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( Introduction )
“Membrane protein structures and drug discovery”
So lwata, Ph.D.

The results of genome sequencing projects have shown that up to 30% of human proteins
occur in cell membranes. Membrane proteins play crucial roles in many biological functions,
including the capture of energy from sunlight by plants, the use of energy in cells, and the
movement of molecules across cell membranes. They are particularly important in medicine,
since ~over 50% of commercially available drugs (such as antihistamines, beta blockers,
antipsychotic drugs, morphine) target membrane proteins. We need to understand membrane
protein structures to provide a basic understanding of life at the molecular level and for computer
aided rational design of new drugs, which could reduce the number of animal experiments and
unwanted side effects. In my talk, 1 would like to summarise the current status and the recent
advances in structural biology on membrane proteins and its effect on drug discovery.

I will also discuss new technical development in membrane protein crystallography.
Radiation damage of crystals is one of the most hampering problems in the current
macromolecular crystallography. The X-ray beams at the latest beamlines are so intense that the
crystals suffer serious radiation damage during even very-short exposure-time. The problem is
particularly severe for crystals of membrane proteins, which are extremely radiation sensitive.
X-ray free electron laser (XFEL) could provide a solution to this problem. In my talk, I will
present some recent results on membrane protein crystallography at the Japanese XFEL facility,
SACLA.
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Abstract

X-ray free-electron lasers (XFELS) are revolutionary X-ray sources. Very short X-ray
pulses duration (a few tens of femtoseconds ) , high intensity delivering up to 102 photons per

pulse, sub-micrometre beam-seize are unique for this new X-ray source.

Radiation damage of crystals is one of the most hampering problems in the current
macromolecular crystallography. The X-ray beams at the latest beamlines, including microfocus
beamlines, are so intense that the crystals suffer serious radiation damage during even very-short
exposure-time. The problem is particularly severe for crystals of membrane proteins or
macromolecular assemblies, which are extremely radiation sensitive. X-ray Free Electron Laser
could provide a solution to this problem. Very high dose rates delivered by the intense
femtosecond pulses of XFELs reduce the amount of damage suffered by a crystal during its
irradiation. Single shot diffraction patterns are collected from a series of small crystals and by
combining them, we could swiftly complete the dataset without any serious radiation damage. At
the Japanese XFEL facility, SACLA, we are currently developing a data collection system
focusing on drug-target protein crystals including those from membrane proteins and flexible
multi-modular proteins. The system is composed of a diffraction chamber with a sample injector
and a fast readout multiport CCD (mpCCD) detector. The sample injector is optimized for the
data collection from crystals in the lipidic cubic phase (LCP), which are common for membrane
proteins. The injector is also capable to handle the crystals obtained from solutions by making
the solution viscous using additives including gels and grease. The system requires only several
100 micrograms of proteins to complete the dataset. The system can dramatically accelerate the

structure determination of membrane proteins.

The SFX system is also suitable for time-resolved crystallography including visualization
of ultrafast protein structural dynamics on the femtosecond to picosecond time-scale, as well as
time-resolved diffraction studies of non-cyclic reactions. 1 am convinced that this will lead to a
revolution of time-resolved protein crystallography. In my talk, I will present some recent results

of pump and probe experiments at SACLA.
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Abstract

The discovery and analysis of X-ray diffraction from crystals by Max von Laue, William
Henry Bragg and William Lawrence Bragg in 1912 marked the birth of X-ray crystallography.
Over the last century, X-ray crystallography has been fundamental to the development of many
fields of science. However, many biological and physical science samples are difficult to be
crystallized and thus their three-dimensional structures are presently not accessible to X-ray
crystallography. Overcoming these obstacles requires the development of new X-ray sources and
methodologies.

Recently, the X-ray science community has witnessed two revolutionary developments.
First, large-scale coherent X-ray sources, such as X-ray free electron lasers (XFELs) and
advanced synchrotron radiation, have been under rapid development worldwide. Compared with
previous generation X-ray sources, the new sources increase the X-ray brilliance by several
orders of magnitude. Second, the methodology of X-ray crystallography was extended to allow
the structure determination of non-crystalline specimens or nanocrystals in 1999, which is known
as coherent diffraction imaging (CDI) or lensless imaging.

In CDI, the diffraction pattern of a non-crystalline sample or a nanocrystal is first
measured and then directly phased to obtain an image. The well-known phase problem is solved
by combining the oversampling method with iterative algorithms.

In this talk, I will discuss the principle of CDI, illustrate some biological applications
using synchrotron radiation and XFELs, and present my future perspectives of biological
imaging with coherent X-ray sources.

