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Possible Mechanisms of Water Binding to the Oxygen—Evolving Complex
during the S,—S, Transition: A Theoretical Investigation

Guo, Yu Liu, Yu Qi, Juanjuan Li, Hui He, Lanlan Lu, Linan
Liu, Cui Gong, Lidong Zhao, Dongxia* Yang, Zhongzhi*
(School of Chemistry and Chemical Engineering, Liaoning Normal University, Dalian 116029)

Abstract It has been acknowledged that molecular oxygen produced in photosynthesis originates from water, rather than
carbon dioxide. Dioxygen releases in the S4-S, transition immediately prior to a new water binding to the oxygen-evolving
complex, but hardly any investigation has been carried out on the binding mechanism up to date. Based on the open-cubane
ox0-oxyl coupling mechanism in the S, state of photosynthetic oxygen evolution, in this study we propose three possible
pathways of water binding to the oxygen-evolving complex Mn,CaO, during the S,;-S, transition, i.e. water binding to Ca
trans to OS5, water binding to Ca cis to OS5, and water binding to Mn4 trans to O5. Broken-symmetry density functional theo-
ry (BS-DFT) calculations have demonstrated the thermodynamic feasibility for all these possible modes, without an over-
whelming inclination for a certain manner. Besides, all these styles do not bring about any difference embodied in the exper-
imental kinetic data on substrate water exchange in the S;, S, and S; states, for the basically same structures of the S, state
derived from these different routes. Therefore, it is considered that the alternative mechanisms could coexist coordinately in
the connecting stage between S-state cycles. Importantly, diverse forms of substrate selectivity are deduced according to dif-
ferent water binding ways, which exert obvious influences on the present and later S-cycles. In the long run, however, it can
be seen that the two waters binding in the S4-S; and S,-S; periods together constitute the components of the released O,.
What matters is variation of the time to become substrates for different water binding modes during the S4-Sy transition, ei-
ther in the current cycle or in the following cycles. Meanwhile, it is indicated that the dangler Mn4(III)/(IV) which possesses
a five-coordinated pyramidal ligand field in both S,/S; states, along with Ca(IT) on which the carrousel rearrangement of
water ligands can also occur, are essential structural elements of the S-state advancement and oxygen evolution. Thus, Mn4
and Ca may be in charge of water delivery to the active sites of MnyCaOs from the nearby external water channels formed by
crystal waters in hydrogen-bond interactions. On the whole, the geometric flexibility of the Mn cluster plays an important
role in photosynthetic water oxidation. In the respects of water binding modes in the S4-Sy transition and corresponding sub-
strate identifications for a specific S-cycle, we are looking forward to further confirmations or supplements from the experi-
mental evidences of the targeted isotope labeling combined with mass spectrometry, infrared spectroscopy and site directed
mutagenesis, efc. Our investigation may provide useful information and references for the mechanistic elucidations on pho-
tosynthetic water oxidation, especially in substrate water identifications.
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B 1 (a) MnyCaOs FIFR[EURE MR E 1.95 A 20 BR300 X O
28 1 B L FIOG(XFEL) 45 ) PSTTNY), PDB 55 4UB6]. (b)JE-THr
T (0) S BIEIAL TR K FA B A A SR TN B) Se(d) AL
ST OEC BB/ GEMIRE I, A SCHRIMAI AR R TER
L)

Figure 1 (a) MnyCaOs cluster [the graphic structure originates from the
S;-state PSII at 1.95 A resolution crystallized by the femtosecond X ray
free electron laser (XFEL) technique, PDB ID: 4UB6], (b) atomic labels,
(c) S-state cycle (the event in red fonts stands for the subject in this paper)
and (d) the OEC model size used in this study (for clarity, all the amino
acid ligands are not shown in the following parts)
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PREATAFAR 22 o) AT SR A 2K B9 B AE S, B D) 2 4
(9B =W K RO SR 1) 95 ik

S BAEHH S-S5 F S-S, IFEALHL L BE SN K T
MIgEEr, KFE O, IBHA, RIILIRMIKIEE &7 NS BA
MUEEERAZETIMBER. KT S,-S; MKEE A7 it
AT JUMEEB A Siegbahn! " PURIK S, & Mnl(II)
TR F R E S AT S; 4 Mnl(IV); Bovi 25122
HIEh 1AL RN Ca EIIZK T W3 Bl S, 4 OEC 1)
SRR E Mad(1D), 1E8 S; BRIATIRE N, Re-
tegan 25 K 2> 7 DA pivot HLIEZS & T S, B LS ALAY
Mn4(IV), iX—W 55 Askerka 2512 27 carousel /K41
FEHHLEA S5 R T2 A, i L 2 SRR A e s R
B SR80 RS/ T Bovi ZEPYJRALHE TN
HJ.

