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Synchrotron Radiation and its 
application to the Structural 

Biology

Welcome to my lecture today. 

My name is NW, and I am officially belonging to the SR 
Center. 

� What is Synchrotron Radiation?

� Protein crystallography & SR

Topics

(high-pressure protein crystallography using SR)

This is the outline of today’s talk. 

OK. Shall we start. 

What is Synchrotron Radiation?

Benefit us?

electromagnetic radiation emitted when 
charged particles are accelerated radially

Have you ever heard of Synchrotron? 
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editorial

Synchrotron radiation — an electromagnetic 
radiation emitted by electrons as they are 
caused to change direction by magnets while 
circulating in storage rings at nearly the 
speed of light — has revolutionized basic 
and applied research in many scientific and 
technological disciplines. This radiation can 
be a million to a billion times more intense 
than that produced by more conventional 
sources, such as X-ray tubes.

According to Lightsources.org, there 
are 47 synchrotron radiation research 
facilities based on electron storage rings 
(some with more than one ring) in 23 
countries currently in operation, under 
construction or being planned. The recent 
new sources are the Taiwan Photon Source 
(TPS), Solaris in Poland, Sirius in Brazil 
and the Synchrotron-light for Experimental 
Science and Applications in the Middle East 
(SESAME) in Jordan.

The construction and commissioning 
of the TPS was successfully completed in 
December 2014 by the National Synchrotron 
Radiation Research Center of Taiwan (see also 
the News & Views on page 292). The design 
of the TPS, a 3 GeV facility measuring 518 m 
in circumference, features small emittance, 
large beam current, and high brilliance, 
stability and reliability. Solaris — the first 
Polish synchrotron radiation facility, with 
a very close cooperation with the MAX IV 
project in Lund, Sweden — is scheduled for 
completion in 2015, whereas Sirius, scheduled 
to start commissioning in 2018 and to be 
opened to users in 2019, is a state-of-the-
art fourth-generation machine built by the 
Brazilian Synchrotron Light Laboratory 
(LNLS). The SESAME is constructing the 
first major international research centre in 
the Middle East as a cooperative venture 
by the scientists and governments of nine 
countries in the region, under the umbrella 
of UNESCO. The 2.5 GeV facility measuring 
130 m in circumference is expected to operate 
fully in late 2016 or early 2017.

Following the completion of these new 
facilities, Africa will become the only habitable 
continent that is without a synchrotron 
source. Limited mostly by distance and travel 
costs, dozens of African scientists currently 
perform experiments at facilities in Europe 
and elsewhere. A light source in Africa 
would enable thousands of African scientists 
and engineers to gain access to this superb 

scientific and technological tool, and help 
them to be competitive socially, politically and 
economically in the years to come.

“The creation of synchrotron facilities will 
help world-class basic and applied research, 
train graduate students without sending them 
abroad, attract scientists conducting research 
abroad to return, address regional biomedical 
and environmental issues, and promote the 
development of high-tech industry,” said 
Herman Winick from Stanford University and 
the SLAC National Accelerator Laboratory in 
California. “There will be less competition for 
beam time at foreign facilities, most of which 
are oversubscribed,” he stressed.

The call for an African Light Source (ALS) 
is pressing, resembling that of SESAME, 
which was created ‘bottom-up’ by scientists 
who persuaded their governments to join. 
“The need for an international synchrotron 
source in the Middle East, which SESAME 
will satisfy, was recognized by eminent 
scientists more than thirty years ago,” said 
Clarissa Formosa-Gauci, a representative of 
UNESCO’s Division of Science Policy and 
Capacity-Building. It was not until 1999 
that an international interim council was 
formed after a meeting of UNESCO in Paris, 
following the example of CERN, which was 
also founded under the umbrella of UNESCO.

When asked if UNESCO would play 
a similar role as a facilitator for the ALS, 
Formosa-Gauci said, “UNESCO welcomes 
the creation of synchrotron sources elsewhere, 
particularly in developing countries, and it 
is ready to offer its experience to help those 
countries wishing to do so.”

Triggered by the example of projects in 
Brazil, Taiwan and particularly Jordan, an 
interim steering committee has recently been 
launched. According to Winick, who is in 
the committee, “the committee is currently 
in the first phases of convincing African 
scientists, policy makers and stakeholders of 
the great value of this project.” There are of 
course obstacles, but “none that cannot be 
overcome,” said Winick with confidence.

“I am urging a competition for the host 
country. Following the example of SESAME, 
the country offering the most will be 
successful. I expect that at least six countries 
will join, perhaps ten or more,” said Winick.

