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marked by red dotted lines. Water cavities marked by brown cages were calculated with a probe radius of 1.2 A.
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Fig. 2 (Color online) The reaction cycle of CcO indicated by O, reduction center.

(Color online) The structure of the H-pathway in CcO. (A) The location of the H-pathway in the X-ray structure of
bovine heart CcO which is dimeric in the crystalline state?. (B) The structure of the H-pathway. The locations of the
water channel and the hydrogen-bond network composing the H-pathway are shown by the blue and red curves. The
short hydrogen bond network (a grey area) connects the hydrogen bond network of the H-pathway and the proton
storage site (the blue area). A water molecule in the proton storage site marked by HOH 10 forms a hydrogen bond
to H291. (C) The structure of the water channel. Helix X structures of the closed structure with two bulges at S382
and M383 and the open structure with one bulge at V380 are given in the right and left panels. These bulges are
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Fig. 3 (Color online) The scheme of CO migration in O, reduction
center.
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Fig. 4 (Color online) SF-ROX method using PVA coated crystal. (A) The experimental layout of pump probe analysis.
(B) The scheme of XFEL irradiation step in SF-ROX. To avoid the effect of XFEL radiation damage, each XFEL
irradiation point is separated with 10 mm in the horizontal direction and with 100 mm in the longitudinal direction.
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Fig. 5 CO ligand dynamics initiated upon CO photolysis of CcO in
the crystalline phase at 4°C. (A) Time-resolved IR difference
spectra upon CO photolysis. Each difference spectrum was
obtained by subtracting the probe-only (CO-bound) spec-
trum. (B) Temporal changes in the Fe-CO and Cu-CO inten-
sities.
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Table 1 Statistics of intensity data collection and structure refinement.

States Dark 20 ns 100 us
No. of crystals™® 40 24 43
No. of images 5,201 4,350 4,232
Space group P212121 P212121 P212121

Cell (a, b, ¢)
Resolution range (A)
No. of unique reflections

184.9, 208.5, 177.9
25.00-2.20(2.24-2.20)
33,213(16,601)

185.8, 209.5, 179.5
14.99-2.40(2.44-2.40)
266,141(10,691)

185.0, 208.8, 178.0
24.99-2.20(2.24-2.20)
336,147(15,196)

98.2(79.6) 96.9(88.4)
63.23(4.61) 70.89(5.72)
6.28(2.29) 11.78(2.44)

0.1624(0.4131)
0.9576(0.4967)

0.1677(0.3812)
0.9429(0.5907)

Completeness (%) 97.0(97.1)
Redundancy 105.91(26.32)
I/ (D) 15.27(2.98)
R 0.1278(0.2296)
CCp, 0.9635(0.8250)
Ryorc (%) 17.20
Riree (%) 20.89
R.m.s.d bond angle (°) 2.04
R.m.s.d bond length (A) 0.0179
Averaged B—factor (A2) Af Bf
Proteins 53.9 62.5
Heavy metals 42.3 50.3
Lipids and detergents 99.8
Waters 68.8
All atoms 61.1

18.19 17.29
22.97 21.00
1.83 1.97
0.0134 0.0163
At Bf At Bf
64.7 74.4 59.3 69.8
53.1 60.5 47.4 56.2
114.7 111.1
84.4 80.0
72.7 68.0

* Crystals, each with a maximum width and a maximum thickness of 500 um and 100 um, respectively, were rotated by 0.1° and translated

by 50 um after each shot.

T A and B indicate two independent enzyme molecules in an asymmetric unit.
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FEICHPO D OMEIIT6% L EFER CTE o /o, &
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100 us #h#ho PDB ID (4 5X1F, 5X1B 35 XkUF 5X19),
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Feps G L-CODE =7 MRid- &0 MRS, 20
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THa—T7F =25 Dark OF — X w5\ 2 F-F, B 7%
BE<y THhE, L0IE- &0 LRV THBEHED CO DL
Bh7MiEFR T X 7= (Fig. 6B), = 5IC#HEEICH0 %5 COD
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20 ns after photolysis

100 us after photolysis
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Fig. 6 (Color online) Structures of the O, reduction center of the CO-bound fully reduced state at dark and at 20 ns and
100 us after the photolysis. (A) Fo-Fc difference electron density maps at 3.5 ¢ and structural models are illustrat-
ed. Purple, blue and light-blue spheres represent iron ions, copper ions and oxygen atoms of water molecules,
respectively. CO, water 1 and water 2 were not included in the structure refinement. (B) The F0 (20 ns or 100 4s)
-FO (gar) difference electron density maps at +5.0/ — 5.0 o level are shown as green/red mesh. The difference den-
sity maps show the directions of CO and Cug movements given by red and blue arrows, respectively. (C) Geomet-
ries of CO in the O, reduction site in the structures measured at dark and at 20 ns and 100 us after photolysis.
Thick gray line at the top of each structure shows the Cup coordination plane consisting of three imidazole nitro-

gen atoms.

