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David Britt*,†

†Department of Chemistry, University of California-Davis, One Shields Avenue, Davis, California 
95616, United States

‡Department of Chemistry, University of Michigan, Ann Arbor, Michigan 41809, United States

§Los Alamos National Laboratory, Los Alamos, New Mexico 87545, United States

Abstract

The binding of the substrate analogue methanol to the catalytic Mn4CaO5 cluster of the water-

oxidizing enzyme photosystem II is known to alter the electronic structure properties of the 

oxygen-evolving complex without retarding O2-evolution under steady-state illumination 

conditions. We report the binding mode of 13C-labeled methanol determined using 9.4 GHz (X-

band) hyperfine sublevel-correlation (HYSCORE) and 34 GHz (Q-band) electron spin–echo 

electron nuclear double resonance (ESE-ENDOR) spectroscopies. These results are compared to 

analogous experiments on a mixed-valence Mn(III)Mn(IV) complex (2-OH-3,5-Cl2-

salpn)2Mn(III)Mn-(IV) (salpn = N,N′-bis(3,5-dichlorosalicylidene)-1,3-diamino-2-hydrox-

ypropane) in which methanol ligates to the Mn(III) ion (Larson et al. (1992) J. Am. Chem. Soc., 
114, 6263). In the mixed-valence Mn(III,IV) complex, the hyperfine coupling to the 13C of the 

bound methanol (Aiso = 0.65 MHz, T = 1.25 MHz) is appreciably larger than that observed for 13C 

methanol associated with the Mn4CaO5 cluster poised in the S2 state, where only a weak dipolar 

hyperfine interaction (Aiso = 0.05 MHz, T = 0.27 MHz) is observed. An evaluation of the 13C 

hyperfine interaction using the X-ray structure coordinates of the Mn4CaO5 cluster indicates that 

methanol does not bind as a terminal ligand to any of the manganese ions in the oxygen-evolving 

complex. We favor methanol binding in place of a water ligand to the Ca2+ in the Mn4CaO5 cluster 

or in place of one of the waters that form hydrogen bonds with the oxygen bridges of the cluster.
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Photosystem II (PSII) is a membrane-spanning protein complex residing in the thylakoid 

membrane of oxygenic photosynthetic organisms.2–4 PSII splits water into protons and 

molecular oxygen through a series of light-induced electron transfer events.5 This light-

driven oxidation of water is catalyzed by the oxygen-evolving complex (OEC), a Mn4CaO5 

cluster that cycles through a five-step redox cycle as electrons are successively abstracted 

from the cluster via a transient neutral tyrosine radical Yz
• (D1-Y161) generated by the 

chlorophyll-based photo-oxidant P680
+.5 The intermediate redox states of this cycle are 

denoted as S0–S4 in order of increasing net oxidation state, with S1 being the dark-stable 

state.6 Once the S4 state is achieved, the OEC recycles rapidly to S0, and dioxygen is formed 

and released. The resultant protons are released on the electron donor side of the membrane, 

while the electrons are transferred across the thylakoid membrane to reduce plastoquinone to 

plastoquinol. The Mn4CaO5 cluster itself is comprised of a μ-oxido-bridged cuboidal 

Mn3CaO4 unit containing Mn1–3, with the fourth “dangler” Mn (Mn4) linked to the 

cuboidal subunit via O4 and O5 (atom numbering shown in Figure 1A2). The cluster is also 

bound to the PSII proteins via six carboxylate ligands from the D1 and CP43 subunits of 

PSII, and one histidine, D1-His332.2,7 The individual Mn ions of the cluster experience 

changes in oxidation state with each S state transition. In the well characterized S2 state, the 

oxidation states of the four manganese ions are generally considered to be III, IV, IV, IV.8–11 

Multifrequency electron spin–echo envelope modulation (ESEEM) spectroscopic 

measurements of the magnitude of the nitrogen hyperfine interaction (HFI) from His332, the 

only nitrogenous ligand to Mn in the Mn4CaO5 cluster, show that in the spin S = 1/2 

conformation of the S2 state the sole Mn(III) ion is in the Mn1 position.7

Because the substrate of the OEC is water, analysis of water interactions with the OEC is 

complicated, as true substrate waters must be differentiated from additional ligand and 

matrix waters that are not directly involved in water oxidation. To this end, the interactions 

of the OEC with small molecule analogues to water, such as small amines,10,13–26 

hydrazine,25,26 hydrogen peroxide,27–29 and several primary alcohols19,22,30–40 have been 

used to build a better picture of the substrate binding modes.

Methanol has been shown to affect the EPR spectra of many of the oxidation states of the 

OEC and has been proposed to bind to the cluster by coordinating to one or more of the Mn 

ions.30,32–37 The presence of methanol changes the shape and/or intensity of almost all 

continuous-wave electron paramagnetic resonance (CW EPR) spectroscopic signals of the 
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OEC, including the S0 (spin S = 1/2) multiline33,36,41–47 and S2(S = 1/2) multiline 

signal,11,31–33,48,49 the two parallel-mode signals of the S1 state of higher plants (S = 1)50,51 

and cyanobacteria (S = 2),52 and the split signals that result from coupling of the Yz
• radical 

to the paramagnetic forms of S0, S1, and S3.35 There appear to be differences in the 

concentration dependence of the effects of methanol on these signals that are S-state 

dependent, indicating that the binding affinity of MeOH at the Mn4CaO5 cluster may change 

as a function of the oxidation state of the cluster.34

While the S2 state typically exhibits an EPR multiline (MLS) signal at g = 2 arising from an 

S = 1/2 species, higher spin signals at g ≥ 4.1 arising from a high-spin (S = 5/2)53 

conformation of the Mn4CaO5 cluster are also observed under a variety of sample 

conditions.10,54–57 In the presence of methanol and other primary alcohols, the equilibrium 

between these two forms of S2 is shifted in favor of the S = 1/2, g = 2, MLS signal.31 A 

recent study by Sjöholm et al. showed that methanol-induced changes in the S1Yz
• split 

signal have a different concentration dependence than what is observed for the S2Yz
• signal 

(both induced from samples initially poised in the S2 state). This was interpreted as evidence 

for the existence of two binding sites for methanol at the Mn4CaO5 cluster in the S2 state, 

with one having a higher affinity ([MeOH]1/2 = 0.10% (v/v)) and one with a lower affinity 

([MeOH]1/2 = 0.28 (v/v)), where the [MeOH]1/2 values represent the half-saturation value of 

methanol concentration for these two sites.34 These values are similar to the methanol 

binding affinity for the S2 state ([MeOH]1/2 = 0.32% (v/v)) first estimated by Force and 

coworkers from analysis of concentration dependence of the deuterium ESEEM 

spectroscopy in samples treated with CD3OH (D = 2H).31

Another effect that methanol has on the S2 state of the Mn4CaO5 is to increase the energy 

separation (Δ) between the lowest-energy spin manifold (S = 1/2) of the low-spin form of S2 

and the first, higher-energy manifold (S = 3/2).19,32 This increase in Δ reduces the 

anisotropy of the 55Mn HFI tensors owing to a diminished relative contribution from the 