“Accelerator technology is still evolving. 
3 GeV seems to be the optimal electron 
energy. A circumference of 500 m or more 
is desirable, but a smaller facility, at a lower 
price, should also be considered. A study 
should be made by the African scientists to 
determine the best design,” said Winick about 
the scale of the ALS. “It would take a decade 
or more for a project similar to SESAME to 
be facilitated in Africa,” he added.

“The scientific community using 
synchrotron sources is growing faster than 
the number of beamlines. This will continue. 
I hope that the USA, as one of the leaders in 
synchrotron radiation sources and science, 
will join on this,” urged Winick.

Access to a nearby synchrotron source 
brings many benefits, not only to developing 
countries but also to technologically 
advanced countries. The active involvement 
of scientists and the full support of 
UNESCO and governments are vital. ❐

New synchrotron sources are being commissioned and built around the globe, with an emphasis on 
developing countries. Given the obvious benefits, the trend is encouraging.

Synchrotron sources accelerate
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Locations of synchrotron light sources in the world. Data taken from Lightsources.org.

© 2015 Macmillan Publishers Limited. All rights reserved

Nature Photonics, 9, 281 (2015)

47 facilities / 23 countries

World’s synchrotron facilities
@2015

In fact, there are 47 SR facilities in the word. 
23 countries have some facilities. 

How about your home country? 

And we have …

Photon Factory 
（2.5 GeV） 
AR  
（6.5 GeV）

UVSOR 
 （0.75 GeV）

AichiSR（1.2 GeV）

SPring-8 
 （8 GeV）

NewSUBARU 
（1.5 GeV）

AURORA  
（0.6 GeV）

HiSOR  
（0.7 GeV）

SAGA Light Source 
（1.4 GeV）

Compact
Medium size
Large facility

Synchrotron facilities in Japan

2013〜

We have 8 SR facilities now. 

And we have a plan to construct new one in Tohoku. 
You can see there is a blank area, here at northern part 
of Japan. 

A familiar synchrotron 
radiation

http://www.nasa.gov/multimedia/imagegallery/

Crab Nebula (Taurus)

OK. Come back to the synchrotron…

This is a image of the crab nebula at NASA web page. 

I don’t know what do you get from “familiar”, but we 
can observe synchrotron radiation from there. 
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The Crab spectrum

Aharonian, F.A. & Atoyan, A.M., 1998, nspt.conf, 439A
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This is a spectrum from the crab nebula. 

The horizontal axis of this graph is in frequency, I 
think you may not be familiar with. And vertical axis is 
intensity of the light. 

Ignore the higher frequency domain, this large area 
from radio waves to gamma-ray is the synchrotron 
radiation. 

As a light source in the space, I think you may think 
about the “sun”.  
But…

The Crab spectrum

Aharonian, F.A. & Atoyan, A.M., 1998, nspt.conf, 439A
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black-body radiation

The “sun” emits as a black-body, and the shape of the 
spectrum from it is like this, 
even if the “sun” has not realistic very very high 
temperature. 

Do you know the surface temperature of the sun?  
6,000 K

Can you guess what is the temperature of this 
spectrum? It’s Millions degrees!

Important difference for us is that SR has a strong X-
ray component. 

Mechanism of the synchrotron radiation 
(movie)
This is the mechanism of how the SR is generated. 

If very high-speed electrons run under the magnetic 
field, the pathway of the electron will bend and SR 
emits from there. 

This means, we can make this kind of “galaxy” on the 
earth, if we can accelerate electrons enough and 
introduce them into a magnetic field. 
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Force accelerated electrons to travel 
in a curved path by a magnetic field

direction of 
electrons

magnetic field

Lorentz force

Synchrotron 
radiation

electrons

99.9999…% of the light speed

bending magnet

… Like this conceptual figure. 
The speed of the electrons should be almost the light 
speed. 

Under magnetic field, the direction of the electron is 
bent by the Lorentz force, and the SR is emitted 
tangentially.
I think you might learn about the Lorentz force 
somewhere. 

Actually, we should make a closed 
orbit by bending magnets

(movie)
The high-speed electrons should be kept in the “ring” 
shape orbit, like this. 

So, we call the facility as a “storage ring”. 

Actually, we should make a closed 
orbit by bending magnets

With this ring structure, we can make several 
experimental “stations” around the ring. 
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Properties of synchrotron radiation

1. High Flux

2. High Brilliance

3. Broad Spectrum
which covers from microwaves to hard X-rays

high intensity photon beam

highly collimated photon beam

Now, let’s move on to the properties of SR. 

SR has several beneficial features. 

The 1st one is…

Properties of synchrotron radiation

UV-SOR

1. High Flux high intensity photon beam

1st. 

