.1003 64.4023
C 31.81431 38.16099 65.07295
O 31.64374 38.90592 66.0647
O 30.89382 37.43168 64.51395
H 23.41284 44.20104 66.83036
C 23.14235 43.30812 66.23537
H 22.05665 43.14138 66.35523
C 23.94833 42.07976 66.67913
C 25.46034 42.28601 66.52075
C 26.33971 41.10987 66.91852
O 27.54446 41.08187 66.55113
O 25.76884 40.18857 67.63863
H 20.97205 34.9217 66.73777
C 21.79667 34.56477 66.09691
C 22.62626 33.58101 66.91447
C 22.67446 35.75242 65.61673
C 23.51361 36.39167 66.68698
N 23.0952 36.51948 68.00583
C 24.74607 37.02593 66.64159
C 24.0326 37.18614 68.71421
N 25.04427 37.51441 67.90507
N 23.39158 32.71597 66.19706
C 24.54488 32.0307 66.78717
H 24.22685 31.56093 67.73365
C 25.70247 33.00813 67.05431
C 26.16809 33.7335 65.79022
C 27.20746 34.80999 66.03121
O 27.51408 35.11177 67.22407
O 27.70084 35.35641 64.97236
H 26.17566 32.17784 73.8084
C 26.68915 33.03106 74.28791
H 26.75269 32.8301 75.37319
C 25.94358 34.34991 74.00002
C 25.82893 34.64465 72.53042
N 24.80965 34.12276 71.74217
C 26.694 35.38315 71.73127
C 25.05611 34.54574 70.49867
N 26.18938 35.30448 70.44992
H 26.4334 38.28926 75.03005
C 26.97487 38.34995 74.06977
H 27.68597 39.19239 74.12322
C 25.99156 38.52463 72.91222
C 26.61796 38.59626 71.52631
O 27.89489 38.44788 71.45365
O 25.83464 38.77529 70.53788
C 31.08901 40.1793 70.05314
O 30.97748 40.51983 68.85136
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Table S5. Cont.

DFT model x/Å y/Å z/Å

O 30.3749 39.25827 70.64874
H 29.99232 32.54574 73.42881
C 30.76375 33.3375 73.4744
H 30.91634 33.59586 74.53747
C 30.35041 34.56855 72.65713
C 30.09602 34.22427 71.1855
C 29.74158 35.39481 70.287
O 29.66549 36.55887 70.81184
O 29.52166 35.11434 69.05342
O 22.66383 33.63393 68.16136
H 32.67821 37.01437 62.57016
H 23.33155 32.75652 65.18353
H 26.61089 35.81249 69.6557
H 27.71807 33.07295 73.886
H 23.32986 43.54911 65.17177
H 31.70671 32.90224 73.09335
H 33.92927 38.0708 65.21875
H 33.32378 39.08152 63.90671
H 26.46861 35.188 74.49708
H 24.92771 34.30805 74.43769
H 27.5877 35.9661 71.95071
H 24.43541 34.32991 69.6241
H 23.98054 37.41129 69.77896
H 25.42938 37.17442 65.80366
H 22.29504 36.04055 68.41472
H 24.84834 31.22744 66.09367
C 32.13206 40.82337 70.94596
H 31.72942 40.99882 71.9571
H 32.98563 40.12715 71.04144
H 32.48973 41.76537 70.50259
H 31.13148 35.34893 72.72075
H 29.43555 35.01892 73.08723
H 30.97619 33.72666 70.73253
H 29.26257 33.50016 71.08804
H 23.6431 41.19161 66.0929
H 25.72451 42.54924 65.47866
H 23.72577 41.83528 67.7343
H 25.8007 43.14371 67.13756
H 22.00871 36.51395 65.16539
H 21.34015 34.08152 65.21456
H 23.34942 35.42295 64.80618
H 27.56668 37.42592 73.94979
H 25.37142 39.4331 73.03447
H 25.2811 37.6758 72.86661
H 25.37514 33.75377 67.79815
H 25.31963 34.23982 65.2903
H 26.58269 33.03359 65.03991
H 26.54528 32.46101 67.5142
O 29.15439 40.05838 64.54705
H 28.33034 40.56792 64.68734
O 29.97389 35.2413 63.56888
H 28.83906 39.18103 64.15145
O 28.38338 37.64617 63.62991
H 30.38308 42.52047 67.5307
O 30.06619 42.18126 66.67075
H 29.11539 42.42716 66.63169
H 29.9559 34.34343 63.95881
H 30.92241 35.49688 63.55008
H 28.88879 37.52055 62.80245

1d2′-NH3/Å
Atom

Mn 29.29261 36.50957 64.9875
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Table S5. Cont.

DFT model x/Å y/Å z/Å

Mn 28.98648 36.40715 67.6681
Mn 29.00729 38.16493 69.81606
Mn 26.62227 38.63982 68.44718
Ca 29.67254 39.67307 66.95789
O 28.51688 37.56202 66.28165
O 30.06033 35.64238 66.41896
O 30.07367 37.69387 68.40509
O 28.17571 39.53302 68.88591
O 27.66903 37.10738 68.95866
H 33.31983 36.17044 63.58316
C 33.39829 37.20513 63.20367
H 34.39817 37.32556 62.75046
C 33.19111 38.22033 64.33007
C 31.84324 38.16011 65.04645
O 31.65396 38.87759 66.0565
O 30.97386 37.35932 64.51055
H 23.55609 44.31083 66.93375
C 23.19282 43.41108 66.40176
H 22.11547 43.30319 66.62229
C 23.97751 42.16133 66.82366
C 25.47684 42.28632 66.52638
C 26.33717 41.08812 66.90027
O 27.53526 41.04033 66.51023
O 25.76184 40.17008 67.61834
H 20.95154 34.91649 66.71795
C 21.77922 34.55297 66.08483
C 22.60572 33.57914 66.91729
C 22.66027 35.73531 65.59725
C 23.49903 36.37805 66.6654
N 23.06983 36.53282 67.97785
C 24.74313 36.98931 66.62372
C 24.01223 37.19322 68.68578
N 25.03746 37.49167 67.8825
N 23.38138 32.71259 66.21249
C 24.53263 32.03754 66.81802
H 24.20968 31.58311 67.7703
C 25.68825 33.01949 67.07494
C 26.16888 33.71755 65.80114
C 27.23011 34.77704 66.03017
O 27.5407 35.08189 67.22172
O 27.73779 35.29945 64.96851
H 26.14555 32.16961 73.78782
C 26.65957 33.0178 74.2757
H 26.71895 32.80819 75.35961
C 25.91859 34.34085 73.99523
C 25.81064 34.64751 72.5275
N 24.78807 34.14226 71.73278
C 26.6856 35.38261 71.73592
C 25.04274 34.57228 70.49308
N 26.18356 35.31971 70.45285
H 26.39706 38.29622 75.00646
C 26.94253 38.35107 74.04803
H 27.65591 39.19167 74.10052
C 25.96476 38.52306 72.88541
C 26.59762 38.58903 71.50167
O 27.87441 38.44196 71.43485
O 25.81786 38.76315 70.50947
C 31.06272 40.18269 70.03568
O 30.95599 40.50991 68.82962
O 30.35447 39.26126 70.63699
H 29.98017 32.57898 73.48591
C 30.75442 33.36867 73.51841
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Table S5. Cont.

DFT model x/Å y/Å z/Å

H 30.91212 33.63988 74.57757
C 30.34207 34.59037 72.68664
C 30.08174 34.22837 71.22035
C 29.73268 35.3885 70.30494
O 29.65 36.55815 70.82011
O 29.52379 35.0971 69.07459
O 22.63212 33.64156 68.16378
H 32.64395 37.33271 62.40745
H 23.33231 32.74842 65.1982
H 26.61563 35.82718 69.6621
H 27.68996 33.06006 73.87756
H 23.29614 43.60325 65.31689
H 31.69436 32.9252 73.13928
H 33.96276 38.11455 65.11608
H 33.29138 39.25805 63.9558
H 26.44387 35.17345 74.50128
H 24.90083 34.29822 74.42841
H 27.58398 35.95587 71.96173
H 24.42251 34.36841 69.61547
H 23.95416 37.43523 69.74653
H 25.43716 37.11327 65.79072
H 22.25621 36.07664 68.38556
H 24.83963 31.22306 66.13913
C 32.09504 40.84653 70.92733
H 31.69138 41.0155 71.93913
H 32.9616 40.16622 71.02109
H 32.43528 41.79442 70.48261
H 31.12589 35.36899 72.73767
H 29.43042 35.0494 73.11437
H 30.95714 33.71789 70.77268
H 29.24247 33.5093 71.13545
H 23.58046 41.26812 66.30434
H 25.65847 42.48922 65.45299
H 23.83853 41.96767 67.90357
H 25.91014 43.15412 67.06524
H 21.99747 36.49542 65.13914
H 21.32706 34.05997 65.20558
H 23.33661 35.39808 64.7911
H 27.53211 37.42481 73.93458
H 25.34557 39.43297 73.00199
H 25.25336 37.67509 72.83987
H 25.35394 33.78164 67.79864
H 25.33028 34.23023 65.29115
H 26.57369 32.9981 65.06393
H 26.52601 32.48263 67.55564
O 29.1129 39.96224 64.51792
H 28.27681 40.44473 64.68325
H 28.81983 39.06806 64.14843
O 28.51217 37.49962 63.55323
H 30.34963 42.45934 67.47842
O 30.04879 42.12468 66.61083
H 29.08907 42.33828 66.57039
H 29.1594 37.55246 62.82261
N 30.03583 35.04332 63.67935
H 30.8881 35.37261 63.21632
H 29.35264 34.77193 62.96706
H 30.27283 34.21138 64.22815
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Characterization of Oxygen Bridged Manganese Model Complexes
Using Multifrequency 17O‑Hyperfine EPR Spectroscopies and Density
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ABSTRACT: Multifrequency pulsed EPR data are reported for a series of oxygen bridged (μ-oxo/μ-hydroxo) bimetallic
manganese complexes where the oxygen is labeled with the magnetically active isotope 17O (I = 5/2). Two synthetic complexes
and two biological metallocofactors are examined: a planar bis-μ-oxo bridged complex and a bent, bis-μ-oxo-μ-carboxylato bridge
complex; the dimanganese catalase, which catalyzes the dismutation of H2O2 to H2O and O2, and the recently identified
manganese/iron cofactor of the R2lox protein, a homologue of the small subunit of the ribonuclotide reductase enzyme (class
1c). High field (W-band) hyperfine EPR spectroscopies are demonstrated to be ideal methods to characterize the 17O magnetic
interactions, allowing a magnetic fingerprint for the bridging oxygen ligand to be developed. It is shown that the μ-oxo bridge
motif displays a small positive isotropic hyperfine coupling constant of about +5 to +7 MHz and an anisotropic/dipolar coupling
of −9 MHz. In addition, protonation of the bridge is correlated with an increase of the hyperfine coupling constant. Broken
symmetry density functional theory is evaluated as a predictive tool for estimating hyperfine coupling of bridging species.
Experimental and theoretical results provide a framework for the characterization of the oxygen bridge in Mn metallocofactor
systems, including the water oxidizing cofactor of photosystem II, allowing the substrate/solvent interface to be examined
throughout its catalytic cycle.

1. INTRODUCTION

The development of synthetic catalysts to address a diverse
number of chemical problems, from water oxidation to energy
storage processes, is turning to nature for inspiration. Biological
systems use inexpensive, abundant materials to carry out
complex, multielectron chemistry. Of particular interest is the
water oxidizing complex (WOC) of photosystem II, which
performs the four-electron, four-proton water-splitting reaction.
Recent crystallographic data at atomic resolution has resolved
the basic topology of the manganese tetramer that comprises
the WOC.1 Five oxygen atoms provide a network of bridges
linking the four manganese atoms together.2 This μ-oxo/
hydroxo motif is a common structural feature of homo- and
heteronuclear metal clusters, where such bridges govern the
magnetic (exchange) coupling between the metal ions.

