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Summary of Key Features
The limitations of DNA sequencing technology have been critically discussed in my
previous article of this journal. Instead, the molecular structural biology becomes the
alternative technology to further characterize the genetic information in more exact
way, which focus on the spatial distribution of DNA sequences inside DNA structure.
A novel method of DNA structure observation is presented in my previous article,
which is convenient and cheaper cost for practical application. In comparison,
bio-markers of molecular structural biology achieves the classification of genetic
information at the chromosome/genome level which is more specific, while the DNA
sequencing markers stay in the identification of genetic information at the cellular
levels. However, by fully summarizing case studies on structural biology, it is realized
that fewer studies choose DNA molecules to observe, while most of case studies
target protein species as study purpose, consequently becoming the new research gaps
in future structural biology study.

Key words: Structural biology, The primary structure, The secondary structure, The
tertiary structure, DNAmarker.

1. Introduction
Since nanotechnology has been globally developed in 1980s, various technologies are
designed to observe the macro-bio-molecules in three dimensions. This article firstly
outlines the comprehensive study content of structural biology, trying to summarize
all the relevant conceptions in understanding this theme. Then the commonly used
technologies on structural biology are illustrated by case studies as comparison and
contrast, to identify the research gaps in structural biology for future studies.

2. Study content of structural biology
In order to achieve its own biological function, each species of bio-molecules must
meet two pre-conditions. First, all biological macromolecules that function actively
must possess the specific, unique and relatively stable tertiary structure. Second,
structural motions among biological molecules are required. Consequently, structural
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biology emphasizes on the tertiary structure of bio-macromolecules as the methods to
study the relationship/mechanism between the structure and function of biological
macromolecules. The instruments used in structural biology mainly include X-ray
crystallography, nuclear magnetic resonance spectroscopy, electron microscopy and
other physical technologies to study the function and structure of biological
macromolecules [1].

The tertiary structure of biological macromolecules are summarized into tertiary DNA
structure, tertiary RNA structure and quaternary protein structure separately below as
contrast and comparison.

2.1. The primary structure of DNAmolecule
The primary DNA structure is the original deoxynucleotide chain formed by arranging
deoxynucleotides in orderly sequences, which determines the type and amount of
genetic information.The primary structure is the basis of the advanced structure of
DNA, but the change of the primary structure does not essentially alter the advanced
structure that influences the function of DNA [2].

2.2. The secondary structure of DNAmolecule
1. Two polynucleotide chains integrate a right-handed double helix around the same
and common axis with the consistent rotation, in which the diameter of the helix is
approximately 2.0 nm; 2. Two polynucleotide chains are reverse parallel, where one is
5'-3' and the other is 3'- 5'; 3. The sugar phosphate skeleton of the two polynucleotide
chains is located outside the double helix, while the base plane is located inside the
chain; 4. The axial distance of each helix is 3.4 nm, in which the axial distance
between adjacent base pairs is 0.34 nm [3].

2.3. The tertiary structure of DNAmolecule
On the basis of double helix, DNA molecules further twist around the same central
axis to create additional helix, and this extra helix of the ring molecule forms a super
helix, which can be either a right-handed helix (known as positive super helix) or a
left-handed helix (known as negative super helix). Other forms of tertiary DNA
structure include the complex of DNA molecules directly binding to protein as
advanced structure, and nucleosome structure of eukaryotic chromosomes binding to
histone [4].

2.4. The primary structure of RNAmolecule
DNA is constructed from deoxyribonucleotides, while RNA is composed of
ribonucleotides, in which an oxygen atom is added to the 3 ' carbon atom of the ribose
sugar ring. In all base pairs, base pair u (uracil) of RNA molecule replaces thymine in
DNA molecule. The primary structure of RNA is the orderly sequences of
ribonucleotides chain, which gives broader scope forming folding structure than DNA
molecules [8].
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2.5. The secondary structure of RNAmolecule
The secondary structure of RNA is determined by base pairs. In addition to the
common base pairs of Watson-Crick, mismatched base pairs can also be found, such
as GU base pairs. The secondary structure is constructed by hydrogen bonds
containing an energy of about -12kJ / mol. The accumulation of base pairs makes an
energy contribution of about -23kJ / mol, giving the most stable conformation.
However, the stacking energy of base pairs is not symmetrical, and the energy
contribution of GC stacking on AU is different from that of stacking on GC [8].

2.6. The tertiary structure of RNAmolecule
The most complex structural level is the tertiary structure. Tertiary structure is mainly
the spatial arrangement of secondary structure, such as stem-loop structure. There are
several types of forces forming tertiary structure of RNA molecules: a coil can form a
hydrogen bond with another part of the structure to stabilize it. In addition, van der
Waals force and electrostatic force also contribute greatly to the tertiary structure.
Finally, protein molecules can interact with RNA tertiary structure and stabilize it.
However, RNA chains, like most polypeptide chains, do not form topology[8].

2.7. The primary structure of protein molecule
The primary structure in each protein molecule contains the sequence of amino acids
in the polypeptide chain, which includes the amount of polypeptide chains consisting
of the protein and the amino acid sequence in polypeptide chain, as well as the
position of disulfide bond. The primary structure of the protein is also known as the
basic structure in protein molecule [5].

2.8. The secondary structure of protein molecule
The secondary structure of protein molecule is the spatial structure of a certain
peptide chain in protein molecule, which reveals the relative spatial position of the
main peptide chain against the whole protein molecule, but does not involve the
structure of the side chain of amino acid residues. The secondary structure measured
exists in all proteins species. The main forms include: a-helix, β-Folding, β-Corner,
random curl, etc [6].

2.9. The tertiary structure of protein molecule
A polypeptide chain based on the secondary structure, super secondary structure or
structural domain leads to various tortuous and folding structures in protein molecules
due to the interaction of side chains of amino acid residues apart to its peptide chain,
forming the spatial arrangement including main and side chains. This overall
three-dimensional array and structure of all atoms along a polypeptide chain is called
tertiary structure of protein [7].

2.10. The quaternary structure of protein molecules
Globulin molecules with larger molecular weight often contain two or more
polypeptide chains. These polypeptide chains themselves have a spherical tertiary
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structure, which are linked to each other by secondary bonds (including hydrogen
bonds, hydrophobic interactions and salt bonds) to form a stable structure. These
independent secondary bonds are the subunits of protein molecules, whose type,
amount, spatial distribution and mutual interaction consists of quaternary structure of
protein molecules [9].

