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1. 4 i 2% 7+ Eigd i (Cryo-Electron Microscopy & Tomography)
2. 2+ %B T+ B (Bio-Environmental 4D Electron Microscopy)

Important cellular mechanisms are carried out through the formation of large macromolecular
complexes. These biological macromolecules are responsible for key processes such as cell
signaling and reproduction, as well as being crtical in diseases like cancer and viral infections.
Understanding of the molecular structure of these macromolecules is not only essential for the
comprehension of their function and mechanism, but can also provide clues for the developing
therapeutics related to health and disease. Nevertheless, the structures of only a small number of
macromolecular complexes have successfully been determined at atomic resolution using x-ray
diffraction (XRD), because crystallization of proteins and these macromolecular complexes remains

a major hurdle to structural analysis with XRD.

Cryo-electron microscopy (Cryo-EM) is a technique to freeze a hydrated sample and derive the
3D structures of the biological macromolecules using an electron microscope. In Cryo-EM, the
samples do not need to be crystallized as in x-ray crystallography. However, Cryo-EM technique
still lacks the resolution to determine the atomic structure of biological macromolecules—due to the
radiation damage which limits the resolution in most biological materials. In our research, we
develop a new technique, the cryo-specimen electrification (CSE) technique, which reduces
radiation damage to biological samples during electron beam irradiation. A unique cryo-charging
specimen holder have been developed for CSE experiments. The ion doped cryo-specimen after
charging can not only trap and store charge in equilibrium with the free and mobile charges, but also
has a conductivity level close to that of metals. Hence it can promptly return electrons to ionized
atoms and fragments in the frozen sample to efficiently repair the radiation damage, and thus
greatly increase the electron dosage tolerance of the sample under electron beam exposure.
Therefore, the CSE technique accompanied with Cryo-EM has opened up the possibility of studying
the frozen biological sample at higher resolution. In addition, we will develop the cryo-scanning
electron microscopy to observe the nano-scale cell organelles and further understand their various

structures.

The cryo-electron microscope is shown in Figure 1, and the Vitrobot system used for
prepapring the vritrified icy specimen is shown in Figure 2. Using cryo-EM, we have been able to
solve less than 1nm resolution protein structure. Our lab has worked on many proteins and are able
to solve close to or less than 1nm resolution protein structure. Shown in Figure 3 and 4 are two
proteins solved by my students in my laboratory for the past few years. Figure 3 is the 3D
structural reconstruction of hemoglobin protein, the resolution obtained is 15 A (pixel size of 1.3
A). Figure 4 is the GroEL protein which is a protein folding structure of protein molecules,
the resolution obtained is 11.6 A (pixel size of 2.0A ). The Cryo-EM image of GroEL protein is

shown in figure 5.



We have also attempted to solve the 3D structure of Herpes simplex virus (HSV) which causes a
variety of diseases such as chicken pox and cold sores. The structural classification of this HSV is
illustrated in Figure 6 and its initial 3D reconstructed model has been obtained and shown in Figure
7. The following refinement procedure is in progress. ¥4 + % ﬁ]ﬂﬁﬁﬁ—‘}ﬂ. nTe2EyF AL,

Employing the Cryo-EM technique, we are going to conduct and develop following research
topics, including: (1) high-resolution 3D reconstruction of FtsK division protein and its function
analysis; (2) complete structure expression and reconstruction of XerC and XerD proteins and the
study of their biological functions; (3) structure reconstruction of FtsK, XerC/D, and DNA complex
and the research of this complex mechanism; (4) high-resolution structure reconstruction of SpolllE
division protein and its function analysis; and (5) drug development based on the structural and
functional study of above-mentioned cell division proteins. These research topics related to the cell
division in our research work should help in diseases and cancer control. In the future, we will also
collaborate with biologists, biochemists, and medical doctors to conduct many other interesting
research topics using Cryo-EM. We believe that the future application potential of the Cryo-EM
plus the merit of the CSE technique should be beyond our expectation.