Mn(III) ZFS. This reduced 55Mn HFI anisotropy leads to an observed narrowing of the S2 

MLS CW EPR signal.32,33 Su and co-workers utilized a simplified spin-coupling model of 

the S2 state in which the relative energies of the spin manifolds of the S = 1/2 ground state 

are proportional to a single effective coupling constant Jeff (with Δ = 3/2Jeff), which 

represents the coupling between the monomeric “dangler” Mn4 (S = 3/2) and the CaMn3 

cluster (in either the S = 1 or 2 state).32 Thus, the increase in Δ upon MeOH addition arises 

from an increase in Jeff. Interestingly, the magnitude of the change in Δ due to methanol 

seems to be much smaller in PSII cores purified from the thermophilic cyanobacterium 

Thermosynechococcus elongatus (T. elongatus) in comparison to PSII from higher plants.32 

This difference may due to Δ being intrinsically higher in the PSII preparations from T. 
elongatus, thus mitigating the effect of methanol binding to the cluster, rather than a 

difference in the binding mode of methanol to the cluster.

Though methanol seems likely to compete with water for binding to the OEC, it is not 

inhibitory to oxygen evolution up to a concentration of 3 M and then only inhibits activity 

by 10% at a concentration of 5 M.31 However, these studies were performed under saturating 

white-light illumination conditions under which PSII turnover is likely limited at the 

acceptor side by the rate of plastiquinone/quinol exchange at the QB binding site.37 Flash-
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induced O2-evolution pattern (FIOP) measurements have shown that the miss parameter, α, 

for Si state advancement has a linear dependence on methanol concentration in the range of 

0–10% (v/v),37 indicating that methanol may bind with a similar affinity as water at one or 

more of the substrate sites. Isotopically labeled small alcohols such as methanol can serve as 

a probe for EPR spectroscopy as magnetic nuclei unique to the substrate analogue can be 

introduced. Previous EPR spectroscopic work probed methanol binding using CD3OH via 

X-band ESEEM spectroscopy and measured deuteron couplings to the S2 state consistent 

with direct ligation of methanol to the OEC, possibly through coordination as a terminal 

ligand to Mn.31,51 The use here of 13C-methanol (nuclear spin I = 1/2) offers an additional, 

potentially more specific probe of the location of the methyl group due to the presence of 

only a single magnetic nucleus that is one bond closer to the paramagnetic system. In this 

study, we employed pulse EPR spectroscopy to measure the hyperfine coupling between 

the 13C of the methyl group of methanol and the S = 1/2 form of the S2 state of the OEC in 

order to evaluate possible methanol binding sites.

Synthetic mixed-valence multinuclear manganese complexes are often invoked as 

spectroscopic and structural models for multinuclear manganese active sites in enzymes such 

as manganese catalase and the OEC of PSII. Previously, methanol and water ligation to the 

dinuclear Mn complex (2-OH-3,5-Cl2-salpn)2Mn(III)Mn(IV),1 (Mn(III,IV)salpn), (salpn = 

N,N′-bis(3,5-dichlorosalicylidene)-1,3-diamino-2-hydroxypropane) (heretofore referred to 

as Mn(III,IV)salpn) was investigated using deuterated and proteated methanol and water.30 

In solutions containing Mn(III,IV)salpn and an electron-donating solvent such as water, 

tetrahydrofuran (THF), or methanol, the solvent binds directly to the Mn(III) ion along the 

Jahn–Teller elongated axis to form Mn(III,IV)salpn + ligand (see Figure 1B) and causes a 

loss of molecular symmetry by rendering one of the two μ-alkoxido bridges monodentate. 

Herein, we have performed pulse EPR experiments on Mn(III,IV)salpn + 13C-methanol in 

order to determine the magnitude of 13C-coupling arising from methanol bound to Mn(III) 

in exchange-coupled systems consisting of antiferromagnetically coupled Mn(III) and 

Mn(IV). This coupling in the synthetic system is likely to approximate the upper bound 

of 13C couplings that one could expect to observe from 13C MeOH bound to the S2 

state.7,10,11,58

MATERIALS AND METHODS

Mn(III,IV)salpn Sample Preparation

Mn(III,IV)salpn + methanol samples were prepared by methods described previously 

using 13C-methanol (99%, Cambridge Isotope Laboratories) or natural-abundance methanol 

(Fisher). The final concentration of Mn(III,IV)salpn in all samples was 2 mM, while the 

concentration of methanol was ≥1 M. After preparation, samples were placed in 3.8 mm 

O.D. precision quartz EPR tubes for X-band EPR experiments, and 2.4 mm O.D. tubes for 

Q-band experiments. Successful complexation by methanol was judged on the basis of the 

appearance of the 12-line CW EPR spectrum that is diagnostic of the solvent-bound 

asymmetric form.1
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PSII Sample Preparation

PSII-enriched membranes from market-fresh spinach were purified according to the method 

of Berthold, Babcock, and Yocum59 modified to remove adventitiously bound Mn(II) using 

5 mM CaCl2 and 1 mM EDTA.60,61 Artificial electron acceptor phenyl-p-benzoquinone 

(PPBQ) was added from a 250 mM stock in DMSO to a final concentration of 1 mM. 13C-

labeled or natural abundance methanol was added to the final resuspension buffer to either 

0.5 or 5% (v/v). Membranes were centrifuged for 20 min at 30000g, and the final pellet was 

loaded into 3.8 mm O.D. precision quartz EPR tubes for X-band EPR experiments, and 2.4 

mm O.D. tubes for Q-band experiments. To observe the S2 multiline signal, samples were 

illuminated for 8 min at 205 K using a liquid nitrogen-cooled gas-flow apparatus and a 

Sylvania ELH 300 W halogen-tungsten lamp (color temperature = 3350 K).

EPR Spectroscopy

X-Band CW EPR—All CW EPR spectra were collected at the specified temperature using 

a Bruker ELEXSYS E500 X-band spectrometer equipped with an Oxford Instruments 

ESR900 cryostat and an ITC-503 temperature controller.

Pulse EPR and ENDOR—All pulse EPR and electron–nuclear double resonance 

(ENDOR) spectroscopic studies were performed at 4.5 K using a Bruker ELEXSYS E580 

pulse EPR spectrometer equipped with an Oxford-CF935 liquid helium cryostat and an 

ITC-503 temperature controller. X-band hyperfine sublevel-correlation (HYSCORE) 

spectroscopy was performed with a Bruker MS-5 resonator using the pulse sequence: π/2-τ-

π/2-T1-π-T2-π/2-echo. Q-band pulse EPR and Mims ENDOR was performed using the 

same E580 EPR spectrometer equipped with a 1 KW ENI amplifier and an R.A. Isaacson-

designed cylindrical TE011 resonator62 adapted from previous use for pulse EPR in an 

Oxford Instruments CF935 cryostat. Q-band electron spin–echo (ESE) detected EPR spectra 

were collected using the sequence π/2-τ-π-echo, and Q-band Mims ENDOR spectra were 

acquired using the pulse sequence π/2-τ-π/2-πRF-π/2-echo. Specific parameters for field 

positions, microwave frequencies, pulse and delay lengths are given in the captions of each 

figure. For PSII pulse EPR experiments, all spectra were acquired at a field position 

corresponding to g = 1.98, near the maximum of the S2 MLS signal, yet not overlapping 

with the EPR spectrum of the persistent tyrosine radical YD
•.