ZEDOF-EE & CO DY — 7 HOEE % k7= (Table 2),

Table 2 The peak height of CO molecule at O, reduction site.

ZOkER, Drak, 20ns, 100 us © CO OV — 7 {iik = h Dark ~ 20msec 100 usec
ZFiN1.337, 0.994, 0.222TH > 7=o HIADHOFERE» S Reference water molecules
20ns T2 CO I Cug IC100% 54 L T WD o b nb, Waterl (heme a) (e~/A3) 0.472 0.269 0.395
Dark (€ £ TRV 200 00994 £ LS fif, Cup iy o2 emea (/A0 0470 078 o
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- 3
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R ) _— N at Cup (e~ . .
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100 us TiX76% O CO A MpFETTH LI~ & fREEL TW ° £ o o)

_ A o W ccupancy o 6

BT EBBION LTS T2, COMBRAIIROBRLL 000 1000 240
—HLTW5, X-ray 100.0 100.0 22.3

Fo20n)~Fotday) DETEEX 5, 20ns Tl Cug T
D heme ag &I RANC K E 21 H T 1+ T DE— 7 55
X, Cug? heme a; il By =X, Fe,—Cug S EEHE A
W7o TWB I ELRERSI NI, Cupllid H240,
H290, H291 ©® 3 2DV AF YV VO NFETFRESLL T
D, Dark Tix Cug BT D 3 2D N FHTIC L » THH SN

BHVPHEWNICHIET 2 PFH A SR &5, —77T, 20
ns Tl Cug 7 Feg fllNE5< & TTOFMD HA X <
FNT5 (Fig. 6C), Cu % & 2 ONm =AMLk
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I ETCREETH Y, LI8L OMELE L wHLT 5 C
¢ Thelix X % open & 70 5 CO #5 &2 FE & (closed f&
) NEBESIRHTWALIEREZDLN, BVWIRZ D
b, SEeEITCH (L L <13100us) 1T CO DBfEEL T <
C & Themeaz DY 7 FRFEIN, U= )LF#ED CAC &
L381-Cp MERNC N L E e il £ T D WD 2 & T
HbH, TOFER, L381 % & ¢ helix X 75 open H & 70 &
closed # ~ K & e EA L% e Z 4, EEEIC Dark O
L381-C; & 20 ns ® heme a3 ¥ = )L 3> CAC [ o i 13
40A D EEENTE Y, BENCKETHS (Fig. 70), C
D L5, helix X DEEZE{LIT CO 75 heme a3 12 & %
N5 Fe;s Tid7e <, CugiTHEG LA THESINS C
E DR R I T,

4.3 helix X DtEE

helix X O#§ & 2 e 4 5 7-01T, open fE & closed
HEr TN ZNEE L RETF-F. B8 TEE~y T
FHEL, TORKRETHEE WAL 72, Dark £20ns T
I3 helix X Z closed #§i& A [EE L Tt B & 4T - /2B &I
TSR THEEPER I NE D 5 72, open i % BT
L 7% & 1 closed BEE D FET A ILEICK X LBRET
ZENER SN/ (Fig.8A, B), THOZ & » 5, Dark &
20 ns @ helix X (% closed & TH D, KFr T4 —D
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helix X /:,;@g

