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Theoretical Study on the Mechanism of Photosynthetic Oxygen Evolution by
ABEEM/MM/MD and BS-DFT
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(School of Chemistry and Chemical Engineering, Liaoning Normal University, Dalian 116029)

Abstract Charge parameters of atom-bond electronegativity equalization method (ABEEMon) for the oxygen-evolving
complex (OEC) in the S, state were established, which were applied to molecular dynamic (MD) simulation based on
ABEEM/MM polarizable force field in order to study the mechanism of photosynthetic oxygen evolution, in combination
with broken-symmetry density functional theory (BS-DFT). Charge fitting results at HF/STO-3G level (the reason why the
basis set is adopted is shown in the cited literatures) show good linear correlation, proving the rationality and efficiency of the
ABEEMorn model in calculating charge distributions. It can be seen from MD simulations that bidirectional isomerizations of
the Mn,CaOjs cluster accompany by the transfer of Ca-bound water molecule W3 to pentacoordinate Mn1(IIT)/Mn4(III). For
the g=2 to g=4.1 form, W3 leaves for Mn4(I1I), while W3 moves to Mn1(III) for the inverse course. Both processes involve
motions to the original positions of W4 to W3, W588 to W4, and local rearrangements of the water environment, which may
indicate the importance of hydrogen bond network to biocatalysis. The observation of W3 coordination to the vacant site of
Mn(III) as the sixth ligand proximal to O5 may imply W3 could be the fast-exchanging substrate water (Wy) in the S, state,
which makes O, with O5 in the S, state. Based on the inference, we investigate O—O bond formation in all the possible spin
states for the two isomeric structures under the framework of oxo-oxyl radical coupling mechanism. It is demonstrated from
BS-DFT calculations that O, formation activity is significantly advantageous for the open-cubane structure than the
closed-cubane form, i.e. the differences of barriers and driving forces are beyond 20 kcal/mol and 25 kcal/mol, respectively.
For the open-cubane structure, the antiferromagnetic coupling of Mn1(IV)—O" stabilizes the reactants, and the spin-parallel
feature between O’ radical and Mn4(IV) lowers the barriers, and ferromagnetic coupling of Mn1-Mn3 ensures the release of
triplet O,. For the closed-cubane structure, the antiferromagnetic coupled Mn4(IV)—O" changes to more stabilized
Mn4(IIT)-oxo0, losing the radical character of the ligand oxygen, which greatly increases the barriers. The ferromagnetic cou-
pled Mn4(IV)—O" does not belong to the relatively stable electronic configuration of reactants, and cannot be formed by spin
frustration from the stable spin states, for their large energy differences above 20 kcal/mol. Thus it cannot be accepted as the
accesses of effective reaction channels. Our work expounds the exclusive role of the open-cubane OEC in oxo-oxyl coupling
mechanism of O, creation. It also reveals that the oxygen evolution reactivity is extremely dependent on the spin coupling
ways of manganeses and oxygen radical, meanwhile, the structural flexibility of the OEC is essential to the S-state cycle and
photosynthetic water splitting.
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Figure 1 (a) PSII dimers; (b) OEC embedded in PSII; (c) Isomers of
Mn,CaOs in the S, state with their spin distributions (yellow for a spin
and blue for f spin); (d) Atomic labels in the cluster used in this paper; (e)
S-state cycle (Mn is oxidized to increase the S-states in the cycle, not
representing the electronic excited states).
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Figure 2 (a) ABEEMon model for charge parameter fitting; (b)
ABEEM/MM/MD model of soaked OEC in a water box; (c¢) & (d) DFT
model of truncated S; state OEC (used to build S, state)
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Table 1 Fitted partial ABEEM charge parameters (valence state electronegativity y* and valence state hardness 2#*) for important sites

Site Label x* 2n* Site Label x* 2n*
Ca(Il) 120200 470 8.10 COO ™ (bidentate) 108217-108227 378 5.10
Mn(IIT) 125300 4.01 721 COO ™ (monodentate) 108207 3.90 18.00
Mn(IV) 125410-125430 430 8.71 N(imidazole) 107214 3.90 5.50
0% (11p) 108122-108125 450 7.00 11p(0*) 308112 3.70 8.29
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OH 108121 410 7.60 (CO0 ") 400283 455 25.02

1.29 (a) 1.24 (b) %
1.07 R=0.9870 1.01 R=0.9871 e
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047 041
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-06-04 -0200 0204 06 0.8 10 12 06-0.4 0200 0204 06 0.8 1.0 1.2
HF/STO-3G HF/STO-3G

