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• Method development to address major bottlenecks for membrane protein 
crystallography.
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Membrane transporters & respiratory enzymes  

Oligopeptide 
transporter  (EMBO J. 
2010) 

NO reductase- Fab complex 
(Science 2010)

Mhp1 hydantoin transporter 
(Science 2008, Science 2010)

A S B T b i l e a c i d 
transporter (Nature 
2011, in press)

Human anion exchanger  - Fab complex
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Human Histamine H1R
(Nature 2011)

Human Adenosine A2aR-Fab 
complex

　(Nature 2012)

Human Muscarinic acetylcholine 
M2R

(2012)

Antihistamine (Doxepin) CDR-H3

Inverse
agonist

G-protein coupled receptors
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How fast can we solve a membrane protein 
structure? 

Stabile 
construct 
design

ex. ) 
Histamine 
H1

7 months 
（2009/3−2009/11)

Crystalliza
tion 

Data 
collection 
/ analysis 

7 months
（2009/11−2010/05)

7 months
（2010/5−2010/1)

Compound 
screening

1 month
（2011/7−2011/8)

Achievable 
speed in 5 
years 

3 months 3 months < 1 month

X
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1.Screen membrane 
p r o t e i n - G F P o v e r -
expression by whole-
cell fluo-rescence

2. Isolate crude 
membranes

3.Check integrity 
u s i n g i n - g e l 
fluorescence

4. Check cellular 
l o c a l i z a t i o n b y 
confocal micro-scopy

5 . C h e c k m o n o -
disperisty in different 
d e t e r - g e n t b y 
f luorescence s ize-
e x c l u s i o n 
chromatography

1 . D e t e r g e n t -
solubilization

2 . I n c u b a t i o n o f 
supernatant with Ni-
NTA resin

3 . I M A C 
purification

4.Dialysis and 
c l e a v a g e o f 
GFP-8His

5.Reverse IMAC to 
remove GFP-8His 
a n d h i s - t a g g e d 
TEV

6.Gel filtration of 
membrane protein 
(option)

Ni-NTA resin

Spin downnondetergentsolubilized proteins

Flow-through Wash Elution

Concentrationof 
membrane protein

C

N

MP-TEV-GFP-8His

GFP

TEV10His

8His

GFP-based Membrane Protein Expression and 
Purification System in S. cerevisiae (1)

D r e w e t . a l . N a t . 
Methods.  2, 2006
Newstead et. al. PNAS 
104, 2007
D r e w e t a l . , N a t . 
Protoc. 3, 2008



GFP-based Membrane Protein Expression and 
Purification System in S. cerevisiae (2)

11~13 days

19~23 days

30~40 daysP1 virus P2 virus Titer check
Vector 
construction Bacmid. Transfection

S. cerevisiae

P. pastoris

Insect cells

Days
5 10 15 20 25 30 35

PCR, 

Transformation

Ura- selection

MD selection

Geneticine selection

Vector 
construction

Transformation

472-487

1-29
N5Q, N18Q

i3d (229-397)
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Primer 1 & 2

Primer 5 & 6
Primer 3 & 4

HRH1$Nd$T4L

48720

+

222 404
T4L

pDDGFP-2 vector

• Suitable for fast screening of the most stable/expressed constructs

• Easy to construct variants by combining multiple fragments 

Easy to transfer to 
t h e s y s t e m s t o 
p r o d u c e b e t t e r 
proteins 

Sugawara e t . a l . 
BBRC.  704, 2009
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Crystals of the 
membrane protein - 
antibody complex 

Detergent
micelle

Membrane
protein

• Large micelle detergents stabilise membrane proteins
• Small micelle detergents are more suitable for crystallisation
• Antibody fragments facilitate membrane protein crystallisation even in 

large micelle detergents 

Using smaller 
detergent 

Membrane protein crystals

Extend polar surface 
using antibody fragment 

Antibody Fab or 
Fv fragment 

Cytochome c oxidase - 
Antibody Fv fragment 
crysta l ( Iwata et a l . 
Nature 376, 1995).

Antibody Fv 
fragment Cytochrome c 

oxidase

Crystallisation of Membrane Proteins using  
Detergents 



Human 
erythrocyte 

anion 
exchanger 1 

(Band 3) - Fab 
complex

1.9Å Mouse sugar 
transporter - 
Fv complex

Diffraction image 
at SACLA

New structures (1) 



a. 

b. 

