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1. [BUSHIC

7 A XL —Y— (X-ray Free Electron Laser,
XFEL) %R\ 7ok fES i@, #atmwromts i
CEWTI CHBFEOMICEELEZ LD OOH 5,
20114E1C Linac Coherent Light Source, LCLS (7 AU %
HRE) 2, L T20124E1C SACLA (BA) H3:fEEx
wlE Lo —Y—Chk s TLik, XFEL i34k« s
th@Es ToOEmEICHCSNTW5S, XFEL Tlik, 7
T AR OV AR O X R JIEICH WS & TR
X FIT K- T2 RIYBEHRIBE &k C 3 LARjiicy 7
WaERESTHI EMAETH S, LI~ T, BAHRIAE
% Z TR T WA RS T ORETEC S W TEHE R ES T
b7obFT T ERHREINS, SHIC, ThETIT K —HD
FTL2fTbN T h o o X a2 A EA O
iR OISR A BHERNT SATRBICR b, JO X
SIEFER, MERTOAE LT XBHHEOFTTICE
WTHEE R RE AR R T,

2. 2TLAMSXBV-—Y—-ZRL
HmiBEeE

2.1. XFEL [CHF B iEREERIF

AR O RRAR G X A W A BHRICH ICHEET 5
BIETHD, BEOREZ WAL TEHEL, 2 OiRfKiR
IO TSRO ED I\ T — X ] 50 PEETH
%o EAFE TR C 2 HSREGEOE S REE, X
R EOHEERICE AL FOFVIVT I HIVORK &%
DILHIZ £ %o T85> C, BHEOBHK X MERTIES Y
TV O PEBOR FE % B3 5 72 DMK S IR E (100-150 K)
THEP TN TS, IHIT, HEORERAHHAL T

FrE OFESIBALD 720 O X RE BRI L, BAHRIEG O
WERZT SRS 8 A Z ERAETH S, CNIC
xtLC, XFEL T3 7 = A FROIEFITE OV A X R
wRIEICHW S 7280, HREHRIRG 2 3 & 4 Lanc skl 6
DY T FIVERET S EPAJETH 5, - T, BRITHK
St XA AW TREERIT AT abNnT05RICEWT
b, HBERBEHEOL VEEEES &\ D STHi R ER Y
L7eHT, FOLDHHNL, TVOHF o AR
RHALFEFR I E Ak (photosystem IT, PSII) B & OBF
FTICBWTELE SN TWALD, WEF RS EITIC AV
bN5 X BEOHKIEM (D% DEEMO diffractivity 23472
N5X#E) 13, Henderson ® Garman A 2L L T\ 5
EIC X 5 LRRBIE T & #20-30 MGy, ZRHEIE T 1
MGy BETH 5, LirL, PSIIRF k710 AfELEZD
X 27%, BALEICRIGH 177 5 B F.O B 0 5 i
BIBGABIAXHBREE, Thikd 35— LN
SV, XFEL CTi, /"OVZHOMENL N HOME LD K
EWICLEDLL T, T A FROIEFICE WK A H
W5 T & TR I & A URTCHAE 2 H DY 7 )L
HRPETHENARETH LT EHFAEHL TW5, LD
el XFEL %0 - 7o i AR S R E COWE T 55,
XFEL % fi& il B 55 AT I FIH 3 5 e K O F SR BE % =
BT CENARTHLETHAD, COI kL, EiR
THAET ST 3/ BABEO RS AR, FOBERKILH
DEIREEZEA B L CIFFICHEHETH S, —HT, &
BIZKE G XMEYARHCIBH T % & HEENBHA 4 /1L
R EDEHIBRIC L ABTFRESECIAZ LAMBNT
BY, ARBEH SN AR E AR ECETIRELENT
XV ELHY D LD THERILETH S,
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2.2 EHT b MIEREERT