HYSCORE/Mims ENDOR Simulations

All pulsed EPR spectra were fit assuming an effective spin S = 1/2 ground state (see Theory 

section, The Spin Hamiltonian Formalism), and the hyperfine terms were treated using 

second order perturbation theory. The hyperfine tensor parameters were determined using a 

least-squares fitting algorithm of the experimental spectra. The best fits in these cases were 

typically roughly axial in symmetry. In all cases, introducing additional asymmetry resulted 

in much poorer matches to the experimental data. The S2 EPR signal has an approximately 

isotropic g-tensor, and the spectrum is broadened by the 55Mn HFI from the four Mn nuclei 

to approximately 180 mT. As a result of this hyperfine broadening, it is unfeasible to achieve 

significant orientation selection, especially at the center of the spectrum, where these 

experiments were performed. Thus, changing the orientation of the hyperfine tensor 
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orientation relative to the g-tensor produces no significant change in the simulated spectrum 

for the weak coupling of the 13C to the S2 state. Therefore, the simulations were performed 

with all tensors aligned colinearly. Spectral simulations were performed using MATLAB 

7.8.0 (R2009a) software package (The Mathworks Inc., Natick, MA) using the EasySpin 

4.5.5 toolbox.63,64 It should be noted that this simulation suite takes into account and 

reproduces the tau-dependent suppression that modifies the spectral lineshapes observed for 

Mims ENDOR,63,64 in which the intensity of peaks are modulated with the envelope of 

sin2(Aτ/2), where A is the hyperfine coupling for a given nucleus and orientation of the spin 

system.65 Approximate error estimates for simulated hyperfine values were determined by 

visual inspection of spectral fit as the hyperfine was varied from the best fit.

THEORY

The Spin Hamiltonian Formalism

Both species considered in this report—the Mn (III,IV)salpn dimer and the S2 state of the 

OEC—are composed of high-spin Mn(III) and Mn(IV) ions that are exchange-coupled to 

give a net S = 1/2 spin system.5,66,67 The following uncoupled spin Hamiltonian is used to 

show how the intrinsic site-specific magnetic properties of each of the paramagnetic Mn ions 

can be added together to give the magnetic behavior of the total exchange-coupled spin 

system.

(1)

These terms are, in order: the electron and nuclear Zeeman interactions of the electron spin 

of site i and nuclear spin center j with the applied magnetic field B0; the hyperfine 

interaction (HFI) (A) that couples each electron and nuclear spin; the zero-field splitting 

(ZFS) tensor (D); the nuclear quadrupole tensor (P); and the Heisenberg–Dirac–van Vleck 

exchange term (J), a pairwise exchange coupling term (often approximated as being 

isotropic) between different paramagnetic centers in the spin system.

When these exchange interactions are sufficiently strong, all of the electron spin momenta 

can couple to produce a new manifold of possible spin states S. Each of those spin states can 

be described by an effective or molecular spin Hamiltonian such as the one shown below for 

the S = 1/2 spin systems studied here:

(2)

In this representation, geff is the observed g-matrix, and Aeff,j is the observed HFI for every 

nucleus j in the spin system. These measured g-values and hyperfine parameters are related 

to the intrinsic magnetic parameters described in eq 1 by projection factors ρi for each spin 

center in the complex. These projection factors, or Clebsch-Gordan coefficients, relate the 
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uncoupled angular momentum tensors of each spin center to the new total electron spin 

vector and can be calculated following the methodology outlined in Chapter 3 of Bencini 

and Gatteschi.57 The projection factors can be affected by covalency and by the site-specific 

zero-field splitting tensor Di for each coupled ion if the J/D ratio is small.68 Thus, to 

determine precisely what the true projection factor is, one needs to measure the metal HFI of 

the coupled system and compare it to mononuclear standards.10,69

Once the projection factors are known, the measured HFI elements Aeff,j can be interpreted 

in terms of covalency and interspin distance (vide infra). The site-specific hyperfine tensor 

(Aj) can be decomposed into an isotropic component (Aiso) stemming from unpaired 

electron spin in s-orbitals of the atoms containing magnetic nuclei and a dipolar coupling 

tensor (T) due to the through-space interaction between the electron and nuclear spins. The 

total hyperfine interaction is written as

(3)

In the spin-only point-dipole approximation, where g-matrix anisotropy is ignored and the 

center of unpaired electron density and the magnetic nucleus are suitably distant from each 

other (r > 2.5 Å), T is simply:

(4)

The distance between the electron and nuclear spin is represented by r, the angle between 

this vector and the applied magnetic field B⃑0 is defined as θ and the unpaired spin 

population on the specified spin center is given by ρ. Values for T can be computed for the 

nucleus interacting with each spin center using eq 4. This can be converted into a vector of 

the form [−T, −T, +2T] and scaled by the appropriate projection factor. These pairwise 

dipolar interactions must be rotationally transformed into a common axis system before 

being added together to give the cluster-wide dipolar hyperfine coupling term for the 

nucleus.

RESULTS AND DISCUSSION

X-Band and Q-Band ESE-EPR of Methanol-Ligated Mn(III,IV)salpn

The X- and Q-band two-pulse ESE field-swept EPR spectra and pseudomodulated70 spectra 

of Mn-(III,IV)salpn + 13C-methanol are presented in Figure 2. The X-band data match well 

with previously published spectra,1,10,30 with at least 12 resolved peaks68,71–73 that are 

diagnostic of the effective S = 1/2 electron spin coupled to two inequivalent 55Mn (I = 5/2) 

nuclei.

At Q-band, a loss of resolved 55Mn HFI splittings is observed owing to the significant g-

anisotropy present for Mn(III,IV)-salpn which leads to a spreading of the EPR spectrum 
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over a larger field range with increasing the resonant excitation frequency. Interference of 

the overlapping 55Mn hyperfine patterns for each discrete powder pattern and g-strain may 

also contribute to the loss of resolved structure at higher frequency.

X-Band HYSCORE of Mn(III,IV)salpn + 13C Methanol

Field-dependent X-band HYSCORE spectroscopy was performed on the Mn(III,IV)salpn 

adduct with both 13C-labeled (see Figure 3) and natural-abundance methanol (see 

Supporting Information (SI) Figure S2). At each field position for Mn(III,IV)salpn + 13C 

methanol, clear correlation ridges centered at the 13C Larmor frequency are evident in the +

+ quadrant. These correlation ridges are absent in the natural-abundance samples (SI Figure 

S2).