NhaA (inward-facing) 

11b 

1 

2 

3 5 

6 

8 

9 

12 

4a 

10 

Dimer Core 

NapA (outward-facing) 

�1 

1 

2 

3 

4a 

5 

6 

7 
8 

9 

10 
12 

11b 

Core Dimer 

7 

�1 
1 

2 

3

4a 5 

6 

7 
8 

9 

10 
12 

11b 

11a 

4b 

N 

C 
���

�	��

���
���
Core 

Dimer 

11a 
4b 4b 

11a 

7 

a. 

b. 

NhaA (inward-facing) 

11b 

1 

2 

3 5 

6 

8 

9 

12 

4a 

10 

Dimer Core 

NapA (outward-facing) 

�1 

1 

2 

3 

4a 

5 

6 

7 
8 

9 

10 
12 

11b 

Core Dimer 

7 

�1 
1 

2 

3

4a 5 

6 

7 
8 

9 

10 
12 

11b 

11a 

4b 

N 

C 
���

�	��

���
���
Core 

Dimer 

11a 
4b 4b 

11a 

7 

NapA sodium/H+ antiporter
(Nature in press)

Supplementary Figure 1 

MmRce1 

Fab (H) Fab (L) 

90° 

Supplementary Figure 1 Structure of the MmRce1-Fab645-2 complex. Overall ribbon 
diagram of the MmRce1-Fab645-2 complex, with MmRce1 viewed parallel to the 
membrane. MmRce1 is depicted in blue, the antibody Fab fragment heavy chain [Fab
(H)] in yellow and the antibody Fab fragment light chain [Fab(L)] in green. MmRce1 
interacts with Fab645-2 via its cytoplasmic side. 

Membrane protease - Fab complex 
(Nature in press)

New structures (2)



創薬ターゲット蛋白質の迅速構造解 SACLAを用いた超迅速構造解析 析法の開発

26/6/13&製薬協

Pulse Energy*    0.3 mJ @10 keV
Peak Power*     >30 GW
Pulse duration   ~10 fs or less
Photon energy range  4.5  to  15 keV 
Stability Intensity σδI/I *  < 10%

Repetition rate   20 Hz (Max. 60 Hz)

SACLA @SPring-8



Pulse Energy*    0.3 mJ @10 keV
Peak Power*               >30 GW

                            (1 billion times stronger than synchrotron) 
Pulse duration   ~10 fs or less
                           (Shorter than chemical bond breakage time )
Photon energy range  4.5  to  15 keV 
                         (Hard X-ray suitable for X-ray crystallography)
Stability Intensity σδI/I *  < 10%
                                                   (Very stable)
Repetition rate   10 Hz (Max. 60 Hz)
                                                       (Fast)

* depending on the lasing wavelength
12

Summary'of'Performance



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

~700$m

700$m

SACLA%design%
Thermionic*electron*
gun

Low*emi1ance
injector

Bunch*
compressor*1

Bunch*
compressor*2

Bunch*
compressor*2Kicker*magnet*

Beam*monitor**

50*MeV
beamdump*

SBband*linear
accelerator*

CBband*linear
accelerator*

Short*period
inBvacuum
undulator

8*GeV
beamdump*

Experimental*
hutch
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　 Protein nanocrystallography using X-FEL

• Photosystem I structure has been solved at LCLS(Stanford, 
US) using nano crystals ( 200 nm to 2 µm in size) at 8.5 Å 
resolution (Chapman et al., Nature 2010). 

• Using liquid jet system, 112,725 images were collected 
(15,445 were used) . 

• 70 fs pulses cause little radiation damage. Sample dose is ca 
700 MGy (cf. 30MGy limit for conventional synchrotron 
experiments) and this can be significantly improved with 
shorter puls. 

down to a single unit cell6 (that is, a single molecule). As this limit is
approached, the ordering of the nanocrystals will become increasingly
irrelevant, as each crystal may be treated as a single object and the
‘disorder’ that conventionally leads to reduced resolution will simply
manifest itself as shot-to-shot variability, providing information about
not just the average structure but also the rangeofdynamically accessible
conformations.
Data are collected on fully hydrated nanocrystals without cryogenic

cooling.We expect that the results presented herewill opennew avenues
for crystallography using X-ray laser pulses that are so short that only
negligible X-ray-induced radiation damage occurs during data collec-
tion. Significant improvements in sample utilization are expected by
exploiting higher X-ray repetition rates or by slowing the liquid flow.
For example, the generation, using inkjet technologies, of liquid droplets
at a rate thatmatches theLCLSX-raypulseswoulddramaticallydecrease
the total required sample volume by a factor of 25,000,meaning that less
than 0.4ml of nanocrystal suspension would be needed in our particu-
lar case, of photosystem I. Further efficiency gains would result from
indexing and merging a greater proportion of patterns into the 3D
data set, which may be achieved by applying methods for merging
continuous diffraction patterns of single molecules26,27 or by using
‘post-refinement’28 to obtain accurate structure factor estimates from
fewer diffractionpatterns. Thesemethodswill also remove the twinning
ambiguity that exists in our current indexing scheme. Our method also
has potential application to the study of chemical reactions, such as the
processes in photosynthesis or enzymatic reactions.