XFELCTHWOH N A HE 7 = L - B RG fhiE R
(Serial Femtosecond X-ray Crystallography) #Ti3¥,
2N BN i S R A RORE & L CHR R A
VU x 72— BHEFGIINC X L —Y — O WS B
AL, BTH»OBEHBEOBIEMPODY V7 ay b
BT A B L TSR 21770 5 (Fig. D%, JEH IR
N7z 7OV A X WA Z & T, @RSt il
ERHEL <A 7BV Y A AOWRERP S, LALHET
X MREWT G AR5 LA TE 5, LCLS DX, 7OV AX
FUI3120 Hz TR 5 T 505, 7OV A X fEA B fhIC ayep
TAHER (b v ) FRAEPOREHREICKET S, F
ZIEHALF R I 7 VSV B OB EY, X/ VA
18575 a v I (B4 KFHOERICHY) OS> H, oD
Ly FRIEIBLZ 6%, DD HLIEHMATHAEETH - /e
LODOEETY a v FEICH L TIXRHBETH 5, > T
by FEREY EFREBOHEBEEYBRRT 57201003, X#
DR &SRkt OE A % [A ) & & % drop-on-demand 2
ORI LA VY 2 7 R—DEABLETH 5,

iz, XFEL 57— & f##ricBE L Tl O X FiA 8
W& 8% 80%, SFX THOLND —DO—D2DEH R~
= A FBEICHE SN/ ‘BikEg (Still image) TH

reciprocal

LETH% (Fig.1), L7icHh->7T, ZNZNOEFTARY
M mEs L A R L s\ (partiality) , Uervirojnan-
gkoorn Hi%, WA MU T 7 4V AV b%&T— 2RI
ZHTEIT S TR HREI DRELHREL REL 5F %
WEL TW50D, &/, BERBEBRICKESSRE, b5
W TFER OGN e A & (Fig. 1), iz CTHEIEICES
L CHEXBPEMRD EDMEICHE SN S22 HIETE
maClimk, 121 DO8KEk» RN SEHIFEROEL
KRELELED, TO XD GIEFICAY— oMo 7o
T BEO LSS0, Ak EST
T2 EHIE L CUAEEETROLTED ELN T
589, LpL, HEOHETEIRONW-EL2Z NV
AEOE 5 RAERSE TR Tl iz, X 0dkaw
T =2 B WIS U TR IREE 7 i SRS % 15 5 20 DR
TH5H,

AL U R T OREEAENTIC I 2 C, XFEL
RS MHTIC N S C L ORKOBIIE, (bERIE,
ARG K 5 THI &3 2 SN AEERD T HOREZE
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Fig. 1 (Color online) Serial Femtosecond X-ray crystallography (SFX) using a liquid jet, and the existing challenges.
Diffraction data obtained from crystalline samples using fs XFEL pulses is fundamentally different from standard
diffraction measurements at synchrotron sources. The crystal does not move during the pulse length, leading to
recording of ‘stills’ in contrast to oscillation images from standard diffraction measurements. There are many
potential error sources in the determination of the actual Bragg intensities for each reflection, including the differ-
ent sample volume for recording each individual diffraction image and the inherent fluctuations in the intensity
and energy spectrum of the XFEL pulses due to the stochastic nature of the lasing process at an XFEL. Another
issue is to improve the crystal hit rate and the indexing rate.
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R VINTETH AP, ZOr a7 o VIRIEFOLHARE
HaRINL, KEENEENL L > TEBIEEPLICET
LRGSR %o ZOMIERIERICIS 25 2 /87
BOREELEED Z LIIAEFEAEIC W TEETH
D, B XFEL % W CHE A ED BT\ 512,

3. 2z AN XBV—Y—-ZRHWE
XBERAEBRUVBINANRS MVEIE

& 7 BhO&RIEE R OOLFARESICEE L Tt
X ke X BT O LR RIRNEDO D 55
THWAZ L TXMBERTOAP BBV ED
M7 RFTRRSE S L UET, AV VIRBEEICEEd 5 1EH %
BLHIENTED, UTFIC, RADTNV—TTlro722
DOG NIk BN D,

