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In order to elucidate the molecular mechanism of PcyA, we determined the crystal structures
of PcyA in complex with the reaction intermediate (18',18°-dihydrobiliverdin), PcyA in complex with
the synthetic analog of substrate (biliverdin XIIla), and PcyA mutant protein of E76Q in complex with
BV. These structural studies showed that the carboxyl group of Glu76 in PcyA-BV was in close
proximity to the D-ring vinyl group, suggesting the presence of OH...w hydrogen bond here and that this
bond is a key for the preceding reduction of the D-ring vinyl group.

When Val225 was replaced by Asp, the absorption spectrum of this mutant protein in complex with
BV was very different from that of PcyA-BV. The orientation of BV in V225D-BV was inverted and the
induced-fit did not occur upon BV binding. This observation presented a cautionary note about
interpreting functional data derived from a mutated protein in the absence of its exact structure. In
parallel we expressed, purified and crystallized cyanobacterial biliverdin reductase, an enzyme that
reduces at different site of BV from PcyA, We also prepared and crystallized the Se-Met form of
biliverdin reductase, and performed preliminary X-ray diffraction analyses for these crystals.

We determined the crystal structure of red chlorophyll catabolite reductase (RCCR), a key enzyme
in the chlorophyll breakdown pathway. The structure was essentially the same as PcyA, implicating that
RCCR belongs to the ferredoxin-dependent bilin reductase family. We also determined the crystal
structures of RCCR and its mutant protein in complex with substrate, proposing the reaction mechanism
as well as the active residues of RCCR.



[ERESET fAlfiEE 22 i
200 84E 6, 000, 000 1, 800, 000 7, 800, 000
200 9FE 4, 700, 000 1,410, 000 6, 110, 000
201 0% 4, 700, 000 1,410, 000 6, 110, 000
FEE
R
e &t 15, 400, 000 4, 620, 000 20, 020, 000

WHoEsT e - AW
Bt o8 - B AWES - s Emie s

X—U—K: VY VETEE, VAR, T2 R r XBRERET, 7ava 7 o

1. MBSO R

PcyA [I~2DRHEYTHLHE Y LY
v IXa BV) 27 = L RE3 MEFEHICETT
L. BARSHISE IR ENDT o R
—NVEBFE, T4 a7 e v BEET S,
PcyA iZ. BV ® D IR exo- B =/VEZE L L
7=, HRIARD A B endo- B = /LA & T T
Do ZODX D IREAI RN 2 B S &
PcyA NED LS IZHIBI L TV B 0I5 TH
o, —hH. run T g VSRR OBERIZD
WTCEALSFR - &S A FROM IR E AL
REINTE LT, EEMAE ST, BEEX
DR AITIEEA EFONTORETH

>77,

2. WHZEDHW

PeyA 23HE OIE UL & B JUEFF & B
WZHITET 2 ME O A =X A EAT 5 2
Lo E7z, PeyA CHEERICEBZRRH D &T
MEhTWlirao 7 0 VoS (red
chlorophyll catabolite reductase) it
WEERE L, ROSFFRMEOEE R 2 5
T 528,

3. WrZEDITIE

PcyA I X O red chlorophyll catabolite
reductase {2438 LT, 43 AW Ak
WFEERNT, BRBELOED I 2 —F
NE R B EFB R LT, AEEHRE
WH L CRECRICH MR LR U, BER
BLOEE & OB A IROREGERE T X B
B fRNTIE 2 Tz,

4. BFFERA

(1) PeyAnSFEE ORI % e 258k L.
2 BB e SO DONAFY Z HilE 92 A 1 = X 4
ZRASNITTH720, T TITHEERE LT
7= Synechocystis sp. PCC 6803 H 3 D PcyA
LBV & DB RO AEIE IS A . BOSHH
KThH 518,182V FrE UYL (
18EtBV) DBV & O G IRORS bk & DL E

L7, S5, LAk LB Fa s T
HHEY LY XITIa(BV13) Z v T
PcyA-BV13 D #Ei&E % 5l 157 i 6E TREMNT+ 2
b, BEEGCICEELINLTWSD
Glu76% 7 V4% I IZEH#: LT7-E76Q DBVH#
AARDKE G E & ET6Q D3 1 fif T
AT ol 2B DFEREZ G L T PeyA-BV
TR AICGluT6 D B LR ¥ L L & BV
Dexo- B = /VIENIFEL TWDHZ L boo
7o ZHUIOH..fEA & B 2 B AL, PeyADSt
TR 72 DEexo- £ = /L ERm T DAEEEK Th
LHEEZBNT,

