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The availabilities of x-ray sources from low-
emittance synchrotrons and new x-ray

free electron lasers allow researchers to explore new
class of x-ray scattering

measurements by the utilization of high brilliance
and high degree of coherence of the

X-ray beam. In couple with the new developments in x-—
ray scattering methodologies,

such as over sampling methods of phase problem and
1terative phase retrieve methods

for phase imaging, have opened up exciting
opportunities in x-ray science to solve the

long standing structural problems of disordered or
partially disordered systems in

condensed matter and biology. In the past several
years, our work has been focused on

the implementation of x-ray techniques for the
studies of nano materials and

biological systems, including small-angle X-ray
scattering (SAXS), transmission

X-ray microscopy (TXM), and coherent diffractive
imaging (CDI). In the next three

years, my research will be highly aimed to advance
our structural understanding of

one complex protein system with very important
biomedical functions: the Nitric



Oxide Synthase (NOS), a class of enzymes which
produce singling molecule NO.

Other proteins and cell systems may also be explored
using these newly available

X-ray probes.

protein ~ scattering ~ time-resolved ~ spectroscopy
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Introduction

The availabilities of x-ray sources from low-emittance synchrotrons and new x-ray
free electron lasers allow researchers to explore new class of x-ray scattering
measurements by the utilization of high brilliance and high degree of coherence of the
X-ray beam. In couple with the new developments in x-ray scattering methodologies,
such as over sampling methods of phase problem and iterative phase retrieve methods
for phase imaging, have opened up exciting opportunities in x-ray science to solve the
long standing structural problems of disordered or partially disordered systems in
condensed matter and biology. In the past several years, our work has been focused on
the implementation of x-ray techniques for the studies of nano materials and
biological systems, including small-angle X-ray scattering (SAXS), transmission
X-ray microscopy (TXM), and coherent diffractive imaging (CDI). In the next three
years, my research will be highly aimed to advance our structural understanding of
one complex protein system with very important biomedical functions: the Nitric
Oxide Synthase (NOS), a class of enzymes which produce singling molecule NO.
Other proteins and cell systems may also be explored using these newly available

X-ray probes.

Literature review and motivation

Coherent diffraction image (CDI)

For CDI bio imaging, the world record is held by Song’s group at SPring-8 using
RIKEN undulator beamline. The 3D image of yeast cell has shown a resolution of ~20
nm and reveled different organelles inside the cell. Based on the experiences gained
from our own CDI work, we will construct a new zone-plate based CDI camera to be
installed at BL12XU. The main science focus will be on cell imaging because of the
resolution. However, our efforts will advance along the progress of XFEL to position
our selves for effective access to the free electron laser experiments in the future.

As the demand of visualizing biological specimens without any treatment and
sectioning increased, various kinds of imaging systems such as a Coherent diffraction
image of X-rays (CDI), a confocal microscope, and so forth have been issued in
recent decades. Among these methods, CDI is a methodology of extending
crystallography to determine the structures of nanocrystals and noncrystalline samples
and resolution is about 20 ~ 30nm nanometer. The coherent diffraction patterns are

recorded and then converted to real space images by using the oversampling phasing



method [1]. Without of multiple copies of the object from crystal, which can amplify
the diffraction intensity by Bragg diffraction, the diffraction patterns are usually weak
and continuous. The important potential applications of single-particle diffraction lie
in biological materials. However, the Poisson noise would greatly reduce the SNR
because of the small scattering cross section of some light molecules in biomolecules.
Inspired by the heavy-atom method in X-ray crystallography, we want to know if it
helps enhance the SNR of the light atoms when some heavy atoms are added.
Magnetospirillum magnetotacticum [2] (MS-1) forms single-domain crystals of Fe;O4
in their body and the crystals are arranged in long chains. By coherent diffraction
imaging of MS-1, we hope show that the crystals of Fe;O4 in MS-1 can enhance the
SNR and improve reconstructure image [3]. In addition to using heavy atom in MS-1
body to enhance the SNR, we also tried to put MS-1 on designed golden pattern and

hope this improve reconstructure image.