3.1 X#EFENE
X #7583 (X-ray emission spectroscopy, XES) Cii,
TLEOWBRET Z/ABRBEIC R L, ZoRkiEns X

WAL TEMT ABEO AR IV ERIES S, Btk
RIAXT FIVD DL, 3dBEEED KBz AT L
EXDFFIA L= THALERKFE—27133p 5 1s
BME~NOBETOBERICHASL, (3p,3d) AV VML
TERZRL T3dWBEDO ALYV, D% 0 BHEE A b
T%5, IHIC, ZOFHI X IIVF—NCE NS KBss KT
KB" AR FIVIFELLF IR F O 2s/2p M 2 HRJED 1s
BMEANDO 7 O AL —N—BBICHY T 5, XRFELANR
7 b Vid XFEL O AS X 3 Fig (55 %05%, 2%
D, TkeV AR X# T L %40eV, 9keV Tl L %45
eV) ICHE8 I N\ /2%, XFEL %\ A7 R LD
‘ZF v TSav P BEICHEL TWD, EERT S R
21T, WU AS X FOVF—% H\ T X RS LS 7
Mr & XES ORRHIESATRETH 5, £ L THEIE, e
BRI NPT — 2 BAZENTE S, 72721
BHGARHD XFEL X f RS 23100% T 5 DI L Thl
BB ORHRITMAHEI0B L TICEHL5DT, BHD
BE L0 RO AR FIVEBEINETH S,

XESDAF v 7 a v FHEIEICIE, Fig.2(a)icRd &

(a) \ position ®) wn Kp1,3
sensitive
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(PSD) X, *: SR data
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Lo
=y [
analyzer 2 MnliCl2
= 1,1V
cryftals = Mn2 (X-Il—?lglj_% (XFEL)

Crystal analyzers

/Sar.n-ple
Incident X-ray

Fig. 2 (Color online) (a) von Hamos spectrometor, that consists of 16 analyzer crystals, for X-ray emission spec-
troscopy data collection.!®14 (b) A comparison of the Mn model compound solution spectra collected at XFEL
(room temperature) and those collected at a synchrotron facility (cryogenic temperature). (c) A simultaneous
XES data collextion of two elements using von Hamos spectrometer. For example, Kf XES spectra of two
metals, M1 and M2, can be collected simultaneously by using the incident X-rays above the K-edge absorption
energies of the two elements.
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SI16MHD T F I AV —Hdu» bk b T IV F — i
(von Hamos) %% % Fi\, CSPAD (Cornell-SLAC
hybrid Pixel Array Detector) <> MPCCD (multiport CCD)
HEO2DHBEBEERHCTARY FIVRIEE AT D,
MnKBy 3 A% 7 IV O¥ér, SiOMMOKE % HV5, 7
N—TF LN kAT e ikfmnl13%, leVicoE kLt
0.04% T 513, wH.TxIVF—6490eV TiL, ZD4H
Yetmm B EORKN T RIVE—SMET s L%
0.44eV TH 5,

XFEL O & 2 7 3E W15 17 X (~ 1012 photons /
pulse) #RARHIRSH L 7256, LENBA 4/ (multi-
ple ionization) ZEDFERIC L5 AT FIVOIRZEAL R
COABEMRD L, KA2DTNV—TTE, <VHTVOET
WAL &Y % - T, ~10'2 photons/pulse, 50-1007 =+ A
P DOFERGAE T TR HER & J—D AT FVAEDL
N5T &%&mLAY, Fig.2(h)IZ XFEL TZEHEME L 72
Mn € FIALE WD MnKBy 3 AX7 L b, Y —
LT A TR RN AERE) LzA{b&H o A
7 PIVERRTY, B ARELEXBERICL22DLT,
WEDANYT FIVIZIERIC L —F L T\ 5, KRFEBRTH
ALAXBETE, BMEHETS L1200 BICI VA
VRFICOZ0IEOE T SABHIN TS LIk
o DED, TOEREHTTHABOLENZA /1L
RAEIT B2 Tk56d, XFELICBWTETEEG M EZ 5
LRHZ A7 POVEIERFIRECH S 2 &, Z L THEIRICE
WTHBHEBRBEOTWT— 2 MG 5N 5T LR LT
%o —HT, BXBEOASHEHWIHE XFELIZ &
LZABOBETHEELAONLOTXHFEOY —AY A X5
ICEBTAULEND 5,