Figure 1. Tertiary structure of DNA. Figure A is the Cryo-EM multiframe
micrographs of human Pol kappa complexed with DNA and wildtype PCNA (DOI:
10.6019/EMPIAR-10933); Figure B is CryoEM single particle dataset for NanR
dimer-DNA hetero-complex (DOI:10.6019/EMPIAR-10836); Figure C is Archaeal
DNA ligase and heterotrimeric PCNAwith non-ligatable nicked DNA (DOI:
10.6019/EMPIAR-11551); Figure D is CryoEM micrographs of a group II intron
retroelement in complex with its structured DNA target (holoRNP) (DOI:
10.6019/EMPIAR-11315). All the figure data source from EMPAIR with Public
domain licenses to re-use [44][45][46][47][48].
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Figure 2. Tertiary structure of RNA. Figure a is Structure of the Dicer-2-R2D2
heterodimer bound to a small RNA duplex (DOI:10.6019/EMPIAR-11099); Figure B
is Lloviu cuevavirus nucleoprotein RNA complex (DOI:10.6019/EMPIAR-11323);
Figure C is E.coli RNaseP ES complex with AU_ptRNA substrate in the presence of
Ca2+ (DOI:10.6019/EMPIAR-11334). All the figure data source from EMPAIR
with Public domain licenses to re-use [49][50][51].
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Figure 3. Tertiary structure of Protein. Figure A is SARS-CoV-2 spike protein (1-up
RBD) on EG-grid (DOI: 10.6019/EMPIAR-10951); Figure B is Cryo-EM SPA
datasets of broadly neutralizing antibody 2-36 in complex with prefusion
SARS-CoV-2 and SARS-CoV spike glycoproteins (K3 movies/.tif files) (DOI:
10.6019/EMPIAR-11513); Figure C is LPHN3 (ADGRL3) 7TM domain bound to
tethered agonist in complex with G protein heterotrimer (DOI:
10.6019/EMPIAR-11432); Figure D is Structure of RecT protein from Listeria
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innoccua phage A118 in complex with 83-mer annealed duplex (DOI:
10.6019/EMPIAR-11348). All the figure data source from EMPAIR with Public
domain licenses to re-use [52][53][54][55].

3. Nano-Technology applied to structural biology
In total 9 types of nano-technologies which are commonly used in structural biology
studies have been summarized in this part, giving representative case studies to
illustrate each technology, which are outlined in Table 1.

3.1. X-ray diffraction by crystals
The crystal displays the lattice structure, and the circle of the lattice structure (i.e.
structural unit of cell length) shows the same order of magnitude as the wavelength of
X-ray. X-ray diffraction is an interference phenomenon based on the principle of wave
superposition, and the interference types vary with different optical path
difference.When the length of optical path difference is the even times of half
wavelength, the amplitude of synthetic wave is the largest; when the length of optical
path difference is the odd times of half wavelength, the synthetic amplitude is zero.
Therefore, after X-rays penetrates into and converts through the crystal, the intensity
of X-rays in some directions (diffraction direction) increases, while the intensity of
X-rays in other directions may decrease or even disappear. If a photosensitive film is
placed behind the crystal, the diffraction pattern of X-rays will be obtained [10].

The X-ray diffractometer made by using the principle of X-ray diffraction is the most
important instrument for detecting the crystal structure. Lattice parameters, mainly
including the size and shape of crystal cells, can be determined according to the
direction of diffraction. Based on the diffraction intensity distribution, the coordinates
of atoms in the crystal cell can be also measured, which is also the main method to
analyze the molecular space configuration[10]. For example, protein crystallography
focuses on the three-dimensional structures of macro bio-molecules at atomic
resolution, which has been broadly applicable on both academic laboratories and the
pharmaceutical industry in the past. The investigating of three-dimensional atomic
structures in proteins contributes to the design of new drugs or the improvements of
existing drug functions [20].

Shi (2019) conducted research on acetylation by using X-ray diffractometer, a
post-translational modification of protein that widely existed in eukaryotic and
prokaryotic cells. Under the catalysis of acetyltransferase, acyl donors (such as acetyl
CoA and other small molecular compounds) converted acetyl groups into the relevant
amino acid residues of substrate proteins. ElaA protein was widely distributed in a
variety of bacteria and shows high homology in different strains. In this study, ElaA
(EcElaA) from E. coli K-12 strain was selected to analyze its three-dimensional
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structure and functional relationship. Through large-scale expression and purification
of EcElaA, the purified protein was screened by crystallization, to obtain crystals with
X-ray diffraction quality. By collecting diffraction data, it was to analyze the crystal
structure reaching a resolution of 2.60A. The structure showed that EcElaA possessed

the typical structural characteristics of GCN5-relatedN-acetyltransferase（GNAT）

family, which consisted of seven inverse-parallel elements of β Folding and 4 pieces
of α- Spiral composition. Through structural comparison, it was also found that the
three-dimensional conformation of SACOL1063-AcCoA complex, as another member
of GNAT family from Staphylococcus aureus, was highly similar to EcElaA, which
showed similar acetyl CoA binding sites and receptor substrate binding sites. After
ultracentrifugation analysis, it was known that EcElaA mainly existed in the form of
dimer in the solution, and the isothermal titration calorimetry (ITC) results showed
that there was an obvious interaction between small molecule Acetyl CoA (AcCoA)
and EcElaA. However, when the crystals of EcElaA - AcCoA complex was screened
after a lot of crystallization optimization, is was failed to obtain crystals of X-ray
diffraction quality [18]. This would indicate that EcElaA - AcCoA complex is not the
stable form of biological molecules.

The spatial arrays of collagen fibrils and apatite crystals, which were abstracted from
a bony fish (Leuciscus cephalus), were studied and observed by X-ray diffraction. The
diffraction arrays at each specific angle was observed clearly by using a micro-focus
scanning setup, which integrated the collagen reflections at five selected orientations
with an interval of 36° among each other orientation. In addition to the electron
microscopic methods examining plywood arrangements in both calcified and
uncalcified tissues, these results were the first diffraction data that further supported
the existence of these peculiar structures, so that it represented a promising tool to
investigate plywood displaying in biological tissues [19].