SR is a high flux, or a high intensity photon beam. 

This photo was taken at the UV-SOR in Okazaki. 

Have you ever been Okazaki? 

National Synchrotron Light Source, USA

Properties of synchrotron radiation

2. High Brilliance highly collimated photon beam

2nd. 

SR has high brilliance. 
Like a laser, SR is a directional beam. 
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Properties of synchrotron radiation
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3. Broad Spectrum

3rd. 

As we have already seen at the Crab Nebula in space,  
SR has a broad spectrum form infrared to X-ray 
region. 

This is a spectrum from SPring-8, Hyogo. 

You can also compare the brilliance (intensity) with the 
sun and X-ray generators in laboratories. 

Aichi Synchrotron Radiation Center

Linimo

Toujishiryoukan Minami Sta

Aichi Expo Memorial Park

Then, I will show you our Synchrotron. 

Unfortunately, not in this campus, but we have one, 
the Aichi SR, at Toujishiryokan Minami Sta of the 
Linimo. 
Have you ride on the Linimo? 
It takes about 40 min from here, but from the station, 
you can go there only 2 min on foot. 
In the respect of accessibility, I think this is the most 
convenient SR facility in Japan.  

Bird's-eye view of Aichi Synchrotron

70 m
55 m

Energy：1.2 GeV


　　accumulation current：300 mA


　　circumferential length：72 m

This figure shows the size of the facility. 
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Beamlines of Aichi SR

25 m

And there are several Beamlines. (We call these 
apparatus as “beamline”. )

By the way, for the radiation safety, as you can see, the 
“ring” is installed inside the 1m thick heavy concrete 
wall, which I have designed. 

And, Nagoya U has BL for protein crystallography. 

Beamline for Protein Crystallography

 BL2S1（Nagoya University BL）

The BL commences the service at May 2015

This is the Nagoya U BL, BL2S1 for protein 
crystallography. 

Diffractometer of BL2S1

Performance of the headline

Energy 7～17 keV (1.8～0.7 Å)

Photon flux
1.9 x 1010 @11.1 keV (1.12 Å) 

8.0 x 109 @16.5 keV (0.75 Å)
Beam size H 0.19 x V 0.18 mm2 

This is an inside view of the beamline. 
And here you can see some parameters of the 
beamline. 
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Diffraction photos at BL2S1

in total 110 images

ADSC Q315r detector

At BL2S1, you can get this kind of X-ray diffraction 
photograph from protein crystals. 

And from these photos, you may solve the protein 
structure. 
That is the “X-ray Protein crystallography”. 

What we can see by X-ray
X-rays interact with 

electrons

“structure”

X-ray interacts with electrons in the crystal. 
So, we can observe where and how electrons are 
distributed. 
Electron rich means that there are atoms, and we can 
build molecules, like this. 

Protein crystallography &

Synchrotron radiation

OK

Now let’s move on the next part, how the protein 
crystallography use SR. 
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Properties of synchrotron radiation

1. High Flux

2. High Brilliance

3. Broad Spectrum
which covers from microwaves to hard X-rays

high intensity photon beam

highly collimated photon beam

As we have already seen, SR has such properties. 
And …

Properties of synchrotron radiation

1. High Flux

2. High Brilliance

high intensity photon beam

highly collimated photon beam

make data collection faster & easier

These 2 properties make data collection of protein 
crystallography faster & easier. 

High flux & high brilliance 
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x 106 intense

Comparing with the traditional X-ray source, SR has an 
intensity million times brighter. 

This means, or this makes the time for experiments 
very short. 
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Before synchrotron…
Crystals of CAMP-dependent  Protein  Kinase Regulatory  Subunit 9381 

FIG. 1. X-ray  diffraction precession photograph of type I 
regulatory  subunits of CAMP-dependent protein  kinase. h01 
zone; precession angle, 7.5 degrees; crystal-to-film  distance, 100 mm; 
exposure  time,  16 h. 

The  data  presented were collected from  crystals grown by 
including 1 mM CAMP,  and  therefore presumably contain 
bound  CAMP.  Crystals grown without  added  cAMP  appear  to 
be isomorphous with  crystals grown by including  cAMP  in 
the buffer  solution. 

To verify the  contents of the  crystals, a  single crystal was 
dissolved and analyzed using sodium dodecyl sulfate-polyac- 
rylamide electrophoresis  in  the presence of 2-mercaptoetha- 
nol. The  protein from the  crystal  migrated  with  the  same 
mobility as  the  protein  eluted  from  the “(aminoethy1)- 
CAMP-agarose column.  A crystal of RI which  was grown in 
the  presence of unlabeled  cAMP was  washed in buffer and 
dissolved, and  the  protein was found by filter  assay  to ex- 
change  [fb3H]cAMP for unlabeled CAMP. 