These signals are well simulated by a moderate coupling where Aiso = 0.65 ± 0.05 MHz and 

T = 1.25 ± 0.05 MHz. The degree of curvature of the correlation ridge is diagnostic of a 

rather large anisotropic HFI,74 consistent with the assignment of T > Aiso. The nonzero 

value for Aiso requires that there is some localization of unpaired electron density directly on 

the 13C nucleus (see Theory section, The Spin Hamiltonian Formalism), suggesting that the 

corresponding 13C methanol is directly ligated to a spin-carrying center (i.e., Mn) through 

the oxygen, as is expected from the crystal structure which establishes that methanol adduct 

binds to the Mn(III) ion.1

Q-Band Mims ENDOR of Mn(III,IV)salpn + 13C Methanol

Q-band Mims ENDOR spectra acquired at three different field positions are presented in 

Figure 4. Spectra were acquired using three different tau values (300, 500, and 800 ns) at 

each field in order to ensure that tau-dependent blind-spots did not bias simulations. As 

compared to the HYSCORE method, Mims ENDOR spectroscopy is more sensitive to 

extremely weak nuclear couplings. Because of this increased sensitivity, a new, weaker class 

of 13C-coupled nuclei was detected in addition to that observed in the corresponding 

HYSCORE spectra (Figure 3). The ENDOR spectral features arising from this weak class 

are well-simulated using the parameters Aiso = 0.03 ± 0.02 MHz and T = 0.12 ± 0.04 MHz. 

We attribute these features to distant, nonbonded matrix 13C-methanol. The higher relative 

intensity of the matrix peaks is rationalized by the approximately 500-fold excess of 13C-

methanol in the sample compared to concentration of Mn(III,IV)salpn, meaning that several 

second solvation shell methanol molecules would be expected to interact with each 

Mn(III,IV)salpn. This matrix contribution was similarly seen in the previous ESE-ENDOR 

and ESEEM spectroscopic studies conducted using CD3OH.30 The ENDOR features of the 

more strongly coupled class of 13C nuclei was modeled using the same parameters employed 

in the HYSCORE simulation (Table 1). Our two-component simulation utilizes a 10:1 ratio 

of “matrix” 13C to “bound” 13C, which is consistent with the previous study by Randall et al. 

in which a 30:1 ratio was used to fit the deuterium ESEEM.30 The large anisotropy of the 

more strongly coupled 13C HFI is indicated by the field-dependent changes in the observed 

spectra.
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Mn(III,IV)salpn Dipolar HFI Isosurface Plot

Using the observed dipolar 13C HFI (T) for methanol directly bound to Mn(III,IV)salpn 

(1.25 MHz), the atomic coordinates from the crystal structure Mn(III,IV)salpn + THF, and 

the methodology for computing the distance of a nucleus from the Mn(III) of the Mn(III,IV) 

dimer developed previously,30,75 an isosurface plot was constructed representing a three-

dimensional map of the possible locations of the 13C nucleus with reference to the crystal 

structure coordinates. In the strong-exchange limit where J/D ≫ 1, the spin projection 

factors for high-spin Mn(III) and Mn(IV) are +2 and −1, respectively.68 In the case of 

Mn(III,IV)salpn, the single alkoxido bridge between the Mn(III) and Mn(IV) ions produces 

a fairly small J, estimated to be 10 cm−1.1 For high-spin Mn(III), the magnitude of D is 

typically between 1 to 5 cm−1; thus the strong exchange limit is not explicitly met.76 

Because of this, the effective 55Mn HFI should be divided by the range of intrinsic 55Mn 

hyperfine values in the literature for mononuclear Mn(III) and Mn(IV) compounds to come 

up with an estimate for the range of spin projection factors for each Mn ion within 

Mn(III,IV)salpn.10 Previous 55Mn ENDOR spectroscopic studies of Mn(III,IV)-salpn + THF 

estimated Aiso as −337 and 197 MHz for the Mn(III) and Mn(IV) ions, respectively.10 

Dividing these values by the range of intrinsic 55Mn HFI values for mononuclear standards, 

the range of isotropic projection values for these ions is −1.5 to −2 for the Mn(III) ion, and 

0.78 to 1.05 for the Mn(IV) ion.

In addition to constructing a surface based on the observed 13C HFI, realistic distributions of 

the position of the 13C-methanol must be considered based on known Mn–O—C bond 

angles. To this end, a search of the Cambridge Crystallographic Data Centre (CCDC) 

database for reported crystal structures with methanol directly ligated to manganese yielded 

the upper77 and lower78 bounds (3.529 and 3.120 Å, respectively) for observed Mn····C 

distances in the literature and an average value of (3.299 Å). In this model of the methanol-

bound Mn(III,IV)salpn, the position of the oxygen atom of methanol was assumed to be 

identical to that determined for the oxygen atom of THF by X-ray crystallographic analysis. 

Using this method, the likely position of the carbon of methanol was determined and is 

represented by the gray rings in Figure 5. Inspection of the isosurface plot for T = 1.25 MHz 

shows overlap of the likely position of the methanol carbon determined using geometry 

considerations constrained by entries in the CCDC and its position determined using the 

dipolar HFI. Considering the increased steric bulk of THF compared to methanol, perhaps 

methanol can bind somewhat closer to the Mn(III) than what is shown in our model. Indeed, 

shortening the Mn–O bond length by 0.1 Å produces an even better match of these radial 

distributions with the observed 13C dipolar HFI isosurfaces. Using this validated 

spectrostructural approach, the binding site of methanol in PSII will now be examined.

X-Band HYSCORE of the S2 State of the OEC + 13C-Methanol

X-band HYSCORE spectra of the S2 state of PSII in the presence of 5% (v/v) (1.24 M) 13C 

methanol, 0.5% (v/v) (124 mM) 13C methanol, and natural-abundance methanol are 

presented in Figure 6.

In contrast to Mn(III,IV)salpn, X-band HYSCORE spectra of PSII in the S2 state in the 

presence of both 5% and 0.5% 13C-methanol show a weak 13C coupling that is not 
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adequately resolved by X-band HYSCORE spectroscopy for quantitative determination of 

the magnitude of the coupling. The increased relative intensity of the 13C signal in the 

presence of 5% 13C methanol is likely due to the interaction between matrix methanol with 

paramagnetic contaminants, such as adventitiously bound Mn(II) and Cu(II). This signal is 

completely absent in the PSII sample treated with 5% (v/v) natural abundance methanol. The 

other signals that are evident in all HYSCORE spectra arise from the strongly coupled 14N 

nucleus in histidine 332, a ligand to Mn1. These 14N signals are well simulated using 

parameters from a multifrequency ESEEM study by Stich et al.: Aiso = 6.95 MHz; Aaniso = 

[0.2, 1.3, −1.5] MHz; e2Qq/h = 1.98 MHz; η = 0.82.7 For full HYSCORE spectra and 

simulations of 13C and 14N signals, see SI, Figure S4.

Q-Band Mims ENDOR of the S2 State of the OEC + 5% and 0.5% 13C-Methanol

In order to attain a quantitative measurement of the weak 13C couplings arising from the 

interaction of methanol with the OEC, the more sensitive Mims ENDOR method at Q-band 

was utilized. Dark-subtracted Mims ENDOR spectra of S2 in the presence of 5% (v/v) (1.24 

M) and 0.5% (v/v) (124 mM) are shown in Figure 7.