Examples of manganese-containing bioinorganic cofactors
include (a) the dimanganese catalase,3−5 (b) the recently
identified Mn containing class Ib and 1c ribonucleotide
reductases,6−9 and (c) the purple acid phosphatases.10 In
each of these examples, the oxygen bridge represents either a
substrate of the catalyzed reaction or a structural element
introduced during catalyst activation.
Multifrequency electron paramagnetic resonance (EPR)

spectroscopies, including multiresonance techniques such as
electron spin echo envelope modulation (ESEEM) and
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electron−nuclear double resonance (ENDOR), represent
experimental methods to probe the electronic structure of the
oxygen bridge via isotopic labeling with the paramagnetic 17O
nucleus. There are, however, a relatively small number of
examples of oxo bridge cofactors characterized by these
methods described in the literature. This is due to the low
natural abundance (0.038%) of the 17O isotope together with
its less than ideal magnetic properties, including (i) a large
nuclear spin I = 5/2, (ii) a small nuclear g-factor (gn = −0.757),
and (iii) a substantial nuclear quadrupole moment (Q = −2.558
fm2). These magnetic characteristics generally yield broad
nuclear spectral lines, which are often difficult to characterize
via ESEEM. Simultaneously, such signals are expected to appear
over the 0−20 MHz range (at low X/Q-microwave
frequencies), rendering ENDOR difficult both to perform and
to interpret, as the 17O spectral lines overlap with other nuclei,
e.g., 1H/2H and 14N/15N. Nevertheless, X/Q-ENDOR has been
successfully employed to characterize the μ-oxo bridge of two
Fe containing metallocofactors: the mixed FeIINiIII (S = 1/2)11

active site of a class of hydrogenase enzymes and the
homometallic FeIIIFeIV (S = 1/2)12 of the small subunit of
class 1 ribonucleotide reductase. As expected, the reported
ENDOR spectra are very broad, with hyperfine couplings in the
range 10−15 MHz which display large quadrupole splittings
(3−11 MHz), a consequence of the large electric field gradient
experienced by the coordinating ligands. Constrained fitting of
these data sets was only achieved by resorting to two-
dimensional (2D) techniques, where the magnetic field
(orientation) dependence of the ENDOR signals was
determined.12

Mixed valence complexes such as MnIIMnIII and MnIIIMnIV

form an important set of models used to benchmark
spectroscopic studies of Mn metallocofactors. These complexes
typically exhibit antiferromagnetic coupling leading to the
ground state configuration of total electron spin ST = 1/
2.4,13−16 The ST = 1/2 state manifests itself in CW-EPR as a
characteristic multiline signal centered at g ≈ 2. This is in
contrast to the Ni−Fe and Fe−Fe cofactor systems discussed
above,11,12 both of which display a large g-anisotropy which
defines the width of the signal. The EPR spectrum of Mn
complexes is instead defined by the 55Mn hyperfine structure, as
the intrinsic g-anisotropy is small. These properties however
make the characterization of ligand hyperfine coupling of these
complexes much more difficult, as 2D experiments are harder
to implement.
The Brudvig and Scholes laboratories were the first to

characterize the μ-oxo bridge for a Mn complex using magnetic
resonance techniques, specifically Q-band 17O-ENDOR.23

Upon 17O labeling of the planar BIPY complex, they observed
a broad structureless peak from which an isotropic coupling
estimate of Aiso = 12.8 MHz was made, consistent with
commensurate line broadening observed in the EPR spectrum.
No estimates were reported for either the hyperfine anisotropy
or quadrupole coupling. A similar signal was later observed for
the Mn catalase system, chemically poised in the “super-
oxidized” MnIIIMnIV oxidation state.24

Recently, W-band (95 GHz) EPR has been shown to be ideal
for the study of nuclei with low nuclear g-values, i.e., 14N and
17O.25−29 At these high frequencies, the nuclear Zeeman term is
significantly larger than both the hyperfine and quadrupole
terms of the spin Hamiltonian, and thus, these two terms can
be treated only to first order. An example is the solvation
sphere of GaIII complexes using Mims ENDOR.27 Similarly,

ESEEM techniques such as hyperfine sublevel correlation
(HYSCORE) can be applied at high field to detect the 17O
nucleus,26 a feat only previously achieved for selected Mo
complexes.30 In our own work, we have used yet another
hyperfine spectroscopy, electron−electron double resonance
(ELDOR)-detected NMR (EDNMR), a polarization transfer
technique analogous to ENDOR.31,32 Using this technique at
the W-band, we could readily detect 17O signals for Mn model
complexes and metallocofactors,28,29,33 resolving the entire
signal envelope. The values we measure for bridge coupling are
very different, approximately 2-fold smaller than that of earlier
studies. This has prompted us to perform an expanded
multifrequency study for a series of oxygen bridged Mn
complexes. We thus confirm that our earlier high field estimates
are sound. In addition, we can now show that the bridging 17O
hyperfine coupling is sensitive to the protonation state of the
bridge. Various broken-symmetry density functional theory
(BS-DFT) based methods for estimating hyperfine coupling of
bridging ligands are evaluated with respect to their ability to
reproduce the experimental data.

2. EXPERIMENTAL SECTION
2.1. DTNE and BIPY Complexes. The mixed valence

MnIIIMnIV complexes BIPY and DTNE were prepared using
procedures described in the literature:16−20 Labeling of the μ-
oxo bridge for each complex is described in Supporting
Information S1. The labeling efficiency was assessed using
electrospray ionization (ESI) mass spectrometry: BIPY (56%
double labeling, 37% mono labeled, 7% unlabeled), DTNE
(57% double labeling, 36% mono labeled, 7% unlabeled); see
Supporting Information Figures S1.1−6. EPR samples were
prepared in either butyronitrile (DTNE) or 1:3 acetonitrile:di-
chloromethane (BIPY) as a solvent. The final concentration
was about 500 μM. Sample tubes were degassed, sealed under a
vacuum, and stored in liquid nitrogen.

2.2. Manganese Catalase. Mn catalase (MnCat) protein
from the thermophilic bacterium Thermus thermophilus was
used for all EPR measurements. The protein was isolated and
purified as described by Barynin et al.34 The protein was stored
in the form of a fine crystalline precipitate in 50%-saturated
ammonium sulfate at 4 °C.34,35 To prepare the superoxidized
state, the sample was first washed with aqueous buffer (10 mM
K2HPO4, pH 6.8). Two 50 μL fractions of the washed sample
were then used to prepare the superoxidized state in unlabeled
and 17O labeled water. Both were resuspended in 450 μL of
KIO4 buffer (5 mM) for 1 h and washed with K2HPO4 buffer
and concentrated to a volume of 20 μL. One sample was
washed with 40 μL of H2

17O buffer (×5, 90% 17O enrichment),
and the other sample was washed with unlabeled water (×5) as
a control. 17O labeled samples were either frozen to −80 °C
immediately after preparation or kept for 24 h at room
temperature.

2.3. The Mn/Fe Cofactor of R2lox. R2lox protein from
the thermophilic bacterium Geobacillus kaustophilus (GkR2loxI)
was produced and purified as previously described by Griese et
al.9 The oxidized Mn/Fe cofactor was reconstituted as follows.
200 μM of apoprotein was incubated with 2 equiv of MnCl2
and 1 or 2 equiv of (NH4)2Fe(SO4)2 in 100 mM HEPES-Na
pH 7.0, 50 mM NaCl for 1 h at room temperature. Excess
metal ions were removed by passing the sample through a
HiTrap desalting column equilibrated in 25 mM HEPES-Na
pH 7.0, 50 mM NaCl. The MnIIIFeIII reconstituted protein was
concentrated to 0.4−0.6 mM and exchanged into H2

17O-based
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buffer (25 mM HEPES-Na pH 7.0, 50 mM NaCl in 90%
H2

17O) by four rounds of dilution and concentration. 50% (v/
v) glycerol was added to the samples before transfer into
sample holders and flash cooling in liquid nitrogen, so that the
final protein concentration was 0.2−0.3 mM.
2.4. X-, Q-Band EPR Experiments. X-Band CW and pulse

EPR measurements were performed using a Bruker ELEXSYS
580 spectrometer, equipped with an Oxford Instruments ESR
935 cryostat and ITC4 temperature controller. Q-band pulse
EPR measurements were performed at 40 K using a Bruker
ELEXSYS E580 Q-band pulse EPR spectrometer, equipped
with a home-built TE011 microwave cavity,36 Oxford-CF935
liquid helium cryostat, and ITC-503 temperature controller. All
ENDOR data were collected using an external home-built
computer console (SpecMan4EPR control software37) with the
ELEXSYS E580 X-band pulse EPR spectrometer, coupled to an
external RF generator and RF amplifier (ENI 5100L). Electron
spin echo-detected (ESE) field-swept spectra were measured
using the pulse sequence tp−τ−2tp−τ−echo. The length of the
π/2 microwave pulse was generally set to tp = 8 ns (X-band), 36
ns (Q-band). The interpulse distance was varied in the range τ
= 200−500 ns (X/Q-band). Using either an FID detection or
Hahn echo sequence did not significantly change the measured
pulse spectrum. The relatively slow T1 relaxation time observed
for these complexes required the measurement temperature to
be above 30 K for efficient data collection (shot repetition rates
of 1 kHz).
Davies type 17O ENDOR spectra were acquired using the

pulse sequence tinv−tRF−T−tp−τ−2tp−τ−echo using a length
of inversion microwave π pulse of tinv = 128 ns and a radio
frequency π pulse length of tRF = 6 μs. The length of π/2
microwave pulse in the detection sequence was generally set to
tp = 64 ns and the interpulse delays to T = 1.5 μs and τ =
468 ns. Mims type 17O ENDOR spectra were collected using
the pulse sequence tp−τ−tp−tRF−T−tp−τ−echo, with tp = 8 ns,
tRF = 6 μs, τ = 300−500 ns, and T = 2 μs. The RF frequency
was swept 20 MHz around the 17O-Larmor frequency of about
3 MHz (340 mT) in 50 kHz steps. All ENDOR measurements
were performed using the random (stochastic) acquisition
technique, as described in Epel et al.37

2.5. W-Band EPR Experiments. High-field EPR experi-
ments were performed using a W-band EPR spectrometer
(Bruker Elexsys E680), equipped with a home-built ENDOR
microwave cavity optimized for maximum RF performance at
low RF frequencies (<100 MHz, optimum performance at 20
MHz).29 Electron spin echo-detected (ESE) field-swept spectra
were measured using the pulse sequence tp−τ−2tp−τ−echo
with tp = 24 ns and τ = 200−500 ns. HYSCORE spectra were
collected using the tp−τ−tp−t1−2tp−t2−tp−τ−echo sequence
with tp = 20 ns, τ = 396, 408, and 420 ns, and t1, t2 = 100−1124
ns in 8 ns steps. Davies type 17O-ENDOR spectra were
collected using the tinv−tRF−T−tp−τ−2tp−τ−echo sequence
with tinv = 128 ns, tp = 64 ns, tRF = 15 μs, T = 4 μs, and τ = 600
ns. T-averaged Mims type 17O ENDOR spectra were collected
using the tp−τ−tp−tRF−T−tp−τ−echo sequence with tp = 24
ns, tRF = 15 μs, T = 4 μs, and τ = 164−332 ns in 12 ns steps.
The RF frequency was swept 23.5 MHz around the 17O-Larmor
frequency of about 19.7 MHz (3.4 T) in 200 kHz steps.
ELDOR-detected NMR (EDNMR) measurements were
performed using the pulse sequence tHTA−T−tp−τ−2tp−τ−
echo. The high tuning angle (HTA) microwave pulse was
applied at microwave frequency νmw. The detection Hahn echo
pulse sequence tp−τ−2tp−τ−echo at microwave frequency
νmw

(0) matched to the cavity resonance was set 2 μs post HTA
pulse to ensure the decay of the electron spin coherence. The
pulse length for a detection π/2 pulse tp = 40−200 ns and the
pulse separation τ = 600 ns were generally set. The echo was
integrated ∼1000 ns around its maximum. The spectra were
acquired continuously sweeping the HTA frequency νmw at
fixed B0. A low-power HTA microwave pulse of tHTA ≈ 8 μs
length was used to minimize the width of the central hole.
Tabluated pulse EPR parameters for each experiment are given
in Supporting Information Table S2.1.

2.6. Spectral Simulations. EPR/ENDOR/HYSCORE/
EDNMR spectra were simultaneously fit assuming an effective
spin S = 1/2 ground state (see section 3.2). The electron
Zeeman, nuclear Zeeman, and hyperfine terms were treated
exactly. Spectral simulations were performed numerically using
the EasySpin package38,39 in MATLAB.

