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2016 IPLST- Il ©Opetnatiom Schedule and Status
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Beamline Map and Status
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4C SAXS BL : Smallangle X-ray Scattering

SmallangleX-ray Scattering(SAXS) is a smallanglescattering(SAS) techniquewherethe
elastic scattering of X-rays (wavelength 0.1 ~ 0.2 nm) by a sample which has
iInhomogeneitiesn the nm-range,is recordedat very low angle(typically 0.1 ~ 109). This
angular range contains information about the shape and size of macromolecules,
characteristiaddistancesof partially orderedmaterials,pore sizes,and other data SAXS is
capableof delivering structuralinformation of macromoleculebetween3 and 25 nm, of
repeatdistancesn partially orderedsystemsof up to 150 nm. U-SAXS (ultra-smallangleX-
ray scatteringanresolvessvenlargerdimensions

4C SAXS beamline is dedicated to conventional transmission small-angle X-ray
scattering and diffraction studies for interpreting the structure, structural changes,
and relationship betweenstructure and function of molecular/nanostructured polymer,
selfassembledorganic/inorganic nanostructure, composite nanomaterials, biological

macromolecules(protein, DNA, and RNA) and their complexesin nearly physiological
environments



Applications

The methodis accurate hon-destructiveand usually requiresonly a minimum of
samplepreparation Applicationsare very broadand include colloids of all types,
metals,cement,oll, polymers,plastics,proteins,foods and pharmaceuticalsanbe
foundin researclaswell asin quality control

SAXS s usedfor thedeterminatiorof nanoscaletructureof particlesystems
ASyntheticPolymerNanostructuréstudies Drug Delivery System ElectronicDevice
ABiological NanostructuréStudies DiseasePrug, MolecularDevice
AEnergyMateriat OrganicSolarCell, Battery
AFlexible Display. OrganicThin-film Transistor
AUltra Low-k Dielectric Material
ANanotemplateFabrication
AMicro-arrayFabrication

SAXS is the universal method for nanostructure analysis
A S e nidoiw tonoerdration (down to 0.1 %)

A No ni hno areparatien, staining or drying

A -dituy realtime capabilities
A Extremely versatile (solids, |liquids,

g



Resolutiom

Tissues Cells Organelles (Macro)molecules

I mm 100 pm 10 nm lum  100nm 10nm Inm O.1 nm
Light microscopy
>
Electron tomography >
Small-angle X-ray Scattering >
Electron crystallography & .
Single-particle electron microscopy
X-ray crystallography >

Nuclear magnetic resonance >



Scattering Intensity

Form factor F(Q)

Q@ W =

size, shape, orientation

Structure factor S(q)

local order, relative position

1(a) " F(q)C(q)

For BioSAXS,S(g)° 1
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X-ray Scattering: SAXS ws.\WAXS?

SAXS patterns contain data concernir
correlations on an intanolecular level:
necessary samples where there is
macromolecular or aggregate order

WAXS patterns contain data concernir
correlations on an intrmolecular, inter
atomic level

As synthesis design/control improves,
SAXS becomes more relevant than e\
before




4C SAXS Il Beamline Layout

Incident beam height = 1400 mm Experimental Hutch
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A Brieff Introductionmaboutt4@C SAXS lliBeamline

Beamline
Status

Source

Monochromator

Wavelength

Mirror

Beam flux
Beamsize

Resolution

Slits

Sampleto-detector
distance

Detector

Experimental rathods

User groups
Research results

Data analysis software

Staff science

Beamline Specifications

4C SAXSII
Operational

In-vacuumUndulator20
(1.4 m short, 20 mm period)

DCM Si (111)

0.060.12 nm,
currently 0.07 nm

Vertical focusingtoroidal,
rhodium coated

18 10*2ph/sec

100(V)& 300(H) pun?

