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PUHNEINET, BHERA 42— RIEZBRIC—BEFERT 2WHEFERKRETHER (CuNIR) OEEEYF
R EER->TERN, /700> XBEAVGCERRET —YRETFRAERCY N7 EAEOERF
OORRCETEN, EORADEENE(LLTLESHEL D -7co £2T, XBEAREFL - —Z2AV/ER
7L REREEENICLY, SRLORTREDEC ZHEIO CuNIR QA IRES L UEERSREDO T I
ELABIEICLT BONEHLWEBEICEDE, HPLOETRTICED RS 70 L - BEHRBOFERET
LWERETDENTELLET TR, BRERCHOEMEA 4 OBEECHTIMEbFTONI.

1. BUHIC

1.1 &, 91NV HE, X#

£REIE, ELVEMME L TRI TR, ZOHLI»
HEESEYE, REFEOMEHC L5, MORBEAFIHTE
BB EFIATES XD ICanE, FuiclsnTERLIC
MO EHTEAY, NHOERIEBE EBITH-T2 L
o TLBEETHENPSD, BRILAL, AEBESED
FHRAEICKOE 2280006, ThEeFfBEL T&/, X
R, R, BERIGEV ST, Amrdamlob L o555
COMEFERIGE, SBA A VEGG X V78 (BEX
NRIE) ko> TBIbNTnb, XV /R7 BN D
LDOT I WEHEL 5 I2h DT, S ATMBOWE - 7237
BRESE T FD, ZORE LRI RICE D> Th5, &
B2 N BO%E, @BRPORMUOEITE Db, &
BRORBICE > THETH 5, 2040 EIC John Ken-
drew & Max Perutz 78 = f1 £ 1 myoglobin & haemoglo-
bin O X FfE RSB ITICRI) L /0% EPI0Ic, &
Fle X VN EOWE P L PIC SN TE Iz, 1O Tt
2R Wl GV VA= Vil =R B o -5 SV A/A = Yl
i, BATEZV2L LRV, SRR CTEELEEY
Ho TWahERZ V78R, BN KEICFEL, B¢
TH5HI RN, IO FOERNEL TS5 T
DI TH-72/2hH D, 20HEFE T L O FI 23 v] 68
W27k &, &2 /87 BRNORE RBAS b & fEee
TRETHIENTEALLDICED, MIRITERICERL
oo L2L, ZD LA R AViceE 2 /S ED

X HRAE S AT I, X EIEN B - Io, SRk
SOt X DR TRKMET 2 RBESHE, ChBEEA
FVERBICELLTLESBS, XHEXEL (X-ray
photoreduction) 232 5D TH 523, MALIRAE & & ICIk
LT, &RPLOBNESE TR 5720, BT — 2L
FEhOEREE D OMEZLITET BNk,

1.2 ASFHHBETER (CuNIR) Z2H<5MHE

KREPOGFREFRL, ERECICIO T VEZTRT
VEZU LA T VOB TEHESKPICEZDON S, 1D
DILEDDBRNERIC L > TERBIEYAN LB s h, &
Bbiﬂ?ﬁ%k@ifﬂ%fi@i%@@bé‘&:J:o“(%?ﬁ%?ﬁﬂ:%
TEMEMNCEITL SN S 2 & T, WERICKIT 2SR IEEROER
AL B A, TFE, BEINCEREKRPNRIHE
HEPFEELRINSOH %, LD, SEMIEEE W
THEELERELLTVEZTLAEALHICERT 5
Haber—-Bosch i DFBILIR, BlE S % EHREDEFREN
ICH 2, BEEMBERONS VABRFHNODOBH SO TH
BV, MEMBEOS LEICEH SN TWALOD0ED
1%, WA A A (NOy™) % BULEDE WA #H iz —1L
KFRAA (NO) [C—FBFRELTHRIE (NO,~ +2H* +
e > NO+H,0) T, BAHOHFGMEZE CEF (nitrite
reductase: NIR) T & - Thfit x5, NIR ZN\L$EE
LD &, HEELLDICKIINGD, bivbhiilh
£C, &, Tiabbile s EmE TH#E (CuNIR)
ICHEBL, BaEEYFIIIEE S k- TET,
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5 3EMAMBEY LD, K5 FIC2 OOHE AT R
L TCW5Y, bbb BB 7z Alcaligenes faecalis
i3k CuNIR O & % Fig. 112773, 2 DO AL I3 EAL
BEOEWD LHIRICK IS NS, 80 6 DOEFZHW
MTHHEAT1H(TICW i, 2 2O AFV v/ (His),
1520254V (Cys), 12D AF A= (Met) HHL
fZLTW5b, TICulE b D\ o T D DI TH S 2 4
24 (T2Cu) &, 136&F B DYV A5 A (Cysl36) +135
FHOL AF VY (Hisl35) OMOXTF rEE&xE ML
THEHFEL T, TICuhSZIR >/ TIE#E-T
T2Cu~ tiiins, T2CuliEHHALT, 712y b &
S LOBICHAEL, 350 His BESLL TW5, T2Cu D
BRI, 1 2OKDTIZ & > THBESN/ZBFEHDOT A
INTF R (Asp98) L255FH O AF Vv (His255)
PRESINTED, INDLORLIHMILEE, & Dbk
BAOT780 P/ EBICHFSELTWAZ ENALNTW
260,