Figure 1. Structures of compounds studied in this work. (A) Bent bis-μ-oxo, mono-μ-carboxylato MnIII-(μO)2-MnIV DTNE complex;16,17 (B) planar
bis-μ-oxo MnIII-(μO)2-MnIV BIPY complex;18−20 (C) mono-μ-hydroxo, bis-μ-carboxylato MnII-(μOH)-MnIII PivOH complex;21 (D, E) the Mn/Mn
cofactor of Thermus thermophilus catalase (MnCat) poised in the MnIIMnIII (bis-μ-hydroxo, mono-μ-carboxylato) and MnIIIMnIV (bis-μ-oxo, mono-
μ-carboxylato) oxidation level;3,4 (F) the MnIIIFeIII cofactor of the R2lox protein (mono-μ-hydroxo, bis-μ-carboxylato).9,22 The bridging μ-oxo
oxygen atoms of the BIPY complex are identical, whereas the bridging μ-oxo oxygen atoms of the DTNE and MnCat complexes are not strictly
identical.
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2.7. Geometry Optimizations and EPR Parameter
Calculations Using BS-DFT. The models were optimized in
their high spin states using the B3LYP functional40−42 along
with the D3 dispersion corrections from Grimme with the
Becke−Johnson damping scheme.43,44 The zero-order regular
approximation (ZORA) was used to account for relativistic
effects, while the conductor-like screening model (COSMO)
was used to model solvent effects.45−49 For small molecule
complexes, acetonitrile was used as the solvent (ε = 36.60). The
ZORA-recontracted versions of the def2-TZVP(-f) basis sets
were used for all atoms except C and H, for which the
corresponding ZORA SVP basis sets were employed.50,51

Optimizations took advantage of the resolution of the identity
approximation for Coulomb exchange (RI-J)52 and the chain-
of-spheres approximation (COSX) for Hartree−Fock ex-
change,53 as implemented in ORCA,54 with the decontracted
auxiliary def2-TZVPP/J Coulomb fitting basis sets.55 Tight SCF
convergence criteria were used throughout. All broken-
symmetry single-point calculations and all calculations of
reported EPR parameters were computed with the TPSSh
functional56 and ZORA def2-TZVP(-f) basis sets on all atoms.
Hyperfine tensors for the N, O, Mn, and Fe atoms were
calculated from the broken-symmetry solution using the same
methodology as described previously for model MnIIMnIII

PivOH and R2lox S = 1/2 complexes,22,57 with locally dense
integration grids and basis sets extended in the core region.
2.8. Construction of Protein Cluster Models. For

protein bioinorganic complexes, cluster models were con-
structed from availably published crystal structures (2V8U and
4HR0 for dimanganese catalase5 and R2lox,9 respectively).
Cluster models were constructed using all transition metal (Mn
or Fe) coordinating residues, μ-oxo/hydroxo bridges, and water
molecules from chain A of the crystal structures. Amino acids
were truncated at the α-C, while the fatty acid ligand of R2lox
was truncated as a three carbon atom hydrocarbon chain (see
Figure 1). Hydrogen atoms were then added to fill in the
remaining valence, after which a preliminary optimization of
only the hydrogen atoms was performed. Subsequent to the
hydrogen-only optimization, the positions of the hydrogen
atoms on the terminal carbon atoms were constrained and a full
geometry optimization with all other atoms free was performed.
These models were then used in the single point broken-
symmetry and EPR parameter calculations. All calculations of
the protein models used a dielectric constant of ε = 4.0 in
conjunction with COSMO. In all other aspects, the
optimizations of the cluster models followed the same
methodology as that for the small molecule complexes.

3. THEORY
3.1. The Spin Hamiltonian Formalism. Here we consider

an antiferromagnetically exchange coupled MnIII-O2-MnIV

dimer. A basis set that describes the Mn-dimer spin manifold
can be built from the product of the eigenstates of the
interacting spins:

| ⟩ ⊗ | ⟩ ⊗ | ⟩ ⊗ | ⟩S M S M Im I m1 1 2 2 1 1 2 2 (1)

Here Si refers to the electronic spin state of Mni, Mi refers to
the electronic magnetic sublevel, Ii refers to the nuclear spin
state of 17O, and mi refers to the nuclear magnetic sublevel of
17Oi. The metal (55Mn) spin quantum numbers are excluded for
simplicity. The full basis set is given in Supporting Information
S6. Si takes the value 2 for MnIII and 3/2 for MnIV; Mi takes the
values Si, Si − 1, ..., 1 − Si, −Si; Ii takes the value 5/2 for 17O

and mi takes the values −Ii, 1 − Ii, ..., Ii − 1, Ii. The spin
Hamiltonian that describes the spin manifold of the 17O labeled
Mn dimer is
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It contains (i) an electron−electron spin coupling term for the
Mn−Mn interaction, (ii) a fine structure term for each Mn ion,
(iii) an electronic Zeeman term for each Mn ion, (iv) a nuclear
Zeeman term for each 17O nucleus, (v) an electron−nuclear
hyperfine term for each 17O nucleus, and (vi) a nuclear
quadrupole term for each 17O nucleus.

3.2. The Effective Spin 1/2 Ground State. The electronic
coupling between the two Mn ions in mixed valence Mn dimers
is usually dominated by the through bond exchange interaction
and is sufficiently large that the spin manifold can be treated
within the strong exchange limit. In this instance, the exchange
interaction between the two Mn ions is significantly larger than
any other term of the spin Hamiltonian.14,19,58 The resultant
electronic spin states of the manifold are then adequately
described by a single quantum number, the total spin (ST).

59

The “multiline” EPR signal observed is derived from only one
total spin state, the ground state of the spin manifold with total
spin ST = 1/2. The basis set that describes this subspace takes
the form

| ⟩S MI I m mT 1 2 1 2 (3)

where M takes all half-integer values: −1/2 ≤ M ≤ 1/2 and mi
(where i = 1−2) takes all half integer values: −5/2 ≤ mi ≤ 5/2.
The effective spin Hamiltonian that describes the ground state
of the spin manifold (ST = 1/2) is
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It contains (i) an effective electronic Zeeman term for the total
electronic spin, (ii) nuclear Zeeman terms for each 17O nucleus,
(iii) effective electron−nuclear hyperfine terms for each 17O
nucleus, and (iv) nuclear quadrupole terms for each 17O
nucleus. Note that throughout the text lower case letters are
used for spin Hamiltonian parameters in the uncoupled
representation (site parameters) whereas upper case letters
are used for spin Hamiltonian parameters in the coupled
representation (measured / projected parameters).

3.3. Hyperfine Tensor Decomposition. The ligand terms
described here are described in terms of two tensor
components, the isotropic coupling Aiso and the anisotropic
coupling Aaniso (ignoring the antisymmetric term)

= +AA I Aiso aniso (5)

where Aiso is the trace of the hyperfine tensor and I is the
identity matrix. Aaniso in its diagonalized form is defined here in
terms of two parameters D and η:
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The rhombicity (η) is expected to be small for terminal ligands
but may be large for bridging ligands due to the interaction with
more than one spin center/fragment (see Supporting
Information S7).
3.4. Isotropic Spin Projections. A mapping of the spin

subspace in section 3.2 onto the original basis set as described
in section 3.1 can be made. This allows the intrinsic g and
hyperfine tensors (gi, ai,k, see eq 2) to be calculated from the
effective G and hyperfine tensors (G, Ai, see eq 4).58−60 These
weighting factors are termed spin-projection coefficients. The
isotropic spin projection coefficients (ρi) are defined in terms of
the ratio of the spin expectation value SZ of the ith spin center
and the total spin ST:

ρ =
⟨ ⟩S

Si
i z,

T (7)

For a two-spin system (S1, S2), there exists an explicit solution
for the two spin projections (ρ1, ρ2) which define this
mapping.59
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Expressing then the effective isotropic G and hyperfine values
(Ak) yields

59

∑ ∑ρ ρ= =
=

=
=

G g A aand
i

i i k
i

i i k
1,2

1,2
1,2

,
(9)

For example, for a MnIIIMnIV dimer, S1(MnIII) = 2 and
S2(MnIV) = 3/2, eq 8 yields isotopic spin projection values of ρ1
= 2 and ρ2 = −1, respectively. Inserting these values into eq 9
yields formulas for the effective G and hyperfine tensors: G =
2g1 − g2, A1 = 2aO,11 − aO,12; A2 = 2aO,12 − aO,22.

60,61

3.5. Broken Symmetry DFT Calculation of Hyperfine
Coupling Constants. The projection of the hyperfine
coupling constants calculated using broken symmetry DFT
(BS-DFT) for terminal ligands coordinated to a metal spin
center has been discussed previously in the literature.62 As
described above, the measured (projected) hyperfine coupling
for a particular nucleus (k) represents the site hyperfine
coupling (ak) multiplied by the spin projection factor ρi
associated with the metal (ith spin center) it is ligated to

ρ=A ak i k (10)

with the spin projection (ρi) calculated as the ratio of spin
expectation value SZ of the broken symmetry wave function and
the total spin quantum number (ST). It is noted that the site
hyperfine is not directly calculated using BS-DFT. The as-
calculated “raw” BS-DFT value, labeled with the superscript
“BS” (ak

BS), must first be multiplied by a constant to account for
the BS calculation being incorrectly scaled; in the broken
symmetry solution, the calculated hyperfine values reflect the
coupling of the nuclear spin k to a fictitious S = 1/2 electronic
spin. To calculate the site hyperfine, this value must be scaled
to take into account the actual spin state of the metal which
ligates the nuclear spin; i.e., the raw hyperfine is scaled by the
ratio of the expectation value of the fictitious electronic spin

operator (i.e., Mz), divided by the site spin quantum number
(Si).

= ± ⟨ ⟩
a a

S
Sk k
z

i

BS
BS

(11)

For the calculations presented here, Si refers to the spin
quantum number of the spin fragment the nuclear spin couples
to, in this instance either the MnIII ion (Si=1 = 2) or the MnIV

ion (Si=2 = 3/2). ⟨Sz⟩
BS is the spin expectation value for the

broken system solution. This takes only one value, i.e., 1/2, as
only the ground state configuration is considered. Note that the
spin density (Fermi contact interaction) appears only once in
eq 11; it is contained in the raw hyperfine value. The hyperfine
values are signed quantities. Assuming a fixed sign for the site
hyperfine coupling, the projected hyperfine of nucleus (k) will
be either positive or negative depending on whether it is ligated
to the spin center (forms part of the spin fragment) that carries
either majority (α) or minority (β) spin. The formalism shown
in eq 11 generalizes for all components of the hyperfine tensor.
For more information on the projection of calculated BS-DFT
values for comparison with experiment, we refer the reader to
refs 62−65.
For bridging ligands, the kth nucleus cannot be assigned to a

single spin-centered system. This then poses a problem as to
how to best interpret the raw hyperfine values. Although at
present no rigorous method exists to achieve an appropriate
spin projection as described above for terminal ligands. Here
we have evaluated three possible approximations.

(i) As the spin density of the bridging ligand cannot be
sensibly decomposed into two site interactions with each
spin fragment and the BS-DFT solution is correctly
scaled in terms of the total spin multiplicity, the raw
hyperfine value (ak

BS) might be used as a first
approximation for the correct value. Importantly, as ak

BS

scales with the Fermi contact term, this parameter should
at least reproduce the trend in hyperfine couplings seen
across the different models. Thus, this serves as the
simplest way to validate if BS-DFT is appropriate for the
calculation of bridging hyperfine coupling constants.

(ii) The second approach is simply to average the two
projected hyperfine couplings for the bridging ligand, as
has been proposed in earlier literature by Noodleman
and co-workers.66,67 In this instance, the raw hyperfine
value (ak

BS) for the bridging ligand is projected for each
metal ion (spin fragment) individually (eqs 10 and 11),
summed and averaged

ρ ρ
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+
=A

a a
2k

k k
1,2

1 1 2 2

(12)

For this method, as the same raw hyperfine value is used
to calculate the two site hyperfine values, eq 12 can be re-
expressed as
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For a MnIIIMnIV complex, eq 13 simply reduces to

==A a
5
12k k1,2

BS
(14)

And the corresponding MnIIMnIII complex and the
isoelectronic MnIIIFeIII complex:
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==A a
4
10k k1,2

BS
(15)

(iii) The third approach directly follows from the spin
projection mapping used to scale hyperfine parameters
from the uncoupled to the coupled spin Hamiltonian
representation. As with the second approach, it does
however assume that the calculated hyperfine value (ak)
represents the site hyperfine coupling for the bridging
ligand interacting with each metal site. In practice, this
cannot be the case, as these two interactions involve
different orbitals. Thus, ab initio methods, beyond the
scope of this work, are necessary to decompose the
calculated hyperfine into its two components for a
completely robust methodology. As implied from eq 7,
the projected hyperfine is the sum of the two site
interactions:

∑ ρ ρ ρ= = +=
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1 1 2 2
(16)

As per eq 12, the raw hyperfine value is the same for both
terms of eq 16, and as such, it can be re-expressed as
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For a MnIIIMnIV complex, eq 17 simply reduces to

==A a
5
6k k1,2
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(18)

And the corresponding MnIIMnIII complex and the isoelec-
tronic MnIIIFeIII complex:

==A a
4
5k k1,2

BS

(19)

Thus, it can be readily inferred that method i will always give
the largest hyperfine estimate, method ii will always give the
smallest hyperfine estimate, which for these systems is
approximately half the raw hyperfine coupling, and method iii
will yield a value in between.