As comparison and contrast to detecting the crystal structure, the Coherent X-ray
diffraction imaging (CXDI) was recently developed to discover the non-crystalline
bio-particles at resolution from micrometer to sub-micrometer. A diffraction apparatus
was applied on single-shot CXDI experiments to study the non-crystalline
bio-particles in frozen-hydrated state, which was under cryogenic temperature
concurrently by using X-ray free electron laser pulses, and the future application of
this instrument was discussed by developers [21].

3.2. Nuclear magnetic resonance (NMR)
The principle of nuclear magnetic resonance is mainly caused by the rotation motion
of atomic nucleus. Different nuclei show different rotation motions, which can be
expressed by spin quantum number (I) of the nucleus that is influenced by atomic
mass and atomic number. If a nucleus achieves the transition from low-energy state to
high-energy state, this nucleus must absorb the energy of △E from the external
electromagnetic waves of certain frequencies. When the emitted radiation energy by
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external instrument exactly reaches the required and absorbed energy △E, the spin
nucleus in the low-energy state transitions to the high-energy state. This phenomenon
is called nuclear magnetic resonance (NMR) [11].

Although the accuracy of NMR technology determining the three-dimensional
structure of biological macromolecules is not as high as that of X-ray derivation
method, it gives the advantages that X-ray derivation method does not have: firstly,
NMR method can study the three-dimensional structure of biological macromolecules
in aqueous solution or organic phase; secondly, NMR method can study the influence
of aqueous solution on the structure of biological macromolecules by adjusting its
environmental conditions. The environmental factors of aqueous solution are wide,
mainly including pH, ion concentration, temperature, reaction substrate, products,
activator, inhibitor, denaturant etc [9].

Zeng (2013) used nuclear magnetic resonance (NMR) as the main method to study
two polypeptides that were important to cell membrane fusion and transmembrane
signal in transduction function, which demonstrated the application of NMR
technology on investigating macro bio-molecules. The first study objective was to
understand the structure and membrane fusion mechanism of baculovirus envelope
protein F protein fusion peptide, which was the inevitable pathway for viruses to
invade host cells. The fusion peptide of Helicoverpa armigera nuclear polyhedrosis in
virus F protein (HAF) was investigated by NMR to reveal the structure of its four
mutants with different fusion functions (d11l, I2n, N1G, G3l), in comparison to the
homologous wild-type gypsy moth nuclear polyhedrosis virus F protein (ld130) fusion
peptide. The relationship between the structure and function of baculovirus fusion
peptide was summarized, with the details of the binding state of each peptide to
micelles by further conducting paramagnetic broadening experiment. The HAF fusion
peptide of wild-type baculovirus showed a regular and representative inverted ‘V’ (or
boomerang) structure in the membrane system. More detailed information were
examined with regards to the three-dimension structure of protein molecules, which
further speculated that the structure of baculovirus fusion peptide was divided into
two types of ‘fusion region’ and ‘structural region’, resulting in the membrane
insertion [22].

Wu (2010) conducted research on the cloning, expression and purification of UBX
domain of human UBXD2 protein by using liquid NMR, and the interaction between
UBXD2 protein and VCP protein was preliminarily studied. According to the
structure obtained by parsing, the spatial structure of UBXD2 UBX domain included
2 segments of α Spiral and 4 segments of β, forming folds with a loop area closely
related to its function. A hydrophobic core were constituted by 2 α Spiral and 4
segments β Hydrophobic residues between folds, maintaining the stability of protein.
Through further experiment of homologous sequence alignment, it was found that the
loop region closely related to its function was conservative, with an FP motif for
binding. In the process of parsing, two of the six prolines contained in UBXD2 UBX
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domain were in cis conformation, one of which was located at the key binding site FP
motif. By conducting chemical shift interference experiment, the interaction between
UBXD2 UBX domain and VCP VCP-N domain was identified to be relatively weak,
showing fast exchange. Due to the relatively conservative tertiary structure of UBX
domain, bioinformatics methods was used to model the complex structure of UBXD2
UBX domain and VCP VCP-N domain, by referring to the UBX domain P47 UBX
and VCP VCP-ND1 protein in the protein database by computer. Secondly, this
research used NMR to understand the interaction between dendrimers and
deoxycholic acid, a bioactive surfactant. It was found that deoxycholic acid molecules
were only located in the hydrophobic pocket of dendrimers without binding to the
surface, revealing that the combination between dendrimers and deoxycholic acid was
caused by both hydrophobic interaction and hydrogen bond interaction between them.
Further more, based on the study of the interaction between dendrimers, deoxycholic
acid and chaps, the conventional and new NMR techniques were applied to screen the
drugs based on dendrimer binding, which helped to design different schemes to deal
with the high-throughput screening of dendrimer insoluble drugs and dendrimer
soluble drugs, leading to a set of NMR methods for high-throughput drug
screening[23].

3.3. Electron microscope three-dimensional reconstruction technology
Electron microscope three-dimensional reconstruction is a new technology with
important application prospects, which is achieved by the combination of electron
microscopy, electron diffraction and digital image processing. It is especially suitable
for analyzing the three-dimensional structure of membrane proteins that are difficult
to form three-dimensional crystals and large complexes, such as viruses and protein
nucleic acid complexes. The basic step is to take photos of biological samples at
different angles in the electron microscope, obtain a series of electron microscope
pictures, and then process them by Fourier transform, so as to show the electron
density map of the three-dimensional structure of biological macromolecules and their
complexes [12].

Freeze electron microscopy has become a powerful tool to study the structure and
function of biological macromolecules since this technology developed. This method
uses high-pressure and rapid freezing method by liquid nitrogen to embed the sample
under the glassy water environment, which is closer to the physiological state,
reducing the structural damage of the sample in the preparation process, so that we
can observe the structure of biological macromolecules in the natural state. At the
same time, the freezing speed is very fast, which may fix the cells at some specific
moments of their physiological activities (such as muscle contraction), and then show
the structural characteristics at this transient time, so that the functions of biological
molecules can be studied through the instantaneous conformational changes of
different functional states. The two-dimensional projection images of molecules in
natural state without staining were obtained by freezing electron microscope. The data
obtained by tilting the sample at different angles are comprehensively analyzed, and
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the three-dimensional molecular structure is obtained by using different
reconstruction techniques according to the different characteristics of the sample [12].
Other treatment methods embed the bio-samples include negative staining, glucose
embedding, tannic acid embedding [9].