CuNIRIZHARDIZ V=TT ko THRSNIBEERL
78, TR O RSB O 7 IV — T k- THRE S M
72¥, ZDHK, WBHOT IV —TIFIEB LR & OB A
g O>EOE LB LYY, CuNIR OILEMIZIZEA
I NI PICEbNTE/z, L LFERIE, wW2d
DEEDFE > TV AHW, (DZERMKE AW IEERE O
Bz Ens, mEROLICREFESN/ZAsp E His A /B
VEBENCED > T A EIZB LR, ZOFEMEE
ITRBHTH %5, (i) T1Cu 725 T2Cu ~DorFHNETBE
F7a BB EEEL TS, Thbb U a vEER
FEBEHTHL I EBRINTE N2, NO,~ 2 T2Cu i
B2 d 5 E0FHETFBENMEEINSZ LD L<MbR
TWAEPBW, ZORBIISEEICEBEIN TS5 Tk
7\, (i) CuNIR & B CTH % NO & OEEE O
HETEH, NOONRETLORFOESL L T2Cu 1T
L7 A PV BBEENBE I NN, BihTo

DHFHT — 2 L5 EALFR T — &2, BT VRO ST
Fnd, NEFOARBENCEALL 722 F 3 /B2 Aol
KTHDH I L mBEL TWAD,

L OFEBEPFREIN TV ABICL b LY, Ik
FOGBE R SE LTI I N TOW R WDREA D, NI
FRE 0 XBHELLED > TW5, BT — X [NER
(Z CuNIR HOFY 4 - TXFOEITAERT 5 Lid, B
MAKORERPRL TE VY, WHEER O HE
T — 2w HEOHTWAHERAIZNO,~ 25 NO R EIERY D
KD TACE SN, EEPOR Y OFE T3 OMR A R
1275 Edbbpo TWBW, 4k NOREAEERETL
FUMBERDH725 D, Lich-T, ThETHY /71
b kS ke @7 (Synchrotron  Radiation  Crystal-
lography: SRX) OfEFIT, BEEAROTH/oa ML T
WAHEEFVEELS, ZNbAEERICRICE#YEmTH &
THELVWDOTH b,
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2.1 SEXDEZ B9 NV EHRF

X#MEBEFL —Y— (X-ray Free Electron Laser:
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INX =G % B 5010, WE, i —x—TXHaR4
L7z il 7e 6700 SRX T, 75— X IUERE, 1b2f
FISIC X BFEFOBEENE 5 LD EREICEV, B®))
ey ra Ry XEOREIZ K-> T2 v/ BREO
LS A BE DI L /2D EERDVBLL 72D §50DT,
SRX THOLMNZ DL “XRBEZT” #HETH 5,
W D XFEL 8423 HBEEE» D7 « A b d —
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Fig. 1 (Color online) Structural overview of CuNIR (PDB code ID 1AS7, ref 9). The ribbon model of the overall struc-
ture is shown on the left side, and the structures around copper atoms (brown spheres) are shown by the stick
model on the right side. Water molecules (red spheres) aligned from the catalytic site to the molecular surface are
thought to be a proton channel!'>. Dashed yellow and black lines show hydrogen bonds and coordination bonds,