METHODS SUMMARY
We made our measurements using the CFEL-ASG Multi-Purpose (CAMP)
instrument12 on the Atomic, Molecular and Optical Science beamline29 at the
LCLS4. Diffraction data were recorded at the LCLS repetition rate of 30Hz with
a set of two movable, high-frame-rate, low-noise, X-ray pnCCD detector units12.
The front detector, located 68mm from the jet, accepts scattering angles up to
47.9u, corresponding to a resolution of 8.5 Å at a wavelength of 6.9 Å. The rear unit
was located 564mm from the jet to record finer sampling of the diffraction pattern
at low angles.
The liquid jet was emitted from a capillary with an inner diameter of 40mmand

focused by a coaxial flow of gas to a diameter of about 4mm (ref. 9), flowing at
10ml min21. The low jet diameter constrains the crystals to pass through the most
intense part of the focused X-ray beam. Clogging of nanocrystals in the capillary is
avoided, and the coaxial gas sheath prevents freezing of the liquid in the vacuum
environment. A micropore filter in the fluid delivery line was used to restrict the
size of the photosystem I nanocrystals to less than 2mm. The suspension was
diluted to observe a crystal ‘hit rate’ of 20% (Supplementary Fig. 2) to reduce
the occurrence of double hits. The concentration of observed crystals was therefore
0.2 per illuminated volume of 43 43 13mm3, or about 109 crystals per millilitre.

The overall protein concentration after dilution of the suspension was 1mgml21

(1mM of the photosystem I trimer), and a complete set of structure factors was
obtained from 1,850,000 X-ray pulses.
Diffraction peaks from the 70-fs data were identified, indexed and combined

into a set of 3D structure factors comprising 3,379 unique reflections from
2,424,394 spots. Statistics of the merged data are given in Supplementary Table 1.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 24 July; accepted 9 December 2010.
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Figure 4 | Pulse-duration dependence of diffraction intensities. Plot of the
integrated Bragg intensities of photosystem I nanocrystal diffraction as a
function of photonmomentum transfer, q5 (4p/l)sin(h)5 2p/d (wavelength,
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200-fs pulses and d, 25 Å indicates radiation damage for these long pulses,
which is not apparent for 70-fs pulses and shorter.
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Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

Data%collec2on%system%

Offline&test&bench
• To*facilitate*injector*(or*any*sample*loader)*development,*an*offline*injector*testBbench*has*been*setup*next*to*the*sample*

preparaOon*room.*
Data&collec0on&system

• A*sample*loading*system,*an*injector*and*an*mpCCD*detector*have*been*integrated*with*a*diffracOon*chamber*to*construct*the*
data*collecOon*system*for*the*SFX*experiments.*

• We*have*tested*the*system*using*Lysozyme*as*a*test*sample*(March*2013)*to*evaluate*the*system.*

#Sample#prepara+on#room

offline#injector#

Offline#test#bench#

Experimental#hutch Sample#loading#system

Data#collec+on#system

Injector#

DiffracOon*
chamber

Detector#

Sample#shaker

Valves#

Pumps#

Opera+on##
system##

Opera+on#desk#



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

Serial%Femtosecond%Crystallography%(SFX)%data%collec2on%
system%at%SACLA

Nam#&#Song,#et#al.,#Imaging#fully#hydrated#whole#cells#by#..##(Phys.#Rev.#Le<.#110:098103,#2013);
Park#&#Song,#et#al.,#Assessment#of#radia>on#damage#in#single#..#(Phys.#Rev.#E.#86:042901,#2012).

Injector#

DiffracOon*
chamber

Detector#

SWDQmpCCD
Image#format:#

2048#x#2048#(110mm#x#110mm)
SampleQdetector#distance:#min.#50mm
FrameQrate:#max.#60#Hz
Quantum#efficiency:#

80%@6#keV,#20%@12#keV#



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

Liquid jet injector for SFX

Features

• X-ray diffraction from proteins in buffer solution (native) 
• Quick adjustment of liquid beam diameter (3~30µm) 
      : adaptable to crystals in various sizes
• Lower sample clogging at the nozzle

Typical liquid flow rate (sample consumption):
• 20µL/min for the 3µm liquid beam: ~ mL/hour
• 0.2mL/min for the 30µm liquid beam: ~ 10mL/hour