12
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Abstract

Structural studies of G protein-coupled receptors (GPCRs), and other biomedically
relevant membrane proteins and complexes, are hampered by challenges related to growing
sufficiently large crystals capable of withstanding radiation damage and yielding high-resolution
data. We have developed a new approach of using a membrane mimetic gel-like matrix known as
lipidic cubic phase (LCP) for growth and delivery of membrane protein microcrystals for data
collection by serial femtosecond crystallography (SFX) at X-ray free electron lasers (XFEL) [1].
Microcrystals are delivered to the intersection point with an XFEL beam using a specially
designed LCP injector [2], allowing to adjust LCP flow-rate and minimize crystal consumption.
LCP-SFX uses highly intense 40-fs XFEL pulses to minimize radiation damage and collect room
temperature high-resolution data from sub-10 um crystals. Protein consumption is reduced by
2-3 orders of magnitude compared to a liquid injector, making the LCP-SFX method attractive
for structural studies of challenging membrane and soluble proteins, and their complexes [3].
Recent applications of this method led to solving difficult structures of the human &-opioid
receptor in complex with a bi-functional peptide ligand [4], a blood pressure regulator -
angiotensin receptor [5], and a major GPCR signaling complex between rhodopsin and arrestin

[6].
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Abstract

Cytochrome ¢ oxidase (CcO), the terminal oxidase of the respiratory chain, resides in
the mitochondrial inner membrane or the bacterial cytoplasmic membrane. The enzyme reduces
Oy to HyO and pumps protons to generate the electrochemical proton gradient across the
membrane. Bovine CcO consists of 13 different protein subunits and four redox-active metal
centers. The locations of the redox-active sites (heme a, heme a3, Cup, and Cug) within the
CcO complex were determined by X-ray crystallography (1). The Fe,3—Cup site catalyzes the
reduction of molecular oxygen to two water molecules. Electrons are transmitted to the
dioxygen-reduction site from cytochrome c on the positive-side surface of CcO through the Cua
site and heme a, whereas protons are taken up from the negative side and transferred through
specific hydrogen-bond networks in the transmembrane region (2). In addition to the protons
used for water production, additional protons are transferred through CcO across the membrane,
generating the proton gradient. We proposed a proton-pumping path, later named the H-path (3),
which is distinct from the path proposed for bacterial CcO. The H-path theory is supported by

site-directed mutagenesis studies and computational analyses (4-6).

We conducted high-resolution X-ray analyses of the structures of the reaction
intermediate analogs in order to refine the H-path. The H-path consists of a tandem water
channel on the negative side and a hydrogen-bond network on the positive side. Bovine CcO
pumps four proton equivalents per catalytic cycle. Protons are transferred by H30" through the
water channel on the negative side into the proton pool linked to the hydrogen-bond network of
the H-path. A gate to block backward transfer of protons is controlled by a conformational
change of helix X. The gate is opened in the R-state of the reaction cycle. Four protons
accumulate in the proton pool in the R-state, and the gate is subsequently closed during the
following states of the reaction cycle. Each of the four protons is pumped when an electron is
transferred from Cua to Feas-Cus via Fea.

Among the high-resolution structures of reaction intermediates, the structure of fully
oxidized CcO suggested that a peroxide moiety bridges between Fe3' and Cu?". The 0-0
distance of 1.7 A (7) is significantly longer than the analogous O—O bond distance in typical
model compounds (1.55 A). Because X-ray exposure could affect the long bond distance, and
other structures have been proposed for the structure of the compound at the Fe.3-Cus site, we
performed a radiation damage—free structure determination at the SPring-8 angstrom compact
free-electron laser (SACLA) facility. This approach was based on combined use of a large

crystal and femtosecond X-ray pulses from an X-ray free-electron laser (XFEL). The X-ray
19



analysis indicated that the O—O distance was 1.55 A (8). Consequently, the compound in the

Fea.3-Cug site of the fully oxidized state was deduced to be a peroxide. The femtosecond X-ray

pulses of an XFEL provides time-resolved crystal structure analysis. We are currently working

on a time-resolved crystal structure analysis of bovine CcO aimed at elucidating the proton

pumping mechanism.
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Abstract

G protein coupled receptors (GPCRs) conduct the majority of transmembrane responses to
hormones and neurotransmitters, and mediate the senses of sight, smell and taste. Among the
hundreds of GPCRs within the human genome, the opioid receptors represent particularly
important targets for the alleviation of pain. Despite over two centuries of medicinal chemistry
since the isolation of morphine from the opium poppy, the ideal opioid analgesic devoid of key
liabilities like addiction and respiratory depression remains elusive. | will describe our efforts to
understand the structural and biophysical basis of opioid receptor function using X-ray
crystallography as well as NMR and fluorescence spectroscopy. Additionally, I will describe the

structure-guided discovery of a novel opioid analgesic with reduced side effects.
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Abstract