4 F % B T Bk (Bio-Environmental 4D Electron Microscopy)

In the research of bio-environmental 4D electron microscope, Prof. Chih-Yu Chao uses
differential pumping and microfluidic techniques to circulate water in the specimen chamber of
electron microscope, and have established the first biological transmission electron microscope
(Bio-TEM) for controlling a thin water environment surrounding the biological samples with
temperature and pressure control [1,2]. Prof. Chao have applied his technique to study the phase
transitions of various liquid crystal films and obtained a lot of results, and he also received more
than ten U.S. patents regarding this technique. The ultimate goal of the Bio-TEM (or Bio-STEM) is
to observe the live cells in aqueous environment up to subnanometer resolution in TEM. Although
the invention of Bio-(S)TEM by Prof. Chao was not generally recognized in our country since 2004,
its feasibility has been proved to work using a STEM by other research team from Oak Ridge
National Lab and NIH in U.S. in 2009 and 2011 [3,4]. Our research team will also actively develop
Bio-STEM related technologies, combined with nano-targeting technique to enhance the Bio-TEM
resolution to the atomic level, since this technique is quite important for the observation of protein
interactions in live cells.

In the near future, we will actively improve our Bio-STEM’s capability by developing new
nanoparticle labeling methods and advanced techniques that stabilize live cells in liquid
environment under normal pressure to prevent the bursting of cells in low-pressure environment.
We will apply this live imaging technique to some cancer- and neuron-related research topics. In the
aspect of cancer research, we will focus on how to inhibit the cancer cell division by blocking the
functions of some cell division proteins. Cancer drug development based on the structural and
functional study of target cell division proteins will be conducted. The research related to the cell
division should have great help in cancer control.

Observing synaptic connection structure using Bio-STEM would provide a basic model to

characterize the effects of neuron-related diseases in changing the neurotransmission. We will



visualize the movement of secretary vesicles at the synapse, and understand how the vesicle
recycling are modulated to evaluate how neurons response to degeneration. We will also apply
Bio-STEM to observe the changes in the architecture of the synapses and the synaptic connections
at different stages in order to characterize the synapse structure change to understand the effects of
neuron degeneration which leads to many neuron-related diseases. The other topics like how the
neurotoxin molecule leads to the malfunction of the proteasome in Parkinson’s disease and what’s
the mechanism of abnormal protein production by protease in Huntington patient will also be
conducted in our research. On the other hand, neuronal differentiation and migration is the
fundamental cell behavior by which neurons travel from their origin to their final position in the
brain. To visualize the neuron stem cell differentiation and neuronal migration will provide insight
into the cellular and molecular mechanisms by which complex nervous systems grow and develop.
Therefore, observing these events in real-time mode and at nm resolution will promise the
understanding of their functional mechanism. Besides, we will also design and construct a
gradient-pressure electron column for environmental SEM imaging on above-mentioned research
topics. The obtained SEM images can be complementary to the results of the high-resolution
Bio-STEM.

Moreover, our team will also establish the Cryo-SEM technique and develop the 3D imaging
and reconstruction technology for cryo-processed biological samples. Using above techniques, we
can construct a portion of the brain neural structure of insect or animal by reverse engineering the
Cryo-TEM and Cryo-SEM brain cell images, and develop microscopic image to neural network

transformation algorithm to construct brain neural network.

Obijective of the our research

1. Conventional TEM used by biologists and medical researchers can only observe dead sliced
cells that have been frozen or dried and stained, but our Bio-TEM(STEM) can achieve the very
challenging task of observing the dynamic reactions of living cells.

2. Our Bio-STEM technique combined with nanoparticle-labeling and several unique sample
preparation methods have opened up the possibility of studying the living biological samples in
liquid environment at normal pressure, which is larger than the sample pressure (~100 torrs) of
the other Bio-STEM designed by the research team from Oak Ridge National Lab and NIH in
US in 2009. This unique technique can provide enough pressure to prevent the bursting of cells
in low-pressure environment.