respectively.
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DRFOMNEFHRIBONLN D, &BX VN7 EORER
SRR I HT /e N 2 LR E%RT 5, BRIC, 7
FGAFT NV —FICEHE L e RBERZEIRI L85
XFEL U'— A% 5 B 7= IR C & BURS L 57— 2 & It
I LR = A RS ARG #PT (Serial Femtose-
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b7 B A cBLEERD R IA BRI Lo o 2 Vs
7 BOBEB SR A Z b T, XFEL i
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(Serial Femtosecond Crystallography: SFX) 7335 516,

ChIS, RESFEBOFEMEARE K 2 v /87 BIZIEHAT
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w2 OFE LSBT HHPHESIN TS, T LAAL
Y7 a2 S, B8 - 7o RUBEE O RIBIC D7 D 22
W, EETIHER EORE TORENL I A
BIbnTnbh, YRS LBEIEE ML <, &
WMABE T — X B 5DICW L DL OFEMP N TR T L b
v, SFX iz 1Y, ChOHDOMEYRICT A &ix
{, BRTT—2MWERL 2 HDTH S,

2.2 APLOBIEETKEDEICEBASTO N
BEEIBORZA

phbhiz HAD XFEL jii% Th % SACLA I\ T,
2~107 £ AFBO/SV A X AR, BEE A. faecalis
Hok D CuNIR DR & E R 55 Tk - 7220, B 5Nn722.0
A5 fReed SFX HaE &, SRX Tk - THEL/12A %
REEOREZ LT 5 &, REFEShIEREREXTH S
His255 D& OBV L2 72, 2% D, His255
DAIXT—)IVBREY D 2mF,~DF. < v 7 L TN 57
TEE<y THRTEIIC, XBEXRERTOYELZT /-
SRX f#&5 T, SFX BTN, His25504 I & —)l
B0/ L EiE L T\ 7z (Fig.2), 738, F, & F k%
nzh, EBRy— 20 bEESONEERT &7V
EhOHESNHEERTZERL, m & DIZEADT
DIDODHRBTH 5, BMEIF,| T, 2m|F,|-
DIF| % L7 — ) TABIC X AR THEEDOHE A
BIko &, F.OMAEICEDLON/IHEET VICEEEN
Ty (B, FEBICREFVCEENRIERLRW) ]
FRDOBEFEENLIVEZ-ZVEHLDNETD, X
B s B RS RMT CIE 2mF,~DF, < v FIC 35 W CHEi&s £
FIVEREL TV,
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Fig. 2 (Color online) Structural change of His255. Carbon atoms
in the SFX structure and the SRX structures are colored
magenta and yellow, respectively. Gray meshes are 2mF,—
DF, maps around His255 at 3.0 ¢ (left: SFX; right: SRX).
The lower figure shows switching of hydrogen bonds (dashed
lines) .

ST, His2550 N9 ¥ EO HIFE L, $APOLOET
&by, KEBEOHFEL2T9EBO 7 V2 I VR
(Glu279) OFEFE A IRV O KT H280FH DAL F
= (Thr280) OMIFHKMBIEOFRFANEEZ LT EHb
MolobldF Th AN, TOKRE/BEOHABLZIZED S
Glu279 (BEIC k- TEZ7 V¥ 3V (Gln) OEELH5)
L Thr280 (fEIC k- Tkt v (Ser) OBELH D)
OMIE, ThETHLNTWASELTO CuNIR IZR-fFE S h
TWARF TR, A. faecalis 7 & ZR I FR 7= - 7= &4
B Geobacillus thermodenitrificans >k @ CuNIR % FH \» 7
SFX i & SRX s OB TH R U & 5 7 His OB EE
{EABEITE /0%, Thid CuNIR ([CE R L 2
tRBRPbnhns, EOLTH, TZCuBEILINAT LT
His255 S 2 b4 5 & W o EHi, RIS T —
ZNTFHED T, 199941 KB KZFD 7 )V — T 3 4RIE L T
WD 72, SRX # W2 TN E TORESHNT Tl
His255 0 F B a S A LA S i - 72/, BS
KBEALNAS Z EDah -7z, SEORRIE, oG
TEITLLDTH S,