H378-Ca—y 7

«—F387-Ca

/
helix X

helix X "‘

Fig. 7 (Color online) Structural comparison of heme a3 region in
the structures measured at dark and at 20 ns and 100 us after
the photolysis. (A) Each structure is superposed on that of
the fully reduced ligand-free state (PDB ID, 5B1B) by least-
squares fitting of the main chain atoms of subunit I. Red,
green, light-blue and blue colors indicate the structures meas-
ured at dark, at 20 ns and 100 us after photolysis and at the
ligand-free fully reduced state, respectively. The light blue
sphere denotes the location of Water 2 shown in Fig. 6A.
Amino acid side chains interacting with the heme a; by
hydrogen bonds are drawn in thick stick models for the fully
reduced state. The characters, A, B, C and D, in the heme
designate the PDB naming of the pyrrole rings. The CAC
marks one of the carbon atoms of the vinyl group covalently
bounded to the C-ring. (B) A close-up of the vinyl group
regions in panel A. The structures of heme a; and Co draw-
ings of protein regions at dark, 20 ns and 100 us are illustrat-
ed using the same color code as in panel A. Helix X of the
ligand-free fully reduced state (the open strucrture) is illus-
trated by a thin stick model. The distances between CAC and
the § carbon of L381 at 20 ns (green) and 100 us (blue) are
given by the digits with arrows. (C) Heme a; in the struc-
tures measured at 20 ns after photolysis. Helix X structure
measured at dark (the closed structure) is illustrated by a red
stick model.

lix X #&75 closed/open DWW F N OE G THERETH
AR XN/ &5, closed & & open f§&E D %%l
BExI-Cnb &2 6N/ (Fig. 8A, B), FEHOEE
RFRFEBREICZD, 2ORRETEEIRLELS LD L
1Z closed f#i& & open HED S AR EHILL 7-FEE,

closed ##& & open Hi& DO EXKPZNZ40.55, 0.45T
B 5 eI/ (Fig. 86), 100 us DR TIL, BRFEE
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100 us after photolysis

20 ns after photolysis
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Fig. 8 (Color online) Fo-Fc difference electron density maps of structures measured at dark and at 20 ns and 100 us af-
ter the photolysis. The structure factors of Fc were calculated from the closed and open structures of helix X with
two bulges at S382 and M383 (A) and with one bulge at V380 (B), and the Fo-Fc difference electron density maps
were drawn at 3.5 g together with the closed and open structures of helix X, respectively. The red circles mark the
location of these bulges. (C) The Fo-Fc difference electron density map of the structure measured at 100 us after
photolysis where structure factors of Fc were calculated with multiple structures of helix X (55% closed structure
and 45% open structure) and drawn at 3.5 o together with the open and closed structures of helix X.

TAHLD Cug IFEE L T 5 CODEER|II24%TH D,
Cug ~D CO DOfEi#r & helix X O closed F~ OREREZAL
DELICHEML TR 57% 561E, 100 us Tl closed #1E
D helix X ODHERIZ2ABTHAHIITTHSH, CDT &
5, CO @ Cug 6 OfEH & helix X OIS ALIZ5E 4
FRMIL Tz, UL, 100 us T helix X 8RR &
b oTWAHT END, CBrbOMERETLHLIAND
CO f# Bt helix X @ closed # i 7> © open f1E ~ D i
BALEFHRL TWAZ LIEHGHATH 5,

4.4 7°0 b 237k LS

CO MR > RS2 L2 5, CO DEEFRE LA DA
DOFEEIZHED heme a3 D7 b & helix X OEEZE{LB &
O* H-pathway OKF v V5 1 —OHEKICWz 5D L—

AT NOFHEDPWH S L7 -7 (Fig. 9), WEFEEITHOIC
U FBETEL 72\ IREE Tl helix X {4 open i % &
5Tk, hemeas DY = )LFE ¥ L381 & OFEREL BEIEHY
ICHBTH5H, CORBEBTIEIFGIAIZ Ay Y 2 TRIN
TekDKFY T 0 —DFEL, B FVITHO0T O
RETZOF T —2 AL TSN b EEZBND,

CO R ITHOD Cug ~EH T 5 &, heme az B 7
F LYV L381 OFEEED £ < 7 D EERIC AL EIC
7% (Fig. 9B), C OREERIRLE S & ffH 3 5 72OI1C he-
lix X PRELSEEEIERT &, S382 BKF+ LT
4 —=ANEEHL ZOKF Y U o — % 5 (Fig. 9C),

ZDO# CO & Feys MI~BEE) 5 (Fig. D), CDKF
T4 —NHEKTH T LT, KT o H-pathway DK F %
TV ERETRATSEEBFE, CcO NF~—EHRD