Candida albicans is the typical pathogen to patients with AIDS, cancer and other
diseases causing immune deficiency. Pral, as an endogenous complement protein
inhibitor expressed by Candida albicans, plays a key role in the immune escape of
Candida albicans, through inhibiting the activation of alternative pathway (AP) by
cleaving complement protein C3. The molecular mechanism of C3 cleavage by Pral
was analyzed by three-dimensional reconstruction technology of electron microscope.
First, it was to predict and analyze the structural characteristics of Pral monomer by
homology modeling. Then, the purified C3 protein extracted from plasma was
reconstructed by negative staining electron microscope single particle technology, and
the three-dimensional structural model of C3 protein in natural state was obtained;
Finally, it was to explore the formation conditions of C3 Pral complex, taking
concentration ratio, incubation temperature and incubation time as variables, to
determine the optimal conditions for electron microscopic observation of C3 Pral
complex [24].

Virus particles usually possess large molecular weight which are difficult to
crystallize, so that cryoelectron microscopy is the most powerful tool to analyze the
virus structure that is not required to crystallize the sample. Virus particles generally
display high symmetry (such as icosahedral symmetry) which is used to suppress
image noise and improve the resolution of final reconstruction. Song (2021)
developed a new local reconstruction method based on the three-dimensional
reconstruction of icosahedron cryoelectron microscope, which partially refined and
reconstructed the flexible protein region to obtain the structure of high-resolution
flexible protein. Firstly, the high-resolution structure of human adenovirus capsid
3.4 Å was obtained by using icosahedral three-dimensional reconstruction technology,
with the atomic model based on the three-dimensional density map; Secondly, the
method of partially refinement and reconstruction was developed, written and edited
by a large-scale calculation program package; Thirdly, several flexible small proteins
(IX, VII, IIIA) on the human adenovirus capsid were regionally reconstructed with
high-resolution structure, and their corresponding atomic models were modified [25].

3.4. Biological mass spectrometry
Biological mass spectrometry becomes the main supporting technology of protein
identification and analysis. It analyzes the composition and structure by measuring the
ratio of mass to charges (m/z) in sample ions [13]. There are three common methods
used:

Firstly, matrix assisted laser desorption ionization time of fight MS (MALDITOF-MS)
is to mix and co-crystallize the sample with small molecular matrix (such as cinnamic
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acid, erucic acid and their derivatives). When UV laser (337nm) irradiates the crystal,
the matrix molecules absorb energy to desorb and ionize the sample with matrix
molecules. The ions produced by the sample obtain the same kinetic energy under the
action of accelerating electric field. After passing through a vacuum electric field
pipe for free flight, the lighter ions have a faster speed and arrive at the detector
earlier, while the heavier ions arrive at the detector later. The flight duration is
proportional to m/z. The majority of ions produced by MALDI are single charged ions,
and the spectral peaks in the mass spectrum have a one-to-one correspondence with
the ion mass of each component of sample. Therefore, MALDI-MS is suitable for
analyzing peptide mixtures after protein hydrolysis [13].

Secondly, electrospray spray ionization mass spectrometry (ESIMS) uses high voltage
to charge the droplets from the capillary column at the mass spectrometry injection
end. Under the effects of reverse N2 gas flow, the droplet solvent evaporates, leading
the surface to shrink, the surface charge density continues to ascend, which further
makes the droplet burst into charged sub-droplets. This process continues to repeat,
making the final droplet very tiny in the form of spray. At this state, the voltage on the
droplet surface is very strong to ionize the analyte, which enters the mass analyzer in
the form of single or multi charged ions. The mass spectrum peak corresponds to a
series of m/z peaks with different charges of this compound, which can be converted
into molecular ion peaks with single charge by software calculation [9][13].

Thirdly, tandem mass spectrometry (MS/MS) selectively analyzes the component
surface in a mixture without separating each group. The first level mass analyzer
obtains all components from the peak parental ion, and selects the parental ion that
needs to be analyzed in the sample through the mass escape device. This parent ion
generates fragment ions (sub-ions) through collimation induced dissociation (CID) of
high flow speed inert gas in the collision room, and then the sub ions enter the second
level mass analyzer to obtain the fragment peak of the parent ion. The structural
information of peptides and proteins can be obtained by studying the cleavage
relationship between parental ions and sub - ions [9][13].

Zhang et al.,(2015) differentiated the protein expression between normal leukocytes
and acute leukemia (AL) cells, and the unique protein expression profiles among
various sub-types of AL cells from 61 patients were specified on the basis of FAB
schemes using the improved biological mass spectrometry and two-dimensional gel
electrophoresis. The results showed that the optimized mass spectrometry and
two-dimensional gel electrophoresis played a key role in the accurate identification of
proteins at low abundance. This research firstly found that myeloid associated
proteins 8 and 14 could be used to indicate the degree of differentiation in acute
myeloid leukemia (AML), which consequently distinguished AML from acute
lymphoblastic leukemia (ALL); Heat shock protein 27 and other proteins highly
expressed in ALL clearly distinguished AML from ALL; NM23 protein related to
prognosis was found to be low expressed in M3a, but high expressed in M3b and



Environmental Physiology/环境生理学

13

other leukemia sub-types; AL cells of different sub-types were classified according to
FAB schemes with unique protein expression in morphological characteristics. These
findings were of significance for the diagnosis, classification and prognosis of clinical
leukemia and drug target research, already leading to patents [26].