Bl 4 S,-A ()M S,-B (b)¥] ABEEM 5 M L5 HF/STO-3G [ Mulliken FLA 73 A5 K MEAR S EIGE 00 Ca, SO0 Mn, BONERIFEEEIET)
Figure 4 The linear correlation graphs of charge distribution of ABEEM and Mulliken methods at ab initio HF/STO-3G level for S,-A (a) and S,-B (b)
(yellow for Ca, purple for Mn, and black for the rest nonmetal atoms).
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SEA KT FEBEE W3 RS 5h, W4 [ W3 [R50
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BB 4R HEAL A MD W EI K W4 AT W3 (1355
AAGEIE T Sy AW FAS I ES I 50 X T Ca Fifr
FI7K 5 TR 8 IARIERY. 5Iv AR, BT 4 &K 7
HOHS588 Z#i 3% Ca, HIFHURIELET W4 7E Ca [
BOA7 . BEER B K T B A R s A, M
M5 OEC /KEEE MM EHE X — K5Ik
WRER T 2B AR IKS) J16 T OEC M E %L
PEBU SR B OR A, Hr4s & Mn(IIDF W3 5 O5(W,)
REEIE, WA TTREAER T RN S b 5246
6).
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water exchange

ity
S, ‘
HOH588

l S, ? S, ?l

Bl6 S, &Kk 2 [AIFE FLAE AL 51 RE I 7K 73 7~ hr B AR S AE R
Sy S HIRIE A (BN g=2 B, Wy g=4.1 L. FRMHEN, R
RORE IR )

Figure 6 Water displacements arising from interconversion between
isomers in the S, state with the corresponding precursor forms of the S;
state (green for the g=2 route and blue for the g=4.1 route. Amino acid
ligands were not shown for simplicity)

HOH588 ™

XT3 5 R, IXAHERE 57 FF Siegbahn 32 H Y Sy
2 oxo-oxyl H HEMA I O—O0 #EEHLHIT", Hep
B Wit S, 9454 5 Mnl K> T(~2.4 AL 4R
MM, i XFEL &5 841 PSSt %47 B iE 3 A
TEAELS KT, RS We 3R IAFISRIEAEAE BRI
T, AN EHISRE T46T Ca ) W3, fiE
S, B HAF BRI LESZE Mnl B Mnd, TERL S; 25 BT 3K
. 46T Ma(IID) 7K 537 AT LU TS S, & W, BI7KAS
W LER T T N7 5 BRI S T (5K, Sl 5 A SR 7K
Z A B, A S R AR SR B R, Ca AN TR
B2 BELWT S,-S; B4, ARHE A< SCI MD BHUEE 3, 38411
HEM, Ca FIBLK 2 SEUEYIK WLE S, &5 LA A
A NI KT, S IR E Ma(I), 254
Mn(IID) 2] Mn(IV) AT R S3 & (F 4 A\ TR ECA A4
RPUH Mn). HILE R, Ca BEWS NIRMIK ) TH4EE
B, N W BB E Mn(IDEEFKME, XA T EE
B TR IE 2 —, MMUESE [ [FAL ZhRid SEaexT
F Ca FIMER MY, R, Xt Ca &7 (/KiliE
VENIK > T8 5B 2R i A U PR A T B8 S,

ABEEM/MM V73] g A AL T 13 N T4 F-8h 71
SRR, AE S S HE VA TR K R A AR AL BT 5 RS A R
i o3 A AR, SEEL T FAR ELAE TR S5 M52 R (1) 3)
A, 0T ARSI U B A B R e AR AR 4
JB B AR R AR B, A T2 it 1) = S O
B, W CLE AR, AT DL AL N
ABEEM-7P 7K 58 7 PR . o 47 5 0 1) 4 TR P RN AL R 1, K
TELED R R IIEN 15 B A3 B B 2 R
3.3 S, SBREMEHEEN

DAL ) ABEEM/MM/MD HEAEL0 I 21 S, 75 1) W37
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TER) W) REREE T L 7 8 SL 77 T ) OEC 454
Mn(IID), fRATAEERARILI OS(WOTE Sy BEEATE 0,
[Rltk, 7F oxo-oxyl H HEERAHLELMIHELL R, FRATFIH
BS-DFTI 4558 | S, AFTH MTREMI E e T, Hfh
. WAL OEC BAE M AT M 7).