His2550D 4 X & — )L O [B] iz 25 M Al 8 12 70 St IC B
BECHLHT EEMENDHI, Thr280% 3V (Val) %
7213 Ser ICZF B X 7= T280V 25 -k & T280S ZF & (k%
PEBLL 72, T280V ZEEARTIE, His25578mEiE L TAER
ErMABEZDL T ENTER Y, WolT D T280S 48 Ffk
TRAERED A v F VT BB HR2HHDD, Ser O
KT Thr OKEEE L D L aJEEAEH /2o, B L
bREREEOZITFICTE D LIFR LA, KARD CuNIR
THEThrO2bDiZSerzBL TWAHLDOBFEHET 5
B, ZTOREMMEE T RS &, Ser 78 His & KEHATE %
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WSS RN 9 5 2 L b 520, ZERKZ O T
My ToIG M E OfS B, T280V ZE5 kTl B4R 020%,
T280S 7 EAK TIEE AT D29% OFEME L 2272\ T & 238
LC7 D, i3 0 His2b5D A I &4 — )VER D [Al#R 1A G
PEICHE L TWAT ERTE I,

gt OO TCIC & A His2550 4 I XY — VB O Bz
13, REEBELZOEAS, bhvbnid, [His2553 D=
TRISIC & D7D 7R P VUBEIO AL v FTHLH] LD
HABIATRIBE L 72\, HIVIRZIV O R FIC NS &,
KEEH O H T OBRSEMEE NS Wiz, P LORTT
ICAHBE 3 % KB G HF O, HIFEFE N JEFIC X
NBIEDFBENAT LICELEESD, ZTDI, KFHC
His2550 Ne Jji§ E > H 718, His255 & Asp98DHiC
GHETHEBRGFANEZHTEINALE EICKD,
His25572 60710 b VO HAME#ES NS D TH % (Fig.
I, L TEBKRDT (BANTEIHICAspI8) /AL T
NO,- e 7/a rvifHsans L& 2605, BIBKST
L7z His2650 6070 + VBEIA, TFEOEEYLE
ke IR R TH TR SN TV A DT HIRE
ETH 5,

2.3 BHBEA TV IITLELED T2Cu ICIFEILRT
fefiid s

wizhbndHhid, CuNIR & NO,~ L DOEEKD SFX %
BllkoTo H2ONICE—LFALIRO BB, e
TELHT—XPEEN T E5p o T RIEIRRERE & ORF & 1352
w0, BERBEICOWTR TS REDOT— 2 2B bhe
728, HRKFOHFREFICH Cu i+ O RH HEL A FIH
L 7- B EE LS (Single wavelength  Anomalous
Diffraction: SAD) TOfMRE A~z 4EID CuNIR
DRGSR 2RI P2:12:21 ICB L, K FMIFERFRE AL AHIC
SERTRDED, bbb ENRMLEY 6 OFT 50, £
DL T O FFE I, S HIT, 410268#H, 838
BEICOVWTHH NV — A k> TRY T S V/ETIVH
BETE, Thid, SEX THELNZTF—F v/, K
ROBERFREGY A T X5 SAD TOMMREDRYID
Wﬂktiof:o

b tEd 5 &, T2Cu O EIZ, BIZE VOB TEE

DHEETH EDhbhro7 (Fig.da), SEISERETIV
TREL7oRR, HAERI00% OEMES T2 0 & OEE
L7 ETIVEBAWEEIC mF,-DF. < v 7 WRiEn5E
FHESy THhOEBTFEEN ROV k-7 m|F,
|-D|F | %#@$ & L T7—) TERIC L AEFEEDOE
RO L, BANZTTET N WMEICIEDOTETHE
B, ETNBRBDAHENETEWD, ETNVOEIPNTNS)
MEICADORTEENMEINSINS, Lch-T, EETE
ERR LD nws T e, Mg 1450 & ORE
HETIVHBIRSELBZE WD e ERBELTED, bbb
NITEIRE O NO,~ HEHE LB b N7z & HIET L 7,
BANIC1.6 A S REE &\ >, LML T- O MRS % Fah o
LHOICtTHix@EmrMTORERE LN, O SFX S