As was observed in the X-band HYSCORE spectrum, the spectra acquired of samples with 

5% (v/v) 13C methanol display considerable signal in the dark-adapted Mims ENDOR 

spectra (see SI Figure S5), likely due to the interaction between matrix methanol with 

paramagnetic contaminants, such as adventitiously bound Mn(II) and Cu(II). Subtractions 

were performed by scaling the respective dark-adapted and illuminated ENDOR spectra by 

the number of scans acquired and the echo intensity of the ESE-EPR spectrum obtained 

using the same microwave pulse sequence as was used to acquire the ENDOR spectrum. For 

the 0.5% (v/v) sample, there was essentially no signal observed in the dark-adapted spectra, 

but the illuminated spectra show the same weak 13C coupling that is evident at 10 times that 

concentration. These ENDOR spectra were simulated using a least-squares optimization 

routine and yielded a best fit of Aiso = 0.05 MHz ± 0.02 MHz and T = 0.27 ± 0.05 MHz. It 

should be noted that there appears to be only a single class of 13C coupling resolved at both 

concentrations. This is notable given the findings of Sjöholm et al. that there are two binding 

sites for methanol to the S2 state ([MeOH]1/2 = 0.10%, 0.28%, respectively),34 both of 

which should be saturated at the 13C MeOH concentrations used for this study. It is possible 

that the two binding sites are both represented in these data but result in very similar 

small 13C couplings that we are unable to differentiate in the 13C ENDOR spectra. 

Interestingly, in a similar excess of 13C methanol to that in the Mn(III,IV)salpn samples, 

there is no evidence for significant amounts of “matrix” methanol as is observed for the 

model complex. This is in agreement with previous ESEEM spectroscopic studies using 

CD3OH31 and indicates that there is limited access for methanol to the second coordination 

sphere of the Mn4CaO5 cluster.

The 13C couplings observed for methanol-treated Mn-(III,IV)salpn and the methanol-treated 

OEC poised in the S2 state are presented in Table 1. The nearly negligible isotropic 13C HFI 

for methanol bound to the OEC—in contrast to Aiso = 0.65 MHz observed for methanol 

bound to Mn(III,IV)salpn—indicates that it is not binding along the Jahn–Teller axis of the 

lone Mn(III) of the S2 state. Further, the small dipolar coupling (T) observed for the OEC-
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bound methanol suggests that the corresponding methyl group is not part of a ligand to a 

spin-bearing manganese center. From this, we conclude that methanol is not binding as a 

terminal ligand to any of the manganese ions in the OEC in the S2 state.

An alternative mode for binding that could result in the very small observed 13C HFI is the 

displacement of one of the μ-oxido bridges between two of the antiferromagnetically 

coupled Mn(IV) ions in the OEC. This positioning could conceivably give rise to a net 

projection factor of approximately zero and lead to a HFI value of nearly zero. The two most 

likely sites for μ-oxido binding of methanol to the OEC that could result in this net near-zero 

projection factor condition are the bridges between Mn4 and Mn3 (O4 and O5, Figure 1A) 

which effectively join the dangler Mn to the cuboidal Mn3O4Ca subunit. O5 is particularly 

interesting to consider, as it has been identified through 17O EDNMR (electron–electron 

double resonance-detected nuclear magnetic resonance) spectroscopy to be capable of 

relatively rapid exchange (less than 15 s) with bulk water.80 O5 has increasingly been 

invoked as being involved in O–O bond formation,81 and as such competition with methanol 

could produce the observed increase in the miss factor for S-state turnover. However, 

displacement of O5 by methanol would place the methyl group within 2.5 Å of Mn1—the 

lone Mn(III)—which would dominate the effective spin projection factor at the 13C nucleus. 

The estimated dipolar HFI for this orientation is ~1.6–2.3 MHz, which is much larger than 

what is observed by HYSCORE and ENDOR spectroscopy. Replacement of O4 by methanol 

would position the methyl group distal to the rest of the spin-carrying Mn ions in the OEC, 

presumably resulting in a very small effective 13C HFI. However, in this scenario, the 

deuteron HFI of CD3OH would be equally diminished, which does not match previously 

reported values determined from ESEEM spectroscopic studies.31,47 One would also expect 

that replacing a μ-oxido bridge with a less electron-donating methoxy group would decrease 

the antiferromagnetic coupling between the adjacent spin centers, as has been observed for 

model complexes with successively protonated oxido-bridges or added μ-acetato bridges 

between manganese ions.82,83 This is opposite of the observed effect of methanol on the 

separation of the ground state and first excited state of the S2 state.32 For these reasons, we 

now consider a model in which methanol instead displaces one or more of the two ligand 

waters of the Ca2+ ion of OEC (W3 and W4, Figure 1A).

PSII S2 State Dipolar HFI Isosurface Plot Analysis

To further evaluate the potential for displacement by methanol for either of the two Ca-

bound waters identified in the 1.9 Å crystal structure,2 we again use the isosurface plots 

described above, this time generated using projection factors relevant for the low-spin S2 

state of the OEC. The equations for using the observed dipolar HFI to calculate the position 

of the 13C nucleus must be extended to all four spin-carrying Mn centers,31,75 using 

isotropic projection factors estimated from the 55Mn isotropic HFI values for the S2 state of 

the OEC reported previously11 (see Table 2) and ranges of intrinsic 55Mn HFI values 

reported in the literature for Mn(III) and Mn(IV).76 Though the entire range of estimated 

projection factors is presented in Table 2, it must be noted that the upper limits of these 

values predict ligand HFI that are much more plausible and consistent with recent 

experimental findings. In particular, the measured coupling of the δ-nitrogen of D1-H332, 

when scaled by the projection factor value of 1.81, is consistent with the intrinsic histidine 

Oyala et al. Page 11

Biochemistry. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nitrogen–Mn(III) HFI determined in an earlier study of the dimanganese catalase.7,84,85 

Nonetheless, presented in Figure 8 are the isosurface plots of the potential location of 

the 13C nucleus of methanol using both the upper and lower bounds of the estimated 

isotropic projection factors for each Mn ion in the OEC poised in the S2 state.

The radial distributions (light gray rings, Figure 8) of likely positions of the methyl carbon 

of metal-bound methanol are centered about the oxygen atoms for each of the 

crystallographically identified ligand waters to the Mn4CaO5 cluster. For this model, the 

Mn–O bond lengths for the terminal water ligands to Mn4 (W1 and W2) have been adjusted 

to 2.0 Å (from 2.22 and 2.08 Å, respectively), as this is the typical Mn–O bond length for 

H2O ligands to Mn(IV) observed in model compounds.86–88 For methanol bound to Mn4, 

the same upper and lower bounds of bond angles and distances were used as was done in the 

analysis of Mn(III,IV)salpn. In the case of Ca-bound methanol, another search of the CCDC 

database for reported crystal structures with methanol directly ligated to Ca yielded upper89 

and lower bounds90 (3.67 and 3.29 Å, respectively) and an average value (3.45 Å) for 

observed Ca····C distances.