(2) PeyAIIBVD 5 6] % 8 I\ KB L CRE A9
Do &AM, BVOFEMIZH G LTWD
LIEEZ BN TV h o 72Val225% Aspll &
al7obZ A, ZOEERPcyA-BYDWR I A~
7 MVICREREDBR BN, ZOZRK
PcyA-BVODfEdati & 2 E LTz & Z A, BV E
WoTHREA L., LB EAERPeyA L B2y |
BVZ#4A LT hinduced fitZiEZ LTV
MoTo, ORI, BEENEE 2 — s
R L TV DA TH, —FREERICIY
THREMZ -EEE LS EREZLYB L
Zor L. ZRAKE A8 O S RE AT O IR
ITEBEETHZ L E R LT,

(3) BV&EPcyAL IR L E B TT H VT
IR T THEORER, I LT LA
B —B, BRB-ER L, ZOFE L R
L. PAICXEREITERZIT-7-, £,
ZDSe-MetfKkDfE A2 bAKL, v~/ /vt
— L EEE W TR ER AT 72,

4) r7ava 7 4 ViR TEEREESL red
chlorophyll catabolite reductase (RCCR)
DOFE S 2 MAD JECIRE L7z, TEH TR
Z & 1T, RCCR IZ PeyA & FEEARHNZHE L 7 4 —
NT 4T LTED, 7l REF KT
MY VETHE 7 7 IV —IZETHI L
B LTz, ZOBBRORE-EESMMEEZD
NDHHR7 > hOFREIL, Peyd & ELTIEBMIC
WEL W, B, ZOMEL PeyA LR
20, 28KE L ST,



(5) RCCR DFE (RCC) FEBTL 5 M & %
PELTZ, & 51T, RCCR @ Phe218 % Val I
B LR, BXOZEORCC AR OR
S A2 BIRE Lz, 2D OEEE R 2/
A LT, RCCR DGR EHETE S D & i,
ZE B PR S B OSTARREE RN E D D
PR AR L7, F£7-. RCCR IZ X % RCC DIETT
jMM§MC@¢%%’%é’&%ﬁ%LT\
PeyA &1ZH 720 | RCCR 73 % /L— X \TH
Abfwéz%r_mﬁéﬁzto

N
&~ ‘&
§ ot

e u
LAY

AuJOl
)Jl \4{\ \
Ser 208
C
1‘ %\
& Gulse ¢
\ TWad? e

5. ERFEERILF
(WFFERERAE . DFFE T M ONEHERFE
ES )

(MRS SC) (RE2 Off)

1) A.Watanabe, K Hirata, Y.Hagiwara, Y. Yutani,

M.Sugishima, M.Yamamoto, K. Fukuyama,
K.Wada, Expression, purification and

preliminary X-ray crystallographic analysis of
the cyanobacterial biliverdin reductase, Acta
Crystallogr. Sect. F, 67, 313-317 (2011), i

2) U, il —, EEEIL, Bkt T
A=A~ —F U — DR L EEE
e, (b5 L AW, 48, 831-838 (2010), 7 HidE
3) EAGAESL, FUEHES, f@ILE—, 5 %vv
—F V=031 gk T A X —DERK,
Ak, 82,139-143 (2010) ), A Hi4E

4) K.Wada, Y.Hagiwara, Y.Yutani, K. Fukuyama,

One residue substitution in PcyA leads to
unexpected changes in tetrapyrrole substrate
binding, Biochem. Biophys. Res. Commun. 402,
373-377 (2010), #Hi

5) M.Sugishima, Y.Okamoto, M.Noguchi, T.
Kohchi, H.Tamiaki, K.Fukuyama, Crystal

structure of the substrate-bound forms of red
chlorophyll catabolite reductase: Implication for
site-specific and stereospecific reaction, J. Mol.
Biol. 402, 879-891 (2010), Z#i

6) H.Suzuki, C.Yamada, K.Kijima, S.Ishihara,
K.Wada, K.Fukuyama, H.Kumagai, Enhance-
ment of glutaryl-7-aminocepharosporanic acid
acylase activity, Biotech. J. 5, 829-837 (2010),
Hoif.