A serological method for the diagnosis of esophageal cancer was established based on
magnetic bead separation and biological mass spectrometry by Liu et al., (2012). In
total 123 serum samples (including 63 cases of esophageal cancer and 61 cases of
normal people) were randomly divided into modeling group and validation group. The
serum protein mass spectra between esophageal cancer and normal people were
established by using matrix assisted laser desorption / ion time of flight mass
spectrometry (MALDI-TOF-MS), combined with magneticbead-weak cation
exchange (MB-WCX). Clinpro tools 2.2 software was used to quantitatively
differentiate the serum protein mass spectra of 32 patients with esophageal cancer
from 30 normal people in the modeling group, resulting in the supportive vector
machine algorithm used to establish a diagnostic model for esophageal cancer. Then
the obtained diagnostic model was used to classify and diagnose the samples in the
validation group (31 patients with esophageal cancer and 31 normal people) to
evaluate the diagnostic value of the diagnostic model. By comparing and analyzing
the serum protein mass spectra between esophageal cancer and normal people, the
results showed that there were 21 differential protein peaks (P < 0.05), of which 12
were up-regulated and 9 were down-regulated in esophageal cancer. Three differential
peaks (MR 654.74, 1451.48 and 1866.67 Dr, respectively) were used to establish a
diagnostic model, achieving sensitivity of 93.75% (30/32) and specificity of 90.00%
(27/30) respectively. After double-blind verification of independent samples, the
sensitivity was 93.55% (29/31) and the specificity was 90.32% (28/31) respectively,
approximately equal to the modeling results, showing that this diagnostic model was
effective [27].

3.5. Microcalorimetry
Microcalorimetry determines various thermodynamic and kinetic parameters, such as
specific heat capacity, enthalpy change, reaction heat, phase diagram, reaction rate,
crystallization rate, polymer crystallinity, sample linearity, etc, which shows the
following characteristics [14][9]:

Firstly, it does not interfere with the physiological functions of proteins and nucleic
acids, and possesses a unique non-specific advantage, which means that there are no
restrictions on the solvent properties, spectral properties and electrical properties of
the studied protein and nucleic acid system [14][9].

Secondly, the sample dosage requirement is tiny, and the method is highly sensitive,
so there is no need to make a transparent and clear solution during measurement
[14][9].
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Thirdly, the sample after calorimetric test is not damaged, so that subsequent
biochemical analysis can be carried out [14][9].

Fourthly, microcalorimetry lacks specificity. However, due to the specificity of
proteins and nucleic acids, this non-specific method can sometimes get results that
cannot be obtained by specific methods as supplementary methods [14][9].

Wang et al.,(2020) developed a rapid method for real-time determination of
antibacterial effects in vitro based on isothermal microcalorimetry, and comparison of
the antibacterial effect between the original (Roche Fen) and the imitation (MY)
ceftriaxone sodium in vitro was conducted. By using Staphylococcus aureus as the
target bacterial strain, the effects of the original ceftriaxone sodium and the imitation
ceftriaxone sodium on the growth and metabolism of Staphylococcus aureus were
compared by microcalorimetry test, which were quantitatively evaluated by using the
thermal parameters of the expression power - time curve (thermogram curve),
including Growth Rate Constant K, Maximum Thermal Power PM, Time of the Main
Peak on the thermogram curve and Passage Time TG. In order to verify the
conclusion of isothermal microcalorimetry test, the antibacterial activities of both the
original and the imitation ceftriaxone sodium were further tested by tube disk method
and high performance liquid chromatography (HPLC). Results showed that both the
original ceftriaxone sodium and the imitation ceftriaxone sodium expressed
bacteriostatic activity, but the bacteriostatic effect of the original ceftriaxone sodium
was more obvious than the imitation ceftriaxone sodium, which was consistent with
the test conclusion of both traditional tube plate method and HPLC method. However,
the isothermal microcalorimetry experiment only taken 24 hours, while both the tube
dish method and HPLC method required more than 48 hours. Consequently it was
concluded that isothermal microcalorimetry showed the advantages of high sensitivity
and precision in detecting the antibacterial activity of different antibiotics in vitro in
real time [28].

In order to explore the application of Isothermal titration microcalorimetry (ITC) on
the screening and identification of plant hormone receptors, Zhang et al., (2015) taken
the plant hormone abscisic acid (ABA) receptor as an example, and the
thermodynamic parameters of the binding of ABA receptor PYR1 to ABA was
obtained by ITC test, mainly including the Binding Constant (KD), Stoichiometric
Number (N) and Enthalpy of the Reaction (Δ H). ITC results showed that the binding
of receptor protein between PYR1 and ABA generated the thermodynamic parameters
of KD, N and Δ H to be 67 μ Mol / L, 0.92, and 19.78kj/mol, respectively, indicating
the binding characteristics of specificity, saturation and high affinity, respectively as
well. This conclusion supported that isothermal titration microcalorimetry could be
used to effectively screen and identify hormone receptors [29].

3.6. Fluorescence spectrum
After some substances are irradiated by the certain wavelength of incident light, the
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molecules are excited from the background state SA to the excited state Sb, but the
excited electrons subsequently emit energy in a very short time, returning to SA from
Sb, and part of the energy is released in the form of fluorescence with a longer
wavelength than the incident light. Excitation spectrum reflects the emitted
fluorescence of a substance after it is excited, in response to external excitation
radiation, and mainly measures the relationship between its own emitted fluorescence
wavelength and the external excitation wavelength. There is a mirror symmetry
relationship between the absorption spectrum and the emission spectrum. The position
of the maximum fluorescence intensity in the emission spectrum is called λmax, which
is an important parameter of the fluorescence spectrum [15][16][9].

Fluorescence lifetime refers to the decay law of the fluorescence intensity of
molecules with time after the external excitation light is stopped, which conforms to
the exponential characteristics [9].

It = I0 e-kt

I0 is the maximum fluorescence intensity at excitation, It is the fluorescence intensity
at time t, and K are the attenuation constants [9].

Quantum yield represents the efficiency of a substance in emitting fluorescence,
which is defined as the ratio of the emitted quantum number to the absorbed quantum
number, also known as fluorescence efficiency [9].

Fluorescence intensity F is the sum of the fluorescence intensity emitted in all
directions. In fact, the instrument collects only a small part of it. The fluorescence
intensity is related to the extinction coefficient of the sample at the wavelength λA,
and the extinction coefficient is closely related to the wavelength λE of the excitation
light, so the fluorescence intensity is determined by the wavelength of the excitation
light [9].

Fluorescence polarization refers to the phenomenon that the fluorescence emitted by a
fluorescent substance after receiving excitation light is polarized, which means that
the plane formed between the incident excitation light angle and the fluorescence
emission angle is asymmetric. This degree of polarization can be consequently used to
determine the shape, size and mobility of molecules [9].