4. RESULTS AND DISCUSSION
4.1. EPR Spectroscopy. 4.1.1. Multifrequency CW/Pulse

EPR. CW and pulse EPR data of the MnIIIMnIV DTNE complex
in frozen solution of butyronitrile are presented in Figure 2A. A
16-line EPR pattern of approximately the same total spectral
breadth was observed at all microwave frequencies.15,16,68 Such
spectra are typical for mixed valence MnIIIMnIV complexes in
which the g-anisotropy is small and the two metal hyperfine
couplings define the structure of the signal. The EPR line width
of the 16 major lines is narrow, and additional side lines are
resolved throughout the EPR spectrum (fwhm ≈ 3 mT − X-
band). This side structure is more readily observed at X-band,
suggesting field inhomogeneity (g-strain) contributes to the
EPR line width at higher frequencies. Similar results were
obtained for the 16O labeled BIPY complex; see Supporting
Information S2. The 17O label was incorporated via isotope
exchange with 17O labeled water; see Supporting Information
S1. As expected, incorporation of the 17O isotope caused a
significant increase in the EPR line width observed at all
microwave frequencies. This is because each spectral line splits

Figure 2. (A) CW X-band EPR spectra of the DTNE complex containing the 16O, 17O, and 18O isotopes in frozen solution of butyronitrile (40 K).
(B, C) Corresponding Q-band and W-band pulse EPR data. Pulse EPR data are pseudomodulated with a Bessel function of the first kind. Spin
Hamiltonian simulations are shown by the red dashed lines superimposing the data. All experimental parameters are given in Supporting Information
S2, and simulation parameters are given in Supporting Information S6. Asterisks (*) indicate background resonator signals.
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due to the new hyperfine interaction between the electron spin
and the 17O nucleus. This splitting is however smaller than the
intrinsic EPR line width, and as such manifests only as an EPR
line broadening. The extent of this broadening is most readily
observed at X-band (fwhm ≈ 4 mT − X-band). The same
labeling procedure was repeated with 18O labeled water to
demonstrate that oxygen atom exchange does not influence the
intrinsic EPR line width. As expected, the 18O labeled DTNE
complex was identical to the unlabeled 16O DTNE complex, as
both the 16O and 18O isotopes do not have a nuclear spin.
Figure 2 shows a spin Hamiltonian simulation to account for

the observed line width broadening. These simulations assume
a 17O labeling efficiency of 57% double, 36% mono, and 7%
unlabeled, as determined by ESI mass spectrometry; see
Supporting Information S1. The effective G tensor and 55 Mn
hyperfine tensor values used for the simulation are approx-
imately the same as those determined previously.15,16,68 The
line broadening seen upon 17O label incorporation was
reproduced with an equivalent hyperfine coupling for the two
μ-oxo bridges of ∼15 MHz. Approximately the same line
broadening was observed for the 17O-BIPY complex as
compared to the 16O-BIPY complex. This was modeled with
an equivalent hyperfine coupling for the two μ-oxo bridges of
∼13 MHz, equivalent to the value reported by Usov et al.;23 see
Supporting Information S2.
4.1.2. X-Band Mims/Davies 17O-ENDOR. To further

characterize the 17O hyperfine interaction, both Mims and
Davies ENDOR experiments were performed for the 16O and
17O labeled DTNE complex (Figure 3). For the 16O sample,
two sharp lines at 5.5 and 7.5 MHz were observed using Mims
ENDOR, split by ∼2 MHz. The doublet had a pronounced
magnetic field dependence, with the center of the doublet
shifting 0.5−1.0 MHz to higher frequency when comparing to
the ENDOR spectrum, collected at the high and low edge of
the EPR signal. This doublet is consistent with its assignment
to the 14N ligand(s). These signals were not as readily observed
in the corresponding Davies ENDOR experiment, presumably
because they exhibit only a small hyperfine coupling and are
thus likely suppressed.
For the corresponding 17O labeled DTNE complex, a new,

broad signal was observed in both Mims and Davies ENDOR
spectra, extending from less than 4 MHz to at least 10 MHz
with a peak maximum at ∼6 MHz. Unlike the background 14N
doublet, the frequency position/line shape of this new signal
does not significantly change with the external magnetic field,
consistent with its assignment to an 17O ligand in the strong
hyperfine coupling limit (|A| ≫ 2νn). It is suspected that this
turning point only represents half of the 17O-ENDOR signal,
specifically the plus (ν+) branch of the total signal; see section
4.1.8. Assuming the hyperfine coupling is isotropic and
quadrupole splitting is ignored, the position of the 17O-
ENDOR signal is given by the equation ν+ = |Aiso|/2 + νn,
where Aiso is the isotropic hyperfine coupling and νn the Larmor
frequency of the 17O nucleus at a given magnetic field [νn(

17O)
= 2.02 MHz, B0 = 350 mT]. This yields a 17O hyperfine
coupling estimate of ∼7.5 MHz, significantly smaller than that
inferred from the line width broadening seen in the EPR
spectrum.
4.1.3. W-Band 17O-EDNMR. The EPR line shape analysis

and X-band ENDOR data presented above clearly do not give
the same hyperfine coupling value. The reason for this however
is already evident from the ENDOR data. These spectra resolve
very broad 17O spectral lines, indicating that the hyperfine

tensor has a large anisotropic contribution. They may also
indicate that the nuclear quadrupole interaction is large. To
better determine these parameters, EPR measurements at W-
band frequency were performed. At high field (3.4 T), the
nuclear Zeeman term for all first coordination sphere 17O/14N
ligands is significantly larger as compared to the hyperfine
estimate, falling now in the weak coupling regime (|A| < 2νn).
Spectral peaks should now appear as a simpler pattern about
the Larmor frequency split by the hyperfine. It is also noted
that the Larmor frequency of 17O [νn(

17O) = 19.6 MHz, B0 =
3.4 T] is significantly different from that of 14N [νn(

14N) = 10.5
MHz], thus allowing both components to be readily
distinguished from each other, as they appear in different
frequency regions. ENDOR measurements at W-band were
attempted for both the DNTE and BIPY complex; however,
spectra of sufficient quality for analysis could not be obtained.
In contrast to ENDOR, high quality EDNMR spectra were

obtained for both complexes. The 2D EDNMR surface of the
17O labeled mixed-valent MnIII-μO2-MnIV DTNE complex is
shown in Figure 4. The key advantage of this technique were
outlined in our earlier study.29 In particular, the high sensitivity
of this technique allows 2D experiments, where the EDNMR
data are collected across the EPR spectrum. Control 16O
DTNE complex data are shown in black in Figure 4B, resolving
signals attributable to a 14N ligand. Both single and double

Figure 3. (A) X-band echo detected EPR spectrum of the DTNE
complex. (B) Corresponding 17O-ENDOR data collected at three
magnetic field positions marked in part A. The colored traces
represent Mims ENDOR spectra of the 17O labeled (blue) and 16O
labeled (black) complex. The difference is show in green. The black
trace at the bottom represents corresponding Davies ENDOR spectra.
For all data, a 3 pt point smoothing function was applied. I, II, and III
indicate the three magnetic field positions (B0) where the ENDOR
spectra were collected. All EPR parameters are given in the
Experimental Section.
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quantum transitions are observed, centered at 10.4 and 20.8
MHz, respectively. The single quantum transitions are split by
the hyperfine coupling (A ≈ 10 MHz), whereas the double
quantum transitions are split by twice the hyperfine coupling.
The 14N peaks are characteristically narrow with peak widths of
fwhm = 3 MHz, similar to that seen for the BIPY complex,29

and represent the strongly coupled axial ligand which sits along
the Jahn−Teller axis of the MnIII ion.69 The remaining
equatorial 14N ligands of the MnIII and all 14N ligands of the
MnIV appear as a “matrix” line centered at the 14N Larmor
frequency. The corresponding 17O labeled DTNE complex
EDNMR data are shown in blue in Figure 4B. The 17O signal
observed is significantly different from that of the background
14N signal. It is much broader and does not resolve any
structure. The single quantum 17O transitions do not appear as
a doublet centered about the Larmor frequency of 17O [νn(

17O)
= 19.4 MHz, B0 = 3.37 T]. It instead is a broad envelope, where
a two-peak structure is only observed for the EDNMR
spectrum measured on the low field edge (Figure 4B, I). An
apparent splitting is all but lost for the EDNMR spectrum,
measured on the high field edge (Figure 4B, III), and the
spectrum in the center represents an average of the two edge
spectra (Figure 4B, II). While a discrete peak structure is absent
for the 17O signal, the total width of the envelope still provides

a complete description of the 17O hyperfine tensor. Spin
Hamiltonian simulations are shown in Supporting Information
S6. However, as is often the case, there are two equally valid
interpretations of this data set, which differ depending on the
relative signs of the isotropic and anisotropic hyperfine terms.
This is because the transitions strongly overlap such that only
two hyperfine tensor components are observed in isolation. In
the instance where Aiso and D take opposite signs, Aiso is small
and the Aaniso tensor is approximately axial (Table 1). In
contrast, if Aiso and D take the same sign, Aiso is instead large
and Aaniso is highly rhombic. Furthermore, the two different
tensor geometries assign the unique tensor axis differently. In
the case of solution 1, the unique tensor axis is the smallest in
absolute magnitude and coincides with gZ, whereas, in solution
2, it is instead largest in absolute magnitude and coincides with
gX (Table 1). The corresponding 2D-EDNMR surface for the
BIPY complex was previously published in Rapatskiy et al.29

The EDNMR data for both complexes are very similar in terms
of the structure of the 17O signal profile and its dependence on
the magnetic field. However, the BIPY complex is systemati-
cally broader by ∼2 MHz. Spin Hamiltonian simulations of the
BIPY EDNMR data are also shown in Supporting Information
S6, and all parameters are listed in Table 1. As above, two
equally valid interpretations exist for this data set; it is of note

Figure 4. (A) Two dimensional representation (contour map) of the W-band EDNMR spectrum of the 17O labeled DTNE complex. (B) A
comparison of the EDNMR signal seen for the 17O labeled complex (blue lines) compared to the unlabeled complex (black lines) at three field
positions I, II, and III marked at the top of panel A. The spectra represent the average of the left- and right-hand sides of the raw EDNMR spectrum.

Table 1. Fitted Spin Hamiltonian Hyperfine Tensor Parameters for All Mn Model Systems; Comparison to BS-DFT

17O bridge hyperfine tensor |Ai|/MHz

experiment BS-DFT

A1 A2 A3 Aiso D η Aiso(av.)
a unique axis

DTNE MnIII-μ(O)2-MnIV 1 16.9 11.5 −12.5 +5.3 −8.9 0.3 +5.2 z
2 16.2 2.9 9.0 +9.4 +3.4 0.9 x

BIPY MnIII-μ(O)2-MnIV 1 17.1 13.5 −11.4 +6.4 −8.9 0.2 +8.2 z
2 17.0 2.2 7.8 +9.0 +4.0 0.7 x

MnCat MnIII-μ(O)2-MnIV 18.1 7.5 −10.0 +5.2 −7.6 0.7 +6.7 to +7.9b z
R2lox FeIII-μ(OH)-MnIII 17.0 13.0 33.0 +21.0 +6.0 0.3 −21.6c z

aAverage calculated value for the two oxygen bridges using the summation method, i.e., approach iii; see Table 2. bAverage calculated value for the
two oxygen bridges, dependent on assignment of MnIV site. cProjected using the averaging method.
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that this was not identified in our original study. Solution 2 is
approximately that given in Rapatskiy et al.29

4.1.4. W-Band 17O-HYSCORE. To address the remaining
ambiguity in assigning the relative signs of the Aiso and D terms,
we turned to ESEEM, namely, 2D-ESEEM techniques such as
HYSCORE.70 As compared to EDNMR, this technique has
intrinsic advantages including enhanced line width resolution.
Furthermore, HYSCORE transparently isolates the two
anisotropic contributions to the spectral pattern, namely, the
hyperfine anisotropy and quadrupole interaction. Hyperfine
anisotropy broadens along the antidiagonal, whereas the
quadrupole interaction broadens along the diagonal.26,32 In
this instance, however, it is the resolution of multiple
correlation ridges that allows a definite assignment of the
relative signs of the two hyperfine tensor components. Figure 5
shows HYSCORE data of the 17O labeled DTNE complex. In
the unlabeled 16O DTNE sample, two discrete cross peaks were
observed in the ++ frequency quadrant, centered about the
Larmor frequency of 14N [νn(

14N) = 10.4 MHz, B0 = 3.37 T].
They both have a crescent structure with the maxima appearing
at [5 15, 15 5] MHz. These cross peaks are consistent with a
dominantly isotropic 14N hyperfine coupling of ∼10 MHz. In
the corresponding 17O labeled DTNE complex, two new
signals are observed: a structured correlation ridge centered
about the Larmor frequency of 17O [νn(

17O) = 19.4 MHz, B0 =
3.37 T] and a second ridge which appears about 1.5 times the
Larmor frequency (29.3 MHz). The latter ridge is distorted due
to the limited microwave excitation bandwidth (≈30 MHz).
When measured at single τ values, the first correlation ridge
resolves approximately 6 peaks spaced by about 2 MHz
(Supporting Information S3). These represent blind spot
artifacts that are partially suppressed by averaging spectra at a
series of τ values. The spectrum shown in Figure 5A is an
average of three τ values (396, 408, and 420 ns). The two
structured ridges observed for the 17O DTNE complex are
derived from the single−single quantum transition and single−
double quantum transition correlations within the 17O
submanifold. As two correlation ridges are observed in the

HYSCORE spectrum, an estimate of both the Aiso and D terms
can be made by inspection. D must clearly be large, as there is
no separation of the first correlation ridge; for comparison, see
the background 14N signal (Figure 5A). However, Aiso must
also be large to account for the overlap of the second
correlation ridge about the diagonal; although a large Aaniso (see
eq 6) could also explain this overlap, in the instance where Aiso
is zero, the corresponding first correlation ridge would be
significantly too broad. Thus, Aiso and D must be of
approximately the same size to reproduce the pattern. An
explicit solution exists for the width and curvature of the first
correlation ridge of a I = 1/2 nucleus assuming an axial
hyperfine tensor; see eqs 20 and 21. The total width of the
ridge (Δνα) represents the largest hyperfine tensor component,
whereas the curvature is given by the ratio of the dipolar
component to the nuclear Larmor frequency (Δνβ).