MILLZ R, X S4-So B HAMIZK 45 & 75 s SR H 0,
Je R m P S, & PSII R gE #1920 S 2% OEC
BT ORI 2 5, LTS IR 2 E
FHOCHE AR TG, IXPTRER T Sy A5 BRI S BUE 5L
B b HME ARG, TME—HEOC Su-So LRI EIR AR ALK
T Siegbahn ] S A7H¥F: Ca LK FER T
Ml OEC B&sE s g2 o, RN R R 11X ME
WA EEN, R, XHFEEE LSS
Mn,CaO, K5, WIERTEH W3 EHHALRK Mn3
Mn4 Z [AIfIHFEEIE ] OH™, Ca 2k 2B AR/K 20 16
W sRkh. FATRI, S4-So K& BRIt fE HA —
FIBEFEHME. 2T MnyCaO, Z5 RIS 1, X ANIRHYTAT
DAFEAE 2 Fhn] RE /K 45 & B e 08 (2 i IR S5 M1 S,
A, ARPIKIA B E 5E AR, XN S AR
VDI BEME RN K O A HLER = A2 S AR SO T Ak A
HI SIS AR BR, BT S,-Sy LI K4 &
PR AT REASE 2 S T R A R ) i L
2 HEERESRE

FEAE A TAE R AL 103 N7 05 45 44 rh 3 B 364
G O W= RS RR, 1R S, & OEC MIHIAATEAY,
A3 Mn,CaO, Hf%(05 CZ 5 0,) & E—ZE
LG K 3, S8t 106 AN ETF (B 1d). B T47
TE R BRRERE A, FRATIAE FH S AR P A 4% 1) % 72 bR B
(BS-DFT)™ 134k 1% = Ak 45 & 7 NI I A g =i 42.
WG BTSRRI ek Bl 5 m LR AL
R (TS T (73R R (TER D). N
B N AR (IRC) K IE Js B 146 42 1 11 55K 74 B3LYP*
(15% Hartree-Fock exact exchange)/LANL2DZ (Mn, Ca),
6-31G* (C, H, O, N). ¥ 7 Mulliken [ Ji& % & 40 A5 LR 4
FEAE TR TR AL SRS B s AR A R I 1
H4H LANL2TZ(f) (Mn), LANLOS (Ca), cc-pvtz(-f) (C, H,
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0, N), JFNiH SMD I BRI B A s H ECh 6.0
AU GG L ¥ PSIL 25 1 51 #435%) 1 DFT-D3 (BJ- damping)
U EFALIER), DFT 587/ BT E 45 1 5 800 T
PEPAOMGR R — 5. BN A TAEWF MK 4 &
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H HBEMIE (101 kPa, 298.15 K). {HHFHR 5 {f
F IR AL L 2 X FT 2 B = AR R 22, FTLAR S
MHAZIE W TR R BN ZE NS H . AT 5% H
Gaussian 0952/, $AT T AL =M DELL % 4%
PowerEdge R630 (Linux-Fedora 21 #:1E & 5t).
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oxo-oxyl #ETEATA AT HEMN O—O I R AL 1 RE A
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(¥ 53 g A 3 % P (R0 A R 2% AF P, RIS RfSL T 5 F e A
SEBEWMPIM RS HGER, B doublet/fopaa F
sextet/aoafB(F 78 Mnl, Mn2, Mn3, Mn4, O[] H ighfi &
FA). FTUST T A T R, 20, BBUR KIS, A
YR H RS HE BN doublet/afaB (apop H iAW)
BERT BoPa, 1HJEH MG A TN, BABEAEH)
F octet/acap. HT So#& OEC HIZHZ N doublet, FrlA
octet/aaaf 2| Sy KIFEAL2 D7 F /) B iedii, X+
HARK AN HOER A RN &R % SV R 1R %
ySEPL). O—O0 B RIIS AL OF =44
ITECO ALY, 2351 Mn1(IV) A1 Mn3(IV)## H 7
PAWTZE Mnl/Mn3—O #, FIrLLs, fl So &AM A0
N Mn1(III), Mn2(IV), Mn3(III), Mnd(III). 5458+ H
JiE 5 BEAR 23 43T 4 (Mn1), 3 (Mn2), 4 (Mn3), 4 (Mn4),
VLIATIAM S, & MnyCaO, HIFEM T AR TR
PR EL. TERTA ATRESE Bk M &8 & 10 A, BP
Ca(II), Mn3(IID)E Mn4(IIL) 1) A1 755 N AMF_E 23 5508 m
— ARG, FIRAFRE DK 45 A R 1 B A RE =
1. T So & AFFILITEEM, ERIRFAHEE p-OSH™
ANEFE Mnl, FTUATRHE S, &K 5 FEEZE Mal(1l)
gD i KRR, BATREAHE S4-Se7K
SEA PR A = PP R 2R (B 2), X i i A
KT O, BRI £ E .

