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Fig. 1 A schematic representation of the roles of the redox active
metal sites in bovine heart cytochrome ¢ oxidase.
The rectangles attached to the heme irons designated as Fe,
and Fe,; are the side views of porphyrin planes of hemes a
and a3, respectively. Subunits I and II are the biggest and
third biggest subunits. The latter contains Cu, site and the
former, the other 3 metal sites.
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Fig. 2 A schematic representation of the hydrogen bond network of
H-pathway.
Heme ¢ is attached to the hydrogen bond network by
forming the two hydrogen bonds. Asp51 at the upper end of
the hydrogen-bond network in this figure is exposed to the P—
side phase in the reduced state. Arg38 located at the bottom
end of the hydrogen bond network is connected with N-side
via the water channel as described in the figure.
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Fig. 3 Resonance Raman spectra of the resting oxidized CcO.

Resonance Raman spectra of the resting oxidized bovine
heart CcO in the resting oxidized and in the cyanide-treated
resting oxidized CcOs excited at 641.7 nm are given in (A)
and (B), respectively. The difference spectrum of A vs B is
given in (C). The inset shows the absorption spectra of the
resting oxidized (A’) and cyanide-treated resting oxidized
(B") CcOs.
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Fig. 4 Effects of X-ray-irradiation of SPring—8 to the frozen crystals of the resting oxidized CcO.

A measuring beam for visible absorption spectrum with the diameter of 50 um was irradiated perpendicularly
to (010) plane. The X-ray beam along the plane was thick enough to irradiate the entire area of the crystals. The
spectra before the X-ray irradiation and after 30 sec irradiation are given in (A) and (B), respectively. Increase in
the peak intensity at 604 nm and 582 nm against 630 nm are given in (C) and (D), respectively. The shoulder near
650 nm (B) and the maximum intensity at 604 nm indicate that both hemes cannot be reduced completely by the

X-ray irradiation.
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Fig. 5 The structure of the ligand bridging between Fe,; and Cug in
the resting oxidized CcO.
The structure was determined by 0 sec extrapolation of the
X-ray structures of the fully oxidized CcO at various X-ray
irradiation time. The structure given in the figure is the one
obtained after 15 sec exposure at 2.1 A resolution. The struc-
ture is consistent to the one after 1 sec irradiation. The digits
are the bond lengths in A.
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(B)

Fig. 6 (Color online) The X-ray structure of the O, reduction site
of the resting oxidized CcO determined by SACLA.

(A) The Fo—Fc electron density maps. The figure shows
also the positions of Cug (a dark blue sphere), Fe, (an
orange sphere), fixed water molecules (blue small balls) and
the structures of the amino acids and porphyrin near these
metal sites. It should be noted that Cug is located outside the
electron density of the peroxide between the two metal sites.
The electron density peak intensity of the peroxide is almost
2 times as intense as those of the water molecules. A water
molecule (37% occupancy) is hydrogen-bonded to the OH
group of Y244. (B) The structure of the bridging peroxide
which is shown by an orange stick of 1.55 A. A small multi-
ple conformer (5% occupancy) is detectable.
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Fig. 7 (Color online) Determination of the structure of the func-
tional site of a protein molecule.

The location of the atoms in the functional site of a pro-
tein is obtainable by various crystallographic analyses (typi-
cally X-ray and neutron diffraction analyses). Vibrational
analyses (typically, infrared analyses) determines the chemi-
cal bond length at the accuracy of .01 A (picometer) or
higher. Chemical properties of each atom are easily in-
fluenced by the bond length changes smaller than picometers.
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Fig. 8 (Color online) Time-resolved infrared analysis of the fully
reduced CcO after CO release by a flash photolysis tech-
nique.

(A) Infrared spectral changes in the region including
amide I and II regions after CO flash against the spectrum
before the flashes are given in solid curves. The infrared
bands deduced from the SVD analyses are given in dotted
lines. The most prominent change giving the peak at 1655
cm~! and the trough at 1666 cm~! has been shadowed. (B)
The time courses of the trough at 1655 cm ~'and peak at 1666
cm~! are given in (B).

YR, KRBEROCARAEI E R 20, KER RO 2 %
7 BOFINBI AR 7 FIVIIED, @ OIEKIEH RO
TEDIZO DR CTEIARAFETH S, £ TT 2 LML —
Y—IZ X VRN IR EBRR T 5 & & QICERE DMK
SIS AL, BAKORSEVRIE S EET 5T 2
FIHC1EIEONTF F C=0 OfffEiki) A7 F Lz
109% DK B T HITE 725 v] BE 7 Rg 53 B AR A1 75 TG 218 3B 76
N, ZoEBEFHAL T YL CcO o CO #at
BIDICIRBEAE S AT ANR 7 B IVEL AT /B L~
TN/ (Fig. 8R), COFEERD SVD FHTIC X VKD
B 72 AN ROV L & L C1655 cm ! 7 51666 cm !
OBERPED LN (Fig. 8A, B) . & DZLiT a-helix 7
Ll L bulge (H-8R0D) & MEEN 223 —BFYIC H
WL EaRLTWA, 0K a7 bulge B