L, bhbh LS REL 2@ o MeE (L.3A) o
NO,~ &tk SRX #3% (Fig. 4b) % HE 4 5 &, EHEOD
B ESICEWR R ON/, b, SFX#ETIIE
B (vertical mode) TEIAZ L Tuh72 NOy~— 23, SRX R
WETIHEY A4 F 4B (near side-on mode) # & - T\
7= (Fig. 4¢), 7t%s, Fig.4a & 4b Tit, HEMEEOE &R
Tldo B LRTI2OIC, RS T 2R\ /o2 H v
TR L7 mF-DF. < v %R LT\ 5b, HEBORT
BN, FEOBRBTEEL L TmF-DF, < v JICHENTW»
%

Rl N7zA, SRXDKR 7 — & P Tl dh O
JE & BWIC T ABRICHB O G REDNZET S E0db
NS5 5%, 22 Tadi®d, HERTh SRX HEaiEL
7o, R0 0 NO~ (F#EY A F A VRIS WEL AR &
BlLTwi, T/, BERICEEINTWANO,- HE
SRX #5134 ¢, #Y A FAVHMOBRNMERTH - 7o,
O Epbbhnbhid, $PLORETICHE T, NOy~
DOENFRADEA T B D72 EE 2 T,

T, NO;~ BEINC T KD ITHEZE T 5 Z & TR
B BHDESLD, £F, NOy~ & T2Cu DWLEDOERL Y
DI EALL, N-OREOMAEZE| &R TR EEZ
bhb, E£72, NO~ HHEEZE T % & His2551C 185
L, 4 IFX = )VER%EEE IGO0 D N,
His255 D3 (KEE IV 257252, T7bb, BIC
WA AL O TCIC & b 7 D His255D [aldix 25 A FINC 7x

BEKSTF Ho H
H. H 0 A M
o) Glu279 Y Q+
L A H A H..,
S, 70 B 0 N o
SNTH sk N!\ N,
8 H. BLukR#Ee H..
His255 O o Jple)
H # H/ \( q H” \(
Thr280 SRDETHAEZD JOrohBEHTS
His255h%El859 %

Fig. 3 (Color online) Proposed mechanism of efficient proton transfer driven by His255. Dashed lines represent H-
bonds. Thin black arrows illustrate the directions to which H atoms are attracted.

56 HETSE March 2017 Vol.30 No.2



PEY 72 WERT x & MOREREERTHNE EMA ZMEFREHHRETHRORITHE

H|5306

-\ Asp98

E:g”ﬂ

His255

His306,
bk

%F*ﬁ?

H75§\/

-E"f*flﬁi’/i

HIS100°
His135
His306

Fig. 4

(Color online) NO,~ binding modes. (a) Nitrite in the SFX structure. The sigma-A-weighted 2mF,~DF, (1.0 o)

and omit mF,~DF, (4.5 ¢) maps are shown as gray and red meshes, respectively. H-bonds (yellow) and coordi-
nation bonds (black) are represented by dashed lines. Carbon, nitrogen, oxygen and Cu atoms are colored cyan,
blue, red and brown. (b) Nitrite in the SRX structure (monomer A). 2mF,~DF, (1.5 ¢) and omit mF,~DF, (6.5
o) maps are shown as gray and red meshes, respectively. H-bonds and coordination bonds are represented as in
a). Carbon, nitrogen, oxygen and Cu atoms are colored magenta, blue, red and brown. (c) Comparison between

the SFX (magenta) and SRX structures.