νΔ = | + |α A D2iso (20)

ν
ν

Δ =
| |β
D9

32 n

2

(21)

Two solutions exist depending on the relative sign of the
isotropic component (Aiso) to the anisotropic/dipolar term
(D). However, calculated correlation maps shown in Figure 5B
and C show that only the solution where Aiso is positive
(assuming D is negative) is valid, as only this solution
reproduces the curvature/diagonal crossing point of the first
correlation ridge. Using this constraint, eqs 14 and 15 yield
estimates for Aiso = 4 MHz and D = −8.5 MHz. These
parameters are in good agreement with solution 1 simulation of
the EDNMR data set. The HYSCORE data presented in Figure
5 however does not constrain the nonaxiality of the hyperfine
tensor, and the inclusion of tensor rhombicity does influence
estimates for the magnitude of Aiso and D. As shown in
Supporting Information S4, a hyperfine rhombicity of η = 0.5 is
consistent with the structure of both correlation ridges. It is
estimated that the inclusion of rhombicity leads to an
uncertainty in Aiso and D values of ±1 MHz. As a final

Figure 5. (A) W-Band 17O-HYSCORE of the MnIIIMnIV DTNE complex measured at the center field 3.372 T. The spectrum is an average of three τ
values (396, 408, and 420 ns) and is symmetrized about the diagonal. Raw data shown in Supporting Information S3. (B, C) Simulation showing the
first and second 17O correlation ridges assuming an axial hyperfine tensor. In panels B and C, Aiso was fixed as either negative or positive, respectively,
assuming a negative anisotropic/dipolar hyperfine term (Aaniso or D).
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comment, it is noted that the structure of the first correlation
ridge along the diagonal should provide an estimate of the
quadrupole coupling. As no structure is observed, the
quadrupole coupling must be small and is constrained by the
line width, i.e., |e2qQ/h| < 2 MHz; see Supporting Information
S4.
4.1.5. 17O-EDNMR of the Mn Catalase, a MnIII-(μ-O)2-MnIV

Complex. X-ray structures exist for the manganese catalase
(MnCat) enzyme isolated and purified from two organisms,
Lactobacillus plantarum3 and the species used in this study,
Thermus thermophilus.5 In both structures, each Mn ion has one
terminal histidine and one glutamate ligand, which acts as a
bidentate ligand for one Mn site and a monodentate ligand for
the second Mn site, with the last coordination site filled by a
water molecule. The two Mn ions are bridged by a μ-
carboxylato group of a glutamate and two oxygen bridges, one
of which is derived from the substrate H2O2. During its catalytic
cycle, the MnCat moves between two net oxidation states:
MnIIMnII and MnIIIMnIII. In the MnIIIMnIII state, the two
oxygen bridges are assigned as a μ-oxo/μ-hydroxo linkage. It is
possible to chemically oxidize the MnCat by one electron to
generate the MnIIIMnIV oxidation state, termed the super-
oxidized state. This state is EPR active (ST = 1/2), displaying a
multiline EPR spectrum centered at g = 2, similar to the model
complexes discussed above. Of the two, its structure is akin to
the DTNE complex, with bis-μ-oxo, μ-carboxylato linkage
between the two Mn sites. It has been previously demonstrated
that oxygen atoms of the bis-μ-oxo bridge(s) and terminal
water ligand of the MnCat exchange with 17O labeled water.
The rate of exchange of the terminal water ligand is rapid
(<5 s),24 whereas the exchange of the μ-oxo bridge occurs
much more slowly (∼2 h at room temperature).24 As the
characterization of the oxo-bridge was the target of this study,
we performed a relatively slow isotope exchange procedure.

The MnCat was resuspended five times in 17O labeled water
at room temperature, with the total procedure taking in excess
of an hour. To ensure complete exchange had occurred,
samples were subsequently incubated for 24 h at room
temperature.
Figure 6A shows a comparison of W-band EPR spectra

recorded for the unlabeled and 17O labeled MnCat. Line
broadening is more difficult to resolve as compared to the
models, in part because the intrinsic EPR line width is broader;
see also refs 23 and 24. The corresponding EDNMR spectrum
resolves a broad envelope of ≈10 MHz. The shape of the signal
is reminiscent of the 17O signal profile seen in PSII treated with
ammonia. The envelope was measured as a function of the
amplitude of the pump pulse (power dependence) to assess
whether it represented one or two exchanged water ligands. At
high pump amplitudes, the center of the pattern is enhanced,
indicating the profile is made up of a narrow, more weakly
coupled species and a broader, more strongly coupled species,
similar to that seen for the model complexes described above.
The former signal is instead assigned to the exchanged water
ligand. As a further check, the EDNMR profile was measured
for samples which did not receive a 24 h incubation in H2

17O
buffer. As expected, the narrow component of the EDNMR
profile is enhanced in these samples (Figure 6B). The EDNMR
profile measured is nominally consistent with the earlier Q-
band ENDOR study of McConnell et al.;24 see also section
4.1.8.
The putative exchangeable bridge signal, i.e., the broad

envelope, was further characterized by measuring the complete
2D EDNMR surface. This data set is again very similar to that
seen for the two model complex systems described above. A
spin Hamiltonian simulation constrained such that the sign of
Aiso is positive relative to the D value is consistent with this
interpretation (Supporting Information S6). As a final step,
both Mims and Davies W-band 17O-ENDOR were attempted

Figure 6. (A) W-band EPR spectra of MnCat suspended in 17O labeled water. (B) Corresponding 17O-EDNMR spectra for of the MnCat as a
function of incubation time. (C) Corresponding τ-averaged Mims and Davies 17O ENDOR measured at the center field after 24 h of incubation in
H2

17O. Back solid lines represent the unlabeled MnCat, and blue lines, the 17O-labeled MnCat. Red dashed lines represent a spin Hamiltonian
simulation (see Table 1, Supporting Information S6). The different components of the simulation are shown by solid purple and green lines.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b04614
J. Phys. Chem. B 2015, 119, 13904−13921

13913

78



to improve the resolution of the spectral profile (Figure 6C).
The Davies ENDOR spectrum is of approximately the same
width as the EDNMR envelope and thus is assigned to the
exchanged bridge species; note the loss of signal intensity in the
center of the profile is due to blind spotting, with the width of
this central hole proportional to the inverse of the preparation/
inversion pulse. In contrast, the τ-averaged Mims ENDOR
profile selectively picks out the narrow component of the
EDNMR profile, assigned to the water ligand. In the ENDOR
experiment, a splitting is resolved (≈1.5 MHz), and the line
shape, which appears to be Lorentzian, is better visualized. The
Davies ENDOR spectrum can be fit using the same spin
Hamiltonian parameters inferred for the exchanged μ-oxo
bridge signal. The same species also explains the wings of the
Mims ENDOR profile, which extend to ±7−8 MHz. It cannot
however explain the central component. No constrained fit can
be achieved. However, if approximately the same parameters
are assumed as for the water ligand of ferric heme iron,71 a
good fit of the data is obtained. The characteristic feature of this
fit is the inclusion of a larger quadrupole coupling (Q = 8 MHz,
η = 1), much larger than inferred for the μ-oxo bridge, which
gives the spectrum its characteristic Lorentzian line shape. A
large quadrupole coupling has also been measured for 17O
labeled water bound to Gd3+.27

4.1.6. 17O-EDNMR of the Mn/Fe Cofactor of R2lox, a MnIII-
(μ-OH)-FeIII Complex. Heterobimetallic Mn/Fe cofactors
represent a new paradigm in enzymology.10 One such example
is the cofactor found in the small subunit (R2) of the
ribonucleotide reductase class Ic (R2c).6,8,9 It is activated by O2,
forming an oxygen-bridged cofactor which serves as an in situ
1e− oxidant, initiating the enzymatic reaction. We have recently
characterized a homologue of the R2c cofactor, termed
R2lox.9,72,73 Although its precise biological function is not yet
known, it is thought to catalyze oxidative chemistry, hence its
name, R2-like ligand binding oxidase. Unlike R2c,74 there exists
a crystal structure of the O2-activated heterobimetallic cofactor
in a homogeneous state.9 Each site has one terminal histidine
ligand, and the two metals are bridged by the μ-carboxylato
group of one glutamate residue and one fatty acid ligand. The

ligand field of the Fe ion is completed by two monodentate
glutamate residues, whereas the Mn ion has a monodentate
glutamate and a water ligand, which sits along the MnIII Jahn−
Teller axis. An oxygen from the O2 is subsumed into the
complex as a μ-hydroxo bridge; its protonation state was
recently confirmed using Q-band 2H-HYSCORE.22 As with the
MnCat, the aim here is to characterize the oxygen bridge, i.e.,
μ-hydroxo.
As the μ-OH bridge is much more labile than the μ-oxo

bridges of MnCat, complete labeling of the R2lox could be
more easily achieved without long incubations in H2

17O.
Background EDNMR data for the R2lox cofactor resolve a 14N
signal, previously characterized by W-band three pulse
ESEEM.22 The signal is obtained under cancellation conditions,
i.e., A = 2νN, and as such, only the ν+ line is observed (ν−

appears at 0 MHz, inside the blind zone). Double quantum
transitions are also observed for this species at ∼34 MHz. Spin
Hamiltonian simulations of this data set (see Supporting
Information S6), using published parameters, reproduce the
2D-EDNMR profile, and thus serve as a means to validate
subsequent simulations of the 17O profile.
Upon 17O buffer exchange, two new signal envelopes are

resolved in the EDNMR spectrum; see Figure 7. Unlike all
earlier data, the hyperfine coupling is sufficiently large that a
splitting (doublet structure) is observed. The two peaks are
split by about 20 MHz, requiring that the isotropic hyperfine
coupling of this species is large, and thus the bridge carries
significant spin density. The same result was inferred from the
large 1H/2H hyperfine coupling assigned to the μ-OH bridge,
i.e., Aiso(

1H) = 10 MHz.22 The signal also displays a strong field
dependence demonstrating that the D term is also large, as seen
for Mn/Mn dimer models discussed above. In contrast to the
bridge, the water ligand is not readily observed. It is speculated
though that the smaller splitting seen for the EDNMR
spectrum measured on the low field edge (A ≈ 10 MHz)
may represent this species. At the other two field positions, the
bridge hyperfine strongly overlaps with this region, masking
these transitions.

Figure 7. (A) 2D-EDNMR spectra of the 17O labeled R2lox cofactor. (B) Comparison of the EDNMR signal seen for the 17O labeled cofactor (blue
lines) compared to unlabeled cofactor (black lines) at three field positions I, II, and III, marked at the top of the left panel.
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4.1.7. μ-oxo-17O Model Complex Data, Comparison to
Literature. The above sections demonstrate that the observed
EPR line broadening seen upon 17O bridge labeling systemati-
cally overestimates the isotropic hyperfine coupling. The value
determined using this methodology instead best matches the
largest component of the 17O hyperfine tensor, i.e., Aiso + 2D.
Similarly, low field ENDOR does not provide a robust
description of the 17O bridge hyperfine tensor for these
systems. Owing to the small g-anisotropy and large 55Mn
hyperfine, orientation selective measurements at low fields
cannot be implemented. As such, ENDOR measurements at
these frequencies, be it X- or Q-band, resolve only broad
featureless spectra which are not readily interpretable. This
explains why the earlier studies which sought to characterize the
μ-oxo bridges of Mn complexes23 are at variance with the
results presented here. In both Usov et al.23 and McConnell et
al.,24 the approach that was taken was to attempt to match the
17O hyperfine coupling estimate from EPR line width
broadening with that inferred from Q-band ENDOR. In both
studies, a broad, structureless 17O ENDOR signal was observed
centered at 13.5 MHz which could be interpreted to match the
line-broadening estimate of Aiso ≈ 13 MHz. We suspect though
that the ENDOR profile as measured in these earlier studies
does not represent a true average coupling but instead
emphasizes the largest component of the hyperfine tensor. A
pictorial demonstration of how this could occur is shown in
Figure 8. Due to nonlinearity of the B2 (RF) field, we suspect

that the Q-band signal envelope below 7 MHz, i.e., the ν(17O)
and ν(14N) branches, is strongly suppressed. The only resolved
component is a broad featureless line extending to 15 MHz
(Figure 8B). Its interpretation is further hampered by the
overlapping 14N signal which is suspected to coincide with one
of the major turning points of the ν+(17O) signal branch. It can
also be seen in Figure 8C that, at frequencies lower than Q-
band (X-band), all spectral components strongly overlap,
making any interpretation difficult.
4.1.8. Experimental SummaryA Magnetic Fingerprint

for an Oxygen Bridge. From the measurements described

above, a magnetic fingerprint for the μ-oxo bridge of Mn
complexes can be developed. In these systems, the sign of the
isotropic hyperfine (relative to D) is positive, of magnitude 5−
10 MHz. Terminal ligand hyperfine couplings (14N, etc.) for
MnIII and MnIV model complexes typically fall in the range 2−
4 MHz, with the exception of ligands along the Jahn−Teller
axis of MnIII which instead are approximately 12 MHz. Thus, μ-
oxo bridge hyperfine couplings fall between these two ranges,
and can be termed intermediate. Interestingly, the magnitude of
the anisotropic hyperfine is larger than that of the isotropic
term. This is not the case for terminal ligands where the
hyperfine anisotropy can usually be approximated in terms of
the magnetic dipolar interaction between the ligand nucleus
and the electron spin. The through space magnetic dipole
estimate for the 17O bridge of the DTNE and BIPY complex is
D ≈ 4.5 MHz, 2-fold smaller than that observed experimentally,
i.e., 9 MHz (see Supporting Information S7). The experimental
D value is, however, of approximately the same magnitude as
that reported for the oxygen bridge of the FeIIIFeIV cofactor of
class 1a ribonucleotide reductase, i.e., D = 8 MHz, and the
relative signs of Aiso and D also match this previous study.12