7) K.Wada, M.Irie, H.Suzuki, K.Fukuyama,
Crystal structure of the halotolerant y-glutamyl-
transpeptidase from Bacillus subtilis in complex
with glutamate reveals its unique architecture of
the solvent-exposed catalytic pocket, FEBS J.
277, 1000-1009 (2010), i

8) Y.Hagiwara, M.Sugishima, H.Kwan, H.
Kinoshita, K.Inomata, L.Shang, J.C.Lagarias,

Y.Takahashi, K.Fukuyama, Structural insights in

vinyl reduction regiospecificity of phycocyano-

bilin:ferredoxin oxidoreductase (PcyA), J. Biol

Chem. 285, 1000-1007 (2010), EHiA.

9) Il —, RNEERY LV RIT T heHhD, K

ARHFSE, 19, 26-30 (2009), 24

10) N.Ohkama-Ohtsu, K.Fukuyama, D.Oliver,

Roles of y-glutamyltranspeptidase and y-glutamyl

cyclotransferase in glutathione and glutathione

-conjugate metabolism in plants, Adv. Botanical
Res. 52, 87-113 (2009), EHiH.

1) gsAkF5 2, IHEEE, Ml —, y-7 17 3

VT AT FHE =B ORI S

WM & BESR PO GRS . R P E R R
54,245-251 (2009),

12) M.Sugishima, Y.Kltamorl, M.Noguchi, T.

Kohchi, and K.Fukuyama, Crystal structure of
red chlorophyll catabolite reductase: Enlargement
of the ferredoxin-dependent bilin reductase
family, J. Mol. Biol. 389, 376-387 (2009), 7wt

A.

13) K.Wada, N.Sumi, R.Nagai, K.Iwasaki, T.

Sato, K.Suzuki, Y.Hasegawa, S.Kitaoka,

Y.Minami, F.W.Outten, Y.Takahashi, K.
Fukuyama, Molecular dynamism of Fe-S cluster
biosynthesis implicated by the structure of
SufC,-SufD, complex, J. Mol. Biol. 387, 245-258
(2009), EHA.

14) H.Sato, M.Sugishima, H.Sakamoto, Y.

Higashimoto, C.Shimokawa, K.Fukuyama, G.

Palmer, M.Noguchi, Crystal structure of rat heme
oxygenase-1 in complex with ferrous verdoheme:

presence of a hydrogen bond network on the
distal side., Biochem. J. 419, 339-345 (2009),




IR

15) T.Osawa, N.Sugiura, H.Shimada, R.Hirooka,
T.Tsuji, T.Shirakawa, K.Fukuyama, M.Kimura,
and Y.Kakuta, Crystal structure of chondroitin
polymerase from Echerichia coli K4, Biochem.
Biophys. Res. Commun. 378, 10-14 (2009), £
A.

16) FUHEE, gnAFH &, FEIlE— y-7 12
WVRTUARTF =BT ED K S TR
LU, RS & M2 7> 2, B ARSI R
SH. 43,23-31(2008), i

17) ATz &, @l —, y-7 V4 3
VNETGUARTFE =BT NE Y VT-T
ST RART UBRT VT —EA~DE
- SLARREE I D S B RIVESEN- A
AT AL HANY —, 66, 660-666
(2008), i,

18) Y.Shimomura, K.Wada, K.Fukuyama, Y.
Takahashi, The asymmetric trimeric architecture
of [2Fe-2S] IscU: Implications for its scaffolding
during iron-sulfur cluster bio- synthesis, J. Mol.
Biol. 383, 133-143 (2008), ##Hi .

19) K.Wada, J.Hiratake, M.Irie, T.Okada, C.
Yamada, H.Kumagai, H.Suzuki, K.Fukuyama,

HOISCH 7 B OB A IEMT, BAR
FEEL R P RE RS, KBRSz
g Z—, 20104E12H5H.
5)fafm 4L, FOEEE | M K. R A,
Bl #L, #N B, il H—, 7 N
77 U T Offalaf & i # 5 5  m IR X
V7 B RcaE DGAF R A A v Ok dAk.,
FEEL R P E RS, KBRSz v
g v Z—, 2010412 H5H.

6) FA)IAFET, AR, FHE., /NEm
. BREKR, EHKAR, R
B, P EAEERirZ BB L7 =
L RF S URIEME B ) V8 TS PeyAD fE
m R, AR PR RS, K
IRKFa X gty Z—, 20104E12
HA5H.

7) PR IR, R FETE, AT
G iE—, WA, flE—, FHE, %
WSR2 W=y 7 2 7Y THEKE Y
YL Y B E—Y ORI ZE A
AfE TR L RREEES, KIKKFa
Ry g Z—, 20106412 H5H.