In the interest of clarifying the potential overlap of the 13C HFI isosurfaces with these radial 

distributions, the W1–Mn4–W2 and W3–Ca–W4 plane slices of the model presented in 

Figure 8 are shown in Figure 9.

In a manner consistent with the simple analysis of the magnitude of the 13C coupling 

presented above, these plots confirm our previous conclusion that the Mn-bound waters (W1 

and W2) are poor candidates for displacement by methanol, as the Mn····C distances that 

would result fall at least 0.5 Å short of the distances predicted from the dipolar 13C HFI. 

Using this spectrostructural method, we conclude that methanol could be displacing the Ca-

ligand W3, since for this site the observed 13C dipolar hyperfine isosurface plot matches the 

geometrically constrained locations for the methyl group. This is the only OEC-bound water 

site identified in the Shen crystal structure that matches the experimentally determined 13C 

HFI coupling. Supporting this view, ab initio calculations have suggested that the binding 

affinity of water to calcium is very similar to that of methanol to calcium, so facile 

substitution would be expected.91,92 Models of the methanol-bound OEC with methanol 

binding in place of W3 also predict positions of the methyl deuterons which match 

reasonably well with the previous ESEEM spectroscopic results obtained using CD3OH by 

Force et al. (see SI Figure S9).31 Computational analysis performed by Ho and co-workers 

evaluating potential access channels for MeOH to the Mn4CaO5 cluster using the crystal 

structure published by Loll and co-workers,4 as well as that of Ferreira et al.,3 also indicate 

that the waters bound to the Ca2+ should be accessible to displacement by MeOH.38 Binding 

of methanol at calcium is also potentially supported by the observation by Lohmiller et al. 

that removal of Ca2+ in PSII from spinach results in a loss of sensitivity of the modified S2 

multiline signal to the presence of methanol even though the overall structure of the 

remaining OEC is relatively unchanged.39 However, it should be noted that the removal of 

Ca2+ also results in a change in 55Mn couplings that is consistent with an increase in Δ 

similar to the effect of methanol, which may have prevented observation of changes in 

the 55Mn ENDOR spectra due to treatment with methanol.39
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Though the most recent crystal 1.9 Å crystal structure by Shen et al. is believed to have 

considerably less damage to the OEC structure due to X-ray reduction, there still appear to 

be some structural differences, particularly when the Mn····Mn distances in this structure are 

compared to those measured by X-ray absorption fine structure (EXAFS) spectroscopy.93,94 

However, the broken-symmetry density functional theory (BS-DFT)-computed geometry of 

the OEC gives structural parameters that are consistent with the EXAFS results. Using these 

atomic coordinates and the calculated on-site expectation values for each Mn ion, we have 

constructed an analogous isosurface plot for putative methanol binding. These isosurface 

plots (SI Figures S7 and S8) are very similar to those generated using the Shen crystal 

structure coordinates and 55Mn ENDOR derived projection factors (Figures 8 and 9) and 

also show exclusive overlap of the observed 13C dipolar hyperfine isosurface plot with the 

methyl carbon position of methanol modeled at the W3 position.

According to the plots presented in Figure 8, methanol bound to calcium in place of W3 

would be oriented such that the methyl group is rotated toward Mn4. This orientation is 

permitted by space-filling models based on the crystal structure coordinates which indicate 

no significant steric interactions with nearby amino acid residues. Interestingly, W3 is 

potentially involved in a hydrogen bonding network identified by Shen et al.2 between the 

OEC and the redox active tyrosine Yz, which mediates electron transfer between the OEC 

and P680
+. A single water (WYz) is positioned between Yz and W3, and likely forms 

hydrogen bonds to both. Methanol binding in place of W3 could still form a hydrogen bond 

with WYz, provided that the methyl group is oriented away from this water in a manner 

consistent with the isosurface plot in Figure 8. A structural model of this hydrogen bonding 

network identified in the 1.9 Å crystal structure linking the four water ligands of the OEC to 

Yz that involves three matrix waters is shown in Figure 10 below. In this model, W3 has 

been substituted with methanol in a position consistent with the measured 13C dipolar HFI.

The possibility that methanol does not interact directly with the Mn4CaO5 cluster and is 

simply present in close proximity must be considered as well. In order to evaluate this 

scenario, the same isosurface plot from Figure 8 is compared to the nuclear coordinates of 

matrix waters evident in the 1.9 Å crystal structure–indeed we identify five matrix waters, 

denoted W5–W9, within 5 Å of the Mn4CaO5 cluster that methanol could displace and 

doing so give rise to the observed 13C HFI (these waters correspond to waters 51731, 51739, 

51743, 51779, and 52202 in the 1.9 Å crystal structure).2 The surface of a sphere extending 

1.4 Å from the oxygen atom of each of these matrix waters shows the possible positions of a 

methyl carbon of a water displacing-methanol (Figure 11). Each sphere has some 

intersection with the 13C dipolar HFI isosurface plot.

Although any of these matrix waters are plausible candidates for methanol displacement, 

because of the effects that the presence of methanol has on the EPR signals of nearly all 

observed S states, and based on the linear response to the miss rate of Si state turnover to 

methanol concentration, it is more likely that there is some direct interaction of methanol 

with the Mn4CaO5 cluster. Of these waters, only water 6 and 7 are likely to form hydrogen 

bonds directly to the cluster through μ-oxido bridges O4 and O1, respectively. These two 

waters are highlighted in Figure 12 below.
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Displacement of W6 by methanol could conceivably alter the hydrogen bond to O4 and 

slightly perturb the exchange pathway between Mn4 and the Mn3O4Ca cubane portion of the 

OEC. Methanol has been shown to form stronger hydrogen-bonds than water,95,96 so it 

would be expected that there would be less effective protonation of the bridging oxygen. 

This could potentially lead to a small increase in the effective antiferromagnetic coupling 

between these two subunits of the Mn4CaO5 cluster, similar to the effect of deprotonation of 

μ-oxido bridges in exchange-coupled mixed-valence Mn compounds that greatly increases 

the exchange coupling between respective spin centers.82 This may explain the observed 

increase in Δ for the S2 state in the presence of MeOH, a detail discussed in more detail 

below. W7 also appears likely to participate in hydrogen bonding to the Mn4CaO5 cluster, in 

this case through the μ-oxido bridge O1. The effect of displacement of this water by 

methanol on the magnetic properties of the OEC is less straightforward to envision, though it 

could conceivably affect the exchange coupling between Mn1 and Mn2 in a manner 

analogous to that discussed for displacement of W6 by MeOH.

These two second coordination sphere waters are each part of two water access channels that 

lead to the OEC identified by computational analysis of X-ray crystal structures performed 

by Ho and co-workers.38,97 Specifically, W6 appears to be near a branch point between two 

channels termed “narrow” and “broad” which would be accessible by methanol according to 

the study by Ho et al., whereas W7 appears to reside within the “back” channel which 

provides access to the Ca2+ ion, but does not contact the Mn ions of the Mn4CaO5 cluster.38 

Binding of methanol in place of either of these two waters could conceivably disrupt 

delivery of substrate waters to the cluster due to steric blocking of the water channel, 

regardless of the mechanism of water splitting. This blocking of the substrate access may 

explain the increase of the miss factor in the presence of methanol.