HEWDHTETHY, Thid, NO,~ 7 T2Cu lTBALL 7=
EEICHTHETEEIEEINSESE S EBHHR TR
W, EbnbidELZ TS

2.4 Asp98(3F A F I v U IRBELEILETEN?
Samar Hasnain 5027 )V —"71%, T2Cu EFICHFEST A
Asp98 73
(Proximal conformation: P &) & P&F#EE (Gatekeep-
er conformation: G #:&) — %MD, HICKELEAL
7o & XIS GHEEDEIG P2 S C &%, CuNIR D45
ﬁﬁﬁ'é%if%ﬂ%%?% CETHLMTLY, AspI8OE LAY
(LIFEHICH G L TV D E WS HIERIBL TE /e, 25
B, D KD s I e fEEZ L CuNIR D% < Off i
ETERONZNE 2D D, 5D CuNIR Tz ARE
EMIC GEELTIMA C LN DL LRI TTHH 52,
Hasnain 5 Of5 & T4 G &I AL L 3A LK
DEIZHD, »ixVEMODAFEEDLOICEZ S, &
Bl bid, SFX & HWTHIER CTOEBEHEREZRT
L7zbd72n, e V) %0.2% T NF 7 2mF,~DF,. < v
TTh, GHEOETHEEIIBEI N >7, Lich-
T, GRS XARIBEG R dhiiis 72 & O NAERIESE
ARIZLIZLDDWREMEDLB S, b bAHA, BERIGHIC
AspI8 & Bz, LidbhbhdbEZTELT, %
KA ER O DI B AREOB X T H L DA D,
P HEFEHOME ThNbNOm X A5 IHL TEWs3 0
D3, bNONDOT—2~DF KTz,

3. B8DYIC Chho5DRE

SEbhbhid, SFX L WO HhFEaFIHL T
BEEE A IREST S LT, L0 R NI
N2BTEwRLIc, 58, KOESFXA#KBTkh>T &
A TENE, CuNIR o TOHEEERE IR IGD 4 BE % 8
ST EDAEEILZAPD LN\, EETHSH NO D
BLAREE Y A A VR DhTy RA VR ONITOW
TIIRRER P Z 7D, KB SFEX HME2 %5 2T
INAuBEEZ BB WIZH 5,

ECAHT, @BETOETFHEIT XFEL b — ARG
BT AFBUNICELT S EINTEDD, 2/ Ry
BHROPKRE 7 5 AZ =122 T, BH»SHEI07 £ A
FRUPICHESEZLOR C 2 FHAD R I TW5ED, %
7o, V3alb—vavickhiE, XFEL ¥ —ARE 5]
FHIT 7B VEBRICE-> T, 2V BESTFHORT
DALEIFI07 « A FHRETLEI T 53, Lich->T
SFX &P BEICEBRGBE CH A0 E DL, SH,H
ICHEL BRI SN R b nEAs 5, 4—o0REIE
bNbONOWIE s &8, XFEL & A\ 7= 2 V87 B
FREDE A, EALFN - SHZFHT— 2% b LICTH
ENIZETFINEORBEDDLRICBDO TS ETH5D, 72
LPIC, THETERB SN TE/2EF VA ES e &
THPEL, SR A LITIZEELERLD 5, L75>L
XFEL OBHZIE» L T RMDOB KRR TE L
ECx, RBITHLWHRORT &2 5D Tl
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Konstanz @ Kay Diederichs # # , University of British
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SRX 57— % O N4 13 SPring—8 BL26B1/B2, BL38Bl1,
BL32XU B LU BLU4XU I TR Iz, TNHOE —
LTAVICEDBETDOAR v 7 LTV V2T OEFRICIE
HE L P %, CuNIR OiE#: I T University of British
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Serial femtosecond crystallography revises reac-
tion mechanism of copper-containing nitrite
reductase

Yohta FUKUDA Department of Applied Chemistry, Graduate School of Engineering, Osaka Universi-
ty, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Tsuyoshi INOUE  Department of Applied Chemistry, Graduate School of Engineering, Osaka Universi-
ty, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Eiichi MIZOHATA Department of Applied Chemistry, Graduate School of Engineering, Osaka Universi-
ty, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Abstract We have studied copper-containing nitrite reductase (CuNIR), which catalyzes one electron
reduction of nitrite to nitric oxide, using structural biological techniques; however, copper centers
in the enzyme are rapidly reduced by synchrotron X-ray irradiation and easily change their struc-
tures. To determine CuNIR structures in resting and substrate-binding states before reduction of
copper centers, serial femtosecond crystallography with X-ray free electron lasers was utilized.
Not only was a detailed model of redox-coupled proton transfer proposed based on new struc-
tures, but insight into a structural change of nitrite in the enzymatic reaction was obtained.

60

H&tH March 2017 Vol.30 No.2