13 S382% Gist 7/ AV FTCLPRBDOLNIE T &5 X AR
WEPOH LN TH S, COXMEERF£IZIE CO 1T Oq 22
TEHRDL O Cug 1T Fegs 2 HfngE S (505 /B LEANID),
ZF AU ILE L T Eak o bulge 28 —IFIC helix (24 &A%
N5, T S3821% CcO D/ |+ viky /it (H-path-
way) OKF v IV (ZOF % FIVEREH L TKGTIZ &
Doma VRSN D,) OFE R T4 (Fig. 9),
C ORI RN D IGEIC L 5 T e B 2 btk of
15X N-side 260780 F VIRV AL T EHET L EEZD
N % (Fig. 9 intermediate state), Z O FLHRITRAE DK
WO GIIREETH 5 L OFFHE < 2B 2L,
O A Y —HEEDTERO— S BABRE A BR L 72 C & &
~LTWA,

D T OFAM T 5H X A db i AT IS fh s s,
X FREIHT S8, X AR T O ORI DA D
R, Ml F R E COIERICHES NS 2 LB L
T Te>Twb, Lo LK EREE T O 72D DRAZ
T TERIZ LD E L TREOMABMI LB INC L b5
T b &S REER D T e p 57z, DT
ER AN Ay —HEOKERFEETH -7/, INE
TiE 2 /N7 BOEREY 3 5 FUGHSFE DA R % Ff % D J7 %
TATLWICEEL, TOBEEX VN7 B X s %
WEL, KIGEEAZHET T 5L TER o7z, L
L, CORETEIEZE, EdD XS m—Rpic 4
LpfEkaE &£ B2 5 LI TH H, CNHE NS
AV —ORMEMECERDO 1 O Th b, kb, i
DT v NV —Y S S ETE O OB FRIT Y
IR FY—HEEOH SN DL, ErD Lt EE 2
B

8. BFREE X RIS EMRN

VN A A B Y —DFEMD HEEO—2ld 2 v/ 7 HH T
IFEB T ERWRIBEREE TO 2 VX 7 B O RIEHIE
IZHD W B DAL D REH /2 TR C & LK
JEDOBERE % BEAF DAL DOREE A JEK T 5 C S1T X - TR
T5I L Thb, PEE 2~3A) O5MREEDTETHEE
WD XS T 2 v R 7 BA TRBICRES h
727 X BEEED N AR 7 W T BRI T TR b E
WEFHEE< v T EOEMPS OIS L EEHT L ET
Z25ho LTeMoT, TOLIICLTHLNEEIRERZ
VISZEINOT R BOREEORKE G TL hiav, XV
INZBENTHEH EBRO®EY, 20 /87 BV CEFEBATEE
IS WEGEDPIER SN TEY, ZOX D BRETE X v
INT B ORI A TR BN ARG LT 5 e BT RS
NEHL TOAURERE, £ Lk D77 I /EHRHAIBHS
FHR N7 B TR EBR AR @\ ahE &R R
DOFHICHEF L TWEEEZOND, COLD RN
BOBRE B 57201213, KBRTF OS24 Tidd

Bt March 2015 Vol.28 No.2 63



Positive
.
r@ﬁm

The reduced (X-ray)
structure

Negative Open state

g

The modeled structure for
the intermediate state

Intermediate state

\
The CO-bound (X-ray)
structure

Closed state

Fig. 9 (Color online) The proton uptake mechanism by S382 in the water channel of H-pathway.

In bovine heart CcO, protons are pumped through H-pathway which is composed of the hydrogen bond net-
work in the upper half and the water channel, through which water molecules in N-side phase transfer protons
from N-side to the O, reduction site. The water channel is shadowed. The spheres and ovals denote water cavities
in which at least one water molecule can be trapped. Thus, these water cavities accelerate the water exchange be-
tween the water chanel and the N-side phase. The S382—containing water cavity is eliminated upon CO-binding,
which gives a conformational change shown by the open state to the closed state. A possible intermediate state
structure has been deduced theoretically from the infrared results, X-ray studies of the open closed states. The
dotted surfaces denote cavities in which at least one water molecules can be stored.
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A damage-free structural determination of the
highly X-ray irradiation-sensitive active site of
bovine heart cytochrome c¢ oxidase by the
femtosecond X-ray laser crystallography using
SACLA

Shinya YOSHIKAWA Picobiology Institute, Graduate School of Life Science, University of Hyogo, 3-

2-1 Koto Kamigori Akoh Hyogo 678-1297, Japan

Abstract

A peroxide-like ligand in the O, reduction site of the fully oxidized bovine heart cytochrome ¢
oxidase (CcO) as isolated blocks the proton pump activity of CcO. High resolution structural de-
termination of the ligand-bound O, reduction site was essentially impossible because of the high
sensitivity of the bound ligand to X-ray irradiation. The present high resolution and damage-free
determination of the site by the femtosecond X-ray crystallographic analysis using SACLA, an X-—
ray free electron laser facility, has provided various insights for the mechanism of proton pump.
Furthermore, the successful determination by femtosecond level X-ray irradiation assures that X—
ray structural changes during the physiological processes driven by proteins are able to be fol-
lowed with the time resolution sufficiently high for following any physiologically relevant process
in the protein. The concept of Picobiology, for which the present newly developed time-resolved X
—ray structural technique together with a recently established time-resolved infrared spectroscopy
are prerequisite, is introduced for showing the importance of the femtosecond X-ray laser crystal-
lography for understanding of Life Process.
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