The only difference is in the magnitude of Aiso. For the di-Fe
cofactor, Aiso is much larger (A = 15 MHz) presumably because
FeIII/IV delocalizes its valence d-electrons across its ligands to a
greater extent than Mn (see section 4.2.4).
The orientation of the bridge hyperfine tensor relative to the

g-axis and its axial nature are also not consistent with a through
space dipolar interaction explaining the hyperfine anisotropy.
The unique g-tensor axis (gz), which for bis-μ-oxo Mn
complexes is the smallest value, is typically perpendicular the
plane defined by the Mn-(μO)2-Mn atoms, with gx and gy
instead lying within the plane. This result can be readily
understood. The octahedral MnIV ion of the spin system has a
high spin d3 local electronic configuration. This electronic state
is approximately spherically symmetric, leading to this ion
exhibiting isotropic site spin Hamiltonian properties (g, a, etc.).
In contrast, the octahedral MnIII ion of the spin system has a
high spin d4 local electronic configuration. This electronic state
is stabilized by a Jahn−Teller distortion, breaking the symmetry
of the site. The distortion is typically along the ligand axis
perpendicular to the μ-oxo plane, and thus, this defines the
unique g (and hyperfine) tensor axis of both the MnIII ion itself
and of the whole complex. As the unique g-tensor axis coincides
with the Jahn−Teller axis of the MnIII ion, it can be identified in
the crystal for both the BIPY and DTNE complexes.17,68

Consistent with this picture, the unique hyperfine axis of the
nitrogen ligand (N1) coincides with gZ. In the MnCat and
R2lox systems, the unique axis is expected to lie along the Mn−
OH2 bond.
As described earlier,14,24,75 the magnetic dipole tensor

component of a bridging ligand consists of contributions
from the hyperfine coupling of the ligand to each metal site,
with the contribution of each weighted by the spin projection
coefficient for each metal site.14,24,75 The unique axis for the site
hyperfine for each oxygen bridge should lie along the Mn−O
bond. Assuming an ∼90° Mn−O−Mn bond, summing the two
site hyperfine tensors yields a projected 17O hyperfine tensor
that has approximately rhombic symmetry (η = 0.6). Its unique
axis should lie in the plane that is defined by the Mn−O2−Mn
bridging motif with its middle component, in signed magnitude,
perpendicular to the Mn−O2−Mn plane. The exact opposite is
seen for the experimental data, where the unique axis instead
coincides with gZ, i.e., is perpendicular to the Mn−(μO)2−Mn

Figure 8. Pictorial representation of the 17O (μ-oxo) and 14N (on the
Jahn−Teller axis of the MnIII ion) ENDOR signals seen for the BIPY
complex at three microwave frequencies: (A) 9 GHz (X-band); (B) 34
GHz (Q-band); (C) 94 GHz (W-band).
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plane. This observation suggests that, if indeed the net
hyperfine coupling can be decomposed into two on-site
interactions, the two site contributions are approximately
equal and should be added without consideration of the sign
of the local spin projections.
Interestingly, the principal axis orientation of the bridge

hyperfine tensor appears consistent with the assignment seen
for FeIIIFeIV cofactor of class 1a ribonucleotide reductase.12 In
this earlier study, it was observed that the unique hyperfine axis
for the bridge coincides with the unique hyperfine axis of the
terminal water ligand; the latter should sit orthogonal to the
oxygen bridge plane.
4.2. DFT Calculations. The set of model complexes

principally investigated in this study (see Figure 1) are all
geometrically and electronically similar. Spin Hamiltonian
parameters for the transition metal centers are provided in
Supporting Information S8. Antiferromagnetic exchange-
coupling between the two metal sites is facilitated by the
overlap of a set of magnetic orbitals which reside largely on the
metal centers and the p-orbitals of the μ-oxo/hydroxo bridge(s)
(Supporting Information S10).62,76 As has been noted in the
literature, the MnIII spin center has a large Jahn−Teller
elongation along one axis which is orthogonal to the plane
formed by the metal centers and the μ-oxo or μ-hydroxo
bridge(s).64,76 In terms of their bridging ligand motif, the set of
complexes falls into four categories:

(i) bis-μ-oxo (BIPY)
(ii) bis-μ-oxo, μ-carboxylato (DTNE and MnIIIMnIV MnCat)
(iii) μ-hydroxo, di-μ-carboxylato bridges (PivO, PivOH, and

R2lox)
(iv) mono/di-μ-hydroxo (MnIIMnIII MnCat)

The same complexes can equally be grouped into two
isoelectronic sets: the set of MnIIIMnIV complexes (i, ii) and the
set of MnIIMnIII complexes (iii, iv), including R2lox which is
isoelectronic to MnIIMnIII being a MnIIIFeIII complex. As will be
shown below, neither of these groupings are appropriate for
describing trends seen in the calculated bridge hyperfine
coupling. Instead, it is the simpler criterion, namely, the
protonation state of the bridge (oxo vs hydroxo), that is the
principal factor in determining the magnitude of the calculated
17O hyperfine coupling (see Tables 1 and 2).
4.2.1. BS-DFT Estimates for the Hyperfine Constant of μ-

Oxo Bridge(s) of Synthetic Model Complexes. As described in
the Theory section, there is no consensus methodology using
BS-DFT for the calculation of ligand hyperfines which involve
more than one spin carrying fragment (metal center). Here we
examine three approaches, all of which should be considered as

largely empirical: (i) using the raw bridge hyperfine without
correction; (ii) projecting the raw hyperfine for each spin
fragment the bridge ligates and averaging the result; and (iii)
projecting the raw hyperfine for each spin fragment the bridge
ligates and summing the values. The results appear in Table 2.
Before comparing the three methods, it should be noted that
the raw calculated hyperfines are similar for all bis-μ-oxo
bridged Mn dimers (6.1−9.8 MHz), suggesting that BS-DFT
can be used to discriminate this type of species, even if the
absolute value is uncertain.
The raw hyperfine though seems to systematically over-

estimate the measured hyperfine, in some cases by a factor of 2.
In contrast, averaging the two projected hyperfine couplings
systematically underestimates the measured hyperfine, by up to
a factor of 2. The third method yields the best results, but this
also has a tendency to overestimate the hyperfine coupling.
Agreement between experiment and theory is particularly good
for the DTNE complex, the best characterized of the set of
three models, and poorest for the catalase, for which bridge
estimates are less robust owing to the overlapping water ligand
signal and the inequivalence and likely incomplete exchange of
the two bridging oxygen atoms.
Good agreement for the summation method may, to some

extent, be rationalized in the context of terminal ligand
hyperfine estimates. For the set of MnIIIMnIV model complexes,
it has been observed that the magnitude of the isotropic
hyperfine coupling constants is significantly different for the set
of first coordination sphere ligands. Ligand hyperfines broadly
fall into three categories: (i) axial ligands of the MnIII ion which
lie along the Jahn−Teller axis; (ii) the terminal equatorial
ligand of the MnIII ion and all terminal ligands of the MnIV ion;
and (iii) bridging ligands, which represent equatorial ligands of
both the MnIII and MnIV ions. Category i has the largest
hyperfine coupling constants, greater than 10 MHz, whereas
category ii is 5−10 fold smaller. Such observations have been
made both experimentally and computationally. As has been
shown in the previous experimental sections, bridging hyperfine
coupling constants (category iii) fall in between these two
ranges. The simple projection method described in the Theory
section readily rationalizes this result. As seen from eqs 7−19,
the magnitude of the bridge hyperfine coupling constant is the
weighed sum of the on-site hyperfine from each Mn. As such, it
should be approximately twice that seen for corresponding
terminal equatorial ligands, which only have one contribution.
For example, for the BIPY model, the individual calculated on-
site hyperfine couplings for the MnIII and MnIV spin fragments
are 4.8 and 3.2 MHz, respectively, yielding an overall coupling
of 8.0 MHz. By way of comparison, the averaging method, by

Table 2. Calculated BS-DFT 17O Bridge Hyperfine Coupling Constants for Mn Model Complexes
17O bridge hyperfine tensor/MHz

raw BS-DFT site, ak average projected

exp. ak
BS % error MnIII MnIV Ak % error Ak % error

DTNE 1 +5.3 +6.1 +18.1 +1.5 −2.1 +2.6 −52 +5.1 −4
2 +6.3 +20.6 +1.6 −2.1 +2.6 −51 +5.2 −2

BIPY 1 +6.4 +9.8 +53.8 +2.5 −3.3 +4.1 −36 +8.2 +28
2 +9.7 +52.2 +2.4 −3.3 +4.1 −37 +8.1 +27

MnCat (A) 1 +5.2 +9.8 +88.5 +2.4 −3.3 +4.1 −21 +8.2 +58
2 +8.0 +53.8 +2.0 −2.7 +3.4 −40 +6.7 +29

MnCat (B) 1 +8.8 +69.2 +2.2 −2.9 +3.7 −29 +7.3 +41
2 +7.4 +42.3 +2.2 −3.0 +3.1 −40 +7.5 +44

PivO −11.1 −2.2 −2.8 −4.4 −8.9
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design, will yield a bridge estimate that is of the same
magnitude as for a terminal ligand, i.e., 4 MHz. Additionally, it
is important to note that the hyperfine coupling constants for
17O ligands should be approximately 2 fold larger than those
calculated for the 14N ligands, as the Fermi contact term scales
with the nuclear g-value (eq 22)

π ββ
ρ=

⟨ ⟩
⃗a

gg

S
R

4
3

( )n n

z
niso

(22)

where g, gn, β, and βn are as defined in the Theory section and ρ
is the spin density at the nucleus. The ratio of gn for

17O and
14N is −1.88. Thus, as a back of the envelope calculation,
assuming an equivalent spin population for a bridging 14N in
place of the μ-oxo bridge, the expected contributions from
MnIII and MnIV would be −2.5 and −1.7 MHz. Both values are
within the range seen for terminal equatorial nitrogen ligands
coordinated to MnIII or MnIV spin centers.62

The influence of the implicit solvation (COSMO) dielectric
constant was also tested. Calculations on a DTNE MnIIIMnIV

complex without methyl groups on the DTNE ligand were
completed with varying values of the dielectric constant ranging
from zero to 80. Additionally, a completely conductive solvent
was also tested (ε = ∞). The calculated results indicate that
there is a small, less than 0.5 MHz change, with respect to the
implicit solvent model chosen (see Supporting Information
S9). These results imply that the choice of a dielectric constant
will only minimally impact the results of protein cluster models.
The effect of explicit solvation is beyond the scope of this work.
4.2.2. BS-DFT Estimates for the Hyperfine Constant of μ-

Oxo Bridges and the Water Ligand of MnCat Poised in the
Superoxidized State. The same good agreement is seen for the
summation method for the superoxidized state of the MnCat.
For this system, there is some ambiguity however with regard
to assignment of local oxidation states to +III or +IV. Both
options were tested, termed here catalase model A and catalase
model B. The key difference between the two models is
whether the H2O ligand is coordinated to the MnIII (model A)
or MnIV (model B). As can be seen in Table 2, the calculated
values for the superoxidized state ofMnCat fall within the same
range as those of the model complexes DTNE and BIPY.
Interestingly, but perhaps not surprisingly, the two different
models do not allow for the absolute oxidation states of the Mn
centers to be determined.
The assignment of the Mn oxidation states is far more

important when considering the estimate for the 17O hyperfine
of the H2O ligand. 1H-ENDOR resolves large hyperfine
coupling for exchangeable hydrogens ≈17 MHz. Such
couplings have been interpreted in terms of the water ligand

being associated with the Mn ion that carries majority spin (ρ =
2), i.e., the MnIII ion, and subsequent inhibition studies support
this assignment. Similarly, a theoretical study of Sinnecker et
al.77 supported the MnIII being the 5-coordinate Mn with its
open coordination site filled with water. If this is the case,
though, comparison to the model complexes above would
suggest that the water ligand is the axial ligand of the MnIII ion
on the Jahn−Teller axis. Calculations of the 17O hyperfine of
this terminal water ligand place it at about −20.5 vs +1.5 MHz
for models catalase A and catalase B, respectively. Notably, the
calculated hyperfine for the water occupying the axial position
is significantly larger than results reported here and for the
aforementioned proton/17O ENDOR study. As such, the
experimental results and interpretation do not agree with the
calculated values, a discrepancy which is still undergoing
investigation.