Nitric Oxide Synthases (NOS)

Nitric oxide (NO) has important functions in mammals to control a plethora ofcellular
activities including vascular homeostasis, neurotransmission, and host defence. The
NO can be biosynthesized by three isoforms of nitric oxide synthases (NOS). Because
of the biological importance of the NOS, NOS and NOS-like proteins have been
widely studied in various groups. Nevertheless, the origins of the different
functionalities of these proteins are still not-fully understood even though they are
conventionally studied in their stationary spectra or their quasi-stationary spectra in
millisecond time-scales. Previously, the dynamics of the NOS proteins were partially
studied by picosecond time-resolved absorption at a few probe wavelengths [4,5]. The
information obtained there is not enough to understand the mechanism of the NOS
protein dynamics. The chemical activity studies as mentioned above can be observed
directly by the photolysis pump-probe technique which is based on the excitation of
the Fe in the heme domain from Fe™to Fe™ and watch for time decay. Such studies
have been done only in the second scale time domain. [6] We will carry out the
photolysis experiments in the mini-sec to femto-sec domain to directly reveal the

short time reaction kinetics.

Research method

CDI
The Coherent Diffraction Image (CDI) experiment was setup at Spring-8§ SP12XU
endstation. The energy of incident beam was 5.465 keV. The coherent X-ray beam generated

by undulator passed though the double crystal monochromator, collimating mirror, beamline



slit, JJ-slit, pinhole (OSA), sample, beamstop, and the CCD (with 1340 X 1300 pixels and a
pixel size of 20um X 20um )from upstream to downstream. The CCD detector was placed
downstream ca. 2.46 m from the sample.

After aiming the sample on the X-ray region, the scattering data from high q and low q area
were measured. Both of high q and low q, the scattering data from sample on substrate and
only substrate were measured. The patterns from sample in separately q range were obtained
after subtracting the pattern from substrate. Then, the high q and low q patterns were
combined and recover the missing part from beamstop by the central symmetry. The final
diffraction image and the image reconstructure reconstructured from by Hybrid Input-Output
Method (HIO) [1].

Sample preparation for CDI

We examined MS-1, a microaerophilic spirillum of size 0.5 x Sum. MS-1 was
fixed by 4 % paraformaldehyde solution. The all samples loaded to a 100 nm thick
empty silicon nitride and silicon nitride substrate which contained the designed
golden pattern which performed by for e-beam writer (Fig.1). We dropped the MS-1
on the designed pattern by try and error. Before experiment, we checked the sample
by optical microscope and found that MS-1 was on the designed pattern. Finally,

located relative position between MS-1 and silicon nitride edge.

Length and width of reference gold line

Feature size of gold pattern

Figl.SEM image of designed pattern. The MS-1 is dropped on the center of cross
region which contained the designed pattern (3 triangles, 3 squqres and three

circules).

Ultrafast transient absorption spectroscopy

The femtosecond transient absorption spectroscopy, shown in figure, operated at 5 KHz and
provided excitation pulses (200 nJ at 400 nm) and white light continuum probe pulses of
about 100 fs duration. Both beams were focused to a spot of ~ 100 um and spatially

overlapped in the sample cell, which was continuously moved perpendicular to the



beans to ensure sample renewal between the shots. Foe each laser shot, a reference
probe intensity was measured simultaneously with the probe intensity passing through
the sample in order to calculate the absorbance change. The transient absorption
spectra were registered with a polychromator coupled to a fast CCD, and up to 2.5K

spectra per second at each delayed time point were averaged.

Synchronization

On/off 2.5 KHz
Ti-sapphire EhoREe]
amplifier Sapphire/white light

Vis or NIR Spectrum/O 2 msec

With pump Without pump AT/T

— =

Fig2. Ultrafast transient absorption spectroscopy and probed spectrum.
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Result and discussion

CDI

Fig3. Is the .Recovered diffraction pattern from MS-1 and the reconstructure by HIO. The
size and shape of reconstruction result are similar with MS-1 in [3]. However, radiation
damage may suffered during x-ray exposure.The blurry reconstruction may also result from

the loss of support from sample.
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Fig3.Recovered diffraction pattern from MS-1 and the reconstructure by HIO .

Fig4. and 5 show a reconstructed image and the measured diffraction intensity from
designed pattern and reconstructed images with different color scale. The preliminary
reconstruction does not a quite good, but we could see rough outlines of MS-1.