Precession  photographs of the  RI  crystals (Fig. 1) show 
systematic  absences  along  the 001 axis except for 1 = 4n  and 
along  the hOO axis  except  for h = 2n. Unscreened  photographs 
taken  with  the 001 axis along the x-ray  beam  show that  the 
weighted  reciprocal lattice  has 4/mmm Laue group symmetry. 
These  observations  restrict  the  space group to P41212 or  its 
enantiomorph, P43212. The  unit cell dimensions were obtained 
by averaging mFasurements from sevegal films and  are a = b 
= 106.9 k 0.6 A and c = 212.4 f 1.0 A. The size of the  unit 
cell and  the  measured  density of the  crystal (1.29 g/ml) allow 

the  determination of the  number of R-subunit molecules/ 
asymmetric  unit.  The  equation  relating volume fractions of 
protein and  solvent, n = (pcry - psol)NV/kM(l- psol/ppro), 
gives n = 3.8 where n, N ,  V, k ,  and M are  number of molecules/ 
asymmetric  unit, Avogadro’s number, volume of the  unit cell, 
the  number of equivalent  positions for this space  group, and 
molecular weight of type I R-subunits, respectively. pcry and 
psol represent  the  density of the  crystal  and  the solvent (1.3 
M ammonium  sulfate), respectively, and ppro was assumed to 
be 1.4 g/cm3. The calculation shows that  the crystallographic 
asymmetric  unit  contains four  monomers  (two  regulatory 
dimers)  and is 66% protein by volume. The  determination of 
the RI structure  is  in progress. 
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16 h exposure!

Lee, JH et al., J. Biol. Chem. 260, 9380-9381 (1985).

Regulatory Subunit of CAMP-dependent Protein Kinase 

Before SR, it took more than 10 h exposure to get this 
kind of photo. 

However, 

@2004, Photon Factory, Tsukuba, Japan

After synchrotron…

5 s exposure!

After SR, the exposure time is dramatically reduced. 
For example, this image could be taken in only 
seconds. 

Can you guess what this means? 

X-ray source and protein 
structure 

light is possible. An important characteristic of XFELs is their
very short pulse, down to a few femtoseconds. This is expected
to be critical for avoiding radiation damage in diffraction
experiments on single molecules and small clusters. The
increase of the power of the X-ray beam in these new devices
is so staggering that it is not even completely certain at present
if the lifetime of biological samples in the beam will be suffi-
cient to collect all the necessary data. However, such problems
have been successfully solved in the past, so it is likely that
they will be also properly handled in the future. The revolu-
tion caused by the introduction of synchrotron radiation as a
tool for structural biology is not yet over. It may be expected
that, also in the future, use of synchrotron radiation will
contribute to even more awesome discoveries in structural
biology, leading to better understanding of the processes of
life at the atomic level, with beneficial consequences for
human health and well being.

We are grateful to our colleagues who shared with us their
stories and early experience as synchrotron radiation users

and provided invaluable comments on the draft manuscript, in
particular Keith Hodgson, Andrew Leslie, Wladek Minor,
Gerd Rosenbaum and Herman Winick. This project has been
funded in part by the Intramural Research Program of the
NIH, National Cancer Institute, Center for Cancer Research.
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Figure 6
The number of structures deposited annually in the Protein Data Bank.
Structures determined with the use of synchrotron radiation are
represented in green, and those with conventional sources in red. The
data represent the time window between 1985 and 2009, with statistics for
the latter still incomplete. The figure was provided by Heping Zheng.

Figure 5
Modern synchrotrons and data collection stations. (a) Aerial view of the
third-generation synchrotron ring of the Advanced Photon Source (APS)
at Argonne, IL, USA. The ring consists of 40 sectors with a circumference
of 1104 m. (b) The macromolecular crystallography experimental end-
station 22ID at the APS used by members of the Southeast Regional
Collaborative Access Team (SER-CAT). Photograph by John Gonczy.
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SR bring in a “speed” into the protein crystallography. 

I think you were born at around 2000, when SR 
surpassed lab X-ray. 
After that, the structure solution of proteins is highly 
accelerated. 
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Properties of synchrotron radiation

1. High Flux

2. High Brilliance

3. Broad Spectrum
which covers from microwaves to hard X-rays

high intensity photon beam

highly collimated photon beam

And the 3rd property of SR is…

Broad Spectrum
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Before SR, we can only use this sharp X-ray wavelength 
depending to the metal target. 
However, with SR, we can choose any X-ray wavelength 
we want. 