4.2.3. The Bis-μ-oxo vs Mono-μ-oxo Bridging Motif. Lower
valence Mn complexes have a tendency to stabilize the mono-μ-
oxo bridge motif instead of a bis-μ-oxo motif.78 Although
measurements were attempted for these systems, the more
liable nature of the MnII ion in aqueous solution led to complex
decomposition during labeling. Nevertheless, these systems
could be examined in silico. Table 2 lists calculated ligand
hyperfine coupling for the MnII/MnIII PivO. Terminal nitrogen
hyperfine coupling for these complexes fall into the same two
classes described above for MnIII/MnIV complexes. Interest-
ingly, the calculated bridge hyperfine for the mono-μ-oxo
bridge is within the range seen for the higher valence MnIII/
MnIV bis-μ-oxo bridge complexes. This is somewhat unexpected
but not truly surprising, as the exchange pathway between the
two Mn ions is qualitatively similar to those of the bis-μ-oxo
complexes, comprised mostly of combinations of ligand p-
orbitals along with metal d-orbitals (Supporting Information
S10). Thus, the general rule of thumb outlined above appears
to be robust toward the precise structure of the bridge with the
bridge hyperfine being approximately 2-fold larger than a
terminal nitrogen ligand (accounting for the nuclear g-value),
and smaller than that seen for ligands along the Jahn−Teller
axis of the MnIII ion.

4.2.4. The Effect of Protonation of the Bridge. Although
not experimentally accessible for the same reasons as the
MnIIMnIII PivO complex, BS-DFT calculations were performed
on the mono-μ-hydroxo bridged PivOH complex. Here, unlike
the complexes presented previously, the μ-hydroxo bridge has a
much larger (27 vs 9 MHz) calculated hyperfine coupling
constant upon the protonation of the μ-oxo bridge. This result
is somewhat counterintuitive, as the protonation of the bridge
should result in a lowered covalency of the Mn−oxo bond.

Table 3. Calculated BS-DFT Hyperfine Coupling Constants for the R2lox and Related Model Systems
17O hyperfine tensor/MHz

raw BS-DFT ak
BS site, ak projected, Ak average, Ak

bridge H2O

H2O bridge H2O FeIII (MnII) MnIII H2O bridge

R2lox Mn-(μOH)-Fe 42.9 −53.9 −10.7 −10.8 13.5 14.3 −43.2 −21.6
PivOH Mn/Fe −58.5 −11.7 14.6 −46.8 −23.4
PivOH Mn/Mn −34.8 −7.0 8.7 −27.8 −13.9
MnCat Mn/Mn II,III −28.5 −24.5 −5.7 −4.9 6.1 −13.3 −19.6 −9.8

−34.8 −7.0 8.7 −27.9 −13.9
MnCat Mn/Mn III,II 28.9 −24.7 −7.2 −5.0 6.2 9.6 −19.8 −9.9

−38.0 −7.6 9.5 −22.3 −15.2

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b04614
J. Phys. Chem. B 2015, 119, 13904−13921

13917

82



However, protonation of the μ-oxo bridge simultaneously leads
to an increase in s-character of the Mn−oxo bonds (Supporting
Information S10), resulting in a larger core spin polarization
which in turn leads to larger isotropic hyperfine values (via the
Fermi contact term). Interestingly the Mulliken spin
populations show the expected intuitive trend with spin
populations of −0.10 and −0.02 for the oxygen atoms of the
μ-oxo and μ-hydroxo bridges, respectively. It should be noted,
however, that such a spin population analysis for either ligand
has been shown to not correlate with the actual calculated
isotropic hyperfine couplings, which is only representative of
the core spin polarization (eq 22), and not the total unpaired
spin density of the EPR active nuclei.79 Similar results are seen
in the bis-μ-hydroxo bridged MnIIMnIII catalase models which
further support the notion that the bridge hyperfine coupling
should increase upon bridge protonation, specifically that the
experimental hyperfine of μ-hydroxo bridges should be
approximately 2 fold larger; note this estimate takes into
account the expected overestimation of the calculated hyperfine
couplings (see Table 2).
4.2.5. BS-DFT Estimates for the Hyperfine Constant of the

μ-Hydroxo Bridge and Water Ligand of R2lox. Calculated
hyperfine coupling constants for the cluster model of R2lox are
presented in Table 3. R2lox itself presents an interesting
deviation from the other model systems studied in that it
represents a heterometallic complex with a μ-hydroxo bridge.
As stated above, it can be considered structurally and
electronically similar to the MnIIMnIII PivOH complex, as
FeIII is isoelectronic to MnII, the two metals are bridged by a μ-
hydroxo ligand, and the two metal ions couple together
antiferromagnetically to give a ground state spin of S = 1/2. As
per the last section, the expectation is that the theoretical 17O
hyperfine would be approximately the same as calculated for
the PivOH complex (≈20 MHz), which would be consistent
with the experimental R2lox data. This, however, is not the
case. As can be readily seen from Table 3, the calculated results
are approximately 2 fold larger using the summation method.
Here it seems instead that the averaging model66 is more
appropriate, reproducing the experimental result, i.e., 21 MHz.
The same good agreement using the averaging method was
seen previously by Noodleman and co-workers of the di-Fe
cofactor of ribonucleotide reductase.66 It can be further shown
that this effect is solely a consequence of the R2lox cofactor
containing an Fe ion. Calculations performed on the hypo-
thetical MnIIIFeIII PivOH complex where the MnII was replaced
with FeIII yield essentially the same 2-fold increase in the
estimated bridge hyperfine coupling as compared to the di-Mn
homologue. This significant difference indicates that the FeIII

ion plays a different role from that of the MnII ion in the
distribution of spin across the molecule. A difference of one
unit of nuclear charge for the Fe vs Mn counterintuitively
results in Fe complexes having more delocalized unpaired d-
shell electrons, leading to more spin polarization on the ligands
coordinated to the Fe metal center. Mn, on the other hand, has
much more localized d-shell electrons, as can be seen in a
comparison of Mn vs Fe Mulliken or Löwdin spin populations.
Consequently, this means that the larger calculated bridge
hyperfine coupling values seen in complexes that contain a FeIII

metal center can be rationalized as indicating that a significantly
larger portion of the spin polarization located on the μ-hydroxo
bridging ligand is derived from electronic overlap with the
orbitals of the FeIII ion rather than the MnIII ion. Thus, the
fundamental assumption presented in the Theory section,

namely, that the bridging ligand is “shared” by both spin sites, is
not met for such complexes, and therefore, the summation
method fails. Clearly, we are not at the point where BS-DFT
can provide confident predictions for bridging hyperfine
coupling constants for an arbitrary system, and indeed, it may
be necessary to move beyond BS-DFT to develop a fully
consistent methodology.

5. CONCLUSIONS AND OUTLOOK
The above study demonstrates that oxygen bridges of Mn
complexes can be described in depth using multifrequency,
multiresonance EPR techniques. Interestingly, the experimental
isotropic hyperfine coupling seen between different complexes,
+5.3 MHz (DTNE), +6.4 MHz (BIPY), and +5.2 MHz
(MnCat), is approximately invariant. The insensitivity of the
isotropic hyperfine coupling to the exact geometry of the
bridging unit, the ligand scaffold, and the polarity of the local
environment (solvent vs protein) suggests that its magnitude
can be used as a robust marker for this bridging type. This
result is extended by DFT calculations which show a similar
invariance in the 17O bridge hyperfine coupling value within the
tolerance typically achieved for ligand hyperfine couplings. It
also holds for complexes of different net Mn oxidation state, or
for complexes that contain either a single or bis-μ-oxo bridging
network. The only parameter that significantly changed the
observed hyperfine coupling was protonation of the bridge,
leading to a 2-fold increase. As stated above, this observation is
counterintuitive. As bridge protonation should lead to a
decrease in covalency of the bridging oxygen, the hyperfine
coupling should instead decrease. It is hypothesized that this
effect is due to interplay between the spin density, which is
predominantly associated with the p-orbitals of the bridging
oxygen, and the spin polarization as described above.
This μ-oxo vs μ-hydroxo fingerprint will serve as benchmarks

for expanded catalytic studies on metallocofactors. From the
perspective of studying the catalysis of such Mn metal-
locofactors, the protonation state of the bridge is of critical
importance. While the metal oxidation state, etc., can be
assessed by measuring the metal hyperfine, the net bridge
protonation state of the bridging network can be ambiguous.
An example would be if the complex contains both a
deprotonated μ-oxo bridge and a singly protonated μ-hydroxo
bridge. As demonstrated here, 17O labeling of this hypothetical
complex should provide a marker for each oxygen bridge type,
allowing the connectivity of the complex to be experimentally
constrained. The Mn/Mn cofactor found in the ribonucleotide
reductase enzyme class 1b is one such example7,80 which could
be studied using this approach.
Of particular interest is the characterization of reaction

intermediates.81 Several metal cofactors activate small mole-
cules via μ-oxo bridge assembly. The precise fate of such
reactants can thus be tracked using the methods described
above. One such example is nature’s water oxidizing complex, a
tetramanganese−calcium cofactor, found in photosystem II.
Our recent work has shown that the cofactor contains a fast
exchanging oxo bridge midway through its catalytic cycle. This
bridge is considered the most likely candidate for the first
substrate water bound during catalysts. The identity of the
exchangeable bridge has previously been assigned to O5, the
oxo bridge between Mn3 and Mn4.
This assignment was based on site perturbation: addition of

NH3, which displaces a terminal water ligand of the cofactor
(W1), was seen to strongly perturb the exchangeable bridge’s
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hyperfine coupling (30% decrease). This change has been
rationalized by a trans effect; the oxo bridge trans to W1 is O5.
BS-DFT calculations quantitatively supported this assignment.
While projected hyperfine couplings were not available at the
time, it could be shown that calculated raw hyperfine coupling
of the μ-oxo bridge O5 is sensitive to NH3 binding, owing to an
elongation of the Mn4−O5 bond. The BS-DFT calculations
presented here suggest that the use of the summation method
may be appropriate for this system to calculate the true
hyperfine coupling. Indeed, taking raw hyperfine coupling
constants from our previous study33 and using the summation
method yields estimates within 30% of experiment. The
calculation of such bridging hyperfine couplings and the
detection of bound substrate sites in all catalytic states of the
WOC cofactor forms ongoing work of our laboratory.
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Figure 12. Extended nine intermediate S-state cycle of 

the Mn4O5Ca cofactor.55 The cycle starts in the neutral 

state, S0
n. Electron withdrawal precedes proton 

transfer up until S2
+. Generation of the S3

+ and S4
+

states requires first proton transfer, and then oxidation. 

After spontaneous release of molecular oxygen, the S0
n

is regenerated.
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Recent developments in biological water oxidation
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Rapid progress has been made in the last five years towards

resolution of the structure of nature’s water splitting catalyst —

a Mn4O5Ca cofactor embedded in Photosystem II — especially

in the field of X-ray crystallography. In addition, recent

magnetic resonance data have allowed the structure of the

cofactor to be accessed in its last metastable intermediate

state, prior to O–O bond formation. This activated form of the

catalyst is geometrically similar to that seen by X-ray

crystallography, which represents the resting state of the

cofactor, but requires the coordination of an additional water

molecule to the cofactor, rendering all Mn ions six coordinate.

Importantly, it locates two water derived, Mn bound oxygen

ligands in close proximity. It is these two oxygen ligands that

likely form the product O2 molecule, as proposed earlier by

quantum chemical modeling. Current views on the molecular

level events that facilitate catalyst activation, that is, catalyst/

substrate deprotonation, Mn oxidation and water molecule

insertion are briefly described.
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The structure of nature’s water splitting
cofactor in its resting state
Crystallographic advances, including the introduction of

free electron laser sources, have fundamentally altered

the trajectory of research on the mechanism of biological

water splitting [1��]. These new methods have recently

provided an atomic resolution crystal structure of the

resting state of the catalyst. Specifically, the XFEL (X-

ray free electron laser) structure: (i) reproduces earlier

EXAFS constraints (e.g. Mn–Mn distances) [2,3,4�]; (ii)

clarifies the location of all oxygen bridges of the catalyst

including the O5 bridge, which in earlier X-ray models

(XRD) was placed in a chemically unprecedented bond-

ing position; and (iii) constrains the net oxidation state of

the cofactor in the resting state (III, IV, IV, III) by

resolving the Jahn–Teller axes of two MnIII ions, Mn1

and Mn4 (see Figure 1). This novel structure allows the

information content of complementary spectroscopies to

be fully realized and together these data now provide a

solid basis for the development of robust chemical models

throughout its entire catalytic cycle [5�].