Although the reconstructed image isn’t good to figure out MS-1, the line profiles of



diffraction pattern from reference particles and them with MS-1 is comparable.
Further data process and image reconstruction may give better electron density map of
MS-1
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Fig.4 Diffraction pattern from designed pattern (left) and reconstructed image from that
(right).
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Fig. 5 Reconstructed image of MS-1 loaded on designed pattern

Ultrafast pump-probe in eNOS

Nitric oxide (NO) is produced from L-arginine by three isoform of nitric oxide
synthase (eNOS, iNOS and nNOS). NO production is important function in mammals
to control plethora cellular activities. Because of biological importance of the NOS,
several publications show the quasi-stationary dynamics of NOS protein in
millisecond time-scales and pico-second transient absorption spectroscopy at a few
probe wavelengths. However, the origin of different functionalities of these proteins is

still not-fully understood. In this work, we studied dynamics of heme-containing



domain of eNOS (oxygenase domain) by ultrafast transient-absorption spectroscopy
with 200 fs time resolution (Fig 6). The pump wavelength was centered on 400 nm
overlapping the Soret band of heme, which is NO binding site of eNOS, and the
time-resolved transient absorption spectrum was probed at visible broadband region

extending from 450 nm to 700 nm.

Pump .
400 nm 200 fs 3

Probe

o N 0 walgengnom)
Fig. 6 Experimental diagram for 400 nm pump and supercontinuum white light porbe.

The transient absorption trace have shown ultrafast decaying component with lifetime
of a few picosecond in both of the probe region (see Fig. 7), which could be assigned
to the photo-dissociation and/or recombination dynamics around the heme domain of
eNOS. Also, the excited state absorption behavior has observed in wavelength region

from 525 nm to 575 nm which has not been shown in previously study (see Fig. 8).
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Fig. 7 Two dimensional view of transient absorption change spectra of (a) eNOS
oxygenase domain and (b) single heme domain excited at 400 nm by femtosecond
pulse. The transient absorption spectra were probed visible broadband around 450 nm

to 700 nm in few picosecond time-scale.
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Fig. 8 Time integrated transient absorption spectrum and dynamics of eNOS-oxy
domain.

Conclusions

CDI

By coherent diffraction imaging of MS-1, we show that the crystals of Fe;0, in MS-1 can
enhance the SNR and improve reconstructure image. In addition to using heavy atom in MS-1
body to enhance the SNR, we also tried to put MS-1 on designed golden pattern and hope this

improve reconstructure image.

Ultrafast pump-probe in eNOS

The time-resolved signal was probed at around 400nm and visible broadband region
extending from 450 nm to 750 nm. The observed signal have shown ultrafast
decaying components with lifetimes of a few picoseconds in both of the probe regions,
which could be assigned to the photo-dissociation and/or recombination dynamics
around the heme domain.

Reference

1. C. C. Chen, J. Miao, C. W. Wang, T. K. Lee, Phys. Rev. B 76, 064113 (2007).

2. Blakemore, Richard, Science 190 (4212): 377-379 (1975).

3. Maratea, D., Blakemore, R. P. International Journal of Systematic Bacteriology 31 (4): 452-455
4. W. Belliston-Bittner et al., J. Am. Chem. Soc., 127, 15907-15915 (2005)

5. 1. Mikula et al, Biochem. J. 418, 673-682 (2009)

6. C. Feng, et al., J. Am. Chem. Soc. 128, 3808 (2006) and 129, 5621 (2007).



i

R ¢ W R AT EBF AT @2

pHp:2014#17 18p

4 e NSC-101-2112-M-009 -019 -
VE LA RS R o - o TRy
IR AR C wan s PRAEES 4 e .
w2 FHZ R ﬁﬁﬁ? R d A ET3Hm %
ENE -
E?B [ FREE LY BFH I o
1y P - SEIE
alaty 2013 &£ 7 7 IE B (ssRL)
17 p

-~ BEFTER

oA PERT Y 6p4siESSRL TP TP SSRLAT RsadE L Ae > S8

SSRL B % ¥ >+ % * T = 333 Enos o 247 L3 i $ % 72 8 p~T 7 16

Pt eNOS PF R 347 9 5 1 2 A K& & SSRL i {7 X % va fo sk 3 22 o 8 f2 45

Xk kHeanP Rk HY ¢ ZaFs =

Il

& #78* & 0 continuous flow

cell »7/16 P #HEHE - - T/1T P » B &% -

-~ 3

& 5

a. Cross-correlation method w4 17 Enos #7 ik = jc k3% F g *

D)% g kAT e eNOS PEE R IR R R R E PR AT G R

93

£ 0 & d & & & facross-correlation

R E RN

bk wfadr B (100fs) P > &7 ARG R 4 o

b. Continuous flow cell &3+

BEEIEBBE AR REL TR RS R AT R E A

6




ko €18 % pox-ray g BEPFFfRerT Lk LB x-ray B eNOS A2 -

L /s R
. _‘D_esign_of chemical kinetic: system based.on. ‘ .
- continuous flow method = |