XES i, Wi & D K& Ast v —% M
W5BCEIZ L > TEBDOTERDOFEIE AT FIVOFRIRHAIE
ICHEHT A EhTES (Fig.2(6)), ZOHEIE, R
BT 2ERDOEBILEDORIGHF LB DB FEES
PRI BTN B S BT IRREORRRFZE AL 238 © DI ) % i
T5, flziE, Mo L TixEL 70T + 7TILEWDOSE
%, ~400 nm OWEFHEIC & - TLERM DO MMCT (metal-
to-metal charge transfer) M 5 L E 2 HNTW SR,
FD XD el BB OE FEELZB D DICL VA
T EBTELHW,

3.2 MXBERAWLELESY »/NUED XAFS IE
@ 2 N7 EO X B HWE TR, ZO&ROML
TR ICREER R AT G (B 4 5 T & 15 5 72 00 B X R
DL AIVF—% Fo 7z XERBIGE, R85 Kk s &5l
WHWON D, FRO, 50350 FEM7LEFIRREICE
5 M HITER X RO X e W TiT S 2B o LRI
WEIEP L5 LN TE S, LRI EIE %17 5 Fl &
&, O PBRIEALFF@ KA L 72 A7 FILO & D HRIE
KB &L ThSWZ &b, filESh 5 AN

TJEVHRED Y v —TTHH T L (MnL BRI E~0.3
eV, MnK & timid~1.2eV), L CT3H) AL Vet a
ERIC X - TH BN A AR FIVIZEFO AL VIRREICE
THHERB B BT OENS, 3dEBREED 2D 205
AdNDOERTIE, AV VIMERZAEYRILL T V¥ —
DRI D 2 OOV — 7 DB NS, L 28 2p3e 0 5 3d
DB, Ly 2p1 2256 3dNOBRBICHYL, Inb
DO —7i%, BEFREEICIZ CEEO AL VIRRER [ B
bo LU, W5 Tk X S OERIT 2 DOER
LD 2 IR DT DT & A LT T\, IADM
R, X RIS 10 % X OBEHT L 5 WINAK

EVWTLT, BXHERAWCER L BT S LRSS
TOE2IC k2GR TR XBBREOBC 5EENRS
FZ M ERWC ERBIFONS, 2T, %< ORI
WL TWa (B LRIIUHERS LU M W, %
L CBILED KB /20, BTEEPODONy 775
TV RV T FIVOFEEPKENT E, FLTXHROER
RV L BRI A K E WD, KKIFFRLBIR TORED
IR CHIE R 2 BB REICEOBERD L LD
HLXDBDbS, LrL, MEMEF D5 B Cldik X % M
WCHHEIRIRIA < fThN TR Y, &B X VX7 BOWTRS
BHC B\ Ch Bk X SRR O T oV F—2 H 7z X ok
EOBTER BRI &V,