Electronic Structure Effects of Methanol Addition on the S2 State

As was mentioned in the introduction, MeOH treatment has two primary effects on the 

magnetic properties of the S2 state of the Mn4CaO5 cluster.

(1) The presence of MeOH (or other small, primary alcohols) shifts the equilibrium between 

the low-spin (S = 1/2) and high-spin (S = 5/2) conformations of S2 strongly to the low-spin 

conformation. This equilibrium is also affected by the inclusion of a number of other 

chemical additives to the sample buffer, some favoring the low-spin conformation (50% 

glycerol, 30% polyethylene glycol) with others favoring the high-spin conformation 

(sucrose,49,98 certain amines,99 F−,100 and other inhibitors of Cl− binding101–103). These two 

signals represent distinct ground states, as opposed to sublevels of the same electron spin 

manifold, and they can be interconverted by near-infrared illumination at cryogenic 

temperatures. Notably, the addition of methanol prevents this conversion by near-IR light. 

Recently, DFT calculations have predicted that these two interconvertable states arise from 

two nearly isoenergetic structural isomers of the Mn4CaO5 cluster which differ by the 

connectivity of the O5 μ-oxido bridge.12 In this model, the low-spin (S = 1/2) MLS signal is 

produced by an “open cubane” form of the cluster, in which O5 is directly bound to Mn4, 

and not to Mn1, while the high-spin (S = 5/2) signal is produced by a “closed cubane” form 

in which O5 is bound to Mn1 and not Mn4.12 The calculated difference in energy between 
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these structures was only 1 kcal, which is likely the cause for the high degree of sensitivity 

of the equilibrium between the two forms to such a large number of seemingly disparate 

chemical additives. While the effect of methanol on this equilibrium has previously been 

attributed to some direct interaction with Mn ions of the OEC in the S2 state, the findings of 

the present study appear to rule this out. Instead, it seems likely that small primary alcohols 

disrupt the hydrogen bonding network formed by the solvation shell about the OEC, leading 

to stabilization of the low-spin, open cubane form of the S2 state.

(2) The presence of methanol also increases Δ, the energy separation between the lowest-

energy spin manifold (S = 1/2) of the low-spin form of S2 and the first, higher-energy 

manifold (S = 3/2).19,32 As mentioned in the introduction, this increase in Δ reduces the 

anisotropy of the 55Mn HFI tensors owing to a diminished relative contribution from the 

Mn(III) ZFS (we assume the magnitude of this ZFS is unaffected by MeOH addition).32,69 

Su and co-workers utilized a simplified spin-coupling model of the S2 state in which the 

relative energies of the spin manifolds of the S = 1/2 ground state are proportional to a single 

effective coupling constant Jeff (with Δ = 3/2Jeff), which represents the coupling between the 

monomeric “dangler” Mn4 (S = 3/2) and the CaMn3 cluster (in either the S = 1 or 2 state).32 

Thus, the increase in Δ upon MeOH addition signals an increase in Jeff. Previously, this 

change in Δ was suggested to result from direct interaction/ligation of MeOH with at least 

one of the Mn ions of the OEC,31–33,35,36 with the alcohol displacing one of the terminal 

waters on Mn4 or displacing the carboxyl group of Glu189 bound to Mn1 being 

favored.31,32,47 These same two putative methanol-binding sites have also been proposed by 

Sjöholm et al, who suggest that Mn4 and Mn1 represent the high and low affinity binding 

sites for MeOH, respectively.34 The findings of the present study disfavor both of these 

scenarios. Instead, we propose that that the effect of methanol on Δ stems from disruption of 

the hydrogen bonding network about the OEC due to its binding in place of W3 at the Ca2+ 

ion, or perturbation of the exchange pathways within the cluster due to displacement of 

waters which form hydrogen bonds to the μ-oxido bridges in the OEC. For the latter case, 

displacement of W6 by methanol is expected to affect the H-bonding to O4. 13C-labeled 

methanol bound at either of these two sites could produce a 13C dipolar HFI consistent with 

our present measurements.

While it is tempting to draw conclusions as to the identity of the substrate waters for O–O 

bond formation based on the revised evaluation of the potential binding sites for MeOH 

presented in the current study, in the context of the observed increase in the Si-turnover miss 

rate α, there are several factors that prevent a definitive identification as of yet. First, the S2 

state is still two photo-oxidation events removed from the formation of the O–O bond and 

elimination of O2, and the site-specific exchange rate between water and methanol is likely 

fast in comparison to the delay between flashes (0.5 s) that was used for the FIOPs 

measurements from which the MeOH dependence on the miss factor was determined. It is 

also uncertain whether the binding site of methanol is the same at each S-state, and the 

FIOPs method does not give any S-state specific information about inhibition of O2 

evolution. Even if MeOH binds in place of W3 at all S-states, it may be that the cause of the 

increase in the miss factor is simply the introduction of the methyl group between Yz and the 

OEC, hindering oxidation of the Mn4CaO5 cluster by Yz
•, rather than acting specifically 

through competitive substrate inhibition. Because of these factors, no definitive statement 
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can be made regarding the involvement of W3 in O–O bond formation from the current 

study, though it appears likely to be displaced by MeOH in the S2 state. Further studies are 

required to evaluate the possibility of multiple binding sites for MeOH to the OEC in the S2 

state, as well as evaluation of the MeOH binding sites at more advanced S-states.

CONCLUSIONS

In conclusion, the multifrequency EPR and ENDOR spectroscopic analysis of methanol 

binding to Mn(III,IV)salpn and to PSII poised in the S2 state presented here argue strongly 

that methanol does not bind directly to any Mn ion in the S2 state of the Mn4CaO5 cluster in 

PSII. Instead, structural models of potential binding sites for methanol constrained by the 

observed 13C dipolar HFI indicate that methanol likely binds in place of W3, a water ligand 

on Ca2+, or in place of one of two waters identified in the 1.9 Å crystal structure that are 

likely to form hydrogen bonds to the Mn4CaO5 cluster through μ-oxido bridges O4 and O1, 

respectively. It is also possible that methanol binds at more than one of these sites, as all 

three could result in very similar effective 13C dipolar HFI.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) A structure of the OEC and selected ligands from the 1.9 Å crystal structure (PDB 

3ARC).2 The dotted line indicates a possibly labile bond between O5 and Mn1.12 Oxygen 

atoms of ligand waters W(1–4) are shown in orange. (B) A structure of (2-OH-3,5-Cl2-

salpn)2Mn(III)Mn(IV) + solvent. Oxidation states of Mn ions in the salpn complex are Mn1 

= Mn(III), Mn2 = Mn(IV). The oxygen atom of the solvent ligand is shown in orange. The 

atomic coordinates used are from the crystal structure of Mn(III,IV)salpn + tetrahydrofuran 

(THF).1
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Figure 2. 
X-band (left) and Q-band (right) ESE-detected EPR spectra of Mn(III,IV)salpn + 13C 

methanol. Bottom panels represent the pseudomodulated (2 mT) spectrum of each respective 

ESE-EPR spectrum. Acquisition parameters: X-band: temperature = 4.5 K; νMW = 9.742 

GHz; π/2MW = 100 ns; tau = 400 ns; srt = 6 μs. Q-band: temperature = 4.5 K; νMW = 

34.079 GHz; π/2MW = 120 ns; tau = 500 ns; shot repetition time (srt) = 6 ms. Asterisks 

indicate field positions at which X-band HYSCORE (see Figure 3) and Q-band Mims 

ENDOR (see Figure 4) were acquired.
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Figure 3. 
X-band HYSCORE of Mn(III,IV)salpn + 13C methanol at four different field positions. 