Free electron lasers (FELSs) are relatively new, highly brilliant and coherent x-ray sources.
During the last five years their extraordinary potential in structural biology has been
convincingly demonstrated. De novo structures from nanometer sized crystals as well as
structures of large complexes were obtained; in addition, first room temperature structures of
reaction intermediates were determined. The strongest advantage of the short x-ray pulses with
extreme intensity that can be generated with a XFEL is the fact that we can observe the
diffraction patterns from nano crystals before significant radiation damage can set in.

Switzerland is building its own free electron laser (SwissFEL) to support a broad range of
basic research in quantum physics, material science, biology, and structure based drug discovery.
It will be an excellent tool for dynamics on an atomic length scale. We will achieve major
insights in quantum computing and engineering and we will gain a deeper understanding of the
principles that make proteins the universal tools of life. The timing of the free electron laser
pulse in the femtosecond range is coinciding with the time it takes to make or break the chemical
bond. That is why XFEL free electron lasers will become the prime tools to study heterogeneous
catalysis in hard matter, soft matter and enzymes. Time-resolved diffraction methods and
crystallography are a major key to all these questions.

The development of fast liquid jets and the sample-saving viscose jets (e.g. LCP jets) have
standardized the sample application for protein crystallography with XFELs. The development of
powerful software packages to deal with millions of diffraction patterns is now enabling serial
crystallography as a powerful method. This is particularly interesting for dynamic
crystallography. There are currently several light-activatable systems where a reaction can be
triggered with a short laser pulse and a variable delay time between the light pulse and the x-ray
probe pulse. In this way, we can collect a series of data sets obtained at different time points from
thousands of single crystals. This data can be analysed in a more objective way because the
changing amplitudes are not influenced by radiation damage. Another very important property of
this method is that we obtain still diffraction patterns. To obtain structure factors we have to
reconstruct the amplitudes from many partial reflections collected by serial femtosecond
crystallography (SFX). At first, this seems like a complication but for membrane protein crystals
it is a real advantage. Most crystals of interesting samples like membrane proteins have
significant mosaicity which leads to a smearing out of the intensities in reciprocal space. This
prevented the use of Laue-methods for many systems because all intensities in the collected
diffraction patterns overlap significantly. By collecting stills and having only partial reflections
in the pattern, the overlap is minimized. Now, time resolved crystallography becomes possible
for a large number of biological systems because the impact of mosaicity is less severe.
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Therefore | think free electron lasers will open a new era of dynamic crystallography, which will

lead to a new level of understanding complex biological systems.
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Abstract

G protein-coupled receptors (GPCRs) constitute one of the largest protein families in the
human genome and play essential roles in normal cell processes, most notably in cell signaling.

The human GPCR family contains of more than 800 members, recognizes thousands of
different ligands and activates a number of signaling pathways through interactions with a small
number of binding partners. Unfortunately, an understanding of these receptors has been
hampered by a lack of solid structure-function data.

After 20 years of technology innovation by researchers globally, the benefits of the
technology efforts are now paying off, particularly in the area of understanding human GPCRs.
Delivering GPCR structure-function data in close collaboration with the community on specific
receptor systems is of immense value to the basic science community interested in cell signaling
and molecular recognition, as well as the applied science community interested in drug
discovery.

To date, we have determined high resolution structures of 19 of the 30 (19 of the 21
human) GPCRs— notably the adrenergic, adenosine, angiotensin, chemokine, dopamine,
glucagon, glutamate, histamine, lysophosphatidic, opioid, purinergic, serotonin, sphingolipid,
and smoothened receptors, and representing class A, B, C and F receptor systems with new
structures continuing to be deposited at a strong rate.

Crystallographic studies alone are only a part of the picture, and we have been following
this work up with NMR, HDX, EM, and other biophysical techniques to understand the
activation mechanism, including examining receptor-intracellular partner complexes such as the
first view of the rhodopsin-arrestin complex structure. The use of the technology platform for
drug discovery is now being established through an industry-academia open source GPCR
Consortium, Receptos, a small molecule GPCR drug discovery company, and RuiYi, an
antibody-GPCR company.
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