WG, BATE Si-So MIKEE B FHIHRANRIEHEN S
BIEH T, BEANFRLSGEHRNER 0, BI7KD TR,
WRIRYIK B2, BARBRARIE A AR RS
SEA G —, (R IEIA R A O ER T, FRATR A
RN AT B R, bRl 10001 1 2 BT/
LI a7 L s, -SRI S-S, B 2
JRTFACRI Sy & AR BAR B b ST
T3 S-S P24 1 pivot HLEE /K 454 Mnd(IV)2Y, S,
SR S-S, MR RIEAL! I K I
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B2 S,-So ¥R 4 & MnyCaO, BIFRI =Fh ] e 7 :URI K45 & Ca
05 xhz. Ca ) O5 WsUALAT Mn4 1) O5 [ 3(fr)

Figure 2 Three alternative mechanisms of water binding to MnsCaO4
cluster during the S;-S, transition (i.e. water binding to Ca trans to OS5, Ca
cis to OS5 and Mn4 trans to OS5)
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F X 52k B 1 IO (XFEL) I HE A6 EL S-S5 S5 f %
&\ Navarro Z£50f S, ZR& A NHIWE 72 LA K Siegbahn'™
BEXS SR O )T 55, B AT 05 2 51MH
AR AL, REAR AT A XFEL S£56 7R S5 45 Mnl
P ARLE Sy ASFHHIAN T —MEAR p-05 M5, XE T
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AR EAE T AR N B A 7T e O—O BIE BT s 5 52
B SRR AR S LER Y, BT AAS TAE R Sy-So (S)HIZK
sEA AR R b, AN AT ES AT,

a1k, O, B TRUE 1 S, % MnyCaO, 1% 5 SR FE B — A
BRI, & ARALR) Mnl(I)/Mn3(111)/Mn4(I1T)
FIZSHECALI) Ca(Il). ELARIX L 4 @ B8 1 Ak B KA 5L,
EFFAEWE IS, SRR E AL, Hridil, o
FFHARERBI AR AR i S, S, S,
A OEC #&A HIE AL Mn(IID), "EA115E S ASFEFF s
BER A a4, T HAD S ARG Mn(TIDELSBLAL Ca(Il)
)4 )8 B B DL R N T & I 4 8 T 4 420 A AN T A
T gp A RS RBMCIER T S, &
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MnyCaO, S5H [ IERRTEN S i H, s, & T AEE R
S4-So I PE AN — BRI, E R KRR E AL, K
BIG 2 LRI CA So 25, OH MFIRIE () 2% 7 A Ca/Mn3/
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#(0.05 A AP, 3L70 35). Hy,O WAL S S Ak ah
PRGOS 6.0 A AMISFEF, —EERA B IR
BhFEIE A F R BE & e, UL BEAAELE TS,
B EE IR AR WU AEE KRGS & Ca IR
ZER(W, Supporting Information, SI), Xf 47+ Ca—H,0
AT JURT R BB R BK A [E1E - Ca B A7 AR AR AL R 35
PR GE 2 — B 20 LT, 1 Re s Ul
2 H,O 2| Ca 1) 05 A hr(an &S EE 1 FE 05
MALE, TIR)ISE G NTEH 2 (barrierless) 1 #2. Bovi
2220 ML By 7 3h 1124 (AIMD)YRELL S, 25 FF 3777 [ [
SEJTEERIN Sy ST IR AL AR, Ca I 45 K B
e H R AR 45 4 3 Ca 1 O5 [ WAL T, S 1 ixA
CERHIIERTE. BESR Ca()TEEAIEIE TG TE, A S4-So
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RN RE R AT AT (AT — P R TR I LRE N 7.7
kealemol !, SR 12.8 kealemol '; J5—*FHI45 & RE
N 2.7 kealemol Y. 3XFE, WilE 3 FioR, W3 247 n
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S5 K> F(4UB6 g iR S5 #) B R AT BE N HOHS88) & 1E
(n—DAEIRE S4-So I HA(S) 455 2 Ca 1) O5 A7, 4
BN n JEARF(n+DIEAE W4 T W3ERIE ), 1
(n— DB WA FELE(n+ DIEAZ N EY) O5(E ). (n
—DIEARH W1ELE (n+ DIEABCNIEY W2(5K 4 (),
n JEHH S-S5 G KD T4 R (n+2) B 1A
W2(Z(0). AT W, Ca 1 Mn4 43 51 B #3818 58 4k
2 (W) FHRAZ 0 26 (W) IR /K 20 T IIAE . FRATTEA
B3 98, S ATEI R — DRI T LR
3.2 H,0 %44 Cany O5 iR AL