Utilization of broad spectrum of SR

longer wavelength（low energy）X-ray

shorter wavelength（high energy）X-ray

structure solution method using sulfur atoms

high-pressure structural study 

using a diamond anvil cell (DAC)

As my subject of research, longer wavelength X-ray is 
used for a structure solution method, and shorter 
wavelength X-ray can be used for high-pressure 
study. 
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Utilization of broad spectrum of SR

longer wavelength（low energy）X-ray

shorter wavelength（high energy）X-ray

structure solution method using sulfur atoms

high-pressure structural study 

using a diamond anvil cell (DAC)

Since time is limited today, we will see the utility of 
shorter wavelength X-ray here. 

using shorter wavelength 
X-ray

～0.7Å (7 nm)

high-pressure structural study 

using a diamond anvil cell (DAC)

Shorter wavelength means here is X-ray which 
wavelength is shorter than 0.7 Å, or 7 nm. 

The reason of using shorter wavelength is…
we use diamonds for the sample cell. 

Diamond anvil cell (DAC)

～40 mm

1mm

gasket

One of the key tools of HPPX is a pressure-generating 
device, DAC. 

The DAC consists of a pair of diamonds and a metal 
gasket. 
The flat faces at the tip of the diamond, called culet, 
and a small hole of the gasket make a sample 
chamber. 
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DAC: how it works

1	mm

0.7	mm

gasket

0.25	-	0.3	mm

And we will mount protein crystals in there. 
These are fiber knots to fix crystals in the chamber. 

high-pressure generation in a DAC
The protein crystals in the sample chamber will be 
compressed with the uniform hydrostatic pressure 
generated by the squeezing of the camber volume 
between the two diamond’s culets. 

high-pressure generation in a DAC

like this. 
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X-ray diffraction measurement 
using DAC

X-rays

using shorter wavelength X-ray is necessary 

to reduce the absorption by the diamond

Then the X-ray diffraction measurements can be done 
as usual, through the two diamonds. 

Examples of macromolecular 
structures investigated by HPPX
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Fig. 11.4 Macromolecular structures investigated by HPMX

11.5 Macromolecular Systems Studied by High-Pressure
Macromolecular Crystallography

Figure 11.4 summarizes the various biomolecules studied by HPMX. It includes
nucleic acids, virus capsid, monomeric as well as multimeric proteins in a pressure
range from 150 MPa to 1.39 GPa.

In the following paragraphs, the different high-pressure X-ray studies have been
related to three main effects of pressure: elastic compression of biomolecules,
trapping of conformational substates and, related with the previous one, the role
of internal cavities in pressure response.

11.6 Elastic Compression Within a Single Conformational
Substate

Pressure-induced modifications of the protein volume may arise from a global
elastic compression within closely related conformational substates. These modi-
fications originate from changes in the various interactions between amino acids
(hydrogen bonds, ionic, van der Waals as well as hydrophobic interactions), from
changes in the internal voids and cavities found in proteins, and from changes in the
hydration properties (Li et al. 1998; Marchi and Akasaka 2001; Boonyaratanako-
rnkit et al. 2002; Refaee et al. 2003; Girard et al. 2005; Nisius and Grzesiek 2012).
The next three examples are related to the order of magnitude of such elastic
compression on proteins as observed by HPMX.

nobuhisa@nagoya-u.jp

Dhaussy, AC & Girard, E, Fig 11.4 in “High Pressure Bioscience” 

Akasaka & Matsuki eds (2015) Springer

11 Functional Sub-states by High-pressure Macromolecular Crystallography 221

Fig. 11.4 Macromolecular structures investigated by HPMX

11.5 Macromolecular Systems Studied by High-Pressure
Macromolecular Crystallography

Figure 11.4 summarizes the various biomolecules studied by HPMX. It includes
nucleic acids, virus capsid, monomeric as well as multimeric proteins in a pressure
range from 150 MPa to 1.39 GPa.

In the following paragraphs, the different high-pressure X-ray studies have been
related to three main effects of pressure: elastic compression of biomolecules,
trapping of conformational substates and, related with the previous one, the role
of internal cavities in pressure response.

11.6 Elastic Compression Within a Single Conformational
Substate

Pressure-induced modifications of the protein volume may arise from a global
elastic compression within closely related conformational substates. These modi-
fications originate from changes in the various interactions between amino acids
(hydrogen bonds, ionic, van der Waals as well as hydrophobic interactions), from
changes in the internal voids and cavities found in proteins, and from changes in the
hydration properties (Li et al. 1998; Marchi and Akasaka 2001; Boonyaratanako-
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nobuhisa@nagoya-u.jp

HPPX does not so popular yet, but it has been applied 
to the studies from nucleic acid to large virus capsid. 