30µm

Sample
flow

He-gas 
focusing



Plan%for%FY%2014:%advanced%SFX
Advanced injectors under development

Hybrid#fixed#target:
Q#For#lipidic#cubic#phase#
Q#30~60#Hz#raster#scan

Synchronised#droplet#injector
Save sample consumption 

significantly (1/10,000 of the 
current injector or a few µg of 

samples)
- Easy to control the sample 

environment 

Recirculate samples:
Save sample consumption

(requires down to a few ml of 
samples)

- Recirculate the sample 
reservoir
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　 Protein nanocrystallography at SACLA（１）

• Data collection system with a liquid jet and a fast CCD 
(mpCCD) has been constructed (March 2013)

• 10 fs pulses cause almost no radiation damage because it is 
faster than chemical bond breakage. 

• More than 200,000 images can be collected in one hour at 
60Hz (currently 36,000 images at 10Hz). It means we can 
finish data collection within 30min or less. 

• Data from 5-10 µm lysozyme crystals has been collected at 
1.5 Å resolution. 



　 Protein nanocrystallography at SACLA（２）

Only one in every 10 images are shown



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

First SFX data at SACLA（Mar 25th, 2013）

Diffrac+on#pa`ern#from#a##
Lysozyme#crystal#using#liquidQjet#
injector#

~1.7#Å



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

PickQup#the#images#which#
have#pixels#more#than#
10,000#counts#within#the#
water#ring#by#a#Python#
script#(6148images#）

7#runs#(14,000#
images)
12min#at#10#Hz#

Program#:#Indexamajig

3520#images#were#indexed#
using##CrystFEL##ver.#0.5.0#
(Thomas#A.#White##et#al.)

Fast#selec+on# Indexing#and#
integra+on

Merging#

Program:#process_hkl

Calculate#mean#intensi+es#of#the#
diffrac+ons#with#the#same#index.#

Sta+s+cs#

Program:#check_hkl

Evaluate#completeness,#
S/N,#redundancy#and#so#
on.

Data processing 



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

1/d#centre#####refs###Possible#####Compl#######Meas######Red######S/N#######d(A)

#####1.584#######2068#######2068#######100.00######97604#####47.2#####7.88###6.31

#####3.438#######1943#######1943#######100.00######76769#####39.5#####7.94####2.9

#####4.111#######1906#######1906#######100.00######69701#####36.6#####6.91####2.43

#####4.609#######1885#######1886#########99.95######60245#####32.0#####5.54####2.17

#####5.016#######1871#######1871#######100.00######49939#####26.7#####4.48####1.99

#####5.366#######1864#######1866#########99.89######33923#####18.2#####3.73#####1.86

#####5.675#######1845#######1857#########99.35######17821#######9.7#####2.97#####1.76

#####5.953#######1792#######1867#########95.98######10594#######5.9#####3.11#####1.68

#####6.207#######1361#######1847#########73.69########5052#######3.7#####4.26#####1.61

#####6.442#########411#######1852#########22.19########1055#######2.6#####6.64#####1.55

Data processing of Lysozyme data

Run94362+,94368,7datasets,（14,000,images）
　　　↓

6148 were selected （over 10,000,count,pixels）
　　　↓

3520 were indexed then processed 

Electron density 
map（2Fo)Fc,$1σ）

20,cycle,refinement,using,refmac,with,

the,TLS.,Without,solvent,molecules.,

%Res%%=%30+1.7%Å%(1.744+1.700%Å)
!Compl%=%99.8%%(98.8%)
!Rwork%=%21.3%%(44.1%)
!Rfree%%=%25.3%%(53.9%)
Mean%B%=%29.9%Å2
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ICSG2013,SLS&
24

Diffrac+on#pa`er#from#various#protein#samples#(including#those#structures#are#unknown)#

（Masuda*et*al.,*Kyoto*Univ.)（Ni1a*et*al,*Tokyo*Univ.) （Kato*et*al.,*Kyoto*Univ.)

（Chavas*et*al、KEK) （Chavas*et*al、KEK) （Mizohata*et*al、Osaka*Univ.)



Serial Femtosecond Crystallography at SACLA 

ICSG2013,SLS&

Improved X-ray Diffraction of Mammalian Sugar 
Transporter-Fv Complex Crystal at SACLA

1.9Å
1.9Å

3.2Å

SPringQ8 SACLA

Q#SugarQtransporter#Q#Fab#complex#crystals#
diffracted#up#to#3.2Å#at#BL32XU#of#SPringQ8.
QDiffrac+on#limit#was#significantly#improved#
when#a#large#crystals#was#used#at#SACLA.#
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