IR A TS, MRl ke GrIH 29
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mol ', HJ&E T N(STH B 82). 4id % S REF# )
FRIEZE, RNIBEE[LH L2, BNESKE.
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Figure 3  S-state cycle in which H,O (in dark blue) binds to Ca trans to
OS5 during the S;-S, transition (Circles in different colors were used to
trace the changing trajectories of waters, the same below)

Annotations for each step (similarly hereinafter in Figures 4 and 6 except for
water binding in S, ): 1: W3 and W4 carrousel rotation on Ca; 2: water bind-
ing to Ca trans to O5; 3: water deprotonation and binding to Mn3; 4: OH
bridged group deprotonation and formation of the S, state in the n cycle; 5:
Mn4 oxidation; 6: interconvertion driven by OS5 shift; 7: W1 and W2 rotation
on the pivot Mn4 after W1 deprotonation to Asp61; 8, 9: water binding to
Mn4; 10: proton transfer assisted W2/O5 ligand exchange on Mn3; 11: O5
deprotonation and oxidation; 12: O—O bond formation via radical coupling
mechanism; 13: O, release; 14: new water binding to Ca and the S, state for-
mation in the (n+1) cycle.
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HOFCAL. IX 15 B /K R e Hh 45 6 76 Mn3/Mnd 119 OS5 =7
FATATH, BIFEN K T4 G5 R A Ca 1) 05
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WK 4 fiw, BT Bk Ca FIficik W3 i carrousel
e, Oy BETBUR 1E B 25 708 1T LA AN 45 &K 73+
WANRE ), 4565 Ca 19 O5 BII=AL, &m0
FHES Mn3 5K S, BFE W2l )7E n
?E%E/] Sy jfﬁﬁﬁk O, n ?E%qj S,-S;5 éﬁ/ﬁ\Hﬁﬂ(ﬁ%'{%ﬁE
N+ 2)IEFR R W2(2- ), (n— DR H W1 RN
(n+DIEARFFEY W2(R 4L ). i, Ca BEAF S,-S)
JRAIKE G R DhEe, (AHEERCAR W3 F1 W4 &6 %
¥, A=25 0, ME M.
3.3 H,O0 44 Mn4 i) 05 RRL

W1 il W2 REFBRFARESS KL pivot Hl
HPNGES Mnd B AT BEAEAE P RIB L (DR FERIEA
W1=H,0, W2=0H , /KE#45& Mn4; (2) W1 [1] W2
RAEFRTH®)E WI=0H", W2=H,0, /KF44& Mn4.
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Figure 4 S-state cycle in which H,O (in dark blue) binds to Ca cis to O5
during the S4-S, transition

KGR REE —H (ST S3). B EFHIERE
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i, AL S, SMIEF S50, Hik, W1 BLHO e 0
3] 04 AN JG, FEZTIM lumen T REHCH
REIAZ So 2. MM E IELA/K M AE Mnd B %
JRFAGIET,  H T HAar M2 5N A 5 £ Bl T B, DLkE
oA B RE AR AL R A A, B A R TR A B T RS
(PCET). XMIEWLT S, Z5H Mnd(II) B Bt 4 — & 2
Ak, 7P Mnd4(IV)EL Mnd(IID-O- [ 3L, {HiE, S, 5
So I HLF AR L AR TS, B BT R, B
A TEBLRATTRER].