Chen (2017) designed several biofluorescent probes to discover the transfer signal
across the membrane, which helped to screen anticancer drugs. Firstly, based on the
configuration changes before and after the binding of nucleic acid aptamer to
adenosine triphosphate (ATP), a functional nucleic acid biofluorescent probe anchored
on the cell membrane was constructed to detect the release process of ATP. Cy3 and
biotin molecules were labeled at the 5 ′ end and 3 ′ end of the aptamer, respectively,
and hybridized with another SS DNA modified with Cy5 at the 3 ′ end to obtain a



Environmental Physiology/环境生理学

16

hybrid chain with fluorescence energy resonance transfer (FRET) signal. The biotin
labeled phospholipid was spontaneously inserted into the cell membrane at low
temperature, and then the hybrid chain was modified on the phospholipid by the biotin
streptavidin (SA) cross-linking method, which allowed to anchor the functional
nucleic acid biofluorescent probe on the cell membrane; According to the mechanism
that the fluorescence energy of glutathione protected gold nanoclusters (AU NCS)
was selectively quenched by h ROS, a composite fluorescent nano-probe was
designed to discover the living cell imaging method of spontaneous generation of h
ROS when cells were stimulated by external stimuli. Streptavidin was modified on the
surface of silicon nanoparticles doped with dyes (the excitation and emission peaks
were at 405nm and 435nm, respectively). Correspondingly, Au NCS were modified
with biotin loaded membrane penetrating peptide (CPP) in the same method. Two
kinds of nanomaterials were combined by biotin streptavidin crosslinking method to
form a composite Nanofluorescent probe with single excitation and double emission
properties, which entered the cell spontaneously due to the action of transmembrane
peptide. When the probe encountered h ROS, the fluorescence intensity of Au NCS
decreased at 565nm while the fluorescence intensity of silicon nanoparticles as an
internal reference was unchanged at 435nm, which were effectively and efficiently
identified; Finally, based on the principle that the dye labeled nucleic acid aptamer
was easily adsorbed on the surface of graphene oxide and the fluorescence was
quenched, a PEGylated graphene oxide nucleic acid aptamer responding to
cytochrome c biological fluorescence nanocomposite probe was developed. By using
chemical crosslinking agent EDC / suflo NHS, PEG molecules with diamino group
and molecular weight of 1500 were covalently crosslinked on the surface of graphene
oxide, and folate molecules were modified on the amino group at the other end of
PEG molecules. Subsequently the nucleic acid aptamer recognizing cytochrome C
was adsorbed. The fluorescence activated imaging process of directly tracing
cytochrome c release from mitochondria to cytoplasm was realized for the first time
by this designed probe [30].

Sun (2022) studied the spectral properties of silicon-based coumarin, and successfully
applied probes of sic-az2 and hsa-7 on biological fluorescence imaging, which
detected hydrogen sulfide ultra and human serum albumin respectively. Synthesis of
silicon-based coumarin derivatives was a typical small molecule with D - π - a
push-pull electronic structure which was modified to design various fluorescence
probes, and the influence of photostability and solvation effect on the spectra of
silicon coumarin derivatives was also investigated. By hybridizing different functional
groups, the photophysical and chemical properties of silicon-based coumarin were
controlled, including fluorescence emission wavelength, aggregation and
depolymerization properties, and photostability. In this work, a series of silicon-based
coumarin small molecule fluorescent probes hsa1-7 was designed and synthesized
with high selectivity and high fluorescence response signal. The fluorescence
intensity of probe hsa1-7 was significantly enhanced after binding with HSA. Further,
three silicon-based coumarin fluorescent probes (SiC AZS) with ultrafast kinetics was
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designed to detect H2S in vivo, showing ultra fast kinetics (25 s), wide linear range
(5.0-450.0 μ M) , and a lower detection limit (0.30 μ M) [31].

3.7. Circular dichroism
An optical rotation spectrum is the novel technology which is applied to deduce the
configuration and conformation of asymmetric molecules. Absorption coefficients of
optically active substances for left-handed and right-handed circularly polarized light,
which constitutes plane polarized light (ε), is asymmetric, ε L ≠ ε R, defined as
circular dichroism (CD). If the wavelength of plane polarized light with different
wavelengths λ is the abscissa, taking the difference of absorption coefficient Δε = εL-
εR as the ordinate axis, and the obtained spectrum is the circular dichroic (CD)
spectrum [17].

Further more, because ε L is not equal to ε R, the transmitted light does not display as
plane polarized light, but becomes elliptical polarized light. The relation between
molar ellipticity [θ] and Δε is:[θ]= 3300 Δε. Circular dichroism can also be plotted
with the molar ellipticity as the ordinate and the wavelength as the abscissa. Because
there are positive and negative values in Δε, so circular dichroism correspondingly has
positive circular dichroism with peak and negative circular dichroism with valley.
Circular dichroism and optical rotation spectrum are measured in the UV-Vis region,
which aims to infer the configuration and conformation of organic compounds [17].

The conformational variation in wheat polygalacturonase inhibitor protein (PGIP)
under the influence of different pH and temperature were examined and compared by
circular dichroism (CD spectrum). The CD spectrum of natural wheat PGIP showed a
single negative peak at 211 nm, under this condition wheat PGIP contained 43.7% of
β Folding and 13.1% of αHelix respectively, firstly reported as the secondary
structure of wheat PGIP. The bio-activity of wheat PGIP caused by pH and
temperature were closely related to the parameter changes in CD spectrum. The less
the bio-activity, the smaller the peak of CD spectrum. When the activity was
completely lost, the negative peak shifted into blue. According to the calculation value
[θ], it was found that β Folding was significantly related to the activity of PGIP in
wheat [32].

Circular dichroism spectrometry was used to examined the Circular dichroism spectra
of α-amylase and lipase, which studied the effect of electric field on the conformation
of bio-macro-molecules, especially on its secondary structure. After being treated by
electric fields of different intensities for a certain duration, the content of secondary
structure of α-amylase and lipase changed in different degrees. The variation was non
monotonic (oscillation) and the variation trend and degree differed between different
types. The secondary structure of α-amylase changed significantly when the electric
field intensity was set as 2.0kv/cm and 4.0kv/cm, while the secondary structure of
lipase changed significantly when the electric field intensity was 1.5kv/cm, 2.0kv/cm
and 4.5kv/cm, respectively [33].
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3.8. Scanning tunneling microscope
Scanning tunneling microscope (STM), as a scanning probe microscopy tool created
by Gerd Binnig and Heinrich Rohrer, allows scientists to observe and locate
individual atoms with higher resolution than its equivalent atomic force microscope.
In addition, the scanning tunneling microscope can precisely manipulate atoms at low
temperature (4K), becoming an important measurement tool and processing tool in
nanotechnology. The macro structure of the needle tip possesses the high bending
resonance frequency, so as to reduce the phase lag and improve the acquisition speed.
If there is only one stable atom at the tip of the needle rather than multiple needle tips,
the tunnel current turns to be very stable obtaining the atomic level resolution image.
If the chemical purity of the needle tip is high, a series of potential barriers are not
involved [34][9].