(a) 02 Mn2
Ca 4 A (
4 :
o SN | OURY WPN. 03
, * Mn3 V
Mn4 05 Mnl
0 ‘_/‘
(b) 02 Mn2

B 7 L5 ()R ST B (b) O—O I BRI I LS A B2
Figure 7 Radical coupling mechanism of O—O bond formation in the
open (a) and closed-cubane (b) structures

H A IR ZEK OEC 1E S-Sy H b 4
37 e AR 0 (25 A RIARAL, S0 R A
3 Sy KT RE H IS K H iR & SN 2%, XM, S,
Mn(IV)4-oxyl () H iR HME X (Mnl, Mn2, Mn3, Mn4,
Mn4-O")F doublet/(aappa, ofopo, apfaa, PaaPa, PaPaa,
BPaaa); sextet/(acafP, aafap, aPaaP, Paaaf); oc-
tet/(aaafa, aaBao, aface, Baaaa); 12-et/aoaafB Al 14-et/
oo, HT RV U 4 R 4% A 1 B EAE IR,
B E e 18] AT feid it 3 i@ 4% B (spin-forbidden) 2 W
HEAT AR LA POL [R50 BT $5 R T L 1) S5 % A2
HRA LER, AT T ARIESE O—O BEKITE AT O,
PR R AT IR KRR BE I B R, 3% 2 Ak 3 4333l
FIH TR B SL T MSL T 25 oxo-oxyl #EE T
HE R NARR. 48X H HAE. Mulliken HBEARE LA
ff) Cartesian 44 br 1 W 3 #F 15 & Supporting Infor-
mation(SI)H1 )% S1 M S2.

BS-DFT i+5 3L & 32 %6 R BHEIERI BE E S 4, &
S EHRE . RNINEN FI(H HBEZE) &% RN AAT
YOG ) 0,7 BRES 10, FI =24 PO ERTA
BIES R RER. W 2 FI5K 3 Frow, FFI277 fii
SEITE R H R A B R AR ZE I ECR, T H 0—O
Y RIAE 5 5 B e S O (Mn. O 18] RS &
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% F F R R
R 2 JPLTTE U H R ES S VI R RS A
Table 2 Energetic parameters of radical coupling mechanism in the open-cubane structure
. . Relative Gibbs free energy/(kcalemol ')
Spin state Spin topology B - 7
AG'(Rea-TS)" AG(Rea-Pro) AG(Rea)’ AG(Pro) AG(0,)°
aofpo 13.0 4.8 9.5 29.1 39
afapo 12.6 4.5 9.2 28.4 11.6
affao 43 —21.1 8.5 2.1 11.9
doublet
Baofa 15.1 12.7 1.1 28.6 1.9
Bapaa 59 —15.0 2.0 1.8 0.0
Bpooa 4.8 —15.1 24 2.1 14.7
aoapp 5.3 —149 0.9 0.7 3.7
aofof 159 132 0.0 27.9 1.5
sextet
afaof 134 11.2 2.0 27.9 28.5
Baoap 11.5 4.2 9.6 28.6 2.5
aoofa 11.4 2.9 9.9 27.5 12.2
aofoo 3.8 —22.7 9.2 1.3 12.5
octet
afaao 4.0 —23.8 10.0 0.9 1.9
Baaoo 5.1 —153 1.9 1.3 13.8
12-et aooof 14.9 11.5 1.3 27.5 31.1
14-et CLOLOLOLOL 2.6 —244 9.7 0.0 34

“ Activation free energy; b driving force; “relative free energy of reactants among all the spin states; “relative free energy of products among all the spin states; ‘rela-

tive free energy of products with released molecular oxygen among all the spin states (the same below).

R3 PFLLTTEPER E RSV ES R

Table 3 Energetic parameters of radical coupling mechanism in the closed-cubane structure

Relative Gibbs free energy/(kcalsmol ')

Spin state Spin topology
AG*(Rea-TS) AG(Rea-Pro) AG(Rea) AG(Pro) AG(0O»)
aofpo 26.0 13.6 5.6 3.1 4.0
apapo 30.2 15.2 2.0 1.1 12.8
apfao 9.5 —7.8 23.5 —0.4 329
doublet
Boapa 40.6 37.8 0.8 224 40.1
Bofaa 13.6 —72 24.5 1.1 41.8
Bpaaa 20.6 16.4 25.7 26.0 14.1
acafBp 20.0 16.3 234 235 0.0
aofaf 41.0 38.7 0.0 22.5 1.4
sextet
apaaf 39.0 36.6 3.6 24.0 324
BoaaB 25.7 11.1 5.1 0.0 39
aoofo 29.7 16.4 0.3 0.6 9.9
aofao 104 —7.0 234 0.2 1.4
octet
afoao 10.0 —9.4 25.9 0.3 27.0
Boooo 22.5 —7.7 23.9 0.0 11.1
12-et aooof 39.9 385 2.5 24.8 31.9
14-et 0LOLOLOLOL 10.5 —6.3 242 1.6 4.8