And our HPPX studies have been made for several 
proteins, including this IPMDH…

Two aims

1. Understanding of life under high-pressure 
conditions 

2. Studying the high-energy conformational 
substates of proteins

of our HPPX study
High-pressure protein xtallography

I think there are two aims for our HP study on protein 
crystals. 

One is understanding the mechanism of pressure 
response of proteins itself, and the other is studying 
the higher energy conformational states of proteins to 
make structural excursions along the energy landscape 
of proteins. 
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2. Studying the high-energy conformational 
substates of proteins

Modified	from	Fig	6,	Luong	et	al.,	Chem	Phys	Chem,	16,	3555-3571	(2015)
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The possibility of HPPX is studying the energy 
landscape of proteins. 

Under pressure, proteins behave after the “Le 
Chatelier's Principle”. 
It means, if we pressurize the system, the partial molar 
volume of the system decreases. 

Generally, proteins at the higher energy substates have 
smaller partial molar volume. 

2. Studying the high-energy conformational 
substates of proteins

Pressure—A Gateway to Fundamental Insights into
Protein Solvation, Dynamics, and Function
Trung Quan Luong, Shobhna Kapoor, and Roland Winter*[a]

1. Introduction

Perturbation of biochemical processes often entails the bind-
ing of a particular conformation of a protein to another biomo-
lecular counterpart, thus shifting the equilibrium in favor of
that conformation.[1–5] Such changes in conformer popula-
tion—conformational fluctuations—form a generic mechanism
for high-fidelity biological functions. However, due to the low
fractional populations of such conformers under unperturbed
conditions, they are often difficult to detect by spectroscopic
or other experimental means. To gain insight into the protein
conformational subspace, chemical and physical perturbations
are employed to shift the equilibrium and characterise the oth-
erwise rare conformational substates (CS). Chemical perturba-
tions encompass, for example, small molecules, chemical dena-
turants (e.g. urea), pH, ionic strength, and physical perturba-
tions include the intrinsic thermodynamic variables tempera-
ture and pressure (see Figure 1). However, when the protein
conformations or substates differ by only small energy differ-
ences, separation by purely energetic means (e.g. by a tempera-
ture change) is often arduous. Under such circumstances, pres-
sure provides an elegant and efficient means to redistribute
the population via volume differences.[6–14] By favoring states
with smaller partial molar volume, pressure shifts the equilibri-
um towards a system with smaller overall volume (according
to Le Ch‚telier’s principle). This effect of pressure on conforma-
tion equilibria and hence conformational selection in proteins
is further emphasized by the fact that proteins in solution not
only fluctuate in energy but also in volume, involving folded,
unfolded and partially unfolded conformers. To study the con-
formational subspace of proteins, identification and characteri-
zation of these high-energy conformations is a central task of

molecular biophysics. The idea of using pressure perturbation
to explore the functional relevance of high-energy protein con-
formations has gained enormous attention in recent years, and
there exist many striking examples of their involvement in pro-
cesses ranging from protein regulation, catalysis, and molecu-
lar recognition to signaling, several of those will be discussed
below.

Pressures relevant for studies of biochemical systems gener-
ally range from 1 bar to 10 kbar (for the pressure unit, either

Now that the centennial anniversary of the first report on pres-
sure denaturation of proteins by Nobel Laureate P. W. Bridg-
man can be celebrated, this Review on the application of high
pressure as a key variable for studying the energetics and in-
teractions of proteins appears. We demonstrate that combined
temperature–pressure-dependent studies help delineate the
free-energy landscape of proteins and elucidate which features
are essential in determining their stability. Pressure perturba-

tion also serves as an important tool to explore fluctuations in
proteins and reveal their conformational substates. From shap-
ing the free-energy landscape of proteins themselves to that
of their interactions, conformational fluctuations not only dic-
tate a plethora of biological processes, but are also implicated
in a number of debilitating diseases. Finally, the advantages of
using pressure to explore biomolecular assemblies and modu-
late enzymatic reactions are discussed.

Figure 1. Schematic illustration of the energy landscape (minima correspond
to different conformational substates, CS) within the native state of the pro-
tein. A population shift can be induced by different perturbation methods,
whereby the protein’s conformational equilibria are shifted to higher energy
conformations. As a result, the fractional population of such states increases,
thereby facilitating their experimental characterization.