3. In the aspect of cancer research, we will focus on how to inhibit the cancer cell division by
blocking the functions of many cell division proteins, such as FtsK, FtsZ, FtsA, XerC, XerD,
and SpollIE etc. Drug development based on the structural and functional study of these cell
division proteins will be also conducted. The research related to the cell division should have
great help in diseases and cancer control.

4. Synapses are the basic functional units in the nervous system. When neuron degenerates, the
synaptic connection would be modulated but the detailed changes in the structure could not be
verified by traditional approaches so far. To relay the neurotransmission, the neurotransmitter
diffuses out of the fused synaptic vesicle and then binds to the postsynaptic membrane.

Observing these events at nm resolution and in real-time mode promises the understanding of



the functional change in single synapses, which may provide a basic model to characterize the
effects of neuron-related diseases in changing the neurotransmission.

Vesicle recycling is known to determine the synaptic efficacy. The number of vesicles in an
axon terminal is limited and the vesicles need to be reused to maintain efficient synaptic
transmission during repetitive stimulations. Many proteins are involved in these
exo-endocytosis pathways and live imaging technique with nm resolution can provide the
information about how the vesicle movement is modulated. The obtained results can help us to
evaluate how neurons response to degeneration which leads to many neuron-related diseases.
The other topics like how the neurotoxin 6-hydroxydopamine (6-OHDA) molecule leads to the
malfunction of the proteasome in Parkinson’s disease and what’s the mechanism of abnormal
production of CpA and CpB proteins by protease in Huntington patient will also be conducted in
our reseach.

Neuronal differentiation and migration is the fundamental cell behavior by which neurons travel
from their origin to their final position in the brain. Neurogenesis initiated by neural
stem/progenitor cells is responsible for populating the growing brain with neurons. Migration
during development brings different classes of neurons together so that they can interact
appropriately, and the neural function depends on precise connections made by neurons and
their targets. To visualize the neuron cell morphological changes during differentiation and
neuronal migration will provide insight into the cellular and molecular mechanisms by which
complex nervous systems grow and develop. We will also research the connection changes
between cell-cell interaction in normal and degeneration induction to understand the process of
neuronal migration.

The construction of brain neural network is an important scientific topic in this century. In our
research, we will construct a portion of the brain neural structure of insect or animal by reverse
engineering the Cryo-TEM and Cryo-SEM brain cell images, and develop microscopic image to
neural network transformation algorithm. We will further conduct the neural network to neural

simulations.

The significant aims of the our research in the near future are:

1.

To develop Bio-STEM related technologies such as nanoparticle-targeting and labeling
techniques to enhance the Bio-STEM resolution to near-atomic level. The goal of Bio-STEM is
to observe the live cells in aqueous environment and at normal pressure with subnanometer
resolution in STEM.

To understand how to inhibit the cancer cell division by blocking the functions of some cell
division proteins such as FtsK, FtsZ, FtsA, XerC, XerD, and SpollIE etc.

To visualize and understand the synaptic connection structure to provide a basic model to
characterize the effects of neuron-related diseases in changing the neurotransmission.

To understand how the vesicle recycling in synapse are modulated to evaluate how neurons
response to degeneration which leads to many neuron-related diseases.

To find the mechanism of abnormal production of CpA and CpB proteins by protease in
Huntington patient.

To realize how the neurotoxin 6-hydroxydopamine (6-OHDA) molecule leads to the



malfunction of the proteasome protein in Parkinson’s disease.

7. To study the neuron stem cell and find the cellular and molecular mechanisms for neuronal
differentiation and migration to understand how the complex nervous systems grow and develop
in the brain.

8. To find the key proteins involving in the cell-cell interaction and characterize the connection
changes between cell-cell interaction in normal and degeneration induction to understand the
process of neuronal migration.

9. To build up the high-resolution bio-tissue Cryo-TEM and Cryo-SEM imaging procedure, and
develop the microscopic image to neural network transformation algorithm and conduct the

neural network to neural simulations.
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