Since the 1990s, STM has been used to study the structure of biological
macromolecules, especially in revealing the structure of nucleic acid, an important
genetic material. For example, Bai Chunli (1990) successfully observed the existence
of triple stranded DNA by STM technology [37]. Zhang et al., (1993) effectively
obtained the plasmid pBR322 DNA images by STM with higher stability in results
[38].

Scanning tunneling microscopy (STM) was used by Gao et al.,(1998) to directly
observe both periodic ordered and disordered regions in cotton fiber at the nano level
with a diameter of 2-4nm, which composed of cellulose molecular chains arranged in
parallel along the long axis. At bigger scale, the micro fibrils showed a diameter of
10-25nm, aggregated into fibrils that were alternately arranged by the basic fibrils.
STM technology also directly investigated the whole enzyme molecular image of
exoglucan cellobiose hydrolase, supporting the study on the dynamic process of
enzyme molecules acting on cellulose [36].

3.9. Surface plasmon resonance
Surface plasmon resonance (SPR) is a physical phenomenon that when the incident
light is incident on the interface of two media with different refractive indexes (such
as the gold or silver coating on the glass surface) at a critical angle, it causes the
resonance of metal free electrons. Due to the resonance, the electrons absorb light
energy, and the reflected light is greatly weakened within a range of incident angles.
The incident angles at which the reflected light completely disappears within a range
of incident angles is called the SPR angle. SPR varies with the refractive index of the
surface, which is in direct proportion to the mass of biomolecules bound on the metal
surface. Therefore, the specific signal of the interaction between biomolecules is
determined by acquiring the dynamic change of SPR angle during the biological
reaction. Based on SPR principle, a new biosensor analysis technology showing
biomolecular interaction is developed, which does not require to label or purify
various biological components. Under natural conditions, real-time, in-situ and
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dynamic measurement of various biomolecules such as polypeptides, proteins,
oligonucleotides, oligoglycans, and the interaction process between viruses, bacteria,
cells and small molecule compounds are carried out by sensor chips [35][9].

The local surface plasmon resonance (LSPR) effect leads the noble metal
nanoparticles to show rich color changes in the visible light range, and this color
change can be easily controlled by changing the shape, size, composition and
surrounding media environment of the noble metal particles, based on which LSPR-
ELISA was constructed by combining this controllable color development with the
traditional enzyme-linked immunosorbent assay (ELISA). Compared with the
traditional ELISA, it showed the advantages of high sensitivity, rapidity, portability
and high reliability [40].

A canine distemper virus (CDV) immuno-sensor on the basis of etched Fiber Bragg
Grating (FBG) of local surface plasmon resonance (LSPR) was designed and prepared
by Zhang (2022). In view of the weak interaction between the evanescent field of
FBG and the external environment, the grid region of FBG was etched with
hydrofluoric acid (HF), and then a layer of Au NS particles was coated on the surface
of FBG, so that the CDV antibody was consequently modified to obtain the etched
FBG LSPR immuno-sensor, which was applied to the detection of canine distemper
virus. The experimental results showed that the sensitivity of the sensor for detecting
CDV antigen, the saturation concentration, the detection limit and the detection range
were ～- 0.046d B / log (mg / ml), ~ 10μG / ml, less than 50 pg / ml, and 50 pg /

ml ～ 10μg/ml, respectively. In addition, the control detection experiments were
also carried out using avian influenza (H9N2) antigen solution, rabies virus (RV)
antigen solution, Newcastle disease (ND) antigen solution and CDV antigen solution
as to compare and contrast, showed that the etched LSPR FBG biosensor still
possessed better specificity and clinical specificity even in complex environments
[39].
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Table 1. Summary of application of structural biology technology on case studies.
Structural Biology Technology Application Examples

1 X-ray diffraction Acetylation structure, a post-translational
modification of protein [18]

2 X-ray diffraction The spatial arrays of collagen fibrils and apatite
crystals [19]

3 Coherent X-ray
diffraction imaging (CXDI)

Non-crystalline bio-particles at resolution from
micrometer to sub-micrometer [21]

4 Nuclear magnetic resonance (NMR) Two polypeptides that were important to cell
membrane fusion and transmembrane signal in
transduction function [22]

5 Nuclear magnetic resonance (NMR) The cloning, expression and purification of UBX
domain of human UBXD2 protein [23]

6 Electron microscope
three-dimensional reconstruction

Pral, as an endogenous complement protein inhibitor
expressed by Candida albicans [24]

7 Electron microscope
three-dimensional reconstruction

Human adenovirus capsid 3.4 Å [25]

8 Biological mass spectrometry The protein expression between normal leukocytes
and acute leukemia (AL) cells [26]

9 Biological mass spectrometry The diagnosis of esophageal cancer [27]
10 Microcalorimetry Real-time determination of antibacterial effects in

vitro [28]
11 Microcalorimetry Screening and identification of plant hormone of

abscisic acid (ABA) receptors [29]
12 Fluorescence spectrum The transfer signal across the membrane, which

helped to screen anticancer drugs [30]
13 Fluorescence spectrum Hydrogen sulfide ultra and human serum albumin

[31]
14 Circular dichroism The conformational variation in wheat

polygalacturonase inhibitor protein (PGIP) under the
influence of different pH and temperature [32]

15 Circular dichroism spectrometry Secondary structure of α-amylase and lipase [33]
16 Scanning tunneling microscope

(STM)
Triple stranded DNA [37] ; Plasmid pBR322 DNA
[38]

17 Scanning tunneling microscope
(STM)

Both periodic ordered and disordered regions in
cotton fiber at the nano level [36]