&K May 2018 Vol.31 No.3 @ 233



helix X

Fig. 9 (Color online) The atomic process of the water channel
closure upon CO binding to the O, reduction site. Hemes a
and a3, CO and the residues 380-386 of the helix X are drawn
by stick models. The purple, green and pink structures
denote the open and CO-bound at Cug and at Fe,; states,
which are detectable in the ligand-free fully reduced state, at
20 ns after the photolysis and at dark, respectively. Nitrogen,
oxygen and sulfur atoms are indicated by blue, red and yel-
low colors, respectively. Red and blue spheres are Fe,, Fe,3
and Cug. Side chains of the residues 380, 385 and 386 are ex-
cluded from the models for simplicity. The location of the
water channel in each panel is marked by the dotted allow
and the brawn cage. (A) The structure of reduced state
where the water channel is open as indicated by the cage. (B)
A predicted structure constructed by introducing heme a;
structure at 20 ns after the photolysis (in which CO is at
Cug) into the arrangement in the ligand-free fully reduced
state, suggesting that CO binding to Cug induces a significant
shift of vinyl group of heme a3 toward L381. (C) The ex-
perimentally obtained X-ray structure at 20 ns after the pho-
tolysis, showing significant conformational changes in
L381and bulge formation at S382 and M383, as marked by
red circles. (D) The dark structure. After closing the chan-
nel, CO migrates to Fe,; from Cup without any conforma-
tional change in helix X.

AENLTBA VPG FENL T Y 7 AN
LT ERPFWTWH EEZ BN,

4.5 CcOc&kB7ObVRyTHEE
CODCug ~ND#ESIE, Cig L 32D ZF VU VDN

JFRTIC &k » THRER SN A FH=ZAEEE 2 S Cug BT h
HILIZL-TlEES @1R), Ln->T, CO DR
HHIC Cup OWEE LA FL T HEENFAET 5139 T
H5bH, CiglZHMZL TWH3DDLAFV VD1 DOTH
5 H291 13, 78 VBT Th HKT 5 A —FDIK
DT KERKEEZHEEL w5 (Fig. B 3 X O Fig. 10),
ZOTEnL, KZFGAZ—RNITAFEZEOTO FVBA
5> TELT &%, H291 Y 5 T & T Cug OREEEAL
A L TWABAREELEZ NS, TORMICHEDI T
CcOIC L PMFERTIIG &L 7271 b viRy 7R
DETFIEELES D,

%9, H-pathway DKF v %)L % @ - TH0" OIREE
TA4HEBOT/O L VURKI S AR —ETHEKEEN S (Fig.
1080), K75 AX—NIC4EEOT O F PRV AENI
CENKGFEORFEEEGENL TH29INEb 5 &,
Cug OFH = AL AEL & & T Cug ODEEE~OHF
WAE < 2% (Fig. 10B), ki, Cup NBESFKEET L
L TCMERTPF OO hemeas AV 7 L, BV s
L381 DM PRSI AL E I Do CONEES &
fRIE T 5 7-01C helix X PR E S fEEE AR L KT %
FIVHDOKF T 4 —D1DOBHEET H, ChiZk-
TKGTFHRF v 3D LiiE TRAT S Z ExfHET S
(Fig. 10C), /KT v RIVIBRESRT 5 Z & T H-pathway 73Ff
U % LM Cug 70 5 heme a3 (Fe,,) ~BHL, EbHIC
heme ¢ (Fe,) 756 1HEOB FHIIEINSL, COET
BRI L > TFe, DBEMA2+ 53+ NEZELL,
EERFICE > TKY 5 A% —HNO 71 | /7 H-path-
way N EBET 5, KF v VAL TWADT, J1
PRI T A LK KFERKARy T — 7 "> T
P-side ~N& R/ x5 (Fig. 10D),

KIEHERET T IV OREEZWHE & L/, Cug 205 helix
X OWEEICEL ) V=V AT LAORRZ, RV 7T
10— 7R EREEFNT T L 2B OIS TERP - R T
BhHo COMEFERIZE->T, CcCODFERET T kiR
VT A S S 8 b ikl IR A R 5 C &
MWT&ET,