200 nm ~ 0.3 nm

Individually motorized blades of
tungsten (W)
5.0/4.0/3.0/2.0/1.0/0.5/012

Rayonix2D SX 165

Bulk, solution, liquid crystal, film,
powder, solgel T-SAXS, T-WAXD
50 user groups (Polymésio-,
organic, inorganic groups)

40 ~ 50 papers/year

ATSAS package, SCATTER, etc.
(free download)

SAXS studiedor selfassembled
nanostructures and
biomacromoleculem solution

Previous and Current Status

A Developmentand construction of EPICS-basedsoftware

package for electronic optical component and
experimental equipment control (Self-development)

A Development and construction of user friendly

integrated software packagefor data measurementand
data treatment (Self-development)

A Design and fabrication of a variety of sample cell &

stage systemsfor bulk/powder/film/solution SAXS and
WAXD experiments(Self-development)

Construction of experimental equipments for sample
storage, preparation, treatment, and basic material
property analysis

Activation of user groups and of joint researches

Future Projects and Goals

Further development of methods and approaches for
high-throughput application measurements, which is
available at 4C beamline

Further improvement of the performance of 4C
beamline, including automation of SAXS experiments
and data analysis,and time-resolved SAXS setups
Embarkation on a collaborative research project to
study the structure of a wide range of selfassembled
nanostructuresand biological macromolecules
Construction of computer systemfor molecular dynamic
(MD) simulation that could be combined well with time-
resolvedSAXS study i Pre-dynamic SAXS studiesaimed
at the 4" generation XFEL experiment




4C Small angle»xray scattering (SAXS) Beamline at PAL

Sample Environments:

Multi (100 holes) Sample Stage for Powder, Bulk, Film (25 <)

Multi (10 lines) Sample Stage for Scan of Film (25 <)

Multi (6 holes) Heating Sample Stage equipped with Eurotherm Controller for Powder,
Bulk, Film (25 ~ 400 C)

Multi (5 holes) Cooling/Heating Sample Stage equipped with Julabo Circulation for Solution
(-15 ~ 200 ©)

Multi (5 holes) Heating Sample Stage equipped with Eurotherm Controller for Solution

(25 ~ 400 )

Single Cooling/Heating Sample Stage for-8el (-15 ~ 400 €C)

Equipments:

DMalvern Zetasizer Nano Series DLS, 2)Refrigerated/multipurpose/high speed Centrifuge,
3)Ultarsonic Cleaner, 4)Water Purification System, 5)Cold Storage (4C), 6)Ultra-Low
Temperature Freezer (-40C), 7)Bench Mixer, 8)Hanil Micro-12, 9 Thermo Scientific Heater,
10)METTLER TOLEDO ELZ204IC Electronic Balance, 11)Pipettes, 12)S-1700 13)NanoDrop,
14)GPC-FFF-MALS System




Sample [Environments




Sample [Environments

Julabo Pipette + Tip

Quartz capillary
connection part}

heating bar
cable

Single cooling/hea | ple stage for sgkl
g;j—« 400 C) =
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Multi (20 holes) cooling g sample stage for sgjel (15 ~ 200 C)




Dual Detector SystemiferRayonix 165 and IRilatus 11NV




GPC-FFF-MALS System

Worldi-class IBeamiline

[FFF]
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GPC-FFF-MALS System

Test Result of BSA Protein Standard
(MW = 66.450kDa, C= 2mg/ml, Injection volume = 15 , Experiment time = 13 min)
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T S — Processing
- @-d 32 s 00 » iLi e
[Peperimants ] * EASIGraph | EASITable D033 B5A 15 wllnLC mode 2015-1123; Pesks > x i .
2 st 12 evtotaaresksfi o | Collection Time: Tussday Decemkber 22, 2015 01:50:32 PM Horea Davligh
@ cprimens Defie Peaks Processing Time: Tussday December 22, 2015 02:08:02 PM Horea Daylig
. D-033 BSA 15 0l 1 LC mode 2015-1222 CRNG EREG
@ @ Configurstion (My Collectan]
7 B e cocton w0 Peak settings:
2 Segiing
D e Peak Hame Peak 1 Pezk 2
Peak Limits (min) §.820 — 7.327 £.016 - 2.463
Light Scattering Model Zimm Zimm
" , Fit Degree 1 1
§ H dn/dc (mLig) 0.1850 0.1850
% A2 {mol mL/g?) 0.000 0.000
] UV Ext. Coef. (mL/(mg cm)) 2.000 0.000
Results Fitting Procedure:
Data Fit Model Degree R? Extrapolation
i ] Molar Mass Hone n/a n/a none
' ' wa Rms Radius None n/a n/a none
time tnind
s S - Mean Sguare Radius None n/a n/a none
v e
Stop e sz
i it 2t
Ut nction Coeicint gl 53860 oo
s e om0 oom
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15 At
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T | ok Cancel  Apphy Masse.s
e R o o Injected Mass (pg)  0.00 0.00
Calculated Mass (pg) 14.02 0.36
lMass Recovery (%) __=n/= n/a

|I'u|ass Fraction (%) 7.5 2.5 ]