bbb N OIEFIZE7 IV —T T, EREORES % TR
L CEEESTHD 3d BB EEO L Wit XANES £k
DPREERIRF S Z L& HRY & L C, XFEL TIKMHRE
=TV RGN ER L 7217, Fig. 3(a)
KR L2010, BRABEREA VY e 72— HWT
X IEHHEIRKICEAL, Z22bEonsMEy 7L
=T V=D A F ARG T RO
B CTHIE T 5, KHIbR T EEREE S R 7 BOfik
WG TH S MnyCaOs 7 5 A2 —Df % HT 5 &,
ZO Mn 5D La K48 (637eV) 32 v/ 37 BEhok
WMo a D LMERT O Kaff (525eV) MIEFICK S/
Ny 7759V FICikbzoe2¥ b IETFY (total
fluorescence yield) < 4= F UL & TEY (total electron
yield) &M/ XAS fl@iIR#E<TH %, £ 2T, V—V
TV — k& A TRE T OV F — ORI & S RAICE K
FTAHIET, NS5/ Py 7 FIVERETSHTIEE
WHOY T IV EZERINCEN L, MoROtNE (PFY,
partial fluorescence yield) %\ /z XASHIEZTTH T &
MWTE D,

LCLS SXR (Soft X-ray Research) U'—A S5 A VDFE
J 73 AR —7% Fi\T0.25 eV [HFR T MnCly IR D L &
O Ly Wi D A 7 SOV BIGE % 4T - 72 1 % Fig. 3 (b) /R
T, V=7l —FICL>TMn®DLa & 0D Ka %KY
J5, V=T —FDILRIF—5FEEIT20 eV FE T,
grating (73 f#RE0.2eV) ICHELT 5 & iz DRV A, 4
B2 IR BEIED £ D Te AR B IR 2SR IS A R
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(Color online) (a) Experimental setup of the high-transmission X-ray spectrometer for collecting Mn L—edge

XAS using a liquid injector at XFELs. Inset (top) shows the CCD images of the fluorescence from a solid MnO
sample as diffracted off one zone plate taken at an incident photon energy below (600 eV) and above the Mn L—
edge (653 eV). The intensity is encoded in color: red high, blue low). (b) Mn L-edge spectrum of 500 mM MnCl,
solution collected using a RZP (reflection zone plate) spectrometer (PFY, Partial Fluorescence Yield). Adapted

from Mitzner ef al.'”

@D PEFY %\ /o X FERINAXR 7 FOVEIE Tk, WHHREO
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(Color online) A. Simultaneous collection of X-ray diffraction data (downstream) providing overall structural

information and X-ray emission spectra (at 90 degrees) using the wavelength-dispersive spectrometer providing
electronic structure information of the metal site. Adapted from Kern et al.!® (Bottom left) An example of a
diffraction image on the CSPAD. (Bottom right) XES spectra of PSII from solution and crystalline samples.
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X-ray spectroscopy and X-ray crystallography of
metalloenzymes at XFELs

Junko YANQO Molecular Biophysics and Integrated Bioimaging Division Lawrence Berkeley National
Laboratory
1 Cyclotron Road, Berkeley, CA 94720, USA

Abstract The ultra-bright femtosecond X-ray pulses provided by X-ray Free Electron Lasers (XFELs) open
capabilities for studying the structure and dynamics of a wide variety of biological and inorganic
systems beyond what is possible at synchrotron sources. Although the structure and chemistry at
the catalytic sites have been studied intensively in both biological and inorganic systems, a full un-
derstanding of the atomic-scale chemistry requires new approaches beyond the steady state X—
ray crystallography and X-ray spectroscopy at cryogenic temperatures. Following the dynamic
changes in the geometric and electronic structure at ambient conditions, while overcoming X-ray
damage to the redox active catalytic center, is key for deriving reaction mechanisms. Such studies
become possible by using the intense and ultra-short femtosecond X-ray pulses from an XFEL,
where sample is probed before it is damaged. We have developed methodology for simultaneously
collecting crystallography data and X-ray emission spectra, using an energy dispersive spectrom-
eter at ambient conditions. In addition, we have developed a way to collect metal L-edge data of
dilute samples using soft X-rays at XFELs. The advantages and challenges of these methods wiill
be described in this review.
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