[a] Dr. T. Q. Luong, Dr. S. Kapoor, Prof. R. Winter
Department of Chemistry and Chemical Biology
Physical Chemistry, TU Dortmund University, Dortmund
Otto-Hahn-Str. 6, d-44221 Dortmund (Germany)
E-mail : roland.winter@tu-dortmund.de

ChemPhysChem 2015, 16, 3555 – 3571 ⌫ 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3555

MinireviewsDOI: 10.1002/cphc.201500669
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Modified	from	Fig	6,	Luong	et	al.,	Chem	Phys	Chem,	16,	3555-3571	(2015)

This means that we can use pressure as a perturbation 
to induce higher energy conformational substates. 

11 Functional Sub-states by High-pressure Macromolecular Crystallography 221
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11.5 Macromolecular Systems Studied by High-Pressure
Macromolecular Crystallography

Figure 11.4 summarizes the various biomolecules studied by HPMX. It includes
nucleic acids, virus capsid, monomeric as well as multimeric proteins in a pressure
range from 150 MPa to 1.39 GPa.

In the following paragraphs, the different high-pressure X-ray studies have been
related to three main effects of pressure: elastic compression of biomolecules,
trapping of conformational substates and, related with the previous one, the role
of internal cavities in pressure response.

11.6 Elastic Compression Within a Single Conformational
Substate

Pressure-induced modifications of the protein volume may arise from a global
elastic compression within closely related conformational substates. These modi-
fications originate from changes in the various interactions between amino acids
(hydrogen bonds, ionic, van der Waals as well as hydrophobic interactions), from
changes in the internal voids and cavities found in proteins, and from changes in the
hydration properties (Li et al. 1998; Marchi and Akasaka 2001; Boonyaratanako-
rnkit et al. 2002; Refaee et al. 2003; Girard et al. 2005; Nisius and Grzesiek 2012).
The next three examples are related to the order of magnitude of such elastic
compression on proteins as observed by HPMX.

nobuhisa@nagoya-u.jp

Our HPPX studies

HEWL

950 MPa

IPMDH

650 MPa

DHFR

750 MPa

We have already some results on these proteins. 
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Two aims
1. Understanding of life under high-pressure 

conditions 

2. Studying the high-energy conformational 
substates of proteins

of our HPPX study

IPMDH

650 MPa

HEWL

950 MPa

DHFR

750 MPa

The aims of the studies may be compiled like this. 

IPMDH is studied for the 1st subject, and these two are 
for the 2nd subject. 

2. Studying the high-energy conformational 
substates of proteins

Reaction mechanism of hen egg white lysozyme

Yamada, Nagae & Watanabe, Acta Cryst., D71, 742-753 (2015)

Today, I will show you the results on lysozyme as an 
example of the 2nd aim of our HPPX. 

Reaction mechanism of hen egg white lysozyme

Glu 35

Asp 52

pKa 6.0 ~ 6.8

(glutamic acid: pKa 4.1)

As you may know, lysozyme is an enzyme that 
hydrolyzes a glycosidic bond.  

And two residues, Asp52 and Glu35, are the catalytic 
residue. 

Before the first step of the reaction, carboxyl group of 
Glu35 should be protonated. 

And many biochemical studies showed that the pKa 
value of Glu35 is quite-high as 6.0 to 6.8, but the 
mechanism of high pKa is not clear. 
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Glu35

Trp108Met105

Leu56
Trp28

Met12

High-resolution crystal structure of HEWL

(pH 4.7)
0.65 Å resolution, P1 PDB:	2vb1

Wang,	et	al.,		Acta	Cryst.,	D63,	1254-1268	(2007)

This is a crystal structure around the Glu. 
Structure of lysozyme was already solved at ultra-
high-resolution of 0.65 Å and this pH. 

On the other hand, many biochemical studies have 
been performed, and they thought that the 
hydrophobicity of this Trp is believed to the key to 
keep the high pKa value of Glu. 
However, as you can see, the side chain of this Trp 
does not directory interact with the side chain of Glu. 

High-resolution crystal structure of HEWL

(pH 4.7)
0.65 Å resolution, P1

Wang,	et	al.,		Acta	Cryst.,	D63,	1254-1268	(2007)

PDB:	2vb1

Trp108

Glu35

And even in this ultra-high-resolution structure, the 
Glu seems not to be protonated. 

The mechanism of high pKa is not clear from crystal 
structures.  

Therefore, we made a HPPX study on HEWL. 

HEWL structure change by pressure

0.1 → 950 MPa

tetragonal

P43212

pH 4.5

(movie) 
This is a morph movie shows the structures change 
between ambient pressure and 950 MPa.

At 950 MPa, the lysozyme molecule is compressed or 
become smaller after the “Le Chatelier's Principle”.
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Compression of internal 
cavities

0.1 MPa

internal cavity

950 MPa

The structure change was caused mainly by 
compression of its internal cavities, like this figure. 