) FMIEN, £EIE—, BHIEA, &l
H— HWEHHS. NMRICE A~ AF 4

Crystal structure of Escherichia coli y-glutamyl-
transpeptidase in complex with azaserine and
acivicin: novel mechanistic implication for
inhibition by glutamine antagonists, J. Mol. Biol.
380,361-372 (2008), HHif.

20) C.Yamada, KKijima, S.Ishihara, C.Miwa,
K.Wada, K.Fukuyama, H.Kumagai, H.Suzuki,
Improvement of glutaryl-7-amino cephalos-
poranic acid acylase activity of a bacterial
y-glutamyltranspeptidase, Appl. Environ.
Microbiol. 74, 3400-3409 (2008), & #Hif .

CReE)] G2 8

D) ERfE, REEE, EEEELL, mIlE—
oW, $kifii s 7 A2 —4HE5MRICHBIT
DR DOHAE A B = X LRI 10 7oA
EW)ER) T 7 a—F, 8533 H AR AW
F B83EIH AL FESARIRE,
AN— K74 Z 2K, 20106127 10H.

2) FEER, FIHE. P, BsARFH 2,
wLE—, ZVEF A R ORERESE y -
WHEINVNTUARTFE—B|I6T 5
HEFHER T > B v OfEaRER, #5330
HARS 7AW H83E H AREIFESS
FIRE, #FAR— K74 72 K, 2010412
7H.

3) AJINERE, RO, #RFHRME, mlE—,
v U ViR TTEEF#EPeyA 4 BIKIS6D-BV HE
1RO 1557 FRBEREIEMRAT , B ASHS i 72 TRk
UEFEES, KRB RFa Xy vartky
A — 20104E12H5H.

4) SEAREE, B A . EAEREL. ML,
FIHE, g7 9 A Z —Dde novoS i %

T —EB O~ LFEFEEOMH, F10[E HA
EHEHNFEES, iz va vt
X — 201046 H18H.

Y EEIE—, MATHE, FOEN, WHNFE
Z. BAH), i, RS AR A
&7 B HETE S 41U Hred chlorophyll catabolite

reductase D [ i A, 55 10101 H AR A R
SES RN o Z—, 2010
HFE6HI18H.

10) PRt 35, EEEEEL, fEILE—,
FOHRE, AT ENE Aquifex aeolicus D ERFE 35

7 T AR =GR 5 TR . R
Ff#FEIscS & TRE Y 9 A X —EERE
IscUDAREAEH, #10R1E AE RS FES,
gz Ry g o Z—, 201046 H 17
H.

1) FR T, ., mlE—, v om
FEEERPey Al T A7 72 i CREE 38T
LTWD D02 FEI0REHER T,
= Ry g o Z—, 20106466 H 17
H.

12) ElEIE—, MATRE, FOEAN, WNZFE
Z. BH), mlE—, veAa XTIl
JKred chlorophyll catabolite reductaseds & OY

F218VAE SR D FE A A TUAE fa A, AR
MEW APy | BEAR KR, 20104E3 H

18-21H.

B @EILE—. 7= RR S R EEE Y v
RILIE R OREIE A & TR~ D
FE, H21VE B AR ) E RS AT I JE 5 . =28
MEMFIEET. AT, 201041 H15H.