Substrate binding and delivery to the catalyst
An understanding of the mechanism of biological water

splitting is greatly aided by resolving what oxygen sites of

the cofactor participate in the reaction [12�,13]. Recent

magnetic resonance data has implicated O5 as one of the

two substrates owing to its fast exchange with bulk

solvent water [14�,15�,16]. This is a unique property

not seen for the other four bridges, or for oxygen bridges

in simpler synthetic model systems [17–19]. The identity

of the second substrate remains more contentious as it is

unclear if it is bound in all intermediate states of the

catalyst, or if bound in all states, whether its position

changes during the cycle [12�,20]. Water analogs such as

ammonia and methanol provide a means to address this

question by probing how the substrates first access the

cofactor. Substrate access forms part of a larger debate on

the dynamics of the solvent/substrate interface, namely

how does the catalyst selectively activate two solvent

water molecules (when it is surrounded by solvent water)

and regulate solvent water access to the site of the catalyst,

to avoid deleterious side products such as H2O2.

Although ammonia and methanol do not drastically alter

the binding/exchange kinetics of the two substrates, their

addition is associated with a decrease of the catalyst’s

efficiency under steady-state conditions suggesting that

they hinder or interfere with substrate access to the site(s)

of catalysis. The crystal structure identifies at least three

water pathways leading towards/away from the cofactor:

(i) a channel which includes the Ca2+ ion and the redox

active tyrosine residue (YZ); (ii) a channel which includes

the outer Mn4 and the Asp61 residue [1,6]; and (iii) a

similar channel which also includes the Cl� ion

(Figure 2a). The location of ammonia binding was re-

cently deduced from chemical modeling [14�,15�,22] and

mutagenesis [23�], displacing the water ligand (W1) of the

outer manganese (Mn4). The binding location of metha-

nol, however, is less well defined, with one option placing

it close to the site of ammonia binding and another

favoring its binding at the Ca2+ ion [24]. Competitive
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binding of small molecules at/near the position of W1

indicate that the water channel associated with this site

(Asp61 channel) is important for water delivery [25��]. As

a whole, these results favor that one of the water derived

ligands of the Mn4 is the second substrate. Water binding

via the Asp61 channel involves a rotation of the waters on

the Mn4, initiated by the facile shift of the O5 bridge

[9,21]. This cascade of structural rearrangements results

in a five coordinate, trigonal bipyramidal Mn ion, shown

in Figure 2 [25��]. Within this model water binding occurs

on the back-face of the cofactor. As such the water

molecule when first delivered is most likely not the

substrate of the reaction – this is instead one of the

existing water ligands (W2) – but form the substrate in

the next catalytic cycle, see [12�,20].

The structure of the activated catalyst —
structural evolution during the S-state
It is well known that the cofactor cycles through a series of

five intermediate states: S0, S1 (dark stable), S2, S3, and S4
where the subscript refers to the number of oxidizing

equivalents stored by the cofactor. The S4 state spontane-

ously decays upon release of triplet O2 returning to the S0
state. Oxidation of the cofactor is driven by light excitation

of the Photosystem II reaction center, via a redox active

tyrosine residue (YZ). Coupled with oxidation, protons are

successively removed from the cofactor, to ensure its total

charge/redox potential remains constant, termed redox

tuning or redox leveling. As such the cycle can more

accurately be described in terms of nine states which differ

in terms of their net electron and proton count [26,27�]
(Figure 3). An important observation is that at different

points in the cycle the order in which electrons and protons

are removed from the cofactor reverses; in the early S-state

transitions (e.g. S0 to S1) electron transfer precedes proton

transfer whereas in the late transitions (e.g. S2 to S3) proton

transfer precedes electron transfer [26,27�]. As a conse-

quence, YZ can be though of having a dual role: first, it acts

as an electron carrier; and second, it promotes deprotona-

tion of the catalyst which is presumably facilitated via the

intervening H-bonding network.

The XFEL structure described above represents the

resting state of the catalyst (S1) [1��], although it may

contain some admixture of the S0 state [5�]. It is also

thought to be a good model for the S2 state as EXAFS

results for the S0, S1 and S2 are all very similar [2,3] and

progression from the S1 to the S2 state can occur at low

temperatures (<200 K), where the protein’s conformation

should be fixed. The same however cannot be said of the

S3 state, the last metastable intermediate of the reaction

cycle. Recent pulse EPR data has demonstrated that in

this state all four Mn ions are structurally and electroni-

cally similar: they all exhibit a formal oxidation state 4+

and octahedral local geometry [28��]. This requires the

inclusion of an additional water-derived ligand at the
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(A) Comparison of the new XFEL structure with the earlier synchrotron (XRD) structure of the Mn4O5Ca cofactor [1,6]. The cofactor resembles a

distorted chair with the back of the chair shown by the light blue plane. The XFEL structure better reproduces EXAFS constraints [2,3] (panel B)

and places O5 in a more chemically realistic position (panel C), more in line with earlier chemical models [5�,7–9]. The cofactor contains three

coordinately saturated Mn ions (Mn2, Mn3 and Mn4) with a potential substrate binding site located at Mn1, the only five coordinate Mn ion. Mn4

and the Ca2+ ion both carry two water derived ligands. All remaining ligands are derived from the protein backbone and oxygen bridge network.

Substitution of the Ca2+ ion with Sr2+ has little effect on the structure of the catalyst [10], in line with spectroscopic results [11].
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open coordination site of Mn1 rendering all four Mn ions

six-coordinate [28��,29]. Importantly the proposed acti-

vated structure locates two oxygens 2.4 Å apart along the

Mn1–Mn4 axis, the two likely substrates of the water

splitting reaction, one of which is O5 in line with experi-

mental results described above [7,30].

The question arises as to how this structure evolves from

the resting state of the catalyst captured using X-ray

crystallography. As indicated above the position of O5

is not fixed but toggles between two positions, as an

oxygen bridge between Mn3 and Mn4, as seen in the

X-ray structure (open cubane form), and as a vertex of the

cubane unit (closed cubane form) [9,21] (Figure 2c). O5

does not display this property in all S-states, but instead

evolves towards this dynamic state in the S2 state, as it is

only in this state that O5 movement can be coupled with

valance isomerism within the cluster [9,21]. It is this labile

nature of O5 that provides a possible mechanism via

which the solvent inaccessible Mn1 is then connected

to the Asp61 water channel described in the previous

section (Figure 4). Briefly, the shift of O5 moves the open

coordination site of the cofactor to the solvent accessible

Mn4 [25��,31�]. This site is then filled by the rotation of

the water ligands of Mn4 (W2/W1, S03), with binding of a

new water molecule via the Aps61 channel [25��]. We

note the Ca2+ channel could also provide the new water

molecule. Subsequently, the protonation of the two water

derived oxygens on the Mn1–Mn4 axis interchanges

leading to the final activated catalyst structure (SA3 )
[32�]. Importantly this pathway explains earlier spectro-

scopic results that suggested the net solvation increases in

the S2 to S3 transition [12�,33].

It is likely that the sequential uptake of the substrate waters,

with the delayed repositioning of the second substrate, is

critical for efficient catalytic function yielding a single

product. While the sequence described above provides a
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(a) Proposed access/egress channels to and from the Mn4O5Ca cofactor. (b) Binding location of NH3 which displaces the water ligand (W1) to the

outer manganese (Mn4). Its binding was used to identify the exchangeable oxygen bridge (O5) as ammonia binds near (trans to) the O5 bridge. (c)

Sequence of oxygen ligand movements that allow water binding to occur. Spectroscopic data support the cofactor being able to adopt open and

closed cubane conformation, in support of this mechanism for substrate delivery [9,21].
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plausible access pathway for substrate binding/inclusion,

the critical question is how this process is regulated. Ex-

perimental and theoretical results point to a gating mecha-

nism involving proton shuffling from W1 to the Asp61

[31�,35–37], potentially by a rearrangement of the net

electric dipole of the cofactor induced by YZ oxidation

[38]. This redox tuning event then allows cofactor oxidation

and subsequently substrate binding to the Mn4, which in

the 4+ oxidation state is a better Lewis acid [25��,34]. In this

way connections between the conversion of the catalyst

from its resting to its active form with the two phases of the

catalytic cycle (Figures 3 and 4) can begin to be made. In the

resting-like states (Figure 4, low panel: SA0 , SA1 , SA2 ) the two

putative substrates are kept away from each other and the

cofactor is uncoupled from the protein surrounding, i.e. the
ET-PT phase. In contrast, in the active-like states (Figure 4,

upper panel: SB2 , S03, SA3 ) the two putative substrates are

proximal to each other and the cofactor is coupled to the

protein surrounding, i.e. the PT-ET phase. It is also noted that

the two basic forms of the catalyst have a different electronic

structure as evidenced by their ground spin state [34]. The

resting state forms (SA0 , SA1 , SA2 ) are all low spin whereas the

active forms (SB2 , S03, SA3 ) of the catalyst are high spin. The

significance of this change in the electronic structure,

triggered by the S2 to S3 water binding step, is not yet

understood but is has been suggested as critical for stabili-

zation of the O–O bond forming transition state [28��,34].

The O–O bond formation step
While recent results described above do not yet constrain

the mechanism of water oxidation, they do provide a solid

foundation to address this question. Importantly they

point towards a mechanism involving the two proximal

Mn-bound oxygens, seen in the activated catalyst struc-

ture, which are located along the Mn1 and Mn4 axis. There

are two popular proposals in the literature explaining how

the O–O bond formation could proceed, either by: (i) a

radical coupling of the two oxygen as proposed by Siegbahn

[30] or instead (ii) an acid base type reaction involving

nucleophilic attack [39]. Current experimental data favor a

coupling-type reaction, involving oxidation of one of the

substrate oxygens, in part because no MnV intermediate

has yet been observed [40]. The challenge though is to

devise new experiments to better tease apart the catalytic

phase of the cycle (Figure 3, green area) to conclusively

answer this question; namely to address what is the nature

of the deprotonation step to form the Sn3ðY
�
ZÞ state and what

is the subsequent fate of this state. This however remains

difficult. Obvious routes to capture these intermediates,

such as using high external O2 pressures do not affect

photosynthetic oxygen production [41–43], requiring the

equilibrium constant for the S4 ! S0 transition to be large

(>1.0 � 107) [44]. A more promising approach is to use

structurally perturbed systems in which the catalyst activi-

ty is diminished [45]. These include site directed mutants

(e.g. Asp61, Val185) or replacement of the redox-inactive

ions (the exchange of the Ca2+ ion for Sr2+, the Cl� ion(s)

for Br� etc.) which have been shown to slow the kinetics of

O–O bond formation by a factor of up to 100 fold [46,47��].
This latter approach has allowed water exchange to be

studied during the catalytic phase (Figure 3). Interestingly

substrate exchange is arrested in Sn3ðY
�
ZÞ, favoring a O–O

bond mechanism involving substrates that are tightly

bound immediately prior to O–O bond formation [47��].
This would be consistent with the proposed substrate

identities described above that is O5 and rotated W2

[12�,25��,34].

A molecular description of why these structural modifica-

tions slow the kinetics of O2 production is not immediately

obvious. In these systems the intrinsic O–O bond forma-

tion step could be slower, or these changes could instead

act to retard the advancement of the cofactor through its

cycle (Figure 4), by decoupling cofactor tautomerism from

proton release and second substrate inclusion. Clearly

further spectroscopic characterizations of these perturbed

systems are needed. Of these, new X-ray methods using

free electron laser sources have the potential to provide key

information, supplementing data already available on the

structural and electronic evolution of the native cofactor

during the catalysis phase of the cycle [48]. The goal for the
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future is to determine complete structures of short lived

intermediates of the whole catalytic cycle, as free electron

laser sources allow diffraction patterns to be collected

within femtoseconds of X-ray exposure, providing snap-

shots of the O–O bond formation step even at ambient

temperature [48,49].
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2011, 473:55-60.

7. Siegbahn PEM: Water oxidation mechanism in photosystem II,
including oxidations, proton release pathways, O–O bond
formation and O2 release. Biochim Biophys Acta (BBA) –
Bioenergetics 2013, 1827:1003-1019.

8. Luber S, Rivalta I, Umena Y, Kawakami K, Shen J-R, Kamiya N,
Brudvig GW, Batista VS: S1-state model of the O2-evolving
complex of photosystem II. Biochemistry 2011, 50:6308-6311.

9. Pantazis DA, Ames W, Cox N, Lubitz W, Neese F: Two
interconvertible structures that explain the spectroscopic
properties of the oxygen evolving complex of photosystem II
in the S2 state. Angew Chem Int Ed 2012, 51:9935-9940.

10. Koua FHM, Umena Y, Kawakami K, Shen J-R: Structure of
Sr-substituted photosystem II at 2.1 Å resolution and its
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4. CONCLUSIONS

The identification of possible substrate water binding sites of the cofactor.
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What are the unique chemical properties for identification of oxygen bridges? 
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Figure 13. Water oxidation mechanism. Structures of the manganese cluster during the 

catalytic cycle are presented here. The blue panel corresponds to the high spin configuration, 

whereas the yellow panel describes the low spin, and a schematic description of the electronic 

coupling of the cluster evolving from the low spin to a high spin configuration.
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