B RERLE W W2 R TR R AN TR A2
(doublet/afaf)Ek H A& % 2 4EH /0.1 kealemol ', oc-
tet/acoB) IR FE, T HEL -4 BETHD A0 VE AL AR 0 Sl R
1.1 #1 1.4 kcal/mol( 5, SI FF& S4). Frlk Mn4 IR {4
(W1=H,0, W2=0H )Z|(W1=0H , W2=H,0)/ i T
PARZS AR, [EIIAEBE W1 AT W2 L Mnd 37 5 1 Jie
HIRARA SR, /)5, HO L pivot HLIEZE G
Mnd (1) B I 2 2 — AN BRI B, 3546 B B REATTE 6 RE
XN 1.5 1 0.8 kcalemol ' (doublet/opap). 1.9 F1 0.8
kcalsmol ' (octet/acof), KIILtIRZ 5%k A (Kl 7 At ST A
Kl S5). B T ASTER G MK KAE pivot 454 Mnd
(1 R AT RE S, AR T 456 /K I Mnd Bkl H,O 222
OH Z:[J5, /N7 25 (A1 BEL ) R s 386 K T S B (i 5|
71, X KEEE AR AR T H Mnd B RE 1 5T
TALS S AGE1E W1, W2 5% Mnd e |5 R B 58 ks &
(Bl 5). RRMEZER, W1 (H0)F] W2 (OH IR i
Fo ¥ 35 55 Mnd (pivot)igFs. W2 A A H,0 2 J5, HAE
T 5 Mnd IEEE I KZE 2.9 A, JUFWIT 5 Mnd AL
B [Mn(I11)-H,0 FeAr s — R /N T 2.2 A], A1 Cad &,
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W1—W2 proton transfer prior to water pivot binding to Mn4 frans to O5
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Figure 5 Free energy (left) and electronic energy (right) profiles of
proton transfer from W1 to W2, prior to water pivot binding to Mn4 trans
to O5

There is one water molecule less than in this model than that of water binding
event, so different energy starting points were used
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I, Supporting Information H & S1~83, S5). IRC zh4 &
BB IR K G A AR R R OR LW 2544, HL0, OH

Acta Chim. Sinica 2017, 75, 914—921



1 F F ®R

R

S (n-1) cycle... S So n cycle... ‘

53553
S

S o(n+1) cycle... S

Bl 6 S-Sy ¥EALIN HO(BR i €)% & Mn4 ) O5 AL S 518
Figure 6 S-state cycle in which H,O (in dark blue) binds to Mn4 trans
to OS5 during the S4-S transition
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Figure 7 Structural changes of the cluster (up) and the free ener-
gy/electronic energy profiles (down) for the three water binding mecha-
nisms during the S4-S, transition (S, state)

Different routes of water binding correspond to those in Figure 2; solid and
dotted lines stand for doublet/afiaf and octet/aaaf spin surfaces, respectively;
“*”  stands for the non-stable structure
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Table 1 Substrate selectivity in S-state cycles with different water binding modes during the S4-S, transition
n cycle (n+1) cycle (n+2) cycle (n+3) cycle
S-Sy water binding
Wsﬂ Wfa Ws Wf Ws Wf Ws Wf.
Ca (trans to O5) W3 W2 W4 w1 W, Wy’ A W,y
Ca (cis to O5) W, w2 W, w1 w," W, w," W,
Mn4 (trans to O5) W2 W1 W, W, A Wy' A Wy"

“The fast and slow exchange kinetics of substrate waters refer to the relative values in the S, state; W, and W;, denote the waters binding in the S4-Sp and S»-S3

transitions, respectively; “ W' and W' represent W, and Wy, binding at the same locations in the post-n S-cycles (W,", Wy, Wy", Wy,", efc.).
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