14) EEIE—. &AM, B oEA, WHNZ*E
2. wE— Z a7 ¢ AR R R




red chlorophyll catabolite reductase D 3744 18,
A A db P R R AR 2, BAVE B2 K
Flhr Ry L8R, 2009812 H5-6H.
15) FuEE, ATLRRE 7. $aRF5 2, il
— FEEEICH KT DM MEy- 7 v Z L B
T U AXRTFH =V ORGEEE, AR
FEPEQUFEES, PR By i
Xy //\°7< 2009EI2H 5-6H.
16) # R FR{E, £ EIE—. Htoi Khawn, KT
Gofsr, BB | Lixia Shang\ J.C.Lagarias.
EfEEEAL, I, 7= L R RS
PR Y IR ITEE SR Poy AD SR RF AR T X
S Ze A 2 M AL, FOAHRE S SRR
QUEEES, BV B i v o)
A, 20094F12H5H.
17) Y.Hagiwara, M.Sugishima, H.Khawn,
H.Kinoshita, K.Inomata, L..Shang, J.C.Lagarias,
Y .Takahashi, K.Fukuyama, Molecular
mechanism of the two-step reduction catalyzed
by PcyA, ICTPPO 2009, USA, July 26-31,
2009.
18) M.Sugishima, Y.Kitamori, M.Noguchi, T.
Kohchi, K.Fukuyama, Crystal structure of red
chlorophyll catabolite reductase (RCCR) reveals
that RCCR and ferredoxin dependent bilin
reductase were evolved from the common
ancestor, ICTPPO 2009, USA, July 26-31,
2009.
19) EEE—, &AM, TFOIEAN, WNZE
Z. fmE—, 7 e 7 g VR
Red Chlorophyll Catabolite Reductase D i A
&, B A AEABERYRES, BBAEH
»TTww;~xﬁ4zm%ﬁﬂmH
20) fl . AJTRERE -, hURERE, RS
WE, ARFH 2. T . mllE—, v
&%j/ﬁﬁ@%%ﬁ77W§:WF§
VAR TS — t@méﬂ%%wtggw
ARHEAE DR, FE81R B ARAA LT
Mﬁﬁ—b?%?>ﬂ?m%$uﬂnﬁ
2D e Bz, FulH . Rl EH- &
AL, SRR 5 A K — e BRI
592 K # SufBOBEREMRAT, H581MH] 0 A
FlFBRE, HER—RFTAF K,
2008412 H 10H.
22) M. Irie, K.Wada, H.Suzuki, C.Yamada, H.
Kumagai, J.Hiratake, K.Fukuyama, Crystal
structure of Echerichia coli y-glutamyltrans-
peptidase in complex with  glutamine
antagonists, ITUCr 2008, Osaka, 2008 48 H
28-29H.
23) Y.Hagiwara, M.Sugishima, H.Khawn, H.
Kinoshita, K.Inomata, L.Shang, J.C.Lagarias,
Y.Takahashi, K.Fukuyama, Snapshots in the
reaction pathway of bilin reductase PcyA, IUCr
2008, Osaka, 200848 } 28-29 .
24) K.Fukuyama, K.Wada, Y.Shimomura, Y.
Takahashi, The asymmetric architecture of

2Fe-2S IscU, a scaffold protein for iron-sulfur
cluster biosynthesis, IUCr 2008, Osaka, 20084F
8H26-27H.

25) K.Wada, T.Sato, N.Sumi, Y.Takahashi, K.
Fukuyama, Biosynthesis of Fe-S clusters by
SUF system: implications from crystal structure
of SufCD complex, IUCr 2008, Osaka, 20084F
8H26-27H.

26) EtfAESL, FOIHEE, TAETE, f@IlE—,
BREILEE 7 T A 2 — DAE AR 1 1SC & SUF
Z Ny B REOMEE L BERE, 55 8 Ml A AK
HERZRFER, 4V — T~w%ﬁ,mw
F6H12H.

27) A0 R, PepEE e, B RIEE. ALk
KER, Ef@EEaL, MU —, SkhiE s 7 A
Z—DERKICE G T HSUF~ T U —0
M - BEREMRAT, £ 8 IR AR HER %S
i, XU —R—/Ufidi, 2008456 H11H.
28) #JRFETE, A2 IE—, Htoi Khwan, AT
Sofst, JER%HEZ | Lixia Shang, J.C.Lagarias,
AL | ?éll-l%*\ [ERVSL STHL =2 7.\
@}iﬁﬁn‘x'ftﬁ‘ BILBEENAT T ay
Mo 8E AAEAEMNTERFER, #U—
$—w%ﬁjm%%ﬂna.

(& Dfth)

R b= U5
http://www.bio.sci.osaka-u.ac.jp/bio_web/lab_pa
ge/fukuyama/index.html

6. WFITRERE

() W7 FEH
f@ill H— (FUKUYAMA KEIICHI)
KBLK - KPR ELE A IE R - 2%
WFgeE &5 - 80032283

(2) WFgt oy a3
rqhm BE5L (TAKAHASHI YASUHIRO)
B E R KPP E TR g Rl - %
WFgeE &5 - 10154874

FoH  E& (WADA KEI)
KRR KPR 05 R - Bh#
W52 E %5 - 80379304

(3) T 2T
% W5 (INOMATA KATSUHIKO)
AIRK T KPP B AREL I 5 R B
WFgeE &5 - 50110599

# B 1E— (SUGISHIMA MASAKAZU)
INBRE KR 27 - [ S - iRl
WF5EH %5« 30379292