T e Wavelength
: 5 : ' ' high time resolution
Tube A |

Solﬁtion A

Flleaded tube length = d

Syringe : , g
Controller

Solution B -

: E;Wiﬂlc'nu(. light -~~~
. brturn on hight .
.« continugus detected light
 d:mixing sample into cuvette -

© - erredcted progess ot T

c-(d to e) = transient absorption change

Continuous flow cell 1 % - & & 4 & F 5% 4 %

/"
PAl
H i
/‘,



RAL gt pmd g SR T4

pHr:2014/01/21

R

PR AT R AR TR R

1

PEAEA BPZ

% e 101-2112-M-009-019-

FPAgR: FFFAPFE -5

RN B TR




10l FREHFETFHEFLT SR EL

3 5 0 101-2112-M-009-019-

i ERRE Y.
S

R

PE LA AT R LR TR EZHAZTY
£ §ar (o
ritEF Modedc B R
%3 7 RF AN gy | HTRF | g (TR R
e (s | E(FF % i N | B
fegi) | EVHE) Hoe o= E ...
)
R 0 0 100%
e PR |0 0 100%
¥ E T
it k= 0 0 100%
] 0 0 100%
511 ¢ i—v‘ i 4 0 0 100% .
: Btk 0 0 100%
Hr ¢ ¥ 0 0 100% s
HAH I
#11 4 0 0 100% + %
R4 0 0 100%
gzt A4 L4 0 0 100% .
=K
(*M#E) |[BLismg R 0 0 100%
iizeim 0 0 100%
R 0 0 100%
R (ol o 2 b i e 0 100% j -4
¥m ¥ EE
it g he 2 2 100%
] 0 0 100% /4
541 ¢ iv‘ i i 0 0 100% u
s Btk 0 0 100%
AN (,P
A =5 S 0 0 100% &
A I
#114 0 0 100% s
AL 4 0 0 100%
Tk R 2 2 100%
A =
(hEE) [BLeETE |0 0 100% ’
giEeim 0 0 100%




H A%
(miz gz
5 hoyE B s d S
HREE S ERREE
V=g g NP LB T
SR R D B
Vicne S TSN | 2
EE G F A

}ljo)

g

’i X538 P

frebs

—

#R%EL S(7 FRredn)

/e

Re|grga epe A1 8

21

Fi

B ye s IR

T e

3
1
4e
g |FiHE/ iy
i
p

PEASHAEZ 2 (BR) Ak

OO O OO O o (o




T PR S TR PR R

;ﬁ‘i}upz’]’ FPERT-EWGARE - EXFFHPEFR T SR Firt gt %
7 (f .er 1"'1%\'3:”"[‘1*%_»,&3‘1%15‘;?;%:?\‘3\ HEEZFT ) 2 F§
N A I P E T RN YT

1L GgFALIPMFERFAAAFRR - E Y P RERIT- FEER
[JiE= p 4%
Wit p i GGRim > 2 100 F 5 °2)

[]5 % % fz
BEES AN
By« m 7
PPl
SRS PO S

# coherent diffraction image § 5k B it ficdy » 7 % & =

W R PR RSk FE R L eNOS P B A KR g TSP R

s = & o3 RAED PR FG o 1. SPRINGS (o BEAM TIME # % » 2. PR 247 L3 F %

BT B npER kA5 0 7

2. F1 7 & % BT T A S Y G %A

wme e wd xgda~f/% LERY B
0 g9 O 3 WA

g [ B D/mu’ |

Hiu (100 % 52)

j/E’

3.3 xz:?ﬁcr%\)jk\#;tﬁwﬁ, AAEREE G > TRAL S FZFISRY §
@(ﬁiﬁi**%@%»i%‘@%‘%?ﬁﬁ“ﬁ%%i?ﬁﬁ>oj

500 % 3 )

1. 2= X-RAY COHERENT DIFFRACTION IMAGE (CDI) %36 ¥k & el

2. o ALK EIT TR A PHN ML G- §FOF S Bd B T

- W R AT TR G E