Large internal cavities at ambient pressure became 
smaller at 950 MPa. 

Active residue Glu35, and Trp108

Glu35
Trp108

Met105

Leu56
Trp28

Met12

0.1 MPa

The location of the active residue Glu35 is here. 
And at the upper side of Trp, there is a hydrophobic 
cavity. 

In our HP study, we had observed structural changes 
around those residues with pressure. 

HEWL structure near Glu35

Glu35
Trp108

0.1 MPa

This is a magnified view around the hydrophobic cavity 
at the ambient pressure. 

The omit electron density of the side chain of Glu35 is 
also shown at 3 sigma level. 
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600 MPa

HEWL structure near Glu35
Then, if the crystal is pressurized to 600 MPa, the 
hydrophobic cavity is compressed as expected. 

700 MPa

HEWL structure near Glu35
But, at 700 MPa, a new electron density peak emerged 
over the side chain of Trp. 

Can you guess what is this density? 
It seems a water molecule. 

Since the environment of the cavity is hydrophobic, 
this water molecule seems to be stabilized by lone 
pair-pi interaction with Trp side chain. 

800 MPa

HEWL structure near Glu35
And at 800 MPa, with growing the water density, the 
side chain flipping of Glu seems to be initiated, and 
some of the side chain has inward conformation. 
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890 MPa

HEWL structure near Glu35
At 890 MPa, the water peak grows up, and the two 
electron densities of the side chain of Glu become 
comparable, or inward conformation seems to be more 
than outward conformation. 

And at little above this pressure, unexpected happens. 

Crystallographic phase transition happens

P43212

950	MPa	(P43)

between 890 MPa → 950 MPa

Interestingly, crystallographic phase transition was 
happen between 890 to 950 MPa. 

The new cell contains 4 molecules in the asymmetric 
unit. 

If we observe these four molecules carefully, …

950 MPa

HEWL structure near Glu35

molecule-A molecule-B

molecule-C molecule-D

Interestingly, three of four structures of Glu have only 
inward conformation. 

And in these two molecules, a second water molecule 
has penetrated into the hydrophobic cavity at Trp. 

G30-lecture.key - 2017年6月22日



Changes of the structure near 
Glu35 with pressure

Glu35

Trp108

950 MPa8900.1

pressure

If we summarize the results, the side chain of Glu35 
and water molecules above Trp108 change with 
pressure like this figure. 

Now the question is the meaning of this inward 
conformation. 

NMR structure of HEWL

PDB:	1e8l

Glu35

Trp108

RDC	restraints

Schwalbe,	H.,	et	al.,	Protein	Sci.,	10,	677-688,	(2001)

45 / 50 side chains of Glu35 are inward

In the PDB structure database, we found that the 
refined NMR structure of lysozyme shows that the 
inward conformation of Glu35 is popular in solution.
Surprisingly, 45 of the 50 low-energy structures have 
the inward conformer of Glu35. 
In this paper, the authors did not discuss anything 
about this, but the inward conformation of Glu35 
appears to be common in the solution state. 

Why conventional crystallography does not detect the 
inward conformation at ambient pressure is not clear. 

pKa simulation
using	DEPTH

DEPTH:	Tan,	KP,	et	al.,		Nucl.	acids	res.	41,	W314	-	W321	(2013)

pKa	6.0
inward

outward

However, if we estimate the pKa of Glu35 with these 
structures, the inward conformations of Glu35 give 
high pKa value fitted well with that of biochemical 
studies. 
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(GlcNAc)4 complex

920 MPa

the side chain of Glu35 
maintains outward structure

no phase transition was 
observed

And if we pressurize a complex crystal of lysozyme 
and its product, the side chain of Glu remains outward 
from ambient pressure to high pressure of 920 MPa, 
and no crystallographic phase transition was observed. 

Glu35 reaction mechanism

water molecules over the 
“hydrophobic” Trp108 keeps

the high pKa value of Glu35

Yamada,	Nagae	and	Watanabe,	Acta	Cryst.	D71,	742-753	(2015).	

Summary From these results, we think the mechanism of the 
high pKa value of Glu35 of lysozyme comes from the 
water molecules at the hydrophobic cavity above 
Trp108. 

This means that, not hydrophobicity but hydrophilicity 
of Trp, which is provided by the lone pair-pi 
interaction, seems important to the high pKa of Glu. 

Synchrotron Radiation Research Center

Nobuhisa Watanabe

Synchrotron Radiation and its 
application to the Structural Biology

� What is Synchrotron Radiation?


� Protein crystallography & SR
(high-pressure protein crystallography using SR)

Any Q?
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