5. SEZDRE

XFEL B3 T T L 3 e 2 VR B O KRG
FREIRREE L 2 v X 7 B OSSR 7 EfF 9 2 DIZIEFIC
FEHETH D, EBRICCOLSMZA N7 FUF TR TV
YA R 1L 7z & C XFEL By EIfENTIC X > CTBEE 72K
RBBTHNTWBH6, —55T, BURTRBEXDOR
HZ k> TORRIR T FRATRE /R 2 v/ /N 7 BT TIE o G205
RESNBHTH S, %< O—MHRIEE % 4 Sk
ICE THER RTINS B 7-DI21F, FEsaFD X /N7 G5
TICFIRHC I E 2 & S & CREE D & R S & 5 k28
DETH D, BHEFEO 1235 —Y FIbawx FA
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(Color online) A schematic representation of the water channel closure mechanism. (A) The water channel

closure system in which the O, reduction site composed of Cug and Fe,; is in the fully reduced state under tur-
nover conditions. The Mg-containing H,O cluster is the H " -storage site which connects with Cug via H291 and a
fixed water molecule (HOH10 in Fig. 1) in the storage site. The heme a; vinyl group is in van der Waals contact
with L381. Protons are transferred by H;O* through the open water channel. (B) Increase in the O,-affinity of
Cug! " by distortion of the regular trigonal coordination of Cug!* by protonation of the fixed water upon full
protonation of the Mg-containing H,O cluster. (C) Closure of the water channel upon O, binding to Cuy as fol-
lows; (i) migration of the plane of heme as; (ii) structural change of L381; and (iii) formation of the bulge at
S382 to close the channel. (D) Proton pump after the channel closure. After migration of O, to Fe,3, Fe,2* is oxi-

dized to pump protons.

THHETHS D, EKOBHIC & - TERE ST 5 i
THr—V FMbEwE & /R BREEPICRBS &
TRHE, BhEXZ R+ 52 & TRMPICEER—FIC
B S nEER - AERISA R ETH 5, —MILEFRE
L% (NOR) TR NOO r—Y Fib&WwEFIAL /-
XFEL W7y IR AT ISR L TV 519, 77— Fibg
Yy P L 2B 0 S0 <, it oS k- Tr—
VFEEHE DL TLE D720, 1 OO T1
L » XFEL #BE T& 7\, ZD7D KA H W
% SF-ROX ZE TR R PE N, £ 2T, SRS
RIS R E L 7o dh 7 it L C XFEL R A&
ETHERT A ETHTV/XAGBAORY G E KEIZED
%) (SFX %) OFIANBENTH 51718, SFX kit

HRAIZIESFIH SN TV L FETHY, M7 ars 5 A
DEHICHKE - REL TV SEETEIFIHINS LD
IZhs EBbns, icd, EERE & BEMEREY ET
CIRAL, #fi L T XFEL BELENER T 5 HELE
LINTEY, EXREENE & Lk LR

INBO, COHETEERAY—FEZEETHT ET,
XFEL BHH BB 5 & TORFM % 2L S & T
EIRELAREL $ 5, UL, COFEOHERIIEENE
BLERPANRE L R U7 S\ i-Ofsih Y A A03p
ORIV ERRDOND, Fio, KA OR BRI
LEBINUE, ns°us XA LA —)IVTOREIRIE I
#HLSPES VIV RESTHHAD, WITNDHETH -
ThHMERE AVD 720, KEESHEHER T 585512
TEDHET — 22 B50P L0 —BHL </x5b, L»
L, é?‘//WE&:i%ftiﬁm%ﬂﬁ?ﬁ%f:mdﬂm&
2D LD RRET — 2 MWRDOEN B, FDI=DIC
3 BB 7 ks SRR O EL & & 412, SACLA 7z ¥ XFEL
%%m SOWBIC LSS HICHEMED XFEL L3k Hh
514, XFEL O D& < 72 51 R 5 45
%ﬁ4f%¢é<&%:a#%,ﬁ%ﬂ%ﬁ%ﬁ@ﬁ%&
VNTBRMZ 5O TR W, THITE - THL ORIG
FPAORSE PRI S 5 Z L 2L Th 5
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XFEL time-resolved analysis revealed what drives
the closure of the proton pumping pathway in
cytochrome c oxidase

Atsuhiro SHIMADA Faculty of Applied Biological Sciences, Gifu University, Gifu 501-1193, Japan
Minoru KUBO RIKEN SPring-8 Center, Sayo-gun 679-5148, Japan
Seiki BABA Japan Synchrotron Radiation Research Institute, Sayo-gun 679-5198, Japan

Abstract Especially high flux and short pulse-width of XFEL enables us to perform the pump-probe time
resolved structural analysis in combination with the method of inducing enzymatic reaction by
light irradiation. By using this pump-probe time resolved method, we successfully revealed that
the open/closed mechanism of proton pumping pathway of cytochrome ¢ oxidase (CcO), termi-
nal oxidase in mitochondrial respiratory chain. In this topic, we want to discuss the future of XFEL
time resolved analysis.
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