Molar mass moments (g/mol)

Mn £.397=10% (20.226%) 1.438x10% (24.732%)

Mp £.412x10% (20.208%) 1.316%=10% (23.201%)

v n/a n/a

mw £.327x10% (20.236%) 1.442x10° (24.736%) |

Mz £.327=10% (20.663%) 1.446%10° (210.536%)
Polydispersity

Mw/Mn 1.000 (20.413%) 1.003 (26.700%)

Mz/Mn 1.000 (20.726%) 1.005 (211.5229%)
rms radius moments (nm)

Rn n/a 14,8 (2132.5%)

Rw n/a 15.0 (2130.7%)

Rz n/a 15.1 (2129.0%)



EPICS I0C-basedContral for Main Optics
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Python-based IDatalreatmentssoftware

Automatic/selective background - transmission corrected 2D data acquisition - 1D radial

averaged data acquisition _ save, batch processing program buildup

M User Data Process Program
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A Worldi-wide Leading Beamline

Bio SAXS P12 beamline atthePetra -O rsnqg fd ghmf ' Kd cdqg9 C

Sample plate -

U0 .

Automatlc sample chanqer




Medium- and Long-term Plan for 4C SAXS BL

Final Goal: High-throughput SAXS environmental instruments construction

GPGFFFMALS Systemi Test and user service (2015 ~ 2016)

PBPM orbit feedback system in FE (2016)

Dual detector system of Rayonix 165 CCD (2009) and Pilatus 1M (2012, 9C BL) (2016)
Upgrade of multi measw@ata treatmensave related batch processing program (2016 ~ 201
Inline construction of FPLC (Fast Protein Liquid Chromatography) system (2016 ~ 2017)
to purify mixtures of proteins (as requested by user groups)

Rapid SDD exchanging system (Detector wagon in the vacuum chamber)

Robotic sample exchanger for rapid and reliable ‘igbughput

Feedback system of HETL-End station

K-B mirror

Micro-DSC, mixer, micrechannel, UV, electric/magnetic field, pressure, etc.
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Experimental Procedure of BieSAXS
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* Experimental procedures

" e 1. Sample measurement
® o — ® o 2. Background measurement
o — _ @ 3. Background correction
.. .. 4. Corrected 2D SAXS image
5. Radial averaged 1D SAXS curve

I Molecules+ Buffer solution (q) | Buffer solution (CI) | Molecules(Q)



Data Treatment and 3D Structural Model

(1) Radial Averaged 1D SAXS Curve
2)I ndi rect Fourier
3)Ab initio Shape

Final 3D Model
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Detailed Experimental ProceduresoftBieSAXS

1. Check RointsiheforesSAXS Measurement

A Determination of optimum temperatur e, p H,
A An a | pyrgyiarsd hanbgeneity of solution sample using basic biological/chemical analysis
A Determination of direct main beam center
A Eli mination of par @asstsltcommmeats t eri ng by mea
A Det er msampleto-detentor distance (SDDpptimum scattering vectarrange

A Determination of solution spamigelefiectcconcentr
A Det er mi-myaexposume time f elindnation of-day damage effect

2. Data Treatment and AnalysisiaftersSAXS\Measurement

A

Background correction of air/cell

@orrected2D SAXS image dLD SAXS curveconversion

” [Determination ofeliable g range from standard and water samples
“ Estimation of radius of gyratioR, from Guinierplot

“ Bhsic structural analysis froKratky plot

“ @alculation of pair distance distribution function (PDD#&m Indirect Fourier Transform method
“ Acquisition of 3D reconstructed model usialyinitio shape determination method

A

|l nvestigation of overal/l and
among solution and crystal and theoretical calculated models

nt er nall

St

wi ndow/

r

1
|



Schematic for SAXS data collection, evaluation, analysis, modeling, and interpretation