Black contours represent the 2D Fourier transform of the experimental data, red contours 

represent the spectral simulation of signals from 13C using the parameters in Table 1. 

Acquisition parameters: temperature = 4.5 K; νMW = 9.742 GHz; π/2MW = πMW = 16 ns; 

tau = 148 ns (314 mT) 128 ns (363 and 392 mT) and 120 ns (410 mT); T1 = T2 = 100 ns; 

ΔT1 = ΔT2 = 20 ns; srt = 6ms.
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Figure 4. 
Q-band 13C Mims ENDOR spectra of Mn(III,IV)salpn + 13C methanol: Traces in black 

represent spectra collected at three tau values—800, 500, and 300 ns—from top to bottom, 

respectively. Colored traces represent two component simulations at each tau and field 

position: weakly coupled “matrix” 13C in blue, strongly coupled 13C in green, and the 

combined simulation in red. Experimental data have been smoothed using a three-point 

Savitsky–Golay filter. Weighting of the two simulation components are 1:10 strongly/weakly 

coupled 13C species. Acquisition parameters: temperature = 4.5 K; νMW = 34.038 GHz; π/

2MW = 12 ns; πRF = 20 μs; srt = 6 ms. Simulation parameters are the same as those used in 

Figure 3, and they are listed in Table 1.
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Figure 5. 
13C Dipolar isosurface plot representing possible position of the methyl 13C nucleus 

magnetically coupled to Mn(III,IV)salpn + methanol. Inner and outer dark gray surfaces 

were calculated using the upper and lower limits of isotropic spin projections calculated 

using previously published 55Mn Aiso values for Mn(III,IV)salpn + THF, the range of 

intrinsic 55Mn HFI reported for mononuclear Mn(III) and Mn(IV) compounds (see Table 2) 

and measured 13C dipolar HFI (see Table 1). Light gray rings are radial distributions of 

probable locations of the methyl carbon of methanol bound to the Mn(III) calculated using 

bond angles and distances from published crystal structures of synthetic molecules with 
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methanol bound directly to manganese with the longest,77 average, and shortest78 metal–

carbon distances from Mn.

Oyala et al. Page 27

Biochemistry. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
X-band HYSCORE spectra of the S2 state of PSII. Top panels from left to right: PSII + 5% 

(v/v) natural abundance methanol, 5% (v/v) 13C methanol and 0.5% (v/v) 13C methanol, 

respectively. Bottom panels represent the spectral simulations of signals from the 13C 

nucleus of methanol (see Table 1) and the 14N nucleus of His332. Acquisition parameters: 

Temperature = 4.5 K; νMW = 9.489 GHz (13C), νMW = 9.472 GHz (nat. abund.); B0 = 348 

mT (g = 1.98); π/2MW = πMW = 24 ns; tau = 136 ns; T1 = T2 = 100 ns; ΔT1 = ΔT2 = 20 ns; 

srt =5 ms.
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Figure 7. 
Light-minus-dark Q-band 13C Mims ENDOR spectra of the S2 state of PSII + 5% (v/v) (left) 

and 0.5% (v/v) (right) 13C methanol. Traces in black represent spectra collected at three 

different tau values—800, 500, and 300 ns—from top to bottom, respectively. Red traces 

represent spectral simulations at each tau using parameters in Table 1. Experimental data 

have been smoothed with a 10-point Savitsky–Golay filter. Acquisition parameters: 

temperature = 4.5 K; νMW = 34.004 GHz; B0 = 1227 mT (g = 1.98); π/2MW = 12 ns; πRF = 

20 μs; srt = 5 ms.
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Figure 8. 
Dipolar isosurface plot representing the possible position of the methyl 13C nucleus 

magnetically coupled to the S2 state of the OEC. Inner and outer dark gray surfaces were 

calculated using the upper and lower limits of previously published isotropic Mn projection 

factors (see Table 2) and measured 13C dipolar HFI (see Table 1). Light gray rings are radial 

distributions of probable locations of the methyl carbon of methanol bound in place of each 

of the four ligand waters identified in the most recent high resolution crystal structure using 

bond angles and distances from published crystal structures of synthetic molecules with 

methanol bound directly to Ca or Mn with the longest, average, and shortest metal–carbon 

distances for Ca and Mn, respectively.

Oyala et al. Page 30

Biochemistry. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Plane slices of dipolar isosurface plots from Figure 8 showing the possible position of the 

methyl 13C nucleus magnetically coupled to the S2 state of the OEC. Inner and outer gray 

contours were calculated using the upper and lower limits of previously published isotropic 

Mn projection factors (see Table 2) and measured 13C dipolar HFI (see Table 1). Black rings 

denote distance from the Mn4 and Ca in angstroms. Light gray rings are radial distributions 

of probable locations of the methyl carbon of methanol bound in place of each of the four 

ligand waters identified in the most recent high resolution crystal structure using bond 

angles and distances from published crystal structures of synthetic molecules with methanol 

bound directly to Ca or Mn with the longest, average, and shortest metal–carbon distances 

for Ca and Mn, respectively.
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Figure 10. 
Model of hydrogen bonding network around the OEC and Yz with methanol superimposed 

in place of W3.
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Figure 11. 
13C Dipolar HFI isosurface plot representing possible position of the methyl 13C nucleus 

magnetically coupled to the S2 state of the OEC. Inner and outer dark gray surfaces were 

calculated using the upper and lower limits of previously published Mn projection factors 

and the observed 13C dipolar HFI (see Table 1). Light gray spheres represent isosurfaces 1.4 

Å about the oxygen atoms of matrix waters within 5 Å of the OEC evident in the 1.9 Å 

crystal structure.
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Figure 12. 
Matrix waters, W6 and W7, that are likely to participate in hydrogen bonds directly with the 

Mn4CaO5 cluster.
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Table 1

13C MeOH Magnetic Coupling Parametersa

species Aiso (MHz) T (MHz)

PSII – S2 0.05 ± 0.02 0.27 ± 0.05

Mn(III,IV)salpn bound MeOH 0.65 ± 0.05 1.25 ± 0.05

Mn(III,IV)salpn matrix MeOH 0.03 ± 0.02 0.12 ± 0.04

a
HFI tensors assumed to be collinear with g-tensors.
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