18 Surface plasmon resonance (SPR) A canine distemper virus (CDV) immuno-sensor [39]
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4. Conclusion and Future Research
As can be seen in Table 1, so far fewer studies have investigated the structural biology
on genomes, while the majority of structural biology cases choose proteins as research
targets. However, the deficiencies / research gaps of DNA sequencing technology has
been critically discussed in my previous paper [41], which requires structural biology
methods to fill in this research gaps, and a convenient tool of observing DNA
molecules has been designed in my previous article as well [42]. The details are
below:

Theory
Nowadays, for the analysis of genetic similarity in species or subspecies by DNA
sequencing technology, the selected DNA sequence fragments from gene bank only
reveals a small part of the genetic information compared with the total genetic
information contained by the whole genomes. Therefore, the significant difference
derived from very limited/bias genetic information is likely to be a misleading
conclusion. There are several reasons:

First, using DNA sequence fragment primers to amplify the chemical reaction, the
information obtained is only the repetitive primer sequences of gene fragments and its
relative molecular weighted among the total tested gene sequences in a experiment,
but it does not reflect the spatial arrangement and combination information of various
sequences on the genome. However, the arrangement and combination information of
different gene sequences in the genomes is the main contribution factor of genetic
variation, because most of the gene sequences revealed by DNA primers are highly
conserved sequence fragments in the evolutionary process. Its own changes of DNA
sequences are rare, which mainly depends on the change of arrangement and
combination of various conserved sequences to achieve genetic variation in
reproduction process for a population.

Secondly, in the past research, ovum cell and sperm cell are seldom separately
distinguished to analyze each genetic contribution rate to their offspring. The
mass/weight of DNA molecules in egg cells is much larger than DNA in sperm cells,
so the genetic contribution rate of maternal DNA to offspring DNA is significantly
higher than that of sperm suppliers. Consequently, statistic classification of genetic
variation must input this statistic factor to distinguish. In comparison, the genetic
contribution rate of bio-electromagnetic waves (life signal waves) by sperm supplier
to offspring is much higher than maternal parents (I have discussed this in biophysics
articles).

Consequently, because the amount of genetic information tested by gene sequencing
technology accounts for limited/bias proportion of the total genetic information of the
genome, the significant difference in results reflected by multivariate statistics is
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likely to be a misleading conclusion.

Methods
1. The common methods used as chromosome binding technology mainly include
Centromere Binding Technology (C-Binding), Guinacrine Binding Technology
(G-Binding), Giemsa Binding Technology (G-Binding), Reverse Binding Technology
(R-Binding), etc. These chromosome binding technologies are designed on the basis
of the various staining chemicals [1], which reflect different regions or functions in
chromosome. In my article, DAPI fluorescence binding technology, which results in
the appearance of AT rich region on chromosome, is selected as an example of
designing a new method in observing the structure of DNA molecules at three
dimensions:

If the slide glass is the horizontal plane, and the vertical line is the eyesight line of
microscope for DNA molecule observation, then the angle between the planes of AT
DNA sequences and the eyesight line observed by microscope is ± α (0°≤ α ≤90°),
and α is generally uniform in the DNA molecules of a species, but varies among
different species. If this angle tends to be zero, then the DAPI binding tends to be not
observed; If this angle tends to be 90°, then the DAPI binding tends to be more clearly
observed by florescence microscope. The structure of DNA molecules can be
consequently deduced by the clearness of fluorescence binding. Despite of
fluorescence polarization, it is expected to obtain the reliable and re-occurring results
when the other experiment conditions remains constant.

Consequently, it is to classify the DNA samples by the molecular cytogenetic
karyotype using FISH technology firstly, based on which the DNA molecular
structure is further deduced according to the clearness of fluorescence binding. Then
this structural biology is correlated to the functional groups of biological traits (such
as pathological characters or immunological characters) as bio-markers.

Step 1. The molecular cytogenetic karyotype of chromosomes is analyzed by
fluorescence in situ hybridization (FISH) technique;

Step 2. These chromosomes examined in experiment are classified by multivariate
cluster analysis and genetic distance analysis on the basis of molecular cytogenetic
karyotype, preliminarily leading to different families of chromosomes.

Step 3. Within each family of chromosomes, the DNA molecular structure of each
chromosome is deduced according to the clearness of fluorescence binding described
above. Then it is further to classify different sub-families of chromosome by this
structural biology marker.

Step 4. Each sub-family of chromosome is correlated with the functional groups of
biological traits (such as pathological characters or immunological characters) as
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bio-markers.

In order to quantify the clearness of fluorescence binding, the spectrometer is used to
measure the fluorescence intensity of each spectral line on fluorescence binding. More
chromosome binding showing other base pairs (such as GC base pair) are selected to
compare with AT-rich base pair for further analysis.

There are some further improvements in future methods:
Firstly, various fluorescence binding probes which reveal different DNA fragments
need to be designed by hybridizing different functional groups as comparison and
contrast in this research, to meet different needs;

Secondly, to further quantify the parameters of fluorescence spectrum, fluorescence
lifetime, fluorescence intensity, fluorescence efficiency and fluorescence polarization
which have been discussed above are examined on the basis of designed fluorescence
binding probes, to improve the accuracy of this research. Nevertheless there is a
trade-off between the experiment cost and DNA classification scales.

Enzyme structural biology
In addition to the structural genome studies, my another functional genome study
paper [43] has designed a new method to identify the specific enzyme species within
an isozyme family at the molecular weight level expressed as specific gene trait,
which can be separated and collected in electrophoresis pipes to conduct further
structural biology study for bio-medicine production purpose. Firstly, to further study
the function of this specific enzyme species in cells, the biofluorescent probes will be
designed according to the functional groups of isozyme family used in gene screening
procedure of my functional genome study paper. Fluorescence spectrum technology
which is illustrated in above case studies should be applicable in this step. After this,
the tertiary structure of this enzyme species can be further studied according to other
technologies illustrated in above case studies, and the selection of technology is
depended on the needs of bio-medicine production, availability of facilities and
economic cost. After all, multiple technologies can be applicable on the study of
tertiary structure in enzyme molecules illustrated in above case studies, including
X-ray diffraction, Nuclear magnetic resonance (NMR), Coherent X-ray
diffraction imaging (CXDI), Electron microscope three-dimensional reconstruction,
Circular dichroism spectrometry, Scanning tunneling microscope (STM) etc.
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