T RKREY]. SR — 58 R BREE K B S TH
X, THRR > FRARIRESH=8E 20, #t
JEU, - AT 3 o 55 g A 2 2 20 30 S 3 L A o 9 G2 1
BT, F oy A ER S R T, BRI T 3L 75 45 0
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doublet/Bapaa + sextet/aaafp Ml ] 37 J7 45 K
doublet/aapPa. sextet/Bacaf, R & X IX P L5 #4 1] s B
PLEE & Bk IR F A, EH O—O $IEEUE IR B H
AR b 2R (& 8).
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£ S;-Rea \/ }%
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S ;
. S“'Pm_m doublet/aafpa surface
2 \,oz\é;f‘ sextet/Baaap surface
149 == s i
Si-Rea High barrier m[ :|
20— 20—}
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B8 JFALJ7FIPISL TS 454 S4 2 oxo-oxyl FEEHLEITE AL O—O 11 B £ Ak it 26 K Wil & 07 s R R R AN R E BERS i35 AE )
Figure 8 Free energy profiles of the oxo-oxyl coupling mechanism for O—O bond formation in the open and closed-cubane structures in the S, state,
with corresponding magnetic coupling schemes (different colors represent different spin surfaces)

WK 8 Fiw, &Rtk hiX i | iEds 0—O0 MY
BRSSP R BT, (2 P A S f ik 2 18] B 4R B
SR, RTIESLTT S5, OV TS AL B RE AN DK S
J15 9N 530 5.9 Al—14.9. —5.0 keal/mol, fij FH 77
SERIIAR AR 23 0 25,7+ 26.0 A1 11.1. 13.6 keal/mol.
FEALT7 R R B, O AR Bont B ¥ 38 i H JiE LV
(spin-allowed)[?) 5 X FEF4 2 Mn4(1V), F I O'5 Mn4 2
[F) ) P AT RE 8 R ORBRAIR R B34 42, G I e BRI &
(antiferromagnetic coupling, AFC)HJ Mnl—O"H H £
SR PR R B Y Be & 1 — AN 3R, T AL RO H
doublet/Bopaa FI sextet/aaafB 1X i Fh H HEAH L T UL E
M. WAk, HT RS FRIRIREG D T i S A
HEH 0,7 % Mnl Al Mn3 [ TR, BT CUBRRIRE &
(ferromagnetic coupling, FC)i) Mn1—Mn3 fRilE | /=4 =
LR 20, TN A RS RIS 10, HhR
FF(ETED AR W SI HhR S1). AL ML T 45 R S,
O A BT L P38 & Mn1(IV), O'5 Mnl Z [A]ff) H Jig
SPAT AR R 08 Bk o vE AL B I FE T, ER R S B )
Mn4 5HHHERE O NGBS G. &AM
REAS I R RMEAE S, O G B F 4 Mnd(IV)
1 d PuE, BT AT, TR EIR B IR R
Mnd(IIT)(d*)-oxo( F &4 #i L ST i3 S2). AT THHE
WX b e B0 T S2 7 T U S, AR E, (H
TXRATAF S B 22 Rl ZU T .

OEC 1 79 B S5 A A% HA B3 Folt 22 J31) (1) Ji 1R W] g 2,
Mn1(IV) ¥ B Bo Az J5 1 #B 2 2 546, 1 Mn4(IV)
EH WA R FARE A OH AR W), BTblH
Mnd(IV)IEEz mAb 2235 M 1) O"H H1 25 BRI B A 37 5 4544
() Sy I, BT ECARR B AR B FRe ), O'2
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JEHIEERI L H 3 R BE Mnd(1V), 307 Mn4 Fl
TC A 22 ) B H A 2 B Sk R G N TR R Y. X R, A7
5 GERE X P AP A 25 A I Mind(110)-oxo Bt iR sz
SRFT A HERRE, AR AR T oxo-oxyl 1]
HHEEE, S8HE 05 Mg & MRAE KA. it H
A H B R 1) A R 3 22 LR T N 1)
RANRR R P T R B R, ASRERE A RS 4k B
A, RIflX e A RS & Mnd(IV)—O HIE g H e s
7EJFE N F AT B8 AR e A I F T 1R B R 1T
B, SR R R RE B 25(> 20 keal/mol K51 75 %4 i T 1]
() BRI RE B A2 X5 (MECP) S fn s AN ] 28 [ Jig BRGE7E
e BARMERAE. HIEA AL, Mn,CaOs [7% A 3% 14 11
Mn1/Mnd—O" ¥ A7 ff 8 15 A1 e 5 e (9 48 & 0 X0t
T O—0 BRI SN 2 e B, ARSI 5 T
IR ENLBELE # 22 F1 3 )y % ATV 3 R T 1A
SEFT T BRATTI T B 45 SN S R R SR B T A
%, % FF Siegbahn 3T 37 5 K E H 3R A HLH]