Measure four different Raw data Buffer subiracted
concentrations in the range L E 75 mg/ml
1-10 mg/ml X-ray sensitivity . 540 mg/ml
can be detected by changes in 25 mg/ml
scattering observed in repeated ; ’ R — ;fﬁs:gfml
exposures and typically lead to —y -
increases in R and J(0), X-ray ! % -
damage can be mimmized by . .
adding 5-10% glycercl. -
000 005 010 015 00 005 10 015
q(A™ g (A™)
i B
Caleulate Ry, and I{0) from the Guinier plot. A nonlinear dependence of log(ligh) vs. ¢° indicates the presence of
aggregation. Scattering from aggregated samples strongly influences the entire data set and no further processing

should be performed! Aggregation n the sample can be reduced or eliminated by varying buffer conditions,
centrifugation, and filtration.
R

Intensity

Extrapolate and merge the data to obtain interference-free scattering curves

Aggregation that may

] No sgaregation ] g [ge—mo be ameliorated
= -] K
-f‘,'? ‘6: !2 aRg limit= 13
z z z s
SOLUTION STRUCTURE T T T E
MODELING B g limit = 1.3 E Z
0000 0002 0004 i 0000 0002 0004
g2 A 2 (A

Evaluate the effects of interparticle interference F (g) with the
scattering of individual particles 8ig). Superposition of scaled

scattering curves from multiple concentrations can reveal concentration- -
dependent scattering. Decreases in intensity at very small g with E
increasing protein concentration ndicates interparticle repulsion. E‘ & 5mg/ml
Repulzion can be dealt with by dilution, increasing ionic strength, ; e 10 mg'ml
andforextrapolating the data to infinite dilution. Scaling the data o E e 20mgml
extrapolated scattering is only required in the range where the E & 40 mgml
interference is visible, typically g=0.1 A~ Infinite dilution
0.05 010
4 (A7)
Watch for increasing il )/c
mu‘h]ins and Ry with increasing &
concentration. These can be B
- - N - due to changes in g Sample Rg T0)e
Build assemblies multimerization state ar =
and/or missing increasing amounts of ‘E 6 mgfml A a4
i tion i the sample.
Combine partial atomic - finkers 4 e } E 1 mg/ml 24 40
structures i~ “y
Build missing 0000
domains




Data extrapolation, merging, analysismodeling and interpretation

o Infinite dilution

To obtain an ideal scattering curve for the entire g-range,
the scattering profile must be extrapolated to infinite
dilutions at low resolution (g<0.1 A™") and merged with
the scattering profile for larger angles. Accurate large
angle data can be obtained by measuring higher
concentrations, using longer exposure times, and/or
decreasing the sample-to-detector distance.

= Highest protein concentration

‘v\__._,_

04

Intensity (log scale)

00

IDEAL SCATTERING

02
g (A

If SAXS data are collected from monodisperse samples without interparticle
interference, then reconstruction of the solution structure can proceed.

s 2 |

Glucose isomemnse

R, ameasure of the overall
(4324 = 172 kDa)

size of the molecule, can be
determined from the Guinier

Molecular weight from £0)
requires a calibration curve and
can be used to determine

e —

Molecular weight (kDa)

plot. - o .
Dllgumerl_zallun state. This BSA 66 kDa
can be validated using
calculation of the excluded { ysozyme 14.3 kDa
volume.

0 100 200
Mormalized intensity at =0 (F{0¥e)

Globular macromolecules have a P(r) function with a single
peak. while elongated macromolecules have a longer tail at
large r and can have multiple peaks. The maximum length in
the particle, D .. is the position where the P(r) function
returns to zero at large values of r. Disagreements for values
of R, and I calculated from the Pir) function and from the
Guinier plot can indicate small amounts of aggregation that
primarily affect the low resolution data and the accuracy of the

.. 00+
Guinier plot. 0 30 il (V1] 120

riA)

—— Unfolded protein
—— Multidomain protein
— Globular protein

1.0

I
035
D

Unfolded

The Kratky plot identifies unfolded samples.