Sy I EERI ) OEC 724 O, 4518 5 S, A H A
SEJF SRR Sy MM A AT G, XERN, S;
ML T EERI) OEC W] LLZ L 45 ¥ B 4 364k NI ST )5
g, X MERE R W2 F1 OS5 7 Mn3 1)
BeARAZ it #2. Capone 2511 AIMD #LUERH T 151k R
X ~12 keal/mol, H HRFH##~15 keal/mol, ZIR%¥
B RARIPT. BRJG, LM S; B4 05 M7
A F BB N S, &5, #ET W2—05(oxyl) )
H EH AR AT ] L, Mn,CaOs HE Ik (145 /) RIS HEAE S
BIEA K AN B EENER, X&TXHT
Ni OEC [MIZEFIFFIE, 2GR e SHM & s A
JEE K A it 56 I 3 25 S (AR A S R 12522
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ALKIET S, 7 OEC 1) ABEEM HLfii 4L, #3H
LT3 F B D5, WA T HLAR S i R X e A K
e 55 K 2R, HE/STO-3G 7K TR Y EL A7 0L 4 45 SRAAIE
BT ABEEMon BLE!NT T OEC HLfaf 4 A ) Al 5 14
ABEEM/MM/MD 25 IR, S,-A 7] Sp-B FEALAT,
W3 2B Ca MR &AL E] Mnd(IIT), 1 S,-B 7] S-A
HAL W3 2R A7 %) Mol (1), X 850 F8 [F] i AEBE S W4
i) W3, HOH588 [r] W4 J5 46 A7 B 12 201 #h 78 Ca AT
PLJZ. W1IRZ S Mnd A7, %A BRI, XS R
VLI W1 A JEPIK, 1 W3 138 3 B 2R /R B R 7T BE
& Sy AR Wl K 73 F Wy, 1E S5 O5(Wy)
HHATHHEERER 0—0 WK, XA AIE Ca
HAM S SRMIKEGES Lim S Bisik B8N fEs 5
TERL O, 1T RE. ABEEM 54 R4 HEff s th 1H 5254
KITFHART A0 AT, CAVF B H A ASE 20 R /K V8 TR PRI B A 2
JBE, T4 J i A A F A AR U 1 R A

3+ ABEEM/MM/MD R4 &5 0, FAT A A
BS-DFT E0 74 H e 0—O0 B B &M A
WL R A AE TS5 R SE 7 S5 R R T AT 1. 11 53R 0
S HMWAERERS T, JF3077 454 (doublet/Bafoo
sextet/oaaofB) M1 & B P K K AR T W 32 7 45
(doublet/aofPo-~ sextet/Bacaf), Itk EH HHEF 2 N 9K 5
F153 A2 20 keal/mol #1125 keal/mol A_E. X IF37 77
Z5, Mnl(IV)—O' )RR HERA A R T RN, O'H H
£ 5 Mnd(IV) B FAT B T 52, Mnl—Mn3 )i
MRS G ORIE T =R E MR XTSI 850, ek
WA A Mnd(IV) — O 5 A8 B 7 8 in & 2 1k 1)
Mn4(Ill)-oxo, AL R L T HHAEMPEN, #2280
UM, MRS A Mnd(IV)—O RNJE T N Pka &
(PR T R, AR ME AR B el [ e ss LY
B, P GEVE N RO BOEIE N . AT S
WE T WA FFL 74511 OEC RS 928l O—O BT ki1
H SRS PR, WUt TR O T B RS
2R A1 7% 45 040 1) R 3% M X T D B B I B2 M T S A
H.

Bt

J&Hf Jay William Ponder 2% (Department of Chem-
istry, Washington University in Saint Louis, Campus Box

1134, One Brookings Drive, Saint Louis, Missouri
63130, United States)#&fit | Tinker 8.0 £/7.
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