Globular macromolecules follow Porod's law and have =
bell-shaped curves. Extended molecules, such as =05
unfolded peptides, lack this peak and have a plateau or =

Partially unfolded
are slightly increasing in the larger g-range. a

SOLUTION STRUCTURE MODELING

Available atomic structure:

Partial atomic structure:

evaluate theoretical scattering

rigid-body modeling +
ab-initio reconstruction

reconst ruction

Determine the low resolution envelope with ab-initio caleulations. When the number of residues
are known at the data extends (o reasonably large values of ¢ (g, = 0-3 A‘J), GASBOR is
recommended as it provides some advantages for anisotropic shapes.

—

\Avaage

verage ab-initio envelopes from multiple runs. To
avoid problems due to over fitting and to ensure a
reproducible solution, calculate multiple individual
envelopes and use the averaged solution.

Compare experimental SAXS te SAXS calculated
from atomic structures. Perfect matches indicate
that the solution and crystal structures are essentially
identical.

e Experiment

Intensity (log scale)

0.0 0.1 02 0.3

Theoretical and experimental scattering can
disagree. (a) Investigate fiting with alternate
assembly states. If symmetry is suspected. try
GLOBSYMM. () Investigate fitting with mixtures
of different assembly states. (¢ ) Investigate the
possibility of flexibility betwen domains and
missing loops that may need to be modeled in a

X X o Experiment
multi-conformational way.

= Multiconformational fit

Intensity (log scale)

0.0 0.2

01
g (A_l]

Individual subunits are known but not the overall assembly. Start with rigid-body modeling of
the protein complex. Quaternary structure modeling can be performed in a fully automated way
using SASREF.

Rigid-body modeling does not identify candidate
assemblies with appropriate scattering andfor
linkers between domains are long. Investigate
building multidomain models with BUNCH using
individual domain structures and potentially
combining multiple scattering curves when SAXS
data from deletion constructs are available.

Crystal
structure |

Crystal
stmcture 2

Ab-initio
Structure of one domain is known, but others domain
are missing. Construct missing domains using

CEEDO in combination with the known fragment.



Result of Reseatch

Proton-sensitivei-motif DNA (telomer) ?
Sequence : ENCzH -5 € CC TAA CCC TAA CCC TAA CCC-3 &€¢H,(CH,OH)NH,,

(1) (2)

OH-

Less Closed [contractile] Fully Closed [contractile] Less Open [relaxed]
State : unstable State : stable State : unstable

( ) ( )

H*: dissociation
OH-: association

deoxyribose
Yo H_ _H
y — » N N
/l""\ﬂ"“N/a
Fully Open [relaxed] State : H/N\H._‘o)\N |
stable | I
( ) deoxyribose




1.1. Theoreticdl Wodelofi-motii DNA

deoxyribose
|
N.__O-
7
(e
N

© B\ Z
N
N
g L |
oy

deoxyribose

Fully Closed

[contractile] State

( )

Fully Open

[relaxed] State

( )

(¢) Fully unfolded i-motif atomic model, Rgpr) = 1.85 nm, Dmax = 6.70 nm

Representative models used to simulate the structure efmotif DNA in solution at various pH values.



1.2. SAXSCurves)of-motif DNA

0Color lines - Theoretical SAXS:curves

6 Symbols- Experimental SAXS curves

6Black solid lines - SAXS curves from the-p(r)fit

log / (a.u.)

(b)
(a)

1 10

i Strong acidicdnduced fragmentation



1.3. Structural Model of i-motif DNA

Structural models of the i-motif DNA in solutions of various pH conditions. The reconstructed models were
obtainedwithout imposing symmetry restrictions by the program DAMMIN, respectively

J. Phys. Chem. R009, 113, 1852856. Improvement of Less Closed [contractile] State ?




2.1. Thearetical Model of (G, /i-motif DNA Hylrict

OH-

(2)

lose

Proton-sensitive +motif DNA

Less Closed [contractile] Fully Closed [contractile] Less Open [relaxed]

State : unstable
( )

State : unstable State : stable
( ) «C )

(1) Fullerene binding-induced transformation (2) pH-induced conformational switching

Hydrophobic interaction ( )

Representative models of non-functionalized DNA and fullerene DNA hybrid (FDH) nanomachine and the
working switching cycleby protons.






